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ABSTRACT 

Within higher eukaryotes, hundreds of nucleocytoplasmic proteins are modified 
by an N-acetylglucosamine (GlcNAc) residue. This O-GlcNAc modification is dynamic, a 
property imparted by the actions of two enzymes: O-GlcNAc transferase catalyzes the 
installation of GlcNAc onto specific serine and threonine residues of target proteins via a 
β-glycosidic linkage, while O-GlcNAcase removes the modification. A leading hypothesis 
for the cellular role(s) of the O-GlcNAc modification is that an interplay between O-
GlcNAc and phosphorylation exists to fine-tune cellular signaling pathways. In particular, 
elevated O-GlcNAc levels are thought to prevent phosphorylation of key signaling 
molecules in the insulin signaling cascade and cause insulin resistance. A key to many 
of these studies is the ability to modulate O-GlcNAc levels on proteins using two 
previously described inhibitors of O-GlcNAcase. These two inhibitors, however, also 
inhibit other targets and so it was unclear if results obtained using these compounds 
were an effect of modulating O-GlcNAc levels or, alternatively, an off-target effect of 
these inhibitors. With the goal of developing a selective O-GlcNAcase inhibitor, a series 
of biochemical studies provided evidence that O-GlcNAcase uses a catalytic mechanism 
involving substrate-assisted catalysis. Through these studies, a compound called NAG-
thiazoline was found to be a potent inhibitor of O-GlcNAcase. By chemical modification 
of NAG-thiazoline, an inhibitor termed NButGT was generated that is selective for O-
GlcNAcase over functionally-related enzymes yet retains high potency. NButGT 
functions within cells as well as in vivo within rodents to elevate O-GlcNAc levels. 
Surprisingly, neither NButGT nor another new inhibitor cause insulin resistance, strongly 
suggesting that off-target effects of previously used inhibitors are a concern. More 
surprising is that cultured cells and animals treated long-term with high doses of NButGT 
show no adverse effects. These results are challenging to reconcile with the leading 
hypothesis for the role of O-GlcNAc. Therefore, a new hypothesis was formed whereby 
O-GlcNAc may be acting as a protein chaperone. Preliminary experiments examining 
the biophysical properties imparted to a protein by O-GlcNAc support this new 
hypothesis. These new chemical tools and this newly formed hypothesis should enable 
exciting future research aimed at understanding the functional role of the O-GlcNAc 
modification.       
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Glycobiology: General Themes in Eukaryotes 

1.1.1 Carbohydrates 

The four most abundant building blocks of life are proteins, nucleic acids, lipids 

and carbohydrates. Carbohydrates are the most abundant of these biomolecules in 

nature and play many roles that are critical for life. Several widely held views for the 

roles of carbohydrates in nature are that they function as an energy source, as a storage 

material for chemical energy, and that they confer important structural properties to 

biomaterials. As an energy source, carbohydrates are broken down through glycolysis 

and this is one of the primary means of producing energy within cells. As a storage 

material for chemical energy, glucose is stored in liver and muscle tissue in the form of 

glycogen and it is the assembly and breakdown of glycogen that is a critical process 

governing the regulation of blood glucose levels in higher eukaryotes. As a structural 

element, carbohydrates give plants their rigidity by forming the most abundant 

biomolecule on the planet - cellulose. There are, however, many examples where 

carbohydrates play more subtle roles in regulating critical cellular processes. This is 

highlighted by the fact that the enzymes that are responsible for catabolism and 

anabolism of carbohydrates, cumulatively, can account for up to 1-2% of the genome of 

organisms (1). Some examples of common biomolecules that contain carbohydrates, 

which have established roles in the cellular biology of mammals, will be described in the 

subsequent section. First, however, a simple overview of the chemical nature of 

carbohydrates will be presented.  

Most naturally occurring carbohydrates have the general formula (CH2O)n and 

have either an aldehyde (aldose, Figure 1.1a,b) or ketone (ketose, (Figure 1.1c)) 

functionality. Aldoses and ketoses can cyclize to form a 6-membered ring, a pyranose 

(Figure 1.1a), or a 5-membered ring, a furanose (Figure 1.1b,c). For D-glucose, the most 

common monosaccharide in nature, the most thermodynamically favourable cyclization 

involves nucleophilic attack of the oxygen attached to C5 (O5) on the carbonyl centre   
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Figure 1.1:  Cyclization of carbohydrates results in the formation of two different anomers.  
(A,B) D-glucose in its open chain form (middle) and the β-anomer (left) and α-anomer 
(right) of cyclized (A) glucopyranose (six-membered ring) or (B) glucofuranose (five-
membered ring). In solution, D-glucose is predominantly in its cyclized glucopyranose 
form, however, interconversion between the α- and β-anomer occurs continuously and 
proceeds through the uncyclized form in a process called mutarotation. (C) Fructose is an 
example of a ketose, which is predominantly a furanose in solution. 

(C1). The result is a 6-membered ring and in this case, for glucose, is described as 

glucopyranose (Figure 1.1a). Two diastereomers, described in carbohydrate chemistry 

as anomers, can be formed depending on which face of the carbonyl is attacked by O5. 

As shown in the Fischer projections in Figure 1.1, if the oxygen atom attached to C1 and 

the most distant stereocenter from C1, C5 in the case of glucose, end up on the same 
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side of the carbon backbone, this is called the β-anomer (Figure 1.1a – left). The 

alternate outcome results in the α-anomer (Figure 1.1a – right). The lowest energy 

conformation of glucopyranose in aqueous solution is a chair conformation, which is 

depicted in Figure 1.1a in the modern projection. 

 

Figure 1.2:  Several additional properties and terminologies associated with saccharides.  
 The anomeric centre is defined as the C1 carbon unit (blue arrow and label). (A) Free 

glucose in solution in its cyclized (shown here as the β-anomer) has a hemiacetal 
functionality (red). The hemiacetal can mutarotate between the α- and β-anomers, a 
process that proceeds through the open chain sugar. (B) When a saccharide is linked to 
another biomolecule through a glycosidic linkage (purple), an acetal (orange) functionality 
replaces the hemiacetal. An acetal does allow for mutarotation. 

Several additional features of carbohydrates require introduction since these 

terms will be referred to throughout this thesis. These features relate to the anomeric 

centre, which is defined as C1 in the cyclized form of glucose (Figure 1.2a). The 

anomeric centre has unique chemical properties because it is contained within either a 

hemiacetal functionality in monosaccharides (Figure 1.2a) or an acetal functionality 

when the saccharide is linked to another biomolecule through O1 (Figure 1.2b). The 

linkage formed between saccharides and other biomolecules in this way is called the 

glycosidic linkage (Figure 1.2b). The most common types of biomolecules linked to 

saccharides in this manner are proteins, lipids, or other saccharides. Saccharides that 

are glycosidically linked to other biomolecules have their stereochemistry at the 

anomeric centre fixed whereas saccharides in their hemiacetal form in aqueous solution 

can readily interconvert between the α and β-anomers in a process called mutarotation. 

The process of mutarotation proceeds through the uncyclized form of the pyranose in a 

process shown in Figure 1.1. There are many other interesting chemical properties of 

carbohydrates that will not be discussed further but have been thoroughly discussed in 

several excellent book reviews (2, 3).        
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1.1.2 Glycoconjugates in Higher Eukaryotes 

Most eukaryotic and prokaryotic cells are coated with a dense a layer of a 

heterogeneous glycoconjugates, which has been described as the glycocalyx (literally 

meaning sugar coat). Since the glycocalyx is the first line of defence against pathogens, 

nature has evolved a plethora of different saccharide building blocks and ways to build 

these units up to form complex glycoconjugates. As higher eukaryotes are the focus of 

this thesis, the many types of saccharides and classes of glycoconjugates found in 

bacteria will not be discussed. Reflecting on Figure 1.1a, a different saccharide can be 

envisioned wherein the stereochemistry at one or more of the carbon centres is 

changed. Likewise, modifying or replacing a hydroxyl group with different substituents 

results in different saccharides. Some of the common monosaccharide units found in 

mammals are shown in Figure 1.3. One important functionality that is central to this 

thesis is the acetamido (NAc) group. Three different saccharides contain an acetamido 

group in mammals: N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), 

and N-acetylneuraminic acid (NeuAc), which is also referred to as sialic acid. 

Several of the common classes of glycoconjugates found within mammalian cells 

are shown in Figure 1.4. Complex N-glycosylation (Figure 1.4a), mucin-type O-

glycosylation (Figure 1.4b), and glycosphingolipids (Figure 1.4c) share many of the  

 

Figure 1.3:  Some monosaccharides commonly found in mammals.  
The bottom three saccharides all contain an acetamido group and these saccharides are 
central to this thesis. All saccharides are drawn in a β-configuration and are the D-
stereoisomers except for fucose that is the L-stereoisomer. 
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Figure 1.4:  Several classes of common glycoconjugates founds in mammals.  
(A) An example of a complex N-glycan. Complex N-glycans are biosynthesized in the 
secretory pathway and linked to asparagine residues of proteins that are destined to 
reside in the secretory pathway, on the cell surface, or those that are secreted. The core 
five saccharides (GlcNAc2Man3) are conserved but saccharides attached to this core vary 
significantly with, for example, many repeating LAcNAc (Gal-GlcNAc) units prior to 
termination of the saccharide branches with a NeuAc residue. (B) An example of a mucin-
type O-glycan. This form of glycosylation shares several properties with complex N-
glycosylation including complexity, heterogeneity, and cellular location. Mucin-type O-
glycans are linked to proteins via an α-O-glycosidic linkage to serine or threonine 
residues. (C) An example of a glycosphingolipid. This class of glycosylation comprises a 
series of different oligosaccharides that are β-O-linked to ceramide. The ceramide moiety 
anchors these glycosphingolipids into the outer leaflet of the plasma membrane. 
Glycosphingolipids that have a sialic acid are called gangliosides and this specific 
example is the ganglioside GM2. Glycosphingolipids are biosynthesized in the secretory 
pathway. (D) The O-GlcNAc modification. This class of glycosylation is different than other 
forms of glycosylation found in mammals; O-GlcNAc is found in the cytoplasm and 
nucleus, is composed of only a single β-O-linked N-acetylglucosamine (GlcNAc) attached 
to serine and threonine residues, and is dynamic in nature.  

same features. First, they are assembled with the secretory pathway; namely the 

endoplasmic reticulum (ER) and Golgi apparatus. Second, these species generally end 

up on the outer surface of the plasma membrane or are secreted from the cell. Third, 

they are complex and heterogeneous; although the core saccharides attached to the 

protein or lipid are conserved, the outer saccharide units can vary with different 

branching, linkages, and saccharide units being found. A fourth property of these types 

of glycoconjugates is that the glycan chain is commonly capped by NeuAc. Once in the 

outer leaflet of the plasma membrane, these three classes of glycoconjugates have 

various defined roles in cellular biology. For instance, complex N-glycosylation can affect 

the residency time of proteins on the cell surface (4) as well as increase protein stability 
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(5), mucin-type O-glycosylation has many defined roles in intercellular communication 

(6), and glycosphingolipids can modulate intracellular signaling events through the 

actions of lipid rafts (7). Many other roles for these three glycoconjugates have been 

reviewed extensively elsewhere (3). In striking contrast to these three aforementioned 

classes of glycoconjugates, there exists another common glycoconjugate called the O-

GlcNAc modification (Figure 1.4d). Unusual in its simplicity, O-GlcNAc differs from these 

other forms of glycosylation in number of different ways. One of these differences is its 

presence in the cytoplasm and nucleus and exclusion from the secretory pathway and 

cell surface. The O-GlcNAc modification is the primary topic of this thesis and will be 

introduced in much more detail below.  

1.1.3 Carbohydrate Active Enzymes 

The superfamilies of enzymes known as glycosyltransferases (GTs) and 

glycoside hydrolases (GHs) are responsible for assembly and breakdown of 

glycoconjugates respectively. Based on primary sequence information, a database 

describing a classification system for these enzymes has been developed and is known 

as the Carbohydrate-Active Enzymes (CAZy) database (8). This database, which is 

useful for discussing structural and enzymatic differences between these enzymes, 

divides each superfamily into families. Members within each family have similar three-

dimensional folds, almost uniformly conserved active site architecture, and nearly always 

have the same regio- and sterochemical preference for their substrates. The CAZy 

database holds a wealth of knowledge and has been reviewed in detail elsewhere (1, 9, 

10). For now, a general overview of GHs and GTs will be provided below and in 

subsequent chapters finer details will be discussed. 

1.1.3.1 GHs 

GHs catalyze the hydrolysis of glycosides, which is the transfer of a glycosyl unit 

to a water molecule (Figure 1.5a). The superfamily of GHs have a long history of 

speculation and experimental studies aimed at determining precise details of their 

catalytic mechanism. Four principle reasons have spurred on this interest. First, 

lysozyme, which breaks down the oligosaccharide chain within the peptidoglycan cell 

wall of bacteria, was the first enzyme to have its three-dimensional structure determined 

(11). This early structural insight has incited much interest into the catalytic mechanism 
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employed by lysozyme over the years (12-15). The second reason for the interest in the 

GH superfamily stems from the inherent chemical stability of the glycosidic linkage. At 

room temperature in neutral pH it is estimated that glycosidic linkages have half-lives of 

up to 8 million years (16), which is significantly longer than that of linkages found in other 

biomolecules such as protein, RNA, or DNA (17). GHs are therefore extremely proficient 

enzymes that are capable of accelerating reactions by over 17 orders of magnitude, 

ranking them amongst the most proficient enzymes known (17). Accordingly, there is 

much interest in trying to understand the origins of this catalytic proficiency. 

 

Figure 1.5:  Glycoside hydrolysis and glycosyl transfer by GHs and GTs.  
(A) GHs catalyze the hydrolysis of a glycosidic linkage. A given GH is specific for either an 
α- or β-linkage. GHs have evolved different mechanisms to hydrolyze glycosidic bonds. 
The details of these mechanisms are discussed in Chapter 2. (B) GTs catalyze the 
transfer of a glycosyl residue from a glycosyl phosphate donor to, in most cases, a 
hydroxyl group of an acceptor. The donor is usually a nucleotide diphosphate sugar but a 
nucleotide monophosphate sugar or lipid linked-sugar is also used by some GTs. The 
acceptor hydroxyl group is often a part of a protein, lipid, or another saccharide. GHs and 
GTs are specific for the stereochemistry at the anomeric centre and this stereochemistry 
can either be retained or inverted during the course of the reaction. In these examples, the 
GH-catalyzed reaction has retained stereochemistry at the anomeric centre whereas the 
GT-catalyzed reaction proceeds with inversion of stereochemistry at the anomeric centre.   

A third reason for the interest in GHs is that they play vital roles in health and 

disease. Within mammals, most GHs are located in the lysosome, which is the location 

where most proteins and lipids bearing cell surface glycans traffic after their residency 

on the cell surface is over. It is within the lysosome that GHs degrade the linkages 

between saccharides and lipids, proteins, and other saccharides. Certain saccharides, 

such as NeuAc for example, are energetically expensive for the cell to biosynthesize de 

novo, and so GHs save the cell energy by enabling the recycling of these components. 

The importance of this recycling process is also highlighted by a large set of disease 

states, generally referred to as lysosomal storage disorders, which are characterized by 

the intracellular accumulation of glycoconjugates to toxically high levels. These diseases 

are the result of mutations in the genes that encode lysosomal GHs (18). Of course, 

GHs have many roles that extend beyond simply recycling components. As 

carbohydrates are central metabolites in energy storage, breakdown of polysaccharides 
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is a critical step for accessing this chemical energy. Sustained high blood sugar levels 

can be harmful and a well established pharmacological route to limiting excessive blood 

sugar levels is through targeting the GHs of the digestive track that breakdown dietary 

oligosaccharides – an important and widely used therapeutic approach for treating type 

II diabetes (19). A fourth reason for the widespread interest in the GH superfamily is their 

vast potential for use in industrial biotransformations such as for foods and biofuels. 

Recently, an increased desire for alternative energy sources has greatly spurred on 

efforts to use GHs for biomass conversion to useful products such as biofuels (20).  

1.1.3.2 GTs 

GTs are broadly defined by their ability to use a donor sugar that contains a 

phosphate leaving group to transfer the glycosyl moiety to an acceptor molecule (Figure 

1.5b). The donor sugar is often a nucleotide diphosphate sugar or, in some cases, a 

nucleotide monophosphate or a lipid phosphate-linked sugar. The most common type of 

acceptor for GTs in nature is a hydroxyl group, which is most often part of a protein, lipid, 

or another saccharide unit. The study of GTs has lagged behind GHs in many ways due 

to the difficulties in their purification, assaying, and crystallization. One factor that 

accounts for many of these difficulties is that GTs in the secretory pathway are often 

membrane bound. Despite many obstacles, steady progress is being made in studying 

the GT superfamily of enzymes and a recent review offers an excellent description of the 

current understanding of this class of enzyme (21). One consistant observation made by 

researchers studying GTs is that there appears to be only two major types of general 

protein folds that make up GTs. The GT-A fold is a single Rossmann fold, which use a 

DXD motif to coordinate a divalent metal cation for catalysis. On the other hand, the GT-

B fold has two Rossmann folds that are hinged together and generally operate without 

the requirement of a divalent cation.    

1.1.4 Nucleotide Diphosphate Sugars: UDP-GlcNAc and the Hexosamine 
Biosynthetic Pathway 

UDP-N-acetyl-α-D-glucosamine (UDP-GlcNAc) is an important substrate that is 

used by numerous GTs that biosynthesize various glycoconjugates including the four 

common types of glycoconjugates found in mammals that were described above. 

Furthermore, UDP-GlcNAc is also used as central metabolite for the biosynthesis of 

UDP-N-acetyl-α-D-galactosamine (UDP-GalNAc) and CMP-N-acetyl-β-D-neuraminic 
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acid (CMP-NeuAc), which are also used for the biosynthesis of complex N-glycans, 

mucin-type O-glycans, and glycosphingolipids. UDP-GlcNAc is primarily derived from 

fructose-6-phosphate (Fru-6-P), which is itself made from glucose, via the hexosamine 

biosynthetic pathway (HBSP) (Figure 1.6). An earlier study showed that 2-3% of all 

dietary glucose is shunted into the HBSP (22). The first committed and rate-determining 

step of this pathway is conversion of Fruc-6-P to glucosamine-6-phosphate (GlcN-6-P), 

which is catalyzed by an enzyme termed glutamine-fructose-6-phosphate-transaminase 

(GFAT). Levels of UDP-GlcNAc are tightly regulated through feedback inhibition on 

GFAT by UDP-GlcNAc (23). Altered levels of UDP-GlcNAc have been shown, through 

different experimental paradigms, to produce deleterious consequences to the cell by 

altering levels of various glycoconjugates (4, 22, 24-26). 

 

Figure 1.6:  Biosynthesis of sugars bearing an acetamido group.  
UDP-GlcNAc is made in four steps from fructose-6-phosphate via the hexosamine 
biosynthetic pathway (HBSP, box). The rate-limiting step of the HBSP is conversion of 
fructose-6-phosphate to glucosamine-6-phosphate, which is catalyzed by the enzyme 
GFAT. UDP-GlcNAc is epimerized to form UDP-GalNAc by an epimerase termed GalE. 
UDP-GlcNAc can also be transformed into CMP-NeuAc in five steps via the sialic acid 
biosynthetic pathway. 

The HBSP has been described as a nutrient sensing pathway. The underlying 

principle is that UDP-GlcNAc has the potential to reflect the nutritional status of the cell 

since it is made from glucose. Although some studies have shown that cellular UDP-

GlcNAc levels are proportional to glucose availability (25, 27), several more recent and 

thorough studies have clearly shown that there is an upper limit of intracellular UDP-
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GlcNAc levels that can be achieved from hyperglycemia alone (28, 29), which is not 

surprising given that UDP-GlcNAc feeds back to inhibit GFAT. An additional reason that 

the HBSP is described as a nutrient sensing pathway is that all four major biomolecules 

(sugars, proteins, lipids, and nucleotides) are required for the biosynthesis of UDP-

GlcNAc. Glutamine is required as the source of ammonia, which is used by GFAT, 

acetyl-CoA is required by the enzyme glucosamine-6-phosphate acetyl transferase 

(GNAT), and UTP is required by the enzyme UDP-N-acetylglucosamine 

pyrophosphorylase (AGX). A link between fat metabolism and the HBSP has been 

proposed from several studies that have reported a correlation between UDP-GlcNAc 

levels and the availability of fatty acids (25, 30, 31). UDP-GlcNAc levels, therefore, have 

the potential to respond to glucose levels and other nutritional cues.   

As many types of glycoconjugates are made from UDP-GlcNAc, it is not surprising 

that decreased UDP-GlcNAc levels are unhealthy for cells. In fact, it was shown that 

knockout of GNAT in the HBSP results in embryonic lethality in mice (26). Given the 

importance of UDP-GlcNAc, it is not surprising that numerous salvage pathways are in 

place to recover GlcNAc and glucosamine (GlcN). As described above, a host of 

lysosomal GHs exist to breakdown glyconjugates into their respective saccharides for 

recycling. These released monosaaccharides must be activated by phosphorylation by 

specific kinases to feed into the HBSP (Figure 1.6). For instance, GlcNAc and GlcN are 

phosphorylated to produce GlcNAc-P and GlcN-6-P. Knowledge of carbohydrate 

salvage pathways is valuable because the ability of sugars to feed into these pathways 

can provide means for treating congenital disorders of glycosylation (32) as well as 

allowing investigators to manipulate metabolic levels or incorporate unnatural sugars for 

studying glycoconjugates (33, 34). 

1.2 The O-GlcNAc Modification 

1.2.1 Historical Perspective 

Prior to 1984, most glycoconjugates in mammals were thought to be restricted to 

the secretory pathway and destined for the extracellular face of the plasma membrane, 

or to be secreted from the cell into the extracellular matrix or blood. There were some 

exceptions, such the storage of glycogen in the cytoplasm of hepatocytes and muscle 

cells, but there was a prevailing dogma that glycoconjugates, which play an intricate role 

in cellular physiology (rather than just acting as an energy storage reserve) do so 
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outside the context of the nucleus and cytosplasm. A seminal study published in 1984 by 

Torres and Hart, however, upset this paradigm (35). Using a galactosyltransferase 

(β4GalT) which catalyzes the transfer of a galactose residue to GlcNAc in a β1-4 

linkage, Torres and Hart showed that upon β-elimination from the polypeptide backbone 

and reduction, 4-O-(β-galactopyranosyl)-2-deoxy-2-N-acetamido-D-glucatol (β1-

4GlcNAcitol) was produced (Figure 1.7). The novelty of this finding was that a fraction of 

this Galβ1-4GlcNAcitol originated from intracellular proteins, suggesting the presence of 

a single O-linked GlcNAc (O-GlcNAc) residue on cytoplasmic proteins. Retrospectively, 

findings dating back to 1981 suggested the presence of GlcNAc on nuclear proteins 

since a lectin that binds N-acetylglucosamine had been shown to recognize nuclear 

proteins (36), however, it was this initial finding by Torres and Hart that spawned a new 

branch of glycobiology. 

 

Figure 1.7:  Demonstration of how O-GlcNAc was first discovered.  
Torres and Hart discovered that intracellular proteins are modified with a single O-linked 
GlcNAc (35). First, a galactosyltransferase (β4GalT) was used to modify terminal GlcNAc 
residues on glycoconjugates. Basic conditions were then used to β-eliminate saccharides 
that are O-linked to a polypeptide. The mechanism for β-elimination is demonstrated by 
the series of arrows. This was followed by reduction of the liberated saccharides, using 
sodium borohydride, and subsequent analysis of the resulting products by HPLC. The 
discovery that the disaccharide Galβ1-4GlcNAcitol was being liberated from intracellular 
proteins was the first direct observation of the O-GlcNAc modification. 

Several important studies followed up this initial observation by Torres and Hart 

to establish a basic biochemical understanding of this form of protein glycosylation. First, 

it was determined that this form of glycosylation is particularly abundant in the nucleus 

and nuclear envelope (37, 38); a finding that was promptly corroborated with GlcNAc-

specific antibodies as well as a lectin that binds GlcNAc (39-42). Second, Holt et al. were 

able to provide strong evidence that the chemical linkage between the GlcNAc residue 

and the serine or threonine residue was a β-glycosidic linkage (43); a hexosaminidase 

from Jack Bean, that is selective for the β-linkage, was able to remove GlcNAc from 

modified proteins. Together these initial studies provided the foundation for future 
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studies exploring the O-GlcNAc modification. To date, over 1200 papers have been 

published on the O-GlcNAc modification. Despite the progress that has been made over 

the past 25 years, there is much that remains to be learned about the O-GlcNAc 

modification. The general properties of the O-GlcNAc modification can be found in Table 

1.1. Many of these properties are unique to the O-GlcNAc, compared to most other 

forms of glycosylation and these differences will be noted below. 

Table 1.1:  Properties of the O-GlcNAc modification. 

 

1.2.2 Simple 

As described above, the O-GlcNAc modification was originally described as a 

single N-acetylglucosamine residue β-linked to serine and threonine residues. To date, 

no exceptions have been discovered. In particular, no examples have emerged to show 

the extension of this monosaccharide to a disaccharide or oligosaccharide. This 

contrasts to most other forms of cellular glycosylation, which exist as complex 

oligosaccharides. 

1.2.3 Dynamic 

In a manner reminiscent of phosphorylation, two different enzymes regulate the 

levels of O-GlcNAc modification of proteins (Figure 1.8). UDP-GlcNAc:polypeptidyl 

transferase O-GlcNAc transferase (OGT) catalyzes the installation of the β-linked N-

acetylglucosamine to the hydroxyl group of serine and threonine residues of target  
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Figure 1.8:  The O-GlcNAc post-translational modification.  
Glucose that enters the cell is converted to Fru-6-P. This central metabolite can be 
consumed through glycolysis or enter the hexosamine biosynthetic pathway (HBSP) to 
make UDP-GlcNAc in four enzyme-catalyzed steps. UDP-GlcNAc is used as a building 
block for many forms of glycosylation, one of which is the O-GlcNAc modification of serine 
and threonine residues of nucleocytoplasmic proteins. O-GlcNAc transferase (OGT) uses 
UDP-GlcNAc to modify proteins and this process is dynamic since an enzyme called O-
GlcNAcase (OGA) can remove O-GlcNAc and thereby return proteins to their unmodified 
state.  

proteins using UDP-GlcNAc as a substrate (44). Conversely, an N-

acetylglucosaminidase known as O-GlcNAcase (OGA) catalyzes the hydrolysis of the β-

glycosidic linkage, removing the modification and returning proteins to their unmodified 

state. These enzymes will be described in much more detail below. A consequence of 

the actions of these two reciprocal enzymes is that they impart a dynamic nature to the 

O-GlcNAc modification. Indeed, several studies have reported pulse chase experiments 

where the protein backbone and GlcNAc are simultaneous labelled, with different 

radioisotopes, and have established that the O-GlcNAc modification is degraded faster 

than the polypeptide backbone to which it is attached (45, 46). Further evidence for this 

dynamic turnover of O-GlcNAc comes from studies where the function or levels of OGT 

or OGA in the cell are perturbed through genetic or pharmacological methods. Targeted 

gene deletion of OGT at the cellular level results in a time-dependent decrease in O-

GlcNAc levels due to the continued action of OGA (47). Alternatively, inhibition of OGA 

with a small molecule inhibitor dramatically elevates O-GlcNAc levels (48). Collectively, 

these studies have established that the O-GlcNAc modification can cycle on and off 

proteins multiple times during the lifetime of a protein, which contrasts to most forms of 

glycosylation that remain covalently attached to the protein until the protein is fated for 

destruction in the lysosome. 
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1.2.4 Cellular Localization  

The cellular localization of O-GlcNAc is fairly well understood in large part from 

the development and use of different innovative detection methods. These tools have 

enabled researchers to probe for the presence of O-GlcNAc on proteins and have 

collectively established that the modification is abundant in the nucleus and to a slightly 

lesser extent, the cytoplasm. O-GlcNAc appears to be particularly abundant in two 

particular cellular structures: the nuclear envelope (37, 40) and nerve termini (49, 50). 

Although several earlier studies suggested that O-GlcNAc was not present in the 

mitochondria (37, 51), more recent studies have been able to detect O-GlcNAc-modified 

proteins in this organelle (52, 53).  

1.2.5 Abundance  

1.2.5.1 In Nature 

The O-GlcNAc modification is primarily found in metazoans, which are 

multicellular eukaryotes in which the cells do not have cell walls (54). O-GlcNAc-

modified proteins have been identified in some protists (55, 56), bacteria (57), and plants 

(58, 59) but the significance of these findings require more exploration. Some fungi have 

a gene encoding OGT but O-GlcNAc-modified proteins have never been observed in this 

kingdom (56). O-GlcNAc-modified proteins have also been identified on several viral 

proteins but these modifications very likely stem from the action of host OGT (60, 61). 

Curiously, O-GlcNAc is absent from yeast, which has undoubtedly slowed understanding 

of the cellular function of this post-translational modification. Very few studies have 

investigated the O-GlcNAc modification in flies (62), however, the recent discovery that 

the function of OGT is conserved between fly and human will likely spur on research into 

the O-GlcNAc modification in this model organism (63).  

1.2.5.2 In the Cell 

To date somewhere between 500-1000 different proteins from metazoans have 

been identified as bearing O-GlcNAc. Considering that the methods for detection of O-

GlcNAc are continuously improving, this number is bound to increase substantially. 

Proteins of many different functions have been shown to be O-GlcNAc-modified 

including those involved in diverse processes including: maintenance of cellular structure 
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(49, 64-72), cellular signaling (73-77), transcriptional regulation (62, 78-87), intracellular 

transport (88-90), translation (91, 92), and protein degradation (93, 94). This small list is 

certainly not exhaustive and, in fact, it is difficult to find a process occurring in the 

cytoplasm or nucleus where O-GlcNAc is not present on the proteins that are involved. 

The widespread nature of the O-GlcNAc modification on proteins most likely relates to 

the function(s) that O-GlcNAc serves; this seems especially relevant given that there is 

only one gene encoding OGT that glycosylates all these targets.    

1.2.5.3 On Proteins 

Like phosphorylation, the number of sites of O-GlcNAc modification can greatly 

vary on an individual protein. The number of sites on a proteins have been found to vary 

from a single site (72) to upwards of 30 (95, 96). Few proteins have had the specific 

sites of modification determined, however, based on the limited data set and available 

structural data for these proteins it appears that O-GlcNAc is found predominantly in 

unstructured regions due to many mapped sites being found in proline rich regions. This 

underappreciated fact may offer a clue as to the cellular function(s) of the O-GlcNAc 

modification.  

1.2.5.4 At Individual Sites 

At individual sites found to be O-GlcNAc-modified, the stoichiometric ratio of O-

GlcNAc attached to the site is usually low. Several studies using acid hydrolysis of the 

peptide backbone in combination with amino acid analysis have demonstrated that the 

stoichiometry of O-GlcNAc on several proteins range anywhere from 0.5 – 14% (66, 72). 

Earlier mass spectrometry methods (97, 98) and a more recent quantitative mass 

spectrometry study (99) have confirmed similar substoichiometric occupancies for the O-

GlcNAc modification.  

1.2.6 Methods of Detection  

As noted above, an understanding of the O-GlcNAc modification has benefited 

from the advancement in analytical methods that are capable of detecting this 

modification. The low stoichiometry of O-GlcNAc at individual modification sites of 

proteins and the labile nature of the glycosidic linkage to mass spectrometry methods 

(see below) have driven the development of more specific and sensitive detection 
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methods. These methods are discussed below and the advantages and disadvantages 

of each method are summarized in Table 1.2. The methods that are used in this thesis 

will be noted. 

Table 1.2:  Methods for detecting the O-GlcNAc modification. 
 

 

1.2.6.1 Galactosyltransferase 

The study that led to the discovery of the O-GlcNAc modification, by Torres and 

Hart, made use of a β-1,4-galactosyl transferase (β4Gal-T) that adds a galactose 

residue to a terminal GlcNAc residue within glycoconjugates (35). This method continues 

to be used for detecting O-GlcNAc on proteins (62, 70, 88). Two disadvantages of this 

technique are that it requires the use of radiolabelled UDP-Gal and it is likely that some 

sites of modification are not accessible to β4Gal-T and so cannot be labelled with 

galactose. More recently, a variation of this method was developed that makes use of a 

mutant of β4Gal-T to install a derivatized GalNAc residue (100), which can then be 

chemically modified with a tag, such as biotin, using bioorthogonal chemistry (33). In this 

manner, radioactivity is avoided but the inability of β4Gal-T to recognize all sites must 
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still be taken into account. The galactosyltransfer assay was not used for experiments 

carried out in this thesis.  

1.2.6.2 Immunological Detection 

Currently, there are three commercially available antibodies (39, 41, 42) as well a 

lectin that recognize a wide variety of O-GlcNAc-modified proteins (38). The most 

common and robust antibody used is termed CTD110.6. This mouse IgM antibody was 

raised from a chemically synthesized O-GlcNAc-modified peptide derived from the C-

terminal domain of RNA polymerase II, which is known to be O-GlcNAc-modified (42). 

The CTD110.6 anti-O-GlcNAc antibody detects many O-GlcNAc-modified proteins. The 

second most commonly used antibody, which was the first to be developed and 

characterized, is called RL2 (39). This mouse IgG antibody was raised against nuclear 

pore proteins and found to be specific for the O-GlcNAc modification, likely because 

nuclear pore proteins are abundantly modified with O-GlcNAc (43). Nevertheless, RL2 

recognizes a fairly large set of O-GlcNAc-modified proteins that extend beyond nuclear 

pore proteins. The least commonly used antibody is a mouse IgG antibody termed 

HGAC85, which was raised against streptococcal group A carbohydrates (101). This 

antibody was found to recognize O-GlcNAc-modified proteins (41) and has seen a 

resurgence in recent years because it performs better than the other two antibodies in 

certain applications such as a chromatin immunoprecipitation (CHIP) (63, 84, 85). It 

should be noted that the affinity of these antibodies for O-GlcNAc is not high and, as a 

consequence, these antibodies generally perform poorly in immunoprecipitations. They 

do, however, work well for detecting proteins immobilized on surfaces such as in 

Western blotting and immunohistochemical staining. All three antibodies were used for 

experiments carried out and described throughout this thesis. It should be noted that in 

addition to these general antibodies that recognize the O-GlcNAc modification, several 

studies have reported the development of  site-specific O-GlcNAc antibodies (102-104). 

A lectin called wheat germ agglutinin (WGA), which recognizes terminal GlcNAc 

residues on glycoconjugates, is available and is superior to the antibodies at 

precipitating O-GlcNAc-modified proteins but has the disadvantage that it recognizes 

GlcNAc present in other forms of glycosylation. Indeed, WGA is widely recognized and 

used as a probe for complex N-glycosylation on proteins (3).  
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1.2.6.3 Metabolic Labelling 

When GlcNAc or GlcN are added to cultured cells, they are efficiently scavenged 

into the HBSP to form UDP-GlcNAc (Figure 1.6), which can then be used by OGT to 

modify proteins. Radioactively labelled GlcNAc or GlcN is, therefore, a sensitive means 

of directly detecting the modification on proteins since it does not rely on enzyme or 

antibody recognition. Based on metabolic engineering, a second method was developed 

in which a chemically reactive derivative of GlcNAc containing an azide appended to the 

methyl group of the 2-acetamido substituent (GlcNAz) is metabolically incorporated. 

Vocadlo et al. demonstrated that the cellular machinery for transforming GlcNAc to UDP-

GlcNAc is capable of tolerating the azide moiety and that GlcNAz does get attached to 

proteins at sites of O-GlcNAc (34). Once on proteins, this azide group provides a 

chemically reactive functionality that can be modified, using different chemoselective 

ligation strategies, with a reporter tag such as biotin to enable sensitive detection or 

enrichment of the protein. The disadvantage of metabolic labelling is that GlcNAc can 

also be incorporated within other forms of glycosylation and thus good cellular 

fractionation methods must be employed to separate intracellular proteins from 

membrane-bound proteins and those en route to the cell surface in the secretory 

pathway. Metabolic labelling was used in experiments that are a part of Chapater 5 this 

thesis.   

1.2.6.4 Mass Spectrometry 

It has been known for some time that the glycosidic linkage of O-GlcNAc is 

particularly susceptible to dissociation during ionization carried out in mass spectrometry 

experiments (105). Different techniques to derivatize sites of modification have been 

developed to overcome this problem (105-107), however, there are drawbacks to these 

methods. More promising, are new milder and more sensitive mass spectrometry 

techniques that allow for the detection of native O-GlcNAc-bearing peptides (96). 

Detection of O-GlcNAc with mass spectrometry was used in this thesis.       

1.2.6.5 In vitro Modification 

Using purified O-GlcNAc transferase it is possible to glycosylate target protein in 

vitro (108), yet the potent product inhibition of OGT by UDP makes it difficult to achieve 

a high stoichiometry of modification (44). A variation of this method is the recombinant 
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coexpression of OGT and the target protein in Escherichia coli (109, 110). In a similar 

method, a target protein can be O-GlcNAc-modified when expressed in insect cells, 

through modification by endogenous insect OGT (111). Both of these methods have 

been shown to result in a high stoichiometry of modification on the desired protein and 

have been used to prepare O-GlcNAc-modified proteins for biochemical studies (111, 

112). The coexpression system in E. coli was used in experiments carried out in this 

thesis.         

1.3 OGT 

1.3.1 Cellular Importance  

In metazoans, there is only one gene encoding OGT identified thus far in model 

organisms (113) and its primary amino acid sequence is highly conserved among 

different species (114). The biological importance of OGT, and by extension the O-

GlcNAc modification, was inferred from the observation that knockout of OGT in several 

model organisms results in lethality. Targeted knockout of the gene encoding OGT in 

mice results in a failure to complete embryogenesis (113). In a follow-up study, 

O’Donnell et al. showed that when mouse embryonic fibroblasts (MEFs), containing the 

gene encoding OGT flanked by LoxP sites, were treated with Cre recombinase, the gene 

encoding OGT was excised from the genome and cells failed to divide but entered into a 

period of senescence (47). Studies in Drosophila melanogaster have largely agreed with 

these initial findings, showing that OGT is essential for development and is a member of 

the polycomb group (PcG) of proteins that are responsible for epigenetic regulation of 

gene transcription (63, 85). Unlike mice, where disruption of the OGT gene failed to 

produce a multicellular embryo, flies with mutations or deletions in OGT were able to 

survive until a time right before emergence of the larvae from the chrysalid. This 

discrepancy likely stems from the known strong maternal mRNA contribution occurring in 

D. melanogaster that results in production of maternally loaded OGT during 

development. One important finding from the studies in flies was that human OGT could 

rescue loss of fly OGT, establishing that the function of OGT is conserved between flies 

and humans (63). Arabidopsis thaliana contains two genes that encode an OGT. 

Deletion of either gene results in only a minor phenotype, however, deletion of both 

genes results in a failure to undergo gametogenesis and embryogenesis (115).  

Curiously, knockout of OGT in Caenorhabdtis elegans only affected dauer formation but 
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homozygous recessive worms were otherwise viable (116). It should be pointed out that 

in all these studies differentiating catalytic from non-catalytic roles of OGT is not possible 

and therefore extrapolating the observation that OGT is critical to suggest that the O-

GlcNAc modification is essential is complicated by the fact that OGT may have more 

than just a catalytic function. Studies making use of an OGT inhibitor or catalytically 

inactive mutants of OGT have the potential to shed light on this issue. 

1.3.2 Tissue Distribution, Cellular Location, and Isoforms 

OGT is expressed in all tissue types but expression levels are variable. Levels of 

OGT mRNA transcript, protein, and activity are highest in the brain, pancreas, and 

spleen (114, 117). Three isoforms of OGT are known in mammals (Figure 1.9a). The 

full-length (FL) protein (nuclear and cytosolic OGT; ncOGT), which is the most abundant 

is a 1036 amino acid protein that is found throughout the nucleus and cytoplasm but is 

most abundant in the nucleus (114, 117). This cellular localization is in keeping with the 

O-GlcNAc modification being most abundant in the nucleus. Within neurons, OGT is 

particularly enriched in the synaptic bouton (50); once again correlating with the high 

levels of O-GlcNAc in this cellular location (49). A shorter isoform (mOGT) is generated 

from alternative splicing and results in an N-terminal mitochontrial targeting sequence 

(118) and cellular staining showed that the localization of mOGT overlaps with 

mitochondrial markers (51). Lastly, an even shorter isoform (sOGT) is generated from an 

internal start codon (118), however, little is known about its function and one study 

showed that it fails to modify proteins that are modified by the other two isoforms (119).  

1.3.3 Domains 

1.3.3.1 Tetratricopeptide Repeats. 

Residues 1-480 of the human ncOGT isoform comprise a series of 13.5 

tetratricopeptide repeats (TPRs). Each TPR is formed from 34 amino acids that form two 

antiparallel alpha helices. These TPRs stack on top of each other with a gradual twist 

that gives rise to a suprahelical structure (120). Jinek et al. determined the structure of 

the first 11.5 TPRs of human OGT (Figure 1.9b) (121). TPRs are ubiquitous in nature 

and often found on two broad classes of proteins: those that are required to interact 

transiently with many other proteins, such as heat shock proteins (122), or those 

involved in large protein scaffolds, such as the anaphase-promoting complex (123). 
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These two properties of TPRs appear to go hand-in-hand with the observation that OGT 

glycosylates hundreds of different proteins. Indeed, several studies have shown that  

 

Figure 1.9:  The three isoforms and structure of the tetratricopetide repeats (TPRs) of human 
OGT.  
(A) Human OGT is composed of three isoforms and two distinct domains. The N-terminal 
domain is a series of tetratricopeptide repeats (TPRs) and the C-terminal domain is the 
glycosyltransferase catalytic domain. The longest and most abundant isoform is called 
ncOGT because it is predominantly found in the nucleus and cytoplasm. The mOGT 
isoform is generated from alternative splicing and has a mitochondrial localization 
sequence at the very N-terminus of the protein that targets it to mitochondria. mOGT has 
only nine TPRs. sOGT is generated from an internal start codon and is a protein with only 
three TPRs; very little is known about this isoform. (B) The superhelical structure of the 
first 11.5 TPRs of human OGT, which was solved by Jinek et al. using x-ray 
crystallography (121). The left panels represent the structure draw in cartoon format while 
the right panels depict a surface representation of the structure. The bottom panels show 
the superhelical structure end on. All structures were draw in PyMol using PDB 1W3B. 
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deletion constructs of OGT lacking a certain number of TPRs fail to interact with 

substrates and hence fail to glycosylate target substrates (119, 121, 124-126), yet they 

retain their ability to glycosylate model peptides (124, 127). OGT has also been shown 

to stably interact with numerous proteins (83, 128-133), which is in keeping with the 

properties of TPRs found for other TPR-containing proteins. Also consistent with TPR-

containing proteins being found in large protein complexes, is that OGT is tightly 

localized at the midbody during mitosis (103) as well as within a large complex involved 

in transcriptional regulation (83). One outstanding question is how important the activity 

of OGT is in these protein complexes versus its role in maintaining the structural integrity 

of such large protein complexes. 

1.3.3.2 Glycosyltransferase Domain 

Residues 480-1036 of human ncOGT, encode the glycosyltransferase domain 

that is responsible for enzymatic installation of the O-GlcNAc modification. This domain 

is a member of family 41 of GTs in the CAZy database. As is evident from sequence 

alignments, two Rossmann folds constitute the catalytic domain (134); providing 

evidence that the OGT catalytic domain has a GT-B fold. Consistent with this prediction, 

an earlier biochemical study demonstrated that a divalent metal was not necessary for 

catalysis (44). Very little else was known about this domain prior to work in this thesis. In 

one study, mutations were made to the catalytic domain and these mutants were 

expressed and assayed for their ability to glycosylate a target protein (135). Although the 

authors demonstrated decreased activity in some of these mutants, many of these 

mutant enzymes expressed poorly; no evidence was presented that these mutations 

were in the active site and, therefore, decreased catalytic efficiency may have simply 

been a consequence of a perturbed structure. More recently, a series of lysine residues 

at the extreme C-terminus of the protein was suggested to target OGT to the plasma 

membrane under certain conditions through interactions with PI(3,4,5)P3 (136). One 

outstanding question with regard to OGT is how the TPRs interface with the catalytic 

domain in a manner that facilitates modification of target proteins. As described above, 

the TPRs clearly play a role in substrate binding and recognition but the precise 

molecular details of how the two domains interact to direct which proteins are modified is 

intriguing. 
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1.3.4 Lack of consensus sequence 

 To date, no amino acid consensus sequence has been discovered that directs 

which amino acids are modified by OGT despite detailed knowledge and mapping of 

over 50 O-GlcNAc sites. The only trend that has been observed from these mapped 

sites, is a loose requirement for a proline residue 1 or 2 residues N-terminal to the serine 

or threonine site, which is present in approximately 40% of mapped sites (95, 96). Sites 

of modification often occur in proline rich regions, which seem in keeping with the 

modification being present on unstructured regions of proteins. In the most thorough 

study attempting to define a consensus sequence, Leavy and Bertozzi investigated the 

effect of systematically altering the amino acids in a model peptide substrate for OGT (α-

crystallin; AIPVSREEK) (137). These investigators found that mutation of the proline 

abolished activity to more than the 10-fold sensitivity limit of their assay. Nevertheless, 

many other extreme modifications to the peptide, such as replacing the valine for a 

glutamic acid or changing one of the glutamic acids to a lysine, had a minimal effect on 

the catalytic efficiency of OGT towards the substrate. The lack of consensus sequence 

has puzzled the O-GlcNAc field and is in stark contast to other post-translational 

modifications that have very well defined consensus sequences. Making sense why 

there is no consensus sequence surrounding the site of modification will likely lead to a 

better understanding of the cellular role of the O-GlcNAc modification as well as a basic 

understanding of how OGT selects its targets.   

1.4 OGA 

1.4.1 Cellular Importance  

The gene encoding OGA was originally described as meningioma expressed 

antigen 5 (MGEA5) because mRNA transcripts were first observed in several 

meningioma tissues (138). Like OGT, there is only one gene known to encode OGA in 

metazoans. A knockout of OGA has yet to be described in vertebrates. A knockout of 

OGA was carried out in C. elegans (139); these worms were viable, had elevated O-

GlcNAc levels, and only showed small defects in dauer formation. 
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1.4.2 Tissue Distribution, Cellular Location, and Isoforms 

OGA is expressed in all types of tissues, but like OGT, OGA is particularly 

abundant in the brain and pancreas (140). Thus far, two isoforms for human O-

GlcNAcase have been described (Figure 1.10). The long isoform (OGA-FL) in humans is 

916 amino acid protein that is present in the cytoplasm and nucleus at roughly the same 

concentration (141, 142). The gene encoding OGA (MGEA5) was shown by Comptesse 

et al. to undergo alternative splicing to generate a truncated protein (141). When intron 

10 fails to be spliced, a transcript is generated that encodes a protein having a 662 

amino acid N-terminal section identical to OGA-FL and an additional 15 amino acid C-

terminal piece arising from the start of intron 10. Such a protein (OGA-NV) therefore 

lacks the C-terminal domain of OGA. Cell fractionation studies provided evidence that 

OGA-NV resides in the nucleus (141). 

 

Figure 1.10:  The two isoforms of human OGA.  
Full length OGA (FL-OGA) has two domains. Prior to this thesis some data indicated that 
the N-terminal domain has N-acetylglucosaminidase activity and the C-terminal domain 
has histone acetyltransferase activity. Nevertheless, this data was not conclusive and 
there was some confusion on this issue, which is indicated by the question marks. A 
shorter isoform is generated when intron 10 is not spliced from the mRNA; this results in a 
truncated protein with a 15 amino acid C-terminal piece that is encoded by intron 10. Prior 
to this thesis, no structural information was available regarding OGA.  

1.4.3 Domains 

OGA-FL is composed of distinct N- and C-terminal domains that are apparent 

from sequence alignments (Figure 1.10) (140). A region corresponding to amino acids 1-

350 of the human enzyme, which has sequence similarity to hyaluronidases (138), was 

proposed by some to contain the catalytic glycoside hydrolase domain of OGA (143, 

144). Still others have suggested that the C-terminal domain is essential for OGA activity 

(142, 145). Some data arose claiming the C-terminal domain has histone 

acetyltransferase activity (HAT) (146), which indirectly supported the proposal that the 

N-terminal domain harbours the N-acetylgluocosaminidase activity. Nevertheless, 

another study refuted the claims that the C-terminal domain has HAT activity (147). 
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Therefore, prior to this thesis confusion existed as to the function of each of these two 

domains. 

1.4.4 Functionally-Related Enzymes  

Humans have four genes encoding GHs that remove terminal GlcNAc or GalNAc 

from the non-reducing end of glyconjugates (Table 1.3). HexA and HexB (collectively 

referred to as the β-hexosaminidases) encode highly homologous enzymes that are 

located in the lysosome and are members of family 20 of GHs. HexA is a homodimer 

consisting of two proteins from the hexa gene whereas HexB is a heterodimer composed 

of one protein from the Hexa gene and one protein from the Hexb gene These two 

enzymes hydrolyze GlcNAc and GalNAc from glycosphingolipids with their best 

characterized substrate being the ganglioside GM2 (Figure 1.4c) (148). A third 

hexosaminidase was described some time ago whose activity could be differentiated 

from HexA and HexB by preference for neutral pH and a strict specificity for gluco-

configured substrates (149, 150). Described as HexC, this enzyme was later revealed to 

be OGA (151), which belongs to family 84 of GHs. Very recently, a fourth 

hexosaminidase, HexD, was cloned and characterized as a cytosolic enzyme belonging 

to GH20 (152). The natural substrate for HexD is unknown, however, Gutternigg et al. 

presented preliminary data to suggest that it cannot act on O-GlcNAc modified proteins, 

which is in line with its apparent preference for galacto-configured substrates. 

Table 1.3:  Mammalian exo-acting β-N-acetylglucosaminidases. 
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1.5 Modulating Cellular O-GlcNAc Levels   

The ability to modulate the levels of a post-translational modification is important 

for understanding the normal cellular and physiological roles of the modification. 

Phosphorylation is one well known example where kinase inhibitors have proven to be 

valuable tools for unlocking the biological roles of kinases (153). The O-GlcNAc 

modification is no different; methods for altering O-GlcNAc levels have been a key to 

examining its role in cellular biology. Although O-GlcNAc levels can be artificially 

increased or decreased through either genetic or pharmacological methods, elevating O-

GlcNAc levels with small molecule inhibitors has proven the most tractable and is the 

foundation for many of the studies in this thesis. Before delving into the methods by 

which O-GlcNAc levels can be elevated, several simple mathematical factors governing 

O-GlcNAc levels will be discussed. This discussion was a part of a recent review that I 

co-wrote with Dr. Vocadlo and is largely directly quoted from that source with permission 

of the publisher (154).    

1.5.1 General Considerations 

For any specific protein substrate, the level of O-GlcNAc present at a given site 

will reach a steady state when the rate of its installation equals the rate of its removal: 

Equation 1.1:  V(installation) = V(removal)  
 

Focusing for the moment on the use of inhibitors of OGA, the kinetic factors 

regulating cellular OGA activity must first be considered. Given that OGA displays 

Michaelis-Menten kinetics (151), at least with chromogenic substrates, the intracellular 

activity of OGA on a given site can most likely be expressed simply in the following way: 

Equation 1.2:  
V(removal) = kcat(OGA)[Protein-O-GlcNAc][OGA]/(KM(OGA)+[Protein-O-GlcNAc])   
  

This Michaelis-Menten equation can be appropriately modified when taking into 

account as yet unidentified protein modulators or activators, however, for the purposes 

of discussing the effects of competitive inhibitors, the reasoning below would remain 

unaffected by such elaborations. Based on experimental observations, and consistent 

with equation 1.1, the use of inhibitors of OGA in a cellular context results in a time-

dependent increase in O-GlcNAc-modified proteins due to the continued activity of OGT 
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and the impeded action of OGA (48). If OGA function were completely and irreversibly 

inhibited, the level of O-GlcNAc modification at any individual site should eventually 

reach stoichiometric levels, assuming no competition from other post-translational 

modifications. Stoichiometric O-GlcNAc site occupancies are, however, unlikely to be 

reached when using competitive OGA inhibitors.  

Competitive inhibition results only in an increase in the KM(apparent) for the enzyme 

toward its substrates and does not affect the maximal velocity that can be reached. 

These effects are manifest in the following equation, which defines the kinetic effects of 

competitive inhibitors: 

Equation 1.3:  V = kcat[E][S]/(KM(1 + I/KI) + [S])  
 

Upon exposure of cells to a competitive OGA inhibitor, the KM(apparent) of OGA for 

its protein substrates should increase according to equation 1.3, with the immediate 

effect being a substantial decrease in OGA activity and a relatively slow time-dependent 

increase in protein O-GlcNAc levels as OGT continues to function. Since O-GlcNAc-

modified proteins are the substrates of OGA, however, as these levels increase the 

activity of OGA will also increase according to equation 1.3. Eventually, a new steady-

state concentration of cellular O-GlcNAc levels is reached, based on equation 1, when 

the rate of installation of O-GlcNAc (catalyzed by OGT) equals the rate of its removal 

(catalyzed by OGA). The same principles, but in reverse, should also hold for methods 

that increase the rate of installation of O-GlcNAc such as overexpression of OGT.  

A consideration of these enzyme kinetic issues leads to a prediction for the effect 

that OGA inhibitors should have on OGA activity and O-GlcNAc levels in cells. For 

instance, when the intracellular concentration of inhibitor reaches 10-fold above its KI 

value, equation 1.3 predicts that the KM(apparent) of OGA for its substrates will be 11-fold 

higher than the KM in the absence of the inhibitor (Figure 1.11). As a consequence, in the 

absence of other effects, once steady state is re-established the O-GlcNAc levels in the 

presence of inhibitor will be 11-fold higher than in the absence of inhibitor. Of course, 

many other potential regulatory mechanisms may be overlaid on top of these basic 

kinetic considerations. One additional factor may be that as O-GlcNAc levels rise, the 

effective concentration of protein acceptor substrate available to OGT decreases, which 

results in a decreases in the rate at which O-GlcNAc is installed. Furthermore, there may 

be a maximal intracellular concentration that can be achieved by an OGA inhibitor. 



Chapter 1: General Introduction 

 28 

These combined effects could contribute to establishing an effective maximum level that 

O-GlcNAc levels could reach. Consistent with this global view, a quantitative proteomics 

study showed O-GlcNAc levels on individual protein were elevated anywhere from 1.5 to 

40-fold upon treatment of cells with an OGA inhibitor (99). 

 

Figure 1.11:  Elevation of O-GlcNAc levels increase the activity of OGA.  
In cells, a steady state level of O-GlcNAc on proteins exists, which is governed by the rate 
at which O-GlcNAc is added to and removed from proteins. Addition of an OGA inhibitor 
increases the apparent KM of OGA toward its substrates. As OGA activity decreases, OGT 
continues to function and O-GlcNAc levels rise. The increase in O-GlcNAc levels will, in 
turn, result in increased activity of OGA until a new equilibrium is established; in this case, 
at levels 11-fold above the basal level. Other methods for increasing O-GlcNAc levels will 
also increase the activity of OGA and thereby limit the increase of global O-GlcNAc levels 
that can be realized. Other factors, such as the cellular concentration of available OGT 
substrates may also contribute to limit the maximal increase in O-GlcNAc levels that can 
be achieved. 

Irrespective of these concerns, the aim of this discussion is to illustrate that the 

use of competitive inhibitors does not necessarily entail that stoichiometric O-GlcNAc 

levels will be reached at given sites. Nor will OGA activity be completely abolished in 

cells treated with an OGA inhibitor since, in essence, as O-GlcNAc levels increase the 

inhibitor becomes less effective. A conceptually similar situation is encountered with 

kinase inhibitors that are competitive with ATP (153). Because cellular ATP 

concentrations are in the millimolar range, generally well above the KM value of ATP for 

these enzymes, competitive kinase inhibitors are less effective in cells than would be 

expected on the basis of their in vitro KI values and further increases in ATP levels result 

in still more diminished inhibition. 
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In addition to using OGA inhibitors, several other ways to increase O-GlcNAc 

levels within cells have been established. Below, the different approaches are reviewed 

with commentary on the advantages and disadvantages of each method. A summary of 

these methods are presented in Table 1.4. 

1.5.2 Increasing Levels of UDP-GlcNAc 

One approach to increasing O-GlcNAc levels has been to elevate the cellular 

concentrations of UDP-GlcNAc. This method appears to make sense since it has been 

reported that OGT responds to a broad range of UDP-GlcNAc levels (127). Accordingly, 

increased cellular UDP-GlcNAc levels have been realized in several ways. First, 

increased availability of glucose has been shown to elevate UDP-GlcNAc levels in 

various paradigms, most rigorously in cultured adipocytes where a maximal 2-fold 

increase was observed after three hours (hr) treatment with 10 mM glucose (29). As 

discussed above, however, no further increase in UDP-GlcNAc is observed when cells 

are treated with higher glucose concentrations (28, 29). A second commonly used 

approach for increasing UDP-GlcNAc levels is addition of glucosamine, which enters the 

HBSP downstream of GFAT (Figure 1.6).  This approach results in a more pronounced 

5-fold increase of UDP-GlcNAc levels in adipocytes (28). A third approach involves 

overexpression of GFAT to increase flux through the pathway, which has been shown to 

result in a modest 2-fold increase in UDP-GlcNAc levels (155). Interestingly, glucose 

(68, 156, 157), glucosamine (74, 158), and overexpression of GFAT (159), have all been 

shown to result in only small increases in O-GlcNAc levels, which indicates that OGT 

may not respond to changes in UDP-GlcNAc concentrations to the extent that was first 

speculated (127). These three approaches have proven to be important strategies for 

investigating the metabolic functions of the HBSP at the physiological level.  It is known, 

however, that glucosamine induces various effects at the cellular level in addition to 

increasing O-GlcNAc levels. These additional effects include depleting cellular ATP 

levels (160) and causing ER stress (161). Furthermore, overexpression of GFAT and 

glucosamine will both cause elevation in the levels of GlcN-6-P, which is deleterious to 

the cell because this species is known to inhibit hexokinase and, hence, glycolysis (162) 

Therefore, interpreting the effects of glucosamine, in particular, is difficult because of the 

resulting complex set of effects. One further caveat that should be considered when 

interpreting  
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Table 1.4:  Methods for elevating O-GlcNAc in a cellular context. 
 

 
 

the effects of these metabolic approaches at the molecular level is that these strategies 

do not solely affect O-GlcNAc levels. UDP-GlcNAc is also used by many other N-

acetylglucosaminyltransferases that are centrally involved in constructing a variety of 

other glycoconjugates. Indeed, Yki-Jarvinen et al. showed that glucosamine infusion in 

rodents resulted in a 1.5-fold increase in the level of N-glycans (158). Furthermore, 

UDP-GlcNAc is an intermediate in the biosynthesis of CMP-sialic acid and UDP-GalNAc 

and so the levels of these molecules will likely also be perturbed when using the 

methods described above. Because the levels and structures of cell surface glycans 

have been shown to be of critical importance for cellular function (4, 24), using these 

methods to directly investigate the role of increased O-GlcNAc levels in cellular 

physiology presents some ambiguity since the observed effects may arise from 

perturbing various glycoconjugates (163). 

1.5.3 Overexpression of OGT 

A more direct approach to increasing O-GlcNAc levels is to overexpress OGT by 

transfection of cultured cells (117), generating transgenic animals (164), or viral infection 

of cultured cells or tissues (86, 165). One potential issue that may, or may not, 

complicate interpretations of studies making use of overexpression of OGT is that, as of 

yet, the catalytic and non-catalytic roles of OGT have not been distinguished. This 
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distinction remains a concern, given that OGT is a large multi-domain protein that 

interacts with a wide range of protein partners (83, 103, 128-133). It seems possible that 

phenotypic effects observed from its overexpression could stem from disruption of 

important protein-protein interactions within cells, or possibly even formation of new 

protein-protein interactions.   

1.5.4 Knockdown of O-GlcNAcase 

RNA interference directed at the mRNA of OGA is a method that has not been 

frequently used. In fact, only two studies have used this method to increase O-GlcNAc 

levels and these increases were only modest (166, 167). As speculated by others, the 

reported difficulties in realizing efficient knockdown may be a consequence of a long 

protein half-life for OGA (168). Nonetheless, concerns about distinguishing non-catalytic 

from catalytic functions of this protein are also a concern with this method since OGA is 

also a large multidomain protein known to engage in several protein-protein interactions 

(103, 140). 

1.5.5 Inhibition of O-GlcNAcase 

Small molecule inhibitors are invaluable for studying the physiological roles of 

many classes of enzymes and are an important complement to the use of genetic 

approaches. Cell permeable inhibitors offer several advantages over genetic methods 

including their generality; they can act in cells that are not readily amenable to 

transfection, there is no need for transfection reagents or viral infection, dosing can be 

conveniently varied, time courses readily followed, and inhibitor can be removed to 

observe the reversibility of any effects. Although potent inhibitors of OGA were known for 

a considerable time (151), Haltiwanger et al. were the first to carry out careful studies to 

show that inhibition of OGA in cells leads to significantly increased O-GlcNAc levels (48). 

As discussed above, increased O-GlcNAc levels develop due to the continued action of 

OGT, even as OGA activity is impaired, until a new steady state is reached. Inhibition of 

OGA is routinely used to study the effect of increased O-GlcNAc levels in cultured cells 

(48, 74), cells and tissues studied ex vivo (169, 170), and more recently in vivo (171, 

172).  

As with any small-molecule inhibitor, consideration has to be given to the 

possibility that OGA inhibitors might lack target selectivity or be unable to penetrate into 
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all tissue types. The presence in metazoans of enzymes functionally related to OGA that 

may also be inhibited by OGA inhibitors is clearly a concern, as are completely 

unanticipated off-target effects. As discussed above, mammals have four genes 

encoding functionally related N-acetylglucosaminidases that are specific for terminal β-

configured glycosides. Although the deleterious effects stemming from deletion or 

mutations to OGA or HexD have not been clearly established, mutations to the 

lysosomal β-hexosaminidases result in the inheritable diseases referred to as Tay-Sachs 

and Sandhoff diseases. These diseases are characterized by the accumulation of the 

substrate for the β-hexosaminidases, the ganglioside GM2, within lysosomes. The net 

result is a diminished lifespan to humans (173) or animals models that have a deficiency 

in HexA or HexB activity (174, 175). Therefore, using small molecule inhibitors to probe 

the function of any mammalian N-acetylglucosaminidase, and other glycosidases for that 

matter, must be carefully done to minimize the chance of generating a complex 

phenotype stemming from concomitant inhibition of these functionally related enzymes.  

Despite these potential concerns, a major benefit to using pharmacological 

inhibition of OGA is that it avoids the need to directly modulate protein levels within cells. 

The benefit of not overexpressing regulatory enzymes is underscored by studies of 

kinases, which have shown that inhibitors do not always induce the same phenotype as 

do genetic approaches (176, 177). Indeed, the non-catalytic roles of enzymes can often 

produce dominant-negative effects that are independent of their catalytic activities as 

demonstrated in cases where catalytically inactive mutants are overexpressed (178, 

179). These examples demonstrate the usefulness of using small molecule inhibitors 

over genetic approaches. In the case of OGA, several small molecule inhibitors were 

described before the commencement of this thesis and they have enjoyed use in 

studying the O-GlcNAc post-translational modification. Below is a description of what 

was known about these inhibitors prior to the work done in this thesis. Table 1.5 provides 

a summary of the chemical structure of these inhibitors as well as summary of the 

advantages and disadvantages of each compound.  

1.5.5.1 PUGNAc and LOGNAc 

O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate 

(PUGNAc) is member of the glyconohydroximolactone class of glycoside hydrolase 

inhibitors first synthesized by Vasella and coworkers and subsequently shown to be 
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potent inhibitors of β-N-acetylglucosaminidases unrelated to OGA from eukaryotic, plant, 

and fungi origin (180). Soon after this first report, it was shown that PUGNAc is a potent 

inhibitor of GH20 mouse β-hexosaminidase (181).  PUGNAc and 2-acetamido-2-deoxy-

D-gluconhydroximo-1,5-lactone (LOGNAc), which lacks the phenylcarbamate moiety, 

were also shown by Dong and Hart to inhibit OGA purified from rat spleen with KI values 

of 0.052 and 1.7 µM, respectively (151). Later, using recombinant human OGA, 

PUGNAc was shown to potently inhibit both human OGA and bovine lysosomal β-

hexosaminidase (140). Therefore, although PUGNAc is a potent inhibitor of mammalian 

OGA, it is also a powerful inhibitor of the functionally related lysosomal β-

hexosaminidases, which is clearly a problem since decreased activity of HexA and HexB 

results in the deleterious accumulation of gangliosides as discussed above.  

Table 1.5:  Compounds known to inhibit OGA prior to starting work on this thesis.  
 

 
 

Despite this concern of selectivity, PUGNAc is a potent and cell permeable 

inhibitor that has aided studies investing the O-GlcNAc modification. For instance, the 

finding by Haltiwanger et al. showing that PUGNAc can inhibit OGA within cells, and 

thereby elevate O-GlcNAc levels in a variety of cell lines, was important since it helped 

solidify the concept that O-GlcNAc is a dynamic modification (48). PUGNAc has now 
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been used in well over 100 studies to test hypotheses related to O-GlcNAc, the most 

prominent of these investigations have been those using PUGNAc to induce insulin 

resistance as will be discussed further below. It remains to be seen, however, if the 

effects attributed to PUGNAc are due to elevated O-GlcNAc levels, inhibition of a 

functionally related enzyme, or arising from an entirely off target effect. Of particular 

concern is that the role of gangliosides in cellular biology is gaining greater appreciation 

with studies showing that perturbations to ganglioside levels have the ability to 

dramatically influence intracellular signaling events (182-184). 

1.5.5.2 Streptozotocin 

Streptozotocin has long been used as a diabetogenic compound to generate 

animal models of diabetes (185). Some early studies suggested that the toxicity of STZ 

toward β-cells might arise due to the particular abundance of O-GlcNAc in pancreatic 

tissues and the ability of STZ to inhibit OGA (186, 187). STZ was shown to modulate 

human OGA activity but only very modestly (186, 188). Some suggestive data has 

emerged, however, that STZ may act as an irreversible inhibitor of OGA (189, 190) or 

rearrange to form a potent competitive inhibitor (191); not unreasonable propositions 

given the very reactive nitrosourea functionality present on the molecule. Therefore, a 

good degree of ambiguity existed with regard to the mode of inhibition of STZ towards 

OGA. 

Regardless of the precise effect that STZ has on OGA inhibition and O-GlcNAc 

levels, this compound has been well characterized in causing toxicity to cells via 

mechanisms that act independently of the O-GlcNAc modification. The effects of STZ 

are both numerous and catastrophic. These effects include: alkylation of DNA (192), 

production of nitric oxide (193), subsequent DNA strand breakage and activation of 

poly(ADP-ribose) polymerase, which depletes cellular NAD+ levels (194). These toxic 

events result in β-cell death and thus give rise to an insulin-dependent diabetic 

phenotype in rodents because pancreatic β-cells preferentially import STZ into the cell 

using the Glut2 glucose transporter (195). Prior to the work in this thesis, it was unclear if 

the inhibition of OGA by STZ contributed to cell toxicity and diabetogenic effect of this 

compound. In fact, several reports cast doubt on the hypothesis of STZ contributing to β-

cell toxicity since other methods of inducing elevated O-GlcNAc levels, namely PUGNAc 

and glucosamine, did not elicit the same effect as STZ (196, 197). Despite the serious 
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shortcomings, recent studies published in high impact journals continue to use STZ to 

investigate the functional roles of the O-GlcNAc modification in many areas, including 

apoptosis (198, 199), which obviously complicates the interpretation of these findings 

owing to the DNA alkylation and breakage caused by STZ.  

1.6 Current Hypotheses on the Cellular Role of O-GlcNAc 

Many roles for the O-GlcNAc modification have been proposed, however, the 

three described below are the most prominent and have been the most intensively 

studied. The background to each hypothesis will be described as well as the 

experimental support for each hypothesis.  

1.6.1 Interplay with Phosphorylation: Implications in Signal Transduction 
and Transcriptional Regulation 

Many different post-translational modifications can compete for the same or 

nearby sites. The consequence of this competition is that it can provide cells with a more 

precise control over protein function. One excellent example of this phenomenon is 

methylation and acetylation of lysine residues on histones that, together with other 

posttranslational modifications, make up a “histone code” that regulates gene 

transcription (200, 201). The O-GlcNAc modification has been found to have an interplay 

with phosphorylation (Figure 1.12) (67, 81, 202-204). This finding has ignited interest in 

the O-GlcNAc modification because it gives O-GlcNAc the potential to regulate important 

cellular processes in which phosphorylation is involved; in particular cellular signaling 

and transcriptional regulation. As many proteins involved in cellular signaling and 

transcriptional regulation have been shown to be modified with O-GlcNAc, this has 

spurred on interest in this area. One study using a quantitative mass spectroscopy 

method demonstrated that elevated O-GlcNAc levels, stemming from inhibition of OGA, 

perturbed phosphorylation on 48% of the 711 phosphoepitopes that were analyzed 

(204). It is noteworthy that the average change to phosphorylation levels at individual 

sites of modification in this study was only 1.5-fold despite the fact that O-GlcNAc levels 

are increased to a much larger extent due to inhibition of OGA (99). One fact that seems 

to be a paradox is that unlike the kinases and phosphatases where there are hundreds 

of genes that encode a plethora of enzymes with different specific substrate specificities 

(205), the O-GlcNAc modification only has one gene encoding each of OGT and OGA 

that must regulate the O-GlcNAc modification state of hundreds, if not thousands, of 
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different proteins. For this reason, some have described the O-GlcNAc modification as a 

general brake that can limit the extent of phosphorylation (206, 207). It should be noted 

that very few examples exist where reciprocity between phosphorylation and O-

GlcNAcylation, otherwise referred to the literature as the ying-yang relationship between 

O-GlcNAc and phosphorylation, occurs at the same site (81). Indirect mechanisms for 

these observations, such as the regulation of kinases or phosphatases by O-GlcNAc 

cannot be discounted. In this regard, trying to establish the importance of O-GlcNAc in 

these cellular processes is hindered by the fact that site-directed mutants to delete sites 

of O-GlcNAc modification do not reveal if it is the O-GlcNAc or a potential phosphate 

modification that is important. More work is needed to establish how biologically relevant 

is the interplay between phosphorylation and O-GlcNAc. 

 
  

Figure 1.12:  Interplay between O-GlcNAc and phosphorylation.  
In some cases, the same serine or threonine residue may be a substrate for both OGT 
and a kinase. In such a case, these two post-translation modifications could compete with 
each other for the site. Alternatively, an O-GlcNAc site and phosphorylation site on a 
nearby residue could also have the potential to influence the probability of the other 
modification occurring. It is hypothesized that through this interplay, O-GlcNAc may 
modulate phosphorylation levels on certain proteins and potentially dampens signal 
transduction pathways and modulate transcriptional regulation. 

1.6.2 The O-GlcNAc Nutrient Sensing Hypothesis 

Hyperglycemia causes insulin resistance in a variety of cell types (208-211). In 

the short-term, insulin resistance is thought to be a mechanism that protects an 

organism from the deleterious effects of high intracellular glucose concentrations (212, 

213). In the long-term, high blood glucose levels lead to many negative consequences to 

an organism and is a leading contributor to many of the pathological complications 

associated with type II diabetes (214). The O-GlcNAc modification has been proposed to 

be one molecular mechanism that contributes to the insulin desensitizing effects of 

hyperglycemia. Hyperglycemia does increase O-GlcNAc levels (68), albeit very 

modestly. Glucosamine and overexpression of GFAT, which both elevate O-GlcNAc 

levels (158, 159), also cause insulin resistance (22, 215). Furthermore, elevated O-

GlcNAc levels have also been found in a diabetic mouse model (170) as well as diabetic 

patients (216) although it is not clear if these correlations are a cause or an effect of the 
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diseased state. These observations, however, stimulated initial speculation that O-

GlcNAc could act as a nutrient sensing mechanism whereby O-GlcNAc levels reflect 

glucose availability (143, 217). As an extension of the section described above on the 

interplay between O-GlcNAc and phosphorylation, it has been proposed that increased 

O-GlcNAc levels hinder phosphorylation of key signaling molecules in the insulin 

signaling cascade, thus giving rise to insulin resistance. 

Given that other nutrient sensing mechanisms, that do not appear to involve O-

GlcNAc, are also capable of influencing insulin sensitivity (218-221) and that 

overexpression of GFAT and exposure to glucosamine induce various effects at the 

cellular level that are independent of O-GlcNAc, more direct evidence for the role of O-

GlcNAc in nutrient sensing and glucohomeostasis was pursued. The first direct evidence 

for the O-GlcNAc nutrient sensing hypothesis was provided by Vosseller et al., who 

demonstrated that PUGNAc causes insulin resistance in 3T3-L1 adipocytes by hindering 

phosphorylation of Akt and GSK-3β (74). Subsequent studies showed similar findings 

using PUGNAc in muscle tissue studied ex vivo (169) and primary adipocytes (77). A 

later study in support of these findings, demonstrated that overexpression of OGT in the 

muscle and fat cells of mice also caused insulin resistance (164). More recently, 

overexpression of OGT in the liver of mice was shown to result in perturbed 

glucohomeostasis (86, 136), providing good support for the O-GlcNAc nutrient sensing 

hypothesis which suggests that elevated O-GlcNAc levels, stemming from 

hyperglycemia, induce insulin resistance. As the number of people diagnosed with type 

II diabetes worldwide grows to staggering numbers (222), much excitement has been 

generated over the possibility that the O-GlcNAc modification could be a molecular link 

by which hyperglycemia gives rise to insulin resistance.   

1.6.3 Cellular Stress Response 

A pioneering study by Zachara et al. demonstrated that cells respond to various 

cellular stresses by elevating their O-GlcNAc levels (223). Many types of cellular stress 

including heat, osmotic, oxidative, UV light, heavy metal, and ethanol, were investigated 

and were all shown to give rise to increased O-GlcNAc levels. Subsequent studies have 

recapitulated this observation with other forms of cellular stress such as hypoglycemia 

(132, 224) and ischemia (52). Although it is possible that elevated O-GlcNAc levels 

could arise by chance through uncoupling the dynamic nature of O-GlcNAc, the original 
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Zachara study presented a more compelling model (223). Strikingly, modulating O-

GlcNAc levels prior to a heat shock potentiated thermotolerance, which led the authors 

to conclude that O-GlcNAc might be a protective mechanism used by cells. Specifically, 

it was shown that elevating O-GlcNAc levels, using PUGNAc or overexpression of OGT, 

increased thermotolerance of cultured cells whereas decreasing O-GlcNAc levels, 

through knockdown or deletion of OGT, decreased thermotolerance (223). More 

recently, other investigators have gone on to show that PUGNAc elicits a similar 

protective effect against other forms of stress including: ischemia (171, 225), arterial 

injury (226), and hypoxia (90). Collectively, these results have strongly implicated the O-

GlcNAc modification as a cellular stress-coping mechanism. Although investigators 

continue to probe new models of cellular stress, two basic questions remain unclear. 

The first question is how are cells elevating their O-GlcNAc levels in response to stress? 

The second question is what is the mechanism(s) by which elevated O-GlcNAc levels 

protect cells from cellular stress? Given the ubiquitous nature of O-GlcNAc modification 

and the generality of its protective effective effect against a wide variety of cellular 

stresses, it seems likely that addressing these questions will be illuminating. 

1.7 Aims of this Thesis 

Following this introductory chapter, five chapters follow that present the 

experimental findings that comprise this thesis. Each chapter builds on the last, making 

use of the tools and/or information gained in the previous chapters. The experiments 

begin at the molecular level, build up to the cellular and then the organismal level, and 

then finally return to the molecular level. The primary aim of this thesis is:  

to dissect the O-GlcNAc processing enzymes and use the understanding that is 

gained to rigorously test existing hypotheses as well as to form new hypotheses 

relating to the O-GlcNAc protein modification.  

This overall aim is divided into five specific aims, which are each addressed in the five 

subsequent chapters. These five aims are; 

1) dissect the catalytic mechanism of OGA to gain understanding into the molecular 

details of the catalytic mechanism, identity of the key catalytic residues, and clarify 

important structural features of the active site that makes OGA a proficient catalyst, 
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2) use the information gained from the mechanistic studies to develop a potent and 

selective inhibitor of OGA that is cell-permeable and can be used to probe the role of the 

O-GlcNAc modification at cellular and organismal level, 

3) use a selective OGA inhibitor to test the O-GlcNAc nutrient sensing hypothesis at both 

the cellular and organismal level, 

4)  provide a biological explanation for a large pocket in the active site of OGA,   

5) use the insights gained from the previous chapters to develop a new hypothesis 

relating to the cellular role of the O-GlcNAc modification. 
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CHAPTER 2: THE CATALYTIC MECHANISM OF OGA 

2.1 Introduction to GHs 

2.1.1 Categorization  

GHs can be categorized into several broad groups according to the chemical 

nature of the substrate and product. First, two broad classes of GHs are defined by the 

position of the cleaved glycosidic bond within a glycan. Exo-acting enzymes cleave 

terminal saccharide units from the non-reducing or reducing end of the glycan, whereas 

endo-acting enzymes cleave internally positioned glycosidic bonds within a glycan 

(Figure 2.1a). Second, GHs can be categorized based on their preference for the 

stereochemistry of the glycosidic bond at the anomeric centre. Just as there are α- and 

β-glycosidic linkages in nature, so too are there GHs that are specific for each anomer 

(Figure 2.1b). Third, GHs can be further divided based on the stereochemistry of the 

anomeric centre in the product relative to that of the target glycosidic bond in the 

substrate. Enzymes that catalyze their respective reactions with inversion of 

stereochemistry at the anomeric centre are defined as inverting GHs, whereas those 

catalyzing hydrolysis with retention of configuration are defined as retaining GHs (Figure 

2.1c). 

2.1.2 Mechanistic Details 

Several mechanistic features unify most families of GHs. A recent review 

provides an depth analysis of the catalytic mechanisms used by GHs (227), however, 

the major catalytic features will be touched upon in a brief overview presented below. 

2.1.3 Catalytic Mechanisms  

GHs that catalyze their reactions with inversion of stereochemistry at the 

anomeric centre are the most simple to discuss since there has only been one catalytic 

mechanism discovered. Inverting GHs use a straightforward general base catalyzed 

nucleophilic attack of a water molecule at the anomeric centre (Figure 2.2a). Two 

important enzymic residues are traditionally thought to coordinate the events: one  
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Figure 2.1:  The different categories of glycoside hydrolases (GHs).  
(A) An endo-acting GH catalyzes hydrolysis of an internal glycosidic linkage within an 
oligosaccharide while an exo-acting GH catalyzes hydrolysis of a terminal saccharide unit. 
(B) GHs are entirely selective for either an α- or β-glycosidic linkage. (C) Each GH 
catalyzes its reaction with one stereochemical outcome; either retention or inversion of 
stereochemistry at the anomeric centre. Arrows represent the glycosidic linkage that is 
targeted for hydrolysis.   

carboxyl-containing residue acts as a general base to activate an appropriately 

positioned water molecule and a second enzymic residue facilitates leaving group 

departure by donating a proton to the exocylic oxygen and thereby acting as a general 

acid. Nevertheless, as more inverting GHs are discovered and more structures are 

solved for this subclass, investigators are finding that in many cases the active site lacks 

a carboxyl-containing residue that is suitably positioned to activate a water molecule 

(228). As a consequence, it has led to speculation that activation of the nucleophilic 

water molecule occurs by either a charge relay system involving residues that are not 

normally considered capable of acting as a general base, such as asparagine (228), or 

through chains of water molecules termed Grotthus strings (227, 229).   

Three mechanisms have evolved for GHs that catalyze their reactions with 

retention of stereochemistry. The most common mechanism observed for the entire GH 

superfamily is the double-displacement mechanism, which involves an enzymic 

nucleophile (Figure 2.2b) (1). In this catalytic mechanism, a transient glycosyl-enzyme 

intermediate is formed and subsequently broken down by general base catalyzed attack  
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Figure 2.2:  The four catalytic mechanisms used by the superfamily of GHs.  
(A) The inverting catalytic mechanism. (B) The double-displacement catalytic mechanism. 
(C) Substrate-assisted catalysis. (D) The oxidation and elimination catalytic mechanism. 
Note that the inverting mechanism results in inverted stereochemistry at the anomeric 
centre while the other three result in retention of stereochemistry at the anomeric centre. 
See text for details about each individual mechanism.    

of a water molecule. Like the inverting mechanism, this mechanism also relies on two 

carboxyl-containing active site residues. One notable exception are GHs from family 34 

that act on sialic acid, which use the hydroxyl group of a tyrosine residue as their 

enzymic nucleophile (230-233). The second mechanism for retaining GHs is specific to 

enzymes that hydrolyze the glycosidic bond of pyranoside residues having a 2-

acetamido group (GlcNAc or GalNAc). In this catalytic mechanism, nucleophilic catalysis 

is also operational but it is provided by the carbonyl group of 2-acetamido substituent of 

the substrate (Figure 2.2c). For this reason, this catalytic mechanism is called either a 

substrate-assisted catalytic mechanism or an anchimeric assistance mechanism. 

Nucleophilic attack of the 2-acetamido group on the anomeric centre results in a 

transient oxazoline intermediate. Analogous to the double-displacement mechanism, a 

carboxyl-containing residue plays the role of general acid/base to aid leaving group 

departure in the first step and facilitates hydrolysis of the oxazoline intermediate in the 

second step. A second critical catalytic residue is also involved in this mechanism. This 

enzymic residue interacts with the 2-acetamido group of the substrate and is thought to 

orient and polarized it for attack on the anomeric centre. This same residue also helps 

stabilize the formation of the oxazoline by forming either a hydrogen bond or 

electrostatic interaction with the nitrogen of the oxazoline. For these two reasons, this 

second critical catalytic residue is referred to as the polarizing/stabilizing residue.    

Lastly, a third catalytic mechanism involving retention of stereochemistry at the 

anomeric centre was recently discovered for GH families 4 and 109 (234, 235). This 

mechanism is driven by the transient oxidation of the 3-hydroxyl, which is aided by a 

NAD+ cofactor (Figure 2.2d). As a result, a ketone is formed at the 3-position, which 

subsequently undergoes elimination across the C1-C2 bond to expel the aglycone and 

form a glycal. Rehydration across the double bond followed by reduction of the ketone 

by NADH yields the hemiacetal product with retained stereochemistry at the anomeric 

centre. It should be noted that members of GH109, which use this unusual mechanism, 

use α-N-acetylgalactosamine as a substrate (235). 
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2.1.3.1 Nucleophilic Catalysis  

Nucleophilic catalysis is a feature very commonly used by enzymes and also 

clearly operates in non-enzyme-catalyzed reactions (236). This catalytic strategy 

involves attack of a nucleophile that results in the formation of an intermediate, which is 

then broken down in a subsequent chemical step. For enzyme-catalyzed reactions, the 

nucleophile can be an enzymic residue or a group found as part of the substrate itself. 

The best known textbook example of nucleophilic catalysis within enzymes is almost 

certainly the family of serine proteases (237). While some have argued that nucleophilic 

catalysis accounts for the large catalytic proficiencies ((kcat/KM)/kuncat) that many enzymes 

can achieve (238), others have pointed out that while it is indeed one important factor, it 

is not an absolute requirement since some very proficient enzymes have evolved 

mechanisms that very likely do not proceed through a covalent intermediate (239). 

Indeed, GHs that use a catalytic mechanism involving inversion of stereochemistry at the 

anomeric centre are still capable of enormous rate accelerations despite the fact that 

nucleophilic catalysis from the enzyme is not operative (227).  

For GHs that catalyze their reactions with retention of stereochemistry at the 

anomeric centre, an early proposal was that the reaction proceeded through an 

oxocarbenium ion intermediate (13). However, others have speculated nucleophilic 

catalysis may be more likely (12) and later physical organic and structural studies 

provided extensive supporting evidence that, in fact, retaining GHs do indeed use a 

mechanism proceeding through a covalent glycosyl enzyme intermediate (14, 240). The 

critical role of the catalytic nucleophilic residue in these enzymes is underscored by the 

fact that site-directed mutation of this residue results in a drastic loss of catalytic activity 

(1, 241). 

2.1.3.2 General Acid/Base Catalysis 

Specific acid/base catalysis occurs when a proton transfer is complete before the 

rate-determining step of the reaction. In aqueous conditions specific acid/base catalysis 

involves only H3O+, as the specific acid, and OH-, as the specific base. Conversely, 

general acid/base catalysis occurs when proton transfer occurs at the same time as the 

breaking and/or formation of bonds between heavy atoms. In solution studies, the 

difference between these two forms of catalysis is subtle but can be differentiated 

because a general acid or base is involved in the rate-determining step. As a 
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consequence, the rate equation typically contains a term including the concentration of 

the general acid or base making the rate of reaction proportional to this term. On the 

other hand, for specific acid/base catalysis, the reaction rate is usually independent of 

the concentration of the acid or base present because protonation/deprotonation occurs 

prior to the rate-determining step.    

Although enzymes have a limited inventory of functional groups that are capable 

of serving as an acid or base, they have evolved a multitude of ways to optimize the 

utility of those that are available. The pKa of an enzymic residue is one important factor 

that defines its strength as an acid or a base and by altering the electrostatic 

environment around the vicinity of a residue, the pKa can be perturbed 4-5 units above or 

below its value in aqueous solution (242). Focusing on GHs, the leaving group glycosidic 

oxygen is usually linked to a protein, lipid, or another carbohydrate. More often than not, 

the conjugate acid of the leaving group oxygen is a primary or secondary alcohol, which 

typically has a pKa in the range of 14 to 16. As such, these are very poor leaving groups 

and efficient catalysis therefore requires some form of acid catalysis. Since the pKa of 

the leaving group oxygen of the acetal substrate would be in the range of -2 to 0, a very 

strongly acidic solution would be required for efficient specific acid catalysis. Indeed, 

specific acid catalysis using a very strong acid is a primary means by which glycosidic 

bonds are cleaved in the absence of an enzyme (243). Such a strongly acidic 

environment is generally not compatible with a biological system and very strong acids 

are very unlikely to occur within an enzyme acid site. Consequently, enzymes have 

instead evolved the ability to use relatively mild acids that are perfectly positioned to 

coordinate simultaneous proton donation and glycosidic bond fission. The pre-organized 

nature of an enzyme active site is ideally suited to providing general acid catalysis 

because the effective concentration of the acid oriented appropriately at the reaction 

centre is extremely high. Indeed, the effectiveness of a general acid catalyst within an 

enzyme is governed by the distance and geometry of the acid or base to its intended 

target and these parameters are, of course, fine-tuned through the process of evolution. 

These same principles apply to general base catalysis within the active site of GHs. As 

in the case of nucleophilic catalysis, the critical role of residues that provide general acid 

and base catalysis is underscored by site-directed mutation of these residues of GHs 

that generally give rise to drastic loss of catalytic activity (1, 241).   
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2.1.3.3 Substrate Distortion and Electrophilic Migration  

For a gluco-configured pyranose ring, the lowest energy conformation is the 4C1 

chair conformation (244). This conformation is defined by a plane from the endocyclic 

oxygen (O5), C2, C3, and C5 (Figure 2.3a) and the name used to describe this 

conformation (4C1) refers to Stoddard’s pseudorotational itinerary, which describes all 

possible conformations of a pyranose ring adopting a potential local energy minimum 

(227) (Figure A1 of the Appendix). The energy barriers for interconversion of the 

pyranose ring to conformations other than 4C1 are relatively low and on the order of 5 -10 

kcal/mol (245, 246). GHs take advantage of this flexibility to distort their substrate into a 

conformation that is most suited for the chemistry. Substrate distortion is a feature that is 

not unique to GHs but is observed in many classes of enzymes (247). Complexes of 

retaining β-GHs that act on a gluco-configured carbohydrate bound to substrates (often 

called the Michaelis complex) have revealed that the conformation of the bound 

substrate is not the 4C1 conformation but, rather, a skewed boat 1S3 conformation (248-

250) (Figure 2.3b). This conformation positions the anomeric centre in a pseudo-axial 

position above a plane made up by the endocyclic oxygen (O5), C2, C4, and C5. The 

rationales for why GHs distort their substrates stems from a consideration of geometrical 

and chemical principles (227, 251). The 1S3 conformation positions the substrate, 

specifically the σ* anti-bonding orbital of the anomeric carbon, in the correct geometry for 

in-line backside attack by a nucleophile. 

For GHs (227) and many ribosyl transferases (252), a mechanism in which 

motion of the anomeric carbon defines the reaction coordinate is invoked (Figure 2.3b). 

For retaining β-GHs, the anomeric centre is generally thought to move from bonded 

contact with the leaving group, through a dissociative transition state, to bonded contact 

with a nucleophile positioned on the opposite side of the pyranose ring (227, 253). As 

described above, this nucleophile can be an enzymic residue or a nucleophile that is part 

of the substrate. Sinnott postulated some time ago, based on consideration of 

Stoddard’s pseudorotational itinerary, that the reaction would proceed through a 

transition state in which the pyranose ring is in a half-chair conformation (4H3) (254). 

Supporting this proposal is that many potent inhibitors of these enzymes, proposed to be 

transition state analogues, have a flattened pyranose ring which includes a trigonal 

geometry at the anomeric centre (255). Further evidence for electrophilic migration 

comes from studies that have observed the glycosyl enzyme intermediate for β-GHs in a  
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Figure 2.3:  The reaction coordinate of GHs are defined by electrophilic migration of the 
anomeric centre. 
(A) The 4C1 conformation of a gluco-configured saccharide. This conformation is the 
lowest energy in solution and is defined by a plane made from O5, C2, C3, and C5. (B) 
The reaction coordinate of β-retaining GHs that act on a gluco-configured substrate can 
generally be defined by the motion of the anomeric carbon (C1). The substrate begins in a 
conformation that is distorted away from its preferred conformation in solution called a 1S3 
skew boat, which places the anomeric centre above the plane of the pyranose ring in a 
pseudoaxial position. Catalysis involves migration of the anomeric centre to this position 
above the plane of the pyranose ring, through a 4H3 half-chair conformation, to bonded 
contact with a catalytic nucleophile, which results in an intermediate with a 4C1 
conformation. The shaded region defines the atom that forms the plane, which enables 
assigning the conformation.  

4C1 conformation (14, 250, 256). A recent metadynamic study has revealed that not only 

is the 1S3 conformation a local free-energy minima, it is “pre-activated” for in-line 

nucleophilic attack and, in the case of a β−D-gluco-configured substrate (251), this 

conformation maximizes the charge distribution across the C1-Olg bond, lengthening this 

bond whilst minimizing the O5-C1 distance; features that all favor the electrophilic 

migration of C1 through the transition-state. In the second step of the reaction, the 

motion of the anomeric centre is expected to be the microscopic reverse of its motion in 

the first step. It should be noted that for pyranoside substrates having a stereochmical 

configuration that differs from glucose, the ring conformations that define the reaction 

coordinate may differ, however, the principle of electrophilic migration still holds (227, 

257).    

2.1.4 Linear Free Energy Relationships  

LFERs are a useful means of obtaining information about the details of a 

chemical reaction. This physical organic chemistry methodology has been extensively 

used to aid the understanding of non-enzyme-catalyzed reactions (258). The same 

principles and techniques, however, have also enjoyed success in the study of enzyme-
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catalyzed reactions (259). LFERs rely on structure–reactivity studies using systematic 

alteration of the substrate or inhibitor of the enzyme. In principle, the enzyme itself can 

also be altered, however, the limited repertoire of naturally-occurring amino acids and 

the potential for mutations to cause secondary perturbations (structural, electronic, or 

dynamic) to the enzyme limits the usefulness of this approach by introducing greater 

uncertainty. Therefore, LFERs in enzymic systems usually involve testing a series of 

altered substrates and comparing two free energy terms. The first free energy term is 

typically described by a rate constant (k) for the enzyme-catalyzed reaction determined 

for each substrate in the series. This rate constant is often the second-order rate 

constant (kcat/KM), otherwise known as the catalytic efficiency of the enzyme, which 

describes the cumulative steps in going from free enzyme and substrate in solution to 

the first irreversible transition state. Alternatively, the first-order rate constant or turnover 

number (kcat) can be used, which reflects the largest energy barrier involving bond 

making or breaking. Either of these constants can be related to free energy by the 

Arrhenius equation: 

Equation 2.1:  k = (kBT/h) e-(∆G‡/RT)     
 

Here, kB is the Boltzmann constant, h is the Plank constant, ∆G
‡
 is the energy of 

activation for the substrate being tested, while R and T are the gas constant and 

temperature, respectively. The second free energy term is an equilibrium constant (Keq) 

that describes electronic and/or steric changes within the moiety of the substrate 

undergoing alteration. These equilibrium constants afford ∆G values according to the 

following equation:   

Equation 2.2:  ∆G = RT ln(Keq)    
 

Relating these two equations yields the Brønsted equation:   

Equation 2.3:  log(k) = αKeq + C 
 

Plotting the logarithm of the rate constant versus the equilibrium constant for a 

series of altered substrates should, according to Equation 3, produce a linear plot with a 

slope equal to α and a y-intercept of C and this defines a LFER. The value and sign of 

the slope can provide information about the transition state of a chemical reaction. In 
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general, a value closer to zero indicates the reaction does not greatly depend on the 

specific changes being made to the substrate, whereas a large positive or negative 

value for the slope indicates these changes have a significant influence on the reaction. 

When LFERs are nonlinear or have a break between two linear regions, valuable 

information about a reaction mechanism can be gained. Specifically, a break in linearity 

can denote a change in either reaction mechanism or rate-determining step as will be 

discussed more later on in this chapter (247).  

The equilibrium constant used for comparison with the rate constant defines the 

type of LFER. Two types of equilibrium constants and, hence, two different types of 

LFERs are discussed in this chapter. These constants are pKa and σ* and both describe 

the electronic nature of the systematically modified substituents. Comparing rate 

constants of the enzyme-catalyzed hydrolysis of each substrate to the corresponding 

pKa values for the leaving group moiety of each substrate defines a Brønsted 

relationship. This type of relationship is commonly used for GHs because this 

superfamily of enzymes is relatively tolerant to variations in leaving group structure 

(227). Hence, a series of substrates can be constructed having different substituted 

phenols as the leaving groups. The slope of this LFER is defined as βlg and is a measure 

of relative charge development on the exocyclic oxygen at the transition state. Because 

both proton donation by the general acid to the exocyclic oxygen and cleavage of the 

glycosidic bond is generally thought to occur in a concerted fashion for GHs, βlg reflects 

a composite of these two processes at the transition state. Kinetic isotope effects (KIEs) 

are often used in conjugation with LFERs when seeking quantitative information about 

these processes at the TS (227). For the superfamily of GHs, Brønsted relationships and 

KIEs have cumulatively and repeatedly suggested that these enzymes catalyze their 

reactions using a late transition state in which fission of the glycosidic bond is very 

advanced at the transition state (14, 227, 240).  

The σ* constant is empirically derived and defines both electronic and steric 

properties of a chemical substituent. Comparing rate constants of the enzyme-catalyzed 

hydrolysis of each substrate to the corresponding σ* values for the moiety of each 

substrate defines a LFER that is referred to as a Taft relationship. This type of 

relationship is often used to evaluate the effect of altering the nucleophilic strength of a 

catalytic nucleophile. Since many GHs use an enzymic nucleophile, Taft relationships 

are of limited use in studying GHs since attempts to alter an enzymic residue in a 
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systematic manner will likely produce secondary consequences, such as altered 

electrostatics of nearby residues or perturbed dynamics of the enzyme, the latter of 

which is ever increasingly thought to play a critical role in catalysis (260). Yet, one very 

good application for this type of LFER is to decipher whether or not a GH uses a 

mechanism involving substrate-assisted catalysis. Electron withdrawing groups, often 

fluorine atoms, appended to the methyl group of the 2-acetamido substituent decrease 

its nucleophilicity and consequently impair catalysis for GHs using substrate-assisted 

catalysis. Plotting the logarithm of the rate constant against the σ* constant for each 

substrate produces a correlation for which the slope is defined as ρ. Although not as 

easy to interpret as the βlg value, ρ does provide a measure of the importance of the 2-

acetamido group in catalysis. One reason for the ambiguity in interpreting the precise 

meaning of the ρ value lies in the fact that ρ is a composite of both electronic (ρ*, which 

is governed by sensitivity of the reaction to the electrostatic constant of the substituents, 

σ*) and a steric component (δ, which is governed by sensitivity of the reaction to the 

steric Taft constant of the substituent, Es) according to the following equation: 

Equation 2.4:  ρ = ρ*σ* + δEs    
 

Therefore, these two components must be taken into account, or delineated through 

other means, to afford a clear and quantitative interpretation of the results.    

2.2 Identification of the Catalytic Domain of Human OGA 

2.2.1 Predictions and Prior Knowledge 

As described in detail in Chapter 1, human OGA is a large protein with defined N- 

and C-terminal domains (Figure 1.10). The gene encoding OGA was originally described 

as encoding a hyaluronidase primarily because of the sequence similarity of the N-

terminal domain to other hyaluoronidases and one earlier report did present suggestive 

evidence that OGA has hyaluronidase activity using a turbidometric analysis and a gel 

matrix assay (138). Nevertheless, our collaborators were unable to detect hyaluronidase 

activity for one member of GH84 from Streptococcus pyogenes (SpGH84) using several 

sensitive assays and so concluded that the hyaluronidase classification is likely false 

(261). Hyaluronan is a polymer consisting of (-4GlcUAβ1-3GlcNAcβ1-)n and it seems 

reasonable that the N-terminal domain of human OGA may have sequence similarity to 
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hyaluronidases since they both act on a substrate containing N-acetylglucosamine. This 

fact along with the good sequence similarity of the N-terminal domain among higher 

eukaryotes led some to the predict that the N-terminal domain contains the catalytic 

glycoside hydrolase domain of OGA (143, 144, 146). However, the C-terminal domain of 

human OGA contains sequence similarity to GlcN-6-P acetyltransferases, leading others 

to postulate the opposite; that the C-terminal domain is essential for OGA activity (142, 

145). We favored the predictions made in the study by Rigden et al. who carried out a 

bioinformatics study using a fold-recognition program to suggest that the N-terminal 

domain of human OGA has a TIM barrel fold (144). Many GH families have this 

ubiquitous fold (10), suggesting that the catalytic machinery responsible for N-

acetylglucosaminidase activity is harbored within the N-terminal domain. Therefore, 

without any structural insights into members of GH84 at the time, we set out to clarify 

which domain of human OGA is the domain that has OGA activity. 

2.2.2 Identification of the Catalytic Domain of Human OGA 

As a first step toward identifying the catalytic domain of human OGA that is 

responsible for N-acetylglucosaminidase activity, the N-terminal (1-350) and C-terminal 

(351-916) domains were cloned as individual polypeptides. Both constructs were 

overexpressed in E. coli as His6-tagged proteins and purified by nickel chelate 

chromatography. Although the N-terminal domain and FL OGA expressed well, initial 

attempts to purify the C-terminal domain yielded no protein. The C-terminal domain 

could be purified from inclusion bodies using a denaturing buffer containing 6 M urea. 

Although we could not conclusively show that the C-terminal domain refolded correctly 

after removing urea by dialysis, the protein did not precipitate suggesting that it did 

refold. Further studies would be required to evaluate this proposal to obtain conclusive 

results. Regardless, with purified and soluble proteins in hand, the activity of these three 

proteins toward 4-nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside (pNP-GlcNAc) 

was assessed by monitoring release of product (4-nitrophenolate) by spectrophotometry 

(262). The FL protein displays classic Michaelis-Menten behavior with a first-order rate 

constant (Vmax/[E]0) of 1.3 µmoles⋅min-1⋅mg-1 and a KM value of 0.16 mM (Figure 2.4a). 

The N-terminal domain had barely enough activity to detect using these assay 

conditions, giving a Vmax/[E]0 value of 0.002 µmoles⋅min-1⋅mg-1 and a KM value 1.5 mM 

(Figure 2.4b).  
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Figure 2.4:   Enzymatic activity of three different constructs of human OGA using pNP-GlcNAc 
as a substrate.  
Rates of hydrolysis of pNP-GlcNAc were determined for (A) FL, (B) OGA(1-350), and (C) 
OGA-NV. All three proteins display Michaelis-Menten behaviour but have markedly 
different catalytic rates as evidenced by the lower values on the y-axis for the latter two 
constructs. The data was fitted to the Michaelis-Menten equation using Grafit. See text for 
the rate constants that are derived from these fits. 

Therefore, the catalytic efficiency (Vmax/[E]0⋅KM) of this N-terminal fragment is 

approximately 6000-fold lower than the FL protein. On the other hand, the C-terminal 

domain produced no observable activity even when using highly concentrated enzyme 

(data not shown). It is difficult to ascertain the basis for the decrease in catalytic 

efficiency between the N-terminal fragment and the FL protein, however, we cannot rule 

out the possibly that the C-terminal domain plays a role in facilitating catalysis directly, 

by affecting enzyme stability, or by altering enzyme dynamics. In fact, this N-terminal 

fragment tended to precipitation over time, even when stored at 4 °C with reducing 

agent, suggesting that the percentage of active enzyme was low in relation to the total 

amount of enzyme. Regardless, these results are in accord with the predictions of 



Chapter 2: The Catalytic Mechanism of OGA 

 53 

Rigden et al. (144), that the N-terminal domain of OGA harbours the catalytic machinery 

for OGA activity, and was the first experimental report confirming this proposal.  

2.2.3 Cloning and Characterization of a Nuclear Variant of OGA 

Alternative splicing of the OGA mRNA transcript was shown by Comtesse et al. 

to generate a truncated protein (141). The product is a protein sharing the same first 662 

amino acids as the full length protein (OGA-FL) and a unique 15 amino acid tail 

appended to the C-terminus due to translation extending into intron 10 and then 

terminating at a stop codon (Figure 1.10). Comtesse et al. demonstrated that this 

isoform (OGA-NV) preferentially fractionates to the nucleus (141). Given that this shorter 

isoform does contain the proposed catalytic N-terminal domain, OGA-NV is predicted to 

have OGA activity. Surprisingly, several studies using this isoform, or a closely related 

construct, reported that it had no detectable activity towards pNP-GlcNAc (142, 263). To 

clarify if OGA-NV has OGA activity, this isoform was cloned (264). Since the nucleotides 

encoding this unique 15 amino acid C-terminal tail are not present in the cDNA, this was 

not a trivial task. Through three successive rounds of PCR, the additional 45 nucleotides 

required to encode this 15 amino acid C-terminal extension were incorporated within the 

primers. Disappointingly, this protein was only expressed at very low levels as a His6-

tagged protein (data not shown). To attempt to get better recombinant expression, OGA-

NV was subcloned into a vector containing an N-terminally fused maltose binding protein 

(MBP) and, although expression levels were still poor, enough purified protein could be 

generated to carry out enzymatic studies. Testing this protein (MBP-OGA-NV) for 

activity, activity toward pNP-GlcNAc was detected, however, at a reduced rate compared 

to the FL enzyme (Vmax/[E]0 = 0.007 µmoles⋅min-1⋅mg-1; KM = 0.32) (Figure 2.4c). 

Therefore, the catalytic efficiency of OGA-NV is 400-fold lower than the OGA-FL. Since 

OGA-NV lacks the C-terminal domain, this data also supports the notion that the N-

terminal domain is the OGA catalytic domain. The decrease in activity between the two 

isoforms may account for the fact that others did not detect activity using this assay 

(142, 263), since the decrease in activity may have been large enough for others to not 

detect unless carrying out the experiments carefully using a sensitive 

spectrophotometer.  

The cellular role of OGA-NV is unknown and given the significantly reduced 

catalytic efficiency, one might reasonably speculate that it has a function other than 
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acting to remove O-GlcNAc from modified proteins. One report suggested that OGA-NV 

was able to remove O-GlcNAc from modified proteins from cell lysates in vitro (263). 

Even so, it was not reported how much enzyme was required to do so and the rate that 

was observed was likely substantially less than that observed for OGA-FL (263). To 

shed light on this issue OGA-FL, OGA-NV, and the N-terminal construct used in the 

above studies (residues 1-350) were subcloned into a mammalian expression vector 

with an N-terminal Myc tag (pCMV-myc). With the help of Xiaoyang Shan in our 

laboratory, these constructs were transfected into the SK-N-SH neuroblastoma cell line 

for an assessment, using immunocytochemistry, of O-GlcNAc levels in cells 

overexpressing the various proteins (Figure 2.5). Not surprisingly, O-GlcNAc levels were 

dramatically diminished in cells overexpressing OGA-FL. O-GlcNAc levels in cells 

overexpressing OGA-NV were slightly decreased compared to untransfected cells. On 

the other hand, the N-terminal domain (1-350) did not decrease O-GlcNAc levels. One 

interesting observation that can be made from these results is that overexpression of 

OGA-NV, which has never been done in mammalian cells, resulted in cytosolic and 

punctate staining. This was surprising given that Comtesse et al. concluded, based on 

cell fractionation studies, that OGA-NV was predominantly nuclear (141). Regardless, 

the effect of these three constructs on O-GlcNAc levels are in keeping with our in vitro 

analysis of catalytic activity. 

Together, these results suggest that the C-terminal domain of human OGA is 

somehow involved in helping the catalytic domain remove O-GlcNAc from modified 

proteins. Although it cannot be ruled out that the presence of the C-terminal domain is 

required to maintain the N-terminal domain in a conformation that is optimal for catalysis, 

an alternative explanation that we favour is that the C-terminal domain has lectinic 

activity towards O-GlcNAc-modified proteins. Several observations are consistent with 

this latter proposal. First, many GHs have additional carbohydrate binding modulates 

(CBMs) that help anchor the enzyme to their substrates (265). Indeed, bacterial 

homologues of human OGA that are also members of GH84 have multiple CBMs (266-

268). This last point is particularly relevant to GHs that act on substrates that are present 

at high local concentrations since CBMs help keep the enzyme anchored to the region of 

high substrate concentration for multiple rounds of catalysis. Consistent with this view, 

several proteins are known to have a high number of O-GlcNAc modification sites (95, 

96) and the O-GlcNAc modification is particularly enriched in certain cellular structures 

such as the nuclear envelope (37, 40) and nerve terminals (49, 50). Second, the C- 
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Figure 2.5:   Transfection of SK-N-SH neuroblastoma cells with three different constructs of 
human OGA.  
SK-N-SH cells were plated onto cover clips and transfected with the specified myc-tagged 
OGA construct. 24 hr post-transfection, the cells were fixed and probed with an anti-O-
GlcNAc (CTD110.6), anti-myc, and anti-OGA antibody. Appropriate fluorescently labelled 
secondary antibodies were used for visualization and DAPI was used to visualize the 
nuclei. Note that the overall transfection efficiency was approximately 10%. The white bar 
in the lower left panel is a scaling bar that represents 5 µm. 

terminal domain has sequence similarity to GlcN-6-P acetyltransferases but, intriguingly, 

the CoA binding region is absent from this domain (145). The original proposal that this 

domain has histone acetyl transferase (HAT) activity (146) has been refuted by others 

(147), which is consistent with this domain lacking the CoA binding region. It seems 

plausible that the C-terminal domain could have evolved lectinic acitivity from a protein 

scaffold that already had carbohydrate binding capacity. Further investigation will be 

required to validate this new hypothesis for the role of the C-terminal domain of OGA.        

2.3 Enzymatic Mechanism of OGA 

2.3.1 Possible Modes of Action 

As described above, four general catalytic mechanisms have been discovered to 

be used by GHs. Enzymes that catalyze hydrolysis of glycosides of 2-acetamido-2-

deoxy-β-D-hexopyranosides have been shown to use all four types of mechanisms. For 

instance, members of GH24 use an inverting mechanism, members of GH3 and 22 use 
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a double-displacement catalytic mechanism, members of GH18, 20, and 54 use a 

catalytic mechanism involving substrate-assisted catalysis, and members of GH109 use 

the oxidation mechanism. OGA is a member of GH84, which contains many enzymes 

from bacteria and eukaryotes, however, no prior mechanistic studies had been carried 

out on any members of this family prior to work descibed in this thesis. Since four 

possible catalytic mechanisms are possible, we set out to determine which mechanism 

is used by human OGA. 

2.3.2 Stereochemical Outcome  

Knowledge of the stereochemical outcome of a reaction can rule out or present 

evidence for an inverting mechanism. The most common approach to gain an 

understanding into this issue is by monitoring the enzyme-catalyzed reaction by 1H 

nuclear magnetic resonance (NMR) spectroscopy. This technique gives very precise 

information on the stereochemistry at the anomeric centre since the 1H NMR resonances 

of the anomeric proton are sensitive to being in either the α or β configuration. As well, 

the α- and β-anomers have well resolved and distinctive chemical shifts from each other 

and other protons of the pyranose ring. Further, 1H NMR can differentiate the two 

anomers since the resonance arising from the H-1 of the α-anomer of a gluco-configured 

pyranose (D-configured) is typically downfield in the spectrum and has a small coupling 

constant (J ≈ 3.0-4.0) whereas the β-anomer typically has a much larger coupling 

constant (J ≈ 8-9) and is found further upfield in the spectrum. 

The OGA catalyzed hydrolysis of 3-fluoro-4-nitrophenyl 2-acetamido-2-deoxy-β-

D-glucopyranoside (3F4NP-GlcNAc) was followed over time by 1H NMR (Figure 2.6). 

After 5 min, the majority of the product was the β-anomer of the hemiacetal, indicating 

that the first formed product is the β-anomer. After 240 min, the reaction was complete 

and the β-hemiacetal had undergone mutarotation to give an equilibrium mixture of the 

α- and β-anomer of approximately 3:2, which is the expected equilibrium ratio for N-

acetylglucosamine (269). Since the substrate is a β-glycoside, this data strongly 

suggests that OGA uses a catalytic mechanism involving retention of stereochemistry at 

the anomeric centre and rules out an inverting mechanism. In another study, our 

collaborators carried out an analogous experiment using a bacterial homologue of 

human OGA from Streptococcus pyogenes (SpGH84) that is also a member of GH84 

(261). They concluded that for this enzyme, the β-anomer was the first formed product  
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Figure 2.6:  Human OGA uses a catalytic mechanism involving retention of stereochemistry at 
the anomeric centre.  
The hydrolysis of 3-fluoro-4-nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside (5 mM) 
measured as a function of time by 1H NMR spectroscopy. A spectrum (t = 0) was obtained 
prior to addition of enzyme (1 µM). The reaction was maintained at 37 °C and at various 
times the reaction was placed in the spectrometer at 20 °C and a spectrum was obatined. 
Production of the β-anomer (4.46 ppm) clearly precedes appearance of the α-anomer 
(4.94 ppm) arising from mutarotation. Notice that some time after the reaction had gone to 
completion (240 min), an equilibrium mixture of the α- and β-anomer is observed in the 
expected 3:2 ratio for N-acetylglucosamine. All spectra were referenced to the major peak 
within each spectra (HOD) to 4.7 ppm. 

and together these data present strong evidence that members of GH84 use a catalytic 

mechanism involving retention of stereochemistry at the anomeric centre. 

Members of GH84 do not share any sequence similarity with members of GH4 or 

109, which use the more rare oxidation mechanism. Furthermore, earlier 
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characterization of mammalian OGA showed no biochemical requirement for an NAD+ 

cofactor (140, 151). With this in mind, we felt that it was highly unlikely that members of 

GH84 use this unusual mechanism. This left two realistic possibilities: the double-

displacement mechanism and substrate-assisted catalysis. 

2.3.3 Biochemical Evidence for Substrate Assisted-Catalysis 

2.3.3.1 Effect of Altering the Electronics of the 2-Acetamido Group 

There are two major differences between the double-displacement and 

substrate-assisted catalytic mechanisms. In the double-displacement mechanism, a 

catalytic nucleophile is usually situated directly below the plane of pyranose ring and 

poised for nucleophilic attack (227). However, with no knowledge of the active site 

architecture of members of GH84 at the time, it was impossible to predict if this family of 

GHs had an appropriately positioned carboxyl group. A second difference between the 

two mechanisms is the participation of the 2-acetamido group in catalysis. In the double 

displacement mechanism, this moiety plays a passive role whereas it plays a critical role 

in the substrate-assisted catalytic mechanism. Fortunately, this difference can be 

discerned through careful biochemical analysis using a series of synthetic substrates 

(270).   

An excellent method for assessing the importance of the 2-acetamido group in 

catalysis is by evaluating the effect of fluorine substitution on the methyl group of the 2-

acetamido substituent of the substrate. Fluorine substituents decrease the basicity of the 

carbonyl oxygen and hence diminish its nucleophilicity. The ability of this method to 

differentiate between the two mechanisms in question is highlighted by a study showing 

that fluorine substitution does not affect the rate of catalysis when a double-

displacement mechanism is in operation but does substantially slow catalysis when 

substrate-assisted catalysis is the mode of action (270). Moreover, the catalytic 

efficiency is expected to correlate in a linear manner with the number of fluorine atoms 

substituted at the methyl group; this correlation constitutes a Taft LFER. Nevertheless, 

the increased steric bulk of fluorine (1.47 Å van der Waals radius and 1.38 Å C–F bond 

length) compared with hydrogen (1.20 Å pm van der Waals radius and 1.09 Å C–H bond 

length) must also be considered, since steric effects could also impair catalysis. With 

these thoughts in mind, two series of probes were synthesized (Scheme 2.1). To 

evaluate the steric effect of the fluorines in binding to the enzyme, I prepared a series of  
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Scheme 2.1:  Synthesis of a series of competitive inhibitors and substrates with different levels 
of fluorine substitution on the 2-acetamido group.  
(A) Synthesis of a series of methyl 2-deoxy-2-N-fluoroacetamido-β-D-glucopyranosides 
and (B) 4-methylumbelliferyl 2-deoxy-2-N-fluoroacetamido-β-D-glucopyranosides. (i) 
CH3C(O)OC(O)CH3 or CF3C(O)OC(O)CF3, Et3N, CH2Cl2; (ii) Dowex 50-H+, NaOOCCH2F 
or NaOOCCHF2, DMF, Et3N, Py, DCC; (iii) a, NaOMe, MeOH; b, Dowex 50-H+. 

methyl 2-acetamido-2-deoxy-β-D-glucopyranosides with 0, 1, 2, or 3 fluorines appended 

to the methyl group of the 2-acetamido substituent to test as competitive inhibitors 

(Scheme 2.1a). To probe the electronic effect of the fluorine groups on catalysis, a 

series of 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-glycopyranosides were prepared 

by Danielle Chin in our laboratory with either 0, 1, 2, or 3 fluorines appended to the 

methyl group of the 2-acetamido substituent to test as substrates (Scheme 2.1b). 

Table 2.1:  Inhibition constants for a series of fluorinated methyl 2-deoxy-2-N-fluoroacetamido-
β-D-glucopyranosides (Me-GlcNAc) determined for human OGA and HexB. 

 

 

The series of methyl glycosides were tested as competitive inhibitors for both 

human OGA and human β-hexosaminidase (HexB) (271). For both enzymes, a small 

dependence is observed but in opposite directions (Table 2.1). For OGA, addition of 

fluorines decreased the KI value (increased binding strength) but the effect was minor 
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since three fluorines only decreased the KI value less than 2-fold. On the other hand, the 

KI value increased (decreased binding strength) 8-fold upon addition of three fluorines 

when tested against HexB. Although the effects observed are relatively small, the 

different effects on the two enzymes is interesting and will be discussed in more detail 

below. For now, however, the steric effect of fluorine substitution on binding of 

substrates to human OGA can be considered minor. 

 

Figure 2.7  Activity of human OGA and HexB with N-fluoroacetyl derivatives of 4-
methylumbelliferyl 2-acetamido-2-deoxy-β-D-glucopyranoside (4MU-GlcNAc). 
Initial velocities of the (A) human OGA-catalyzed and (B) human HexB-catalyzed 
hydrolysis of N-fluoroacetyl derivatives of 4MU-GlcNAc; 4MU-GlcNAc (closed diamonds) 
4MU-GlcNAc-F1 (closed triangles); 4MU-GlcNAc-F2 (closed squares); 4MU-GlcNAc-F3 
(closed circles). Insets, detail of the region of the plot at the intersection of the axes. (C) 
Linear free energy analysis plotting the Taft constant (σ*) of the N-fluoroacetyl substituent 
of 4MU-GlcNAc substrate analogues against the logarithm of the second-order rate 
constants (Vmax/[E]0⋅KM) measured for each substrate as shown in (A) and (B) with OGA 
(closed circles) and HexB (open squares). 

Next, the series of substrates were tested with both human OGA and human 

HexB (272). The addition of fluorine groups successively decreased the catalytic 

efficiency of human OGA (Figure 2.7a). For human HexB, which is known to use  
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Table 2.2:  Rate constants for the OGA and HexB-catalyzed hydrolysis of a series of 
fluorinated 4-methylumbelliferyl 2-deoxy-2-N-fluoroacetamido-β-D-glucopyranosides 
(4MU-GlcNAc).  

 
a The Taft electronic parameters (σ*) used for each N-acyl substituent were obtained from Hansch and Leo (273) 
b The substrate concentrations assayed did not exceed KM due to limited substrate solubility. 
c Values were determined by linear regression of the second order region of the Michaelis-Menten plot. 
d Values could not be determined as saturation kinetics were not observed because of limitations in substrate solubility. 

 

substrate-assisted catalysis (274), the effect was even more pronounced (Figure 2.7b). It 

should be noted that a pH value of 4.5 was used to mimic the pH of the lysosome where 

HexB naturally functions. These trends were observed for both catalytic efficiency 

(Vmax/[E]0⋅KM) and turnover number (Vmax/[E]0) for both enzymes (Table 2.2). Shown in 

Figure 2.7c are Taft plots in which the logarithm of the second-order rate constant 

(Vmax/[E]0⋅KM) is compared to the established Taft constant (σ*) for methyl, 

monofluromethyl, difluromethyl, and trifluoromethyl groups (273). For human OGA, the 

slope (ρ) is -0.42 ± 0.08 and for the GH20 human HexB, the ρ value is -1.0 ± 0.1. This 

latter value is similar to that obtained in a similar study performed on another member of 

GH20 from Streptomyces plicatus (SpHex) (ρ = -1.29), with the only difference being that 

this other study used a different leaving group on the substrate (4-nitrophenyl) (270). As 

described above, ρ is a composite of both electronic and steric components. The 

shallower slope for human OGA could reflect, in principle, either or both of these 

elements. In fact, the shallower slope for OGA in combination with data presented for the 

binding of the methyl glycosides suggests that the steric component of the fluorines may 

have less of an effect towards human OGA. This has important implications regarding 

the active site architecture of OGA compared to HexB and is a major driving force 

behind inhibitor design, which will be discussed in Chapter 3. Regardless, the 

involvement of the 2-acetamido group in catalysis, evaluated using these approaches, 
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provides strong evidence that human OGA uses a catalytic mechanism involving 

substrate-assisted catalysis. 

2.3.3.2 Inhibition by NAG-Thiazoline 

As discussed in Chapter 1, PUGNAc is a potent inhibitor of members of both 

GH20 and GH84. In addition, PUGNAc also inhibits members of GH3 that use a double-

displacement mechanism (275) as well as an α-N-acetylglucosaminidase that uses a 

retaining catalytic mechanism (269). Thus, the ability of PUGNAc to inhibit an enzyme 

that acts on a substrate having a 2-acetamido group does not provide information on the 

catalytic mechanism used by that enzyme. On the other hand, another inhibitor 

developed by Knapp and colleagues, called 1,2-dideoxy-2'-methyl-α-D-glucopyranoso-

[2,1-d]-∆2'-thiazoline (NAG-thiazoline, Figure 2.8a), is specific to GHs that use a 

substrate-assisted catalytic mechanism (274, 276, 277). The reason for this specificity is 

likely because NAG-thiazoline resembles the 1,2-dideoxy-2'-methyl-α-D-glucopyranoso-

[2,1-d]-∆2'-oxazoline (NAG-oxazoline; Figure 2.8a)  intermediate in such a mechanism  

or a closely related transition state. Unlike NAG-oxazoline, which is rapidly turned over 

by GHs that use substrate-assisted catalysis, the sulphur atom of NAG-thiazoline 

appears to provide stability against enzyme-catalyzed hydrolysis and, indeed, this 

molecule is a nanno- to micromolar inhibitor of some members of GH20 family (277, 

278).  

With our previous data indicating that OGA uses substrate-assisted catalysis, we 

were motivated to test this proposal by evaluating if OGA is inhibited by NAG-thiazoline. 

Therefore, Garrett Whitworth of our laboratory prepared NAG-thiazoline and we tested it 

as an inhibitor against both human OGA and human HexB (272). Initial inhibition studies 

carried out by Dr. Vocadlo with human OGA showed a clear pattern of competitive 

inhibition and a KI value of 180 nM was obtained at a pH value of 7.4 (Figure 2.8b). 

When I retested NAG-thiazoline at a pH of 6.5, it was even more potent toward OGA 

with a KI value of 70 nM (Figure A2a of the Appendix). On the other hand, a KI value of 

70 nM was obtained for inhibition of human HexB by NAG-thiazoline at a pH value of 4.5 

(Figure A2b of the Appendix). This value is lower than a value of 280 nM previously 

determined for another GH20 β-hexosaminidase from jack bean (277). Interestingly, two 

other members of GH20, SpHex and Dispersin B, are also inhibited by NAG-thiazoline 

but the potency is 2-3 orders of magnitude worse (276, 278). In any case, the potent 
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inhibition of human OGA by NAG-thiazoline is in agreement with the Taft analysis 

discussed above and strongly supports the proposal that OGA uses a catalytic 

mechanism involving substrate-assisted catalysis. 

 

Figure 2.8:  Inhibition of human OGA by NAG-thiazoline.  
(A) The structure of NAG-oxazoline (left), the intermediate for GHs that use a catalytic 
mechanism involving substrate-assisted catalysis, compared to the chemically stable 
NAG-thiazoline (right), a potent mechanism-based inhibitor of GHs using substrate-
assisted catalysis. (B) NAG-thiazoline is potent inhibitor of human OGA and shows a 
patter of competitive inhibition. The concentrations of NAG-thiazoline (µM) used were 3.04 
(closed triangles), 0.90 (inverted open triangles), 0.30 (closed circles), 0.10 (open 
triangles), 0.033 (closed squares), and 0.00 (open circles). Inset, graphical analysis of KI 
from plotting the apparent KM derived from each Michaelis-Menten curve against the 
concentration of NAG-thiazoline. 

2.4 Identification of the Key Catalytic Residues of Human OGA 

2.4.1 Predictions 

Previous biochemical and structural studies of GHs that use substrate-assisted 

catalysis (GH18, 20, and 56 at the time of this work) have established the requirement 

for two key carboxyl catalytic residues (249, 274, 276, 279-285). For these families of 

enzymes it has been shown that one of these residues interacts with the amide proton of 

the 2-acetamido group to facilitate nucleophilic attack of this group in the first step of the 

catalytic mechanism (Figure 2.3c). This residue is referred to as the stabilizing or 

polarizing residue because it is thought to hydrogen bond with the 2-acetamido group 

and thereby both orient and polarize this group. Two predictions on precisely how this 

residue aids catalysis have been put forward. One scenario predicts that the amide 

proton would remain significantly bonded to the nitrogen resulting in an oxazolinium ion 
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intermediate and that this intermediate would be stabilized through a strong electrostatic 

interaction between the positively charged oxazolinium ion and the negatively charged 

stabilizing residue (286). Alternatively, the catalytic residue could act as a general base 

to enhance the nucleophilicity of the 2-acetamido group and aid formation of a neutral 

oxazoline intermediate (262). Regardless of the extent of proton transfer, in the second 

step of the mechanism, this same catalytic residue is predicted to act in the microscopic 

reverse of the first step and so aid breakdown of the oxazoline/oxazolinium intermediate. 

The second key catalytic residue has been shown in these families to play the role of the 

general acid/base catalyst. In the first step, this residue facilitates departure of the 

leaving group through general acid catalysis with the exocyclic oxygen. In the second 

step of the mechanism, this same residue facilitates hydrolysis by aiding general-base 

catalyzed attack of a water molecule at the anomeric centre. 

 

Figure 2.9:  Sequence alignment of GH family 84 members.  
Asp174 and Asp175 (arrows) from human OGA are fully conserved within both eukaryotic 
and bacterial homologues. The top half of the alignment shows members of family 84 GHs 
from eukaryotes, while the bottom half shows those of bacteria. The data bank accession 
numbers are as follows:  Homo sapiens:  (GenBank identifier AF036144; Mus musculus 
(GenBank identifier AF132214); Rattus norvegicus (GenBank identifier AY039679); 
Anaopheles gambiae (GenBank identifier AAAB01008799); Drosophila melanogaster 
(GenBank identifier AE003734); Caenorhabditis elegans (GenBank identifier U28742); 
Streptococcus pyogenes (GenBank identifier AE006591); Bacteroides thetaiotamicron 
(GenBank identifier AAO79500); Xanthomonas axonopodis (GenBank identifier 
AE012042); Xanthomonas campestris (GenBank identifier CP000050); Clostridium 
perfringens (GenBank identifier AP003185); and Mycoplasma alligatoris (GenBank 
identifier AY515698). Fully conserved (*), semi-conserved (:) and partially conserved (·) 
residues are shown for the eukaryotic sequences and for all sequences. The sequence 
alignment was carried out using the program ClustalW (287) and BOXSHADE. 

Prior to any knowledge of the active site architecture of members of GH84, we 

set out to identify the key catalytic residues of human OGA. Being confident with the 

study of Rigden et al. and their ability to make predictions (144), we chose to test their 

prediction that Asp295 and Asp296 of the GH84 member from Xanthomonas 
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axonopodis are the two important and conserved catalytic residues. Importantly, these 

two residues align with Asp174 and Asp175 of human OGA (262) and indeed Asp174 

and Asp175 are completely conserved through both eukaryotic and bacterial members 

of GH84 (Figure 2.9). Established enzymological techniques involving kinetic analysis of 

GHs in which key catalytic residues have been deleted can often reveal the catalytic role 

played by the residue in the WT enzyme (241). These methods will be discussed in 

greater detail below. To this end, two point mutants of human OGA were generated 

(D174A and D175A) with the help of Naniye Cetinbas, a coworker in the laboratory, and 

a number of enzymatic parameters were determined for these mutants and compared to 

those of the WT enzyme (262).  

2.4.2 pH Activity Profiles 

Glycosidases typically exhibit bell-shaped pH-activity profiles reflecting the 

ionizations of two important active site carboxyl residues (241). Deletion of one of these 

carboxyl groups often results in the disappearance of one of the corresponding limbs in 

the profile stemming from titration of the remaining residue. Thus, an asymmetric pH 

profile can be suggestive of the role played by the deleted residue in catalysis by the WT 

enzyme (241, 279, 288-290). For the proposed substrate-assisted mechanism in which 

we assume two carboxyl residues are the catalytic residues, the most likely ionization 

state of the enzyme to initiate the catalytic cycle is for the acid/base catalytic residue to 

be in its protonated form and the residue that acts to polarize the 2-acetamido group and 

stabilize the oxazoline intermediate to be in its deprotonated form (Figure 2.3c). Given 

precedent for other families using substrate-assisted catalysis and that the natural 

environment for OGA is the nucleocytoplasm where pH is approximately neutral, we 

anticipate a bell shaped activity profile for WT OGA in which the acidic limb would stem 

from ionization of the polarizing residue, while the basic limb would stem from ionization 

of the general acid/base catalytic residue.  

Full Michaelis-Menten parameters were measured at pH values ranging from 4.5 

to 9.0, in which the WT and mutant enzymes were stable over the assay time (262, 291). 

Shown in Figure 2.10 are plots of the logarithm of the second-order (Vmax/[E]0⋅KM) rate 

constants for WT OGA and the D174A and D175A mutants as a function of pH. As had 

been described previously, the pH activity profile for the WT-catalyzed hydrolysis of 

pNP-GlcNAc resembles a bell-shaped curve with the maximal catalytic efficiency at a pH  
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Figure 2.10:  The pH-activity profiles of WT and mutant OGA.  
(A) The second-order rate constant (Vmax/[E]0⋅KM) for WT OGA-catalyzed hydrolysis of 
pNP-GlcNAc. The two inflection points are estimates for the pKa values of two ionisable 
groups that are critical for catalysis. (B) The logarithm of the second-order rate constant 
(Vmax/[E]0⋅KM) for WT (squares) and D175A (closed circles) OGA-catalyzed hydrolysis of 
pNP-GlcNAc and D174A (open circles) catalyzed hydrolysis of 3,4DNP-GlcNAc as a 
function of pH of the reaction mixture. Each point represents the second-order rate 
constant derived from a Michaelis-Menten curve. 

of 6.5 (Figure 2.10a,b) (140, 151). Based upon the inflection points in the pH profile in 

Figure 2.10a, we determined the kinetic pKa values of the two critical catalytic residues 

can be assigned as being approximately 5.3 and 7.8.  

The hydrolysis of pNP-GlcNAc catalyzed by the D174A mutant is extremely slow; 

therefore, a more reactive substrate (3,4-dinitrophenyl 2-acetamido-2-deoxy-β-D-

glucopyranoside; 3,4DNP-GlcNAc) was used for determining its pH profile (Figure 2.10b 

– empty circles). Strikingly, the pH profile for the D174A mutant did not show a bell-

shaped curve but rather increasing activity at lower pH values. The absence of the acidic 

limb in this mutant makes Asp174 a candidate to be the polarizing residue. Such an 

assignment for this residue is entirely consistent with the deleterious effect of mutating 

the polarizing residue on catalytic efficiency of members of GH20 (279, 284). 

Nevertheless, analysis of pH profiles of mutant enzymes in which the key carboxyl 

groups have been deleted by site-directed mutagenesis can be complicated by the 

altered electrostatic environment within the active site, with consequence being changes 

to the microscopic pKa value of the other active site residues. For instance, in the pH 

rate profile of the D174 mutant enzyme the basic limb is shifted to lower pH with an 

apparent decrease in the kinetic pKa of the remaining residue by at least 2.5 units. This 

observation is consistent with deletion of a negative charge within the vicinity of the 
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acid/base residue. Shifts in the pKa values of ionizing groups within the active site of 

other glycosidases have been observed in several other cases (279, 289, 292, 293). 

Analysis of the pH profile of the D175A mutant, using pNP-GlcNAc, showed 

behavior similar to that of the WT enzyme with the exception that the activity did not drop 

as much at higher pH values (Figure 2.10b – filled circles). Although the pH profile of this 

mutant is more ambiguous, the observation that the basic limb is attenuated at high pH 

does suggest that Asp175 is the general acid/base catalytic residue. The basis for the 

unexpected decrease in activity at higher pH values for this mutant is unknown but may 

stem from ionization of another group within the enzyme active site that plays a role in 

either binding the substrate or in catalysis. To more rigorously probe the possibility that 

Asp175 is the general acid/base catalytic residue, more detailed mechanistic studies 

were carried out.  

2.4.3 Brønsted Analyses 

A series of substituted aryl glycosides were prepared by Dr. Keith Stubbs, a 

coworker in our laboratory, for further analysis of the OGA mutants (Scheme 2.2, Table 

2.3). The Michaelis-Menten parameters for the enzyme-catalyzed hydrolysis of this 

series of compounds were determined with both WT and mutant enzymes (Table 2.4) 

(262, 291).  

 

Scheme 2.2:  Synthesis of a series of aryl 2-acetamido-2-deoxy-β-D-glucopyranosides.  
(i) phenol (appropriately substituted), benzyltriethylammonium chloride, CH2Cl2, 1 M 
NaOH(aq) (ii) a, NaOMe, MeOH; b, Dowex 50-H+. See Table 2.3 for the different 
substituted phenols used. 

The resulting Brønsted plots of log(Vmax/[E]0⋅KM) and log(Vmax/[E]0) versus pKa of 

the corresponding phenol leaving group for the WT and mutant enzymes are shown in 

Figure 2.11. For the WT enzyme, a good correlation was observed when comparing the 

second-order rate constants and the slope of the line, termed βlg(V/K), has a value of      

-0.11 (Figure 2.11a). For the point of this discussion, this small negative slope will be 

interpretated as a relatively small amount of negative charge accumulation on the 

exocyclic oxygen at the transition state, however, it should be pointed out that this 
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interpretation relies on kinetic isotope effects (KIEs) that we carried out (291) but these 

will not be discussed here. When comparing the first-order rate constants the slope, 

termed βlg(V), is approximately zero for the WT enzyme (Figure 2.11b), indicating that 

there is no dependency on the leaving group in the rate-determining step of the reaction. 

This observation suggests that breakdown of the oxazoline intermediate may in fact be 

the slowest step involving bond formation or cleavage. This observation is not 

unprecedented for enzymes using substrate-assisted catalysis since a similar 

observation (βlg(V) ≈ 0) was also made for a member of GH20 (270). 

Table 2.3:  A series of substituted phenols and their corresponding pKa values that were used 
were as the leaving groups for a series of aryl 2-acetamido-2-deoxy-β-D-
glucopyranosides. 

 
a Values were determined previously (294-296). 

 

For the D175A mutant enzyme, curved plots, each with two defined linear 

regions, were obtained for plots of the first-order (Figure 2.11c) and second-order 

(Figure 2.11d) rate constants. For good substrates, with pKa values of the corresponding 

phenol leaving groups less than 7.2, a negligible slope is obtained (βlg(V) = 0; βlg(V/K) = -

0.1). For poorer substrates, having phenol leaving groups with pKa values greater than 

7.2, a steep negative slope (βlg(V) = -0.77; βlg(V/K) = -1.0) is observed. Brønsted plots  
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Table 2.4:  Rate constants for the WT and mutant OGA-catalyzed hydrolysis of a series of aryl 
2-acetamido-2-deoxy-β-D-glucopyranosides.  

 

showing such curvature have been obtained for a range of WT glycosidases. For 

example, those from families 1 (297-300), 3 (270, 301), 11 (302), and 39 (303) all show 

such behavior.  Replacement of the general acid/base catalytic residue with a non-

ionizable residue  should substantially reduce the catalytic efficiency of the mutant 

enzyme toward substrates bearing poor leaving groups but should have a less 

pronounced effect for substrates bearing good leaving groups (304). The reason for this 

stems from thermodynamic considerations; proton transfer to the leaving group is 

thermodynamically uphill for very good leaving groups that have pKa values less than the 

pKa of the general acid/base catalytic residue. For mutants in which the general 

acid/base catalytic group has been deleted, there is considerable negative charge 

development on the glycosidic oxygen since proton donation is not possible and the net 

result is markedly negative βlg(V/K) values for such mutant enzymes (241). For WT 
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enzymes that have βlg(V/K) values that are small and negative, there is often a dramatic 

and diagnostic difference between the βlg(V/K) values obtained for the WT and 

corresponding general acid/base catalytic mutants (289, 293, 300, 305). Indeed, such a 

case holds for the D175A mutant of OGA and strongly supports assignment of Asp175 

as the general acid/base catalyst, which is consistent with the tentative assignment 

based on the pH profiles. 

 

Figure 2.11:  Brønsted plots of WT and mutant OGA-catalyzed hydrolysis of a series of 
substrates bearing substituted aryl leaving groups.  
(A,B) Brønsted plots for WT human OGA. (C,D) Brønsted plots for the D175A mutant of 
human OGA. (E,F) Brønsted plots the D174A mutant of human OGA where circles 
represent data obtained at a pH value of 7.4 and triangles represent data obtained at a pH 
value of 5.0. The left panels (A,C,E) represent Brønsted plots of the second-order rate 
constants (Vmax/[E]0⋅KM) whereas the right panels (B,D,F) represent Brønsted plots of the 
first-order rate constants (Vmax/[E]0).   
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The results for the D174A mutant are more complex. A complicating factor stems 

from the observations made for the pH rate profile of this mutant, which suggested that 

the pKa of Asp175 is shifted down by 2.5 units in the D174A mutant. As shown in Figures 

2.11e,f, the behavior of the D174A mutant shows pH-dependent changes in the 

Brønsted plots. βlg(V/K) and βlg(V) values of -0.95 and -0.71, respectively, were obtained 

at a pH value of 7.4 (Figures 2.11e,f – open circles). These results mirror those obtained 

for the D175A mutant; a large amount of negative charge accumulation on the glycosidic 

oxygen is indicative of inefficient general acid catalysis. However, the apparent decrease 

in the pKa of Asp175 in the D174A mutant means that Asp175 would be deprotonated at 

a pH value of 7.4. Thus, ineffective acid catalysis would be expected and the results for 

the D174A mutant at pH 7.4 support this. To test this explanation, the measurements 

were repeated at a pH value of 5.0 and it was determined that βlg(V/K) and βlg(V) values 

were significantly less negative (-0.39 and -0.31 respectively) (Figures 2.11e,f – open 

triangles). This result suggests that general acid/base catalysis was at least partially 

operative for the D174A mutant enzyme at a pH of 5.0. One pertinent observation is that 

regardless of the pH used, the βlg(V) values are significantly more negative than the 

negligible values obtained for the WT enzyme and suggest that the cyclization step is 

the rate-determining chemical step with this mutant at both pH values. This observation, 

along with the fact that this mutant has 6700-fold decreased catalytic efficiency towards 

pNP-GlcNAc, is consistent with the hypothesis from the pH rate profiles that Asp174 

plays the critical role of promoting the cyclization step by polarizing the 2-acetamido 

group for attack on the anomeric centre. 

2.4.4 Competitive Nucleophile Effects 

Rescue of impaired catalysis by the addition of a small and good nucleophile is 

among the most reliable approaches for identifying the general acid/base catalytic 

residue of GHs. This method, developed by Withers and coworkers, has been used for 

identifying the general acid/base catalytic residue of several β-retaining glycosidases 

that proceed via a covalent glycosyl-enzyme intermediate (241, 288-290, 293, 306, 307). 

Nevertheless, this approach has not been applied to enzymes using a catalytic 

mechanism involving substrate-assisted catalysis. The basis for this strategy is that 

deletion of the general acid catalyst results in the second step of the catalytic 

mechanism being slowed substantially since water must be activated by the same 
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residue that acted as the general acid catalyst in the first step. Consequently, in WT 

GHs, when using a substrate bearing an excellent leaving group that does not benefit 

from general acid catalysis, the general acid/base catalytic residue facilitates the overall 

reaction primarily by acting as a general base to promote attack of a water molecule in 

the ring-opening step. For OGA, this prediction is in line with the negligible slope that 

was obtained in Figure 2.11b. Therefore, for mutant GHs in which the general acid/base 

carboxyl group has been deleted, when substrates having very good leaving groups are 

used, the first step leading to the intermediate is not significantly impaired while the 

second step involving attack of water is greatly slowed. On addition of an exogenous 

nucleophile to a reaction mixture containing the mutant enzyme and a substrate having a 

very good leaving group, a rate acceleration is often seen because the nucleophile can 

intercept the glycosyl enzyme intermediate and obviate the need for the general 

acid/base residue. The kinetic consequences of adding an exogenous nucleophile is 

often an increase in kcat values for the acid/base mutant enzyme as well as an increase 

in KM (288, 289, 293, 301, 306). This increase in KM reflects an increase in the rate of the 

second step of the reaction. KM can be represented as the product of the concentration 

of free enzyme and substrate in solution over the concentration of all enzyme bound 

species and this relationship hold for OGA:  

Equation 2.5:  KM = [E][S] / Σ[Enz-bound species]) 
 

Where [E] represents the [OGA] and [Enz-bound species] represent the concentration of 

OGA bound to substrate, intermediate, or product. Therefore, increasing the rate of the 

second step results in a lower concentration of enzyme-bound species and, 

consequently, an increase in KM. The net result is a minimal change in the second-order 

rate constant for the reaction, which is consistent with the expectation that the 

exogenous nucleophile would have no effect on the first step irreversible step of the 

reaction; formation of the oxazoline intermediate. 

The effect of competitive nucleophiles on the rates of hydrolysis of 3,4DNP-

GlcNAc catalyzed by the WT enzyme and the two mutants was carried out in 

collaboration with Naniye Cetinbas (262). 3,4DNP-GlcNAc was used as a substrate 

because the pKa value of the phenol leaving group is very low (5.4) and less than the 

pKa of the proposed general acid/base catalytic residue (Asp175), therefore, this 

substrate should not require general acid catalysis for cleavage. For the WT enzyme as 
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well as the D174A mutant, addition of 600 mM azide did not result in any rate 

enhancement (data not shown). A greater than 5-fold increase, however, was observed 

for the activity of the D175A mutant. Importantly, the azide effect is not observed when a 

substrate bearing a poor leaving group (3NP-GlcNAc) is used (data not shown), which is 

consistent with the loss of the general acid/base catalytic residue also impairing 

cleavage of this substrate since the pKa of the leaving group is 8.35. A more detailed 

kinetic analysis of the effect of azide on the D175A mutant enzyme was therefore 

performed using azide as an exogenous nucleophile with 3,4DNP-GlcNAc as a 

substrate. The first- and second-order rate constants, as well as the Michaelis constant 

were determined as a function of azide concentration for the D175A mutant acting on 

3,4DNP-GlcNAc (Figure 2.12). Both Vmax/[E]0 and KM values increase as a function of 

azide concentration, with the overall result that Vmax/[E]0⋅KM only slightly increases. To be 

certain that azide was indeed intercepting the intermediate and not influencing catalysis 

through indirect mechanisms, the product of a reaction carried out in the presence of 

azide was compared to a synthetic standard of 2-acetamido-2-deoxy-β-D-glucopyranosyl 

azide (GlcNAc azide).  Using thin layer chromatography (TLC) as a means of monitoring 

the reaction, the D175A-catalyzed formation of GlcNAc azide could be observed when 

azide was included in the reaction (Figure A3 of the Appendix), providing support that 

azide was rescuing the rates of the enzyme-catalyzed reaction by acting as an 

exogenous nucleophile to intercept the oxazoline intermediate. These azide effects, 

therefore, provide further support for the assignment of Asp175 as the general acid/base 

catalytic residue. 

In summary, the results presented for the pH rate profiles, Brønsted analyses, 

and competitive nucleophile effects all support assignment of Asp174 as the 

polarizing/stabilizing residue and Asp175 as the general acid/base catalytic residue. 

These studies followed well-defined methodologies for analyzing site-directed mutants of 

GHs and the information that these experiments provide are far more detailed and 

informative than simply characterizing the enzymatic activity of the site-directed mutants 

towards a single substrate. This point is highlighted by a study that made conclusions 

differing from our own - concluding that Asp175 is the polarizing/stabilizing residue while 

Asp177 is the general acid/base catalytic residue (308). Although we were confident in 

our studies, unambiguous assignment of the two key catalytic residues awaited 

determination of the structure of a GH84 family member. 
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Figure 2.12:  Adding azide as an exogenous nucleophile partially rescues the activity of the 
D175A mutant of human OGA toward 3,4DNP-GlcNAc.  
The first-order rate constants (Vmax/[E]0; circles), Michaelis constants (KM; squares), and 
the second-order rate constants (Vmax/[E]0⋅KM; triangles) for D175A OGA plotted as a 
function of azide concentration when 3,4-DNP-GlcNAc is used as a substrate. All values 
are corrected for the effect of salt concentration.  

