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ABSTRACT 

The modification of nuclear and cytoplasmic protein with O-linked N-

acetylglucosamine (O-GlcNAc) residues is a unique cellular process in higher 

eukaryotes. Levels of this modification are regulated by two enzymes: uridine 

diphosphate-N-acetyl-D-glucosamine: polypeptidyl transferase (OGT) and O-

GlcNAcase (OGA). Based on structural information obtained for an OGT 

homolog from Xanthomonas campestris, we characterized the active center of 

human OGT and proposed histidine 558 to be the catalytic general base. We 

also described a method to generate O-GlcNAcylated recombinant proteins in E. 

coli. This allowed, for the first time, kinetic studies of human OGA to be carried 

out using protein substrates. In combination with human OGT kinetics on the 

same substrates, we are able to predict the relative O-GlcNAc stoichiometry 

between the protein substrates. Lastly, we explored the substrate specificity of 

human OGT and discovered uridine diphosphate glucose (UDP-Glc) may be a 

substrate of OGT within cells.   
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CHAPTER 1: INTRODUCTION 

1.1 Carbohydrates and Life 

1.1.1 Physical Properties of Carbohydrates 

In chemistry, the term “carbohydrate” was introduced in the 19th century to 

describe organic compounds composed only of carbon, hydrogen and oxygen 

with the general formula Cm(H2O)n. As the field has advanced, many molecules 

that do not fit this general formula are now also accepted as carbohydrates. The 

broad spectrum of carbohydrates are categorized into two groups depending on 

the position of the carbonyl as either aldose (carbonyl at a terminal carbon) 

(Figure 1.1A) or ketose (carbonyl at any other carbon) (Figure 1.1B). With few 

exceptions, those carbohydrates that are of physiological significance are the D-

isomer; their mirror-images, called enantiomers, are L-isomers (Figure 1.1A) (1).  
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Figure 1.1 Basic properties of a monosaccharide in open and cyclized form. 

 (A) L-glucose (left) and D-glucose (right) in the open chain form are both examples of 
an aldose. (B) D-fructose in the open chain form is an example of ketose. (C) 
Cyclization of a monosaccharide leads to α- (left) and β-anomer (right), which 
dynamically interconvert through the open chain form. 
   

1.1.2 Biological Properties of Carbohydrates 

In biological sciences, the term carbohydrate is synonymous with 

saccharide. The word saccharide comes from the Greek word σάκχαρον 

(sákcharon), meaning "sugar". There are four different terms that define the 

oligomeric state in which saccharides are found: monosaccharide, disaccharide, 

oligosaccharide, or polysaccharide. Monosaccharides are single sugar units 
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which are the building blocks for the other three groups and exist in either open 

chain or cyclic forms (Figure 1.1A and C). In nature, monosaccharides 

predominately exist in a cyclic form which is created when the open chain 

structure closes by nucleophilic attack of one of the hydroxyl groups on the 

carbonyl center, which is for this reason termed the anomeric carbon (Figure 1.1 

A right). Depending on which face of the anomeric carbonyl group is attacked, 

the resulting ring closure gives rise to either the α- or β-anomer. The α-anomer is 

formed when the oxygen attached to the anomeric carbon and the anomeric 

reference atom (C5 in glucose) are on the same side in the Fisher projection; the 

β-anomer has these two oxygen atoms on opposite sides in the Fisher projection 

(Figure 1.1C).   

Two monosaccharides joined via a glycosidic bond between the anomeric 

carbon of one sugar and an alcohol group of another sugar is called a 

disaccharide. (Figure 1.2) (2). In a similar fashion, several monosaccharide units 

can be joined together to form oligosaccharides or polysaccharides. The main 

difference between oligosaccharides and polysaccharides is based upon the 

number of monosaccharide units present in the chain. Oligosaccharides typically 

contain between three and ten monosaccharide units, and polysaccharides 

contain greater than ten monosaccharide units. Note that oligosaccharides and 

polysaccharides can have branched structures. The linkages, types of sugar, and 

the number of sugar moieties in di-, oligo-, and polysaccharides engender a large 

diversity to the possible structures. 
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Figure 1.2. Maltose is an example of a disaccharide. 
Maltose is composed of two units of glucose joined by an α(1→4) glycosidic bond in 
a condensation reaction. In the same fashion, monosaccharides can link to any 
other hydroxyl of another monosaccharide through its anomeric carbon to create a 
different disaccharide which has potential to be further elaborated at any remaining 
hydroxyl to create oligo- and polysaccharides.  

 

1.1.3 Biological Importance of Carbohydrates 

Carbohydrates are the most abundant organic substances produced on 

earth. They serve to sustain life in multiple ways. Polysaccharides such as starch 

and glycogen serve to store energy while cellulose and chitin serve as structural 

components for various organisms. Derivatives of ribose, a five carbon 

monosaccharide, are found in diverse molecules such as adenosine-5'-

triphosphate (ATP), flavin adenine dinucleotide, and nicotinamide adenine 

dinucleotide, which are important biomolecules. Most vital of all, carbohydrates 

are important in the central dogma of molecular biology, which describes the 

biological information flow from deoxyribonucleic acid (DNA) to ribonucleic acid 

(RNA) to protein (3, 4). The backbone of the two essential nucleic acids, DNA 

and RNA, are composed, in part, of the monosaccharides deoxyribose and 

ribose, respectively. The subtle difference at the C2 hydroxyl position of these 

two sugars results in distinct chemical properties and structural stabilities that are 
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reflected in the functions of DNA versus RNA. DNA is designed for the long-term 

genetic storage of information, whereas RNA is rapidly turned over in biological 

systems. Even though saccharides are not directly involved in the structure of 

proteins, diverse  saccharides are found conjugated to proteins and these serve 

critical biological functions (5); a topic that will be expanded upon in Section 1.3.   

1.2 Carbohydrate Active Enzymes 

Glycosylation is the term used to describe the process in which a 

saccharide is attached via a glycosidic linkage to proteins, lipids, saccharides, or 

other organic molecules. In nature this process is carried out by enzymes termed 

glycosyltransferases (GTs). A second group of enzymes, termed glycoside 

hydrolases (GHs or glycosidases), hydrolyze the glycosidic bond to liberate the 

sugars. To date, thousands of GTs and GHs have been identified using 

bioinformatics and have been grouped into families based on primary sequence 

homology. The Carbohydrate Active enZyme (CAZy) database provides this 

information (6). These families are informative since conservation of primary 

sequence often reflects similarities in three-dimensional structure and enzyme 

mechanism (7, 8), enabling prediction of the fraction of annotated genes.  

1.2.1 Glycosyltransferases (GTs) 

There are three components required for enzymatic glycosylation – a GT, 

a sugar donor substrate, and an acceptor substrate. GTs are widely dispersed in 

nature and have been found in all organisms studied. The donor substrates are 

most typically activated sugars such as nucleotide diphosphate (NDP) hexoses.  
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However, a diverse array of acceptor substrates is known including saccharides, 

proteins, lipids, and other small organic molecules. Each enzyme generally uses 

only one type of donor substrate and one type of acceptor substrate. There are 

currently over 7,000 known or putative GT sequences in the CAZy database, 

categorized into 92 families. Structural information obtained to date reveals two 

common structural superfamilies: GT-A and GT-B (9, 10) (Figure 1.3 A). 

Members of the GT-A superfamily are hallmarked by two Rossman-fold domains 

stacked on top of each other and they often show metal ion dependent activity 

(11, 12). Members of the GT-B superfamily have two adjacent Rossman-fold 

domains facing each other and do not require metal ions for enzymatic activity 

(13). Interestingly, the overall fold of the GT-A or GT-B enzymes do not dictate 

the stereochemical outcome of the reaction catalyzed (14). Therefore, GTs can 

also be classified according to the anomeric configuration of the product with 

respect to the donor substrate as either retaining (α  α, or β  β) or inverting (β 

 α, or α  β) (Figure 1.3B). 

 

 

 

 

 

 

 A)      GT-A      GT-B 
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Figure 1.3. GTs are categorized into GT-A and GT-B superfamilies and catalyze the 

formation of glycosidic linkages to give products having one of two 
stereochemical outcomes at the anomeric center.  
(A) The GT-A fold, represented by the inverting enzyme SpsA from Bacillus subtilus 
(protein data bank (PDB) file 1QGQ), is composed of two Rossman-fold domains 
stacked on top of each other. The GT-B fold, represented by Xanthomonas 
campestris uridine diphosphate N-acetylglucosamine:polypeptidyl transferase 
homolog (PDB file 2VSN), is composed of two adjacent Rossman-fold domains 
facing each other. (B) A nucleotide diphosphate sugar can be transferred onto a 
substrate with retention or inversion of stereochemical configuration at the anomeric 
carbon, which is governed by the mechanism of the GT. 
 