2.4.5 Transfection of the D175A mutant   

One method that investigators have used for decreasing O-GlcNAc levels in a 

cellular setting is through overexpression of OGA (86, 156, 309, 310). One drawback of 

this method is that OGA is known to be a component of several large protein complexes 

(140, 309), and so overexpressing OGA could disrupt these complexes or introduce new 

protein-protein interactions. Indeed, modulating the protein levels of an enzyme within a 

cellular setting can result in dominant negative effects that are independent of altered 

enzyme activity (176, 177). One method that can control for such effects is through 

carrying out a parallel experiment in which a catalytically inactive enzyme is 

overexpressed. Often, this type of a control can reveal interesting and unexpected 

phenomena (178, 179). The D174A mutant is approximately 6700-fold less active than 

the WT enzyme towards pNP-GlcNAc. Extrapolating the results to the pKa of the natural 

substrate (≈16) would indicate that it would be essentially catalytically inactive. The pH 

rate profile and Brønsted plot for the D174A mutant displayed behavior that is consistent 

with D174A acting as the polarizing/stabilizing residue and this suggests that the large 

decrease in catalytic efficiency of this mutant is not simply due to perturbed protein 

folding. Therefore, this mutant would be a good choice to use as a catalytically inactive 

control and so this mutant was cloned into a mammalian expression vector. This mutant, 
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along with the WT enzyme, was transfected into SK-N-SH cells and O-GlcNAc levels 

were assessed by immunocytochemistry in the same manner described above in Figure 

2.5. As shown in Figure 2.13, cells transfected with the D174A mutant of OGA did not 

show decreased O-GlcNAc levels compared to untransfected cells. On the other hand, 

the WT enzyme decreased O-GlcNAc levels dramatically. These differences in O-

GlcNAc levels were observed even though both WT and mutant OGA were expressed at 

equally high levels in transfected cells. Accordingly, the D174A mutant of OGA is an 

excellent candidate to use as a control in experiments involving overexpression of OGA. 

 

Figure 2.13:  Transfection of SK-N-SH neuroblastoma cells with either WT or D174A human OGA.  
SK-N-SH cells were plated onto cover clips and transfected with the specified myc-tagged 
OGA construct. 24 hr post-transfection the cells were fixed and probed with an anti-O-
GlcNAc (CTD110.6), anti-myc, and anti-OGA antibody. The appropriate fluorescently 
labelled secondary antibodies were used for visualization and DAPI was to visualize the 
nuclei. Note that the overall transfection efficiency was approximately 10%. The white bar 
in the lower left panel is a scaling bar that represents 5 µm. 

2.5 Insight into the Active Site Architecture of OGA 

2.5.1 Bacterial Homologues of Human OGA    

Despite efforts, no structural information is available for a eukaryotic OGA from 

GH84. The lack of success, however, has not diminished efforts to understand the 

structure of other GH84 members and these studies have proven insightful. The CAZy 

classification system has been validated time and time again, indicating that members of 

a family, both bacterial and eukaryotic members, share a great deal of sequence 

similarity and an even higher degree of structural conservation (1, 8, 10, 227). Within 

GH84, many bacterial homologues of human OGA share 40-50% sequence similarity 

with the N-terminal catalytic domain of the human enzyme. It stands to reason that a 

bacterial member of GH84 might serve as a good model for the human enzyme.  As 
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bacterial proteins are generally found to be expressed recombinantly in E. coli at much 

higher levels than eukaryotic proteins and have a higher propensity to crystallize, 

structural biologists often turn to bacterial homologues of eukaryotic enzymes when 

crystallization of the eukaryotic protein fails. This approach has been met with good 

success for OGA. 

2.5.2 The Structure a Bacteroides thetaiotaomicron OGA (BtGH84) in 
Complex with NAG-thiazoline    

In collaboration with the laboratory of Dr. Gideon Davies, at the University of 

York, the structure of a bacterial homologue of human OGA from Bacteroides 

thetaiotaomicron (BtGH84) was solved (Figure 2.14a) (266). As predicted by Rigden et 

al. (144), the catalytic N-acetylglucosaminidase domain of GH84 family members 

consists of an (α/β)8 TIM barrel (Figure 2.14b). BtGH84 also contains several other 

domains that likely function as carbohydrate binding domains (Figure 2.14a) (268), but 

these will not be discussed further since they do not have any sequence similarity to any 

part of human OGA. Like many other GHs that have the TIM barrel structural fold, the 

active site is situated on the top face within a deep cleft (Figure 2.14b). It should be 

noted that another laboratory, independently, has solved the structure of a different 

GH84 family member from Clostridium perfringens (CpGH84) in complex with PUGNAc 

(267). This study has largely corroborated the findings described here as well as what 

will be described below for the active site architecture of BtGH84. 

2.5.3 Active Site Residues 

Alone, the structure of BtGH84 is not very revealing, however, in the presence of 

an active site ligand, significant insight is gained. Specifically, the structure of BtGH84 in 

complex with NAG-thiazoline reveals valuable details about the active site architecture 

and mode of catalysis (Figure 2.14c). One obvious observation is that the active site 

does not have a suitably positioned carboxyl group to act as a nucleophile or an active 

site NAD+ cofactor. In fact, the simple ability of NAG-thiazoline to crystallize in the active 

site is strong support that BtGH84 uses substrate-assisted catalysis. Closer inspection of 

the residues making contact with NAG-thiazoline solidifies the mode of catalysis. Asp242 

forms a hydrogen bond with the nitrogen in the thiazoline. Gratifyingly, this residue aligns 

with Asp174 of the human enzyme (Figure 2.9) and confirms the catalytic mechanism 

and assignment of this residue as the polarizing/stabilizing residue from the earlier  
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Figure 2.14:  Three-dimensional structure of BtGH84 solved to 1.95 Å resolution.  
(A) Cartoon representation of the full-length BtGH84 colour-ramped from, N-terminus 
(blue) to C-terminus (red), with NAG-thiazoline and the proposed general acid/base 
catalytic residue (Asp243) in ball-and-stick representation. (B) The catalytic (β/α)8 TIM 
barrel domain of BtGH84 in complex NAG-thiazoline (red sticks). The lower panel 
represents a rotation 90° about the z-axis in the upper panel. (C) Electron density (Fobs – 
Fcalc) of NAG-thiazoline in the active site of BtGH84 demonstrating the important catalytic 
residues. 

biochemical studies presented above. The only carboxylic acid residue suitably 

positioned to fulfill the role of general-acid/base catalytic residue is Asp243, which aligns 

with Asp175 in the human enzyme (Figure 2.9). This catalytic residue occupies a 

position above the plane of the pyranose ring (Figure 2.14c). Therefore, our biochemical 

experiments showing Asp175 plays the role of the general acid/base catalyst is also 

validated by this structure. Consistent with the important catalytic roles played by 

Asp242 and Asp243 of BtGH84, site-directed variants of these two catalytic groups have 

markedly lower catalytic efficiencies toward pNP-GlcNAc (2,800- and 110-fold lower, 

respectively) than that of the wild-type enzyme (266). Also, consistent with the 

requirement for two critical catalytic residues to be in their correct protonation state to 

initiate catalysis is that BtGH84 has a bell-shaped pH rate profile (Figure 2.15a). 

Solidifying that BtGH84 uses a mechanism involving substrate-assisted catalysis is a 

strong dependence on the nucleophilicity of the 2-acetamido group for catalysis 

observed in a Taft-like analysis (Figure 2.15b). 
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Figure 2.15:  pH-activity profile of BtGH84 and Taft-like analysis.  
(A) pH dependence of the second-order rate constant, log(Vmax/[E]0⋅KM). Full Michaelis-
Menten parameters were determined at each pH using pNP-GlcNAc as a substrate. (B) 
Taft-like LFER of the Taft constant (σ*) of the N-fluoroacetyl substituent of each 4MU-
GlcNAc substrate analogue against log(Vmax/[E]0⋅KM) measured for that substrate with 
BtGH84.  

2.5.4 An Active Site Pocket beneath the 2-Acetamido Group 

One interesting observation from the structure of BtGH84 is the presence of a 

pocket beneath the methyl group of the thiazoline ring (Figure 2.16a). This pocket is 

approximately 8 Å deep and is lined by a tryptophan, cysteine, and methionine residue; 

thus making it reasonably hydrophobic (Figure 2.16b). An interesting point is that this 

pocket appears to be unique to GH84. An overlay of the active site residues of BtGH84 

and human HexB, both in complex with NAG-thiazoline, shows that a tryptophan 

(Trp405) from the GH20 enzyme is positioned directly beneath the methyl group on the 

thiazoline (Figure 2.16b). It is worth noting that the residues that comprise this pocket 

are conserved with other GH84 members and, indeed, the structure of CpGH84 in 

complex with PUGNAc displays this same pocket (267). The Taft-like LFERs that we 

carried out previously on human OGA and HexB, as well as experiments carried out with 

derivatives of NAG-thiazoline (see below in Chapter 3), had indicated that OGA should 

have a more spacious active site surrounding the 2-acetamido group of the substrate 

compared to HexB, therefore, we did anticipate such a feature but it was satisfying to 

directly observe the molecular basis for this selectivity. 

2.5.5 Defining the Reaction Coordinate 

As discussed in the introduction to this chapter, the reaction coordinates of GHs 

can be defined by the movement of the anomeric centre in a process that has been  
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Figure 2.16:  The structure of BtGH84 in complex with NAG-thiazoline reveals an active site 
pocket.  
(A) Surface representation of the active site of BtGH84 generated in Pymol. Active site 
residues and NAG-thiazoline are drawn as sticks in green and red, respectively. (B) 
Overlay of the active site of BtGH84 (green; PDB 2CHO) with human GH20 
hexosaminidase B (yellow, PDB 1NPO) both in complex with NAG-thiazoline. A much 
smaller pocket is present in the GH20 enzyme by virtue of Trp405, whereas absence of an 
equivalent residue equivalent to Trp405 in the GH84 enzyme creates a large active site 
cavity beneath the 2′-methyl group of NAG-thiazoline. 

described as electrophilic migration (14, 252). For β-retaining GHs acting on a gluco-

configured substrate, this coordinate is generally thought to begin with a distorted 

substrate in a skew boat (1S3) conformation, proceed through a transition state with an 

approximate half-chair (4H3) conformation, and go on to form an intermediate with a chair 

(4C1) conformation (Fig. 2.2b). Although this coordinate has been well defined 

experimentally for many β-retaining GHs that use a double-displacement mechanism 

(227), the reaction coordinate has never been fully defined for an enzyme using 

substrate-assisted catalysis. To this end, studies were initiated in collaboration with Dr. 

Gideon Davies’ laboratory to try to define the reaction coordinate of BtGH84. This work 

was recently published so this text is paraphrased from this manscript, which I helped 

write (311).  

Various approaches to trap glycosidases with their unhydrolyzed substrates have 

included non-hydrolysable or slowly turned over substrates and/or enzyme variants in 

which components of the catalytic apparatus have been compromised (227). As 

demonstrated earlier in this chapter, substitution of fluorine for hydrogen on the methyl 

group of the 2-acetamido substituent of GlcNAc impairs catalysis for enzymes using 
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substrate-assisted catalysis (Figures 2.7 and 2.15b). We reasoned that, under the right 

conditions, such a substrate might be trapped in the active site unhydrolyzed. Initially, 

the 4-methylumbelliferyl substrates and methyl glycosides (Scheme 2.1) were used to try  

to accomplish this goal. However, Yuan He of Dr. Davies’ laboratory found that these 

compounds cracked the crystals of BtGH84 and led to poor diffraction data. Various 

other derivatives were subsequently tested, which I had prepared for a separate study 

(described below in section 2.6 of this chapter). One of these, 3,4-difluorophenyl 2-

deoxy-2-difluoroacetamido-β-D-glucopyranoside (Figure 2.17a), cocrystallized with  
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Figure 2.17:  Visualization of the reaction coordinate of BtGH84.  

(A) 3,4-difluorophenyl 2-deoxy-2-difluoroacetamido-β-D-glucopyranoside (3,4DFP-
GlcNAc-F2) drawn in the 4C1 conformation; the preferred conformation in solution. (B) 
Michaelis complex of 3,4DFP-GlcNAc-F2 (red mesh represents the electron density) 
bound within the BtGH84 active site. (C) Representation of the conformation of 3,4DFP-
GlcNAc-F2 bound in the active site of BtGH84. This conformation represents a 1S3 skew 
boat. This conformation places the glycosidic linkage in a pseudo-axial position above the 
plane of the pyranose ring to create a favourable geometry between the glycosidic 
oxygen, the anomeric carbon, and the carbonyl oxygen of the 2-acetamido substituent for 
nucleophilic displacement. The carbonyl oxygen of the 2-acetamido substituent is poised 
for nucleophilic attack on the anomeric centre with only 3.6 Å separating these two atoms. 
(D) The two critical catalytic residues of BtGH84, Asp242 and Asp243, form hydrogen bonds 
to the amide group of the 2-acetamido substituent and the glycosidic oxygen, respectively. 
(E) 2-acetamido-2-deoxy-5-fluoro-β-D-glucopyranosyl fluoride was used to trap a (F) 5F-
oxazoline. (G) The 5F-NAG-oxazoline intermediate trapped in the active site of the D243N 
mutant of BtGH84 in a 4C1 conformation. (H) 4MU-GlcNAc was used to trap a “chemically 
unmodified” NAG-oxazoline (I) in the active site of the D242N mutant of BtGH84. (J) NAG-
thiazoline trapped within the active site of the D242N mutant of BtGH84 in a 4C1 
conformation. (G,J) The pink sphere represents a water molecule poised for general base 
catalyzed attack on the anomeric centre.  

BtGH84 and the three-dimensional structure of the complex was solved. Strikingly, the 

substrate was not hydrolyzed and the pyranose ring of the substrate was found to adopt 

a conformation that is very close to a 1S3 skew boat (Figure 2.17b), which differs 

significantly from the 1C4 conformation preferred in solution for gluco-configured 

pyranosides (244). Such a conformation places the glycosidic bond in a pseudoaxial 

position above the plane of the pyranose ring. As a result, the N-acyl carbonyl oxygen of 

the substrate lies perfectly poised to displace the leaving group from the tetrahedral 

anomeric centre, with an Onuc-C1 distance of 3.4 Å  and an Onuc-C1-Olg angle of 170°  

(Figure 2.17c). As expected, the residue that provides general acid/base catalysis to the 

leaving group (Asp243) is within hydrogen bond distance to the leaving group oxygen 

and, likewise, the polarizing/stabilizing residue (Asp242) forms a hydrogen bond with the 

amide of the 2-difluoroacetamido group (Figure 2.17d). 

 As with Michaelis complexes, direct observation by crystallography of enzyme 

bound intermediates is not trivial. For the superfamily of GHs, different approaches have 

enabled trapping and observation of covalent glycosyl enzyme intermediates (312). Yet, 

a bicylic oxazoline intermediate has never been observed for a GH using substrate-

assisted catalysis. To tackle this problem and visualize the putative bicylic oxazoline 

intermediate, two different strategies were employed. In the first strategy, 2-acetamido-2-

deoxy-5-fluoro-β-D-glucopyranosyl fluoride (Figure 2.17e) (313), was prepared by Dr. 

Keith Stubbs in our laboratory, since we speculated that the electronegative fluorine 

atom geminal (F5) to the endocyclic oxygen (O5) would slow both the formation and 
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breakdown of the oxazoline intermediate by destabilizing the cationic transition states 

flanking this species. By analogy with other glycosidase systems, it was reasoned that 

incorporation of a very good fluoride leaving group would make the oxazoline 

intermediate kinetically accessible even with the F5 atom present yet leave the 

breakdown of the oxazoline intermediate relatively slow (227, 312). Despite these 

considerations, turnover of the putative 1,2-dideoxy-5-fluoro-2′-methyl-α-D-glucopyrano-

[2,1-d]-∆2′-oxazoline (5F-NAG-oxazoline) (Figure 2.17f) intermediate by the WT enzyme 

was likely too rapid as evidenced by the inability to observe this species by X-ray 

crystallography with the WT enzyme. Instead, a variant of BtGH84 was used in which 

general acid/base catalytic residue was mutated (D243N) to slow down the attack of 

water on the anomeric centre. This strategy succeeded and enabled accumulation and 

observation of the 5F-NAG-oxazoline. This 5F-NAG-oxazoline intermediate binds in an 

approximate 4C1 chair conformation (Figure 2.17g).  

A second strategy enabled the observation of a chemically “unmodified” 

oxazoline intermediate. In this strategy, a mutant of the polarizing/stabilizing residue 

(Asp242) was used (D242N) since kinetic measurements carried out by Yuan He 

indicated that under the certain conditions (high pH) this mutant catalyzes the first step 

of the reaction efficiently but only turns over the intermediate slowly when using 4MU-

GlcNAc (Figure 2.17h) as a substrate (data not shown). Using these high pH conditions, 

the intact NAG-oxazoline (Figure 2.17i) intermediate was observed bound to this mutant 

when Yuan He soaked crystals of this enzyme with MU-GlcNAc. Like the 5F-NAG-

oxazoline, the unsubstituted oxazoline adopts a 4C1 chair conformation and the 

conformation of active site residues in these two structures are nearly identical (Figure 

2.17j).  

Together, the Michaelis complex reveals the pyranose ring adopts a 1S3 skew 

boat conformation and the oxazoline intermediates reveal a 4C1 chair conformation, 

pointing to a 1S3↔4H3↔4C1 conformational itinerary that defines the reaction coordinate 

for the formation of the oxazoline intermediate. In support of these findings, trapped 

Michaelis complexes on GH18 chitinases (283) and GH20 chitobiases (249), which also 

use substrate-assisted catalysis, have shown that the substrate is distorted into a 

conformation resembling a skew boat (1S3). Interestingly, a comparison between the 

structures of these NAG-oxazolines with the structure of BtGH84 bound with NAG-

thiazoline (Figure 2.14c) does not reveal any major differences. However, the subtle 



Chapter 2: The Catalytic Mechanism of OGA 

 83 

increase in the C1-S bond length (1.85 Å C1-S bond in the thiazoline verses 1.45 Å C1-

O bond in the oxazoline) places the anomeric carbon (C1) of the thiazoline ~0.2 Å closer 

to the position of C1 observed in the Michaelis complex. This observation alone gives 

rise to the conjecture that the conformation of NAG-thiazoline may resemble a late 

transition state structure. Indeed, Garrett Whitworth in our laboratory spearheaded a 

series of LFERs that demonstrated that NAG-thiazoline is a transition state-state 

analogue (314). The structures of BtGH84 described here give some backing to this 

proposal and, collectively, fully define for the first time the reaction coordinate for a GH 

using a catalytic mechanism involving substrate-assisted catalysis. 

2.5.6 The Structure of BtGH84 as a Model of the Human Enzyme 

The relevance of using the structure of BtGH84 as a model for the human 

enzyme is of obvious interest. Although it is not known what benefit BtGH84, or other 

GH84 family members from other bacteria, provide these bacteria, it is common for 

bacteria to have an arsenal of glycosidases for salvaging saccharides to use in their own 

metabolism (315). Indeed, B. thetaiotaomicron is a human gut symbiot. To investigate 

how relevant BtGH84 is as a model for the human enzyme, BtGH84 was tested for its 

ability to remove O-GlcNAc from modified proteins in cell lysates (Figure 2.18a). BtGH84 

removed O-GlcNAc from modified proteins as could another GH84 bacterial family 

member from Streptococcus pyogenes (Figure 2.18b). The high conservation of active 

site residues between bacterial and eukaryotic members of GH84 is also striking (Figure 

2.9). For example, in BtGH84, all the residues that are in contact with NAG-thiazoline 

are conserved in human OGA with the only variation being a phenylalanine to tryptophan 

substitution (Figure 2.18c). In the time since the first structures of BtGH84 and CpGH84 

were published, a number of other enzyme substrate complexes have been solved as 

the development of OGA inhibitors has blossomed. These structures have been 

reviewed in detail elsewhere (316), and will be touched upon in Chapter 3 while 

discussing the development of OGA inhibitors. The conservation of active site residues, 

use of the same catalytic mechanism, and the ability of these enzymes to act on O-

GlcNAc-modified proteins, together, makes these bacterial homologues excellent 

models for the OGA activity and catalytic mechanism of human OGA. Nevertheless, it 

will be fascinating to see if the structure of a eukaryotic GH84 member can be obtained 

in the future. 
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Figure 2.18:  BtGH84 is an excellent structural model of human OGA by virtue of shared function 
and conserved active site residues.  
(A) BtGH84 cleaves O-GlcNAc from post-translationally modified eukaryotic proteins. 
Cellular extracts from COS-7 cells were treated with boiled or untreated BtGH84 in the 
presence or absence of NAG-thiazoline and analyzed by Western blotting using anti-O-
GlcNAc (upper panel) and anti-actin (low panel) antibodies. (B) The same experiment as 
describe in panel (A) was repeated using another bacterial homologue of human OGA 
(SpGH84) and reveals this enzyme also can remove O-GlcNAc from post-translationally 
modified proteins. (C) Overlay of the experimentally determined structure of BtGH84 
(green) in complex with NAG-thiazoline with a homology model of the human enzyme 
(blue) shows only a single residue near the active centre differs between BtGH84 and the 
human enzyme (Trp  Phe). 

In summary, the key catalytic residues of family 84 GHs are a tandem Asp-Asp 

pair. This contrasts with the other exo-acting enzymes using anchimeric assistance from 

family 20, which use an Asp-Glu catalytic pair (249, 274, 276, 279, 281, 284), and the 

endo-acting enzymes from families 18 (282, 283, 285) and 56 (280), which use an Asp-

X-Glu motif (where X is any residue). It had also been proposed that members of GH85 

also use a catalytic mechanism involving substrate-assisted catalysis (317, 318). 

Recently, we collaborated with Dr. Alisdair Boraston to present good experimental 

evidence that, indeed, a Streptococcus pneumoniae GH85 (SpGH85) enzyme uses a 

catalytic mechanism involving substrate-assisted catalysis (Figure 2.19). I showed, using 

a Taft-like analysis, that the 2-acetamido group of the substrate is involved in catalysis 

(Figures 2.19a,b), while Wade Abbott obtained a structure of SpGH85 in complex with 

NAG-thiazoline (Figures 2.19c-e). Together this biochemical and structural data allowed 

us to propose that SpGH85 may use a variation of substrate-assisted catalysis in which 

an asparagine residue acts as the polarizing/stabilizing residue (Figure 2.19f) (319). 

Acting in its imidic acid tautomer, Asn335 is proposed to enable a proton shuffle to 

coordinate general acid catalysis (Glu337) with attack of the 2-acetamido group. 

Therefore, GH85 uses an Asn-X-Glu catalytic motif. Very recently, the structure of a 

lysozyme from GH25 was solved and the active site architecture was shown to be  
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Figure 2.19:  GH family 85 uses a proton shuffle mechanism to drive substrate-assisted 
catalysis.  
(A) SpGH85-catalyzed hydrolysis of N-fluoroacetyl derivatives of 3-fluoro-4-nitrophyl 2-N-
acyl-2-deoxy-β-D-glucopyranoside (3F4NP-GlcNAc). (B) Linear free energy analysis 
plotting the Taft constant (σ*) of the N-fluoroacetyl substituent of 3F4NP-GlcNAc 
substrates against the logarithm of second-order rate constant measured for each 
substrate with SpGH85. (C) The structure of SpGH85 determined to 1.4 Å resolution. The 
N-terminal catalytic domain (yellow) is followed by two domains (purple and blue), which 
likely have roles in carbohydrate recognition. Relevant active site residues are shown in 
green sticks. (D) Interactions in the SpGH85 active site. NAG-thiazoline is shown in blue 
stick representation and side chains that interact with NAG-thiazoline are shown in gray 
stick representation and are labeled with the residue number. The B-factors strongly 
suggest that it is the δ nitrogen atom of Asn335 that engages in a hydrogen bond with the 
nitrogen of the thiazoline. (E) NAG-thiazoline (blue sticks) bound in the active site of 
SpGH85. Electron density (Fobs - Fcalc) map for the NAG-thiazoline (magenta mesh). (F) 
Schematic showing the proposed catalytic mechanism of SpGH85 with a putative proton 
shuttle. In this mechanism Asn335 is proposed to act as the imidic acid tautomer with the 
nitrogen oriented to accept a hydrogen bond from the substrate amide. Asn335 acts as a 
general base to facilitate formation of an oxazoline intermediate, and the proton shuttle 
acts to disperse charge within the active site. Glu337 provides general acid catalysis in the 
first step of the catalytic mechanism to aid leaving group departure. In the second step, 
Glu337 acts as a general base to facilitate breakdown of the oxazoline intermediate.  
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similar to members of GH20, 84, and 85, leading the authors of this study to conclude 

that GH25 family members may also use a mechanism involving substrate-assisted 

catalysis (320). Therefore, in the past four years, the number of GH families for which 

experimental data supports the use of substrate-assisted catalysis has doubled from 

three to six. It will be interesting to see if more emerge in the future. 

2.6 Detailed Analysis of the Catalytic Mechanism of Human 
OGA 

The superfamily of GHs are extremely proficient enzymes that are capable of 

accelerating rates of reaction by up to 1017 orders of magnitude (17). This fact, along 

with the vitally important roles GHs play in health and disease and the vast potential 

these enzymes have for biomass conversion, have spurred on efforts to understand the 

basis for the efficiency of this class of enzymes. All the studies presented above on 

human OGA have paved the way for a highly detailed mechanistic study that was 

undertaken in collaboration with Dr. Ian Greig. These studies have enabled us to provide 

unprecedented insight into one strategy used by OGA, and potentially other GHs, to 

make it such a such proficient enzyme. This work was recently published and due to the 

highly detailed nature of this comprehensive study, much of the text below is 

paraphrased from this work which I contributed to writing (271).  

2.6.1 Probing the Rate-Determining Step 

The small and negative βlg(V/K) values for the Brønsted plot of WT human OGA 

(Figure 2.11a) has several explanations. As discussed above, one interpretation is that 

both proton donation to the glycosidic oxygen and cleavage of the glycoside bond are 

fairly advanced at the transition state. The combination of these two effects would be to 

minimize the amount of negative charge development on the glycosidic oxygen at the 

transition state. An alternative hypothesis, but equally likely in the absence of evidence 

to the contrary, is that the chemical step in which the glycosidic bond is cleaved is not 

fully rate-determining. As the second-order rate constant for an enzyme-catalyzed 

reaction reflects all steps starting from free enzyme and substrate in solution up to the 

first irreversible step of the catalytic mechanism, steps that do not involve bond breaking 

or formation can be reflected in the second-order rate constant. This is not an 

uncommon observation for enzymes since evolution acts, when needed, to make the 
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chemistry so efficient that other processes can become the slowest step in the catalytic 

cycle (321). Two examples of a non-chemical step that can contribute to the second-

order rate constant are: diffusion limiting encounter of substrate and enzyme or a 

conformational rearrangement of the enzyme or substrate (247). It is not trivial to 

ascertain when a nonchemical step defines kcat/KM and even more difficult to precisely 

determine what the nonchemical step actually is. One method that has been used with 

excellent success to determine if a non-chemical step is a factor complicating analysis of 

the second-order rate constant is to slow down the chemistry in a manner that does not 

significantly affect the transition state of the chemical reaction (322). In such a way, 

interesting chemical phenomena may be unveiled that may have been otherwise 

masked by non-chemical steps. 

One way to potentially reveal any hidden chemistry would be to take advantage 

of the active site pocket beneath the 2-acetamido (Figure 2.16). A larger alkyl 2-N-acyl 

group present on a substrate should likely slow hydrolysis as compared to substrates 

having a 2-acetamido group and manifest as a decrease in the second-order rate 

constant. Thus, a series of 4-methylumberliferyl substrates with increasing bulk 

appended to the 2-acetamido group were prepared with the assistance of Dr. Vocadlo 

(Scheme 2.3) (314).  

 

Scheme 2.3:  Synthesis of a series of 4-methylumbelliferyl 2-N-acyl-2-deoxy-β-D-
glucopyranosides.  
(i) R-CH2COOCl, ET3N, CH2Cl2; (ii) a, NaOMe, MeOH; b, Dowex 50-H+. 

Due to the limited solubility of these compounds, the second-order rate constant for 

these substrates could only be determined with the results showing that increased bulk 

does decrease the catalytic efficiency (Table 2.5) (314). Based on this data, substrates 

with three extra methylene units (a 2-valeramido group) were chosen to carry out the 
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next experiment since the second-order rate constant for the substrate with the 2-

valeramido group was substantially decreased (20-fold) compared to the substrate with 

the 2-acetamido group yet the rates obtained with this substrate were still well within the 

sensitivity of the assay. 

Table 2.5:  Second-order rate constants for the OGA-catalyzed hydrolysis of a series of 4-
methylumbelliferyl 2-N-acyl-2-deoxy-β-D-glucopyranosides. 

 

Next, a series of aryl 2-deoxy-2-valeramido-β-D-glucopyranoside substrates were 

prepared that have variously substituted phenolic leaving groups (Scheme 2.4). These 

compounds were tested as substrates for human OGA and the second-order rate 

constants were determined. The resulting Brønsted plot (Table 2.6, Figure 2.20a) is 

striking, as there is a distinct break at a pKa of approximately 7.5. For substrates having 

leaving groups with pKa values less than 7.5, a steep negative slope is observed 

(βlg(V/K) = -0.95), whereas for those having pKa values greater than 7.5 a much 

shallower slope is observed (βlg(V/K) = -0.23). 

  

 

Scheme 2.4:  Synthesis of a series of aryl 2-deoxy-2-valeramido-β-D-glucopyranosides.  
(i) phenol (appropriately substituted), benzyltriethylammonium chloride, CH2Cl2, 1 M 
NaOH(aq); (ii) a, NaOMe, MeOH; b, Dowex 50-H+. See Table 2.3 for some of the different 
substituted phenols that were used. 
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Table 2.6:  Rate constants for the WT and mutant OGA-catalyzed hydrolysis of a series of aryl 
2-deoxy-2-valeramido-β-D-glucopyranosides.  

 

Upward curvature in LFERs is usually indicative of a change in mechanism (247). 

This interpretation seems appropriate for data with the series of substrates containing 

the 2-valeramido group; for leaving groups with a pKa values less than 7.5, general acid 

catalysis to the leaving group is expected to be inefficient since proton donation from 

Asp175, itself having pKa of 7.8, would be thermodynamically unfavourable. The large 

and negative slope obtained in this region is consistent with a large amount of negative 

charge accumulation on the glycosidic oxygen and closely matches the slope that was 

obtained for the D175A mutant (βlg(V/K) = -1.0) for which general acid catalysis is not 

possible (Figure 2.11c). For substrates having a leaving group pKa value greater than 

7.5, the βlg(V/K) value is more in line with what is observed for the substrates having the 

natural 2-acetamido group (βlg(V/K) = -0.11) and therefore chemistry is likely fully or at 

least partly rate-determining for substrates having high leaving group pKa values (poor 

leaving groups) for substrates having a 2-acetamido group. Hence, the upward curvature 

observed for the 2-valeramido series of substrates likely stems from a change in 

mechanism where general acid catalysis becomes operative. There are two possibilities 

why the curvature observed with the 2-valeramido group is not observed for the parent 

2-acetamido series of substrates; a non-chemical step is masking this effect or the 2-

valeramido group somehow induces this upward curvature. The former explanation is 

favoured since it is not expected the extra methylene units to significantly alter the 

transition state structure, however, this cannot be formally ruled out. One supporting 
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piece of evidence is that a downward break is observed for the Brønsted plot of the 

D175A mutant (Figure 2.11c) for which chemistry is slowed. Downward curvature in 

LFERs result from a change in rate-determining step (247) and this would be consistent 

with a change from a non-chemical to a chemical rate-determining step. 

Consequently, human OGA appears to have evolved to be a highly efficient 

catalyst and refined its chemistry to the point where some other slower, likely non-

chemical, step becomes rate-determining with very good substrates having leaving 

groups with low pKa values (Figure 2.20b). Notably, this would step is predicted to occur  

“on enzyme”, rather than some event prior to enzyme binding substrate, because the 

observed rates are approximately 4-orders of magnitude lower than the limit of diffusion 

(108 – 109 s-1). Such a rate-limiting step “on enzyme” could be a conformational 

rearrangement of either the enzyme or the substrate that takes place after formation of 

the initial enzyme-substrate complex (E⋅S). This rearrangement would result in formation 

of a second, and structurally distinct, enzyme-substrate complex (E⋅S′) that is activated 

for catalysis. Importantly, conversion of E⋅S to E⋅S′ may have a significant energy barrier 

such that for substrates with the natural 2-acetamido nucleophile (Figure 2.20b; -Ac), 

this step is the highest energy barrier and, therefore, manifests in the second-order rate 

constant. Replacement of the 2-acetamido group with the 2-valeramido group (Figure 

2.20b; -Val) may slow this rearrangement step but potentially not as much as the first 

chemical step; formation of the oxazoline intermediate. In this way, the chemical step for 

the 2-valeramido group may be the highest energy barrier and, therefore, manifest in the 

second-order rate constant. Accordingly, if chemistry were fully rate-determining for the 

parent series of substrates having a 2-acetamido group, a Brønsted plot like that shown 

in Figure 2.20a (dashed lines) would be expected. Interestingly, only one other study has 

reported a upward break like the one observed in Figure 2.20a (323). Two principle 

reasons are forwarded here for why more studies have not observed this phenomenon. 

First, the pKa value of the general acid/base catalyst for most GHs is likely less than the 

value we assign to Asp175 (7.8) and, therefore, such a downward break in the Brønsted 

plot may occur but in a region that falls outside the window that can be measured 

accurately. Second, not enough data points combined with poorer correlations, than we 

observe for OGA, may lead some investigators to conclude that their results follow a 

single linear correlation rather than two separate regions.  
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Figure 2.20:  Slowing down the chemical step reveals that chemistry is not likely fully rate-
determining for human OGA with very good substrates possessing the natural 2-
acetamido nucleophile.  
(A) Brønsted plot of the logarithm of the second-order rate constant for the OGA-catalyzed 
hydrolysis of a series of aryl 2-deoxy-2-valeramido-β-D-glucopyranoside substrates (open 
diamonds) compared to the same series of substrates having with the 2-acetamido group 
(closed circles). The data for the series of substrates with the bulkier N-actyl group 
displays an upward break at a pKa value of approximately 7.2 and this likely represents a 
change in mechanism from spontaneous departure of the leaving group as a phenoxide to 
a mechanism where general acid catalysis to the leaving group is thermodynamically 
beneficial. Note that despite the break in linearity, two well-defined linear regions are clear 
and will, for now, be referred to as regimes I and III. The dashed line represents the 
expected rates of hydrolysis for the 2-acetamido group of substrates if chemistry were fully 
rate determining. (B) Putative reaction coordinate for substrates with very good leaving 
groups (pKa values < 7.2) having a 2-acetamido (-Ac) or a 2-valeramido (-Val) substituent. 
The large and negative slope in regime I for the series of substrates with the -Val group 
suggests that chemistry is slowed to the point where it becomes higher in energy than 
some other “on-enzyme” step. This is represented in this diagram as a conformational 
rearrangement of the enzyme or substrate within the initial encounter complex (E⋅S) to an 
enzyme-substrate complex that is in a conformation that is activated for catalysis (E⋅S′). 

2.6.2 Multivariable Linear Free Energy Relationships 

Thus far, two different types of LFERs have been carried out and described in 

this thesis. In the Brønsted LFER, the leaving group is varied while in a Taft LFER the 

nucleophilicity of the 2-acetamido group is varied. The active site of OGA is ideally 

suited for carrying out both types LFERs. This is evidenced by the excellent correlation 

in the Brønsted plot with the WT enzyme (Figure 2.11a) and the minimal effect that 

substitution of fluorines at the methyl group of the 2-acetamido group has on binding 

(Table 2.1). The tolerance of OGA to leaving group structure is easily rationalized by the 

fact that that OGA must act on hundreds of different O-GlcNAc-modified proteins having 

no defined amino acid consensus sequence (54). On the other hand, the tolerance of 

OGA to modification of the 2-acetamido group is perfectly in line with the active site 

pocket beneath the 2-acetamido group of the substrate (Figure 2.16). We recognized 
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that these tolerances of the active site of human OGA to variation in both the leaving 

group structure as well as the structure of the nucleophile 2-N-acyl group is unusual for a 

GH. We further considered that these tolerances might enable the concomitant variation 

of the electronic nature of both the nucleophile and leaving group in a quantifiable 

manner. By making concomitant variations in these two substituents of the substrate, we 

speculated that the enzymic transition state could be investigated through multiple 

simultaneous free energy relationships using an approach favored by Jencks to study 

small molecule systems (258). 

 

Scheme 2.5:  Synthesis of a large series of OGA substrates having different leaving groups and 
different 2-N-acyl nucleophiles.  
(i) CH3C(O)OC(O)CH3, ET3N, CH2Cl2; (ii) Dowex 50-H+, NaOOCCH2F, DMF, Et3N, Py, 
DCC; (iii) Dowex 50-H+, NaOOCCHF2, DMF, Et3N, Py, DCC; (iv) CF3C(O)OC(O)CF3, 
Et3N, CH2Cl2; (v) HCl(g), CH3COOCl; (vi) phenol, benzyltriethylammonium chloride, 
CH2Cl2, 1 M NaOH(aq); (vii) a, NaOMe, MeOH; b, Dowex 50-H+; (viii) HBr, CH3COOH; (ix) 
phenol, AgCO3, 2,6-lutidine, Et2O, -70 °C. 

A large series of substrates were prepared with 11 different substituted phenols 

as leaving groups and 4 different N-acyl nucleophiles (Scheme 2.5). Working together 

with Dr. Ian Greig, the second-order rate constants were determined for the human 

OGA-catalyzed hydrolysis of these 44 substrates (271). The Brønsted plots are highly 

complex with patterns of positive and negative inflections for substrates with poor 

nucleophiles (Figure 2.21, Table 2.7). Single negative inflections within Brønsted plots 

have been observed before for many different GHs and, in fact, have been observed in 

the experiments presented earlier in this chapter. Single positive inflections have only 

been observed once previously (323). The pattern of positive inflection followed by 
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negative inflection is, however, entirely unprecedented to our knowledge. Despite this 

complexity, three linear regions within the Brønsted plots are observed and each region 

is defined here as a regimen and denoted by different shading in Figure 2.21. Given the 

apparent complexity of these results, each regimen will be discussed in order. 

 

Figure 2.21:  Effects of simultaneous variation of nucleophile and leaving group on the second-
order rate constant of the OGA-catalyzed reaction.  
Brønsted plots showing the changes in the logarithm of the second-order rate constant 
with variation in the pKa of the leaving group as the nucleophile structure is varied (-CH3 
closed triangles, -CF1H2 open diamonds, -CF2H closed triangles, -CF3 open squares). 
Regimen I (shaded dark gray) represents the rate-limiting departure of the leaving group 
as a phenolate anion (ANDN). The upward break passing from regimen I to II is interpreted 
as a change in mechanism to acid catalyzed leaving group departure. Positive slopes in 
regimen II (shaded light gray) reveal that the formation of an intermediate is rate-
determining (DN

‡*AN). The subsequent downward break between regimens II and III 
represents a change in rate-determining step such that in regimen III (unshaded) 
breakdown of an intermediate is rate-determining (DN*AN

‡). 

2.6.2.1 Regimen I: Unfavourable General Acid Catalysis 

As is clearly depicted in Figure 2.21, decreasing nucleophilicity of the 2-

acetamido group makes the βlg(V/K) value successively more negative in regimen I. The 

large and negative slope observed for poorer nucleophiles resembles what was 

observed with the series of substrates containing the 2-valeramido group, for which the 

chemical step was slowed to the point where aspects of the chemistry were revealed for 

very good leaving groups. As discussed previously, for the 2-acetamido group some 

non-chemical step is likely rate-determining. This interpretation is also favoured for the 

results observed in regimen I; successive substitution with fluorine at the 2-acetamido 

group should decrease nucleophilicity and consequently slow the chemical step. Thus, 



Chapter 2: The Catalytic Mechanism of OGA 

 94 

the interpretation for substrates with leaving group pKa values that fall in regimen I (pKa 

< 7.2) is that proton donation to the leaving group is not thermodynamically favourable 

and the leaving group departs as a phenoxide (Figure 2.22 – path 1). This results in a 

large amount of negative charge accumulation on the glycosidic oxygen at the transition 

state and manifests as a large and negative slope that approaches the slope observed 

for the D175A mutant (βlg(V/K) = -1.0; Figure 2.11c) when general acid catalysis is not 

possible. 

Table 2.7:  Second-order rate constants for the OGA-catalyzed hydrolysis of a series of 
substrates having varied leaving group abilities and nucleophilic strengths 

 

 

2.6.2.2 Regimen II with Poor Nucleophiles: Onset of General Acid Catalysis and 
Evidence of a Dissociative Mechanism   

As discussed above, upward curvature in LFERs represents a change in reaction 

mechanism. In the case of substrates having a 2-valeramido group, the change was 

interpreted as the onset of general acid catalysis. This same interpretation likely holds  
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Figure 2.22:  Proposal describing the formation and fate of intermediates in OGA-catalyzed 
glycosyl hydrolysis.  

 The rate-determining step depends on the nature of the leaving group and nucleophile. 
For the best leaving groups, regimen I reflects a concerted (DNAN; Path 1) pathway with 
departure of the leaving group as a phenolate being operative. For poor nucleophiles, 
regimen II reflects formation of an oxocarbenium ion being rate determining (DN

‡*AN; Path 
2) and regimen III reflects collapse of this intermediate (DN*AN

‡; Path 2). For acid-assisted 
departure of the leaving group, either increasing nucleophile strength or decreasing 
leaving group ability will ultimately change the pathway to ANDN (Path 3). 

for the upward break between regimen I and II. Indeed, the location of this break is in 

line with the kinetic pKa value of 7.8 determined for Asp175 based on the pH rate profile 

of the WT enzyme (Figure 2.10). However, the large positive βlg(V/K) values within 

regimen II have not been observed in glycoside hydrolase-catalyzed reactions. 

Furthermore, the patterns of subsequent negative deviations on passing from regimen II 

to III are unprecedented in free energy relationships for GHs, perhaps because 

attenuating the nucleophilicity of an enzymic group has been difficult or perhaps 

because such a downward break has not yet fallen into a region that is convenient to 

observe experimentally. This negative inflection, however, suggests a change in rate-

determining step arising from the existence of a kinetically significant intermediate state. 

We speculate that such an intermediate may be a oxocarbenium ion intermediate 

making the reaction SN1-like, more clearly described as a DN*AN mechanism (324). This 
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proposal is of obvious interest since an oxocarbenium ion intermediate has long been 

contemplated for GHs (13, 14, 240, 325). 

 For GHs (227), and many ribosyl transferases (252), that possess preorganized 

active site nucleophiles, a mechanism in which motion of the anomeric carbon defines 

the reaction coordinate is invoked and, indeed, the structures of BtGH84 with an 

unhydrolyzed substrate and an intact NAG-oxazoline (Figure 2.17) provides 

experimental support that members of GH84 use electrophilic migration. Nevertheless, 

this migration mechanism may occur through either a concerted pathway (ANDN) (Figure 

2.22 – path 3) or through a dissociative pathway possessing a kinetically significant, 

oxocarbenium ion-like intermediate (DN*AN) Figure 2.22 – path 2). For glycosidases, an 

ANDN mechanism is the generally accepted process, although rigorous experimental 

verification of this view is lacking. Yet, if a kinetically significant oxocarbenium ion 

intermediate did lie along the reaction coordinate, then the overall rate of reaction could 

be limited by either its rate of formation (DN
‡*AN) or its collapse (DN*AN

‡). The character 

of this intermediate would be expected to be highly sensitive to the nature of the flanking 

nucleophile; decreasing nucleophile strength would increase the ionic character of the 

intermediate and contribute to its kinetic significance.  

The reaction followed by compounds having poor nucleophiles in regimen II is 

represented by path 2 in Figure 2.22 . The transition state that lies en route to the 

cationic intermediate is expected to be rate-determining (DN
‡*AN) (see also Figure A4a of 

the Appendix). The rationale for the positive βlg(V/K) is not entirely trivial, however, the 

positive values suggest that protonation of the leaving group significantly leads 

glycosidic bond fission. Substrates with worse nucleophiles have more positive βlg(V/K) 

values (Figure 2.21) and this can be explained by the progressively greater extent of 

partial positive charge on the glycosyl moiety of the intermediate. Essentially, the 

nucleophile participates less and less, leading to less stabilization of the relative positive 

charge. Therefore, as the charge on the glycosyl moiety increases, the leaving group 

oxygen bears more relative positive charge, and this leads to consequent increases in 

βlg(V/K) values. 

2.6.2.3 Regimen III with Poor Nucleophiles: Change in Rate Determining-Step     

The reaction followed by compounds in regimen III with poor nucleophiles is also 

represented by path 2 in Figure 2.22. This regimen defines a rate-determining step 
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involving collapse of the oxocarbenium ion intermediate (DN*AN
‡) (see also Figure A4b of 

the Appendix). This mechanism rationalizes observed reactivity trends: more basic 

phenols interact more strongly with the cationic intermediate in the active site. As a 

consequence, the back reaction becomes more favourable with more basic phenols and 

so formation of the cationic intermediate likely becomes reversible. Also, the rates of 

trapping of the cationic intermediate by the N-acyl nucleophile become progressively 

lower with increasing pKa of the leaving group (worse leaving group). Therefore, the 

decreases in βlg(V/K) values observed for substrates having poorer nucleophiles (Figure 

2.21), which have a greater partial positive charge on the glycosyl moiety of the 

intermediate, is consistent with progressively tighter association between the glycosyl 

moiety and protonated leaving groups. 

2.6.2.4 Regimen II and III with a Good Nucleophile: A Concerted Mechanism?     

The natural substrates of OGA possess a 2-acetamido group that is a 

significantly stronger nucleophile than any of the fluorinated 2-N-acyl groups. OGA uses 

this nucleophile to displace serine or threonine leaving groups of polypeptide chains 

having pKa values exceeding that of Asp175. Therefore, characterization of transition 

states falling within regimen III possessing the 2-acetamido group provide greatest 

insight into the biologically significant OGA mechanism. Perhaps the most striking 

feature of the free energy relationships of regimens II and III for substrates bearing good 

nucleophiles is the absence of a clear negative deviation in the Brønsted plot. There are 

two possible explanations for the absence of such a break. In the first scenario, the 

break does not exist; the oxocarbenium ion-like intermediate state is no longer kinetically 

significant and a concerted ANDN mechanism (Figure 2.22 path 3) is followed instead 

(see also Figure A4c of the Appendix). Alternatively, the break does exist but now falls 

within regimen I, for which an entirely different mechanism operates. Although it is 

difficult to draw firm conclusions as to whether a change in mechanism from dissociative 

to concerted pathways has actually occurred or not in the specific case of the 2-

acetamido nucleophile, trends of decreasingly positive βlg(V/K) values in regimen II and 

decreasingly negative βlg(V/K) values in regimen III are clear (Figure 2.21). The 

convergence of these values with increasing nucleophilic strength suggests that a 

change in mechanism from dissociative to concerted pathways very likely occurs for an 

appropriately strong nucleophile, perhaps, for example, for the 2-acetamido group of the 

normal substrate of OGA. Such a change in mechanism is consistent with the 
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expectation that a positively charged glycosyl group will collapse much more rapidly with 

appropriately positioned strong nucleophiles.   

2.6.3 Implication: Synergistic General Acid and Nucleophilic Catalysis 

The preorganized nature of the substrate within the active site of OGA involves 

strategic positioning of both the nucleophile and the general acid catalyst, a feature likely 

enabling concomitant harnessing of these catalytic strategies. The potential synergy 

between these two modes of catalysis for natural substrates of OGA may be 

investigated by extrapolation of our Brønsted data to a pKa of 16, the approximate pKa of 

the leaving group of natural substrates of OGA (Figure 2.23). The validity of this 

extrapolation is highlighted by the values obtained for the OGA-catalyzed hydrolysis of 

the methyl glycosides containing the 2-acetamido or 2-fluroacetamido group, which were 

acquired with the assistance of David Shen in our laboratory using an HPLC-based 

assay to monitor the hemiacetal product. Specifically, the second-order rate constant 

obtained for the methyl glycosides correlate well with the data obtained for aryl 

glycosides of regimen III (Figure 2.23, Table 2.7). As would be expected, when both 

forms of catalysis are impaired, the predicted rate of hydrolysis is slowest (Figure 2.23 - 

A). It is notable, however, that the rate enhancement stemming from general acid 

(Figure 2.23 - B) or nucleophilic catalysis (Figure 2.23 - C), on their own, do not come 

close to being additive to the rate enhancement observed when both modes of catalysis 

are operative (Figure 2.23 - D). This difference highlights how the enzyme employs both 

general acid and nucleophilic catalysis in a synergistic manner. 

The multivariable LFERs that are described here for OGA are most readily 

interpreted as reflecting the kinetic significance of an oxocarbenium ion intermediate for 

substrates having poor nucleophiles. There is a long history of investigations into the 

existence of such carbocation-like intermediates in the hydrolysis of glycosides, with 

solution studies pointing to a lifetime dependent on subtle factors (304). In enzymes, the 

existence of such a species has also long been contemplated (240); and recent studies 

of a mutant glycosidase lacking the general acid catalyst support its viable existence 

(325). Detailed microscopic interpretations of the Brønsted data are not essential for 

evaluating the extent of synergy. However, in the case of OGA acting on substrates with 

good nucleophiles and poor leaving groups, for which this enzyme has evolved, effective 

synergy of these catalytic strategies likely alter the reaction coordinate, such that the  



Chapter 2: The Catalytic Mechanism of OGA 

 99 

 

Figure 2.23:  Evidence that OGA synergistically harnesses nucleophlic and general acid 
catalysis.  
The linear fits show rates of hydrolysis extrapolated to a leaving group pKa of 16 for a 
mechanism involving (A) spontaneous departure of leaving group using a crippled 
nucleophile, (B) acid-catalyzed leaving group departure using a crippled nucleophile, (C) 
spontaneous departure of leaving group using the naturally occurring nucleophile, or (D) 
acid-catalyzed leaving group departure using the naturally occurring nucleophile. The 
extrapolated rates are likely reasonable since rates of hydrolysis of methyl 2-acetamido-2-
deoxy-β-D-glucopyranoside (open circle; pKa = 16) and methyl 2-deoxy-2-fluoroacetamido-
β-D-glucopyranoside (open triangle; pKa = 16) correlate well with the linear regressions for 
the processing of aryl substrates having either the 2-acetamido (open circles) or the 2-
fluoracetamido (open diamonds, dashed line) nucleophile that define regimen III. 

oxocarbenium ion intermediate ceases to be kinetically significant and the reaction likely 

becomes concerted (Figure 2.22 – path 3). More significantly, this data provides 

compelling evidence for synergy between nucleophilic and general acid catalysis, which, 

although widely speculated upon in many enzyme systems, has proven remarkably 

difficult to capture in small molecule models of enzymic catalysis (326), including N-

acetylglucosaminides (327, 328), or to experimentally demonstrate in enzyme systems. 

Such synchronization, however, is undoubtedly a key factor contributing to the proficient 

nature of enzyme catalysts, including GHs, as revealed here experimentally for human 

OGA. 
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2.7 Published Work from these Studies and Acknowledgement 
of the Contributions of Others 

The original characterization of the catalytic mechanism of OGA and discovery of 

NAG-thiazoline as a potent inhibitor of human OGA was published in the Journal of 

Biological Chemistry (272). For this study, Garrett Whitworth and Daniel Chin are 

acknowledged for chemically synthesizing the substrates and inhibitors. Two 

publications in Journal of the American Chemical Society (291) and Biochemistry (262) 

enabled identification of the important catalytic residues (D174 and D175) of human 

OGA. For these works, I collaborated extensively with Keith Stubbs and Naniye Cetinbas 

with the synthesis of substrates, testing of these substrates with human OGA, and 

writing the manuscripts. These works were followed by a publication, in Nature Structure 

and Molecular Biology, in which the structure of BtGH84 was revealed. This work came 

out of a collaboration with Dr. Gideon Davies’ laboratory at the University of York. I 

contributed to this project by showing that BtGH84 can hydrolyze O-GlcNAc from 

modified proteins and also aided Rebecca Dennis in carrying out the enzyme kinetics. In 

parallel with BtGH84, I also showed that SpGH84 is capable of hydrolyzing O-GlcNAc 

from modified proteins and this finding was an important contribution to another 

publication, in Biochemical Journal, in collaboration with Dr. Gary Black’s laboratory at 

Northumbria University (261). More recently, a collaboration with Dr. Al Boraston’s 

laboratory resulted in a publication, in the Journal of Biological Chemistry, in which we 

presented the first solid kinetic and crystallographic evidence that members of GH85 use 

substrate-assisted catalysis (319). For this work, I carried out the enzyme kinetics, 

including the Taft-like analysis, pH rate profile, and stereochemical determination of the 

first formed product of the SpGH85-catalyzed reaction as well as synthesized NAG-

thiazoline for a cocrystallization while Dr. Abbott and Dr. Boraston crystallized the 

enzyme. Lastly, two recent publications resulted from detailed enzyme and 

crystallographic work on OGA (271, 311). Both of these publications were published in 

the Journal of the American Chemical Society and came out of the large series of OGA 

substrates that I synthesized (Scheme 2.5). For the enzymatic study (271), I enjoyed 
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extensively collaborating with Dr. Ian Greig to carry out the enzyme kinetics, interpret the 

results, and write the manuscript. For crystallographic study (311), I provided the large 

series of substrates (scheme) to Yuan He in Dr. Gideon Davies’ laboratory for 

crystallization with BtGH84, helped interpret the results, and helped write the first draft of 

the manuscript. 

2.8 Materials and Methods 

2.8.1 Molecular Cloning and Mutagenesis  

2.8.1.1 General Procedures for Subcloning 

All primers were obtained from Sigma and resuspended at a concentration of 200 

µM in dH2O and stored at 20 °C after initial use. All primers used for subcloning in this 

thesis consisted of (in order from 5′ to 3′) six random nucleotides used to ensure efficient 

binding of the restriction endonuclease, the endonuclease recognition sequence, one or 

two nucleotides to place the gene in frame with the start codon provided within the 

vector (when necessary), and 18-21 complementary nucleotides corresponding to the 

sequence that was to be amplified to provide a melting temperature (Tm) between 65 

and 75 °C. The reverse primary also contained a stop codon between the cut site and 

complementary nucleotides and all primers terminated with a guanine or cytosine 

nucleotide on their 3′ end. Polymerase chain reactions (PCR) were carried out using a 

thermocycler (Eppendorf Mastercycle Gradient). A generic PCR program was used for 

all reactions and this robust program did not require any alterations for different genes 

and/or primers. This program consisted of 35 cycles of: denaturation of DNA at 95 °C for 

30 s, annealing of primers for 30 s at a variable temperature (see below), and extension 

of the template by Pfu DNA polymerase (Fermentas) for time that corresponded to 2 

min/kilobase (kb) at 72 ºC. For the annealing step, two temperature gradients were used 

that allowed gave the PCR program versatility, stringency, and excellent product yields. 

First, three reactions were always setup so that in the first round of PCR, the annealing 

temperatures for the three reactions were 51, 55, and 60 °C. Second, a touchdown 

gradient was employed wherein these annealing temperature dropped by 1 °C between 

each round for the first seven rounds; after round 7 the annealing temperatures were did 

not change so that between rounds 8-35, the annealing temperatures of the three 

reactions were 44, 48, and 55 °C. Each PCR mixture was 50 µL and consisted of 1 µL of 
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DNA template (100 ng/µL), 5 µl of dNTPs (2.5 mM; Fermentas), 1 µL of each primer, 5 

µL of 10 times reaction buffer, 2.5 µL of DMSO, 1 µL of Pfu DNA polymerase, and 33.5 

µL of dH2O.  

Following the PCR, the three reactions were subjected to electrophoresis through 

an agarose gel (0.8 – 1.8 % agarose depending on the size of the DNA fragment) for 45 

minutes (min) at 90 volts in Tris-Acetate-EDTA (TAE) buffer (40 mM Tris-Acetate and 1 

mM EDTA). Ethidium bromide (5 µL, 10 mg/mL, bioshop) was added to the agarose gel 

just prior to pouring it, which allowed the DNA to be visualized at 360 nm and compared 

to a coelectrophoresed DNA ladder (Fermentas) to assess if the amplied product was of 

the correct size. Bands were excised from the gel and in cases when the correct product 

was obtained from all three reactions, the product was pooled and the DNA was 

extracted from the gel using a DNA extraction kit (Qiagen). Purified PCR product and 

vector DNA was digested with the appropriate restriction enzymes (Fermentas). Double 

digests were performed when possible; however, in cases where the reaction buffer for 

the two restriction enzymes were not compatible, two rounds of digest were required 

where, between rounds, the DNA was separated on an agarose gel and re-isolated. 

DNA digest reactions values were generally 50 µL and consisted of 20-40 µL of PCR 

product (depending on how much product was obtained) and 10-20 µL of plasmid DNA 

and were incubated at 37 °C for one hr.  

After isolation of the doubly digested DNA, 1 µL of the digested plasmid DNA 

was then combined with 5 µL of the digested PCR product and ligated together using T4 

DNA Ligase (New England Biolabs) for one hr at room temperature. This ligation mixture 

was used to transform XL-10 gold E. coli ultracompetent cells (Stratagene); 1 µL of the 

ligation mixture was added to 25 µL of ultracompetent cells, incubated on ice for 

approximately 15 min, heat shocked at 42 °C for 20 s, incubated on ice for 

approximately 2 min, and then incubated in a shaking incubator at 37 °C for one hr in 

400 µl of SOC media. Approximately 250 µl of this mixture was plated onto a plate that 

had Luria broth (LB) solidified with 20 g/L of agar and either 50 µg/mL kanamycin or 100 

µg/mL ampicillan. After incubating this plate at 37 °C overnight, three different colonies 

were picked and sued to inoculate three tubes containing 10 mL of LB media, each 

containing either ampicillan or kanamycin at the same concentration contained within the 

LB on the agar plates. These were cultured up at 37 °C overnight in a shaking incubator 
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(220 rpm). The following day, the bacteria were pelleted by centriguation at 5,000 rpm 

for 10 min and the plasmid DNA was harvested by a mini-prep kit (Qiagen). The plasmid 

DNA from the three colonies that were picked and cultured were then digested, with the 

same two restriction enzymes that had been used previously, to determine if the 

appropriately sized insert was present. One of these samples of plasmid DNA was sent 

for DNA sequencing (NAPS, University of British Columbia). Typically, the gene was 

sequenced from both the 5’ and 3’ direction using primers that were complementary to 

sequences within the vectors (for example the T7 forward and reverse primer for pET 

vectors) and in cases where the insert was larger than 2 kb, an internal primer was also 

used that allowed the whole gene to be sequenced.   

2.8.1.2 General Procedures for Site-Directed Mutagenesis 

Primers for mutagenesis (custom made by Sigma) generally consisted of 16 

complementary nucleotides on either side of the site of mutation. Where possible, two 

nucleotides were mutated to minimize the probability of amino acid misincorporation by 

the ribosome in the host cell. The conditions used to carry out the mutagenesis were as 

follows: DNA was denatured at 95 °C for 30 s, primers were annealed for 1 min at 55 °C, 

and then extended by pfu DNA polymerase for 16 min at 68 °C. These three steps were 

repeated for 16 cycles using a thermocycler. The reaction volume was 50 µL and 

contained 0.25 mM dNTPs, 200 nM of each primer, 5 ng of template DNA, and 2.5 U of 

pfu DNA polymerase. In cases where product could not be obtained, the reactions were 

repeated except DMSO was included at various concentrations up to a final 

concentration of 5% v/v. The product of the reaction was treated with 10 U of DpnI 

(Fermentas) for 2 h at 37 °C in order to digest parental DNA. An aliquot of the reaction 

mixture was then separated by agarose gel to determine if there was product formed 

and to verify that parental DNA had been cleaved. A small aliquot of the reaction mixture 

(1-2 µL) was then used to transform ultracompetent E. coli cells. Transformation, plating, 

culturing the colonies, and isolation of DNA was performed in the same manner as 

described above for subcloning. DNA sequencing was used to verify that site-directed 

mutation(s) were obtained in the target gene. 
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2.8.1.3 Subcloning FL OGA into pET28a 

DNA encoding human OGA (GenBankTM identifier NM_012215) in a pBAD 

vector (Invitrogen) was provided as a gift from J. Hanover (NIH). In order to obtain 

increased levels of protein expression, OGA was subcloned into the pET28a expression 

vector (Novagen). Before subcloning was carried out, however, a silent mutation was 

made in order to remove an internal NdeI restriction site. The mutational primers that 

were used for this mutagenesis were as follows: 5′-

CCTAGAAGATGAAGATGGCATCTGTGGTTATGCCTTGGGC-3′ and 5′-

GCCCAAGGCATAACCACAGATGCCATCTTCATCTTCTAGG-3′ (mutated nucleotides 

are shown in bold case). To amply the entire gene encoding OGA, the following primers 

were used: 5′-GCCGCCCATATGGTGCAGAAGGAGAGTCAAGCG-3′ (NdeI cut site 

shown in bold) and 5′-GCCGCCCTCGAGCTAATCTTCACTGTCAGTCATCA-3′ (XhoI 

cut site shown in bold). 

2.8.1.4 Cloning the OGA deletion constructs and OGA-NV into pET28 and 
pMal2CX 

To clone OGA(1-350) into pET28a, the following primers were used: 5′-

GCCGCCCATATGGTGCAGAAGGAGAGTCAAGCG-3′ (NdeI cut site shown in bold) 

and 5′-GCCGCCCTCGAGCTAATCTTCACTGTCAGTCATCA-3′ (XhoI cut site shown in 

bold). To clone OGA (351-916) into pET28A, the following primers were used: 5′-

GCCGCCCATATGAGTACTGTGTCCATCCAGATAAAATTAG-3′ (NdeI cut site shown in 

bold) and 5′-GCCGCCCTCGAGCTACAGGCTCCGA-CCAAGTATAACC-3′ (XhoI cut 

site shown in bold). In both cases, FL OGA in pET28a (Novagen) was used as the DNA 

template for the PCR. OGA-NV contains 15 amino acids that are encoded by the start of 

intron 10. Because these nucleotides are not available within a cDNA clone of OGA, 

they were incorporated within primers using two successive rounds of PCR. For the first 

round of PCR, the forward and reverse primers were: 5′-

GCCGCCCATATGGTGCAGAAGGAGAGTCAA-GCG-3′ (NdeI cut site shown in bold) 

and 5′-GCCGCCCTCGAGGAAGAGATTATTCCTGGTGCACCTACCTAACCACTGT-

ACAAAAGAC-3′ (XhoI cut site shown in bold), respectively. This PCR product was used 

as a template for a second round of PCR using the same forward primer but using the 

following reverse primer: 5′-GCCGCCCTCGAGTTAAAGGGACAATATATTTGAGGAGA-

AGAGATTATTCCTGGTGCACC-3′ (XhoI cut site shown in bold). Following the 



Chapter 2: The Catalytic Mechanism of OGA 

 105 

successful ligation of the gene encoding OGA-NV into pET28a, this gene was subcloned 

into the pMal-2CX (New England Biolabs). To amplify the gene encoding OGA-NV, the 

following primers were used: 5′-GCCGCCGTCGACGTGCAGAAGGAGAGTCAA-GCG-

3′ (SalI cut site shown in bold) and 5′-GCCGCCGGATCCTTAAGAGATTATTCCTG-

GTGCACC-3′ (BamHI cut site shown in bold).  

2.8.1.5 Subcloning the OGA Constructs into pCMV-Myc 

All constructs were amplified using essentially the same set of primers used to 

clone that particular construct into pET28a except they contained a 5′ SalI cut site and a 

3′ NotI cut site for ligation into the pCMV-myc mammalian expression vector (Clontech). 

In addition, the primers also contained one extra nucleotide between the cut site and the 

set of complementary nucleotides in order to place the gene in frame with the vector-

encoded myc tag that is 5′ to the insert.  

2.8.1.6 Site-Directly Mutagensis of OGA 

The following set of primers were used to generate the D174A point mutant in 

OGA. D174A forward: 5′-GCAGATCATTTGCTTTGCTTTTTGCAGATATAGACCATAAT-

ATGTGTGC-3′; D174A reverse: 5′-GCACACATATTATGGTCTATATCTGCAAAAAG-

CAAAGCAAATGATCTGC-3′; D175A forward: 5′-CAGATCATTTGCTTTGCTTTTTG-

ATGCAATAGACCATAATATGTGTGCAGC-3′; D175A reverse: 5′-GCTGCACACATATT-

ATGGTCTATTGCATCAAAAAGCAAAGCAAATGATCTG-3′. Mutated nucleotides are 

shown in bold case. 

2.8.1.7 Cloning BtGH84, SpGH84, SpGH85, and Generation of BtGH84 Mutants   

This cloning was carried out by collaborators. The names of those who were 

involved in this cloning and the references where this work appeared are as follows. The 

cloning of BtGH84 and generation of point mutations of this enzyme were carried out by 

Rebecca Dennis and colleagues at the University of York (266). Cloning of SpGH84 was 

carried out by William Sheldon and colleagues at Northumbria University (261). Cloning 

of SpGH85 was carried out by Wade Abbott at the University of Victoria (319).   
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2.8.2 Protein Expression and Purification 

2.8.2.1 General Procedure for Recombinant Protein Production 

Plasmid containing the gene encoding the appropriate protein to be expressed 

was used to transform TunerTM(λDE3) (Novagen) cells according to the manufacturer’s 

protocol (Novagen). A colony was selected to inoculate LB media (10 mL) containing the 

appropriate amount of antibiotic (either 50 µg/mL of kanamycin for the pET28a 

expression vector or 100 µg/mL for the pMal-2CX expression vector). This culture was 

grown overnight at 37 °C overnight in a shaking incubator. The following day, 10 mL of 

this culture was used to inoculate 1 L of LB and the culture was grown to an OD600 ≈ 0.8 

at 37 °C. At this point, protein expression was induced using 0.5 mM IPTG (Bioshop) for 

either 3 h or overnight at 25 °C. Post-induction cells were harvested by centrifugation for 

15 min at 5000 rpm (Sorvall RC6 Plus). The resulting pellet was frozen at -80 °C until 

further processing was carried out. If the protein was to be purified immediately, the 

pellet was frozen and thawed to assist in the homogenization of the bacteria in the 

subsequent step. 

2.8.2.2 Purification of His6-Tagged proteins 

The bacterial pellet was thawed and resuspended in 10 mL of nickel-column 

binding buffer (50 mM Na2PO4, 500 mM NaCl, 5 mM imidazole; pH 7.4) for every liter of 

cell culture. The resuspended cells were incubated on ice for 30 min with 1 mg/mL of 

lysozyme (Bioshop) and a protease inhibitor tablet (Complete Mini, Roche) followed by 

sonication (6 X 20 s at 50 % power, Fisher Scientific, Model 500). The cell debris were 

removed by centrifugation at 15000 rpm for 45 min and the supernatant was loaded onto 

a 5 mL FF HisTrap column (Amersham Biosciences). The column was washed with 100 

mL of wash buffer (same as binding buffer but containing 60 mM imidazole) and eluted 

with 25 mL of elution buffer (same as binding buffer but containing 250 mM imidazole).  

2.8.2.3 Purification of MBP-Tagged proteins 

The bacterial pellet was thawed and resuspended in 10 mL of binding buffer 

(PBS containing 1 mM EDTA; pH 7.4) for every liter of cell culture. The resuspended 

cells were incubated on ice for 30 min with 1 mg/mL of lysozyme and a protease inhibitor 

tablet followed by sonication as above. The cell debris were removed by centrifugation at 
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15000 rpm for 45 min and the supernatant was loaded onto 5 mL Dextrin Sepharose 

column (GE Healthcare). The column was washed with 100 mL of binding buffer and 

eluted with 25 mL of PBS containing 20 mM maltose. Typically, proteins with a MBP-tag 

had some contaminating MBP that had presumably been proteolytically cleaved from the 

target protein in the host cell or during the purification process. To purify the MBP-

tagged target protein away from the MBP, gel filtration chromatography was used. The 

25 mL of elution from the Dextrin column was concentrated to a volume of 2 mL with a 

Centricon centrifugal filter unit (Millipore) and loaded onto a Sephacryl S-300 size-

exclusion column (GE Healthcare). This column was run at 0.5 mL/min, and had a void 

volume of approximately 36 mL. Fractions containing the desired protein were identified 

by SDS–PAGE as well as by fluorescence-activity assay when possible. 

2.8.2.4 Dialysis, Concentration, and Determination of Protein Concentration  

Purified enzyme was usually dialyzed twice overnight against 4 L of PBS (pH 

7.4). Addition of reducing agent did not affect the quality or activity of any OGA 

constructs and, therefore, it was not included. The protein concentration of the resulting 

protein solution was quantified using a Bradford assay with BSA as a standard. The 

Bradford assay was used in cases where the concentration of the WT enzyme was to be 

compared to a mutant enzyme. In cases where a more accurate calculation of absolute 

protein concentration was desired, the A280 was measured and converted to protein 

concentration using the molar extinction coefficient for that protein as estimated using 

the number of tryptophan (5500 M-1 cm-1 per residue) and tyrosine (1490 M-1 cm-1 per 

residue) residues in the protein. When necessary, proteins were concentrated using an 

ultracentrifugation filter with a molecular weight cut off of 10 KDa (Amicon). 

2.8.3 Enzymatic Assays 

2.8.3.1 Methods for Determining the First- and Second-Order Rate Constant for 
the OGA-Catalyzed Reaction 

The second-order rate constant for the enzyme-catalyzed hydrolysis of a 

particular substrate was determined in three different ways throughout this chapter as 

described below:  

(i) Defining a Michaelis-Menten curve - the initial rate of the enzyme-catalyzed reaction 

was determined over a wide range of substrate concentrations that typically spanned, 
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whenever possible, at least 5 times less than the KM to times greater than the KM. For 

human OGA, substrate concentrations that were used to define the Michaelis-Menten 

curve were usually in the range of 0.05 mM to 3 mM substrate. In this way, the second-

order rate constant was established by taking the first-order rate constant and dividing it 

by the KM.  

(ii) Defining the second-order region of the Michaelis-Menten curve - the initial rate of the 

enzyme-catalyzed reaction was determined for a minimum of three substrate 

concentrations that were at least five times less than the KM. For human OGA, substrate 

concentrations in the range of 5 to 50 µM were used to define a straight line. Fitting this 

lope by linear regression provided the second-order rate constant.  

(iii) Substrate depletion – decay of the velocity of enzyme-catalyzed reaction was fit to a 

first-order decay, which represents the substrate being depleted from the reaction over 

time. For human OGA, a substrate concentration of 25 µM was used since this value is 

well below the established KM of 250 µM.  

For human OGA, the three different methods produced a second-order rate 

constant that was within experimental error (10 %). It should be noted that in all cases 

throughout this thesis, the second-order rate constant is reported as Vmax/[E]0⋅KM with 

units of µmoles⋅min-1⋅mg-1⋅mM-1. Whereas it is more common see the second-order rate 

constant reported as kcat/KM with units of s1⋅mM-1, the units used in this thesis are 

consistent with what has been reported previously for mammalian OGA (140, 151). 

These units are commonly used when the amount of active enzyme cannot be 

accurately determined, by rapid burst kinetics for example, which is the case for human 

OGA. 

2.8.3.2 Fluorescence Stopped Assay 

Taft analysis: All assays were carried out in triplicate using 4MU-GlcNAc as a 

substrate at 37 °C and allowed to proceed for 30 min after which the reaction was 

stopped and the fluorescence measured as detailed below. Time-dependent assay of 

human HexB and OGA revealed that both enzymes were stable over this period in their 

respective buffers: 50 mM citrate, 100 mM NaCl, 0.1% BSA, pH 4.25, and 50 mM 

NaH2PO4, 100 mM NaCl, 0.1% BSA, pH 6.5. Assays were initiated by the addition, via 

syringe, of enzyme (3 µL). The enzymatic reactions (25 µL) were quenched by the 
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addition of a 6-fold excess (150 µL) of quenching buffer (200 mM glycine, pH 10.75). In 

all cases the final pH of the resulting quenched solution was greater than 10. The 

progress of the reaction at the end of 30 min was determined by measuring the extent of 

4-methylumbelliferone liberated as determined by fluorescence measurements using a 

Varian CARY Eclipse fluorescence spectrophotometer 96-well plate system and 

comparison to a standard curve of 4-methylumbelliferone (Sigma) obtained using 

identical buffer conditions. Excitation and emission wavelengths of 368 and 450 nM were 

used, respectively, with 5 mm slit openings. This assay was also used to monitor the 

activity of OGA towards 4-methylumbelliferryl substrates with elongated acyl chains and 

measure the inhibition of NAG-thiazoline (see directly below).   

Inhibition of OGA and HexB by NAG-thiazoline: To determine the KI values of 

NAG-thiazoline for human OGA and HexB, a similar assay was used as describe above 

except that the inhibitor was included in the reactions at varying concentrations. The 

inhibitor was tested at eight concentrations ranging from at minimum five times to 1/5th 

the KI value and all assays contained 500 µM 4MU-GlcNAc as the substrate. In each 

case, a full Michaelis-Menten curve was also carried out in parallel for the purposes of 

determining Vmax. A Dixon plot, which consists of a plot of velocity-1 versus concentration 

of inhibitor, allowed for the KI to be determined based on the intercept of the slope and 

1/Vmax (see Figure A2 of the appendix). 

2.8.3.3 UV/Vis Stopped Assay 

pH-activity profile: Reactions were carried out in buffers made up of 50 mM 

sodium citrate, 50 mM sodium phosphate, and 50 mM N-cyclohexyl-2-

aminoethanesulfonic acid (CHES) at the desired pH values. Both citrate and CHES were 

verified independently to not affect the activity of human OGA. This buffer was used in 

order to have pH buffering capacity over a range of acid, neutral, and alkaline pH values. 

The assay was identical to the stopped fluorescent assay describe above, except the 

rates at which 4-nitrophenol or 3,4-dinitrophenol leaving groups were liberated were 

detected using a 96-well plate (Sarstedt) in conjunction with a 96-well spectrophotometer 

(Molecular Devices) at wavelengths of 400 and 407 nm, respectively. The amount of 

product produced in the assay was converted to a standardized rate (µmoles⋅min-1⋅mg-1) 

by using a standard curve of 4-nitrophenol or 3,4-dinitrophenol prepared in the same 

buffer conditions. 
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2.8.3.4 UV/Vis Continuous Assay 

Competitive nucleophile: Effects of adding endogenous nucleophiles on the 

OGA-catalyzed hydrolysis of 3,4DNP-GlcNAc were determined by following the reaction 

progress spectrophotometrically in a continuous assay at 37 °C using a 96-well plate 

and 96-well plate reader. A carefully prepared solution containing 1 M sodium azide in 

PBS buffer (pH 7.4) was added to the appropriate amount of PBS buffer (pH 7.4) to 

achieve the desired final concentration of azide in the assays. The pH of the resulting 

solution was verified in all cases to be 7.40 ± 0.05. In addition, a parallel set of assays 

were carried out as described above, except sodium chloride was used in place of 

sodium azide to estimate changes in the rates that might arise from variation in the ionic 

strength of the reaction mixture. 

Brønsted analyses: The pKa values of the leaving groups used in these studies 

(Table 2.3) were determined previously (294-296). Enzymatic reactions were carried out 

in PBS buffer (pH 7.4) and monitored continuously at 37 °C at the wavelengths 

described in Table 2.3 for each substrate using a Cary 3E UV-VIS spectrophotometer 

equipped with a Peltier temperature controller. Reactions (100 µL) were equilibrated in a 

microcuvette (Varian) for approximately 2 min followed by addition of enzyme via 

syringe. Reaction velocities were determined by linear regression of the linear region of 

the reaction progress curve between the first and third min. A minimum of six substrate 

concentrations between 0.05 and 3 mM were used to define a Michaelis-Menten curve 

and the value obtained at each substrate concentration always represents the average 

of three replicates. The data was fit using the program Grafit, to determine the first-order 

rate constant (Vmax/[E]0) and the Michaelis constant (KM).   

An alternative method was used to determine the second-order rate constant of 

the large series of substrates in which both the leaving group and nucleophile were 

altered since the solubility of some of these substrates was very poor. This method 

involved monitoring the first-order decay of the rate of reaction due to substrate 

depletion. Stock solutions containing 100 µM substrate and 1% DMSO in reaction buffer 

(PBS, pH 7.4) were diluted 4-fold into the reaction buffer for kinetic assays. The final 

concentration of DMSO in the reaction 0.25% did not affect the enzyme-catalyzed rates 

of reaction. Reactions were followed spectrophotometrically at wavelengths reported in 

Table 2.3 using a Cary 3E UV/VIS spectrophotometer equipped with a Peltier 

temperature controller. First-order rate constants were determined from a nonlinear 
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least-squares fit to the observed change in absorbance as a function of time and the 

values reported represent the mean of at least three separate reactions. For substrates 

having trifluorinated and difluorinated nucleophiles and for slow-reacting substrates 

possessing poor leaving groups with small absorbance changes occurring at 

wavelengths at which significant protein absorbance occurs, the second-order rate 

constant was evaluated by the initial rates method, as described in section 2.7.3.1 to 

define the second-order region of the Michalis-Menten curve.   

2.8.3.5 HPLC Assay 

Investigation of the enzyme-catalyzed hydrolysis of methyl glycosides Me-

GlcNAc-F0 and Me-GlcNAc-F1 were carried out using an HPLC assay. Reactions were 

carried out in a total reaction volume of 200 µL using PBS (pH 7.4) as a buffer. 

Reactions contained a final concentration of 0, 10, 20, or 40 µM substrate and were 

initiated by the addition of human OGA (100 nM), after which the reaction mixture was 

incubated at 37 °C for 1 h. Reactions were terminated by the addition of 800 µL of 95% 

cold ethanol and stored at -20 °C for 30 min in order to allow the protein to precipitate. 

Upon termination of the reaction, 2 µL of 1 mM fucose was added to each reaction as an 

internal standard. The suspension was centrifuged at 17,000 rpm (Eppendorf 5415C) for 

20 min and the supernatant was collected and then dried by vacuum centrifugation. The 

residues were dissolved in 150 µL of ddH2O, vortexed, and centrifuged at 17,000 rpm to 

remove residual insoluble debris. Carbohydrates were separated by high performance 

anion exchange chromatography (ASI 100 automated sample injector, Carbopack PA20 

column, and ICS 3000 HPLC; Dionex) and detected using an electrochemical detector 

(ED50, Dionex) using a gold working electrode and an Ag/AgCl reference electrode. An 

isocratic elution of 20 mM NaOH was used, which afforded optimal separation of fucose 

(3 min) and the hemiacetal products of the enzymatic reaction: GlcNAc (GlcNAc-F0) at 8 

min and GlcNAc-F1 at 12 min. Substrates (F0 and F1 methyl glycosides) eluted within 

the first 2 min. The amounts of the products produced in the reactions were determined 

by integration of the peak corresponding to GlcNAc-F0 or GlcNAc-F1 and corrected for 

recovery by comparison to the internal fucose standard. The absolute amount of each 

product formed was determined using standard curves constructed for GlcNAc-F0 or 

GlcNAc-F1 (the standard curve for GlcNAc-F1 was generated by complete enzymatic 

hydrolysis of 3-fluoro-4-nitrophenyl-GlcNAc-F1 with BtGH84). All reactions were carried 
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out in triplicate and the second-order rate constant was determined by plotting initial 

rates obtained for each of the concentrations and taking the slope. To compare the 

second-order rate constant for the methyl glycoside of GlcNAc to those obtained 

previously for aryl glycosides by spectrophotometric assays, the same HPLC based 

analysis was used to monitor the OGA-catalyzed cleavage of 3,4DNP-GlcNAc, 4NP-

GlcNAc, and P-GlcNAc. The differences between the second-order rate constants 

obtained with these substrates using this HPLC assay were negligible when compared 

to those those obtained when using the spectrophotometric assay.    

2.8.3.6 NMR Assay 

1H NMR spectroscopy (600 MHz Bruker AMX spectrometer) was used to follow 

the progress and identify the products of the enzyme-catalyzed reaction. The reaction 

was carried out in 0.5 mL containing 5 mM substrate in buffer containing 50 mM sodium 

phosphate and 100 mM sodium chloride, which had been dissolved in D2O, evaporated, 

redissolved in 99.9% D2O (Cambridge Isotopes), and adjusted to a pD of 7.81. Initiation 

of the reaction was accomplished by adding 50 µL of FL human OGA (1 µM final 

concentration), which had been buffer exchanged into the same deuterated buffer. The 

reaction was immediately placed at 37 °C and at various times placed in the NMR 

spectrometer to acquire a spectrum. During acquisition, the temperature of the 

spectrometer was maintained at 20 °C to optimize the chemical shift of the water signal. 

Each spectrum took approximately 1 min for shimming and acquition after which the 

reaction was immediately returned to 37 °C. 

2.8.3.7 Western Blot from Cell Lysates 

Cells from four 10 cm plates of COS-7 cells grown to confluence were used. 

Cells were carefully scrapped from the plate using a rubber policeman and collected in 1 

mL of cold PBS for each plate. After centrifugation (250 rcf, 10 min), the pelleted cells 

were resuspended in cold lysis buffer (1 mL of PBS, 1 mM EDTA, 1 mM PMSF, 1% (v/v) 

NP-40, 0.5% (w/v) sodium deoxycholate, pH 7.4). After 20 min at 4 °C the solution was 

centrifuged at 14,000 rpm in a microcentrifuge and the supernatant was collected. 

Assays consisted of 250 mL cell lysate, 0.15 mg/mL recombinant BtGH84, 5 mM β-

mercaptoethanol and 10 mM imidazole. In some cases, BtGH84 was either preboiled for 

10 min or 10 mM NAG-thiazoline was added. Assays (300 mL) were then incubated 
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overnight at 37 °C and passed through a small nickel column to remove the His6-tagged 

BtGH84. An aliquot of each reaction was then separated by SDS-PAGE, transferred 

onto nitrocellulose membrane (Bio-Rad) and analyzed by Western blot for O-GlcNAc-

modified proteins or actin (see below for details on Western blotting). 

2.8.4 Cell Culture 

COS-7 cells, an African green monkey kidney cell line, were generously provided 

by Dr. Rosemary Cornell’s laboratory. SK-N-SH cells, a human neublastoma cell line, 

were obtained from the American Type Culture Collection (ATCC). Both types of cells 

were cultured in the same manner. Cells were grown in DMEM media with high glucose 

(Invitrogen) and supplemented with 5% FBS (Invitrogen). Cells were grown at 37 °C in 

5% CO2 and split approximately 1:10 every two to three days as required. Splitting was 

carried out by washing the cells twice with PBS and then removing the cells with trypsin 

(0.05 % (w/v), Gibco) in a solution of PBS. When cells were ready to be harvested and 

analyzed, the media was discarded, the cells were rinsed with PBS, and then scrapped 

off the plate in 1 mL of PBS per 10 cm plate and pelleted by centrifugation (200 rcf, 10 

min).  

2.8.5 Immunocytochemistry 

2.8.5.1 Transfection 

Xiaoyang Shan and I collaborated to carry out and optimize the procedures for 

the immunocytochemistry. After the procedures were optized, Xiaoyang Shan carried out 

the full procedure to obtain the data presented in the thesis. SK-N-SH cells were seeded 

on 18 mm circular coverslips (Fisher Scientific) in 12-well tissue culture plates (Fisher) 

and allowed to grow for 24 hr before transfection. At the time of transfection, the cells 

were approximately 60% confluent. SK-N-SH cells were transfected with the appropriate 

expression plasmids using Lipofectamine 2000 (Invitrogen) according to manufacturer’s 

instruction. Each transfection took place in the 12-well culture plates and was carried out 

in duplicate. The transfections consisted of 0.5 µg of plasmid and 1.5 µl Lipofectamine 

2000 in a total of 400 µl of serum free media. The cells were incubated with this mixture 

for 10 hr and the media was then replaced with DMEM containing 10% FBS. Cells were 
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incubated for another 48 hr before being fixed. Using these conditions, the transfection 

efficiency was approximately 20-30%.  

2.8.5.2 Fixation and Immunocytochemistry 

The following procedures were performed in 12-well tissue culture plates until the 

last step of mounting the coverslips onto slides. Washing steps were carried out with 

extra caution to avoid detachment of cells from the coverslips. First, the cells were 

washed with PBS (pH 7.4) twice, fixed with 0.5 mL of warm (37 °C) 4% 

paraformaldehyde (Anachemia) in PBS for 12 min at 37 °C. Each well was washed three 

times with PBS and then permeabilized with 0.3% Triton X-100 in PBS for 30 min at 

room temperature. Each well was then washed once with PBS and blocked for 30 min in 

5% BSA and 10% normal goat serum (NGS, HyClone) in PBS. Cells were then 

incubated with the appropriate primary antibodies (diluted in 5% NGS-PBS) overnight at 

4 °C. Anti-myc (mouse IgG, Invitrogen) was used at a dilution of 1:200, the CTD110.6 

anti-O-GlcNAc antibody (mouse IgM, Covance) was used at a dilution of 1:400 while the 

anti-OGA (chicken IgY, gift from Gerald Hart) was used at a dilution of 1:500. After 

washing (3 times for 15 min) with PBS, cells were incubated with the appropriate 

secondary antibodies (diluted in 5% NGS-PBS buffer), including FITC (green) 

conjugated to goat anti-mouse IgG, Cy3 (red) conjugated to donkey anti-mouse IgM, and 

Cy5 (purple) conjugated to goat anti-chicken IgY (Invitrogen, 1:1000 dilution). Secondary 

antibodies were used in a dilution range of 1:300 – 1:1000 and obtained from Jackson 

ImmunoResearch. After washing (3 times for 15 min), coverslips were mounted with 

Vectashield Mounting Medium containing DAPI (Vector Laboratories) onto 

Superfrost/Plus slides (Fisher Scientific) for 1 hr at room temperature in the dark. 

Coverslips were sealed with clear nail polish, and slides were stored in a dark box at 4 

°C until they were imaged. 

2.8.5.3 Microscopy 

Stained cells were visualized using a Leica fluorescent microscope (DM4000B).  

The filter sets used to imaging were as follows: DAPI (excitation peak: 360 nm, emission 

peak: 460 nm, Leica), Alexa 488 (excitation peak: 480 nm, emission peak: 520 nm, 

Leica), Cy3 (excitation filter: 530-550nm, emission filter: 570 nm, Leica), Cy5 (excitation 
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filter: 650 nm, emission filter: 670 nm, Leica). Images were acquired using a Spot digital 

camera (Diagnostic Instruments) and processed using LAS software (Leica). 

2.8.6 Western Blotting 

Cell lysates were diluted two-fold with 2 times SDS-PAGE loading buffer. After 

heating at 96 °C for 10 min, samples were loaded onto 10 % Tris-HCl polyacrylamide 

gels. After electrophoresis for 60 min at 180 volts, the samples were electroblotted onto 

nitrocellulose membrane (Bio-Rad) for 120 min at 90 volts. This transfer was verified by 

visual inspection of the transfer of prestained markers (Bio-Rad). The membrane was 

blocked by using 5% BSA (Sigma) in PBS-T (PBS, 0.1% Tween 20 (Sigma), pH 7.4) for 

1 hr at room temperature. This blocking solution was decanted, and a solution of 

blocking buffer containing CTD110.6 (1:2500 dilution; Covance) or anti-β-actin IgG 

(1:1000 dilution; Sigma) was added. The membrane was incubated overnight at 4 °C. 

The following day, the membrane was rinsed thoroughtly with PBS-T two times for 5 min 

and three times for 15 min. Membranes were then blocked with blocking solution for 30 

min at room temperature and then incubated with the appropriate secondary antibody for 

1 h at room temperature. For blots using the CTD110.6 antibody, goat anti-mouse-IgM-

HRP conjugate (1:20,000 dilution, Santa Cruz Biotechnology) was used, while for blots 

probed with anti-β-actin, goat anti-mouse IgG-HRP conjugate (1:100,000, Sigma) was 

used. Membranes were washed in the same manner as following the primary antibody 

and detection of membrane-bound secondary-HRP conjugates was accomplished by 

chemiluminescent detection using the SuperSignal West Pico chemiluminescent 

detection kit (Pierce) and film (Kodak Biomax MR). 

2.8.7 Syntheses 

Some of the syntheses carried out in this chapter were done by others in the 

laboratory and their names and participation have been acknowledged explicitly in the 

text. The synthesis of compounds made by others will not be described here. The 

procedures and characterization of compounds which I have made are described in 

detail below. 
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2.8.7.1 General Procedures 

Starting materials were obtained from Sigma, unless indicated, and used without 

further purification. The starting material (D-Glucosamine) was obtained from Bioshop. 

Most of the substituted phenols were provided by Dr. Andy Bennet’s laboratory and were 

otherwise obtained from Sigma. Dicloromethane was dried by distillation over CaH2 prior 

to use. Synthetic reactions were monitored by thin layer chromatography (TLC) using 

Merck Kieselgel 60 F254 aluminium-backed sheets. Compounds were detected on TLC 

using UV light and charring with 2 M H2SO4 in ethanol and heating. Silica gel (230–400 

mesh, Merck Kieselgel) flash column chromatography was carried out under a positive 

pressure with the specified eluants. 1H NMR spectra were recorded on either a Varian 

AS500 Unity Innova spectrometer at 500 MHz or Bruker AMX spectrometer at 600 MHz. 

2.8.7.2 Aryl 2-deoxy-2-fluoroacetamido-β-D-glucopyranosides 

Synthesis of 2-acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-β-D-glucopyranose – 

1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose hydrochloride was prepared 

as described previously (329). This hydrochloride salt (10 g, 1 equivalent, 25.8 mmol) 

was added to 100 mL of DCM and cooled on ice. Triethylamine (4.2 ml, 2.2 eq., 56.8 

mmol) was added and this solution was stirred until all materials had dissolved. Acetyl 

chloride (2.2 mL, 1.2 eq., 31.0 mmol) was then added slowly and the reaction mixture 

was stirred on ice for several min and then slowly allowed to warm to room temperature 

after which time the reaction was judged complete by TLC analysis. The reaction was 

extracted with two washes with water and one wash with saturated sodium chloride. The 

organic extracts were dried over MgSO4, filtered, and the solvent was partially removed 

in vacuo. The desired product was then recrystallized from DCM and hexanes and the 

product was obtained in 85 % yield. Characterization of 2-acetamido-1,3,4,6-tetra-O-

acetyl-2-deoxy-β-D-glucopyranose has been described previously (329). 

Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-glucopyranose – 

Triethylamine (2.1 mL, 2.2 eqivalents (eq.), 28.4 mmol) and dry pyridine (20 mL) were 

added to a cooled (0 °C) solution of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-

glucopyranose hydrochloride (5 g, 1 eq., 12.9 mmol) in a solution of DMF (100 mL). 

Sodium fluoroacetate (1.8 g, 1.4 eq., 18.1 mmol) was added to a stirred mixture of dry 

DMF (90 mL) containing dried Dowex 50-H+ resin (12 g). After 1 h, 
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Dicyclohexylcarbodiimide (DCC) (3.2 g, 1.2 eq., 15.5 mmol) and 30 mL of the 

fluoroacetic acid solution were added via cannula to the reaction vessel containing the 

hydrochloride salt. The resulting solution was allowed to stand for 16 h at 0 °C, after 

which time the reaction was judged complete by TLC analysis. The solvent was partially 

removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium 

chloride (100 mL) were added. The organic layer was collected, and the aqueous layer 

was extracted twice with ethyl acetate. The combined organic extracts were washed 

successively with water, twice with saturated sodium bicarbonate, and finally with a 

solution of saturated sodium chloride. The organic extracts were dried over MgSO4, 

filtered, and the solvent was removed in vacuo to yield colourless syrup. The desired 

product was purified using flash column silica chromatography using a solvent system 

(2:1; hexanes/ethyl acetate) to yield the partially purified desired compound. The desired 

product was then recrystallized from ethyl acetate and hexanes and the product was 

obtained with a 77 % yield. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-glucopyranose – 

1H NMR (500 MHz, CD3OD) δ: 5.83 (1H, d, JH1-H2 = 8.8 Hz, H-1), 5.34 (1H, dd, JH3-H4 = 

9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.74 (2H, dd, JH7-F = 47.0 Hz, H-7), 

4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.07 (1H, dd, 

H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.01 (3H, 

s, OAc), 1.98 (3H, s, OAc), 1.95 (3H, s, OAc) ppm. 

 

Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-difluoroacetamido-β-D-glucopyranose – 

Triethylamine (2.1 mL, 2.2 eq., 28.4 mmol) and dry pyridine (20 mL) were added to a 

cooled (0 °C) solution of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose 

hydrochloride (5 g, 1 eq., 12.9 mmol) in a solution of DMF (100 mL). DCC (3.2 g, 1.2 eq., 

15.5 mmol) and difluoroacetic acid (1.2 mL, 1.5 eq., 19.2 mmol) were added to the 

reaction mixture via syringe. The resulting solution was allowed to stand for 16 h at 0 °C, 

after which time another 0.5 mL of difluoroacetic acid were added. After a further 3.5 h at 

room temperature, the reaction was judged complete by TLC analysis. The solvent was 

partially removed in vacuo and ethyl acetate (300 mL) and a solution of saturated 

sodium chloride (100 mL) were added. The organic layer was collected, and the 

aqueous layer was extracted twice with ethyl acetate. The combined organic extracts 

were washed successively with water, twice with saturated sodium bicarbonate, and 
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finally with a solution of saturated sodium chloride. The organic extracts were dried over 

MgSO4 and filtered, and the solvent was removed in vacuo to yield a colourless syrup. 

The desired product was purified using flash column silica gel chromatography using a 

solvent system (3:1; hexanes/ethyl acetate) to yield the partially purified desired 

compound. The desired product was then recrystallized from ethyl acetate and hexanes 

and the product was obtained with an 83 % yield. 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-difluoroacetamido-β-D-glucopyranose –  

1H NMR (500 MHz, CD3OD) δ: 4.96 (1H, t, JH7-F = 53.6 Hz, H-7), 5.78 (1H, d, JH1,H2 = 8.9 

Hz, H-1), 5.28 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 4.98 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.23 

(1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.06 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.05 (1H, dd, H-6’), 

3.89 (1H, ddd, JH5-H6 = 2.3 Hz, JH5-H6’ = 4.5 Hz, H-5), 2.01 (3H, s, OAc), 1.99 (3H, s, 

OAc), 1.95 (3H, s, OAc), 1.92 (3H, s, OAc) ppm. 

 

Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-trifluoroacetamido-β-D-glucopyranose – 

Triethylamine (0.45 mL, 2.2 eq., 6.1 mmol) was added to a solution of 1,3,4,6-tetra-O-

acetyl-2-amino-2-deoxy-β-D-glucopyranose hydrochloride (1 g, 1 eq., 2.6 mmol) 

dissolved in dry dichloromethane (20 mL) and cooled (0 °C). Trifluoroacetic anhydride 

(0.6 mL, 1.6 eq., 4.2 mmol) was added via syringe and the resulting solution was 

allowed to stand for 16 h at 0 °C, after which time the reaction was judged complete by 

TLC analysis. The solution was diluted with 50 mL of ethyl acetate and washed 

successively with water, twice with saturated sodium bicarbonate, and finally with a 

solution of saturated sodium chloride. The organic extracts were dried over MgSO4, 

filtered, and the solvent was removed in vacuo to yield a white solid. The desired product 

was recrystallized from ethyl acetate and hexanes and the product was obtained with a 

91 % yield.  

1,3,4,6-tetra-O-acetyl-2-deoxy-2-trifluoroacetamido-β-D-glucopyranose – 

1H NMR (500 MHz, CD3OD) δ: 5.81 (1H, d, JH1-H2 = 8.9 Hz, H-1), 5.31 (1H, dd, JH3-H4 = 

9.3 Hz, H-3), 5.03 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 

4.09 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.08 (1H, dd, H-6’), 3.91 (1H, ddd, JH5-H6 = 4.6 Hz, 

JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.02 (3H, s, OAc), 1.98 (3H, s, OAc), 1.94 (3H, 

s, OAc) ppm. 
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General procedure for the synthesis of the 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-

α-D-glucopyranosyl chlorides – In a similar manner as described previously for the non-

fluorinated derivative (330), acetic anhydride (10 mL) was added to either 1g of either 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-glucopyranose or 1,3,4,6-tetra-O-

acetyl-2-deoxy-2-difluoroacetamido-β-D-glucopyranose and the reaction mixture was 

cooled (0 °C). HCl(g)
 was added until the solution was saturated and the reaction flask 

was stoppered and the reaction was allowed to proceed for 16 h at room temperature. 

As the reaction proceeded the starting material dissolved into the solvent. Upon 

completion of the original reaction the solvent was partially removed in vacuo to leave 

1/3 of the volume. Dichloromethane (40 mL) was added and this solution was washed 

extensively with a saturated solution of sodium bicarbonate, water, and then saturated 

sodium chloride. The organic extracts were dried over MgSO4, filtered, and solvent was 

removed in vacuo. The compounds could not be crystallized, however, analysis of the 

products by NMR showed minimal contamination with yields ranging from 70-90%. 

Therefore, the desired compounds were used in the following steps without further 

purification. Characterization of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-

glucopyranosyl chloride has been described previously (330). 

3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-α-D-glucopyranosyl chloride –  

1H NMR (500 MHz, CDCl3) δ: 6.62 (1H, d, JHN-H2 = 6.6 Hz, H-N), 6.21 (1H, d, JH1,H2 = 3.7 

Hz, H-1), 5.34 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.79 

(2H, ABq, JH7-F = 47.2 Hz, H-7), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 

= 10.5 Hz, H-2), 4.07 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 

2.04 (3H, s, OAc), 2.11 (3H, s, OAc), 2.06 (3H, s, OAc), 2.05 (3H, s, OAc) ppm. 

3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-α-D-glucopyranosyl chloride –  

1H NMR (500 MHz, CDCl3) δ: 6.73 (1H, d, H-N), 6.20 (1H, d, JH1,H2 = 3.8 Hz, H-1), 5.89 

(1H, t, JH7-F = 53.9 Hz, H-7),  5.34 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 

10.0 Hz, H-4), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 

4.07 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, 

OAc), 2.11 (3H, s, OAc), 2.06 (3H, s, OAc), 2.05 (3H, s, OAc) ppm. 

 

General procedure for the synthesis of aryl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-β-D-

glucopyranosides –  
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To a mixture of the respective 3,4,6-tri-O-acetyl-2-deoxy-2-fluroacetamido-α-D-

glucopyranosyl chloride (for example the monofluoro derivative, 0.5 g, 1 eq., 1.4 mmol), 

benzyltriethylammonium chloride (0.63 g, 1eq., 2.8 mmol), and the acceptor phenol (2 

eq.) was added to 10 mL (1 volume) of dichloromethane to yield a solution of 200 mM. 

An equal volume of 1 M NaOH was then added and the resulting mixture was stirred 

vigorously at room temperature overnight. Ethyl acetate (5 volumes) was then added 

and the resulting organic phase was successively washed with 1 M NaOH (2 x 1 

volume), water (1 volume), and saturated sodium chloride solution (1 volume). The 

organic layer was dried (MgSO4), filtered, and concentrated. These materials were 

recrystallized using a mixture of ethyl acetate and hexanes to yield the desired 

glycosides in yields ranging from 40 to 60 %. 

    

Synthesis of aryl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosides –  

The desired products were obtained from 3,4,6-tri-O-acetyl-2-deoxy-2-

trifluoroacetamido-α-D-glucopyranosyl bromide (331) using AgCO3 and the appropriate 

acceptor by direct adaptation of a previous approach (270). 

Aryl 3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-β-D-glucopyranosides  – 

3,4-dinitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside, 3-fluoro-

4-nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside, 3-nitrophenyl 

2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside, 4-chlorophenyl 2-

acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside, and phenyl 2-acetamido-

3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside  were reported previously (291). 4-

nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-glucopyranoside, 4-

nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-3-β-D-glucopyranoside, and 

4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroacetamido-β-D-glucopyranoside are 

known and their physical characteristics were consistent with those found in the 

literature (270). 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-

glucopyranoside, 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-

β-D-glucopyranoside, and 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-

trifluoroacetamido-β-D-glucopyranoside were prepared for another study (319). 

Complete 1H NMR assignments for the rest of the compounds are located in Tables A1-

8 of the Appendix. 
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General Synthesis of aryl 2-acetamido-2-deoxy-β-D-glucopyranosides –  

To a stirred solution of the aryl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-

glucopyranoses (0.25 g) in 3 mL of anhydrous methanol (200 mM final concentration) 

was added a spatula tip of sodium methoxide (Sigma). The reaction mixture was allowed 

to stir for approximately one hr at room temperature. After this time, the reaction was 

neutralized with Amberlite IR-120 resin (H+) and filtered. The filtrate was concentrated in 

vacuo and the desired products were recrystallized using a mixture of ethanol and ether. 

Yields of the desired product after one recrystallization ranged from 40 to 80 %.  

Aryl 2-acetamido-2-deoxy-β-D-glucopyranosides –  

3,4-dinitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside, 3-fluoro-4-nitrophenyl 2-

acetamido-2-deoxy-β-D-glucopyranoside, 3-nitrophenyl 2-acetamido-2-deoxy-β-D-

glucopyranoside, 4-chlorophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside, and phenyl 

2-acetamido-2-deoxy-β-D-glucopyranoside were made for a previous study (291). 4-

methylumbelliferyl 2-deoxy-2-fluoroacetamido-β-D-glucopyranoside, 4-methylumbelliferyl 

2-deoxy-2-difluoroacetamido-β-D-glucopyranoside, and 4-methylumbelliferyl 2-deoxy-2-

trifluoroacetamido-β-D-glucopyranoside are known and their physical characteristics 

were consistent with what was reported previously (272). 3-fluoro-4-nitrophenyl 2-deoxy-

2-fluoroacetamido-β-D-glucopyranoside, 3-fluoro-4-nitrophenyl 2-deoxy-2-

difluoroacetamido-β-D-glucopyranoside, and 3-fluoro-4-nitrophenyl 2-deoxy-2-

trifluoroacetamido-β-D-glucopyranoside were prepared for another study (319). 4-

nitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside and 4-methylumbelliferyl 2-

acetamido-2-deoxy-β-D-glucopyranoside were purchased from Sigma. See Figure A5 of 

the Appendix for an example of 1H and 13C NMR spectra as well a high resolution mass 

spectrum of one of these compounds (3,4-difluorophenyl 2-acetamido-2-

difluoroacetamido-β-D-glucopyranoside. Complete 1H NMR assignments for the rest of 

the compounds are located in Tables A9-16 of the Appendix. 

2.8.7.3 Aryl 2-deoxy-2-valeramio-β-D-glucopyranosides 

Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-β-D-glucopyranose –   

The desired compound was prepared as described previously (272). 
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Synthesis of 3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-α-D-glucopyranoside chloride –

Conversion of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-β-D-glucopyranose to its 

corresponding α-chloride was accomplished in the same manner as described above for 

conversion of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-acetamido-β-D-glucopyranose to 3,4,6-tri-

O-acetyl-2-deoxy-2-acetamido-β-D-glucopyranosyl chloride. The desired compound was 

used in the subsequent steps without characterization. 

 

Synthesis of aryl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-β-D-glucopyranosides – Phase 

transfer conditions were used to prepare the desired compounds in the same manner as 

described above for the aryl 3,4,6-tri-O-acetyl-2-deoxy-2-acetamido-β-D-

glucopyranosides. 

 

Aryl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-β-D-glucopyranosides – 

4-methylumbelliferyl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-β-D-glucopyranoside was 

prepared for a previous study (314). 3,4-dinitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2- 

valeramido-β-D-glucopyranoside and 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2- 

valeramido-β-D-glucopyranoside were used in the subsequent step without 

characterization. Complete 1H NMR assignments for the rest of the compounds are 

located in Tables A17-18 of the Appendix. 

 

Synthesis of Aryl 2-deoxy-2-valeramido-β-D-glucopyranosides – Deprotection was 

carried out under the same conditions as described above for the aryl 2-deoxy-2-

acetamido-β-D-glucopyranosides. 

 

Aryl 2-deoxy-2-valeramido-β-D-glucopyranosides – 

4-methylumbelliferyl 2-deoxy-2-valeramido-β-D-glucopyranoside was prepared for a 

previous study (314). Complete 1H NMR assignments for the rest of the compounds are 

located in Tables A19-20 of the Appendix. 
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2.8.7.4 Methyl 2-deoxy-2-fluoroacetamido-β-D-glucopyranosides 

Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluroacetamido-β-D-glucopyranoside – 

Triethylamine (2.3 mL, 2.2 eq., 31.1 mmol) and dry pyridine (20 mL) were added to a 

cooled (0 °C) solution of methyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-α-D-glucopyranosyl 

hydrobromide (314)  (5 g, 1 eq., 13.6 mmol) in a solution of DMF (100 mL). Sodium 

fluoroacetate (2.0 g, 1.4 eq., 20.1 mmol) was added to a stirred mixture of dry DMF (90 

mL) containing dried Dowex 50-H+ resin (12 g). After 1 h, DCC (3.5 g, 1.2 eq., 16.3 

mmol) was added to the reaction vessel followed by and 30 mL of the fluoroacetic acid, 

added via cannula. The resulting solution was allowed to stand for 16 h at 0 °C, after 

which time the reaction was judged complete by TLC analysis. The solvent was partially 

removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium 

chloride (100 mL) was added. The organic layer was collected, and the aqueous layer 

was extracted twice with ethyl acetate. The combined organic extracts were washed 

successively with water, twice with saturated sodium bicarbonate, and finally with a 

solution of saturated sodium chloride. The organic extracts were dried over MgSO4, and 

filtered, and the solvent removed in vacuo to yield a colourless syrup. The desired 

product was purified using flash column silica chromatography using a solvent system 

(2:1; hexanes/ethyl acetate) to yield the partially purified desired compound that was 

used in the next step without further purification.  

    

Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluroacetamido-β-D-glucopyranoside – 

Triethylamine (2.3 mL, 2.2 eq., 31.1 mmol) and dry pyridine (20 mL) were added to a 

cooled (0 °C) solution of methyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-α-D-glucopyranosyl 

hydrobromide (5 g, 1 eq., 13.6 mmol) in a solution of DMF (100 mL). DCC (3.5 g, 1.2 

eq., 16.3 mmol) was added to the reaction vessel followed by difluoroacetic acid (1.3 g, 

1.5 eq., 20.1 mmol), which was added via syringe. The resulting solution was allowed to 

stand for 16 h at 0 °C, after which time another 0.5 mL of difluoroacetic acid was added. 

After a further 3.5 h at room temperature, the reaction was judged complete by TLC 

analysis. The solvent was partially removed in vacuo and ethyl acetate (300 mL) and a 

solution of saturated sodium chloride (100 mL) was added. The organic layer was 

collected, and the aqueous layer was extracted twice with ethyl acetate. The combined 

organic extracts were washed successively with water, twice with saturated sodium 

bicarbonate, and finally with a solution of saturated sodium chloride. The organic 
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extracts were dried over MgSO4, filtered, and the solvent was removed in vacuo to yield 

a colourless syrup. The desired product was purified using flash column silica 

chromatography using a solvent system (3:1; hexanes/ethyl acetate) to yield the partially 

purified desired compound that was used in the next step without further purification.     

Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluroacetamido-β-D-glucopyranoside – 

Triethylamine (0.5 mL, 2.2 eq., 31.1 mmol) was added to a solution of methyl 3,4,6-tri-O-

acetyl-2-amino-2-deoxy-α-D-glucopyranosyl hydrobromide (1 g, 1 eq., 2.7 mmol) 

dissolved in dry dichloromethane (20 mL) and cooled (0 °C). Trifluoroacetic anhydride 

(0.6 mL, 1.5 eq., 4.2 mmol) was added via syringe and the resulting solution was 

allowed to stand for 16 h at 0 °C, after which time the reaction was judged complete by 

TLC analysis. The solution was diluted with 50 mL of ethyl acetate and washed 

successively with water, twice with saturated sodium bicarbonate, and finally with a 

solution of saturated sodium chloride. The organic extracts were dried over MgSO4, 

filtered, and the solvent removed in vacuo to yield a white solid. The desired product was 

purified using flash column silica chromatography using a solvent system (4:1; 

hexanes/ethyl acetate) to yield the partially purified desired compound that was used in 

the next step without further purification.     

General synthesis of methyl 2-deoxy-2-acetamido-β-D-glucopyranosides – A spatula tip 

of anhydrous sodium methoxide was added to a 200 mM solution of the methyl 3,4,6-tri-

O-acetyl-2-deoxy-2-fluoroacetamido-β-D-glucopyranosides in methanol. The basic 

solution was stirred until the reaction was judged complete by TLC analysis (typically 1 

h). A solution of glacial acetic acid in methanol (1:20) was added dropwise to the 

reaction mixture until the pH of the solution was found to be neutral. The solvent was 

then removed in vacuo, and the desired materials were isolated by flash silica 

chromatography using a solvent system (ranging from 5:1 ethyl acetate/methanol for the 

non-fluorinated compound to straight ethyl acetate for the trifluorinated compound). 

Removal of the solvent in vacuo from the desired fractions yielded the products as fine 

powders in overall yields over the three steps of 33 to 50 %.   

Methyl 2-deoxy-2-fluoroacetamido-β-D-glucopyranoside –  

1H NMR (500 MHz, CD3OD) δ: 4.79 (2H, dd, JH7-F = 47.2 Hz, JH7-H7’ = 2.2 Hz, H-7), 4.36 

(1H, d, JH1,H2 = 8.4 Hz, H-1), 3.86 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 

3.72 (1H, dd, JH3-H4 = 10.2 Hz, H-3), 3.49 (1H, dd, JH4-H5 = 8.4 Hz, H-4), 3.43 (3H, s, 
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OMe), 3.30 (1H, dd, JH2-H3 = 8.7 Hz, H-2), 3.25 (1H, ddd, JH5-H6 = 2.3 Hz, JH5-H6’ = 5.7 Hz, 

H-5) ppm.     

Methyl 2-deoxy-2-difluoroacetamido-β-D-glucopyranoside –  

1H NMR (500 MHz, CD3OD) δ: 6.0 (1H, t, JH7-F = 54.0 Hz, JH7-F’ = 54.0 Hz, H-7), 4.36 

(1H, d, JH1,H2 = 8.4 Hz, H-1), 3.85 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 

3.61 (1H, dd, JH3-H4 = 10.3 Hz, H-3), 3.48 (1H, dd, JH4-H5 = 8.4 Hz, H-4), 3.43 (3H, s, 

OMe), 3.29 (1H, dd, JH2-H3 = 9.8 Hz, H-2), 3.24 (1H, ddd, JH5-H6 = 2.2 Hz, JH5-H6’ = 5.7 Hz, 

H-5) ppm.    

Methyl 2-deoxy-2-trifluoroacetamido-β-D-glucopyranoside –  

1H NMR (500 MHz, CD3OD) δ: 4.35 (1H, d, JH1-H2 = 8.4 Hz, H-1), 3.85 (1H, dd, JH6-H6’ = 

12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 3.64 (1H, dd, JH3-H4 = 10.5 Hz, H-3), 3.48 (1H, dd, JH4-

H5 = 8.4 Hz, H-4), 3.44 (3H, s, OMe), 3.29 (1H, dd, JH2-H3 = 9.8 Hz, H-2), 3.24 (1H, ddd, 

JH5-H6 = 2.3 Hz, JH5-H6’ = 5.7 Hz, H-5) ppm. 
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CHAPTER 3: DEVELOPMENT OF A POTENT AND 
SELECTIVE INHIBITOR OF OGA 

3.1 General Considerations for Inhibitor Design 

3.1.1 Functionally-Related Enzymes 

A major aim in our laboratory was to develop selective inhibitors of OGA that 

would enable testing hypotheses relating to the biological roles of the O-GlcNAc 

modification in a cellular context. This aim is also a major focus of this thesis and I, 

therefore, collaborated extensively with others in our laboratory to advance this goal. 

Their names and contributions are revealed throughout the chapter. Insight gained 

through this thesis facilitated the generation of such selective and potent inhibitors that 

function effectively within complex biological settings. 

Complicating the generation of inhibitors that are selective for OGA is that 

humans have four genes encoding glycosidases that remove terminal GlcNAc or 

GalNAc from the non-reducing end of glyconjugates; one of which is OGA. The recently 

discovered HexD is less of a concern for achieving selectivity since preliminary data 

suggests it prefers a galacto-configured substrate and was not inhibitor by several gluco-

configured inhibitors (152). Conversely, OGA is highly selective for the gluco-

configuration (151). More of a challenge, however, is HexA and HexB since these 

isozymes are able to hydrolytically cleave both GlcNAc and GalNAc from 

glycoconjugates, such as gangliosides, in the lysosome. Mutations to either of these 

genes results in the inheritable lysosomal storage diseases known as Tay-Sachs and 

Sandhoff diseases (173). Given the presence of these functionally related enzymes, in 

order to study the O-GlcNAc modification at the cellular or organismal level it would be 

prudent to use an inhibitor that is selective for OGA over HexA and HexB in order to 

avoid generating a complex chemical phenotype from concomitant inhibition of both the 

lysosomal β-hexosaminidases and OGA. Prior to the work described in this thesis, no 

potent and selective inhibitor of OGA had been described in the literature. 
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3.1.2 Glycoside Hydrolase Inhibitors 

As described in chapter 2, the reaction coordinates of GHs are defined by 

electrophilic migration of the anomeric carbon (Figure 2.2b). The snapshots along the 

reaction coordinate that were obtained for BtGH84 show that the substrate bound to the 

enzyme active site adopts a 1S3 skewed boat confirmation while the intermediate 

oxazoline is bound in a conformation best described as a 4C1 chair (Figure 2.18). This 

conformational itinerary is the standard path taken for a retaining GH that acts on a 

gluco-configured β-glycoside (227). The transition state is, therefore, expected to lie en 

route somewhere between the two conformations described above. According to 

Stoddard’s pseudorotational itinerary (227) (see Figure A1 of the Appendix), the 

pyranose ring is expected to pass through a half-chair (4H3). Sinnot made this postulate 

some years ago (254) and since this time many potent inhibitors of GHs have been 

discovered, in nature and through chemical synthetic strategies, that have features 

found in the 4H3 conformation; a flattened pyranose ring arising from the trigonal 

geometry at the anomeric center and/or the positive charge at the position occupied 

normally by the anomeric carbon or the endocyclic oxygen (227, 255). 

3.1.3 Previously described inhibitors of OGA 

Prior to this thesis, two inhibitors of OGA had enjoyed use in studying the O-

GlcNAc modification and these were introduced in Chapter 1. PUGNAc is a potent 

inhibitor of both GH20 and GH84 family members but is not selective, which is 

undesirable for use in a cellular or in vivo setting. Streptozotocin on the hand, does 

display weak selective toward OGA (188), however, its lack of potency towards human 

OGA (291) and ability to induce apoptosis through DNA strand breakage (194) make it a 

very poor candidate for studying the O-GlcNAc modification. Underscoring the problems 

with streptozotocin is a recent elegant study, which showed that the galacto-configured 

streptozotocin retains the ability to induce apoptosis in β cells despite the lack of any 

inhibitory effect on OGA (332). 

As described in Chapter 2, our studies aimed at dissecting the catalytic 

mechanism of OGA led to discovery of a third class of OGA inhibitor, NAG-thiazoline. 

NAG-thiazoline and PUGNAc both have nanomolar affinities toward GH20 and GH84 

family members, and not surprisingly, both inhibitors have characteristics that mimic the 

proposed transition state geometry. For PUGNAc, the trigonal sp2 center at the 
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pseudoanomeric position (C1) creates planarity in the pyranose ring as evidenced from 

the structure of BtGH84 (and CpGH84) with PUGNAc bound in the active site (Figure 

3.1) (267, 333). For NAG-thiazoline, as discussed in detail in Chapter 2, the longer C-S 

bond length of the thiazoline places the anomeric carbon closer to the position expected 

in an 4H3 half-chair (314). Of course tight binding ligands of enzymes do not have to 

solely rely on features that are unique to the transition state since fortuitous interactions 

with residues both inside and outside of the active site are possible. As the structure of 

BtGH84 (and CpGH84) in complex with PUGNAc demonstrate, significant binding 

appears to be gained through adventitious interactions between these enzymes and the 

pendent N-phenyl carbamate group (Figure 3.1b) (267, 333). The enzymic residues that 

are involved in this interaction are outside the primary sphere of the active site and these 

interactions may not be directly involved in transition state stabilization. Highlighting the 

importance of this N-phenyl carbamate group to binding is the observation that LOGNAc 

inhibits members of GH84 several orders of magnitude worse than PUGNAc (Table 1.5) 

(151). Although NAG-thiazoline is also an extremely potent inhibitor of human OGA, it is 

not any better than PUGNAc with respect to its selectivity. Indeed, both PUGNAc and 

NAG-thiazoline are also potent inhibitors of human HexB. However, previous studies 

and our own work hinted as to how selectivity might be achieved. 

 

Figure 3.1:  PUGNAc makes fortuitous interactions with several amino acids outside the active 
site of BtGH84.  
(A) Chemical structure of PUGNAc. (B) PUGNAc bound in the active site of BtGH84 (PDB 
2VVS) highlights how the N-phenyl carbamate group of PUGNAc makes interactions with 
residues that are outside the primary sphere of the active site. In particular, a tryptophan 
(Trp286) and histidine (His433), which are depicted as yellow sticks, appear to be critical 
for interacting with the N-phenyl carbamate group of PUGNAc.  
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3.2 Development of Selective OGA Inhibitors 

3.2.1 Evidence that OGA has a Unique Active Site Pocket 

Without any direct knowledge of the active site structure features of OGA at the 

time, we set out to generate a selective inhibitor of OGA over the lysosomal β-

hexosaminidases. Guiding our efforts were the structures of two GH20 family members, 

human HexB and SpHex, which reveal an active sites that tightly cradle the 2′-methyl 

group of NAG-thiazoline (274, 276). This observation suggested that bulkier substituents 

appended at this position would likely not be tolerated by HexB or the closely sequence 

related enzyme HexA. Three pieces of experimental evidence suggested that OGA 

might have a more spacious active site pocket in this precise region. First, the Taft-like 

LFERs of human OGA and human HexB showed that OGA had a much shallower slope 

(Figure 2.7c) (291). As discussed above, this slope (ρ) is a function of both the electronic 

and steric properties of the 2-N-acyl substituent and, therefore, the shallower slope for 

OGA suggests that its active site region surrounding the 2-acetamido group of the 

substrate might be more sterically accommodating than that of HexB. Second, previous 

work had demonstrated that OGA could process a substrate bearing an azido moiety 

pendent to the 2-acetamido group with reasonable catalytic efficiency (34). Third, 

evidence suggested that although streptozotocin was not very potent towards either 

GH20 or GH84 family members, it did possess weak selectivity (10-fold) for bovine OGA 

over a mixture of bovine HexA and HexB (188). Therefore, we hypothesized based on 

our enzymatic studies and previous data, that OGA contained a more spacious active 

site around the 2-acetamido group of the substrate. 

3.2.2 Derivatives of NAG-thiazoline 

Armed with the hypothesis that OGA might be able to better tolerate increased 

bulk at the 2-acetamido position as compared to the lysosomal β-hexosaminidases, a 

series of NAG-thiazoline derivatives were synthesized by Garrett Whitworth, a coworker 

in the laboratory. These derivatives have bulky alkyl substituents at the 2′-position of the 

thiazoline ring (Table 3.1) (291). Gratifyingly, I found that substituents extending from the 

methyl group of NAG-thiazoline greatly perturbed binding to HexB at the pH of the 

lysosomes (pH 4.5), but only modestly affected binding to OGA (Table 3.1). From this 

small panel of inhibitors, the derivative with two extra methylene units, which we termed 
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NButGT (Figure 3.3a), was chosen as the best candidate for future studies since it 

showed high selectivity (1500-fold) over human HexB yet retained good potency (KI = 

250 nM) for human OGA at pH 6.5. As described in Chapter 2, the inhibition of NAG-

thiazoline is pH-dependent. Therefore, NButGT was retested as an inhibitor of OGA and 

a KI value of 600 nM was determined (172). This potency at physiological pH gives this 

inhibitor an expected 700-fold selectivity for OGA over HexB within cells. PUGNAc, on 

the hand, was confirmed to have no selectivity for OGA as it had a KI value of 47 nM for 

human OGA and 37 nM for human β-hexosaminidase (Table 3.1). 

Table 3.1:  Inhibition constants and selectivity (HexB KI / OGA KI) of a series of alkyl-
substituted NAG-thiazoline derivatives and PUGNAc tested with human OGA and 
HexB. 

 

3.2.3 NButGT in the Active Site of BtGH84 

The molecular basis for the selectivity that we were able to achieve with the 

series of NAG-thiazoline derivatives was revealed later on from the crystal structure of 

BtGH84 with NAG-thiazoline bound in the active site (266), which showed a deep pocket 

below the methyl group (Figure 2.16). To demonstrate that this pocket can indeed 

accommodate a bulkier group than the 2-acetamido substituent, Rebecca Dennis from 

Gideon Davies’ laboratory obtained a structure of BtGH84 with in complex with NButGT 

(Figures 3.2b-c) (333). This structure beautifully demonstrates that the propyl chain of  
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Figure 3.2:  NButGT is a potent, selective, and cell permeable inhibitor of OGA.  
(A) Chemical structure of NButGT. (B,C) NButGT bound in the active site of BtGH84 (PDB 
2J4G) highlights how the propyl substituent of NButGT is accommodated within a deep 
active site pocket. Asp243 is shown as yellow sticks in (C) to aid comparison with as the 
structure of BtGH84 bound to PUGNAc shown in Figure 3.1. (D) Incubation of COS-7 cells 
with 50 µM NButGT results in a time-dependent increase in cellular levels of O-GlcNAc-
modified proteins. Upper panel: Western blot analysis of cellular O-GlcNAc levels using 
the CTD110.6 anti-O-GlcNAc antibody as a function of the time of exposure of cells to 
NButGT. Lower panel: Western blot of the same samples using an anti-β-actin antibody 
reveals equivalent sample loading. Shown on the right is where the molecular markers 
appear.  

NButGT can be readily accommodated within the pocket. It is gratifying that prior 

biochemical data accurately predicted a more spacious active site architecture for OGA 

around the 2-acetamido group of the substrate, whereas the structural basis for this 

tolerance was only revealed later on by the structures of BtGH84 and CpGH84 (266, 

267) and most clearly demonstrated with co-crystal structure of NButGT and BtGH84 

(314). These structural studies have, however, been important for offering clear 

structural rationales for the potency and selectivity OGA inhibitors and may provide 

guidance for designing more potent inhibitors in the future. In summary, the mechanism-

inspired design of NButGT delivers excellent selectivity of NButGT towards OGA. The 

thiazoline ring confers selectivity for enzymes that use substrate-assisted catalysis. In 

mammals, this greatly narrows the list of possible enzymes to include OGA, the β-
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hexosaminidase, and several GHs from family 18 that also use substrate-assisted 

catalysis. Members of GH18, however, are endo-acting and although NAG-thiazoline 

does inhibit this class of enzymes, its potency is at least several orders of magnitude 

higher (278, 319). On the other hand, the propyl substituent appended to the thiazoline 

scaffold provides selectivity towards OGA. With the help of Alexandra Debowski, a co-

worker in the laboratory, we showed that NButGT elevates O-GlcNAc levels in cultured 

COS-7 cells in a time-dependent manner (Figures 3.2d). Therefore, NButGT was the 

first described potent, selective, and cell-permeable inhibitor of OGA. Recently, NButGT 

has been used extensively by our laboratory (333) and others (161, 203, 334, 335) to 

probe the cellular role of the O-GlcNAc modification, and its use is central to the studies 

described in Chapter 4. 

3.3 Improving on the Potency of NButGT 

3.3.1 Room for Improvement 

Our earlier biochemical proposal is that Asp174 acts as the stabilizing/polarizing 

residue in the human enzyme and hydrogen bonds to the amide proton of substrates 

and structurally related inhibitors (262). From the earlier studies presented in Chapter 2, 

the kinetic pKa of Asp174 was estimated as 5.3. The pKa value of the conjugate acid of 

the thiazoline, for which the proton very likely resides on the nitrogen atom, has been 

reported as 3.4 for 2′-methyl-thiazoline (336). To more accurately assess the pKa value 

of the conjugate acid of the thiazoline, a pH titration was performed with NButGT 

whereby changes in chemical shift were measured by NMR spectroscopy in D2O (Fig. 

3.3a). Plotting the chemical shifts of three different protons verses the pD of the solution 

reveals an average pKa value of 3.04 ± 0.02 in D2O (Fig. 3.3b). As one analytical study 

showed that the pKa value of the side-chain of histidine is 1.1% greater in H2O than D2O 

(337), the pKa value determined for NButGT in D2O is estimated to be 3.07 ± 0.03 in 

H2O. The implication is that under physiological conditions (pH 7.4), only a small 

percentage of either Asp174 or the thiazoline ring of NAG-thiazoline would be expected 

to be protonated. Therefore, I expected that modulating the pKa of either group should 

influence to the inhibitory potency properties of NAG-thiazoline at physiological pH.  
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Figure 3.3:  Determining the pKa of the conjugate acid of the nitrogen of NButGT.  
(A) 1H NMR spectra of NButGT in D2O as a function of pD. A 10 mg/mL solution of 
NButGT in D2O was adjusted to the specified pD using NaOD or DCl and a 1H NMR 
spectra was acquired immediately. A new sample of NButGT was used for each pD to 
avoid the accumulation of decomposition products in the spectra. (B) Chemical shifts of 
the different protons of NButGT plotted as a function of pD. IC50 fits were performed using 
the program Grafit and all three protons give a similar IC50 value.    

One piece of data in support of this hypothesis is the dependence of pH on 

inhibition of NAG-thiazoline. As was described above, decreased pH resulted in more 

potent inhibition (KI = 70 nM at pH 6.5 versus KI = 180 nM at pH 7.4). The same trend for 

the potency of inhibition was also followed by NButGT and the higher inhibitory potency 

at lower pH values are predicted from the rationale offered above. This data also 

suggests that an electrostatic interaction between a positively charged thiazoline and the 

negatively charged Asp174 is beneficial and that this interaction could be optimized. The 

structure of NAG-thiazoline bound in the active site of BtGH84 strongly suggests that 

stabilizing/polarizing residue (Asp174 of human OGA or Asp242 of BtGH84) is hydrogen 

bonded to the nitrogen of the thiazoline ring (Fig. 2.14c). The distance between the δO of 

Asp242 and the nitrogen atom is 2.8 Å, which strongly indicates the presence of a 

hydrogen bond since the two atoms are closer to each other than the sum of their van 

der Waals radii: the crystallographic definition of a hydrogen bond. This structural 

analysis is entirely in accord with our biochemical analysis and support the need for a 

hydrogen bond between Asp174 of human OGA and the thiazoline ring in order to 

realize potent binding. With the goal of designing a more potent inhibitor, this interaction 

between Asp174 and the thiazoline ring of NAG-thiazoline was investigated further. 
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3.3.2 Decreasing the pKa of the Thiazoline Nitrogen 

To decrease the pKa of the thiazoline nitrogen, I prepared a series of NAG-

thiazolines with one, two, or three fluorines appended to the 2'-methyl group (Scheme 

3.1). As demonstrated in the previous chapter, substitution of hydrogen atoms with 

fluorine atoms at the methyl group of the 2-acetamido group on a competitive inhibitor 

has only a very minor effect on binding (Table 2.1). Therefore, it was expected that any 

differences that arise from addition of fluorines to NAG-thiazoline should largely reflect 

electronic, rather than steric, effects.  

 

Scheme 3.1:  Synthesis of NAG-thiazolines derivatives with a different number of fluorine atoms 
attached to the 2'-carbon atom.  
(i) CH3C(O)OC(O)CH3 or CF3C(O)OC(O)CF3, Et3N, CH2Cl2; (ii) Dowex 50-H+, 
NaOOCCH2F or NaOOCCHF2, DMF, Et3N, Py, DCC; (iii) Lawesson’s reagent, ∆, toluene; 
(iv) a, NaOMe, MeOH; b, dilute CH3COOH in MeOH. 

When tested against human OGA at pH 7.4, the KI for monofluoro derivative 

increased a dramatic 50-fold (Table 3.2). As predicted from the hypothesis outlined 

above, the decrease in the pKa of the thiazoline nitrogen would lead to a still smaller 

percentage of inhibitor molecules being protonated in solution and, hence, an effective 

lower concentration of inhibitor in solution. Another explanation is that decreasing the 

pKa of the thiazoline nitrogen would result in the pKa value of Asp174 and the conjugate 

acid of the thiazoline being further apart. As the strength of a hydrogen bond correlates 

with how close the two respective pKa values are to each other (338), the addition of the 

fluorine atom on NAG-thiazoline could potentially elicit its effect on potency of inhibition 

in this manner. From these studies alone, it cannot be determined which one of these 

possibilities predominates, however, both may be at play. Surprisingly, the NAG-

thiazoline derivates with two or three fluorines atoms had a small increase in binding 

strength (decrease KI) over the derivative with only one fluorine atom. Without 

speculating too much into this result, it can be pointed out that this latter result is 

analogous to that observed for fluorination of the methyl glycosides (Table 2.1). In both 

cases, a decrease in binding strength arising from the presence of the fluorines could  
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Table 3.2:  Inhibition constants and selectivity for a series of fluorine-substituted NAG-
thiazoline derivatives tested with human OGA and HexB. 

 

 
 

stem from increased hydrophobic interactions. Based on the structural knowledge of the 

active site pocket of BtGH84, and by extension the human enzyme, this seems 

reasonable since this pocket is lined with hydrophobic residues (Figure 2.16). 

Regardless, the perturbed binding that is observed with decreasing the pKa of the 

thiazoline nitrogen is supportive evidence that binding between OGA and NAG-thiazoline 

is strongly influenced by this key interaction and thus offers a strategy for designing a 

more potent inhibitor. 

3.3.3 Increasing the pKa of the Thiazoline Nitrogen 

On the basis of the previous biochemical data, such as the apparent pH of 

inhibition, the identification of the stabilizing residue as Asp174, determining that in the 

resting form of the enzyme Asp174 is deprotonated, and the data on the fluorinated 

NAG-thiazolines presented above, our laboratory speculated that increasing the basicity 

of the endocylic nitrogen of the thiazoline ring would favour its protonation and facilitate 

formation of a favourable ion pair or hydrogen bond interaction with Asp174. 

Aminothiazolines are known to be more basic than the corresponding thiazolines (339, 

340) and, therefore, a bioisostere of NButGT was prepared by Julia Heinonen, a co-

worker in the laboratory, wherein the first methylene unit of the alkyl chain at the 2′-

position of the thiazoline ring was replaced with an amine (Figure 3.4a). As expected, 

the pKa of the endocyclic thiazoline nitrogen for this derivative was dramatically 

increased to a value of 7.61 ± 0.02 in D2O (Figure 3.4b), which corresponds to 7.69 ± 

0.02 in H2O based the empirical correction from studies comparing the pKa of histidine in 

H2O and D2O (337). Gratifyingly, Garrett Whitworth demonstrated that this change led to 

an increase in binding affinity of 30-fold (KI = 21 nM at pH 7.4) and also enhanced 
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selectivity of this inhibitor for OGA over HexB (37,000-fold selective) (172). The increase 

in potency of this derivative, called Thiamet-G (thiazoline amino ethyl gluco-configured), 

arises despite a nearly identical mode of binding to BtGH84 compared to NButGT 

(Figure 3.4c). Thiamet-G is thus an extremely potent and selective inhibitor of human 

OGA and supports the beneficial effect on binding of having a hydrogen bond and/or 

electrostatic interaction between the thiazoline nitrogen and Asp174. 

 

Figure 3.4:  Increasing the pKa of the conjugate acid of the thiazoline nitrogen through 
incorporation of an exocyclic amine group.  
(A) Chemical structure of Thiamet-G. (B) Chemical shift plotted as a function of pD for 
three different protons on Thiamet-G. IC50 fits were performed with the program Grafit and 
all three protons give a similar IC50 value. (C) Overlay of Thiamet-G (PDB 2J4G) and 
NButGT bound in the active site of BtGH84 demonstrates that minimal changes occur in 
the position of active site residues.   

In addition to being a more potent and selective inhibitor, I also found that 

Thiamet-G is very stable to decomposition under acid conditions. First-order rates of 

decomposition for NButGT, PUGNAc, and Thiamet-G were determined by monitoring 

their absorbance at a wavelength of 230, 278, and 233 nm, respectively, at different pH 

values. These assays were carried out at 60 °C in a buffered solution of 50 mM citric 

acid and 50 mM sodium phosphate. For NButGT, the rate of decomposition was 

proportional down to a pH value of 3, below which decomposition rates levelled off (Fig. 

3.5 - diamonds). Likewise, PUGNAc also showed acid-dependent decomposition (Fig. 

3.5 - squares). These rates were independent of the buffer concentration (data not 
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shown), which indicated that this decomposition is likely a specific acid catalyzed 

process. For NButGT, as the pH value of the break falls around the experimentally 

determined pKa value of the thiazoline nitrogen, this observation suggests that 

decomposition may be driven by specific acid catalyzed protonation of this group. It is 

important to point out that these decreases in absorbance correlate with decreased 

potency of inhibition towards human OGA indicating that the molecule had undergone 

some type of decomposition or rearrangement to a compound that is a less potent 

inhibitor (data not shown). Extrapolating the rate of decomposition to a physiological pH 

(7.4) and temperature (37 °C), based on a 2-fold decrease in rate for every 10 °C, gives 

an estimated half-life of 76 hr for NButGT and 48 hr for PUGNAc. Despite extensive 

efforts, decomposition  

 

Figure 3.5:  Acid catalyzed decomposition of NButGT and PUGNAc.  
The absorbance of NButGT (diamonds) and PUGNAc (squares) were monitored at 230 
and 278 nm, respectively, and found to follow a first order decay. Reactions were carried 
out at 60 °C in a buffered solution consisting of 50 mM sodium citrate and 50 mM sodium 
phosphate at the appropriate pH. Each data point represents the average of two 
replicates. In the same way, the decomposition of Thiamet-G was assessed at 233 nm, 
however, it was found to be highly stable and no decomposition was observed.  

of Thiamet-G could not be observed over a wide range of pH values even over extended 

lengths of time. Consistent with this finding, incubation of Thiamet-G at a pH value of 4.0 

for 4 hr at 60 °C did not significantly affect its ability to inhibit human OGA. From this 

observation it can be estimated that at a pH value of 4.0, Thiamet-G is at least 1000-fold 

more stable that NButGT and PUGNAc. Therefore, not only is Thiamet-G a highly potent 

and selective inhibitor of human OGA, it is also very stable to decomposition under acid 

conditions; a feature that could be an advantage in certain biology applications. Working 

with Scott Yuzwa in our laboratory, we found that Thiamet-G is a versatile inhibitor that is 
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effective in a variety of biological settings at increasing cellular O-GlcNAc levels (172), 

however, these studies will not be discussed in this thesis. 

3.3.4 pH Inhibition Profiles 

The data presented above showing that an electron withdrawing or donating 

group appended to the thiazoline ring decreases or increases, respectively, the strength 

of binding, strongly suggests that the interaction between Asp174 and the thiazoline 

nitrogen is important for binding. To provide further support for this idea, a more detailed 

description of the dependence of pH on inhibition was investigated. The inhibition of 

NButGT was tested over a broad range of pH values and as shown in Figure 3.6, an 

increase in pH results in an increase in its KI value. However, below a pH of 6 the KI of 

NButGT also increases.  

 

Figure 3.6:  Modulating the pKa of the conjugate acid of the thiazoline nitrogen changes the pH 
profile for inhibition of human OGA by NAG-thiazoline inhibitors.  
NButGT and two bioisosteres (NButGT-F3 and Thiamet-G) were tested as inhibitors of 
human OGA over a broad range of pH values in buffered solutions consisting of 50 mM 
sodium citrate, 50 mM sodium phosphate, and 50 mM CHES at the appropriate pH value. 
Each point represents a KI value determined using 250 µM 4MU-GlcNAc as a substrate. 
Note that the pKa of the conjugate acid of the endocyclic thiazoline nitrogen tends to 
correlate with the minimum on the graph; for NButGT-F3 the minimum likely occurs at a pH 
value ≤ 5.0. 

There could be several reasons for this latter observation including the possibility 

that at low pH, binding is perturbed by protonation of other enzymic residues that would 

likely decrease the binding strength in many ways. The pH inhibition profile of two 

bioisoteres of NButGT were also analyzed in the same manner. The first was Thiamet-G 

and the second was a derivative of NButGT having a trifluoropropyl substituent 

appended to the 2' position of the thiazoline, termed NButGT-F3, which was synthesized 
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by Julia Heinonen in our laboratory. Unfortunately, efforts to determine the pKa for this 

latter derivative failed because the pKa was too low; however, it is safe to say that the 

pKa value for this derivative is less than 2.5. The pH inhibition profile for Thiamet-G had 

a similar appearance to that of NButGT except the minima was shifted towards a basic 

pH. This observation is consistent with the higher pKa of Thiamet-G. The shape of the 

the profile observed for the fluorinated derivative was very interesting; the KI value 

simply increased with pH, which is consistent with the lower pKa of the thiazoline 

nitrogen of this derivative. Nevertheless, it was surprising that inhibition was not 

perturbed at low pH and this observation suggests that the increases in KI values of 

NButGT and Thiamet-G at low pH values are not the consequence of a perturbed 

enzymatic active site but possibly arise from consideration of the probability of 

protonation of both Asp174 and the thiazoline inhibitor. 

Four scenarios involving different protonation states are possible (Figure 3.7). 

For one, both Asp174 and the nitrogen of the thiazoline are protonated in solution 

(Figure 3.7; scenario 1). In another scenario, neither are protonated (Figure 3.7; 

scenario 4). Alternatively, just one of the two groups may be protonated (Figure 3.7; 

scenarios 2,3).  

 

Figure 3.7:  Four scenarios for the protonation states of Asp174 and the endocyclic thiazoline 
nitrogen in solution.  
As both the pKa of Asp174 and the conjugate acid of the nitrogen of NAG-thiazoline are 
lower than 7.4, which is physiological pH, scenario 1 is most likely to occur in solution at 
this pH. Previous biochemical and crystallographic evidence, however, suggests that a 
hydrogen bond is required for a tight interaction. Therefore, scenarios 2 and 3 will likely 
lead to tight binding but the effective concentration of either of these two species is low at 
physiological pH. Scenario 4 is least likely as it represents both species being protonated, 
however, the probability of this scenario occurring does increase at lower pH values. 
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All the biochemical data presented thus far strongly suggests that a hydrogen atom is 

required for tight binding to human OGA. Therefore, one of the two species (Asp174 or 

the thiazoline) is required to be protonated for efficient binding and this is represented as 

either scenario 2 or 3 in Figure 3.7. Nevertheless, since both Asp174 and the nitrogen of 

the thiazoline ring of NButGT have a pKa value that falls significantly below physiological 

pH, the effective concentration of either protonated species will be low. So for NButGT, 

the first scenario has the highest probability of occurring in solution but is not predicted 

to give rise to tight binding. Strong binding of NButGT to OGA therefore likely arises from 

either scenario 2 or 3 occurring in solution yet the effective concentration of these 

species will be low. Below a pH value of 5.5, the probability of both Asp174 and the 

thiazoline nitrogen being protonated (scenario 4) would start to increase, since the pKa of 

Asp174 is estimated to be 5.3, and such a scenario would also not favour binding. This 

situation may be the cause of the decreased binding affinity observed at pH values 

below 6 for NButGT and Thiamet-G. On the other hand, NButGT-F3 did not show this 

trend, which likely is a reflection of its very low pKa value and, consequently, the fact that 

scenario 4 is not reached during the pH inhibition study. 

A rough prediction, based on using the Henderson-Hasselback equation 

(equation 3.1), to determine the probability of an ionizable group being protonated can 

be made for how much more potent Thiamet-G (pKa = 7.69) should be compared to 

NButGT (pKa = 3.09) at a various pH values. 

Equation 3.1:  pH = pKa + log(A-/HA) 
    

At a physiological pH of 7.4, the probability of either scenario two or three occurring in 

the case of NButGT is 0.0079. On the other hand, for the case of Thiamet-G, this 

probability increases to 0.52. These simple calculations would predict that Thiamet-G 

should be 66-fold more potent than NButGT. As a 30-fold difference in potency between 

these two compounds was found experimentally, the prediction based on these factors 

appears to be reasonable. As the potency of NButGT does not increase dramatically on 

lowering the pH, it is likely there are likely other factors at play. The presence of such 

other secondary factors, which are unaccounted for in considering only protonation in 

the model, is highlighted by the case of NButGT-F3. For NButGT, protonation of Asp174 

is much more likely (scenario 2) than protonation of the thiazoline at pH 7.4 and, 

therefore, decreasing the pKa of NButGT further would not be expected to have a 

significant effect on binding affinity. Nevertheless, NButGT-F3 was significantly less 
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potent as an inhibitor of OGA over all pH values tested and this result is very similar to 

the 50-fold increase in KI value of the monofluorinated NAG-thiazoline derivative (Table 

3.2). As described above, other factors such as how close two respective pKa values are 

to each other is one other possible secondary factor that may account for differences 

between experimental and predicted values. Another factor is that scenario 2 could be 

considered a hydrogen bond, whereas scenario 3 could be considered an electrostatic 

interaction between a positively charged thiazoline and the negatively charged carboxyl 

group of Asp174. Scenarios 2 and 3, therefore, may not be give rise to the same binding 

strength. In any event, these studies on the pH of inhibition of thiazoline-based inhibitors 

of OGA do provide another piece of strong support that this hydrogen bond and/or 

electrostatic interaction is critical to binding. 

3.4 Current State of the Field; Other OGA Inhibitors 

3.4.1 PUGNAc Derivatives 

Following our discovery that the active site pocket in OGA could tolerate 

inhibitors having bulky substituents (291), two studies reported analogous modifications 

to the structure of PUGNAc (341, 342). Surprisingly, these derivatives did not yield 

inhibitors having the same selectivity as the substituted NAG-thiazoline derivatives 

discussed in the above section. For instance, the PUGNAc derivative bearing two extra 

methylene units in the N-acyl chain (Butyl-PUGNAc) afforded only 10-fold selectivity, 

whereas the analogous extension conferred on NButGT its 700-fold selectivity over 

HexB. Some insight into the discrepancy in selectivity for the PUGNAc versus NAG-

thiazoline class of inhibitors can be gained by considering the issue from a structural 

point of view (Figure 3.8). With NAG-thiazoline, the 2'-methyl group is centred in the 

pocket and points directly down and parallel with the walls (Figure 3.8a) (266). On the 

other hand, for PUGNAc, the methyl group of the 2-acetamido substituent is slightly off-

centred in the pocket and points at an angle relative to the walls of the pocket (Figure 

3.8a) (267, 333). This consideration alone would predict that the propyl chain of NButGT 

should fit in the pocket better than the corresponding propyl chain of Butyl-PUGNAc. 

Indeed, the a structure with NButGT bound to BtGH84 did reveal that the propyl chain of 

NButGT fits into the pocket very nicely (314) whereas a recent structure of Butyl-

PUGNAc bound to BtGH84 showed that this inhibitor was forced to bind with its 

pyranose ring displaced upward and out of the active site so that its propyl chain could 
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be accommodated in the pocket (Figure 3.8b) (343). Thus, the limited selectivity of 

PUGNAc analogues and the longer chemical synthesis required to make a PUGNAc-

based inhibitor do not make these inhibitors the best choice for biological studies. 