1.2.2 Glycoside hydrolases (GHs) 

GHs catalyze the removal of sugar conjugates by accelerating hydrolysis 

of the glycosidic linkage. These enzymes are found abundantly and in diverse 

organisms (15). There are thousands of GH sequences in the CAZy database 

and these are classified into 118 families (16). GHs are the best structurally 

characterized class of carbohydrate processing enzymes. There are structural 

representatives for the majority of GH families and, collectively, these give insight 

B) 
B) 
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into the general folds of the 14 defined clans within this superfamily as well as 

the identity of the catalytic machinery. Like GTs, GHs can also be classified as 

retaining or inverting by the resulting stereochemical configuration of the product 

relative to that of the initial substrate (Figure 1.4B). The general aspects of the 

catalytic mechanisms of these two classes were proposed by Koshland in 1953 

(17, 18). The inverting GHs act through a one-step general acid-base 

mechanism, whereas retaining GHs typically use a two-step general acid-base 

mechanism involving a covalent glycosyl enzyme intermediate. GHs can also be 

categorized as endo- or exo-glycosidases based on the position of the glycosidic 

bond that they cleave in an oligo- or polysaccharide substrate (19). An exo-

glycosidase removes a defined small number of sugar residues from the termini 

of di-, oligo-, or polysaccharides, whereas an endo-gylcosidase can act at 

various positions within a polysaccharide chain. There is no correlation between 

the catalytic mechanism and whether an enzyme is an endo- or exo-glycosidase. 

However, certain tertiary structural features in the active site of GHs can suggest 

whether it functions as an an endo- or exo-glycosidase (20). For example, a 

pocket shape active site suggests exo-glycosidase activity whereas a groove 

shaped active site suggests endo-glycosidase activity. 
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Figure 1.4. GHs catalyze the hydrolysis of glycosidic linkages with one of two 
stereochemical outcomes.   
Glycosidic linkages can be cleaved hydrolytically by specific retaining GHs or 
inverting GHs to give rise to products having either retained or inverted 
stereochemistry at the anomeric center. 

1.3 Protein Glycosylation 

Protein glycosylation was first identified on the cell surface of 

Streptococcus pneumoniae in 1923 (21). Since then it has been found in many 

organisms including all eukaryotes. Current data suggests protein glycosylation 

exists on more than 50% of all proteins in humans and can occur both co- and 

post-translationally (22). A large body of literature indicates that protein 

glycosylation serves specific functions in mammalian cells and that defects in 

genes associated with protein glycosylation often lead to serious cellular 

dysfunction or disease in humans (23-25). There are several classes of protein 

glycosylation commonly found in mammalian systems and the most common of 

these are: N-glycosylation (Figure 1.5A), mucin-type O-glycosylation (Figure 

1.5B), and the β-O-linked N-acetylglucosamine (O-GlcNAc) modification (Figure 

1.5C). The O-GlcNAc modification is the focus of this thesis and will be described 

in more detail in Section 1.4. A brief overview of protein N-glycosylation and 
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mucin-type O-glycosylation will also be provided for purposes of comparison with 

the O-GlcNAc modification. 

1.3.1 Protein N-Glycosylation 

Protein N-glycosylation is a co-translational modification involving a 

saccharide chain covalently linked to the terminal amide nitrogen of an 

asparagine side chain (5). A consensus sequence of Asn-X-Ser/Thr defines sites 

of modification, where X can be any amino acid except proline. In eukaryotes, 

most N-glycosylation begins with the installation of a 14-sugar branched 

oligosaccharide structure containing 3 glucose, 9 mannose, and 2 GlcNAc 

moieties within the lumen of the endoplasmic reticulum. Once the protein is 

correctly folded, the three terminal glucose residues are removed from the glycan 

along with one mannose residue and the protein is then exported into the Golgi 

where further trimming of mannose residues may take place along with 

elaboration of the structure. Mature glycoproteins, displayed on the cell surface 

or secreted into the extracellular matrix, contain a core structure of 3 mannose 

and 2 GlcNAc residues and can be elongated with a variety of different 

monosaccharides such as galactose, GlcNAc, N-acetylgalactosamine, and sialic 

acid (Figure 1.5A).  
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Figure 1.5. Three common types of mammalian protein glycosylation. 

(A) N-glycosylation contains a core of GlcNAc2Man3 with branching occurring to 
various extents. (B) Mucin-type O-glycosylation is initiated by addition of a single N-
acetyl-galactosamine residue, and further branching occurs within the secretory 
pathway. The end glycoprotein formed by these processes is usually displayed on 
the cell membrane or secreted into the extracellular matrix, whereas C) O-GlcNAc 
modification is retained on nucleocytoplasmic proteins. 

1.3.2 Mucin-type Protein O-Glycosylation 

Mucin-type O-linked glycosylation occurs post-translationally in the 

secretory pathway. This process is initiated by the addition of an N-

acetylgalactosamine residue to a serine or threonine hydroxyl. This core sugar 

residue is then elaborated in several different ways with additional sugar residues 

such as galactose, GlcNAc, and sialic acid (Figure 1.5B). In contrast to N-

glycosylation, there is no consensus sequence that directs which amino acid 

residues are modified; however, available structural information indicates that all 

sites are in coiled or loop regions of proteins (26). Mature O-glycans are typically 

C) 

B) A) 

extracellular 

intracellular 

cell membrane 
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found clustered on proteins to form mucin-type molecules that are displayed on 

cells or secreted into the extracellular space.  