 

Figure 3.8:  Crystallographic rationalization of the excellent selectivity achieved by thiazoline-
based inhibitors versus the poor selectivity achieved by PUGNAc-based inhibitors 
towards GH84 family members.  
(A) Overlay of NAG-thiazoline (PDB 2CHO; green) and PUGNAc (PDB 2VVS; pink) in the 
active site of BtGH84. Notice that the 2'-methyl group of NAG-thiazoline is precisely 
centered in the pocket and is parallel with the walls of the pocket (green arrow). On the 
other hand, the methyl substituent on the 2-acetamido group of PUGNAc appears, on the 
basis of this crystal structure, to be off-centred and pointing at an angle relative to the 
walls of the pocket (pink arrow). There are no significant differences in the position of 
active site residues and, therefore, only residues from the structure with NAG-thiazoline 
are shown. (B) Overlay of NButGT (PDB 2J4G; yellow) and Butyl-PUGNAc (PDB 2WCA; 
green) in the active site of BtGH84. In order for the propyl chain of Butyl-PUGNAc to be 
accommodated in the active site pocket, the pyranose ring is displaced up and out of the 
active site (highlighted by the upward arrow). For Butyl-PUGNAc, the enzyme must also 
compensate by shifting several of its active site residues. In both (A) and (B), the 
perimeter of the active site pocket is highlighted by a dashed line for clarity. 

3.4.2 GlcNAcstatin and related Glucoimidazoles 

The natural product NAGstatin was originally isolated from Streptomyces 

amakusaensis (344) and was described as a potent inhibitor of bacterial β-

hexosaminidases from family GH20 (345). The gluco-configured analogue of NAGstatin, 

known as gluco-nagstatin (Figure 3.9a), was first synthesized by Vasella and co-workers 

(346). Gluco-nagstatin ((5R,6R,7R,8S)-N-[6,7-dihydroxy-5-(hydroxymethyl)-2-(2-

ethanoic acid)-1,5,6,7,8,8a-hexahydroimazao[1,2-a]pyridin-8-yl]-2-carboxamide) was 

found to be a potent inhibitor of GH20 β-hexosaminidases (KI = 10 nM) (346) and later 

shown to be a good inhibitor of human OGA (KI = 420 nM) (347). Some efforts to  
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Figure 3.9:  The chemical structures and names of other recently described OGA inhibitors that 
are based on an imidazole scaffold.  
(A) gluco-NAGstatin, (B) PUGNAc-imidazole hybrid, (C) GlcNAcstatin. 

improve upon the gluco-NAGstatin scaffold have been made by grafting on an aryl 

moiety to the imidazole ring. Shanmugasundaram et al. described the synthesis and 

testing of a derivative of gluco-NAGstatin that was substituted with an N-

phenylcarbamoyl group (Figure 3.9b) (347); ((5R,6R,7R,8S)-8-(acetylamino)-6,7-

dihydroxy-5-(hydroxymethyl)-N-phenyl-1,5,6,7,8,8a-hexahydroimidazo[1,2-a]pyridine-2-

carboxamide). The intention was to capture some of the potency of PUGNAc but, 

unfortunately, this PUGNAc-imidazole hybrid was not as potent (KI = 3.8 µM) as the 

parent gluco-nagstatin. Another derivative of gluco-nagstatin was described by 

Dorfmueller et al., which resembles the PUGNAc-imidazole hybrid except that the amide 

linker between the imidazole moiety and the phenyl group was replaced by two 

methylene units (348). This derivative, termed GlcNAcstatin ((5R,6R,7R,8S)-N-[6,7-

dihydroxy-5-(hydroxymethyl)-2-(2-phenylethyl)-1,5,6,7,8,8a-hexahydroimazao[1,2-

a]pyridin-8-yl]-2-methylpropanamide) (Figure 3.9c), also had an N-isobutanoyl group to 

confer selectivity for OGA over the lysosomal β-hexosaminidases. GlcNAcstatin was 

found to be an extremely potent inhibitor of the bacterial CpGH84 (KI = 4.6 pM). 

GlcNAcstatin was shown to modulate OGA activity in the human epithelial kidney cell 

line HEK293 but the concentration required to produce these effects were only slightly 

lower than PUGNAc. Very recently, these same authors have followed up their original 

findings by showing that GlcNAcstatin has a KI value of 4 nM towards human OGA 

(349). Nevertheless, GlcNAcstatin also appears to be a good inhibitor of human HexB 

(KI = 550 nM) giving this compound a fairly modest 150-fold selectivity (349). It is 

interesting that GlcNAcstatin, the PUGNAc-imidazole hybrid, and gluco-nagstatin itself 

which are all quite structurally similar, are reported as having three to four orders of 

magnitude differences in potency towards human OGA. Unusual conditions used to test 
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human OGA could account for this such as a pH 5.7 and inhibitor concentrations that did 

not span the reported KI (349). 

3.4.3 6-Acetamido-Castanospermine 

For studies described later on, a situation arose where another OGA inhibitor 

was beneficial for delineating results that we had obtained using NButGT and PUGNAc. 

Ideally, this inhibitor needed to have a structure unrelated to NAG-thiazoline or 

PUGNAc. We recognized that one broad class of inhibitors that have proven widely 

useful for the many GHs are the iminosugars, many of these inhibitors have an 

endocyclic nitrogen in place of the oxygen. This class of inhibitors is thought to mimic a 

general transition state structure by virtue of the positive charge at the pseudoanomeric 

centre (350). One member of this class of inhibitors is castanospermine 

((1S,6S,7R,8R,8aR)-1,2,3,5,6,7,8,8a-octahydroindolizine-1,6,7,8-tetrol (1,6,7,8-

tetrahydroxyoctahydroindolizine)) (Figure 3.10a), a natural product that was originally 

isolated from Castanospermum australe (351). Castanospermine is an iminosugar with 

an ethylene unit between the endocyclic nitrogen and C6, which creates a fused five and 

six membered ring system. Castanospermine is typically a low micromolar inhibitor of 

retaining β-glycoside hydrolases and, in fact, a derivative of castanospermine bearing an 

acetamido group at the 6-position (corresponding to the 2-position of glucopyranose) 

has been described as a submicromolar inhibitor of some GH20 family members (352, 

353). This derivative, termed here 6-acetamido-castanospermine (6-Ac-Cas) (Figure 

3.10b), is structurally different from both NAG-thiazoline and PUGNAc and is also 

commercially available. 

 

Figure 3.10:  The chemical structure of castanospermine and its 6-acetamido analogue. 
(A) Castanospermine (Cas) has been well characterized as a potent inhibitor a wide range 
glucosidases from different GH families. (B) 6-acetamido-castanospermine (6-Ac-Cas) 
has been described as submicromolar inhibitor of some GH20 family members but had 
never been tested as an inhibitor of GH84 family members or human hexosaminidases. 
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Working with Tracey Gloster, a coworker in the lab, we determined that 6-Ac-Cas 

shows a pattern of competitive inhibition towards both human OGA and HexB (Figures 

3.11). Based on this data, KI values of 300 and 250 nM were calculated for human OGA 

and HexB, respectively. Therefore, like PUGNAc and NAG-thiazoline, 6-Ac-Cas is a 

submicromolar inhibitor of both human OGA and HexB but does not exhibit any 

selectivity. However, for the studies presented in Chapter 4, I felt using a third, 

structurally distinctive, inhibitor would be useful and thus despite not showing selectivity 

6-Ac-Cas served as an excellent third class of OGA inhibitor for my studies. 

 

Figure 3.11:  6-acetamido-castanospermine is a potent and competitive inhibitor of both human 
OGA and HexB.  
Kinetic results for the inhibition of human OGA (upper panels) and human HexB (lower 
panels) with 6-Ac-Cas. (A,D) Michaelis-Menten curves and (B,E) reciprocal Lineweaver-
Burk plots clearly demonstrate the competitive nature of inhibition by 6-Ac-Cas for both 
enzymes. (C,F) A plot of the apparent KM against the concentration of 6-Ac-Cas reveals KI 
values of 0.30 and 0.25 µM towards OGA and HexB, respectively. 
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3.5 Published Work from these Studies and Acknowledgement 
of the Contributions of Others 

The work with NAG-thiazoline derivatives was a part of our original investigation 

into the catalytic mechanism of OGA published in the Journal of Biological Chemistry 

(272). Garrett Whitworth is acknowledged for synthesizing the inhibitors and organizing 

the lab hockey pools while Alex Debowski was the first in our laboratory to show that the 

thiazoline-based inhibitors elevate O-GlcNAc levels in COS-7 cells. For the development 

of Thiamet-G, the studies I had undertaken with synthesis and testing of the fluorinated 

thiazolines, as well as the pH inhibition profile of NButGT, was a driving force for 

stimulating the laboratory to think of ways to increase the pKa of the the thiazoline 

nitrogen in order to make a more potent inhibitor of OGA. Dr. Ernest McEachern and Dr. 

Vocadlo proposed the synthesis of Thiamet-G and Julia Heinonen was able the first to 

describe its synthesis. Garrett Whitworth determined the KI of Thiamet-G for human 

OGA and HexB while I was able to show that Thiamet-G is more potent in its ability to 

elevate O-GlcNAc levels in cultured cells. As I had already been working with NButGT in 

vivo for several years for the studying presented in Chapter 4, I helped guide studies that 

were carried out in vivo in an enjoyable collaboration with Scott Yuzwa, where we 

showed that Thiamet-G effectively elevates O-GlcNAc levels in rodents and decreases 

the phosphorylation levels on the microtubule associated protein tau. SY is also thanked 

for the fun times at pitch-n-putt. This team effort resulted in a publication in Nature 

Chemical Biology (172).  Beyond published work, Julia Heinonen is acknowledged for 

provided NButGT-F3 and helping out with the pKa determination by 1H NMR 

spectroscopy, Tracey Gloster is acknowledged for helping determine the KI of 6-Ac-Cas 

toward human OGA and HexB as well as being an excellent babysitter. 

3.6 Materials and Methods 

3.6.1 General 

PUGNAc (Toronto Research Chemicals) and 6-Ac-Cas (Industrial Research 

Limited) were obtained commercially. Human placental β-hexosaminidase was obtained 

from Sigma.  
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3.6.2 Cell Culture 

COS-7 cells were cultured as described in Chapter 2. To study the time-

dependent increase in O-GlcNAc levels, COS-7 cells (1 X 105) were plated on 10 cm 

dishes. The following day the cells were approximately 25% confluent. At this time, all 

the cells were dosed with 50 µM of NButGT and at various times the cells were 

harvested by first washing with 5 mL of PBS, then scrapped off the plate with a rubber 

policeman in the 5 mL of PBS, transferred to a 15 mL conical tube, and pelleted by 

centrifugation (200 rcf, 8 min). After carefully removing the supernatant, the pellet was 

stored at -80 °C. The cell pellets were thawed and lysed using the same procedure as 

described in Chapter 2. Since the cells had been cultured for different lengths of time, 

the total protein concentration was first standardized using SDS-PAGE with Coomassie 

(G-250, Biorad) staining. Once standardized, Western blot analyses were carried out by 

probing the lysates using the CTD110.6 anti-O-GlcNAc antibody (Covance) and anti-β-

actin (Sigma) antibodies using the same Western blotting procedures outlined in Chapter 

2.    

3.6.3 Enzyme Kinetics 

3.6.3.1 Inhibition of OGA by Alkyl-Substituted NAG-Thiazoline Derivatives  

The same procedure (fluorescence stopped assay) was used as described in 

Chapter 2 for determining the KI of NAG-thiazoline. 

3.6.3.2 Inhibition of Fluorine-Substituted NAG-thiazoline derivatives 

To determine the inhibition constant of the fluorine-substituted NAG-thiazolines, a 

continuous fluorescence assay was used. This assay used 4MU-GlcNAc as a substrate 

and was similar to the UV/VIS continuous assay described in Chapter 2 except that 

fluorescence was monitored at 460 nm using an excitation wavelength of 368 nm and slit 

widths of 5 mm. The final assay volume was 150 µL and the reaction was carried out in 

a microcuvette at 37 °C using a Varian CARY Eclipse fluorescence spectrophotometer. 

A determination of the KI followed the same procedure outlined in Chapter 2 wherein 

inhibitors were tested over a range of at least 1/5th to 5-times the KI value at a fixed (250 

µM) substrate concentration. A full Michaelis-Menten curve was always carried out in 

parallel on the same of the measurement in order to establish the Vmax value. The 
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enzyme concentration used in these assays was always at least ten-fold less than the 

concentration of the inhibitor used in the assay. 

3.6.3.3 pH dependence of Inhibition of OGA by NButGT, Thiamet-G, and NButGT-
F3 

A fluorescence stopped assay similar to one described in Chapter 2. The buffer 

was made up of 50 mM sodium citrate, 50 mM sodium phosphate, and 50 mM CHES. 

Determination of the KI values followed the same procedure outlined for NAG-thiazoline 

in Chapter 4 and Figure A2 of the appendix.  

3.6.3.4 Inhibition of 6-Ac-Cas 

To determine the inhibition constant of 6-Ac-Cas for OGA, a continuous UV/Vis 

assay was carried out using pNP-GlcNAc as a substrate as described in Chapter 2. Both 

substrate concentration (50 µM to 3.5 mM) and inhibitor concentration (50 nM to 2 µM) 

were varied to define the KI value.    

3.6.4 Non-Enzymatic Inhibitor Breakdown 

A wavelength scan of NButGT, PUGNAc, and Thiamet-G revealed that these 

compounds had UV absorption maxima at 230, 278, and 233 nm, respectively (data not 

shown). Each compound was dissolved at a concentration of 1 mM in a buffer consisting 

of 50 mM sodium citrate and 50 mM sodium phosphate at the appropriate pH. The 

solution was transferred to a 500 µL quartz cuvette with a stopper such that there was 

no void volume. The cuvette was placed in the spectrophometer, which was equilibrated 

to 60 °C and the absorbance of the solution was then monitored at wavelengths as 

required. Some reactions were allowed to carry on for up to 8 hr. Two samples in two 

matched cuvettes were read simultaneously and each data point therefore represents 

the average of two replicates. The decrease in absorbance over time for each inhibitor 

was fit to a first order decay in order to obtain the rate-constant for their decomposition. 

To evaluate whether the process being observed was specific acid catalyzed, the 

concentration of buffers (sodium phosphate and sodium citrate) was varied from 10 to 

500 mM at a pH value of 4.0. Under these conditions it was determined that the 

concentration of buffer had a negligible effect on the rate of reaction.  
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3.6.5 Determining the pKa of NButGT and Thiamet-G   

Numerous 5 mg aliquots of NButGT and Thiamet-G were weighed out in 

advance. Each aliquot was dissolved in 500 µM of D2O and the pD was adjusted to the 

desired value using NaOD or DCl (Sigma). The solution was immediately transferred to 

an NMR tube and a 1H NMR spectrum was acquired (32 scans). The spectra were 

processed and referenced to water (DOH). The chemical shifts of several protons 

proximal to the thiazoline nitrogen were assessed at each pD and the chemical shift was 

plotted as a function of pD and fit to an IC50 equation using the program Grafit.    

3.6.6 Synthesis 

3.6.6.1 General Procedures 

Two compounds (Thiamet-G and NButGT-F3) were synthesized by Julia 

Heinonen. The syntheses of these compounds will not be described here. I synthesized 

the fluorine-substituted NAG-thiazoline derivates and the procedure for their synthesis 

and 1H NMR characterization are described in detail below.  

3.6.6.2 Fluorinated NAG-thiazolines 

General procedure for the synthesis of fluorinated 3,4,6-tri-O-acetyl-1,2-dideoxy-

2'-alkyl-α-D-glucopyranose-[2,1-d]-∆2'-thiazolines – The appropriate 1,3,4,6-tetra-O-

acetyl-2-deoxy-2-amino-2-fluoroacetyl-β-D-glucopyranose with either 1, 2, or 3 fluorine 

atoms (for example for the monofluoro derivative 1 g, 1 eq., 2.5 mmol) attached to the 

methyl group of the 2-acetamido substituent (see Chapter 2 for their synthesis) was 

added to anhydrous toluene, and the reaction mixture was heated to 80 °C. Lawesson’s 

reagent (0.6 g, 0.6 eq., 1.5 mmol) was added to initiate the reaction. The more fluorine 

atoms present in the starting material, the longer the reaction took to reach completion 

(anywhere from 2 – 8 hr). After the reaction was judged complete by TLC analysis, the 

solution was cooled to room temperature, and the solvent was removed in vacuo. The 

desired material was isolated by flash column silica chromatography using a solvent 

system of hexanes and ethyl acetate in ratios ranging from 5:1 to 10:1 as appropriate. 

Products were isolated and used in the next step without further purification. The yields 

for this step (ranging from 50-75 %) decreased with the more fluorines present on the 

starting material. 
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General procedure for the Synthesis of 1,2-dideoxy-2'-alkyl-α-D-glucopyranose-[2,1-d]-

∆2'-thiazolines – A spatula tip of anhydrous sodium methoxide was added to a 200 mM 

solution of the appropriately protected fluorine-substituted thiazoline in methanol. The 

basic solution was stirred until the reaction was judged complete by TLC analysis 

(typically 1 h). A solution of glacial acetic acid in methanol (1:20) was added dropwise to 

the reaction mixture until the pH of the solution was found to be neutral. The solvent was 

then removed in vacuo, and the desired materials were isolated as colourless syrups by 

flash silica chromatography using a solvent system of ethyl acetate and methanol in 

ratios ranging from 5:1 to 10:1 as appropriate. The yield for this step ranged from 40-60 

%. 

1-2-dideoxy-2'-fluoromethyl-α-D-glucopyranoso-[2,1-d]-∆2'-thiazoline –  

1H NMR (500 MHz, CD3OD) δ: 6.41 (1H, d, JH1,H2 = 7.0 Hz, H-1), 5.17 (2H, tdd, JH7-F = 

53.4 Hz, JH7-H7’ = 13.1 Hz, JH7-H2=2.2 Hz, H-7), 4.38 (1H, m, JH2-H3 = 4.5 Hz, H-2), 4.14 

(1H, t, JH3-H4 = 4.1 Hz, H-3), 3.70 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.57 (1H, dd, H-6’), 3.54 

(1H, dd, JH4-H5 = 9.1 Hz, H-4), 3.28 (1H, m, JH5-H6 = 2.5 Hz, JH5-H6’ = 6.4 Hz, H-5) ppm.      

1-2-dideoxy-2'-difluoromethyl-α-D-glucopyranoso-[2,1-d]-∆2'-thiazoline –  

1H NMR (500 MHz, CD3OD) δ: 6.50 (1H, d, JH1,H2 = 7.1 Hz, H-1), 6.432 (1H, t, JH7-F = 

54.3, JH7-F’ = 54.3 Hz, H-7), 4.44 (1H, m, JH2-H3 = 3.8 Hz, H-2), 4.14 (1H, t, JH3-H4 = 4.6 Hz, 

H-3), 3.71 (1H, dd, JH6-H6’ = 12.1 Hz, H-6), 3.58 (1H, dd, H-6’), 3.55 (1H, dd, JH4-H5 = 9.1 

Hz, H-4), 3.27 (1H, m, JH5-H6 = 2.5 Hz, JH5-H6’ = 6.3 Hz, H-5) ppm.      

1-2-dideoxy-2'-trifluoromethyl-α-D-glucopyranoso-[2,1-d]-∆2'-thiazoline –  

1H NMR (500 MHz, CD3OD) δ: 6.64 (1H, d, JH1,H2 = 7.1 Hz, H-1), 4.38 (1H, m, JH2-H3 = 4.5 

Hz, H-2), 4.12 (1H, t, JH3-H4 = 4.5 Hz, H-3), 3.72 (1H, dd, JH6-H6’ = 12.1 Hz, H-6), 3.59 (1H, 

dd, H-6’), 3.55 (1H, dd, JH4-H5 = 9.1 Hz, H-4), 3.29 (1H, m, JH5-H6 = 2.4 Hz, JH5-H6’ = 6.4 Hz, 

H-5) ppm. 
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CHAPTER 4: EVALUATING THE O-GLCNAC NUTRIENT 
SENSING HYPOTHESIS 

4.1 The O-GlcNAc Nutrient Sensing Hypothesis 

The principles behind the O-GlcNAc nutrient sensing hypothesis were introduced 

in Chapter 1, section 1.6.2. These principles will be expanded upon here to give a 

thorough overview of data in support of the hypothesis.    

4.1.1 A Link between the HBSP and Insulin Resistance 

Insulin activates signaling pathways that maintain glucohomeostasis in many 

tissues but most importantly in muscle, liver, and adipose tissue. In recent years there 

has been a growing appreciation that activation of these signaling pathways can be fine-

tuned by additional mechanisms (354). Nutrient availability has been one focus of 

research in this area, with numerous studies demonstrating a link between nutrient 

availability and insulin sensitivity (218-221). For instance, hyperglycemia has long been 

known to cause insulin desensitization (208-211). The effects of chronically elevated 

blood glucose levels on various tissues clearly play an important role in the self-

amplifying nature of type II diabetes mellitus; however, the molecular mechanism(s) by 

which glucose influences insulin sensitivity is not fully understood and continues to be a 

topic of considerable interest. 

As discussed in Chapter 1, the HBSP is a metabolic pathway enabling adaptation 

to variations in concentrations of glucose and other nutrients (355, 356). A variety of 

studies, using different methods, have demonstrated that increased flux through the 

HBSP causes insulin resistance. Traxinger and Marshall were the first to demonstrate 

that heightened flux through the HBSP correlates with insulin resistance in primary 

adipocytes (22, 357). One of the key experiments that led to this conclusion is that 

glucosamine appeared to be much more potent than glucose at inducing insulin 

resistance. Since glucosamine enters the HBSP downstream of the rate-determining 

step in this pathway, conversion of Fruc-6-P to GlcN-6-P by GFAT, this finding 

implicated the HBSP as a causative factor in the development of insulin resistance. The 



Chapter 4: Evaluating the O-GlcNAc Nutrient Sensing Hypothesis  

 152 

insulin desensitizing effects of glucosamine were subsequently confirmed in vivo (217, 

358, 359). Supporting evidence for these initial findings emerged when insulin resistance 

was observed in vivo in some transgenic animal models in which GFAT is 

overexpressed in select tissues (360, 361). This finding seemed to be in accord with a 

previous observation that diabetic patients have increased GFAT activity (362). Efforts to 

uncover the molecular causes of insulin resistance arising from increased flux through 

the HBSP have focused on the involvement of the end product of this pathway, UDP-

GlcNAc. These studies have shown that activation of the HBSP through glucosamine 

infusion (358), overexpression of GFAT (360), or hyperlipidemia (25), all result in 

elevated UDP-GlcNAc levels.  

4.1.2 Indirect Evidence that Elevated O-GlcNAc Levels may be a 
Mechanism for the Induction of Insulin Resistance 

The molecular basis by which insulin resistance develops through elevated UDP-

GlcNAc levels is of great interest since it has the potential to clarify the basis for the 

insulin desensitizing effects of hyperglycemia. As UDP-GlcNAc is made directly from 

glucose and is used as a substrate by OGT, the O-GlcNAc modification has the potential 

to be a molecular mechanism by which hyperglycemia and elevated UDP-GlcNAc levels 

give rise to insulin resistance. From this line of reasoning is borne the O-GlcNAc nutrient 

sensing hypothesis. Baron et al. were the first to propose that the O-GlcNAc modification 

might be involved in mediating the effects of glucosamine-induced insulin resistance 

(217). Not surprisingly, glucosamine was subsequently shown to result in elevated O-

GlcNAc levels in cultured cells (74) and in vivo (158). Later on, it was also revealed that 

overexpression of GFAT also results in elevated O-GlcNAc levels (159). Furthermore, 

hyperglycemia itself has also been shown to elevate O-GlcNAc levels (68, 74, 156, 158, 

363). Together with an earlier observation that OGT catalytic activity is linear over a 

large range of UDP-GlcNAc concentrations, when tested in vitro versus a peptide 

substrate (127), these results suggested that the O-GlcNAc modification is responsive to 

changes in nutrient levels and therefore has the potential to act as a nutrient sensing 

pathway.  

 Several observations have correlated O-GlcNAc levels to an insulin resistant and 

diabetic state. First, diabetic patients have been shown to have elevated O-GlcNAc 

levels (216). Likewise, a diabetic mouse model has also been shown to have elevated 

O-GlcNAc levels (170, 363). Further evidence for a link between O-GlcNAc and type II 
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diabetes was presented several years ago when one study presented evidence that a 

single nucleotide polymorphism (SNP) within the gene encoding OGA is correlated with 

type II diabetes in a small Mexican population (364).  

4.1.3 More Direct Evidence that the Elevated O-GlcNAc Modification may 
be a Mechanism for the Induction of Insulin Resistance  

The first direct evidence for the O-GlcNAc nutrient sensing hypothesis was 

provided by Vosseller et al., who demonstrated that PUGNAc causes insulin resistance 

in 3T3-L1 adipocytes (74). Subsequent studies showed similar findings using PUGNAc 

in muscle tissue studied ex vivo (169) and primary adipocytes (77). As the molecular 

mechanism, Vosseller et al. showed that PUGNAc hinders insulin-stimulated 

phosphorylation of Akt and one of its downstream targets, GSK-3β (74). As these 

signaling molecules are at the heart of the insulin signaling cascade, hindering their 

phosphorylation is consistent with the observation that PUGNAc causes a decrease in 

insulin-stimulated glucose uptake.  

A second line of evidence has been raised through genetic manipulation of mice 

to overexpress OGT. First, McClain et al. showed that transgenic overexpression of 

OGT in the muscle and fat cells of mice causes insulin resistance (164). More recent 

studies exploring the role of O-GlcNAc in nutrient sensing have focused on hepatic 

tissue; adenoviral-mediated overexpression of OGT in the liver of mice has been found 

to induce insulin resistance, which results in increased hepatic glucose output (HGO) 

(86, 136). These studies demonstrated that overexpression of OGT resulted in 

decreased insulin-mediated activation of key signaling molecules, such as Akt and 

CRTC2 (TORC2). The data presented with PUGNAc and overexpression of OGT, 

together, have provided compelling evidence for a model in which increased O-GlcNAc 

levels hinder phosphorylation of important signaling molecules by competing at these 

sites, or nearby sites, of modification with the consequence being an impaired ability to 

activate the insulin signaling cascade.  

4.1.4 Weaknesses in the O-GlcNAc Nutrient Sensing Hypothesis 

Although there appears to be many links between elevated O-GlcNAc levels and 

insulin resistance, a number of observations bring into question whether elevated O-

GlcNAc levels are really a cause of insulin resistance. One weak point are the studies 
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which have used glucosamine as a supporting piece of evidence. As was described in 

the Chapter 1, glucosamine has a number of deleterious effects at the cellular level 

including depletion of cellular ATP levels (160), ER stress (161), and inhibition of 

hexokinase and glycogen synthase from a build up of GlcN-6-P levels within cells (162, 

365). Although glucosamine, overexpression of GFAT, as well as glucose, will all elevate 

UDP-GlcNAc levels to various extents, also three methods will likely influence the levels 

of other glycoconjugates. For example, Yki-Jarvinen et al. showed that glucosamine 

infusion in rodents caused a significant increase in the level of N-linked glycans (158). In 

this context it is important to note that the levels and composition of N-glycans are 

becoming increasingly recognized as a regulator of important cellular processes (4, 24). 

Therefore, in studies that have elevated O-GlcNAc indirectly through increasing cellular 

UDP-GlcNAc levels, a major concern is that it is elevated levels of some other 

glycoconjugate or a small molecule metabolite, rather than O-GlcNAc levels, that is the 

cause of the observed insulin resistance. 

Second, it is not entirely surprising that a diabetic phenotype correlates with elevated 

O-GlcNAc levels since this disease is characterized by elevated blood glucose levels 

and hyperglycemia is known to increase O-GlcNAc levels. Accordingly, although these 

studies have been used to argue a causative role for O-GlcNAc in the development of 

type II diabetes, it cannot be determined from these studies if elevated O-GlcNAc levels 

are playing a causative role or are simply an effect of the hyperglycemia associated with 

the diseased state. Furthermore, the SNP within the gene encoding OGA that correlated 

with type II diabetes in a small Mexican population is located in the middle of an intron 

and a more recent study failed to find the same level of statistical significance in a 

broader population (366). Several genome-wide disease locus correlation studies have 

also failed to identify OGA as a risk factor for type II diabetes (367, 368). 

A third issue that remained to be resolved prior this thesis is what consequence(s) 

stemmed from the lack of selectivity of PUGNAc. The powerful inhibitory potency of 

PUGNAc toward lysosomal β-hexosaminidase is intriguing in this context because this 

enzyme degrades gangliosides, and increases in ganglioside levels have been shown to 

cause insulin resistance (182, 183). Indeed, the blockage of glycosphingolipid 

biosynthesis is a validated target for the development of antidiabetogenic agents (369). 

In light of this concern, the selective inhibitor NButGT that was developed through the 

studies presented in Chapters 2 and 3 offers an excellent method to address this 
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question of whether selectivity may be a concern. Given its selectively, NButGT should 

increase O-GlcNAc levels without causing perturbation to the levels of other 

glycoconjugates or small molecule metabolites. Therefore, NButGT was chosen to probe 

the O-GlcNAc nutrient sensing hypothesis.   

4.2 Probing the O-GlcNAc Nutrient Sensing Hypothesis in 3T3-
L1 Adipocytes using NButGT 

4.2.1 Introduction to 3T3-L1 Adipocytes 

Isolated from mouse fibroblasts (370), 3T3-L1 cells are cultured as pre-

adipocytes (371) and differentiated to adipocytes by a combination of insulin and factors 

that elevate cAMP levels (372). Originally studied for their ability to synthesize fatty 

acids, 3T3-L1 adipocytes were later discovered to be an excellent model for insulin-

stimulated glucose uptake (373). Since this time, differentiated 3T3-L1 adipocytes have 

become the gold-standard as a cell culture model of insulin signaling pathways; in 

particular those mediating glucose uptake. Typically, to monitor insulin-stimulated 

glucose uptake in 3T3-L1 adipocytes, the non-metabolizable glucose analogue 2-

deoxyglucose (2-DOG) is used since it is generally accepted that 2-DOG behaves in a 

manner similar to glucose in uptake assays and yet it is not metabolized but is retained 

within cells. The study that propelled the O-GlcNAc nutrient sensing hypothesis forward 

monitored the effect of PUGNAc on insulin-stimualted 2-DOG uptake in 3T3-L1 

adipocytes (74). As PUGNAc also inhibits enzymes functionally related to OGA, studies 

were initiated to examine the effect of the selective OGA inhibitor developed in Chapter 

3 (NButGT) on insulin sensitivity in 3T3-L1 adipocytes. These studies were recently 

published and so the description of this work is largely borrowed from that text, which I 

wrote in collaboration with Dr. Vocadlo (333).    

4.2.2 Effect of NButGT and PUGNAc on O-GlcNAc Levels 

As a first step toward examining the effect NButGT on insulin sensitivity in 3T3-

L1 adipocytes, the dose- and time-dependent effect of both PUGNAc and NButGT 

treatment on O-GlcNAc levels in fully differentiated 3T3-L1 adipocytes was determined. 

The two inhibitors were first tested over a range of concentrations (300 nM to 300 µM) 

for 24 hr. Both showed a dose-dependent increase in O-GlcNAc levels (Figures 4.1a,b). 

Densitometry revealed that PUGNAc was more potent, having an EC50 value of  
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Figure 4.1:  PUGNAc and NButGT produce similar dose- and time-dependent increases in O-
GlcNAc-modified proteins in 3T3-L1 adipocytes.  
Fully differentiated 3T3-L1 adipocytes were treated with various doses of (A) NButGT or 
(B) PUGNAc, and cells were harvested after 24 h. (C) Densitometric analysis of the effect 
of various doses of NButGT (squares) and PUGNAc (circles) on levels of O-GlcNAc-
modified proteins reveal similar EC50 values with PUGNAc, showing a slightly lower EC50. 
Values shown are reported relative to those found for untreated control cells. Cells treated 
with 100 µM (D) NButGT or (E) PUGNAc display a time-dependent increase in levels of O-
GlcNAc-modified proteins. (F) Densitometric analysis of the time-dependent effects of 
NButGT (squares) and PUGNAc (circles) on levels of O-GlcNAc-modified proteins reveal 
a near identical effect of these inhibitors. (G) Direct comparison of 3T3-L1 adipocytes 
treated for 16 h with 100 µM NButGT or PUGNAc reveals that both inhibitors elevate 
levels of O-GlcNAc-modified proteins to an equivalent extent as compared to untreated 
cells. Levels of O-GlcNAc-modified proteins were analyzed by Western blot analysis using 
an anti-O-GlcNAc antibody (CTD110.6) (upper panels) and an anti-β-actin antibody to 
evaluate protein loading (lower panels). 

3 µM, as compared to NButGT, with an EC50 value of 8 µM (Figure 4.1c). Accordingly, 

PUGNAc acts better at lower concentrations, a finding in keeping with the lower KI value 

of PUGNAc for OGA (272). Both PUGNAc and NButGT increased O-GlcNAc levels in a 
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time-dependent manner at a concentration of 100 µM, dramatically increasing global O-

GlcNAc levels within one hour with the maximal increase seen after 24 hr (Figures 

4.1d,e). The time-dependent increases in O-GlcNAc levels were indistinguishable 

between the two inhibitors (Figure 4.1f), suggesting that under the conditions used both 

inhibitors act equally to inhibit OGA in differentiated 3T3-L1 cells. This similarity in effect 

is consistent with both compounds acting as competitive inhibitors and their use at 

concentrations significantly above their respective KI and EC50 values. Notably, the 

magnitude of the increase in global O-GlcNAc levels induced by these two inhibitors (10-

fold over basal) is identical within error when used at 100 µM after 16 hr (Figure 4.1g), 

facilitating a direct comparison of their effects on insulin sensitivity. Also of note is that 

the O-GlcNAc banding patterns observed in the PUGNAc and NButGT treated cells 

were equivalent in all cases. 

4.2.3 Effect of NButGT and PUGNAc on Insulin-Stimulated 2-DOG Uptake 

Having established that NButGT and PUGNAc produce very similar increases in 

O-GlcNAc levels in 3T3-L1 adipocytes, the effect of these compounds on 2-DOG uptake 

was assessed. On the basis of the time course study, and to facilitate comparison with 

the previous study showing that PUGNAc causes insulin resistance in this cell line (74), 

fully differentiated cells were incubated with 100 µM of either NButGT or PUGNAc for 16 

hr prior to evaluating 2-DOG uptake. Treating fully differentiated 3T3-L1 adipocytes with 

the nonselective inhibitor PUGNAc causes a twenty-five percent decrease in 2-DOG 

uptake when stimulated with 10 nM insulin, an observation that closely matches earlier 

reports (74, 136) (Figure 4.2a). In contrast, cells treated with NButGT show no decrease 

in insulin-stimulated 2-DOG uptake, despite the significant and essentially 

indistinguishable increases in O-GlcNAc levels yielded by both inhibitors. To ensure that 

these assays were carefully executed and to be certain that NButGT does not result in 

insulin desensitization, three additional variables within the assay were investigated. 

First, different concentrations of insulin were used to stimulate 2-DOG uptake. As 

expected there was a dose-dependent increase in insulin-stimulated 2-DOG uptake 

similar to what has been observed previously (74, 373) (Figure 4.2b). However, in 

contrast to previous observations using PUGNAc (74), no insulin desensitization 

occurred with NButGT over a broad range of insulin concentrations. Second, the time 

dependent uptake of 2-DOG was explored. As demonstrated in Figure 4.2c, basal  
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Figure 4.2:  Selective inhibition of OGA does not replicate the insulin desensitizing effects of 
PUGNAc.  
(A) Insulin sensitivity in fully differentiated 3T3-L1 adipocytes was determined by 
measuring [1-3H] 2-deoxyglucose (2-DOG, 100 µM, 0.5 µCi/mL) uptake (6-min uptake 
time) by unstimulated cells (closed bar) or cells stimulated with 10 nM insulin (open bar). 
Cells were treated with either 100 µM NButGT, PUGNAc, or vehicle (PBS) for 16 h before 
assay. The asterisk indicates statistical significance (p < 0.05) from other groups as 
determined by a t-test. (B) The effect of different insulin concentrations on 2-DOG uptake 
(6 min uptake time) in untreated control cells (closed bar) and cells treated with 100 µM 
NButGT for 16 h before initiating the assay (open bar). (C) Time-dependent 2-DOG 
uptake. Linear 2-DOG uptake is observed over the indicated time range for unstimulated 
cells (triangles), untreated control cells stimulated with 10 nM insulin (circles), and 
NButGT-treated cells stimulated with 10 nM insulin (squares). (D) Effects of variation of 2-
DOG concentration on the kinetics of the 2-DOG uptake assay with a 6 min 2-DOG uptake 
time. Cells treated with (squares) and without (circles) 100 µM NButGT were used in 
uptake experiments in which the concentration of 2-DOG was varied. For all experiments, 
a minimum of six replicates (n=6) were carried out for each condition with data points and 
error bars representing the mean ± standard deviation. 

uptake (non-insulin stimulated) as well as cells stimulated with 10 nM insulin displayed 

linear uptake of 2-DOG for twelve min. Notably, treatment with NButGT resulted in no 

desensitization over any of the times examined. Third, the effect of different 2-DOG 

concentrations was investigated. As seen in Figure 4.2d, NButGT did not affect the KM 

(1.2 mM) or Vmax (10 nmoles 106 cells-1 min-1) values governing 2-DOG uptake.  These 
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KM and Vmax values are very similar to values reported previously for these cells, 

emphasizing that the process being monitored is indeed insulin sensitive Glut4-mediated 

2-DOG transport (373). 

4.2.4 Effect of NButGT and PUGNAc on Activation of the Insulin Signaling 
Cascade 

The absence of insulin resistance arising from NButGT treatment, despite global 

elevations in O-GlcNAc that replicate those seen when using PUGNAc was, at the time, 

surprising in light of previous publications. To investigate the induction of insulin 

signaling at the molecular level within these cells, insulin mediated activation of Akt (also 

known as protein kinase B or PKB) by phosphoinositide-dependent kinase-1 (PDK1) 

phosphorylation at Thr308 was examined. Insulin promoted phosphorylation at this 

residue of Akt is known to induce glycogen synthesis and GLUT-4 translocation to the 

cell surface. Interfering with phosphorylation at this residue impairs insulin stimulated 

glucose uptake, rendering cells insulin resistant (374).  Accordingly, the pThr308Akt 

epitope is considered a useful molecular indicator of insulin sensitivity arising from 

perturbations in the insulin signaling cascade that compliments glucose uptake assays. 

Treatment of control cells with insulin resulted in the expected robust activation of Akt as 

determined by the monitoring the pThr308Akt epitope levels by Western blot (Figure 

4.3a).  PUGNAc-treated cells showed a two-fold decrease in pThr308Akt levels resulting 

from treatment with insulin (Figures 4.3a,b), matching previous observations (74, 136) 

and in accord with the insulin desensitizing effects of this compound (Figure 4.2a). 

Strikingly, NButGT treatment of cells did not impair insulin mediated Akt activation; 

pThr308Akt levels are identical to control cells (Figures 4.3a,b). The lack of an effect on 

Akt activation in cells treated with NButGT is entirely consistent with the lack of insulin 

resistance seen in the 2-DOG uptake assays (Figure 4.2).  

The observations described above find good conceptual support from three 

recent studies. First, an independent group investigated the effects of global elevation of 

O-GlcNAc levels using NButGT and PUGNAc on Akt activation in cultured astroglial cells 

(161). That study found that PUGNAc diminished pThr308Akt and pSer473Akt levels 

while NButGT appeared to not have the same affect. Second, Robinson et al. 

demonstrated that a reduction in the levels of O-GlcNAc-modified proteins in cultured 

adipocytes, through either knockdown of OGT or overexpression of OGA, did not 

improve insulin sensitivity or relieve the insulin resistance caused by culturing these cells 
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in media containing high glucose (156). Third, it was recently found that NButGT does 

not exacerbate high glucose-induced insulin resistance in L6 myotubes (334). 

 

Figure 4.3:  Selective inhibition of OGA does not result in impairment of Akt phosphorylation.  
(A) The effects of treating fully differentiated 3T3-L1 adipocytes with PUGNAc and 
NButGT on insulin-mediated Akt activation as measured by monitoring levels of the 
pThr308Akt epitope (lower panel). pThr308Akt levels were determined after stimulation of 
fully differentiated 3T3-L1 cells with 10 nM insulin for 15 min. Levels of total Akt were also 
monitored to ensure equal loading of samples (upper panel). (B) Densitometric analysis of 
the effect of PUGNAc and NButGT on levels of insulin-stimulated pThr308Akt levels and 
levels in control cells. Values are expressed as a relative ratio of phospho-Akt versus Akt 
and are relative to cells not stimulated by insulin. 

4.2.5 Possible Explanations for the Different Effects of PUGNAc and 
NButGT on Insulin Sensitivity in 3T3-L1 Adipocytes.  

The discrepancy that we observe between the effects of PUGNAc and NButGT 

on insulin sensitivity likely arises from one of two possibilities. The first is that PUGNAc 

has one or more secondary off-target effect(s) in addition to its known ability to inhibit 

OGA and it is this/these secondary effects that induce insulin resistance in 3T3-L1 

adipocytes. A second possibility is that NButGT has a secondary off-target effect that 

coincidentally, and precisely, reverses insulin resistance stemming from the increased 

global O-GlcNAc levels. Notably, this latter effect would have to occur upstream of Akt 

activation since pThr308Akt levels are unchanged in NButGT-treated cells as compared 

to control cells. Although neither scenario can be formally ruled out on the basis of the 

studies described here, we considered the first is more likely. To collect further data and 
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evaluate which possibility is more likely, additional studies were carried out and are 

described below.  

4.2.5.1 Addressing the Lack of Selectivity of PUGNAc towards OGA 

To address the possibility that PUGNAc inhibits the lysosomal β-

hexosaminidases to the point where levels of its substrate, the ganglioside GM2, 

accumulate, studies were carried out in SK-N-SH cells (375). These cells are a well-

characterized human neuroblastoma cell line that has appreciable levels of GM2, 

enabling the investigation of GM2 levels without the use of a radioactive tracer (376). 

Cells were treated with either PUGNAc or NButGT for nine days and the levels of the 

ganglioside GM2 were compared to control cells by high-performance thin-layer 

chromatography (HPTLC) using a resorcinol solution to stain sialic acid containing 

glycosphingolipids (Figure 4.4). Levels of GM2 were significantly elevated (30-40%) in 

cells treated with PUGNAc compared to control cells (Figure 4.4a) while NButGT did not 

elevate cellular GM2 levels (Figure 4.4b). This result is consistent with NButGT being a 

poor inhibitor of HexB (Ki = 340 µM) (272) and highlights the selectivity of this inhibitor 

towards OGA in cultured cells. 

Beyond inhibition of the lysosomal β-hexosaminidases and the resulting 

increases in GM2 levels, PUGNAc has also been recently shown to inhibit various N-

acetylglucosaminidases from members of GH89 (269) and GH3 (342). Interestingly, both 

of these families use a different catalytic mechanism than OGA, which indicates that 

PUGNAc can inhibit various N-acetylglucosaminidases using different mechanisms. 

Another intriguing possibility is that PUGNAc may also have the ability to act as a GT 

inhibitor since GTs have been proposed to catalyze their reactions through transition 

states having similar features as the transition states of GHs (21). In this context, it is 

intriguing that the original study characterizing the use of PUGNAc in cultured cells by 

Haltiwanger et al. showed that levels of complex N-glycans were elevated two-fold (48). 

Nevertheless, it was noted by these authors that this difference was not statistically 

significant; this issue merits further investigation. A different possible scenario is that 

PUGNAc may act as a substrate for a glycosyltransferase. In this manner, PUGNAc 

could act as a substrate decoy in a manner similar as has been observed by Esko and 

collegues, who showed that GlcNAcβ1–3Galβ-O-naphthalenemethanol is a substrate for 

the β4Gal-T1 GT and thereby inhibits protein glycosylation to form sialyl Lewis X in  
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Figure 4.4:  PUGNAc increases levels of GM2 in SK-N-SH cells.  
HPTLC analysis of lipid extracts from cells treated with 200 µM (A) PUGNAc or (B) 
NButGT. Cells were treated with each compound for nine days, with media and inhibitors 
replaced every 2 days, and in each experiment, control cells were grown in parallel to 
treated cells. Standards of GM1, GM2, and GM3 were analyzed in parallel and shown in 
the left most lane. Magnification of the band representing GM2 is shown on the right 
panels along with densitometric analyses of the intensities of the bands corresponding to 
GM2. The asterisk indicates a statistically significant difference as determined using a t-
test. 

cultured cells (377). In this respect, it is interesting that one study noted that when 

carrying out long-term treatment of cultured cells with PUGNAc, addition of the 

compound had to be replentished every 12 hr due to a time-dependent loss in its ability 

to inhibit OGA (309). As demonstrated in Chapter 3, the predicted half-life for the non-

enzyme catalyzed breakdown of PUGNAc under physiological conditions is 48 hr (Figure 

3.5). Modification of the PUGNAc through some other means, such as addition of a 

saccharide unit, could account for the observation that it loses inhibitory potency toward 

OGA in cells relatively quickly. Additionally, some entirely adventitious off-target effect of 

PUGNAc is also possible. With regard to the insulin resistance induced by PUGNAc, any 

of these off-target effects could give rise to insulin resistance; insulin signaling pathways 

require an orchestration of over 400 proteins, resulting in altered transcription levels of 

over 100 proteins (378), and so dysfunction of a wide range of cellular processes could 
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affect insulin signaling and give rise to the insulin resistance that is observed for 

PUGNAc. Regardless of the precise mode of action of PUGNAc, the results presented 

above showing that PUGNAc elevates the levels of GM2 as well as the discussion on 

other possible modes of action highlights that caution should be exercised when 

interpreting results from studies that use PUGNAc to make inferences about the O-

GlcNAc modification. 

4.2.5.2 Addressing the Possibility that NButGT has an Off-Target Effect 

An excellent method to probe the possibility that NButGT has an off-target effect 

that reverses insulin resistance induced by elevating O-GlcNAc levels would be to use 

another, structurally unrelated, OGA inhibitor. Through the studies carried out in Chapter 

3, 6-Ac-Cas was found to be a potent inhibitor of OGA (KI = 300 nM) and an excellent 

candidate for such studies. Although 6-Ac-Cas also inhibits human HexB with similar 

potency (KI = 250 nM), there was reason to suspect that inhibition of HexB was not the 

mechanism by which insulin resistance is induced by PUGNAc. A galacto-configured 

PUGNAc (Gal-PUGNAc) (Figure 4.5a), synthesized by Keith Stubbs in our lab, is a 

highly potent and selective inhibitor of HexB (375). Gal-PUGNAc elevates GM2 levels in 

SK-N-SH cells (Figure 4.5b) but does not perturb O-GlcNAc levels (Figure 4.5c), which 

is consistent with the inability of OGA to process a galacto-configured substrate (151). 

Despite the ability of Gal-PUGNAc to inhibit the lysosomal β-hexosaminidases, this 

compound does not cause insulin resistance in 3T3-L1 adipocytes (Figure 4.5d). 

To determine if 6-Ac-Cas is suitable for cellular studies, differentiated 3T3-L1 

adipocytes were treated with varying concentrations of this compound to determine if it 

could elevate O-GlcNAc levels. 6-Ac-Cas did elevate O-GlcNAc levels in a dose-

dependent manner (Figure 4.6a). An EC50 value of 9 µM is obtained using densitometric 

measurements of this blot (Figure 4.6b). Given that there is only a 2-fold difference in the 

KI of NButGT and 6-Ac-Cas toward OGA, this value is in line with a value of 8 µM 

determined for NButGT (Figure 4.1c). 6-Ac-Cas also increased O-GlcNAc levels in a 

time-dependent manner (Figure 4.6c) and most importantly, had the same effect on O-

GlcNAc levels as NButGT after treating cells for 16 hr with 100 µM of either compound 

(Figure 4.6d). 
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Figure 4.5:  Gal-PUGNAc is a selective inhibitor of the lysosomal β-hexosaminidases but does 
not perturb insulin-stimulated 2-DOG uptake in 3T3-L1 adipocytes.  
(A) Chemical structure of Gal-PUGNAc. (B) Gal-PUGNAc elevates GM2 levels in SK-N-
SH cells at a statistically significant level as determined using a t-test. Cells were treated 
with (+) or without (-) 200 µM Gal-PUGNAc for nine days and then gangliosides were 
extracted and analyzed by HPTLC. (C) Gal-PUGNAc does not elevate O-GlcNAc in SK-N-
SH cells. Cells were treated with 200 µM PUGNAc or Gal-PUGNAc overnight. (D) Gal-
PUGNAc does not perturb insulin-stimulated 2-DOG uptake in 3T3-L1 adipocytes. [1-3H] 
2-DOG (100 µM, 0.5 µCi/mL) uptake (6-min uptake time) by unstimulated cells (closed 
bar) or cells stimulated with 10 nM insulin (open bar). Cells were treated with 100 µM Gal-
PUGNAc for 16 h before initiating the assay. 

Using 6-Ac-Cas in a 2-DOG uptake experiment, it was determined that 6-Ac-Cas 

did not affect insulin-stimulated 2-DOG uptake; cells treated with 100 µM 6-Ac-Cas took 

up approximately 7.5-fold more 2-DOG when stimulated with 10 nM insulin, which was 

no different than cells that were not treated with 6-Ac-Cas (Figure 4.7a). Consistent with 

this observation, 6-Ac-Cas had no effect on Akt phosphorylation (Figure 4.7b). All the 

results described thus far with NButGT and 6-Ac-Cas in 3T3-L1 adipocytes, therefore, 

suggest that elevated O-GlcNAc levels do not cause insulin resistance. Nevertheless,  
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Figure 4.6:  6-Ac-Cas produces dose- and time-dependent increases in O-GlcNAc-modified 
proteins in 3T3-L1 cells.  
(A) Fully differentiated 3T3-L1 adipocytes were treated with various doses of 6-Ac-Cas 
and were harvested after 24 h. (B) Densitometric analysis of the effect of various doses of 
6-Ac-Cas on levels of O-GlcNAc-modified proteins reveals an EC50 value of 9 µM. Values 
shown are reported relative to those found for untreated control cells. (C) Cells treated 
with 100 µM 6-Ac-Cas display a time-dependent increase in levels of O-GlcNAc-modified 
proteins. (D) Direct comparison of 3T3-L1 adipocytes treated for 16 h with 100 µM 6-Ac-
Cas, NButGT, or PUGNAc reveals that all three inhibitors elevate levels of O-GlcNAc-
modified proteins to an equivalent extent over untreated cells. Levels of O-GlcNAc-
modified proteins were analyzed by Western blot analysis using the CTD110.6 anti-O-
GlcNAc antibody (upper panels) and an anti-β-actin to evaluate protein loading (lower 
panels). 

this conclusion is at odds with what had been described when overexpressing OGT in 

vivo. These studies have concluded overexpression of OGT in select tissues of mice 

causes insulin resistance (86, 136, 164). Two explanations might account for this 

difference. First, overexpression of OGT and inhibition of OGA may not be equivalent. 

Second, the presence of an entire endocrine system may be required to observe an 

affect. As there are significant  technical difficulties in overexpressing proteins in 3T3-L1 

adipocytes (379), we felt that the best way to investigate these possibilities would be to 

determine what effect NButGT has on glucohomeostasis in vivo.  
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Figure 4.7:  Elevation of O-GlcNAc levels with 6-Ac-Cas does not cause insulin densitization in 
3T3-L1 adipocytes.  

 (A) [1-3H] 2-DOG (100 µM, 0.5 µCi/mL) uptake (6-min uptake time) by unstimulated cells 
(closed bars) or cells stimulated with 10 nM insulin (open bars). (B) Treatment with 6-Ac-
Cas does not affect insulin-mediated Akt activation as measured by monitoring levels of 
the pThr308Akt epitope. pThr308Akt levels were determined after stimulation of fully 
differentiated 3T3-L1 cells with 10 nM insulin for various times. Levels of total Akt were 
also monitored to ensure equal loading of samples. For both experiments, cells were 
treated with 100 µM 6-Ac-Cas or vehicle (PBS) for 16 h before initiating the assays. 
Densitometry of the ratio of pAkt to Akt levels demonstrates there is no statistical 
difference in pAkt levels in cells treated with 6-Ac-Cas.   

4.3 Probing the O-GlcNAc Nutrient Sensing Hypothesis in 
Rodents using NButGT 

4.3.1 Parameters for Assessing Insulin Sensitivity, Glucohomeostasis, and 
Development of a Diabetic State In Vivo 

Before describing the experiments that were carried out to assess the effect of 

NButGT in vivo, a brief description of the parameters and experiments probing 

glucohomeostasis are described. A recent review provides an excellent complementary 

description of these parameters and experiments (380).  

Resting blood glucose levels: This parameter is perhaps the easiest way of getting an 

overall measure of glucohomeostasis. This parameter is a function of both insulin 

sensitivity of muscle, fat, and liver (the primary organs involved in insulin-stimulated 

glucose uptake) as well as insulin secretion by the pancreatic β-cells. Although an insulin 

resistant or type II diabetic state can show dramatic elevations in this parameter, smaller 

effects can be harder to observe and so more sensitive measures are required. Also, if 

resting blood glucose levels are perturbed, it does not reveal the cause. 
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Resting blood insulin levels: An excellent complement to resting blood glucose levels as 

it can suggest insulin resistance may be present within tissues even when resting blood 

glucose is normal since insulin resistance can be compensated for by increased blood 

insulin levels. 

Glucose tolerance test: The most commonly used diagnostic tool for measuring insulin 

resistance. Subjects are usually starved prior to the experiment in order to allow blood 

glucose levels to reach their fasting state, maximize insulin sensitivity, and maximize the 

ability of β-cells to secrete insulin. A bolus of glucose is usually administered orally or 

intravenously and glucose levels are followed over time. Typically, blood glucose levels 

return to a resting state within 90-120 min. It is helpful to monitor insulin over time in 

parallel to ensure that insulin resistance is not being masked by increased insulin levels.  

Hyperinsulemic euglycemic clamp: The gold-standard for determining insulin sensitivity 

in muscle, fat, and liver cells in vivo (381, 382). Whereas the other parameters described 

above can be masked by increased insulin secretion, this parameter directly measures 

insulin sensitivity. When this experiment is carried out in rodents, the animals are usually 

anesthetized to facilitate implantation of several catheters. A constant dose of insulin is 

delivered throughout the course of the experiment through a catheter. Into another 

catheter, a variable dose of glucose is infused. The goal of the experiment is to adjust 

the rate of glucose infusion so that blood glucose levels remain constant. Equilibrium is 

usually reached 1-2 hr after commencing insulin delivery and the glucose infusion rate 

once equilibrium is established defines the insulin sensitivity of the animal; the higher the 

infusion rate, the more sensitive the animal is to insulin-stimulate glucose uptake. One 

additional variable is that the liver is capable of secreting glucose into the blood. 

Fortunately, rigorous studies have defined the concentrations of insulin required to 

shutdown this process (383) and so when the appropriate dose of insulin is used, 

hepatic glucose output (HGO) is negligible and can be ignored.   

4.3.2 Intravenous and Oral Treatment of Rats with NButGT Elevates O-
GlcNAc in all Tissues 

Preliminary experiments were carried out to assess the effectiveness of NButGT 

in Sprague-Dawley (SD) rats. Particular attention was given to the time-dependent effect  
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Figure 4.8:  Intravenous delivery of NButGT globally elevates O-GlcNAc levels in Sprague-
Dawley rats.  
(A,B) Nine SD rats were treated with NButGT via tail vein injection at a dose of 50 mg⋅kg-

1, sacrificed at various times post injection, and then analyzed for O-GlcNAc content in (A) 
brain and (B) muscle tissue. (C) SD rats were given varying doses of NButGT via tail vein 
injection and seven hr after delivery of the inhibitor, the animals were sacrificed, tissues 
collected, and then O-GlcNAc content in the brain was analyzed. (D) Pharmacokinetic 
analysis of NButGT content in the blood following a 50 mg⋅kg-1 IV injection of the inhibitor. 
Following delivery of the inhibitor, 200 µL blood samples were taken at various times, 
allowed to clot, and centrifuged to collect the serum. Levels of the inhibitor in the serum 
samples were then determined by enzyme inhibition assays using a standard curve 
generated using known inhibitor concentrations of inhibitor in serum. NButGT is cleared 
from blood with a half-life of approximately 30 min. For all blots, the upper panel represent 
blots probed with the CTD110.6 anti-O-GlcNAc antibody and the lower panel shows 
loading controls using anti-β-actin as a probe. 

of NButGT on O-GlcNAc levels since longer-term studies would require a carefully 

considered dosing regimen to maintain increased O-GlcNAc levels through the entire 

course of the study. To investigate this issue, SD rats were injected intravenously with 

50 mg⋅kg-1 of NButGT and sacrificed at various times post-injection. Evaluation of 

homogenized brain and muscle tissues by Western blot analyses reveals that O-GlcNAc 

levels are increased in a time-dependent manner in response to NButGT administration 
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(Figures 4.8a,b). Increased O-GlcNAc levels are observed after one hour and return to 

approximately basal levels after 24 hr. A study of the dose-dependent increases in O-

GlcNAc levels in brain revealed that a dose as low as 2 mg⋅kg-1 of NButGT increases O-

GlcNAc levels (Figure 4.8c). Pharmacokinetic evaluation of NButGT in blood reveals that 

NButGT clearance follows an exponential decay with a half-life of 30 min  (Figure 4.8d). 

Therefore, it appears that clearance of NButGT from the blood is rapid.  

 

Figure 4.9:  Oral delivery of NButGT globally elevates O-GlcNAc levels in SD rats.  
(A-D) Two SD rats were treated for three days with either 0 or 100 mg⋅kg-1⋅day-1 of 
NButGT incorporated into their chow and the O-GlcNAc levels (upper panels) of (A) brain, 
(B) muscle, (C) fat, and (D) pancreas were analyzed. (E,F) NButGT elevates O-GlcNAc 
levels of (E) brain and (F) muscle in a dose-dependent manner when fed for three days 
with inhibitor incorporated into the chow. Equivalent protein loading is deomnstrated using 
an anti-β-actin antibody (lower panels).  

To maintain increased O-GlcNAc levels throughout a 24-hr period, we reasoned 

that a slow and continuous dose of NButGT would be preferable; therefore, we 

investigated the effect of NButGT incorporated into the animal chow. A three day oral 

treatment using 100 mg⋅kg-1⋅day-1 of NButGT incorporated into chow produced elevated 

levels of O-GlcNAc-modified proteins in muscle, fat, brain, and pancreas (Figures 4.9a-

d). Other tissues, such as the liver, spleen, heart, and blood tissues also showed a 

similar result (data not shown), strongly suggesting that NButGT elevates O-GlcNAc 

levels throughout all tissues. In a separate study, the dose of NButGT in the food was 
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varied and, based on analyses of brain and muscle tissue, it appears that the oral dose-

dependency of O-GlcNAc levels were approximately linear up to the largest dose tested 

of 100 mg⋅kg-1⋅day-1 (Figures 4.9e,f). Collectively, these results are strong evidence in 

support of NButGT acting in vivo throughout all tissues in both a dose- and time-

dependent manner. 

4.3.3 Acute Intravenous Treatment of NButGT does not Perturb 
Glucohomeostasis  

Having established that NButGT is effective at elevating O-GlcNAc levels in vivo, 

its effect on glucohomeostasis was assessed on acutely treated animals. Six-week old 

male SD rats were given a 50 mg⋅kg-1 tail vein injection of NButGT or vehicle and, after 7 

hr, an intravenous glucose tolerance tests (IVGTT) was carried out. Glucose tolerance 

was unaffected by treatment with NButGT (Figure 4.10a) even though animals treated 

with the inhibitor had dramatic increases in levels of O-GlcNAc-modified proteins 

(Figures 4.10b,c). Importantly, it was found that resting blood glucose levels were 

unaffected by inhibitor treatment and the resulting increased global O-GlcNAc levels 

(Figures 4.10a). The absence of any perturbation in the IVGTT might stem from insulin 

resistance being masked by increased insulin release from β-cells. To try and reconcile 

these differences, further studies were carried out in which animals were dosed for 

longer times and more rigorous measures of glucohomeostasis were made. 

 

Figure 4.10:  An acute treatment with NButGT does not perturb glucose tolerance in SD rats.  
(A) Food was withheld from animals overnight and animals were given a 50 mg⋅kg-1 
injection of NButGT (circles) or vehicle (squares) (n = 4). The following morning, 16 hr 
later, another injection of NButGT or vehicle was given. Seven hr later, a time at which 
increases in levels of O-GlcNAc modified proteins are maximal, an IVGTT was performed 
using a 1 g⋅kg-1 bolus IV injection of glucose (t=0). (B,C) Western blot analyses of 
homogenized (B) brain and (C) muscle tissue reveals that animals treated with the 
inhibitor (+) had elevated levels of O-GlcNAc-modified proteins compared to control 
animals (-) (upper panel). Equivalent protein loading is demonstrated using an anti-β-actin 
antibody (lower panel). 
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4.3.4 Two-Week Treatment of NButGT does not Perturb Glucohomeostasis  

Eight SD rats were dosed orally for two weeks with NButGT mixed into their food 

such that they consumed 200 mg⋅kg-1⋅day-1; a dose that would maintain increased O-

GlcNAc levels through a 24 hour period based on our pharmacokinetic and 

pharmacodynamic analysis. Eight weight and age-matched animals were treated as 

controls. On day fourteen of the treatment, an IVGTT was performed and the results 

show that NButGT treatment does not alter the response to the glucose challenge nor 

does it affect resting blood glucose levels (Figure 4.11a). Significantly, no differences 

were observed in plasma insulin levels between control and treated animals before or 

after the glucose challenge (Figure 4.11b), suggesting that insulin resistance was not 

being masked by increased insulin levels.  

 

Figure 4.11:  Two-week treatment of rats with NButGT does not perturb glucohomeostasis.  
  Eight animals were treated orally with NButGT at a dose of 200 mg⋅kg-1⋅day-1 (circles) for 

two weeks while eight control animals were treated identically except that no inhibitor was 
added to their food (squares). (A) An IVGTT was performed using a 1 g⋅kg-1 bolus IV 
injection of glucose (t=0) and blood glucose levels were analyzed as a function of time. (B) 
Blood insulin levels throughout the glucose challenge were analyzed for insulin content. 
(C) A separate set of animals (n=6) were treated identically for two weeks and subjected 
to a hyperinsulemic-euglycemic clamp using an insulin infusion rate of 20 mU⋅min-1⋅kg-1. 
Data is represented as mean ± standard deviation. Under no conditions are there 
differences observed between the treated and control groups. 

To rigorously probe for the presence of insulin resistance in peripheral tissues, 

the two-week treatment study was repeated on six experimental and six control animals 

and a hyperinsulemic-euglycemic clamp was carried out on each animal. For this study, 

20 mU⋅min-1⋅kg-1 of insulin was infused throughout the course of the experiment to 
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ensure that hepatic glucose output was not an interfering variable (383). Consistent with 

the findings of the IVGTT studies, these clamp experiments also did not reveal 

differences between the insulin sensitivity of peripheral tissues from treated and control 

groups; the glucose infusion rate between 90 – 120 min was the same in both groups  

(Figure 4.11c). 

 
 

Figure 4.12:  Rats treated with 200 mg⋅kg-1⋅day-1 NButGT for two weeks have elevated O-GlcNAc 
levels.   
(A-D) Analysis of O-GlcNAc levels in (A) brain, (B) muscle, (C) fat, and (D) liver tissue 
from treated (+) and control (-) animals using CTD110.6 (upper panels). Equivalent protein 
loading is demonstrated in the lower panels using an anti-β-actin antibody (lower panels). 
(E) Immunoprecipitation of Sp1 from the spleen of two-week treated animals. 
Immunoprecipitates were probed for Sp1 and the RL2 anti-O-GlcNAc antibody. 

A prerequisite for the IVGTT and clamp studies was that the animals required an 

overnight fast to ensure that all animals had resting blood glucose levels prior to initiating 

the experiment. As NButGT was delivered through the food, a concern was that the 

withdrawal of food might limit the acute exposure of the animals to NButGT prior to 

testing, thus causing O-GlcNAc levels to return to basal levels. To circumvent this 

problem, NButGT was added to the water supply of the treated animals during the night 

preceding testing to ensure increased O-GlcNAc levels were maintained at the time of 

the experiments. Following these experiments, tissues from several post-clamp animals 

were analyzed by Western blot and it was revealed that levels of O-GlcNAc-modified 

proteins in the brain, muscle, fat, and liver were elevated in NButGT-treated animals 

(Figures 4.12a-d). In addition, O-GlcNAc levels on an individual protein was assessed. 
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Sp1 was chosen as the candidate since it is a key transcription factor regulating 

expression of multiple genes involved in glucohomeostasis whose O-GlcNAc 

modification state has been suggested to alter its function (384). Immunoprecipitation of 

Sp1 from the spleen of three control and treated animals shows that O-GlcNAc levels 

are significantly elevated on this protein (Figure 4.12e). 

4.3.5 Eight-Month Treatment of NButGT does not Perturb 
Glucohomeostasis  

Given the findings from the acute and two-week treatments, we considered that 

the onset of insulin resistance and type II diabetes is typically slow. Chronic elevation of 

O-GlcNAc levels, rather than acute increases, could cause a gradual adaptation within 

tissues giving rise to a physiologically realistic slow onset of insulin resistance. This 

hypothesis seems consistent with observations that acute fluctuations in dietary intake 

cause oscillations in O-GlcNAc levels (170, 363) and that prolonged excess nutrient 

intake could cause gradual accumulation of insults via O-GlcNAc and thus trigger insulin 

resistance. 

 

Figure 4.13:  Rats treated with 200 mg⋅kg-1⋅day-1 NButGT for eight months show no apparent 
abnormalities in various physiological parameters.  
Six animals were treated orally with NButGT at a dose of 200 mg⋅kg-1⋅day-1 (circles). Eight 
control animals were treated identically except no inhibitor was added to their food 
(squares). Parameters measured were; (A) body weight, (B) resting blood glucose levels, 
(C) daily food consumption, and (D) daily water consumption as a function of body weight. 
No differences in any of the parameters are observed between the two groups. 
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To evaluate the effects of chronic elevation of O-GlcNAc levels, a long-term 

study was carried out using six male SD rats treated with 200 mg⋅kg-1⋅day-1 of NButGT 

and eight control rats. Resting blood glucose levels, food and water consumption, and 

the body weight of these animals, were monitored closely throughout the course of the 

study. Surprisingly, no differences were observed between the two groups for any of 

these variables (Figure 4.13). Treated animals did not show any sign of discomfort or 

any abnormal behaviour as monitored during regular handling three times per week. 

Following eight months of treatment, animals were subjected to an IVGTT and, one 

week later, a hyperinsulemic-euglycemic clamp.  

Once again, no differences were observed between groups with respect to 

glucose tolerance, insulin secretion during IVGTT, or insulin sensitivity (Figures 4.14a-c). 

The advanced age of these animals and their natural variation in weight gave rise to 

expected levels of variation in the clamp results (385). For this study, the inhibitor was 

not delivered in the water during the overnight fast since the aim was to evaluate 

differences stemming from chronic elevation of O-GlcNAc levels and not the potential 

acute effects of increased O-GlcNAc levels. Despite this overnight fasting and 

consequent 19 hr withdraw of inhibitor, significant increases in the levels of O-GlcNAc-

modified proteins were still observed in brain and muscle (Figures 4.14d,e), which is in 

keeping with the pharmacokinetic and pharmacodynamic results. As well, 

immunoprecipitation of Sp1 revealed that its O-GlcNAc levels were elevated by inhibitor 

treatment (Figure 4.14f). These findings indicate that pharmacological interventions 

maintain increased O-GlcNAc levels over the long-term. Notably, the increases in O-

GlcNAc levels observed in the long-term study, even after 19 hr withdrawal of the 

inhibitor, are as large as those seen under hyperglycemic conditions (68, 363) or in 

diabetic animals (170). At the end of the study several additional parameters were 

analyzed from six treated and six animals control animals. Levels of triglycerides, free 

fatty acids, and leptin in the serum were the same between the two groups as well as the 

weight of various organs (Figure A6 of the Appendix), which underscores that animals 

having long-term elevated O-GlcNAc levels are healthy.  
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Figure 4.14:  Eight-month treatment of rats with NButGT does not perturb glucohomeostasis. 
  Six animals were administered NButGT orally at a dose of 200 mg⋅kg-1⋅day-1 (circles). 

Eight control animals were also treated identically except no inhibitor was added to their 
food (squares). (A) An IVGTT was performed using a 1 g⋅kg-1 bolus IV injection of glucose 
(t=0) and blood glucose levels were analyzed as a function of time. (B) Blood insulin levels 
throughout the glucose challenge were analyzed for insulin content. (C) A week later, the 
animals were subjected to a hyperinsulemic-euglycemic clamp using an insulin infusion 
rate of 3 mU⋅min-1⋅kg-1. Data represented as mean ± standard deviation. (D,E) Analysis of 
O-GlcNAc levels in (D) brain and (E) muscle from treated (+) and control (-) animals using 
CTD110.6 (upper panels). Equivalent protein loading is demonstrated with an anti-β-actin 
antibody (lower panels). (F) Immunoprecipitation of Sp1 from the spleen of animals 
treated with (+) and without (-) NButGT for two-weeks. Immunoprecipitates were probed 
for Sp1 and RL2.  

4.3.6 Two-Month High Dose Treatment of NButGT does not Perturb 
Glucohomeostasis 

To rule out the possibility that the dose of NButGT used in the previous studies 

(200 mg⋅kg-1⋅day-1) was not high enough to observe an effect on glucohomeostasis, four 

SD rats were treated with a high dose of NButGT (1000 mg⋅kg-1⋅day-1). After two months 

of treatment these animals, along with the appropriately treated control animals, were 

subjected to an IVGTT. Once again, no difference in resting blood glucose levels or 

glucose tolerance was observed (Figure 4.15a). In this study, for the overnight fasting 

period the inhibitor was placed in the water of the treated animals at the same dose and 

this did give rise to dramatically elevated O-GlcNAc levels (Figure 4.15b).  
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Figure 4.15:  Two-month high dose treatment of rats with NButGT does not perturb glucose 
tolerance or GM2 levels.  
(A) An IVGTT was performed on four treated (circles) and four control (squares) animals 
using a 1 g⋅kg-1 bolus IV injection of glucose (t=0) and blood glucose levels were analyzed 
as a function of time. (B) Analysis of O-GlcNAc levels in the brain of treated (+) and 
control (-) animals using the CTD110.6 anti-O-GlcNAc antibody (upper panel). Equivalent 
protein loading is demonstrated with an anti-β-actin antibody (lower panel). (C) Analysis of 
the ganglioside GM2 levels in the brain of treated (+) and control (-) animals. The TLC 
plate was stained with resorcinol and represents total gangliosides from the brain. The 
right panels represent a magnified image of the band corresponding to GM2 and another 
band as a loading control. The panel for GM2 was contrasted for display and 
densitometry. Densitometric analysis of the GM2 band relative to the load control band 
reveals no statistical difference in levels of GM2 levels between the two groups. 

An additional aim of this particular study was to determine if high levels of NButGT 

might accumulate and inhibit lysosomal β-hexosaminidase. Mutations of these enzymes 

in humans (173) or deletion of either of the enzymes in mice (174, 175) results in a slow 

accumulation of GM2 in the lysosome eventually leading to lysosomal storage disorders 

known as Tay-Sachs and Sandhoff disease which dramatically shorten lifespan. To 

evaluate whether NButGT acts to elevate GM2 levels over prolonged dosing periods, 

gangliosides were extracted from brain tissue of animals in the 2-month high dosing 

study with the help of Tracey Gloster. Although gangliosides are found in all tissues, the 

brain is particularly rich in gangliosides, making it a valuable reporter for overall 

ganglioside levels. As shown in Figure 4.15c, NButGT-treated SD rats did not exhibit 

increased GM2 levels in their brains. In comparison, Hexb-/- mice show dramatic 

accumulation of GM2 levels to levels at least 10-fold above healthy animals at 2 months 
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of age (386). These results underscore the selectivity of NButGT toward OGA over the 

functionally related HexA and HexB and provide good evidence that this selectivity 

extends to in vivo models even at very high doses. 

4.3.7 Three-Month Treatment of NButGT does not Perturb 
Glucohomeostasis in Mice 

All experiments described thus far were carried out in SD rats, however, in some 

experimental paradigms, variance within rodents due to genetic variations can be 

observed. For instance, a percentage of SD rats are resistant to weight gain when 

placed on a high fat diet (HFD) (387). Therefore, to evaluate whether the absence of any 

observable effect on insulin sensitivity when treating SD rats with NButGT is a general 

phenomenon in rodents, studies were initiated with C57BL/6J mice. As the metabolism 

of mice is faster than rats and generally leads to faster clearance of small molecules 

(388), a high dose of NButGT was used (1000 mg⋅kg-1⋅day-1). Twelve mice were treated 

with NButGT for three months by incorporating this inhibitor into their chow. Resting 

blood glucose and insulin levels were measured at 4, 8, and 12 weeks after 

commencement of dosing.  At no point was any difference observed between treated 

and untreated mice (Figures 4.16a,b). Following 12 weeks, an oral glucose tolerance 

test (OGTT) was carried out using gavage of 1 g⋅kg-1 of glucose and, as the results in 

Figure 4.16c demonstrate, the clearance rate of glucose was unaffected by treatment 

with NButGT. 

The studies presented thus far present strong evidence that increased global O-

GlcNAc levels in vivo, induced by NButGT, do not on their own cause insulin resistance 

and are in agreement with the studies carried out in 3T3-L1 adipocytes. Nevertheless, it 

remained a possibility that elevated O-GlcNAc levels may play a role in exacerbating the 

speed of onset and/or the severity of insulin resistance when other pathways are 

malfunctioning. A common method for inducing insulin resistance in vivo is through diet 

induced obesity (DIO) using a high fat diet (HFD). Accordingly, a HFD in conjugation 

with NButGT was used to evaluate whether dysfunction of other pathways are required 

to observe an effect on glucohomeostasis from increased O-GlcNAc levels. This study 

was carried out in parallel with, and using the same dosing regime as, the previous study 

using a normal diet (ND). As shown in Figures 4.16a, the HFD induced a gradual 

elevation in resting blood glucose levels. The onset or severity of insulin resistance, 

judged in this manner, was not affected by treatment with NButGT. The resting blood  
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Figure 4.16:  Three-month treatment of mice with 1000 mg⋅kg-1⋅day-1 NButGT does not perturb 
glucohomeostasis.  

  (A) Resting blood glucose levels of treated and control animals on a normal diet (ND) or 
high fat diet (HFD) at 4, 8, and 12 weeks after starting dosing (n=12). (B) Resting blood 
insulin levels at 4, 8, and 12 weeks after starting dosing (n=12). (C) An oral glucose 
tolerance test (OGTT) was performed after 13 weeks of treatment (n=12 per group). (D) 
Growth rate of mice on a normal diet (ND) or high fat diet (HFD). Body weight was 
recorded once a week over the course of the study (n=12 per group). (E,F) 1000 mg⋅kg-

1⋅day-1 of NButGT maintains elevated O-GlcNAc levels throughout a 24-hr cycle in the (E) 
muscle and (F) liver of mice on a normal diet (ND) or high fat diet (HFD). One animal from 
all four groups was sacrificed at 8 am, 4 pm, and 11 pm and analyzed by Western blot for 
O-GlcNAc levels (upper panel) and for protein loading using an ant-β-actin antibody (lower 
panel). 
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glucose levels that we observe for mice placed on a HFD for 12 weeks closely matches 

values observed by others for an equal length of treatment (4). The resting blood insulin 

levels also remained unaffected by inhibitor treatment throughout the course of the study 

with a 9-fold increase occurring after 12-weeks in HFD mice as compared to mice on a 

ND (Figures 4.16b). An OGTT was carried out and revealed that mice on a high fat diet 

cleared glucose slower (Figures 4.16c) when compared to control animals, however, 

there was no difference in glucose clearance arising from NButGT treatment and the 

consequent elevation of O-GlcNAc. Furthermore, weight gain in both healthy and HFD 

mice was not affected by NButGT treatment (Figures 4.16d).  

In order to clarify whether the mode of dosing in this study produced increased 

O-GlcNAc levels throughout a 24 hour period, an animal from each control and treated 

group was sacrificed at three different time points throughout the day (8 am, 4 pm, and 

11 pm). In the muscle and liver, O-GlcNAc levels were elevated in the treated animals at 

all three time points (Figures 4.16e,f), supporting this dosing regimen as a means of 

generating sustained increases in O-GlcNAc levels. 

4.3.8 Conclusions from the In Vivo Studies   

The primary aim of all of the studies described above was to address the effect of 

elevated O-GlcNAc levels on glucohomeostasis as a whole. The glucose tolerance test 

and hyperinsulemic-euglycemic clamp are primarily measures of glucose uptake in the 

muscle and fat (380); therefore, insulin sensitivity in hepatic tissue was not directly 

measured in these studies. One possibility is that increased HGO could have 

compensated for defects in glucose uptake by muscle and fat. Arguing against this 

possibility, however, is that the hyperinsulemic-euglycemic clamp carried out after the 2-

week dosing study used a dose of insulin known to completely suppress HGO (383). 

This was done intentionally to isolate our measurements on the insulin sensitivity of 

peripheral tissues. On the other hand, the clamp carried out following the long-term 8-

month study used a lower dose of insulin. It cannot be concluded, therefore, that HGO 

was unaffected by NButGT treatment in the long-term study, albeit the lack of difference 

observed in resting blood glucose levels between groups in any of the experimental 

paradigms tested does suggest that HGO is unaffected. In contrast, decreased insulin 

sensitivity in the liver and, consequently, increased HGO was concluded to be the 

primary reason for the perturbed glucohomeostasis observed in studies overexpressing 
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OGT in the liver of mice (86, 136). To try and resolve if elevated O-GlcNAc levels cause 

insulin resistance in hepatocytes, experiments carried out in cultured hepatocytes were 

initiated. 

4.4 Addressing the Effect of Elevated O-GlcNAc Levels on the 
Insulin Sensitivity of Cultured Hepatocytes 

The liver plays a critical role in maintaining glucohomeostasis by secreting or 

storing glucose. Following a meal, insulin stimulates the liver to store glucose in the form 

of glycogen and, conversely, during times of starvation glucagon stimulates the liver to 

secrete glucose. Glucose that is secreted by the liver can come from two sources; the 

first is from breakdown of glycogen and the second is de novo biosynthesis of glucose 

by gluconeogenesis. In both of these processes, one of the rate-limiting steps is 

dephosphorylation of glucose-6-phosphate by glucose-6-phosphatase (G6Pase) and 

indeed expression of G6Pase is tightly regulated by both insulin and glucagon. The 

effects of these two peptide hormones on expression of G6Pase can be fine-tuned by 

glucose availability (86, 389-393). Hyperglycemia causes increased expression of 

G6Pase, which results in increased HGO as clearly demonstrated from hepatocytes 

studied in vitro (86, 393) and in vivo (209, 210). Likewise, previous studies that have 

overexpressed OGT in the liver of mice have observed elevated expression of G6Pase 

(86, 384, 394), leading these authors to speculate that the O-GlcNAc modification is a 

molecular mechanism by which hyperglycemia manifests as insulin resistance in 

hepatocytes. 

4.4.1 Introduction to H4EII Hepatocytes 

As a first step towards examining the role of O-GlcNAc in regulating hormone 

signaling in hepatocytes, we sought a cell line for which a direct assay for measuring 

glucose output has been established. Unfortunately, many hepatocyte cell lines are not 

suitable for such studies due to some level of dedifferentiation that results either the 

inability to store glycogen and/or loss of expression of enzymes involved in 

gluconeogenesis (395). H4IIE hepatocytes only store small amounts of glycogen (396) 

yet do retain the ability to carry out gluconeogenesis when cells are supplied with 

pyruvate and lactic acid (397). Accordingly, a robust glucose output assay has been 

developed for H4IIE cells that measures gluconeogenesis without additional effects 
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arising from glycogen storage or processing (397) and these cells have been widely 

used to study insulin signaling in hepatocytes. Glucose output by H4IIE cells is inhibited 

by insulin and stimulated by increased cyclic AMP (cAMP) levels, which mimic the 

effects of glucagon, consistent with the view that gluconeogenic genes in this cell line 

are under control of physiologically relevant signaling pathways (397, 398). Importantly, 

the effect of these two hormones on the expression of gluconeogenic enzymes, such as 

G6Pase, has been clearly demonstrated in H4IIE cells (399-401). 

4.4.2 Glucose causes Insulin Desensitization in H4EII Hepatocytes  

To verify that the pathway(s) responsible for glucose-induced insulin 

desensitization are operative in H4IIE cells, cells were cultured in either low (5 mM) or 

high (25 mM) glucose prior to monitoring glucose secretion into culture media. When 

200,000 cells were cultured in 100 µL of media for two hr, 25 µM glucose was present in 

the media and this quantity is in the range of glucose output reported previously for this 

cell line (397). Preincubation of cells in 25 mM glucose prior to the assay produced an 

increase in glucose output both with and without insulin present (Figure 4.17a). Without 

insulin, pretreatment of cells with 25 mM glucose caused a 34 % increase in glucose 

output compared to cells pretreated with 5 mM glucose and this difference was 

significant (p = 0.02). In the presence of 10 nM insulin, the suppression of glucose 

output for cells pretreated with 5 mM glucose was 92 % whereas in cells pretreated with 

25 mM glucose output was suppressed by only 68 %. This large difference between low 

and high glucose conditions (p = 0.007) indicates that incubation in high glucose causes 

increased glucose output by mechanisms that act both dependently and independently 

of insulin signaling. To evaluate the molecular effects of incubation of cells in high 

glucose on insulin signaling, activation of Akt was evaluated in cells incubated in either 

low or high glucose (Figure 4.17b). Consistent with the results in the glucose output 

assay, insulin-induced phosphorylation of Akt to activated Akt is impaired on incubation 

of cells with high glucose (Figure 4.17b,c). Based on the previous literature and the 

studies outlined here, H4IIE cells respond to high glucose by developing insulin 

resistance and can be studied using a robust and physiologically relevant glucose output 

assay. Accordingly, these cells appear to be an appropriate model to test the hypothesis 

that increased O-GlcNAc levels are one mechanism contributing to disruptions in insulin 

signaling and/or glucose metabolism in hepatocytes. 
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Figure 4.17:  High glucose causes insulin resistance in H4IIE hepatocytes.  
(A) H4IIE cells were preincubated with different concentrations of glucose for 36 hr prior to 
incubation of cells for one hr in glucose free media after which glucose output was 
evaluated. Glucose free media either lacking (closed bar) or containing (open bar) 10 nM 
insulin was used. The % suppression of glucose output represents the ratio of values with 
and without insulin under each condition (preincubation in low or high glucose). Asterisks 
represent statistical significance (p < 0.05) as judged by a t-test; * = 0.02, ** = 0.007. (B) 
Cells incubated in low (5 mM) or high (25 mM) glucose and either with or without 10 nM 
insulin were harvested and analyzed by Western blot. Incubation of H4IIE cells in high 
glucose increases O-GlcNAc levels as compared to cells incubated in low glucose. High 
glucose conditions did not affect total Akt levels but did impair insulin-induced activation of 
Akt; pAkt designates a blot probing for Akt phosphorylated at T308. The loading control 
used was actin, which shows equivalent amounts of cell lysate are loaded in each lane. 
(C) Densitometry of pAKT levels from (B) shows that pAKT are significantly reduced in 
cells cultured in high glucose (* indicates p < 0.05). 

4.4.3 Effect of NButGT and PUGNAc on O-GlcNAc Levels 

NButGT was first tested at different concentrations and for different times to 

examine the effect of OGA inhibition on O-GlcNAc levels in H4IIE cells. Time- and dose-

dependent increases in O-GlcNAc levels were observed (Figures 4.18a,b). 

Densitometric analysis of the dose-dependency (Figure 4.18a) revealed an EC50 value of 

5 µM for NButGT in H4IIE cells, which closely matches the effectiveness of NButGT in 

3T3-L1 adipocytes (Figure 4.1,c). To facilitate a direct comparison between the effects of 

NButGT and PUGNAc, cells were incubated with these two OGA inhibitors in parallel at 

equal concentrations (100 µM) and for equivalent times (16 hr). Under these conditions, 

the two inhibitors increased global O-GlcNAc levels to the same extent (Figure 4.18c); 

this concentration and time frame was, therefore, used in subsequent studies. 
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Figure 4.18:  Pharmacological inhibition of OGA causes dramatic increases in global O-GlcNAc-
modified proteins in H4IIE hepatocytes.  
(A) The selective OGA inhibitor NButGT elevates O-GlcNAc-modified proteins in a dose- 
dependent manner with an EC50 value of 5 µM. Cells were dosed with the specified 
concentration of NButGT for 16 hr. (B) NButGT increases O-GlcNAc levels in a time-
dependent manner. Cells were treated with 100 µM of NButGT for the specified times. (C) 
The non-selective OGA inhibitor PUGNAc increases O-GlcNAc levels to the same extent 
as NButGT when treated for 16 hr at a concentration of 100 µM. Upper panels are 
Western blots of O-GlcNAc-modified proteins probed using the CTD110.6 anti-O-GlcNAc 
antibody whereas lower panels are Western blots probed using an anti-β-actin antibody 
for use as a loading control.  

4.4.4 Effect of NButGT and PUGNAc on Insulin Sensitivity 

NButGT and PUGNAc were next assessed for their effect on the ability of H4IIE 

cells to carry out gluconeogenesis and repress this process in response to insulin. 

Based on previous studies supporting the hypothesis that elevated O-GlcNAc levels 

cause insulin resistance and result in higher levels of G6Pase expression, it would be 

predicted that NButGT should cause increased glucose secretion. Nevertheless, 

NButGT did not alter the release of glucose into the media in either the presence or 

absence of insulin (Figure 4.19a). To carefully investigate this observation, a wide range 

of insulin concentrations were tested and the results reveal an EC50 value for insulin-

mediated decreased glucose output of 240 pM; a value comparable to that reported 

previously for this cell line (397).  Significantly, the selective OGA inhibitor NButGT has 

no effect on glucose output at any insulin concentration; the EC50 value (220 pM) is well 

within error of the value determined for control cells despite the very significant 

increases in global O-GlcNAc levels. More surprising was that PUGNAc diminished 

glucose release at low insulin concentrations (Figure 4.19b), this effect is in the opposite 

direction from what would be expected if O-GlcNAc levels mediated insulin resistance. 
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Figure 4.19:  Pharmacological elevation of global O-GlcNAc levels does not affect glucose output 
in H4IIE hepatocytes.  
(A) Cells were treated for 16 hr with or without 100 µM NButGT, followed by a one hr 
incubation in glucose free media, where NButGT was maintained at 100 µM in treated 
cells, after which glucose output in response to various concentrations of insulin was 
determined. The EC50 values for the effect of insulin on glucose output were 240 ± 40 and 
260 ± 50 pM for control and NButGT-treated cells respectively. (B) The same experiment 
as (A) except cells were treated with 100 µM PUGNAc. The EC50 values for the effect of 
insulin on glucose output were 210 ± 20 and 230 ± 40 pM for control and PUGNAc-treated 
cells respectively. Errors represent the standard deviation of a minimum of six replicates. 

As described above, stimulation of insulin sensitive cells with insulin results in 

activation of Akt through its phosphorylation at Thr308. Activated Akt in turn 

phosphorylates a series of other signaling molecules and transcription factors, thereby 

propagating the signal. Of relevance in hepatocytes are the forkhead family of 

transcription factors including FoxO1, in particular, since it activates transcription of 

numerous genes involved in gluconeogenesis such as G6Pase (402). Phosphorylation 

of FoxO1 results in its translocation out of the nucleus and this leads to repression of 

gluconeogenic genes. Of significance to the O-GlcNAc modification, Akt and FoxO1 

have both been shown to be O-GlcNAc-modified (77, 394). To clarify whether NButGT 

increased O-GlcNAc levels on Akt and FoxO1, these proteins were immunoprecipitated 

and as shown in Figure 4.20, NButGT treatment did indeed increase O-GlcNAc 

immunoreactivity of both proteins. These increases in O-GlcNAc levels on Akt and 

FoxO1 are similar in magnitude to the increase in global O-GlcNAc levels, supporting the 

general effect that OGA inhibition has on increasing O-GlcNAc levels. To determine if 

increased O-GlcNAc levels affect the phosphorylation of these two key proteins (Akt and 

FoxO1) in the insulin signaling cascade, the lysates of cells used in the above 

experiments that had been treated with or without 10 nM insulin and with or without 

NButGT were analyzed by Western blot. Consistent with NButGT having no insulin  
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Figure 4.20:  Treatment of H4IIE hepatocytes with NButGT results in elevated O-GlcNAc levels on 
Akt and FoxO1.  

  Cells were treated with (+) or without (-) 100 µM NButGT for 16 hr, harvested, and lysed. 
Lysates were analyzed by Western blot using anti-Akt and anti-FoxO1 antibodies to show 
that levels of Akt and FoxO1 are equivalent in the lysates prior to immunoprecipitation (left 
panels). As well, a Western blot using the CTD110.6 anti-O-GlcNAc antibody 
demonstrates that global O-GlcNAc levels were dramatically elevated by inhibitor 
treatment. Akt and FoxO1 were immunoprecipated from cell lysates of control and inhibitor 
treated cells. The immunoprecipates were analyzed by Western blot for levels of Akt,  
FoxO1, and O-GlcNAc levels (CTD110.6) and the results show that O-GlcNAc levels on 
these two proteins are elevated in cells treated with NButGT. 

desensitizing effect in the glucose output assays, NButGT also did not alter 

phosphorylation of Akt at Thr308, nor did it affect phosphorylation of FoxO1 at Ser256 

despite greatly increased global O-GlcNAc levels (Figure 2.21a) as well as O-GlcNAc 

levels on these two proteins as shown above. Interestingly, PUGNAc also did not cause 

perturbations to insulin mediated phosphorylation of Akt or FoxO1 (Figure 2.21b). 

Although this lack of an effect on phosphorylation of Akt is not consistent with what both 

we, and others, have previously observed when using PUGNAc in other cell lines (74, 

136, 161, 333), it is possible that the off-target effects of PUGNAc could result in 

different molecular effects in different cell lines. The effect of PUGNAc observed by us in 

H4IIE hepatocytes, however, does appear to be consistent with findings by Housley et 

al. who showed that PUGNAc did not alter the cellular localization of FoxO1 in the Fao 

hepatoma cell line (394); a cell line derived directly from H4IIE cells. 

4.4.5 Effect of NButGT and PUGNAc on Cell Proliferation 

The 20% decrease in glucose output caused by PUGNAc was unexpected. 

Interestingly, PUGNAc has been reported to decrease glucose-stimulated insulin 

secretion in pancreatic β-cells in vitro by approximately 20% (170, 196). These results 

also mirror the results obtained when using PUGNAc in adipocytes; PUGNAc treatment  
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Figure 4.21:  Pharmacological elevation of O-GlcNAc levels does not affect insulin-stimulated 
phosphorylation of Akt or FoxO1.  
Cells used in the glucose output assays that had been treated either with (A) NButGT or 
(B) PUGNAc and either with or without 10 nM insulin were harvested and analyzed by 
Western blot as below. pAkt designates Akt phosphorylated at Thr308 and pFoxO1 
represents FoxO1 that has been phosphorylated at Ser256; both are sites that are critical 
for insulin-stimulated activation of these proteins. Neihter NButGT or PUGNAc treatment 
of cells affect phosphorylation of Akt or FoxO1 at these sites compared to control cells. 

resulted in an effect only when cells were pushed to perform a function at maximal 

capacity. In this respect, it is noteworthy that Slawson et al. reported that PUGNAc 

caused a 20% decrease in the cell proliferation of a number of cell lines (309). 

Decreased proliferation stemming from off-target effects could, therefore, be an 

explanation for the phenotypes observed with PUGNAc. To determine what effect 

PUGNAc and NButGT has on the proliferation of H4IIE cells, the growth of H4IIE cells 

treated with either 100 µM PUGNAc or NButGT was closely monitored over a period of 

five days and compared to the growth rate of control cells. Consistent with the previous 

study by Slawson et al. (309), cells treated with PUGNAc grew significantly more slowly 

(Figure 2.22a). On the other hand, cells treated with NButGT grew at a rate identical to 

control cells (Figure 2.22a). Indeed, the doubling times of control and NButGT-treated 

cells were both 21 hr as compared to 26 hr for cells treated with PUGNAc (Figure 

2.22b). These findings on proliferation indicate that PUGNAc causes a 20% decrease in 

cell proliferation in this cell line and likely other cell lines given the results by Slawson et 

al. (309). This data strongly supports the view that PUGNAc has secondary off-target 
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effects that are independent of O-GlcNAc levels and is also supportive of the lack of a 

phenotype that was observed in animals treated with NButGT. 

 
 

Figure 4.22:  H4IIE hepatocytes treated with NButGT grow at the same rate as control cells 
whereas cells treated with PUGNAc grow slower.  
(A) Cells were treated with vehicle (PBS), 100 µM NButGT, or 100 µM PUGNAc 
immediately after seeding 10,000 cells in a 6-well plate. Each day, the number of cells 
were counted for each condition and plotted as the logarithm of the number of cells versus 
the day. Errors represent the standard deviation of three replicates. (B) The doubling time 
for each condition was calculated to be 22.1 ± 0.6 hr for control cells, 22.3 ± 1.0 hr for 
cells treated with NButGT, and 26.2 ± 1.3 hr for cells treated with PUGNAc. Errors for the 
doubling times represent the error for the linear regression of the growth curves. 

4.4.6 Effect of NButGT on Glucagon Signaling  

To probe the effect of increased cellular O-GlcNAc levels upon activation of the 

glucagon signaling pathway, a combination of dexamethasone and the more stable and 

membrane permeable cAMP analogue 8-Br-cAMP were used as described previously 

(400). The purpose of using these two compounds in combination is to mimic increased 

metabolic cAMP levels that are brought about by glucagon stimulation. This treatment 

enhanced glucose output both in the presence and absence of insulin (Figure 4.23), 

which is consistent with the mutually antagonistic actions of insulin and glucagon 

signaling pathways on the expression of gluconeogenic genes in hepatocytes. 

Regardless of the treatment paradigm, there was no effect of increased O-GlcNAc levels 

on these processes (Figure 4.23). Cumulatively, all the results from H4IIE hepatocytes 

provide strong evidence that both key regulatory signaling pathways are operative in this 

cell line and, more significantly, that increased O-GlcNAc levels brought about by 

selective inhibition of OGA do not interfere with these pathways. 
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Figure 4.23:  NButGT does not perturb the glucagon signaling pathway in H4IIE hepatocytes.  
Dexamethasone (50 nM) and 8-Br-cAMP (100 µM) were used to stimulate expression of 
gluconeogenic genes and the resulting changes in glucose output were monitored both in 
the presence and absence of 10 nM insulin. NButGT treatment had no effect on glucose 
output under any of the conditions when compared to control cells. 

4.4.7 Effect of OGT Overexpression on Insulin Sensitivity in H4IIE cells 

We were intrigued why our data obtained using NButGT in various experimental 

paradigms does not induce insulin resistance whereas previous studies support the 

onset of insulin resistance when OGT was overexpressed in the liver of mice (86, 136, 

394). To try and reconcile these differences, the effect of overexpressing OGT in H4IIE 

cells was investigated. For these studies we used electroporation to deliver the gene 

encoding OGT in a mammalian expression vector since common transfection reagents 

were found to give poor transfection efficiency in this cell line. Using electroporation, a 

transfection efficiency of approximately 75% was achieved and this resulted in elevated 

OGT levels that are approximately 2-fold higher than cells transfected with empty vector 

(EV). The increased OGT expression resulted in modest, but significant, increases in O-

GlcNAc levels (Figure 2.24a). To our considerable surprise, however, overexpression of 

OGT had no effect on glucose output either in the presence or absence of 10 nM insulin 

(Figure 2.24b). Moreover, OGT overexpression, and the resulting increases in O-GlcNAc 

levels, did not affect activation of Akt (Figure 2.24c). These results obtained using 

genetic manipulation of O-GlcNAc levels appear in complete agreement with the 

pharmacological data presented above but do not explain the discrepancy between our 

observations detailed here and previous reports on the insulin-desensitizing effects of 

increased O-GlcNAc levels mediated by adenoviral-mediated overexpression of OGT. 

Nevertheless, one obvious difference between the studies carried out here, using 

electroporation to overexpress OGT, and those reported by others, which have used 
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adenovirus to overexpress OGT, is that adenovirus infection results in much higher 

levels of OGT. Therefore, it seems that one possibility that could account for the 

discrepancies between these results and previous reports are that high levels of OGT, 

rather than O-GlcNAc levels, are the main determinant of insulin desensitization. 

 
 

Figure 4.24:  Moderate overexpression of OGT in H4IIE cells does not induce insulin resistance.  
Cells were transformed, by electroporation, with the pCMV-Myc vector harboring the gene 
encoding OGT or with the empty vector (EV) as a control. (A) Wetern blot analyses of 
lysates for levels of myc, OGT, actin, and O-GlcNAc. (B) 24 hr after transfection, cells 
were cultured in glucose free media for 4 hr, and then glucose output from cells either 
treated with or without 10 nM insulin was determined. Cells transfected with OGT did not 
secrete more glucose. Following the assay, the cells were harvested and used for the 
Western blot analyses in (A) as well as (C) Western blots for Akt and pAkt levels, which 
show that moderate OGT overexpression does not diminish activation of Akt. 

4.5 Discussion on Future Directions  

Overall, the results of the studies described above using NButGT in cultured 

adipocytes, rodents, and cultured hepatocytes strongly suggest that elevated O-GlcNAc 

do not give rise to insulin desensitization or disrupt glucohomeostasis. Peripheral 

support for the lack of an insulin-desensitizing effect observed with NButGT comes from 

a study in which rats were treated with a very high dose of N-acetylglucosamine for two 

years. In that study, animals did not exhibit perturbed resting blood glucose levels (403), 

yet very likely had elevated O-GlcNAc levels since GlcNAc enters the HBSP 
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downstream of GFAT. These findings differ from earlier studies in which genetic 

methods were used to increase O-GlcNAc levels through overexpressing OGT in 

specific tissues. Those studies have proposed that increased O-GlcNAc levels induce 

insulin resistance and/or disrupt glucohomeostasis (86, 136, 164). There are obvious 

differences between using small molecules and genetic methods to study biological 

phenomena; the two clearly provide complementary strategies and in some cases one 

method offers certain benefits over the other. One obvious consideration when using 

small molecule enzyme inhibitors is their potential lack of selectivity, a concern that is 

raised by the studies using cultured adipocytes, which strongly suggested PUGNAc has 

off-target effects that insulin resistance. Small molecule inhibitors, however, offer an 

advantage in that they facilitate the dissection of the catalytic and non-catalytic roles of 

enzymes since they act to block enzyme function without significantly affecting the levels 

of the target enzyme within cells (176). This point is highlighted by a recent investigation 

using small molecule inhibitors of Cdk7/Kin28 (177). It is therefore prudent to consider 

what may account for the apparent differences between the studies presented in this 

chapter and previous reports making use of genetic methods to overexpress OGT.  

1) Since O-GlcNAc is a dynamic post-translational modification, the rate at which cycling 

occurs, rather than the levels of the modification, could be the determinant mediating 

insulin resistance and disruptions in glucohomeostasis. The primary data to support this 

hypothesis comes from knockouts of OGT and OGA in C. elegans (116, 139). These 

knockouts are viable but exhibit defects in dauer larva formation. As induction of dauer 

formation in nematodes in governed by insulin-like signaling pathways (404), the authors 

of these two papers argued that the observed results relate to insulin signaling in 

mammals. In all the studies described in this chapter using NButGT, cycling should be 

slowed by treatment with the OGA inhibitor as was discussed in Chapter 1. Interestingly, 

many studies making use of overexpression of OGT in animals, which results in insulin 

resistance or perturbed glucose homeostasis, may have increased cycling rates due to 

the increased levels of OGT. Nevertheless, a clear molecular mechanism that translates 

cycling rates to changes in cellular physiology has not been proposed and is difficult to 

envision. Experiments comparing O-GlcNAc cycling rates on proteins of interest in 

control cells, cells overexpressing OGT, or those treated with an OGA inhibitor present 

an intriguing line of research and may offer a way to test this possibility and to potentially 

account for this apparent discrepancy.  Accessing this information using experimentally 

reliable study designs, however, is technically challenging.  
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2) The use of NButGT may not result in certain key proteins involved in nutrient sensing 

becoming more heavily modified as may happen during prolonged hyperglycemic 

conditions or when OGT is overexpressed. One scenario that could potentially bring 

about this scenario is if OGT had access to a cellular compartment or location where 

OGA was not present. In this way, overexpression of OGT could increase O-GlcNAc 

levels on certain proteins while an OGA inhibitor would have no effect on levels of O-

GlcNAc on these proteins. However, the cellular distribution of OGA (141, 142) appears 

to be as broad as OGT (114, 117) and therefore no clear experimental evidence 

currently supports this scenario. So long as OGA has access to all O-GlcNAc-modified 

proteins, NButGT should elevate O-GlcNAc levels globally throughout the cell since 

competitive inhibition of OGA should not impact the function of OGT, which continues to 

modify proteins (154). Although this possibility cannot be ruled out, some experiments 

were carried out to address this issue by investigating the O-GlcNAc modification state 

of Sp1 in rats treated with NButGT through immunoprecipitation (Figures 4.12e and 

4.14f), a key transcription factor regulating expression of multiple genes involved in 

glucohomeostasis whose O-GlcNAc modification state has been suggested to alter its 

function (384). It was found that Sp1 glycosylation is significantly increased in both short 

and long-term rodent studies yet no signs of insulin resistance or disruptions in 

glucohomeostasis were observed. This possibility was probed in cultured hepatocytes by 

immunoprecipitation and analysis of O-GlcNAc levels on Akt and FoxO1. Here too, 

NButGT increased O-GlcNAc on both of these proteins of the insulin signaling pathway. 

3) Overexpression of OGT results in secondary effects that are independent of elevated 

O-GlcNAc levels. One concern with using genetic methods is that it remains to be 

established if, in addition to the catalytic role of OGT, this enzyme also has critical non-

catalytic roles. Given that OGT interacts with many protein partners (83, 103, 128-133) 

and is found in several large protein complexes (83, 103), overexpression could disrupt 

and/or introduce protein-protein interactions within cells (Figure 4.25). It is worth noting 

that overexpression of OGT was reported by Slawson et al. to profoundly perturb cell-

cycle progression whereas PUGNAc, on the other hand, had only slight effects on cell-

cycle progression while NAG-thiazoline had no effect (103, 309). In a strikingly similar 

example, PP5A was shown to cause abnormal nuclear shapes and this observation was  
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Figure 4.25:  A model for the effect of OGT overexpression on disrupting a protein complex.  
 (A) A hypothetical OGT-containing complex that is critical for regulating cellular 

processes. OGT has been found in a number of such complexes (83, 103). (B) When 
OGT is overexpressed at high levels, it may disrupt such protein complexes by forming a 
number of heterodimers, which may not allow the multimeric complex to form. Note that 
OGT is not necessarily required to be a part of the complex under normal conditions; 
sequestering components of a protein complex by overexpression of OGT could also 
disrupt complexes that do not normally contain OGT. 

replicated by a catalytically inactive mutant (405). The significance of this to OGT is that 

PP5A is also a TPR-containing protein and overexpression of its TPRs alone has been 

shown to reproduce some of the effects of overexpressing full-length protein 

phosphatase 5A (PP5A) (406). In this context it is fascinating to note that several reports 

have observed a dominant-negative effect when the TPRs of OGT are overexpressed 

(157, 407). Another consideration that must be taken into account with studies that have 

overexpressed OGT at high levels is that OGT has very recently been identified as a 

member of the polycomb group family (PcG) of proteins (63, 85), which play a key role in 

the expression of many genes. Consistent with this role, OGT was also recently shown 

to activate the histone methyltransferase MLL5 (83). Thus, OGT is important in the 

regulation of gene expression and one possibility exists that overexpression of OGT 

within cells may alter the expression of enzymes whose expression levels are regulated 

by insulin, in a manner that is independent of O-GlcNAc levels (86, 136, 394).  

There are several ways forward to address the issue of a catalytic versus non-

catalytic role for OGT. One approach would be to use an inactive variant of OGT in 

which one of the active site catalytic residues has been mutated. As highlighted above, a 

non-catalytic function for an enzyme can be revealed when an inactive mutant is 

overexpressed (178, 179, 405). In a study that will be described in Chapter 6 (408), 

several catalytically inactive mutants of OGT were discovered and preliminary 
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experiments are underway in the laboratory using one of these. A complementary 

approach to using a catalytically inactive mutant would be to use an OGT inhibitor, 

unfortunately however, a potent and cell permeable OGT inhibitor awaits discovery. All 

these considerations should serve to guide future experiments that may provide insight 

into the biological roles of O-GlcNAc and/or OGT. 
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4.6 Published Work from these Studies and Acknowledgement 
of the Contributions of Others 

The studies carried out in 3T3-L1 adipocytes comparing the effect of NButGT 

and PUGNAc on insulin sensitivity have been published in the Journal of Biological 

Chemistry (333). This work also emcompassed structural analysis of the cocrystal 

structure of BtGH84 with PUGNAc (Figure 3.1). Abigail Bubb, Dr. Carolos Martinez-

Fleites, and Dr. Gideon Davies are all acknowledged for their contributions to this aspect 

of the work. Much of the work in this chapter remains to be published but I would still like 

to acknowledge the contributions of others to this work. Intial testing of NButGT in vivo  

was aided by the efforts of Alex Debowski, Garrett Whitworth, and Scott Yuzwa. Audrey 

Wang, Kim Buettner, and Mary Dearden were valuable contributors to the in vivo work 

and particularly Audrey Wang for her assistance with the hyperinsulemic euglycemic 

clamp. Xioayang Shan is also acknowldeged for helping out with tissue collection and 

the immunoprecipitation of Akt and FoxO1 from H4IIE hepatocytes. 

4.7 Materials and Methods 

4.7.1 Cloning 

The cDNA for human OGT was obtained from the ATCC. The gene encoding 

OGT was amplified using the following two primers: 5’-

GCCGCCGTCGACCGCGTCTTCCGTGGGCAACGTGG-3’ (SalI cut site shown in bold) 

and 5-GCCGCCGCGGCCGCCTATGCTGACTCAGTGACTTCAAC-3’ (NotII cut site 

shown in bold). The PCR product was digested with SalI and NotI and ligated into the 

pCMV-myc mammalian expression vector that had been also been digested using the 

same restriction enzymes as described in Chapter 2. The resulting vector therefore 

contained the gene encoding human OGT N-terminally fused to a myc tag with a CMV 

promoter. Successful cloning and integrity of the sequence was verified by sequencing 

(NAPS unit, UBC) and the DNA concentration of the plasmid stocks were determined by 

absorbance at 260 nm to prepare for transfection of cells. 

4.7.2 Western Blotting 

Western Blotting procedures follow those outlined in Chapter 2. The antibody 

dilutions used and source of these antibodies are as follows: CTD110.6 (1:2500, 
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Covance), α-actin (1:2000, Developmental Studies Hybridoma Bank – DSHB), α-myc 

(1:250, DSHB), α-OGT (1:2000, Santa Cruz Biotechnologies), α-Akt (1:1000, Cell 

Signaling Technologies), α-pThr308Akt (1:1000, Cell Signaling Technologies), α-FoxO1 

(1:1000, Cell Signaling Technologies), α-pS256FoxO1 (1:1000, Cell Signaling 

Technologies). The α-Sp1 antibody was a gift from Prof. Jane Azizkhan-Clifford (Drexel 

University). 

4.7.3 3T3-L1 Cells 

4.7.3.1 Cell Culture and Differentiation 

Dr. David Tucker (Dr. Morris Birnbaum laboratory, University of Pennsylvania) is 

thanked for advice on differentiation of 3T3-L1 adipocytes and 2-DOG uptake 

experiments. 3T3-L1 preadipocytes were obtained from Dr. Green (Harvard Medical 

School) since cells obtained from the ATCC were at a higher passage number and 

difficulties were encountered with differentiating these cells. Cells were grown in an 

incubator with 5% CO2 at a temperature of 37 °C. Preadipocytes were cultured in DMEM 

(Invitrogen) containing 10% bovine serum (BS, Hyclone). Caution was taken to never to 

let the cells reach confluence prior to differentiation, as this resulted in decreased 

capacity to differentiate. Culturing cells in FBS prior to differentiation also greatly 

reduced the percentage of cells that differentiated to adipocytes. Preadipocytes (2.5 x 

105) were plated onto 12-well plates and two days post-confluence (approximately 4-5 

days after plating), differentiation was initiated by replacing the media with DMEM 

containing 10% fetal bovine serum (Invitrogen), 120 µg/mL isobutylmethylxanthine 

(IBMX, Sigma), 0.37 µg/mL dexamethasone (Dex, Sigma), and 1 µg/mL recombinant 

human insulin (Lilly). The IBMX and Dex solutions were prepared in the following 

manner. Dex was dissolved in 95% ethanol at 3.7 mg/mL and this stock could be stored 

at -20 °C. On the day of the differentiation, the stock Dex was diluted 10-fold into 

sterilized PBS and then diluted 1000-fold into the media to give the desired final 

concentration. IBMX was dissolved fresh at 11.2 mg/mL in 0.5 M KOH, sterilized through 

a 0.22 µm filter, and diluted 100-fold into the culture media to give the desired final 

concentration. Insulin (1 mg/mL) was diluted 1000-fold directly into the media to give the 

desired final concentration. Also, when differentiation was initiated, the serum was 

switch from BS to FBS. Cells were kept in this differentiation medium for 2 days, and 
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then the medium was replaced with DMEM containing 10% FBS and replaced every 2 

days after that. At all points, it is critical that the media be changed as gently as possible 

to avoid the detaching the cells. The gentlest procedure for changing the media is to 

pour off the media slowly into a waste bucket and replace the media by gently pipetting 

new media down the side of the well (it helps to let the media come out of the pipette 

gun by gravity rather than vigorously shooting it out). Using a vacuum to remove the 

media or pipetting the new media too fast results in cell detachment form the around the 

sides of the culture plate. After several days of differentiation, the media became viscous 

as the cells began to secrete lipids and so it was important to use a large volume of 

media to avoid the media from becoming too viscous (for example: 3 mL of media was 

used in each well of a 12-well culture dish). Cells were used for 2-DOG uptake 

experiments 10–12 days after differentiation was initiated at a time when >95% of cells 

displayed intracellular lipid droplets that were evident by phase contrast microscopy at a 

10 times magnification. 

4.7.3.2 2-DOG Uptake Assays 

All assays took place in either 12-well plates or 24-well plates (Falcon) with a 

minimum of six replicates for each condition. The volumes indicated here are for a 12-

well assay and were halved for assays carried out in 24-well plates. Cells were treated 

with 100 µM PUGNAc or NButGT for 16 h before the start of the 2-DOG uptake assay in 

media containing 10 % FBS. The following day, cells were first washed twice with DMEM 

containing 5 mM glucose (Invitrogen) supplemented with 0.5% BSA (Sigma) and then 

incubated in this media for 2 hr. The purpose of this incubation period was to maximize 

insulin sensitivity since prolonged exposure to insulin and high glucose causes insulin 

desensitization. On the advice of Dr. Tucker, a 2 hr wash was enough time for full insulin 

sensitivity to return (personal communication). During this 2 hr incubation period, 

PUGNAc and NButGT were maintained at the same concentration. It is also important to 

note that special grade BSA that does not contain any insulin (Insulin RIA quality, 

Sigma) was used. Cells were then washed twice in Krebs-Ringer phosphate (KRP) 

buffer (126 mM NaCl, 4.7 mM KCl, 10 mM NaH2PO4, 0.9 mM MgCl2, 0.9 mM CaCl2, 

0.5% BSA, pH 7.4) and incubated in 420 µL of this buffer for 15 min. Subsequently, 30 µl 

of insulin (Lilly) was added directly to the cultures to yield the desired insulin 

concentration. Also, at this time cytochalasin B (Sigma) was added to some wells to give 

a concentration of 10 µM. Cytochalasin B blocks glucose transporter uptake and so 
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values obtained when using cytochalasin B represent non-glucose transporter mediated 

uptake into cells as well as any contribution from insufficient washing of cells. The cells 

were incubated for another 15 min, and then uptake assays were initiated by the addition 

of 50 µL of 2-DOG such that the cultures had a final concentration of 100 µM of 2-DOG 

(Moravek Radiochemical) and a specific activity of 0.5 µCi/mL. After 6 min, the uptake 

was terminated by pouring of the liquid by inverting the plate into a waste bucket. The 

plates were then washed submerging the plate into 1 L of cold PBS. The plate was dried 

by blotting onto paper towel and then washed a second time into a second litre of cold 

PBS. Each litre of PBS was used for no more than four plates of cells to avoid build-up 

of radioactive material, which would result in inefficient washing. PBS containing 2% 

Triton X-100 (500 µl) was then added to each well, and 300 µL from each well was 

mixed with scintillation fluid and used for scintillation counting. Cells treated with 

cytochalasin B contained approximately 1/50th of the radioactivity as cells that had not 

been treated with cytochalasin B, indicating that the washing procedure was efficient and 

most glucose uptake was mediated glucose transporters. Additional 2-DOG uptake 

assays were carried out using cells treated with 100 µM NButGT or with vehicle (PBS) 

alone as described above except that the concentration of insulin was varied from 

between 0.1 to 200 nM. As well, studies were carried out to evaluate the effect of varying 

the length of 2-DOG uptake time from 2.5 to 12 min; the only parameter that differenced 

in these studies was the 2-DOG uptake time. Last, the concentration of 2-DOG was 

varied from 0.03 to 10 mM to evaluate the concentration dependence of the kinetic 

behaviour of 2-DOG transport in cells treated with 100 µM NButGT overnight as 

compared with control cells. For this last experiment, the amount of non-radioactive 2-

DOG (Fluka) was varied while the amount of radioactivity was kept constant. The total 

amount of 2-DOG taken up was then corrected by ratio of “cold” to “hot” 2-DOG. 

4.7.3.3 Analysis of Akt and Phospho-Akt Levels 

All assays took place in 6-well plates (Falcon) with two replicates. Cells were 

treated with 100 µM PUGNAc or NButGT overnight for 16 hr. The following day, cells 

were first washed twice with DMEM containing 5 mM glucose (Invitrogen) supplemented 

with 0.5% BSA and then incubated in this media for 2 hr. During this 2 hr incubation 

period, PUGNAc and NButGT were included in this media at the same concentration as 

overnight. Cells were then washed twice in KRP buffer and incubated in this buffer for 15 
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min. Subsequently, insulin (0 or 10 nM final concentration) was added directly to the 

cells. The cells were incubated for another 15 min, washed once with cold PBS, and 

harvested by adding 400 µl of 1% SDS containing 50 mM β-mercaptoethanol. The cell 

lysates were collected and boiled for 10 min and these lysates were used for Western 

blot analyses. Densitometry was carried out using ImageQuant software (GE 

Healthcare). 

4.7.4 SK-N-SH 

4.7.4.1 Cell Culture 

SK-N-SH cells were cultured in DMEM containing 10% FBS. Experiments were 

initiated by plating cells onto a 10 cm plate containing 10 mL of media at approximately 

10% confluence and adding 200 µM of the appropriate compound or vehicle (PBS). 

Throughout the experiment, the media was replaced with new media containing inhibitor 

every two days. After 4-5 days, a time in which the cells approached confluence, the 

cells were washed twice with PBS, trypsinized, and diluted (split) 1:3 onto a 15 cm plate 

containing 25 mL of media (three 15 cm plates were used to produce replicates of 

three). After another 4-5 days of growth in media containing the appropriate compounds, 

the cells reached approximately 95% confluence and were harvested. To harvest the 

cells, the cells were washed once with cold PBS and harvested by scrapping the flask in 

10 mL of PBS using a rubber policeman. The harvested cells in PBS were transferred 

into a 15 mL conical tube and then the plate was washed with an additional 5 mL of 

media to ensure quantitative transfer of the cells. The cells were collected by 

centrifugation (250 rcf, 10 min), the supernatant was gently decanted and the resulting 

cell pellet was either frozen at -80 °C or used in the lipid extractions immediately.  

4.7.4.2 Ganglioside Extractions 

Gangliosides were isolated according to Yowler et al. (376). Cells were first 

resuspended in 1 mL of water and then 3.5 mL of 2:1 methanol/chloroform was added. 

This suspension was stirred at room temperature overnight and the solid materials were 

pelleted by centrifugation (4000 rpm, 10 min). The supernatant was gently decanted 

using a pipette and set aside. To ensure that all the lipids had been extracted, the pellet 

was resuspended in another 3 mL of water/methanol/chloroform (0.8:1:2) and stirred for 

another 2 hr and the debris collected as a pellet by centrifugation the same as above. 
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This supernatant was decanted and the combined supernatants were dried using a 

gentle stream of nitrogen gas (1-2 hr to evaporate). The residual solid was resuspended 

in 1 mL of 0.1 M NaOH in methanol and stirred at 37 oC for one hr. The solution was 

once again dried with nitrogen gas. The solid residue was resuspended in 2.5 mL of 

water and desalted using a PD-10 desalting column according to the manufacture’s 

protocol (GE Healthcare). The desalted solution was transferred to a tarred 5 mL glass 

vial and lyophilized. Typically, 0.6 mg of total lipid extracts were obtained from one 15 

cm plate.  

4.7.4.3 HPTLC Analysis of Gangliosides 

The lipid extracts were taken up in 2:1 chloroform/methanol at a concentration of 

3 µg/µl. Sonication of the solutions in a sonication bath was required to solubilize all the 

material. According to the manufacturer’s protocol, 10 x 20 cm glass-backed HPTLC 

plates (Merck), provided generously by Dr. Rosemary Cornell, were first pre-developed 

for two hr in a solution of 50:50:15 chloroform/methanol/water and dried in a 100 °C over 

for one hr. The plate was cooled and kept in a desiccator prior to use. The solutions of 

extracted lipids (20 µL, 60 µg) were applied as a thin 0.5 cm wide band on a HPTLC 

plate (1 cm above the bottom of the plate) along with a total of 1 µg mixture of GM1, 

GM2, and GM3 (Axxion) as standards. A 0.25 cm space was left between each sample 

and the outer samples were 0.75 cm from the edge of the plate. A 10 µL glass syringe 

was used to apply the material and a continuous gentle stream of air was used to dry the 

liquid while it was being applied. The plate was developed in a solvent system consisting 

of 55:45:10 chloroform/methanol/water (containing 0.2% CaCl2) for one hr followed by a 

light, but uniform, spray with resorcinol as a visualizing agent (80% concentrated HCl, 

0.2% resorcinol, 0.25 mM CuSO4), covered with a glass plate, and incubated in a 

prewarmed oven at 100 °C for 20 min. For documentation, the plates were scanned 

using a Typhoon imager using an excitation wavelength of 523 nM and no emission 

filter. Densitometry was performed using ImageQuant software. 
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4.7.5 H4IIE Hepatocytes 

4.7.5.1 Cell Culture 

H4IIE cells were obtained from the ATCC. Cells were cultured in DMEM 

containing 5 mM glucose (Invitrogen) and supplemented with 10% FBS (HyClone) and 

grown at 37 °C in an atmosphere containing 5% CO2. Cells were passaged in the same 

way as described for COS-7 cells in Chapter 2.  

4.7.5.2 Proliferation Assay 

To monitor the growth of H4IIE cells, approximately 10,000 cells were plated into 

each well of a 6-well plate which had been pre-coated with collagen (BD Biosciences) 

and 100 µM PUGNAc or NButGT, or PBS as a control, was added to the media. After 

each day, the number of cells were counted from three wells of each condition tested 

(triplicate data) and the media was replaced in wells not being counted to ensure that 

nutrients and inhibitors were maintained at the appropriate concentrations. To count the 

cells, the media was removed and cells were washed once with PBS and 200 µl of 

trypsin (Gibco) was added. After 3 min, 200 µl of media was added and each well was 

counted in duplicate using a hemocytometer. 

4.7.5.3 Glucose Output Assays 

Approximately 200,000 cells were plated into each well of a collagen-coated 48-

well plate. At this time, NButGT or PUGNAc were added to the media at a concentration 

of 100 µM. The following day, the media was gently removed and the cells were gently 

washed twice with a large volume (1 mL) of PBS. It is extremely important that the 

washing step be done as gently as possible to avoid causing the cells to detach around 

the edges of the well. The same gentle washing procedure as was used as described 

above with the 3T3-L1 adipocytes. Cells were then incubated for four hr with 200 µL of 

DMEM lacking glucose (Invitrogen) and serum containing 2 mM sodium pyruvate 

(Sigma) and 20 mM sodium lactate (Sigma). This incubation step had a similar purpose 

to the incubation step used for 3T3-L1 cells; cells were required to be cultured without 

insulin to maximize their insulin sensitivity. NButGT and PUGNAc were supplemented at 

the same concentration as overnight. After four hr, the media was gently removed and 

the cells were washed once with 1 mL of PBS. The PBS was then completely and gently 
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removed via micropipette and the cells were incubated in 100 µL of fresh buffer for two 

hr in order to monitor glucose production. Prior optimization of the assay showed that 

glucose output was linear up to two hr but the rate of glucose output decreased after two 

hr. During this two hr period, different concentrations of insulin (Eli Lilly) and NButGT 

and PUGNAc, as appropriate for the experiment, were kept in the media to maintain 

elevated O-GlcNAc levels throughout the course of the experiment. After an hr, 50 µL of 

media was collected and the concentration of glucose was determined using a 

fluorescently-coupled glucose oxidation assay according to the manufacturer’s protocol 

(Amplex Red, Invitrogen). It was verified that NButGT and PUGNAc do not interfere with 

the glucose oxidation assay. For assays in which insulin signaling was antagonized by 

activation of glucagon signaling pathways, a combination of 100 µM 8-Br-cAMP (Sigma) 

and 500 nM dexamethasone (Sigma) were added to cells 30 min prior to monitoring 

glucose output and then maintained at the same concentration through the course of the 

two hr incubation. All assays for glucose output were carried out using a minimum of six 

replicates. 

4.7.5.4 Transfection 

H4IIE cells were electroporated according to the manufacturer’s protocol 

(Transfection Kit V, Amaxa) and Dr. Michael Silverman is thanked for helping optimize 

the procedure as well as use of his laboratories equipment. Briefly, approximately 

5,000,000 cells were pelleted (250 rcf, 8 min) and resuspended in the manufacturer’s 

electroporation buffer. Empty vector (pCMV-myc) or vector containing the gene encoding 

human OGT (5 µg) was added and the cells were immediately transferred into a cuvette 

for electroporation using a Nucleofactor 2 electroporator (program T-020, Amaxa). The 

cells were subsequently diluted into warm media and equally dispersed into 24 wells of a 

48-well collagen-coated plate. Once the cells had adhered (3-4 hr), the media was 

replaced with fresh media and cells were allowed to grow overnight. Approximately one 

quarter of the cells did not adhere (even with a longer incubation period). A control 

vector that expresses GFP (pGFP-max) provided with the electroporation kit 

demonstrated that >75% of cells were successfully transfected using these conditions. 

Preliminary optimization showed that expression was maximal after 24 hr, therefore, the 

glucose output assay, as described above, was carried out one day after transfection.  
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4.7.5.5 Immunoprecipitations 

Cells were grown to 95% confluence in 175 mm flasks and treated overnight with 

100 µM NButGT. The following day, the cells were harvested by scraping the flask using 

a rubber policeman and pelleting the cells by gentle centrifugation (200 rcf, 8 min). The 

cell pellet was resuspended in 500 µL of cold (4 °C) lysis buffer (PBS containing 0.5% 

nonidet P-40 (Igepal), protease inhibitor cocktail (Roche), and 1 mM NButGT, pH 7.4). 

To lyse the cells, the resuspended cells were pushed through a 27 gauge needle three 

times followed by three 20 second rounds of sonication (15% power; Fisher Scientific, 

Sonic Dismembrator 500). Insoluble cell debris were removed by centrifugation (17,900 

rcf, 20 min). A small amount of the supernatant was set aside to analyze the input and 

the rest of the supernatant was added to protein A/G conjugated to agarose (40 µL) 

(Calbiochem) that had been pre-bound to a stock of 5 µL of α-FoxO1 or α-Akt. The 

combined lysates and beads were incubated on a rocking shaker at 4 °C overnight. The 

following day, the beads were spun down and washed once with 500 µL of lysis buffer 

and twice with 500 µL of PBS. Following the final wash, the beads were sucked dry 

using a micropipette and the beads were then boiled for 15 min after adding 80 µL of 1X 

SDS-PAGE loading buffer. The resulting supernatants were analyzed by Western blot as 

described above.   

4.7.6 Preparation of Rodent Chow 

4.7.6.1 Synthesis of NButGT 

As large quantities of NButGT were required for these studies (approximately 

500 g in total for all animal studies carried out in this thesis), optimization of the 

synthesis for successful large scale preparation of the inhibitor was required. A total of 6 

steps are required to prepare NButGT from D-glucosamine. Earlier on, the first three 

steps, involving synthesis of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose 

hydrochloride, were carried out according to a published protocol (329). When larger 

quantities became necessary, this intermediate was purchased from a commercial 

source (CarboSynth). 

Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido-β-D-glucopyranose –   
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1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucopyranose hydrochloride (200 g, 1 eq., 

0.516 mol, CarboSynth) was added to 500 mL of DCM and cooled to 4 °C using a large 

ice bath.  Trietheylamine (160 mL, 2.2 eq., 1.13 mol) was added, followed by the slow 

addition of butyryl chloride (60 mL, 1.1 eq., 0.567 mol). After one hr, a time when the 

reaction had gone to completion as judged by TLC, the reaction mixture was transferred 

into a large separatory funnel and washed twice with sodium bicarbonate, twice with 

water, and once with brine. The organic layer was dried with MgSO4 for two min and 

then filtered. Following vacuum evaporation of the mixture to one quarter of the original 

volume, the product was crystallized by the slow addition of hexane. The product was 

filtered and dried overnight in the atmosphere on absorbent filter paper in a fume hood. 

The yield was typically > 90% for this step.  

Synthesis of 3,4,6-tri-O-acetyl-1,2-dideoxy-2′-propyl-β-D-glucopyranoso-[2,1-d]-∆2′-

thiazoline – 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido-β-D-glucopyranose (100 g, 1 eq., 0.248 

mol) was added to 400 mL of dry toluene. Lawesson’s reagent (60 g, 0.6 eq., 0.149 mol) 

was added and the reaction was stirred and heated to 80 °C for two hr in an oil bath. 

Typically, TLC analysis of the reaction mixture revealed that the product had completely 

disappeared within two hr; however, in instances where it had not, more Lawesson’s 

reagent was added and the reaction was allowed to proceed for another hr. Following 

completion of the reaction, the solution was cooled to room temperature and poured on 

top of 1 kg of pre-washed silica in a large (15 cm diameter, 3 L volume) sintered glass 

filter funnel. The silica was washed with 12 L of toluene to remove Lawesson’s reagent 

by-products. In this solvent system, the desired compound did not move through the 

silica. The eluent was then switched to ethyl acetate/hexanes in a 1:4 ratio. Using this 

solvent system, the desired product did not elute from the silica after using 12 L, 

whereas additional highly non-polar reaction by-products were removed by this wash. 

The solvent system was then switched to ethyl acetate/hexanes in a 1:1 ratio and the 

desired compound eluted in approximately 16 L. After vacuum evaporation of the 

solvent, an oil was left that was slightly yellow. Based on previous analytical samples, 

the faint yellow colouration of the material was due to the presence of unidentified 

contaminants. By NMR, the desired product accounted for > 95 % of the material but it 

could not be recrystallized even if it was further purified. This material was used in the 
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next step without further purification. The yield for this step was typically in the range of 

60-75% after the chromatography.  

Synthesis of 1,2-dideoxy-2′-propyl-β-D-glucopyranoso-[2,1-d]-∆2′-thiazoline – 

3,4,6-tri-O-acetyl-1,2-dideoxy-2′-propyl-β-D-glucopyranoso-[2,1-d]-∆2′-thiazoline (50 g) 

was added to 400 mL of dry methanol and stirred at room temperature. Sodium 

methoxide was added until the solution was basic (pH > 10). The pH of the solution was 

monitored closely over the course of the reaction to ensure this basicity was maintained. 

Typically, after 30 min the reaction was judged to be complete by TLC analysis. Acetic 

acid diluted 1:20 into methanol was used to carefully neutralize the reaction. At this 

point, the product could be crystallized by the addition of ethyl acetate. Although the 

product appeared clean by TLC analysis, NMR spectroscopy revealed a small amount of 

an unidentified contaminant that was likely carried over from the starting material. 

Therefore, rather than immediate crystallization, the contaminant was removed by 

chromatography. To do so, the reaction was first concentrated by vacuum evaporation to 

a minimal volume (≈ 20 mL) then diluted ten-fold into ethyl acetate. Dilution had to be 

done slowly and carefully to avoid rapid crystallization and crashing out of the desired 

material. This solution was then added to 1 kg of pre-washed silica and then the column 

was washed using ethyl acetate/methanol in a 1:20 ratio. Using this solvent system, the 

product was retained on the silica but the yellowish contaminant eluted. The desired 

product was then eluted from the column sing a solvent system of ethyl 

acetate/methanol in a 1:5 ratio in approximately 10 L. The eluent containing the desired 

product was concentrated by vacuum evaporation. During concentration, the product 

began to crystallize after the amount of remaining solvent was less 500 mL. Once 

crystallization started, evaporation was stopped, the flask was placed in a refrigerator, 

and the material was allowed to fully crystallize over a period of several hr at 4 °C. The 

desired product formed fluffy white crystals that were filtered and washed with ethyl 

acetate. The mother liquor was concentrated and recrystallized to increase the 

recovered of the product. The product was dried overnight in regular atmosphere on 

absorbent filter paper in a fume hood and then dried under a vacuum for two hr. The 

yield for this final step ranged from 50 to 75 % of isolated material following column 

chromatography and crystallization. Prior to incorporating the inhibitor into animal chow, 

the final compound was verified by 1H NMR spectroscopy to be free of contaminants 

(see Figure A7 of the Appendix for a 1H NMR spectra of NButGT).           
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4.7.6.2 Incorporation of NButGT into Standard Chow 

Powdered standard rodent chow (600 g, 5001 Lab Diet) was combined with 360 

mL of water containing the appropriate amount of inhibitor. The amount of added 

inhibitor was based on an average daily food consumption of 25 g and 3 g, respectively, 

for rats and mice. After thorough mixing by hand, the mixture was passed though a 

pasta maker (Creative Technologies) and dehydrated for 36 hr at 37 °C. Food for the 

control animals was processed in an identical manner. All food was stored at -20 °C until 

it was used. 

4.7.6.3 Incorporation of NButGT into High Fat Chow 

Chow containing 60% energy from fat was obtained from TestDiet (58Y1). To 

incorporate NButGT into this chow, the chow was warmed in a 37 °C oven for 30 min to 

soften. The appropriate amount of inhibitor was then added and the chow was mixed in 

a Kitchen Aid mixer for 5 min to ensure equal distribution. The chow was formed into 

cylinders, hardened at -20 °C, and cut into small chunks. Food for control animals was 

treated identically. All food was stored at -20 °C until it was used. 

4.7.7 Sprague-Dawley Rats 

4.7.7.1 Animal Care 

All experiments carried out on animals were approved by the university animal 

care committee (UACC) of Simon Fraser University. Audrey Wang, Mary Dearden, and 

Kim Buettner are thanked for assistance with technical procedures described below.  For 

studies with rats, five-week old Sprague-Dawley rats (Charles River) were acclimatized 

for one week prior to experimentation. Rooms were kept at 22 °C and maintained on a 

constant twelve-hr light/dark cycle and for most of the experiments, animals were 

housed individually so that food and water consumption for each animal could easily be 

monitored. Food and water were replaced every 2-3 days. Following the completion of 

experiments, animals were sacrificed by either a 100 mg⋅kg-1 intravenous injection of 

euthanyl (Bimeda-MTC) or with CO2. Tissues were collected immediately after sacrifice, 

flash frozen in liquid nitrogen, transported on dry ice, and stored at -80 °C until required.  
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4.7.7.2 Intravenous Glucose Tolerance Test (IVGTT)  

Animals were fasted overnight (16 hr). Prior to initiating an IVGTT, a small 

sample of blood was taken from the saphenous vein and used to measured resting 

blood glucose levels using a glucometer (Accu-chek Advantage). To initiate the 

experiment, a 1 g⋅kg-1 tail vein injection of glucose (50 % in PBS, ≈ 500 µL) was 

delivered over 30 seconds. At various times, a small quantity of whole blood sampled 

from the saphenous vein was used to directly measure the concentration of glucose 

using a glucometer. As well, for studies in which insulin was monitored over the course 

of the experiment, 200 µL of blood was collected from the saphenous vein and stored on 

ice for one hr and then centrifuged at 2,000 rpm for 10 min to obtain serum. Samples 

were aliquoted and stored at -20 °C until further processing. 

4.7.7.3 Hyperinsulemic Euglycemic Clamp 

Animals were fasted overnight (16 hr). The following morning, animals were 

anesthetized with a 60 mg⋅kg-1 intraperitoneal injection of sodium pentobarbital (Bimeda-

MTC). The tail vein was then catheterized and sodium pentobarbital was delivered at a 

constant rate of 11 mg⋅kg-1⋅min-1 (in saline solution containing 20 U/mL heparin) for the 

remainder of the experiment in a total volume of 2 mL. While unconscious, a catheter 

was inserted in the femoral artery and then looped back into the femoral vein to create a 

blood sampling loop that minimizes blood loss (409). For two hr, insulin (2.5 mL in total, 

Lilly) and a 50% solution of glucose were delivered to the animal via the tail vein 

catheter. The rate of insulin infusion was either 3 or 20 mU⋅min-1⋅kg-1 for the two 

experiments carried out in this thesis. Delivery of insulin was initiated four min prior to 

the glucose. Every five min, blood glucose levels were determined using a glucometer 

and the glucose infusion rate was adjusted to maintain a level of 5 mM throughout the 

experiment. The heart rate (≈ 320-350 beats per min) and temperature (≈ 37 °C) of the 

animal were carefully monitored throughout the procedure to ensure the results 

represent normal physiological conditions. If the heart rate slowed to 20 beats per min 

less than the heart rate at the beginning of the procedure, the rate of infusion of 

anaesthetic was decreased. Conversely, if the animal responded to a tail pinch (done 

every 10-15 min), the rate of anaesthetic infusion was increased.   
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4.7.8 Mice 

4.7.8.1 Animal Care 

For studies with mice, C57BL/6 mice (Charles River) were obtained at 3-weeks 

of age and allowed to acclimatize for one week prior to experimentation. Four mice were 

housed per cage and all general procedures and handling were the same of those 

described above for rats.  

4.7.8.2 Oral Glucose Tolerance Test (OGTT) 

Animals were fasted overnight (16 hr). Prior to initiating the OGTT, a small 

sample of blood was taken from the saphenous vein and used to measure resting blood 

glucose levels using a glucometer. As well, 100 µL of blood was collected from the 

saphenous vein for serum analysis. The blood samples were stored on ice for 1 hr and 

then centrifuged (2,000 rpm, 10 min) to obtain serum. Samples were aliquoted and 

stored at -20 °C until further processing. To initiate the experiment, 1 g⋅kg-1 of glucose 

(25 % in PBS, ≈ 100 µl) was delivered via gavage. At various times, a small quantity of 

whole blood taken from the saphenous vein was used to directly measure the 

concentration of glucose.  

4.7.9 Analysis of Tissue Samples 

4.7.9.1 Tissue Homogenization 

Tissues were homogenized by manual grinding of frozen tissue samples into a 

fine powder using a mortar and pestle. The mortar and pestle were pre-cooled on dry-ice 

and the tissues were never allowed to thaw before homogenization. Using a scale, a 

precise quantity of this tissue was collected and homogenized in cell lysis buffer (50 mM 

NaH2PO4, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.25% sodium deoxycholate, 1 µg/mL 

aprotinin, 1 µg/mL leupeptin, 1 µg/mL pepstatin, 1 mM sodium orthovanadate, 1 mM 

PMSF, 1 mM EDTA, and 1 mM NButGT, pH 7.4) using a tissue homogenizer (T-18 

Ultra-Turrax, Ika). For immunoprecipitations, the buffer contained only 0.5% nonidet P-

40 (Igepal) as a detergent and did not contain any SDS or sodium deoxycholate. 

Typically, 200 mg of the ground tissue was homogenized in 2 mL of homogenization 
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buffer. Insoluble cell debris were removed by centrifugation (17,900 rcf, 20 min) at 4 °C 

and the resulting supernatant was used immediately or stored at -20 °C until required. 

4.7.9.2 Immunoprecipitations 

Homogenates (400 µL) were added to Protein A/G – Agarose beads (40 µL) to 

which 5 µL of α-Sp1 had been pre-bound and washed. The combined lysates and beads 

were rocked at 4 °C for two hr and the beads were then washed four times with lysis 

buffer after which all the buffer was removed. Immunoprecipitated protein was then 

eluted by boiling the beads in 100 µl of 1X SDS-PAGE loading buffer for ten min. 

Western blot analyses of the immunoprecipitates were then carried out as described 

above. 

4.7.9.3 Ganglioside Extractions 

Brains were manually ground into a fine powder using a mortar and pestle as 

described above. A precise amount of this powdered tissue (approximately 100 mg) was 

homogenized in 1 mL of water using the same tissue homogenizer as above. The 

lysates were cleared by centrifugation (17,900 rcf, 20 min). The lipids were extracted 

from this mixture using 3.5 mL of chloroform/methanol/water (2:1) and the same 

procedure was followed as described above for extraction of lipids from SK-N-SH cells. 

After lyophilization, the extracts were resuspended at 5 mg/mL in 2:1 

chloroform/methanol. Gangliosides were analyzed by HPTLC in the same manner as 

described above. 

4.7.9.4 Serum Analysis 

Insulin and leptin levels were determined using an ELISA kit (Alpco). Free fatty 

acid triglyceride content in the serum was determined using the appropriate kits (Sigma). 

To measure the pharmacokinetics of clearance of NButGT from Sprague-Dawley rats, a 

six-week old SD rat was given a 50 mg kg-1 tail vein injection of NButGT. At various 

times, 200 µL of blood was collected into a 1.5 mL conical disposable tube, allowed to 

clot for 30 min at room temperature and then centrifuged (200 rcf, 10 min) to isolate the 

serum. The serum was stored at -20 °C until required for use. The concentration of 

NButGT in the serum samples was measured using an enzyme inhibition assay with the 

assistance of Scott Yuzwa. First, serum obtained from the animal several hr prior to the 
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animal receiving an injection of NButGT was used to generate samples containing 

various concentrations of NButGT in order to generate a standard curve. A small aliquot 

of serum containing NButGT was added to an enzymatic assay consisting of 500 µM 

pNP-GlcNAc and 100 nM O-GlcNAcase in PBS (pH 7.4) and the reaction was monitored 

continuously in a spectrophotometer at 400 nM. Serum alone did not produce a 

significant rate, nor did it inhibit O-GlcNAcase. From this data, a standard curve was 

prepared. Serum collected from the animal at different times following injection of 

NButGT was then analyzed by the same enzyme assay and the concentration of the 

inhibitor present in each sample was established using the standard curve. When 

necessary, dilutions of the serum samples were done using serum devoid of inhibitor. 

Values for the inhibitor concentration was plotted as a function of time and fit to a single 

exponential equation. 
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CHAPTER 5: INSIGHT INTO THE BIOLOGICAL 
SIGNIFICANCE OF THE ACTIVE SITE POCKET OF OGA 

5.1 Hypothesis for a Metabolically-Derived Analogue of N-
acetylglucosamine 

In nature the metabolic machinery responsible for biosynthesis of 

glycoconjugates is often surprisingly tolerant to variation in the structures of their natural 

substrates (410). This tolerance can result in further diversification of an already 

heterogeneous population of glycoforms (411) and may serve as an evolutionary 

advantage (412) or, alternatively, may be an evolutionary relic (413). Cells, however, 

must be able to degrade the full complement of glycoconjugates in order to recycle 

individual components and avoid the deleterious accumulation of these species. This 

requirement is underscored by the existence of disease states, such as the set of 

lysosomal storage diseases, in which various glycoconjugates accumulate to toxic levels 

(18). In this regard, the active site pocket of OGA (described in detail in Chapters 2 and 

3) is intriguing, particularly since this pocket is conserved among bacterial pathogens 

and symbiotes that colonize metazoans. It seems likely that such a relatively large and 

conserved pocket did not evolve by accident but rather out of some specific requirement 

to process a metabolically-derived analogue of N-acetylglucosamine. A derivative of N-

acetylglucosamine having a 2-N-acyl group bulkier than the 2-acetamido group has 

never been identified in cells, yet, knowledge of the eukaryotic metabolic pathways for 

sugars containing an acetamido group suggests such a species could exist (3)  

UDP-GlcNAc is made via the hexosamine biosynthetic pathway (HBSP) in four 

steps from fructose-6-phosphate and is used as an intermediate in the biosythesis of two 

other high energy donor sugars (Figure 5.1). UDP-GalNAc is made directly from UDP-

GlcNAc by an epimerase termed GalE, while CMP-NeuAc is made from UDP-GlcNAc in 

five steps via the sialic acid biosynthetic pathway. Sialic acid is a critical molecule that 

plays a variety of roles in health and disease in large part because of its location at the 

non-reducing end of glycoconjugates. As a consequence of being situated at the outer 

most part of cell surface glycans, sialic acid is exposed to the extracellular environment 

and is a key marker for intercellular recognition or, alternatively, recognition by 
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pathogens (414). Being the first line of defense for cells places a great deal of selective 

pressure on the presentation and modification of sialic acid and, therefore, it is not 

surprising that sialic acid can be derivatized in different ways to produce heterogeneity 

(412). 

 

 

Figure 5.1:  Biosynthesis of sugars bearing an acetamido group.  
UDP-GlcNAc is made in four steps from fructose-6-phosphate via the hexosamine 
biosynthetic pathway. UDP-GlcNAc is epimerized to UDP-GalNAc by an epimerase 
termed GalE. UDP-GlcNAc can also be transformed into CMP-NeuAc in five steps via the 
sialic acid biosynthetic pathway (box). CMP-NeuAc can be converted into CMP-NeuGc by 
a monooxygenase that hydroxylates the methyl group of the 5-acetamido group of CMP-
NeuAc. Catabolism of NeuAc and NeuGc is known to begin with their breakdown to 
ManNAc and ManNGc, respectively, catalyzed by N-acylneuraminate pyruvate lyase. It is 
unknown if ManNAc or ManNGc are broken down further, however, mammals have a 
GlcNAc 2-epimerase that might act to transform ManNGc into GlcNGc. 
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One derivative of sialic acid (N-acetylneuraminic acid or NeuAc) is N-

glycolylneuraminic acid (NeuGc) (Figure 5.2a). This derivative has a single hydroxyl 

group appended to the 5-acetamido group of NeuAc, which is added by CMP-NeuAc 

hydroxylase (Figure 5.1). Interestingly, NeuGc is equally abundant as NeuAc in some 

cell types although the ratio of the two forms varies among cells and tissues (412). One 

outstanding question in the field of sialic acid biology is the fate of the glycolyl moiety 

since no studies have shown how it is catabolized. NeuAc or NeuGc can be degraded to 

ManNAc or ManNGc (Figure 5.2c), respectively, via an enzyme termed N-

acylneuraminate pyruvate lyase (415)  (Figure 5.1). The fate of ManNGc remains a 

mystery that been noted for some time (416). Although ManNGc could simply recycle 

back to CMP-NeuGc, this would be energetically futile and could possibly result in 

accumulation of ManNGc, NeuGc, or another metabolic intermediate. As there are no 

reports of any of these species being present at high levels in the cell, it seems likely 

that ManNGc is further broken down. 

 

Figure 5.2:  Chemical derivatization of the acetamido group of NeuAc, ManNAc, and GlcNAc.  
The glycolyl derivatives of NeuAc and ManNAc are known to occur in nature; however, 
GlcNGc has never been reported. The azide derivatives are used by chemical biologists to 
track and visualize glycoconjugates metabolically incorporated with these derivatives. 

All mammals contain an epimerase, termed GlcNAc 2-epimerase, that converts 

ManNAc directly to GlcNAc (Figure 5.1). This enzyme has not been heavily studied but 

work by Luchansky et al. reported two notable observations about the enzyme (417). 
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First, the authors concluded that GlcNAc 2-epimerase is very likely involved in 

catabolism, rather than anabolism, of sialic acid since overexpression of this enzyme 

resulted in reduced sialic acid content in cultured cells even in the presence of a high 

concentration of GlcNAc. In support of this observation, an earlier study found that only a 

fraction of radiolabelled ManNAc added to cultured cells is incorporated into 

glycoconjugates in the form of a sialic acid (418). This latter observation prompted the 

authors to speculate that epimeration of ManNAc to GlcNAc, and subsequent 

incorporation of GlcNAc into glycoconjugates, might be the fate of ManNAc (418). A 

second observation made by Luchansky et al. was that the catalytic efficiency of GlcNAc 

2-epimerase towards ManNAz (Figure 5.2d), which has been used extensively for 

metabolic incorporation into NeuAz (Figure 5.2b) (33, 419, 420), was only 2.5-fold less 

than ManNAc (417). This latter point is of obvious interest from the standpoint of the 

glycolyl moiety. Since an azide group is even larger than the hydroxyl group of a glycolyl 

moiety, GlcNAc 2-epimerase may be capable of converting ManNGc to GlcNGc (Figure 

5.2e) in a manner similar to conversion of ManNAc to GlcNAc.  

Although a structure of porcine GlcNAc 2-epimerase was determined some years 

ago, attempts to provide a detailed description of the active site failed due to the poor 

electron density that was obtained for co-crystallized ligands (421). Nevertheless, the 

authors did show that the base of the putative active site contains a pocket that is 10 Å 

deep. Interestingly, one older study presented data that strongly suggested GlcNGc 

could be converted to ManNGc; radiolabelled ManNGc was converted to 6-phospho-

hexopyranose by a cell lysate, which suggests a pathway involving epimerization of 

ManNGc to GlcNGc, phosphorylation to form GlcNGc-6-P, deacetylation to generate 

GlcN-6-P, and finally deamination to form fructose-6-phosphate (422). Therefore, based 

on the ability of GlcNAc 2-epimerase to tolerate ManNAz as a substrate, the apparent 

spacious active site of this enzyme, and the older study suggesting that catabolism of 

the glycolyl group proceeds through a pathway involving epimerization to GlcNGc, it is 

very likely that GlcNAc 2-epimerase can accept ManNGc as a substrate. This has 

important implications from the standpoint of the O-GlcNAc modification since earlier 

work showed that the enzymatic machinery that is used to convert exogenous GlcNAc to 

UDP-GlcNAc, as well as OGT and OGA, can readily process substrates based on 

GlcNAz (Figure 5.2f) (34). The ability all these enzymes to handle the azido group may 

also suggest that they, too, have evolved this function for the purposes of handling the 

glycolyl moiety. In fact two older studies support this idea; one study showed that 
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GlcNGc could be converted to GlcNGc-6-P and GlcNGc-1-P by a sheep colonic mucosa 

cell extract with reasonable efficiency (423), while another study using purified GlcNAc-

6-P phosphomutase demonstrated that this enzyme could convert GlcNGc-6-P to 

GlcNGc-1-P with only a 3-fold decrease in catalytic efficiency compared to GlcNAc-6-P 

(424).  

With these thoughts in mind, studies were initiated to test two hypotheses. The 

first hypothesis is that GlcNGc can be salvaged through the HBSP to generate O-

GlcNGc modified proteins. The second is that ManNGc is converted to GlcNGc, which 

can be used to generate O-GlcNGc modified proteins. Either, or both, of these 

possibilities holding true would offer an elegant rational for the presence of the pocket 

found in OGA and other GH84 enzymes. The pocket would be necessary to process O-

GlcNGc modified proteins which might otherwise accumulate to high, and potentially 

toxic, levels. 

5.2 Determining the Fate of ManNGc and GlcNGc in Cells 
Devoid of a Glucosamine-6-Phosphate Acetyl Transferase 
Activity 

5.2.1 EMEG32 Deficient Mouse Embryonic Fibroblasts 

Cells require a plenitude of UDP-GlcNAc for the many glycosyltransferases that 

use it as a substrate and also as a metabolic intermediate for the biosynthesis of GalNAc 

and NeuAc (Figure 5.1). Indeed, studies have shown that the intracellular concentration 

of UDP-GlcNAc is approximately 100 µM, which is fairly high compared to most uridine 

diphosphate sugars (425). When exogenous sugars such as GlcNAc, or a derivative 

thereof, are added to cultured cells they are scavenged and enter the HBSP through the 

action of GlcNAc kinase (34) (Figure 5.1). Because of the high concentrations of UDP-

GlcNAc made from fructose-6-phosphate via the HBSP, UDP-GlcNAc salvaged from 

GlcNAc will only make up a small percentage of the overall pool of UDP-GlcNAc. 

Therefore, to observe significant incorporation of exogenously added GlcNAc, or a 

derivative thereof, into the UDP-GlcNAc pool a cell line that cannot make its own supply 

of UDP-GlcNAc would be ideal. Biosynthesis of UDP-GlcNAc via the HBSP, however, is 

necessary for life as demonstrated by a genetic study that showed deletion of the gene 

encoding GNAT (EMEG32) results in embryonic lethality in mice (26). Despite the fatal 

consequence at the organismal level, mouse embryonic fibroblasts (MEFs) from both 
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homozygous (EMEG32-/-) and heterozygous (EMEG32-/+) EMEG32 deficient embryos 

have been generated. EMEG32-/+ MEFs have been shown to have no deficiencies in 

growth rate or biosynthesis of UDP-GlcNAc levels while the growth rate of EMEG32-/- 

MEFs is impaired (26). Consistent with the ability of EMEG32-/- MEFs to survive, they do 

have a small amount of UDP-GlcNAc, estimated to be 1/50th the concentration of 

EMEG32-/+, which is presumably derived from scavenging free GlcNAc or degrading 

GlcNAc containing glycans present in the serum used during cell culture. It follows that 

the growth rate and levels of UDP-GlcNAc levels of EMEG32-/- should be rescued by 

GlcNAc added to the growth media and this has indeed been shown to be the case (26). 

Thus, EMEG32-/- MEFs are an excellent tool for investigating the effects of exogenously 

added GlcNAc, or derivatives thereof, on cells and the tolerance of the HBSP to such 

compounds.   

5.2.2 Effect of Exogenous ManNGc and GlcNGc on Growth Rate  

EMEG32-/- and EMEG32-/+ cells were obtained as a generous gift from Dr. Tak 

Mak (Ontario Cancer Institute). In a similar result as describe previously (26), the growth 

rate of cells deficient of the EMEG32 gene approached the growth rate of the 

heterozygous cells when 10 mM GlcNAc was added (Fig. 5.3a). Heterozygous cells 

showed no enhancement in growth rate when GlcNAc was added to the culture media 

(Fig. 5.3b). In parallel, cells were treated with varying concentrations of GlcNGc. In 

EMEG32-/- cells, GlcNGc (made kindly by Jefferson Chan from Dr. Andy Bennet’s 

laboratory) rescued the growth rate up to a concentration of 10 mM, albeit the rescue 

was not as great as with GlcNAc (Fig. 5.3a). Above 10 mM GlcNGc, cells began to grow 

more slowly and this appears to be specific to GlcNGc, and not some contaminant 

present in the compound, since the same effect was not observed when using GlcNGc 

in EMEG32-/+ cells (Fig. 5.3b). These results suggest, in a preliminary manner, that 

GlcNGc might be converted to UDP-GlcNGc, which can partially substitute for UDP-

GlcNAc. 

Previous work by Boehmelt et al. did not establish whether ManNAc can rescue 

the growth rate of EMEG32-/- cells (26). As some cell lines do not express GlcNAc 2-

epimerase (417), it is uncertain whether EMEG-/- cells express this enzyme. Treating 

EMEG32-/- cells with various concentrations of ManNAc resulted in a rescue of growth 

rates with high concentrations of ManNAc (Fig. 5.4a). The high concentration of ManNAc  
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Figure 5.3:  Effect of GlcNAc and GlcNGc on the growth rate of EMEG32 -/- and EMEG32 -/+ MEFs.  
Approximately 5000 cells were plated onto 12-well plates and at the end of 5 days of 
growth under the specified condition, the cells were counted on a hemocytometer to 
obtain the doubling time. Each experimental condition was repeated in at least triplicate 
and the errors represent the standard deviation between these replicates. 

required to observe an effect is in keeping with earlier reports showing that ManNAc is 

not as readily taken up into the cell as is GlcNAc (419) and that uptake of ManNAc is 

nonsaturable up to a concentration of 20 mM (418). At high concentrations, ManNGc 

(also made kindly by Jefferson Chan) produced a minor increase in growth rate at 20 

mM; however, the difference was not statistically significant (p = 0.09) (Fig. 5.4a). On the 

other hand, 20 mM ManNGc had a slightly deleterious effect on the growth rate of 

EMEG32-/+ cells (Fig. 5.4b). This latter observation suggests that the effect of ManNGc 

on the growth rate of EMEG32-/- cells is complicated by two factors. One effect is 

epimerization of ManNGc to GlcNGc, which can in turn likely be transformed into UDP-

GlcNGc and thereby rescue the growth rate by substituting for UDP-GlcNAc. The other 

effect may stem from high levels of ManNGc or some metabolic intermediate derived 

from ManNGc. One further complication is that since ManNAc appears to gain access to 

the cell through passive diffusion (418), the ability of ManNGc to passively diffuse into 

the cell may be hindered compared to ManAc because of the extra hydroxyl group. With 

these complications in mind, the growth rate data for EMEG32-/- cells treated with 

ManNGc does suggest that it can be epimerized to GlcNGc. Regardless, these growth 

rate data suggest that GlcNAc 2-epimerase is operative in these cells and that the HBSP 

is capable of converting GlcNGc to UDP-GlcNGc. More direct evidence, however, was 

needed to convincingly demonstrate this proposal is true. 
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Figure 5.4:  Effect of ManNAc and ManNGc on the growth rate of EMEG32 -/- and EMEG32 -/+ 
MEFs.  
Approximately 5000 cells were plated onto 12-well plates and at the end of 5 days of 
growth under the specified condition, the cells were counted on a hemocytometer to 
obtain the doubling time. Each experimental condition was repeated in at least triplicate 
and the errors represent the standard deviation between these replicates. 

5.2.3 Monitoring UDP-GlcNAc Levels  

To test if exogenously added GlcNGc can be converted to UDP-GlcNGc within 

EMEG32-/- cells, an assay was adapted from several previous studies (426-428) and 

implemented by a co-worker, Wesley Zandberg, to analyze levels of NDP-sugars from 

cells by capillary electrophoresis (CE). When EMEG32-/- cells were incubated with 5 mM 

GlcNAc overnight, the levels of UDP-GlcNAc dramatically increased as expected (Fig. 

5.5a - GlcNAc). On incubation with 5 mM GlcNGc, two new peaks appeared in the 

electrophoretogram (Fig. 5.5a – GlcNGc; peaks 2 and 5). One peak eluted slightly 

before UDP-GlcNAc (Figure 5.5, peak 2) and it was confirmed that this was a separate 

peak by mixing samples treated with GlcNAc and GlcNGc (Fig. 5.5a - mixture). A second 

new peak (Figure 5.5, peak 5) came out between UDP-Glc and UDP-GalNAc. We 

hypothesized that the two new peaks were UDP-GlcNGc and, since UDP-GalNAc is 

make directly from UDP-GlcNAc, UDP-GalNGc. Nevertheless, in the absence of  

standards the identity of these two new peaks could not be unambiguously assigned.  

To assign the identity of these two new peaks, synthetic standards of UDP-

GlcNGc and UDP-GalGc were made enzymatically from GlcNGc-1-P (provided kindly by 

Dr. Keith Stubbs). Two recombinant enzymes were used for this biosynthesis: Agx1, a 

UDP-HexNAc pyrophosphorylase that catalyzes the transfer of UDP from UTP to  
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Figure 5.5:  UDP-GlcNGc is biosynthesized from exogenously supplied GlcNGc.  
(A) EMEG-/- cells were treated for 24 hours with either 5 mM GlcNAc or GlcNGc. Cells 
were then harvested and nucleotide mono-, di-, and tri-phosphate containing compounds 
were isolated from cell extracts and analyzed by capillary electrophoresis. Commercially 
available standards (upper trace) established the electrophoretic mobilities of (1) GDP-Glc 
(8.6 min.; used as an internal standard), (3) UDP-GlcNAc (8.9 min), (4) UDP-Glc (9.3 
min.), (6) UDP-GalNAc (9.85 min.), and (7) UDP-Gal (10.2 min.). Peaks labelled 3 (8.8 
min.) and 5 (9.75 min.) are unique to cells treated with GlcNGc and mixing samples from 
GlcNAc and GlcNGc treated cells (mixture) strongly suggesting that peak 2 is not the peak 
arising from UDP-GlcNAc. (B) To establish the identity of peaks 2 and 5, GlcNAc-1-P and 
GlcNGc-1-P were converted to UDP-GlcNAc and UDP-GlcNGc, respectively, by the 
enzyme Agx1. Additionally, UDP-GlcNAc and UDP-GlcNGc were converted to UDP-
GalNAc and UDP-GalNGc, respectively, by the epimerase GalE. 

GlcNAc-1-P, and GalE, a UDP-HexNAc 4-epimerase that catalyzes the interconversion 

of UDP-GlcNAc and UDP-GalNAc. As shown in Figure 5.5b, Agx1 was capable of 

making UDP-GlcNAc when GlcNAc-1-P was incubated with UTP. When GalE was 

added to the reaction mixture a second peak could be observed that corresponded to 

UDP-GalNAc. When GlcNGc-1-P was used as a substrate, a peak was observed that 

eluted from the capillary slightly before UDP-GlcNAc and, importantly, this peak has the 

same electrophoretic mobility as the first new peak (Figure 5.5, peak 2) from the cells 

treated with GlcNGc. When GalE was added to the reaction mixture, another peak 

eluted from the capillary at the same time as the second new peak (peak 5) from the 

cells treated with GlcNGc. Carrying out a reaction with GlcNAc-1-P and GlcNGc-1-P at 

equimolar concentrations in the presence of Agx1 and GalE resulted in the production of 

the expected four product peaks (Figure 5.5a, peaks 3,4,6, and 7). It should be noted 

that the two enzymes used here, Agx1 and GalE, are the human enzymes and so these 

observations support the ability of these enzymes to handle substrates having the 

glycolyl moiety in human cells and other eukaryotes, such as mice, in which these 

enzymes are reasonably conserved at the amino acid level. Therefore, the results 

presented here show that the enzymatic machinery of the HBSP in mammals is capable 

of converting GlcNGc to UDP-GlcNGc.  

5.3 Evidence for the O-GlcNGc Modification 

The results presented thus far strongly suggest that UDP-GlcNGc can be made 

within cells (Figure 5.5) and that the viability of cells having low UDP-GlcNAc levels can 

be partially rescued by GlcNGc (Figure 5.4). It follows that UDP-GlcNGc may be used by 

various glycosyl transferases of the cell. OGT has been previously shown to use UDP-

GlcNAz as a substrate (34), which is a strong indication that it might be able to use UDP-

GlcNGc with reasonable efficiency. The large active site pocket of OGA also suggests 
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that it too might be capable of processing O-GlcNGc modified proteins. To address this 

question, 4-nitrophenyl 2-deoxy-2-hydroxyacetamido-β-D-glucopyranoside (pNP-

GlcNGc) was prepared by Jefferson Chan and I tested it as a substrate with human 

OGA and HexB. OGA was able to catalyze cleavage of this substrate (Figure 5.6a) and 

its catalytic efficiency (Vmax/[E]⋅KM) toward pNP-GlcNGc was 48-fold lower compared to 

pNP-GlcNAc (Figure 5.6a, Table 5.1). On the other hand, the catalytic efficiency of 

human HexB towards pNP-GlcNGc was much lower (550-fold) compared to its efficiency 

toward pNP-GlcNAc (Figure 5.6b, Table 5.1). 

 

Figure 5.6:  Enzymatic activity of human OGA and HexB toward pNP-GlcNGc. 
The catalytic efficiency of (A) human OGA and (B) HexB was assessed by obtaining full 
Michaelis-Menten plots against pNP-GlcNAc (squares) and pNP-GlcNGc (circles). Insets 
show that rates with the glycolyl derivative were slower but did still show Michaelis-Menten 
behaviour. 

Table 5.1:  Enzymatic parameters describing the hydrolysis of pNP-GlcNAc and pNP-GlcNGc 
by human OGA and HexB. 
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Therefore, it appears that the large active site pocket of OGA, revealed in 

Chapters 2 and 3, make it significantly more efficient in processing a substrate having a 

glycolyl moiety as compared to the lysosomal HexB, the structure of which reveals there 

is no pocket beneath the 2-acetamido group (274, 276). As no structural variation to the 

O-GlcNAc modification has been demonstrated to date, we thought it would be 

interesting to see if cells treated with GlcNGc do form the O-GlcNGc modification. To do 

so, we initially used EMEG32-/- cells to avoid competition from GlcNAc made via the 

HBSP since this should result in high levels of O-GlcNGc thereby making it feasible to 

detect O-GlcNGc within these cells.  

5.3.1 EMEG32 Deficient Cells 

5.3.1.1 Evidence from Western Blots 

EMEG32-/- cells treated for 24 hours with 5 mM GlcNAc or GlcNGc were 

harvested and O-GlcNAc levels analyzed by Western blot (Figure 5.7a). As measured 

this way, O-GlcNAc levels increased substantially in cells treated with 5 mM GlcNAc 

compared to control cells, which is consistent with the large increase in UDP-GlcNAc 

levels observed when these cells were treated with 5 mM GlcNAc (Figure 5.5a). In 

contrast, immunoreactivity of lysates derived from cells treated with 5 mM GlcNGc was 

greatly diminished compared to control cells despite equivalent loading of all samples. 

Initially, this result was surprising and prompted the investigation of two other anti-O-

GlcNAc antibodies (RL2 and HGAC85). These were tested and a similar phenomenon 

was observed (Figures 5.7b,c). Additionally, EMEG32-/- cells treated with 20 mM of 

either ManNAc or ManNGc showed a similar trend except that the differences in levels 

of immunoreactivity were not quite as dramatic (Figure 5.7d).  

Two possibilities could account for this decrease in immunoreactivity: these 

antibodies have decreased binding affinity to possible O-GlcNGc-modified proteins or 

some GlcNGc metabolite could act as an inhibitor of OGT. To assess if the first 

possibility was the cause, the CTD110.6 anti-O-GlcNAc antibody was tested for its ability 

to bind GlcNAc and GlcNGc by pre-incubating it with different concentrations of GlcNAc 

or GlcNGc prior to using it for a Western blot analysis of cell lysates. Strikingly, 

approximately 100-fold more GlcNGc is required to block antibody binding (Figure 5.8), 

which strongly suggests that the CTD110.6 antibody has a strong preference for the 2-

acetamido group of GlcNAc over the 2-N-glycolyl group of GlcNGc. Therefore, the  
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Figure 5.7:  Effect of GlcNGc and ManNGc on O-GlcNAc levels in EMEG32-/- cells.  
Cells were treated for 24 hours with either 5 mM of GlcNAc or GlcNGc (A-C) and ManNAc 
or ManNGc (D). O-GlcNAc levels were assessed by Western blot analyses using three 
different O-GlcNAc antibodies. In all cases cells treated with GlcNGc or ManNGc show 
lower immunoreactivity using these antibodies (A,D, CTD110.6; B, RL2; C, HGAC85). The 
upper panels represents Western blots with the specified anti-O-GlcNAc antibody while 
the lower panels are Western blots obtained using an anti-β-actin to demonstrate equal 
loading of samples. 

 

Figure 5.8:  The CTD110.6 anti-O-GlcNAc antibody binds GlcNGc with lower affinity than 
GlcNAc.  
The antibody was incubated with the specified concentration of either GlcNAc or GlcNGc 
for 10 min prior as well as during probing of the blots containing cell lysates from 
EMEG32-/- cells treated with GlcNAc. 
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decrease in immunoreactivity observed in lysates from EMEG32-/- cells treated with 

GlcNGc or ManNGc likely represents β-O-linked GlcNGc on nucleocytoplasmic proteins. 

The results with ManNAc and ManNGc support the findings from the growth data and, 

together, strongly suggest that GlcNAc 2-epimerase is present in these cells and can 

epimerize ManNGc to GlcNGc. Nevertheless, the evidence for O-GlcNGc-modified 

proteins, demonstrated here by Western blot, is indirect and so more direct evidence 

was pursued. 

5.3.1.2 Evidence from Enzymatic Cleavage Experiments  

The active site pocket of GH84 family members endow them with the ability to 

bind and act on substrates with 2-N-acyl groups bulkier than the 2-acetamido group, 

which is an ability not shared with GH20 family members. This is clearly outlined in the 

enzymology studies presented in Chapters 2 and 3 and also in Figure 5.6. The 

difference in the ability of these two enzymes to process glycosides of GlcNGc was 

exploited to provide further evidence for the presence of O-GlcNGc-modified proteins in 

cells treated with GlcNGc. For these studies, the human enzymes (OGA and HexB) 

were not used because of the requirement for large amounts of enzyme in the 

experiments and difficulties associated with obtaining sufficient quantities. Instead, 

BtGH84 (GH84) and SpHex (GH20) were used since they can be expressed 

recombinantly at high levels and have very similar active site structures and enzymatic 

properties as human OGA and HexB, respectively (266, 276). To this end, lysates from 

GlcNAc or GlcNGc treated EMEG32-/- cells were treated with BtGH84 or SpHex. As 

shown in Figure 5.9, upon incubation of BtGH84 with lysates derived from EMEG-/- cells 

treated with either GlcNAc or GlcNGc, O-GlcNAc immunoreactivity decreased rapidly 

and after 60 min only 5% of the signal remained. On the other hand, SpHex was able to 

decrease the signal from lysates derived from cells treated with GlcNAc to less than 10% 

after 60 min but only 40% from cells treated with GlcNGc. This result is in keeping with 

the great preference of GH20 family members for the 2-acetamido over bulkier 

derivatives of this substituent and supports the proposal that GlcNGc supplemented 

exogenously to cells is attached to nucleocytoplasmic proteins via a β-O-glycosidic 

linkage. 
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Figure 5.9:  The GH20 member SpHex removes O-GlcNGc from modified proteins less 
efficiently than the GH84 member BtGH84.  
(A) EMEG32-/- cells treated with either 5 mM GlcNAc or GlcNAc for 24 hours were treated 
with either 0.1 mg/mL of BtGH84 or SpHex. After each of the specified times, an aliquot of 
the reaction was removed and stopped by the addition of SDS-PAGE loading buffer. 
Samples were then analyzed by Western blot using the CTD110.6 anti-O-GlcNAc 
antibody. Note that the blots from GlcNGc-treated cells are longer exposures to better 
compare with GlcNAc-treated cells. (B) Densitometry of the blots revealed 
immunoreactivity observed in sampes treated with GlcNGc did not decrease at the same 
rate and extend when treated with SpHex acting on samples from cells treated with 
GlcNAc.  

5.3.1.3 Direct Evidence for O-GlcNGc by HPLC Analysis of BtGH84 Liberated 
Sugars 

Thus far, the two pieces of evidence presented in support of the O-GlcNGc 

modification have relied on somewhat indirect evidence: antibody binding and enzymatic 

activity. More direct and unambiguous evidence was needed to convincingly support this 

view and, therefore, an HPLC assay was designed to monitor the liberation of GlcNAc 

and GlcNGc from proteins catalyzed by BtGH84. As described in the previous section, 

BtGH84 can remove both GlcNAc and GlcNGc and although its activity is undoubtedly 

higher towards GlcNAc, the abundant expression of this protein enables the addition of 

large amounts of enzyme to speed reactions toward completion. Indeed, when using 

concentrations of BtGH84 10-fold higher than in the previous experiments (Figure 5.9), 

Western blot analysis showed that O-GlcNAc immunoreactivity decreased to 

background in approximately 5 min (data not shown). To monitor GlcNAc or GlcNGc 

liberated in these experiments, anion-exchange HPLC in conjugation with 

electrochemical detection was used. Preliminary experiments designed to guide 
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optimization of the assay showed that GlcNGc was retained by the anion exchange 

column and eluted late in the chromatogram. The long retention time of GlcNGc 

indicates it interacts more strongly with the solid phase of the column (immobilized 

quaternary ammonium ion) likely because the highly basic mobile phase (aqueous 20 

mM sodium hydroxide) partly deprotonates the acidic group present on the glycolyl 

moiety, enhancing the interaction with the stationary phase making it stronger than the 

interaction with GlcNAc with the stationary phase.  

EMEG32-/- cells (5 x 107) were treated with either 5 mM GlcNAc or GlcNGc for 48 

hours. To minimize background interference with the assay arising from salts and small 

molecules present in the cell lysates, a homogenization buffer containing low salt and 

phosphate was used (10 mM sodium phosphate, 10 mM NaCl, pH 6.5) to lyse the cells. 

After lysis of the cells by sonication, lysates were desalted twice on a PD-10 desalting 

column prior to the addition of the enzyme. Despite these two rounds of desalting, 

analysis of cell lysates from cells treated with GlcNAc revealed a small peak 

corresponding to GlcNAc even before adding BtGH84 (Figure 5.10a, - Enzyme (t=0). 

Attempts to remove all small molecules by dialysis failed since protein precipitation was 

observed when this approach was taken. When the lysates were incubated with an 

inactive mutant of BtGH84 (D242A), the size of the peak corresponding to GlcNAc 

remained unchanged (Figure 5.10a, + Mut Enzyme). However, when these lysates were 

digested with WT BtGH84, the size of the peak corresponding to GlcNAc increased 

significantly (Figure 5.10a, + WT Enzyme). Quantitating the amount of GlcNAc liberated 

by WT BtGH84, through comparison to a standard curve, reveals that there was 

approximately 2 µM of total GlcNAc in the digested sample (150 µl) after subtraction of 

the amount found in cells that were not treated with WT BtGH84. As the reaction 

consisted of 1 mg of total protein (in 1 mL), as measured by Bradford assay, the molar 

ratio of GlcNAc removed in this assay to total protein (based on the median size of a 

protein being 40 kDa in eukaryotes (429)) can be estimated to be 1:12. Such an 

estimate has never been made and, thus, this method may be a convenient approach for 

measuring relative levels of O-GlcNAc between different samples, such as in different 

tissue types or comparing levels between diseased and healthy tissues. An interesting 

extrapolation of this data is that a 1:12 molar ratio of O-GlcNAc:protein corresponds to a 

cellular concentration of 400 µM O-GlcNAc based on the estimated cytosolic protein 

concentration of 200 mg/mL (430). This estimate is significant because it is close to the 

KM observed for OGA in vitro with a chromogenic substrate (Figure 5.6, Table 5.1). This  
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Figure 5.10:  Direct support for the attachment of GlcNGc to proteins via a β-O-linkage.  
EMEG32-/- cells were treated with either 5 mM GlcNAc (A) or 5 mM GlcNGc (B) for 24 
hours. Cell lysates were incubated with 1 mg/mL of BtGH84 for 60 min and protein 
removed by ethanol precipitation. The samples were then analyzed by anion exchange 
HPLC. For cells treated with GlcNAc, samples were analyzed on a PA20 (strong binding) 
with a mobile phase consisting of 20 mM NaOH and an internal standard of 20 µM fucose. 
For cells treated with GlcNGc, samples were analyzed on a PA100 (weaker binding) with 
a mobile phase consisting of 100 mM NaOH and an internal standard of 20 µM maltose. 
GlcNGc. The internal standards were added into the samples prior to BtGH84 digestion to 
assess to the percent recovery through handling steps. The retention time of GlcNAc (7.4 
min) and GlcNGc (11.1 min) standards were used to determine the peak corresponding to 
these species from the reactions. (C) Variation in the retention time of GlcNGc observed 
when assaying standards compared to samples derived from cell lysates was resolved by 
spiking lysates with standard. Samples derived from cells treated with GlcNAc, but without 
added BtGH84, were assayed both with and without added 1 µM GlcNGc.  

is a common observation for enzymes; KM values are often found to be in the range of 

the cellular concentration of their substrate (247). Nevertheless, there are two caveats 

that could contribute to the estimate of 400 µM O-GlcNAc being an overestimate. The 

first is that these cells were treated with 5 mM GlcNAc and may therefore have higher O-

GlcNAc levels than found under normal growth conditions. Another caveat is that 

although the GlcNAc release by BtGH84 undoubtedly arises from O-GlcNAc modified 

proteins, terminal β-linked GlcNAc residues found within other soluble glycoconjugates 

may also be cleaved and contribute to this peak. Yet, as most other forms of 

glycoconjugates are found on membrane and secreted proteins, many of these would 

have been removed by washing the cells and by the centrifugation step following cell 

lysis. Future experiments involving careful cell fractionation will be required to more 

accurately assess what percentage of the GlcNAc produced in this assay is derived from 

O-GlcNAc modified proteins and what percent from other glycoconjugates. 

The results for the lysates derived from cells treated with GlcNGc appear initially 

to be more challenging to interpret (Figure 5.10b), however, with the proper controls the 

results demonstrate the same trends as seen for the results obtained using GlcNAc 

treated cells. The interpretation was initially complicated by the fact that in all the assays, 

no peak had the same retention time as the GlcNGc standard. There was, however, a 

peak in all the samples that eluted approximately 0.4 min earlier and, significantly, this 

peak was larger in the lysates from cells incubated with GlcNGc and then digested with 

WT BtGH84 (Figure 5.10b). To investigate whether this peak corresponded to GlcNGc, 

and whether it simply eluted earlier because of other factors such as the large amount of 

other material present in the cell lysates that remained even after desalting, an additional 

experiment was carried out (Figure 5.10c). Analysis of lysates from GlcNAc-treated cells, 
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which were never exposed to exogenously added GlcNGc, revealed no peaks having an 

elution time corresponding to either the GlcNGc standard or the peak observed in the 

digested GlcNGc treated cell lysates. When a small amount (2 µM) of GlcNGc was 

added to this sample, however, a new peak appeared that eluted earlier than GlcNGc 

run in the standard and, significantly, this peak aligns with the peak hypothesized to be 

GlcNGc in the lysates obtained from GlcNGc-treated cells. Accordingly, this peak is very 

likely GlcNGc and its retention time differs from that of the standard only because of the 

composition of the samples; the solution containing the standard in water and for the 

experimental sample it is a complex mixture that contains other small molecules that 

were not completely removed by the desalting.  

Therefore, these results show that EMEG32-/- cells treated with GlcNGc have 

terminal β-O-linked GlcNGc within their glycoconjugates. Again, it is possible that some 

of this GlcNGc is contained within soluble glycoconjugates other than O-GlcNGc present 

on nucleocytoplasmic proteins. Yet, the direct observation of GlcNGc releaved from 

glycoconjugates by BtGH84 coupled to the evidence from Western blot analyses (Figure 

5.7), the observation of UDP-GlcNGc production in cells treated with GlcNGc (Figure 

5.5), and the cleavage experiment with BtGH84 and SpHex (Figure 5.9), all collectively 

provide strong support that GlcNGc is a substrate for enzymes in the HBSP to form 

UDP-GlcNGc, which is then used by OGT to add GlcNGc to nucleocytoplasmic proteins 

as O-GlcNGc.               

5.3.1.4 Dynamic of Addition and Removal of GlcNGc 

One hallmark of the O-GlcNAc modification is its dynamic nature (54). To assess 

the time-dependent addition and removal of GlcNGc from nucleocytoplasmic proteins of 

EMEG32-/- cells, cells were grown for 48 hours in the presence of either 5 mM GlcNAc or 

GlcNGc. After this time the cells were washed and the media was changed to media 

containing the other compound. Cells were then harvested at various times after 

switching the media to analyze O-GlcNAc levels by Western blot. When cells were 

initially grown in GlcNGc and then switched to GlcNAc, O-GlcNAc immunoreactivity, 

showed a time-dependent increase up to a maximum at 48-hours (Figure 5.11a). This 

increase in immunoreactivity represents the removal of GlcNGc from proteins and 

subsequent addition of GlcNAc. The half-life for this process based on these data is 

estimated to be 24 hours. Interestingly, only 2 studies have attempted to quantitate the 
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dynamics of O-GlcNAc; one study estimated a half-life for O-GlcNAc of 48-hours on a 

cytokeratin (45) while another estimated a half-life of 12 hours on α-crystallin (46). 

Although many factors likely contribute to the residency time of O-GlcNAc (or O-GlcNGc) 

on proteins, the global rates that are estimated from these data are consistent with the 

rates determined previously on individual proteins.  

When cells were initially grown in media containing GlcNAc and then switched to 

media containing GlcNGc, O-GlcNAc immunoreactivity showed a time-dependent 

decrease up to a maximum at 48-hours (Figure 5.11b). In this experiment, the decrease 

in signal represents the combined processes of removal of GlcNAc from proteins and 

subsequent addition of GlcNGc. Interestingly, the half-life for this overall process 

appears to be similar (≈ 24-hours), indicating that these cells, and given the ubiquitous 

nature of the HBSP enzymes and both OGA and OGT in all tissues, have the ability to 

efficiently use GlcNGc to modify nucleocytoplasmic proteins. 

 

Figure 5.11:  Time course for addition of and removal of GlcNGc from EMEG32-/- cells.  
Cells were grown for 48 hours in the presence of (A) 5 mM GlcNGc or (B) GlcNAc and 
then the media was replaced with media containing 5 mM of the other compound. At 
various times, the cells were harvested and O-GlcNAc levels were assessed by Western 
blot. The upper panels represent Western blots obtained using the CTD110.6 anti-O-
GlcNAc antibody while the lower panels are Western blots obtained using an anti-β-actin, 
which demonstrates equivalent loading of samples. 

5.3.2 O-GlcNGc in Cells Having an Intact HBSP 

The evidence presented thus far for O-GlcNGc-modification of nucleocytosolic 

proteins in cells treated with GlcNGc comes from EMEG32-/- cells, which lack a 

functional HBSP and therefore cannot independently biosynthesize GlcNAc. To 

investigate if exogenously added GlcNGc is able to compete with the large flux through 

the HBSP in cells containing a functional HBSP, EMEG32-/+ cells were used since they 
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have normal UDP-GlcNAc levels and, consistent with this, their growth rate is not 

dependent on exogenously added GlcNAc (Figure 5.3B). We anticipate that if GlcNGc 

can compete with GlcNAc endogenously produced via the HBSP then exogenously 

added GlcNGc should result in decreased O-GlcNAc immunoreactivity. To test this 

proposal, EMEG32-/+ cells were treated for 48 hours with either 5 mM GlcNAc or GlcNGc 

and immunoreactivity present in lysates were assessed by Western blots using the 

CTD110.6 antibody (Figure 5.12a). Although GlcNAc only slightly increased O-GlcNAc 

levels, immunoreactivity from cells treated with GlcNGc showed a decrease that is 

consistent with previous studies in this chapter and which can be accounted for by poor 

recognition of GlcNGc by the antibody. Treatment of EMEG32-/+ cells with either 20 mM 

ManNAc or ManNGc produced a similar outcome (Figure 5.12b). This observation 

supports the possibility that O-GlcNGc could be formed from metabolites generated by 

either catabolism of NeuGc or by de novo synthesis of GlcNGc via the HBSP. Thus, 

GlcNGc present in cells having a functional HBSP can compete with the normal flux 

thorough the HBSP and be covalently attached to nucleocytosolic proteins as O-

GlcNGc. The highly conserved pocket found in N-acetylglucosaminidases from GH84, 

including human OGA, is therefore likely present to ensure that any O-GlcNGc formed 

within cells can be removed and not accumulate on proteins. 

 

Figure 5.12:  Effect of GlcNGc and ManNGc on O-GlcNAc levels in EMEG32-/+ cells.  
  Cells were treated for 48 hours with either (A) 5 mM GlcNAc or GlcNGc and either (B) 20 

mM ManNAc or ManNGc. The upper panels represent Western blots obtained using the 
CTD110.6 anti-O-GlcNAc antibody while the lower panels are Western blots obtained 
using an anti-β-actin to demonstrate equivalent loading of samples. 
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5.4 Implications and Future Directions 

5.4.1 The O-GlcNAc Modification  

Heterogeneity of NeuAc in cell surface glycan structures is well established but, 

to date, there have been no indications that O-GlcNAc might be similarly heterogeneous 

having either alternative structures or elongation with further saccharide units. Given that 

in some types of cells and tissues NeuGc accounts for greater than 95 % of all sialic acid 

(416, 431, 432), the data presented above strongly suggests that some GlcNGc should 

be formed from ManNGc and inevitably make its way onto nucleocytoplasmic proteins to 

form O-GlcNGc. Future studies will aim at identifying endogenous GlcNGc, UDP-

GlcNGc, or GlcNGc-modified proteins in healthy cells or tissues. As mouse liver 

expresses CMP-NeuAc monooxygenase at high levels, resulting in a high percentage of 

NeuGc (431), and also express GlcNAc 2-epimerase at levels much higher than other 

tissues (433), this tissue would be an excellent place to find O-GlcNGc. Preliminary 

investigations have begun on these tissues.  

It is difficult to predict what the consequence of microheterogeneity would be on 

the cellular function of the O-GlcNAc modification, however, given the abundance of 

UDP-GlcNAc in the cell it seems unlikely that a small amount of GlcNGc derived 

catabolically from NeuGc would have a significant effect. Nonetheless, there is another 

possible entry point into this metabolic pathway where GlcNGc could be made de novo 

within the cell, which could add significant amounts to the intracellular pool of this 

derivative. Interestingly, GNAT has been shown to use glycolyl-CoA as a substrate 

(434). Under certain conditions, such as following the influx of fatty acids, glycolyl-CoA 

could accumulate to significant levels and compete with acetyl-CoA for acetylation of 

GlcN-6-P by GNAT. Indeed, glycolyl-CoA, which is biosynthesized from ω-hydroxylated 

fatty acids (435), is a member of the short chain acyl-CoA family of metabolites, the 

levels of which can reflect the metabolic state of the cell (436). Therefore, one interesting 

hypothesis is that the O-GlcNGc modification of nucleocytoplasmic proteins could be a 

molecular mechanism that may permit adaptation to changes in metabolic state of the 

cell. If this were true, one would predict that the levels of O-GlcNGc-modified proteins 

would correlate with the availability of fatty acids and this proposal that merits further 

investigation. 
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5.4.2 Other Glycoconjugates 

UDP-GlcNAc is extensively used for the biosynthesis of many different 

glycoconjugates, which suggests that GlcNGc may get incorporated into other glycan 

structures in addition to the O-GlcNAc modification. However, there are two reasons why 

this might not occur. First, it would be dependent on the tolerance of the active sites of 

the various cellular glycosyl transferases, that normally use UDP-GlcNAc as a substrate, 

toward the glycolyl group of UDP-GlcNGc. Second, UDP-GlcNGc would have to be in 

the cellular compartments relevant to these other forms of glycosylation; most relevant to 

most other forms of glycosylation, the ER and Golgi apparatus. UDP-GlcNAc is 

biosynthesized in the cytoplasm and must be transported into the ER and Golgi through 

a UDP-GlcNAc specific transporter (437). The specificity of this transport for derivatives 

of GlcNAc, however, has never been investigated leaving some uncertainty about this 

issue.  

When considering these two issues it is interesting to note that it was shown that 

incorporation of GlcNAz into complex cell surface glycosylation is negligible (419), 

despite the fact that UDP-GlcNAz can be formed in the cytoplasm (34). One 

interpretation of this data is that UDP-GlcNAz is poorly transported into the ER and 

Golgi. Thus, it seems plausible that the UDP-GlcNAc transporter may not accept 

substrates with a bulkier substituent on the 2-acetamido group of GlcNAc. If this 

hypothesis were correct, it would lead to the prediction that GlcNGc would only get 

incorporated into forms of glycosylation occurring in the cytoplasm. Knowledge of 

glycosylation pathways within mammals leads to a further prediction that one other 

glycan (438), in addition to the O-GlcNAc modification, may incorporate GlcNGc. During 

assembly of complex N-glycosylation, the first two GlcNAc units are transferred onto a 

dolichol carrier on the cytoplasmic side of the ER prior to the GlcNAc2Man5 

heptasaccharide dolichol being flipped into the lumen of the ER (439). Thus, it is 

possible that the first two GlcNAc units of complex N-glycosylation could be substituted 

with GlcNGc. It should be noted that the specificity of the enzymes responsible for 

installing these two GlcNAc units for GlcNAc derivatives have never been thoroughly 

assessed and the three dimensional structures of these two enzymes have not been 

determined.  

As discussed above, cells must be able to degrade the full complement of 

glycoconjugates in order to prevent build up these specifies over time. If GlcNGc is 
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incorporated into glycans that are built up in the cytoplasm, then the GHs responsible for 

the breakdown of these units would be expected to have an active site pocket that is 

able to accommodate larger substituents on the 2-acetamido group. Obviously, the work 

presented in this chapter supports the proposal that OGA can process O-GlcNGc 

modified proteins. Although the catabolism of N-glycans involves many enzymes, they 

are cleaved off of proteins by either a GH18 endo-N-acetylglucosaminidase that 

hydrolyzes the bond between the first two GlcNAc units or a transglutaminase, called 

pNGase F, which cleaves the glycosyl amide bond between the first GlcNAc and the 

asparagine residue. Astonishingly, the structures of these enzymes display a spacious 

and well defined active site pocket around the 2-acetamido substituent that appears 

capable of processing GlcNGc containing glycans (440, 441). These defined active site 

pockets support the concept that glycosylation occurring within the cytoplasm may well 

be diversified by incorporation of metabolically derived GlcNGc. Further investigation will 

be needed to probe the possibility that GlcNGc is incorporated into other glycans that 

are biosynthesized in the cytoplasm and not into those made in the secretory pathway. 

For example, exogenously supplied GlcNGc could be assessd for its ability to be 

incorporated into various glycan structures by using mass spectrometry approaches for 

analyzing complex N-glycans (411). Alternatively, to test one aspect of this hypothesis 

directly, the specificity of the UDP-GlcNAc transporter for UDP-GlcNGc could be 

examined using established methodologies (442).  

5.4.3 Sialic Acid Catabolism 

The precise steps for the catabolism of NeuAc and NeuGc have not been 

delineated in mammals although there are many clues as to how this might occur. The 

first step very likely involves breakdown of NeuAc and NeuGc to ManNAc and ManNGc, 

respectively (415). The fate of the glycolyl moiety has remained somewhat of a mystery 

since no known enzymes in mammals that can deacetylate the acetamido group of 

ManNAc or NeuAc, let alone the N-glycolyl group of ManNGc or NeuGc. Within bacteria, 

several studies have proposed that sialic acid is broken down by a pathway that involves 

its degradation to ManNAc, phosphorylation to ManNAc-6-P, epimerization to form 

GlcNAc-6-P, and lastly deacetylation to produce GlcN-6-P (443-445). Bacteria can also 

synthesize NeuGc or salvage it from their environment (412, 446, 447), and elegant 

work by Saul Roseman and colleagues many years ago demonstrated that bacterial 

homologues both N-acylneuraminate lyase and GlcNAc 2-epimerase are capable of 
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processing substrates having the glycolyl substituent (448, 449). The results presented 

in this chapter suggest that this route for catabolism of the NeuGc is also operative in 

mammalian cells. Indeed, mammals have a gene encoding a GlcNAc-6-P deacetylase 

(accession # NP_001139287 in Homo sapiens) and although GlcNAc-6-P deacetylase 

activity has been detected in mammals (450-452), the enzyme has never been cloned or 

characterized. Lack of knowledge about this enzyme makes it difficult to predict if this 

enzyme is capable of removing the glycolyl moiety from GlcNGc-6-P. Still, the lack of 

other suitable enzymes for degrading the glycolyl group in mammals, coupled with the 

studies presented in this chapter as well as previous studies showing that GlcNGc-6-P 

can be formed by the biosynthetic machinery within mammalian cells (422, 423), offer 

good evidence suggesting that this catabolic pathway for NeuGc is the same within 

bacteria and eukaryotes.  

5.4.4 Other Possible Metabolically Derived Derivatives of N-
Acetylglucosamine 

The finding that GNAT can accept glycolyl-CoA as a substrate (435) raises some 

interesting possibilities since other short chain acyl-CoA molecules are also present in 

cells. One such derivative is propionyl-CoA. This derivative is reasonably abundant since 

it is an intermediate in the metabolism of odd-numbered fatty acids, valine, and 

isoleucine, and can also be made from propionic acid obtained from gut flora (453). 

Recently it has been discovered that a number of cellular acetyl transferases are 

capable of using proprionyl-CoA as a substrate and, indeed, histones have been found 

to be propionylated and butyrylated in vivo (454). An interesting follow up to the studies 

presented in this chapter would be to determine if N-propionylglucosamine (GlcNPr) can 

be tolerated by the enzymatic machinery of the HBSP and the O-GlcNAc modification. 

Preliminary results collected by David Shen in our laboratory indicate that GlcNPr added 

to EMEG-/- cells does get attached to nucleocytoplasmic proteins as O-GlcNPr (data not 

shown). Other short chain acyl-CoA derivatives also exist such as butyryl-CoA, malonyl-

CoA, and succinyl-CoA. The cellular abundance of these diverse short chain acyl-CoA 

derivatives reflect, to some extent, the metabolic state of the cell (436). Indeed, the 

metabolic variation in the levels of these short chain fatty acyl-CoA derivatives and their 

acyl transfer to histones is now being considered as a possible mechanism whereby 

different forms of histone acetylation could act to couple the metabolic state directly to 

gene transcription (455). The O-GlcNAc modification has long been contemplated as 
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metabolic sensor (456) and analogues of N-acetylglucosamine have the possibility of 

providing this link. 
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5.6 Materials and Methods 

5.6.1 Cell Culture 

EMEG-/+ and EMEG-/- cells were cultured in the same manner as described for 

COS-7 cells in Chapter 2, except only 5 % FBS was used. The lower concentration of 

serum was used in order to minimize the amount of exogenous GlcNAc provided to the 

cells through the serum since preliminary experiments with the cells showed that higher 

concentrations of serum dramatically increased the growth rate of EMEG-/- cells while 

having a minimal effect on EMEG-/+ cells. The growth rate of EMEG cells was 

determined a similar manner as that described in Chpater 4 for H4IIE hepatocytes. 

Briefly, 5000 cells were plated on 12-well plates and counted five days later using a 

haemocytometer. During this five days of growth, the media was replaced after two and 

half days to ensure that nutrients and/or inhibitors were not depleted.   

5.6.2 Western Blotting 

Western blotting using the CTD110.6 and RL2 antibodies was carried out in the 

same manner as described in previous chapters. To block binding of the CTD110.6 

antibody using either GlcNAc or GlcNGc, the antibody was first made up to the 

appropriate dilution in PBS-T containing 1% BSA. The sugar was then incubated with 

this antibody solution for 10 min at room temperature and this solution was then used 

directly to probe the membranes. The HGAC85 anti-O-GlcNAc antibody (Abcam) was 

used at a dilution of 1:1000 using the same Western blotting procedures. 
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5.6.3 Cloning and Protein Expression 

The cDNA encoding human GalE was obtained from Origene and amplified by 

PCR using the following two primers: 5'-

AGCAGCCATATGATGGCAGAGAAGGTGCTGG-3' (NdeI cut site shown in bold) and 

5'- AGCAGCCTCGAGTCAGGCTTGCGTGCCAAAGCC-3' (XhoI cut site shown in bold). 

The PCR product was digested with NdeI  and XhoI and ligated into pET28a in the same 

way described as described in Chapter 2. GalE bearing an N-terminal His6-tag was 

expressed by induction for three hours using IPTG (0.5 mM) and purified using metal 

chelate affinity chromatography in the same way as described in Chapter 2. 

The clone for SpHex (in pET15) was obtained as a gift from Dr. Brian Mark 

(University of Manitoba). SpHex was recombinantly expressed according to a published 

protocol (284). Briefly, the clone was transformed into TunerTM(λDE3) cells and plated 

onto LB plates containing 25 µg/mL of ampicillin. Colonies were cultured in solution 

using the standard concentration (100 µg/mL) of ampicillin. Cells were cultured to 

logarithmic growth phase, induced for three hours with IPTG (0.5 mM), homogenized, 

and the his6-tagged SpHex was purified using metal chelate affinity chromatography in 

the same way as described in Chapter 2. 

The gene encoding human Agx1 in the pTrcHisB expression vector was obtained 

as gift from Véronique Piller (Université d’Orléans). With the assistance of Tracey 

Gloster, the expression vector (ampicillin resistance) was transformed into 

TunerTM(λDE3) cells and Agx1 containing an N-terminally fused His6-tag was expressed 

by induction for four hours with IPTG (0.4 mM) purified using metal chelate affinity 

chromatography in the same way as described in Chapter 2. 

5.6.4 Capillary Electrophoresis 

Nucleotide diphosphate sugars were extracted from cells according to 

established procedures (426, 457). EMEG-/- cells were plated onto 10 cm plates and 

grown to 50% confluence and then treated with either 5 mM GlcNAc or 5 mM GlcNGc, or 

PBS as a control. Each growth condition was carried out in triplicate. After 48 hours, 

plates of cells were washed once with PBS before the addition of 1 mL of PBS 

containing 10 mM EDTA. Cells were incubated at 37 °C for 4 min, scrapped from the 

plates using a rubber policeman, transferred into 1.5 mL centrifuge tubes, and placed on 
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ice prior to pelleting by centrifugation (1000 rpm, 10 min, 4 °C). Wesley Zandberg carried 

out the rest of the procedure. Cell pellets were immediately lysed by adding 750 µl of 

pre-chilled (-20 °C) 75 % ethanol and sonicating these samples using a W-375 ultrasonic 

processor (Heat Systems Ultrasonics, Inc.) using 2 blasts of 30 s each. Insoluble 

material was removed from the lysates by centrifugation (14,000 rpm, 15 min, 4 °C) and 

the supernatants, which contains the sugar nucleotides, were snap frozen in liquid 

nitrogen and then lyophilized. This crude extract was spiked with GDP-Glc (200 pmol) as 

an internal standard, dissolved in 0.5 mL ddH2O and extracted using Envi-Carb graphite 

solid-phase extraction cartridges (200mg) (Supelco) exactly as described previously 

(427). Sugar nucleotides were eluted using 3 x 1 mL of 25 % CH3CN in 50 mM 

triethylamonnium acetate, pH 7.0, passed through a 0.22 µm filter (Millipore), lyophilized, 

and stored in dry form at -20 °C until analysis by capillary electrophoresis.  

Lyophilized sugar nucleotides were dissolved in 200 µL of ddH2O and an aliquot 

was diluted 1:4 prior to characterization by CE according to a previous report (428). 

Capillary electrophoresis was performed using a ProteomeLab PA800 (Beckman-

Coulter) equipped with fused silica capillaries of 50 µM internal diameter x 44 cm length 

(to detector). The running buffer, prepared from components of the highest available 

purity, was 40 mM Na2B4O7 (Sigma), pH 9.5 containing 1.0 % (w/v) polyethylene glycol 

(MW 20,000) (Fluka) and was filtered through a 0.22 µm filter (Millipore) prior to use. 

Before samples were introduced, the capillary was conditioned by washing sequentially 

with 1 N NaOH (2 min, 20 psi), ddH2O (3 min, 20 psi), and running buffer (5 min, 40 psi). 

To ensure reproducible migration times the running buffer was replaced after every 

second run. After injecting a short (ca. 15 nL) H2O plug, samples were electrostatically 

introduced and pre-concentrated at the anode by applying a potential of -0.5 kV for 10 s 

according to the field-amplified sample injection technique described previously (458). 

Electrophoresis was carried out at a constant voltage of 30 kV (which produced a current 

of ca. 90 µA) and a capillary temperature of 22 °C. Electrophoretoprams were derived by 

measuring the absorbance at 254 (+/- 10) nm at a rate of 4 Hz. Peaks were integrated 

using 32 Karat 5.0 software (Beckman-Coulter) and all data were normalized to the 

GDP-Glc internal standard. All NDP-sugar standards, as well as GlcNAc-1-P were 

obtained from Sigma. 
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5.6.5 Detection of GlcNAc and GlcNGc by HPLC 

5.6.5.1 Cell Culture 

EMEG-/- cells (5 X 106) were plated onto 175 cm flasks and treated with 5 mM 

GlcNAc, GlcNGc, or PBS as a control. The cells were grown for 48 hours, at which time 

the cells reached confluence. The cells were washed with 5 mL of PBS and then 3 mL of 

trypsin solution was added and the cells were incubated for 3 min at 37 °C to detach the 

cells from the plate. The buffer and cells were then transferred to a 15 mL conical tube, 

pelleted by centrifugation (250 rcf, 8 min), and the supernatent carefully removed. The 

cell pellet was stored at -80 °C until further processing. 

5.6.5.2 Homogenization and Digestion with BTGH84 

Each cell pellet was resuspended in 1 mL of buffer consisting of 10 mM sodium 

phosphate and 10 mM sodium chloride (pH 6.5). Solutions were made up very carefully 

with the highest quality salts and water to avoid small amounts of contaminant that 

would be concentrated over the following steps. Low amounts of salts used to minimize 

the salt content. The cells were lysed by passing the solution up and down through a 27 

gauge needle three times. The solution was then sonicated (two times 20 sec at 15% 

duty) and then centrifuged to clarify the supernatant (17,900 rcf, 20 min). The 

supernatant was made up to 2.5 mL with the same low salt buffer and desalted using a 

PD-10 column (using the same low salt buffer as the eluent). One round of desalting did 

not efficiently desalt the samples, therefore, the 3.5 mL of elution obtained after the first 

column was further diluted to 5 mL and split into two 2.5 mL aliquots, which were 

desalted a second time. These eluted proteins were combined (7 mL in total) and fucose 

and maltose were added as internal standards (1 µM final concentration) to enable a % 

recovery to be calculated. These solutions were then treated at 37 °C for one hour with 

200 µL of 1 mg/mL of BtGH84 t(hat had been dialyzed in the same low salt buffer) or 

200 µL of buffer as a control. One set of lysates was not incubated for this hour to 

control for any molecules that were not removed by desalting and/or released by 

endogenous glycosidases during the one hour incubation step.  
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5.6.5.3 Sample Preparation 

Following glycosidase digestion, the samples were concentrated down to 1 mL 

on a speed vac (Thermo) heated to 55 °C, and the protein was then precipitated from 

the reactions by the addition of 7 mL of 95% cold ethanol and the resulting mixtures 

were incubated at -20 °C for 30 min. The precipitated protein was pelleted by 

centrifugation (4000 rpm, 15 min). The supernatant was gently decanted and then 

lyophilized (overnight). The precipitate was resuspended in 2 mL of methanol by 

extensive vortexing. Precipitate that did not dissolve was removed by centrifugation 

(17,900 rcf, 10 min) and the supernatant was evaporated using a speed vac heated to 

55 °C. The residue was taken back up in 150 µL of ddH2O. These solutions were 

vortexed and then centrifuged (17,900 rcf, 5 min) to remove any insoluble debris and the 

supernatant was collected for HPLC analysis of GlcNAc or GlcNGc content.    

5.6.5.4 HPLC analysis 

Carbohydrates were separated by HPLC anion exchange chromatography using 

similar parameters as described in Chapter 2. To detect GlcNAc, a Carbopack PA20 

column was used and isocratic elution was carried out using 20 mM NaOH. To detect 

GlcNGc, a Carbopack PA100 column was used and isocratic elution was carried out 

using 100 mM NaOH. In each case, 20 µl of sample was injected; this was followed by 

20 min of isocratic elution followed by a 5 min wash with 500 mM NaOH to clean the 

column between samples. After washing, the column was equilibrated for a minimum of 

15 min in same concentration of NaOH used to run the isocratic elution. A constant flow 

rate of 0.4 mL/min was used with the PA20 column whereas a flow rate of 0.5 mL/min 

was used with the PA100 column, as per the manufacturer’s instructions. To assess the 

percent recovery and absolute amount of GlcNAc and GlcNGc present in the samples, 

standard curves of fucose, maltose, GlcNAc, and GlcNGc were constructed for 

concentrations ranging from 0.5 to 50 µM. GlcNAc (Bioshop), ManNAc (Julich), maltose 

(Sigma), and fucose (Carbosynth) were obtained commercially and carefully prepared in 

ddH2O to construct the standard curves.   

5.6.6 Digestion of cell lysates with BtGH84 or SpHex 

SpHex and BtGH84 were prepared as 1 mg/mL stocks in a buffer consisting of 

50 mM sodium phosphate and 100 mM sodium chloride at pH 6.5. Cell lysates from 
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EMEG-/- cells cultured for 48 hours with either GlcNAc or GlcGc were treated with either 

SpHex or BtGH84 at a final concentration of 0.1 mg/mL. After various times, an aliquot 

of the reaction was collected and quenched by addition of SDS PAGE loading buffer and 

heating at 95 °C for 5 min. Samples were analyzed by Western blot using the CTD110.6 

anti-O-GlcNAc antibody as described previously in Chapter 2. 

5.6.7 Enzyme Kinetics 

The rates of OGA- and HexB-catalyzed hydrolysis of pNP-GlcNAc and pNP-

GlcNGc were measured using a continuous UV/Vis assay with a 96-well plate reader in 

the same way as described in Chapter 2. 

5.6.8 Chemical Syntheses 

GlcNGc and ManNGc were prepared by Jefferson Chan based upon a previous 

synthetic report (420). pNP-GlcNGc was also prepared by Jefferson Chan by adaptation 

of the chemistry described in Chapter 2 detailing the synthesis of β-linked aryl glycosides 

of N-acetylglucosamine. GlcNGc-1-P was prepared by Dr. Keith Stubbs based on a 

general protocol for making the α-1-phosphate of sugars (34, 459). The details of these 

syntheses will not be described here. 
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CHAPTER 6: O-GLCNAC AS A CHAPERONE OF 
PROTEIN FOLDING 

6.1 Hypotheses: Old and New 

6.1.1 Revaluating a Role for the O-GlcNAc Modification in Signal 
Transduction and Transcriptional Regulation  

A leading hypothesis for the role of the O-GlcNAc modification is that it 

participates in signal transduction pathways and transcriptional regulation in a similar 

manner as phosphorylation (54). In other words, OGT glycosylates key signalling 

molecules and transcription factors in response to various cellular events that enables 

cells to respond appropriately to these events. A model that is gaining momentum is that 

O-GlcNAc modification and phosphorylation are reciprocal at certain individual sites on 

proteins, which could give O-GlcNAc the potential to dampen or minimize the maximal 

effect that could be achieved by activating a signaling cascade through phosphorylation. 

The primary piece of evidence that has propelled this hypothesis forward is the finding 

that phosphorylation and O-GlcNAcylation, on the same or adjacent sites, appears to be 

reciprocal on some proteins (204) (Figure 1.12). However, it is import to point out two 

things about the studies that have drawn this conclusion. First, many of these studies 

have primarily used an OGA inhibitor to achieve supraphysiological levels of O-GlcNAc 

on proteins. As was demonstrated in Chapters 3 and 4, an OGA inhibitor typically 

elevates cellular O-GlcNAc levels 5-10-fold above basal levels. Under these conditions, 

the average change to phosphorylation levels on individual sites of proteins was 1.5-fold 

(204). Normal physiological conditions that give rise to elevated O-GlcNAc levels, such 

as hyperglycemia, only increase O-GlcNAc levels by a modest amount on the order of 2-

fold (68, 156). Accordingly, these smaller physiologically relevant fluctuations in O-

GlcNAc levels, in comparison to those achieved by an OGA inhibitor, would be predicted 

to result in small and potentially functionally insignificant changes to phosphorylation 

levels. A second point about previous studies that argued the importance of interplay 

between O-GlcNAc and phosphorylation is that many of these studies have relied on 

PUGNAc to make inferences (74, 204). The implications of the work presented in 
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Chapter 4 of this thesis raise come concerns about these previous findings; PUGNAc 

may alter phosphorylation levels on individual proteins by mechanisms that are 

independent of O-GlcNAc by virtue of its off-target effects such as inhibition of lysosomal 

β-hexosaminidase. Work carried out in Chapter 4 demonstrated that PUGNAc elevates 

levels of the ganglioside GM2 (Figure 4.4a) and gangliosides are themselves known to 

modulate signaling cascades (460). Indeed, it has been shown that altered levels of 

certain gangliosides can perturb signaling cascades and, consequently, alter 

phosphorylation levels on certain proteins (182, 183, 461).  

More generally, it is interesting to consider why there is no clear and observable 

phenotype in healthy cells or animals when global O-GlcNAc levels are increased by 

selective inhibition of OGA as was demonstrated in Chapter 4. In contrast to the well 

tolerated inhibition of OGA, general phosphatase inhibitors such as okadaic acid are 

extremely toxic to cells and cause cell death within a short time period (462). One other 

obvious difference between phosphorylation and glycosylation is that phosphorylation is 

regulated by hundreds of different kinases and phosphatases that act on specific sets of 

substrates (205). With these observations in mind, it is challenging to envision O-GlcNAc 

regulating cellular signaling, as well as many other critical cellular processes, in a similar 

manner as phosphorylation. Even if O-GlcNAc servers as a “brake” on signaling 

cascades that are driven by phosphorylation, as some have described (206, 207), 

pressing harder on the brake, through inhibition of OGA, would be predicted to have an 

effect on physiological processes and manifest as a phenotype. Clearly this is not the 

case as was shown in Chapter 4; cultured cells and rodents treated with high doses of 

NButGT for prolonged periods appear equally as healthy as controls. Large scale 

compensatory mechanisms are one possibility for explaining the discrepancy between 

the results presented in Chapter 4 and this leading hypothesis in the field, however, no 

such mechanisms have been proposed and no experimental evidence supports the 

existence of such a large compensatory mechanism. A critical role for O-GlcNAc in 

signalling cannot, however, be completely ruled out based on the data presented in 

Chapter 4 and future genome wide studies looking at the effect of an OGA inhibitor on 

gene expression would be informative in this regard. It seems possible, therefore, that 

the O-GlcNAc modification may not be a critical regulator of phosphorylation. 

Accordingly, we were stimulated to consider an alternative hypothesis for the cellular 

role of the O-GlcNAc modification. 
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6.1.2 O-GlcNAc as a Cellular Stress Response 

A pioneering study by Zachara et al. demonstrated that cells respond to various 

cellular stresses by elevating their O-GlcNAc levels (223). Through this initial study and 

many that have followed, it has now been established that modulating O-GlcNAc prior to 

various forms of cellar stress correlates with cellular survival following that particular 

stress. In light of data presented in Chapter 4, it is important to point out that 

Champattanachai et al. showed that the selective inhibitor NButGT also protects 

cardiomyocytes from ischemic cell death, confirming that it is O-GlcNAc levels that 

mediate the effect rather than an off-target effect of PUGNAc or a dominant negative 

effect stemming from overexpression of OGT (335). 

The protective effect of elevated O-GlcNAc levels is very exciting from a 

therapeutic standpoint and many researchers are now trying to exploit this in cellular and 

animal models of ischemia and other acute injuries. Indeed, some of the results coming 

from these studies are very promising (recently reviewed in references (463, 464)). 

Nevertheless, the molecular mechanism(s) by which elevated O-GlcNAc levels endow 

cells with an enhanced ability to survive adverse conditions continues to be poorly 

understood. Some have postulated that elevated O-GlcNAc levels modulate transcript 

levels of proteins that are important for cell survival through “O-GlcNAc signaling” (167, 

463). Little experimental evidence supports this hypothesis and the results presented 

within Chapter 4, as discussed above, disagree with O-GlcNAc being involved in 

traditional cellular signaling. An alternative hypothesis seems warranted to account for 

the protective effect provided by O-GlcNAc to cells and to advance a possible molecular 

mechanism for this effect. 

Knowledge about the O-GlcNAc modification has been progressing rapidly over 

the past 25 years, yet when compared to other better studied forms of glycosylation that 

have fairly well defined cellular roles, it is evident that there is much remaining to be 

learned about O-GlcNAc. Complex N-glycosylation of proteins is the best studied form of 

glycosylation and its roles in cellular biology are critical (465). Although interesting roles 

for N-glycosylation have been described once a protein reaches the cell surface (4, 24), 

it is the role of N-glycosylation in helping proteins achieve and maintain their correct 

three-dimensional fold that may be the most important facet of this form of glycosylation. 

Installation of complex N-glycans usually occurs cotranslationally as the nascent 

polypeptide is extruded into the endoplasmic reticulum and many experiments have 

collectively established that cotranslational modification helps a protein fold through 
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mechanisms that are both intrinsic to the glycans as well as through a pathway that 

relies on recognition of the glycans by protein chaperones (465, 466). Several studies 

have concluded that the simple presence of N-glycans increases the stability of a protein 

(467-471). For instance, studies carried out on RNAse B, which contains a single 

complex N-glycan, have shown that glycosylation of RNAase B increases its melting 

temperature compared to the non-glycosylated protein (472).  

One might speculate that the enhanced protein stability stemming from complex N-

glycosylation might be specific to this form of glycosylation but studies suggest 

otherwise. Amazingly, when all the saccharides are removed from RNAase B except the 

first saccharide (GlcNAc), the increase in thermal stability is preserved (472). Other 

studies corroborate this finding and suggest that it is the first saccharide that is most 

important for enhancing protein stability. For example, Swanwick et al. demonstrated 

that addition of a single saccharide to a protein by chemical ligation greatly increased 

thermostability while addition of an oligosaccharide did not produce any further effect 

(473). Several in silico studies investigating the origins of the enhanced stability 

emanating from glycosylation have concluded that glycosylation of a polypeptide 

perturbs the stability of an unfolded polypeptide, as opposed to stabilizing the folded 

structure (474, 475). Interestingly, these same theoretical studies found that large 

glycans are not required; a monosaccharide has the ability to stabilize a protein to nearly 

the same extent as a large oligosaccharide. Given these findings, it is not surprising that 

other forms of glycosylation have also been shown to increase protein stability including 

mucin-type O-glycosylation (476-478) and GPI-anchored heparan sulphate 

proteoglycans (479). Accordingly, the property of enhancing protein stability appears to 

be a general property of protein glycosylation and for this reason I hypothesized that 

addition of O-GlcNAc to nucleocytoplasmic proteins may also have this property, which 

could potentially explain the protective effect that elevated O-GlcNAc levels provide the 

cell.  

6.2 O-GlcNAc Stabilizes a Protein from Unfolding and 
Aggregation 

6.2.1 Developing a Method for Obtaining O-GlcNAc-Modified Proteins 

An excellent experimental approach for assessing the effect of O-GlcNAc on the 

stability of a protein would be to have a purified protein in its modified and unmodified 
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state so that biophysical experiments can be carried out. A complicating factor for 

undertaking such studies is that the stoichiometry of the O-GlcNAc modification found on 

individual proteins in cultured cells or in vivo is typically very low (54). Even if an O-

GlcNAc-modified protein could to be purified from cultured cells in large enough 

quantities to carry out biophysical experiments, the low abundance of the modification on 

most proteins would make it very difficult to discern what effect O-GlcNAc has on the 

subset of modified proteins. Hence, a method for obtaining large amounts of an O-

GlcNAc-modified protein was needed. Accomplishing this in vitro using recombinant 

OGT and a target protein is theoretically possible, however, the potent product inhibition 

of UDP, and even uridine, as well as the low levels of recombinant expression for OGT 

makes this challenging (44). To get around these problems, a method was implemented 

for coexpressing OGT and a target protein in E. coli. As UDP-GlcNAc is present at high 

level in bacteria, due to its requirement for cell wall synthesis, bacteria circumvent the 

issue of product inhibition by recycling UDP. The cytoplasm of bacteria may therefore be 

an excellent environment for OGT to function. Indeed, a previous report showed that 

coexpression of OGT and a target protein within E. coli leads to the target protein being 

heavily O-GlcNAc-modified (109). The primary requirement for accomplishing this 

recombinant O-GlcNAc protein modification is that the gene encoding OGT and the 

target protein must be in vectors having different antibiotic resistance cassettes and, 

ideally, encode different affinity tags. Accordingly, the gene encoding OGT was 

subcloned into the pMal vector, which encodes an N-terminally fused maltose binding 

protein and an ampicillin resistance cassette, so that it could be cotransformed and 

coexpressed with target proteins encoded within pET28, which encodes an N-terminally 

fused hexahistidine tag and has a kanamycin resistance cassette. In addition, a point 

mutant of OGT, within the pMal vector, was also generated to produce a mutant protein 

(H558A) that we had previously shown is more than 100-fold less active than the WT 

enzyme (408). Using this mutant, target proteins could be expressed under identical 

conditions and yet be devoid of the O-GlcNAc modification, which would allow for a 

direct assessment of the role of O-GlcNAc on that protein. 

 Many candidate proteins were cloned and assessed for their ability to be O-

GlcNAc-modified using this system. Properties of a protein that were desirable to initiate 

biophysical studies aimed at investigating the effect of O-GlcNAc on protein stability 

were: good expression levels, high purity after nickel-chelate chromatography (i.e. 

minimal degradation products), and a definitive high level of O-GlcNAc modification. 
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Along with David Shen and Scott Yuzwa in the laboratory, approximately a dozen 

proteins were cloned and coexpressed using this system and two proteins were found to 

have the desired properties. The first is a protein called TAK1-binding protein (TAB1). 

Although FL TAB1 did express reasonably well, many degradation products were 

observed and so a deletion construct consisting of residues 7-402 (short TAB1; sTAB1) 

was used since it had been previously demonstrated that this construct is O-GlcNAc 

modified in vitro and expresses well (126, 480). Indeed, sTAB1 that had been 

coexpressed with WT OGT was very pure and clearly O-GlcNAc modified (Figure 6.1a).  

 

Figure 6.1:  Coexpression of OGT and OGT substrates facilitate generating large quantities of 
purified O-GlcNAc modified protein for biophysical characterization.  
(A,B) Coexpression of a deletion construct consisting of residues 7-402 of (A) short TAB1 
(sTAB1) or (B) CaMKIV with WT or mutant (H558A) OGT. (Upper panels) Coomassie 
stained gel of the target proteins obtained after purification by nickel chelate 
chromatography shows that the proteins are of high purity (>95% purity). (Lower panels) 
Western blot analyses using an anti-O-GlcNAc antibody (RL2 or CTD110.6) demonstrate 
that only the protein coexpressed with WT OGT is modified. After enzymatic removal of 
the O-GlcNAc residues, by treatment of the samples with BtGH84, there is no detectable 
difference in O-GlcNAc immunoreactivity between samples coexpessed with WT or 
mutant OGT as assayed using Western blots. 

After digestion of both the modified and unmodified sTAB1 with BtGH84, the 

signal observed when using the RL2 anti-O-GlcNAc antibody was equivalent and the 

residual signal likely represents some level of non-specific binding to the unmodified 

protein. As TAB1 has been previously demonstrated to be O-GlcNAc modified (126), has 

a nicely defined structure (480), and plays a crucial role in activating MAPKKK (481), it is 
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an interesting protein and excellent candidate to initiate biophysical studies. The second 

protein that was chosen was CaMKIV, which plays an important role in neuronal 

signaling following calcium influx (482). This protein was previously shown to be a target 

of the O-GlcNAc modification in vivo (483) and also has a nice and discreetly folded 

structure (unpublished in PDB database). Using the coexpression system, CaMKIV was 

found to be expressed at adequate levels, with no apparent degradation products, and 

found to be O-GlcNAc modified (Figure 6.1b). 

Prior to initiating studies with these proteins, two properties of these proteins 

were examined. First, the stoichiometry of O-GlcNAc on sTAB1 was determined by 

electrospray mass spectrometry with the help of Thomas Clark, a coworker in our 

laboratory. As demonstrated in Figures 6.2a, when sTAB1 was coexpressed with WT 

OGT, 39% of sTAB1 protein contained one, 22% contained two, and 8% contained three 

modifications. In other words, 69% of the sTAB1 had at least one O-GlcNAc residue. 

Surprisingly, 10% of the sTAB1 coexpressed with the mutant OGT appears, on first 

examination, to have been O-GlcNAc modified (Figures 6.2b). Previous enzymatic 

assays with this mutant had shown that it was at least 100-fold less active than WT 

enzyme (408) and earlier optimization of this coexpression system by Morgan Lam, a 

coworker in our laboratory, had not observed any modification of target proteins when 

coexpressed with the mutant OGT. Three pieces of data strongly support the conclusion 

that this new peak is not O-GlcNAc modified sTAB1. First, the Western blot reveals that 

the sTAB1 coexpressed with mutant OGT has the same signal with the RL2 antibody 

before and after digestion with BtGH84 (Figures 6.1a). Second, closer inspection of the 

new peak indicates that it is 208 daltons larger than the unmodified sTAB1 (Figures 

6.2b), whereas the expected difference of 203 ± 1 daltons, representing an O-GlcNAc 

residue, is observed with sTAB1 coexpressed with the WT OGT (Figures 6.2a). Third, 

when sTAB1 coexpressed with either mutant or WT OGT were treated with BtGH84 and 

the mass spectrometry was repeated, this second peak corresponding to an increase of 

208 daltons appeared in both samples (Figure A8 of the Appendix). Therefore, in Figure 

6.2a, a peak corresponding to an increase of 208 is likely present but obscured by the 

larger peak that represented an increase of 203. It is not known what this other peak 

represents but the mass spectrometry indicates that its abundance is less than 10% of 

the total unmodified sTAB1 and it appears to be present in both samples at 

approximately the same levels. One caveat that should be made is that O-GlcNAc is 

known to be very labile to electrospray ionization (105). Therefore the levels of  
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Figure 6.2:  Mass spectrometry reveals that sTAB1 coexpressed with WT OGT is heavily O-
GlcNAc modified.  
Reconstructed mass spectra of sTAB1 coexpressed with (A) WT or (B) mutant OGT. For 
sTAB1 coexpressed with WT OGT, unmodified as well as modified proteins bearing one, 
two, or three O-GlcNAc residues are observed based on the signature increase in mass of 
203 ± 1 Da, which corresponds to the mass of a single GlcNAc residue. The relative area 
of these peaks corresponds to 31, 39, 22, and 8 %, respectively. For sTAB1 coexpressed 
with mutant OGT, a peak that is 208 daltons greater than that corresponding to the 
expected mass of the protein is present. The source of this species is uncertain, however, 
since this mass increase is too large to represent an O-GlcNAc residue (203 Da) and this 
conclusion is supported by other experiments (see text for details). Within both spectra, 
the molecular weight of the unmodified sTAB1 is within error of its actual mass predicted 
from its amino acid sequence. 

modification reported here should still be considered as a lower limit.  

The second parameter that was examined was the effect that O-GlcNAc had on 

the overall structure of each protein. Circular dichroism (CD) spectroscopy was used to 

measure the secondary structure content of the modified and unmodified proteins. 

Following careful determination of protein concentrations by both A280 and Bradford 

assays, CD spectra were acquired. As demonstrated in Figures 6.3a,b, the CD spectra 

of both proteins were essentially indistinguishable over a range of 200-260 nm, which is 

very suggestive that these proteins adopt the same general structure and fold in their 

modified and unmodified states. Very small differences (<1%) were observed at some 



Chapter 6: O-GlcNAc as a Chaperone of Protein Folding  

 250 

wavelengths but these differences were not statistically significant since the errors 

between three independent spectra for each protein were approximately 1%. These 

results are consistent with the only other study that has attempted quantitate the effect of 

O-GlcNAc on protein structure by CD spectroscopy, which concluded that O-GlcNAc 

modification of p62 did not change its CD spectra (111). In the larger context, these 

results are in line with the general view that glycosylation of proteins does not affect the 

overall fold of a protein (467). 

 

Figure 6.3:  O-GlcNAc modification does not alter the CD spectra of sTAB1 or CaMKIV.  
CD spectra acquired at 20 °C of O-GlcNAc-modified (blue) and unmodified (red) (A) 
sTAB1 and (B) CaMKIV in 50 mM sodium phosphate, 100 mM sodium chloride, and 1 mM 
dithiothreitol (pH 7.5). Data represents the average of three independent spectra, which 
are themselves an average of ten acquisitions, subtracted from a background scan of the 
buffer. Error between the three independent spectra is no greater than 1% at any 
wavelength. The y-axis represents the relative ellipticity and does not take into account 
the concentration of the protein; the concentration of the two protein samples were 
carefully standardized to be equivalent prior to the acquiring the spectra.   

6.2.2 Assessing the Effect of O-GlcNAc on the Stability of sTAB1  

A common method for determining protein stability is by monitoring thermal 

denaturation by CD spectroscopy (484). Attempts to monitor the thermal denaturation of 

sTAB1 in this manner indicated that the protein had a melting temperature (Tm) between 

45 and 55 °C, however, an accurate determination was hindered by substantial 

aggregation above 40 °C for both modified and unmodified sTAB1 (data not shown). 

Aggregation of a protein at a temperature close to that of its melting temperature is a 

technical limitation of this technique because a decrease in observed ellipticity will be 

influenced by two processes: loss of secondary structure due to unfolding of the protein 

and the kinetics of protein aggregation (484). Nevertheless, the robust aggregation that 

was observed did suggest that aggregation of sTAB1 might be readily monitored using a 

simple turbidity assay, which is a commonly used method for monitoring rates protein of 
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aggregation. The aggregation of sTAB1 was monitored using absorbance 

spectrophotometry at a wavelength of 500 nm. At both 40 and 45 °C, the unmodified 

sTAB1 aggregated at a markedly faster rate (Figure 6.4a). Despite this difference in 

kinetics of aggregation, samples reached a plateau at a similar absorbance value 

suggesting that both samples aggregated to the same extent. Prior to the assays, the 

protein concentrations were carefully standardized ruling out the possibility that initial 

differences in protein concentration contributed to these differences. To eliminate the 

possibility that the difference in aggregation was due to some contamination or some 

factor other than O-GlcNAc, samples were digested with BtGH84 to remove the O-

GlcNAc modification, repurified on a nickel column to remove BtGH84, dialyzed 

extensively in the same buffer, and then retested. As shown in Figure 6.4b, removal of 

O-GlcNAc resulted in the two protein samples aggregating at rates that were statistically 

indistinguishable. These results strongly suggest that the presence of the O-GlcNAc 

residues on sTAB1 affects the kinetics of aggregation but not the thermodynamic 

tendency toward aggregation.  

 

Figure 6.4:  O-GlcNAc modification of sTAB1 slows its rate of aggregation.  
A turbidity assay was carried out whereby the absorbance of solutions containing sTAB1 
was monitored continuously over time at 500 nm in 50 mM tris, 100 mM sodium chloride, 
and 5 mM β-mercaptoethanol (pH 7.5). Assays were carried out with O-GlcNAc-modified 
(blue) and unmodified sTAB1 (red) (A) before and (B) after enzymatic removal of the O-
GlcNAc residues with BtGH84. As indicated in the figure, the assays were repeated at two 
different temperature and protein concentrations: 40 µM at 40 °C or 10 µM at 45 °C. Data 
was acquired every five seconds over the course of the experiment and curves represent 
the average of three replicates. The standard deviation at each time point ranges from 1-
5%.   

To provide a second supporting piece of experimental evidence for the results 

obtained in the turbidity assay with sTAB1, equilibrium urea denaturation was carried out 

in combination with CD spectroscopy. Disappearance in secondary structure, as a result 

of protein unfolding occurring with an increasing concentration of urea, was evaluated by  
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Figure 6.5:  O-GlcNAc modification of sTAB1 does not significantly affect urea induced 
unfolding as measured by monitoring α-helical content.  
A 100 µL aliquot of a concentrated stock of 40 µM O-GlcNAc-modified (diamonds) or 
unmodified (squares) sTAB1 in a buffer composed of 20 mM sodium phosphate, 100 mM 
sodium chloride, and 1 mM dithiothreitol (pH 7.5) was carefully mixed with an aliquot of 12 
M urea (made in the same buffer) and the appropriate amount of buffer to generate 
mixtures having a final volume of 300 µL in order to generate the desired concentration of 
urea. Three samples of each protein were made up at each concentration of urea tested 
to obtain three independent replicates. The samples were incubated at 20 °C for eight 
hours and then a CD spectrum was acquired over a range of 200 to 260 nm at 20 °C. The 
ellipticity at 222 nm (α-helical content) was averaged over the three replicates and the 
background, which did not significantly change as a function of urea concentration, was 
subtracted. The error bars represent the standard deviation between the three replicates. 

monitoring the ellipticity at 222 nm, which reports on total α-helical content (485). A 

range of urea concentrations (up to 8 M) were used and the protein was allowed to 

unfold in these buffers for 8 hours at 20 °C prior to acquiring CD spectra. As shown in 

Figure 6.5, a very small increase in stability was observed for the modified sTAB1; 

however, these differences were not statistically significant (p>0.05). Although it was 

initially surprising that a larger effect was not observed based on the large differences in 

the turbidity assay, it is important to keep in mind that equilibrium urea denaturation 

represents a thermodynamic parameter. Thus, the lack of an effect of O-GlcNAc on this 

thermodynamic parameter for sTAB1 unfolding appears to be in keeping with the lack of 

an observed effect on the thermodynamic tendency toward aggregation. Accordingly, it 

is anticipated that if the kinetics of unfolding or refolding were measured, a difference in 

the rates for modified and unmodified sTAB1 may be observed. Stop-flow CD 

spectroscopy (486) or monitoring folding after dilution of a chaotropic agent are two 

ways to address this issue and represent an excellent future direction. 
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6.2.3 Assessing the Effect of O-GlcNAc on the Stability of CaMKIV  

Thermal denaturation of CaMKIV showed that, fortunately, it did not aggregate at 

the elevated temperatures studied in the melting experiment. In fact, even when heated 

at temperatures above 60 °C for an hour, a concentrated solution (20 µM) of CamKIV 

remained clear and had a negligible increase in turbidity. This property enabled thermal 

denaturation of CaMKIV to be monitored by CD spectroscopy. Both modified and 

unmodified CaMKIV melted over very broad temperatures and, notably, O-GlcNAc 

modification of CaMKIV caused an increase in Tm from 63.8 ± 0.3 to 68.2 ± 0.3 °C 

(Figure 6.6). This increase in melting temperature of 4.4 °C is significant especially 

considering that preliminary mass spectral data indicated that only approximately 50% of 

the CaMKIV molecules were O-GlcNAc modified. Thus, if CaMKIV were 

stoichiometrically modified with O-GlcNAc this effect would reasonably be expected to 

be twice as large. 

 

Figure 6.6:  O-GlcNAc modification of CaMKIV increases its thermal stability.  
O-GlcNAc-modified (blue diamonds) or unmodified (red squares) CaMKIV (25 µM) in 20 
mM sodium phosphate, 100 mM sodium chloride, and 1 mM dithiothreitol (pH 7.5) was 
placed in a cuvette in a CD spectrophotometer at 20 °C. The sample was heated at 1 °C 
per min and the ellipticity at 222 nm was recorded at each degree. Separate samples of 
each protein were assayed in triplicate and the data represents the average of the three 
replicates. Melting of CaMKIV took place over a broad temperature range and appears to 
have at least one intermediate as evidenced by the multiphasic melting curve. For 
simplicity, IC50 curves were fit to reveal the temperatures required to cause 50% unfolding 
(melting temperature; TM) were 63.8 ± 0.3 and 68.2 ± 0.4 °C for unmodified and O-
GlcNAc-modified CaMKIV, respectively. Error bars are not shown for clarity, however, the 
standard deviations between the three replicates ranges from 1-3%. 
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 Equilibrium urea denaturation in combination with CD spectroscopy was carried 

out with CaMKIV. Highly reproducible melting curves were obtained with the error 

between three independent replicates in the range of 1% (Figure 6.7). Similar to the 

result obtained for thermal denaturation; O-GlcNAc-modified CaMKIV was more stable. 

More specifically, a higher concentration of urea was required to denature O-GlcNAc-

modified CaMKIV. The differences observed for the urea denaturation of CamKIV are 

small, yet statistically significant (p<0.05 at 1,3, and 4 M urea) but not as large the 

differences observed from the thermal denaturation. It is notable that others have also 

made a similar observation; glycosylation can have a large effect on thermal 

denaturation whereas only a small effect when unfolding the protein using a chaotropic 

agent. Sinha et al. demonstrated that a single N-linked oligosaccharide on soybean 

agglutinin gives rise to an incredible 26 °C increase in Tm compared to the same protein 

which is not glycosylated (487). However, this same study found that glycosylation only 

had a small, but measurable, effect on unfolding when using guanidine. Thus, the lack 

ofan effect in equilibrium urea denaturation experiments observed for sTAB1 and the 

small effect observed here for CaMKIV may reflect this trend.  

 

Figure 6.7:  O-GlcNAc modification of CaMKIV hinders loss of α-helical content caused by urea 
induced unfolding.  
A 100 µL aliquot of 25 µM stock of O-GlcNAc-modified (diamonds) or unmodified 
(squares) CaMKIV in 20 mM sodium phosphate, 100 mM sodium chloride, and 1 mM 
dithiothreitol (pH 7.5) was carefully mixed with an aliquot of 12 M urea (made in the same 
buffer) and the appropriate amount of buffer to make the mixture up to a total volume of 
300 µL. Three samples of each protein were tested at each concentration of urea to obtain 
three independent replicates. The samples were incubated at 20 °C for eight hours and 
then a CD spectrum was acquired over a wavelength range of 200 to 260 nm at 20 °C. 
The ellipticity at 222 nm (α-helical content) was averaged over the three replicates and 
subtracted from the background. The error bars represent the standard deviation between 
the three replicates.   
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6.2.4 Discussion on the Effect of O-GlcNAc on Protein Stability  

The results with sTAB1 and CaMKIV support the concept that O-GlcNAc 

modification of a protein enhances its stability. For sTAB1, O-GlcNAc slowed its 

aggregation, which may have been due to slowing steps leading to protein unfolding, 

formation of microaggregates (nucleation), or the irreversible formation of large protein 

aggregates. It cannot be determined from these studies which of these three processes 

contribute to the overall observed rate. The lack of effect observed for the urea 

denaturation does, however, suggest that differences in the protein unfolding may not be 

a factor.  As described above, this technique may not have been sensitive enough to 

distinguish a difference and this technique does reflect an equilibrium, rather than 

kinetic, parameter. It should be pointed out, however, that if aggregation were 

irreversible for sTAB1, slowing aggregation would only be expected to affect the rate of 

aggregate formation and not the total amount of aggregates formed and this was found 

to be the case. Disregarding the initial steps of unfolding, O-GlcNAc on sTAB1 could 

manifest as a decrease in the rate of aggregation by preventing the intermolecular 

interactions between two or more molecules of unfolded sTAB1. Interestingly, several 

studies have made related observations. In one study, evidence was presented that 

OGT overexpression in CHO cells decreased the amount of insoluble protein formed 

after a one hour heat shock at 45 °C (488). In another study, the levels of O-GlcNAc on 

a transcription factor called Sp1, with both purified protein and in cultured cells, 

correlated inversely with the extent of aggregation of Sp1 (112). This latter finding does 

find some support from the observation that CRE-mediated knockout of OGT in cultured 

MEFs resulted in a significant decrease in the overall levels of Sp1 following loss of all 

the O-GlcNAc on Sp1 (47). As well, decreasing O-GlcNAc levels using an inhibitor of 

GFAT also decreased Sp1 levels (489) and another study strongly suggested that this 

effect is not simply a consequence of decreased mRNA levels (490). During the writing 

of this thesis, I cloned Sp1 and coexpressed it with OGT and given the striking results 

that others have observed for the effect of O-GlcNAc at stabilizing Sp1, biophysical 

experiments with O-GlcNAc-modified and unmodified Sp1 should be a fruitful line of 

future research.            

The evidence presented for the effect of O-GlcNAc on CaMKIV is more 

straightforward to interpret; O-GlcNAc modification of CaMKIV appears to stabilize its 

folded state. The results presented for CaMKIV are the first experimental results to show 
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that O-GlcNAc is directly involved in stabilizing the folded structure of a protein and this 

observation finds much support from studies highlighted in the introduction of this 

chapter showing that, regardless what type of saccharide is attached to proteins, 

glycosylation increases the stability of a protein.  

Although the effects of O-GlcNAc on the stability of sTAB1 and CaMKIV are not 

dramatic, when the physiological environment, which is the cytosol, for these proteins is 

considered the effect that O-GlcNAc has on protein stability could potentially be much 

more pronounced. Two properties of the cytoplasm are germane to this discussion: the 

crowded environment and the presence of chemical insults such as oxidative stress. 

First, the cytosolic environment is a very crowded environment with a protein 

concentration on the order of 200 mg/mL (430). A crowded environment has a dramatic 

effect on the stability of proteins as has been discussed and investigated carefully by 

others with the conclusion being that proteins are more susceptible to aggregation (or 

ordered polymerization) within a crowded environment (491-494). A second property of 

the cytoplasm that renders it a somewhat hostile environment for proteins is the 

presence of reactive oxygen species (ROS), which are continuously produced by various 

processes in the cell such as fatty acid oxidation (495). Common ROS that are present 

in a cellular environment such as nitric oxide (NO2), hydrogen peroxide (H2O2) and 

superoxide (O2
-), are well known to cause cellular insults, such as DNA damage but they 

can also damage proteins. One particular ROS that is harmful to cells is formed when 

nitric oxide reacts with superoxide to produce peroxynitrite (ONOO-), which then 

selectively nitrosylates tyrosine residues. Modification of proteins in this way has been 

found to disrupt cellular processes (496). Many cellular mechanisms are in place to 

clean up and respond to the presence of these ROS, such as reducing agents and 

protein chaperones (495), however, the O-GlcNAc modification may be one additional 

mechanism that mitigates the damaging effects of these cellular insults. Consequently, 

the small effects that we observe for O-GlcNAc stabilizing sTAB1 and CaMKIV in vitro 

could be very important under actual physiological conditions; particularly under 

conditions that lead to protein unfolding such as elevated temperature and oxidative 

stress. Indeed, as was discussed in the introduction of this chapter, elevated O-GlcNAc 

levels do provide a protective effect to cells placed under such conditions (223).  

As a molecular mechanism, the hydrophilic nature of O-GlcNAc could be the key 

to both of these effects. The authors of the paper investigating the effect of O-GlcNAc on 

Sp1 may have been on the right track when they speculated: “One hypothesis is that 
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hydrophilic O-GlcNAc residues on polypeptides may hinder thermally exposed 

hydrophobic regions from sticking together…” (112). As proposed by others for other 

forms of glycosylation, glycosylation may alter the potential energy landscape for protein 

folding in a manner that increases the energy of partially unfolded/misfolded states or it 

may increase the barrier to unfolding (474). In these ways, glycosylation may increase 

protein stability indirectly by allowing a protein to more easily find its global energy 

minima for folding and then stabilize the folded structure against unfolding. As both 

intramolecular protein folding and intermolecular protein aggregation are driven by 

formation of hydrophobic interactions (497, 498), it seems reasonable that the presence 

of a large and hydrophilic O-GlcNAc moiety could also affect either of these processes. 

The mechanistic details of the effect of O-GlcNAc on protein stability will be discussed 

further below in section 6.4 of this chapter. 

6.3 Mechanism of Stress-Induced Elevated O-GlcNAc Levels 

If O-GlcNAc is a general mechanism to stabilize proteins, why is the stoichiometry 

of modification so low on the large majority of proteins? There are several reasons that 

might account for this observation. First, stoichiometric modification of every O-GlcNAc 

site of every protein that is a targeted by OGT would be energetically expensive. 

Biosynthesis of UDP-GlcNAc costs the cell one molecule of ATP, one molecule of UTP, 

one molecule of glutamine, and one molecule of glucose (which indirectly costs the cell 

energy which it could have gained from the glucose entering glycolysis). Second, it 

cannot be ruled out that O-GlcNAc does not play roles in addition to simply stabilizing 

proteins, such as modulating phosphorylation levels on certain proteins, and thus 

substoichiometric levels may be necessary to carry out these roles. A third reason may 

be that the cell does not require maintenance of stoichiometric levels of O-GlcNAc 

because it can increase O-GlcNAc under the appropriate conditions or, more elegantly, 

modify proteins that are partially unfolded. In such a manner, this could favour refolding 

of these proteins and/or minimize the probability of them aggregating; a process that is 

highly analogous to a protein chaperone. Several studies have shown that heat shock 

gives rise to elevated O-GlcNAc levels in cultured cells (223, 488), however, the 

mechanism(s) by which global O-GlcNAc levels are elevated are poorly understood. 

Therefore, studies were initiated to assess how the cell can elevate O-GlcNAc levels 

under conditions that result in protein unfolding.  
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6.3.1 Examining the Effect of Heat Shock in CHO cells 

Cultured Chinese hamster ovary (CHO) cells were used in conjunction with a 45 

°C heat shock to investigate the molecular mechanism for how O-GlcNAc levels are 

elevated. A 90 min heat shock elevated global O-GlcNAc levels in CHO cells by 

approximately 2-fold (Fig. 6.8a), which is similar to what others have observed (223, 

488). Based on O-GlcNAc being a dynamic modification, five different mechanisms 

immediately come to mind for how O-GlcNAc could be elevated: increased OGT protein 

levels, increased OGT activity, decreased OGA protein levels, decreased OGA activity, 

or increased cellular UDP-GlcNAc levels. All five of these parameters were examined in 

CHO cells following a 90 min heat shock. Levels of OGT and OGA were unchanged by 

heat shock (Figures 6.8b,c) as were activity levels of both enzymes tested from cell 

lysates (Figures 6.8d,e). Furthermore, with the assistance of Wesley Zandberg, levels of 

UDP-GlcNAc were shown to be unaltered following a heat shock (Figure 6.8f). Two 

studies have carried out similar sets of experiments in an effort to delineate how heat 

shock gives rise to elevated O-GlcNAc levels. One study conducted in COS-7 cells 

found that out of these five possibilities, the only difference was a 2-fold increase in OGT 

activity despite equal OGT levels (223). On the other hand, another study using CHO 

cells could not detect a difference in any of these possibilities (488). Significantly, this 

latter study did demonstrate that heat shock gave rise to elevated O-GlcNAc levels in 

CHO cells and, therefore, the studies described here are in complete agreement with 

this previous study using CHO cells. Although other mechanisms may be at play in other 

cell lines, such as elevated OGT activity in COS-7 cells, within CHO cells another 

explanation for the origin of elevated O-GlcNAc levels is clearly required.  

6.3.2 An Alternative Mechanism: Increased Accessibility of OGT for 
Substrates 

The previous studies carried out in CHO cells that investigated the basis for 

elevated O-GlcNAc levels induced by elevated temperature, which made similar 

conclusions to findings presented in Figures 6.8, offered an additional possible cause for 

the elevated O-GlcNAc levels: “enhanced O-GlcNAcylation may be due to an increased 

accessibility of OGT to its substrate proteins, which might be caused by some 

conformational changes of heat-denatured substrate proteins in nucleocytoplasm.” 

(488). Nevertheless, no direct evidence was presented to support this proposal at the 

time of this study or since. Given that the other possible mechanisms for elevating O- 
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Figure 6.8:  Heat shock of CHO cells increases O-GlcNAc levels through an unidentified 
mechanism.  
CHO cells cultured in 10 cm plates were grown to 95% confluence. For heat shock, cells 
were placed in a 45 °C incubator for 90 min and then immediately harvested along with 
cells that had been maintained at 37 °C. These lysates were probed by Western blot for 
levels of: (A) O-GlcNAc-modified proteins, (B) OGT, (C) OGA, as well as (D) OGT activity, 
(E) OGA activity, and (F) levels of UDP-GlcNAc. O-GlcNAc levels are elevated by the heat 
shock but none of the five parameters tested can account for the increases in O-GlcNAc. 
Levels of UDP-GlcNAc, OGT activity, and OGA activity were assayed in triplicate from 
lysates and the values represent the average of these three replicates while the error bars 
represent the standard deviation.  

GlcNAc levels after heat shock do not appear to be at play, at least in CHO cells, studies 

were initiated to determine if OGT has an enhanced ability to bind proteins at elevated 

temperature. 

To probe the hypothesis in question, cross-linking studies in CHO cells were 

carried out to look for an enhanced ability of OGT to crosslink to any cellular protein 

components under conditions where a larger proportion of substrates are partially 

unfolded. Using formaldehyde as a crosslinker, the extent of OGT crosslinking was 

assessed at 37 °C or 45 °C for different times and different formaldehyde (FA) 
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concentrations. When using a moderate FA concentration (1%) over a 90 min period at 

37 °C or 45 °C, significantly less non-crosslinked OGT (more crosslinked) was observed 

by Western blot at the higher temperature (Figure 6.9a). The same samples were 

probed for a protein not expected to undergo much crosslinking (β-actin) and a protein 

expected to undergo substantial crosslinking (Hsp90). Indeed, the negative control (β-

actin) did not show increased crosslinking due to heat shock while the positive control 

(Hsp90) had a higher degree of crosslinking under heat shocked conditions (Figure 

6.9a), which is expected given its role as a protein chaperone. These controls suggest 

that the results obtained for OGT are likely not simply a consequence of kinetic factors. 

The crosslinking experiment was repeated over a shorter time period (30 min) with a 

higher formaldehyde concentration (2%) and similar results were obtained (Figure 6.9b). 

In fact, under these conditions it appears that OGT crosslinks to an even larger extent 

than Hsp90. 

Several noteworthy observations about this crosslinking data merit discussion. 

First, the amount of OGT crosslinking at 37 °C is considerable and, in fact, there 

appears to be just as much or more crosslinking than the bona fide heat shock protein 

Hsp90, which is known to interact transiently with many different client proteins and co-

chaperones (499). This result seems to be in keeping with the vast number of substrates 

acted on by OGT and the ever growing list of proteins that interact stably with OGT (83, 

128-133). The second interesting observation is that although the intensity of the band 

corresponding to non-crosslinked OGT decreased in crosslinked cells, unexpectedly, the 

amount of high molecular weight OGT positive immunoreactivity that was observed 

seemed disproportionately small. The likely explanation for this observation is that under 

heat shocked conditions, OGT becomes cross-linked to form very large protein 

complexes and these are removed by centrifugation prior to analysis of the samples or 

do not migrate into the gel. Indeed, OGT has been found to be a part of several very 

large protein complexes and at least one of these complexes interacts with DNA (83, 

103). Attempts to break up the DNA by sonication prior to centrifugation failed to make a 

difference (data not shown). Further studies will be needed to address this issue but 

regardless, these crosslinking studies support the view that accessibility of substrates to 

OGT is increased when substrates are partially unfolded, which may lead to an 

increased ability of OGT to glycosylate proteins. 
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Figure 6.9:  Increased crosslinking of OGT under conditions of heat shock in CHO cells.   
 CHO cells were cultured to 95% confluence in 10 cm plates prior to carrying out the 

crosslinking experiment. To initiate the experiment, the media was removed, the cells 
were gently washed with 5 mL of PBS, and then incubated with 10 mL of PBS containing 
the indicated amount of formaldehyde (FA). Cells were then incubated at either 37 °C or 
45 °C for either 30 min (A) or 90 min (B). Following this incubation period, the 
formaldehyde was quenched with glycine and the liquid was then gently removed from the 
cells. Lysis solution (1% SDS and 50 mM β-mercaptoethanol) was added to the cells, cells 
were then harvested and the total extract boiled 10 min. The resulting lysates were then 
spun at 17,000 x g for 10 min to remove insoluble debris and the supernatant was added 
to the appropriate amount of SDS-PAGE loading buffer. Western blots were subsequently 
carried out using these lysates and probed with the specified antibody. Arrows represent 
non-crosslinked protein. For samples treated with formaldehyde, the band at the top of the 
blot represents high molecular weight protein complexes that did not enter the 4-15% 
gradient gel.  

Proteins can be unfolded by many different conditions and so another method for 

inducing protein unfolding was carried used to see if an analogous result would be 

observed. The method that was selected was to the use a proline analogue termed L-

azetidine-2-carboxylic acid (Az) (Figure 6.10a). The mode of action of Az is based on its 

ability to get incorporated into proteins in place of proline, which in turn causes protein 

unfolding/misfolding because Az containing peptides prefer a disordered conformation 

(500-502). Accordingly, cells were treated for 7 hours with 5 mM Az followed by 

crosslinking in an analogous manner to the heat shock experiments. As shown in Figure 

6.10b, expression of the major inducible cytosolic heat shock protein (Hsp70) was  
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Figure 6.10:  Incorporation of an unnatural amino acid in proteins induces protein unfolding and 

results in increased crosslinking of OGT in CHO cells.  
(A) Chemical structure of L-proline compared to L-azetidine-2-carboxylic acid (Az). (B) Az 
increases OGT crosslinking in CHO cells. CHO cells were cultured to 80% confluence in 
10 cm plates prior to carrying out the experiment. To initiate the experiment, 5 mM Az was 
added to the media and cells were incubated for seven hours. The media was then 
removed, the cells were gently washed with 5 mL of PBS, and then incubated in 10 mL of 
PBS containing the indicated amount of formaldehyde (FA). Cells were then incubated at 
37 °C for 90 min. Following this incubation period, the formaldehyde was quenched by the 
addition of glycine and this liquid was then gently removed from the cells. Lysis solution 
(1% SDS and 50 mM β-mercaptoethanol) was added to the cells, cells were harvested, 
and the total extract boiled for 10 min. The resulting lysates were then spun at 17,000 x g 
for 10 min to remove insoluble debris and the supernatant was added to the appropriate 
amount of SDS-PAGE loading buffer. Western blots were subsequently carried out using 
these lysates and probed with the specified antibody. Arrows represent non-crosslinked 
protein. For samples treated with formaldehyde, the band at the top of the blot represents 
high molecular weight protein complexes that migrated through the stacking gel but did 
not enter the 10% resolving gel. 

induced by Az, which demonstrates that an unfolded protein response was generated by 

this compound (503, 504). In a similar manner as described with heat shock, Az caused 

increased crosslinking of OGT and once again, under these conditions, the amount of 

OGT crosslinking appears to be equivalent or even more than Hsp90. On the other 

hand, Hsp70 showed a substantial amount of crosslinking and yet little crosslinked high 
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molecular weight bands appeared. This observation also seems consistent with its 

interaction with many client proteins as well as co-chaperones (505), and supports the 

validity of the results observed with OGT. Curiously, several other glycosyl transferases 

have been shown to have a greater ability to bind and glycosylate their substrates when 

their substrates are partially unfolded. UDP-glucose:glycoprotein glucosyltransferase 

(UGGT) and N-acetylglucosaminyltransferase V (GnT-V) have long been known to have 

an enhanced ability to glycosylate partially unfolded substrates (506, 507). The similarity 

of OGT to UGGT, in this context, is very intriguing because UGGT is a critical 

component an ER chaperone system. This similarity will be discussed further below. 

6.3.3 Evidence from In Vitro Glycosylation Assays for Increased 
Accessibility of OGT to Substrates  

Cumulatively, the crosslinking experiments suggest that OGT preferentially 

interacts with unfolded or partially unfolded proteins. As elevated O-GlcNAc levels are 

observed with heat shock (Figure 6.8a), it would suggest that the increased binding 

observed from the crosslinking studies may give rise to increased activity toward these 

partly unfolded proteins. To address this possibility directly, in vitro glycosylation assays 

were carried out at different urea concentrations. Four bona fide substrates of OGT were 

used; three of these were proteins (nuclar pore protein p62 (38), sTAB1 (126), and 

CaMKIV (483)) and one was a small nine amino acid peptide that encompasses a 

known glycosylation site on α-crystallin (137). The peptide substrate is a critical control 

to correct for the effect of urea on the stability and therefore intrinsic activity of OGT in 

the different concentrations of urea. As demonstrated in Figure 6.11, the activity of OGT 

towards all four substrates diminished as the concentration of urea was increased in the 

assay. At 0.5 and 1 M urea, however, the activity of OGT on all three protein substrates 

was significantly greater than the activity on the peptide substrate. Most strikingly, at 1 M 

urea the percentage of OGT activity compared to assays without urea were 25 ± 1 % for 

p62, 17 ± 1 % for sTAB1, 9 ± 1 % for CaMKIV, and only 3.4 ± 0.7 % for the α-crystallin 

peptide. In other words, the relative activity of OGT at 1 M urea was 7-, 5-, and 3-fold 

higher towards p62, sTAB1, and CaMKIV, respectively. At 2 M urea, the activity of OGT 

towards all three substrates had decreased to less than 2% of the activity as compared 

to when no urea was present in the assay and this activity was too low to assess a 

difference between the different substrates. The differences in the activity of OGT toward 

protein and peptide substrates at moderate concentrations of urea suggests that partial 

http://en.wikipedia.org/wiki/Uridine_diphosphate
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Glycoprotein
http://en.wikipedia.org/wiki/Glucosyltransferase
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unfolding of a protein substrate increases the activity of OGT toward the partially 

unfolded proteins. In a remarkably similar finding, Sousa and Parodi found that UGGT 

activity towards soybean agglutinin was optimal in guanidine but activity decreased 3-4 

fold as the guanidine concentration in the assay was decreased (508). 

 

Figure 6.11:  Increased OGT catalytic activity towards proteins under denaturing conditions.  
  OGT activity toward three protein substrates and one peptide substrate was assayed over 

a period of two hours at 37 °C in the presence of different concentrations of urea. For 
protein substrates (p62; squares, CaMKIV; circles, sTAB1; triangles), 20 µM substrate 
was used. For the peptide substrate (α-crystalline; diamonds), a concentration of 500 µM 
substrate was used. Activity is plotted as the activity relative to the sample without urea. 
Values represent the average of three replicates and the error bars represent the standard 
deviation between replicates. 

6.3.4 A Structural Model for the Ability of OGT to Recognize Unfolded 
Proteins. 

 As discussed in detail in Chapter 1, OGT is composed of two distinct domains: 

the tetratricopeptide repeats (TPRs) and the catalytic glycosyltransferase domain (Figure 

1.9a). The long human OGT isoform (ncOGT) contains 13.5 TPRs and several years 

ago Jinek et al. solved the structure of the first 11 TPRs of human OGT by x-ray 

crystallography  (121). Like other TPRs, this structure resembles a superhelical coil that 

has a large groove (Figure 1.9b) (121). TPR domains are a common structural fold 

among mammalian proteins that mediate protein-protein interactions (120) and, indeed, 

previous studies have concluded that the TPRs of OGT are essential for recognizing 

various substrates (119, 121, 124-126). Interestingly, the structure of several TPR 

domains, from proteins other than OGT, in complex with binding partners have 

demonstrated that this fold predominantly recognizes unstructured peptides within the 

groove of the superhelical structure (509-511). Given these properties, perhaps it is not 

surprising that the TPR motif is widespread among protein chaperones, which must 
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recognize a large number of client proteins and, in particular, recognize partially 

unfolded elements of that protein (510-517). Because OGT has many target proteins 

and, as suggested in the previous sections, can bind partially unfolded proteins, it seems 

that the TPRs of OGT might be ideally suited for fulfilling this role of substrate 

recognition. 

 

Figure 6.12:   The three-dimensional structure of XcGT41.  
(A) Schematic cartoon of XcGT41. XcGT41 is composed of 5.5 tetratricopeptide repeats 
(TPRs) that are interfaced directly with the catalytic glycosyltransferase catalytic domain 
that has a GT-B fold. The electron density (blue mesh) for UDP is shown within the active 
site along with the proposed catalytic base His218 (HsOGT His558) drawn in ball and 
stick representation. (B) The XcGT41 active site interactions with UDP. Critical residues 
that form hydrogen or electrostatic interactions (shown as dashed lines) with UDP are 
shown in ball and stick representation. Figures were made in PyMol using PDB 2VSN. 

Although the TPRs of OGT may indeed allow OGT to bind partially unfolded 

proteins, it is more difficult to envision how this would translate into increased catalytic 

efficiency towards the unstructured target protein. Until recently, no structural information 

was available about the catalytic domain of OGT and no proposal had been made on 

how the two domains might be interfaced. This void was recently filled through a 

collaboration with Dr. Gideon Davies’ laboratory through which the first structural 

information about the catalytic domain of OGT was presented (408). In a similar manner 

as was done with OGA, the structure of a bacterial homologue of OGT was solved since 

efforts to crystallize the human enzyme were unsuccessful. OGT belongs to GT family 

41, which contains many bacterial homologues. The GT41 from Xanthomonas 

campestris (XcGT41) was used for structural studies as outlined below. The structure of 

the same protein was also solved at the same time by the van Aalten group (126). 

XcGT41 contains 5.5 TPRs, which take on the prototypical superhelical coil (Fig. 6.12a). 

http://www.nature.com.proxy.lib.sfu.ca/nsmb/journal/v15/n7/fig_tab/nsmb.1443_F1.html
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The TPRs are interfaced directly with the catalytic domain, which is itself a GT-B fold 

that consists of two Rossmann-like domains (Figure 6.12a).  

 
 

  Figure 6.13:  Sequence alignment of the glycosyl transferase catalytic domain of GT41 family 
members.  
Sequence of Xanthomonas campestris (NP_636257), Arabidopsis thaliana (NM_111987), 
Drosophila melanogaster (NP_858058), and Homo sapien (NP_858059) from GT family 
41. Secondary structural elements, revealed by the 3-D structure of XcGT41, are shown 
above the alignment. The conserved His218 is highlighted since it is proposed to be the 
critical catalytic base. Note that all species have an insert of varying lengths found 
between the two Rossmann folds of the GT-B domain. Sequence alignment was made 
with Boxshade. 

Among the superfamily of GTs, the GT-B fold is one of two common folds for 

glycosyl transferases (21). GTs having a GT-A folds use a DXD motif to position a 

divalent cation to coordinate the pyrophosphate portion of the leaving group, which 

makes it a better leaving group, and so facilitates nucleophilic displacement at the 

anomeric center. On the other hand, GTs having the GT-B fold use polar enzymic 

residues to accomplish this in place of the metal ion. Consistent with XcGT41 having a 

GT-B fold, no DXD motif or metal ion was found in the active site of XcGT41, which 

Carlos Martinez-Fleites from Dr. Davies lab was able to define by solving the structure of 

XcGT41 bound to UDP. Instead of a metal ion, a number of residues make hydrogen 
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bonds and electrostatic interactions with the two phosphate groups of UDP (Figure 

6.12b). This observation seems in keeping with a previous study showing that 

mammalian OGT does not require magnesium to function nor is its activity significantly 

impaired by inclusion of EDTA in assays (44). Strikingly, nearly all the residues that 

contact UDP are highly conserved with the human enzyme (Figure 6.13) and consistent 

with this observation, I showed in collaboration with David Shen that mutation of any of 

these residues in the human enzyme dramatically decreased its activity towards nuclear 

pore protein p62 (Table 6.1).  

Table 6.1:  The catalytic activity of several human OGT mutants assayed using p62 as a 
substrate.  

 

 
 

One residue was of particular interest (His218 XcGT41; His558 human OGT) since its 

position in the active site suggested it might play the role of the general base catalyst to 

deprotonate the nucleophilic oxygen coming from the protein. This histidine is fully 

conserved among all GT41 family members (Figure 6.13) and mutating this residue to 

alanine in the human enzyme resulted in at least a 100-fold reduction in its catalytic 

efficiency (Table 6.1). Interestingly, other GTs have also been proposed to use a 

histidine as its general base catalytic residue (319). Therefore, given that neither 

XcGT41 nor human OGT requires a divalent metal and also given the high level of 

amino acid conservation of active site residues, the structure of XcGT41 appears to be a 

good model for human OGT. 

 Structural information about the two domains of XcGT41 are not, on their own, all 

that informative. More interesting is the interface between the two domains. An intriguing 

finding from the structure of XcGT41 is that the active site and the superhelical groove of 
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the TPRs are continuous (Fig. 6.14a). Furthermore, a close inspection of the interface 

between the TPRs and catalytic domain, a region that defines the active site, reveals 

that a deep and narrow cleft is formed (Fig. 6.14b). Accordingly, it seems unlikely that  

 
 



Chapter 6: O-GlcNAc as a Chaperone of Protein Folding  

 269 

 
Figure 6.14:  XcGT41 has a narrow and deep active site that is continuous with the superhelical 

groove formed by the TPRs.  
(A) Composite of XcGT41 (cyan, with UDP in red ball and stick representation) overlaid 
with the HsOGT TPR domains (gold; PDB 1W3B) shown at three different angles varying 
by 120° rotation about the y-axis. Shown in yellow is a model peptide substrate (the yeast 
importin complex (121, 408)) superimposed on the structure of OGT, which demonstrates 
how the TPRs may bind peptides or unstructured regions of proteins and direct them into 
the catalytic center. (B) Zoomed in view of the interface between the catalytic GT domain 
and the TPRs, which demonstrates the depth and width of this interface. The dimensions 
of this groove likely exclude secondary structural elements of a target protein from being 
modified and favour binding and glycosylation of unstructured polypeptides in a mode 
similar to that shown for the peptide modelled onto this structure. Figures were made in 
PyMol using PDB 2VSN. 

XcGT41, and by extension human OGT, would be capable of glycosylating structured 

secondary elements of proteins because it is doubtful that such features would fit into 

this deep and narrow active site. What seems much more likely is that the target protein 

would access the catalytic active center through the superhelical grooves of the TPR. 

This would necessitate the serine or threonine residue that is targeted for glycosylation 

to be present in a polypeptide devoid of secondary structure in order for this polypeptide 

to bind within the superhelical twist of the TPR groove and extend on into the active site. 

A model is envisioned based on the structure presented above that the TPRs, 

recognize unstructured elements of proteins and direct nearby serine or threonine 

residues into the active site cleft for modification. These unstructured elements could, in 

principle, be from parts of proteins that are normally unstructured or, alternatively, 

become unstructured due to some event that perturbs the fold of the target protein. 

Several properties of the O-GlcNAc modification, as well as results presented earlier in 

this chapter, are consistent with this proposal. First, no clear amino acid consensus 

sequence has been discovered that directs which residues get modified by O-GlcNAc 

(54) and, thus, recognition elements that specify modification may not encompass, or 

even be adjacent to, the site of modification. Alternatively, the amino acid sequence may 

not be the determining factor but rather the ability of a polypeptide to take on a 

conformation that allows it to bind the TPRs and extend into the active site. Second, 

most known sites of modification occur in unstructured regions and consistent with this 

observation, O-GlcNAc sites often occur in regions that are rich in proline. Third, if a lack 

of secondary structure around a site of modification is indeed required for a protein to be 

glycosylated, this may be in line with the crosslinking and glycosylation assays 

presented above, which showed that OGT has an enhanced ability to bind and 

glycosylate proteins that are partially unfolded by heat, chemical incorporation of an 
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unnatural amino acid, or a chaotropic agent. Clearly, the structure of a GT41 member 

bound to a substrate would go a long way to substantiating these ideas, however, the 

precedent literature showing that TPRs recognize unstructured elements and the fact 

that TPRs are widespread on protein chaperones supports the idea that OGT can 

recognize unfolded parts of a protein. 

6.4 A Chaperone Model for the Cellular Role of O-GlcNAc 

The data presented in this chapter allows for a model to be proposed for a 

general function of the O-GlcNAc modification. It is important to point out that this model 

is not necessarily mutually exclusive with other proposed cellular roles for the O-GlcNAc 

modification, however, with the many lines of evidence supporting this model it is a goal 

of this thesis to argue that this proposal may outline one of the primary cellular functions 

of the O-GlcNAc modification. Subsequently, properties that endow glycosylation within 

the ER with a chaperone activity will be examined and compared to potential analogous 

properties of O-GlcNAc. The ways in which this model integrates with several 

overarching properties of the O-GlcNAc modification will then be discussed.  

6.4.1 A Chaperone Model 

A general model for the O-GlcNAc modification is presented in Figure 6.15. This 

model encompasses both thermodynamic and kinetic considerations and has three main 

ideas. The first idea is that addition of β-O-linked N-acetylglucosamine residues to a 

protein may favour its proper folding and consequently disfavour the occupation of 

unfolded and/or misfolded states. Diagrammatically, this is represented in Figure 6.15 by 

altering the equilibrium between different folded states for the modified and unmodified 

protein. Another way to represent this is through a protein folding energy landscape, 

which is commonly represented as a funnel  (518). As shown in Figure 6.16, O-GlcNAc 

modification of a protein may alter its folding landscape in subtle ways that increase the 

energy of local minima corresponding to unfolded or misfolded forms of the protein. In 

such a manner, the global minimum for the folded glycoprotein may be accessed more 

readily. It is not clear, and no evidence supports the possibility, that O-GlcNAc has an 

effect on the stability of the folded structure of a protein (i.e. the energy of the global 

minima may well be unchanged). Indeed, this view is consistent with what has been 

proposed for other forms of glycosylation (474, 475); O-GlcNAc therefore likely exerts its 



Chapter 6: O-GlcNAc as a Chaperone of Protein Folding  

 271 

effect on folding intermediates rather than on the fully folded structure. Direct support for 

O-GlcNAc affecting protein unfolding in the manner described here comes from the 

studies presented with CaMKIV. Both thermal and urea denaturation experiments, which 

are both thermodynamic measures, indicate that O-GlcNAc modification of CaMKIV 

increases both the temperature and concentration of urea agent required to unfold this 

protein (Figures 6.6 and 6.7). As discussed above, relatively small differences observed 

in vitro will be compounded by the crowded physiological environment of the cytosol. 

Further support for this aspect of the model comes from many studies that have 

concluded that glycosylation increases the thermodynamic stability of a protein (467-

479).

 

Figure 6.15:  A general model for the proposal of chaperone-like ability of the O-GlcNAc 
modification.  
A fully-folded protein in its unmodified (top left) and O-GlcNAc-modified (bottom left) state. 
There are three ways in which O-GlcNAc may stabilize the folded structure of a protein. 
The first is that O-GlcNAc may influence the equilibrium between folded, partially 
unfolded, and fully unfolded states – this is represented by the equilibrium arrows. The 
second is that O-GlcNAc may decrease the rate of aggregation of unfolded and/or 
misfolded species to protein aggregates (kagg)  – this is represented by the different sized 
arrows pointing to “aggregated protein”. The third is that OGT may have the ability to 
recognize unfolded states and modify these species. Once O-GlcNAc-modified, the 
protein would benefit from the modification in the two ways already mentioned. As 
installation of O-GlcNAc by OGT is an energy driven process, a further possibility is that 
OGT could couple the hydrolysis of UDP-GlcNAc to help drive proteins out of local energy 
minima and allow them to refold.  
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A second aspect of the model, which may be viewed simply as an extension of 

the first aspect, is that O-GlcNAc modification of a protein may decrease the 

susceptibility of a protein to aggregate. Several different mechanisms could give rise to 

this effect. One mechanism may be the ability of O-GlcNAc to destabilize local unfolded 

and/or misfolded minima (Figure 6.16), which will result in a protein spending less time in 

such states. Such states expose hydrophobic patches, which are a driving force for 

intermolecular protein aggregation and, therefore, spending less time in these local 

minima will effectively decrease the concentration of species available for aggregation. 

Consistent with this view, others have observed a correlation between the extent of O-

GlcNAc modification and the amount of protein present in the soluble to insoluble state 

following heat shock of cells (112, 488). Another equally likely possibility for O-GlcNAc 

affecting the aggregation of a protein is through direct hindrance of the aggregation step. 

This is represented in Figure 6.15 as a larger arrow for the aggregation step with the 

unmodified protein in an unfolded or misfolded (kagg) form as compared to the O-GlcNAc-

modified unfolded or misfolded (< kagg) protein. The data presented for sTAB1 support 

the idea that protein aggregation is slowed by the presence of O-GlcNAc (Figure 6.4). As 

insoluble protein aggregates are a characteristic of many diseased states, especially 

those involved in neurodegeneration (519, 520), the potentially critical role for O-GlcNAc 

in preventing protein aggregation is obvious. In this context two considerations are 

interesting; first is that several proteins involved in aggregate formation in 

neurodegenerative diseases, such as Tau (70), amyloid precursor protein (APP) (521), 

and α- and β-synuclein (49), are themselves O-GlcNAc modified and second is that 

decreased O-GlcNAc levels are known to occur in the brain of the elderly due to 

decreased glucose uptake and utilization (202).        

 A third facet of the model relates to the ability of OGT to modify partially unfolded 

proteins. This aspect is intriguing and has the potential to support a protein chaperone 

role for O-GlcNAc and/or OGT. OGT may recognize proteins in various unfolded or 

misfolded states, which would lead to that protein to be O-GlcNAc modified. In the model 

presented in Figure 6.15, this process is represented by the vertical arrow showing OGT 

acting on unfolded and/or misfolded species. This effect could arise from loss of 

secondary structure within a target protein when it is unfolded/misfolded, which could 

come about by many cellular stresses including, for example, elevated temperature. As 

a result, unstructured peptide sequences could become exposed and these may contain 

binding motifs for the TPRs of OGT. Glycosylation could then take place at a location 
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close to this binding motif. As demonstrated in Figure 6.15, the extent of protein 

unfolding required for OGT recognition could range from a small structural perturbation, 

such as loss of a small secondary structure motif, to significant unfolding of tertiary 

protein structure. The in vitro glycosylation assays suggest that only a small degree of 

structural perturbation is required since the largest increase in activity towards p62, 

sTAB1 and CaMKIV, compared to the peptide substrate, was observed at 1 M urea 

(Figure 6.11). At this concentration of urea, CD spectroscopy demonstrated that these 

proteins retain > 97% of their α-helical content (Figures 6.3 and 6.5). 

 

Figure 6.16:  A model for O-GlcNAc affecting the energy landscape for protein folding.  
Depicted are hypothetical folding funnels for an unmodified (left) and O-GlcNAc-modified 
(right) protein. The presence of O-GlcNAc on proteins may increase the energy of folding 
intermediates or reduce the energy barrier between intermediates and the fully folded 
state. In such manner, an O-GlcNAc-modified protein may spend less time in these 
intermediates which would help it achieve its global energy minima (correctly folded 
protein) faster and disfavour aggregation, which involves intermolecular assembly of these 
unfolded species. O-GlcNAc could also affect the global energy minima but with no 
experimental data to indicate that this might be the case; the global energy minima are 
represented as unperturbed between the two states.  

6.4.2 Comparison of the Chaperone Model to ER Glycosylation 

Several additional features may give the O-GlcNAc modification and/or OGT 

properties that more resemble a typical protein chaperone. These three features are 
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found in the quality control system in the ER. The majority of proteins extruded into the 

ER are cotranslationally modified by N-linked oligosaccharides. As discussed in the 

introduction of this chapter, addition of this glycan is known to help a protein achieve and 

maintain its correct three-dimensional structure. It is interesting to note in this regard that 

many years ago it was found that p62 is cotranslationally modified (522). Although no 

other studies have reported a similar phenomenon on other proteins, it would be well 

worth investigating if cotranslational modification is a general mechanism. Certainly, the 

enhanced ability of OGT to bind unfolded proteins and the structure of OGT itself 

suggests that this might not be specific to p62.     

Returning to the quality control pathways in the ER, a central feature that is 

involved in chaperoning proteins is an intricate trimming process of the N-glycan. Once 

the three glucose residues of the Glc3Man9GlcNAc2 core are removed, the stage is set 

for an enzyme termed UGGT to function. Many studies have collectively shown that 

UGGT can discriminate folded from unfolded proteins and its recognition of unfolded 

proteins leads to glucosylation of the Man9GlcNAc2 glycan (506, 508, 523-525). Addition 

of this single glucose residue on the glycan of unfolded proteins facilitates protein folding 

via the action of a pair of protein chaperones, termed calnexin and calreticulin (Cnx/Crt), 

that recognize the monoglucosylated oligosaccharide on these glycoproteins. Cnx/Crt 

retain recognized proteins within the ER to prevent misfolded proteins from reaching the 

cell surface, and assist in correctly folding the target protein. The Cnx/Crt protein 

chaperones do not use ATP to function but are thought to simply provide a sheltered 

environment that enables protein refolding (5, 526, 527). If Cnx/Crt are successful in 

helping the protein achieve its correct fold, the critical glucose residue that was added by 

UGGT and recognized by Cnx/Crt is then enzymatically removed by a glucosidase and 

the protein is allowed to continue its journey through the secretory pathway. If the protein 

is not correctly folded, the cycle involving addition and removal of the glucose residue 

may be repeated several more times. If the protein still does not fold correctly, it is 

eventually fated for destruction through the endoplasmic reticulum associated protein 

degradation (ERAD) system. Germane to the aspect of the carbohydrate-recognizing 

Cnx/Crt protein chaperones, a series of studies by Lefebvre and coworkers found 

evidence that cytosolic Hsp70 has lectinic acitivity toward O-GlcNAc modified proteins 

(503, 528, 529). Therefore, an expansion to the model presented in Figure 6.15 might be 

that addition of O-GlcNAc tags unfolded/misfolded proteins and targets them for 

refolding by Hsp70. 
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As one final note in comparing OGT and UGGT, it is fascinating that both OGT 

and UGGT are absent in Saccharomyces cerevisiae (budding yeast). While budding 

yeast contain a homologue of mammalian UGGT (Kre5p), this protein has been well 

characterized as lacking GT activity toward proteins modified with the Man9GlcNAc2 

oligosaccharide (527). On the other hand, a Blast search using the sequence of human 

OGT against the yeast genome (budding and fission) reveals numerous TPR-containing 

proteins with a reasonable level of amino acid sequence similarity (>30%) to the human 

TPRs; several of which have unknown function (data not shown). One interesting 

hypothesis is therefore that ancient protein chaperones in yeast that have the ability to 

bind and stabilize unstructured proteins may have developed glycosyl transferase 

activity latter on during evolution as an additional means of stabilizing protein structure. 

This additional stabilization has the potential to come from the effect that O-GlcNAc has 

on proteins once it attached, as discussed in detail above, as well as through an 

additional mechanism that is coupled to the hydrolysis of UDP-GlcNAc. Many protein 

chaperones hydrolyze ATP and use the chemical energy to “shake up” a protein and 

force it out of a local folding energy minimum (504). Addition of O-GlcNAc by OGT, 

through hydrolysis of the high energy UDP-GlcNAc donor, also has the potential to act in 

this manner. One piece of experimental evidence supporting this concept comes from a 

study carried out by Champattanachai et al., which demonstrated that overexpression of 

OGT had a larger beneficial effect than NButGT in protecting cardiomyocytes from 

ischemic cell death despite the fact that O-GlcNAc levels were higher in cells treated 

with NButGT as compared to those overexpressing OGT (335). There are multiple ways, 

therefore, as to how O-GlcNAc could stabilize proteins at a cellular level. 

6.4.3 Integration of the Chaperone Model with Properties of the O-GlcNAc 
Modification 

The O-GlcNAc modification has a number of general features that appear to be 

in line with the models presented in Figures 6.15 and 6.16. Several of these were 

presented in Chapter 1 and are revisited here to demonstrate how they are compatible 

with and supportive of these models. 

Tissue Distribution: The levels of OGT and O-GlcNAc are highest in the brain and 

pancreatic β-cells (114, 117). The relevance of this observation is that these organs are 

required to endure high levels of oxidative stress. Neurons require millimolar 

concentrations of intracellular ATP for their numerous cellular processes (530). This 
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requirement necessitates a high level of metabolic activity and, coupled to other 

mechanisms by which neurons are subjected to oxidative stress, such as regular 

stimulation of glutamatergic neurons and the possibility of ischemic hypoxia, it is clear 

that neurons are subject to a plethora of cellular stresses (531, 532). On the other hand, 

pancreatic β-cells are constantly being exposed to high intracellular levels of glucose 

immediately following a meal due to both the high rate of transport and the high KM of 

the glucose transporter 2 (Glut2) (533). Intracellular hyperglycemia has numerous toxic 

effects (534), which is compounded in β-cells by the fact that these cells have a very low 

capacity to neutralize ROS because they have low levels of reducing agents such as 

superoxide dismutase, catalase, and glutathione (535). Therefore, if the O-GlcNAc 

modification protects proteins from unfolding and aggregation, it seems rational that 

levels of OGT and O-GlcNAc would be highest in organs and cells that face the highest 

levels of these cellular insults. In this context, it is very interesting to note that cancer 

cells have been very recently shown to have elevated OGT levels and, consequently, O-

GlcNAc levels (536). One very common mechanism that cancer cells use to overcome 

their requirement for high metabolic activity is through overexpression of protein 

chaperones (537). 

Subcellular location: Both O-GlcNAc and OGT are found throughout the cytoplasm and 

nucleus but are particularly abundant in the axonal termini of neurons (49, 50). 

Furthermore, several proteins that reside in the axonal termini of neurons bear among 

the highest levels and stoichiometry of O-GlcNAc modification (95, 96). Certainly, any 

role that O-GlcNAc plays in increasing protein stability is not specific to axonal termini; 

however, the nature of this cellular location highlights the potential for O-GlcNAc and 

OGT to act as a protein chaperone. Neurons synthesize a good portion of their proteins 

within their soma and are required to expend a great deal of energy to transport newly 

synthesized proteins down the length of their axons. The high levels of ATP 

consumption place intense metabolic demands in this part of the cell. In this respect, 

stabilizing proteins in this cellular location seems logical.  

Cellular Abundance: The list of proteins which have been found to be O-GlcNAc-

modified is ever expanding. As the methods for enriching and detecting the modification 

improve, this list will undoubtedly increase substantially from the some 500-1000 

proteins that are already known to be targets of the modification. The results presented 

in Chapter 5 of this thesis provide an estimate for the abundance of the modification; a 
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molar ratio of protein to O-GlcNAc was found to be approximately 12:1 and so O-GlcNAc 

is highly abundant. If the primary function of O-GlcNAc is to stabilize proteins then it 

seems logical that O-GlcNAc would be found on many different proteins. Indeed, O-

GlcNAc is found on proteins that play diverse cellular roles and, in fact, the largest class 

of O-GlcNAc-modified proteins are structural proteins such as actin (69), tubulin (68), 

keratins (65), crystallins (72), and neurofiliments (66). This observation is significant 

because structural proteins are particularly susceptible to oxidative damage due to their 

high abundance and usually long lifetime in the cell (496). As structural proteins appear 

to have a low stoichiometry of modification, and given that O-GlcNAc is difficult to detect 

on these proteins despite their abundance, this observation is consistent with the model 

suggesting that O-GlcNAc is chaperoning a small portion of these proteins that become 

unfolded. 

Stoichiometry and dynamic nature: The low stoichiometry of O-GlcNAc that is typically 

found on individual sites of proteins may be a reflection of either disadvantages 

associated with stoichiometric modification (such as the energy cost) or a reflection of 

the processes that are involved in the model presented in Figure 6.15. If one of the 

primary functions of OGT is to modify unfolded proteins then at any given time only a 

small percentage of a population of proteins would require modification. Another 

consideration is that if the energy driven process of adding O-GlcNAc is an important 

factor in refolding, it may be advantageous for OGA to remove O-GlcNAc from the 

protein so additional attempts to modify the protein can be made in the case that the 

protein did not refold the first time it was modified.  

Cellular stress response: As described in the introduction of this chapter, cell viability 

following a heat shock is significantly affected by O-GlcNAc levels; elevated O-GlcNAc 

levels enhance thermotolerance whereas decreased O-GlcNAc levels diminish 

thermotolerance (223, 488). The data presented in this chapter is strongly in line with 

these previous findings. O-GlcNAc modification of proteins may stabilize proteins under 

these times of cellular stress to allow cells to maintain normal cellular processes or, 

alternatively, prevent toxic build-up of aggregated species. The other types of stresses 

that elevated O-GlcNAc levels have now been shown to protect against provide 

additional support for the chaperone hypothesis. In particular, elevated O-GlcNAc levels 

appear to be excellent at combating the deleterious effects of cardiac ischemia (463, 

464). Ischemia is characterized by loss of blood flow to tissues resulting in hypoxic 
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conditions and the accumulation of ROS (538, 539). In an analogous manner, 

overexpression of Hsp70 is also protective against these two forms of cellular stress 

(540, 541). Therefore, the protective effect of elevated O-GlcNAc levels toward 

hyperthermia and hypoxia gives the O-GlcNAc modification a property much like a 

protein chaperone. 

OGT as a polycomb group protein: Recently, it was discovered that OGT is encoded by 

the super sex combs (sxc) gene in drosophila (63, 85), which had been known for some 

time to encode a polycomb group (PcG) protein (542). Importantly, the human enzyme 

rescued loss of sxc in flies strongly suggesting that the function of OGT, as a PcG 

member, is conserved in mammals (63). Drosophila polytenes are known have an 

abundance of O-GlcNAc modified proteins (62) and binding sites of PcG proteins on 

drosophila polytenes overlap with binding of an O-GlcNAc antibody (63, 85) suggesting 

that OGT functions to O-GlcNAc modify other PcG proteins. PcG proteins, together with 

their trithorax group (TrxG) protein counterparts, participate in the epigenetic regulation 

of gene expression through large protein complexes that remodel chromatin using 

various mechanisms including regulating of the acetylation and methylation state of 

histones (543). The relevance of OGT being a PcG protein to the hypothesis put forward 

in this chapter is that protein chaperones are emerging as important contributors to PcG 

and TrxG function. For instance, Hsp90 has established roles in regulating gene 

expression (544-546) and mutations in Hsp90 result in a developmental phenotype 

similar to mutations of bona fide PcG and TrxG proteins (547, 548). Recently, it was 

shown that Hsp90 is required for maintaining cellular levels of a key member of TrxG 

proteins called trithorax; inhibition of Hsp90 resulted in decreased levels of trithorax 

protein but had no effect on mRNA transcript levels (549). In this same study it was 

observed that inhibition of Hsp90 in mammalian cells resulted in decreased levels of the 

mammalian homologue of trithorax called mixed-lineage leukemia (MLL). Intriguingly, a 

recent study found that O-GlcNAc modification of MLL5, an orthologue of mouse MLL, 

was required for its DNA methyl transferase activity in cultured mammalian cells (83). 

Although the authors of this latter study did not entertain the possibility that O-GlcNAc 

modification of MLL5 was serving to chaperone MLL5, their data is largely consistent 

with this hypothesis. Other links between protein chaperones regulating PcG protein 

function have also been discovered (550, 551). Therefore, it remains a distinct possibility 

that mutations in the gene encoding OGT gives rise to a polycomb phenotype because 

other PcG and TrxG proteins require the O-GlcNAc modification for stability. 
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6.5 Future Directions Aimed at Advancing the Chaperone Model 
as a Global View for the O-GlcNAc Modification. 

6.5.1 Integration of the Chaperone Model with Studies Carried out with 
OGA Inhibitors in Chapter 4. 

As discussed in detail at start of this chapter, the studies carried out in Chapter 4 

argue against a general role for O-GlcNAc in signal transduction and transcriptional 

regulation. The lack of a phenotype observed in cultured cells and rodents when O-

GlcNAc levels are dramatically elevated using a selective OGA inhibitor appears to be 

more in line with the hypothesis presented in this chapter. According to what has been 

discussed in this chapter, the high stoichiometric modification observed when using 

inhibitors of OGA should stabilize proteins from unfolding and make them less prone to 

aggregation; a feature that should be advantageous rather than deleterious. One 

experiment that could potentially shed light on this issue is an animal or cellular model 

that lacks OGA activity. Although no such studies have been described in mice, an OGA 

knockout of C. elegans was generated. It is remarkable, but perhaps not surprising in 

light of all the results presented in Chapter 4, that OGA-deficient worms had only a very 

minor defect in dauer formation and were otherwise relatively healthy (139). It is very 

conceivable that the mild phenotype that was observed in these worms is independent of 

the loss of OGA catalytic activity. Since OGA appears to function in several large protein 

complexes (103, 140), loss of the OGA protein scaffold could disrupt these complexes. 

Furthermore, as the function of the C-terminal domain of OGA is still unresolved, it is 

plausible that the absence of a functional C-terminal domain could produce a phenotype. 

Both of these concerns could be addressed by studies that delete OGA activity in a 

cellular or organismal context but preserve the OGA protein scaffold using the 

catalytically inactive D174A mutant of OGA described in Chapter 2. It will be exciting to 

see if loss of OGA activity gives rise to the same mild phenotype that is observed when 

OGA activity is blocked using small molecule inhibitors.  

6.5.2 O-GlcNAc Stabilization of Protein Structure is a General 
Phenomenon that Occurs in a Cellular Context. 

Evidence was presented in this chapter showing that O-GlcNAc can stabilize two 

different proteins in vitro. To further advance the chaperone model, demonstrating this 

phenomenon on more proteins will be essential. More importantly, however, 



Chapter 6: O-GlcNAc as a Chaperone of Protein Folding  

 280 

demonstrating this phenomenon in a cellular context will be crucial. Two studies have 

already presented preliminary data in cells to support the chaperone hypothsis. First, 

elevation of O-GlcNAc levels in cultured cells, through overexpression of OGT, was 

shown to decrease the amount of insoluble protein aggregates in cells following a heat 

shock (488). Second, modulating O-GlcNAc levels in cultured cells altered the partioning 

of Sp1, a known O-GlcNAc-modified protein, between soluble and insoluble fractions of 

cellular proteins (112). To get to the heart of the issue, future studies will ultimately need 

to be aimed at addressing the half-life of proteins to determine if this parameter 

correlates with O-GlcNAc levels on proteins. A radiolabelled pulse-chase experiment to 

follow newly synthesized proteins (552) under different conditions, such as cells treated 

with and without an OGA inhibitor, is an exciting future direction. An excellent tool to 

probe this issue further would be a useful non-toxic OGT inhibitor that acts in cells. 

Unfortunately, chemical tools to diminish O-GlcNAc levels are sorely lacking. 6-diazo-5-

oxo-L-norleucine (DON) and azaserine have both been used to block the HBSP through 

their ability to inhibit GFAT and thereby decrease O-GlcNAc levels (553, 554). Both of 

these compounds, however, are highly toxic since they inhibit various aminotransferases 

in a number of metabolic pathways that use glutamine as a substrate (555, 556). More 

promising are some preliminary OGT inhibitors have been reported by the Walker group 

(557); refinement of these initial hits are required to produce some more soluble OGT 

specific compounds that are less toxic and more compatible with cell-based studies. 

6.5.3 A Unified View of Protein Glycosylation. 

Many forms of glycosylation have been shown to affect protein stability. Studies 

which have chemically ligated various saccharide units onto proteins (473) as well as 

computational studies (474, 475) are in agreement that it is neither the precise 

saccharide nor the length of the glycan decorating the protein that confers greater 

stability on glycosylated proteins as compared to unmodified proteins. The critical factor 

appears to be that a large hydrophilic sugar unit attached to a polypeptide destabilizes 

unfolded states of a protein (474). The chaperone model for the O-GlcNAc modification 

presented in this chapter is, therefore, a logical extension of previous studies that have 

concluded that other forms of glycosylation stabilize proteins. In this sense, the 

chaperone model of O-GlcNAc is a unifying view of protein glycosylation within the cell 

regardless of the cellular location: secretory pathway or nucleocytoplasm. 
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6.6 Published Work from these Studies and Acknowledgement 
of the Contributions of Others 

Carlos Martinez-Fleites and Dr. Gideon Davies are acknowledged for their 

valuable contribution in solving the structure of XcGT41, generating Figure 6.12 and 

6.13 as well as the model of XcGT41 overlayed with the human OGT TPRs and docked 

with the α-importin peptide (Figure 6.14). David Shen is acknowledged for an enjoyable 

collaborative effort in determining the activity of OGT and the associated point mutants 

that were a part of this thesis. Together, the functional assays that we carried out along 

with the structure of XcGT41 resulted in a publication in Nature Structural and Molecular 

Biology (408). Beyond the published work, Thomas Clark is acknowledged for his 

contribution of determining the stoichiometry of O-GlcNAc on sTAB1 by mass 

spectrometry. Scott Yuzwa and Morgan Lamb are acknowledged for an enjoyable 

collaboration in helping implement and validate the coexpression system in which OGT 

and target protein are synthesized recombinantly within E. coli. Wesley Zandberg is 

acknowledged for his contribution to determining the levels of cellular UDP-GlcNAc 

levels following heat shock.  

6.7 Materials and Methods 

6.7.1 Cloning 

To clone OGT into pET28a, the following primers were used: 5'-

GCCGCCGTCGACAAGCGTCTTCCGTGGGCAACGTGG-3' (SalI cut site shown in 

bold) and 5'-GCCGCCGCGGCCGCCTATGCTGACTCAGTGACTTCAAC-3' (NotI cut 

site shown in bold). To clone OGT in the pMal, the following primers were used: 5'-

GCCGCCGGATCCAAGCGTCTTCCGTGGGCAACGTGG-3' (BamHI cut site shown in 

bold) and 5'-GCCGCCGTCGACCTATGCTGACTCAGTGACTTCAAC-3' (SalI cut site 

shown in bold).  To make the H558A point mutation of OGT, the following primers were 

used: 5'-GAGTTCCGACTTTGGGAATGCTCCTACTTCTCACCTTATGC-3' and 5'-

GCATAAGGTGAGAAGTAGGAGCATTCCCAAAGTCGGAACTC-3'. The cDNA for 

human TAB1 and CaMKIV were obtained from Origene. To clone sTAB1 into pET28a, 

the following primers were used: 5'- CGACGACATATGAGCTTGCTGCAGAGTGAG-3' 

(NdeI cut site shown in bold) and 5'-CGACGACTCGAGTTACTTGCTGGTGC-

TCTGGGC-3' (XhoI cut site shown in bold). To clone CaMKIV into pET28a, the following 
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primers were used: 5'-GCCGCCCATATGATGCTCAAAGTCACGGTGCC-3' (NdeI cut 

site shown in bold) and 5'-GCCGCCCTCGAGTTAGTACTCTGGCAGGATCAC-3' (XhoI 

cut site shown in bold). The rest of the cloning procedures were the same as those 

described in detail in chapter 2. The clone of p62 in pET3a was a gift from John Hanover 

(NIH).   

6.7.2 Protein Expression and Purification 

6.7.2.1 Coexpression of sTAB1 and CaMKIV with OGT 

The gene encoding sTAB1 or CaMKIV, in pET28a, were cotransformed with the 

gene encoding WT or H558A OGT, in pMal, into E. coli TunerTM(λDE3) expression cells. 