1.4 The O-GlcNAc Modification 

1.4.1 History and Current Understanding of O-GlcNAc 

The discovery of the O-GlcNAc modification can be traced back to 1981 

when a GlcNAc recognizing lectin showed affinity to nuclear proteins and was 

then formally reported by Torres and Hart in 1984 (27). It was described as a 

post-translational modification that is highly abundant in the cell nucleus and 

nuclear envelope (28, 29). In contrast to the other types of mammalian 

glycosylation, the O-GlcNAc modification: 1) consists of a single GlcNAc residue 

β-O-linked to serine and threonine residues and additional sugar residues are not 

added to form a chain, 2) was characterized to be the first and still the only 

example of intracellular protein glycosylation, and 3) was demonstrated to cycle 

on and off of proteins in a manner regulated by a single GT and a single GH 

(Figures 1.5C and 1.6). To date, there are no metazoan organisms deficient in O-

GlcNAc which suggests this modification is important. There are dozens of 

publications supporting the role of O-GlcNAc in transcriptional regulation, 

proteasomal regulation, cellular stress response, nutrient sensing, and 

neurodegenerative diseases; however, no clear general function can yet be 

assigned to this modification (30-32). 
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1.4.2 O-GlcNAc Processing Enzymes 

There are two carbohydrate-processing enzymes that act to maintain the 

appropriate level of cellular O-GlcNAc. The enzyme catalyzing the installation of 

O-GlcNAc from cellular uridine diphosphate-α-N-acetyl-D-glucosamine (UDP-

GlcNAc) is a glycosyltransferase termed uridine diphosphate-N-acetyl-D-

glucosamine: polypeptidyl transferase (OGT) (33-35). The enzyme responsible 

for catalyzing the removal of O-GlcNAc is a glycoside hydrolase known as O-

GlcNAcase (OGA) (36, 37). Evidence is mounting that the O-GlcNAc modification 

can cycle on and off of the same serine or threonine residue during a protein’s 

life span (Figure 1.6), in a manner reminiscent of protein phosphorylation (38, 

39). Interestingly, unlike phosphorylation, which is regulated by over 600 Ser/Thr 

kinases and phosphatases in humans, O-GlcNAcylation is regulated by only 

these two enzymes (40).  

 

 
Figure 1.6. The O-GlcNAc modification is dynamic. 

The O-GlcNAc post-translational modification takes place on a protein serine or 
threonine residues of a protein. The assembly and removal of the modification is 
governed by two carbohydrate processing enzymes – OGT and OGA. 
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1.4.2.1 O-GlcNAc Transferase (OGT) 

In mammals, OGT is encoded by a single gene and is highly conserved at 

the amino acid sequence level throughout eukaryotes (33, 34). It is expressed in 

all mammalian tissues as three isoforms, which arise from alternative gene 

splicing (41). OGT is solely responsible for the O-GlcNAc modification. This 

enzyme consists of two domains: a catalytic domain found at the C-terminus and 

an N-terminal domain composed of a series of 34 amino acid repeat domains 

known as tetratricopeptide repeats (TPRs) (33, 34) (Figure 1.7A). Recently, two 

crystal structures of a bacterial homolog of OGT were solved independently in 

complex with uridine diphosphate (UDP) (42) and an UDP-GlcNAc phosphonate 

analogue (43), giving insights into the C-terminal active site domain. In both 

models, the OGT homologues feature two adjacent Rossman-fold domains 

(Figure 1.7B) representative of the GT-B superfamily (44) and residues that 

closely interact with UDP or the UDP-GlcNAc analogue are conserved within 

mammalian OGTs. The structure of the human OGT TPR domain has also been 

solved and features highly conserved repeats that each comprise a pair of α-

helices that pack together to collectively form a right handed super-helix with a 

large groove (Figure 1.7C) (45, 46). The elongated and flexible nature of these 

superhelices may allow TPRs to adopt different conformations when interacting 

with different substrates. It is believed that the TPR domains mediate interactions 

between OGT and acceptor proteins while the substrate UDP-GlcNAc is 

accommodated in the catalytic domain (47, 48). When the donor sugar and 

protein acceptor are brought together within the enzyme active site, OGT 

catalyzes formation of a β-glycosidic linkage between GlcNAc and the serine or 
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threonine residues of the target protein in a process leading to inversion of 

stereochemistry at the anomeric centre. The activity of OGT was reported to be 

highly responsive to UDP-GlcNAc concentrations as well as post-translational 

modifications such as tyrosine phosphorylation (33, 49) or even O-GlcNAc 

modification of the transferase itself (33). However, the processes mediating 

protein target recognition of OGT are still unclear. 
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Figure 1.7. The structure of tetratricopeptide repeat (TPR) domain of human OGT and the 