In order to increase the probability of obtaining cotransformed colonies, LB plates with 

1/3rd of the standard concentration of ampicillin and kanamycin (33 µg/mL and 16.6 

µg/mL, respectively) were used. Once colonies were obtained, the standard 

concentration of ampicillin and kanamycin (100 µg/mL and 50 µg/mL, respectively) were 

used to grow the bacteria in solution. To induce expression of sTAB1, IPTG (0.5 mM) 

was added to culture in exponential phase and the ells were grown overnight at 25 °C 

whereas for induction of CaMKIV, IPTG (0.5 mM) was added and cells were grown at 25 

°C for four hours. Bacteria were harvested by centrifugation, lysed, and protein purified 

by nickel column chromatography as described in Chapter 2. 

6.7.2.2 Recombinant Expression of p62 

The nuclear pore protein p62 was isolated from inclusion bodies using a modified 

procedure described previously for purification of p62 (108). The gene encoding p62 was 

in the pET3a vector and, therefore, did not econde a his6-tag. Briefly, p62 expression 

was induced overnight with IPTG (0.5 mM) in a culture at exponential phase and after 

harvesting the bacteria by centrifugation, the bacteria were lysed by sonication as 

described in Chapter 2. The insoluble debris were collected by centrifugation and this 

pellet was resuspended in a buffer consisting of 50 mM sodium phosphate, 100 mL 

sodium chloride and 6 M urea (pH 6.5). Resuspension of this pellet required vigorous 

vortexing and sonication. Following a second high speed spin (15,000 rpm, 30 min), the 

supernatant was dialyzed exhaustively into 50 mM sodium phosphate containing 10 mM 

β-mercaptoethanol (pH 6.5). After dialysis, insoluble debris were removed by another 
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high speed spin and the supernatant was loaded onto a 5 mL pre-packed anion 

exchange Q-column (Amersham Biosciences). The column was washed extensively with 

50 mL of sodium phosphate (pH 6.5) and then 10 mL steps of buffer containing 

increasing concentrations of sodium chloride (50 mM more in each step) was used to 

elute the protein. Fractions containing p62 were verified by Western blotting using an 

anti-p62 antibody (Covance) and the fractions containing the pure p62 were dialyzed 

against a large volume of PBS (pH 7.4) containing 5 mM β-mercaptoethanol.  

6.7.2.3 Recombinant Expression of OGT 

Using pET28a vectors encoding WT or mutant human OGT, the proteins 

recombinantly expressed in six litres of bacteria for 24 hours at room temperature 

without induction with IPTG. Low level expression of the T7 polymerase controlled by the 

Gal4 promoter enabled OGT to be expressed at adequate quantities. The rest of steps 

were analogous to the procedures described in Chapter 2 for purifying a his6-tagged 

protein. 

6.7.3 Western blotting 

Western blotting was carried out essentially as described in the previous 

chapters. The anti-OGT, anti-Hsp70, and anti-Hsp90 antibodies were obtained from 

Santa Cruz Biotechnologies and all used at a dilution of 1:2000. Anti-O-GlcNAcase, 

raised in chicken, was a gift from Dr. Gerald Hart (Johns Hopkins University) and used at 

a dilution 1:5000. 

6.7.4 Mass Spectrometry 

Samples were first desalted using a PD-10 desalting column (Amersham). 

Protein was eluted from the desalting column in HPLC grade water. Just prior to injecting 

the sTAB1 (≈ 20 µM) into the mass spectrometer, formic acid (0.1%) was added to an 

aliquot of the protein and rest of the protein was stored at -20 °C. Tom Clark then carried 

out the following steps. Samples were directly injected at a flow rate of 300 nL/min into a 

4000 Q Trap mass spectrometer (Applied Biosystems) equipped with a nanospray ion 

source. An ion spray voltage of 1650 V was used and the mass spectrometer was run in 

an enhanced resolution linear ion trap mode. A total of 901 scans were acquired and 

averaged over 30 min. The scan rate was 1000 amu/s and the mass range was 600-
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1500 amu. The raw averaged data was put through a Bayesian protein reconstruct 

algorithm using Bioanaylst software (Applied Biosystems) from 805 amu to 1250 amu, 

which included peaks for charge states ranging from 37 through 57. Any peak used in 

the construction had a minimum signal to noise threshold of 20.  

6.7.5 Circular Dichroism 

All spectra were acquired using a J-815 spectropolarimeter (JASCO) at a scan 

rate of 500 nm/s and an interval of 0.5 nM. This equipment was made available as part 

of the core facilities of the Department of Molecular Biology and Biochemistry at SFU 

and Apollos Kim is thanked for technical assistance. In all cases, one acquisition 

represents the average of 10 acquired spectra. Buffers and protein were filtered through 

a 200 µm membrane. Protein concentrations were rigorously established and 

standardized using a Nanodrop spectrophotometer (Thermo). For sTAB1 and CamKIV, 

the protein concentrations used in the urea denaturation experiments were 13.3 and 6.7 

µM, respectively. For thermal denaturation, the heating rate was 1 °C/min and CamKIV 

was used at a concentration of 25 µM. At each degree, the ellipticity at 222 nm was 

recorded 30 seconds after the temperature had stabilized. For urea denaturation, 

samples were incubated in the appropriate concentration of urea for 8 hours at 20 °C 

prior to acquiring the spectra. Due to the requirement for reducing in the buffer to keep 

both sTAB1 and CaMKIV stable, spectra were not taken into the far UV. 

6.7.6 Turbidity Assay 

All assays were carried out using a Cary 3E UV-VIS spectrophotometer equipped 

with a Peltier temperature controller at either 40 or 45 °C. Reactions were monitored 

continuously at 500 nm. Other wavelengths produced similar rates indicating that it was 

not absorbance of light that was being monitored but rather scattering by the 

aggregates. A protein concentration of 40 µM was used for reactions carried out at 40 

°C, whereas a protein concentration of 10 µM was used for reactions carried out at 45 

°C to slow down the rate and quantity of aggregated protein.   

6.7.7 Cell Culture 

Chinese Hamster Ovary (CHO-K1) cells were obtained from the ATCC and 

cultured in DMEM-F12 media (Invitrogen) supplemented with 5% FBS (HyClone). Cells 
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were cultured in the same manner as described for COS-7 cells in Chapter 2. L-

Azetidine-2-carboxylic acid (Sigma) was dissolved in a 50:50 solution of DMSO/water (at 

a concentration of 500 mM). Control cells were treated with a 50:50 DMSO/water in the 

same manner so as to keep the final concentration of DMSO (0.5%) in the media 

constant between control cells and cells treated with 5 mM Az. For crosslinking studies, 

formaldehyde (30%, Anachemia) was made up fresh in PBS just prior to the assay. CHO 

cells were cultured to 95% confluence in 10 cm plates prior to carrying out the 

crosslinking experiment. To initiate the experiment, the media was removed, the cells 

were gently washed with 5 mL of PBS, and then incubated with 10 mL of PBS containing 

the appropriate amount of formaldehyde. Cells were then incubated at the appropriate 

temperature (either 37 or 45 °C) for the appropriate amount of time (either 30 or 90 min). 

Following this incubation period, 2 mL of 1.5 M glycine (pH 7.5) was added to the cells to 

quench the formaldehyde and after two min this liquid was gently removed from the 

cells. Care was taken when handing cells following the heat shock to avoid detachment 

of cells from the plate. 300 µl of lysis solution (1% SDS and 50 mM β-mercaptoethanol) 

was added to the cells, the plates were scrapped using a rubber policeman and the total 

extract was carefully collect in a 1.5 mL tube and then boiled for 10 min. The resulting 

lysates were centrifuged (17,900 rcf, 10 min) to remove insoluble debris and 200 µl of 

these lysates were added to 50 µl of 5 times concentrated SDS-PAGE loading buffer. In 

some cases pre-cast 4-15% gradient polyacrylamide gels (Bio-Rad) were used to 

attempt to resolve high molecular weight cross-linked protein, hwoever, it was found 

later on that 10% polyacrylamide gels worked just as well. Western blots were carried 

out as described above.    

6.7.8 OGT Activity assays 

6.7.8.1 Protein Substrates 

Assays were performed using radiolabelled [3H]-GlcNAc-UDP (American 

Radiolabeled Chemicals) as the donor and purified p62, sTAB1, or CaMKIV ac acceptor 

substrates. David Shen tested the OGT mutants and the reactions contained 0.7 µM 

[3H]-UDP-GlcNAc (0.14 Ci/mmol), p62 (1 µM), 12.5 mM MgCl2, 1 mM β-mercaptoethanol 

and between 10 and 100 nM of wild-type or mutant OGT as reported. The reaction (25 

µl) was initiated by the addition of enzyme (5 µl) by micropipette and incubated at 37 °C 

for 1 hour (a time for which linear rates are obtained using these assay conditions). 
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Reactions were then placed on ice and immediately thereafter applied to a 1.5 by 3 cm 

piece of nitrocellulose membrane (Bio-Rad) and allowed to air dry. The quantity of 

protein loaded onto each piece of nitrocellulose was at least ten times less than the 

binding capacity of the membrane (as detailed in the manufacturer’s protocol). The 

membranes were washed with four consecutive large volumes (100 mL) of PBS and 

then air dried. The pieces of membrane were loaded into scintillation vials, 4 mL of 

scintillation fluid (Amersham) was added, and the levels of tritium were quantified by 

liquid scintillation counter (BECKMAN LS6000). All assays were done in at least 

replicates of four. Assays with sTAB1 and CaMKIV were also carried out by David Shen 

in the same way but only one concentration (20 µM) of protein substrate was used.   

6.7.8.2 Peptide Substrate 

A peptide (AIPVSREEK) encompassing a known site of O-GlcNAc modification 

on α- crystallin was purchased from a contract peptide synthesis company (BioBasic). 

This peptide had free amino and carboxyl termini and the lysine ε-amino group was 

modified with a biotin. Leavy and Bertozzi had previously established that this peptide is 

a good substrate for OGT (137). The identical assay as described above (6.6.8.1) was 

carried out except with 500 µM of this peptide since OGT is known to have a much 

higher KM for peptide substrates (124, 127). Following completion of the assay, 100 µl of 

sepharose beads conjugated to streptavidin (Pierce) were used to pull-down the peptide 

onto beads. The beads were washed five times by successive centrifugation (5000 rpm, 

2 min) and careful decanting of the supernatent by micropipette. After the last wash, the 

beads from each reaction were loaded directly into separate scintillation vials for 

radioactive counting. Control reactions lacking either OGT or peptide were always 

carried out in parallel and the values of these control reactions were subtracted from 

assays containing all components. 

6.7.9 OGT and OGA Activity Assays from Cell Lysates 

CHO cell pellets from 15 cm plates that had been grown to confluence were 

resuspended in PBS containing protease inhibitors and pushed through a 27 gauge 

needle three times. The resultant solutions were sonicated (3 times 20 seconds at 15% 

duty) and then centrifuged (17,900 rpm, 10 min) to remove insoluble debris. The clarified 

supernatants were then used directly in the assays described below.    
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6.7.9.1 OGT Activity from Lysates 

OGT in the lysates were first immunoprecipitated using an anti-OGT antibody 

(Santa Cruz Biotechnologies). First, 50 µL of protein A/G was bound to 40 µL of anti-

OGT antibody by coincubation one hour at 4 °C. The beads were then washed three 

times with PBS to remove excess antibody. Cell lysates were then added to the beads 

and this mixture was rotated at 4 °C for two hours. The beads were then washed three 

times with PBS. To initiate the OGT assay, [3H]-UDP-GlcNAc and 500 µM of the 

biotinylated α-crystallin peptide were added in a final volume of 150 µL. This mixture 

was allowed to incubate at 37 °C with gentle mixing for one hour. The supernatant was 

then added to 200 µL of sepharose-streptavidin and the procedure for washing and 

counting the radioactivity on the beads was carried out as described above in section 

6.6.8.2.     

6.7.9.2 OGA Activity Assays from Lysates 

Cell lysates (90 µL) were added directly to 10 µL of 1 mM 4-methylumbelliferyl 2-

deoxy-2-butyrylramido-β-D-glucopyranoside. This substrate had been prepared for a 

previous study carried out in Chapter 2 (Scheme 2.3, Table 2.5). This substrate was 

used to ensure that lysosomal β-hexosaminidase activity was not a complicating factor. 

To verify that lysosomal β-hexosaminidase activity was not a factor, 50 µM Gal-PUGNAc 

was added to the assay mixture and the rates of reaction did not change confirming 

OGA activity was primarily being monitored. An excitation and emission wavelength of 

368 and 460 nm was used, respectively, to monitor the fluorescence continuously over 

30 min at 37 °C with measurements being made in triplicate. 
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CHAPTER 7: CONCLUSIONS 

Over the past 25 years, much has been learned about the O-GlcNAc 

modification. For instance, its dynamic nature and widespread occurrence on hundreds 

of different nucleocytoplasmic proteins are two well established characteristics. Not as 

well established are the functional role(s) of the O-GlcNAc modification. One reason for 

this limited understanding is the lack of useful tools that can be used to examine the O-

GlcNAc modification in a cellular and organismal context. A number of tools have been 

developed through the studies carried out in this thesis, which are expected, and indeed 

already have started, to help investigators study the O-GlcNAc modification. For 

instance, the selective OGA inhibitors that were developed through the studies carried 

out in Chapters 2 and 3, namely NButGT and Thiamet-G, solve many of the problems 

associated with the inhibitors used previously (PUGNAc and Streptozotocin). 

Specifically, NButGT and Thiamet-G have both been shown to be effective in rodents 

and the work carried out in Chapter 4 clearly demonstrates that NButGT elevates O-

GlcNAc levels in all tissues analyzed from mice and rats. The ability of these inhibitors to 

cross the blood brain barrier holds promise for not only studying O-GlcNAc in this organ, 

where O-GlcNAc levels among the highest throughout the body (49, 117), but also for 

possibly treating diseased states (172, 202). The beneficial effect that elevated O-

GlcNAc levels provide cells in surviving various forms of cellular stress is another area 

where inhibitors of OGA have been used and these selective inhibitors will undoubtedly 

be at the forefront of such investigations in the future. In this regard, the studies carried 

out in Chapter 4 are extremely important since they clearly establish that elevated O-

GlcNAc levels do not cause insulin resistance or produce any apparent adverse effect in 

rodents.  

Another tool for studying the O-GlcNAc modification, provided through the 

studies that are a part of this thesis, is the identification of suitable point mutations of 

OGA and OGT that enable the generation of catalytically inactive mutants. As discussed 

extensively in Chapter 4, overexpression of OGT or OGA may cause cellular effects that 

are independent of O-GlcNAc levels since both proteins are known to interact with many 

different proteins and are a part of large protein complexes. The use of catalytically 
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inactive mutants has the potential to control for such effects. The D174A mutant of OGA 

and the H558A mutant of OGT are excellent mutations to use in this regard. These 

mutant enzymes have been carefully assayed through in vitro enzyme assays to show 

that they have minimal enzymatic activity and the crystal structures of bacterial 

homologues of OGT and OGA provide excellent support for the important role played by 

these residues in the catalytic mechanism of the two respective enzymes.  

A third useful tool for studying the O-GlcNAc modification, provided through the 

studies that are a part of this thesis, is the assay developed in Chapter 5 for quantitating 

the amount of GlcNAc liberated from proteins after digestion with BtGH84. Alternative 

methods for quantitating the levels of O-GlcNAc rely on either Western blot using an 

anti-O-GlcNAc antibody or mass spectrometry approaches. These two methods, 

however, have drawbacks since Western blotting has a fairly narrow window where the 

signal is linear and quantitation by mass spectrometry is difficult given the labile nature 

of O-GlcNAc during ionization in the gas phase. Moreover, neither approach is capable 

of estimating the absolute amount of O-GlcNAc found throughout the cell.  The HPLC-

based detection of total GlcNAc liberated by BtGH84 has a number advantages; it is 

fast, reasonably sensitive, and can provide an estimate of the total O-GlcNAc found on 

proteins in a particular sample. The recent finding that cancer cells appear to have 

elevated O-GlcNAc levels (536) may be an excellent application of this method in so 

much that the differences in O-GlcNAc levels between healthy and cancerous tissues 

could be assessed and used as a diagnostic tool. 

These tools have allowed the cellular role of the O-GlcNAc modification to be 

interrogated. In particular, NButGT has proven valuable in challenging the leading 

hypothesis in the field: a role for O-GlcNAc in signal transduction through interplay with 

phosphorylation. Future work is proposed throughout the thesis in the relevant sections 

and these experiments will cast light on the various aspects of O-GlcNAc. Moreover, a 

testable new hypothesis was formed in Chapter 6, which compares O-GlcNAc to a 

protein chaperone and preliminary results support this new hypothesis as do many other 

studies in the field. This hypothesis is also consistent with what is known about other 

forms of glycosylation. More evidence is clearly needed to establish this new hypothesis 

and it will be exciting to see if this new hypothesis, along with the data presented in 

Chapter 4 showing that elevated O-GlcNAc levels does not cause insulin resistance, will 

stimulate others to reevaluate their view of the O-GlcNAc modification and possibly 

propose and/or advance new hypotheses.  
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APPENDIX 

 

Figure A1: Stoddard’s pseudorotational itinerary for the interconversion of a pyranose to the 
different local energy minima. 
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Figure A2: Determination of the KI value of NAG-thiazoline for human OGA and human HexB. 
 Using 500 µM 4MU-GlcNAc as a substrate, a range of NAG-thiazoline concentrations 

were tested against (A) human OGA at pH of 6.5 and (B) human HexB at a pH of 4.5. For 
each enzyme, a full Michaelis-Menten curve was determined in parallel in the absence of 
inhibitor to obtain an accurate Vmax value. The KI value, determined in this way, is defined 
as the negative of the intercept of the best-fit line for different inhibitor concentrations and 
the 1/Vmax value. 
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Figure A3: Formation of GlcNAc azide by the D175A OGA mutant. 

Thin layer chromatography (TLC) analysis of the D175A catalyzed hydrolysis of 3,4-DNP-
GlcNAc in the presence and absence of NaN3. The reaction was carried out at 37 ºC with 
5 mM 3,4-DNP-GlcNAc in the presence or absence of 400 mM NaN3 using 0.5 mg/mL of 
enzyme. The upper panel shows a TLC plate under UV light. The middle panel shows a 
TLC plate developed using sulfuric acid stain (10% H2SO4 in ethanol) and heat. The 
bottom panel shows a TLC plate developed using triphenyl phosphine followed by 
ninhydrin and heat. As can be seen from the TLC analyses, in the absence of NaN3, only 
the two anomers of GlcNAc and 3,4-DNP are observed in the reaction along with a small 
amount of residual substrate (3,4-DNP-GlcNAc) that appears faintly on the plate charred 
by H2SO4. In the reaction containing azide, the majority of product formed is 2-acetamido-
2-deoxy-β-D-glucopyranosyl azide (GlcNAc-Az) and 3,4-dinitrophenol (3,4-DNP). TLC 
plates were developed using 3:1 ethyl acetate/methanol. 
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Figure A4: Reaction coordinates to demonstrate the changes in rate-determining step and 

mechanism that are associated with changes in leaving group ability and 
nucleophile strength.  
(A) For substrates that fall within regimen II that have a poor nucleophile, formation of a 
cationic intermediate is proposed to be rate-determining and this mechanism is described 
as a DN

‡*AN mechanism. (B) For substrates that fall within regimen III that have a poor 
nucleophile, breakdown of a cationic intermediate is proposed to be rate-determining and 
this mechanism is described as a DN*AN

‡ mechanism. (C) For substrates that fall within 
regimen II and III that have a good nucleophile, a cationic intermediate is proposed to 
become kinetically insignificant and thus giving rise to an ANDN mechanism.    
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Figure A5: Characterization of 3,4-difluorophenyl 2-deoxy-2-difluroacetamido-β-D-

glucopyranoside by NMR and high resolution mass spectrometry.  
 (A,B) NMR spectra were recorded at the frequencies indicated in the figure in a solvent of 

deuterated methanol and show that there is the correct number of proton and carbon 
atoms in the desired compound. (C) Time of flight high resolution mass spectrum of the 
desired compound indicates that it is the correct molecular mass.   
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Figure A6: Additional statistics from the long-term study of SD rats treated with NButGT does 

not reveal any differences from prolonged elevations in O-GlcNAc-modified 
proteins.  
Levels of (A) triglycerides, (B) free fatty acids, and (C) leptin from the serum of rats 
treated with NButGT for eight months (+) (n=6) compared to control animals of the same 
age and weight (-) (n=6). (D) Organs weights from the rats treated with NButGT for eight 
months (+) (n=6) compared to control animals of the same age and weight (-) (n=6). Error 
bars are expressed as +/- one standard deviation. 
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Figure A7: 1H NMR spectrum of NButGT. 

The spectra was recorded at 500 MHz in D2O. The major solvent peak at approximately 
4.6 ppm corresponds to HOD.  
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Figure A8: Digestion of sTAB1 coexpressed with WT or mutant OGT with BtGH84 reveals an 

additional larger peak of 208 daltons. 
The same unmodified and O-GlcNAc modified sTAB1 that was digested with BtGH84 
(shown in Figure 6.1b) was analyzed by mass spectrometry. For both protein samples, an 
additional peak that is 208 daltons larger than sTAB1 is observed. Note that the signal to 
noise of the peak corresponding to full length sTAB1 is substantially less than the mass 
spectra shown in Figure 6.2 since the protein was less concentrated.    
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	Chapter 1: GENERAL INTRODUCTION
	1.1 Glycobiology: General Themes in Eukaryotes
	1.1.1 Carbohydrates


	The four most abundant building blocks of life are proteins, nucleic acids, lipids and carbohydrates. Carbohydrates are the most abundant of these biomolecules in nature and play many roles that are critical for life. Several widely held views for the roles of carbohydrates in nature are that they function as an energy source, as a storage material for chemical energy, and that they confer important structural properties to biomaterials. As an energy source, carbohydrates are broken down through glycolysis and this is one of the primary means of producing energy within cells. As a storage material for chemical energy, glucose is stored in liver and muscle tissue in the form of glycogen and it is the assembly and breakdown of glycogen that is a critical process governing the regulation of blood glucose levels in higher eukaryotes. As a structural element, carbohydrates give plants their rigidity by forming the most abundant biomolecule on the planet - cellulose. There are, however, many examples where carbohydrates play more subtle roles in regulating critical cellular processes. This is highlighted by the fact that the enzymes that are responsible for catabolism and anabolism of carbohydrates, cumulatively, can account for up to 1-2% of the genome of organisms (1). Some examples of common biomolecules that contain carbohydrates, which have established roles in the cellular biology of mammals, will be described in the subsequent section. First, however, a simple overview of the chemical nature of carbohydrates will be presented. 
	Most naturally occurring carbohydrates have the general formula (CH2O)n and have either an aldehyde (aldose, Figure 1.1a,b) or ketone (ketose, (Figure 1.1c)) functionality. Aldoses and ketoses can cyclize to form a 6-membered ring, a pyranose (Figure 1.1a), or a 5-membered ring, a furanose (Figure 1.1b,c). For D-glucose, the most common monosaccharide in nature, the most thermodynamically favourable cyclization involves nucleophilic attack of the oxygen attached to C5 (O5) on the carbonyl centre  
	Figure 1.1:  Cyclization of carbohydrates results in the formation of two different anomers. 
	(A,B) D-glucose in its open chain form (middle) and the (-anomer (left) and (-anomer (right) of cyclized (A) glucopyranose (six-membered ring) or (B) glucofuranose (five-membered ring). In solution, D-glucose is predominantly in its cyclized glucopyranose form, however, interconversion between the (- and (-anomer occurs continuously and proceeds through the uncyclized form in a process called mutarotation. (C) Fructose is an example of a ketose, which is predominantly a furanose in solution.
	(C1). The result is a 6-membered ring and in this case, for glucose, is described as glucopyranose (Figure 1.1a). Two diastereomers, described in carbohydrate chemistry as anomers, can be formed depending on which face of the carbonyl is attacked by O5. As shown in the Fischer projections in Figure 1.1, if the oxygen atom attached to C1 and the most distant stereocenter from C1, C5 in the case of glucose, end up on the same side of the carbon backbone, this is called the (-anomer (Figure 1.1a – left). The alternate outcome results in the (-anomer (Figure 1.1a – right). The lowest energy conformation of glucopyranose in aqueous solution is a chair conformation, which is depicted in Figure 1.1a in the modern projection.
	Figure 1.2:  Several additional properties and terminologies associated with saccharides. 
	The anomeric centre is defined as the C1 carbon unit (blue arrow and label). (A) Free glucose in solution in its cyclized (shown here as the (-anomer) has a hemiacetal functionality (red). The hemiacetal can mutarotate between the (- and (-anomers, a process that proceeds through the open chain sugar. (B) When a saccharide is linked to another biomolecule through a glycosidic linkage (purple), an acetal (orange) functionality replaces the hemiacetal. An acetal does allow for mutarotation.
	Several additional features of carbohydrates require introduction since these terms will be referred to throughout this thesis. These features relate to the anomeric centre, which is defined as C1 in the cyclized form of glucose (Figure 1.2a). The anomeric centre has unique chemical properties because it is contained within either a hemiacetal functionality in monosaccharides (Figure 1.2a) or an acetal functionality when the saccharide is linked to another biomolecule through O1 (Figure 1.2b). The linkage formed between saccharides and other biomolecules in this way is called the glycosidic linkage (Figure 1.2b). The most common types of biomolecules linked to saccharides in this manner are proteins, lipids, or other saccharides. Saccharides that are glycosidically linked to other biomolecules have their stereochemistry at the anomeric centre fixed whereas saccharides in their hemiacetal form in aqueous solution can readily interconvert between the ( and (-anomers in a process called mutarotation. The process of mutarotation proceeds through the uncyclized form of the pyranose in a process shown in Figure 1.1. There are many other interesting chemical properties of carbohydrates that will not be discussed further but have been thoroughly discussed in several excellent book reviews (2, 3).       
	1.1.2 Glycoconjugates in Higher Eukaryotes

	Most eukaryotic and prokaryotic cells are coated with a dense a layer of a heterogeneous glycoconjugates, which has been described as the glycocalyx (literally meaning sugar coat). Since the glycocalyx is the first line of defence against pathogens, nature has evolved a plethora of different saccharide building blocks and ways to build these units up to form complex glycoconjugates. As higher eukaryotes are the focus of this thesis, the many types of saccharides and classes of glycoconjugates found in bacteria will not be discussed. Reflecting on Figure 1.1a, a different saccharide can be envisioned wherein the stereochemistry at one or more of the carbon centres is changed. Likewise, modifying or replacing a hydroxyl group with different substituents results in different saccharides. Some of the common monosaccharide units found in mammals are shown in Figure 1.3. One important functionality that is central to this thesis is the acetamido (NAc) group. Three different saccharides contain an acetamido group in mammals: N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), and N-acetylneuraminic acid (NeuAc), which is also referred to as sialic acid.
	Several of the common classes of glycoconjugates found within mammalian cells are shown in Figure 1.4. Complex N-glycosylation (Figure 1.4a), mucin-type O-glycosylation (Figure 1.4b), and glycosphingolipids (Figure 1.4c) share many of the 
	Figure 1.3:  Some monosaccharides commonly found in mammals. 
	The bottom three saccharides all contain an acetamido group and these saccharides are central to this thesis. All saccharides are drawn in a (-configuration and are the D-stereoisomers except for fucose that is the L-stereoisomer.
	Figure 1.4:  Several classes of common glycoconjugates founds in mammals. 
	(A) An example of a complex N-glycan. Complex N-glycans are biosynthesized in the secretory pathway and linked to asparagine residues of proteins that are destined to reside in the secretory pathway, on the cell surface, or those that are secreted. The core five saccharides (GlcNAc2Man3) are conserved but saccharides attached to this core vary significantly with, for example, many repeating LAcNAc (Gal-GlcNAc) units prior to termination of the saccharide branches with a NeuAc residue. (B) An example of a mucin-type O-glycan. This form of glycosylation shares several properties with complex N-glycosylation including complexity, heterogeneity, and cellular location. Mucin-type O-glycans are linked to proteins via an (-O-glycosidic linkage to serine or threonine residues. (C) An example of a glycosphingolipid. This class of glycosylation comprises a series of different oligosaccharides that are (-O-linked to ceramide. The ceramide moiety anchors these glycosphingolipids into the outer leaflet of the plasma membrane. Glycosphingolipids that have a sialic acid are called gangliosides and this specific example is the ganglioside GM2. Glycosphingolipids are biosynthesized in the secretory pathway. (D) The O-GlcNAc modification. This class of glycosylation is different than other forms of glycosylation found in mammals; O-GlcNAc is found in the cytoplasm and nucleus, is composed of only a single (-O-linked N-acetylglucosamine (GlcNAc) attached to serine and threonine residues, and is dynamic in nature. 
	same features. First, they are assembled with the secretory pathway; namely the endoplasmic reticulum (ER) and Golgi apparatus. Second, these species generally end up on the outer surface of the plasma membrane or are secreted from the cell. Third, they are complex and heterogeneous; although the core saccharides attached to the protein or lipid are conserved, the outer saccharide units can vary with different branching, linkages, and saccharide units being found. A fourth property of these types of glycoconjugates is that the glycan chain is commonly capped by NeuAc. Once in the outer leaflet of the plasma membrane, these three classes of glycoconjugates have various defined roles in cellular biology. For instance, complex N-glycosylation can affect the residency time of proteins on the cell surface (4) as well as increase protein stability (5), mucin-type O-glycosylation has many defined roles in intercellular communication (6), and glycosphingolipids can modulate intracellular signaling events through the actions of lipid rafts (7). Many other roles for these three glycoconjugates have been reviewed extensively elsewhere (3). In striking contrast to these three aforementioned classes of glycoconjugates, there exists another common glycoconjugate called the O-GlcNAc modification (Figure 1.4d). Unusual in its simplicity, O-GlcNAc differs from these other forms of glycosylation in number of different ways. One of these differences is its presence in the cytoplasm and nucleus and exclusion from the secretory pathway and cell surface. The O-GlcNAc modification is the primary topic of this thesis and will be introduced in much more detail below. 
	1.1.3 Carbohydrate Active Enzymes

	The superfamilies of enzymes known as glycosyltransferases (GTs) and glycoside hydrolases (GHs) are responsible for assembly and breakdown of glycoconjugates respectively. Based on primary sequence information, a database describing a classification system for these enzymes has been developed and is known as the Carbohydrate-Active Enzymes (CAZy) database (8). This database, which is useful for discussing structural and enzymatic differences between these enzymes, divides each superfamily into families. Members within each family have similar three-dimensional folds, almost uniformly conserved active site architecture, and nearly always have the same regio- and sterochemical preference for their substrates. The CAZy database holds a wealth of knowledge and has been reviewed in detail elsewhere (1, 9, 10). For now, a general overview of GHs and GTs will be provided below and in subsequent chapters finer details will be discussed.
	1.1.3.1 GHs

	GHs catalyze the hydrolysis of glycosides, which is the transfer of a glycosyl unit to a water molecule (Figure 1.5a). The superfamily of GHs have a long history of speculation and experimental studies aimed at determining precise details of their catalytic mechanism. Four principle reasons have spurred on this interest. First, lysozyme, which breaks down the oligosaccharide chain within the peptidoglycan cell wall of bacteria, was the first enzyme to have its three-dimensional structure determined (11). This early structural insight has incited much interest into the catalytic mechanism employed by lysozyme over the years (12-15). The second reason for the interest in the GH superfamily stems from the inherent chemical stability of the glycosidic linkage. At room temperature in neutral pH it is estimated that glycosidic linkages have half-lives of up to 8 million years (16), which is significantly longer than that of linkages found in other biomolecules such as protein, RNA, or DNA (17). GHs are therefore extremely proficient enzymes that are capable of accelerating reactions by over 17 orders of magnitude, ranking them amongst the most proficient enzymes known (17). Accordingly, there is much interest in trying to understand the origins of this catalytic proficiency.
	Figure 1.5:  Glycoside hydrolysis and glycosyl transfer by GHs and GTs. 
	(A) GHs catalyze the hydrolysis of a glycosidic linkage. A given GH is specific for either an (- or (-linkage. GHs have evolved different mechanisms to hydrolyze glycosidic bonds. The details of these mechanisms are discussed in Chapter 2. (B) GTs catalyze the transfer of a glycosyl residue from a glycosyl phosphate donor to, in most cases, a hydroxyl group of an acceptor. The donor is usually a nucleotide diphosphate sugar but a nucleotide monophosphate sugar or lipid linked-sugar is also used by some GTs. The acceptor hydroxyl group is often a part of a protein, lipid, or another saccharide. GHs and GTs are specific for the stereochemistry at the anomeric centre and this stereochemistry can either be retained or inverted during the course of the reaction. In these examples, the GH-catalyzed reaction has retained stereochemistry at the anomeric centre whereas the GT-catalyzed reaction proceeds with inversion of stereochemistry at the anomeric centre.  
	A third reason for the interest in GHs is that they play vital roles in health and disease. Within mammals, most GHs are located in the lysosome, which is the location where most proteins and lipids bearing cell surface glycans traffic after their residency on the cell surface is over. It is within the lysosome that GHs degrade the linkages between saccharides and lipids, proteins, and other saccharides. Certain saccharides, such as NeuAc for example, are energetically expensive for the cell to biosynthesize de novo, and so GHs save the cell energy by enabling the recycling of these components. The importance of this recycling process is also highlighted by a large set of disease states, generally referred to as lysosomal storage disorders, which are characterized by the intracellular accumulation of glycoconjugates to toxically high levels. These diseases are the result of mutations in the genes that encode lysosomal GHs (18). Of course, GHs have many roles that extend beyond simply recycling components. As carbohydrates are central metabolites in energy storage, breakdown of polysaccharides is a critical step for accessing this chemical energy. Sustained high blood sugar levels can be harmful and a well established pharmacological route to limiting excessive blood sugar levels is through targeting the GHs of the digestive track that breakdown dietary oligosaccharides – an important and widely used therapeutic approach for treating type II diabetes (19). A fourth reason for the widespread interest in the GH superfamily is their vast potential for use in industrial biotransformations such as for foods and biofuels. Recently, an increased desire for alternative energy sources has greatly spurred on efforts to use GHs for biomass conversion to useful products such as biofuels (20). 
	1.1.3.2 GTs

	GTs are broadly defined by their ability to use a donor sugar that contains a phosphate leaving group to transfer the glycosyl moiety to an acceptor molecule (Figure 1.5b). The donor sugar is often a nucleotide diphosphate sugar or, in some cases, a nucleotide monophosphate or a lipid phosphate-linked sugar. The most common type of acceptor for GTs in nature is a hydroxyl group, which is most often part of a protein, lipid, or another saccharide unit. The study of GTs has lagged behind GHs in many ways due to the difficulties in their purification, assaying, and crystallization. One factor that accounts for many of these difficulties is that GTs in the secretory pathway are often membrane bound. Despite many obstacles, steady progress is being made in studying the GT superfamily of enzymes and a recent review offers an excellent description of the current understanding of this class of enzyme (21). One consistant observation made by researchers studying GTs is that there appears to be only two major types of general protein folds that make up GTs. The GT-A fold is a single Rossmann fold, which use a DXD motif to coordinate a divalent metal cation for catalysis. On the other hand, the GT-B fold has two Rossmann folds that are hinged together and generally operate without the requirement of a divalent cation.   
	1.1.4 Nucleotide Diphosphate Sugars: UDP-GlcNAc and the Hexosamine Biosynthetic Pathway

	UDP-N-acetyl-(-D-glucosamine (UDP-GlcNAc) is an important substrate that is used by numerous GTs that biosynthesize various glycoconjugates including the four common types of glycoconjugates found in mammals that were described above. Furthermore, UDP-GlcNAc is also used as central metabolite for the biosynthesis of UDP-N-acetyl-(-D-galactosamine (UDP-GalNAc) and CMP-N-acetyl-(-D-neuraminic acid (CMP-NeuAc), which are also used for the biosynthesis of complex N-glycans, mucin-type O-glycans, and glycosphingolipids. UDP-GlcNAc is primarily derived from fructose-6-phosphate (Fru-6-P), which is itself made from glucose, via the hexosamine biosynthetic pathway (HBSP) (Figure 1.6). An earlier study showed that 2-3% of all dietary glucose is shunted into the HBSP (22). The first committed and rate-determining step of this pathway is conversion of Fruc-6-P to glucosamine-6-phosphate (GlcN-6-P), which is catalyzed by an enzyme termed glutamine-fructose-6-phosphate-transaminase (GFAT). Levels of UDP-GlcNAc are tightly regulated through feedback inhibition on GFAT by UDP-GlcNAc (23). Altered levels of UDP-GlcNAc have been shown, through different experimental paradigms, to produce deleterious consequences to the cell by altering levels of various glycoconjugates (4, 22, 24-26).
	Figure 1.6:  Biosynthesis of sugars bearing an acetamido group. 
	UDP-GlcNAc is made in four steps from fructose-6-phosphate via the hexosamine biosynthetic pathway (HBSP, box). The rate-limiting step of the HBSP is conversion of fructose-6-phosphate to glucosamine-6-phosphate, which is catalyzed by the enzyme GFAT. UDP-GlcNAc is epimerized to form UDP-GalNAc by an epimerase termed GalE. UDP-GlcNAc can also be transformed into CMP-NeuAc in five steps via the sialic acid biosynthetic pathway.
	The HBSP has been described as a nutrient sensing pathway. The underlying principle is that UDP-GlcNAc has the potential to reflect the nutritional status of the cell since it is made from glucose. Although some studies have shown that cellular UDP-GlcNAc levels are proportional to glucose availability (25, 27), several more recent and thorough studies have clearly shown that there is an upper limit of intracellular UDP-GlcNAc levels that can be achieved from hyperglycemia alone (28, 29), which is not surprising given that UDP-GlcNAc feeds back to inhibit GFAT. An additional reason that the HBSP is described as a nutrient sensing pathway is that all four major biomolecules (sugars, proteins, lipids, and nucleotides) are required for the biosynthesis of UDP-GlcNAc. Glutamine is required as the source of ammonia, which is used by GFAT, acetyl-CoA is required by the enzyme glucosamine-6-phosphate acetyl transferase (GNAT), and UTP is required by the enzyme UDP-N-acetylglucosamine pyrophosphorylase (AGX). A link between fat metabolism and the HBSP has been proposed from several studies that have reported a correlation between UDP-GlcNAc levels and the availability of fatty acids (25, 30, 31). UDP-GlcNAc levels, therefore, have the potential to respond to glucose levels and other nutritional cues.  
	As many types of glycoconjugates are made from UDP-GlcNAc, it is not surprising that decreased UDP-GlcNAc levels are unhealthy for cells. In fact, it was shown that knockout of GNAT in the HBSP results in embryonic lethality in mice (26). Given the importance of UDP-GlcNAc, it is not surprising that numerous salvage pathways are in place to recover GlcNAc and glucosamine (GlcN). As described above, a host of lysosomal GHs exist to breakdown glyconjugates into their respective saccharides for recycling. These released monosaaccharides must be activated by phosphorylation by specific kinases to feed into the HBSP (Figure 1.6). For instance, GlcNAc and GlcN are phosphorylated to produce GlcNAc-P and GlcN-6-P. Knowledge of carbohydrate salvage pathways is valuable because the ability of sugars to feed into these pathways can provide means for treating congenital disorders of glycosylation (32) as well as allowing investigators to manipulate metabolic levels or incorporate unnatural sugars for studying glycoconjugates (33, 34).
	1.2 The O-GlcNAc Modification
	1.2.1 Historical Perspective


	Prior to 1984, most glycoconjugates in mammals were thought to be restricted to the secretory pathway and destined for the extracellular face of the plasma membrane, or to be secreted from the cell into the extracellular matrix or blood. There were some exceptions, such the storage of glycogen in the cytoplasm of hepatocytes and muscle cells, but there was a prevailing dogma that glycoconjugates, which play an intricate role in cellular physiology (rather than just acting as an energy storage reserve) do so outside the context of the nucleus and cytosplasm. A seminal study published in 1984 by Torres and Hart, however, upset this paradigm (35). Using a galactosyltransferase ((4GalT) which catalyzes the transfer of a galactose residue to GlcNAc in a (1-4 linkage, Torres and Hart showed that upon (-elimination from the polypeptide backbone and reduction, 4-O-((-galactopyranosyl)-2-deoxy-2-N-acetamido-D-glucatol ((1-4GlcNAcitol) was produced (Figure 1.7). The novelty of this finding was that a fraction of this Gal(1-4GlcNAcitol originated from intracellular proteins, suggesting the presence of a single O-linked GlcNAc (O-GlcNAc) residue on cytoplasmic proteins. Retrospectively, findings dating back to 1981 suggested the presence of GlcNAc on nuclear proteins since a lectin that binds N-acetylglucosamine had been shown to recognize nuclear proteins (36), however, it was this initial finding by Torres and Hart that spawned a new branch of glycobiology.
	Figure 1.7:  Demonstration of how O-GlcNAc was first discovered. 
	Torres and Hart discovered that intracellular proteins are modified with a single O-linked GlcNAc (35). First, a galactosyltransferase ((4GalT) was used to modify terminal GlcNAc residues on glycoconjugates. Basic conditions were then used to (-eliminate saccharides that are O-linked to a polypeptide. The mechanism for (-elimination is demonstrated by the series of arrows. This was followed by reduction of the liberated saccharides, using sodium borohydride, and subsequent analysis of the resulting products by HPLC. The discovery that the disaccharide Gal(1-4GlcNAcitol was being liberated from intracellular proteins was the first direct observation of the O-GlcNAc modification.
	Several important studies followed up this initial observation by Torres and Hart to establish a basic biochemical understanding of this form of protein glycosylation. First, it was determined that this form of glycosylation is particularly abundant in the nucleus and nuclear envelope (37, 38); a finding that was promptly corroborated with GlcNAc-specific antibodies as well as a lectin that binds GlcNAc (39-42). Second, Holt et al. were able to provide strong evidence that the chemical linkage between the GlcNAc residue and the serine or threonine residue was a (-glycosidic linkage (43); a hexosaminidase from Jack Bean, that is selective for the (-linkage, was able to remove GlcNAc from modified proteins. Together these initial studies provided the foundation for future studies exploring the O-GlcNAc modification. To date, over 1200 papers have been published on the O-GlcNAc modification. Despite the progress that has been made over the past 25 years, there is much that remains to be learned about the O-GlcNAc modification. The general properties of the O-GlcNAc modification can be found in Table 1.1. Many of these properties are unique to the O-GlcNAc, compared to most other forms of glycosylation and these differences will be noted below.
	Table 1.1:  Properties of the O-GlcNAc modification.
	1.2.2 Simple

	As described above, the O-GlcNAc modification was originally described as a single N-acetylglucosamine residue (-linked to serine and threonine residues. To date, no exceptions have been discovered. In particular, no examples have emerged to show the extension of this monosaccharide to a disaccharide or oligosaccharide. This contrasts to most other forms of cellular glycosylation, which exist as complex oligosaccharides.
	1.2.3 Dynamic

	In a manner reminiscent of phosphorylation, two different enzymes regulate the levels of O-GlcNAc modification of proteins (Figure 1.8). UDP-GlcNAc:polypeptidyl transferase O-GlcNAc transferase (OGT) catalyzes the installation of the (-linked N-acetylglucosamine to the hydroxyl group of serine and threonine residues of target 
	Figure 1.8:  The O-GlcNAc post-translational modification. 
	Glucose that enters the cell is converted to Fru-6-P. This central metabolite can be consumed through glycolysis or enter the hexosamine biosynthetic pathway (HBSP) to make UDP-GlcNAc in four enzyme-catalyzed steps. UDP-GlcNAc is used as a building block for many forms of glycosylation, one of which is the O-GlcNAc modification of serine and threonine residues of nucleocytoplasmic proteins. O-GlcNAc transferase (OGT) uses UDP-GlcNAc to modify proteins and this process is dynamic since an enzyme called O-GlcNAcase (OGA) can remove O-GlcNAc and thereby return proteins to their unmodified state. 
	proteins using UDP-GlcNAc as a substrate (44). Conversely, an N-acetylglucosaminidase known as O-GlcNAcase (OGA) catalyzes the hydrolysis of the (-glycosidic linkage, removing the modification and returning proteins to their unmodified state. These enzymes will be described in much more detail below. A consequence of the actions of these two reciprocal enzymes is that they impart a dynamic nature to the O-GlcNAc modification. Indeed, several studies have reported pulse chase experiments where the protein backbone and GlcNAc are simultaneous labelled, with different radioisotopes, and have established that the O-GlcNAc modification is degraded faster than the polypeptide backbone to which it is attached (45, 46). Further evidence for this dynamic turnover of O-GlcNAc comes from studies where the function or levels of OGT or OGA in the cell are perturbed through genetic or pharmacological methods. Targeted gene deletion of OGT at the cellular level results in a time-dependent decrease in O-GlcNAc levels due to the continued action of OGA (47). Alternatively, inhibition of OGA with a small molecule inhibitor dramatically elevates O-GlcNAc levels (48). Collectively, these studies have established that the O-GlcNAc modification can cycle on and off proteins multiple times during the lifetime of a protein, which contrasts to most forms of glycosylation that remain covalently attached to the protein until the protein is fated for destruction in the lysosome.
	1.2.4 Cellular Localization 

	The cellular localization of O-GlcNAc is fairly well understood in large part from the development and use of different innovative detection methods. These tools have enabled researchers to probe for the presence of O-GlcNAc on proteins and have collectively established that the modification is abundant in the nucleus and to a slightly lesser extent, the cytoplasm. O-GlcNAc appears to be particularly abundant in two particular cellular structures: the nuclear envelope (37, 40) and nerve termini (49, 50). Although several earlier studies suggested that O-GlcNAc was not present in the mitochondria (37, 51), more recent studies have been able to detect O-GlcNAc-modified proteins in this organelle (52, 53). 
	1.2.5 Abundance 
	1.2.5.1 In Nature


	The O-GlcNAc modification is primarily found in metazoans, which are multicellular eukaryotes in which the cells do not have cell walls (54). O-GlcNAc-modified proteins have been identified in some protists (55, 56), bacteria (57), and plants (58, 59) but the significance of these findings require more exploration. Some fungi have a gene encoding OGT but O-GlcNAc-modified proteins have never been observed in this kingdom (56). O-GlcNAc-modified proteins have also been identified on several viral proteins but these modifications very likely stem from the action of host OGT (60, 61). Curiously, O-GlcNAc is absent from yeast, which has undoubtedly slowed understanding of the cellular function of this post-translational modification. Very few studies have investigated the O-GlcNAc modification in flies (62), however, the recent discovery that the function of OGT is conserved between fly and human will likely spur on research into the O-GlcNAc modification in this model organism (63). 
	1.2.5.2 In the Cell

	To date somewhere between 500-1000 different proteins from metazoans have been identified as bearing O-GlcNAc. Considering that the methods for detection of O-GlcNAc are continuously improving, this number is bound to increase substantially. Proteins of many different functions have been shown to be O-GlcNAc-modified including those involved in diverse processes including: maintenance of cellular structure (49, 64-72), cellular signaling (73-77), transcriptional regulation (62, 78-87), intracellular transport (88-90), translation (91, 92), and protein degradation (93, 94). This small list is certainly not exhaustive and, in fact, it is difficult to find a process occurring in the cytoplasm or nucleus where O-GlcNAc is not present on the proteins that are involved. The widespread nature of the O-GlcNAc modification on proteins most likely relates to the function(s) that O-GlcNAc serves; this seems especially relevant given that there is only one gene encoding OGT that glycosylates all these targets.   
	1.2.5.3 On Proteins

	Like phosphorylation, the number of sites of O-GlcNAc modification can greatly vary on an individual protein. The number of sites on a proteins have been found to vary from a single site (72) to upwards of 30 (95, 96). Few proteins have had the specific sites of modification determined, however, based on the limited data set and available structural data for these proteins it appears that O-GlcNAc is found predominantly in unstructured regions due to many mapped sites being found in proline rich regions. This underappreciated fact may offer a clue as to the cellular function(s) of the O-GlcNAc modification. 
	1.2.5.4 At Individual Sites

	At individual sites found to be O-GlcNAc-modified, the stoichiometric ratio of O-GlcNAc attached to the site is usually low. Several studies using acid hydrolysis of the peptide backbone in combination with amino acid analysis have demonstrated that the stoichiometry of O-GlcNAc on several proteins range anywhere from 0.5 – 14% (66, 72). Earlier mass spectrometry methods (97, 98) and a more recent quantitative mass spectrometry study (99) have confirmed similar substoichiometric occupancies for the O-GlcNAc modification. 
	1.2.6 Methods of Detection 

	As noted above, an understanding of the O-GlcNAc modification has benefited from the advancement in analytical methods that are capable of detecting this modification. The low stoichiometry of O-GlcNAc at individual modification sites of proteins and the labile nature of the glycosidic linkage to mass spectrometry methods (see below) have driven the development of more specific and sensitive detection methods. These methods are discussed below and the advantages and disadvantages of each method are summarized in Table 1.2. The methods that are used in this thesis will be noted.
	Table 1.2:  Methods for detecting the O-GlcNAc modification.
	1.2.6.1 Galactosyltransferase

	The study that led to the discovery of the O-GlcNAc modification, by Torres and Hart, made use of a (-1,4-galactosyl transferase ((4Gal-T) that adds a galactose residue to a terminal GlcNAc residue within glycoconjugates (35). This method continues to be used for detecting O-GlcNAc on proteins (62, 70, 88). Two disadvantages of this technique are that it requires the use of radiolabelled UDP-Gal and it is likely that some sites of modification are not accessible to (4Gal-T and so cannot be labelled with galactose. More recently, a variation of this method was developed that makes use of a mutant of (4Gal-T to install a derivatized GalNAc residue (100), which can then be chemically modified with a tag, such as biotin, using bioorthogonal chemistry (33). In this manner, radioactivity is avoided but the inability of (4Gal-T to recognize all sites must still be taken into account. The galactosyltransfer assay was not used for experiments carried out in this thesis. 
	1.2.6.2 Immunological Detection

	Currently, there are three commercially available antibodies (39, 41, 42) as well a lectin that recognize a wide variety of O-GlcNAc-modified proteins (38). The most common and robust antibody used is termed CTD110.6. This mouse IgM antibody was raised from a chemically synthesized O-GlcNAc-modified peptide derived from the C-terminal domain of RNA polymerase II, which is known to be O-GlcNAc-modified (42). The CTD110.6 anti-O-GlcNAc antibody detects many O-GlcNAc-modified proteins. The second most commonly used antibody, which was the first to be developed and characterized, is called RL2 (39). This mouse IgG antibody was raised against nuclear pore proteins and found to be specific for the O-GlcNAc modification, likely because nuclear pore proteins are abundantly modified with O-GlcNAc (43). Nevertheless, RL2 recognizes a fairly large set of O-GlcNAc-modified proteins that extend beyond nuclear pore proteins. The least commonly used antibody is a mouse IgG antibody termed HGAC85, which was raised against streptococcal group A carbohydrates (101). This antibody was found to recognize O-GlcNAc-modified proteins (41) and has seen a resurgence in recent years because it performs better than the other two antibodies in certain applications such as a chromatin immunoprecipitation (CHIP) (63, 84, 85). It should be noted that the affinity of these antibodies for O-GlcNAc is not high and, as a consequence, these antibodies generally perform poorly in immunoprecipitations. They do, however, work well for detecting proteins immobilized on surfaces such as in Western blotting and immunohistochemical staining. All three antibodies were used for experiments carried out and described throughout this thesis. It should be noted that in addition to these general antibodies that recognize the O-GlcNAc modification, several studies have reported the development of  site-specific O-GlcNAc antibodies (102-104). A lectin called wheat germ agglutinin (WGA), which recognizes terminal GlcNAc residues on glycoconjugates, is available and is superior to the antibodies at precipitating O-GlcNAc-modified proteins but has the disadvantage that it recognizes GlcNAc present in other forms of glycosylation. Indeed, WGA is widely recognized and used as a probe for complex N-glycosylation on proteins (3). 
	1.2.6.3 Metabolic Labelling

	When GlcNAc or GlcN are added to cultured cells, they are efficiently scavenged into the HBSP to form UDP-GlcNAc (Figure 1.6), which can then be used by OGT to modify proteins. Radioactively labelled GlcNAc or GlcN is, therefore, a sensitive means of directly detecting the modification on proteins since it does not rely on enzyme or antibody recognition. Based on metabolic engineering, a second method was developed in which a chemically reactive derivative of GlcNAc containing an azide appended to the methyl group of the 2-acetamido substituent (GlcNAz) is metabolically incorporated. Vocadlo et al. demonstrated that the cellular machinery for transforming GlcNAc to UDP-GlcNAc is capable of tolerating the azide moiety and that GlcNAz does get attached to proteins at sites of O-GlcNAc (34). Once on proteins, this azide group provides a chemically reactive functionality that can be modified, using different chemoselective ligation strategies, with a reporter tag such as biotin to enable sensitive detection or enrichment of the protein. The disadvantage of metabolic labelling is that GlcNAc can also be incorporated within other forms of glycosylation and thus good cellular fractionation methods must be employed to separate intracellular proteins from membrane-bound proteins and those en route to the cell surface in the secretory pathway. Metabolic labelling was used in experiments that are a part of Chapater 5 this thesis.  
	1.2.6.4 Mass Spectrometry

	It has been known for some time that the glycosidic linkage of O-GlcNAc is particularly susceptible to dissociation during ionization carried out in mass spectrometry experiments (105). Different techniques to derivatize sites of modification have been developed to overcome this problem (105-107), however, there are drawbacks to these methods. More promising, are new milder and more sensitive mass spectrometry techniques that allow for the detection of native O-GlcNAc-bearing peptides (96). Detection of O-GlcNAc with mass spectrometry was used in this thesis.      
	1.2.6.5 In vitro Modification

	Using purified O-GlcNAc transferase it is possible to glycosylate target protein in vitro (108), yet the potent product inhibition of OGT by UDP makes it difficult to achieve a high stoichiometry of modification (44). A variation of this method is the recombinant coexpression of OGT and the target protein in Escherichia coli (109, 110). In a similar method, a target protein can be O-GlcNAc-modified when expressed in insect cells, through modification by endogenous insect OGT (111). Both of these methods have been shown to result in a high stoichiometry of modification on the desired protein and have been used to prepare O-GlcNAc-modified proteins for biochemical studies (111, 112). The coexpression system in E. coli was used in experiments carried out in this thesis.        
	1.3 OGT
	1.3.1 Cellular Importance 


	In metazoans, there is only one gene encoding OGT identified thus far in model organisms (113) and its primary amino acid sequence is highly conserved among different species (114). The biological importance of OGT, and by extension the O-GlcNAc modification, was inferred from the observation that knockout of OGT in several model organisms results in lethality. Targeted knockout of the gene encoding OGT in mice results in a failure to complete embryogenesis (113). In a follow-up study, O’Donnell et al. showed that when mouse embryonic fibroblasts (MEFs), containing the gene encoding OGT flanked by LoxP sites, were treated with Cre recombinase, the gene encoding OGT was excised from the genome and cells failed to divide but entered into a period of senescence (47). Studies in Drosophila melanogaster have largely agreed with these initial findings, showing that OGT is essential for development and is a member of the polycomb group (PcG) of proteins that are responsible for epigenetic regulation of gene transcription (63, 85). Unlike mice, where disruption of the OGT gene failed to produce a multicellular embryo, flies with mutations or deletions in OGT were able to survive until a time right before emergence of the larvae from the chrysalid. This discrepancy likely stems from the known strong maternal mRNA contribution occurring in D. melanogaster that results in production of maternally loaded OGT during development. One important finding from the studies in flies was that human OGT could rescue loss of fly OGT, establishing that the function of OGT is conserved between flies and humans (63). Arabidopsis thaliana contains two genes that encode an OGT. Deletion of either gene results in only a minor phenotype, however, deletion of both genes results in a failure to undergo gametogenesis and embryogenesis (115).  Curiously, knockout of OGT in Caenorhabdtis elegans only affected dauer formation but homozygous recessive worms were otherwise viable (116). It should be pointed out that in all these studies differentiating catalytic from non-catalytic roles of OGT is not possible and therefore extrapolating the observation that OGT is critical to suggest that the O-GlcNAc modification is essential is complicated by the fact that OGT may have more than just a catalytic function. Studies making use of an OGT inhibitor or catalytically inactive mutants of OGT have the potential to shed light on this issue.
	1.3.2 Tissue Distribution, Cellular Location, and Isoforms

	OGT is expressed in all tissue types but expression levels are variable. Levels of OGT mRNA transcript, protein, and activity are highest in the brain, pancreas, and spleen (114, 117). Three isoforms of OGT are known in mammals (Figure 1.9a). The full-length (FL) protein (nuclear and cytosolic OGT; ncOGT), which is the most abundant is a 1036 amino acid protein that is found throughout the nucleus and cytoplasm but is most abundant in the nucleus (114, 117). This cellular localization is in keeping with the O-GlcNAc modification being most abundant in the nucleus. Within neurons, OGT is particularly enriched in the synaptic bouton (50); once again correlating with the high levels of O-GlcNAc in this cellular location (49). A shorter isoform (mOGT) is generated from alternative splicing and results in an N-terminal mitochontrial targeting sequence (118) and cellular staining showed that the localization of mOGT overlaps with mitochondrial markers (51). Lastly, an even shorter isoform (sOGT) is generated from an internal start codon (118), however, little is known about its function and one study showed that it fails to modify proteins that are modified by the other two isoforms (119). 
	1.3.3 Domains
	1.3.3.1 Tetratricopeptide Repeats.


	Residues 1-480 of the human ncOGT isoform comprise a series of 13.5 tetratricopeptide repeats (TPRs). Each TPR is formed from 34 amino acids that form two antiparallel alpha helices. These TPRs stack on top of each other with a gradual twist that gives rise to a suprahelical structure (120). Jinek et al. determined the structure of the first 11.5 TPRs of human OGT (Figure 1.9b) (121). TPRs are ubiquitous in nature and often found on two broad classes of proteins: those that are required to interact transiently with many other proteins, such as heat shock proteins (122), or those involved in large protein scaffolds, such as the anaphase-promoting complex (123). These two properties of TPRs appear to go hand-in-hand with the observation that OGT glycosylates hundreds of different proteins. Indeed, several studies have shown that 
	Figure 1.9:  The three isoforms and structure of the tetratricopetide repeats (TPRs) of human OGT. 
	(A) Human OGT is composed of three isoforms and two distinct domains. The N-terminal domain is a series of tetratricopeptide repeats (TPRs) and the C-terminal domain is the glycosyltransferase catalytic domain. The longest and most abundant isoform is called ncOGT because it is predominantly found in the nucleus and cytoplasm. The mOGT isoform is generated from alternative splicing and has a mitochondrial localization sequence at the very N-terminus of the protein that targets it to mitochondria. mOGT has only nine TPRs. sOGT is generated from an internal start codon and is a protein with only three TPRs; very little is known about this isoform. (B) The superhelical structure of the first 11.5 TPRs of human OGT, which was solved by Jinek et al. using x-ray crystallography (121). The left panels represent the structure draw in cartoon format while the right panels depict a surface representation of the structure. The bottom panels show the superhelical structure end on. All structures were draw in PyMol using PDB 1W3B.
	deletion constructs of OGT lacking a certain number of TPRs fail to interact with substrates and hence fail to glycosylate target substrates (119, 121, 124-126), yet they retain their ability to glycosylate model peptides (124, 127). OGT has also been shown to stably interact with numerous proteins (83, 128-133), which is in keeping with the properties of TPRs found for other TPR-containing proteins. Also consistent with TPR-containing proteins being found in large protein complexes, is that OGT is tightly localized at the midbody during mitosis (103) as well as within a large complex involved in transcriptional regulation (83). One outstanding question is how important the activity of OGT is in these protein complexes versus its role in maintaining the structural integrity of such large protein complexes.
	1.3.3.2 Glycosyltransferase Domain

	Residues 480-1036 of human ncOGT, encode the glycosyltransferase domain that is responsible for enzymatic installation of the O-GlcNAc modification. This domain is a member of family 41 of GTs in the CAZy database. As is evident from sequence alignments, two Rossmann folds constitute the catalytic domain (134); providing evidence that the OGT catalytic domain has a GT-B fold. Consistent with this prediction, an earlier biochemical study demonstrated that a divalent metal was not necessary for catalysis (44). Very little else was known about this domain prior to work in this thesis. In one study, mutations were made to the catalytic domain and these mutants were expressed and assayed for their ability to glycosylate a target protein (135). Although the authors demonstrated decreased activity in some of these mutants, many of these mutant enzymes expressed poorly; no evidence was presented that these mutations were in the active site and, therefore, decreased catalytic efficiency may have simply been a consequence of a perturbed structure. More recently, a series of lysine residues at the extreme C-terminus of the protein was suggested to target OGT to the plasma membrane under certain conditions through interactions with PI(3,4,5)P3 (136). One outstanding question with regard to OGT is how the TPRs interface with the catalytic domain in a manner that facilitates modification of target proteins. As described above, the TPRs clearly play a role in substrate binding and recognition but the precise molecular details of how the two domains interact to direct which proteins are modified is intriguing.
	1.3.4 Lack of consensus sequence

	To date, no amino acid consensus sequence has been discovered that directs which amino acids are modified by OGT despite detailed knowledge and mapping of over 50 O-GlcNAc sites. The only trend that has been observed from these mapped sites, is a loose requirement for a proline residue 1 or 2 residues N-terminal to the serine or threonine site, which is present in approximately 40% of mapped sites (95, 96). Sites of modification often occur in proline rich regions, which seem in keeping with the modification being present on unstructured regions of proteins. In the most thorough study attempting to define a consensus sequence, Leavy and Bertozzi investigated the effect of systematically altering the amino acids in a model peptide substrate for OGT ((-crystallin; AIPVSREEK) (137). These investigators found that mutation of the proline abolished activity to more than the 10-fold sensitivity limit of their assay. Nevertheless, many other extreme modifications to the peptide, such as replacing the valine for a glutamic acid or changing one of the glutamic acids to a lysine, had a minimal effect on the catalytic efficiency of OGT towards the substrate. The lack of consensus sequence has puzzled the O-GlcNAc field and is in stark contast to other post-translational modifications that have very well defined consensus sequences. Making sense why there is no consensus sequence surrounding the site of modification will likely lead to a better understanding of the cellular role of the O-GlcNAc modification as well as a basic understanding of how OGT selects its targets.  
	1.4 OGA
	1.4.1 Cellular Importance 


	The gene encoding OGA was originally described as meningioma expressed antigen 5 (MGEA5) because mRNA transcripts were first observed in several meningioma tissues (138). Like OGT, there is only one gene known to encode OGA in metazoans. A knockout of OGA has yet to be described in vertebrates. A knockout of OGA was carried out in C. elegans (139); these worms were viable, had elevated O-GlcNAc levels, and only showed small defects in dauer formation.
	1.4.2 Tissue Distribution, Cellular Location, and Isoforms

	OGA is expressed in all types of tissues, but like OGT, OGA is particularly abundant in the brain and pancreas (140). Thus far, two isoforms for human O-GlcNAcase have been described (Figure 1.10). The long isoform (OGA-FL) in humans is 916 amino acid protein that is present in the cytoplasm and nucleus at roughly the same concentration (141, 142). The gene encoding OGA (MGEA5) was shown by Comptesse et al. to undergo alternative splicing to generate a truncated protein (141). When intron 10 fails to be spliced, a transcript is generated that encodes a protein having a 662 amino acid N-terminal section identical to OGA-FL and an additional 15 amino acid C-terminal piece arising from the start of intron 10. Such a protein (OGA-NV) therefore lacks the C-terminal domain of OGA. Cell fractionation studies provided evidence that OGA-NV resides in the nucleus (141).
	Figure 1.10:  The two isoforms of human OGA. 
	Full length OGA (FL-OGA) has two domains. Prior to this thesis some data indicated that the N-terminal domain has N-acetylglucosaminidase activity and the C-terminal domain has histone acetyltransferase activity. Nevertheless, this data was not conclusive and there was some confusion on this issue, which is indicated by the question marks. A shorter isoform is generated when intron 10 is not spliced from the mRNA; this results in a truncated protein with a 15 amino acid C-terminal piece that is encoded by intron 10. Prior to this thesis, no structural information was available regarding OGA. 
	1.4.3 Domains

	OGA-FL is composed of distinct N- and C-terminal domains that are apparent from sequence alignments (Figure 1.10) (140). A region corresponding to amino acids 1-350 of the human enzyme, which has sequence similarity to hyaluronidases (138), was proposed by some to contain the catalytic glycoside hydrolase domain of OGA (143, 144). Still others have suggested that the C-terminal domain is essential for OGA activity (142, 145). Some data arose claiming the C-terminal domain has histone acetyltransferase activity (HAT) (146), which indirectly supported the proposal that the N-terminal domain harbours the N-acetylgluocosaminidase activity. Nevertheless, another study refuted the claims that the C-terminal domain has HAT activity (147). Therefore, prior to this thesis confusion existed as to the function of each of these two domains.
	1.4.4 Functionally-Related Enzymes 

	Humans have four genes encoding GHs that remove terminal GlcNAc or GalNAc from the non-reducing end of glyconjugates (Table 1.3). HexA and HexB (collectively referred to as the (-hexosaminidases) encode highly homologous enzymes that are located in the lysosome and are members of family 20 of GHs. HexA is a homodimer consisting of two proteins from the hexa gene whereas HexB is a heterodimer composed of one protein from the Hexa gene and one protein from the Hexb gene These two enzymes hydrolyze GlcNAc and GalNAc from glycosphingolipids with their best characterized substrate being the ganglioside GM2 (Figure 1.4c) (148). A third hexosaminidase was described some time ago whose activity could be differentiated from HexA and HexB by preference for neutral pH and a strict specificity for gluco-configured substrates (149, 150). Described as HexC, this enzyme was later revealed to be OGA (151), which belongs to family 84 of GHs. Very recently, a fourth hexosaminidase, HexD, was cloned and characterized as a cytosolic enzyme belonging to GH20 (152). The natural substrate for HexD is unknown, however, Gutternigg et al. presented preliminary data to suggest that it cannot act on O-GlcNAc modified proteins, which is in line with its apparent preference for galacto-configured substrates.
	Table 1.3:  Mammalian exo-acting (-N-acetylglucosaminidases.
	1.5 Modulating Cellular O-GlcNAc Levels  

	The ability to modulate the levels of a post-translational modification is important for understanding the normal cellular and physiological roles of the modification. Phosphorylation is one well known example where kinase inhibitors have proven to be valuable tools for unlocking the biological roles of kinases (153). The O-GlcNAc modification is no different; methods for altering O-GlcNAc levels have been a key to examining its role in cellular biology. Although O-GlcNAc levels can be artificially increased or decreased through either genetic or pharmacological methods, elevating O-GlcNAc levels with small molecule inhibitors has proven the most tractable and is the foundation for many of the studies in this thesis. Before delving into the methods by which O-GlcNAc levels can be elevated, several simple mathematical factors governing O-GlcNAc levels will be discussed. This discussion was a part of a recent review that I co-wrote with Dr. Vocadlo and is largely directly quoted from that source with permission of the publisher (154).   
	1.5.1 General Considerations

	For any specific protein substrate, the level of O-GlcNAc present at a given site will reach a steady state when the rate of its installation equals the rate of its removal:
	Equation 1.1:  V(installation) = V(removal) 
	Focusing for the moment on the use of inhibitors of OGA, the kinetic factors regulating cellular OGA activity must first be considered. Given that OGA displays Michaelis-Menten kinetics (151), at least with chromogenic substrates, the intracellular activity of OGA on a given site can most likely be expressed simply in the following way:
	Equation 1.2: 
	V(removal) = kcat(OGA)[Protein-O-GlcNAc][OGA]/(KM(OGA)+[Protein-O-GlcNAc])  
	This Michaelis-Menten equation can be appropriately modified when taking into account as yet unidentified protein modulators or activators, however, for the purposes of discussing the effects of competitive inhibitors, the reasoning below would remain unaffected by such elaborations. Based on experimental observations, and consistent with equation 1.1, the use of inhibitors of OGA in a cellular context results in a time-dependent increase in O-GlcNAc-modified proteins due to the continued activity of OGT and the impeded action of OGA (48). If OGA function were completely and irreversibly inhibited, the level of O-GlcNAc modification at any individual site should eventually reach stoichiometric levels, assuming no competition from other post-translational modifications. Stoichiometric O-GlcNAc site occupancies are, however, unlikely to be reached when using competitive OGA inhibitors. 
	Competitive inhibition results only in an increase in the KM(apparent) for the enzyme toward its substrates and does not affect the maximal velocity that can be reached. These effects are manifest in the following equation, which defines the kinetic effects of competitive inhibitors:
	Equation 1.3:  V = kcat[E][S]/(KM(1 + I/KI) + [S]) 
	Upon exposure of cells to a competitive OGA inhibitor, the KM(apparent) of OGA for its protein substrates should increase according to equation 1.3, with the immediate effect being a substantial decrease in OGA activity and a relatively slow time-dependent increase in protein O-GlcNAc levels as OGT continues to function. Since O-GlcNAc-modified proteins are the substrates of OGA, however, as these levels increase the activity of OGA will also increase according to equation 1.3. Eventually, a new steady-state concentration of cellular O-GlcNAc levels is reached, based on equation 1, when the rate of installation of O-GlcNAc (catalyzed by OGT) equals the rate of its removal (catalyzed by OGA). The same principles, but in reverse, should also hold for methods that increase the rate of installation of O-GlcNAc such as overexpression of OGT. 
	A consideration of these enzyme kinetic issues leads to a prediction for the effect that OGA inhibitors should have on OGA activity and O-GlcNAc levels in cells. For instance, when the intracellular concentration of inhibitor reaches 10-fold above its KI value, equation 1.3 predicts that the KM(apparent) of OGA for its substrates will be 11-fold higher than the KM in the absence of the inhibitor (Figure 1.11). As a consequence, in the absence of other effects, once steady state is re-established the O-GlcNAc levels in the presence of inhibitor will be 11-fold higher than in the absence of inhibitor. Of course, many other potential regulatory mechanisms may be overlaid on top of these basic kinetic considerations. One additional factor may be that as O-GlcNAc levels rise, the effective concentration of protein acceptor substrate available to OGT decreases, which results in a decreases in the rate at which O-GlcNAc is installed. Furthermore, there may be a maximal intracellular concentration that can be achieved by an OGA inhibitor. These combined effects could contribute to establishing an effective maximum level that O-GlcNAc levels could reach. Consistent with this global view, a quantitative proteomics study showed O-GlcNAc levels on individual protein were elevated anywhere from 1.5 to 40-fold upon treatment of cells with an OGA inhibitor (99).
	Figure 1.11:  Elevation of O-GlcNAc levels increase the activity of OGA. 
	In cells, a steady state level of O-GlcNAc on proteins exists, which is governed by the rate at which O-GlcNAc is added to and removed from proteins. Addition of an OGA inhibitor increases the apparent KM of OGA toward its substrates. As OGA activity decreases, OGT continues to function and O-GlcNAc levels rise. The increase in O-GlcNAc levels will, in turn, result in increased activity of OGA until a new equilibrium is established; in this case, at levels 11-fold above the basal level. Other methods for increasing O-GlcNAc levels will also increase the activity of OGA and thereby limit the increase of global O-GlcNAc levels that can be realized. Other factors, such as the cellular concentration of available OGT substrates may also contribute to limit the maximal increase in O-GlcNAc levels that can be achieved.
	Irrespective of these concerns, the aim of this discussion is to illustrate that the use of competitive inhibitors does not necessarily entail that stoichiometric O-GlcNAc levels will be reached at given sites. Nor will OGA activity be completely abolished in cells treated with an OGA inhibitor since, in essence, as O-GlcNAc levels increase the inhibitor becomes less effective. A conceptually similar situation is encountered with kinase inhibitors that are competitive with ATP (153). Because cellular ATP concentrations are in the millimolar range, generally well above the KM value of ATP for these enzymes, competitive kinase inhibitors are less effective in cells than would be expected on the basis of their in vitro KI values and further increases in ATP levels result in still more diminished inhibition.
	In addition to using OGA inhibitors, several other ways to increase O-GlcNAc levels within cells have been established. Below, the different approaches are reviewed with commentary on the advantages and disadvantages of each method. A summary of these methods are presented in Table 1.4.
	1.5.2 Increasing Levels of UDP-GlcNAc

	One approach to increasing O-GlcNAc levels has been to elevate the cellular concentrations of UDP-GlcNAc. This method appears to make sense since it has been reported that OGT responds to a broad range of UDP-GlcNAc levels (127). Accordingly, increased cellular UDP-GlcNAc levels have been realized in several ways. First, increased availability of glucose has been shown to elevate UDP-GlcNAc levels in various paradigms, most rigorously in cultured adipocytes where a maximal 2-fold increase was observed after three hours (hr) treatment with 10 mM glucose (29). As discussed above, however, no further increase in UDP-GlcNAc is observed when cells are treated with higher glucose concentrations (28, 29). A second commonly used approach for increasing UDP-GlcNAc levels is addition of glucosamine, which enters the HBSP downstream of GFAT (Figure 1.6).  This approach results in a more pronounced 5-fold increase of UDP-GlcNAc levels in adipocytes (28). A third approach involves overexpression of GFAT to increase flux through the pathway, which has been shown to result in a modest 2-fold increase in UDP-GlcNAc levels (155). Interestingly, glucose (68, 156, 157), glucosamine (74, 158), and overexpression of GFAT (159), have all been shown to result in only small increases in O-GlcNAc levels, which indicates that OGT may not respond to changes in UDP-GlcNAc concentrations to the extent that was first speculated (127). These three approaches have proven to be important strategies for investigating the metabolic functions of the HBSP at the physiological level.  It is known, however, that glucosamine induces various effects at the cellular level in addition to increasing O-GlcNAc levels. These additional effects include depleting cellular ATP levels (160) and causing ER stress (161). Furthermore, overexpression of GFAT and glucosamine will both cause elevation in the levels of GlcN-6-P, which is deleterious to the cell because this species is known to inhibit hexokinase and, hence, glycolysis (162) Therefore, interpreting the effects of glucosamine, in particular, is difficult because of the resulting complex set of effects. One further caveat that should be considered when interpreting 
	Table 1.4:  Methods for elevating O-GlcNAc in a cellular context.
	the effects of these metabolic approaches at the molecular level is that these strategies do not solely affect O-GlcNAc levels. UDP-GlcNAc is also used by many other N-acetylglucosaminyltransferases that are centrally involved in constructing a variety of other glycoconjugates. Indeed, Yki-Jarvinen et al. showed that glucosamine infusion in rodents resulted in a 1.5-fold increase in the level of N-glycans (158). Furthermore, UDP-GlcNAc is an intermediate in the biosynthesis of CMP-sialic acid and UDP-GalNAc and so the levels of these molecules will likely also be perturbed when using the methods described above. Because the levels and structures of cell surface glycans have been shown to be of critical importance for cellular function (4, 24), using these methods to directly investigate the role of increased O-GlcNAc levels in cellular physiology presents some ambiguity since the observed effects may arise from perturbing various glycoconjugates (163).
	1.5.3 Overexpression of OGT

	A more direct approach to increasing O-GlcNAc levels is to overexpress OGT by transfection of cultured cells (117), generating transgenic animals (164), or viral infection of cultured cells or tissues (86, 165). One potential issue that may, or may not, complicate interpretations of studies making use of overexpression of OGT is that, as of yet, the catalytic and non-catalytic roles of OGT have not been distinguished. This distinction remains a concern, given that OGT is a large multi-domain protein that interacts with a wide range of protein partners (83, 103, 128-133). It seems possible that phenotypic effects observed from its overexpression could stem from disruption of important protein-protein interactions within cells, or possibly even formation of new protein-protein interactions.  
	1.5.4 Knockdown of O-GlcNAcase

	RNA interference directed at the mRNA of OGA is a method that has not been frequently used. In fact, only two studies have used this method to increase O-GlcNAc levels and these increases were only modest (166, 167). As speculated by others, the reported difficulties in realizing efficient knockdown may be a consequence of a long protein half-life for OGA (168). Nonetheless, concerns about distinguishing non-catalytic from catalytic functions of this protein are also a concern with this method since OGA is also a large multidomain protein known to engage in several protein-protein interactions (103, 140).
	1.5.5 Inhibition of O-GlcNAcase

	Small molecule inhibitors are invaluable for studying the physiological roles of many classes of enzymes and are an important complement to the use of genetic approaches. Cell permeable inhibitors offer several advantages over genetic methods including their generality; they can act in cells that are not readily amenable to transfection, there is no need for transfection reagents or viral infection, dosing can be conveniently varied, time courses readily followed, and inhibitor can be removed to observe the reversibility of any effects. Although potent inhibitors of OGA were known for a considerable time (151), Haltiwanger et al. were the first to carry out careful studies to show that inhibition of OGA in cells leads to significantly increased O-GlcNAc levels (48). As discussed above, increased O-GlcNAc levels develop due to the continued action of OGT, even as OGA activity is impaired, until a new steady state is reached. Inhibition of OGA is routinely used to study the effect of increased O-GlcNAc levels in cultured cells (48, 74), cells and tissues studied ex vivo (169, 170), and more recently in vivo (171, 172). 
	As with any small-molecule inhibitor, consideration has to be given to the possibility that OGA inhibitors might lack target selectivity or be unable to penetrate into all tissue types. The presence in metazoans of enzymes functionally related to OGA that may also be inhibited by OGA inhibitors is clearly a concern, as are completely unanticipated off-target effects. As discussed above, mammals have four genes encoding functionally related N-acetylglucosaminidases that are specific for terminal (-configured glycosides. Although the deleterious effects stemming from deletion or mutations to OGA or HexD have not been clearly established, mutations to the lysosomal (-hexosaminidases result in the inheritable diseases referred to as Tay-Sachs and Sandhoff diseases. These diseases are characterized by the accumulation of the substrate for the (-hexosaminidases, the ganglioside GM2, within lysosomes. The net result is a diminished lifespan to humans (173) or animals models that have a deficiency in HexA or HexB activity (174, 175). Therefore, using small molecule inhibitors to probe the function of any mammalian N-acetylglucosaminidase, and other glycosidases for that matter, must be carefully done to minimize the chance of generating a complex phenotype stemming from concomitant inhibition of these functionally related enzymes. 
	Despite these potential concerns, a major benefit to using pharmacological inhibition of OGA is that it avoids the need to directly modulate protein levels within cells. The benefit of not overexpressing regulatory enzymes is underscored by studies of kinases, which have shown that inhibitors do not always induce the same phenotype as do genetic approaches (176, 177). Indeed, the non-catalytic roles of enzymes can often produce dominant-negative effects that are independent of their catalytic activities as demonstrated in cases where catalytically inactive mutants are overexpressed (178, 179). These examples demonstrate the usefulness of using small molecule inhibitors over genetic approaches. In the case of OGA, several small molecule inhibitors were described before the commencement of this thesis and they have enjoyed use in studying the O-GlcNAc post-translational modification. Below is a description of what was known about these inhibitors prior to the work done in this thesis. Table 1.5 provides a summary of the chemical structure of these inhibitors as well as summary of the advantages and disadvantages of each compound. 
	1.5.5.1 PUGNAc and LOGNAc

	O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc) is member of the glyconohydroximolactone class of glycoside hydrolase inhibitors first synthesized by Vasella and coworkers and subsequently shown to be potent inhibitors of (-N-acetylglucosaminidases unrelated to OGA from eukaryotic, plant, and fungi origin (180). Soon after this first report, it was shown that PUGNAc is a potent inhibitor of GH20 mouse (-hexosaminidase (181).  PUGNAc and 2-acetamido-2-deoxy-D-gluconhydroximo-1,5-lactone (LOGNAc), which lacks the phenylcarbamate moiety, were also shown by Dong and Hart to inhibit OGA purified from rat spleen with KI values of 0.052 and 1.7 (M, respectively (151). Later, using recombinant human OGA, PUGNAc was shown to potently inhibit both human OGA and bovine lysosomal (-hexosaminidase (140). Therefore, although PUGNAc is a potent inhibitor of mammalian OGA, it is also a powerful inhibitor of the functionally related lysosomal (-hexosaminidases, which is clearly a problem since decreased activity of HexA and HexB results in the deleterious accumulation of gangliosides as discussed above. 
	Table 1.5:  Compounds known to inhibit OGA prior to starting work on this thesis. 
	Despite this concern of selectivity, PUGNAc is a potent and cell permeable inhibitor that has aided studies investing the O-GlcNAc modification. For instance, the finding by Haltiwanger et al. showing that PUGNAc can inhibit OGA within cells, and thereby elevate O-GlcNAc levels in a variety of cell lines, was important since it helped solidify the concept that O-GlcNAc is a dynamic modification (48). PUGNAc has now been used in well over 100 studies to test hypotheses related to O-GlcNAc, the most prominent of these investigations have been those using PUGNAc to induce insulin resistance as will be discussed further below. It remains to be seen, however, if the effects attributed to PUGNAc are due to elevated O-GlcNAc levels, inhibition of a functionally related enzyme, or arising from an entirely off target effect. Of particular concern is that the role of gangliosides in cellular biology is gaining greater appreciation with studies showing that perturbations to ganglioside levels have the ability to dramatically influence intracellular signaling events (182-184).
	1.5.5.2 Streptozotocin

	Streptozotocin has long been used as a diabetogenic compound to generate animal models of diabetes (185). Some early studies suggested that the toxicity of STZ toward -cells might arise due to the particular abundance of O-GlcNAc in pancreatic tissues and the ability of STZ to inhibit OGA (186, 187). STZ was shown to modulate human OGA activity but only very modestly (186, 188). Some suggestive data has emerged, however, that STZ may act as an irreversible inhibitor of OGA (189, 190) or rearrange to form a potent competitive inhibitor (191); not unreasonable propositions given the very reactive nitrosourea functionality present on the molecule. Therefore, a good degree of ambiguity existed with regard to the mode of inhibition of STZ towards OGA.
	Regardless of the precise effect that STZ has on OGA inhibition and O-GlcNAc levels, this compound has been well characterized in causing toxicity to cells via mechanisms that act independently of the O-GlcNAc modification. The effects of STZ are both numerous and catastrophic. These effects include: alkylation of DNA (192), production of nitric oxide (193), subsequent DNA strand breakage and activation of poly(ADP-ribose) polymerase, which depletes cellular NAD+ levels (194). These toxic events result in (-cell death and thus give rise to an insulin-dependent diabetic phenotype in rodents because pancreatic (-cells preferentially import STZ into the cell using the Glut2 glucose transporter (195). Prior to the work in this thesis, it was unclear if the inhibition of OGA by STZ contributed to cell toxicity and diabetogenic effect of this compound. In fact, several reports cast doubt on the hypothesis of STZ contributing to (-cell toxicity since other methods of inducing elevated O-GlcNAc levels, namely PUGNAc and glucosamine, did not elicit the same effect as STZ (196, 197). Despite the serious shortcomings, recent studies published in high impact journals continue to use STZ to investigate the functional roles of the O-GlcNAc modification in many areas, including apoptosis (198, 199), which obviously complicates the interpretation of these findings owing to the DNA alkylation and breakage caused by STZ. 
	1.6 Current Hypotheses on the Cellular Role of O-GlcNAc

	Many roles for the O-GlcNAc modification have been proposed, however, the three described below are the most prominent and have been the most intensively studied. The background to each hypothesis will be described as well as the experimental support for each hypothesis. 
	1.6.1 Interplay with Phosphorylation: Implications in Signal Transduction and Transcriptional Regulation

	Many different post-translational modifications can compete for the same or nearby sites. The consequence of this competition is that it can provide cells with a more precise control over protein function. One excellent example of this phenomenon is methylation and acetylation of lysine residues on histones that, together with other posttranslational modifications, make up a “histone code” that regulates gene transcription (200, 201). The O-GlcNAc modification has been found to have an interplay with phosphorylation (Figure 1.12) (67, 81, 202-204). This finding has ignited interest in the O-GlcNAc modification because it gives O-GlcNAc the potential to regulate important cellular processes in which phosphorylation is involved; in particular cellular signaling and transcriptional regulation. As many proteins involved in cellular signaling and transcriptional regulation have been shown to be modified with O-GlcNAc, this has spurred on interest in this area. One study using a quantitative mass spectroscopy method demonstrated that elevated O-GlcNAc levels, stemming from inhibition of OGA, perturbed phosphorylation on 48% of the 711 phosphoepitopes that were analyzed (204). It is noteworthy that the average change to phosphorylation levels at individual sites of modification in this study was only 1.5-fold despite the fact that O-GlcNAc levels are increased to a much larger extent due to inhibition of OGA (99). One fact that seems to be a paradox is that unlike the kinases and phosphatases where there are hundreds of genes that encode a plethora of enzymes with different specific substrate specificities (205), the O-GlcNAc modification only has one gene encoding each of OGT and OGA that must regulate the O-GlcNAc modification state of hundreds, if not thousands, of different proteins. For this reason, some have described the O-GlcNAc modification as a general brake that can limit the extent of phosphorylation (206, 207). It should be noted that very few examples exist where reciprocity between phosphorylation and O-GlcNAcylation, otherwise referred to the literature as the ying-yang relationship between O-GlcNAc and phosphorylation, occurs at the same site (81). Indirect mechanisms for these observations, such as the regulation of kinases or phosphatases by O-GlcNAc cannot be discounted. In this regard, trying to establish the importance of O-GlcNAc in these cellular processes is hindered by the fact that site-directed mutants to delete sites of O-GlcNAc modification do not reveal if it is the O-GlcNAc or a potential phosphate modification that is important. More work is needed to establish how biologically relevant is the interplay between phosphorylation and O-GlcNAc.
	Figure 1.12:  Interplay between O-GlcNAc and phosphorylation. 
	In some cases, the same serine or threonine residue may be a substrate for both OGT and a kinase. In such a case, these two post-translation modifications could compete with each other for the site. Alternatively, an O-GlcNAc site and phosphorylation site on a nearby residue could also have the potential to influence the probability of the other modification occurring. It is hypothesized that through this interplay, O-GlcNAc may modulate phosphorylation levels on certain proteins and potentially dampens signal transduction pathways and modulate transcriptional regulation.
	1.6.2 The O-GlcNAc Nutrient Sensing Hypothesis

	Hyperglycemia causes insulin resistance in a variety of cell types (208-211). In the short-term, insulin resistance is thought to be a mechanism that protects an organism from the deleterious effects of high intracellular glucose concentrations (212, 213). In the long-term, high blood glucose levels lead to many negative consequences to an organism and is a leading contributor to many of the pathological complications associated with type II diabetes (214). The O-GlcNAc modification has been proposed to be one molecular mechanism that contributes to the insulin desensitizing effects of hyperglycemia. Hyperglycemia does increase O-GlcNAc levels (68), albeit very modestly. Glucosamine and overexpression of GFAT, which both elevate O-GlcNAc levels (158, 159), also cause insulin resistance (22, 215). Furthermore, elevated O-GlcNAc levels have also been found in a diabetic mouse model (170) as well as diabetic patients (216) although it is not clear if these correlations are a cause or an effect of the diseased state. These observations, however, stimulated initial speculation that O-GlcNAc could act as a nutrient sensing mechanism whereby O-GlcNAc levels reflect glucose availability (143, 217). As an extension of the section described above on the interplay between O-GlcNAc and phosphorylation, it has been proposed that increased O-GlcNAc levels hinder phosphorylation of key signaling molecules in the insulin signaling cascade, thus giving rise to insulin resistance.
	Given that other nutrient sensing mechanisms, that do not appear to involve O-GlcNAc, are also capable of influencing insulin sensitivity (218-221) and that overexpression of GFAT and exposure to glucosamine induce various effects at the cellular level that are independent of O-GlcNAc, more direct evidence for the role of O-GlcNAc in nutrient sensing and glucohomeostasis was pursued. The first direct evidence for the O-GlcNAc nutrient sensing hypothesis was provided by Vosseller et al., who demonstrated that PUGNAc causes insulin resistance in 3T3-L1 adipocytes by hindering phosphorylation of Akt and GSK-3( (74). Subsequent studies showed similar findings using PUGNAc in muscle tissue studied ex vivo (169) and primary adipocytes (77). A later study in support of these findings, demonstrated that overexpression of OGT in the muscle and fat cells of mice also caused insulin resistance (164). More recently, overexpression of OGT in the liver of mice was shown to result in perturbed glucohomeostasis (86, 136), providing good support for the O-GlcNAc nutrient sensing hypothesis which suggests that elevated O-GlcNAc levels, stemming from hyperglycemia, induce insulin resistance. As the number of people diagnosed with type II diabetes worldwide grows to staggering numbers (222), much excitement has been generated over the possibility that the O-GlcNAc modification could be a molecular link by which hyperglycemia gives rise to insulin resistance.  
	1.6.3 Cellular Stress Response

	A pioneering study by Zachara et al. demonstrated that cells respond to various cellular stresses by elevating their O-GlcNAc levels (223). Many types of cellular stress including heat, osmotic, oxidative, UV light, heavy metal, and ethanol, were investigated and were all shown to give rise to increased O-GlcNAc levels. Subsequent studies have recapitulated this observation with other forms of cellular stress such as hypoglycemia (132, 224) and ischemia (52). Although it is possible that elevated O-GlcNAc levels could arise by chance through uncoupling the dynamic nature of O-GlcNAc, the original Zachara study presented a more compelling model (223). Strikingly, modulating O-GlcNAc levels prior to a heat shock potentiated thermotolerance, which led the authors to conclude that O-GlcNAc might be a protective mechanism used by cells. Specifically, it was shown that elevating O-GlcNAc levels, using PUGNAc or overexpression of OGT, increased thermotolerance of cultured cells whereas decreasing O-GlcNAc levels, through knockdown or deletion of OGT, decreased thermotolerance (223). More recently, other investigators have gone on to show that PUGNAc elicits a similar protective effect against other forms of stress including: ischemia (171, 225), arterial injury (226), and hypoxia (90). Collectively, these results have strongly implicated the O-GlcNAc modification as a cellular stress-coping mechanism. Although investigators continue to probe new models of cellular stress, two basic questions remain unclear. The first question is how are cells elevating their O-GlcNAc levels in response to stress? The second question is what is the mechanism(s) by which elevated O-GlcNAc levels protect cells from cellular stress? Given the ubiquitous nature of O-GlcNAc modification and the generality of its protective effective effect against a wide variety of cellular stresses, it seems likely that addressing these questions will be illuminating.
	1.7 Aims of this Thesis

	Following this introductory chapter, five chapters follow that present the experimental findings that comprise this thesis. Each chapter builds on the last, making use of the tools and/or information gained in the previous chapters. The experiments begin at the molecular level, build up to the cellular and then the organismal level, and then finally return to the molecular level. The primary aim of this thesis is: 
	to dissect the O-GlcNAc processing enzymes and use the understanding that is gained to rigorously test existing hypotheses as well as to form new hypotheses relating to the O-GlcNAc protein modification. 
	This overall aim is divided into five specific aims, which are each addressed in the five subsequent chapters. These five aims are;
	1) dissect the catalytic mechanism of OGA to gain understanding into the molecular details of the catalytic mechanism, identity of the key catalytic residues, and clarify important structural features of the active site that makes OGA a proficient catalyst,
	2) use the information gained from the mechanistic studies to develop a potent and selective inhibitor of OGA that is cell-permeable and can be used to probe the role of the O-GlcNAc modification at cellular and organismal level,
	3) use a selective OGA inhibitor to test the O-GlcNAc nutrient sensing hypothesis at both the cellular and organismal level,
	4)  provide a biological explanation for a large pocket in the active site of OGA,  
	5) use the insights gained from the previous chapters to develop a new hypothesis relating to the cellular role of the O-GlcNAc modification.
	Chapter 2: THE CATALYTIC MECHANISM OF OGA
	2.1 Introduction to GHs
	2.1.1 Categorization 


	GHs can be categorized into several broad groups according to the chemical nature of the substrate and product. First, two broad classes of GHs are defined by the position of the cleaved glycosidic bond within a glycan. Exo-acting enzymes cleave terminal saccharide units from the non-reducing or reducing end of the glycan, whereas endo-acting enzymes cleave internally positioned glycosidic bonds within a glycan (Figure 2.1a). Second, GHs can be categorized based on their preference for the stereochemistry of the glycosidic bond at the anomeric centre. Just as there are (- and (-glycosidic linkages in nature, so too are there GHs that are specific for each anomer (Figure 2.1b). Third, GHs can be further divided based on the stereochemistry of the anomeric centre in the product relative to that of the target glycosidic bond in the substrate. Enzymes that catalyze their respective reactions with inversion of stereochemistry at the anomeric centre are defined as inverting GHs, whereas those catalyzing hydrolysis with retention of configuration are defined as retaining GHs (Figure 2.1c).
	2.1.2 Mechanistic Details

	Several mechanistic features unify most families of GHs. A recent review provides an depth analysis of the catalytic mechanisms used by GHs (227), however, the major catalytic features will be touched upon in a brief overview presented below.
	2.1.3 Catalytic Mechanisms 

	GHs that catalyze their reactions with inversion of stereochemistry at the anomeric centre are the most simple to discuss since there has only been one catalytic mechanism discovered. Inverting GHs use a straightforward general base catalyzed nucleophilic attack of a water molecule at the anomeric centre (Figure 2.2a). Two important enzymic residues are traditionally thought to coordinate the events: one 
	Figure 2.1:  The different categories of glycoside hydrolases (GHs). 
	carboxyl-containing residue acts as a general base to activate an appropriately positioned water molecule and a second enzymic residue facilitates leaving group departure by donating a proton to the exocylic oxygen and thereby acting as a general acid. Nevertheless, as more inverting GHs are discovered and more structures are solved for this subclass, investigators are finding that in many cases the active site lacks a carboxyl-containing residue that is suitably positioned to activate a water molecule (228). As a consequence, it has led to speculation that activation of the nucleophilic water molecule occurs by either a charge relay system involving residues that are not normally considered capable of acting as a general base, such as asparagine (228), or through chains of water molecules termed Grotthus strings (227, 229).  
	Three mechanisms have evolved for GHs that catalyze their reactions with retention of stereochemistry. The most common mechanism observed for the entire GH superfamily is the double-displacement mechanism, which involves an enzymic nucleophile (Figure 2.2b) (1). In this catalytic mechanism, a transient glycosyl-enzyme intermediate is formed and subsequently broken down by general base catalyzed attack 
	Figure 2.2:  The four catalytic mechanisms used by the superfamily of GHs. 
	of a water molecule. Like the inverting mechanism, this mechanism also relies on two carboxyl-containing active site residues. One notable exception are GHs from family 34 that act on sialic acid, which use the hydroxyl group of a tyrosine residue as their enzymic nucleophile (230-233). The second mechanism for retaining GHs is specific to enzymes that hydrolyze the glycosidic bond of pyranoside residues having a 2-acetamido group (GlcNAc or GalNAc). In this catalytic mechanism, nucleophilic catalysis is also operational but it is provided by the carbonyl group of 2-acetamido substituent of the substrate (Figure 2.2c). For this reason, this catalytic mechanism is called either a substrate-assisted catalytic mechanism or an anchimeric assistance mechanism. Nucleophilic attack of the 2-acetamido group on the anomeric centre results in a transient oxazoline intermediate. Analogous to the double-displacement mechanism, a carboxyl-containing residue plays the role of general acid/base to aid leaving group departure in the first step and facilitates hydrolysis of the oxazoline intermediate in the second step. A second critical catalytic residue is also involved in this mechanism. This enzymic residue interacts with the 2-acetamido group of the substrate and is thought to orient and polarized it for attack on the anomeric centre. This same residue also helps stabilize the formation of the oxazoline by forming either a hydrogen bond or electrostatic interaction with the nitrogen of the oxazoline. For these two reasons, this second critical catalytic residue is referred to as the polarizing/stabilizing residue.   
	Lastly, a third catalytic mechanism involving retention of stereochemistry at the anomeric centre was recently discovered for GH families 4 and 109 (234, 235). This mechanism is driven by the transient oxidation of the 3-hydroxyl, which is aided by a NAD+ cofactor (Figure 2.2d). As a result, a ketone is formed at the 3-position, which subsequently undergoes elimination across the C1-C2 bond to expel the aglycone and form a glycal. Rehydration across the double bond followed by reduction of the ketone by NADH yields the hemiacetal product with retained stereochemistry at the anomeric centre. It should be noted that members of GH109, which use this unusual mechanism, use (-N-acetylgalactosamine as a substrate (235).
	2.1.3.1 Nucleophilic Catalysis 

	Nucleophilic catalysis is a feature very commonly used by enzymes and also clearly operates in non-enzyme-catalyzed reactions (236). This catalytic strategy involves attack of a nucleophile that results in the formation of an intermediate, which is then broken down in a subsequent chemical step. For enzyme-catalyzed reactions, the nucleophile can be an enzymic residue or a group found as part of the substrate itself. The best known textbook example of nucleophilic catalysis within enzymes is almost certainly the family of serine proteases (237). While some have argued that nucleophilic catalysis accounts for the large catalytic proficiencies ((kcat/KM)/kuncat) that many enzymes can achieve (238), others have pointed out that while it is indeed one important factor, it is not an absolute requirement since some very proficient enzymes have evolved mechanisms that very likely do not proceed through a covalent intermediate (239). Indeed, GHs that use a catalytic mechanism involving inversion of stereochemistry at the anomeric centre are still capable of enormous rate accelerations despite the fact that nucleophilic catalysis from the enzyme is not operative (227). 
	For GHs that catalyze their reactions with retention of stereochemistry at the anomeric centre, an early proposal was that the reaction proceeded through an oxocarbenium ion intermediate (13). However, others have speculated nucleophilic catalysis may be more likely (12) and later physical organic and structural studies provided extensive supporting evidence that, in fact, retaining GHs do indeed use a mechanism proceeding through a covalent glycosyl enzyme intermediate (14, 240). The critical role of the catalytic nucleophilic residue in these enzymes is underscored by the fact that site-directed mutation of this residue results in a drastic loss of catalytic activity (1, 241).
	2.1.3.2 General Acid/Base Catalysis

	Specific acid/base catalysis occurs when a proton transfer is complete before the rate-determining step of the reaction. In aqueous conditions specific acid/base catalysis involves only H3O+, as the specific acid, and OH-, as the specific base. Conversely, general acid/base catalysis occurs when proton transfer occurs at the same time as the breaking and/or formation of bonds between heavy atoms. In solution studies, the difference between these two forms of catalysis is subtle but can be differentiated because a general acid or base is involved in the rate-determining step. As a consequence, the rate equation typically contains a term including the concentration of the general acid or base making the rate of reaction proportional to this term. On the other hand, for specific acid/base catalysis, the reaction rate is usually independent of the concentration of the acid or base present because protonation/deprotonation occurs prior to the rate-determining step.   
	Although enzymes have a limited inventory of functional groups that are capable of serving as an acid or base, they have evolved a multitude of ways to optimize the utility of those that are available. The pKa of an enzymic residue is one important factor that defines its strength as an acid or a base and by altering the electrostatic environment around the vicinity of a residue, the pKa can be perturbed 4-5 units above or below its value in aqueous solution (242). Focusing on GHs, the leaving group glycosidic oxygen is usually linked to a protein, lipid, or another carbohydrate. More often than not, the conjugate acid of the leaving group oxygen is a primary or secondary alcohol, which typically has a pKa in the range of 14 to 16. As such, these are very poor leaving groups and efficient catalysis therefore requires some form of acid catalysis. Since the pKa of the leaving group oxygen of the acetal substrate would be in the range of -2 to 0, a very strongly acidic solution would be required for efficient specific acid catalysis. Indeed, specific acid catalysis using a very strong acid is a primary means by which glycosidic bonds are cleaved in the absence of an enzyme (243). Such a strongly acidic environment is generally not compatible with a biological system and very strong acids are very unlikely to occur within an enzyme acid site. Consequently, enzymes have instead evolved the ability to use relatively mild acids that are perfectly positioned to coordinate simultaneous proton donation and glycosidic bond fission. The pre-organized nature of an enzyme active site is ideally suited to providing general acid catalysis because the effective concentration of the acid oriented appropriately at the reaction centre is extremely high. Indeed, the effectiveness of a general acid catalyst within an enzyme is governed by the distance and geometry of the acid or base to its intended target and these parameters are, of course, fine-tuned through the process of evolution. These same principles apply to general base catalysis within the active site of GHs. As in the case of nucleophilic catalysis, the critical role of residues that provide general acid and base catalysis is underscored by site-directed mutation of these residues of GHs that generally give rise to drastic loss of catalytic activity (1, 241).  
	2.1.3.3 Substrate Distortion and Electrophilic Migration 

	For a gluco-configured pyranose ring, the lowest energy conformation is the 4C1 chair conformation (244). This conformation is defined by a plane from the endocyclic oxygen (O5), C2, C3, and C5 (Figure 2.3a) and the name used to describe this conformation (4C1) refers to Stoddard’s pseudorotational itinerary, which describes all possible conformations of a pyranose ring adopting a potential local energy minimum (227) (Figure A1 of the Appendix). The energy barriers for interconversion of the pyranose ring to conformations other than 4C1 are relatively low and on the order of 5 -10 kcal/mol (245, 246). GHs take advantage of this flexibility to distort their substrate into a conformation that is most suited for the chemistry. Substrate distortion is a feature that is not unique to GHs but is observed in many classes of enzymes (247). Complexes of retaining (-GHs that act on a gluco-configured carbohydrate bound to substrates (often called the Michaelis complex) have revealed that the conformation of the bound substrate is not the 4C1 conformation but, rather, a skewed boat 1S3 conformation (248-250) (Figure 2.3b). This conformation positions the anomeric centre in a pseudo-axial position above a plane made up by the endocyclic oxygen (O5), C2, C4, and C5. The rationales for why GHs distort their substrates stems from a consideration of geometrical and chemical principles (227, 251). The 1S3 conformation positions the substrate, specifically the (* anti-bonding orbital of the anomeric carbon, in the correct geometry for in-line backside attack by a nucleophile.
	For GHs (227) and many ribosyl transferases (252), a mechanism in which motion of the anomeric carbon defines the reaction coordinate is invoked (Figure 2.3b). For retaining (-GHs, the anomeric centre is generally thought to move from bonded contact with the leaving group, through a dissociative transition state, to bonded contact with a nucleophile positioned on the opposite side of the pyranose ring (227, 253). As described above, this nucleophile can be an enzymic residue or a nucleophile that is part of the substrate. Sinnott postulated some time ago, based on consideration of Stoddard’s pseudorotational itinerary, that the reaction would proceed through a transition state in which the pyranose ring is in a half-chair conformation (4H3) (254). Supporting this proposal is that many potent inhibitors of these enzymes, proposed to be transition state analogues, have a flattened pyranose ring which includes a trigonal geometry at the anomeric centre (255). Further evidence for electrophilic migration comes from studies that have observed the glycosyl enzyme intermediate for (-GHs in a 
	Figure 2.3:  The reaction coordinate of GHs are defined by electrophilic migration of the anomeric centre.
	(A) The 4C1 conformation of a gluco-configured saccharide. This conformation is the lowest energy in solution and is defined by a plane made from O5, C2, C3, and C5. (B) The reaction coordinate of (-retaining GHs that act on a gluco-configured substrate can generally be defined by the motion of the anomeric carbon (C1). The substrate begins in a conformation that is distorted away from its preferred conformation in solution called a 1S3 skew boat, which places the anomeric centre above the plane of the pyranose ring in a pseudoaxial position. Catalysis involves migration of the anomeric centre to this position above the plane of the pyranose ring, through a 4H3 half-chair conformation, to bonded contact with a catalytic nucleophile, which results in an intermediate with a 4C1 conformation. The shaded region defines the atom that forms the plane, which enables assigning the conformation. 
	4C1 conformation (14, 250, 256). A recent metadynamic study has revealed that not only is the 1S3 conformation a local free-energy minima, it is “pre-activated” for in-line nucleophilic attack and, in the case of a (−D-gluco-configured substrate (251), this conformation maximizes the charge distribution across the C1-Olg bond, lengthening this bond whilst minimizing the O5-C1 distance; features that all favor the electrophilic migration of C1 through the transition-state. In the second step of the reaction, the motion of the anomeric centre is expected to be the microscopic reverse of its motion in the first step. It should be noted that for pyranoside substrates having a stereochmical configuration that differs from glucose, the ring conformations that define the reaction coordinate may differ, however, the principle of electrophilic migration still holds (227, 257).   
	2.1.4 Linear Free Energy Relationships 

	LFERs are a useful means of obtaining information about the details of a chemical reaction. This physical organic chemistry methodology has been extensively used to aid the understanding of non-enzyme-catalyzed reactions (258). The same principles and techniques, however, have also enjoyed success in the study of enzyme-catalyzed reactions (259). LFERs rely on structure–reactivity studies using systematic alteration of the substrate or inhibitor of the enzyme. In principle, the enzyme itself can also be altered, however, the limited repertoire of naturally-occurring amino acids and the potential for mutations to cause secondary perturbations (structural, electronic, or dynamic) to the enzyme limits the usefulness of this approach by introducing greater uncertainty. Therefore, LFERs in enzymic systems usually involve testing a series of altered substrates and comparing two free energy terms. The first free energy term is typically described by a rate constant (k) for the enzyme-catalyzed reaction determined for each substrate in the series. This rate constant is often the second-order rate constant (kcat/KM), otherwise known as the catalytic efficiency of the enzyme, which describes the cumulative steps in going from free enzyme and substrate in solution to the first irreversible transition state. Alternatively, the first-order rate constant or turnover number (kcat) can be used, which reflects the largest energy barrier involving bond making or breaking. Either of these constants can be related to free energy by the Arrhenius equation:
	Equation 2.1:  k = (kBT/h) e-(∆G‡/RT)    
	Here, kB is the Boltzmann constant, h is the Plank constant, ∆G‡ is the energy of activation for the substrate being tested, while R and T are the gas constant and temperature, respectively. The second free energy term is an equilibrium constant (Keq) that describes electronic and/or steric changes within the moiety of the substrate undergoing alteration. These equilibrium constants afford ∆G values according to the following equation:  
	Equation 2.2:  ∆G = RT ln(Keq)   
	Relating these two equations yields the Brønsted equation:  
	Equation 2.3:  log(k) = (Keq + C
	Plotting the logarithm of the rate constant versus the equilibrium constant for a series of altered substrates should, according to Equation 3, produce a linear plot with a slope equal to ( and a y-intercept of C and this defines a LFER. The value and sign of the slope can provide information about the transition state of a chemical reaction. In general, a value closer to zero indicates the reaction does not greatly depend on the specific changes being made to the substrate, whereas a large positive or negative value for the slope indicates these changes have a significant influence on the reaction. When LFERs are nonlinear or have a break between two linear regions, valuable information about a reaction mechanism can be gained. Specifically, a break in linearity can denote a change in either reaction mechanism or rate-determining step as will be discussed more later on in this chapter (247). 
	The equilibrium constant used for comparison with the rate constant defines the type of LFER. Two types of equilibrium constants and, hence, two different types of LFERs are discussed in this chapter. These constants are pKa and (* and both describe the electronic nature of the systematically modified substituents. Comparing rate constants of the enzyme-catalyzed hydrolysis of each substrate to the corresponding pKa values for the leaving group moiety of each substrate defines a Brønsted relationship. This type of relationship is commonly used for GHs because this superfamily of enzymes is relatively tolerant to variations in leaving group structure (227). Hence, a series of substrates can be constructed having different substituted phenols as the leaving groups. The slope of this LFER is defined as (lg and is a measure of relative charge development on the exocyclic oxygen at the transition state. Because both proton donation by the general acid to the exocyclic oxygen and cleavage of the glycosidic bond is generally thought to occur in a concerted fashion for GHs, (lg reflects a composite of these two processes at the transition state. Kinetic isotope effects (KIEs) are often used in conjugation with LFERs when seeking quantitative information about these processes at the TS (227). For the superfamily of GHs, Brønsted relationships and KIEs have cumulatively and repeatedly suggested that these enzymes catalyze their reactions using a late transition state in which fission of the glycosidic bond is very advanced at the transition state (14, 227, 240). 
	The (* constant is empirically derived and defines both electronic and steric properties of a chemical substituent. Comparing rate constants of the enzyme-catalyzed hydrolysis of each substrate to the corresponding (* values for the moiety of each substrate defines a LFER that is referred to as a Taft relationship. This type of relationship is often used to evaluate the effect of altering the nucleophilic strength of a catalytic nucleophile. Since many GHs use an enzymic nucleophile, Taft relationships are of limited use in studying GHs since attempts to alter an enzymic residue in a systematic manner will likely produce secondary consequences, such as altered electrostatics of nearby residues or perturbed dynamics of the enzyme, the latter of which is ever increasingly thought to play a critical role in catalysis (260). Yet, one very good application for this type of LFER is to decipher whether or not a GH uses a mechanism involving substrate-assisted catalysis. Electron withdrawing groups, often fluorine atoms, appended to the methyl group of the 2-acetamido substituent decrease its nucleophilicity and consequently impair catalysis for GHs using substrate-assisted catalysis. Plotting the logarithm of the rate constant against the (* constant for each substrate produces a correlation for which the slope is defined as (. Although not as easy to interpret as the (lg value, ( does provide a measure of the importance of the 2-acetamido group in catalysis. One reason for the ambiguity in interpreting the precise meaning of the ( value lies in the fact that ( is a composite of both electronic ((*, which is governed by sensitivity of the reaction to the electrostatic constant of the substituents, (*) and a steric component ((, which is governed by sensitivity of the reaction to the steric Taft constant of the substituent, Es) according to the following equation:
	Equation 2.4:  ( = (*(* + (Es   
	Therefore, these two components must be taken into account, or delineated through other means, to afford a clear and quantitative interpretation of the results.   
	2.2 Identification of the Catalytic Domain of Human OGA
	2.2.1 Predictions and Prior Knowledge


	As described in detail in Chapter 1, human OGA is a large protein with defined N- and C-terminal domains (Figure 1.10). The gene encoding OGA was originally described as encoding a hyaluronidase primarily because of the sequence similarity of the N-terminal domain to other hyaluoronidases and one earlier report did present suggestive evidence that OGA has hyaluronidase activity using a turbidometric analysis and a gel matrix assay (138). Nevertheless, our collaborators were unable to detect hyaluronidase activity for one member of GH84 from Streptococcus pyogenes (SpGH84) using several sensitive assays and so concluded that the hyaluronidase classification is likely false (261). Hyaluronan is a polymer consisting of (-4GlcUA1-3GlcNAc1-)n and it seems reasonable that the N-terminal domain of human OGA may have sequence similarity to hyaluronidases since they both act on a substrate containing N-acetylglucosamine. This fact along with the good sequence similarity of the N-terminal domain among higher eukaryotes led some to the predict that the N-terminal domain contains the catalytic glycoside hydrolase domain of OGA (143, 144, 146). However, the C-terminal domain of human OGA contains sequence similarity to GlcN-6-P acetyltransferases, leading others to postulate the opposite; that the C-terminal domain is essential for OGA activity (142, 145). We favored the predictions made in the study by Rigden et al. who carried out a bioinformatics study using a fold-recognition program to suggest that the N-terminal domain of human OGA has a TIM barrel fold (144). Many GH families have this ubiquitous fold (10), suggesting that the catalytic machinery responsible for N-acetylglucosaminidase activity is harbored within the N-terminal domain. Therefore, without any structural insights into members of GH84 at the time, we set out to clarify which domain of human OGA is the domain that has OGA activity.
	2.2.2 Identification of the Catalytic Domain of Human OGA

	As a first step toward identifying the catalytic domain of human OGA that is responsible for N-acetylglucosaminidase activity, the N-terminal (1-350) and C-terminal (351-916) domains were cloned as individual polypeptides. Both constructs were overexpressed in E. coli as His6-tagged proteins and purified by nickel chelate chromatography. Although the N-terminal domain and FL OGA expressed well, initial attempts to purify the C-terminal domain yielded no protein. The C-terminal domain could be purified from inclusion bodies using a denaturing buffer containing 6 M urea. Although we could not conclusively show that the C-terminal domain refolded correctly after removing urea by dialysis, the protein did not precipitate suggesting that it did refold. Further studies would be required to evaluate this proposal to obtain conclusive results. Regardless, with purified and soluble proteins in hand, the activity of these three proteins toward 4-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside (pNP-GlcNAc) was assessed by monitoring release of product (4-nitrophenolate) by spectrophotometry (262). The FL protein displays classic Michaelis-Menten behavior with a first-order rate constant (Vmax/[E]0) of 1.3 (moles(min-1(mg-1 and a KM value of 0.16 mM (Figure 2.4a). The N-terminal domain had barely enough activity to detect using these assay conditions, giving a Vmax/[E]0 value of 0.002 (moles(min-1(mg-1 and a KM value 1.5 mM (Figure 2.4b). 
	Figure 2.4:   Enzymatic activity of three different constructs of human OGA using pNP-GlcNAc as a substrate. 
	Therefore, the catalytic efficiency (Vmax/[E]0(KM) of this N-terminal fragment is approximately 6000-fold lower than the FL protein. On the other hand, the C-terminal domain produced no observable activity even when using highly concentrated enzyme (data not shown). It is difficult to ascertain the basis for the decrease in catalytic efficiency between the N-terminal fragment and the FL protein, however, we cannot rule out the possibly that the C-terminal domain plays a role in facilitating catalysis directly, by affecting enzyme stability, or by altering enzyme dynamics. In fact, this N-terminal fragment tended to precipitation over time, even when stored at 4 (C with reducing agent, suggesting that the percentage of active enzyme was low in relation to the total amount of enzyme. Regardless, these results are in accord with the predictions of Rigden et al. (144), that the N-terminal domain of OGA harbours the catalytic machinery for OGA activity, and was the first experimental report confirming this proposal. 
	2.2.3 Cloning and Characterization of a Nuclear Variant of OGA

	Alternative splicing of the OGA mRNA transcript was shown by Comtesse et al. to generate a truncated protein (141). The product is a protein sharing the same first 662 amino acids as the full length protein (OGA-FL) and a unique 15 amino acid tail appended to the C-terminus due to translation extending into intron 10 and then terminating at a stop codon (Figure 1.10). Comtesse et al. demonstrated that this isoform (OGA-NV) preferentially fractionates to the nucleus (141). Given that this shorter isoform does contain the proposed catalytic N-terminal domain, OGA-NV is predicted to have OGA activity. Surprisingly, several studies using this isoform, or a closely related construct, reported that it had no detectable activity towards pNP-GlcNAc (142, 263). To clarify if OGA-NV has OGA activity, this isoform was cloned (264). Since the nucleotides encoding this unique 15 amino acid C-terminal tail are not present in the cDNA, this was not a trivial task. Through three successive rounds of PCR, the additional 45 nucleotides required to encode this 15 amino acid C-terminal extension were incorporated within the primers. Disappointingly, this protein was only expressed at very low levels as a His6-tagged protein (data not shown). To attempt to get better recombinant expression, OGA-NV was subcloned into a vector containing an N-terminally fused maltose binding protein (MBP) and, although expression levels were still poor, enough purified protein could be generated to carry out enzymatic studies. Testing this protein (MBP-OGA-NV) for activity, activity toward pNP-GlcNAc was detected, however, at a reduced rate compared to the FL enzyme (Vmax/[E]0 = 0.007 (moles(min-1(mg-1; KM = 0.32) (Figure 2.4c). Therefore, the catalytic efficiency of OGA-NV is 400-fold lower than the OGA-FL. Since OGA-NV lacks the C-terminal domain, this data also supports the notion that the N-terminal domain is the OGA catalytic domain. The decrease in activity between the two isoforms may account for the fact that others did not detect activity using this assay (142, 263), since the decrease in activity may have been large enough for others to not detect unless carrying out the experiments carefully using a sensitive spectrophotometer. 
	The cellular role of OGA-NV is unknown and given the significantly reduced catalytic efficiency, one might reasonably speculate that it has a function other than acting to remove O-GlcNAc from modified proteins. One report suggested that OGA-NV was able to remove O-GlcNAc from modified proteins from cell lysates in vitro (263). Even so, it was not reported how much enzyme was required to do so and the rate that was observed was likely substantially less than that observed for OGA-FL (263). To shed light on this issue OGA-FL, OGA-NV, and the N-terminal construct used in the above studies (residues 1-350) were subcloned into a mammalian expression vector with an N-terminal Myc tag (pCMV-myc). With the help of Xiaoyang Shan in our laboratory, these constructs were transfected into the SK-N-SH neuroblastoma cell line for an assessment, using immunocytochemistry, of O-GlcNAc levels in cells overexpressing the various proteins (Figure 2.5). Not surprisingly, O-GlcNAc levels were dramatically diminished in cells overexpressing OGA-FL. O-GlcNAc levels in cells overexpressing OGA-NV were slightly decreased compared to untransfected cells. On the other hand, the N-terminal domain (1-350) did not decrease O-GlcNAc levels. One interesting observation that can be made from these results is that overexpression of OGA-NV, which has never been done in mammalian cells, resulted in cytosolic and punctate staining. This was surprising given that Comtesse et al. concluded, based on cell fractionation studies, that OGA-NV was predominantly nuclear (141). Regardless, the effect of these three constructs on O-GlcNAc levels are in keeping with our in vitro analysis of catalytic activity.
	Together, these results suggest that the C-terminal domain of human OGA is somehow involved in helping the catalytic domain remove O-GlcNAc from modified proteins. Although it cannot be ruled out that the presence of the C-terminal domain is required to maintain the N-terminal domain in a conformation that is optimal for catalysis, an alternative explanation that we favour is that the C-terminal domain has lectinic activity towards O-GlcNAc-modified proteins. Several observations are consistent with this latter proposal. First, many GHs have additional carbohydrate binding modulates (CBMs) that help anchor the enzyme to their substrates (265). Indeed, bacterial homologues of human OGA that are also members of GH84 have multiple CBMs (266-268). This last point is particularly relevant to GHs that act on substrates that are present at high local concentrations since CBMs help keep the enzyme anchored to the region of high substrate concentration for multiple rounds of catalysis. Consistent with this view, several proteins are known to have a high number of O-GlcNAc modification sites (95, 96) and the O-GlcNAc modification is particularly enriched in certain cellular structures such as the nuclear envelope (37, 40) and nerve terminals (49, 50). Second, the C-
	Figure 2.5:   Transfection of SK-N-SH neuroblastoma cells with three different constructs of human OGA. 
	SK-N-SH cells were plated onto cover clips and transfected with the specified myc-tagged OGA construct. 24 hr post-transfection, the cells were fixed and probed with an anti-O-GlcNAc (CTD110.6), anti-myc, and anti-OGA antibody. Appropriate fluorescently labelled secondary antibodies were used for visualization and DAPI was used to visualize the nuclei. Note that the overall transfection efficiency was approximately 10%. The white bar in the lower left panel is a scaling bar that represents 5 (m.
	terminal domain has sequence similarity to GlcN-6-P acetyltransferases but, intriguingly, the CoA binding region is absent from this domain (145). The original proposal that this domain has histone acetyl transferase (HAT) activity (146) has been refuted by others (147), which is consistent with this domain lacking the CoA binding region. It seems plausible that the C-terminal domain could have evolved lectinic acitivity from a protein scaffold that already had carbohydrate binding capacity. Further investigation will be required to validate this new hypothesis for the role of the C-terminal domain of OGA.       
	2.3 Enzymatic Mechanism of OGA
	2.3.1 Possible Modes of Action


	As described above, four general catalytic mechanisms have been discovered to be used by GHs. Enzymes that catalyze hydrolysis of glycosides of 2-acetamido-2-deoxy-(-D-hexopyranosides have been shown to use all four types of mechanisms. For instance, members of GH24 use an inverting mechanism, members of GH3 and 22 use a double-displacement catalytic mechanism, members of GH18, 20, and 54 use a catalytic mechanism involving substrate-assisted catalysis, and members of GH109 use the oxidation mechanism. OGA is a member of GH84, which contains many enzymes from bacteria and eukaryotes, however, no prior mechanistic studies had been carried out on any members of this family prior to work descibed in this thesis. Since four possible catalytic mechanisms are possible, we set out to determine which mechanism is used by human OGA.
	2.3.2 Stereochemical Outcome 

	Knowledge of the stereochemical outcome of a reaction can rule out or present evidence for an inverting mechanism. The most common approach to gain an understanding into this issue is by monitoring the enzyme-catalyzed reaction by 1H nuclear magnetic resonance (NMR) spectroscopy. This technique gives very precise information on the stereochemistry at the anomeric centre since the 1H NMR resonances of the anomeric proton are sensitive to being in either the ( or ( configuration. As well, the (- and (-anomers have well resolved and distinctive chemical shifts from each other and other protons of the pyranose ring. Further, 1H NMR can differentiate the two anomers since the resonance arising from the H-1 of the (-anomer of a gluco-configured pyranose (D-configured) is typically downfield in the spectrum and has a small coupling constant (J ( 3.0-4.0) whereas the (-anomer typically has a much larger coupling constant (J ( 8-9) and is found further upfield in the spectrum.
	The OGA catalyzed hydrolysis of 3-fluoro-4-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside (3F4NP-GlcNAc) was followed over time by 1H NMR (Figure 2.6). After 5 min, the majority of the product was the (-anomer of the hemiacetal, indicating that the first formed product is the (-anomer. After 240 min, the reaction was complete and the (-hemiacetal had undergone mutarotation to give an equilibrium mixture of the (- and (-anomer of approximately 3:2, which is the expected equilibrium ratio for N-acetylglucosamine (269). Since the substrate is a (-glycoside, this data strongly suggests that OGA uses a catalytic mechanism involving retention of stereochemistry at the anomeric centre and rules out an inverting mechanism. In another study, our collaborators carried out an analogous experiment using a bacterial homologue of human OGA from Streptococcus pyogenes (SpGH84) that is also a member of GH84 (261). They concluded that for this enzyme, the (-anomer was the first formed product 
	Figure 2.6:  Human OGA uses a catalytic mechanism involving retention of stereochemistry at the anomeric centre. 
	The hydrolysis of 3-fluoro-4-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside (5 mM) measured as a function of time by 1H NMR spectroscopy. A spectrum (t = 0) was obtained prior to addition of enzyme (1 (M). The reaction was maintained at 37 (C and at various times the reaction was placed in the spectrometer at 20 (C and a spectrum was obatined. Production of the (-anomer (4.46 ppm) clearly precedes appearance of the (-anomer (4.94 ppm) arising from mutarotation. Notice that some time after the reaction had gone to completion (240 min), an equilibrium mixture of the (- and (-anomer is observed in the expected 3:2 ratio for N-acetylglucosamine. All spectra were referenced to the major peak within each spectra (HOD) to 4.7 ppm.
	and together these data present strong evidence that members of GH84 use a catalytic mechanism involving retention of stereochemistry at the anomeric centre.
	Members of GH84 do not share any sequence similarity with members of GH4 or 109, which use the more rare oxidation mechanism. Furthermore, earlier characterization of mammalian OGA showed no biochemical requirement for an NAD+ cofactor (140, 151). With this in mind, we felt that it was highly unlikely that members of GH84 use this unusual mechanism. This left two realistic possibilities: the double-displacement mechanism and substrate-assisted catalysis.
	2.3.3 Biochemical Evidence for Substrate Assisted-Catalysis
	2.3.3.1 Effect of Altering the Electronics of the 2-Acetamido Group


	There are two major differences between the double-displacement and substrate-assisted catalytic mechanisms. In the double-displacement mechanism, a catalytic nucleophile is usually situated directly below the plane of pyranose ring and poised for nucleophilic attack (227). However, with no knowledge of the active site architecture of members of GH84 at the time, it was impossible to predict if this family of GHs had an appropriately positioned carboxyl group. A second difference between the two mechanisms is the participation of the 2-acetamido group in catalysis. In the double displacement mechanism, this moiety plays a passive role whereas it plays a critical role in the substrate-assisted catalytic mechanism. Fortunately, this difference can be discerned through careful biochemical analysis using a series of synthetic substrates (270).  
	An excellent method for assessing the importance of the 2-acetamido group in catalysis is by evaluating the effect of fluorine substitution on the methyl group of the 2-acetamido substituent of the substrate. Fluorine substituents decrease the basicity of the carbonyl oxygen and hence diminish its nucleophilicity. The ability of this method to differentiate between the two mechanisms in question is highlighted by a study showing that fluorine substitution does not affect the rate of catalysis when a double-displacement mechanism is in operation but does substantially slow catalysis when substrate-assisted catalysis is the mode of action (270). Moreover, the catalytic efficiency is expected to correlate in a linear manner with the number of fluorine atoms substituted at the methyl group; this correlation constitutes a Taft LFER. Nevertheless, the increased steric bulk of fluorine (1.47 Å van der Waals radius and 1.38 Å C–F bond length) compared with hydrogen (1.20 Å pm van der Waals radius and 1.09 Å C–H bond length) must also be considered, since steric effects could also impair catalysis. With these thoughts in mind, two series of probes were synthesized (Scheme 2.1). To evaluate the steric effect of the fluorines in binding to the enzyme, I prepared a series of 
	Scheme 2.1:  Synthesis of a series of competitive inhibitors and substrates with different levels of fluorine substitution on the 2-acetamido group. 
	(A) Synthesis of a series of methyl 2-deoxy-2-N-fluoroacetamido-(-D-glucopyranosides and (B) 4-methylumbelliferyl 2-deoxy-2-N-fluoroacetamido-(-D-glucopyranosides. (i) CH3C(O)OC(O)CH3 or CF3C(O)OC(O)CF3, Et3N, CH2Cl2; (ii) Dowex 50-H+, NaOOCCH2F or NaOOCCHF2, DMF, Et3N, Py, DCC; (iii) a, NaOMe, MeOH; b, Dowex 50-H+.
	methyl 2-acetamido-2-deoxy-(-D-glucopyranosides with 0, 1, 2, or 3 fluorines appended to the methyl group of the 2-acetamido substituent to test as competitive inhibitors (Scheme 2.1a). To probe the electronic effect of the fluorine groups on catalysis, a series of 4-methylumbelliferyl 2-acetamido-2-deoxy-(-D-glycopyranosides were prepared by Danielle Chin in our laboratory with either 0, 1, 2, or 3 fluorines appended to the methyl group of the 2-acetamido substituent to test as substrates (Scheme 2.1b).
	Table 2.1:  Inhibition constants for a series of fluorinated methyl 2-deoxy-2-N-fluoroacetamido-(-D-glucopyranosides (Me-GlcNAc) determined for human OGA and HexB.
	The series of methyl glycosides were tested as competitive inhibitors for both human OGA and human (-hexosaminidase (HexB) (271). For both enzymes, a small dependence is observed but in opposite directions (Table 2.1). For OGA, addition of fluorines decreased the KI value (increased binding strength) but the effect was minor since three fluorines only decreased the KI value less than 2-fold. On the other hand, the KI value increased (decreased binding strength) 8-fold upon addition of three fluorines when tested against HexB. Although the effects observed are relatively small, the different effects on the two enzymes is interesting and will be discussed in more detail below. For now, however, the steric effect of fluorine substitution on binding of substrates to human OGA can be considered minor.
	Figure 2.7  Activity of human OGA and HexB with N-fluoroacetyl derivatives of 4-methylumbelliferyl 2-acetamido-2-deoxy-(-D-glucopyranoside (4MU-GlcNAc).
	Initial velocities of the (A) human OGA-catalyzed and (B) human HexB-catalyzed hydrolysis of N-fluoroacetyl derivatives of 4MU-GlcNAc; 4MU-GlcNAc (closed diamonds) 4MU-GlcNAc-F1 (closed triangles); 4MU-GlcNAc-F2 (closed squares); 4MU-GlcNAc-F3 (closed circles). Insets, detail of the region of the plot at the intersection of the axes. (C) Linear free energy analysis plotting the Taft constant (σ*) of the N-fluoroacetyl substituent of 4MU-GlcNAc substrate analogues against the logarithm of the second-order rate constants (Vmax/[E]0(KM) measured for each substrate as shown in (A) and (B) with OGA (closed circles) and HexB (open squares).
	Next, the series of substrates were tested with both human OGA and human HexB (272). The addition of fluorine groups successively decreased the catalytic efficiency of human OGA (Figure 2.7a). For human HexB, which is known to use 
	Table 2.2:  Rate constants for the OGA and HexB-catalyzed hydrolysis of a series of fluorinated 4-methylumbelliferyl 2-deoxy-2-N-fluoroacetamido-(-D-glucopyranosides (4MU-GlcNAc). 
	a The Taft electronic parameters (*) used for each N-acyl substituent were obtained from Hansch and Leo (273)
	b The substrate concentrations assayed did not exceed KM due to limited substrate solubility.
	c Values were determined by linear regression of the second order region of the Michaelis-Menten plot.
	d Values could not be determined as saturation kinetics were not observed because of limitations in substrate solubility.
	substrate-assisted catalysis (274), the effect was even more pronounced (Figure 2.7b). It should be noted that a pH value of 4.5 was used to mimic the pH of the lysosome where HexB naturally functions. These trends were observed for both catalytic efficiency (Vmax/[E]0(KM) and turnover number (Vmax/[E]0) for both enzymes (Table 2.2). Shown in Figure 2.7c are Taft plots in which the logarithm of the second-order rate constant (Vmax/[E]0(KM) is compared to the established Taft constant ((*) for methyl, monofluromethyl, difluromethyl, and trifluoromethyl groups (273). For human OGA, the slope (() is -0.42 ( 0.08 and for the GH20 human HexB, the ( value is -1.0 ( 0.1. This latter value is similar to that obtained in a similar study performed on another member of GH20 from Streptomyces plicatus (SpHex) (( = -1.29), with the only difference being that this other study used a different leaving group on the substrate (4-nitrophenyl) (270). As described above, ( is a composite of both electronic and steric components. The shallower slope for human OGA could reflect, in principle, either or both of these elements. In fact, the shallower slope for OGA in combination with data presented for the binding of the methyl glycosides suggests that the steric component of the fluorines may have less of an effect towards human OGA. This has important implications regarding the active site architecture of OGA compared to HexB and is a major driving force behind inhibitor design, which will be discussed in Chapter 3. Regardless, the involvement of the 2-acetamido group in catalysis, evaluated using these approaches, provides strong evidence that human OGA uses a catalytic mechanism involving substrate-assisted catalysis.
	2.3.3.2 Inhibition by NAG-Thiazoline

	As discussed in Chapter 1, PUGNAc is a potent inhibitor of members of both GH20 and GH84. In addition, PUGNAc also inhibits members of GH3 that use a double-displacement mechanism (275) as well as an (-N-acetylglucosaminidase that uses a retaining catalytic mechanism (269). Thus, the ability of PUGNAc to inhibit an enzyme that acts on a substrate having a 2-acetamido group does not provide information on the catalytic mechanism used by that enzyme. On the other hand, another inhibitor developed by Knapp and colleagues, called 1,2-dideoxy-2'-methyl-(-D-glucopyranoso-[2,1-d]-(2'-thiazoline (NAG-thiazoline, Figure 2.8a), is specific to GHs that use a substrate-assisted catalytic mechanism (274, 276, 277). The reason for this specificity is likely because NAG-thiazoline resembles the 1,2-dideoxy-2'-methyl-(-D-glucopyranoso-[2,1-d]-(2'-oxazoline (NAG-oxazoline; Figure 2.8a)  intermediate in such a mechanism  or a closely related transition state. Unlike NAG-oxazoline, which is rapidly turned over by GHs that use substrate-assisted catalysis, the sulphur atom of NAG-thiazoline appears to provide stability against enzyme-catalyzed hydrolysis and, indeed, this molecule is a nanno- to micromolar inhibitor of some members of GH20 family (277, 278). 
	With our previous data indicating that OGA uses substrate-assisted catalysis, we were motivated to test this proposal by evaluating if OGA is inhibited by NAG-thiazoline. Therefore, Garrett Whitworth of our laboratory prepared NAG-thiazoline and we tested it as an inhibitor against both human OGA and human HexB (272). Initial inhibition studies carried out by Dr. Vocadlo with human OGA showed a clear pattern of competitive inhibition and a KI value of 180 nM was obtained at a pH value of 7.4 (Figure 2.8b). When I retested NAG-thiazoline at a pH of 6.5, it was even more potent toward OGA with a KI value of 70 nM (Figure A2a of the Appendix). On the other hand, a KI value of 70 nM was obtained for inhibition of human HexB by NAG-thiazoline at a pH value of 4.5 (Figure A2b of the Appendix). This value is lower than a value of 280 nM previously determined for another GH20 (-hexosaminidase from jack bean (277). Interestingly, two other members of GH20, SpHex and Dispersin B, are also inhibited by NAG-thiazoline but the potency is 2-3 orders of magnitude worse (276, 278). In any case, the potent inhibition of human OGA by NAG-thiazoline is in agreement with the Taft analysis discussed above and strongly supports the proposal that OGA uses a catalytic mechanism involving substrate-assisted catalysis.
	Figure 2.8:  Inhibition of human OGA by NAG-thiazoline. 
	(A) The structure of NAG-oxazoline (left), the intermediate for GHs that use a catalytic mechanism involving substrate-assisted catalysis, compared to the chemically stable NAG-thiazoline (right), a potent mechanism-based inhibitor of GHs using substrate-assisted catalysis. (B) NAG-thiazoline is potent inhibitor of human OGA and shows a patter of competitive inhibition. The concentrations of NAG-thiazoline ((M) used were 3.04 (closed triangles), 0.90 (inverted open triangles), 0.30 (closed circles), 0.10 (open triangles), 0.033 (closed squares), and 0.00 (open circles). Inset, graphical analysis of KI from plotting the apparent KM derived from each Michaelis-Menten curve against the concentration of NAG-thiazoline.
	2.4 Identification of the Key Catalytic Residues of Human OGA
	2.4.1 Predictions


	Previous biochemical and structural studies of GHs that use substrate-assisted catalysis (GH18, 20, and 56 at the time of this work) have established the requirement for two key carboxyl catalytic residues (249, 274, 276, 279-285). For these families of enzymes it has been shown that one of these residues interacts with the amide proton of the 2-acetamido group to facilitate nucleophilic attack of this group in the first step of the catalytic mechanism (Figure 2.3c). This residue is referred to as the stabilizing or polarizing residue because it is thought to hydrogen bond with the 2-acetamido group and thereby both orient and polarize this group. Two predictions on precisely how this residue aids catalysis have been put forward. One scenario predicts that the amide proton would remain significantly bonded to the nitrogen resulting in an oxazolinium ion intermediate and that this intermediate would be stabilized through a strong electrostatic interaction between the positively charged oxazolinium ion and the negatively charged stabilizing residue (286). Alternatively, the catalytic residue could act as a general base to enhance the nucleophilicity of the 2-acetamido group and aid formation of a neutral oxazoline intermediate (262). Regardless of the extent of proton transfer, in the second step of the mechanism, this same catalytic residue is predicted to act in the microscopic reverse of the first step and so aid breakdown of the oxazoline/oxazolinium intermediate. The second key catalytic residue has been shown in these families to play the role of the general acid/base catalyst. In the first step, this residue facilitates departure of the leaving group through general acid catalysis with the exocyclic oxygen. In the second step of the mechanism, this same residue facilitates hydrolysis by aiding general-base catalyzed attack of a water molecule at the anomeric centre.
	Figure 2.9:  Sequence alignment of GH family 84 members. 
	Asp174 and Asp175 (arrows) from human OGA are fully conserved within both eukaryotic and bacterial homologues. The top half of the alignment shows members of family 84 GHs from eukaryotes, while the bottom half shows those of bacteria. The data bank accession numbers are as follows:  Homo sapiens:  (GenBank identifier AF036144; Mus musculus (GenBank identifier AF132214); Rattus norvegicus (GenBank identifier AY039679); Anaopheles gambiae (GenBank identifier AAAB01008799); Drosophila melanogaster (GenBank identifier AE003734); Caenorhabditis elegans (GenBank identifier U28742); Streptococcus pyogenes (GenBank identifier AE006591); Bacteroides thetaiotamicron (GenBank identifier AAO79500); Xanthomonas axonopodis (GenBank identifier AE012042); Xanthomonas campestris (GenBank identifier CP000050); Clostridium perfringens (GenBank identifier AP003185); and Mycoplasma alligatoris (GenBank identifier AY515698). Fully conserved (*), semi-conserved (:) and partially conserved (·) residues are shown for the eukaryotic sequences and for all sequences. The sequence alignment was carried out using the program ClustalW (287) and BOXSHADE.
	Prior to any knowledge of the active site architecture of members of GH84, we set out to identify the key catalytic residues of human OGA. Being confident with the study of Rigden et al. and their ability to make predictions (144), we chose to test their prediction that Asp295 and Asp296 of the GH84 member from Xanthomonas axonopodis are the two important and conserved catalytic residues. Importantly, these two residues align with Asp174 and Asp175 of human OGA (262) and indeed Asp174 and Asp175 are completely conserved through both eukaryotic and bacterial members of GH84 (Figure 2.9). Established enzymological techniques involving kinetic analysis of GHs in which key catalytic residues have been deleted can often reveal the catalytic role played by the residue in the WT enzyme (241). These methods will be discussed in greater detail below. To this end, two point mutants of human OGA were generated (D174A and D175A) with the help of Naniye Cetinbas, a coworker in the laboratory, and a number of enzymatic parameters were determined for these mutants and compared to those of the WT enzyme (262). 
	2.4.2 pH Activity Profiles

	Glycosidases typically exhibit bell-shaped pH-activity profiles reflecting the ionizations of two important active site carboxyl residues (241). Deletion of one of these carboxyl groups often results in the disappearance of one of the corresponding limbs in the profile stemming from titration of the remaining residue. Thus, an asymmetric pH profile can be suggestive of the role played by the deleted residue in catalysis by the WT enzyme (241, 279, 288-290). For the proposed substrate-assisted mechanism in which we assume two carboxyl residues are the catalytic residues, the most likely ionization state of the enzyme to initiate the catalytic cycle is for the acid/base catalytic residue to be in its protonated form and the residue that acts to polarize the 2-acetamido group and stabilize the oxazoline intermediate to be in its deprotonated form (Figure 2.3c). Given precedent for other families using substrate-assisted catalysis and that the natural environment for OGA is the nucleocytoplasm where pH is approximately neutral, we anticipate a bell shaped activity profile for WT OGA in which the acidic limb would stem from ionization of the polarizing residue, while the basic limb would stem from ionization of the general acid/base catalytic residue. 
	Full Michaelis-Menten parameters were measured at pH values ranging from 4.5 to 9.0, in which the WT and mutant enzymes were stable over the assay time (262, 291). Shown in Figure 2.10 are plots of the logarithm of the second-order (Vmax/[E]0(KM) rate constants for WT OGA and the D174A and D175A mutants as a function of pH. As had been described previously, the pH activity profile for the WT-catalyzed hydrolysis of pNP-GlcNAc resembles a bell-shaped curve with the maximal catalytic efficiency at a pH 
	Figure 2.10:  The pH-activity profiles of WT and mutant OGA. 
	(A) The second-order rate constant (Vmax/[E]0(KM) for WT OGA-catalyzed hydrolysis of pNP-GlcNAc. The two inflection points are estimates for the pKa values of two ionisable groups that are critical for catalysis. (B) The logarithm of the second-order rate constant (Vmax/[E]0(KM) for WT (squares) and D175A (closed circles) OGA-catalyzed hydrolysis of pNP-GlcNAc and D174A (open circles) catalyzed hydrolysis of 3,4DNP-GlcNAc as a function of pH of the reaction mixture. Each point represents the second-order rate constant derived from a Michaelis-Menten curve.
	of 6.5 (Figure 2.10a,b) (140, 151). Based upon the inflection points in the pH profile in Figure 2.10a, we determined the kinetic pKa values of the two critical catalytic residues can be assigned as being approximately 5.3 and 7.8. 
	The hydrolysis of pNP-GlcNAc catalyzed by the D174A mutant is extremely slow; therefore, a more reactive substrate (3,4-dinitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside; 3,4DNP-GlcNAc) was used for determining its pH profile (Figure 2.10b – empty circles). Strikingly, the pH profile for the D174A mutant did not show a bell-shaped curve but rather increasing activity at lower pH values. The absence of the acidic limb in this mutant makes Asp174 a candidate to be the polarizing residue. Such an assignment for this residue is entirely consistent with the deleterious effect of mutating the polarizing residue on catalytic efficiency of members of GH20 (279, 284). Nevertheless, analysis of pH profiles of mutant enzymes in which the key carboxyl groups have been deleted by site-directed mutagenesis can be complicated by the altered electrostatic environment within the active site, with consequence being changes to the microscopic pKa value of the other active site residues. For instance, in the pH rate profile of the D174 mutant enzyme the basic limb is shifted to lower pH with an apparent decrease in the kinetic pKa of the remaining residue by at least 2.5 units. This observation is consistent with deletion of a negative charge within the vicinity of the acid/base residue. Shifts in the pKa values of ionizing groups within the active site of other glycosidases have been observed in several other cases (279, 289, 292, 293).
	Analysis of the pH profile of the D175A mutant, using pNP-GlcNAc, showed behavior similar to that of the WT enzyme with the exception that the activity did not drop as much at higher pH values (Figure 2.10b – filled circles). Although the pH profile of this mutant is more ambiguous, the observation that the basic limb is attenuated at high pH does suggest that Asp175 is the general acid/base catalytic residue. The basis for the unexpected decrease in activity at higher pH values for this mutant is unknown but may stem from ionization of another group within the enzyme active site that plays a role in either binding the substrate or in catalysis. To more rigorously probe the possibility that Asp175 is the general acid/base catalytic residue, more detailed mechanistic studies were carried out. 
	2.4.3 Brønsted Analyses

	A series of substituted aryl glycosides were prepared by Dr. Keith Stubbs, a coworker in our laboratory, for further analysis of the OGA mutants (Scheme 2.2, Table 2.3). The Michaelis-Menten parameters for the enzyme-catalyzed hydrolysis of this series of compounds were determined with both WT and mutant enzymes (Table 2.4) (262, 291). 
	Scheme 2.2:  Synthesis of a series of aryl 2-acetamido-2-deoxy-(-D-glucopyranosides. 
	(i) phenol (appropriately substituted), benzyltriethylammonium chloride, CH2Cl2, 1 M NaOH(aq) (ii) a, NaOMe, MeOH; b, Dowex 50-H+. See Table 2.3 for the different substituted phenols used.
	The resulting Brønsted plots of log(Vmax/[E]0(KM) and log(Vmax/[E]0) versus pKa of the corresponding phenol leaving group for the WT and mutant enzymes are shown in Figure 2.11. For the WT enzyme, a good correlation was observed when comparing the second-order rate constants and the slope of the line, termed (lg(V/K), has a value of      -0.11 (Figure 2.11a). For the point of this discussion, this small negative slope will be interpretated as a relatively small amount of negative charge accumulation on the exocyclic oxygen at the transition state, however, it should be pointed out that this interpretation relies on kinetic isotope effects (KIEs) that we carried out (291) but these will not be discussed here. When comparing the first-order rate constants the slope, termed (lg(V), is approximately zero for the WT enzyme (Figure 2.11b), indicating that there is no dependency on the leaving group in the rate-determining step of the reaction. This observation suggests that breakdown of the oxazoline intermediate may in fact be the slowest step involving bond formation or cleavage. This observation is not unprecedented for enzymes using substrate-assisted catalysis since a similar observation ((lg(V) ( 0) was also made for a member of GH20 (270).
	Table 2.3:  A series of substituted phenols and their corresponding pKa values that were used were as the leaving groups for a series of aryl 2-acetamido-2-deoxy-(-D-glucopyranosides.
	a Values were determined previously (294-296).
	For the D175A mutant enzyme, curved plots, each with two defined linear regions, were obtained for plots of the first-order (Figure 2.11c) and second-order (Figure 2.11d) rate constants. For good substrates, with pKa values of the corresponding phenol leaving groups less than 7.2, a negligible slope is obtained ((lg(V) = 0; (lg(V/K) = -0.1). For poorer substrates, having phenol leaving groups with pKa values greater than 7.2, a steep negative slope ((lg(V) = -0.77; (lg(V/K) = -1.0) is observed. Brønsted plots 
	Table 2.4:  Rate constants for the WT and mutant OGA-catalyzed hydrolysis of a series of aryl 2-acetamido-2-deoxy-(-D-glucopyranosides. 
	showing such curvature have been obtained for a range of WT glycosidases. For example, those from families 1 (297-300), 3 (270, 301), 11 (302), and 39 (303) all show such behavior.  Replacement of the general acid/base catalytic residue with a non-ionizable residue  should substantially reduce the catalytic efficiency of the mutant enzyme toward substrates bearing poor leaving groups but should have a less pronounced effect for substrates bearing good leaving groups (304). The reason for this stems from thermodynamic considerations; proton transfer to the leaving group is thermodynamically uphill for very good leaving groups that have pKa values less than the pKa of the general acid/base catalytic residue. For mutants in which the general acid/base catalytic group has been deleted, there is considerable negative charge development on the glycosidic oxygen since proton donation is not possible and the net result is markedly negative (lg(V/K) values for such mutant enzymes (241). For WT enzymes that have (lg(V/K) values that are small and negative, there is often a dramatic and diagnostic difference between the (lg(V/K) values obtained for the WT and corresponding general acid/base catalytic mutants (289, 293, 300, 305). Indeed, such a case holds for the D175A mutant of OGA and strongly supports assignment of Asp175 as the general acid/base catalyst, which is consistent with the tentative assignment based on the pH profiles.
	Figure 2.11:  Brønsted plots of WT and mutant OGA-catalyzed hydrolysis of a series of substrates bearing substituted aryl leaving groups. 
	(A,B) Brønsted plots for WT human OGA. (C,D) Brønsted plots for the D175A mutant of human OGA. (E,F) Brønsted plots the D174A mutant of human OGA where circles represent data obtained at a pH value of 7.4 and triangles represent data obtained at a pH value of 5.0. The left panels (A,C,E) represent Brønsted plots of the second-order rate constants (Vmax/[E]0(KM) whereas the right panels (B,D,F) represent Brønsted plots of the first-order rate constants (Vmax/[E]0).  
	The results for the D174A mutant are more complex. A complicating factor stems from the observations made for the pH rate profile of this mutant, which suggested that the pKa of Asp175 is shifted down by 2.5 units in the D174A mutant. As shown in Figures 2.11e,f, the behavior of the D174A mutant shows pH-dependent changes in the Brønsted plots. (lg(V/K) and (lg(V) values of -0.95 and -0.71, respectively, were obtained at a pH value of 7.4 (Figures 2.11e,f – open circles). These results mirror those obtained for the D175A mutant; a large amount of negative charge accumulation on the glycosidic oxygen is indicative of inefficient general acid catalysis. However, the apparent decrease in the pKa of Asp175 in the D174A mutant means that Asp175 would be deprotonated at a pH value of 7.4. Thus, ineffective acid catalysis would be expected and the results for the D174A mutant at pH 7.4 support this. To test this explanation, the measurements were repeated at a pH value of 5.0 and it was determined that (lg(V/K) and (lg(V) values were significantly less negative (-0.39 and -0.31 respectively) (Figures 2.11e,f – open triangles). This result suggests that general acid/base catalysis was at least partially operative for the D174A mutant enzyme at a pH of 5.0. One pertinent observation is that regardless of the pH used, the (lg(V) values are significantly more negative than the negligible values obtained for the WT enzyme and suggest that the cyclization step is the rate-determining chemical step with this mutant at both pH values. This observation, along with the fact that this mutant has 6700-fold decreased catalytic efficiency towards pNP-GlcNAc, is consistent with the hypothesis from the pH rate profiles that Asp174 plays the critical role of promoting the cyclization step by polarizing the 2-acetamido group for attack on the anomeric centre.
	2.4.4 Competitive Nucleophile Effects

	Rescue of impaired catalysis by the addition of a small and good nucleophile is among the most reliable approaches for identifying the general acid/base catalytic residue of GHs. This method, developed by Withers and coworkers, has been used for identifying the general acid/base catalytic residue of several (-retaining glycosidases that proceed via a covalent glycosyl-enzyme intermediate (241, 288-290, 293, 306, 307). Nevertheless, this approach has not been applied to enzymes using a catalytic mechanism involving substrate-assisted catalysis. The basis for this strategy is that deletion of the general acid catalyst results in the second step of the catalytic mechanism being slowed substantially since water must be activated by the same residue that acted as the general acid catalyst in the first step. Consequently, in WT GHs, when using a substrate bearing an excellent leaving group that does not benefit from general acid catalysis, the general acid/base catalytic residue facilitates the overall reaction primarily by acting as a general base to promote attack of a water molecule in the ring-opening step. For OGA, this prediction is in line with the negligible slope that was obtained in Figure 2.11b. Therefore, for mutant GHs in which the general acid/base carboxyl group has been deleted, when substrates having very good leaving groups are used, the first step leading to the intermediate is not significantly impaired while the second step involving attack of water is greatly slowed. On addition of an exogenous nucleophile to a reaction mixture containing the mutant enzyme and a substrate having a very good leaving group, a rate acceleration is often seen because the nucleophile can intercept the glycosyl enzyme intermediate and obviate the need for the general acid/base residue. The kinetic consequences of adding an exogenous nucleophile is often an increase in kcat values for the acid/base mutant enzyme as well as an increase in KM (288, 289, 293, 301, 306). This increase in KM reflects an increase in the rate of the second step of the reaction. KM can be represented as the product of the concentration of free enzyme and substrate in solution over the concentration of all enzyme bound species and this relationship hold for OGA: 
	Equation 2.5:  KM = [E][S] / ([Enz-bound species])
	Where [E] represents the [OGA] and [Enz-bound species] represent the concentration of OGA bound to substrate, intermediate, or product. Therefore, increasing the rate of the second step results in a lower concentration of enzyme-bound species and, consequently, an increase in KM. The net result is a minimal change in the second-order rate constant for the reaction, which is consistent with the expectation that the exogenous nucleophile would have no effect on the first step irreversible step of the reaction; formation of the oxazoline intermediate.
	The effect of competitive nucleophiles on the rates of hydrolysis of 3,4DNP-GlcNAc catalyzed by the WT enzyme and the two mutants was carried out in collaboration with Naniye Cetinbas (262). 3,4DNP-GlcNAc was used as a substrate because the pKa value of the phenol leaving group is very low (5.4) and less than the pKa of the proposed general acid/base catalytic residue (Asp175), therefore, this substrate should not require general acid catalysis for cleavage. For the WT enzyme as well as the D174A mutant, addition of 600 mM azide did not result in any rate enhancement (data not shown). A greater than 5-fold increase, however, was observed for the activity of the D175A mutant. Importantly, the azide effect is not observed when a substrate bearing a poor leaving group (3NP-GlcNAc) is used (data not shown), which is consistent with the loss of the general acid/base catalytic residue also impairing cleavage of this substrate since the pKa of the leaving group is 8.35. A more detailed kinetic analysis of the effect of azide on the D175A mutant enzyme was therefore performed using azide as an exogenous nucleophile with 3,4DNP-GlcNAc as a substrate. The first- and second-order rate constants, as well as the Michaelis constant were determined as a function of azide concentration for the D175A mutant acting on 3,4DNP-GlcNAc (Figure 2.12). Both Vmax/[E]0 and KM values increase as a function of azide concentration, with the overall result that Vmax/[E]0(KM only slightly increases. To be certain that azide was indeed intercepting the intermediate and not influencing catalysis through indirect mechanisms, the product of a reaction carried out in the presence of azide was compared to a synthetic standard of 2-acetamido-2-deoxy-(-D-glucopyranosyl azide (GlcNAc azide).  Using thin layer chromatography (TLC) as a means of monitoring the reaction, the D175A-catalyzed formation of GlcNAc azide could be observed when azide was included in the reaction (Figure A3 of the Appendix), providing support that azide was rescuing the rates of the enzyme-catalyzed reaction by acting as an exogenous nucleophile to intercept the oxazoline intermediate. These azide effects, therefore, provide further support for the assignment of Asp175 as the general acid/base catalytic residue.
	In summary, the results presented for the pH rate profiles, Brønsted analyses, and competitive nucleophile effects all support assignment of Asp174 as the polarizing/stabilizing residue and Asp175 as the general acid/base catalytic residue. These studies followed well-defined methodologies for analyzing site-directed mutants of GHs and the information that these experiments provide are far more detailed and informative than simply characterizing the enzymatic activity of the site-directed mutants towards a single substrate. This point is highlighted by a study that made conclusions differing from our own - concluding that Asp175 is the polarizing/stabilizing residue while Asp177 is the general acid/base catalytic residue (308). Although we were confident in our studies, unambiguous assignment of the two key catalytic residues awaited determination of the structure of a GH84 family member.
	Figure 2.12:  Adding azide as an exogenous nucleophile partially rescues the activity of the D175A mutant of human OGA toward 3,4DNP-GlcNAc. 
	The first-order rate constants (Vmax/[E]0; circles), Michaelis constants (KM; squares), and the second-order rate constants (Vmax/[E]0(KM; triangles) for D175A OGA plotted as a function of azide concentration when 3,4-DNP-GlcNAc is used as a substrate. All values are corrected for the effect of salt concentration. 
	2.4.5 Transfection of the D175A mutant  

	One method that investigators have used for decreasing O-GlcNAc levels in a cellular setting is through overexpression of OGA (86, 156, 309, 310). One drawback of this method is that OGA is known to be a component of several large protein complexes (140, 309), and so overexpressing OGA could disrupt these complexes or introduce new protein-protein interactions. Indeed, modulating the protein levels of an enzyme within a cellular setting can result in dominant negative effects that are independent of altered enzyme activity (176, 177). One method that can control for such effects is through carrying out a parallel experiment in which a catalytically inactive enzyme is overexpressed. Often, this type of a control can reveal interesting and unexpected phenomena (178, 179). The D174A mutant is approximately 6700-fold less active than the WT enzyme towards pNP-GlcNAc. Extrapolating the results to the pKa of the natural substrate ((16) would indicate that it would be essentially catalytically inactive. The pH rate profile and Brønsted plot for the D174A mutant displayed behavior that is consistent with D174A acting as the polarizing/stabilizing residue and this suggests that the large decrease in catalytic efficiency of this mutant is not simply due to perturbed protein folding. Therefore, this mutant would be a good choice to use as a catalytically inactive control and so this mutant was cloned into a mammalian expression vector. This mutant, along with the WT enzyme, was transfected into SK-N-SH cells and O-GlcNAc levels were assessed by immunocytochemistry in the same manner described above in Figure 2.5. As shown in Figure 2.13, cells transfected with the D174A mutant of OGA did not show decreased O-GlcNAc levels compared to untransfected cells. On the other hand, the WT enzyme decreased O-GlcNAc levels dramatically. These differences in O-GlcNAc levels were observed even though both WT and mutant OGA were expressed at equally high levels in transfected cells. Accordingly, the D174A mutant of OGA is an excellent candidate to use as a control in experiments involving overexpression of OGA.
	Figure 2.13:  Transfection of SK-N-SH neuroblastoma cells with either WT or D174A human OGA. 
	SK-N-SH cells were plated onto cover clips and transfected with the specified myc-tagged OGA construct. 24 hr post-transfection the cells were fixed and probed with an anti-O-GlcNAc (CTD110.6), anti-myc, and anti-OGA antibody. The appropriate fluorescently labelled secondary antibodies were used for visualization and DAPI was to visualize the nuclei. Note that the overall transfection efficiency was approximately 10%. The white bar in the lower left panel is a scaling bar that represents 5 (m.
	2.5 Insight into the Active Site Architecture of OGA
	2.5.1 Bacterial Homologues of Human OGA   


	Despite efforts, no structural information is available for a eukaryotic OGA from GH84. The lack of success, however, has not diminished efforts to understand the structure of other GH84 members and these studies have proven insightful. The CAZy classification system has been validated time and time again, indicating that members of a family, both bacterial and eukaryotic members, share a great deal of sequence similarity and an even higher degree of structural conservation (1, 8, 10, 227). Within GH84, many bacterial homologues of human OGA share 40-50% sequence similarity with the N-terminal catalytic domain of the human enzyme. It stands to reason that a bacterial member of GH84 might serve as a good model for the human enzyme.  As bacterial proteins are generally found to be expressed recombinantly in E. coli at much higher levels than eukaryotic proteins and have a higher propensity to crystallize, structural biologists often turn to bacterial homologues of eukaryotic enzymes when crystallization of the eukaryotic protein fails. This approach has been met with good success for OGA.
	2.5.2 The Structure a Bacteroides thetaiotaomicron OGA (BtGH84) in Complex with NAG-thiazoline   

	In collaboration with the laboratory of Dr. Gideon Davies, at the University of York, the structure of a bacterial homologue of human OGA from Bacteroides thetaiotaomicron (BtGH84) was solved (Figure 2.14a) (266). As predicted by Rigden et al. (144), the catalytic N-acetylglucosaminidase domain of GH84 family members consists of an ((/()8 TIM barrel (Figure 2.14b). BtGH84 also contains several other domains that likely function as carbohydrate binding domains (Figure 2.14a) (268), but these will not be discussed further since they do not have any sequence similarity to any part of human OGA. Like many other GHs that have the TIM barrel structural fold, the active site is situated on the top face within a deep cleft (Figure 2.14b). It should be noted that another laboratory, independently, has solved the structure of a different GH84 family member from Clostridium perfringens (CpGH84) in complex with PUGNAc (267). This study has largely corroborated the findings described here as well as what will be described below for the active site architecture of BtGH84.
	2.5.3 Active Site Residues

	Alone, the structure of BtGH84 is not very revealing, however, in the presence of an active site ligand, significant insight is gained. Specifically, the structure of BtGH84 in complex with NAG-thiazoline reveals valuable details about the active site architecture and mode of catalysis (Figure 2.14c). One obvious observation is that the active site does not have a suitably positioned carboxyl group to act as a nucleophile or an active site NAD+ cofactor. In fact, the simple ability of NAG-thiazoline to crystallize in the active site is strong support that BtGH84 uses substrate-assisted catalysis. Closer inspection of the residues making contact with NAG-thiazoline solidifies the mode of catalysis. Asp242 forms a hydrogen bond with the nitrogen in the thiazoline. Gratifyingly, this residue aligns with Asp174 of the human enzyme (Figure 2.9) and confirms the catalytic mechanism and assignment of this residue as the polarizing/stabilizing residue from the earlier 
	Figure 2.14:  Three-dimensional structure of BtGH84 solved to 1.95 Å resolution. 
	(A) Cartoon representation of the full-length BtGH84 colour-ramped from, N-terminus (blue) to C-terminus (red), with NAG-thiazoline and the proposed general acid/base catalytic residue (Asp243) in ball-and-stick representation. (B) The catalytic ((/()8 TIM barrel domain of BtGH84 in complex NAG-thiazoline (red sticks). The lower panel represents a rotation 90( about the z-axis in the upper panel. (C) Electron density (Fobs – Fcalc) of NAG-thiazoline in the active site of BtGH84 demonstrating the important catalytic residues.
	biochemical studies presented above. The only carboxylic acid residue suitably positioned to fulfill the role of general-acid/base catalytic residue is Asp243, which aligns with Asp175 in the human enzyme (Figure 2.9). This catalytic residue occupies a position above the plane of the pyranose ring (Figure 2.14c). Therefore, our biochemical experiments showing Asp175 plays the role of the general acid/base catalyst is also validated by this structure. Consistent with the important catalytic roles played by Asp242 and Asp243 of BtGH84, site-directed variants of these two catalytic groups have markedly lower catalytic efficiencies toward pNP-GlcNAc (2,800- and 110-fold lower, respectively) than that of the wild-type enzyme (266). Also, consistent with the requirement for two critical catalytic residues to be in their correct protonation state to initiate catalysis is that BtGH84 has a bell-shaped pH rate profile (Figure 2.15a). Solidifying that BtGH84 uses a mechanism involving substrate-assisted catalysis is a strong dependence on the nucleophilicity of the 2-acetamido group for catalysis observed in a Taft-like analysis (Figure 2.15b).
	Figure 2.15:  pH-activity profile of BtGH84 and Taft-like analysis. 
	(A) pH dependence of the second-order rate constant, log(Vmax/[E]0(KM). Full Michaelis-Menten parameters were determined at each pH using pNP-GlcNAc as a substrate. (B) Taft-like LFER of the Taft constant ((*) of the N-fluoroacetyl substituent of each 4MU-GlcNAc substrate analogue against log(Vmax/[E]0(KM) measured for that substrate with BtGH84. 
	2.5.4 An Active Site Pocket beneath the 2-Acetamido Group

	One interesting observation from the structure of BtGH84 is the presence of a pocket beneath the methyl group of the thiazoline ring (Figure 2.16a). This pocket is approximately 8 Å deep and is lined by a tryptophan, cysteine, and methionine residue; thus making it reasonably hydrophobic (Figure 2.16b). An interesting point is that this pocket appears to be unique to GH84. An overlay of the active site residues of BtGH84 and human HexB, both in complex with NAG-thiazoline, shows that a tryptophan (Trp405) from the GH20 enzyme is positioned directly beneath the methyl group on the thiazoline (Figure 2.16b). It is worth noting that the residues that comprise this pocket are conserved with other GH84 members and, indeed, the structure of CpGH84 in complex with PUGNAc displays this same pocket (267). The Taft-like LFERs that we carried out previously on human OGA and HexB, as well as experiments carried out with derivatives of NAG-thiazoline (see below in Chapter 3), had indicated that OGA should have a more spacious active site surrounding the 2-acetamido group of the substrate compared to HexB, therefore, we did anticipate such a feature but it was satisfying to directly observe the molecular basis for this selectivity.
	2.5.5 Defining the Reaction Coordinate

	As discussed in the introduction to this chapter, the reaction coordinates of GHs can be defined by the movement of the anomeric centre in a process that has been 
	Figure 2.16:  The structure of BtGH84 in complex with NAG-thiazoline reveals an active site pocket. 
	(A) Surface representation of the active site of BtGH84 generated in Pymol. Active site residues and NAG-thiazoline are drawn as sticks in green and red, respectively. (B) Overlay of the active site of BtGH84 (green; PDB 2CHO) with human GH20 hexosaminidase B (yellow, PDB 1NPO) both in complex with NAG-thiazoline. A much smaller pocket is present in the GH20 enzyme by virtue of Trp405, whereas absence of an equivalent residue equivalent to Trp405 in the GH84 enzyme creates a large active site cavity beneath the 2(-methyl group of NAG-thiazoline.
	described as electrophilic migration (14, 252). For (-retaining GHs acting on a gluco-configured substrate, this coordinate is generally thought to begin with a distorted substrate in a skew boat (1S3) conformation, proceed through a transition state with an approximate half-chair (4H3) conformation, and go on to form an intermediate with a chair (4C1) conformation (Fig. 2.2b). Although this coordinate has been well defined experimentally for many (-retaining GHs that use a double-displacement mechanism (227), the reaction coordinate has never been fully defined for an enzyme using substrate-assisted catalysis. To this end, studies were initiated in collaboration with Dr. Gideon Davies’ laboratory to try to define the reaction coordinate of BtGH84. This work was recently published so this text is paraphrased from this manscript, which I helped write (311). 
	Various approaches to trap glycosidases with their unhydrolyzed substrates have included non-hydrolysable or slowly turned over substrates and/or enzyme variants in which components of the catalytic apparatus have been compromised (227). As demonstrated earlier in this chapter, substitution of fluorine for hydrogen on the methyl group of the 2-acetamido substituent of GlcNAc impairs catalysis for enzymes using substrate-assisted catalysis (Figures 2.7 and 2.15b). We reasoned that, under the right conditions, such a substrate might be trapped in the active site unhydrolyzed. Initially, the 4-methylumbelliferyl substrates and methyl glycosides (Scheme 2.1) were used to try 
	to accomplish this goal. However, Yuan He of Dr. Davies’ laboratory found that these compounds cracked the crystals of BtGH84 and led to poor diffraction data. Various other derivatives were subsequently tested, which I had prepared for a separate study (described below in section 2.6 of this chapter). One of these, 3,4-difluorophenyl 2-deoxy-2-difluoroacetamido-(-D-glucopyranoside (Figure 2.17a), cocrystallized with 
	Figure 2.17:  Visualization of the reaction coordinate of BtGH84. 
	(A) 3,4-difluorophenyl 2-deoxy-2-difluoroacetamido-(-D-glucopyranoside (3,4DFP-GlcNAc-F2) drawn in the 4C1 conformation; the preferred conformation in solution. (B) Michaelis complex of 3,4DFP-GlcNAc-F2 (red mesh represents the electron density) bound within the BtGH84 active site. (C) Representation of the conformation of 3,4DFP-GlcNAc-F2 bound in the active site of BtGH84. This conformation represents a 1S3 skew boat. This conformation places the glycosidic linkage in a pseudo-axial position above the plane of the pyranose ring to create a favourable geometry between the glycosidic oxygen, the anomeric carbon, and the carbonyl oxygen of the 2-acetamido substituent for nucleophilic displacement. The carbonyl oxygen of the 2-acetamido substituent is poised for nucleophilic attack on the anomeric centre with only 3.6 Å separating these two atoms. (D) The two critical catalytic residues of BtGH84, Asp242 and Asp243, form hydrogen bonds to the amide group of the 2-acetamido substituent and the glycosidic oxygen, respectively. (E) 2-acetamido-2-deoxy-5-fluoro-(-D-glucopyranosyl fluoride was used to trap a (F) 5F-oxazoline. (G) The 5F-NAG-oxazoline intermediate trapped in the active site of the D243N mutant of BtGH84 in a 4C1 conformation. (H) 4MU-GlcNAc was used to trap a “chemically unmodified” NAG-oxazoline (I) in the active site of the D242N mutant of BtGH84. (J) NAG-thiazoline trapped within the active site of the D242N mutant of BtGH84 in a 4C1 conformation. (G,J) The pink sphere represents a water molecule poised for general base catalyzed attack on the anomeric centre. 
	BtGH84 and the three-dimensional structure of the complex was solved. Strikingly, the substrate was not hydrolyzed and the pyranose ring of the substrate was found to adopt a conformation that is very close to a 1S3 skew boat (Figure 2.17b), which differs significantly from the 1C4 conformation preferred in solution for gluco-configured pyranosides (244). Such a conformation places the glycosidic bond in a pseudoaxial position above the plane of the pyranose ring. As a result, the N-acyl carbonyl oxygen of the substrate lies perfectly poised to displace the leaving group from the tetrahedral anomeric centre, with an Onuc-C1 distance of 3.4 Å  and an Onuc-C1-Olg angle of 170(  (Figure 2.17c). As expected, the residue that provides general acid/base catalysis to the leaving group (Asp243) is within hydrogen bond distance to the leaving group oxygen and, likewise, the polarizing/stabilizing residue (Asp242) forms a hydrogen bond with the amide of the 2-difluoroacetamido group (Figure 2.17d).
	As with Michaelis complexes, direct observation by crystallography of enzyme bound intermediates is not trivial. For the superfamily of GHs, different approaches have enabled trapping and observation of covalent glycosyl enzyme intermediates (312). Yet, a bicylic oxazoline intermediate has never been observed for a GH using substrate-assisted catalysis. To tackle this problem and visualize the putative bicylic oxazoline intermediate, two different strategies were employed. In the first strategy, 2-acetamido-2-deoxy-5-fluoro-(-D-glucopyranosyl fluoride (Figure 2.17e) (313), was prepared by Dr. Keith Stubbs in our laboratory, since we speculated that the electronegative fluorine atom geminal (F5) to the endocyclic oxygen (O5) would slow both the formation and breakdown of the oxazoline intermediate by destabilizing the cationic transition states flanking this species. By analogy with other glycosidase systems, it was reasoned that incorporation of a very good fluoride leaving group would make the oxazoline intermediate kinetically accessible even with the F5 atom present yet leave the breakdown of the oxazoline intermediate relatively slow (227, 312). Despite these considerations, turnover of the putative 1,2-dideoxy-5-fluoro-2′-methyl-(-D-glucopyrano-[2,1-d]-(2′-oxazoline (5F-NAG-oxazoline) (Figure 2.17f) intermediate by the WT enzyme was likely too rapid as evidenced by the inability to observe this species by X-ray crystallography with the WT enzyme. Instead, a variant of BtGH84 was used in which general acid/base catalytic residue was mutated (D243N) to slow down the attack of water on the anomeric centre. This strategy succeeded and enabled accumulation and observation of the 5F-NAG-oxazoline. This 5F-NAG-oxazoline intermediate binds in an approximate 4C1 chair conformation (Figure 2.17g). 
	A second strategy enabled the observation of a chemically “unmodified” oxazoline intermediate. In this strategy, a mutant of the polarizing/stabilizing residue (Asp242) was used (D242N) since kinetic measurements carried out by Yuan He indicated that under the certain conditions (high pH) this mutant catalyzes the first step of the reaction efficiently but only turns over the intermediate slowly when using 4MU-GlcNAc (Figure 2.17h) as a substrate (data not shown). Using these high pH conditions, the intact NAG-oxazoline (Figure 2.17i) intermediate was observed bound to this mutant when Yuan He soaked crystals of this enzyme with MU-GlcNAc. Like the 5F-NAG-oxazoline, the unsubstituted oxazoline adopts a 4C1 chair conformation and the conformation of active site residues in these two structures are nearly identical (Figure 2.17j). 
	Together, the Michaelis complex reveals the pyranose ring adopts a 1S3 skew boat conformation and the oxazoline intermediates reveal a 4C1 chair conformation, pointing to a 1S3↔4H3↔4C1 conformational itinerary that defines the reaction coordinate for the formation of the oxazoline intermediate. In support of these findings, trapped Michaelis complexes on GH18 chitinases (283) and GH20 chitobiases (249), which also use substrate-assisted catalysis, have shown that the substrate is distorted into a conformation resembling a skew boat (1S3). Interestingly, a comparison between the structures of these NAG-oxazolines with the structure of BtGH84 bound with NAG-thiazoline (Figure 2.14c) does not reveal any major differences. However, the subtle increase in the C1-S bond length (1.85 Å C1-S bond in the thiazoline verses 1.45 Å C1-O bond in the oxazoline) places the anomeric carbon (C1) of the thiazoline ~0.2 Å closer to the position of C1 observed in the Michaelis complex. This observation alone gives rise to the conjecture that the conformation of NAG-thiazoline may resemble a late transition state structure. Indeed, Garrett Whitworth in our laboratory spearheaded a series of LFERs that demonstrated that NAG-thiazoline is a transition state-state analogue (314). The structures of BtGH84 described here give some backing to this proposal and, collectively, fully define for the first time the reaction coordinate for a GH using a catalytic mechanism involving substrate-assisted catalysis.
	2.5.6 The Structure of BtGH84 as a Model of the Human Enzyme

	The relevance of using the structure of BtGH84 as a model for the human enzyme is of obvious interest. Although it is not known what benefit BtGH84, or other GH84 family members from other bacteria, provide these bacteria, it is common for bacteria to have an arsenal of glycosidases for salvaging saccharides to use in their own metabolism (315). Indeed, B. thetaiotaomicron is a human gut symbiot. To investigate how relevant BtGH84 is as a model for the human enzyme, BtGH84 was tested for its ability to remove O-GlcNAc from modified proteins in cell lysates (Figure 2.18a). BtGH84 removed O-GlcNAc from modified proteins as could another GH84 bacterial family member from Streptococcus pyogenes (Figure 2.18b). The high conservation of active site residues between bacterial and eukaryotic members of GH84 is also striking (Figure 2.9). For example, in BtGH84, all the residues that are in contact with NAG-thiazoline are conserved in human OGA with the only variation being a phenylalanine to tryptophan substitution (Figure 2.18c). In the time since the first structures of BtGH84 and CpGH84 were published, a number of other enzyme substrate complexes have been solved as the development of OGA inhibitors has blossomed. These structures have been reviewed in detail elsewhere (316), and will be touched upon in Chapter 3 while discussing the development of OGA inhibitors. The conservation of active site residues, use of the same catalytic mechanism, and the ability of these enzymes to act on O-GlcNAc-modified proteins, together, makes these bacterial homologues excellent models for the OGA activity and catalytic mechanism of human OGA. Nevertheless, it will be fascinating to see if the structure of a eukaryotic GH84 member can be obtained in the future.
	Figure 2.18:  BtGH84 is an excellent structural model of human OGA by virtue of shared function and conserved active site residues. 
	(A) BtGH84 cleaves O-GlcNAc from post-translationally modified eukaryotic proteins. Cellular extracts from COS-7 cells were treated with boiled or untreated BtGH84 in the presence or absence of NAG-thiazoline and analyzed by Western blotting using anti-O-GlcNAc (upper panel) and anti-actin (low panel) antibodies. (B) The same experiment as describe in panel (A) was repeated using another bacterial homologue of human OGA (SpGH84) and reveals this enzyme also can remove O-GlcNAc from post-translationally modified proteins. (C) Overlay of the experimentally determined structure of BtGH84 (green) in complex with NAG-thiazoline with a homology model of the human enzyme (blue) shows only a single residue near the active centre differs between BtGH84 and the human enzyme (Trp ( Phe).
	In summary, the key catalytic residues of family 84 GHs are a tandem Asp-Asp pair. This contrasts with the other exo-acting enzymes using anchimeric assistance from family 20, which use an Asp-Glu catalytic pair (249, 274, 276, 279, 281, 284), and the endo-acting enzymes from families 18 (282, 283, 285) and 56 (280), which use an Asp-X-Glu motif (where X is any residue). It had also been proposed that members of GH85 also use a catalytic mechanism involving substrate-assisted catalysis (317, 318). Recently, we collaborated with Dr. Alisdair Boraston to present good experimental evidence that, indeed, a Streptococcus pneumoniae GH85 (SpGH85) enzyme uses a catalytic mechanism involving substrate-assisted catalysis (Figure 2.19). I showed, using a Taft-like analysis, that the 2-acetamido group of the substrate is involved in catalysis (Figures 2.19a,b), while Wade Abbott obtained a structure of SpGH85 in complex with NAG-thiazoline (Figures 2.19c-e). Together this biochemical and structural data allowed us to propose that SpGH85 may use a variation of substrate-assisted catalysis in which an asparagine residue acts as the polarizing/stabilizing residue (Figure 2.19f) (319). Acting in its imidic acid tautomer, Asn335 is proposed to enable a proton shuffle to coordinate general acid catalysis (Glu337) with attack of the 2-acetamido group. Therefore, GH85 uses an Asn-X-Glu catalytic motif. Very recently, the structure of a lysozyme from GH25 was solved and the active site architecture was shown to be 
	Figure 2.19:  GH family 85 uses a proton shuffle mechanism to drive substrate-assisted catalysis. 
	(A) SpGH85-catalyzed hydrolysis of N-fluoroacetyl derivatives of 3-fluoro-4-nitrophyl 2-N-acyl-2-deoxy-(-D-glucopyranoside (3F4NP-GlcNAc). (B) Linear free energy analysis plotting the Taft constant (σ*) of the N-fluoroacetyl substituent of 3F4NP-GlcNAc substrates against the logarithm of second-order rate constant measured for each substrate with SpGH85. (C) The structure of SpGH85 determined to 1.4 Å resolution. The N-terminal catalytic domain (yellow) is followed by two domains (purple and blue), which likely have roles in carbohydrate recognition. Relevant active site residues are shown in green sticks. (D) Interactions in the SpGH85 active site. NAG-thiazoline is shown in blue stick representation and side chains that interact with NAG-thiazoline are shown in gray stick representation and are labeled with the residue number. The B-factors strongly suggest that it is the ( nitrogen atom of Asn335 that engages in a hydrogen bond with the nitrogen of the thiazoline. (E) NAG-thiazoline (blue sticks) bound in the active site of SpGH85. Electron density (Fobs - Fcalc) map for the NAG-thiazoline (magenta mesh). (F) Schematic showing the proposed catalytic mechanism of SpGH85 with a putative proton shuttle. In this mechanism Asn335 is proposed to act as the imidic acid tautomer with the nitrogen oriented to accept a hydrogen bond from the substrate amide. Asn335 acts as a general base to facilitate formation of an oxazoline intermediate, and the proton shuttle acts to disperse charge within the active site. Glu337 provides general acid catalysis in the first step of the catalytic mechanism to aid leaving group departure. In the second step, Glu337 acts as a general base to facilitate breakdown of the oxazoline intermediate. 
	similar to members of GH20, 84, and 85, leading the authors of this study to conclude that GH25 family members may also use a mechanism involving substrate-assisted catalysis (320). Therefore, in the past four years, the number of GH families for which experimental data supports the use of substrate-assisted catalysis has doubled from three to six. It will be interesting to see if more emerge in the future.
	2.6 Detailed Analysis of the Catalytic Mechanism of Human OGA

	The superfamily of GHs are extremely proficient enzymes that are capable of accelerating rates of reaction by up to 1017 orders of magnitude (17). This fact, along with the vitally important roles GHs play in health and disease and the vast potential these enzymes have for biomass conversion, have spurred on efforts to understand the basis for the efficiency of this class of enzymes. All the studies presented above on human OGA have paved the way for a highly detailed mechanistic study that was undertaken in collaboration with Dr. Ian Greig. These studies have enabled us to provide unprecedented insight into one strategy used by OGA, and potentially other GHs, to make it such a such proficient enzyme. This work was recently published and due to the highly detailed nature of this comprehensive study, much of the text below is paraphrased from this work which I contributed to writing (271). 
	2.6.1 Probing the Rate-Determining Step

	The small and negative (lg(V/K) values for the Brønsted plot of WT human OGA (Figure 2.11a) has several explanations. As discussed above, one interpretation is that both proton donation to the glycosidic oxygen and cleavage of the glycoside bond are fairly advanced at the transition state. The combination of these two effects would be to minimize the amount of negative charge development on the glycosidic oxygen at the transition state. An alternative hypothesis, but equally likely in the absence of evidence to the contrary, is that the chemical step in which the glycosidic bond is cleaved is not fully rate-determining. As the second-order rate constant for an enzyme-catalyzed reaction reflects all steps starting from free enzyme and substrate in solution up to the first irreversible step of the catalytic mechanism, steps that do not involve bond breaking or formation can be reflected in the second-order rate constant. This is not an uncommon observation for enzymes since evolution acts, when needed, to make the chemistry so efficient that other processes can become the slowest step in the catalytic cycle (321). Two examples of a non-chemical step that can contribute to the second-order rate constant are: diffusion limiting encounter of substrate and enzyme or a conformational rearrangement of the enzyme or substrate (247). It is not trivial to ascertain when a nonchemical step defines kcat/KM and even more difficult to precisely determine what the nonchemical step actually is. One method that has been used with excellent success to determine if a non-chemical step is a factor complicating analysis of the second-order rate constant is to slow down the chemistry in a manner that does not significantly affect the transition state of the chemical reaction (322). In such a way, interesting chemical phenomena may be unveiled that may have been otherwise masked by non-chemical steps.
	One way to potentially reveal any hidden chemistry would be to take advantage of the active site pocket beneath the 2-acetamido (Figure 2.16). A larger alkyl 2-N-acyl group present on a substrate should likely slow hydrolysis as compared to substrates having a 2-acetamido group and manifest as a decrease in the second-order rate constant. Thus, a series of 4-methylumberliferyl substrates with increasing bulk appended to the 2-acetamido group were prepared with the assistance of Dr. Vocadlo (Scheme 2.3) (314). 
	Scheme 2.3:  Synthesis of a series of 4-methylumbelliferyl 2-N-acyl-2-deoxy-(-D-glucopyranosides. 
	(i) R-CH2COOCl, ET3N, CH2Cl2; (ii) a, NaOMe, MeOH; b, Dowex 50-H+.
	Due to the limited solubility of these compounds, the second-order rate constant for these substrates could only be determined with the results showing that increased bulk does decrease the catalytic efficiency (Table 2.5) (314). Based on this data, substrates with three extra methylene units (a 2-valeramido group) were chosen to carry out the next experiment since the second-order rate constant for the substrate with the 2-valeramido group was substantially decreased (20-fold) compared to the substrate with the 2-acetamido group yet the rates obtained with this substrate were still well within the sensitivity of the assay.
	Table 2.5:  Second-order rate constants for the OGA-catalyzed hydrolysis of a series of 4-methylumbelliferyl 2-N-acyl-2-deoxy-(-D-glucopyranosides.
	Next, a series of aryl 2-deoxy-2-valeramido-(-D-glucopyranoside substrates were prepared that have variously substituted phenolic leaving groups (Scheme 2.4). These compounds were tested as substrates for human OGA and the second-order rate constants were determined. The resulting Brønsted plot (Table 2.6, Figure 2.20a) is striking, as there is a distinct break at a pKa of approximately 7.5. For substrates having leaving groups with pKa values less than 7.5, a steep negative slope is observed ((lg(V/K) = -0.95), whereas for those having pKa values greater than 7.5 a much shallower slope is observed ((lg(V/K) = -0.23).
	Scheme 2.4:  Synthesis of a series of aryl 2-deoxy-2-valeramido-(-D-glucopyranosides. 
	(i) phenol (appropriately substituted), benzyltriethylammonium chloride, CH2Cl2, 1 M NaOH(aq); (ii) a, NaOMe, MeOH; b, Dowex 50-H+. See Table 2.3 for some of the different substituted phenols that were used.
	Table 2.6:  Rate constants for the WT and mutant OGA-catalyzed hydrolysis of a series of aryl 2-deoxy-2-valeramido-(-D-glucopyranosides. 
	Upward curvature in LFERs is usually indicative of a change in mechanism (247). This interpretation seems appropriate for data with the series of substrates containing the 2-valeramido group; for leaving groups with a pKa values less than 7.5, general acid catalysis to the leaving group is expected to be inefficient since proton donation from Asp175, itself having pKa of 7.8, would be thermodynamically unfavourable. The large and negative slope obtained in this region is consistent with a large amount of negative charge accumulation on the glycosidic oxygen and closely matches the slope that was obtained for the D175A mutant ((lg(V/K) = -1.0) for which general acid catalysis is not possible (Figure 2.11c). For substrates having a leaving group pKa value greater than 7.5, the (lg(V/K) value is more in line with what is observed for the substrates having the natural 2-acetamido group ((lg(V/K) = -0.11) and therefore chemistry is likely fully or at least partly rate-determining for substrates having high leaving group pKa values (poor leaving groups) for substrates having a 2-acetamido group. Hence, the upward curvature observed for the 2-valeramido series of substrates likely stems from a change in mechanism where general acid catalysis becomes operative. There are two possibilities why the curvature observed with the 2-valeramido group is not observed for the parent 2-acetamido series of substrates; a non-chemical step is masking this effect or the 2-valeramido group somehow induces this upward curvature. The former explanation is favoured since it is not expected the extra methylene units to significantly alter the transition state structure, however, this cannot be formally ruled out. One supporting piece of evidence is that a downward break is observed for the Brønsted plot of the D175A mutant (Figure 2.11c) for which chemistry is slowed. Downward curvature in LFERs result from a change in rate-determining step (247) and this would be consistent with a change from a non-chemical to a chemical rate-determining step.
	Consequently, human OGA appears to have evolved to be a highly efficient catalyst and refined its chemistry to the point where some other slower, likely non-chemical, step becomes rate-determining with very good substrates having leaving groups with low pKa values (Figure 2.20b). Notably, this would step is predicted to occur  “on enzyme”, rather than some event prior to enzyme binding substrate, because the observed rates are approximately 4-orders of magnitude lower than the limit of diffusion (108 – 109 s-1). Such a rate-limiting step “on enzyme” could be a conformational rearrangement of either the enzyme or the substrate that takes place after formation of the initial enzyme-substrate complex (E(S). This rearrangement would result in formation of a second, and structurally distinct, enzyme-substrate complex (E(S() that is activated for catalysis. Importantly, conversion of E(S to E(S( may have a significant energy barrier such that for substrates with the natural 2-acetamido nucleophile (Figure 2.20b; -Ac), this step is the highest energy barrier and, therefore, manifests in the second-order rate constant. Replacement of the 2-acetamido group with the 2-valeramido group (Figure 2.20b; -Val) may slow this rearrangement step but potentially not as much as the first chemical step; formation of the oxazoline intermediate. In this way, the chemical step for the 2-valeramido group may be the highest energy barrier and, therefore, manifest in the second-order rate constant. Accordingly, if chemistry were fully rate-determining for the parent series of substrates having a 2-acetamido group, a Brønsted plot like that shown in Figure 2.20a (dashed lines) would be expected. Interestingly, only one other study has reported a upward break like the one observed in Figure 2.20a (323). Two principle reasons are forwarded here for why more studies have not observed this phenomenon. First, the pKa value of the general acid/base catalyst for most GHs is likely less than the value we assign to Asp175 (7.8) and, therefore, such a downward break in the Brønsted plot may occur but in a region that falls outside the window that can be measured accurately. Second, not enough data points combined with poorer correlations, than we observe for OGA, may lead some investigators to conclude that their results follow a single linear correlation rather than two separate regions. 
	Figure 2.20:  Slowing down the chemical step reveals that chemistry is not likely fully rate-determining for human OGA with very good substrates possessing the natural 2-acetamido nucleophile. 
	(A) Brønsted plot of the logarithm of the second-order rate constant for the OGA-catalyzed hydrolysis of a series of aryl 2-deoxy-2-valeramido-(-D-glucopyranoside substrates (open diamonds) compared to the same series of substrates having with the 2-acetamido group (closed circles). The data for the series of substrates with the bulkier N-actyl group displays an upward break at a pKa value of approximately 7.2 and this likely represents a change in mechanism from spontaneous departure of the leaving group as a phenoxide to a mechanism where general acid catalysis to the leaving group is thermodynamically beneficial. Note that despite the break in linearity, two well-defined linear regions are clear and will, for now, be referred to as regimes I and III. The dashed line represents the expected rates of hydrolysis for the 2-acetamido group of substrates if chemistry were fully rate determining. (B) Putative reaction coordinate for substrates with very good leaving groups (pKa values < 7.2) having a 2-acetamido (-Ac) or a 2-valeramido (-Val) substituent. The large and negative slope in regime I for the series of substrates with the -Val group suggests that chemistry is slowed to the point where it becomes higher in energy than some other “on-enzyme” step. This is represented in this diagram as a conformational rearrangement of the enzyme or substrate within the initial encounter complex (E(S) to an enzyme-substrate complex that is in a conformation that is activated for catalysis (E(S().
	2.6.2 Multivariable Linear Free Energy Relationships

	Thus far, two different types of LFERs have been carried out and described in this thesis. In the Brønsted LFER, the leaving group is varied while in a Taft LFER the nucleophilicity of the 2-acetamido group is varied. The active site of OGA is ideally suited for carrying out both types LFERs. This is evidenced by the excellent correlation in the Brønsted plot with the WT enzyme (Figure 2.11a) and the minimal effect that substitution of fluorines at the methyl group of the 2-acetamido group has on binding (Table 2.1). The tolerance of OGA to leaving group structure is easily rationalized by the fact that that OGA must act on hundreds of different O-GlcNAc-modified proteins having no defined amino acid consensus sequence (54). On the other hand, the tolerance of OGA to modification of the 2-acetamido group is perfectly in line with the active site pocket beneath the 2-acetamido group of the substrate (Figure 2.16). We recognized that these tolerances of the active site of human OGA to variation in both the leaving group structure as well as the structure of the nucleophile 2-N-acyl group is unusual for a GH. We further considered that these tolerances might enable the concomitant variation of the electronic nature of both the nucleophile and leaving group in a quantifiable manner. By making concomitant variations in these two substituents of the substrate, we speculated that the enzymic transition state could be investigated through multiple simultaneous free energy relationships using an approach favored by Jencks to study small molecule systems (258).
	Scheme 2.5:  Synthesis of a large series of OGA substrates having different leaving groups and different 2-N-acyl nucleophiles. 
	(i) CH3C(O)OC(O)CH3, ET3N, CH2Cl2; (ii) Dowex 50-H+, NaOOCCH2F, DMF, Et3N, Py, DCC; (iii) Dowex 50-H+, NaOOCCHF2, DMF, Et3N, Py, DCC; (iv) CF3C(O)OC(O)CF3, Et3N, CH2Cl2; (v) HCl(g), CH3COOCl; (vi) phenol, benzyltriethylammonium chloride, CH2Cl2, 1 M NaOH(aq); (vii) a, NaOMe, MeOH; b, Dowex 50-H+; (viii) HBr, CH3COOH; (ix) phenol, AgCO3, 2,6-lutidine, Et2O, -70 (C.
	A large series of substrates were prepared with 11 different substituted phenols as leaving groups and 4 different N-acyl nucleophiles (Scheme 2.5). Working together with Dr. Ian Greig, the second-order rate constants were determined for the human OGA-catalyzed hydrolysis of these 44 substrates (271). The Brønsted plots are highly complex with patterns of positive and negative inflections for substrates with poor nucleophiles (Figure 2.21, Table 2.7). Single negative inflections within Brønsted plots have been observed before for many different GHs and, in fact, have been observed in the experiments presented earlier in this chapter. Single positive inflections have only been observed once previously (323). The pattern of positive inflection followed by negative inflection is, however, entirely unprecedented to our knowledge. Despite this complexity, three linear regions within the Brønsted plots are observed and each region is defined here as a regimen and denoted by different shading in Figure 2.21. Given the apparent complexity of these results, each regimen will be discussed in order.
	Figure 2.21:  Effects of simultaneous variation of nucleophile and leaving group on the second-order rate constant of the OGA-catalyzed reaction. 
	Brønsted plots showing the changes in the logarithm of the second-order rate constant with variation in the pKa of the leaving group as the nucleophile structure is varied (-CH3 closed triangles, -CF1H2 open diamonds, -CF2H closed triangles, -CF3 open squares). Regimen I (shaded dark gray) represents the rate-limiting departure of the leaving group as a phenolate anion (ANDN). The upward break passing from regimen I to II is interpreted as a change in mechanism to acid catalyzed leaving group departure. Positive slopes in regimen II (shaded light gray) reveal that the formation of an intermediate is rate-determining (DN‡*AN). The subsequent downward break between regimens II and III represents a change in rate-determining step such that in regimen III (unshaded) breakdown of an intermediate is rate-determining (DN*AN‡).
	2.6.2.1 Regimen I: Unfavourable General Acid Catalysis

	As is clearly depicted in Figure 2.21, decreasing nucleophilicity of the 2-acetamido group makes the (lg(V/K) value successively more negative in regimen I. The large and negative slope observed for poorer nucleophiles resembles what was observed with the series of substrates containing the 2-valeramido group, for which the chemical step was slowed to the point where aspects of the chemistry were revealed for very good leaving groups. As discussed previously, for the 2-acetamido group some non-chemical step is likely rate-determining. This interpretation is also favoured for the results observed in regimen I; successive substitution with fluorine at the 2-acetamido group should decrease nucleophilicity and consequently slow the chemical step. Thus, the interpretation for substrates with leaving group pKa values that fall in regimen I (pKa < 7.2) is that proton donation to the leaving group is not thermodynamically favourable and the leaving group departs as a phenoxide (Figure 2.22 – path 1). This results in a large amount of negative charge accumulation on the glycosidic oxygen at the transition state and manifests as a large and negative slope that approaches the slope observed for the D175A mutant ((lg(V/K) = -1.0; Figure 2.11c) when general acid catalysis is not possible.
	Table 2.7:  Second-order rate constants for the OGA-catalyzed hydrolysis of a series of substrates having varied leaving group abilities and nucleophilic strengths
	2.6.2.2 Regimen II with Poor Nucleophiles: Onset of General Acid Catalysis and Evidence of a Dissociative Mechanism  

	As discussed above, upward curvature in LFERs represents a change in reaction mechanism. In the case of substrates having a 2-valeramido group, the change was interpreted as the onset of general acid catalysis. This same interpretation likely holds 
	Figure 2.22:  Proposal describing the formation and fate of intermediates in OGA-catalyzed glycosyl hydrolysis. 
	The rate-determining step depends on the nature of the leaving group and nucleophile. For the best leaving groups, regimen I reflects a concerted (DNAN; Path 1) pathway with departure of the leaving group as a phenolate being operative. For poor nucleophiles, regimen II reflects formation of an oxocarbenium ion being rate determining (DN‡*AN; Path 2) and regimen III reflects collapse of this intermediate (DN*AN‡; Path 2). For acid-assisted departure of the leaving group, either increasing nucleophile strength or decreasing leaving group ability will ultimately change the pathway to ANDN (Path 3).
	for the upward break between regimen I and II. Indeed, the location of this break is in line with the kinetic pKa value of 7.8 determined for Asp175 based on the pH rate profile of the WT enzyme (Figure 2.10). However, the large positive (lg(V/K) values within regimen II have not been observed in glycoside hydrolase-catalyzed reactions. Furthermore, the patterns of subsequent negative deviations on passing from regimen II to III are unprecedented in free energy relationships for GHs, perhaps because attenuating the nucleophilicity of an enzymic group has been difficult or perhaps because such a downward break has not yet fallen into a region that is convenient to observe experimentally. This negative inflection, however, suggests a change in rate-determining step arising from the existence of a kinetically significant intermediate state. We speculate that such an intermediate may be a oxocarbenium ion intermediate making the reaction SN1-like, more clearly described as a DN*AN mechanism (324). This proposal is of obvious interest since an oxocarbenium ion intermediate has long been contemplated for GHs (13, 14, 240, 325).
	 For GHs (227), and many ribosyl transferases (252), that possess preorganized active site nucleophiles, a mechanism in which motion of the anomeric carbon defines the reaction coordinate is invoked and, indeed, the structures of BtGH84 with an unhydrolyzed substrate and an intact NAG-oxazoline (Figure 2.17) provides experimental support that members of GH84 use electrophilic migration. Nevertheless, this migration mechanism may occur through either a concerted pathway (ANDN) (Figure 2.22 – path 3) or through a dissociative pathway possessing a kinetically significant, oxocarbenium ion-like intermediate (DN*AN) Figure 2.22 – path 2). For glycosidases, an ANDN mechanism is the generally accepted process, although rigorous experimental verification of this view is lacking. Yet, if a kinetically significant oxocarbenium ion intermediate did lie along the reaction coordinate, then the overall rate of reaction could be limited by either its rate of formation (DN‡*AN) or its collapse (DN*AN‡). The character of this intermediate would be expected to be highly sensitive to the nature of the flanking nucleophile; decreasing nucleophile strength would increase the ionic character of the intermediate and contribute to its kinetic significance. 
	The reaction followed by compounds having poor nucleophiles in regimen II is represented by path 2 in Figure 2.22 . The transition state that lies en route to the cationic intermediate is expected to be rate-determining (DN‡*AN) (see also Figure A4a of the Appendix). The rationale for the positive (lg(V/K) is not entirely trivial, however, the positive values suggest that protonation of the leaving group significantly leads glycosidic bond fission. Substrates with worse nucleophiles have more positive (lg(V/K) values (Figure 2.21) and this can be explained by the progressively greater extent of partial positive charge on the glycosyl moiety of the intermediate. Essentially, the nucleophile participates less and less, leading to less stabilization of the relative positive charge. Therefore, as the charge on the glycosyl moiety increases, the leaving group oxygen bears more relative positive charge, and this leads to consequent increases in (lg(V/K) values.
	2.6.2.3 Regimen III with Poor Nucleophiles: Change in Rate Determining-Step    

	The reaction followed by compounds in regimen III with poor nucleophiles is also represented by path 2 in Figure 2.22. This regimen defines a rate-determining step involving collapse of the oxocarbenium ion intermediate (DN*AN‡) (see also Figure A4b of the Appendix). This mechanism rationalizes observed reactivity trends: more basic phenols interact more strongly with the cationic intermediate in the active site. As a consequence, the back reaction becomes more favourable with more basic phenols and so formation of the cationic intermediate likely becomes reversible. Also, the rates of trapping of the cationic intermediate by the N-acyl nucleophile become progressively lower with increasing pKa of the leaving group (worse leaving group). Therefore, the decreases in (lg(V/K) values observed for substrates having poorer nucleophiles (Figure 2.21), which have a greater partial positive charge on the glycosyl moiety of the intermediate, is consistent with progressively tighter association between the glycosyl moiety and protonated leaving groups.
	2.6.2.4 Regimen II and III with a Good Nucleophile: A Concerted Mechanism?    

	The natural substrates of OGA possess a 2-acetamido group that is a significantly stronger nucleophile than any of the fluorinated 2-N-acyl groups. OGA uses this nucleophile to displace serine or threonine leaving groups of polypeptide chains having pKa values exceeding that of Asp175. Therefore, characterization of transition states falling within regimen III possessing the 2-acetamido group provide greatest insight into the biologically significant OGA mechanism. Perhaps the most striking feature of the free energy relationships of regimens II and III for substrates bearing good nucleophiles is the absence of a clear negative deviation in the Brønsted plot. There are two possible explanations for the absence of such a break. In the first scenario, the break does not exist; the oxocarbenium ion-like intermediate state is no longer kinetically significant and a concerted ANDN mechanism (Figure 2.22 path 3) is followed instead (see also Figure A4c of the Appendix). Alternatively, the break does exist but now falls within regimen I, for which an entirely different mechanism operates. Although it is difficult to draw firm conclusions as to whether a change in mechanism from dissociative to concerted pathways has actually occurred or not in the specific case of the 2-acetamido nucleophile, trends of decreasingly positive (lg(V/K) values in regimen II and decreasingly negative (lg(V/K) values in regimen III are clear (Figure 2.21). The convergence of these values with increasing nucleophilic strength suggests that a change in mechanism from dissociative to concerted pathways very likely occurs for an appropriately strong nucleophile, perhaps, for example, for the 2-acetamido group of the normal substrate of OGA. Such a change in mechanism is consistent with the expectation that a positively charged glycosyl group will collapse much more rapidly with appropriately positioned strong nucleophiles.  
	2.6.3 Implication: Synergistic General Acid and Nucleophilic Catalysis

	The preorganized nature of the substrate within the active site of OGA involves strategic positioning of both the nucleophile and the general acid catalyst, a feature likely enabling concomitant harnessing of these catalytic strategies. The potential synergy between these two modes of catalysis for natural substrates of OGA may be investigated by extrapolation of our Brønsted data to a pKa of 16, the approximate pKa of the leaving group of natural substrates of OGA (Figure 2.23). The validity of this extrapolation is highlighted by the values obtained for the OGA-catalyzed hydrolysis of the methyl glycosides containing the 2-acetamido or 2-fluroacetamido group, which were acquired with the assistance of David Shen in our laboratory using an HPLC-based assay to monitor the hemiacetal product. Specifically, the second-order rate constant obtained for the methyl glycosides correlate well with the data obtained for aryl glycosides of regimen III (Figure 2.23, Table 2.7). As would be expected, when both forms of catalysis are impaired, the predicted rate of hydrolysis is slowest (Figure 2.23 - A). It is notable, however, that the rate enhancement stemming from general acid (Figure 2.23 - B) or nucleophilic catalysis (Figure 2.23 - C), on their own, do not come close to being additive to the rate enhancement observed when both modes of catalysis are operative (Figure 2.23 - D). This difference highlights how the enzyme employs both general acid and nucleophilic catalysis in a synergistic manner.
	The multivariable LFERs that are described here for OGA are most readily interpreted as reflecting the kinetic significance of an oxocarbenium ion intermediate for substrates having poor nucleophiles. There is a long history of investigations into the existence of such carbocation-like intermediates in the hydrolysis of glycosides, with solution studies pointing to a lifetime dependent on subtle factors (304). In enzymes, the existence of such a species has also long been contemplated (240); and recent studies of a mutant glycosidase lacking the general acid catalyst support its viable existence (325). Detailed microscopic interpretations of the Brønsted data are not essential for evaluating the extent of synergy. However, in the case of OGA acting on substrates with good nucleophiles and poor leaving groups, for which this enzyme has evolved, effective synergy of these catalytic strategies likely alter the reaction coordinate, such that the 
	Figure 2.23:  Evidence that OGA synergistically harnesses nucleophlic and general acid catalysis. 
	The linear fits show rates of hydrolysis extrapolated to a leaving group pKa of 16 for a mechanism involving (A) spontaneous departure of leaving group using a crippled nucleophile, (B) acid-catalyzed leaving group departure using a crippled nucleophile, (C) spontaneous departure of leaving group using the naturally occurring nucleophile, or (D) acid-catalyzed leaving group departure using the naturally occurring nucleophile. The extrapolated rates are likely reasonable since rates of hydrolysis of methyl 2-acetamido-2-deoxy-(-D-glucopyranoside (open circle; pKa = 16) and methyl 2-deoxy-2-fluoroacetamido-(-D-glucopyranoside (open triangle; pKa = 16) correlate well with the linear regressions for the processing of aryl substrates having either the 2-acetamido (open circles) or the 2-fluoracetamido (open diamonds, dashed line) nucleophile that define regimen III.
	oxocarbenium ion intermediate ceases to be kinetically significant and the reaction likely becomes concerted (Figure 2.22 – path 3). More significantly, this data provides compelling evidence for synergy between nucleophilic and general acid catalysis, which, although widely speculated upon in many enzyme systems, has proven remarkably difficult to capture in small molecule models of enzymic catalysis (326), including N-acetylglucosaminides (327, 328), or to experimentally demonstrate in enzyme systems. Such synchronization, however, is undoubtedly a key factor contributing to the proficient nature of enzyme catalysts, including GHs, as revealed here experimentally for human OGA.
	2.7 Published Work from these Studies and Acknowledgement of the Contributions of Others

	The original characterization of the catalytic mechanism of OGA and discovery of NAG-thiazoline as a potent inhibitor of human OGA was published in the Journal of Biological Chemistry (272). For this study, Garrett Whitworth and Daniel Chin are acknowledged for chemically synthesizing the substrates and inhibitors. Two publications in Journal of the American Chemical Society (291) and Biochemistry (262) enabled identification of the important catalytic residues (D174 and D175) of human OGA. For these works, I collaborated extensively with Keith Stubbs and Naniye Cetinbas with the synthesis of substrates, testing of these substrates with human OGA, and writing the manuscripts. These works were followed by a publication, in Nature Structure and Molecular Biology, in which the structure of BtGH84 was revealed. This work came out of a collaboration with Dr. Gideon Davies’ laboratory at the University of York. I contributed to this project by showing that BtGH84 can hydrolyze O-GlcNAc from modified proteins and also aided Rebecca Dennis in carrying out the enzyme kinetics. In parallel with BtGH84, I also showed that SpGH84 is capable of hydrolyzing O-GlcNAc from modified proteins and this finding was an important contribution to another publication, in Biochemical Journal, in collaboration with Dr. Gary Black’s laboratory at Northumbria University (261). More recently, a collaboration with Dr. Al Boraston’s laboratory resulted in a publication, in the Journal of Biological Chemistry, in which we presented the first solid kinetic and crystallographic evidence that members of GH85 use substrate-assisted catalysis (319). For this work, I carried out the enzyme kinetics, including the Taft-like analysis, pH rate profile, and stereochemical determination of the first formed product of the SpGH85-catalyzed reaction as well as synthesized NAG-thiazoline for a cocrystallization while Dr. Abbott and Dr. Boraston crystallized the enzyme. Lastly, two recent publications resulted from detailed enzyme and crystallographic work on OGA (271, 311). Both of these publications were published in the Journal of the American Chemical Society and came out of the large series of OGA substrates that I synthesized (Scheme 2.5). For the enzymatic study (271), I enjoyed extensively collaborating with Dr. Ian Greig to carry out the enzyme kinetics, interpret the results, and write the manuscript. For crystallographic study (311), I provided the large series of substrates (scheme) to Yuan He in Dr. Gideon Davies’ laboratory for crystallization with BtGH84, helped interpret the results, and helped write the first draft of the manuscript.
	2.8 Materials and Methods
	2.8.1 Molecular Cloning and Mutagenesis 
	2.8.1.1 General Procedures for Subcloning



	All primers were obtained from Sigma and resuspended at a concentration of 200 (M in dH2O and stored at 20 (C after initial use. All primers used for subcloning in this thesis consisted of (in order from 5( to 3() six random nucleotides used to ensure efficient binding of the restriction endonuclease, the endonuclease recognition sequence, one or two nucleotides to place the gene in frame with the start codon provided within the vector (when necessary), and 18-21 complementary nucleotides corresponding to the sequence that was to be amplified to provide a melting temperature (Tm) between 65 and 75 (C. The reverse primary also contained a stop codon between the cut site and complementary nucleotides and all primers terminated with a guanine or cytosine nucleotide on their 3( end. Polymerase chain reactions (PCR) were carried out using a thermocycler (Eppendorf Mastercycle Gradient). A generic PCR program was used for all reactions and this robust program did not require any alterations for different genes and/or primers. This program consisted of 35 cycles of: denaturation of DNA at 95 (C for 30 s, annealing of primers for 30 s at a variable temperature (see below), and extension of the template by Pfu DNA polymerase (Fermentas) for time that corresponded to 2 min/kilobase (kb) at 72 ºC. For the annealing step, two temperature gradients were used that allowed gave the PCR program versatility, stringency, and excellent product yields. First, three reactions were always setup so that in the first round of PCR, the annealing temperatures for the three reactions were 51, 55, and 60 (C. Second, a touchdown gradient was employed wherein these annealing temperature dropped by 1 (C between each round for the first seven rounds; after round 7 the annealing temperatures were did not change so that between rounds 8-35, the annealing temperatures of the three reactions were 44, 48, and 55 (C. Each PCR mixture was 50 (L and consisted of 1 (L of DNA template (100 ng/(L), 5 (l of dNTPs (2.5 mM; Fermentas), 1 (L of each primer, 5 (L of 10 times reaction buffer, 2.5 (L of DMSO, 1 (L of Pfu DNA polymerase, and 33.5 (L of dH2O. 
	Following the PCR, the three reactions were subjected to electrophoresis through an agarose gel (0.8 – 1.8 % agarose depending on the size of the DNA fragment) for 45 minutes (min) at 90 volts in Tris-Acetate-EDTA (TAE) buffer (40 mM Tris-Acetate and 1 mM EDTA). Ethidium bromide (5 (L, 10 mg/mL, bioshop) was added to the agarose gel just prior to pouring it, which allowed the DNA to be visualized at 360 nm and compared to a coelectrophoresed DNA ladder (Fermentas) to assess if the amplied product was of the correct size. Bands were excised from the gel and in cases when the correct product was obtained from all three reactions, the product was pooled and the DNA was extracted from the gel using a DNA extraction kit (Qiagen). Purified PCR product and vector DNA was digested with the appropriate restriction enzymes (Fermentas). Double digests were performed when possible; however, in cases where the reaction buffer for the two restriction enzymes were not compatible, two rounds of digest were required where, between rounds, the DNA was separated on an agarose gel and re-isolated. DNA digest reactions values were generally 50 (L and consisted of 20-40 (L of PCR product (depending on how much product was obtained) and 10-20 (L of plasmid DNA and were incubated at 37 (C for one hr. 
	After isolation of the doubly digested DNA, 1 (L of the digested plasmid DNA was then combined with 5 (L of the digested PCR product and ligated together using T4 DNA Ligase (New England Biolabs) for one hr at room temperature. This ligation mixture was used to transform XL-10 gold E. coli ultracompetent cells (Stratagene); 1 (L of the ligation mixture was added to 25 (L of ultracompetent cells, incubated on ice for approximately 15 min, heat shocked at 42 (C for 20 s, incubated on ice for approximately 2 min, and then incubated in a shaking incubator at 37 (C for one hr in 400 (l of SOC media. Approximately 250 (l of this mixture was plated onto a plate that had Luria broth (LB) solidified with 20 g/L of agar and either 50 (g/mL kanamycin or 100 (g/mL ampicillan. After incubating this plate at 37 (C overnight, three different colonies were picked and sued to inoculate three tubes containing 10 mL of LB media, each containing either ampicillan or kanamycin at the same concentration contained within the LB on the agar plates. These were cultured up at 37 (C overnight in a shaking incubator (220 rpm). The following day, the bacteria were pelleted by centriguation at 5,000 rpm for 10 min and the plasmid DNA was harvested by a mini-prep kit (Qiagen). The plasmid DNA from the three colonies that were picked and cultured were then digested, with the same two restriction enzymes that had been used previously, to determine if the appropriately sized insert was present. One of these samples of plasmid DNA was sent for DNA sequencing (NAPS, University of British Columbia). Typically, the gene was sequenced from both the 5’ and 3’ direction using primers that were complementary to sequences within the vectors (for example the T7 forward and reverse primer for pET vectors) and in cases where the insert was larger than 2 kb, an internal primer was also used that allowed the whole gene to be sequenced.  
	2.8.1.2 General Procedures for Site-Directed Mutagenesis

	Primers for mutagenesis (custom made by Sigma) generally consisted of 16 complementary nucleotides on either side of the site of mutation. Where possible, two nucleotides were mutated to minimize the probability of amino acid misincorporation by the ribosome in the host cell. The conditions used to carry out the mutagenesis were as follows: DNA was denatured at 95 (C for 30 s, primers were annealed for 1 min at 55 (C, and then extended by pfu DNA polymerase for 16 min at 68 (C. These three steps were repeated for 16 cycles using a thermocycler. The reaction volume was 50 (L and contained 0.25 mM dNTPs, 200 nM of each primer, 5 ng of template DNA, and 2.5 U of pfu DNA polymerase. In cases where product could not be obtained, the reactions were repeated except DMSO was included at various concentrations up to a final concentration of 5% v/v. The product of the reaction was treated with 10 U of DpnI (Fermentas) for 2 h at 37 (C in order to digest parental DNA. An aliquot of the reaction mixture was then separated by agarose gel to determine if there was product formed and to verify that parental DNA had been cleaved. A small aliquot of the reaction mixture (1-2 (L) was then used to transform ultracompetent E. coli cells. Transformation, plating, culturing the colonies, and isolation of DNA was performed in the same manner as described above for subcloning. DNA sequencing was used to verify that site-directed mutation(s) were obtained in the target gene.
	2.8.1.3 Subcloning FL OGA into pET28a

	DNA encoding human OGA (GenBankTM identifier NM_012215) in a pBAD vector (Invitrogen) was provided as a gift from J. Hanover (NIH). In order to obtain increased levels of protein expression, OGA was subcloned into the pET28a expression vector (Novagen). Before subcloning was carried out, however, a silent mutation was made in order to remove an internal NdeI restriction site. The mutational primers that were used for this mutagenesis were as follows: 5′-CCTAGAAGATGAAGATGGCATCTGTGGTTATGCCTTGGGC-3′ and 5′-GCCCAAGGCATAACCACAGATGCCATCTTCATCTTCTAGG-3′ (mutated nucleotides are shown in bold case). To amply the entire gene encoding OGA, the following primers were used: 5′-GCCGCCCATATGGTGCAGAAGGAGAGTCAAGCG-3′ (NdeI cut site shown in bold) and 5′-GCCGCCCTCGAGCTAATCTTCACTGTCAGTCATCA-3′ (XhoI cut site shown in bold).
	2.8.1.4 Cloning the OGA deletion constructs and OGA-NV into pET28 and pMal2CX

	To clone OGA(1-350) into pET28a, the following primers were used: 5(-GCCGCCCATATGGTGCAGAAGGAGAGTCAAGCG-3( (NdeI cut site shown in bold) and 5(-GCCGCCCTCGAGCTAATCTTCACTGTCAGTCATCA-3( (XhoI cut site shown in bold). To clone OGA (351-916) into pET28A, the following primers were used: 5(-GCCGCCCATATGAGTACTGTGTCCATCCAGATAAAATTAG-3( (NdeI cut site shown in bold) and 5(-GCCGCCCTCGAGCTACAGGCTCCGA-CCAAGTATAACC-3( (XhoI cut site shown in bold). In both cases, FL OGA in pET28a (Novagen) was used as the DNA template for the PCR. OGA-NV contains 15 amino acids that are encoded by the start of intron 10. Because these nucleotides are not available within a cDNA clone of OGA, they were incorporated within primers using two successive rounds of PCR. For the first round of PCR, the forward and reverse primers were: 5(-GCCGCCCATATGGTGCAGAAGGAGAGTCAA-GCG-3( (NdeI cut site shown in bold) and 5(-GCCGCCCTCGAGGAAGAGATTATTCCTGGTGCACCTACCTAACCACTGT-ACAAAAGAC-3( (XhoI cut site shown in bold), respectively. This PCR product was used as a template for a second round of PCR using the same forward primer but using the following reverse primer: 5(-GCCGCCCTCGAGTTAAAGGGACAATATATTTGAGGAGA-AGAGATTATTCCTGGTGCACC-3( (XhoI cut site shown in bold). Following the successful ligation of the gene encoding OGA-NV into pET28a, this gene was subcloned into the pMal-2CX (New England Biolabs). To amplify the gene encoding OGA-NV, the following primers were used: 5(-GCCGCCGTCGACGTGCAGAAGGAGAGTCAA-GCG-3( (SalI cut site shown in bold) and 5(-GCCGCCGGATCCTTAAGAGATTATTCCTG-GTGCACC-3( (BamHI cut site shown in bold). 
	2.8.1.5 Subcloning the OGA Constructs into pCMV-Myc

	All constructs were amplified using essentially the same set of primers used to clone that particular construct into pET28a except they contained a 5( SalI cut site and a 3( NotI cut site for ligation into the pCMV-myc mammalian expression vector (Clontech). In addition, the primers also contained one extra nucleotide between the cut site and the set of complementary nucleotides in order to place the gene in frame with the vector-encoded myc tag that is 5( to the insert. 
	2.8.1.6 Site-Directly Mutagensis of OGA

	The following set of primers were used to generate the D174A point mutant in OGA. D174A forward: 5(-GCAGATCATTTGCTTTGCTTTTTGCAGATATAGACCATAAT-ATGTGTGC-3(; D174A reverse: 5(-GCACACATATTATGGTCTATATCTGCAAAAAG-CAAAGCAAATGATCTGC-3(; D175A forward: 5(-CAGATCATTTGCTTTGCTTTTTG-ATGCAATAGACCATAATATGTGTGCAGC-3(; D175A reverse: 5(-GCTGCACACATATT-ATGGTCTATTGCATCAAAAAGCAAAGCAAATGATCTG-3(. Mutated nucleotides are shown in bold case.
	2.8.1.7 Cloning BtGH84, SpGH84, SpGH85, and Generation of BtGH84 Mutants  

	This cloning was carried out by collaborators. The names of those who were involved in this cloning and the references where this work appeared are as follows. The cloning of BtGH84 and generation of point mutations of this enzyme were carried out by Rebecca Dennis and colleagues at the University of York (266). Cloning of SpGH84 was carried out by William Sheldon and colleagues at Northumbria University (261). Cloning of SpGH85 was carried out by Wade Abbott at the University of Victoria (319).  
	2.8.2 Protein Expression and Purification
	2.8.2.1 General Procedure for Recombinant Protein Production


	Plasmid containing the gene encoding the appropriate protein to be expressed was used to transform TunerTM(λDE3) (Novagen) cells according to the manufacturer’s protocol (Novagen). A colony was selected to inoculate LB media (10 mL) containing the appropriate amount of antibiotic (either 50 (g/mL of kanamycin for the pET28a expression vector or 100 (g/mL for the pMal-2CX expression vector). This culture was grown overnight at 37 (C overnight in a shaking incubator. The following day, 10 mL of this culture was used to inoculate 1 L of LB and the culture was grown to an OD600 ≈ 0.8 at 37 (C. At this point, protein expression was induced using 0.5 mM IPTG (Bioshop) for either 3 h or overnight at 25 (C. Post-induction cells were harvested by centrifugation for 15 min at 5000 rpm (Sorvall RC6 Plus). The resulting pellet was frozen at -80 (C until further processing was carried out. If the protein was to be purified immediately, the pellet was frozen and thawed to assist in the homogenization of the bacteria in the subsequent step.
	2.8.2.2 Purification of His6-Tagged proteins

	The bacterial pellet was thawed and resuspended in 10 mL of nickel-column binding buffer (50 mM Na2PO4, 500 mM NaCl, 5 mM imidazole; pH 7.4) for every liter of cell culture. The resuspended cells were incubated on ice for 30 min with 1 mg/mL of lysozyme (Bioshop) and a protease inhibitor tablet (Complete Mini, Roche) followed by sonication (6 X 20 s at 50 % power, Fisher Scientific, Model 500). The cell debris were removed by centrifugation at 15000 rpm for 45 min and the supernatant was loaded onto a 5 mL FF HisTrap column (Amersham Biosciences). The column was washed with 100 mL of wash buffer (same as binding buffer but containing 60 mM imidazole) and eluted with 25 mL of elution buffer (same as binding buffer but containing 250 mM imidazole). 
	2.8.2.3 Purification of MBP-Tagged proteins

	The bacterial pellet was thawed and resuspended in 10 mL of binding buffer (PBS containing 1 mM EDTA; pH 7.4) for every liter of cell culture. The resuspended cells were incubated on ice for 30 min with 1 mg/mL of lysozyme and a protease inhibitor tablet followed by sonication as above. The cell debris were removed by centrifugation at 15000 rpm for 45 min and the supernatant was loaded onto 5 mL Dextrin Sepharose column (GE Healthcare). The column was washed with 100 mL of binding buffer and eluted with 25 mL of PBS containing 20 mM maltose. Typically, proteins with a MBP-tag had some contaminating MBP that had presumably been proteolytically cleaved from the target protein in the host cell or during the purification process. To purify the MBP-tagged target protein away from the MBP, gel filtration chromatography was used. The 25 mL of elution from the Dextrin column was concentrated to a volume of 2 mL with a Centricon centrifugal filter unit (Millipore) and loaded onto a Sephacryl S-300 size-exclusion column (GE Healthcare). This column was run at 0.5 mL/min, and had a void volume of approximately 36 mL. Fractions containing the desired protein were identified by SDS–PAGE as well as by fluorescence-activity assay when possible.
	2.8.2.4 Dialysis, Concentration, and Determination of Protein Concentration 

	Purified enzyme was usually dialyzed twice overnight against 4 L of PBS (pH 7.4). Addition of reducing agent did not affect the quality or activity of any OGA constructs and, therefore, it was not included. The protein concentration of the resulting protein solution was quantified using a Bradford assay with BSA as a standard. The Bradford assay was used in cases where the concentration of the WT enzyme was to be compared to a mutant enzyme. In cases where a more accurate calculation of absolute protein concentration was desired, the A280 was measured and converted to protein concentration using the molar extinction coefficient for that protein as estimated using the number of tryptophan (5500 M-1 cm-1 per residue) and tyrosine (1490 M-1 cm-1 per residue) residues in the protein. When necessary, proteins were concentrated using an ultracentrifugation filter with a molecular weight cut off of 10 KDa (Amicon).
	2.8.3 Enzymatic Assays
	2.8.3.1 Methods for Determining the First- and Second-Order Rate Constant for the OGA-Catalyzed Reaction


	The second-order rate constant for the enzyme-catalyzed hydrolysis of a particular substrate was determined in three different ways throughout this chapter as described below: 
	(i) Defining a Michaelis-Menten curve - the initial rate of the enzyme-catalyzed reaction was determined over a wide range of substrate concentrations that typically spanned, whenever possible, at least 5 times less than the KM to times greater than the KM. For human OGA, substrate concentrations that were used to define the Michaelis-Menten curve were usually in the range of 0.05 mM to 3 mM substrate. In this way, the second-order rate constant was established by taking the first-order rate constant and dividing it by the KM. 
	(ii) Defining the second-order region of the Michaelis-Menten curve - the initial rate of the enzyme-catalyzed reaction was determined for a minimum of three substrate concentrations that were at least five times less than the KM. For human OGA, substrate concentrations in the range of 5 to 50 (M were used to define a straight line. Fitting this lope by linear regression provided the second-order rate constant. 
	(iii) Substrate depletion – decay of the velocity of enzyme-catalyzed reaction was fit to a first-order decay, which represents the substrate being depleted from the reaction over time. For human OGA, a substrate concentration of 25 (M was used since this value is well below the established KM of 250 (M. 
	For human OGA, the three different methods produced a second-order rate constant that was within experimental error (10 %). It should be noted that in all cases throughout this thesis, the second-order rate constant is reported as Vmax/[E]0(KM with units of (moles(min-1(mg-1(mM-1. Whereas it is more common see the second-order rate constant reported as kcat/KM with units of s1(mM-1, the units used in this thesis are consistent with what has been reported previously for mammalian OGA (140, 151). These units are commonly used when the amount of active enzyme cannot be accurately determined, by rapid burst kinetics for example, which is the case for human OGA.
	2.8.3.2 Fluorescence Stopped Assay

	Taft analysis: All assays were carried out in triplicate using 4MU-GlcNAc as a substrate at 37 (C and allowed to proceed for 30 min after which the reaction was stopped and the fluorescence measured as detailed below. Time-dependent assay of human HexB and OGA revealed that both enzymes were stable over this period in their respective buffers: 50 mM citrate, 100 mM NaCl, 0.1% BSA, pH 4.25, and 50 mM NaH2PO4, 100 mM NaCl, 0.1% BSA, pH 6.5. Assays were initiated by the addition, via syringe, of enzyme (3 (L). The enzymatic reactions (25 (L) were quenched by the addition of a 6-fold excess (150 (L) of quenching buffer (200 mM glycine, pH 10.75). In all cases the final pH of the resulting quenched solution was greater than 10. The progress of the reaction at the end of 30 min was determined by measuring the extent of 4-methylumbelliferone liberated as determined by fluorescence measurements using a Varian CARY Eclipse fluorescence spectrophotometer 96-well plate system and comparison to a standard curve of 4-methylumbelliferone (Sigma) obtained using identical buffer conditions. Excitation and emission wavelengths of 368 and 450 nM were used, respectively, with 5 mm slit openings. This assay was also used to monitor the activity of OGA towards 4-methylumbelliferryl substrates with elongated acyl chains and measure the inhibition of NAG-thiazoline (see directly below).  
	Inhibition of OGA and HexB by NAG-thiazoline: To determine the KI values of NAG-thiazoline for human OGA and HexB, a similar assay was used as describe above except that the inhibitor was included in the reactions at varying concentrations. The inhibitor was tested at eight concentrations ranging from at minimum five times to 1/5th the KI value and all assays contained 500 (M 4MU-GlcNAc as the substrate. In each case, a full Michaelis-Menten curve was also carried out in parallel for the purposes of determining Vmax. A Dixon plot, which consists of a plot of velocity-1 versus concentration of inhibitor, allowed for the KI to be determined based on the intercept of the slope and 1/Vmax (see Figure A2 of the appendix).
	2.8.3.3 UV/Vis Stopped Assay

	pH-activity profile: Reactions were carried out in buffers made up of 50 mM sodium citrate, 50 mM sodium phosphate, and 50 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES) at the desired pH values. Both citrate and CHES were verified independently to not affect the activity of human OGA. This buffer was used in order to have pH buffering capacity over a range of acid, neutral, and alkaline pH values. The assay was identical to the stopped fluorescent assay describe above, except the rates at which 4-nitrophenol or 3,4-dinitrophenol leaving groups were liberated were detected using a 96-well plate (Sarstedt) in conjunction with a 96-well spectrophotometer (Molecular Devices) at wavelengths of 400 and 407 nm, respectively. The amount of product produced in the assay was converted to a standardized rate ((moles(min-1(mg-1) by using a standard curve of 4-nitrophenol or 3,4-dinitrophenol prepared in the same buffer conditions.
	2.8.3.4 UV/Vis Continuous Assay

	Competitive nucleophile: Effects of adding endogenous nucleophiles on the OGA-catalyzed hydrolysis of 3,4DNP-GlcNAc were determined by following the reaction progress spectrophotometrically in a continuous assay at 37 (C using a 96-well plate and 96-well plate reader. A carefully prepared solution containing 1 M sodium azide in PBS buffer (pH 7.4) was added to the appropriate amount of PBS buffer (pH 7.4) to achieve the desired final concentration of azide in the assays. The pH of the resulting solution was verified in all cases to be 7.40 ( 0.05. In addition, a parallel set of assays were carried out as described above, except sodium chloride was used in place of sodium azide to estimate changes in the rates that might arise from variation in the ionic strength of the reaction mixture.
	Brønsted analyses: The pKa values of the leaving groups used in these studies (Table 2.3) were determined previously (294-296). Enzymatic reactions were carried out in PBS buffer (pH 7.4) and monitored continuously at 37 (C at the wavelengths described in Table 2.3 for each substrate using a Cary 3E UV-VIS spectrophotometer equipped with a Peltier temperature controller. Reactions (100 (L) were equilibrated in a microcuvette (Varian) for approximately 2 min followed by addition of enzyme via syringe. Reaction velocities were determined by linear regression of the linear region of the reaction progress curve between the first and third min. A minimum of six substrate concentrations between 0.05 and 3 mM were used to define a Michaelis-Menten curve and the value obtained at each substrate concentration always represents the average of three replicates. The data was fit using the program Grafit, to determine the first-order rate constant (Vmax/[E]0) and the Michaelis constant (KM).  
	An alternative method was used to determine the second-order rate constant of the large series of substrates in which both the leaving group and nucleophile were altered since the solubility of some of these substrates was very poor. This method involved monitoring the first-order decay of the rate of reaction due to substrate depletion. Stock solutions containing 100 (M substrate and 1% DMSO in reaction buffer (PBS, pH 7.4) were diluted 4-fold into the reaction buffer for kinetic assays. The final concentration of DMSO in the reaction 0.25% did not affect the enzyme-catalyzed rates of reaction. Reactions were followed spectrophotometrically at wavelengths reported in Table 2.3 using a Cary 3E UV/VIS spectrophotometer equipped with a Peltier temperature controller. First-order rate constants were determined from a nonlinear least-squares fit to the observed change in absorbance as a function of time and the values reported represent the mean of at least three separate reactions. For substrates having trifluorinated and difluorinated nucleophiles and for slow-reacting substrates possessing poor leaving groups with small absorbance changes occurring at wavelengths at which significant protein absorbance occurs, the second-order rate constant was evaluated by the initial rates method, as described in section 2.7.3.1 to define the second-order region of the Michalis-Menten curve.  
	2.8.3.5 HPLC Assay

	Investigation of the enzyme-catalyzed hydrolysis of methyl glycosides Me-GlcNAc-F0 and Me-GlcNAc-F1 were carried out using an HPLC assay. Reactions were carried out in a total reaction volume of 200 (L using PBS (pH 7.4) as a buffer. Reactions contained a final concentration of 0, 10, 20, or 40 (M substrate and were initiated by the addition of human OGA (100 nM), after which the reaction mixture was incubated at 37 (C for 1 h. Reactions were terminated by the addition of 800 (L of 95% cold ethanol and stored at -20 (C for 30 min in order to allow the protein to precipitate. Upon termination of the reaction, 2 (L of 1 mM fucose was added to each reaction as an internal standard. The suspension was centrifuged at 17,000 rpm (Eppendorf 5415C) for 20 min and the supernatant was collected and then dried by vacuum centrifugation. The residues were dissolved in 150 (L of ddH2O, vortexed, and centrifuged at 17,000 rpm to remove residual insoluble debris. Carbohydrates were separated by high performance anion exchange chromatography (ASI 100 automated sample injector, Carbopack PA20 column, and ICS 3000 HPLC; Dionex) and detected using an electrochemical detector (ED50, Dionex) using a gold working electrode and an Ag/AgCl reference electrode. An isocratic elution of 20 mM NaOH was used, which afforded optimal separation of fucose (3 min) and the hemiacetal products of the enzymatic reaction: GlcNAc (GlcNAc-F0) at 8 min and GlcNAc-F1 at 12 min. Substrates (F0 and F1 methyl glycosides) eluted within the first 2 min. The amounts of the products produced in the reactions were determined by integration of the peak corresponding to GlcNAc-F0 or GlcNAc-F1 and corrected for recovery by comparison to the internal fucose standard. The absolute amount of each product formed was determined using standard curves constructed for GlcNAc-F0 or GlcNAc-F1 (the standard curve for GlcNAc-F1 was generated by complete enzymatic hydrolysis of 3-fluoro-4-nitrophenyl-GlcNAc-F1 with BtGH84). All reactions were carried out in triplicate and the second-order rate constant was determined by plotting initial rates obtained for each of the concentrations and taking the slope. To compare the second-order rate constant for the methyl glycoside of GlcNAc to those obtained previously for aryl glycosides by spectrophotometric assays, the same HPLC based analysis was used to monitor the OGA-catalyzed cleavage of 3,4DNP-GlcNAc, 4NP-GlcNAc, and P-GlcNAc. The differences between the second-order rate constants obtained with these substrates using this HPLC assay were negligible when compared to those those obtained when using the spectrophotometric assay.   
	2.8.3.6 NMR Assay

	1H NMR spectroscopy (600 MHz Bruker AMX spectrometer) was used to follow the progress and identify the products of the enzyme-catalyzed reaction. The reaction was carried out in 0.5 mL containing 5 mM substrate in buffer containing 50 mM sodium phosphate and 100 mM sodium chloride, which had been dissolved in D2O, evaporated, redissolved in 99.9% D2O (Cambridge Isotopes), and adjusted to a pD of 7.81. Initiation of the reaction was accomplished by adding 50 (L of FL human OGA (1 (M final concentration), which had been buffer exchanged into the same deuterated buffer. The reaction was immediately placed at 37 (C and at various times placed in the NMR spectrometer to acquire a spectrum. During acquisition, the temperature of the spectrometer was maintained at 20 (C to optimize the chemical shift of the water signal. Each spectrum took approximately 1 min for shimming and acquition after which the reaction was immediately returned to 37 (C.
	2.8.3.7 Western Blot from Cell Lysates

	Cells from four 10 cm plates of COS-7 cells grown to confluence were used. Cells were carefully scrapped from the plate using a rubber policeman and collected in 1 mL of cold PBS for each plate. After centrifugation (250 rcf, 10 min), the pelleted cells were resuspended in cold lysis buffer (1 mL of PBS, 1 mM EDTA, 1 mM PMSF, 1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, pH 7.4). After 20 min at 4 (C the solution was centrifuged at 14,000 rpm in a microcentrifuge and the supernatant was collected. Assays consisted of 250 mL cell lysate, 0.15 mg/mL recombinant BtGH84, 5 mM (-mercaptoethanol and 10 mM imidazole. In some cases, BtGH84 was either preboiled for 10 min or 10 mM NAG-thiazoline was added. Assays (300 mL) were then incubated overnight at 37 (C and passed through a small nickel column to remove the His6-tagged BtGH84. An aliquot of each reaction was then separated by SDS-PAGE, transferred onto nitrocellulose membrane (Bio-Rad) and analyzed by Western blot for O-GlcNAc-modified proteins or actin (see below for details on Western blotting).
	2.8.4 Cell Culture

	COS-7 cells, an African green monkey kidney cell line, were generously provided by Dr. Rosemary Cornell’s laboratory. SK-N-SH cells, a human neublastoma cell line, were obtained from the American Type Culture Collection (ATCC). Both types of cells were cultured in the same manner. Cells were grown in DMEM media with high glucose (Invitrogen) and supplemented with 5% FBS (Invitrogen). Cells were grown at 37 (C in 5% CO2 and split approximately 1:10 every two to three days as required. Splitting was carried out by washing the cells twice with PBS and then removing the cells with trypsin (0.05 % (w/v), Gibco) in a solution of PBS. When cells were ready to be harvested and analyzed, the media was discarded, the cells were rinsed with PBS, and then scrapped off the plate in 1 mL of PBS per 10 cm plate and pelleted by centrifugation (200 rcf, 10 min). 
	2.8.5 Immunocytochemistry
	2.8.5.1 Transfection


	Xiaoyang Shan and I collaborated to carry out and optimize the procedures for the immunocytochemistry. After the procedures were optized, Xiaoyang Shan carried out the full procedure to obtain the data presented in the thesis. SK-N-SH cells were seeded on 18 mm circular coverslips (Fisher Scientific) in 12-well tissue culture plates (Fisher) and allowed to grow for 24 hr before transfection. At the time of transfection, the cells were approximately 60% confluent. SK-N-SH cells were transfected with the appropriate expression plasmids using Lipofectamine 2000 (Invitrogen) according to manufacturer’s instruction. Each transfection took place in the 12-well culture plates and was carried out in duplicate. The transfections consisted of 0.5 (g of plasmid and 1.5 (l Lipofectamine 2000 in a total of 400 (l of serum free media. The cells were incubated with this mixture for 10 hr and the media was then replaced with DMEM containing 10% FBS. Cells were incubated for another 48 hr before being fixed. Using these conditions, the transfection efficiency was approximately 20-30%. 
	2.8.5.2 Fixation and Immunocytochemistry

	The following procedures were performed in 12-well tissue culture plates until the last step of mounting the coverslips onto slides. Washing steps were carried out with extra caution to avoid detachment of cells from the coverslips. First, the cells were washed with PBS (pH 7.4) twice, fixed with 0.5 mL of warm (37 (C) 4% paraformaldehyde (Anachemia) in PBS for 12 min at 37 (C. Each well was washed three times with PBS and then permeabilized with 0.3% Triton X-100 in PBS for 30 min at room temperature. Each well was then washed once with PBS and blocked for 30 min in 5% BSA and 10% normal goat serum (NGS, HyClone) in PBS. Cells were then incubated with the appropriate primary antibodies (diluted in 5% NGS-PBS) overnight at 4 (C. Anti-myc (mouse IgG, Invitrogen) was used at a dilution of 1:200, the CTD110.6 anti-O-GlcNAc antibody (mouse IgM, Covance) was used at a dilution of 1:400 while the anti-OGA (chicken IgY, gift from Gerald Hart) was used at a dilution of 1:500. After washing (3 times for 15 min) with PBS, cells were incubated with the appropriate secondary antibodies (diluted in 5% NGS-PBS buffer), including FITC (green) conjugated to goat anti-mouse IgG, Cy3 (red) conjugated to donkey anti-mouse IgM, and Cy5 (purple) conjugated to goat anti-chicken IgY (Invitrogen, 1:1000 dilution). Secondary antibodies were used in a dilution range of 1:300 – 1:1000 and obtained from Jackson ImmunoResearch. After washing (3 times for 15 min), coverslips were mounted with Vectashield Mounting Medium containing DAPI (Vector Laboratories) onto Superfrost/Plus slides (Fisher Scientific) for 1 hr at room temperature in the dark. Coverslips were sealed with clear nail polish, and slides were stored in a dark box at 4 (C until they were imaged.
	2.8.5.3 Microscopy

	Stained cells were visualized using a Leica fluorescent microscope (DM4000B).  The filter sets used to imaging were as follows: DAPI (excitation peak: 360 nm, emission peak: 460 nm, Leica), Alexa 488 (excitation peak: 480 nm, emission peak: 520 nm, Leica), Cy3 (excitation filter: 530-550nm, emission filter: 570 nm, Leica), Cy5 (excitation filter: 650 nm, emission filter: 670 nm, Leica). Images were acquired using a Spot digital camera (Diagnostic Instruments) and processed using LAS software (Leica).
	2.8.6 Western Blotting

	Cell lysates were diluted two-fold with 2 times SDS-PAGE loading buffer. After heating at 96 (C for 10 min, samples were loaded onto 10 % Tris-HCl polyacrylamide gels. After electrophoresis for 60 min at 180 volts, the samples were electroblotted onto nitrocellulose membrane (Bio-Rad) for 120 min at 90 volts. This transfer was verified by visual inspection of the transfer of prestained markers (Bio-Rad). The membrane was blocked by using 5% BSA (Sigma) in PBS-T (PBS, 0.1% Tween 20 (Sigma), pH 7.4) for 1 hr at room temperature. This blocking solution was decanted, and a solution of blocking buffer containing CTD110.6 (1:2500 dilution; Covance) or anti-(-actin IgG (1:1000 dilution; Sigma) was added. The membrane was incubated overnight at 4 (C. The following day, the membrane was rinsed thoroughtly with PBS-T two times for 5 min and three times for 15 min. Membranes were then blocked with blocking solution for 30 min at room temperature and then incubated with the appropriate secondary antibody for 1 h at room temperature. For blots using the CTD110.6 antibody, goat anti-mouse-IgM-HRP conjugate (1:20,000 dilution, Santa Cruz Biotechnology) was used, while for blots probed with anti-(-actin, goat anti-mouse IgG-HRP conjugate (1:100,000, Sigma) was used. Membranes were washed in the same manner as following the primary antibody and detection of membrane-bound secondary-HRP conjugates was accomplished by chemiluminescent detection using the SuperSignal West Pico chemiluminescent detection kit (Pierce) and film (Kodak Biomax MR).
	2.8.7 Syntheses

	Some of the syntheses carried out in this chapter were done by others in the laboratory and their names and participation have been acknowledged explicitly in the text. The synthesis of compounds made by others will not be described here. The procedures and characterization of compounds which I have made are described in detail below.
	2.8.7.1 General Procedures

	Starting materials were obtained from Sigma, unless indicated, and used without further purification. The starting material (D-Glucosamine) was obtained from Bioshop. Most of the substituted phenols were provided by Dr. Andy Bennet’s laboratory and were otherwise obtained from Sigma. Dicloromethane was dried by distillation over CaH2 prior to use. Synthetic reactions were monitored by thin layer chromatography (TLC) using Merck Kieselgel 60 F254 aluminium-backed sheets. Compounds were detected on TLC using UV light and charring with 2 M H2SO4 in ethanol and heating. Silica gel (230–400 mesh, Merck Kieselgel) flash column chromatography was carried out under a positive pressure with the specified eluants. 1H NMR spectra were recorded on either a Varian AS500 Unity Innova spectrometer at 500 MHz or Bruker AMX spectrometer at 600 MHz.
	2.8.7.2 Aryl 2-deoxy-2-fluoroacetamido-(-D-glucopyranosides

	Synthesis of 2-acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-(-D-glucopyranose –
	1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride was prepared as described previously (329). This hydrochloride salt (10 g, 1 equivalent, 25.8 mmol) was added to 100 mL of DCM and cooled on ice. Triethylamine (4.2 ml, 2.2 eq., 56.8 mmol) was added and this solution was stirred until all materials had dissolved. Acetyl chloride (2.2 mL, 1.2 eq., 31.0 mmol) was then added slowly and the reaction mixture was stirred on ice for several min and then slowly allowed to warm to room temperature after which time the reaction was judged complete by TLC analysis. The reaction was extracted with two washes with water and one wash with saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and the solvent was partially removed in vacuo. The desired product was then recrystallized from DCM and hexanes and the product was obtained in 85 % yield. Characterization of 2-acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-(-D-glucopyranose has been described previously (329).
	Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranose – Triethylamine (2.1 mL, 2.2 eqivalents (eq.), 28.4 mmol) and dry pyridine (20 mL) were added to a cooled (0 (C) solution of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride (5 g, 1 eq., 12.9 mmol) in a solution of DMF (100 mL). Sodium fluoroacetate (1.8 g, 1.4 eq., 18.1 mmol) was added to a stirred mixture of dry DMF (90 mL) containing dried Dowex 50-H+ resin (12 g). After 1 h, Dicyclohexylcarbodiimide (DCC) (3.2 g, 1.2 eq., 15.5 mmol) and 30 mL of the fluoroacetic acid solution were added via cannula to the reaction vessel containing the hydrochloride salt. The resulting solution was allowed to stand for 16 h at 0 (C, after which time the reaction was judged complete by TLC analysis. The solvent was partially removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium chloride (100 mL) were added. The organic layer was collected, and the aqueous layer was extracted twice with ethyl acetate. The combined organic extracts were washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and the solvent was removed in vacuo to yield colourless syrup. The desired product was purified using flash column silica chromatography using a solvent system (2:1; hexanes/ethyl acetate) to yield the partially purified desired compound. The desired product was then recrystallized from ethyl acetate and hexanes and the product was obtained with a 77 % yield.
	1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranose –
	1H NMR (500 MHz, CD3OD) (: 5.83 (1H, d, JH1-H2 = 8.8 Hz, H-1), 5.34 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.74 (2H, dd, JH7-F = 47.0 Hz, H-7), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.07 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.01 (3H, s, OAc), 1.98 (3H, s, OAc), 1.95 (3H, s, OAc) ppm.
	Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-difluoroacetamido-(-D-glucopyranose – Triethylamine (2.1 mL, 2.2 eq., 28.4 mmol) and dry pyridine (20 mL) were added to a cooled (0 (C) solution of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride (5 g, 1 eq., 12.9 mmol) in a solution of DMF (100 mL). DCC (3.2 g, 1.2 eq., 15.5 mmol) and difluoroacetic acid (1.2 mL, 1.5 eq., 19.2 mmol) were added to the reaction mixture via syringe. The resulting solution was allowed to stand for 16 h at 0 (C, after which time another 0.5 mL of difluoroacetic acid were added. After a further 3.5 h at room temperature, the reaction was judged complete by TLC analysis. The solvent was partially removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium chloride (100 mL) were added. The organic layer was collected, and the aqueous layer was extracted twice with ethyl acetate. The combined organic extracts were washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4 and filtered, and the solvent was removed in vacuo to yield a colourless syrup. The desired product was purified using flash column silica gel chromatography using a solvent system (3:1; hexanes/ethyl acetate) to yield the partially purified desired compound. The desired product was then recrystallized from ethyl acetate and hexanes and the product was obtained with an 83 % yield.
	1,3,4,6-tetra-O-acetyl-2-deoxy-2-difluoroacetamido-(-D-glucopyranose – 
	1H NMR (500 MHz, CD3OD) (: 4.96 (1H, t, JH7-F = 53.6 Hz, H-7), 5.78 (1H, d, JH1,H2 = 8.9 Hz, H-1), 5.28 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 4.98 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.23 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.06 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.05 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 2.3 Hz, JH5-H6’ = 4.5 Hz, H-5), 2.01 (3H, s, OAc), 1.99 (3H, s, OAc), 1.95 (3H, s, OAc), 1.92 (3H, s, OAc) ppm.
	Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-trifluoroacetamido-(-D-glucopyranose – Triethylamine (0.45 mL, 2.2 eq., 6.1 mmol) was added to a solution of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride (1 g, 1 eq., 2.6 mmol) dissolved in dry dichloromethane (20 mL) and cooled (0 (C). Trifluoroacetic anhydride (0.6 mL, 1.6 eq., 4.2 mmol) was added via syringe and the resulting solution was allowed to stand for 16 h at 0 (C, after which time the reaction was judged complete by TLC analysis. The solution was diluted with 50 mL of ethyl acetate and washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and the solvent was removed in vacuo to yield a white solid. The desired product was recrystallized from ethyl acetate and hexanes and the product was obtained with a 91 % yield. 
	1,3,4,6-tetra-O-acetyl-2-deoxy-2-trifluoroacetamido-(-D-glucopyranose –
	1H NMR (500 MHz, CD3OD) (: 5.81 (1H, d, JH1-H2 = 8.9 Hz, H-1), 5.31 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.03 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.09 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.08 (1H, dd, H-6’), 3.91 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.02 (3H, s, OAc), 1.98 (3H, s, OAc), 1.94 (3H, s, OAc) ppm.
	General procedure for the synthesis of the 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranosyl chlorides – In a similar manner as described previously for the non-fluorinated derivative (330), acetic anhydride (10 mL) was added to either 1g of either 1,3,4,6-tetra-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranose or 1,3,4,6-tetra-O-acetyl-2-deoxy-2-difluoroacetamido-(-D-glucopyranose and the reaction mixture was cooled (0 (C). HCl(g) was added until the solution was saturated and the reaction flask was stoppered and the reaction was allowed to proceed for 16 h at room temperature. As the reaction proceeded the starting material dissolved into the solvent. Upon completion of the original reaction the solvent was partially removed in vacuo to leave 1/3 of the volume. Dichloromethane (40 mL) was added and this solution was washed extensively with a saturated solution of sodium bicarbonate, water, and then saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and solvent was removed in vacuo. The compounds could not be crystallized, however, analysis of the products by NMR showed minimal contamination with yields ranging from 70-90%. Therefore, the desired compounds were used in the following steps without further purification. Characterization of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranosyl chloride has been described previously (330).
	3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranosyl chloride – 
	1H NMR (500 MHz, CDCl3) (: 6.62 (1H, d, JHN-H2 = 6.6 Hz, H-N), 6.21 (1H, d, JH1,H2 = 3.7 Hz, H-1), 5.34 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.79 (2H, ABq, JH7-F = 47.2 Hz, H-7), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.07 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.11 (3H, s, OAc), 2.06 (3H, s, OAc), 2.05 (3H, s, OAc) ppm.
	3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-(-D-glucopyranosyl chloride – 
	1H NMR (500 MHz, CDCl3) (: 6.73 (1H, d, H-N), 6.20 (1H, d, JH1,H2 = 3.8 Hz, H-1), 5.89 (1H, t, JH7-F = 53.9 Hz, H-7),  5.34 (1H, dd, JH3-H4 = 9.3 Hz, H-3), 5.00 (1H, dd, JH4-H5 = 10.0 Hz, H-4), 4.26 (1H, dd, JH6-H6’ = 12.5 Hz, H-6), 4.10 (1H, dd, JH2-H3 = 10.5 Hz, H-2), 4.07 (1H, dd, H-6’), 3.89 (1H, ddd, JH5-H6 = 4.6 Hz, JH5-H6’ = 2.3 Hz, H-5), 2.04 (3H, s, OAc), 2.11 (3H, s, OAc), 2.06 (3H, s, OAc), 2.05 (3H, s, OAc) ppm.
	General procedure for the synthesis of aryl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-(-D-glucopyranosides – 
	To a mixture of the respective 3,4,6-tri-O-acetyl-2-deoxy-2-fluroacetamido-(-D-glucopyranosyl chloride (for example the monofluoro derivative, 0.5 g, 1 eq., 1.4 mmol), benzyltriethylammonium chloride (0.63 g, 1eq., 2.8 mmol), and the acceptor phenol (2 eq.) was added to 10 mL (1 volume) of dichloromethane to yield a solution of 200 mM. An equal volume of 1 M NaOH was then added and the resulting mixture was stirred vigorously at room temperature overnight. Ethyl acetate (5 volumes) was then added and the resulting organic phase was successively washed with 1 M NaOH (2 x 1 volume), water (1 volume), and saturated sodium chloride solution (1 volume). The organic layer was dried (MgSO4), filtered, and concentrated. These materials were recrystallized using a mixture of ethyl acetate and hexanes to yield the desired glycosides in yields ranging from 40 to 60 %.
	Synthesis of aryl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranosides – 
	The desired products were obtained from 3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroacetamido-(-D-glucopyranosyl bromide (331) using AgCO3 and the appropriate acceptor by direct adaptation of a previous approach (270).
	Aryl 3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-(-D-glucopyranosides  –
	3,4-dinitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranoside, 3-fluoro-4-nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranoside, 3-nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranoside, 4-chlorophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranoside, and phenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-(-D-glucopyranoside  were reported previously (291). 4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranoside, 4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-3-(-D-glucopyranoside, and 4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroacetamido-(-D-glucopyranoside are known and their physical characteristics were consistent with those found in the literature (270). 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranoside, 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-(-D-glucopyranoside, and 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroacetamido-(-D-glucopyranoside were prepared for another study (319). Complete 1H NMR assignments for the rest of the compounds are located in Tables A1-8 of the Appendix.
	General Synthesis of aryl 2-acetamido-2-deoxy-(-D-glucopyranosides – 
	To a stirred solution of the aryl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranoses (0.25 g) in 3 mL of anhydrous methanol (200 mM final concentration) was added a spatula tip of sodium methoxide (Sigma). The reaction mixture was allowed to stir for approximately one hr at room temperature. After this time, the reaction was neutralized with Amberlite IR-120 resin (H+) and filtered. The filtrate was concentrated in vacuo and the desired products were recrystallized using a mixture of ethanol and ether. Yields of the desired product after one recrystallization ranged from 40 to 80 %. 
	Aryl 2-acetamido-2-deoxy-(-D-glucopyranosides – 
	3,4-dinitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside, 3-fluoro-4-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside, 3-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside, 4-chlorophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside, and phenyl 2-acetamido-2-deoxy-(-D-glucopyranoside were made for a previous study (291). 4-methylumbelliferyl 2-deoxy-2-fluoroacetamido-(-D-glucopyranoside, 4-methylumbelliferyl 2-deoxy-2-difluoroacetamido-(-D-glucopyranoside, and 4-methylumbelliferyl 2-deoxy-2-trifluoroacetamido-(-D-glucopyranoside are known and their physical characteristics were consistent with what was reported previously (272). 3-fluoro-4-nitrophenyl 2-deoxy-2-fluoroacetamido-(-D-glucopyranoside, 3-fluoro-4-nitrophenyl 2-deoxy-2-difluoroacetamido-(-D-glucopyranoside, and 3-fluoro-4-nitrophenyl 2-deoxy-2-trifluoroacetamido-(-D-glucopyranoside were prepared for another study (319). 4-nitrophenyl 2-acetamido-2-deoxy-(-D-glucopyranoside and 4-methylumbelliferyl 2-acetamido-2-deoxy-(-D-glucopyranoside were purchased from Sigma. See Figure A5 of the Appendix for an example of 1H and 13C NMR spectra as well a high resolution mass spectrum of one of these compounds (3,4-difluorophenyl 2-acetamido-2-difluoroacetamido-(-D-glucopyranoside. Complete 1H NMR assignments for the rest of the compounds are located in Tables A9-16 of the Appendix.
	2.8.7.3 Aryl 2-deoxy-2-valeramio-(-D-glucopyranosides

	Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranose –  
	The desired compound was prepared as described previously (272).
	Synthesis of 3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranoside chloride –Conversion of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranose to its corresponding (-chloride was accomplished in the same manner as described above for conversion of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-acetamido-(-D-glucopyranose to 3,4,6-tri-O-acetyl-2-deoxy-2-acetamido-(-D-glucopyranosyl chloride. The desired compound was used in the subsequent steps without characterization.
	Synthesis of aryl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranosides – Phase transfer conditions were used to prepare the desired compounds in the same manner as described above for the aryl 3,4,6-tri-O-acetyl-2-deoxy-2-acetamido-(-D-glucopyranosides.
	Aryl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranosides –
	4-methylumbelliferyl 3,4,6-tri-O-acetyl-2-deoxy-2-valeramido-(-D-glucopyranoside was prepared for a previous study (314). 3,4-dinitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2- valeramido-(-D-glucopyranoside and 3-fluoro-4-nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2- valeramido-(-D-glucopyranoside were used in the subsequent step without characterization. Complete 1H NMR assignments for the rest of the compounds are located in Tables A17-18 of the Appendix.
	Synthesis of Aryl 2-deoxy-2-valeramido-(-D-glucopyranosides – Deprotection was carried out under the same conditions as described above for the aryl 2-deoxy-2-acetamido-(-D-glucopyranosides.
	Aryl 2-deoxy-2-valeramido-(-D-glucopyranosides –
	4-methylumbelliferyl 2-deoxy-2-valeramido-(-D-glucopyranoside was prepared for a previous study (314). Complete 1H NMR assignments for the rest of the compounds are located in Tables A19-20 of the Appendix.
	2.8.7.4 Methyl 2-deoxy-2-fluoroacetamido-(-D-glucopyranosides

	Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluroacetamido-(-D-glucopyranoside – Triethylamine (2.3 mL, 2.2 eq., 31.1 mmol) and dry pyridine (20 mL) were added to a cooled (0 (C) solution of methyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-(-D-glucopyranosyl hydrobromide (314)  (5 g, 1 eq., 13.6 mmol) in a solution of DMF (100 mL). Sodium fluoroacetate (2.0 g, 1.4 eq., 20.1 mmol) was added to a stirred mixture of dry DMF (90 mL) containing dried Dowex 50-H+ resin (12 g). After 1 h, DCC (3.5 g, 1.2 eq., 16.3 mmol) was added to the reaction vessel followed by and 30 mL of the fluoroacetic acid, added via cannula. The resulting solution was allowed to stand for 16 h at 0 (C, after which time the reaction was judged complete by TLC analysis. The solvent was partially removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium chloride (100 mL) was added. The organic layer was collected, and the aqueous layer was extracted twice with ethyl acetate. The combined organic extracts were washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4, and filtered, and the solvent removed in vacuo to yield a colourless syrup. The desired product was purified using flash column silica chromatography using a solvent system (2:1; hexanes/ethyl acetate) to yield the partially purified desired compound that was used in the next step without further purification. 
	Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluroacetamido-(-D-glucopyranoside – Triethylamine (2.3 mL, 2.2 eq., 31.1 mmol) and dry pyridine (20 mL) were added to a cooled (0 (C) solution of methyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-(-D-glucopyranosyl hydrobromide (5 g, 1 eq., 13.6 mmol) in a solution of DMF (100 mL). DCC (3.5 g, 1.2 eq., 16.3 mmol) was added to the reaction vessel followed by difluoroacetic acid (1.3 g, 1.5 eq., 20.1 mmol), which was added via syringe. The resulting solution was allowed to stand for 16 h at 0 (C, after which time another 0.5 mL of difluoroacetic acid was added. After a further 3.5 h at room temperature, the reaction was judged complete by TLC analysis. The solvent was partially removed in vacuo and ethyl acetate (300 mL) and a solution of saturated sodium chloride (100 mL) was added. The organic layer was collected, and the aqueous layer was extracted twice with ethyl acetate. The combined organic extracts were washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and the solvent was removed in vacuo to yield a colourless syrup. The desired product was purified using flash column silica chromatography using a solvent system (3:1; hexanes/ethyl acetate) to yield the partially purified desired compound that was used in the next step without further purification.    
	Synthesis of methyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluroacetamido-(-D-glucopyranoside – Triethylamine (0.5 mL, 2.2 eq., 31.1 mmol) was added to a solution of methyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy-(-D-glucopyranosyl hydrobromide (1 g, 1 eq., 2.7 mmol) dissolved in dry dichloromethane (20 mL) and cooled (0 (C). Trifluoroacetic anhydride (0.6 mL, 1.5 eq., 4.2 mmol) was added via syringe and the resulting solution was allowed to stand for 16 h at 0 (C, after which time the reaction was judged complete by TLC analysis. The solution was diluted with 50 mL of ethyl acetate and washed successively with water, twice with saturated sodium bicarbonate, and finally with a solution of saturated sodium chloride. The organic extracts were dried over MgSO4, filtered, and the solvent removed in vacuo to yield a white solid. The desired product was purified using flash column silica chromatography using a solvent system (4:1; hexanes/ethyl acetate) to yield the partially purified desired compound that was used in the next step without further purification.    
	General synthesis of methyl 2-deoxy-2-acetamido-(-D-glucopyranosides – A spatula tip of anhydrous sodium methoxide was added to a 200 mM solution of the methyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-(-D-glucopyranosides in methanol. The basic solution was stirred until the reaction was judged complete by TLC analysis (typically 1 h). A solution of glacial acetic acid in methanol (1:20) was added dropwise to the reaction mixture until the pH of the solution was found to be neutral. The solvent was then removed in vacuo, and the desired materials were isolated by flash silica chromatography using a solvent system (ranging from 5:1 ethyl acetate/methanol for the non-fluorinated compound to straight ethyl acetate for the trifluorinated compound). Removal of the solvent in vacuo from the desired fractions yielded the products as fine powders in overall yields over the three steps of 33 to 50 %.  
	Methyl 2-deoxy-2-fluoroacetamido-(-D-glucopyranoside – 
	1H NMR (500 MHz, CD3OD) (: 4.79 (2H, dd, JH7-F = 47.2 Hz, JH7-H7’ = 2.2 Hz, H-7), 4.36 (1H, d, JH1,H2 = 8.4 Hz, H-1), 3.86 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 3.72 (1H, dd, JH3-H4 = 10.2 Hz, H-3), 3.49 (1H, dd, JH4-H5 = 8.4 Hz, H-4), 3.43 (3H, s, OMe), 3.30 (1H, dd, JH2-H3 = 8.7 Hz, H-2), 3.25 (1H, ddd, JH5-H6 = 2.3 Hz, JH5-H6’ = 5.7 Hz, H-5) ppm.    
	Methyl 2-deoxy-2-difluoroacetamido-(-D-glucopyranoside – 
	1H NMR (500 MHz, CD3OD) (: 6.0 (1H, t, JH7-F = 54.0 Hz, JH7-F’ = 54.0 Hz, H-7), 4.36 (1H, d, JH1,H2 = 8.4 Hz, H-1), 3.85 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 3.61 (1H, dd, JH3-H4 = 10.3 Hz, H-3), 3.48 (1H, dd, JH4-H5 = 8.4 Hz, H-4), 3.43 (3H, s, OMe), 3.29 (1H, dd, JH2-H3 = 9.8 Hz, H-2), 3.24 (1H, ddd, JH5-H6 = 2.2 Hz, JH5-H6’ = 5.7 Hz, H-5) ppm.   
	Methyl 2-deoxy-2-trifluoroacetamido-(-D-glucopyranoside – 
	1H NMR (500 MHz, CD3OD) (: 4.35 (1H, d, JH1-H2 = 8.4 Hz, H-1), 3.85 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.66 (1H, dd, H-6’), 3.64 (1H, dd, JH3-H4 = 10.5 Hz, H-3), 3.48 (1H, dd, JH4-H5 = 8.4 Hz, H-4), 3.44 (3H, s, OMe), 3.29 (1H, dd, JH2-H3 = 9.8 Hz, H-2), 3.24 (1H, ddd, JH5-H6 = 2.3 Hz, JH5-H6’ = 5.7 Hz, H-5) ppm.
	Chapter 3: DEVELOPMENT OF A POTENT AND SELECTIVE INHIBITOR OF OGA
	3.1 General Considerations for Inhibitor Design
	3.1.1 Functionally-Related Enzymes


	A major aim in our laboratory was to develop selective inhibitors of OGA that would enable testing hypotheses relating to the biological roles of the O-GlcNAc modification in a cellular context. This aim is also a major focus of this thesis and I, therefore, collaborated extensively with others in our laboratory to advance this goal. Their names and contributions are revealed throughout the chapter. Insight gained through this thesis facilitated the generation of such selective and potent inhibitors that function effectively within complex biological settings.
	Complicating the generation of inhibitors that are selective for OGA is that humans have four genes encoding glycosidases that remove terminal GlcNAc or GalNAc from the non-reducing end of glyconjugates; one of which is OGA. The recently discovered HexD is less of a concern for achieving selectivity since preliminary data suggests it prefers a galacto-configured substrate and was not inhibitor by several gluco-configured inhibitors (152). Conversely, OGA is highly selective for the gluco-configuration (151). More of a challenge, however, is HexA and HexB since these isozymes are able to hydrolytically cleave both GlcNAc and GalNAc from glycoconjugates, such as gangliosides, in the lysosome. Mutations to either of these genes results in the inheritable lysosomal storage diseases known as Tay-Sachs and Sandhoff diseases (173). Given the presence of these functionally related enzymes, in order to study the O-GlcNAc modification at the cellular or organismal level it would be prudent to use an inhibitor that is selective for OGA over HexA and HexB in order to avoid generating a complex chemical phenotype from concomitant inhibition of both the lysosomal (-hexosaminidases and OGA. Prior to the work described in this thesis, no potent and selective inhibitor of OGA had been described in the literature.
	3.1.2 Glycoside Hydrolase Inhibitors

	As described in chapter 2, the reaction coordinates of GHs are defined by electrophilic migration of the anomeric carbon (Figure 2.2b). The snapshots along the reaction coordinate that were obtained for BtGH84 show that the substrate bound to the enzyme active site adopts a 1S3 skewed boat confirmation while the intermediate oxazoline is bound in a conformation best described as a 4C1 chair (Figure 2.18). This conformational itinerary is the standard path taken for a retaining GH that acts on a gluco-configured (-glycoside (227). The transition state is, therefore, expected to lie en route somewhere between the two conformations described above. According to Stoddard’s pseudorotational itinerary (227) (see Figure A1 of the Appendix), the pyranose ring is expected to pass through a half-chair (4H3). Sinnot made this postulate some years ago (254) and since this time many potent inhibitors of GHs have been discovered, in nature and through chemical synthetic strategies, that have features found in the 4H3 conformation; a flattened pyranose ring arising from the trigonal geometry at the anomeric center and/or the positive charge at the position occupied normally by the anomeric carbon or the endocyclic oxygen (227, 255).
	3.1.3 Previously described inhibitors of OGA

	Prior to this thesis, two inhibitors of OGA had enjoyed use in studying the O-GlcNAc modification and these were introduced in Chapter 1. PUGNAc is a potent inhibitor of both GH20 and GH84 family members but is not selective, which is undesirable for use in a cellular or in vivo setting. Streptozotocin on the hand, does display weak selective toward OGA (188), however, its lack of potency towards human OGA (291) and ability to induce apoptosis through DNA strand breakage (194) make it a very poor candidate for studying the O-GlcNAc modification. Underscoring the problems with streptozotocin is a recent elegant study, which showed that the galacto-configured streptozotocin retains the ability to induce apoptosis in ( cells despite the lack of any inhibitory effect on OGA (332).
	As described in Chapter 2, our studies aimed at dissecting the catalytic mechanism of OGA led to discovery of a third class of OGA inhibitor, NAG-thiazoline. NAG-thiazoline and PUGNAc both have nanomolar affinities toward GH20 and GH84 family members, and not surprisingly, both inhibitors have characteristics that mimic the proposed transition state geometry. For PUGNAc, the trigonal sp2 center at the pseudoanomeric position (C1) creates planarity in the pyranose ring as evidenced from the structure of BtGH84 (and CpGH84) with PUGNAc bound in the active site (Figure 3.1) (267, 333). For NAG-thiazoline, as discussed in detail in Chapter 2, the longer C-S bond length of the thiazoline places the anomeric carbon closer to the position expected in an 4H3 half-chair (314). Of course tight binding ligands of enzymes do not have to solely rely on features that are unique to the transition state since fortuitous interactions with residues both inside and outside of the active site are possible. As the structure of BtGH84 (and CpGH84) in complex with PUGNAc demonstrate, significant binding appears to be gained through adventitious interactions between these enzymes and the pendent N-phenyl carbamate group (Figure 3.1b) (267, 333). The enzymic residues that are involved in this interaction are outside the primary sphere of the active site and these interactions may not be directly involved in transition state stabilization. Highlighting the importance of this N-phenyl carbamate group to binding is the observation that LOGNAc inhibits members of GH84 several orders of magnitude worse than PUGNAc (Table 1.5) (151). Although NAG-thiazoline is also an extremely potent inhibitor of human OGA, it is not any better than PUGNAc with respect to its selectivity. Indeed, both PUGNAc and NAG-thiazoline are also potent inhibitors of human HexB. However, previous studies and our own work hinted as to how selectivity might be achieved.
	Figure 3.1:  PUGNAc makes fortuitous interactions with several amino acids outside the active site of BtGH84. 
	(A) Chemical structure of PUGNAc. (B) PUGNAc bound in the active site of BtGH84 (PDB 2VVS) highlights how the N-phenyl carbamate group of PUGNAc makes interactions with residues that are outside the primary sphere of the active site. In particular, a tryptophan (Trp286) and histidine (His433), which are depicted as yellow sticks, appear to be critical for interacting with the N-phenyl carbamate group of PUGNAc. 
	3.2 Development of Selective OGA Inhibitors
	3.2.1 Evidence that OGA has a Unique Active Site Pocket


	Without any direct knowledge of the active site structure features of OGA at the time, we set out to generate a selective inhibitor of OGA over the lysosomal (-hexosaminidases. Guiding our efforts were the structures of two GH20 family members, human HexB and SpHex, which reveal an active sites that tightly cradle the 2(-methyl group of NAG-thiazoline (274, 276). This observation suggested that bulkier substituents appended at this position would likely not be tolerated by HexB or the closely sequence related enzyme HexA. Three pieces of experimental evidence suggested that OGA might have a more spacious active site pocket in this precise region. First, the Taft-like LFERs of human OGA and human HexB showed that OGA had a much shallower slope (Figure 2.7c) (291). As discussed above, this slope (() is a function of both the electronic and steric properties of the 2-N-acyl substituent and, therefore, the shallower slope for OGA suggests that its active site region surrounding the 2-acetamido group of the substrate might be more sterically accommodating than that of HexB. Second, previous work had demonstrated that OGA could process a substrate bearing an azido moiety pendent to the 2-acetamido group with reasonable catalytic efficiency (34). Third, evidence suggested that although streptozotocin was not very potent towards either GH20 or GH84 family members, it did possess weak selectivity (10-fold) for bovine OGA over a mixture of bovine HexA and HexB (188). Therefore, we hypothesized based on our enzymatic studies and previous data, that OGA contained a more spacious active site around the 2-acetamido group of the substrate.
	3.2.2 Derivatives of NAG-thiazoline

	Armed with the hypothesis that OGA might be able to better tolerate increased bulk at the 2-acetamido position as compared to the lysosomal (-hexosaminidases, a series of NAG-thiazoline derivatives were synthesized by Garrett Whitworth, a coworker in the laboratory. These derivatives have bulky alkyl substituents at the 2′-position of the thiazoline ring (Table 3.1) (291). Gratifyingly, I found that substituents extending from the methyl group of NAG-thiazoline greatly perturbed binding to HexB at the pH of the lysosomes (pH 4.5), but only modestly affected binding to OGA (Table 3.1). From this small panel of inhibitors, the derivative with two extra methylene units, which we termed NButGT (Figure 3.3a), was chosen as the best candidate for future studies since it showed high selectivity (1500-fold) over human HexB yet retained good potency (KI = 250 nM) for human OGA at pH 6.5. As described in Chapter 2, the inhibition of NAG-thiazoline is pH-dependent. Therefore, NButGT was retested as an inhibitor of OGA and a KI value of 600 nM was determined (172). This potency at physiological pH gives this inhibitor an expected 700-fold selectivity for OGA over HexB within cells. PUGNAc, on the hand, was confirmed to have no selectivity for OGA as it had a KI value of 47 nM for human OGA and 37 nM for human (-hexosaminidase (Table 3.1).
	Table 3.1:  Inhibition constants and selectivity (HexB KI / OGA KI) of a series of alkyl-substituted NAG-thiazoline derivatives and PUGNAc tested with human OGA and HexB.
	3.2.3 NButGT in the Active Site of BtGH84

	The molecular basis for the selectivity that we were able to achieve with the series of NAG-thiazoline derivatives was revealed later on from the crystal structure of BtGH84 with NAG-thiazoline bound in the active site (266), which showed a deep pocket below the methyl group (Figure 2.16). To demonstrate that this pocket can indeed accommodate a bulkier group than the 2-acetamido substituent, Rebecca Dennis from Gideon Davies’ laboratory obtained a structure of BtGH84 with in complex with NButGT (Figures 3.2b-c) (333). This structure beautifully demonstrates that the propyl chain of 
	Figure 3.2:  NButGT is a potent, selective, and cell permeable inhibitor of OGA. 
	(A) Chemical structure of NButGT. (B,C) NButGT bound in the active site of BtGH84 (PDB 2J4G) highlights how the propyl substituent of NButGT is accommodated within a deep active site pocket. Asp243 is shown as yellow sticks in (C) to aid comparison with as the structure of BtGH84 bound to PUGNAc shown in Figure 3.1. (D) Incubation of COS-7 cells with 50 (M NButGT results in a time-dependent increase in cellular levels of O-GlcNAc-modified proteins. Upper panel: Western blot analysis of cellular O-GlcNAc levels using the CTD110.6 anti-O-GlcNAc antibody as a function of the time of exposure of cells to NButGT. Lower panel: Western blot of the same samples using an anti-(-actin antibody reveals equivalent sample loading. Shown on the right is where the molecular markers appear. 
	NButGT can be readily accommodated within the pocket. It is gratifying that prior biochemical data accurately predicted a more spacious active site architecture for OGA around the 2-acetamido group of the substrate, whereas the structural basis for this tolerance was only revealed later on by the structures of BtGH84 and CpGH84 (266, 267) and most clearly demonstrated with co-crystal structure of NButGT and BtGH84 (314). These structural studies have, however, been important for offering clear structural rationales for the potency and selectivity OGA inhibitors and may provide guidance for designing more potent inhibitors in the future. In summary, the mechanism-inspired design of NButGT delivers excellent selectivity of NButGT towards OGA. The thiazoline ring confers selectivity for enzymes that use substrate-assisted catalysis. In mammals, this greatly narrows the list of possible enzymes to include OGA, the (-hexosaminidase, and several GHs from family 18 that also use substrate-assisted catalysis. Members of GH18, however, are endo-acting and although NAG-thiazoline does inhibit this class of enzymes, its potency is at least several orders of magnitude higher (278, 319). On the other hand, the propyl substituent appended to the thiazoline scaffold provides selectivity towards OGA. With the help of Alexandra Debowski, a co-worker in the laboratory, we showed that NButGT elevates O-GlcNAc levels in cultured COS-7 cells in a time-dependent manner (Figures 3.2d). Therefore, NButGT was the first described potent, selective, and cell-permeable inhibitor of OGA. Recently, NButGT has been used extensively by our laboratory (333) and others (161, 203, 334, 335) to probe the cellular role of the O-GlcNAc modification, and its use is central to the studies described in Chapter 4.
	3.3 Improving on the Potency of NButGT
	3.3.1 Room for Improvement


	Our earlier biochemical proposal is that Asp174 acts as the stabilizing/polarizing residue in the human enzyme and hydrogen bonds to the amide proton of substrates and structurally related inhibitors (262). From the earlier studies presented in Chapter 2, the kinetic pKa of Asp174 was estimated as 5.3. The pKa value of the conjugate acid of the thiazoline, for which the proton very likely resides on the nitrogen atom, has been reported as 3.4 for 2(-methyl-thiazoline (336). To more accurately assess the pKa value of the conjugate acid of the thiazoline, a pH titration was performed with NButGT whereby changes in chemical shift were measured by NMR spectroscopy in D2O (Fig. 3.3a). Plotting the chemical shifts of three different protons verses the pD of the solution reveals an average pKa value of 3.04 ( 0.02 in D2O (Fig. 3.3b). As one analytical study showed that the pKa value of the side-chain of histidine is 1.1% greater in H2O than D2O (337), the pKa value determined for NButGT in D2O is estimated to be 3.07 ( 0.03 in H2O. The implication is that under physiological conditions (pH 7.4), only a small percentage of either Asp174 or the thiazoline ring of NAG-thiazoline would be expected to be protonated. Therefore, I expected that modulating the pKa of either group should influence to the inhibitory potency properties of NAG-thiazoline at physiological pH. 
	Figure 3.3:  Determining the pKa of the conjugate acid of the nitrogen of NButGT. 
	(A) 1H NMR spectra of NButGT in D2O as a function of pD. A 10 mg/mL solution of NButGT in D2O was adjusted to the specified pD using NaOD or DCl and a 1H NMR spectra was acquired immediately. A new sample of NButGT was used for each pD to avoid the accumulation of decomposition products in the spectra. (B) Chemical shifts of the different protons of NButGT plotted as a function of pD. IC50 fits were performed using the program Grafit and all three protons give a similar IC50 value.   
	One piece of data in support of this hypothesis is the dependence of pH on inhibition of NAG-thiazoline. As was described above, decreased pH resulted in more potent inhibition (KI = 70 nM at pH 6.5 versus KI = 180 nM at pH 7.4). The same trend for the potency of inhibition was also followed by NButGT and the higher inhibitory potency at lower pH values are predicted from the rationale offered above. This data also suggests that an electrostatic interaction between a positively charged thiazoline and the negatively charged Asp174 is beneficial and that this interaction could be optimized. The structure of NAG-thiazoline bound in the active site of BtGH84 strongly suggests that stabilizing/polarizing residue (Asp174 of human OGA or Asp242 of BtGH84) is hydrogen bonded to the nitrogen of the thiazoline ring (Fig. 2.14c). The distance between the (O of Asp242 and the nitrogen atom is 2.8 Å, which strongly indicates the presence of a hydrogen bond since the two atoms are closer to each other than the sum of their van der Waals radii: the crystallographic definition of a hydrogen bond. This structural analysis is entirely in accord with our biochemical analysis and support the need for a hydrogen bond between Asp174 of human OGA and the thiazoline ring in order to realize potent binding. With the goal of designing a more potent inhibitor, this interaction between Asp174 and the thiazoline ring of NAG-thiazoline was investigated further.
	3.3.2 Decreasing the pKa of the Thiazoline Nitrogen

	To decrease the pKa of the thiazoline nitrogen, I prepared a series of NAG-thiazolines with one, two, or three fluorines appended to the 2'-methyl group (Scheme 3.1). As demonstrated in the previous chapter, substitution of hydrogen atoms with fluorine atoms at the methyl group of the 2-acetamido group on a competitive inhibitor has only a very minor effect on binding (Table 2.1). Therefore, it was expected that any differences that arise from addition of fluorines to NAG-thiazoline should largely reflect electronic, rather than steric, effects. 
	Scheme 3.1:  Synthesis of NAG-thiazolines derivatives with a different number of fluorine atoms attached to the 2'-carbon atom. 
	(i) CH3C(O)OC(O)CH3 or CF3C(O)OC(O)CF3, Et3N, CH2Cl2; (ii) Dowex 50-H+, NaOOCCH2F or NaOOCCHF2, DMF, Et3N, Py, DCC; (iii) Lawesson’s reagent, (, toluene; (iv) a, NaOMe, MeOH; b, dilute CH3COOH in MeOH.
	When tested against human OGA at pH 7.4, the KI for monofluoro derivative increased a dramatic 50-fold (Table 3.2). As predicted from the hypothesis outlined above, the decrease in the pKa of the thiazoline nitrogen would lead to a still smaller percentage of inhibitor molecules being protonated in solution and, hence, an effective lower concentration of inhibitor in solution. Another explanation is that decreasing the pKa of the thiazoline nitrogen would result in the pKa value of Asp174 and the conjugate acid of the thiazoline being further apart. As the strength of a hydrogen bond correlates with how close the two respective pKa values are to each other (338), the addition of the fluorine atom on NAG-thiazoline could potentially elicit its effect on potency of inhibition in this manner. From these studies alone, it cannot be determined which one of these possibilities predominates, however, both may be at play. Surprisingly, the NAG-thiazoline derivates with two or three fluorines atoms had a small increase in binding strength (decrease KI) over the derivative with only one fluorine atom. Without speculating too much into this result, it can be pointed out that this latter result is analogous to that observed for fluorination of the methyl glycosides (Table 2.1). In both cases, a decrease in binding strength arising from the presence of the fluorines could 
	Table 3.2:  Inhibition constants and selectivity for a series of fluorine-substituted NAG-thiazoline derivatives tested with human OGA and HexB.
	stem from increased hydrophobic interactions. Based on the structural knowledge of the active site pocket of BtGH84, and by extension the human enzyme, this seems reasonable since this pocket is lined with hydrophobic residues (Figure 2.16). Regardless, the perturbed binding that is observed with decreasing the pKa of the thiazoline nitrogen is supportive evidence that binding between OGA and NAG-thiazoline is strongly influenced by this key interaction and thus offers a strategy for designing a more potent inhibitor.
	3.3.3 Increasing the pKa of the Thiazoline Nitrogen

	On the basis of the previous biochemical data, such as the apparent pH of inhibition, the identification of the stabilizing residue as Asp174, determining that in the resting form of the enzyme Asp174 is deprotonated, and the data on the fluorinated NAG-thiazolines presented above, our laboratory speculated that increasing the basicity of the endocylic nitrogen of the thiazoline ring would favour its protonation and facilitate formation of a favourable ion pair or hydrogen bond interaction with Asp174. Aminothiazolines are known to be more basic than the corresponding thiazolines (339, 340) and, therefore, a bioisostere of NButGT was prepared by Julia Heinonen, a co-worker in the laboratory, wherein the first methylene unit of the alkyl chain at the 2(-position of the thiazoline ring was replaced with an amine (Figure 3.4a). As expected, the pKa of the endocyclic thiazoline nitrogen for this derivative was dramatically increased to a value of 7.61 ( 0.02 in D2O (Figure 3.4b), which corresponds to 7.69 ( 0.02 in H2O based the empirical correction from studies comparing the pKa of histidine in H2O and D2O (337). Gratifyingly, Garrett Whitworth demonstrated that this change led to an increase in binding affinity of 30-fold (KI = 21 nM at pH 7.4) and also enhanced selectivity of this inhibitor for OGA over HexB (37,000-fold selective) (172). The increase in potency of this derivative, called Thiamet-G (thiazoline amino ethyl gluco-configured), arises despite a nearly identical mode of binding to BtGH84 compared to NButGT (Figure 3.4c). Thiamet-G is thus an extremely potent and selective inhibitor of human OGA and supports the beneficial effect on binding of having a hydrogen bond and/or electrostatic interaction between the thiazoline nitrogen and Asp174.
	Figure 3.4:  Increasing the pKa of the conjugate acid of the thiazoline nitrogen through incorporation of an exocyclic amine group. 
	(A) Chemical structure of Thiamet-G. (B) Chemical shift plotted as a function of pD for three different protons on Thiamet-G. IC50 fits were performed with the program Grafit and all three protons give a similar IC50 value. (C) Overlay of Thiamet-G (PDB 2J4G) and NButGT bound in the active site of BtGH84 demonstrates that minimal changes occur in the position of active site residues.  
	In addition to being a more potent and selective inhibitor, I also found that Thiamet-G is very stable to decomposition under acid conditions. First-order rates of decomposition for NButGT, PUGNAc, and Thiamet-G were determined by monitoring their absorbance at a wavelength of 230, 278, and 233 nm, respectively, at different pH values. These assays were carried out at 60 (C in a buffered solution of 50 mM citric acid and 50 mM sodium phosphate. For NButGT, the rate of decomposition was proportional down to a pH value of 3, below which decomposition rates levelled off (Fig. 3.5 - diamonds). Likewise, PUGNAc also showed acid-dependent decomposition (Fig. 3.5 - squares). These rates were independent of the buffer concentration (data not shown), which indicated that this decomposition is likely a specific acid catalyzed process. For NButGT, as the pH value of the break falls around the experimentally determined pKa value of the thiazoline nitrogen, this observation suggests that decomposition may be driven by specific acid catalyzed protonation of this group. It is important to point out that these decreases in absorbance correlate with decreased potency of inhibition towards human OGA indicating that the molecule had undergone some type of decomposition or rearrangement to a compound that is a less potent inhibitor (data not shown). Extrapolating the rate of decomposition to a physiological pH (7.4) and temperature (37 (C), based on a 2-fold decrease in rate for every 10 (C, gives an estimated half-life of 76 hr for NButGT and 48 hr for PUGNAc. Despite extensive efforts, decomposition 
	Figure 3.5:  Acid catalyzed decomposition of NButGT and PUGNAc. 
	The absorbance of NButGT (diamonds) and PUGNAc (squares) were monitored at 230 and 278 nm, respectively, and found to follow a first order decay. Reactions were carried out at 60 (C in a buffered solution consisting of 50 mM sodium citrate and 50 mM sodium phosphate at the appropriate pH. Each data point represents the average of two replicates. In the same way, the decomposition of Thiamet-G was assessed at 233 nm, however, it was found to be highly stable and no decomposition was observed. 
	of Thiamet-G could not be observed over a wide range of pH values even over extended lengths of time. Consistent with this finding, incubation of Thiamet-G at a pH value of 4.0 for 4 hr at 60 (C did not significantly affect its ability to inhibit human OGA. From this observation it can be estimated that at a pH value of 4.0, Thiamet-G is at least 1000-fold more stable that NButGT and PUGNAc. Therefore, not only is Thiamet-G a highly potent and selective inhibitor of human OGA, it is also very stable to decomposition under acid conditions; a feature that could be an advantage in certain biology applications. Working with Scott Yuzwa in our laboratory, we found that Thiamet-G is a versatile inhibitor that is effective in a variety of biological settings at increasing cellular O-GlcNAc levels (172), however, these studies will not be discussed in this thesis.
	3.3.4 pH Inhibition Profiles

	The data presented above showing that an electron withdrawing or donating group appended to the thiazoline ring decreases or increases, respectively, the strength of binding, strongly suggests that the interaction between Asp174 and the thiazoline nitrogen is important for binding. To provide further support for this idea, a more detailed description of the dependence of pH on inhibition was investigated. The inhibition of NButGT was tested over a broad range of pH values and as shown in Figure 3.6, an increase in pH results in an increase in its KI value. However, below a pH of 6 the KI of NButGT also increases. 
	Figure 3.6:  Modulating the pKa of the conjugate acid of the thiazoline nitrogen changes the pH profile for inhibition of human OGA by NAG-thiazoline inhibitors. 
	NButGT and two bioisosteres (NButGT-F3 and Thiamet-G) were tested as inhibitors of human OGA over a broad range of pH values in buffered solutions consisting of 50 mM sodium citrate, 50 mM sodium phosphate, and 50 mM CHES at the appropriate pH value. Each point represents a KI value determined using 250 (M 4MU-GlcNAc as a substrate. Note that the pKa of the conjugate acid of the endocyclic thiazoline nitrogen tends to correlate with the minimum on the graph; for NButGT-F3 the minimum likely occurs at a pH value ( 5.0.
	There could be several reasons for this latter observation including the possibility that at low pH, binding is perturbed by protonation of other enzymic residues that would likely decrease the binding strength in many ways. The pH inhibition profile of two bioisoteres of NButGT were also analyzed in the same manner. The first was Thiamet-G and the second was a derivative of NButGT having a trifluoropropyl substituent appended to the 2' position of the thiazoline, termed NButGT-F3, which was synthesized by Julia Heinonen in our laboratory. Unfortunately, efforts to determine the pKa for this latter derivative failed because the pKa was too low; however, it is safe to say that the pKa value for this derivative is less than 2.5. The pH inhibition profile for Thiamet-G had a similar appearance to that of NButGT except the minima was shifted towards a basic pH. This observation is consistent with the higher pKa of Thiamet-G. The shape of the the profile observed for the fluorinated derivative was very interesting; the KI value simply increased with pH, which is consistent with the lower pKa of the thiazoline nitrogen of this derivative. Nevertheless, it was surprising that inhibition was not perturbed at low pH and this observation suggests that the increases in KI values of NButGT and Thiamet-G at low pH values are not the consequence of a perturbed enzymatic active site but possibly arise from consideration of the probability of protonation of both Asp174 and the thiazoline inhibitor.
	Four scenarios involving different protonation states are possible (Figure 3.7). For one, both Asp174 and the nitrogen of the thiazoline are protonated in solution (Figure 3.7; scenario 1). In another scenario, neither are protonated (Figure 3.7; scenario 4). Alternatively, just one of the two groups may be protonated (Figure 3.7; scenarios 2,3). 
	Figure 3.7:  Four scenarios for the protonation states of Asp174 and the endocyclic thiazoline nitrogen in solution. 
	As both the pKa of Asp174 and the conjugate acid of the nitrogen of NAG-thiazoline are lower than 7.4, which is physiological pH, scenario 1 is most likely to occur in solution at this pH. Previous biochemical and crystallographic evidence, however, suggests that a hydrogen bond is required for a tight interaction. Therefore, scenarios 2 and 3 will likely lead to tight binding but the effective concentration of either of these two species is low at physiological pH. Scenario 4 is least likely as it represents both species being protonated, however, the probability of this scenario occurring does increase at lower pH values.
	All the biochemical data presented thus far strongly suggests that a hydrogen atom is required for tight binding to human OGA. Therefore, one of the two species (Asp174 or the thiazoline) is required to be protonated for efficient binding and this is represented as either scenario 2 or 3 in Figure 3.7. Nevertheless, since both Asp174 and the nitrogen of the thiazoline ring of NButGT have a pKa value that falls significantly below physiological pH, the effective concentration of either protonated species will be low. So for NButGT, the first scenario has the highest probability of occurring in solution but is not predicted to give rise to tight binding. Strong binding of NButGT to OGA therefore likely arises from either scenario 2 or 3 occurring in solution yet the effective concentration of these species will be low. Below a pH value of 5.5, the probability of both Asp174 and the thiazoline nitrogen being protonated (scenario 4) would start to increase, since the pKa of Asp174 is estimated to be 5.3, and such a scenario would also not favour binding. This situation may be the cause of the decreased binding affinity observed at pH values below 6 for NButGT and Thiamet-G. On the other hand, NButGT-F3 did not show this trend, which likely is a reflection of its very low pKa value and, consequently, the fact that scenario 4 is not reached during the pH inhibition study.
	A rough prediction, based on using the Henderson-Hasselback equation (equation 3.1), to determine the probability of an ionizable group being protonated can be made for how much more potent Thiamet-G (pKa = 7.69) should be compared to NButGT (pKa = 3.09) at a various pH values.
	Equation 3.1:  pH = pKa + log(A-/HA)
	At a physiological pH of 7.4, the probability of either scenario two or three occurring in the case of NButGT is 0.0079. On the other hand, for the case of Thiamet-G, this probability increases to 0.52. These simple calculations would predict that Thiamet-G should be 66-fold more potent than NButGT. As a 30-fold difference in potency between these two compounds was found experimentally, the prediction based on these factors appears to be reasonable. As the potency of NButGT does not increase dramatically on lowering the pH, it is likely there are likely other factors at play. The presence of such other secondary factors, which are unaccounted for in considering only protonation in the model, is highlighted by the case of NButGT-F3. For NButGT, protonation of Asp174 is much more likely (scenario 2) than protonation of the thiazoline at pH 7.4 and, therefore, decreasing the pKa of NButGT further would not be expected to have a significant effect on binding affinity. Nevertheless, NButGT-F3 was significantly less potent as an inhibitor of OGA over all pH values tested and this result is very similar to the 50-fold increase in KI value of the monofluorinated NAG-thiazoline derivative (Table 3.2). As described above, other factors such as how close two respective pKa values are to each other is one other possible secondary factor that may account for differences between experimental and predicted values. Another factor is that scenario 2 could be considered a hydrogen bond, whereas scenario 3 could be considered an electrostatic interaction between a positively charged thiazoline and the negatively charged carboxyl group of Asp174. Scenarios 2 and 3, therefore, may not be give rise to the same binding strength. In any event, these studies on the pH of inhibition of thiazoline-based inhibitors of OGA do provide another piece of strong support that this hydrogen bond and/or electrostatic interaction is critical to binding.
	3.4 Current State of the Field; Other OGA Inhibitors
	3.4.1 PUGNAc Derivatives