catalytic domain of a bacterial homologue of OGT.  
 (A) OGT and its homologues consist of two domains: a catalytic domain at the C-

terminus (orange) and an N-terminal domain (cyan) composed of a series of 
tetratricopeptide repeats (TPRs). (B) The structure of the first 11.5 TPRs of human 
OGT is shown here in two different views. Each TPR arises from 34 amino acids that 
form two anti-parallel α-helices that collectively give rise to a superhelical structure of 
helices. This structure was drawn in UCSF Chimera using the Protein Data Bank 
(PDB) file 2VSN. (C) The C-terminal domain of Xanthomonas campestris OGT 
homologue was solved in complex with UDP (blue). This domain shares a high level 
of amino acid sequence identity with the C-terminal domain of human OGT where the 
catalytic center is predicted. The structure reveals two adjacent Rossman-fold 
domains, and the UDP is bound at the interface of these two domains. These 
structures were drawn in UCSF Chimera using PDB file 1W3B.   

   

In mammals, OGT is essential for survival at the single cell level (50) and 

altering its expression level leads to dysfunction (50, 51). It has been reported 

that over-expression of OGT in hepatocytes and mice is implicated in the 

development of insulin resistance (52, 53). This led to the proposal that the O-

GlcNAc modification level might serve as a cellular nutrient sensor that responds 

A
 

B
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to glucose influx through elevated production of UDP-GlcNAc via the hexosamine 

biosynthetic pathway (HBSP) (54). However more recent results indicates that an 

increase in O-GlcNAc is not directly associated with insulin resistance in either 

cells or animals (55-58). Such a contradiction implies possible secondary 

functions of OGT that relate to insulin resistance stemming from functions other 

than its catalytic role. 

1.4.2.2 O-GlcNAcase (OGA) 

Like OGT, OGA is found in all metazoans and is encoded by a single gene 

originally identified as meningioma-expressed antigen 5 (59). OGA was 

previously designated as hexosaminidase C, based on its neutral functional pH, 

nucleocytoplasmic distribution, and selective action on N-acetylglucosaminide 

(36, 60, 61). Mammalian OGA is expressed as two alternatively spliced isoforms 

in all  tissues (62). The full length enzyme is comprised of a catalytic domain at 

the N-terminus, a second domain features similarity to histone acetyltransferases 

(HAT) at the C-terminus and a linker region joins the two termini (63, 64) (Figure 

1.8A). OGA catalyzes the hydrolysis of O-GlcNAc from proteins through a double 

displacement retaining mechanism involving an oxazoline intermediate (65) 

(Figure 1.8B). Since the 2-acetamido group of O-GlcNAc is involved in catalysis, 

the mechanism is referred to as “substrate-assisted catalysis”. There is no 

structure available of a mammalian OGA. However, there is structural information 

for a human gut symbiont Bacteroides thetaiotaomicron GH84 (BtGH84), that 

based on sequence alignments, shares a very highly conserved catalytic domain 

with human OGA but has a distinctive C-terminal domain (66, 67) (Figure 1.8C). 
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Interestingly, BtGH84 is catalytically active against mammalian O-GlcNAcylated 

proteins suggesting the N-terminal domain of human OGA harbours the catalytic 

activity. This observation matches a report that the N-terminal domain of OGA, 

which is liberated by caspase 3 cleavage during apoptosis, still retains activity 

(68) (Figure 1.8A arrow head). It is known that O-GlcNAcase is itself a substrate 

for OGT (69) and that OGT and OGA can exist together in a functional complex 

(70). However, there is limited knowledge about how OGA is regulated in the cell 

or the function of the C-terminal domain. 

 

 

 

 

 

 

 
Figure 1.8. OGA is the enzyme that removes the O-GlcNAc modification using 

substrate-assisted catalysis. 
(A) Graphical arrangement of human OGA. The N-terminal domain (green) 
contains the catalytic active site and the C-terminal domain (yellow) contains a 
histone acetyltransferase (HAT) homologous sequence that is not found in 
BtGH84. (B) Mechanism of action of BtGH84 involves substrate-assisted 
catalysis wherein Asp243 is the general acid/base catalytic residue and Asp242 
is the oxazoline-stabilizing residue (Asp175 is the corresponding general 
acid/base catalytic residue and Asp174 is the oxazoline-stabilizing residue in 
human OGA). (C) The structure of a bacterial homologue of OGA, BtGH84, was 
solved in complex with an OGA inhibitor NAG-thiazoline. The catalytic domain of 
BtGH84 (green) shares a high level of sequence identity with human OGA. This 
structure was drawn in UCSF Chimera using PDB file 2CHN.   
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1.4.3 UDP-GlcNAc and the Hexosamine Biosynthesis Pathway 

UDP-GlcNAc is an essential sugar substrate used not only in O-

GlcNAcylation, but also in other processes including N-glycosylation and mucin-

type O-glycosylation (described in Sections 1.3.1 and 1.3.2). The production of 

UDP-GlcNAc initiates during glycolysis when glucose is converted into fructose-

6-phosphate, which is catalyzed by the sequential action of hexokinase and 

phosphoglucose isomerase. Some of the fructose-6-phosphate then enters into 

the HBSP and is converted into UDP-GlcNAc in four steps (Figure 1.9). It is 

estimated that about 2-3% of the total cellular glucose intake funnels into the 

HBSP (71). The activity of the HBSP is known to fluctuate with cellular glucose 

concentration and is tightly regulated through feedback inhibition of glutamine-

fructose-6-phosphate aminotransferase (GFAT1) by glucosamine-6-phosphate 

(72, 73). Because of this feedback inhibition, increased cellular glucose and flux 

through the HBSP shouldn’t greatly increase UDP-GlcNAc levels, an observation 

that has been demonstrated in adipocytes (74). It is worth mentioning that 

glucosamine and GlcNAc can drastically elevate cellular O-GlcNAc levels by 

entering the HBSP downstream of GFAT through a salvage pathway to produce 

GlcNAc 6-phosphate (Figure 1.9) (75). UDP-GlcNAc is often found at relatively 

high cellular concentrations (approximately 40 nmol/g in tissues) (75) and 

manipulation of cellular UDP-GlcNAc levels can compromise cellular viability (71, 

76, 77).  
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Figure 1.9.   HSBP and the salvage pathways in the production of UDP-GlcNAc. 

UDP-GlcNAc is made in six steps from glucose via the first two steps of glycolysis 
and the HBSP. It is estimated that about 2-3% of the total cellular glucose intake 
funnels into the HBSP. Glucosamine and GlcNAc can enter the HBSP at different 
steps and contribute to UDP-GlcNAc production. 

 

1.4.4 O-GlcNAc Modified Proteins 

Currently, there are over 700 O-GlcNAc modified proteins identified 

including proteins involved in the regulation of the cell cycle, transcription, 
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trafficking, and signaling (78-80). Nucleoporin 62 (nup62) was one of the first O-

GlcNAcylated proteins identified and then studied in vitro (81-86). The O-GlcNAc 

modification was also identified on several kinases including AKT/PKB and 

mitogen-activated protein (MAP) kinases, which play central roles in cell 

signaling pathways. RNA polymerase II and some transcription factors were 

known to be O-GlcNAc-modified (87). A variety of cytoskeletal proteins and a few 

important membrane-associated proteins have also been documented to bear O-

GlcNAc (88). Disease related proteins such as oncoprotein c-Myc, tumor 

suppressor p53, and microtubule-associated protein tau are all O-GlcNAcylated 

(89).  

Despite the large number of proteins that are O-GlcNAc modified, there is 

no consensus sequence that can be used to predict which proteins will have the 

modification. Over the years, detection methods have become available for O-

GlcNAc both in vitro and in vivo. There are various antibodies (90-93) and a 

lectin named wheat germ agglutinin (WGA) (28) which demonstrates affinity 

against a wide range of O-GlcNAc modified proteins. Metabolic labeling with a 

chemical probe (94) or radioactive galactose, which is transferred from UDP-

galactose onto terminal GlcNAc residues by exogenously β-1,4-galactosyl 

transferase, have been used to detect O-GlcNAcylated proteins in vivo (27). 

Also, radioactive UDP-GlcNAc can be employed as a substrate of OGT to study 

in vitro O-GlcNAcylation.  Mass  spectroscopy (MS) has been used to report the 

O-GlcNAc modification sites on a number of proteins (69, 95-97). A 

computational program was also developed to predict  where  the O-GlcNAc  
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modification  might  occur  based  on  the  position of certain residues around a 

serine or threonine (98). However, due to lack of accuracy, the practical value of 

such a program is questionable. 

1.5 Thesis Overview 

Although discovery of the O-GlcNAc modification was made over 25 years 

ago, there are still major unresolved questions regarding this abundant 

intracellular modification. The discrete function of O-GlcNAc and the basis of 

target recognition by the two O-GlcNAc processing enzymes are still unclear. 

The primary aim of this thesis is to seek new evidence and knowledge to help to 

answer these questions.   