	Following our discovery that the active site pocket in OGA could tolerate inhibitors having bulky substituents (291), two studies reported analogous modifications to the structure of PUGNAc (341, 342). Surprisingly, these derivatives did not yield inhibitors having the same selectivity as the substituted NAG-thiazoline derivatives discussed in the above section. For instance, the PUGNAc derivative bearing two extra methylene units in the N-acyl chain (Butyl-PUGNAc) afforded only 10-fold selectivity, whereas the analogous extension conferred on NButGT its 700-fold selectivity over HexB. Some insight into the discrepancy in selectivity for the PUGNAc versus NAG-thiazoline class of inhibitors can be gained by considering the issue from a structural point of view (Figure 3.8). With NAG-thiazoline, the 2'-methyl group is centred in the pocket and points directly down and parallel with the walls (Figure 3.8a) (266). On the other hand, for PUGNAc, the methyl group of the 2-acetamido substituent is slightly off-centred in the pocket and points at an angle relative to the walls of the pocket (Figure 3.8a) (267, 333). This consideration alone would predict that the propyl chain of NButGT should fit in the pocket better than the corresponding propyl chain of Butyl-PUGNAc. Indeed, the a structure with NButGT bound to BtGH84 did reveal that the propyl chain of NButGT fits into the pocket very nicely (314) whereas a recent structure of Butyl-PUGNAc bound to BtGH84 showed that this inhibitor was forced to bind with its pyranose ring displaced upward and out of the active site so that its propyl chain could be accommodated in the pocket (Figure 3.8b) (343). Thus, the limited selectivity of PUGNAc analogues and the longer chemical synthesis required to make a PUGNAc-based inhibitor do not make these inhibitors the best choice for biological studies.
	Figure 3.8:  Crystallographic rationalization of the excellent selectivity achieved by thiazoline-based inhibitors versus the poor selectivity achieved by PUGNAc-based inhibitors towards GH84 family members. 
	(A) Overlay of NAG-thiazoline (PDB 2CHO; green) and PUGNAc (PDB 2VVS; pink) in the active site of BtGH84. Notice that the 2'-methyl group of NAG-thiazoline is precisely centered in the pocket and is parallel with the walls of the pocket (green arrow). On the other hand, the methyl substituent on the 2-acetamido group of PUGNAc appears, on the basis of this crystal structure, to be off-centred and pointing at an angle relative to the walls of the pocket (pink arrow). There are no significant differences in the position of active site residues and, therefore, only residues from the structure with NAG-thiazoline are shown. (B) Overlay of NButGT (PDB 2J4G; yellow) and Butyl-PUGNAc (PDB 2WCA; green) in the active site of BtGH84. In order for the propyl chain of Butyl-PUGNAc to be accommodated in the active site pocket, the pyranose ring is displaced up and out of the active site (highlighted by the upward arrow). For Butyl-PUGNAc, the enzyme must also compensate by shifting several of its active site residues. In both (A) and (B), the perimeter of the active site pocket is highlighted by a dashed line for clarity.
	3.4.2 GlcNAcstatin and related Glucoimidazoles

	The natural product NAGstatin was originally isolated from Streptomyces amakusaensis (344) and was described as a potent inhibitor of bacterial (-hexosaminidases from family GH20 (345). The gluco-configured analogue of NAGstatin, known as gluco-nagstatin (Figure 3.9a), was first synthesized by Vasella and co-workers (346). Gluco-nagstatin ((5R,6R,7R,8S)-N-[6,7-dihydroxy-5-(hydroxymethyl)-2-(2-ethanoic acid)-1,5,6,7,8,8a-hexahydroimazao[1,2-a]pyridin-8-yl]-2-carboxamide) was found to be a potent inhibitor of GH20 (-hexosaminidases (KI = 10 nM) (346) and later shown to be a good inhibitor of human OGA (KI = 420 nM) (347). Some efforts to 
	Figure 3.9:  The chemical structures and names of other recently described OGA inhibitors that are based on an imidazole scaffold. 
	(A) gluco-NAGstatin, (B) PUGNAc-imidazole hybrid, (C) GlcNAcstatin.
	improve upon the gluco-NAGstatin scaffold have been made by grafting on an aryl moiety to the imidazole ring. Shanmugasundaram et al. described the synthesis and testing of a derivative of gluco-NAGstatin that was substituted with an N-phenylcarbamoyl group (Figure 3.9b) (347); ((5R,6R,7R,8S)-8-(acetylamino)-6,7-dihydroxy-5-(hydroxymethyl)-N-phenyl-1,5,6,7,8,8a-hexahydroimidazo[1,2-a]pyridine-2-carboxamide). The intention was to capture some of the potency of PUGNAc but, unfortunately, this PUGNAc-imidazole hybrid was not as potent (KI = 3.8 (M) as the parent gluco-nagstatin. Another derivative of gluco-nagstatin was described by Dorfmueller et al., which resembles the PUGNAc-imidazole hybrid except that the amide linker between the imidazole moiety and the phenyl group was replaced by two methylene units (348). This derivative, termed GlcNAcstatin ((5R,6R,7R,8S)-N-[6,7-dihydroxy-5-(hydroxymethyl)-2-(2-phenylethyl)-1,5,6,7,8,8a-hexahydroimazao[1,2-a]pyridin-8-yl]-2-methylpropanamide) (Figure 3.9c), also had an N-isobutanoyl group to confer selectivity for OGA over the lysosomal (-hexosaminidases. GlcNAcstatin was found to be an extremely potent inhibitor of the bacterial CpGH84 (KI = 4.6 pM). GlcNAcstatin was shown to modulate OGA activity in the human epithelial kidney cell line HEK293 but the concentration required to produce these effects were only slightly lower than PUGNAc. Very recently, these same authors have followed up their original findings by showing that GlcNAcstatin has a KI value of 4 nM towards human OGA (349). Nevertheless, GlcNAcstatin also appears to be a good inhibitor of human HexB (KI = 550 nM) giving this compound a fairly modest 150-fold selectivity (349). It is interesting that GlcNAcstatin, the PUGNAc-imidazole hybrid, and gluco-nagstatin itself which are all quite structurally similar, are reported as having three to four orders of magnitude differences in potency towards human OGA. Unusual conditions used to test human OGA could account for this such as a pH 5.7 and inhibitor concentrations that did not span the reported KI (349).
	3.4.3 6-Acetamido-Castanospermine

	For studies described later on, a situation arose where another OGA inhibitor was beneficial for delineating results that we had obtained using NButGT and PUGNAc. Ideally, this inhibitor needed to have a structure unrelated to NAG-thiazoline or PUGNAc. We recognized that one broad class of inhibitors that have proven widely useful for the many GHs are the iminosugars, many of these inhibitors have an endocyclic nitrogen in place of the oxygen. This class of inhibitors is thought to mimic a general transition state structure by virtue of the positive charge at the pseudoanomeric centre (350). One member of this class of inhibitors is castanospermine ((1S,6S,7R,8R,8aR)-1,2,3,5,6,7,8,8a-octahydroindolizine-1,6,7,8-tetrol (1,6,7,8-tetrahydroxyoctahydroindolizine)) (Figure 3.10a), a natural product that was originally isolated from Castanospermum australe (351). Castanospermine is an iminosugar with an ethylene unit between the endocyclic nitrogen and C6, which creates a fused five and six membered ring system. Castanospermine is typically a low micromolar inhibitor of retaining (-glycoside hydrolases and, in fact, a derivative of castanospermine bearing an acetamido group at the 6-position (corresponding to the 2-position of glucopyranose) has been described as a submicromolar inhibitor of some GH20 family members (352, 353). This derivative, termed here 6-acetamido-castanospermine (6-Ac-Cas) (Figure 3.10b), is structurally different from both NAG-thiazoline and PUGNAc and is also commercially available.
	Figure 3.10:  The chemical structure of castanospermine and its 6-acetamido analogue.
	(A) Castanospermine (Cas) has been well characterized as a potent inhibitor a wide range glucosidases from different GH families. (B) 6-acetamido-castanospermine (6-Ac-Cas) has been described as submicromolar inhibitor of some GH20 family members but had never been tested as an inhibitor of GH84 family members or human hexosaminidases.
	Working with Tracey Gloster, a coworker in the lab, we determined that 6-Ac-Cas shows a pattern of competitive inhibition towards both human OGA and HexB (Figures 3.11). Based on this data, KI values of 300 and 250 nM were calculated for human OGA and HexB, respectively. Therefore, like PUGNAc and NAG-thiazoline, 6-Ac-Cas is a submicromolar inhibitor of both human OGA and HexB but does not exhibit any selectivity. However, for the studies presented in Chapter 4, I felt using a third, structurally distinctive, inhibitor would be useful and thus despite not showing selectivity 6-Ac-Cas served as an excellent third class of OGA inhibitor for my studies.
	Figure 3.11:  6-acetamido-castanospermine is a potent and competitive inhibitor of both human OGA and HexB. 
	Kinetic results for the inhibition of human OGA (upper panels) and human HexB (lower panels) with 6-Ac-Cas. (A,D) Michaelis-Menten curves and (B,E) reciprocal Lineweaver-Burk plots clearly demonstrate the competitive nature of inhibition by 6-Ac-Cas for both enzymes. (C,F) A plot of the apparent KM against the concentration of 6-Ac-Cas reveals KI values of 0.30 and 0.25 (M towards OGA and HexB, respectively.
	3.5 Published Work from these Studies and Acknowledgement of the Contributions of Others

	The work with NAG-thiazoline derivatives was a part of our original investigation into the catalytic mechanism of OGA published in the Journal of Biological Chemistry (272). Garrett Whitworth is acknowledged for synthesizing the inhibitors and organizing the lab hockey pools while Alex Debowski was the first in our laboratory to show that the thiazoline-based inhibitors elevate O-GlcNAc levels in COS-7 cells. For the development of Thiamet-G, the studies I had undertaken with synthesis and testing of the fluorinated thiazolines, as well as the pH inhibition profile of NButGT, was a driving force for stimulating the laboratory to think of ways to increase the pKa of the the thiazoline nitrogen in order to make a more potent inhibitor of OGA. Dr. Ernest McEachern and Dr. Vocadlo proposed the synthesis of Thiamet-G and Julia Heinonen was able the first to describe its synthesis. Garrett Whitworth determined the KI of Thiamet-G for human OGA and HexB while I was able to show that Thiamet-G is more potent in its ability to elevate O-GlcNAc levels in cultured cells. As I had already been working with NButGT in vivo for several years for the studying presented in Chapter 4, I helped guide studies that were carried out in vivo in an enjoyable collaboration with Scott Yuzwa, where we showed that Thiamet-G effectively elevates O-GlcNAc levels in rodents and decreases the phosphorylation levels on the microtubule associated protein tau. SY is also thanked for the fun times at pitch-n-putt. This team effort resulted in a publication in Nature Chemical Biology (172).  Beyond published work, Julia Heinonen is acknowledged for provided NButGT-F3 and helping out with the pKa determination by 1H NMR spectroscopy, Tracey Gloster is acknowledged for helping determine the KI of 6-Ac-Cas toward human OGA and HexB as well as being an excellent babysitter.
	3.6 Materials and Methods
	3.6.1 General


	PUGNAc (Toronto Research Chemicals) and 6-Ac-Cas (Industrial Research Limited) were obtained commercially. Human placental (-hexosaminidase was obtained from Sigma. 
	3.6.2 Cell Culture

	COS-7 cells were cultured as described in Chapter 2. To study the time-dependent increase in O-GlcNAc levels, COS-7 cells (1 X 105) were plated on 10 cm dishes. The following day the cells were approximately 25% confluent. At this time, all the cells were dosed with 50 (M of NButGT and at various times the cells were harvested by first washing with 5 mL of PBS, then scrapped off the plate with a rubber policeman in the 5 mL of PBS, transferred to a 15 mL conical tube, and pelleted by centrifugation (200 rcf, 8 min). After carefully removing the supernatant, the pellet was stored at -80 (C. The cell pellets were thawed and lysed using the same procedure as described in Chapter 2. Since the cells had been cultured for different lengths of time, the total protein concentration was first standardized using SDS-PAGE with Coomassie (G-250, Biorad) staining. Once standardized, Western blot analyses were carried out by probing the lysates using the CTD110.6 anti-O-GlcNAc antibody (Covance) and anti-(-actin (Sigma) antibodies using the same Western blotting procedures outlined in Chapter 2.   
	3.6.3 Enzyme Kinetics
	3.6.3.1 Inhibition of OGA by Alkyl-Substituted NAG-Thiazoline Derivatives 


	The same procedure (fluorescence stopped assay) was used as described in Chapter 2 for determining the KI of NAG-thiazoline.
	3.6.3.2 Inhibition of Fluorine-Substituted NAG-thiazoline derivatives

	To determine the inhibition constant of the fluorine-substituted NAG-thiazolines, a continuous fluorescence assay was used. This assay used 4MU-GlcNAc as a substrate and was similar to the UV/VIS continuous assay described in Chapter 2 except that fluorescence was monitored at 460 nm using an excitation wavelength of 368 nm and slit widths of 5 mm. The final assay volume was 150 (L and the reaction was carried out in a microcuvette at 37 (C using a Varian CARY Eclipse fluorescence spectrophotometer. A determination of the KI followed the same procedure outlined in Chapter 2 wherein inhibitors were tested over a range of at least 1/5th to 5-times the KI value at a fixed (250 (M) substrate concentration. A full Michaelis-Menten curve was always carried out in parallel on the same of the measurement in order to establish the Vmax value. The enzyme concentration used in these assays was always at least ten-fold less than the concentration of the inhibitor used in the assay.
	3.6.3.3 pH dependence of Inhibition of OGA by NButGT, Thiamet-G, and NButGT-F3

	A fluorescence stopped assay similar to one described in Chapter 2. The buffer was made up of 50 mM sodium citrate, 50 mM sodium phosphate, and 50 mM CHES. Determination of the KI values followed the same procedure outlined for NAG-thiazoline in Chapter 4 and Figure A2 of the appendix. 
	3.6.3.4 Inhibition of 6-Ac-Cas

	To determine the inhibition constant of 6-Ac-Cas for OGA, a continuous UV/Vis assay was carried out using pNP-GlcNAc as a substrate as described in Chapter 2. Both substrate concentration (50 (M to 3.5 mM) and inhibitor concentration (50 nM to 2 (M) were varied to define the KI value.   
	3.6.4 Non-Enzymatic Inhibitor Breakdown

	A wavelength scan of NButGT, PUGNAc, and Thiamet-G revealed that these compounds had UV absorption maxima at 230, 278, and 233 nm, respectively (data not shown). Each compound was dissolved at a concentration of 1 mM in a buffer consisting of 50 mM sodium citrate and 50 mM sodium phosphate at the appropriate pH. The solution was transferred to a 500 (L quartz cuvette with a stopper such that there was no void volume. The cuvette was placed in the spectrophometer, which was equilibrated to 60 (C and the absorbance of the solution was then monitored at wavelengths as required. Some reactions were allowed to carry on for up to 8 hr. Two samples in two matched cuvettes were read simultaneously and each data point therefore represents the average of two replicates. The decrease in absorbance over time for each inhibitor was fit to a first order decay in order to obtain the rate-constant for their decomposition. To evaluate whether the process being observed was specific acid catalyzed, the concentration of buffers (sodium phosphate and sodium citrate) was varied from 10 to 500 mM at a pH value of 4.0. Under these conditions it was determined that the concentration of buffer had a negligible effect on the rate of reaction. 
	3.6.5 Determining the pKa of NButGT and Thiamet-G  

	Numerous 5 mg aliquots of NButGT and Thiamet-G were weighed out in advance. Each aliquot was dissolved in 500 (M of D2O and the pD was adjusted to the desired value using NaOD or DCl (Sigma). The solution was immediately transferred to an NMR tube and a 1H NMR spectrum was acquired (32 scans). The spectra were processed and referenced to water (DOH). The chemical shifts of several protons proximal to the thiazoline nitrogen were assessed at each pD and the chemical shift was plotted as a function of pD and fit to an IC50 equation using the program Grafit.   
	3.6.6 Synthesis
	3.6.6.1 General Procedures


	Two compounds (Thiamet-G and NButGT-F3) were synthesized by Julia Heinonen. The syntheses of these compounds will not be described here. I synthesized the fluorine-substituted NAG-thiazoline derivates and the procedure for their synthesis and 1H NMR characterization are described in detail below. 
	3.6.6.2 Fluorinated NAG-thiazolines

	General procedure for the synthesis of fluorinated 3,4,6-tri-O-acetyl-1,2-dideoxy-2'-alkyl-(-D-glucopyranose-[2,1-d]-(2'-thiazolines – The appropriate 1,3,4,6-tetra-O-acetyl-2-deoxy-2-amino-2-fluoroacetyl-(-D-glucopyranose with either 1, 2, or 3 fluorine atoms (for example for the monofluoro derivative 1 g, 1 eq., 2.5 mmol) attached to the methyl group of the 2-acetamido substituent (see Chapter 2 for their synthesis) was added to anhydrous toluene, and the reaction mixture was heated to 80 (C. Lawesson’s reagent (0.6 g, 0.6 eq., 1.5 mmol) was added to initiate the reaction. The more fluorine atoms present in the starting material, the longer the reaction took to reach completion (anywhere from 2 – 8 hr). After the reaction was judged complete by TLC analysis, the solution was cooled to room temperature, and the solvent was removed in vacuo. The desired material was isolated by flash column silica chromatography using a solvent system of hexanes and ethyl acetate in ratios ranging from 5:1 to 10:1 as appropriate. Products were isolated and used in the next step without further purification. The yields for this step (ranging from 50-75 %) decreased with the more fluorines present on the starting material.
	General procedure for the Synthesis of 1,2-dideoxy-2'-alkyl-(-D-glucopyranose-[2,1-d]-(2'-thiazolines – A spatula tip of anhydrous sodium methoxide was added to a 200 mM solution of the appropriately protected fluorine-substituted thiazoline in methanol. The basic solution was stirred until the reaction was judged complete by TLC analysis (typically 1 h). A solution of glacial acetic acid in methanol (1:20) was added dropwise to the reaction mixture until the pH of the solution was found to be neutral. The solvent was then removed in vacuo, and the desired materials were isolated as colourless syrups by flash silica chromatography using a solvent system of ethyl acetate and methanol in ratios ranging from 5:1 to 10:1 as appropriate. The yield for this step ranged from 40-60 %.
	1-2-dideoxy-2'-fluoromethyl-(-D-glucopyranoso-[2,1-d]-(2'-thiazoline – 
	1H NMR (500 MHz, CD3OD) (: 6.41 (1H, d, JH1,H2 = 7.0 Hz, H-1), 5.17 (2H, tdd, JH7-F = 53.4 Hz, JH7-H7’ = 13.1 Hz, JH7-H2=2.2 Hz, H-7), 4.38 (1H, m, JH2-H3 = 4.5 Hz, H-2), 4.14 (1H, t, JH3-H4 = 4.1 Hz, H-3), 3.70 (1H, dd, JH6-H6’ = 12.0 Hz, H-6), 3.57 (1H, dd, H-6’), 3.54 (1H, dd, JH4-H5 = 9.1 Hz, H-4), 3.28 (1H, m, JH5-H6 = 2.5 Hz, JH5-H6’ = 6.4 Hz, H-5) ppm.     
	1-2-dideoxy-2'-difluoromethyl-(-D-glucopyranoso-[2,1-d]-(2'-thiazoline – 
	1H NMR (500 MHz, CD3OD) (: 6.50 (1H, d, JH1,H2 = 7.1 Hz, H-1), 6.432 (1H, t, JH7-F = 54.3, JH7-F’ = 54.3 Hz, H-7), 4.44 (1H, m, JH2-H3 = 3.8 Hz, H-2), 4.14 (1H, t, JH3-H4 = 4.6 Hz, H-3), 3.71 (1H, dd, JH6-H6’ = 12.1 Hz, H-6), 3.58 (1H, dd, H-6’), 3.55 (1H, dd, JH4-H5 = 9.1 Hz, H-4), 3.27 (1H, m, JH5-H6 = 2.5 Hz, JH5-H6’ = 6.3 Hz, H-5) ppm.     
	1-2-dideoxy-2'-trifluoromethyl-(-D-glucopyranoso-[2,1-d]-(2'-thiazoline – 
	1H NMR (500 MHz, CD3OD) (: 6.64 (1H, d, JH1,H2 = 7.1 Hz, H-1), 4.38 (1H, m, JH2-H3 = 4.5 Hz, H-2), 4.12 (1H, t, JH3-H4 = 4.5 Hz, H-3), 3.72 (1H, dd, JH6-H6’ = 12.1 Hz, H-6), 3.59 (1H, dd, H-6’), 3.55 (1H, dd, JH4-H5 = 9.1 Hz, H-4), 3.29 (1H, m, JH5-H6 = 2.4 Hz, JH5-H6’ = 6.4 Hz, H-5) ppm.
	Chapter 4: EVALUATING THE O-GLCNAC NUTRIENT SENSING HYPOTHESIS
	4.1 The O-GlcNAc Nutrient Sensing Hypothesis

	The principles behind the O-GlcNAc nutrient sensing hypothesis were introduced in Chapter 1, section 1.6.2. These principles will be expanded upon here to give a thorough overview of data in support of the hypothesis.   
	4.1.1 A Link between the HBSP and Insulin Resistance

	Insulin activates signaling pathways that maintain glucohomeostasis in many tissues but most importantly in muscle, liver, and adipose tissue. In recent years there has been a growing appreciation that activation of these signaling pathways can be fine-tuned by additional mechanisms (354). Nutrient availability has been one focus of research in this area, with numerous studies demonstrating a link between nutrient availability and insulin sensitivity (218-221). For instance, hyperglycemia has long been known to cause insulin desensitization (208-211). The effects of chronically elevated blood glucose levels on various tissues clearly play an important role in the self-amplifying nature of type II diabetes mellitus; however, the molecular mechanism(s) by which glucose influences insulin sensitivity is not fully understood and continues to be a topic of considerable interest.
	As discussed in Chapter 1, the HBSP is a metabolic pathway enabling adaptation to variations in concentrations of glucose and other nutrients (355, 356). A variety of studies, using different methods, have demonstrated that increased flux through the HBSP causes insulin resistance. Traxinger and Marshall were the first to demonstrate that heightened flux through the HBSP correlates with insulin resistance in primary adipocytes (22, 357). One of the key experiments that led to this conclusion is that glucosamine appeared to be much more potent than glucose at inducing insulin resistance. Since glucosamine enters the HBSP downstream of the rate-determining step in this pathway, conversion of Fruc-6-P to GlcN-6-P by GFAT, this finding implicated the HBSP as a causative factor in the development of insulin resistance. The insulin desensitizing effects of glucosamine were subsequently confirmed in vivo (217, 358, 359). Supporting evidence for these initial findings emerged when insulin resistance was observed in vivo in some transgenic animal models in which GFAT is overexpressed in select tissues (360, 361). This finding seemed to be in accord with a previous observation that diabetic patients have increased GFAT activity (362). Efforts to uncover the molecular causes of insulin resistance arising from increased flux through the HBSP have focused on the involvement of the end product of this pathway, UDP-GlcNAc. These studies have shown that activation of the HBSP through glucosamine infusion (358), overexpression of GFAT (360), or hyperlipidemia (25), all result in elevated UDP-GlcNAc levels. 
	4.1.2 Indirect Evidence that Elevated O-GlcNAc Levels may be a Mechanism for the Induction of Insulin Resistance

	The molecular basis by which insulin resistance develops through elevated UDP-GlcNAc levels is of great interest since it has the potential to clarify the basis for the insulin desensitizing effects of hyperglycemia. As UDP-GlcNAc is made directly from glucose and is used as a substrate by OGT, the O-GlcNAc modification has the potential to be a molecular mechanism by which hyperglycemia and elevated UDP-GlcNAc levels give rise to insulin resistance. From this line of reasoning is borne the O-GlcNAc nutrient sensing hypothesis. Baron et al. were the first to propose that the O-GlcNAc modification might be involved in mediating the effects of glucosamine-induced insulin resistance (217). Not surprisingly, glucosamine was subsequently shown to result in elevated O-GlcNAc levels in cultured cells (74) and in vivo (158). Later on, it was also revealed that overexpression of GFAT also results in elevated O-GlcNAc levels (159). Furthermore, hyperglycemia itself has also been shown to elevate O-GlcNAc levels (68, 74, 156, 158, 363). Together with an earlier observation that OGT catalytic activity is linear over a large range of UDP-GlcNAc concentrations, when tested in vitro versus a peptide substrate (127), these results suggested that the O-GlcNAc modification is responsive to changes in nutrient levels and therefore has the potential to act as a nutrient sensing pathway. 
	Several observations have correlated O-GlcNAc levels to an insulin resistant and diabetic state. First, diabetic patients have been shown to have elevated O-GlcNAc levels (216). Likewise, a diabetic mouse model has also been shown to have elevated O-GlcNAc levels (170, 363). Further evidence for a link between O-GlcNAc and type II diabetes was presented several years ago when one study presented evidence that a single nucleotide polymorphism (SNP) within the gene encoding OGA is correlated with type II diabetes in a small Mexican population (364). 
	4.1.3 More Direct Evidence that the Elevated O-GlcNAc Modification may be a Mechanism for the Induction of Insulin Resistance 

	The first direct evidence for the O-GlcNAc nutrient sensing hypothesis was provided by Vosseller et al., who demonstrated that PUGNAc causes insulin resistance in 3T3-L1 adipocytes (74). Subsequent studies showed similar findings using PUGNAc in muscle tissue studied ex vivo (169) and primary adipocytes (77). As the molecular mechanism, Vosseller et al. showed that PUGNAc hinders insulin-stimulated phosphorylation of Akt and one of its downstream targets, GSK-3( (74). As these signaling molecules are at the heart of the insulin signaling cascade, hindering their phosphorylation is consistent with the observation that PUGNAc causes a decrease in insulin-stimulated glucose uptake. 
	A second line of evidence has been raised through genetic manipulation of mice to overexpress OGT. First, McClain et al. showed that transgenic overexpression of OGT in the muscle and fat cells of mice causes insulin resistance (164). More recent studies exploring the role of O-GlcNAc in nutrient sensing have focused on hepatic tissue; adenoviral-mediated overexpression of OGT in the liver of mice has been found to induce insulin resistance, which results in increased hepatic glucose output (HGO) (86, 136). These studies demonstrated that overexpression of OGT resulted in decreased insulin-mediated activation of key signaling molecules, such as Akt and CRTC2 (TORC2). The data presented with PUGNAc and overexpression of OGT, together, have provided compelling evidence for a model in which increased O-GlcNAc levels hinder phosphorylation of important signaling molecules by competing at these sites, or nearby sites, of modification with the consequence being an impaired ability to activate the insulin signaling cascade. 
	4.1.4 Weaknesses in the O-GlcNAc Nutrient Sensing Hypothesis

	Although there appears to be many links between elevated O-GlcNAc levels and insulin resistance, a number of observations bring into question whether elevated O-GlcNAc levels are really a cause of insulin resistance. One weak point are the studies which have used glucosamine as a supporting piece of evidence. As was described in the Chapter 1, glucosamine has a number of deleterious effects at the cellular level including depletion of cellular ATP levels (160), ER stress (161), and inhibition of hexokinase and glycogen synthase from a build up of GlcN-6-P levels within cells (162, 365). Although glucosamine, overexpression of GFAT, as well as glucose, will all elevate UDP-GlcNAc levels to various extents, also three methods will likely influence the levels of other glycoconjugates. For example, Yki-Jarvinen et al. showed that glucosamine infusion in rodents caused a significant increase in the level of N-linked glycans (158). In this context it is important to note that the levels and composition of N-glycans are becoming increasingly recognized as a regulator of important cellular processes (4, 24). Therefore, in studies that have elevated O-GlcNAc indirectly through increasing cellular UDP-GlcNAc levels, a major concern is that it is elevated levels of some other glycoconjugate or a small molecule metabolite, rather than O-GlcNAc levels, that is the cause of the observed insulin resistance.
	Second, it is not entirely surprising that a diabetic phenotype correlates with elevated O-GlcNAc levels since this disease is characterized by elevated blood glucose levels and hyperglycemia is known to increase O-GlcNAc levels. Accordingly, although these studies have been used to argue a causative role for O-GlcNAc in the development of type II diabetes, it cannot be determined from these studies if elevated O-GlcNAc levels are playing a causative role or are simply an effect of the hyperglycemia associated with the diseased state. Furthermore, the SNP within the gene encoding OGA that correlated with type II diabetes in a small Mexican population is located in the middle of an intron and a more recent study failed to find the same level of statistical significance in a broader population (366). Several genome-wide disease locus correlation studies have also failed to identify OGA as a risk factor for type II diabetes (367, 368).
	A third issue that remained to be resolved prior this thesis is what consequence(s) stemmed from the lack of selectivity of PUGNAc. The powerful inhibitory potency of PUGNAc toward lysosomal (-hexosaminidase is intriguing in this context because this enzyme degrades gangliosides, and increases in ganglioside levels have been shown to cause insulin resistance (182, 183). Indeed, the blockage of glycosphingolipid biosynthesis is a validated target for the development of antidiabetogenic agents (369). In light of this concern, the selective inhibitor NButGT that was developed through the studies presented in Chapters 2 and 3 offers an excellent method to address this question of whether selectivity may be a concern. Given its selectively, NButGT should increase O-GlcNAc levels without causing perturbation to the levels of other glycoconjugates or small molecule metabolites. Therefore, NButGT was chosen to probe the O-GlcNAc nutrient sensing hypothesis.  
	4.2 Probing the O-GlcNAc Nutrient Sensing Hypothesis in 3T3-L1 Adipocytes using NButGT
	4.2.1 Introduction to 3T3-L1 Adipocytes


	Isolated from mouse fibroblasts (370), 3T3-L1 cells are cultured as pre-adipocytes (371) and differentiated to adipocytes by a combination of insulin and factors that elevate cAMP levels (372). Originally studied for their ability to synthesize fatty acids, 3T3-L1 adipocytes were later discovered to be an excellent model for insulin-stimulated glucose uptake (373). Since this time, differentiated 3T3-L1 adipocytes have become the gold-standard as a cell culture model of insulin signaling pathways; in particular those mediating glucose uptake. Typically, to monitor insulin-stimulated glucose uptake in 3T3-L1 adipocytes, the non-metabolizable glucose analogue 2-deoxyglucose (2-DOG) is used since it is generally accepted that 2-DOG behaves in a manner similar to glucose in uptake assays and yet it is not metabolized but is retained within cells. The study that propelled the O-GlcNAc nutrient sensing hypothesis forward monitored the effect of PUGNAc on insulin-stimualted 2-DOG uptake in 3T3-L1 adipocytes (74). As PUGNAc also inhibits enzymes functionally related to OGA, studies were initiated to examine the effect of the selective OGA inhibitor developed in Chapter 3 (NButGT) on insulin sensitivity in 3T3-L1 adipocytes. These studies were recently published and so the description of this work is largely borrowed from that text, which I wrote in collaboration with Dr. Vocadlo (333).   
	4.2.2 Effect of NButGT and PUGNAc on O-GlcNAc Levels

	As a first step toward examining the effect NButGT on insulin sensitivity in 3T3-L1 adipocytes, the dose- and time-dependent effect of both PUGNAc and NButGT treatment on O-GlcNAc levels in fully differentiated 3T3-L1 adipocytes was determined. The two inhibitors were first tested over a range of concentrations (300 nM to 300 (M) for 24 hr. Both showed a dose-dependent increase in O-GlcNAc levels (Figures 4.1a,b). Densitometry revealed that PUGNAc was more potent, having an EC50 value of 
	Figure 4.1:  PUGNAc and NButGT produce similar dose- and time-dependent increases in O-GlcNAc-modified proteins in 3T3-L1 adipocytes. 
	Fully differentiated 3T3-L1 adipocytes were treated with various doses of (A) NButGT or (B) PUGNAc, and cells were harvested after 24 h. (C) Densitometric analysis of the effect of various doses of NButGT (squares) and PUGNAc (circles) on levels of O-GlcNAc-modified proteins reveal similar EC50 values with PUGNAc, showing a slightly lower EC50. Values shown are reported relative to those found for untreated control cells. Cells treated with 100 (M (D) NButGT or (E) PUGNAc display a time-dependent increase in levels of O-GlcNAc-modified proteins. (F) Densitometric analysis of the time-dependent effects of NButGT (squares) and PUGNAc (circles) on levels of O-GlcNAc-modified proteins reveal a near identical effect of these inhibitors. (G) Direct comparison of 3T3-L1 adipocytes treated for 16 h with 100 (M NButGT or PUGNAc reveals that both inhibitors elevate levels of O-GlcNAc-modified proteins to an equivalent extent as compared to untreated cells. Levels of O-GlcNAc-modified proteins were analyzed by Western blot analysis using an anti-O-GlcNAc antibody (CTD110.6) (upper panels) and an anti-(-actin antibody to evaluate protein loading (lower panels).
	3 (M, as compared to NButGT, with an EC50 value of 8 (M (Figure 4.1c). Accordingly, PUGNAc acts better at lower concentrations, a finding in keeping with the lower KI value of PUGNAc for OGA (272). Both PUGNAc and NButGT increased O-GlcNAc levels in a time-dependent manner at a concentration of 100 (M, dramatically increasing global O-GlcNAc levels within one hour with the maximal increase seen after 24 hr (Figures 4.1d,e). The time-dependent increases in O-GlcNAc levels were indistinguishable between the two inhibitors (Figure 4.1f), suggesting that under the conditions used both inhibitors act equally to inhibit OGA in differentiated 3T3-L1 cells. This similarity in effect is consistent with both compounds acting as competitive inhibitors and their use at concentrations significantly above their respective KI and EC50 values. Notably, the magnitude of the increase in global O-GlcNAc levels induced by these two inhibitors (10-fold over basal) is identical within error when used at 100 (M after 16 hr (Figure 4.1g), facilitating a direct comparison of their effects on insulin sensitivity. Also of note is that the O-GlcNAc banding patterns observed in the PUGNAc and NButGT treated cells were equivalent in all cases.
	4.2.3 Effect of NButGT and PUGNAc on Insulin-Stimulated 2-DOG Uptake

	Having established that NButGT and PUGNAc produce very similar increases in O-GlcNAc levels in 3T3-L1 adipocytes, the effect of these compounds on 2-DOG uptake was assessed. On the basis of the time course study, and to facilitate comparison with the previous study showing that PUGNAc causes insulin resistance in this cell line (74), fully differentiated cells were incubated with 100 (M of either NButGT or PUGNAc for 16 hr prior to evaluating 2-DOG uptake. Treating fully differentiated 3T3-L1 adipocytes with the nonselective inhibitor PUGNAc causes a twenty-five percent decrease in 2-DOG uptake when stimulated with 10 nM insulin, an observation that closely matches earlier reports (74, 136) (Figure 4.2a). In contrast, cells treated with NButGT show no decrease in insulin-stimulated 2-DOG uptake, despite the significant and essentially indistinguishable increases in O-GlcNAc levels yielded by both inhibitors. To ensure that these assays were carefully executed and to be certain that NButGT does not result in insulin desensitization, three additional variables within the assay were investigated. First, different concentrations of insulin were used to stimulate 2-DOG uptake. As expected there was a dose-dependent increase in insulin-stimulated 2-DOG uptake similar to what has been observed previously (74, 373) (Figure 4.2b). However, in contrast to previous observations using PUGNAc (74), no insulin desensitization occurred with NButGT over a broad range of insulin concentrations. Second, the time dependent uptake of 2-DOG was explored. As demonstrated in Figure 4.2c, basal 
	Figure 4.2:  Selective inhibition of OGA does not replicate the insulin desensitizing effects of PUGNAc. 
	(A) Insulin sensitivity in fully differentiated 3T3-L1 adipocytes was determined by measuring [1-3H] 2-deoxyglucose (2-DOG, 100 (M, 0.5 (Ci/mL) uptake (6-min uptake time) by unstimulated cells (closed bar) or cells stimulated with 10 nM insulin (open bar). Cells were treated with either 100 (M NButGT, PUGNAc, or vehicle (PBS) for 16 h before assay. The asterisk indicates statistical significance (p < 0.05) from other groups as determined by a t-test. (B) The effect of different insulin concentrations on 2-DOG uptake (6 min uptake time) in untreated control cells (closed bar) and cells treated with 100 (M NButGT for 16 h before initiating the assay (open bar). (C) Time-dependent 2-DOG uptake. Linear 2-DOG uptake is observed over the indicated time range for unstimulated cells (triangles), untreated control cells stimulated with 10 nM insulin (circles), and NButGT-treated cells stimulated with 10 nM insulin (squares). (D) Effects of variation of 2-DOG concentration on the kinetics of the 2-DOG uptake assay with a 6 min 2-DOG uptake time. Cells treated with (squares) and without (circles) 100 (M NButGT were used in uptake experiments in which the concentration of 2-DOG was varied. For all experiments, a minimum of six replicates (n=6) were carried out for each condition with data points and error bars representing the mean ( standard deviation.
	uptake (non-insulin stimulated) as well as cells stimulated with 10 nM insulin displayed linear uptake of 2-DOG for twelve min. Notably, treatment with NButGT resulted in no desensitization over any of the times examined. Third, the effect of different 2-DOG concentrations was investigated. As seen in Figure 4.2d, NButGT did not affect the KM (1.2 mM) or Vmax (10 nmoles 106 cells-1 min-1) values governing 2-DOG uptake.  These KM and Vmax values are very similar to values reported previously for these cells, emphasizing that the process being monitored is indeed insulin sensitive Glut4-mediated 2-DOG transport (373).
	4.2.4 Effect of NButGT and PUGNAc on Activation of the Insulin Signaling Cascade

	The absence of insulin resistance arising from NButGT treatment, despite global elevations in O-GlcNAc that replicate those seen when using PUGNAc was, at the time, surprising in light of previous publications. To investigate the induction of insulin signaling at the molecular level within these cells, insulin mediated activation of Akt (also known as protein kinase B or PKB) by phosphoinositide-dependent kinase-1 (PDK1) phosphorylation at Thr308 was examined. Insulin promoted phosphorylation at this residue of Akt is known to induce glycogen synthesis and GLUT-4 translocation to the cell surface. Interfering with phosphorylation at this residue impairs insulin stimulated glucose uptake, rendering cells insulin resistant (374).  Accordingly, the pThr308Akt epitope is considered a useful molecular indicator of insulin sensitivity arising from perturbations in the insulin signaling cascade that compliments glucose uptake assays. Treatment of control cells with insulin resulted in the expected robust activation of Akt as determined by the monitoring the pThr308Akt epitope levels by Western blot (Figure 4.3a).  PUGNAc-treated cells showed a two-fold decrease in pThr308Akt levels resulting from treatment with insulin (Figures 4.3a,b), matching previous observations (74, 136) and in accord with the insulin desensitizing effects of this compound (Figure 4.2a). Strikingly, NButGT treatment of cells did not impair insulin mediated Akt activation; pThr308Akt levels are identical to control cells (Figures 4.3a,b). The lack of an effect on Akt activation in cells treated with NButGT is entirely consistent with the lack of insulin resistance seen in the 2-DOG uptake assays (Figure 4.2). 
	The observations described above find good conceptual support from three recent studies. First, an independent group investigated the effects of global elevation of O-GlcNAc levels using NButGT and PUGNAc on Akt activation in cultured astroglial cells (161). That study found that PUGNAc diminished pThr308Akt and pSer473Akt levels while NButGT appeared to not have the same affect. Second, Robinson et al. demonstrated that a reduction in the levels of O-GlcNAc-modified proteins in cultured adipocytes, through either knockdown of OGT or overexpression of OGA, did not improve insulin sensitivity or relieve the insulin resistance caused by culturing these cells in media containing high glucose (156). Third, it was recently found that NButGT does not exacerbate high glucose-induced insulin resistance in L6 myotubes (334).
	Figure 4.3:  Selective inhibition of OGA does not result in impairment of Akt phosphorylation. 
	(A) The effects of treating fully differentiated 3T3-L1 adipocytes with PUGNAc and NButGT on insulin-mediated Akt activation as measured by monitoring levels of the pThr308Akt epitope (lower panel). pThr308Akt levels were determined after stimulation of fully differentiated 3T3-L1 cells with 10 nM insulin for 15 min. Levels of total Akt were also monitored to ensure equal loading of samples (upper panel). (B) Densitometric analysis of the effect of PUGNAc and NButGT on levels of insulin-stimulated pThr308Akt levels and levels in control cells. Values are expressed as a relative ratio of phospho-Akt versus Akt and are relative to cells not stimulated by insulin.
	4.2.5 Possible Explanations for the Different Effects of PUGNAc and NButGT on Insulin Sensitivity in 3T3-L1 Adipocytes. 

	The discrepancy that we observe between the effects of PUGNAc and NButGT on insulin sensitivity likely arises from one of two possibilities. The first is that PUGNAc has one or more secondary off-target effect(s) in addition to its known ability to inhibit OGA and it is this/these secondary effects that induce insulin resistance in 3T3-L1 adipocytes. A second possibility is that NButGT has a secondary off-target effect that coincidentally, and precisely, reverses insulin resistance stemming from the increased global O-GlcNAc levels. Notably, this latter effect would have to occur upstream of Akt activation since pThr308Akt levels are unchanged in NButGT-treated cells as compared to control cells. Although neither scenario can be formally ruled out on the basis of the studies described here, we considered the first is more likely. To collect further data and evaluate which possibility is more likely, additional studies were carried out and are described below. 
	4.2.5.1 Addressing the Lack of Selectivity of PUGNAc towards OGA

	To address the possibility that PUGNAc inhibits the lysosomal (-hexosaminidases to the point where levels of its substrate, the ganglioside GM2, accumulate, studies were carried out in SK-N-SH cells (375). These cells are a well-characterized human neuroblastoma cell line that has appreciable levels of GM2, enabling the investigation of GM2 levels without the use of a radioactive tracer (376). Cells were treated with either PUGNAc or NButGT for nine days and the levels of the ganglioside GM2 were compared to control cells by high-performance thin-layer chromatography (HPTLC) using a resorcinol solution to stain sialic acid containing glycosphingolipids (Figure 4.4). Levels of GM2 were significantly elevated (30-40%) in cells treated with PUGNAc compared to control cells (Figure 4.4a) while NButGT did not elevate cellular GM2 levels (Figure 4.4b). This result is consistent with NButGT being a poor inhibitor of HexB (Ki = 340 (M) (272) and highlights the selectivity of this inhibitor towards OGA in cultured cells.
	Beyond inhibition of the lysosomal (-hexosaminidases and the resulting increases in GM2 levels, PUGNAc has also been recently shown to inhibit various N-acetylglucosaminidases from members of GH89 (269) and GH3 (342). Interestingly, both of these families use a different catalytic mechanism than OGA, which indicates that PUGNAc can inhibit various N-acetylglucosaminidases using different mechanisms. Another intriguing possibility is that PUGNAc may also have the ability to act as a GT inhibitor since GTs have been proposed to catalyze their reactions through transition states having similar features as the transition states of GHs (21). In this context, it is intriguing that the original study characterizing the use of PUGNAc in cultured cells by Haltiwanger et al. showed that levels of complex N-glycans were elevated two-fold (48). Nevertheless, it was noted by these authors that this difference was not statistically significant; this issue merits further investigation. A different possible scenario is that PUGNAc may act as a substrate for a glycosyltransferase. In this manner, PUGNAc could act as a substrate decoy in a manner similar as has been observed by Esko and collegues, who showed that GlcNAc(1–3Gal(-O-naphthalenemethanol is a substrate for the (4Gal-T1 GT and thereby inhibits protein glycosylation to form sialyl Lewis X in 
	Figure 4.4:  PUGNAc increases levels of GM2 in SK-N-SH cells. 
	HPTLC analysis of lipid extracts from cells treated with 200 (M (A) PUGNAc or (B) NButGT. Cells were treated with each compound for nine days, with media and inhibitors replaced every 2 days, and in each experiment, control cells were grown in parallel to treated cells. Standards of GM1, GM2, and GM3 were analyzed in parallel and shown in the left most lane. Magnification of the band representing GM2 is shown on the right panels along with densitometric analyses of the intensities of the bands corresponding to GM2. The asterisk indicates a statistically significant difference as determined using a t-test.
	cultured cells (377). In this respect, it is interesting that one study noted that when carrying out long-term treatment of cultured cells with PUGNAc, addition of the compound had to be replentished every 12 hr due to a time-dependent loss in its ability to inhibit OGA (309). As demonstrated in Chapter 3, the predicted half-life for the non-enzyme catalyzed breakdown of PUGNAc under physiological conditions is 48 hr (Figure 3.5). Modification of the PUGNAc through some other means, such as addition of a saccharide unit, could account for the observation that it loses inhibitory potency toward OGA in cells relatively quickly. Additionally, some entirely adventitious off-target effect of PUGNAc is also possible. With regard to the insulin resistance induced by PUGNAc, any of these off-target effects could give rise to insulin resistance; insulin signaling pathways require an orchestration of over 400 proteins, resulting in altered transcription levels of over 100 proteins (378), and so dysfunction of a wide range of cellular processes could affect insulin signaling and give rise to the insulin resistance that is observed for PUGNAc. Regardless of the precise mode of action of PUGNAc, the results presented above showing that PUGNAc elevates the levels of GM2 as well as the discussion on other possible modes of action highlights that caution should be exercised when interpreting results from studies that use PUGNAc to make inferences about the O-GlcNAc modification.
	4.2.5.2 Addressing the Possibility that NButGT has an Off-Target Effect

	An excellent method to probe the possibility that NButGT has an off-target effect that reverses insulin resistance induced by elevating O-GlcNAc levels would be to use another, structurally unrelated, OGA inhibitor. Through the studies carried out in Chapter 3, 6-Ac-Cas was found to be a potent inhibitor of OGA (KI = 300 nM) and an excellent candidate for such studies. Although 6-Ac-Cas also inhibits human HexB with similar potency (KI = 250 nM), there was reason to suspect that inhibition of HexB was not the mechanism by which insulin resistance is induced by PUGNAc. A galacto-configured PUGNAc (Gal-PUGNAc) (Figure 4.5a), synthesized by Keith Stubbs in our lab, is a highly potent and selective inhibitor of HexB (375). Gal-PUGNAc elevates GM2 levels in SK-N-SH cells (Figure 4.5b) but does not perturb O-GlcNAc levels (Figure 4.5c), which is consistent with the inability of OGA to process a galacto-configured substrate (151). Despite the ability of Gal-PUGNAc to inhibit the lysosomal (-hexosaminidases, this compound does not cause insulin resistance in 3T3-L1 adipocytes (Figure 4.5d).
	To determine if 6-Ac-Cas is suitable for cellular studies, differentiated 3T3-L1 adipocytes were treated with varying concentrations of this compound to determine if it could elevate O-GlcNAc levels. 6-Ac-Cas did elevate O-GlcNAc levels in a dose-dependent manner (Figure 4.6a). An EC50 value of 9 (M is obtained using densitometric measurements of this blot (Figure 4.6b). Given that there is only a 2-fold difference in the KI of NButGT and 6-Ac-Cas toward OGA, this value is in line with a value of 8 (M determined for NButGT (Figure 4.1c). 6-Ac-Cas also increased O-GlcNAc levels in a time-dependent manner (Figure 4.6c) and most importantly, had the same effect on O-GlcNAc levels as NButGT after treating cells for 16 hr with 100 (M of either compound (Figure 4.6d).
	Figure 4.5:  Gal-PUGNAc is a selective inhibitor of the lysosomal (-hexosaminidases but does not perturb insulin-stimulated 2-DOG uptake in 3T3-L1 adipocytes. 
	(A) Chemical structure of Gal-PUGNAc. (B) Gal-PUGNAc elevates GM2 levels in SK-N-SH cells at a statistically significant level as determined using a t-test. Cells were treated with (+) or without (-) 200 (M Gal-PUGNAc for nine days and then gangliosides were extracted and analyzed by HPTLC. (C) Gal-PUGNAc does not elevate O-GlcNAc in SK-N-SH cells. Cells were treated with 200 (M PUGNAc or Gal-PUGNAc overnight. (D) Gal-PUGNAc does not perturb insulin-stimulated 2-DOG uptake in 3T3-L1 adipocytes. [1-3H] 2-DOG (100 (M, 0.5 (Ci/mL) uptake (6-min uptake time) by unstimulated cells (closed bar) or cells stimulated with 10 nM insulin (open bar). Cells were treated with 100 (M Gal-PUGNAc for 16 h before initiating the assay.
	Using 6-Ac-Cas in a 2-DOG uptake experiment, it was determined that 6-Ac-Cas did not affect insulin-stimulated 2-DOG uptake; cells treated with 100 (M 6-Ac-Cas took up approximately 7.5-fold more 2-DOG when stimulated with 10 nM insulin, which was no different than cells that were not treated with 6-Ac-Cas (Figure 4.7a). Consistent with this observation, 6-Ac-Cas had no effect on Akt phosphorylation (Figure 4.7b). All the results described thus far with NButGT and 6-Ac-Cas in 3T3-L1 adipocytes, therefore, suggest that elevated O-GlcNAc levels do not cause insulin resistance. Nevertheless, 
	Figure 4.6:  6-Ac-Cas produces dose- and time-dependent increases in O-GlcNAc-modified proteins in 3T3-L1 cells. 
	(A) Fully differentiated 3T3-L1 adipocytes were treated with various doses of 6-Ac-Cas and were harvested after 24 h. (B) Densitometric analysis of the effect of various doses of 6-Ac-Cas on levels of O-GlcNAc-modified proteins reveals an EC50 value of 9 (M. Values shown are reported relative to those found for untreated control cells. (C) Cells treated with 100 (M 6-Ac-Cas display a time-dependent increase in levels of O-GlcNAc-modified proteins. (D) Direct comparison of 3T3-L1 adipocytes treated for 16 h with 100 (M 6-Ac-Cas, NButGT, or PUGNAc reveals that all three inhibitors elevate levels of O-GlcNAc-modified proteins to an equivalent extent over untreated cells. Levels of O-GlcNAc-modified proteins were analyzed by Western blot analysis using the CTD110.6 anti-O-GlcNAc antibody (upper panels) and an anti-(-actin to evaluate protein loading (lower panels).
	this conclusion is at odds with what had been described when overexpressing OGT in vivo. These studies have concluded overexpression of OGT in select tissues of mice causes insulin resistance (86, 136, 164). Two explanations might account for this difference. First, overexpression of OGT and inhibition of OGA may not be equivalent. Second, the presence of an entire endocrine system may be required to observe an affect. As there are significant  technical difficulties in overexpressing proteins in 3T3-L1 adipocytes (379), we felt that the best way to investigate these possibilities would be to determine what effect NButGT has on glucohomeostasis in vivo. 
	Figure 4.7:  Elevation of O-GlcNAc levels with 6-Ac-Cas does not cause insulin densitization in 3T3-L1 adipocytes. 
	(A) [1-3H] 2-DOG (100 (M, 0.5 (Ci/mL) uptake (6-min uptake time) by unstimulated cells (closed bars) or cells stimulated with 10 nM insulin (open bars). (B) Treatment with 6-Ac-Cas does not affect insulin-mediated Akt activation as measured by monitoring levels of the pThr308Akt epitope. pThr308Akt levels were determined after stimulation of fully differentiated 3T3-L1 cells with 10 nM insulin for various times. Levels of total Akt were also monitored to ensure equal loading of samples. For both experiments, cells were treated with 100 (M 6-Ac-Cas or vehicle (PBS) for 16 h before initiating the assays. Densitometry of the ratio of pAkt to Akt levels demonstrates there is no statistical difference in pAkt levels in cells treated with 6-Ac-Cas.  
	4.3 Probing the O-GlcNAc Nutrient Sensing Hypothesis in Rodents using NButGT
	4.3.1 Parameters for Assessing Insulin Sensitivity, Glucohomeostasis, and Development of a Diabetic State In Vivo


	Before describing the experiments that were carried out to assess the effect of NButGT in vivo, a brief description of the parameters and experiments probing glucohomeostasis are described. A recent review provides an excellent complementary description of these parameters and experiments (380). 
	Resting blood glucose levels: This parameter is perhaps the easiest way of getting an overall measure of glucohomeostasis. This parameter is a function of both insulin sensitivity of muscle, fat, and liver (the primary organs involved in insulin-stimulated glucose uptake) as well as insulin secretion by the pancreatic (-cells. Although an insulin resistant or type II diabetic state can show dramatic elevations in this parameter, smaller effects can be harder to observe and so more sensitive measures are required. Also, if resting blood glucose levels are perturbed, it does not reveal the cause.
	Resting blood insulin levels: An excellent complement to resting blood glucose levels as it can suggest insulin resistance may be present within tissues even when resting blood glucose is normal since insulin resistance can be compensated for by increased blood insulin levels.
	Glucose tolerance test: The most commonly used diagnostic tool for measuring insulin resistance. Subjects are usually starved prior to the experiment in order to allow blood glucose levels to reach their fasting state, maximize insulin sensitivity, and maximize the ability of (-cells to secrete insulin. A bolus of glucose is usually administered orally or intravenously and glucose levels are followed over time. Typically, blood glucose levels return to a resting state within 90-120 min. It is helpful to monitor insulin over time in parallel to ensure that insulin resistance is not being masked by increased insulin levels. 
	Hyperinsulemic euglycemic clamp: The gold-standard for determining insulin sensitivity in muscle, fat, and liver cells in vivo (381, 382). Whereas the other parameters described above can be masked by increased insulin secretion, this parameter directly measures insulin sensitivity. When this experiment is carried out in rodents, the animals are usually anesthetized to facilitate implantation of several catheters. A constant dose of insulin is delivered throughout the course of the experiment through a catheter. Into another catheter, a variable dose of glucose is infused. The goal of the experiment is to adjust the rate of glucose infusion so that blood glucose levels remain constant. Equilibrium is usually reached 1-2 hr after commencing insulin delivery and the glucose infusion rate once equilibrium is established defines the insulin sensitivity of the animal; the higher the infusion rate, the more sensitive the animal is to insulin-stimulate glucose uptake. One additional variable is that the liver is capable of secreting glucose into the blood. Fortunately, rigorous studies have defined the concentrations of insulin required to shutdown this process (383) and so when the appropriate dose of insulin is used, hepatic glucose output (HGO) is negligible and can be ignored.  
	4.3.2 Intravenous and Oral Treatment of Rats with NButGT Elevates O-GlcNAc in all Tissues

	Preliminary experiments were carried out to assess the effectiveness of NButGT in Sprague-Dawley (SD) rats. Particular attention was given to the time-dependent effect 
	Figure 4.8:  Intravenous delivery of NButGT globally elevates O-GlcNAc levels in Sprague-Dawley rats. 
	(A,B) Nine SD rats were treated with NButGT via tail vein injection at a dose of 50 mg(kg-1, sacrificed at various times post injection, and then analyzed for O-GlcNAc content in (A) brain and (B) muscle tissue. (C) SD rats were given varying doses of NButGT via tail vein injection and seven hr after delivery of the inhibitor, the animals were sacrificed, tissues collected, and then O-GlcNAc content in the brain was analyzed. (D) Pharmacokinetic analysis of NButGT content in the blood following a 50 mg(kg-1 IV injection of the inhibitor. Following delivery of the inhibitor, 200 (L blood samples were taken at various times, allowed to clot, and centrifuged to collect the serum. Levels of the inhibitor in the serum samples were then determined by enzyme inhibition assays using a standard curve generated using known inhibitor concentrations of inhibitor in serum. NButGT is cleared from blood with a half-life of approximately 30 min. For all blots, the upper panel represent blots probed with the CTD110.6 anti-O-GlcNAc antibody and the lower panel shows loading controls using anti-(-actin as a probe.
	of NButGT on O-GlcNAc levels since longer-term studies would require a carefully considered dosing regimen to maintain increased O-GlcNAc levels through the entire course of the study. To investigate this issue, SD rats were injected intravenously with 50 mg(kg-1 of NButGT and sacrificed at various times post-injection. Evaluation of homogenized brain and muscle tissues by Western blot analyses reveals that O-GlcNAc levels are increased in a time-dependent manner in response to NButGT administration (Figures 4.8a,b). Increased O-GlcNAc levels are observed after one hour and return to approximately basal levels after 24 hr. A study of the dose-dependent increases in O-GlcNAc levels in brain revealed that a dose as low as 2 mg(kg-1 of NButGT increases O-GlcNAc levels (Figure 4.8c). Pharmacokinetic evaluation of NButGT in blood reveals that NButGT clearance follows an exponential decay with a half-life of 30 min  (Figure 4.8d). Therefore, it appears that clearance of NButGT from the blood is rapid. 
	Figure 4.9:  Oral delivery of NButGT globally elevates O-GlcNAc levels in SD rats. 
	(A-D) Two SD rats were treated for three days with either 0 or 100 mg(kg-1(day-1 of NButGT incorporated into their chow and the O-GlcNAc levels (upper panels) of (A) brain, (B) muscle, (C) fat, and (D) pancreas were analyzed. (E,F) NButGT elevates O-GlcNAc levels of (E) brain and (F) muscle in a dose-dependent manner when fed for three days with inhibitor incorporated into the chow. Equivalent protein loading is deomnstrated using an anti-(-actin antibody (lower panels). 
	To maintain increased O-GlcNAc levels throughout a 24-hr period, we reasoned that a slow and continuous dose of NButGT would be preferable; therefore, we investigated the effect of NButGT incorporated into the animal chow. A three day oral treatment using 100 mg(kg-1(day-1 of NButGT incorporated into chow produced elevated levels of O-GlcNAc-modified proteins in muscle, fat, brain, and pancreas (Figures 4.9a-d). Other tissues, such as the liver, spleen, heart, and blood tissues also showed a similar result (data not shown), strongly suggesting that NButGT elevates O-GlcNAc levels throughout all tissues. In a separate study, the dose of NButGT in the food was varied and, based on analyses of brain and muscle tissue, it appears that the oral dose-dependency of O-GlcNAc levels were approximately linear up to the largest dose tested of 100 mg(kg-1(day-1 (Figures 4.9e,f). Collectively, these results are strong evidence in support of NButGT acting in vivo throughout all tissues in both a dose- and time-dependent manner.
	4.3.3 Acute Intravenous Treatment of NButGT does not Perturb Glucohomeostasis 

	Having established that NButGT is effective at elevating O-GlcNAc levels in vivo, its effect on glucohomeostasis was assessed on acutely treated animals. Six-week old male SD rats were given a 50 mg(kg-1 tail vein injection of NButGT or vehicle and, after 7 hr, an intravenous glucose tolerance tests (IVGTT) was carried out. Glucose tolerance was unaffected by treatment with NButGT (Figure 4.10a) even though animals treated with the inhibitor had dramatic increases in levels of O-GlcNAc-modified proteins (Figures 4.10b,c). Importantly, it was found that resting blood glucose levels were unaffected by inhibitor treatment and the resulting increased global O-GlcNAc levels (Figures 4.10a). The absence of any perturbation in the IVGTT might stem from insulin resistance being masked by increased insulin release from (-cells. To try and reconcile these differences, further studies were carried out in which animals were dosed for longer times and more rigorous measures of glucohomeostasis were made.
	Figure 4.10:  An acute treatment with NButGT does not perturb glucose tolerance in SD rats. 
	(A) Food was withheld from animals overnight and animals were given a 50 mg(kg-1 injection of NButGT (circles) or vehicle (squares) (n = 4). The following morning, 16 hr later, another injection of NButGT or vehicle was given. Seven hr later, a time at which increases in levels of O-GlcNAc modified proteins are maximal, an IVGTT was performed using a 1 g(kg-1 bolus IV injection of glucose (t=0). (B,C) Western blot analyses of homogenized (B) brain and (C) muscle tissue reveals that animals treated with the inhibitor (+) had elevated levels of O-GlcNAc-modified proteins compared to control animals (-) (upper panel). Equivalent protein loading is demonstrated using an anti-(-actin antibody (lower panel).
	4.3.4 Two-Week Treatment of NButGT does not Perturb Glucohomeostasis 

	Eight SD rats were dosed orally for two weeks with NButGT mixed into their food such that they consumed 200 mg(kg-1(day-1; a dose that would maintain increased O-GlcNAc levels through a 24 hour period based on our pharmacokinetic and pharmacodynamic analysis. Eight weight and age-matched animals were treated as controls. On day fourteen of the treatment, an IVGTT was performed and the results show that NButGT treatment does not alter the response to the glucose challenge nor does it affect resting blood glucose levels (Figure 4.11a). Significantly, no differences were observed in plasma insulin levels between control and treated animals before or after the glucose challenge (Figure 4.11b), suggesting that insulin resistance was not being masked by increased insulin levels. 
	Figure 4.11:  Two-week treatment of rats with NButGT does not perturb glucohomeostasis. 
	To rigorously probe for the presence of insulin resistance in peripheral tissues, the two-week treatment study was repeated on six experimental and six control animals and a hyperinsulemic-euglycemic clamp was carried out on each animal. For this study, 20 mU(min-1(kg-1 of insulin was infused throughout the course of the experiment to ensure that hepatic glucose output was not an interfering variable (383). Consistent with the findings of the IVGTT studies, these clamp experiments also did not reveal differences between the insulin sensitivity of peripheral tissues from treated and control groups; the glucose infusion rate between 90 – 120 min was the same in both groups  (Figure 4.11c).
	Figure 4.12:  Rats treated with 200 mg(kg-1(day-1 NButGT for two weeks have elevated O-GlcNAc levels.  
	(A-D) Analysis of O-GlcNAc levels in (A) brain, (B) muscle, (C) fat, and (D) liver tissue from treated (+) and control (-) animals using CTD110.6 (upper panels). Equivalent protein loading is demonstrated in the lower panels using an anti-(-actin antibody (lower panels). (E) Immunoprecipitation of Sp1 from the spleen of two-week treated animals. Immunoprecipitates were probed for Sp1 and the RL2 anti-O-GlcNAc antibody.
	A prerequisite for the IVGTT and clamp studies was that the animals required an overnight fast to ensure that all animals had resting blood glucose levels prior to initiating the experiment. As NButGT was delivered through the food, a concern was that the withdrawal of food might limit the acute exposure of the animals to NButGT prior to testing, thus causing O-GlcNAc levels to return to basal levels. To circumvent this problem, NButGT was added to the water supply of the treated animals during the night preceding testing to ensure increased O-GlcNAc levels were maintained at the time of the experiments. Following these experiments, tissues from several post-clamp animals were analyzed by Western blot and it was revealed that levels of O-GlcNAc-modified proteins in the brain, muscle, fat, and liver were elevated in NButGT-treated animals (Figures 4.12a-d). In addition, O-GlcNAc levels on an individual protein was assessed. Sp1 was chosen as the candidate since it is a key transcription factor regulating expression of multiple genes involved in glucohomeostasis whose O-GlcNAc modification state has been suggested to alter its function (384). Immunoprecipitation of Sp1 from the spleen of three control and treated animals shows that O-GlcNAc levels are significantly elevated on this protein (Figure 4.12e).
	4.3.5 Eight-Month Treatment of NButGT does not Perturb Glucohomeostasis 

	Given the findings from the acute and two-week treatments, we considered that the onset of insulin resistance and type II diabetes is typically slow. Chronic elevation of O-GlcNAc levels, rather than acute increases, could cause a gradual adaptation within tissues giving rise to a physiologically realistic slow onset of insulin resistance. This hypothesis seems consistent with observations that acute fluctuations in dietary intake cause oscillations in O-GlcNAc levels (170, 363) and that prolonged excess nutrient intake could cause gradual accumulation of insults via O-GlcNAc and thus trigger insulin resistance.
	Figure 4.13:  Rats treated with 200 mg(kg-1(day-1 NButGT for eight months show no apparent abnormalities in various physiological parameters. 
	Six animals were treated orally with NButGT at a dose of 200 mg(kg-1(day-1 (circles). Eight control animals were treated identically except no inhibitor was added to their food (squares). Parameters measured were; (A) body weight, (B) resting blood glucose levels, (C) daily food consumption, and (D) daily water consumption as a function of body weight. No differences in any of the parameters are observed between the two groups.
	To evaluate the effects of chronic elevation of O-GlcNAc levels, a long-term study was carried out using six male SD rats treated with 200 mg(kg-1(day-1 of NButGT and eight control rats. Resting blood glucose levels, food and water consumption, and the body weight of these animals, were monitored closely throughout the course of the study. Surprisingly, no differences were observed between the two groups for any of these variables (Figure 4.13). Treated animals did not show any sign of discomfort or any abnormal behaviour as monitored during regular handling three times per week. Following eight months of treatment, animals were subjected to an IVGTT and, one week later, a hyperinsulemic-euglycemic clamp. 
	Once again, no differences were observed between groups with respect to glucose tolerance, insulin secretion during IVGTT, or insulin sensitivity (Figures 4.14a-c). The advanced age of these animals and their natural variation in weight gave rise to expected levels of variation in the clamp results (385). For this study, the inhibitor was not delivered in the water during the overnight fast since the aim was to evaluate differences stemming from chronic elevation of O-GlcNAc levels and not the potential acute effects of increased O-GlcNAc levels. Despite this overnight fasting and consequent 19 hr withdraw of inhibitor, significant increases in the levels of O-GlcNAc-modified proteins were still observed in brain and muscle (Figures 4.14d,e), which is in keeping with the pharmacokinetic and pharmacodynamic results. As well, immunoprecipitation of Sp1 revealed that its O-GlcNAc levels were elevated by inhibitor treatment (Figure 4.14f). These findings indicate that pharmacological interventions maintain increased O-GlcNAc levels over the long-term. Notably, the increases in O-GlcNAc levels observed in the long-term study, even after 19 hr withdrawal of the inhibitor, are as large as those seen under hyperglycemic conditions (68, 363) or in diabetic animals (170). At the end of the study several additional parameters were analyzed from six treated and six animals control animals. Levels of triglycerides, free fatty acids, and leptin in the serum were the same between the two groups as well as the weight of various organs (Figure A6 of the Appendix), which underscores that animals having long-term elevated O-GlcNAc levels are healthy. 
	Figure 4.14:  Eight-month treatment of rats with NButGT does not perturb glucohomeostasis.
	4.3.6 Two-Month High Dose Treatment of NButGT does not Perturb Glucohomeostasis

	To rule out the possibility that the dose of NButGT used in the previous studies (200 mg(kg-1(day-1) was not high enough to observe an effect on glucohomeostasis, four SD rats were treated with a high dose of NButGT (1000 mg(kg-1(day-1). After two months of treatment these animals, along with the appropriately treated control animals, were subjected to an IVGTT. Once again, no difference in resting blood glucose levels or glucose tolerance was observed (Figure 4.15a). In this study, for the overnight fasting period the inhibitor was placed in the water of the treated animals at the same dose and this did give rise to dramatically elevated O-GlcNAc levels (Figure 4.15b). 
	Figure 4.15:  Two-month high dose treatment of rats with NButGT does not perturb glucose tolerance or GM2 levels. 
	(A) An IVGTT was performed on four treated (circles) and four control (squares) animals using a 1 g(kg-1 bolus IV injection of glucose (t=0) and blood glucose levels were analyzed as a function of time. (B) Analysis of O-GlcNAc levels in the brain of treated (+) and control (-) animals using the CTD110.6 anti-O-GlcNAc antibody (upper panel). Equivalent protein loading is demonstrated with an anti-(-actin antibody (lower panel). (C) Analysis of the ganglioside GM2 levels in the brain of treated (+) and control (-) animals. The TLC plate was stained with resorcinol and represents total gangliosides from the brain. The right panels represent a magnified image of the band corresponding to GM2 and another band as a loading control. The panel for GM2 was contrasted for display and densitometry. Densitometric analysis of the GM2 band relative to the load control band reveals no statistical difference in levels of GM2 levels between the two groups.
	An additional aim of this particular study was to determine if high levels of NButGT might accumulate and inhibit lysosomal (-hexosaminidase. Mutations of these enzymes in humans (173) or deletion of either of the enzymes in mice (174, 175) results in a slow accumulation of GM2 in the lysosome eventually leading to lysosomal storage disorders known as Tay-Sachs and Sandhoff disease which dramatically shorten lifespan. To evaluate whether NButGT acts to elevate GM2 levels over prolonged dosing periods, gangliosides were extracted from brain tissue of animals in the 2-month high dosing study with the help of Tracey Gloster. Although gangliosides are found in all tissues, the brain is particularly rich in gangliosides, making it a valuable reporter for overall ganglioside levels. As shown in Figure 4.15c, NButGT-treated SD rats did not exhibit increased GM2 levels in their brains. In comparison, Hexb-/- mice show dramatic accumulation of GM2 levels to levels at least 10-fold above healthy animals at 2 months of age (386). These results underscore the selectivity of NButGT toward OGA over the functionally related HexA and HexB and provide good evidence that this selectivity extends to in vivo models even at very high doses.
	4.3.7 Three-Month Treatment of NButGT does not Perturb Glucohomeostasis in Mice

	All experiments described thus far were carried out in SD rats, however, in some experimental paradigms, variance within rodents due to genetic variations can be observed. For instance, a percentage of SD rats are resistant to weight gain when placed on a high fat diet (HFD) (387). Therefore, to evaluate whether the absence of any observable effect on insulin sensitivity when treating SD rats with NButGT is a general phenomenon in rodents, studies were initiated with C57BL/6J mice. As the metabolism of mice is faster than rats and generally leads to faster clearance of small molecules (388), a high dose of NButGT was used (1000 mg(kg-1(day1). Twelve mice were treated with NButGT for three months by incorporating this inhibitor into their chow. Resting blood glucose and insulin levels were measured at 4, 8, and 12 weeks after commencement of dosing.  At no point was any difference observed between treated and untreated mice (Figures 4.16a,b). Following 12 weeks, an oral glucose tolerance test (OGTT) was carried out using gavage of 1 g(kg-1 of glucose and, as the results in Figure 4.16c demonstrate, the clearance rate of glucose was unaffected by treatment with NButGT.
	The studies presented thus far present strong evidence that increased global O-GlcNAc levels in vivo, induced by NButGT, do not on their own cause insulin resistance and are in agreement with the studies carried out in 3T3-L1 adipocytes. Nevertheless, it remained a possibility that elevated O-GlcNAc levels may play a role in exacerbating the speed of onset and/or the severity of insulin resistance when other pathways are malfunctioning. A common method for inducing insulin resistance in vivo is through diet induced obesity (DIO) using a high fat diet (HFD). Accordingly, a HFD in conjugation with NButGT was used to evaluate whether dysfunction of other pathways are required to observe an effect on glucohomeostasis from increased O-GlcNAc levels. This study was carried out in parallel with, and using the same dosing regime as, the previous study using a normal diet (ND). As shown in Figures 4.16a, the HFD induced a gradual elevation in resting blood glucose levels. The onset or severity of insulin resistance, judged in this manner, was not affected by treatment with NButGT. The resting blood 
	Figure 4.16:  Three-month treatment of mice with 1000 mg(kg-1(day-1 NButGT does not perturb glucohomeostasis. 
	glucose levels that we observe for mice placed on a HFD for 12 weeks closely matches values observed by others for an equal length of treatment (4). The resting blood insulin levels also remained unaffected by inhibitor treatment throughout the course of the study with a 9-fold increase occurring after 12-weeks in HFD mice as compared to mice on a ND (Figures 4.16b). An OGTT was carried out and revealed that mice on a high fat diet cleared glucose slower (Figures 4.16c) when compared to control animals, however, there was no difference in glucose clearance arising from NButGT treatment and the consequent elevation of O-GlcNAc. Furthermore, weight gain in both healthy and HFD mice was not affected by NButGT treatment (Figures 4.16d). 
	In order to clarify whether the mode of dosing in this study produced increased O-GlcNAc levels throughout a 24 hour period, an animal from each control and treated group was sacrificed at three different time points throughout the day (8 am, 4 pm, and 11 pm). In the muscle and liver, O-GlcNAc levels were elevated in the treated animals at all three time points (Figures 4.16e,f), supporting this dosing regimen as a means of generating sustained increases in O-GlcNAc levels.
	4.3.8 Conclusions from the In Vivo Studies  

	The primary aim of all of the studies described above was to address the effect of elevated O-GlcNAc levels on glucohomeostasis as a whole. The glucose tolerance test and hyperinsulemic-euglycemic clamp are primarily measures of glucose uptake in the muscle and fat (380); therefore, insulin sensitivity in hepatic tissue was not directly measured in these studies. One possibility is that increased HGO could have compensated for defects in glucose uptake by muscle and fat. Arguing against this possibility, however, is that the hyperinsulemic-euglycemic clamp carried out after the 2-week dosing study used a dose of insulin known to completely suppress HGO (383). This was done intentionally to isolate our measurements on the insulin sensitivity of peripheral tissues. On the other hand, the clamp carried out following the long-term 8-month study used a lower dose of insulin. It cannot be concluded, therefore, that HGO was unaffected by NButGT treatment in the long-term study, albeit the lack of difference observed in resting blood glucose levels between groups in any of the experimental paradigms tested does suggest that HGO is unaffected. In contrast, decreased insulin sensitivity in the liver and, consequently, increased HGO was concluded to be the primary reason for the perturbed glucohomeostasis observed in studies overexpressing OGT in the liver of mice (86, 136). To try and resolve if elevated O-GlcNAc levels cause insulin resistance in hepatocytes, experiments carried out in cultured hepatocytes were initiated.
	4.4 Addressing the Effect of Elevated O-GlcNAc Levels on the Insulin Sensitivity of Cultured Hepatocytes

	The liver plays a critical role in maintaining glucohomeostasis by secreting or storing glucose. Following a meal, insulin stimulates the liver to store glucose in the form of glycogen and, conversely, during times of starvation glucagon stimulates the liver to secrete glucose. Glucose that is secreted by the liver can come from two sources; the first is from breakdown of glycogen and the second is de novo biosynthesis of glucose by gluconeogenesis. In both of these processes, one of the rate-limiting steps is dephosphorylation of glucose-6-phosphate by glucose-6-phosphatase (G6Pase) and indeed expression of G6Pase is tightly regulated by both insulin and glucagon. The effects of these two peptide hormones on expression of G6Pase can be fine-tuned by glucose availability (86, 389-393). Hyperglycemia causes increased expression of G6Pase, which results in increased HGO as clearly demonstrated from hepatocytes studied in vitro (86, 393) and in vivo (209, 210). Likewise, previous studies that have overexpressed OGT in the liver of mice have observed elevated expression of G6Pase (86, 384, 394), leading these authors to speculate that the O-GlcNAc modification is a molecular mechanism by which hyperglycemia manifests as insulin resistance in hepatocytes.
	4.4.1 Introduction to H4EII Hepatocytes

	As a first step towards examining the role of O-GlcNAc in regulating hormone signaling in hepatocytes, we sought a cell line for which a direct assay for measuring glucose output has been established. Unfortunately, many hepatocyte cell lines are not suitable for such studies due to some level of dedifferentiation that results either the inability to store glycogen and/or loss of expression of enzymes involved in gluconeogenesis (395). H4IIE hepatocytes only store small amounts of glycogen (396) yet do retain the ability to carry out gluconeogenesis when cells are supplied with pyruvate and lactic acid (397). Accordingly, a robust glucose output assay has been developed for H4IIE cells that measures gluconeogenesis without additional effects arising from glycogen storage or processing (397) and these cells have been widely used to study insulin signaling in hepatocytes. Glucose output by H4IIE cells is inhibited by insulin and stimulated by increased cyclic AMP (cAMP) levels, which mimic the effects of glucagon, consistent with the view that gluconeogenic genes in this cell line are under control of physiologically relevant signaling pathways (397, 398). Importantly, the effect of these two hormones on the expression of gluconeogenic enzymes, such as G6Pase, has been clearly demonstrated in H4IIE cells (399-401).
	4.4.2 Glucose causes Insulin Desensitization in H4EII Hepatocytes 

	To verify that the pathway(s) responsible for glucose-induced insulin desensitization are operative in H4IIE cells, cells were cultured in either low (5 mM) or high (25 mM) glucose prior to monitoring glucose secretion into culture media. When 200,000 cells were cultured in 100 (L of media for two hr, 25 (M glucose was present in the media and this quantity is in the range of glucose output reported previously for this cell line (397). Preincubation of cells in 25 mM glucose prior to the assay produced an increase in glucose output both with and without insulin present (Figure 4.17a). Without insulin, pretreatment of cells with 25 mM glucose caused a 34 % increase in glucose output compared to cells pretreated with 5 mM glucose and this difference was significant (p = 0.02). In the presence of 10 nM insulin, the suppression of glucose output for cells pretreated with 5 mM glucose was 92 % whereas in cells pretreated with 25 mM glucose output was suppressed by only 68 %. This large difference between low and high glucose conditions (p = 0.007) indicates that incubation in high glucose causes increased glucose output by mechanisms that act both dependently and independently of insulin signaling. To evaluate the molecular effects of incubation of cells in high glucose on insulin signaling, activation of Akt was evaluated in cells incubated in either low or high glucose (Figure 4.17b). Consistent with the results in the glucose output assay, insulin-induced phosphorylation of Akt to activated Akt is impaired on incubation of cells with high glucose (Figure 4.17b,c). Based on the previous literature and the studies outlined here, H4IIE cells respond to high glucose by developing insulin resistance and can be studied using a robust and physiologically relevant glucose output assay. Accordingly, these cells appear to be an appropriate model to test the hypothesis that increased O-GlcNAc levels are one mechanism contributing to disruptions in insulin signaling and/or glucose metabolism in hepatocytes.
	Figure 4.17:  High glucose causes insulin resistance in H4IIE hepatocytes. 
	(A) H4IIE cells were preincubated with different concentrations of glucose for 36 hr prior to incubation of cells for one hr in glucose free media after which glucose output was evaluated. Glucose free media either lacking (closed bar) or containing (open bar) 10 nM insulin was used. The % suppression of glucose output represents the ratio of values with and without insulin under each condition (preincubation in low or high glucose). Asterisks represent statistical significance (p < 0.05) as judged by a t-test; * = 0.02, ** = 0.007. (B) Cells incubated in low (5 mM) or high (25 mM) glucose and either with or without 10 nM insulin were harvested and analyzed by Western blot. Incubation of H4IIE cells in high glucose increases O-GlcNAc levels as compared to cells incubated in low glucose. High glucose conditions did not affect total Akt levels but did impair insulin-induced activation of Akt; pAkt designates a blot probing for Akt phosphorylated at T308. The loading control used was actin, which shows equivalent amounts of cell lysate are loaded in each lane. (C) Densitometry of pAKT levels from (B) shows that pAKT are significantly reduced in cells cultured in high glucose (* indicates p < 0.05).
	4.4.3 Effect of NButGT and PUGNAc on O-GlcNAc Levels

	NButGT was first tested at different concentrations and for different times to examine the effect of OGA inhibition on O-GlcNAc levels in H4IIE cells. Time- and dose-dependent increases in O-GlcNAc levels were observed (Figures 4.18a,b). Densitometric analysis of the dose-dependency (Figure 4.18a) revealed an EC50 value of 5 (M for NButGT in H4IIE cells, which closely matches the effectiveness of NButGT in 3T3-L1 adipocytes (Figure 4.1,c). To facilitate a direct comparison between the effects of NButGT and PUGNAc, cells were incubated with these two OGA inhibitors in parallel at equal concentrations (100 (M) and for equivalent times (16 hr). Under these conditions, the two inhibitors increased global O-GlcNAc levels to the same extent (Figure 4.18c); this concentration and time frame was, therefore, used in subsequent studies.
	Figure 4.18:  Pharmacological inhibition of OGA causes dramatic increases in global O-GlcNAc-modified proteins in H4IIE hepatocytes. 
	(A) The selective OGA inhibitor NButGT elevates O-GlcNAc-modified proteins in a dose- dependent manner with an EC50 value of 5 (M. Cells were dosed with the specified concentration of NButGT for 16 hr. (B) NButGT increases O-GlcNAc levels in a time-dependent manner. Cells were treated with 100 (M of NButGT for the specified times. (C) The non-selective OGA inhibitor PUGNAc increases O-GlcNAc levels to the same extent as NButGT when treated for 16 hr at a concentration of 100 (M. Upper panels are Western blots of O-GlcNAc-modified proteins probed using the CTD110.6 anti-O-GlcNAc antibody whereas lower panels are Western blots probed using an anti-(-actin antibody for use as a loading control. 
	4.4.4 Effect of NButGT and PUGNAc on Insulin Sensitivity

	NButGT and PUGNAc were next assessed for their effect on the ability of H4IIE cells to carry out gluconeogenesis and repress this process in response to insulin. Based on previous studies supporting the hypothesis that elevated O-GlcNAc levels cause insulin resistance and result in higher levels of G6Pase expression, it would be predicted that NButGT should cause increased glucose secretion. Nevertheless, NButGT did not alter the release of glucose into the media in either the presence or absence of insulin (Figure 4.19a). To carefully investigate this observation, a wide range of insulin concentrations were tested and the results reveal an EC50 value for insulin-mediated decreased glucose output of 240 pM; a value comparable to that reported previously for this cell line (397).  Significantly, the selective OGA inhibitor NButGT has no effect on glucose output at any insulin concentration; the EC50 value (220 pM) is well within error of the value determined for control cells despite the very significant increases in global O-GlcNAc levels. More surprising was that PUGNAc diminished glucose release at low insulin concentrations (Figure 4.19b), this effect is in the opposite direction from what would be expected if O-GlcNAc levels mediated insulin resistance.
	Figure 4.19:  Pharmacological elevation of global O-GlcNAc levels does not affect glucose output in H4IIE hepatocytes. 
	(A) Cells were treated for 16 hr with or without 100 (M NButGT, followed by a one hr incubation in glucose free media, where NButGT was maintained at 100 (M in treated cells, after which glucose output in response to various concentrations of insulin was determined. The EC50 values for the effect of insulin on glucose output were 240 ( 40 and 260 ( 50 pM for control and NButGT-treated cells respectively. (B) The same experiment as (A) except cells were treated with 100 (M PUGNAc. The EC50 values for the effect of insulin on glucose output were 210 ( 20 and 230 ( 40 pM for control and PUGNAc-treated cells respectively. Errors represent the standard deviation of a minimum of six replicates.
	As described above, stimulation of insulin sensitive cells with insulin results in activation of Akt through its phosphorylation at Thr308. Activated Akt in turn phosphorylates a series of other signaling molecules and transcription factors, thereby propagating the signal. Of relevance in hepatocytes are the forkhead family of transcription factors including FoxO1, in particular, since it activates transcription of numerous genes involved in gluconeogenesis such as G6Pase (402). Phosphorylation of FoxO1 results in its translocation out of the nucleus and this leads to repression of gluconeogenic genes. Of significance to the O-GlcNAc modification, Akt and FoxO1 have both been shown to be O-GlcNAc-modified (77, 394). To clarify whether NButGT increased O-GlcNAc levels on Akt and FoxO1, these proteins were immunoprecipitated and as shown in Figure 4.20, NButGT treatment did indeed increase O-GlcNAc immunoreactivity of both proteins. These increases in O-GlcNAc levels on Akt and FoxO1 are similar in magnitude to the increase in global O-GlcNAc levels, supporting the general effect that OGA inhibition has on increasing O-GlcNAc levels. To determine if increased O-GlcNAc levels affect the phosphorylation of these two key proteins (Akt and FoxO1) in the insulin signaling cascade, the lysates of cells used in the above experiments that had been treated with or without 10 nM insulin and with or without NButGT were analyzed by Western blot. Consistent with NButGT having no insulin 
	Figure 4.20:  Treatment of H4IIE hepatocytes with NButGT results in elevated O-GlcNAc levels on Akt and FoxO1. 
	desensitizing effect in the glucose output assays, NButGT also did not alter phosphorylation of Akt at Thr308, nor did it affect phosphorylation of FoxO1 at Ser256 despite greatly increased global O-GlcNAc levels (Figure 2.21a) as well as O-GlcNAc levels on these two proteins as shown above. Interestingly, PUGNAc also did not cause perturbations to insulin mediated phosphorylation of Akt or FoxO1 (Figure 2.21b). Although this lack of an effect on phosphorylation of Akt is not consistent with what both we, and others, have previously observed when using PUGNAc in other cell lines (74, 136, 161, 333), it is possible that the off-target effects of PUGNAc could result in different molecular effects in different cell lines. The effect of PUGNAc observed by us in H4IIE hepatocytes, however, does appear to be consistent with findings by Housley et al. who showed that PUGNAc did not alter the cellular localization of FoxO1 in the Fao hepatoma cell line (394); a cell line derived directly from H4IIE cells.
	4.4.5 Effect of NButGT and PUGNAc on Cell Proliferation

	The 20% decrease in glucose output caused by PUGNAc was unexpected. Interestingly, PUGNAc has been reported to decrease glucose-stimulated insulin secretion in pancreatic (-cells in vitro by approximately 20% (170, 196). These results also mirror the results obtained when using PUGNAc in adipocytes; PUGNAc treatment 
	Figure 4.21:  Pharmacological elevation of O-GlcNAc levels does not affect insulin-stimulated phosphorylation of Akt or FoxO1. 
	Cells used in the glucose output assays that had been treated either with (A) NButGT or (B) PUGNAc and either with or without 10 nM insulin were harvested and analyzed by Western blot as below. pAkt designates Akt phosphorylated at Thr308 and pFoxO1 represents FoxO1 that has been phosphorylated at Ser256; both are sites that are critical for insulin-stimulated activation of these proteins. Neihter NButGT or PUGNAc treatment of cells affect phosphorylation of Akt or FoxO1 at these sites compared to control cells.
	resulted in an effect only when cells were pushed to perform a function at maximal capacity. In this respect, it is noteworthy that Slawson et al. reported that PUGNAc caused a 20% decrease in the cell proliferation of a number of cell lines (309). Decreased proliferation stemming from off-target effects could, therefore, be an explanation for the phenotypes observed with PUGNAc. To determine what effect PUGNAc and NButGT has on the proliferation of H4IIE cells, the growth of H4IIE cells treated with either 100 (M PUGNAc or NButGT was closely monitored over a period of five days and compared to the growth rate of control cells. Consistent with the previous study by Slawson et al. (309), cells treated with PUGNAc grew significantly more slowly (Figure 2.22a). On the other hand, cells treated with NButGT grew at a rate identical to control cells (Figure 2.22a). Indeed, the doubling times of control and NButGT-treated cells were both 21 hr as compared to 26 hr for cells treated with PUGNAc (Figure 2.22b). These findings on proliferation indicate that PUGNAc causes a 20% decrease in cell proliferation in this cell line and likely other cell lines given the results by Slawson et al. (309). This data strongly supports the view that PUGNAc has secondary off-target effects that are independent of O-GlcNAc levels and is also supportive of the lack of a phenotype that was observed in animals treated with NButGT.
	Figure 4.22:  H4IIE hepatocytes treated with NButGT grow at the same rate as control cells whereas cells treated with PUGNAc grow slower. 
	(A) Cells were treated with vehicle (PBS), 100 (M NButGT, or 100 (M PUGNAc immediately after seeding 10,000 cells in a 6-well plate. Each day, the number of cells were counted for each condition and plotted as the logarithm of the number of cells versus the day. Errors represent the standard deviation of three replicates. (B) The doubling time for each condition was calculated to be 22.1 ( 0.6 hr for control cells, 22.3 ( 1.0 hr for cells treated with NButGT, and 26.2 ( 1.3 hr for cells treated with PUGNAc. Errors for the doubling times represent the error for the linear regression of the growth curves.
	4.4.6 Effect of NButGT on Glucagon Signaling 

	To probe the effect of increased cellular O-GlcNAc levels upon activation of the glucagon signaling pathway, a combination of dexamethasone and the more stable and membrane permeable cAMP analogue 8-Br-cAMP were used as described previously (400). The purpose of using these two compounds in combination is to mimic increased metabolic cAMP levels that are brought about by glucagon stimulation. This treatment enhanced glucose output both in the presence and absence of insulin (Figure 4.23), which is consistent with the mutually antagonistic actions of insulin and glucagon signaling pathways on the expression of gluconeogenic genes in hepatocytes. Regardless of the treatment paradigm, there was no effect of increased O-GlcNAc levels on these processes (Figure 4.23). Cumulatively, all the results from H4IIE hepatocytes provide strong evidence that both key regulatory signaling pathways are operative in this cell line and, more significantly, that increased O-GlcNAc levels brought about by selective inhibition of OGA do not interfere with these pathways.
	Figure 4.23:  NButGT does not perturb the glucagon signaling pathway in H4IIE hepatocytes. 
	Dexamethasone (50 nM) and 8-Br-cAMP (100 (M) were used to stimulate expression of gluconeogenic genes and the resulting changes in glucose output were monitored both in the presence and absence of 10 nM insulin. NButGT treatment had no effect on glucose output under any of the conditions when compared to control cells.
	4.4.7 Effect of OGT Overexpression on Insulin Sensitivity in H4IIE cells

	We were intrigued why our data obtained using NButGT in various experimental paradigms does not induce insulin resistance whereas previous studies support the onset of insulin resistance when OGT was overexpressed in the liver of mice (86, 136, 394). To try and reconcile these differences, the effect of overexpressing OGT in H4IIE cells was investigated. For these studies we used electroporation to deliver the gene encoding OGT in a mammalian expression vector since common transfection reagents were found to give poor transfection efficiency in this cell line. Using electroporation, a transfection efficiency of approximately 75% was achieved and this resulted in elevated OGT levels that are approximately 2-fold higher than cells transfected with empty vector (EV). The increased OGT expression resulted in modest, but significant, increases in O-GlcNAc levels (Figure 2.24a). To our considerable surprise, however, overexpression of OGT had no effect on glucose output either in the presence or absence of 10 nM insulin (Figure 2.24b). Moreover, OGT overexpression, and the resulting increases in O-GlcNAc levels, did not affect activation of Akt (Figure 2.24c). These results obtained using genetic manipulation of O-GlcNAc levels appear in complete agreement with the pharmacological data presented above but do not explain the discrepancy between our observations detailed here and previous reports on the insulin-desensitizing effects of increased O-GlcNAc levels mediated by adenoviral-mediated overexpression of OGT. Nevertheless, one obvious difference between the studies carried out here, using electroporation to overexpress OGT, and those reported by others, which have used adenovirus to overexpress OGT, is that adenovirus infection results in much higher levels of OGT. Therefore, it seems that one possibility that could account for the discrepancies between these results and previous reports are that high levels of OGT, rather than O-GlcNAc levels, are the main determinant of insulin desensitization.
	Figure 4.24:  Moderate overexpression of OGT in H4IIE cells does not induce insulin resistance. 
	Cells were transformed, by electroporation, with the pCMV-Myc vector harboring the gene encoding OGT or with the empty vector (EV) as a control. (A) Wetern blot analyses of lysates for levels of myc, OGT, actin, and O-GlcNAc. (B) 24 hr after transfection, cells were cultured in glucose free media for 4 hr, and then glucose output from cells either treated with or without 10 nM insulin was determined. Cells transfected with OGT did not secrete more glucose. Following the assay, the cells were harvested and used for the Western blot analyses in (A) as well as (C) Western blots for Akt and pAkt levels, which show that moderate OGT overexpression does not diminish activation of Akt.
	4.5 Discussion on Future Directions 

	Overall, the results of the studies described above using NButGT in cultured adipocytes, rodents, and cultured hepatocytes strongly suggest that elevated O-GlcNAc do not give rise to insulin desensitization or disrupt glucohomeostasis. Peripheral support for the lack of an insulin-desensitizing effect observed with NButGT comes from a study in which rats were treated with a very high dose of N-acetylglucosamine for two years. In that study, animals did not exhibit perturbed resting blood glucose levels (403), yet very likely had elevated O-GlcNAc levels since GlcNAc enters the HBSP downstream of GFAT. These findings differ from earlier studies in which genetic methods were used to increase O-GlcNAc levels through overexpressing OGT in specific tissues. Those studies have proposed that increased O-GlcNAc levels induce insulin resistance and/or disrupt glucohomeostasis (86, 136, 164). There are obvious differences between using small molecules and genetic methods to study biological phenomena; the two clearly provide complementary strategies and in some cases one method offers certain benefits over the other. One obvious consideration when using small molecule enzyme inhibitors is their potential lack of selectivity, a concern that is raised by the studies using cultured adipocytes, which strongly suggested PUGNAc has off-target effects that insulin resistance. Small molecule inhibitors, however, offer an advantage in that they facilitate the dissection of the catalytic and non-catalytic roles of enzymes since they act to block enzyme function without significantly affecting the levels of the target enzyme within cells (176). This point is highlighted by a recent investigation using small molecule inhibitors of Cdk7/Kin28 (177). It is therefore prudent to consider what may account for the apparent differences between the studies presented in this chapter and previous reports making use of genetic methods to overexpress OGT. 
	1) Since O-GlcNAc is a dynamic post-translational modification, the rate at which cycling occurs, rather than the levels of the modification, could be the determinant mediating insulin resistance and disruptions in glucohomeostasis. The primary data to support this hypothesis comes from knockouts of OGT and OGA in C. elegans (116, 139). These knockouts are viable but exhibit defects in dauer larva formation. As induction of dauer formation in nematodes in governed by insulin-like signaling pathways (404), the authors of these two papers argued that the observed results relate to insulin signaling in mammals. In all the studies described in this chapter using NButGT, cycling should be slowed by treatment with the OGA inhibitor as was discussed in Chapter 1. Interestingly, many studies making use of overexpression of OGT in animals, which results in insulin resistance or perturbed glucose homeostasis, may have increased cycling rates due to the increased levels of OGT. Nevertheless, a clear molecular mechanism that translates cycling rates to changes in cellular physiology has not been proposed and is difficult to envision. Experiments comparing O-GlcNAc cycling rates on proteins of interest in control cells, cells overexpressing OGT, or those treated with an OGA inhibitor present an intriguing line of research and may offer a way to test this possibility and to potentially account for this apparent discrepancy.  Accessing this information using experimentally reliable study designs, however, is technically challenging. 
	2) The use of NButGT may not result in certain key proteins involved in nutrient sensing becoming more heavily modified as may happen during prolonged hyperglycemic conditions or when OGT is overexpressed. One scenario that could potentially bring about this scenario is if OGT had access to a cellular compartment or location where OGA was not present. In this way, overexpression of OGT could increase O-GlcNAc levels on certain proteins while an OGA inhibitor would have no effect on levels of O-GlcNAc on these proteins. However, the cellular distribution of OGA (141, 142) appears to be as broad as OGT (114, 117) and therefore no clear experimental evidence currently supports this scenario. So long as OGA has access to all O-GlcNAc-modified proteins, NButGT should elevate O-GlcNAc levels globally throughout the cell since competitive inhibition of OGA should not impact the function of OGT, which continues to modify proteins (154). Although this possibility cannot be ruled out, some experiments were carried out to address this issue by investigating the O-GlcNAc modification state of Sp1 in rats treated with NButGT through immunoprecipitation (Figures 4.12e and 4.14f), a key transcription factor regulating expression of multiple genes involved in glucohomeostasis whose O-GlcNAc modification state has been suggested to alter its function (384). It was found that Sp1 glycosylation is significantly increased in both short and long-term rodent studies yet no signs of insulin resistance or disruptions in glucohomeostasis were observed. This possibility was probed in cultured hepatocytes by immunoprecipitation and analysis of O-GlcNAc levels on Akt and FoxO1. Here too, NButGT increased O-GlcNAc on both of these proteins of the insulin signaling pathway.
	3) Overexpression of OGT results in secondary effects that are independent of elevated O-GlcNAc levels. One concern with using genetic methods is that it remains to be established if, in addition to the catalytic role of OGT, this enzyme also has critical non-catalytic roles. Given that OGT interacts with many protein partners (83, 103, 128-133) and is found in several large protein complexes (83, 103), overexpression could disrupt and/or introduce protein-protein interactions within cells (Figure 4.25). It is worth noting that overexpression of OGT was reported by Slawson et al. to profoundly perturb cell-cycle progression whereas PUGNAc, on the other hand, had only slight effects on cell-cycle progression while NAG-thiazoline had no effect (103, 309). In a strikingly similar example, PP5A was shown to cause abnormal nuclear shapes and this observation was 
	Figure 4.25:  A model for the effect of OGT overexpression on disrupting a protein complex. 
	(A) A hypothetical OGT-containing complex that is critical for regulating cellular processes. OGT has been found in a number of such complexes (83, 103). (B) When OGT is overexpressed at high levels, it may disrupt such protein complexes by forming a number of heterodimers, which may not allow the multimeric complex to form. Note that OGT is not necessarily required to be a part of the complex under normal conditions; sequestering components of a protein complex by overexpression of OGT could also disrupt complexes that do not normally contain OGT.
	replicated by a catalytically inactive mutant (405). The significance of this to OGT is that PP5A is also a TPR-containing protein and overexpression of its TPRs alone has been shown to reproduce some of the effects of overexpressing full-length protein phosphatase 5A (PP5A) (406). In this context it is fascinating to note that several reports have observed a dominant-negative effect when the TPRs of OGT are overexpressed (157, 407). Another consideration that must be taken into account with studies that have overexpressed OGT at high levels is that OGT has very recently been identified as a member of the polycomb group family (PcG) of proteins (63, 85), which play a key role in the expression of many genes. Consistent with this role, OGT was also recently shown to activate the histone methyltransferase MLL5 (83). Thus, OGT is important in the regulation of gene expression and one possibility exists that overexpression of OGT within cells may alter the expression of enzymes whose expression levels are regulated by insulin, in a manner that is independent of O-GlcNAc levels (86, 136, 394). 
	There are several ways forward to address the issue of a catalytic versus non-catalytic role for OGT. One approach would be to use an inactive variant of OGT in which one of the active site catalytic residues has been mutated. As highlighted above, a non-catalytic function for an enzyme can be revealed when an inactive mutant is overexpressed (178, 179, 405). In a study that will be described in Chapter 6 (408), several catalytically inactive mutants of OGT were discovered and preliminary experiments are underway in the laboratory using one of these. A complementary approach to using a catalytically inactive mutant would be to use an OGT inhibitor, unfortunately however, a potent and cell permeable OGT inhibitor awaits discovery. All these considerations should serve to guide future experiments that may provide insight into the biological roles of O-GlcNAc and/or OGT.
	4.6 Published Work from these Studies and Acknowledgement of the Contributions of Others

	The studies carried out in 3T3-L1 adipocytes comparing the effect of NButGT and PUGNAc on insulin sensitivity have been published in the Journal of Biological Chemistry (333). This work also emcompassed structural analysis of the cocrystal structure of BtGH84 with PUGNAc (Figure 3.1). Abigail Bubb, Dr. Carolos Martinez-Fleites, and Dr. Gideon Davies are all acknowledged for their contributions to this aspect of the work. Much of the work in this chapter remains to be published but I would still like to acknowledge the contributions of others to this work. Intial testing of NButGT in vivo  was aided by the efforts of Alex Debowski, Garrett Whitworth, and Scott Yuzwa. Audrey Wang, Kim Buettner, and Mary Dearden were valuable contributors to the in vivo work and particularly Audrey Wang for her assistance with the hyperinsulemic euglycemic clamp. Xioayang Shan is also acknowldeged for helping out with tissue collection and the immunoprecipitation of Akt and FoxO1 from H4IIE hepatocytes.
	4.7 Materials and Methods
	4.7.1 Cloning


	The cDNA for human OGT was obtained from the ATCC. The gene encoding OGT was amplified using the following two primers: 5’-GCCGCCGTCGACCGCGTCTTCCGTGGGCAACGTGG-3’ (SalI cut site shown in bold) and 5-GCCGCCGCGGCCGCCTATGCTGACTCAGTGACTTCAAC-3’ (NotII cut site shown in bold). The PCR product was digested with SalI and NotI and ligated into the pCMV-myc mammalian expression vector that had been also been digested using the same restriction enzymes as described in Chapter 2. The resulting vector therefore contained the gene encoding human OGT N-terminally fused to a myc tag with a CMV promoter. Successful cloning and integrity of the sequence was verified by sequencing (NAPS unit, UBC) and the DNA concentration of the plasmid stocks were determined by absorbance at 260 nm to prepare for transfection of cells.
	4.7.2 Western Blotting

	Western Blotting procedures follow those outlined in Chapter 2. The antibody dilutions used and source of these antibodies are as follows: CTD110.6 (1:2500, Covance), (-actin (1:2000, Developmental Studies Hybridoma Bank – DSHB), (-myc (1:250, DSHB), (-OGT (1:2000, Santa Cruz Biotechnologies), (-Akt (1:1000, Cell Signaling Technologies), (-pThr308Akt (1:1000, Cell Signaling Technologies), (-FoxO1 (1:1000, Cell Signaling Technologies), (-pS256FoxO1 (1:1000, Cell Signaling Technologies). The (-Sp1 antibody was a gift from Prof. Jane Azizkhan-Clifford (Drexel University).
	4.7.3 3T3-L1 Cells
	4.7.3.1 Cell Culture and Differentiation


	Dr. David Tucker (Dr. Morris Birnbaum laboratory, University of Pennsylvania) is thanked for advice on differentiation of 3T3-L1 adipocytes and 2-DOG uptake experiments. 3T3-L1 preadipocytes were obtained from Dr. Green (Harvard Medical School) since cells obtained from the ATCC were at a higher passage number and difficulties were encountered with differentiating these cells. Cells were grown in an incubator with 5% CO2 at a temperature of 37 (C. Preadipocytes were cultured in DMEM (Invitrogen) containing 10% bovine serum (BS, Hyclone). Caution was taken to never to let the cells reach confluence prior to differentiation, as this resulted in decreased capacity to differentiate. Culturing cells in FBS prior to differentiation also greatly reduced the percentage of cells that differentiated to adipocytes. Preadipocytes (2.5 x 105) were plated onto 12-well plates and two days post-confluence (approximately 4-5 days after plating), differentiation was initiated by replacing the media with DMEM containing 10% fetal bovine serum (Invitrogen), 120 (g/mL isobutylmethylxanthine (IBMX, Sigma), 0.37 (g/mL dexamethasone (Dex, Sigma), and 1 (g/mL recombinant human insulin (Lilly). The IBMX and Dex solutions were prepared in the following manner. Dex was dissolved in 95% ethanol at 3.7 mg/mL and this stock could be stored at -20 (C. On the day of the differentiation, the stock Dex was diluted 10-fold into sterilized PBS and then diluted 1000-fold into the media to give the desired final concentration. IBMX was dissolved fresh at 11.2 mg/mL in 0.5 M KOH, sterilized through a 0.22 (m filter, and diluted 100-fold into the culture media to give the desired final concentration. Insulin (1 mg/mL) was diluted 1000-fold directly into the media to give the desired final concentration. Also, when differentiation was initiated, the serum was switch from BS to FBS. Cells were kept in this differentiation medium for 2 days, and then the medium was replaced with DMEM containing 10% FBS and replaced every 2 days after that. At all points, it is critical that the media be changed as gently as possible to avoid the detaching the cells. The gentlest procedure for changing the media is to pour off the media slowly into a waste bucket and replace the media by gently pipetting new media down the side of the well (it helps to let the media come out of the pipette gun by gravity rather than vigorously shooting it out). Using a vacuum to remove the media or pipetting the new media too fast results in cell detachment form the around the sides of the culture plate. After several days of differentiation, the media became viscous as the cells began to secrete lipids and so it was important to use a large volume of media to avoid the media from becoming too viscous (for example: 3 mL of media was used in each well of a 12-well culture dish). Cells were used for 2-DOG uptake experiments 10–12 days after differentiation was initiated at a time when >95% of cells displayed intracellular lipid droplets that were evident by phase contrast microscopy at a 10 times magnification.
	4.7.3.2 2-DOG Uptake Assays

	All assays took place in either 12-well plates or 24-well plates (Falcon) with a minimum of six replicates for each condition. The volumes indicated here are for a 12-well assay and were halved for assays carried out in 24-well plates. Cells were treated with 100 (M PUGNAc or NButGT for 16 h before the start of the 2-DOG uptake assay in media containing 10 % FBS. The following day, cells were first washed twice with DMEM containing 5 mM glucose (Invitrogen) supplemented with 0.5% BSA (Sigma) and then incubated in this media for 2 hr. The purpose of this incubation period was to maximize insulin sensitivity since prolonged exposure to insulin and high glucose causes insulin desensitization. On the advice of Dr. Tucker, a 2 hr wash was enough time for full insulin sensitivity to return (personal communication). During this 2 hr incubation period, PUGNAc and NButGT were maintained at the same concentration. It is also important to note that special grade BSA that does not contain any insulin (Insulin RIA quality, Sigma) was used. Cells were then washed twice in Krebs-Ringer phosphate (KRP) buffer (126 mM NaCl, 4.7 mM KCl, 10 mM NaH2PO4, 0.9 mM MgCl2, 0.9 mM CaCl2, 0.5% BSA, pH 7.4) and incubated in 420 (L of this buffer for 15 min. Subsequently, 30 (l of insulin (Lilly) was added directly to the cultures to yield the desired insulin concentration. Also, at this time cytochalasin B (Sigma) was added to some wells to give a concentration of 10 (M. Cytochalasin B blocks glucose transporter uptake and so values obtained when using cytochalasin B represent non-glucose transporter mediated uptake into cells as well as any contribution from insufficient washing of cells. The cells were incubated for another 15 min, and then uptake assays were initiated by the addition of 50 (L of 2-DOG such that the cultures had a final concentration of 100 (M of 2-DOG (Moravek Radiochemical) and a specific activity of 0.5 (Ci/mL. After 6 min, the uptake was terminated by pouring of the liquid by inverting the plate into a waste bucket. The plates were then washed submerging the plate into 1 L of cold PBS. The plate was dried by blotting onto paper towel and then washed a second time into a second litre of cold PBS. Each litre of PBS was used for no more than four plates of cells to avoid build-up of radioactive material, which would result in inefficient washing. PBS containing 2% Triton X-100 (500 (l) was then added to each well, and 300 (L from each well was mixed with scintillation fluid and used for scintillation counting. Cells treated with cytochalasin B contained approximately 1/50th of the radioactivity as cells that had not been treated with cytochalasin B, indicating that the washing procedure was efficient and most glucose uptake was mediated glucose transporters. Additional 2-DOG uptake assays were carried out using cells treated with 100 (M NButGT or with vehicle (PBS) alone as described above except that the concentration of insulin was varied from between 0.1 to 200 nM. As well, studies were carried out to evaluate the effect of varying the length of 2-DOG uptake time from 2.5 to 12 min; the only parameter that differenced in these studies was the 2-DOG uptake time. Last, the concentration of 2-DOG was varied from 0.03 to 10 mM to evaluate the concentration dependence of the kinetic behaviour of 2-DOG transport in cells treated with 100 (M NButGT overnight as compared with control cells. For this last experiment, the amount of non-radioactive 2-DOG (Fluka) was varied while the amount of radioactivity was kept constant. The total amount of 2-DOG taken up was then corrected by ratio of “cold” to “hot” 2-DOG.
	4.7.3.3 Analysis of Akt and Phospho-Akt Levels

	All assays took place in 6-well plates (Falcon) with two replicates. Cells were treated with 100 (M PUGNAc or NButGT overnight for 16 hr. The following day, cells were first washed twice with DMEM containing 5 mM glucose (Invitrogen) supplemented with 0.5% BSA and then incubated in this media for 2 hr. During this 2 hr incubation period, PUGNAc and NButGT were included in this media at the same concentration as overnight. Cells were then washed twice in KRP buffer and incubated in this buffer for 15 min. Subsequently, insulin (0 or 10 nM final concentration) was added directly to the cells. The cells were incubated for another 15 min, washed once with cold PBS, and harvested by adding 400 (l of 1% SDS containing 50 mM (-mercaptoethanol. The cell lysates were collected and boiled for 10 min and these lysates were used for Western blot analyses. Densitometry was carried out using ImageQuant software (GE Healthcare).
	4.7.4 SK-N-SH
	4.7.4.1 Cell Culture


	SK-N-SH cells were cultured in DMEM containing 10% FBS. Experiments were initiated by plating cells onto a 10 cm plate containing 10 mL of media at approximately 10% confluence and adding 200 (M of the appropriate compound or vehicle (PBS). Throughout the experiment, the media was replaced with new media containing inhibitor every two days. After 4-5 days, a time in which the cells approached confluence, the cells were washed twice with PBS, trypsinized, and diluted (split) 1:3 onto a 15 cm plate containing 25 mL of media (three 15 cm plates were used to produce replicates of three). After another 4-5 days of growth in media containing the appropriate compounds, the cells reached approximately 95% confluence and were harvested. To harvest the cells, the cells were washed once with cold PBS and harvested by scrapping the flask in 10 mL of PBS using a rubber policeman. The harvested cells in PBS were transferred into a 15 mL conical tube and then the plate was washed with an additional 5 mL of media to ensure quantitative transfer of the cells. The cells were collected by centrifugation (250 rcf, 10 min), the supernatant was gently decanted and the resulting cell pellet was either frozen at -80 (C or used in the lipid extractions immediately. 
	4.7.4.2 Ganglioside Extractions

	Gangliosides were isolated according to Yowler et al. (376). Cells were first resuspended in 1 mL of water and then 3.5 mL of 2:1 methanol/chloroform was added. This suspension was stirred at room temperature overnight and the solid materials were pelleted by centrifugation (4000 rpm, 10 min). The supernatant was gently decanted using a pipette and set aside. To ensure that all the lipids had been extracted, the pellet was resuspended in another 3 mL of water/methanol/chloroform (0.8:1:2) and stirred for another 2 hr and the debris collected as a pellet by centrifugation the same as above. This supernatant was decanted and the combined supernatants were dried using a gentle stream of nitrogen gas (1-2 hr to evaporate). The residual solid was resuspended in 1 mL of 0.1 M NaOH in methanol and stirred at 37 oC for one hr. The solution was once again dried with nitrogen gas. The solid residue was resuspended in 2.5 mL of water and desalted using a PD-10 desalting column according to the manufacture’s protocol (GE Healthcare). The desalted solution was transferred to a tarred 5 mL glass vial and lyophilized. Typically, 0.6 mg of total lipid extracts were obtained from one 15 cm plate. 
	4.7.4.3 HPTLC Analysis of Gangliosides

	The lipid extracts were taken up in 2:1 chloroform/methanol at a concentration of 3 (g/(l. Sonication of the solutions in a sonication bath was required to solubilize all the material. According to the manufacturer’s protocol, 10 x 20 cm glass-backed HPTLC plates (Merck), provided generously by Dr. Rosemary Cornell, were first pre-developed for two hr in a solution of 50:50:15 chloroform/methanol/water and dried in a 100 (C over for one hr. The plate was cooled and kept in a desiccator prior to use. The solutions of extracted lipids (20 (L, 60 (g) were applied as a thin 0.5 cm wide band on a HPTLC plate (1 cm above the bottom of the plate) along with a total of 1 (g mixture of GM1, GM2, and GM3 (Axxion) as standards. A 0.25 cm space was left between each sample and the outer samples were 0.75 cm from the edge of the plate. A 10 (L glass syringe was used to apply the material and a continuous gentle stream of air was used to dry the liquid while it was being applied. The plate was developed in a solvent system consisting of 55:45:10 chloroform/methanol/water (containing 0.2% CaCl2) for one hr followed by a light, but uniform, spray with resorcinol as a visualizing agent (80% concentrated HCl, 0.2% resorcinol, 0.25 mM CuSO4), covered with a glass plate, and incubated in a prewarmed oven at 100 (C for 20 min. For documentation, the plates were scanned using a Typhoon imager using an excitation wavelength of 523 nM and no emission filter. Densitometry was performed using ImageQuant software.
	4.7.5 H4IIE Hepatocytes
	4.7.5.1 Cell Culture


	H4IIE cells were obtained from the ATCC. Cells were cultured in DMEM containing 5 mM glucose (Invitrogen) and supplemented with 10% FBS (HyClone) and grown at 37 (C in an atmosphere containing 5% CO2. Cells were passaged in the same way as described for COS-7 cells in Chapter 2. 
	4.7.5.2 Proliferation Assay

	To monitor the growth of H4IIE cells, approximately 10,000 cells were plated into each well of a 6-well plate which had been pre-coated with collagen (BD Biosciences) and 100 µM PUGNAc or NButGT, or PBS as a control, was added to the media. After each day, the number of cells were counted from three wells of each condition tested (triplicate data) and the media was replaced in wells not being counted to ensure that nutrients and inhibitors were maintained at the appropriate concentrations. To count the cells, the media was removed and cells were washed once with PBS and 200 (l of trypsin (Gibco) was added. After 3 min, 200 (l of media was added and each well was counted in duplicate using a hemocytometer.
	4.7.5.3 Glucose Output Assays

	Approximately 200,000 cells were plated into each well of a collagen-coated 48-well plate. At this time, NButGT or PUGNAc were added to the media at a concentration of 100 µM. The following day, the media was gently removed and the cells were gently washed twice with a large volume (1 mL) of PBS. It is extremely important that the washing step be done as gently as possible to avoid causing the cells to detach around the edges of the well. The same gentle washing procedure as was used as described above with the 3T3-L1 adipocytes. Cells were then incubated for four hr with 200 (L of DMEM lacking glucose (Invitrogen) and serum containing 2 mM sodium pyruvate (Sigma) and 20 mM sodium lactate (Sigma). This incubation step had a similar purpose to the incubation step used for 3T3-L1 cells; cells were required to be cultured without insulin to maximize their insulin sensitivity. NButGT and PUGNAc were supplemented at the same concentration as overnight. After four hr, the media was gently removed and the cells were washed once with 1 mL of PBS. The PBS was then completely and gently removed via micropipette and the cells were incubated in 100 (L of fresh buffer for two hr in order to monitor glucose production. Prior optimization of the assay showed that glucose output was linear up to two hr but the rate of glucose output decreased after two hr. During this two hr period, different concentrations of insulin (Eli Lilly) and NButGT and PUGNAc, as appropriate for the experiment, were kept in the media to maintain elevated O-GlcNAc levels throughout the course of the experiment. After an hr, 50 (L of media was collected and the concentration of glucose was determined using a fluorescently-coupled glucose oxidation assay according to the manufacturer’s protocol (Amplex Red, Invitrogen). It was verified that NButGT and PUGNAc do not interfere with the glucose oxidation assay. For assays in which insulin signaling was antagonized by activation of glucagon signaling pathways, a combination of 100 (M 8-Br-cAMP (Sigma) and 500 nM dexamethasone (Sigma) were added to cells 30 min prior to monitoring glucose output and then maintained at the same concentration through the course of the two hr incubation. All assays for glucose output were carried out using a minimum of six replicates.
	4.7.5.4 Transfection

	H4IIE cells were electroporated according to the manufacturer’s protocol (Transfection Kit V, Amaxa) and Dr. Michael Silverman is thanked for helping optimize the procedure as well as use of his laboratories equipment. Briefly, approximately 5,000,000 cells were pelleted (250 rcf, 8 min) and resuspended in the manufacturer’s electroporation buffer. Empty vector (pCMV-myc) or vector containing the gene encoding human OGT (5 (g) was added and the cells were immediately transferred into a cuvette for electroporation using a Nucleofactor 2 electroporator (program T-020, Amaxa). The cells were subsequently diluted into warm media and equally dispersed into 24 wells of a 48-well collagen-coated plate. Once the cells had adhered (3-4 hr), the media was replaced with fresh media and cells were allowed to grow overnight. Approximately one quarter of the cells did not adhere (even with a longer incubation period). A control vector that expresses GFP (pGFP-max) provided with the electroporation kit demonstrated that >75% of cells were successfully transfected using these conditions. Preliminary optimization showed that expression was maximal after 24 hr, therefore, the glucose output assay, as described above, was carried out one day after transfection. 
	4.7.5.5 Immunoprecipitations

	Cells were grown to 95% confluence in 175 mm flasks and treated overnight with 100 (M NButGT. The following day, the cells were harvested by scraping the flask using a rubber policeman and pelleting the cells by gentle centrifugation (200 rcf, 8 min). The cell pellet was resuspended in 500 (L of cold (4 (C) lysis buffer (PBS containing 0.5% nonidet P-40 (Igepal), protease inhibitor cocktail (Roche), and 1 mM NButGT, pH 7.4). To lyse the cells, the resuspended cells were pushed through a 27 gauge needle three times followed by three 20 second rounds of sonication (15% power; Fisher Scientific, Sonic Dismembrator 500). Insoluble cell debris were removed by centrifugation (17,900 rcf, 20 min). A small amount of the supernatant was set aside to analyze the input and the rest of the supernatant was added to protein A/G conjugated to agarose (40 (L) (Calbiochem) that had been pre-bound to a stock of 5 µL of (-FoxO1 or (-Akt. The combined lysates and beads were incubated on a rocking shaker at 4 (C overnight. The following day, the beads were spun down and washed once with 500 (L of lysis buffer and twice with 500 (L of PBS. Following the final wash, the beads were sucked dry using a micropipette and the beads were then boiled for 15 min after adding 80 (L of 1X SDS-PAGE loading buffer. The resulting supernatants were analyzed by Western blot as described above.  
	4.7.6 Preparation of Rodent Chow
	4.7.6.1 Synthesis of NButGT


	As large quantities of NButGT were required for these studies (approximately 500 g in total for all animal studies carried out in this thesis), optimization of the synthesis for successful large scale preparation of the inhibitor was required. A total of 6 steps are required to prepare NButGT from D-glucosamine. Earlier on, the first three steps, involving synthesis of 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride, were carried out according to a published protocol (329). When larger quantities became necessary, this intermediate was purchased from a commercial source (CarboSynth).
	Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido-(-D-glucopyranose –  
	1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-(-D-glucopyranose hydrochloride (200 g, 1 eq., 0.516 mol, CarboSynth) was added to 500 mL of DCM and cooled to 4 (C using a large ice bath.  Trietheylamine (160 mL, 2.2 eq., 1.13 mol) was added, followed by the slow addition of butyryl chloride (60 mL, 1.1 eq., 0.567 mol). After one hr, a time when the reaction had gone to completion as judged by TLC, the reaction mixture was transferred into a large separatory funnel and washed twice with sodium bicarbonate, twice with water, and once with brine. The organic layer was dried with MgSO4 for two min and then filtered. Following vacuum evaporation of the mixture to one quarter of the original volume, the product was crystallized by the slow addition of hexane. The product was filtered and dried overnight in the atmosphere on absorbent filter paper in a fume hood. The yield was typically > 90% for this step. 
	Synthesis of 3,4,6-tri-O-acetyl-1,2-dideoxy-2(-propyl-(-D-glucopyranoso-[2,1-d]-(2(-thiazoline –
	1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido-(-D-glucopyranose (100 g, 1 eq., 0.248 mol) was added to 400 mL of dry toluene. Lawesson’s reagent (60 g, 0.6 eq., 0.149 mol) was added and the reaction was stirred and heated to 80 (C for two hr in an oil bath. Typically, TLC analysis of the reaction mixture revealed that the product had completely disappeared within two hr; however, in instances where it had not, more Lawesson’s reagent was added and the reaction was allowed to proceed for another hr. Following completion of the reaction, the solution was cooled to room temperature and poured on top of 1 kg of pre-washed silica in a large (15 cm diameter, 3 L volume) sintered glass filter funnel. The silica was washed with 12 L of toluene to remove Lawesson’s reagent by-products. In this solvent system, the desired compound did not move through the silica. The eluent was then switched to ethyl acetate/hexanes in a 1:4 ratio. Using this solvent system, the desired product did not elute from the silica after using 12 L, whereas additional highly non-polar reaction by-products were removed by this wash. The solvent system was then switched to ethyl acetate/hexanes in a 1:1 ratio and the desired compound eluted in approximately 16 L. After vacuum evaporation of the solvent, an oil was left that was slightly yellow. Based on previous analytical samples, the faint yellow colouration of the material was due to the presence of unidentified contaminants. By NMR, the desired product accounted for > 95 % of the material but it could not be recrystallized even if it was further purified. This material was used in the next step without further purification. The yield for this step was typically in the range of 60-75% after the chromatography. 
	Synthesis of 1,2-dideoxy-2(-propyl-(-D-glucopyranoso-[2,1-d]-(2(-thiazoline –
	3,4,6-tri-O-acetyl-1,2-dideoxy-2(-propyl-(-D-glucopyranoso-[2,1-d]-(2(-thiazoline (50 g) was added to 400 mL of dry methanol and stirred at room temperature. Sodium methoxide was added until the solution was basic (pH > 10). The pH of the solution was monitored closely over the course of the reaction to ensure this basicity was maintained. Typically, after 30 min the reaction was judged to be complete by TLC analysis. Acetic acid diluted 1:20 into methanol was used to carefully neutralize the reaction. At this point, the product could be crystallized by the addition of ethyl acetate. Although the product appeared clean by TLC analysis, NMR spectroscopy revealed a small amount of an unidentified contaminant that was likely carried over from the starting material. Therefore, rather than immediate crystallization, the contaminant was removed by chromatography. To do so, the reaction was first concentrated by vacuum evaporation to a minimal volume (( 20 mL) then diluted ten-fold into ethyl acetate. Dilution had to be done slowly and carefully to avoid rapid crystallization and crashing out of the desired material. This solution was then added to 1 kg of pre-washed silica and then the column was washed using ethyl acetate/methanol in a 1:20 ratio. Using this solvent system, the product was retained on the silica but the yellowish contaminant eluted. The desired product was then eluted from the column sing a solvent system of ethyl acetate/methanol in a 1:5 ratio in approximately 10 L. The eluent containing the desired product was concentrated by vacuum evaporation. During concentration, the product began to crystallize after the amount of remaining solvent was less 500 mL. Once crystallization started, evaporation was stopped, the flask was placed in a refrigerator, and the material was allowed to fully crystallize over a period of several hr at 4 (C. The desired product formed fluffy white crystals that were filtered and washed with ethyl acetate. The mother liquor was concentrated and recrystallized to increase the recovered of the product. The product was dried overnight in regular atmosphere on absorbent filter paper in a fume hood and then dried under a vacuum for two hr. The yield for this final step ranged from 50 to 75 % of isolated material following column chromatography and crystallization. Prior to incorporating the inhibitor into animal chow, the final compound was verified by 1H NMR spectroscopy to be free of contaminants (see Figure A7 of the Appendix for a 1H NMR spectra of NButGT).          
	4.7.6.2 Incorporation of NButGT into Standard Chow

	Powdered standard rodent chow (600 g, 5001 Lab Diet) was combined with 360 mL of water containing the appropriate amount of inhibitor. The amount of added inhibitor was based on an average daily food consumption of 25 g and 3 g, respectively, for rats and mice. After thorough mixing by hand, the mixture was passed though a pasta maker (Creative Technologies) and dehydrated for 36 hr at 37 (C. Food for the control animals was processed in an identical manner. All food was stored at -20 (C until it was used.
	4.7.6.3 Incorporation of NButGT into High Fat Chow

	Chow containing 60% energy from fat was obtained from TestDiet (58Y1). To incorporate NButGT into this chow, the chow was warmed in a 37 (C oven for 30 min to soften. The appropriate amount of inhibitor was then added and the chow was mixed in a Kitchen Aid mixer for 5 min to ensure equal distribution. The chow was formed into cylinders, hardened at -20 (C, and cut into small chunks. Food for control animals was treated identically. All food was stored at -20 (C until it was used.
	4.7.7 Sprague-Dawley Rats
	4.7.7.1 Animal Care


	All experiments carried out on animals were approved by the university animal care committee (UACC) of Simon Fraser University. Audrey Wang, Mary Dearden, and Kim Buettner are thanked for assistance with technical procedures described below.  For studies with rats, five-week old Sprague-Dawley rats (Charles River) were acclimatized for one week prior to experimentation. Rooms were kept at 22 (C and maintained on a constant twelve-hr light/dark cycle and for most of the experiments, animals were housed individually so that food and water consumption for each animal could easily be monitored. Food and water were replaced every 2-3 days. Following the completion of experiments, animals were sacrificed by either a 100 mg(kg-1 intravenous injection of euthanyl (Bimeda-MTC) or with CO2. Tissues were collected immediately after sacrifice, flash frozen in liquid nitrogen, transported on dry ice, and stored at -80 °C until required. 
	4.7.7.2 Intravenous Glucose Tolerance Test (IVGTT) 

	Animals were fasted overnight (16 hr). Prior to initiating an IVGTT, a small sample of blood was taken from the saphenous vein and used to measured resting blood glucose levels using a glucometer (Accu-chek Advantage). To initiate the experiment, a 1 g(kg-1 tail vein injection of glucose (50 % in PBS, ( 500 (L) was delivered over 30 seconds. At various times, a small quantity of whole blood sampled from the saphenous vein was used to directly measure the concentration of glucose using a glucometer. As well, for studies in which insulin was monitored over the course of the experiment, 200 (L of blood was collected from the saphenous vein and stored on ice for one hr and then centrifuged at 2,000 rpm for 10 min to obtain serum. Samples were aliquoted and stored at -20 (C until further processing.
	4.7.7.3 Hyperinsulemic Euglycemic Clamp

	Animals were fasted overnight (16 hr). The following morning, animals were anesthetized with a 60 mg(kg-1 intraperitoneal injection of sodium pentobarbital (Bimeda-MTC). The tail vein was then catheterized and sodium pentobarbital was delivered at a constant rate of 11 mg(kg-1(min-1 (in saline solution containing 20 U/mL heparin) for the remainder of the experiment in a total volume of 2 mL. While unconscious, a catheter was inserted in the femoral artery and then looped back into the femoral vein to create a blood sampling loop that minimizes blood loss (409). For two hr, insulin (2.5 mL in total, Lilly) and a 50% solution of glucose were delivered to the animal via the tail vein catheter. The rate of insulin infusion was either 3 or 20 mU(min-1(kg-1 for the two experiments carried out in this thesis. Delivery of insulin was initiated four min prior to the glucose. Every five min, blood glucose levels were determined using a glucometer and the glucose infusion rate was adjusted to maintain a level of 5 mM throughout the experiment. The heart rate (( 320-350 beats per min) and temperature (( 37 (C) of the animal were carefully monitored throughout the procedure to ensure the results represent normal physiological conditions. If the heart rate slowed to 20 beats per min less than the heart rate at the beginning of the procedure, the rate of infusion of anaesthetic was decreased. Conversely, if the animal responded to a tail pinch (done every 10-15 min), the rate of anaesthetic infusion was increased.  
	4.7.8 Mice
	4.7.8.1 Animal Care


	For studies with mice, C57BL/6 mice (Charles River) were obtained at 3-weeks of age and allowed to acclimatize for one week prior to experimentation. Four mice were housed per cage and all general procedures and handling were the same of those described above for rats. 
	4.7.8.2 Oral Glucose Tolerance Test (OGTT)

	Animals were fasted overnight (16 hr). Prior to initiating the OGTT, a small sample of blood was taken from the saphenous vein and used to measure resting blood glucose levels using a glucometer. As well, 100 (L of blood was collected from the saphenous vein for serum analysis. The blood samples were stored on ice for 1 hr and then centrifuged (2,000 rpm, 10 min) to obtain serum. Samples were aliquoted and stored at -20 (C until further processing. To initiate the experiment, 1 g(kg-1 of glucose (25 % in PBS, ( 100 (l) was delivered via gavage. At various times, a small quantity of whole blood taken from the saphenous vein was used to directly measure the concentration of glucose. 
	4.7.9 Analysis of Tissue Samples
	4.7.9.1 Tissue Homogenization


	Tissues were homogenized by manual grinding of frozen tissue samples into a fine powder using a mortar and pestle. The mortar and pestle were pre-cooled on dry-ice and the tissues were never allowed to thaw before homogenization. Using a scale, a precise quantity of this tissue was collected and homogenized in cell lysis buffer (50 mM NaH2PO4, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.25% sodium deoxycholate, 1 (g/mL aprotinin, 1 (g/mL leupeptin, 1 (g/mL pepstatin, 1 mM sodium orthovanadate, 1 mM PMSF, 1 mM EDTA, and 1 mM NButGT, pH 7.4) using a tissue homogenizer (T-18 Ultra-Turrax, Ika). For immunoprecipitations, the buffer contained only 0.5% nonidet P-40 (Igepal) as a detergent and did not contain any SDS or sodium deoxycholate. Typically, 200 mg of the ground tissue was homogenized in 2 mL of homogenization buffer. Insoluble cell debris were removed by centrifugation (17,900 rcf, 20 min) at 4 (C and the resulting supernatant was used immediately or stored at -20 °C until required.
	4.7.9.2 Immunoprecipitations

	Homogenates (400 (L) were added to Protein A/G – Agarose beads (40 (L) to which 5 (L of (-Sp1 had been pre-bound and washed. The combined lysates and beads were rocked at 4 (C for two hr and the beads were then washed four times with lysis buffer after which all the buffer was removed. Immunoprecipitated protein was then eluted by boiling the beads in 100 (l of 1X SDS-PAGE loading buffer for ten min. Western blot analyses of the immunoprecipitates were then carried out as described above.
	4.7.9.3 Ganglioside Extractions

	Brains were manually ground into a fine powder using a mortar and pestle as described above. A precise amount of this powdered tissue (approximately 100 mg) was homogenized in 1 mL of water using the same tissue homogenizer as above. The lysates were cleared by centrifugation (17,900 rcf, 20 min). The lipids were extracted from this mixture using 3.5 mL of chloroform/methanol/water (2:1) and the same procedure was followed as described above for extraction of lipids from SK-N-SH cells. After lyophilization, the extracts were resuspended at 5 mg/mL in 2:1 chloroform/methanol. Gangliosides were analyzed by HPTLC in the same manner as described above.
	4.7.9.4 Serum Analysis

	Insulin and leptin levels were determined using an ELISA kit (Alpco). Free fatty acid triglyceride content in the serum was determined using the appropriate kits (Sigma). To measure the pharmacokinetics of clearance of NButGT from Sprague-Dawley rats, a six-week old SD rat was given a 50 mg kg-1 tail vein injection of NButGT. At various times, 200 (L of blood was collected into a 1.5 mL conical disposable tube, allowed to clot for 30 min at room temperature and then centrifuged (200 rcf, 10 min) to isolate the serum. The serum was stored at -20 (C until required for use. The concentration of NButGT in the serum samples was measured using an enzyme inhibition assay with the assistance of Scott Yuzwa. First, serum obtained from the animal several hr prior to the animal receiving an injection of NButGT was used to generate samples containing various concentrations of NButGT in order to generate a standard curve. A small aliquot of serum containing NButGT was added to an enzymatic assay consisting of 500 (M pNP-GlcNAc and 100 nM O-GlcNAcase in PBS (pH 7.4) and the reaction was monitored continuously in a spectrophotometer at 400 nM. Serum alone did not produce a significant rate, nor did it inhibit O-GlcNAcase. From this data, a standard curve was prepared. Serum collected from the animal at different times following injection of NButGT was then analyzed by the same enzyme assay and the concentration of the inhibitor present in each sample was established using the standard curve. When necessary, dilutions of the serum samples were done using serum devoid of inhibitor. Values for the inhibitor concentration was plotted as a function of time and fit to a single exponential equation.
	Chapter 5: INSIGHT INTO THE BIOLOGICAL SIGNIFICANCE OF THE ACTIVE SITE POCKET OF OGA
	5.1 Hypothesis for a Metabolically-Derived Analogue of N-acetylglucosamine

	In nature the metabolic machinery responsible for biosynthesis of glycoconjugates is often surprisingly tolerant to variation in the structures of their natural substrates (410). This tolerance can result in further diversification of an already heterogeneous population of glycoforms (411) and may serve as an evolutionary advantage (412) or, alternatively, may be an evolutionary relic (413). Cells, however, must be able to degrade the full complement of glycoconjugates in order to recycle individual components and avoid the deleterious accumulation of these species. This requirement is underscored by the existence of disease states, such as the set of lysosomal storage diseases, in which various glycoconjugates accumulate to toxic levels (18). In this regard, the active site pocket of OGA (described in detail in Chapters 2 and 3) is intriguing, particularly since this pocket is conserved among bacterial pathogens and symbiotes that colonize metazoans. It seems likely that such a relatively large and conserved pocket did not evolve by accident but rather out of some specific requirement to process a metabolically-derived analogue of N-acetylglucosamine. A derivative of N-acetylglucosamine having a 2-N-acyl group bulkier than the 2-acetamido group has never been identified in cells, yet, knowledge of the eukaryotic metabolic pathways for sugars containing an acetamido group suggests such a species could exist (3) 
	UDP-GlcNAc is made via the hexosamine biosynthetic pathway (HBSP) in four steps from fructose-6-phosphate and is used as an intermediate in the biosythesis of two other high energy donor sugars (Figure 5.1). UDP-GalNAc is made directly from UDP-GlcNAc by an epimerase termed GalE, while CMP-NeuAc is made from UDP-GlcNAc in five steps via the sialic acid biosynthetic pathway. Sialic acid is a critical molecule that plays a variety of roles in health and disease in large part because of its location at the non-reducing end of glycoconjugates. As a consequence of being situated at the outer most part of cell surface glycans, sialic acid is exposed to the extracellular environment and is a key marker for intercellular recognition or, alternatively, recognition by pathogens (414). Being the first line of defense for cells places a great deal of selective pressure on the presentation and modification of sialic acid and, therefore, it is not surprising that sialic acid can be derivatized in different ways to produce heterogeneity (412).
	Figure 5.1:  Biosynthesis of sugars bearing an acetamido group. 
	UDP-GlcNAc is made in four steps from fructose-6-phosphate via the hexosamine biosynthetic pathway. UDP-GlcNAc is epimerized to UDP-GalNAc by an epimerase termed GalE. UDP-GlcNAc can also be transformed into CMP-NeuAc in five steps via the sialic acid biosynthetic pathway (box). CMP-NeuAc can be converted into CMP-NeuGc by a monooxygenase that hydroxylates the methyl group of the 5-acetamido group of CMP-NeuAc. Catabolism of NeuAc and NeuGc is known to begin with their breakdown to ManNAc and ManNGc, respectively, catalyzed by N-acylneuraminate pyruvate lyase. It is unknown if ManNAc or ManNGc are broken down further, however, mammals have a GlcNAc 2-epimerase that might act to transform ManNGc into GlcNGc.
	One derivative of sialic acid (N-acetylneuraminic acid or NeuAc) is N-glycolylneuraminic acid (NeuGc) (Figure 5.2a). This derivative has a single hydroxyl group appended to the 5-acetamido group of NeuAc, which is added by CMP-NeuAc hydroxylase (Figure 5.1). Interestingly, NeuGc is equally abundant as NeuAc in some cell types although the ratio of the two forms varies among cells and tissues (412). One outstanding question in the field of sialic acid biology is the fate of the glycolyl moiety since no studies have shown how it is catabolized. NeuAc or NeuGc can be degraded to ManNAc or ManNGc (Figure 5.2c), respectively, via an enzyme termed N-acylneuraminate pyruvate lyase (415)  (Figure 5.1). The fate of ManNGc remains a mystery that been noted for some time (416). Although ManNGc could simply recycle back to CMP-NeuGc, this would be energetically futile and could possibly result in accumulation of ManNGc, NeuGc, or another metabolic intermediate. As there are no reports of any of these species being present at high levels in the cell, it seems likely that ManNGc is further broken down.
	Figure 5.2:  Chemical derivatization of the acetamido group of NeuAc, ManNAc, and GlcNAc. 
	The glycolyl derivatives of NeuAc and ManNAc are known to occur in nature; however, GlcNGc has never been reported. The azide derivatives are used by chemical biologists to track and visualize glycoconjugates metabolically incorporated with these derivatives.
	All mammals contain an epimerase, termed GlcNAc 2-epimerase, that converts ManNAc directly to GlcNAc (Figure 5.1). This enzyme has not been heavily studied but work by Luchansky et al. reported two notable observations about the enzyme (417). First, the authors concluded that GlcNAc 2-epimerase is very likely involved in catabolism, rather than anabolism, of sialic acid since overexpression of this enzyme resulted in reduced sialic acid content in cultured cells even in the presence of a high concentration of GlcNAc. In support of this observation, an earlier study found that only a fraction of radiolabelled ManNAc added to cultured cells is incorporated into glycoconjugates in the form of a sialic acid (418). This latter observation prompted the authors to speculate that epimeration of ManNAc to GlcNAc, and subsequent incorporation of GlcNAc into glycoconjugates, might be the fate of ManNAc (418). A second observation made by Luchansky et al. was that the catalytic efficiency of GlcNAc 2-epimerase towards ManNAz (Figure 5.2d), which has been used extensively for metabolic incorporation into NeuAz (Figure 5.2b) (33, 419, 420), was only 2.5-fold less than ManNAc (417). This latter point is of obvious interest from the standpoint of the glycolyl moiety. Since an azide group is even larger than the hydroxyl group of a glycolyl moiety, GlcNAc 2-epimerase may be capable of converting ManNGc to GlcNGc (Figure 5.2e) in a manner similar to conversion of ManNAc to GlcNAc. 
	Although a structure of porcine GlcNAc 2-epimerase was determined some years ago, attempts to provide a detailed description of the active site failed due to the poor electron density that was obtained for co-crystallized ligands (421). Nevertheless, the authors did show that the base of the putative active site contains a pocket that is 10 Å deep. Interestingly, one older study presented data that strongly suggested GlcNGc could be converted to ManNGc; radiolabelled ManNGc was converted to 6-phospho-hexopyranose by a cell lysate, which suggests a pathway involving epimerization of ManNGc to GlcNGc, phosphorylation to form GlcNGc-6-P, deacetylation to generate GlcN-6-P, and finally deamination to form fructose-6-phosphate (422). Therefore, based on the ability of GlcNAc 2-epimerase to tolerate ManNAz as a substrate, the apparent spacious active site of this enzyme, and the older study suggesting that catabolism of the glycolyl group proceeds through a pathway involving epimerization to GlcNGc, it is very likely that GlcNAc 2-epimerase can accept ManNGc as a substrate. This has important implications from the standpoint of the O-GlcNAc modification since earlier work showed that the enzymatic machinery that is used to convert exogenous GlcNAc to UDP-GlcNAc, as well as OGT and OGA, can readily process substrates based on GlcNAz (Figure 5.2f) (34). The ability all these enzymes to handle the azido group may also suggest that they, too, have evolved this function for the purposes of handling the glycolyl moiety. In fact two older studies support this idea; one study showed that GlcNGc could be converted to GlcNGc-6-P and GlcNGc-1-P by a sheep colonic mucosa cell extract with reasonable efficiency (423), while another study using purified GlcNAc-6-P phosphomutase demonstrated that this enzyme could convert GlcNGc-6-P to GlcNGc-1-P with only a 3-fold decrease in catalytic efficiency compared to GlcNAc-6-P (424). 
	With these thoughts in mind, studies were initiated to test two hypotheses. The first hypothesis is that GlcNGc can be salvaged through the HBSP to generate O-GlcNGc modified proteins. The second is that ManNGc is converted to GlcNGc, which can be used to generate O-GlcNGc modified proteins. Either, or both, of these possibilities holding true would offer an elegant rational for the presence of the pocket found in OGA and other GH84 enzymes. The pocket would be necessary to process O-GlcNGc modified proteins which might otherwise accumulate to high, and potentially toxic, levels.
	5.2 Determining the Fate of ManNGc and GlcNGc in Cells Devoid of a Glucosamine-6-Phosphate Acetyl Transferase Activity
	5.2.1 EMEG32 Deficient Mouse Embryonic Fibroblasts


	Cells require a plenitude of UDP-GlcNAc for the many glycosyltransferases that use it as a substrate and also as a metabolic intermediate for the biosynthesis of GalNAc and NeuAc (Figure 5.1). Indeed, studies have shown that the intracellular concentration of UDP-GlcNAc is approximately 100 (M, which is fairly high compared to most uridine diphosphate sugars (425). When exogenous sugars such as GlcNAc, or a derivative thereof, are added to cultured cells they are scavenged and enter the HBSP through the action of GlcNAc kinase (34) (Figure 5.1). Because of the high concentrations of UDP-GlcNAc made from fructose-6-phosphate via the HBSP, UDP-GlcNAc salvaged from GlcNAc will only make up a small percentage of the overall pool of UDP-GlcNAc. Therefore, to observe significant incorporation of exogenously added GlcNAc, or a derivative thereof, into the UDP-GlcNAc pool a cell line that cannot make its own supply of UDP-GlcNAc would be ideal. Biosynthesis of UDP-GlcNAc via the HBSP, however, is necessary for life as demonstrated by a genetic study that showed deletion of the gene encoding GNAT (EMEG32) results in embryonic lethality in mice (26). Despite the fatal consequence at the organismal level, mouse embryonic fibroblasts (MEFs) from both homozygous (EMEG32-/-) and heterozygous (EMEG32-/+) EMEG32 deficient embryos have been generated. EMEG32-/+ MEFs have been shown to have no deficiencies in growth rate or biosynthesis of UDP-GlcNAc levels while the growth rate of EMEG32-/- MEFs is impaired (26). Consistent with the ability of EMEG32-/- MEFs to survive, they do have a small amount of UDP-GlcNAc, estimated to be 1/50th the concentration of EMEG32-/+, which is presumably derived from scavenging free GlcNAc or degrading GlcNAc containing glycans present in the serum used during cell culture. It follows that the growth rate and levels of UDP-GlcNAc levels of EMEG32-/- should be rescued by GlcNAc added to the growth media and this has indeed been shown to be the case (26). Thus, EMEG32-/- MEFs are an excellent tool for investigating the effects of exogenously added GlcNAc, or derivatives thereof, on cells and the tolerance of the HBSP to such compounds.  
	5.2.2 Effect of Exogenous ManNGc and GlcNGc on Growth Rate 

	EMEG32-/- and EMEG32-/+ cells were obtained as a generous gift from Dr. Tak Mak (Ontario Cancer Institute). In a similar result as describe previously (26), the growth rate of cells deficient of the EMEG32 gene approached the growth rate of the heterozygous cells when 10 mM GlcNAc was added (Fig. 5.3a). Heterozygous cells showed no enhancement in growth rate when GlcNAc was added to the culture media (Fig. 5.3b). In parallel, cells were treated with varying concentrations of GlcNGc. In EMEG32-/- cells, GlcNGc (made kindly by Jefferson Chan from Dr. Andy Bennet’s laboratory) rescued the growth rate up to a concentration of 10 mM, albeit the rescue was not as great as with GlcNAc (Fig. 5.3a). Above 10 mM GlcNGc, cells began to grow more slowly and this appears to be specific to GlcNGc, and not some contaminant present in the compound, since the same effect was not observed when using GlcNGc in EMEG32-/+ cells (Fig. 5.3b). These results suggest, in a preliminary manner, that GlcNGc might be converted to UDP-GlcNGc, which can partially substitute for UDP-GlcNAc.
	Previous work by Boehmelt et al. did not establish whether ManNAc can rescue the growth rate of EMEG32-/- cells (26). As some cell lines do not express GlcNAc 2-epimerase (417), it is uncertain whether EMEG-/- cells express this enzyme. Treating EMEG32-/- cells with various concentrations of ManNAc resulted in a rescue of growth rates with high concentrations of ManNAc (Fig. 5.4a). The high concentration of ManNAc 
	Figure 5.3:  Effect of GlcNAc and GlcNGc on the growth rate of EMEG32 -/- and EMEG32 -/+ MEFs. 
	Approximately 5000 cells were plated onto 12-well plates and at the end of 5 days of growth under the specified condition, the cells were counted on a hemocytometer to obtain the doubling time. Each experimental condition was repeated in at least triplicate and the errors represent the standard deviation between these replicates.
	required to observe an effect is in keeping with earlier reports showing that ManNAc is not as readily taken up into the cell as is GlcNAc (419) and that uptake of ManNAc is nonsaturable up to a concentration of 20 mM (418). At high concentrations, ManNGc (also made kindly by Jefferson Chan) produced a minor increase in growth rate at 20 mM; however, the difference was not statistically significant (p = 0.09) (Fig. 5.4a). On the other hand, 20 mM ManNGc had a slightly deleterious effect on the growth rate of EMEG32-/+ cells (Fig. 5.4b). This latter observation suggests that the effect of ManNGc on the growth rate of EMEG32-/- cells is complicated by two factors. One effect is epimerization of ManNGc to GlcNGc, which can in turn likely be transformed into UDP-GlcNGc and thereby rescue the growth rate by substituting for UDP-GlcNAc. The other effect may stem from high levels of ManNGc or some metabolic intermediate derived from ManNGc. One further complication is that since ManNAc appears to gain access to the cell through passive diffusion (418), the ability of ManNGc to passively diffuse into the cell may be hindered compared to ManAc because of the extra hydroxyl group. With these complications in mind, the growth rate data for EMEG32-/- cells treated with ManNGc does suggest that it can be epimerized to GlcNGc. Regardless, these growth rate data suggest that GlcNAc 2-epimerase is operative in these cells and that the HBSP is capable of converting GlcNGc to UDP-GlcNGc. More direct evidence, however, was needed to convincingly demonstrate this proposal is true.
	Figure 5.4:  Effect of ManNAc and ManNGc on the growth rate of EMEG32 -/- and EMEG32 -/+ MEFs. 
	Approximately 5000 cells were plated onto 12-well plates and at the end of 5 days of growth under the specified condition, the cells were counted on a hemocytometer to obtain the doubling time. Each experimental condition was repeated in at least triplicate and the errors represent the standard deviation between these replicates.
	5.2.3 Monitoring UDP-GlcNAc Levels 