There are three chapters following this introductory chapter. The second 

chapter of this thesis explores the key catalytic residues of human OGT using as 

a guide the structure of a bacterial OGT homolog, and also describes a small 

molecule which is transformed into a potent OGT inhibitor in cells. The third 

chapter of this thesis will focus on the interplay of human OGT and OGA on 

protein substrates and provide insight into O-GlcNAc dynamics in vitro. The 

fourth chapter of this thesis will discuss substrate specificity of OGT and how this 

translates to a biological system.  
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CHAPTER 2: CHARACTERIZATION OF HUMAN OGT 

2.1 Human OGT and Xanthomonas campestris OGT 

2.1.1 Introduction to human OGT 

The full-length human enzyme uridine diphosphate-N-acetyl-D-

glucosamine: polypeptidyl transferase (hOGT) is a 110 kDa nucleocytoplasmic 

glycosyltransferase encoded by a single gene on the proximal long arm of the X 

chromosome (Xq13.1) (50). It shares near identical amino acid sequence identity 

(>95% identity) with metazoan OGTs and much lower similarity with prokaryotic 

OGT homologs (maximum identity is 35-40% over the catalytic domain) (33, 99). 

Like every OGT homolog, hOGT consists of three domains: an N-terminal TPR 

domain, a hinge region between the two termini, and a catalytic domain at the C-

terminus (34, 83). Alternative gene splicing yields three hOGT isoforms, each 

having a different number of TPRs, which are found in different cellular 

compartments (41, 100). The three isoforms are the full length nucleocytoplasmic 

hOGT which contains 13.5 TPRs (nchOGT), a shorter mitochondrial sequestered 

form which contains 9 TPRs and has an N-terminal mitochondrion-targeting 

sequence (mhOGT), and a rare form with unknown cellular localization, which 

contains only 2.5 TPRs (shOGT) (Figure 2.1) (41, 100). Currently, the 

nucleocytoplasmic OGT is the only form that has been studied with respect to its 

ability to O-GlcNAcylate target proteins. It is ubiquitously expressed in tissues, 

with the highest messenger RNA (mRNA) levels in the pancreas (34). Targeted 
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disruptions of the coding region of the nucleocytoplasmic OGT gene has proven 

the gene is essential for embryonic stem cell viability in mice (50). The hOGT 

mentioned in this thesis refers to the nucleocytoplasmic variant unless otherwise 

specified.  

 

 

 

 

 

 
 
Figure 2.1. The three isoforms of human OGT. 

Human OGT exists in three isoforms which are all composed of three distinct 
domains. The N-terminal domain is a series of tetratricopeptide repeats (TPRs), 
there is an inter-domain hinge linker, and the C-terminal domain possesses the 
glycosyltransferase activity. The full-length and most abundant form is the 
nucleocytoplasmic hOGT (nchOGT) with 13.5 TPRs. Alternative splicing produces a 
mitochondrial sequestered hOGT (mhOGT) with only 9 TPRs and a rare short hOGT 
(shOGT) with 2.5 TPRs. 
 

2.1.1.1 Current understanding of the catalytic mechanism of human OGT  

A number of truncation studies have demonstrated that the C-terminus of 

hOGT contains the region with glycosyltransferase activity and can, on its own, 

modify short peptides with O-GlcNAc in vitro (33, 34). On the other hand, O-

GlcNAcylation of various physiological protein substrates, such as nup62, 

requires the presence of the N-terminal TPRs domain (48, 83). Early kinetic 

studies of hOGT with UDP-GlcNAc and a peptide substrate containing a single 

O-GlcNAc modification site revealed an unusual pattern of non-saturating 

kinetics (101). Multiple Km values (6, 35, and 217 μM) were reported for UDP-

shOGT 

nchOGT 

mhOGT 
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GlcNAc in this study, leading the authors to suggest that hOGT activity is 

modulated based on substrate availability. However, a recombinant hOGT 

isolated from an expressed sequence tag showed traditional Michaelis-Menten 

kinetics behaviour with single Km for UDP-GlcNAc using a protein substrate (82), 

thus making this aspect of its regulation unclear. It was hypothesized that the 

activity of hOGT toward protein substrates was initiated when the TPR domain of 

hOGT interacts with its target acceptor proteins while the substrate UDP-GlcNAc 

is accommodated in the catalytic domain (47, 48). When the donor sugar 

substrate and protein acceptor are brought together in the enzyme active site, 

OGT catalyzes glycosyl transfer from UDP-GlcNAc to form a β-O-glycosidic 

linkage between GlcNAc and the serine or threonine residue of the target protein 

with inversion of stereochemical configuration at the anomeric center. Figure 2.2 

shows a possible SN2-like mechanism which is postulated for catalysis by hOGT. 

An hOGT residue is likely to act as a general base to enhance nucleophilicity of 

the hydroxyl group of the serine or threonine residue (19, 99). 
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Figure 2.2. The proposed inverting mechanism of hOGT.  
hOGT acts through a inverting mechanism using UDP-GlcNAc as the sugar 
donor and protein serine/threonine residues of proteins as acceptors. A possible 
scenario involves an enzymic residue acting as a general base to enhance 
nucleophilicity of the hydroxyl group of a serine/threonine of the protein substrate. 
The hydroxyl acts as a nucleophile to attack the anomeric carbon of the GlcNAc 
in a dissociative SN2-like mechanism to release UDP and produce a β-O-linkage 
between the GlcNAc residue and protein serine/threonine residue.  