	To test if exogenously added GlcNGc can be converted to UDP-GlcNGc within EMEG32-/- cells, an assay was adapted from several previous studies (426-428) and implemented by a co-worker, Wesley Zandberg, to analyze levels of NDP-sugars from cells by capillary electrophoresis (CE). When EMEG32-/- cells were incubated with 5 mM GlcNAc overnight, the levels of UDP-GlcNAc dramatically increased as expected (Fig. 5.5a - GlcNAc). On incubation with 5 mM GlcNGc, two new peaks appeared in the electrophoretogram (Fig. 5.5a – GlcNGc; peaks 2 and 5). One peak eluted slightly before UDP-GlcNAc (Figure 5.5, peak 2) and it was confirmed that this was a separate peak by mixing samples treated with GlcNAc and GlcNGc (Fig. 5.5a - mixture). A second new peak (Figure 5.5, peak 5) came out between UDP-Glc and UDP-GalNAc. We hypothesized that the two new peaks were UDP-GlcNGc and, since UDP-GalNAc is make directly from UDP-GlcNAc, UDP-GalNGc. Nevertheless, in the absence of  standards the identity of these two new peaks could not be unambiguously assigned. 
	To assign the identity of these two new peaks, synthetic standards of UDP-GlcNGc and UDP-GalGc were made enzymatically from GlcNGc-1-P (provided kindly by Dr. Keith Stubbs). Two recombinant enzymes were used for this biosynthesis: Agx1, a UDP-HexNAc pyrophosphorylase that catalyzes the transfer of UDP from UTP to 
	Figure 5.5:  UDP-GlcNGc is biosynthesized from exogenously supplied GlcNGc. 
	(A) EMEG-/- cells were treated for 24 hours with either 5 mM GlcNAc or GlcNGc. Cells were then harvested and nucleotide mono-, di-, and tri-phosphate containing compounds were isolated from cell extracts and analyzed by capillary electrophoresis. Commercially available standards (upper trace) established the electrophoretic mobilities of (1) GDP-Glc (8.6 min.; used as an internal standard), (3) UDP-GlcNAc (8.9 min), (4) UDP-Glc (9.3 min.), (6) UDP-GalNAc (9.85 min.), and (7) UDP-Gal (10.2 min.). Peaks labelled 3 (8.8 min.) and 5 (9.75 min.) are unique to cells treated with GlcNGc and mixing samples from GlcNAc and GlcNGc treated cells (mixture) strongly suggesting that peak 2 is not the peak arising from UDP-GlcNAc. (B) To establish the identity of peaks 2 and 5, GlcNAc-1-P and GlcNGc-1-P were converted to UDP-GlcNAc and UDP-GlcNGc, respectively, by the enzyme Agx1. Additionally, UDP-GlcNAc and UDP-GlcNGc were converted to UDP-GalNAc and UDP-GalNGc, respectively, by the epimerase GalE.
	GlcNAc-1-P, and GalE, a UDP-HexNAc 4-epimerase that catalyzes the interconversion of UDP-GlcNAc and UDP-GalNAc. As shown in Figure 5.5b, Agx1 was capable of making UDP-GlcNAc when GlcNAc-1-P was incubated with UTP. When GalE was added to the reaction mixture a second peak could be observed that corresponded to UDP-GalNAc. When GlcNGc-1-P was used as a substrate, a peak was observed that eluted from the capillary slightly before UDP-GlcNAc and, importantly, this peak has the same electrophoretic mobility as the first new peak (Figure 5.5, peak 2) from the cells treated with GlcNGc. When GalE was added to the reaction mixture, another peak eluted from the capillary at the same time as the second new peak (peak 5) from the cells treated with GlcNGc. Carrying out a reaction with GlcNAc-1-P and GlcNGc-1-P at equimolar concentrations in the presence of Agx1 and GalE resulted in the production of the expected four product peaks (Figure 5.5a, peaks 3,4,6, and 7). It should be noted that the two enzymes used here, Agx1 and GalE, are the human enzymes and so these observations support the ability of these enzymes to handle substrates having the glycolyl moiety in human cells and other eukaryotes, such as mice, in which these enzymes are reasonably conserved at the amino acid level. Therefore, the results presented here show that the enzymatic machinery of the HBSP in mammals is capable of converting GlcNGc to UDP-GlcNGc. 
	5.3 Evidence for the O-GlcNGc Modification

	The results presented thus far strongly suggest that UDP-GlcNGc can be made within cells (Figure 5.5) and that the viability of cells having low UDP-GlcNAc levels can be partially rescued by GlcNGc (Figure 5.4). It follows that UDP-GlcNGc may be used by various glycosyl transferases of the cell. OGT has been previously shown to use UDP-GlcNAz as a substrate (34), which is a strong indication that it might be able to use UDP-GlcNGc with reasonable efficiency. The large active site pocket of OGA also suggests that it too might be capable of processing O-GlcNGc modified proteins. To address this question, 4-nitrophenyl 2-deoxy-2-hydroxyacetamido-(-D-glucopyranoside (pNP-GlcNGc) was prepared by Jefferson Chan and I tested it as a substrate with human OGA and HexB. OGA was able to catalyze cleavage of this substrate (Figure 5.6a) and its catalytic efficiency (Vmax/[E](KM) toward pNP-GlcNGc was 48-fold lower compared to pNP-GlcNAc (Figure 5.6a, Table 5.1). On the other hand, the catalytic efficiency of human HexB towards pNP-GlcNGc was much lower (550-fold) compared to its efficiency toward pNP-GlcNAc (Figure 5.6b, Table 5.1).
	Figure 5.6:  Enzymatic activity of human OGA and HexB toward pNP-GlcNGc.
	The catalytic efficiency of (A) human OGA and (B) HexB was assessed by obtaining full Michaelis-Menten plots against pNP-GlcNAc (squares) and pNP-GlcNGc (circles). Insets show that rates with the glycolyl derivative were slower but did still show Michaelis-Menten behaviour.
	Table 5.1:  Enzymatic parameters describing the hydrolysis of pNP-GlcNAc and pNP-GlcNGc by human OGA and HexB.
	Therefore, it appears that the large active site pocket of OGA, revealed in Chapters 2 and 3, make it significantly more efficient in processing a substrate having a glycolyl moiety as compared to the lysosomal HexB, the structure of which reveals there is no pocket beneath the 2-acetamido group (274, 276). As no structural variation to the O-GlcNAc modification has been demonstrated to date, we thought it would be interesting to see if cells treated with GlcNGc do form the O-GlcNGc modification. To do so, we initially used EMEG32-/- cells to avoid competition from GlcNAc made via the HBSP since this should result in high levels of O-GlcNGc thereby making it feasible to detect O-GlcNGc within these cells. 
	5.3.1 EMEG32 Deficient Cells
	5.3.1.1 Evidence from Western Blots


	EMEG32-/- cells treated for 24 hours with 5 mM GlcNAc or GlcNGc were harvested and O-GlcNAc levels analyzed by Western blot (Figure 5.7a). As measured this way, O-GlcNAc levels increased substantially in cells treated with 5 mM GlcNAc compared to control cells, which is consistent with the large increase in UDP-GlcNAc levels observed when these cells were treated with 5 mM GlcNAc (Figure 5.5a). In contrast, immunoreactivity of lysates derived from cells treated with 5 mM GlcNGc was greatly diminished compared to control cells despite equivalent loading of all samples. Initially, this result was surprising and prompted the investigation of two other anti-O-GlcNAc antibodies (RL2 and HGAC85). These were tested and a similar phenomenon was observed (Figures 5.7b,c). Additionally, EMEG32-/- cells treated with 20 mM of either ManNAc or ManNGc showed a similar trend except that the differences in levels of immunoreactivity were not quite as dramatic (Figure 5.7d). 
	Two possibilities could account for this decrease in immunoreactivity: these antibodies have decreased binding affinity to possible O-GlcNGc-modified proteins or some GlcNGc metabolite could act as an inhibitor of OGT. To assess if the first possibility was the cause, the CTD110.6 anti-O-GlcNAc antibody was tested for its ability to bind GlcNAc and GlcNGc by pre-incubating it with different concentrations of GlcNAc or GlcNGc prior to using it for a Western blot analysis of cell lysates. Strikingly, approximately 100-fold more GlcNGc is required to block antibody binding (Figure 5.8), which strongly suggests that the CTD110.6 antibody has a strong preference for the 2-acetamido group of GlcNAc over the 2-N-glycolyl group of GlcNGc. Therefore, the 
	Figure 5.7:  Effect of GlcNGc and ManNGc on O-GlcNAc levels in EMEG32-/- cells. 
	Cells were treated for 24 hours with either 5 mM of GlcNAc or GlcNGc (A-C) and ManNAc or ManNGc (D). O-GlcNAc levels were assessed by Western blot analyses using three different O-GlcNAc antibodies. In all cases cells treated with GlcNGc or ManNGc show lower immunoreactivity using these antibodies (A,D, CTD110.6; B, RL2; C, HGAC85). The upper panels represents Western blots with the specified anti-O-GlcNAc antibody while the lower panels are Western blots obtained using an anti-(-actin to demonstrate equal loading of samples.
	Figure 5.8:  The CTD110.6 anti-O-GlcNAc antibody binds GlcNGc with lower affinity than GlcNAc. 
	The antibody was incubated with the specified concentration of either GlcNAc or GlcNGc for 10 min prior as well as during probing of the blots containing cell lysates from EMEG32-/- cells treated with GlcNAc.
	decrease in immunoreactivity observed in lysates from EMEG32-/- cells treated with GlcNGc or ManNGc likely represents (-O-linked GlcNGc on nucleocytoplasmic proteins. The results with ManNAc and ManNGc support the findings from the growth data and, together, strongly suggest that GlcNAc 2-epimerase is present in these cells and can epimerize ManNGc to GlcNGc. Nevertheless, the evidence for O-GlcNGc-modified proteins, demonstrated here by Western blot, is indirect and so more direct evidence was pursued.
	5.3.1.2 Evidence from Enzymatic Cleavage Experiments 

	The active site pocket of GH84 family members endow them with the ability to bind and act on substrates with 2-N-acyl groups bulkier than the 2-acetamido group, which is an ability not shared with GH20 family members. This is clearly outlined in the enzymology studies presented in Chapters 2 and 3 and also in Figure 5.6. The difference in the ability of these two enzymes to process glycosides of GlcNGc was exploited to provide further evidence for the presence of O-GlcNGc-modified proteins in cells treated with GlcNGc. For these studies, the human enzymes (OGA and HexB) were not used because of the requirement for large amounts of enzyme in the experiments and difficulties associated with obtaining sufficient quantities. Instead, BtGH84 (GH84) and SpHex (GH20) were used since they can be expressed recombinantly at high levels and have very similar active site structures and enzymatic properties as human OGA and HexB, respectively (266, 276). To this end, lysates from GlcNAc or GlcNGc treated EMEG32-/- cells were treated with BtGH84 or SpHex. As shown in Figure 5.9, upon incubation of BtGH84 with lysates derived from EMEG-/- cells treated with either GlcNAc or GlcNGc, O-GlcNAc immunoreactivity decreased rapidly and after 60 min only 5% of the signal remained. On the other hand, SpHex was able to decrease the signal from lysates derived from cells treated with GlcNAc to less than 10% after 60 min but only 40% from cells treated with GlcNGc. This result is in keeping with the great preference of GH20 family members for the 2-acetamido over bulkier derivatives of this substituent and supports the proposal that GlcNGc supplemented exogenously to cells is attached to nucleocytoplasmic proteins via a (-O-glycosidic linkage.
	Figure 5.9:  The GH20 member SpHex removes O-GlcNGc from modified proteins less efficiently than the GH84 member BtGH84. 
	(A) EMEG32-/- cells treated with either 5 mM GlcNAc or GlcNAc for 24 hours were treated with either 0.1 mg/mL of BtGH84 or SpHex. After each of the specified times, an aliquot of the reaction was removed and stopped by the addition of SDS-PAGE loading buffer. Samples were then analyzed by Western blot using the CTD110.6 anti-O-GlcNAc antibody. Note that the blots from GlcNGc-treated cells are longer exposures to better compare with GlcNAc-treated cells. (B) Densitometry of the blots revealed immunoreactivity observed in sampes treated with GlcNGc did not decrease at the same rate and extend when treated with SpHex acting on samples from cells treated with GlcNAc. 
	5.3.1.3 Direct Evidence for O-GlcNGc by HPLC Analysis of BtGH84 Liberated Sugars

	Thus far, the two pieces of evidence presented in support of the O-GlcNGc modification have relied on somewhat indirect evidence: antibody binding and enzymatic activity. More direct and unambiguous evidence was needed to convincingly support this view and, therefore, an HPLC assay was designed to monitor the liberation of GlcNAc and GlcNGc from proteins catalyzed by BtGH84. As described in the previous section, BtGH84 can remove both GlcNAc and GlcNGc and although its activity is undoubtedly higher towards GlcNAc, the abundant expression of this protein enables the addition of large amounts of enzyme to speed reactions toward completion. Indeed, when using concentrations of BtGH84 10-fold higher than in the previous experiments (Figure 5.9), Western blot analysis showed that O-GlcNAc immunoreactivity decreased to background in approximately 5 min (data not shown). To monitor GlcNAc or GlcNGc liberated in these experiments, anion-exchange HPLC in conjugation with electrochemical detection was used. Preliminary experiments designed to guide optimization of the assay showed that GlcNGc was retained by the anion exchange column and eluted late in the chromatogram. The long retention time of GlcNGc indicates it interacts more strongly with the solid phase of the column (immobilized quaternary ammonium ion) likely because the highly basic mobile phase (aqueous 20 mM sodium hydroxide) partly deprotonates the acidic group present on the glycolyl moiety, enhancing the interaction with the stationary phase making it stronger than the interaction with GlcNAc with the stationary phase. 
	EMEG32-/- cells (5 x 107) were treated with either 5 mM GlcNAc or GlcNGc for 48 hours. To minimize background interference with the assay arising from salts and small molecules present in the cell lysates, a homogenization buffer containing low salt and phosphate was used (10 mM sodium phosphate, 10 mM NaCl, pH 6.5) to lyse the cells. After lysis of the cells by sonication, lysates were desalted twice on a PD-10 desalting column prior to the addition of the enzyme. Despite these two rounds of desalting, analysis of cell lysates from cells treated with GlcNAc revealed a small peak corresponding to GlcNAc even before adding BtGH84 (Figure 5.10a, - Enzyme (t=0). Attempts to remove all small molecules by dialysis failed since protein precipitation was observed when this approach was taken. When the lysates were incubated with an inactive mutant of BtGH84 (D242A), the size of the peak corresponding to GlcNAc remained unchanged (Figure 5.10a, + Mut Enzyme). However, when these lysates were digested with WT BtGH84, the size of the peak corresponding to GlcNAc increased significantly (Figure 5.10a, + WT Enzyme). Quantitating the amount of GlcNAc liberated by WT BtGH84, through comparison to a standard curve, reveals that there was approximately 2 (M of total GlcNAc in the digested sample (150 (l) after subtraction of the amount found in cells that were not treated with WT BtGH84. As the reaction consisted of 1 mg of total protein (in 1 mL), as measured by Bradford assay, the molar ratio of GlcNAc removed in this assay to total protein (based on the median size of a protein being 40 kDa in eukaryotes (429)) can be estimated to be 1:12. Such an estimate has never been made and, thus, this method may be a convenient approach for measuring relative levels of O-GlcNAc between different samples, such as in different tissue types or comparing levels between diseased and healthy tissues. An interesting extrapolation of this data is that a 1:12 molar ratio of O-GlcNAc:protein corresponds to a cellular concentration of 400 (M O-GlcNAc based on the estimated cytosolic protein concentration of 200 mg/mL (430). This estimate is significant because it is close to the KM observed for OGA in vitro with a chromogenic substrate (Figure 5.6, Table 5.1). This 
	Figure 5.10:  Direct support for the attachment of GlcNGc to proteins via a (-O-linkage. 
	EMEG32-/- cells were treated with either 5 mM GlcNAc (A) or 5 mM GlcNGc (B) for 24 hours. Cell lysates were incubated with 1 mg/mL of BtGH84 for 60 min and protein removed by ethanol precipitation. The samples were then analyzed by anion exchange HPLC. For cells treated with GlcNAc, samples were analyzed on a PA20 (strong binding) with a mobile phase consisting of 20 mM NaOH and an internal standard of 20 (M fucose. For cells treated with GlcNGc, samples were analyzed on a PA100 (weaker binding) with a mobile phase consisting of 100 mM NaOH and an internal standard of 20 (M maltose. GlcNGc. The internal standards were added into the samples prior to BtGH84 digestion to assess to the percent recovery through handling steps. The retention time of GlcNAc (7.4 min) and GlcNGc (11.1 min) standards were used to determine the peak corresponding to these species from the reactions. (C) Variation in the retention time of GlcNGc observed when assaying standards compared to samples derived from cell lysates was resolved by spiking lysates with standard. Samples derived from cells treated with GlcNAc, but without added BtGH84, were assayed both with and without added 1 (M GlcNGc. 
	is a common observation for enzymes; KM values are often found to be in the range of the cellular concentration of their substrate (247). Nevertheless, there are two caveats that could contribute to the estimate of 400 (M O-GlcNAc being an overestimate. The first is that these cells were treated with 5 mM GlcNAc and may therefore have higher O-GlcNAc levels than found under normal growth conditions. Another caveat is that although the GlcNAc release by BtGH84 undoubtedly arises from O-GlcNAc modified proteins, terminal (-linked GlcNAc residues found within other soluble glycoconjugates may also be cleaved and contribute to this peak. Yet, as most other forms of glycoconjugates are found on membrane and secreted proteins, many of these would have been removed by washing the cells and by the centrifugation step following cell lysis. Future experiments involving careful cell fractionation will be required to more accurately assess what percentage of the GlcNAc produced in this assay is derived from O-GlcNAc modified proteins and what percent from other glycoconjugates.
	The results for the lysates derived from cells treated with GlcNGc appear initially to be more challenging to interpret (Figure 5.10b), however, with the proper controls the results demonstrate the same trends as seen for the results obtained using GlcNAc treated cells. The interpretation was initially complicated by the fact that in all the assays, no peak had the same retention time as the GlcNGc standard. There was, however, a peak in all the samples that eluted approximately 0.4 min earlier and, significantly, this peak was larger in the lysates from cells incubated with GlcNGc and then digested with WT BtGH84 (Figure 5.10b). To investigate whether this peak corresponded to GlcNGc, and whether it simply eluted earlier because of other factors such as the large amount of other material present in the cell lysates that remained even after desalting, an additional experiment was carried out (Figure 5.10c). Analysis of lysates from GlcNAc-treated cells, which were never exposed to exogenously added GlcNGc, revealed no peaks having an elution time corresponding to either the GlcNGc standard or the peak observed in the digested GlcNGc treated cell lysates. When a small amount (2 (M) of GlcNGc was added to this sample, however, a new peak appeared that eluted earlier than GlcNGc run in the standard and, significantly, this peak aligns with the peak hypothesized to be GlcNGc in the lysates obtained from GlcNGc-treated cells. Accordingly, this peak is very likely GlcNGc and its retention time differs from that of the standard only because of the composition of the samples; the solution containing the standard in water and for the experimental sample it is a complex mixture that contains other small molecules that were not completely removed by the desalting. 
	Therefore, these results show that EMEG32-/- cells treated with GlcNGc have terminal (-O-linked GlcNGc within their glycoconjugates. Again, it is possible that some of this GlcNGc is contained within soluble glycoconjugates other than O-GlcNGc present on nucleocytoplasmic proteins. Yet, the direct observation of GlcNGc releaved from glycoconjugates by BtGH84 coupled to the evidence from Western blot analyses (Figure 5.7), the observation of UDP-GlcNGc production in cells treated with GlcNGc (Figure 5.5), and the cleavage experiment with BtGH84 and SpHex (Figure 5.9), all collectively provide strong support that GlcNGc is a substrate for enzymes in the HBSP to form UDP-GlcNGc, which is then used by OGT to add GlcNGc to nucleocytoplasmic proteins as O-GlcNGc.              
	5.3.1.4 Dynamic of Addition and Removal of GlcNGc

	One hallmark of the O-GlcNAc modification is its dynamic nature (54). To assess the time-dependent addition and removal of GlcNGc from nucleocytoplasmic proteins of EMEG32-/- cells, cells were grown for 48 hours in the presence of either 5 mM GlcNAc or GlcNGc. After this time the cells were washed and the media was changed to media containing the other compound. Cells were then harvested at various times after switching the media to analyze O-GlcNAc levels by Western blot. When cells were initially grown in GlcNGc and then switched to GlcNAc, O-GlcNAc immunoreactivity, showed a time-dependent increase up to a maximum at 48-hours (Figure 5.11a). This increase in immunoreactivity represents the removal of GlcNGc from proteins and subsequent addition of GlcNAc. The half-life for this process based on these data is estimated to be 24 hours. Interestingly, only 2 studies have attempted to quantitate the dynamics of O-GlcNAc; one study estimated a half-life for O-GlcNAc of 48-hours on a cytokeratin (45) while another estimated a half-life of 12 hours on (-crystallin (46). Although many factors likely contribute to the residency time of O-GlcNAc (or O-GlcNGc) on proteins, the global rates that are estimated from these data are consistent with the rates determined previously on individual proteins. 
	When cells were initially grown in media containing GlcNAc and then switched to media containing GlcNGc, O-GlcNAc immunoreactivity showed a time-dependent decrease up to a maximum at 48-hours (Figure 5.11b). In this experiment, the decrease in signal represents the combined processes of removal of GlcNAc from proteins and subsequent addition of GlcNGc. Interestingly, the half-life for this overall process appears to be similar (( 24-hours), indicating that these cells, and given the ubiquitous nature of the HBSP enzymes and both OGA and OGT in all tissues, have the ability to efficiently use GlcNGc to modify nucleocytoplasmic proteins.
	Figure 5.11:  Time course for addition of and removal of GlcNGc from EMEG32-/- cells. 
	Cells were grown for 48 hours in the presence of (A) 5 mM GlcNGc or (B) GlcNAc and then the media was replaced with media containing 5 mM of the other compound. At various times, the cells were harvested and O-GlcNAc levels were assessed by Western blot. The upper panels represent Western blots obtained using the CTD110.6 anti-O-GlcNAc antibody while the lower panels are Western blots obtained using an anti-(-actin, which demonstrates equivalent loading of samples.
	5.3.2 O-GlcNGc in Cells Having an Intact HBSP

	The evidence presented thus far for O-GlcNGc-modification of nucleocytosolic proteins in cells treated with GlcNGc comes from EMEG32-/- cells, which lack a functional HBSP and therefore cannot independently biosynthesize GlcNAc. To investigate if exogenously added GlcNGc is able to compete with the large flux through the HBSP in cells containing a functional HBSP, EMEG32-/+ cells were used since they have normal UDP-GlcNAc levels and, consistent with this, their growth rate is not dependent on exogenously added GlcNAc (Figure 5.3B). We anticipate that if GlcNGc can compete with GlcNAc endogenously produced via the HBSP then exogenously added GlcNGc should result in decreased O-GlcNAc immunoreactivity. To test this proposal, EMEG32-/+ cells were treated for 48 hours with either 5 mM GlcNAc or GlcNGc and immunoreactivity present in lysates were assessed by Western blots using the CTD110.6 antibody (Figure 5.12a). Although GlcNAc only slightly increased O-GlcNAc levels, immunoreactivity from cells treated with GlcNGc showed a decrease that is consistent with previous studies in this chapter and which can be accounted for by poor recognition of GlcNGc by the antibody. Treatment of EMEG32-/+ cells with either 20 mM ManNAc or ManNGc produced a similar outcome (Figure 5.12b). This observation supports the possibility that O-GlcNGc could be formed from metabolites generated by either catabolism of NeuGc or by de novo synthesis of GlcNGc via the HBSP. Thus, GlcNGc present in cells having a functional HBSP can compete with the normal flux thorough the HBSP and be covalently attached to nucleocytosolic proteins as O-GlcNGc. The highly conserved pocket found in N-acetylglucosaminidases from GH84, including human OGA, is therefore likely present to ensure that any O-GlcNGc formed within cells can be removed and not accumulate on proteins.
	Figure 5.12:  Effect of GlcNGc and ManNGc on O-GlcNAc levels in EMEG32-/+ cells. 
	Cells were treated for 48 hours with either (A) 5 mM GlcNAc or GlcNGc and either (B) 20 mM ManNAc or ManNGc. The upper panels represent Western blots obtained using the CTD110.6 anti-O-GlcNAc antibody while the lower panels are Western blots obtained using an anti-(-actin to demonstrate equivalent loading of samples.
	5.4 Implications and Future Directions
	5.4.1 The O-GlcNAc Modification 


	Heterogeneity of NeuAc in cell surface glycan structures is well established but, to date, there have been no indications that O-GlcNAc might be similarly heterogeneous having either alternative structures or elongation with further saccharide units. Given that in some types of cells and tissues NeuGc accounts for greater than 95 % of all sialic acid (416, 431, 432), the data presented above strongly suggests that some GlcNGc should be formed from ManNGc and inevitably make its way onto nucleocytoplasmic proteins to form O-GlcNGc. Future studies will aim at identifying endogenous GlcNGc, UDP-GlcNGc, or GlcNGc-modified proteins in healthy cells or tissues. As mouse liver expresses CMP-NeuAc monooxygenase at high levels, resulting in a high percentage of NeuGc (431), and also express GlcNAc 2-epimerase at levels much higher than other tissues (433), this tissue would be an excellent place to find O-GlcNGc. Preliminary investigations have begun on these tissues. 
	It is difficult to predict what the consequence of microheterogeneity would be on the cellular function of the O-GlcNAc modification, however, given the abundance of UDP-GlcNAc in the cell it seems unlikely that a small amount of GlcNGc derived catabolically from NeuGc would have a significant effect. Nonetheless, there is another possible entry point into this metabolic pathway where GlcNGc could be made de novo within the cell, which could add significant amounts to the intracellular pool of this derivative. Interestingly, GNAT has been shown to use glycolyl-CoA as a substrate (434). Under certain conditions, such as following the influx of fatty acids, glycolyl-CoA could accumulate to significant levels and compete with acetyl-CoA for acetylation of GlcN-6-P by GNAT. Indeed, glycolyl-CoA, which is biosynthesized from (-hydroxylated fatty acids (435), is a member of the short chain acyl-CoA family of metabolites, the levels of which can reflect the metabolic state of the cell (436). Therefore, one interesting hypothesis is that the O-GlcNGc modification of nucleocytoplasmic proteins could be a molecular mechanism that may permit adaptation to changes in metabolic state of the cell. If this were true, one would predict that the levels of O-GlcNGc-modified proteins would correlate with the availability of fatty acids and this proposal that merits further investigation.
	5.4.2 Other Glycoconjugates

	UDP-GlcNAc is extensively used for the biosynthesis of many different glycoconjugates, which suggests that GlcNGc may get incorporated into other glycan structures in addition to the O-GlcNAc modification. However, there are two reasons why this might not occur. First, it would be dependent on the tolerance of the active sites of the various cellular glycosyl transferases, that normally use UDP-GlcNAc as a substrate, toward the glycolyl group of UDP-GlcNGc. Second, UDP-GlcNGc would have to be in the cellular compartments relevant to these other forms of glycosylation; most relevant to most other forms of glycosylation, the ER and Golgi apparatus. UDP-GlcNAc is biosynthesized in the cytoplasm and must be transported into the ER and Golgi through a UDP-GlcNAc specific transporter (437). The specificity of this transport for derivatives of GlcNAc, however, has never been investigated leaving some uncertainty about this issue. 
	When considering these two issues it is interesting to note that it was shown that incorporation of GlcNAz into complex cell surface glycosylation is negligible (419), despite the fact that UDP-GlcNAz can be formed in the cytoplasm (34). One interpretation of this data is that UDP-GlcNAz is poorly transported into the ER and Golgi. Thus, it seems plausible that the UDP-GlcNAc transporter may not accept substrates with a bulkier substituent on the 2-acetamido group of GlcNAc. If this hypothesis were correct, it would lead to the prediction that GlcNGc would only get incorporated into forms of glycosylation occurring in the cytoplasm. Knowledge of glycosylation pathways within mammals leads to a further prediction that one other glycan (438), in addition to the O-GlcNAc modification, may incorporate GlcNGc. During assembly of complex N-glycosylation, the first two GlcNAc units are transferred onto a dolichol carrier on the cytoplasmic side of the ER prior to the GlcNAc2Man5 heptasaccharide dolichol being flipped into the lumen of the ER (439). Thus, it is possible that the first two GlcNAc units of complex N-glycosylation could be substituted with GlcNGc. It should be noted that the specificity of the enzymes responsible for installing these two GlcNAc units for GlcNAc derivatives have never been thoroughly assessed and the three dimensional structures of these two enzymes have not been determined. 
	As discussed above, cells must be able to degrade the full complement of glycoconjugates in order to prevent build up these specifies over time. If GlcNGc is incorporated into glycans that are built up in the cytoplasm, then the GHs responsible for the breakdown of these units would be expected to have an active site pocket that is able to accommodate larger substituents on the 2-acetamido group. Obviously, the work presented in this chapter supports the proposal that OGA can process O-GlcNGc modified proteins. Although the catabolism of N-glycans involves many enzymes, they are cleaved off of proteins by either a GH18 endo-N-acetylglucosaminidase that hydrolyzes the bond between the first two GlcNAc units or a transglutaminase, called pNGase F, which cleaves the glycosyl amide bond between the first GlcNAc and the asparagine residue. Astonishingly, the structures of these enzymes display a spacious and well defined active site pocket around the 2-acetamido substituent that appears capable of processing GlcNGc containing glycans (440, 441). These defined active site pockets support the concept that glycosylation occurring within the cytoplasm may well be diversified by incorporation of metabolically derived GlcNGc. Further investigation will be needed to probe the possibility that GlcNGc is incorporated into other glycans that are biosynthesized in the cytoplasm and not into those made in the secretory pathway. For example, exogenously supplied GlcNGc could be assessd for its ability to be incorporated into various glycan structures by using mass spectrometry approaches for analyzing complex N-glycans (411). Alternatively, to test one aspect of this hypothesis directly, the specificity of the UDP-GlcNAc transporter for UDP-GlcNGc could be examined using established methodologies (442). 
	5.4.3 Sialic Acid Catabolism

	The precise steps for the catabolism of NeuAc and NeuGc have not been delineated in mammals although there are many clues as to how this might occur. The first step very likely involves breakdown of NeuAc and NeuGc to ManNAc and ManNGc, respectively (415). The fate of the glycolyl moiety has remained somewhat of a mystery since no known enzymes in mammals that can deacetylate the acetamido group of ManNAc or NeuAc, let alone the N-glycolyl group of ManNGc or NeuGc. Within bacteria, several studies have proposed that sialic acid is broken down by a pathway that involves its degradation to ManNAc, phosphorylation to ManNAc-6-P, epimerization to form GlcNAc-6-P, and lastly deacetylation to produce GlcN-6-P (443-445). Bacteria can also synthesize NeuGc or salvage it from their environment (412, 446, 447), and elegant work by Saul Roseman and colleagues many years ago demonstrated that bacterial homologues both N-acylneuraminate lyase and GlcNAc 2-epimerase are capable of processing substrates having the glycolyl substituent (448, 449). The results presented in this chapter suggest that this route for catabolism of the NeuGc is also operative in mammalian cells. Indeed, mammals have a gene encoding a GlcNAc-6-P deacetylase (accession # NP_001139287 in Homo sapiens) and although GlcNAc-6-P deacetylase activity has been detected in mammals (450-452), the enzyme has never been cloned or characterized. Lack of knowledge about this enzyme makes it difficult to predict if this enzyme is capable of removing the glycolyl moiety from GlcNGc-6-P. Still, the lack of other suitable enzymes for degrading the glycolyl group in mammals, coupled with the studies presented in this chapter as well as previous studies showing that GlcNGc-6-P can be formed by the biosynthetic machinery within mammalian cells (422, 423), offer good evidence suggesting that this catabolic pathway for NeuGc is the same within bacteria and eukaryotes. 
	5.4.4 Other Possible Metabolically Derived Derivatives of N-Acetylglucosamine

	The finding that GNAT can accept glycolyl-CoA as a substrate (435) raises some interesting possibilities since other short chain acyl-CoA molecules are also present in cells. One such derivative is propionyl-CoA. This derivative is reasonably abundant since it is an intermediate in the metabolism of odd-numbered fatty acids, valine, and isoleucine, and can also be made from propionic acid obtained from gut flora (453). Recently it has been discovered that a number of cellular acetyl transferases are capable of using proprionyl-CoA as a substrate and, indeed, histones have been found to be propionylated and butyrylated in vivo (454). An interesting follow up to the studies presented in this chapter would be to determine if N-propionylglucosamine (GlcNPr) can be tolerated by the enzymatic machinery of the HBSP and the O-GlcNAc modification. Preliminary results collected by David Shen in our laboratory indicate that GlcNPr added to EMEG-/- cells does get attached to nucleocytoplasmic proteins as O-GlcNPr (data not shown). Other short chain acyl-CoA derivatives also exist such as butyryl-CoA, malonyl-CoA, and succinyl-CoA. The cellular abundance of these diverse short chain acyl-CoA derivatives reflect, to some extent, the metabolic state of the cell (436). Indeed, the metabolic variation in the levels of these short chain fatty acyl-CoA derivatives and their acyl transfer to histones is now being considered as a possible mechanism whereby different forms of histone acetylation could act to couple the metabolic state directly to gene transcription (455). The O-GlcNAc modification has long been contemplated as metabolic sensor (456) and analogues of N-acetylglucosamine have the possibility of providing this link.
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	5.6 Materials and Methods
	5.6.1 Cell Culture


	EMEG-/+ and EMEG-/- cells were cultured in the same manner as described for COS-7 cells in Chapter 2, except only 5 % FBS was used. The lower concentration of serum was used in order to minimize the amount of exogenous GlcNAc provided to the cells through the serum since preliminary experiments with the cells showed that higher concentrations of serum dramatically increased the growth rate of EMEG-/- cells while having a minimal effect on EMEG-/+ cells. The growth rate of EMEG cells was determined a similar manner as that described in Chpater 4 for H4IIE hepatocytes. Briefly, 5000 cells were plated on 12-well plates and counted five days later using a haemocytometer. During this five days of growth, the media was replaced after two and half days to ensure that nutrients and/or inhibitors were not depleted.  
	5.6.2 Western Blotting

	Western blotting using the CTD110.6 and RL2 antibodies was carried out in the same manner as described in previous chapters. To block binding of the CTD110.6 antibody using either GlcNAc or GlcNGc, the antibody was first made up to the appropriate dilution in PBS-T containing 1% BSA. The sugar was then incubated with this antibody solution for 10 min at room temperature and this solution was then used directly to probe the membranes. The HGAC85 anti-O-GlcNAc antibody (Abcam) was used at a dilution of 1:1000 using the same Western blotting procedures.
	5.6.3 Cloning and Protein Expression

	The cDNA encoding human GalE was obtained from Origene and amplified by PCR using the following two primers: 5'-AGCAGCCATATGATGGCAGAGAAGGTGCTGG-3' (NdeI cut site shown in bold) and 5'- AGCAGCCTCGAGTCAGGCTTGCGTGCCAAAGCC-3' (XhoI cut site shown in bold). The PCR product was digested with NdeI  and XhoI and ligated into pET28a in the same way described as described in Chapter 2. GalE bearing an N-terminal His6-tag was expressed by induction for three hours using IPTG (0.5 mM) and purified using metal chelate affinity chromatography in the same way as described in Chapter 2.
	The clone for SpHex (in pET15) was obtained as a gift from Dr. Brian Mark (University of Manitoba). SpHex was recombinantly expressed according to a published protocol (284). Briefly, the clone was transformed into TunerTM(λDE3) cells and plated onto LB plates containing 25 (g/mL of ampicillin. Colonies were cultured in solution using the standard concentration (100 (g/mL) of ampicillin. Cells were cultured to logarithmic growth phase, induced for three hours with IPTG (0.5 mM), homogenized, and the his6-tagged SpHex was purified using metal chelate affinity chromatography in the same way as described in Chapter 2.
	The gene encoding human Agx1 in the pTrcHisB expression vector was obtained as gift from Véronique Piller (Université d’Orléans). With the assistance of Tracey Gloster, the expression vector (ampicillin resistance) was transformed into TunerTM(λDE3) cells and Agx1 containing an N-terminally fused His6-tag was expressed by induction for four hours with IPTG (0.4 mM) purified using metal chelate affinity chromatography in the same way as described in Chapter 2.
	5.6.4 Capillary Electrophoresis

	Nucleotide diphosphate sugars were extracted from cells according to established procedures (426, 457). EMEG-/- cells were plated onto 10 cm plates and grown to 50% confluence and then treated with either 5 mM GlcNAc or 5 mM GlcNGc, or PBS as a control. Each growth condition was carried out in triplicate. After 48 hours, plates of cells were washed once with PBS before the addition of 1 mL of PBS containing 10 mM EDTA. Cells were incubated at 37 (C for 4 min, scrapped from the plates using a rubber policeman, transferred into 1.5 mL centrifuge tubes, and placed on ice prior to pelleting by centrifugation (1000 rpm, 10 min, 4 (C). Wesley Zandberg carried out the rest of the procedure. Cell pellets were immediately lysed by adding 750 (l of pre-chilled (-20 (C) 75 % ethanol and sonicating these samples using a W-375 ultrasonic processor (Heat Systems Ultrasonics, Inc.) using 2 blasts of 30 s each. Insoluble material was removed from the lysates by centrifugation (14,000 rpm, 15 min, 4 (C) and the supernatants, which contains the sugar nucleotides, were snap frozen in liquid nitrogen and then lyophilized. This crude extract was spiked with GDP-Glc (200 pmol) as an internal standard, dissolved in 0.5 mL ddH2O and extracted using Envi-Carb graphite solid-phase extraction cartridges (200mg) (Supelco) exactly as described previously (427). Sugar nucleotides were eluted using 3 x 1 mL of 25 % CH3CN in 50 mM triethylamonnium acetate, pH 7.0, passed through a 0.22 (m filter (Millipore), lyophilized, and stored in dry form at -20 (C until analysis by capillary electrophoresis. 
	Lyophilized sugar nucleotides were dissolved in 200 (L of ddH2O and an aliquot was diluted 1:4 prior to characterization by CE according to a previous report (428). Capillary electrophoresis was performed using a ProteomeLab PA800 (Beckman-Coulter) equipped with fused silica capillaries of 50 (M internal diameter x 44 cm length (to detector). The running buffer, prepared from components of the highest available purity, was 40 mM Na2B4O7 (Sigma), pH 9.5 containing 1.0 % (w/v) polyethylene glycol (MW 20,000) (Fluka) and was filtered through a 0.22 (m filter (Millipore) prior to use. Before samples were introduced, the capillary was conditioned by washing sequentially with 1 N NaOH (2 min, 20 psi), ddH2O (3 min, 20 psi), and running buffer (5 min, 40 psi). To ensure reproducible migration times the running buffer was replaced after every second run. After injecting a short (ca. 15 nL) H2O plug, samples were electrostatically introduced and pre-concentrated at the anode by applying a potential of -0.5 kV for 10 s according to the field-amplified sample injection technique described previously (458). Electrophoresis was carried out at a constant voltage of 30 kV (which produced a current of ca. 90 (A) and a capillary temperature of 22 (C. Electrophoretoprams were derived by measuring the absorbance at 254 (+/- 10) nm at a rate of 4 Hz. Peaks were integrated using 32 Karat 5.0 software (Beckman-Coulter) and all data were normalized to the GDP-Glc internal standard. All NDP-sugar standards, as well as GlcNAc-1-P were obtained from Sigma.
	5.6.5 Detection of GlcNAc and GlcNGc by HPLC
	5.6.5.1 Cell Culture


	EMEG-/- cells (5 X 106) were plated onto 175 cm flasks and treated with 5 mM GlcNAc, GlcNGc, or PBS as a control. The cells were grown for 48 hours, at which time the cells reached confluence. The cells were washed with 5 mL of PBS and then 3 mL of trypsin solution was added and the cells were incubated for 3 min at 37 (C to detach the cells from the plate. The buffer and cells were then transferred to a 15 mL conical tube, pelleted by centrifugation (250 rcf, 8 min), and the supernatent carefully removed. The cell pellet was stored at -80 (C until further processing.
	5.6.5.2 Homogenization and Digestion with BTGH84

	Each cell pellet was resuspended in 1 mL of buffer consisting of 10 mM sodium phosphate and 10 mM sodium chloride (pH 6.5). Solutions were made up very carefully with the highest quality salts and water to avoid small amounts of contaminant that would be concentrated over the following steps. Low amounts of salts used to minimize the salt content. The cells were lysed by passing the solution up and down through a 27 gauge needle three times. The solution was then sonicated (two times 20 sec at 15% duty) and then centrifuged to clarify the supernatant (17,900 rcf, 20 min). The supernatant was made up to 2.5 mL with the same low salt buffer and desalted using a PD-10 column (using the same low salt buffer as the eluent). One round of desalting did not efficiently desalt the samples, therefore, the 3.5 mL of elution obtained after the first column was further diluted to 5 mL and split into two 2.5 mL aliquots, which were desalted a second time. These eluted proteins were combined (7 mL in total) and fucose and maltose were added as internal standards (1 (M final concentration) to enable a % recovery to be calculated. These solutions were then treated at 37 (C for one hour with 200 (L of 1 mg/mL of BtGH84 t(hat had been dialyzed in the same low salt buffer) or 200 (L of buffer as a control. One set of lysates was not incubated for this hour to control for any molecules that were not removed by desalting and/or released by endogenous glycosidases during the one hour incubation step. 
	5.6.5.3 Sample Preparation

	Following glycosidase digestion, the samples were concentrated down to 1 mL on a speed vac (Thermo) heated to 55 (C, and the protein was then precipitated from the reactions by the addition of 7 mL of 95% cold ethanol and the resulting mixtures were incubated at -20 (C for 30 min. The precipitated protein was pelleted by centrifugation (4000 rpm, 15 min). The supernatant was gently decanted and then lyophilized (overnight). The precipitate was resuspended in 2 mL of methanol by extensive vortexing. Precipitate that did not dissolve was removed by centrifugation (17,900 rcf, 10 min) and the supernatant was evaporated using a speed vac heated to 55 (C. The residue was taken back up in 150 (L of ddH2O. These solutions were vortexed and then centrifuged (17,900 rcf, 5 min) to remove any insoluble debris and the supernatant was collected for HPLC analysis of GlcNAc or GlcNGc content.   
	5.6.5.4 HPLC analysis

	Carbohydrates were separated by HPLC anion exchange chromatography using similar parameters as described in Chapter 2. To detect GlcNAc, a Carbopack PA20 column was used and isocratic elution was carried out using 20 mM NaOH. To detect GlcNGc, a Carbopack PA100 column was used and isocratic elution was carried out using 100 mM NaOH. In each case, 20 (l of sample was injected; this was followed by 20 min of isocratic elution followed by a 5 min wash with 500 mM NaOH to clean the column between samples. After washing, the column was equilibrated for a minimum of 15 min in same concentration of NaOH used to run the isocratic elution. A constant flow rate of 0.4 mL/min was used with the PA20 column whereas a flow rate of 0.5 mL/min was used with the PA100 column, as per the manufacturer’s instructions. To assess the percent recovery and absolute amount of GlcNAc and GlcNGc present in the samples, standard curves of fucose, maltose, GlcNAc, and GlcNGc were constructed for concentrations ranging from 0.5 to 50 (M. GlcNAc (Bioshop), ManNAc (Julich), maltose (Sigma), and fucose (Carbosynth) were obtained commercially and carefully prepared in ddH2O to construct the standard curves.  
	5.6.6 Digestion of cell lysates with BtGH84 or SpHex

	SpHex and BtGH84 were prepared as 1 mg/mL stocks in a buffer consisting of 50 mM sodium phosphate and 100 mM sodium chloride at pH 6.5. Cell lysates from EMEG-/- cells cultured for 48 hours with either GlcNAc or GlcGc were treated with either SpHex or BtGH84 at a final concentration of 0.1 mg/mL. After various times, an aliquot of the reaction was collected and quenched by addition of SDS PAGE loading buffer and heating at 95 (C for 5 min. Samples were analyzed by Western blot using the CTD110.6 anti-O-GlcNAc antibody as described previously in Chapter 2.
	5.6.7 Enzyme Kinetics

	The rates of OGA- and HexB-catalyzed hydrolysis of pNP-GlcNAc and pNP-GlcNGc were measured using a continuous UV/Vis assay with a 96-well plate reader in the same way as described in Chapter 2.
	5.6.8 Chemical Syntheses

	GlcNGc and ManNGc were prepared by Jefferson Chan based upon a previous synthetic report (420). pNP-GlcNGc was also prepared by Jefferson Chan by adaptation of the chemistry described in Chapter 2 detailing the synthesis of (-linked aryl glycosides of N-acetylglucosamine. GlcNGc-1-P was prepared by Dr. Keith Stubbs based on a general protocol for making the (-1-phosphate of sugars (34, 459). The details of these syntheses will not be described here.
	Chapter 6: O-GLCNAC AS A CHAPERONE OF PROTEIN FOLDING
	6.1 Hypotheses: Old and New
	6.1.1 Revaluating a Role for the O-GlcNAc Modification in Signal Transduction and Transcriptional Regulation 


	A leading hypothesis for the role of the O-GlcNAc modification is that it participates in signal transduction pathways and transcriptional regulation in a similar manner as phosphorylation (54). In other words, OGT glycosylates key signalling molecules and transcription factors in response to various cellular events that enables cells to respond appropriately to these events. A model that is gaining momentum is that O-GlcNAc modification and phosphorylation are reciprocal at certain individual sites on proteins, which could give O-GlcNAc the potential to dampen or minimize the maximal effect that could be achieved by activating a signaling cascade through phosphorylation. The primary piece of evidence that has propelled this hypothesis forward is the finding that phosphorylation and O-GlcNAcylation, on the same or adjacent sites, appears to be reciprocal on some proteins (204) (Figure 1.12). However, it is import to point out two things about the studies that have drawn this conclusion. First, many of these studies have primarily used an OGA inhibitor to achieve supraphysiological levels of O-GlcNAc on proteins. As was demonstrated in Chapters 3 and 4, an OGA inhibitor typically elevates cellular O-GlcNAc levels 5-10-fold above basal levels. Under these conditions, the average change to phosphorylation levels on individual sites of proteins was 1.5-fold (204). Normal physiological conditions that give rise to elevated O-GlcNAc levels, such as hyperglycemia, only increase O-GlcNAc levels by a modest amount on the order of 2-fold (68, 156). Accordingly, these smaller physiologically relevant fluctuations in O-GlcNAc levels, in comparison to those achieved by an OGA inhibitor, would be predicted to result in small and potentially functionally insignificant changes to phosphorylation levels. A second point about previous studies that argued the importance of interplay between O-GlcNAc and phosphorylation is that many of these studies have relied on PUGNAc to make inferences (74, 204). The implications of the work presented in Chapter 4 of this thesis raise come concerns about these previous findings; PUGNAc may alter phosphorylation levels on individual proteins by mechanisms that are independent of O-GlcNAc by virtue of its off-target effects such as inhibition of lysosomal (-hexosaminidase. Work carried out in Chapter 4 demonstrated that PUGNAc elevates levels of the ganglioside GM2 (Figure 4.4a) and gangliosides are themselves known to modulate signaling cascades (460). Indeed, it has been shown that altered levels of certain gangliosides can perturb signaling cascades and, consequently, alter phosphorylation levels on certain proteins (182, 183, 461). 
	More generally, it is interesting to consider why there is no clear and observable phenotype in healthy cells or animals when global O-GlcNAc levels are increased by selective inhibition of OGA as was demonstrated in Chapter 4. In contrast to the well tolerated inhibition of OGA, general phosphatase inhibitors such as okadaic acid are extremely toxic to cells and cause cell death within a short time period (462). One other obvious difference between phosphorylation and glycosylation is that phosphorylation is regulated by hundreds of different kinases and phosphatases that act on specific sets of substrates (205). With these observations in mind, it is challenging to envision O-GlcNAc regulating cellular signaling, as well as many other critical cellular processes, in a similar manner as phosphorylation. Even if O-GlcNAc servers as a “brake” on signaling cascades that are driven by phosphorylation, as some have described (206, 207), pressing harder on the brake, through inhibition of OGA, would be predicted to have an effect on physiological processes and manifest as a phenotype. Clearly this is not the case as was shown in Chapter 4; cultured cells and rodents treated with high doses of NButGT for prolonged periods appear equally as healthy as controls. Large scale compensatory mechanisms are one possibility for explaining the discrepancy between the results presented in Chapter 4 and this leading hypothesis in the field, however, no such mechanisms have been proposed and no experimental evidence supports the existence of such a large compensatory mechanism. A critical role for O-GlcNAc in signalling cannot, however, be completely ruled out based on the data presented in Chapter 4 and future genome wide studies looking at the effect of an OGA inhibitor on gene expression would be informative in this regard. It seems possible, therefore, that the O-GlcNAc modification may not be a critical regulator of phosphorylation. Accordingly, we were stimulated to consider an alternative hypothesis for the cellular role of the O-GlcNAc modification.
	6.1.2 O-GlcNAc as a Cellular Stress Response

	A pioneering study by Zachara et al. demonstrated that cells respond to various cellular stresses by elevating their O-GlcNAc levels (223). Through this initial study and many that have followed, it has now been established that modulating O-GlcNAc prior to various forms of cellar stress correlates with cellular survival following that particular stress. In light of data presented in Chapter 4, it is important to point out that Champattanachai et al. showed that the selective inhibitor NButGT also protects cardiomyocytes from ischemic cell death, confirming that it is O-GlcNAc levels that mediate the effect rather than an off-target effect of PUGNAc or a dominant negative effect stemming from overexpression of OGT (335).
	The protective effect of elevated O-GlcNAc levels is very exciting from a therapeutic standpoint and many researchers are now trying to exploit this in cellular and animal models of ischemia and other acute injuries. Indeed, some of the results coming from these studies are very promising (recently reviewed in references (463, 464)). Nevertheless, the molecular mechanism(s) by which elevated O-GlcNAc levels endow cells with an enhanced ability to survive adverse conditions continues to be poorly understood. Some have postulated that elevated O-GlcNAc levels modulate transcript levels of proteins that are important for cell survival through “O-GlcNAc signaling” (167, 463). Little experimental evidence supports this hypothesis and the results presented within Chapter 4, as discussed above, disagree with O-GlcNAc being involved in traditional cellular signaling. An alternative hypothesis seems warranted to account for the protective effect provided by O-GlcNAc to cells and to advance a possible molecular mechanism for this effect.
	Knowledge about the O-GlcNAc modification has been progressing rapidly over the past 25 years, yet when compared to other better studied forms of glycosylation that have fairly well defined cellular roles, it is evident that there is much remaining to be learned about O-GlcNAc. Complex N-glycosylation of proteins is the best studied form of glycosylation and its roles in cellular biology are critical (465). Although interesting roles for N-glycosylation have been described once a protein reaches the cell surface (4, 24), it is the role of N-glycosylation in helping proteins achieve and maintain their correct three-dimensional fold that may be the most important facet of this form of glycosylation. Installation of complex N-glycans usually occurs cotranslationally as the nascent polypeptide is extruded into the endoplasmic reticulum and many experiments have collectively established that cotranslational modification helps a protein fold through mechanisms that are both intrinsic to the glycans as well as through a pathway that relies on recognition of the glycans by protein chaperones (465, 466). Several studies have concluded that the simple presence of N-glycans increases the stability of a protein (467-471). For instance, studies carried out on RNAse B, which contains a single complex N-glycan, have shown that glycosylation of RNAase B increases its melting temperature compared to the non-glycosylated protein (472). 
	One might speculate that the enhanced protein stability stemming from complex N-glycosylation might be specific to this form of glycosylation but studies suggest otherwise. Amazingly, when all the saccharides are removed from RNAase B except the first saccharide (GlcNAc), the increase in thermal stability is preserved (472). Other studies corroborate this finding and suggest that it is the first saccharide that is most important for enhancing protein stability. For example, Swanwick et al. demonstrated that addition of a single saccharide to a protein by chemical ligation greatly increased thermostability while addition of an oligosaccharide did not produce any further effect (473). Several in silico studies investigating the origins of the enhanced stability emanating from glycosylation have concluded that glycosylation of a polypeptide perturbs the stability of an unfolded polypeptide, as opposed to stabilizing the folded structure (474, 475). Interestingly, these same theoretical studies found that large glycans are not required; a monosaccharide has the ability to stabilize a protein to nearly the same extent as a large oligosaccharide. Given these findings, it is not surprising that other forms of glycosylation have also been shown to increase protein stability including mucin-type O-glycosylation (476-478) and GPI-anchored heparan sulphate proteoglycans (479). Accordingly, the property of enhancing protein stability appears to be a general property of protein glycosylation and for this reason I hypothesized that addition of O-GlcNAc to nucleocytoplasmic proteins may also have this property, which could potentially explain the protective effect that elevated O-GlcNAc levels provide the cell. 
	6.2 O-GlcNAc Stabilizes a Protein from Unfolding and Aggregation
	6.2.1 Developing a Method for Obtaining O-GlcNAc-Modified Proteins


	An excellent experimental approach for assessing the effect of O-GlcNAc on the stability of a protein would be to have a purified protein in its modified and unmodified state so that biophysical experiments can be carried out. A complicating factor for undertaking such studies is that the stoichiometry of the O-GlcNAc modification found on individual proteins in cultured cells or in vivo is typically very low (54). Even if an O-GlcNAc-modified protein could to be purified from cultured cells in large enough quantities to carry out biophysical experiments, the low abundance of the modification on most proteins would make it very difficult to discern what effect O-GlcNAc has on the subset of modified proteins. Hence, a method for obtaining large amounts of an O-GlcNAc-modified protein was needed. Accomplishing this in vitro using recombinant OGT and a target protein is theoretically possible, however, the potent product inhibition of UDP, and even uridine, as well as the low levels of recombinant expression for OGT makes this challenging (44). To get around these problems, a method was implemented for coexpressing OGT and a target protein in E. coli. As UDP-GlcNAc is present at high level in bacteria, due to its requirement for cell wall synthesis, bacteria circumvent the issue of product inhibition by recycling UDP. The cytoplasm of bacteria may therefore be an excellent environment for OGT to function. Indeed, a previous report showed that coexpression of OGT and a target protein within E. coli leads to the target protein being heavily O-GlcNAc-modified (109). The primary requirement for accomplishing this recombinant O-GlcNAc protein modification is that the gene encoding OGT and the target protein must be in vectors having different antibiotic resistance cassettes and, ideally, encode different affinity tags. Accordingly, the gene encoding OGT was subcloned into the pMal vector, which encodes an N-terminally fused maltose binding protein and an ampicillin resistance cassette, so that it could be cotransformed and coexpressed with target proteins encoded within pET28, which encodes an N-terminally fused hexahistidine tag and has a kanamycin resistance cassette. In addition, a point mutant of OGT, within the pMal vector, was also generated to produce a mutant protein (H558A) that we had previously shown is more than 100-fold less active than the WT enzyme (408). Using this mutant, target proteins could be expressed under identical conditions and yet be devoid of the O-GlcNAc modification, which would allow for a direct assessment of the role of O-GlcNAc on that protein.
	Many candidate proteins were cloned and assessed for their ability to be O-GlcNAc-modified using this system. Properties of a protein that were desirable to initiate biophysical studies aimed at investigating the effect of O-GlcNAc on protein stability were: good expression levels, high purity after nickel-chelate chromatography (i.e. minimal degradation products), and a definitive high level of O-GlcNAc modification. Along with David Shen and Scott Yuzwa in the laboratory, approximately a dozen proteins were cloned and coexpressed using this system and two proteins were found to have the desired properties. The first is a protein called TAK1-binding protein (TAB1). Although FL TAB1 did express reasonably well, many degradation products were observed and so a deletion construct consisting of residues 7-402 (short TAB1; sTAB1) was used since it had been previously demonstrated that this construct is O-GlcNAc modified in vitro and expresses well (126, 480). Indeed, sTAB1 that had been coexpressed with WT OGT was very pure and clearly O-GlcNAc modified (Figure 6.1a). 
	Figure 6.1:  Coexpression of OGT and OGT substrates facilitate generating large quantities of purified O-GlcNAc modified protein for biophysical characterization. 
	(A,B) Coexpression of a deletion construct consisting of residues 7-402 of (A) short TAB1 (sTAB1) or (B) CaMKIV with WT or mutant (H558A) OGT. (Upper panels) Coomassie stained gel of the target proteins obtained after purification by nickel chelate chromatography shows that the proteins are of high purity (>95% purity). (Lower panels) Western blot analyses using an anti-O-GlcNAc antibody (RL2 or CTD110.6) demonstrate that only the protein coexpressed with WT OGT is modified. After enzymatic removal of the O-GlcNAc residues, by treatment of the samples with BtGH84, there is no detectable difference in O-GlcNAc immunoreactivity between samples coexpessed with WT or mutant OGT as assayed using Western blots.
	After digestion of both the modified and unmodified sTAB1 with BtGH84, the signal observed when using the RL2 anti-O-GlcNAc antibody was equivalent and the residual signal likely represents some level of non-specific binding to the unmodified protein. As TAB1 has been previously demonstrated to be O-GlcNAc modified (126), has a nicely defined structure (480), and plays a crucial role in activating MAPKKK (481), it is an interesting protein and excellent candidate to initiate biophysical studies. The second protein that was chosen was CaMKIV, which plays an important role in neuronal signaling following calcium influx (482). This protein was previously shown to be a target of the O-GlcNAc modification in vivo (483) and also has a nice and discreetly folded structure (unpublished in PDB database). Using the coexpression system, CaMKIV was found to be expressed at adequate levels, with no apparent degradation products, and found to be O-GlcNAc modified (Figure 6.1b).
	Prior to initiating studies with these proteins, two properties of these proteins were examined. First, the stoichiometry of O-GlcNAc on sTAB1 was determined by electrospray mass spectrometry with the help of Thomas Clark, a coworker in our laboratory. As demonstrated in Figures 6.2a, when sTAB1 was coexpressed with WT OGT, 39% of sTAB1 protein contained one, 22% contained two, and 8% contained three modifications. In other words, 69% of the sTAB1 had at least one O-GlcNAc residue. Surprisingly, 10% of the sTAB1 coexpressed with the mutant OGT appears, on first examination, to have been O-GlcNAc modified (Figures 6.2b). Previous enzymatic assays with this mutant had shown that it was at least 100-fold less active than WT enzyme (408) and earlier optimization of this coexpression system by Morgan Lam, a coworker in our laboratory, had not observed any modification of target proteins when coexpressed with the mutant OGT. Three pieces of data strongly support the conclusion that this new peak is not O-GlcNAc modified sTAB1. First, the Western blot reveals that the sTAB1 coexpressed with mutant OGT has the same signal with the RL2 antibody before and after digestion with BtGH84 (Figures 6.1a). Second, closer inspection of the new peak indicates that it is 208 daltons larger than the unmodified sTAB1 (Figures 6.2b), whereas the expected difference of 203 ( 1 daltons, representing an O-GlcNAc residue, is observed with sTAB1 coexpressed with the WT OGT (Figures 6.2a). Third, when sTAB1 coexpressed with either mutant or WT OGT were treated with BtGH84 and the mass spectrometry was repeated, this second peak corresponding to an increase of 208 daltons appeared in both samples (Figure A8 of the Appendix). Therefore, in Figure 6.2a, a peak corresponding to an increase of 208 is likely present but obscured by the larger peak that represented an increase of 203. It is not known what this other peak represents but the mass spectrometry indicates that its abundance is less than 10% of the total unmodified sTAB1 and it appears to be present in both samples at approximately the same levels. One caveat that should be made is that O-GlcNAc is known to be very labile to electrospray ionization (105). Therefore the levels of 
	Figure 6.2:  Mass spectrometry reveals that sTAB1 coexpressed with WT OGT is heavily O-GlcNAc modified. 
	Reconstructed mass spectra of sTAB1 coexpressed with (A) WT or (B) mutant OGT. For sTAB1 coexpressed with WT OGT, unmodified as well as modified proteins bearing one, two, or three O-GlcNAc residues are observed based on the signature increase in mass of 203 ( 1 Da, which corresponds to the mass of a single GlcNAc residue. The relative area of these peaks corresponds to 31, 39, 22, and 8 %, respectively. For sTAB1 coexpressed with mutant OGT, a peak that is 208 daltons greater than that corresponding to the expected mass of the protein is present. The source of this species is uncertain, however, since this mass increase is too large to represent an O-GlcNAc residue (203 Da) and this conclusion is supported by other experiments (see text for details). Within both spectra, the molecular weight of the unmodified sTAB1 is within error of its actual mass predicted from its amino acid sequence.
	modification reported here should still be considered as a lower limit. 
	The second parameter that was examined was the effect that O-GlcNAc had on the overall structure of each protein. Circular dichroism (CD) spectroscopy was used to measure the secondary structure content of the modified and unmodified proteins. Following careful determination of protein concentrations by both A280 and Bradford assays, CD spectra were acquired. As demonstrated in Figures 6.3a,b, the CD spectra of both proteins were essentially indistinguishable over a range of 200-260 nm, which is very suggestive that these proteins adopt the same general structure and fold in their modified and unmodified states. Very small differences (<1%) were observed at some wavelengths but these differences were not statistically significant since the errors between three independent spectra for each protein were approximately 1%. These results are consistent with the only other study that has attempted quantitate the effect of O-GlcNAc on protein structure by CD spectroscopy, which concluded that O-GlcNAc modification of p62 did not change its CD spectra (111). In the larger context, these results are in line with the general view that glycosylation of proteins does not affect the overall fold of a protein (467).
	Figure 6.3:  O-GlcNAc modification does not alter the CD spectra of sTAB1 or CaMKIV. 
	CD spectra acquired at 20 (C of O-GlcNAc-modified (blue) and unmodified (red) (A) sTAB1 and (B) CaMKIV in 50 mM sodium phosphate, 100 mM sodium chloride, and 1 mM dithiothreitol (pH 7.5). Data represents the average of three independent spectra, which are themselves an average of ten acquisitions, subtracted from a background scan of the buffer. Error between the three independent spectra is no greater than 1% at any wavelength. The y-axis represents the relative ellipticity and does not take into account the concentration of the protein; the concentration of the two protein samples were carefully standardized to be equivalent prior to the acquiring the spectra.  
	6.2.2 Assessing the Effect of O-GlcNAc on the Stability of sTAB1 

	A common method for determining protein stability is by monitoring thermal denaturation by CD spectroscopy (484). Attempts to monitor the thermal denaturation of sTAB1 in this manner indicated that the protein had a melting temperature (Tm) between 45 and 55 (C, however, an accurate determination was hindered by substantial aggregation above 40 (C for both modified and unmodified sTAB1 (data not shown). Aggregation of a protein at a temperature close to that of its melting temperature is a technical limitation of this technique because a decrease in observed ellipticity will be influenced by two processes: loss of secondary structure due to unfolding of the protein and the kinetics of protein aggregation (484). Nevertheless, the robust aggregation that was observed did suggest that aggregation of sTAB1 might be readily monitored using a simple turbidity assay, which is a commonly used method for monitoring rates protein of aggregation. The aggregation of sTAB1 was monitored using absorbance spectrophotometry at a wavelength of 500 nm. At both 40 and 45 (C, the unmodified sTAB1 aggregated at a markedly faster rate (Figure 6.4a). Despite this difference in kinetics of aggregation, samples reached a plateau at a similar absorbance value suggesting that both samples aggregated to the same extent. Prior to the assays, the protein concentrations were carefully standardized ruling out the possibility that initial differences in protein concentration contributed to these differences. To eliminate the possibility that the difference in aggregation was due to some contamination or some factor other than O-GlcNAc, samples were digested with BtGH84 to remove the O-GlcNAc modification, repurified on a nickel column to remove BtGH84, dialyzed extensively in the same buffer, and then retested. As shown in Figure 6.4b, removal of O-GlcNAc resulted in the two protein samples aggregating at rates that were statistically indistinguishable. These results strongly suggest that the presence of the O-GlcNAc residues on sTAB1 affects the kinetics of aggregation but not the thermodynamic tendency toward aggregation. 
	Figure 6.4:  O-GlcNAc modification of sTAB1 slows its rate of aggregation. 
	A turbidity assay was carried out whereby the absorbance of solutions containing sTAB1 was monitored continuously over time at 500 nm in 50 mM tris, 100 mM sodium chloride, and 5 mM (-mercaptoethanol (pH 7.5). Assays were carried out with O-GlcNAc-modified (blue) and unmodified sTAB1 (red) (A) before and (B) after enzymatic removal of the O-GlcNAc residues with BtGH84. As indicated in the figure, the assays were repeated at two different temperature and protein concentrations: 40 (M at 40 (C or 10 (M at 45 (C. Data was acquired every five seconds over the course of the experiment and curves represent the average of three replicates. The standard deviation at each time point ranges from 1-5%.  
	To provide a second supporting piece of experimental evidence for the results obtained in the turbidity assay with sTAB1, equilibrium urea denaturation was carried out in combination with CD spectroscopy. Disappearance in secondary structure, as a result of protein unfolding occurring with an increasing concentration of urea, was evaluated by 
	Figure 6.5:  O-GlcNAc modification of sTAB1 does not significantly affect urea induced unfolding as measured by monitoring (-helical content. 
	A 100 (L aliquot of a concentrated stock of 40 (M O-GlcNAc-modified (diamonds) or unmodified (squares) sTAB1 in a buffer composed of 20 mM sodium phosphate, 100 mM sodium chloride, and 1 mM dithiothreitol (pH 7.5) was carefully mixed with an aliquot of 12 M urea (made in the same buffer) and the appropriate amount of buffer to generate mixtures having a final volume of 300 (L in order to generate the desired concentration of urea. Three samples of each protein were made up at each concentration of urea tested to obtain three independent replicates. The samples were incubated at 20 (C for eight hours and then a CD spectrum was acquired over a range of 200 to 260 nm at 20 (C. The ellipticity at 222 nm ((-helical content) was averaged over the three replicates and the background, which did not significantly change as a function of urea concentration, was subtracted. The error bars represent the standard deviation between the three replicates.
	monitoring the ellipticity at 222 nm, which reports on total (-helical content (485). A range of urea concentrations (up to 8 M) were used and the protein was allowed to unfold in these buffers for 8 hours at 20 (C prior to acquiring CD spectra. As shown in Figure 6.5, a very small increase in stability was observed for the modified sTAB1; however, these differences were not statistically significant (p>0.05). Although it was initially surprising that a larger effect was not observed based on the large differences in the turbidity assay, it is important to keep in mind that equilibrium urea denaturation represents a thermodynamic parameter. Thus, the lack of an effect of O-GlcNAc on this thermodynamic parameter for sTAB1 unfolding appears to be in keeping with the lack of an observed effect on the thermodynamic tendency toward aggregation. Accordingly, it is anticipated that if the kinetics of unfolding or refolding were measured, a difference in the rates for modified and unmodified sTAB1 may be observed. Stop-flow CD spectroscopy (486) or monitoring folding after dilution of a chaotropic agent are two ways to address this issue and represent an excellent future direction.
	6.2.3 Assessing the Effect of O-GlcNAc on the Stability of CaMKIV 

	Thermal denaturation of CaMKIV showed that, fortunately, it did not aggregate at the elevated temperatures studied in the melting experiment. In fact, even when heated at temperatures above 60 (C for an hour, a concentrated solution (20 (M) of CamKIV remained clear and had a negligible increase in turbidity. This property enabled thermal denaturation of CaMKIV to be monitored by CD spectroscopy. Both modified and unmodified CaMKIV melted over very broad temperatures and, notably, O-GlcNAc modification of CaMKIV caused an increase in Tm from 63.8 ( 0.3 to 68.2 ( 0.3 (C (Figure 6.6). This increase in melting temperature of 4.4 (C is significant especially considering that preliminary mass spectral data indicated that only approximately 50% of the CaMKIV molecules were O-GlcNAc modified. Thus, if CaMKIV were stoichiometrically modified with O-GlcNAc this effect would reasonably be expected to be twice as large.
	Figure 6.6:  O-GlcNAc modification of CaMKIV increases its thermal stability. 
	O-GlcNAc-modified (blue diamonds) or unmodified (red squares) CaMKIV (25 (M) in 20 mM sodium phosphate, 100 mM sodium chloride, and 1 mM dithiothreitol (pH 7.5) was placed in a cuvette in a CD spectrophotometer at 20 (C. The sample was heated at 1 (C per min and the ellipticity at 222 nm was recorded at each degree. Separate samples of each protein were assayed in triplicate and the data represents the average of the three replicates. Melting of CaMKIV took place over a broad temperature range and appears to have at least one intermediate as evidenced by the multiphasic melting curve. For simplicity, IC50 curves were fit to reveal the temperatures required to cause 50% unfolding (melting temperature; TM) were 63.8 ( 0.3 and 68.2 ( 0.4 (C for unmodified and O-GlcNAc-modified CaMKIV, respectively. Error bars are not shown for clarity, however, the standard deviations between the three replicates ranges from 1-3%.
	Equilibrium urea denaturation in combination with CD spectroscopy was carried out with CaMKIV. Highly reproducible melting curves were obtained with the error between three independent replicates in the range of 1% (Figure 6.7). Similar to the result obtained for thermal denaturation; O-GlcNAc-modified CaMKIV was more stable. More specifically, a higher concentration of urea was required to denature O-GlcNAc-modified CaMKIV. The differences observed for the urea denaturation of CamKIV are small, yet statistically significant (p<0.05 at 1,3, and 4 M urea) but not as large the differences observed from the thermal denaturation. It is notable that others have also made a similar observation; glycosylation can have a large effect on thermal denaturation whereas only a small effect when unfolding the protein using a chaotropic agent. Sinha et al. demonstrated that a single N-linked oligosaccharide on soybean agglutinin gives rise to an incredible 26 (C increase in Tm compared to the same protein which is not glycosylated (487). However, this same study found that glycosylation only had a small, but measurable, effect on unfolding when using guanidine. Thus, the lack ofan effect in equilibrium urea denaturation experiments observed for sTAB1 and the small effect observed here for CaMKIV may reflect this trend. 
	Figure 6.7:  O-GlcNAc modification of CaMKIV hinders loss of (-helical content caused by urea induced unfolding. 
	A 100 (L aliquot of 25 (M stock of O-GlcNAc-modified (diamonds) or unmodified (squares) CaMKIV in 20 mM sodium phosphate, 100 mM sodium chloride, and 1 mM dithiothreitol (pH 7.5) was carefully mixed with an aliquot of 12 M urea (made in the same buffer) and the appropriate amount of buffer to make the mixture up to a total volume of 300 (L. Three samples of each protein were tested at each concentration of urea to obtain three independent replicates. The samples were incubated at 20 (C for eight hours and then a CD spectrum was acquired over a wavelength range of 200 to 260 nm at 20 (C. The ellipticity at 222 nm ((-helical content) was averaged over the three replicates and subtracted from the background. The error bars represent the standard deviation between the three replicates.  
	6.2.4 Discussion on the Effect of O-GlcNAc on Protein Stability 

	The results with sTAB1 and CaMKIV support the concept that O-GlcNAc modification of a protein enhances its stability. For sTAB1, O-GlcNAc slowed its aggregation, which may have been due to slowing steps leading to protein unfolding, formation of microaggregates (nucleation), or the irreversible formation of large protein aggregates. It cannot be determined from these studies which of these three processes contribute to the overall observed rate. The lack of effect observed for the urea denaturation does, however, suggest that differences in the protein unfolding may not be a factor.  As described above, this technique may not have been sensitive enough to distinguish a difference and this technique does reflect an equilibrium, rather than kinetic, parameter. It should be pointed out, however, that if aggregation were irreversible for sTAB1, slowing aggregation would only be expected to affect the rate of aggregate formation and not the total amount of aggregates formed and this was found to be the case. Disregarding the initial steps of unfolding, O-GlcNAc on sTAB1 could manifest as a decrease in the rate of aggregation by preventing the intermolecular interactions between two or more molecules of unfolded sTAB1. Interestingly, several studies have made related observations. In one study, evidence was presented that OGT overexpression in CHO cells decreased the amount of insoluble protein formed after a one hour heat shock at 45 (C (488). In another study, the levels of O-GlcNAc on a transcription factor called Sp1, with both purified protein and in cultured cells, correlated inversely with the extent of aggregation of Sp1 (112). This latter finding does find some support from the observation that CRE-mediated knockout of OGT in cultured MEFs resulted in a significant decrease in the overall levels of Sp1 following loss of all the O-GlcNAc on Sp1 (47). As well, decreasing O-GlcNAc levels using an inhibitor of GFAT also decreased Sp1 levels (489) and another study strongly suggested that this effect is not simply a consequence of decreased mRNA levels (490). During the writing of this thesis, I cloned Sp1 and coexpressed it with OGT and given the striking results that others have observed for the effect of O-GlcNAc at stabilizing Sp1, biophysical experiments with O-GlcNAc-modified and unmodified Sp1 should be a fruitful line of future research.           
	The evidence presented for the effect of O-GlcNAc on CaMKIV is more straightforward to interpret; O-GlcNAc modification of CaMKIV appears to stabilize its folded state. The results presented for CaMKIV are the first experimental results to show that O-GlcNAc is directly involved in stabilizing the folded structure of a protein and this observation finds much support from studies highlighted in the introduction of this chapter showing that, regardless what type of saccharide is attached to proteins, glycosylation increases the stability of a protein. 
	Although the effects of O-GlcNAc on the stability of sTAB1 and CaMKIV are not dramatic, when the physiological environment, which is the cytosol, for these proteins is considered the effect that O-GlcNAc has on protein stability could potentially be much more pronounced. Two properties of the cytoplasm are germane to this discussion: the crowded environment and the presence of chemical insults such as oxidative stress. First, the cytosolic environment is a very crowded environment with a protein concentration on the order of 200 mg/mL (430). A crowded environment has a dramatic effect on the stability of proteins as has been discussed and investigated carefully by others with the conclusion being that proteins are more susceptible to aggregation (or ordered polymerization) within a crowded environment (491-494). A second property of the cytoplasm that renders it a somewhat hostile environment for proteins is the presence of reactive oxygen species (ROS), which are continuously produced by various processes in the cell such as fatty acid oxidation (495). Common ROS that are present in a cellular environment such as nitric oxide (NO2), hydrogen peroxide (H2O2) and superoxide (O2-), are well known to cause cellular insults, such as DNA damage but they can also damage proteins. One particular ROS that is harmful to cells is formed when nitric oxide reacts with superoxide to produce peroxynitrite (ONOO-), which then selectively nitrosylates tyrosine residues. Modification of proteins in this way has been found to disrupt cellular processes (496). Many cellular mechanisms are in place to clean up and respond to the presence of these ROS, such as reducing agents and protein chaperones (495), however, the O-GlcNAc modification may be one additional mechanism that mitigates the damaging effects of these cellular insults. Consequently, the small effects that we observe for O-GlcNAc stabilizing sTAB1 and CaMKIV in vitro could be very important under actual physiological conditions; particularly under conditions that lead to protein unfolding such as elevated temperature and oxidative stress. Indeed, as was discussed in the introduction of this chapter, elevated O-GlcNAc levels do provide a protective effect to cells placed under such conditions (223). 
	As a molecular mechanism, the hydrophilic nature of O-GlcNAc could be the key to both of these effects. The authors of the paper investigating the effect of O-GlcNAc on Sp1 may have been on the right track when they speculated: “One hypothesis is that hydrophilic O-GlcNAc residues on polypeptides may hinder thermally exposed hydrophobic regions from sticking together…” (112). As proposed by others for other forms of glycosylation, glycosylation may alter the potential energy landscape for protein folding in a manner that increases the energy of partially unfolded/misfolded states or it may increase the barrier to unfolding (474). In these ways, glycosylation may increase protein stability indirectly by allowing a protein to more easily find its global energy minima for folding and then stabilize the folded structure against unfolding. As both intramolecular protein folding and intermolecular protein aggregation are driven by formation of hydrophobic interactions (497, 498), it seems reasonable that the presence of a large and hydrophilic O-GlcNAc moiety could also affect either of these processes. The mechanistic details of the effect of O-GlcNAc on protein stability will be discussed further below in section 6.4 of this chapter.
	6.3 Mechanism of Stress-Induced Elevated O-GlcNAc Levels

	If O-GlcNAc is a general mechanism to stabilize proteins, why is the stoichiometry of modification so low on the large majority of proteins? There are several reasons that might account for this observation. First, stoichiometric modification of every O-GlcNAc site of every protein that is a targeted by OGT would be energetically expensive. Biosynthesis of UDP-GlcNAc costs the cell one molecule of ATP, one molecule of UTP, one molecule of glutamine, and one molecule of glucose (which indirectly costs the cell energy which it could have gained from the glucose entering glycolysis). Second, it cannot be ruled out that O-GlcNAc does not play roles in addition to simply stabilizing proteins, such as modulating phosphorylation levels on certain proteins, and thus substoichiometric levels may be necessary to carry out these roles. A third reason may be that the cell does not require maintenance of stoichiometric levels of O-GlcNAc because it can increase O-GlcNAc under the appropriate conditions or, more elegantly, modify proteins that are partially unfolded. In such a manner, this could favour refolding of these proteins and/or minimize the probability of them aggregating; a process that is highly analogous to a protein chaperone. Several studies have shown that heat shock gives rise to elevated O-GlcNAc levels in cultured cells (223, 488), however, the mechanism(s) by which global O-GlcNAc levels are elevated are poorly understood. Therefore, studies were initiated to assess how the cell can elevate O-GlcNAc levels under conditions that result in protein unfolding. 
	6.3.1 Examining the Effect of Heat Shock in CHO cells

	Cultured Chinese hamster ovary (CHO) cells were used in conjunction with a 45 (C heat shock to investigate the molecular mechanism for how O-GlcNAc levels are elevated. A 90 min heat shock elevated global O-GlcNAc levels in CHO cells by approximately 2-fold (Fig. 6.8a), which is similar to what others have observed (223, 488). Based on O-GlcNAc being a dynamic modification, five different mechanisms immediately come to mind for how O-GlcNAc could be elevated: increased OGT protein levels, increased OGT activity, decreased OGA protein levels, decreased OGA activity, or increased cellular UDP-GlcNAc levels. All five of these parameters were examined in CHO cells following a 90 min heat shock. Levels of OGT and OGA were unchanged by heat shock (Figures 6.8b,c) as were activity levels of both enzymes tested from cell lysates (Figures 6.8d,e). Furthermore, with the assistance of Wesley Zandberg, levels of UDP-GlcNAc were shown to be unaltered following a heat shock (Figure 6.8f). Two studies have carried out similar sets of experiments in an effort to delineate how heat shock gives rise to elevated O-GlcNAc levels. One study conducted in COS-7 cells found that out of these five possibilities, the only difference was a 2-fold increase in OGT activity despite equal OGT levels (223). On the other hand, another study using CHO cells could not detect a difference in any of these possibilities (488). Significantly, this latter study did demonstrate that heat shock gave rise to elevated O-GlcNAc levels in CHO cells and, therefore, the studies described here are in complete agreement with this previous study using CHO cells. Although other mechanisms may be at play in other cell lines, such as elevated OGT activity in COS-7 cells, within CHO cells another explanation for the origin of elevated O-GlcNAc levels is clearly required. 
	6.3.2 An Alternative Mechanism: Increased Accessibility of OGT for Substrates

	The previous studies carried out in CHO cells that investigated the basis for elevated O-GlcNAc levels induced by elevated temperature, which made similar conclusions to findings presented in Figures 6.8, offered an additional possible cause for the elevated O-GlcNAc levels: “enhanced O-GlcNAcylation may be due to an increased accessibility of OGT to its substrate proteins, which might be caused by some conformational changes of heat-denatured substrate proteins in nucleocytoplasm.” (488). Nevertheless, no direct evidence was presented to support this proposal at the time of this study or since. Given that the other possible mechanisms for elevating O-
	Figure 6.8:  Heat shock of CHO cells increases O-GlcNAc levels through an unidentified mechanism. 
	CHO cells cultured in 10 cm plates were grown to 95% confluence. For heat shock, cells were placed in a 45 (C incubator for 90 min and then immediately harvested along with cells that had been maintained at 37 (C. These lysates were probed by Western blot for levels of: (A) O-GlcNAc-modified proteins, (B) OGT, (C) OGA, as well as (D) OGT activity, (E) OGA activity, and (F) levels of UDP-GlcNAc. O-GlcNAc levels are elevated by the heat shock but none of the five parameters tested can account for the increases in O-GlcNAc. Levels of UDP-GlcNAc, OGT activity, and OGA activity were assayed in triplicate from lysates and the values represent the average of these three replicates while the error bars represent the standard deviation. 
	GlcNAc levels after heat shock do not appear to be at play, at least in CHO cells, studies were initiated to determine if OGT has an enhanced ability to bind proteins at elevated temperature.
	To probe the hypothesis in question, cross-linking studies in CHO cells were carried out to look for an enhanced ability of OGT to crosslink to any cellular protein components under conditions where a larger proportion of substrates are partially unfolded. Using formaldehyde as a crosslinker, the extent of OGT crosslinking was assessed at 37 (C or 45 (C for different times and different formaldehyde (FA) concentrations. When using a moderate FA concentration (1%) over a 90 min period at 37 (C or 45 (C, significantly less non-crosslinked OGT (more crosslinked) was observed by Western blot at the higher temperature (Figure 6.9a). The same samples were probed for a protein not expected to undergo much crosslinking ((-actin) and a protein expected to undergo substantial crosslinking (Hsp90). Indeed, the negative control ((-actin) did not show increased crosslinking due to heat shock while the positive control (Hsp90) had a higher degree of crosslinking under heat shocked conditions (Figure 6.9a), which is expected given its role as a protein chaperone. These controls suggest that the results obtained for OGT are likely not simply a consequence of kinetic factors. The crosslinking experiment was repeated over a shorter time period (30 min) with a higher formaldehyde concentration (2%) and similar results were obtained (Figure 6.9b). In fact, under these conditions it appears that OGT crosslinks to an even larger extent than Hsp90.
	Several noteworthy observations about this crosslinking data merit discussion. First, the amount of OGT crosslinking at 37 (C is considerable and, in fact, there appears to be just as much or more crosslinking than the bona fide heat shock protein Hsp90, which is known to interact transiently with many different client proteins and co-chaperones (499). This result seems to be in keeping with the vast number of substrates acted on by OGT and the ever growing list of proteins that interact stably with OGT (83, 128-133). The second interesting observation is that although the intensity of the band corresponding to non-crosslinked OGT decreased in crosslinked cells, unexpectedly, the amount of high molecular weight OGT positive immunoreactivity that was observed seemed disproportionately small. The likely explanation for this observation is that under heat shocked conditions, OGT becomes cross-linked to form very large protein complexes and these are removed by centrifugation prior to analysis of the samples or do not migrate into the gel. Indeed, OGT has been found to be a part of several very large protein complexes and at least one of these complexes interacts with DNA (83, 103). Attempts to break up the DNA by sonication prior to centrifugation failed to make a difference (data not shown). Further studies will be needed to address this issue but regardless, these crosslinking studies support the view that accessibility of substrates to OGT is increased when substrates are partially unfolded, which may lead to an increased ability of OGT to glycosylate proteins.
	Figure 6.9:  Increased crosslinking of OGT under conditions of heat shock in CHO cells.  
	CHO cells were cultured to 95% confluence in 10 cm plates prior to carrying out the crosslinking experiment. To initiate the experiment, the media was removed, the cells were gently washed with 5 mL of PBS, and then incubated with 10 mL of PBS containing the indicated amount of formaldehyde (FA). Cells were then incubated at either 37 (C or 45 (C for either 30 min (A) or 90 min (B). Following this incubation period, the formaldehyde was quenched with glycine and the liquid was then gently removed from the cells. Lysis solution (1% SDS and 50 mM (-mercaptoethanol) was added to the cells, cells were then harvested and the total extract boiled 10 min. The resulting lysates were then spun at 17,000 x g for 10 min to remove insoluble debris and the supernatant was added to the appropriate amount of SDS-PAGE loading buffer. Western blots were subsequently carried out using these lysates and probed with the specified antibody. Arrows represent non-crosslinked protein. For samples treated with formaldehyde, the band at the top of the blot represents high molecular weight protein complexes that did not enter the 4-15% gradient gel. 
	Proteins can be unfolded by many different conditions and so another method for inducing protein unfolding was carried used to see if an analogous result would be observed. The method that was selected was to the use a proline analogue termed L-azetidine-2-carboxylic acid (Az) (Figure 6.10a). The mode of action of Az is based on its ability to get incorporated into proteins in place of proline, which in turn causes protein unfolding/misfolding because Az containing peptides prefer a disordered conformation (500-502). Accordingly, cells were treated for 7 hours with 5 mM Az followed by crosslinking in an analogous manner to the heat shock experiments. As shown in Figure 6.10b, expression of the major inducible cytosolic heat shock protein (Hsp70) was 
	Figure 6.10:  Incorporation of an unnatural amino acid in proteins induces protein unfolding and results in increased crosslinking of OGT in CHO cells. 
	(A) Chemical structure of L-proline compared to L-azetidine-2-carboxylic acid (Az). (B) Az increases OGT crosslinking in CHO cells. CHO cells were cultured to 80% confluence in 10 cm plates prior to carrying out the experiment. To initiate the experiment, 5 mM Az was added to the media and cells were incubated for seven hours. The media was then removed, the cells were gently washed with 5 mL of PBS, and then incubated in 10 mL of PBS containing the indicated amount of formaldehyde (FA). Cells were then incubated at 37 (C for 90 min. Following this incubation period, the formaldehyde was quenched by the addition of glycine and this liquid was then gently removed from the cells. Lysis solution (1% SDS and 50 mM (-mercaptoethanol) was added to the cells, cells were harvested, and the total extract boiled for 10 min. The resulting lysates were then spun at 17,000 x g for 10 min to remove insoluble debris and the supernatant was added to the appropriate amount of SDS-PAGE loading buffer. Western blots were subsequently carried out using these lysates and probed with the specified antibody. Arrows represent non-crosslinked protein. For samples treated with formaldehyde, the band at the top of the blot represents high molecular weight protein complexes that migrated through the stacking gel but did not enter the 10% resolving gel.
	induced by Az, which demonstrates that an unfolded protein response was generated by this compound (503, 504). In a similar manner as described with heat shock, Az caused increased crosslinking of OGT and once again, under these conditions, the amount of OGT crosslinking appears to be equivalent or even more than Hsp90. On the other hand, Hsp70 showed a substantial amount of crosslinking and yet little crosslinked high molecular weight bands appeared. This observation also seems consistent with its interaction with many client proteins as well as co-chaperones (505), and supports the validity of the results observed with OGT. Curiously, several other glycosyl transferases have been shown to have a greater ability to bind and glycosylate their substrates when their substrates are partially unfolded. UDP-glucose:glycoprotein glucosyltransferase (UGGT) and N-acetylglucosaminyltransferase V (GnT-V) have long been known to have an enhanced ability to glycosylate partially unfolded substrates (506, 507). The similarity of OGT to UGGT, in this context, is very intriguing because UGGT is a critical component an ER chaperone system. This similarity will be discussed further below.
	6.3.3 Evidence from In Vitro Glycosylation Assays for Increased Accessibility of OGT to Substrates 

	Cumulatively, the crosslinking experiments suggest that OGT preferentially interacts with unfolded or partially unfolded proteins. As elevated O-GlcNAc levels are observed with heat shock (Figure 6.8a), it would suggest that the increased binding observed from the crosslinking studies may give rise to increased activity toward these partly unfolded proteins. To address this possibility directly, in vitro glycosylation assays were carried out at different urea concentrations. Four bona fide substrates of OGT were used; three of these were proteins (nuclar pore protein p62 (38), sTAB1 (126), and CaMKIV (483)) and one was a small nine amino acid peptide that encompasses a known glycosylation site on (-crystallin (137). The peptide substrate is a critical control to correct for the effect of urea on the stability and therefore intrinsic activity of OGT in the different concentrations of urea. As demonstrated in Figure 6.11, the activity of OGT towards all four substrates diminished as the concentration of urea was increased in the assay. At 0.5 and 1 M urea, however, the activity of OGT on all three protein substrates was significantly greater than the activity on the peptide substrate. Most strikingly, at 1 M urea the percentage of OGT activity compared to assays without urea were 25 ( 1 % for p62, 17 ( 1 % for sTAB1, 9 ( 1 % for CaMKIV, and only 3.4 ( 0.7 % for the (-crystallin peptide. In other words, the relative activity of OGT at 1 M urea was 7-, 5-, and 3-fold higher towards p62, sTAB1, and CaMKIV, respectively. At 2 M urea, the activity of OGT towards all three substrates had decreased to less than 2% of the activity as compared to when no urea was present in the assay and this activity was too low to assess a difference between the different substrates. The differences in the activity of OGT toward protein and peptide substrates at moderate concentrations of urea suggests that partial unfolding of a protein substrate increases the activity of OGT toward the partially unfolded proteins. In a remarkably similar finding, Sousa and Parodi found that UGGT activity towards soybean agglutinin was optimal in guanidine but activity decreased 3-4 fold as the guanidine concentration in the assay was decreased (508).
	Figure 6.11:  Increased OGT catalytic activity towards proteins under denaturing conditions. 
	6.3.4 A Structural Model for the Ability of OGT to Recognize Unfolded Proteins.

	As discussed in detail in Chapter 1, OGT is composed of two distinct domains: the tetratricopeptide repeats (TPRs) and the catalytic glycosyltransferase domain (Figure 1.9a). The long human OGT isoform (ncOGT) contains 13.5 TPRs and several years ago Jinek et al. solved the structure of the first 11 TPRs of human OGT by x-ray crystallography  (121). Like other TPRs, this structure resembles a superhelical coil that has a large groove (Figure 1.9b) (121). TPR domains are a common structural fold among mammalian proteins that mediate protein-protein interactions (120) and, indeed, previous studies have concluded that the TPRs of OGT are essential for recognizing various substrates (119, 121, 124-126). Interestingly, the structure of several TPR domains, from proteins other than OGT, in complex with binding partners have demonstrated that this fold predominantly recognizes unstructured peptides within the groove of the superhelical structure (509-511). Given these properties, perhaps it is not surprising that the TPR motif is widespread among protein chaperones, which must recognize a large number of client proteins and, in particular, recognize partially unfolded elements of that protein (510-517). Because OGT has many target proteins and, as suggested in the previous sections, can bind partially unfolded proteins, it seems that the TPRs of OGT might be ideally suited for fulfilling this role of substrate recognition.
	Figure 6.12:   The three-dimensional structure of XcGT41. 
	(A) Schematic cartoon of XcGT41. XcGT41 is composed of 5.5 tetratricopeptide repeats (TPRs) that are interfaced directly with the catalytic glycosyltransferase catalytic domain that has a GT-B fold. The electron density (blue mesh) for UDP is shown within the active site along with the proposed catalytic base His218 (HsOGT His558) drawn in ball and stick representation. (B) The XcGT41 active site interactions with UDP. Critical residues that form hydrogen or electrostatic interactions (shown as dashed lines) with UDP are shown in ball and stick representation. Figures were made in PyMol using PDB 2VSN.
	Although the TPRs of OGT may indeed allow OGT to bind partially unfolded proteins, it is more difficult to envision how this would translate into increased catalytic efficiency towards the unstructured target protein. Until recently, no structural information was available about the catalytic domain of OGT and no proposal had been made on how the two domains might be interfaced. This void was recently filled through a collaboration with Dr. Gideon Davies’ laboratory through which the first structural information about the catalytic domain of OGT was presented (408). In a similar manner as was done with OGA, the structure of a bacterial homologue of OGT was solved since efforts to crystallize the human enzyme were unsuccessful. OGT belongs to GT family 41, which contains many bacterial homologues. The GT41 from Xanthomonas campestris (XcGT41) was used for structural studies as outlined below. The structure of the same protein was also solved at the same time by the van Aalten group (126). XcGT41 contains 5.5 TPRs, which take on the prototypical superhelical coil (Fig. 6.12a). The TPRs are interfaced directly with the catalytic domain, which is itself a GT-B fold that consists of two Rossmann-like domains (Figure 6.12a). 
	  Figure 6.13:  Sequence alignment of the glycosyl transferase catalytic domain of GT41 family members. 
	Sequence of Xanthomonas campestris (NP_636257), Arabidopsis thaliana (NM_111987), Drosophila melanogaster (NP_858058), and Homo sapien (NP_858059) from GT family 41. Secondary structural elements, revealed by the 3-D structure of XcGT41, are shown above the alignment. The conserved His218 is highlighted since it is proposed to be the critical catalytic base. Note that all species have an insert of varying lengths found between the two Rossmann folds of the GT-B domain. Sequence alignment was made with Boxshade.
	Among the superfamily of GTs, the GT-B fold is one of two common folds for glycosyl transferases (21). GTs having a GT-A folds use a DXD motif to position a divalent cation to coordinate the pyrophosphate portion of the leaving group, which makes it a better leaving group, and so facilitates nucleophilic displacement at the anomeric center. On the other hand, GTs having the GT-B fold use polar enzymic residues to accomplish this in place of the metal ion. Consistent with XcGT41 having a GT-B fold, no DXD motif or metal ion was found in the active site of XcGT41, which Carlos Martinez-Fleites from Dr. Davies lab was able to define by solving the structure of XcGT41 bound to UDP. Instead of a metal ion, a number of residues make hydrogen bonds and electrostatic interactions with the two phosphate groups of UDP (Figure 6.12b). This observation seems in keeping with a previous study showing that mammalian OGT does not require magnesium to function nor is its activity significantly impaired by inclusion of EDTA in assays (44). Strikingly, nearly all the residues that contact UDP are highly conserved with the human enzyme (Figure 6.13) and consistent with this observation, I showed in collaboration with David Shen that mutation of any of these residues in the human enzyme dramatically decreased its activity towards nuclear pore protein p62 (Table 6.1). 
	Table 6.1:  The catalytic activity of several human OGT mutants assayed using p62 as a substrate. 
	One residue was of particular interest (His218 XcGT41; His558 human OGT) since its position in the active site suggested it might play the role of the general base catalyst to deprotonate the nucleophilic oxygen coming from the protein. This histidine is fully conserved among all GT41 family members (Figure 6.13) and mutating this residue to alanine in the human enzyme resulted in at least a 100-fold reduction in its catalytic efficiency (Table 6.1). Interestingly, other GTs have also been proposed to use a histidine as its general base catalytic residue (319). Therefore, given that neither XcGT41 nor human OGT requires a divalent metal and also given the high level of amino acid conservation of active site residues, the structure of XcGT41 appears to be a good model for human OGT.
	Structural information about the two domains of XcGT41 are not, on their own, all that informative. More interesting is the interface between the two domains. An intriguing finding from the structure of XcGT41 is that the active site and the superhelical groove of the TPRs are continuous (Fig. 6.14a). Furthermore, a close inspection of the interface between the TPRs and catalytic domain, a region that defines the active site, reveals that a deep and narrow cleft is formed (Fig. 6.14b). Accordingly, it seems unlikely that 
	Figure 6.14:  XcGT41 has a narrow and deep active site that is continuous with the superhelical groove formed by the TPRs. 
	(A) Composite of XcGT41 (cyan, with UDP in red ball and stick representation) overlaid with the HsOGT TPR domains (gold; PDB 1W3B) shown at three different angles varying by 120( rotation about the y-axis. Shown in yellow is a model peptide substrate (the yeast importin complex (121, 408)) superimposed on the structure of OGT, which demonstrates how the TPRs may bind peptides or unstructured regions of proteins and direct them into the catalytic center. (B) Zoomed in view of the interface between the catalytic GT domain and the TPRs, which demonstrates the depth and width of this interface. The dimensions of this groove likely exclude secondary structural elements of a target protein from being modified and favour binding and glycosylation of unstructured polypeptides in a mode similar to that shown for the peptide modelled onto this structure. Figures were made in PyMol using PDB 2VSN.
	XcGT41, and by extension human OGT, would be capable of glycosylating structured secondary elements of proteins because it is doubtful that such features would fit into this deep and narrow active site. What seems much more likely is that the target protein would access the catalytic active center through the superhelical grooves of the TPR. This would necessitate the serine or threonine residue that is targeted for glycosylation to be present in a polypeptide devoid of secondary structure in order for this polypeptide to bind within the superhelical twist of the TPR groove and extend on into the active site.
	A model is envisioned based on the structure presented above that the TPRs, recognize unstructured elements of proteins and direct nearby serine or threonine residues into the active site cleft for modification. These unstructured elements could, in principle, be from parts of proteins that are normally unstructured or, alternatively, become unstructured due to some event that perturbs the fold of the target protein. Several properties of the O-GlcNAc modification, as well as results presented earlier in this chapter, are consistent with this proposal. First, no clear amino acid consensus sequence has been discovered that directs which residues get modified by O-GlcNAc (54) and, thus, recognition elements that specify modification may not encompass, or even be adjacent to, the site of modification. Alternatively, the amino acid sequence may not be the determining factor but rather the ability of a polypeptide to take on a conformation that allows it to bind the TPRs and extend into the active site. Second, most known sites of modification occur in unstructured regions and consistent with this observation, O-GlcNAc sites often occur in regions that are rich in proline. Third, if a lack of secondary structure around a site of modification is indeed required for a protein to be glycosylated, this may be in line with the crosslinking and glycosylation assays presented above, which showed that OGT has an enhanced ability to bind and glycosylate proteins that are partially unfolded by heat, chemical incorporation of an unnatural amino acid, or a chaotropic agent. Clearly, the structure of a GT41 member bound to a substrate would go a long way to substantiating these ideas, however, the precedent literature showing that TPRs recognize unstructured elements and the fact that TPRs are widespread on protein chaperones supports the idea that OGT can recognize unfolded parts of a protein.
	6.4 A Chaperone Model for the Cellular Role of O-GlcNAc

	The data presented in this chapter allows for a model to be proposed for a general function of the O-GlcNAc modification. It is important to point out that this model is not necessarily mutually exclusive with other proposed cellular roles for the O-GlcNAc modification, however, with the many lines of evidence supporting this model it is a goal of this thesis to argue that this proposal may outline one of the primary cellular functions of the O-GlcNAc modification. Subsequently, properties that endow glycosylation within the ER with a chaperone activity will be examined and compared to potential analogous properties of O-GlcNAc. The ways in which this model integrates with several overarching properties of the O-GlcNAc modification will then be discussed. 
	6.4.1 A Chaperone Model

	A general model for the O-GlcNAc modification is presented in Figure 6.15. This model encompasses both thermodynamic and kinetic considerations and has three main ideas. The first idea is that addition of (-O-linked N-acetylglucosamine residues to a protein may favour its proper folding and consequently disfavour the occupation of unfolded and/or misfolded states. Diagrammatically, this is represented in Figure 6.15 by altering the equilibrium between different folded states for the modified and unmodified protein. Another way to represent this is through a protein folding energy landscape, which is commonly represented as a funnel  (518). As shown in Figure 6.16, O-GlcNAc modification of a protein may alter its folding landscape in subtle ways that increase the energy of local minima corresponding to unfolded or misfolded forms of the protein. In such a manner, the global minimum for the folded glycoprotein may be accessed more readily. It is not clear, and no evidence supports the possibility, that O-GlcNAc has an effect on the stability of the folded structure of a protein (i.e. the energy of the global minima may well be unchanged). Indeed, this view is consistent with what has been proposed for other forms of glycosylation (474, 475); O-GlcNAc therefore likely exerts its effect on folding intermediates rather than on the fully folded structure. Direct support for O-GlcNAc affecting protein unfolding in the manner described here comes from the studies presented with CaMKIV. Both thermal and urea denaturation experiments, which are both thermodynamic measures, indicate that O-GlcNAc modification of CaMKIV increases both the temperature and concentration of urea agent required to unfold this protein (Figures 6.6 and 6.7). As discussed above, relatively small differences observed in vitro will be compounded by the crowded physiological environment of the cytosol. Further support for this aspect of the model comes from many studies that have concluded that glycosylation increases the thermodynamic stability of a protein (467-479).
	Figure 6.15:  A general model for the proposal of chaperone-like ability of the O-GlcNAc modification. 
	A fully-folded protein in its unmodified (top left) and O-GlcNAc-modified (bottom left) state. There are three ways in which O-GlcNAc may stabilize the folded structure of a protein. The first is that O-GlcNAc may influence the equilibrium between folded, partially unfolded, and fully unfolded states – this is represented by the equilibrium arrows. The second is that O-GlcNAc may decrease the rate of aggregation of unfolded and/or misfolded species to protein aggregates (kagg)  – this is represented by the different sized arrows pointing to “aggregated protein”. The third is that OGT may have the ability to recognize unfolded states and modify these species. Once O-GlcNAc-modified, the protein would benefit from the modification in the two ways already mentioned. As installation of O-GlcNAc by OGT is an energy driven process, a further possibility is that OGT could couple the hydrolysis of UDP-GlcNAc to help drive proteins out of local energy minima and allow them to refold. 
	A second aspect of the model, which may be viewed simply as an extension of the first aspect, is that O-GlcNAc modification of a protein may decrease the susceptibility of a protein to aggregate. Several different mechanisms could give rise to this effect. One mechanism may be the ability of O-GlcNAc to destabilize local unfolded and/or misfolded minima (Figure 6.16), which will result in a protein spending less time in such states. Such states expose hydrophobic patches, which are a driving force for intermolecular protein aggregation and, therefore, spending less time in these local minima will effectively decrease the concentration of species available for aggregation. Consistent with this view, others have observed a correlation between the extent of O-GlcNAc modification and the amount of protein present in the soluble to insoluble state following heat shock of cells (112, 488). Another equally likely possibility for O-GlcNAc affecting the aggregation of a protein is through direct hindrance of the aggregation step. This is represented in Figure 6.15 as a larger arrow for the aggregation step with the unmodified protein in an unfolded or misfolded (kagg) form as compared to the O-GlcNAc-modified unfolded or misfolded (< kagg) protein. The data presented for sTAB1 support the idea that protein aggregation is slowed by the presence of O-GlcNAc (Figure 6.4). As insoluble protein aggregates are a characteristic of many diseased states, especially those involved in neurodegeneration (519, 520), the potentially critical role for O-GlcNAc in preventing protein aggregation is obvious. In this context two considerations are interesting; first is that several proteins involved in aggregate formation in neurodegenerative diseases, such as Tau (70), amyloid precursor protein (APP) (521), and (- and (-synuclein (49), are themselves O-GlcNAc modified and second is that decreased O-GlcNAc levels are known to occur in the brain of the elderly due to decreased glucose uptake and utilization (202).       
	A third facet of the model relates to the ability of OGT to modify partially unfolded proteins. This aspect is intriguing and has the potential to support a protein chaperone role for O-GlcNAc and/or OGT. OGT may recognize proteins in various unfolded or misfolded states, which would lead to that protein to be O-GlcNAc modified. In the model presented in Figure 6.15, this process is represented by the vertical arrow showing OGT acting on unfolded and/or misfolded species. This effect could arise from loss of secondary structure within a target protein when it is unfolded/misfolded, which could come about by many cellular stresses including, for example, elevated temperature. As a result, unstructured peptide sequences could become exposed and these may contain binding motifs for the TPRs of OGT. Glycosylation could then take place at a location close to this binding motif. As demonstrated in Figure 6.15, the extent of protein unfolding required for OGT recognition could range from a small structural perturbation, such as loss of a small secondary structure motif, to significant unfolding of tertiary protein structure. The in vitro glycosylation assays suggest that only a small degree of structural perturbation is required since the largest increase in activity towards p62, sTAB1 and CaMKIV, compared to the peptide substrate, was observed at 1 M urea (Figure 6.11). At this concentration of urea, CD spectroscopy demonstrated that these proteins retain > 97% of their (-helical content (Figures 6.3 and 6.5).
	Figure 6.16:  A model for O-GlcNAc affecting the energy landscape for protein folding. 
	Depicted are hypothetical folding funnels for an unmodified (left) and O-GlcNAc-modified (right) protein. The presence of O-GlcNAc on proteins may increase the energy of folding intermediates or reduce the energy barrier between intermediates and the fully folded state. In such manner, an O-GlcNAc-modified protein may spend less time in these intermediates which would help it achieve its global energy minima (correctly folded protein) faster and disfavour aggregation, which involves intermolecular assembly of these unfolded species. O-GlcNAc could also affect the global energy minima but with no experimental data to indicate that this might be the case; the global energy minima are represented as unperturbed between the two states. 
	6.4.2 Comparison of the Chaperone Model to ER Glycosylation

	Several additional features may give the O-GlcNAc modification and/or OGT properties that more resemble a typical protein chaperone. These three features are found in the quality control system in the ER. The majority of proteins extruded into the ER are cotranslationally modified by N-linked oligosaccharides. As discussed in the introduction of this chapter, addition of this glycan is known to help a protein achieve and maintain its correct three-dimensional structure. It is interesting to note in this regard that many years ago it was found that p62 is cotranslationally modified (522). Although no other studies have reported a similar phenomenon on other proteins, it would be well worth investigating if cotranslational modification is a general mechanism. Certainly, the enhanced ability of OGT to bind unfolded proteins and the structure of OGT itself suggests that this might not be specific to p62.    
	Returning to the quality control pathways in the ER, a central feature that is involved in chaperoning proteins is an intricate trimming process of the N-glycan. Once the three glucose residues of the Glc3Man9GlcNAc2 core are removed, the stage is set for an enzyme termed UGGT to function. Many studies have collectively shown that UGGT can discriminate folded from unfolded proteins and its recognition of unfolded proteins leads to glucosylation of the Man9GlcNAc2 glycan (506, 508, 523-525). Addition of this single glucose residue on the glycan of unfolded proteins facilitates protein folding via the action of a pair of protein chaperones, termed calnexin and calreticulin (Cnx/Crt), that recognize the monoglucosylated oligosaccharide on these glycoproteins. Cnx/Crt retain recognized proteins within the ER to prevent misfolded proteins from reaching the cell surface, and assist in correctly folding the target protein. The Cnx/Crt protein chaperones do not use ATP to function but are thought to simply provide a sheltered environment that enables protein refolding (5, 526, 527). If Cnx/Crt are successful in helping the protein achieve its correct fold, the critical glucose residue that was added by UGGT and recognized by Cnx/Crt is then enzymatically removed by a glucosidase and the protein is allowed to continue its journey through the secretory pathway. If the protein is not correctly folded, the cycle involving addition and removal of the glucose residue may be repeated several more times. If the protein still does not fold correctly, it is eventually fated for destruction through the endoplasmic reticulum associated protein degradation (ERAD) system. Germane to the aspect of the carbohydrate-recognizing Cnx/Crt protein chaperones, a series of studies by Lefebvre and coworkers found evidence that cytosolic Hsp70 has lectinic acitivity toward O-GlcNAc modified proteins (503, 528, 529). Therefore, an expansion to the model presented in Figure 6.15 might be that addition of O-GlcNAc tags unfolded/misfolded proteins and targets them for refolding by Hsp70.
	As one final note in comparing OGT and UGGT, it is fascinating that both OGT and UGGT are absent in Saccharomyces cerevisiae (budding yeast). While budding yeast contain a homologue of mammalian UGGT (Kre5p), this protein has been well characterized as lacking GT activity toward proteins modified with the Man9GlcNAc2 oligosaccharide (527). On the other hand, a Blast search using the sequence of human OGT against the yeast genome (budding and fission) reveals numerous TPR-containing proteins with a reasonable level of amino acid sequence similarity (>30%) to the human TPRs; several of which have unknown function (data not shown). One interesting hypothesis is therefore that ancient protein chaperones in yeast that have the ability to bind and stabilize unstructured proteins may have developed glycosyl transferase activity latter on during evolution as an additional means of stabilizing protein structure. This additional stabilization has the potential to come from the effect that O-GlcNAc has on proteins once it attached, as discussed in detail above, as well as through an additional mechanism that is coupled to the hydrolysis of UDP-GlcNAc. Many protein chaperones hydrolyze ATP and use the chemical energy to “shake up” a protein and force it out of a local folding energy minimum (504). Addition of O-GlcNAc by OGT, through hydrolysis of the high energy UDP-GlcNAc donor, also has the potential to act in this manner. One piece of experimental evidence supporting this concept comes from a study carried out by Champattanachai et al., which demonstrated that overexpression of OGT had a larger beneficial effect than NButGT in protecting cardiomyocytes from ischemic cell death despite the fact that O-GlcNAc levels were higher in cells treated with NButGT as compared to those overexpressing OGT (335). There are multiple ways, therefore, as to how O-GlcNAc could stabilize proteins at a cellular level.
	6.4.3 Integration of the Chaperone Model with Properties of the O-GlcNAc Modification

	The O-GlcNAc modification has a number of general features that appear to be in line with the models presented in Figures 6.15 and 6.16. Several of these were presented in Chapter 1 and are revisited here to demonstrate how they are compatible with and supportive of these models.
	Tissue Distribution: The levels of OGT and O-GlcNAc are highest in the brain and pancreatic (-cells (114, 117). The relevance of this observation is that these organs are required to endure high levels of oxidative stress. Neurons require millimolar concentrations of intracellular ATP for their numerous cellular processes (530). This requirement necessitates a high level of metabolic activity and, coupled to other mechanisms by which neurons are subjected to oxidative stress, such as regular stimulation of glutamatergic neurons and the possibility of ischemic hypoxia, it is clear that neurons are subject to a plethora of cellular stresses (531, 532). On the other hand, pancreatic (-cells are constantly being exposed to high intracellular levels of glucose immediately following a meal due to both the high rate of transport and the high KM of the glucose transporter 2 (Glut2) (533). Intracellular hyperglycemia has numerous toxic effects (534), which is compounded in (-cells by the fact that these cells have a very low capacity to neutralize ROS because they have low levels of reducing agents such as superoxide dismutase, catalase, and glutathione (535). Therefore, if the O-GlcNAc modification protects proteins from unfolding and aggregation, it seems rational that levels of OGT and O-GlcNAc would be highest in organs and cells that face the highest levels of these cellular insults. In this context, it is very interesting to note that cancer cells have been very recently shown to have elevated OGT levels and, consequently, O-GlcNAc levels (536). One very common mechanism that cancer cells use to overcome their requirement for high metabolic activity is through overexpression of protein chaperones (537).
	Subcellular location: Both O-GlcNAc and OGT are found throughout the cytoplasm and nucleus but are particularly abundant in the axonal termini of neurons (49, 50). Furthermore, several proteins that reside in the axonal termini of neurons bear among the highest levels and stoichiometry of O-GlcNAc modification (95, 96). Certainly, any role that O-GlcNAc plays in increasing protein stability is not specific to axonal termini; however, the nature of this cellular location highlights the potential for O-GlcNAc and OGT to act as a protein chaperone. Neurons synthesize a good portion of their proteins within their soma and are required to expend a great deal of energy to transport newly synthesized proteins down the length of their axons. The high levels of ATP consumption place intense metabolic demands in this part of the cell. In this respect, stabilizing proteins in this cellular location seems logical. 
	Cellular Abundance: The list of proteins which have been found to be O-GlcNAc-modified is ever expanding. As the methods for enriching and detecting the modification improve, this list will undoubtedly increase substantially from the some 500-1000 proteins that are already known to be targets of the modification. The results presented in Chapter 5 of this thesis provide an estimate for the abundance of the modification; a molar ratio of protein to O-GlcNAc was found to be approximately 12:1 and so O-GlcNAc is highly abundant. If the primary function of O-GlcNAc is to stabilize proteins then it seems logical that O-GlcNAc would be found on many different proteins. Indeed, O-GlcNAc is found on proteins that play diverse cellular roles and, in fact, the largest class of O-GlcNAc-modified proteins are structural proteins such as actin (69), tubulin (68), keratins (65), crystallins (72), and neurofiliments (66). This observation is significant because structural proteins are particularly susceptible to oxidative damage due to their high abundance and usually long lifetime in the cell (496). As structural proteins appear to have a low stoichiometry of modification, and given that O-GlcNAc is difficult to detect on these proteins despite their abundance, this observation is consistent with the model suggesting that O-GlcNAc is chaperoning a small portion of these proteins that become unfolded.
	Stoichiometry and dynamic nature: The low stoichiometry of O-GlcNAc that is typically found on individual sites of proteins may be a reflection of either disadvantages associated with stoichiometric modification (such as the energy cost) or a reflection of the processes that are involved in the model presented in Figure 6.15. If one of the primary functions of OGT is to modify unfolded proteins then at any given time only a small percentage of a population of proteins would require modification. Another consideration is that if the energy driven process of adding O-GlcNAc is an important factor in refolding, it may be advantageous for OGA to remove O-GlcNAc from the protein so additional attempts to modify the protein can be made in the case that the protein did not refold the first time it was modified. 
	Cellular stress response: As described in the introduction of this chapter, cell viability following a heat shock is significantly affected by O-GlcNAc levels; elevated O-GlcNAc levels enhance thermotolerance whereas decreased O-GlcNAc levels diminish thermotolerance (223, 488). The data presented in this chapter is strongly in line with these previous findings. O-GlcNAc modification of proteins may stabilize proteins under these times of cellular stress to allow cells to maintain normal cellular processes or, alternatively, prevent toxic build-up of aggregated species. The other types of stresses that elevated O-GlcNAc levels have now been shown to protect against provide additional support for the chaperone hypothesis. In particular, elevated O-GlcNAc levels appear to be excellent at combating the deleterious effects of cardiac ischemia (463, 464). Ischemia is characterized by loss of blood flow to tissues resulting in hypoxic conditions and the accumulation of ROS (538, 539). In an analogous manner, overexpression of Hsp70 is also protective against these two forms of cellular stress (540, 541). Therefore, the protective effect of elevated O-GlcNAc levels toward hyperthermia and hypoxia gives the O-GlcNAc modification a property much like a protein chaperone.
	OGT as a polycomb group protein: Recently, it was discovered that OGT is encoded by the super sex combs (sxc) gene in drosophila (63, 85), which had been known for some time to encode a polycomb group (PcG) protein (542). Importantly, the human enzyme rescued loss of sxc in flies strongly suggesting that the function of OGT, as a PcG member, is conserved in mammals (63). Drosophila polytenes are known have an abundance of O-GlcNAc modified proteins (62) and binding sites of PcG proteins on drosophila polytenes overlap with binding of an O-GlcNAc antibody (63, 85) suggesting that OGT functions to O-GlcNAc modify other PcG proteins. PcG proteins, together with their trithorax group (TrxG) protein counterparts, participate in the epigenetic regulation of gene expression through large protein complexes that remodel chromatin using various mechanisms including regulating of the acetylation and methylation state of histones (543). The relevance of OGT being a PcG protein to the hypothesis put forward in this chapter is that protein chaperones are emerging as important contributors to PcG and TrxG function. For instance, Hsp90 has established roles in regulating gene expression (544-546) and mutations in Hsp90 result in a developmental phenotype similar to mutations of bona fide PcG and TrxG proteins (547, 548). Recently, it was shown that Hsp90 is required for maintaining cellular levels of a key member of TrxG proteins called trithorax; inhibition of Hsp90 resulted in decreased levels of trithorax protein but had no effect on mRNA transcript levels (549). In this same study it was observed that inhibition of Hsp90 in mammalian cells resulted in decreased levels of the mammalian homologue of trithorax called mixed-lineage leukemia (MLL). Intriguingly, a recent study found that O-GlcNAc modification of MLL5, an orthologue of mouse MLL, was required for its DNA methyl transferase activity in cultured mammalian cells (83). Although the authors of this latter study did not entertain the possibility that O-GlcNAc modification of MLL5 was serving to chaperone MLL5, their data is largely consistent with this hypothesis. Other links between protein chaperones regulating PcG protein function have also been discovered (550, 551). Therefore, it remains a distinct possibility that mutations in the gene encoding OGT gives rise to a polycomb phenotype because other PcG and TrxG proteins require the O-GlcNAc modification for stability.
	6.5 Future Directions Aimed at Advancing the Chaperone Model as a Global View for the O-GlcNAc Modification.
	6.5.1 Integration of the Chaperone Model with Studies Carried out with OGA Inhibitors in Chapter 4.


	As discussed in detail at start of this chapter, the studies carried out in Chapter 4 argue against a general role for O-GlcNAc in signal transduction and transcriptional regulation. The lack of a phenotype observed in cultured cells and rodents when O-GlcNAc levels are dramatically elevated using a selective OGA inhibitor appears to be more in line with the hypothesis presented in this chapter. According to what has been discussed in this chapter, the high stoichiometric modification observed when using inhibitors of OGA should stabilize proteins from unfolding and make them less prone to aggregation; a feature that should be advantageous rather than deleterious. One experiment that could potentially shed light on this issue is an animal or cellular model that lacks OGA activity. Although no such studies have been described in mice, an OGA knockout of C. elegans was generated. It is remarkable, but perhaps not surprising in light of all the results presented in Chapter 4, that OGA-deficient worms had only a very minor defect in dauer formation and were otherwise relatively healthy (139). It is very conceivable that the mild phenotype that was observed in these worms is independent of the loss of OGA catalytic activity. Since OGA appears to function in several large protein complexes (103, 140), loss of the OGA protein scaffold could disrupt these complexes. Furthermore, as the function of the C-terminal domain of OGA is still unresolved, it is plausible that the absence of a functional C-terminal domain could produce a phenotype. Both of these concerns could be addressed by studies that delete OGA activity in a cellular or organismal context but preserve the OGA protein scaffold using the catalytically inactive D174A mutant of OGA described in Chapter 2. It will be exciting to see if loss of OGA activity gives rise to the same mild phenotype that is observed when OGA activity is blocked using small molecule inhibitors. 
	6.5.2 O-GlcNAc Stabilization of Protein Structure is a General Phenomenon that Occurs in a Cellular Context.

	Evidence was presented in this chapter showing that O-GlcNAc can stabilize two different proteins in vitro. To further advance the chaperone model, demonstrating this phenomenon on more proteins will be essential. More importantly, however, demonstrating this phenomenon in a cellular context will be crucial. Two studies have already presented preliminary data in cells to support the chaperone hypothsis. First, elevation of O-GlcNAc levels in cultured cells, through overexpression of OGT, was shown to decrease the amount of insoluble protein aggregates in cells following a heat shock (488). Second, modulating O-GlcNAc levels in cultured cells altered the partioning of Sp1, a known O-GlcNAc-modified protein, between soluble and insoluble fractions of cellular proteins (112). To get to the heart of the issue, future studies will ultimately need to be aimed at addressing the half-life of proteins to determine if this parameter correlates with O-GlcNAc levels on proteins. A radiolabelled pulse-chase experiment to follow newly synthesized proteins (552) under different conditions, such as cells treated with and without an OGA inhibitor, is an exciting future direction. An excellent tool to probe this issue further would be a useful non-toxic OGT inhibitor that acts in cells. Unfortunately, chemical tools to diminish O-GlcNAc levels are sorely lacking. 6-diazo-5-oxo-L-norleucine (DON) and azaserine have both been used to block the HBSP through their ability to inhibit GFAT and thereby decrease O-GlcNAc levels (553, 554). Both of these compounds, however, are highly toxic since they inhibit various aminotransferases in a number of metabolic pathways that use glutamine as a substrate (555, 556). More promising are some preliminary OGT inhibitors have been reported by the Walker group (557); refinement of these initial hits are required to produce some more soluble OGT specific compounds that are less toxic and more compatible with cell-based studies.
	6.5.3 A Unified View of Protein Glycosylation.

	Many forms of glycosylation have been shown to affect protein stability. Studies which have chemically ligated various saccharide units onto proteins (473) as well as computational studies (474, 475) are in agreement that it is neither the precise saccharide nor the length of the glycan decorating the protein that confers greater stability on glycosylated proteins as compared to unmodified proteins. The critical factor appears to be that a large hydrophilic sugar unit attached to a polypeptide destabilizes unfolded states of a protein (474). The chaperone model for the O-GlcNAc modification presented in this chapter is, therefore, a logical extension of previous studies that have concluded that other forms of glycosylation stabilize proteins. In this sense, the chaperone model of O-GlcNAc is a unifying view of protein glycosylation within the cell regardless of the cellular location: secretory pathway or nucleocytoplasm.
	6.6 Published Work from these Studies and Acknowledgement of the Contributions of Others

	Carlos Martinez-Fleites and Dr. Gideon Davies are acknowledged for their valuable contribution in solving the structure of XcGT41, generating Figure 6.12 and 6.13 as well as the model of XcGT41 overlayed with the human OGT TPRs and docked with the (-importin peptide (Figure 6.14). David Shen is acknowledged for an enjoyable collaborative effort in determining the activity of OGT and the associated point mutants that were a part of this thesis. Together, the functional assays that we carried out along with the structure of XcGT41 resulted in a publication in Nature Structural and Molecular Biology (408). Beyond the published work, Thomas Clark is acknowledged for his contribution of determining the stoichiometry of O-GlcNAc on sTAB1 by mass spectrometry. Scott Yuzwa and Morgan Lamb are acknowledged for an enjoyable collaboration in helping implement and validate the coexpression system in which OGT and target protein are synthesized recombinantly within E. coli. Wesley Zandberg is acknowledged for his contribution to determining the levels of cellular UDP-GlcNAc levels following heat shock. 
	6.7 Materials and Methods
	6.7.1 Cloning


	To clone OGT into pET28a, the following primers were used: 5'-GCCGCCGTCGACAAGCGTCTTCCGTGGGCAACGTGG-3' (SalI cut site shown in bold) and 5'-GCCGCCGCGGCCGCCTATGCTGACTCAGTGACTTCAAC-3' (NotI cut site shown in bold). To clone OGT in the pMal, the following primers were used: 5'-GCCGCCGGATCCAAGCGTCTTCCGTGGGCAACGTGG-3' (BamHI cut site shown in bold) and 5'-GCCGCCGTCGACCTATGCTGACTCAGTGACTTCAAC-3' (SalI cut site shown in bold).  To make the H558A point mutation of OGT, the following primers were used: 5'-GAGTTCCGACTTTGGGAATGCTCCTACTTCTCACCTTATGC-3' and 5'-GCATAAGGTGAGAAGTAGGAGCATTCCCAAAGTCGGAACTC-3'. The cDNA for human TAB1 and CaMKIV were obtained from Origene. To clone sTAB1 into pET28a, the following primers were used: 5'- CGACGACATATGAGCTTGCTGCAGAGTGAG-3' (NdeI cut site shown in bold) and 5'-CGACGACTCGAGTTACTTGCTGGTGC-TCTGGGC-3' (XhoI cut site shown in bold). To clone CaMKIV into pET28a, the following primers were used: 5'-GCCGCCCATATGATGCTCAAAGTCACGGTGCC-3' (NdeI cut site shown in bold) and 5'-GCCGCCCTCGAGTTAGTACTCTGGCAGGATCAC-3' (XhoI cut site shown in bold). The rest of the cloning procedures were the same as those described in detail in chapter 2. The clone of p62 in pET3a was a gift from John Hanover (NIH).  
	6.7.2 Protein Expression and Purification
	6.7.2.1 Coexpression of sTAB1 and CaMKIV with OGT


	The gene encoding sTAB1 or CaMKIV, in pET28a, were cotransformed with the gene encoding WT or H558A OGT, in pMal, into E. coli TunerTM(λDE3) expression cells. In order to increase the probability of obtaining cotransformed colonies, LB plates with 1/3rd of the standard concentration of ampicillin and kanamycin (33 (g/mL and 16.6 (g/mL, respectively) were used. Once colonies were obtained, the standard concentration of ampicillin and kanamycin (100 (g/mL and 50 (g/mL, respectively) were used to grow the bacteria in solution. To induce expression of sTAB1, IPTG (0.5 mM) was added to culture in exponential phase and the ells were grown overnight at 25 (C whereas for induction of CaMKIV, IPTG (0.5 mM) was added and cells were grown at 25 (C for four hours. Bacteria were harvested by centrifugation, lysed, and protein purified by nickel column chromatography as described in Chapter 2.
	6.7.2.2 Recombinant Expression of p62

	The nuclear pore protein p62 was isolated from inclusion bodies using a modified procedure described previously for purification of p62 (108). The gene encoding p62 was in the pET3a vector and, therefore, did not econde a his6-tag. Briefly, p62 expression was induced overnight with IPTG (0.5 mM) in a culture at exponential phase and after harvesting the bacteria by centrifugation, the bacteria were lysed by sonication as described in Chapter 2. The insoluble debris were collected by centrifugation and this pellet was resuspended in a buffer consisting of 50 mM sodium phosphate, 100 mL sodium chloride and 6 M urea (pH 6.5). Resuspension of this pellet required vigorous vortexing and sonication. Following a second high speed spin (15,000 rpm, 30 min), the supernatant was dialyzed exhaustively into 50 mM sodium phosphate containing 10 mM (-mercaptoethanol (pH 6.5). After dialysis, insoluble debris were removed by another high speed spin and the supernatant was loaded onto a 5 mL pre-packed anion exchange Q-column (Amersham Biosciences). The column was washed extensively with 50 mL of sodium phosphate (pH 6.5) and then 10 mL steps of buffer containing increasing concentrations of sodium chloride (50 mM more in each step) was used to elute the protein. Fractions containing p62 were verified by Western blotting using an anti-p62 antibody (Covance) and the fractions containing the pure p62 were dialyzed against a large volume of PBS (pH 7.4) containing 5 mM (-mercaptoethanol. 
	6.7.2.3 Recombinant Expression of OGT

	Using pET28a vectors encoding WT or mutant human OGT, the proteins recombinantly expressed in six litres of bacteria for 24 hours at room temperature without induction with IPTG. Low level expression of the T7 polymerase controlled by the Gal4 promoter enabled OGT to be expressed at adequate quantities. The rest of steps were analogous to the procedures described in Chapter 2 for purifying a his6-tagged protein.
	6.7.3 Western blotting

	Western blotting was carried out essentially as described in the previous chapters. The anti-OGT, anti-Hsp70, and anti-Hsp90 antibodies were obtained from Santa Cruz Biotechnologies and all used at a dilution of 1:2000. Anti-O-GlcNAcase, raised in chicken, was a gift from Dr. Gerald Hart (Johns Hopkins University) and used at a dilution 1:5000.
	6.7.4 Mass Spectrometry

	Samples were first desalted using a PD-10 desalting column (Amersham). Protein was eluted from the desalting column in HPLC grade water. Just prior to injecting the sTAB1 (( 20 (M) into the mass spectrometer, formic acid (0.1%) was added to an aliquot of the protein and rest of the protein was stored at -20 (C. Tom Clark then carried out the following steps. Samples were directly injected at a flow rate of 300 nL/min into a 4000 Q Trap mass spectrometer (Applied Biosystems) equipped with a nanospray ion source. An ion spray voltage of 1650 V was used and the mass spectrometer was run in an enhanced resolution linear ion trap mode. A total of 901 scans were acquired and averaged over 30 min. The scan rate was 1000 amu/s and the mass range was 600-1500 amu. The raw averaged data was put through a Bayesian protein reconstruct algorithm using Bioanaylst software (Applied Biosystems) from 805 amu to 1250 amu, which included peaks for charge states ranging from 37 through 57. Any peak used in the construction had a minimum signal to noise threshold of 20. 
	6.7.5 Circular Dichroism

	All spectra were acquired using a J-815 spectropolarimeter (JASCO) at a scan rate of 500 nm/s and an interval of 0.5 nM. This equipment was made available as part of the core facilities of the Department of Molecular Biology and Biochemistry at SFU and Apollos Kim is thanked for technical assistance. In all cases, one acquisition represents the average of 10 acquired spectra. Buffers and protein were filtered through a 200 (m membrane. Protein concentrations were rigorously established and standardized using a Nanodrop spectrophotometer (Thermo). For sTAB1 and CamKIV, the protein concentrations used in the urea denaturation experiments were 13.3 and 6.7 (M, respectively. For thermal denaturation, the heating rate was 1 (C/min and CamKIV was used at a concentration of 25 (M. At each degree, the ellipticity at 222 nm was recorded 30 seconds after the temperature had stabilized. For urea denaturation, samples were incubated in the appropriate concentration of urea for 8 hours at 20 (C prior to acquiring the spectra. Due to the requirement for reducing in the buffer to keep both sTAB1 and CaMKIV stable, spectra were not taken into the far UV.
	6.7.6 Turbidity Assay

	All assays were carried out using a Cary 3E UV-VIS spectrophotometer equipped with a Peltier temperature controller at either 40 or 45 (C. Reactions were monitored continuously at 500 nm. Other wavelengths produced similar rates indicating that it was not absorbance of light that was being monitored but rather scattering by the aggregates. A protein concentration of 40 (M was used for reactions carried out at 40 (C, whereas a protein concentration of 10 (M was used for reactions carried out at 45 (C to slow down the rate and quantity of aggregated protein.  
	6.7.7 Cell Culture

	Chinese Hamster Ovary (CHO-K1) cells were obtained from the ATCC and cultured in DMEM-F12 media (Invitrogen) supplemented with 5% FBS (HyClone). Cells were cultured in the same manner as described for COS-7 cells in Chapter 2. L-Azetidine-2-carboxylic acid (Sigma) was dissolved in a 50:50 solution of DMSO/water (at a concentration of 500 mM). Control cells were treated with a 50:50 DMSO/water in the same manner so as to keep the final concentration of DMSO (0.5%) in the media constant between control cells and cells treated with 5 mM Az. For crosslinking studies, formaldehyde (30%, Anachemia) was made up fresh in PBS just prior to the assay. CHO cells were cultured to 95% confluence in 10 cm plates prior to carrying out the crosslinking experiment. To initiate the experiment, the media was removed, the cells were gently washed with 5 mL of PBS, and then incubated with 10 mL of PBS containing the appropriate amount of formaldehyde. Cells were then incubated at the appropriate temperature (either 37 or 45 (C) for the appropriate amount of time (either 30 or 90 min). Following this incubation period, 2 mL of 1.5 M glycine (pH 7.5) was added to the cells to quench the formaldehyde and after two min this liquid was gently removed from the cells. Care was taken when handing cells following the heat shock to avoid detachment of cells from the plate. 300 (l of lysis solution (1% SDS and 50 mM (-mercaptoethanol) was added to the cells, the plates were scrapped using a rubber policeman and the total extract was carefully collect in a 1.5 mL tube and then boiled for 10 min. The resulting lysates were centrifuged (17,900 rcf, 10 min) to remove insoluble debris and 200 (l of these lysates were added to 50 (l of 5 times concentrated SDS-PAGE loading buffer. In some cases pre-cast 4-15% gradient polyacrylamide gels (Bio-Rad) were used to attempt to resolve high molecular weight cross-linked protein, hwoever, it was found later on that 10% polyacrylamide gels worked just as well. Western blots were carried out as described above.   
	6.7.8 OGT Activity assays
	6.7.8.1 Protein Substrates


	Assays were performed using radiolabelled [3H]-GlcNAc-UDP (American Radiolabeled Chemicals) as the donor and purified p62, sTAB1, or CaMKIV ac acceptor substrates. David Shen tested the OGT mutants and the reactions contained 0.7 (M [3H]-UDP-GlcNAc (0.14 Ci/mmol), p62 (1 µM), 12.5 mM MgCl2, 1 mM (-mercaptoethanol and between 10 and 100 nM of wild-type or mutant OGT as reported. The reaction (25 (l) was initiated by the addition of enzyme (5 (l) by micropipette and incubated at 37 (C for 1 hour (a time for which linear rates are obtained using these assay conditions). Reactions were then placed on ice and immediately thereafter applied to a 1.5 by 3 cm piece of nitrocellulose membrane (Bio-Rad) and allowed to air dry. The quantity of protein loaded onto each piece of nitrocellulose was at least ten times less than the binding capacity of the membrane (as detailed in the manufacturer’s protocol). The membranes were washed with four consecutive large volumes (100 mL) of PBS and then air dried. The pieces of membrane were loaded into scintillation vials, 4 mL of scintillation fluid (Amersham) was added, and the levels of tritium were quantified by liquid scintillation counter (BECKMAN LS6000). All assays were done in at least replicates of four. Assays with sTAB1 and CaMKIV were also carried out by David Shen in the same way but only one concentration (20 (M) of protein substrate was used.  
	6.7.8.2 Peptide Substrate

	A peptide (AIPVSREEK) encompassing a known site of O-GlcNAc modification on (- crystallin was purchased from a contract peptide synthesis company (BioBasic). This peptide had free amino and carboxyl termini and the lysine (-amino group was modified with a biotin. Leavy and Bertozzi had previously established that this peptide is a good substrate for OGT (137). The identical assay as described above (6.6.8.1) was carried out except with 500 (M of this peptide since OGT is known to have a much higher KM for peptide substrates (124, 127). Following completion of the assay, 100 (l of sepharose beads conjugated to streptavidin (Pierce) were used to pull-down the peptide onto beads. The beads were washed five times by successive centrifugation (5000 rpm, 2 min) and careful decanting of the supernatent by micropipette. After the last wash, the beads from each reaction were loaded directly into separate scintillation vials for radioactive counting. Control reactions lacking either OGT or peptide were always carried out in parallel and the values of these control reactions were subtracted from assays containing all components.
	6.7.9 OGT and OGA Activity Assays from Cell Lysates

	CHO cell pellets from 15 cm plates that had been grown to confluence were resuspended in PBS containing protease inhibitors and pushed through a 27 gauge needle three times. The resultant solutions were sonicated (3 times 20 seconds at 15% duty) and then centrifuged (17,900 rpm, 10 min) to remove insoluble debris. The clarified supernatants were then used directly in the assays described below.   
	6.7.9.1 OGT Activity from Lysates

	OGT in the lysates were first immunoprecipitated using an anti-OGT antibody (Santa Cruz Biotechnologies). First, 50 (L of protein A/G was bound to 40 (L of anti-OGT antibody by coincubation one hour at 4 (C. The beads were then washed three times with PBS to remove excess antibody. Cell lysates were then added to the beads and this mixture was rotated at 4 (C for two hours. The beads were then washed three times with PBS. To initiate the OGT assay, [3H]-UDP-GlcNAc and 500 (M of the biotinylated (-crystallin peptide were added in a final volume of 150 (L. This mixture was allowed to incubate at 37 (C with gentle mixing for one hour. The supernatant was then added to 200 (L of sepharose-streptavidin and the procedure for washing and counting the radioactivity on the beads was carried out as described above in section 6.6.8.2.    
	6.7.9.2 OGA Activity Assays from Lysates

	Cell lysates (90 (L) were added directly to 10 (L of 1 mM 4-methylumbelliferyl 2-deoxy-2-butyrylramido-(-D-glucopyranoside. This substrate had been prepared for a previous study carried out in Chapter 2 (Scheme 2.3, Table 2.5). This substrate was used to ensure that lysosomal (-hexosaminidase activity was not a complicating factor. To verify that lysosomal (-hexosaminidase activity was not a factor, 50 (M Gal-PUGNAc was added to the assay mixture and the rates of reaction did not change confirming OGA activity was primarily being monitored. An excitation and emission wavelength of 368 and 460 nm was used, respectively, to monitor the fluorescence continuously over 30 min at 37 (C with measurements being made in triplicate.
	Chapter 7: CONCLUSIONS
	Over the past 25 years, much has been learned about the O-GlcNAc modification. For instance, its dynamic nature and widespread occurrence on hundreds of different nucleocytoplasmic proteins are two well established characteristics. Not as well established are the functional role(s) of the O-GlcNAc modification. One reason for this limited understanding is the lack of useful tools that can be used to examine the O-GlcNAc modification in a cellular and organismal context. A number of tools have been developed through the studies carried out in this thesis, which are expected, and indeed already have started, to help investigators study the O-GlcNAc modification. For instance, the selective OGA inhibitors that were developed through the studies carried out in Chapters 2 and 3, namely NButGT and Thiamet-G, solve many of the problems associated with the inhibitors used previously (PUGNAc and Streptozotocin). Specifically, NButGT and Thiamet-G have both been shown to be effective in rodents and the work carried out in Chapter 4 clearly demonstrates that NButGT elevates O-GlcNAc levels in all tissues analyzed from mice and rats. The ability of these inhibitors to cross the blood brain barrier holds promise for not only studying O-GlcNAc in this organ, where O-GlcNAc levels among the highest throughout the body (49, 117), but also for possibly treating diseased states (172, 202). The beneficial effect that elevated O-GlcNAc levels provide cells in surviving various forms of cellular stress is another area where inhibitors of OGA have been used and these selective inhibitors will undoubtedly be at the forefront of such investigations in the future. In this regard, the studies carried out in Chapter 4 are extremely important since they clearly establish that elevated O-GlcNAc levels do not cause insulin resistance or produce any apparent adverse effect in rodents. 
	Another tool for studying the O-GlcNAc modification, provided through the studies that are a part of this thesis, is the identification of suitable point mutations of OGA and OGT that enable the generation of catalytically inactive mutants. As discussed extensively in Chapter 4, overexpression of OGT or OGA may cause cellular effects that are independent of O-GlcNAc levels since both proteins are known to interact with many different proteins and are a part of large protein complexes. The use of catalytically inactive mutants has the potential to control for such effects. The D174A mutant of OGA and the H558A mutant of OGT are excellent mutations to use in this regard. These mutant enzymes have been carefully assayed through in vitro enzyme assays to show that they have minimal enzymatic activity and the crystal structures of bacterial homologues of OGT and OGA provide excellent support for the important role played by these residues in the catalytic mechanism of the two respective enzymes. 
	A third useful tool for studying the O-GlcNAc modification, provided through the studies that are a part of this thesis, is the assay developed in Chapter 5 for quantitating the amount of GlcNAc liberated from proteins after digestion with BtGH84. Alternative methods for quantitating the levels of O-GlcNAc rely on either Western blot using an anti-O-GlcNAc antibody or mass spectrometry approaches. These two methods, however, have drawbacks since Western blotting has a fairly narrow window where the signal is linear and quantitation by mass spectrometry is difficult given the labile nature of O-GlcNAc during ionization in the gas phase. Moreover, neither approach is capable of estimating the absolute amount of O-GlcNAc found throughout the cell.  The HPLC-based detection of total GlcNAc liberated by BtGH84 has a number advantages; it is fast, reasonably sensitive, and can provide an estimate of the total O-GlcNAc found on proteins in a particular sample. The recent finding that cancer cells appear to have elevated O-GlcNAc levels (536) may be an excellent application of this method in so much that the differences in O-GlcNAc levels between healthy and cancerous tissues could be assessed and used as a diagnostic tool.
	These tools have allowed the cellular role of the O-GlcNAc modification to be interrogated. In particular, NButGT has proven valuable in challenging the leading hypothesis in the field: a role for O-GlcNAc in signal transduction through interplay with phosphorylation. Future work is proposed throughout the thesis in the relevant sections and these experiments will cast light on the various aspects of O-GlcNAc. Moreover, a testable new hypothesis was formed in Chapter 6, which compares O-GlcNAc to a protein chaperone and preliminary results support this new hypothesis as do many other studies in the field. This hypothesis is also consistent with what is known about other forms of glycosylation. More evidence is clearly needed to establish this new hypothesis and it will be exciting to see if this new hypothesis, along with the data presented in Chapter 4 showing that elevated O-GlcNAc levels does not cause insulin resistance, will stimulate others to reevaluate their view of the O-GlcNAc modification and possibly propose and/or advance new hypotheses. 
	APPENDIX
	Figure A1: Stoddard’s pseudorotational itinerary for the interconversion of a pyranose to the different local energy minima.
	Figure A2: Determination of the KI value of NAG-thiazoline for human OGA and human HexB.
	Using 500 (M 4MU-GlcNAc as a substrate, a range of NAG-thiazoline concentrations were tested against (A) human OGA at pH of 6.5 and (B) human HexB at a pH of 4.5. For each enzyme, a full Michaelis-Menten curve was determined in parallel in the absence of inhibitor to obtain an accurate Vmax value. The KI value, determined in this way, is defined as the negative of the intercept of the best-fit line for different inhibitor concentrations and the 1/Vmax value.
	Figure A3: Formation of GlcNAc azide by the D175A OGA mutant.
	Thin layer chromatography (TLC) analysis of the D175A catalyzed hydrolysis of 3,4-DNP-GlcNAc in the presence and absence of NaN3. The reaction was carried out at 37 ºC with 5 mM 3,4-DNP-GlcNAc in the presence or absence of 400 mM NaN3 using 0.5 mg/mL of enzyme. The upper panel shows a TLC plate under UV light. The middle panel shows a TLC plate developed using sulfuric acid stain (10% H2SO4 in ethanol) and heat. The bottom panel shows a TLC plate developed using triphenyl phosphine followed by ninhydrin and heat. As can be seen from the TLC analyses, in the absence of NaN3, only the two anomers of GlcNAc and 3,4-DNP are observed in the reaction along with a small amount of residual substrate (3,4-DNP-GlcNAc) that appears faintly on the plate charred by H2SO4. In the reaction containing azide, the majority of product formed is 2-acetamido-2-deoxy-β-D-glucopyranosyl azide (GlcNAc-Az) and 3,4-dinitrophenol (3,4-DNP). TLC plates were developed using 3:1 ethyl acetate/methanol.
	Figure A4: Reaction coordinates to demonstrate the changes in rate-determining step and mechanism that are associated with changes in leaving group ability and nucleophile strength. 
	(A) For substrates that fall within regimen II that have a poor nucleophile, formation of a cationic intermediate is proposed to be rate-determining and this mechanism is described as a DN‡*AN mechanism. (B) For substrates that fall within regimen III that have a poor nucleophile, breakdown of a cationic intermediate is proposed to be rate-determining and this mechanism is described as a DN*AN‡ mechanism. (C) For substrates that fall within regimen II and III that have a good nucleophile, a cationic intermediate is proposed to become kinetically insignificant and thus giving rise to an ANDN mechanism.   
	Figure A5: Characterization of 3,4-difluorophenyl 2-deoxy-2-difluroacetamido-(-D-glucopyranoside by NMR and high resolution mass spectrometry. 
	(A,B) NMR spectra were recorded at the frequencies indicated in the figure in a solvent of deuterated methanol and show that there is the correct number of proton and carbon atoms in the desired compound. (C) Time of flight high resolution mass spectrum of the desired compound indicates that it is the correct molecular mass.  
	Figure A6: Additional statistics from the long-term study of SD rats treated with NButGT does not reveal any differences from prolonged elevations in O-GlcNAc-modified proteins. 
	Levels of (A) triglycerides, (B) free fatty acids, and (C) leptin from the serum of rats treated with NButGT for eight months (+) (n=6) compared to control animals of the same age and weight (-) (n=6). (D) Organs weights from the rats treated with NButGT for eight months (+) (n=6) compared to control animals of the same age and weight (-) (n=6). Error bars are expressed as +/- one standard deviation.
	Figure A7: 1H NMR spectrum of NButGT.
	The spectra was recorded at 500 MHz in D2O. The major solvent peak at approximately 4.6 ppm corresponds to HOD. 
	Figure A8: Digestion of sTAB1 coexpressed with WT or mutant OGT with BtGH84 reveals an additional larger peak of 208 daltons.
	The same unmodified and O-GlcNAc modified sTAB1 that was digested with BtGH84 (shown in Figure 6.1b) was analyzed by mass spectrometry. For both protein samples, an additional peak that is 208 daltons larger than sTAB1 is observed. Note that the signal to noise of the peak corresponding to full length sTAB1 is substantially less than the mass spectra shown in Figure 6.2 since the protein was less concentrated.   
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