2.1.1.2 Crystal structure of the TPR domain of human OGT offers insights into the 
molecular basis of substrate recognition 

Availability of a hOGT crystal structure would significantly advance 

knowledge of the catalytic action and mechanistic details of this transferase. 

Attempts to crystallize full length hOGT have thus far failed, however, Jínek and 

coworkers were able to obtain the structure of the N-terminal domain containing 

the first 11.5 TPRs of hOGT (residues 16-400) (47). Two TPR domains are 

dimerized in each asymmetric unit of the crystal. Chain A is well ordered and 

chain B consists of two regions comprising residues 16-319 and 340-400 which 

are joined by a disordered hinge-like section that is not observed in the structure 

(Figure 2.3A). Each polypeptide chain in the model forms a superhelix with a 53 

angstrom (Ǻ) pitch difference and a 37 Ǻ width. The inside of the superhelical 

channel is formed by the first helix of each TPR motif and the second helix is 

located on the outside of the superhelix. The surface of the superhelical channel 
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is formed mainly by the side-chains of the amino acids in the first helix of each 

TPR motif, while the outside of the channel is formed by amino acids from both 

helices. The Rapid Automatic Detection and Alignment (RADAR) analysis tool 

revealed a conserved pattern of prolines located on the β-turns (Figures 2.3B 

and 2.3C, red residues) and asparagines located inside the superhelical channel 

of the hOGT TPR domain (Figures 2.3B and 2.3C, black residues), and both are 

arranged in a remarkable staircase fashion. The conserved pattern of asparagine 

residues is similar to the Armadillo repeat protein importin-α whose asparagine 

residues are important for recognition of its target peptides (102, 103).  

 
 
Figure 2.3. TPRs domain of human OGT.  

(A) There are two molecules of the hOGT TPR domains in the unit cell which 
dimerize via interactions between the 6th TPR motifs. Chain A is shown in orange 
and chain B is in blue. TPR motifs stack in series to create a super helical 
channel structure in side (B) and top (C) view. RADAR analysis was used to 
identify conserved amino acids. Interestingly, proline residues (in red) are 
conserved at β-turns which connect the TPR motifs and there is a ladder of 

A) 

C) 

B) 
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asparagines (in black) along the inner surface of chain A. All structures were 
drawn in UCSF Chimera using PDB file 1W3B. 

 
 

Since there is not a model available to demonstrate how the hOGT TPR 

domain interacts with its binding partners, the dimerization of hOGT TPRs in the 

crystal structure provides the only example of how the TPRs might interact with 

another protein molecule. Figure 2.4A shows the two molecules are brought 

together through interactions between the second helix of the 6th TPR motif 

(residues 197-210). The primary interactions at the interface are a pair of 

hydrogen bonds (Figure 2.4A, red dashed lines) and a hydrophobic interaction 

(Figure 2.4B) which is similar to how the α-helices stack together within a TPR 

motif. Mutation of Trp198 and Ile202 in the TPR domains caused dissociation of 

the dimer and the full length hOGT containing the same mutations showed 

reduced enzymatic activity torward nup62 (47). Therefore, the TPR domains and 

its binding partners may be first brought together through surface electrostatic 

interactions and as the two molecules move into close contact, stronger 

interactions are established through side-chain hydrogen bonding and 

hydrophobic interactions.  

 



 

 29 

    

Figure 2.4. The interface of hOGT TPR domains. 
Human OGT TPR domains can dimerize through the second outer helix of the 6th 
TPR in an anti-parallel fashion (chain A in blue and chain B in orange). (A) 
Trp(W)198 and Glu(E)205 from complementary strands are responsible for the 
hydrogen bonding interactions. The distances are shown in red. (B) The 
hydrophobic interactions at the interface between the strand monomers via 
hydrophobic amino acids such as Leu (L), Ile (I), Trp (W), and His (H) which 
come from both monomers. All structures were drawn in UCSF Chimera using 
PDB file 1W3B.   

2.1.2 Characterization of Xanthomonas campestris OGT 

2.1.2.1 Xanthomonas campestris OGT shows catalytic activity using UDP-GlcNAc 
as a substrate donor 

OGT from the plant pathogen Xanthomonas campestris (XcOGT) is one of 

more than 130 TPR-containing bacterial OGT homologs listed in the CAZy 

database reference. Primary sequence analysis (using CLUSTALW (104)) 

revealed 19% overall amino acid identity between XcOGT and hOGT with the 

most similar regions being the C-terminus (36% identity) where the catalytic core 

is predicted to reside and in the region of some of the TPRs at the N-terminus 

(Figure 2.5).  
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TPR domains 
 

 
hOGT        243 RAVAAYLRALSLSPNHAVVHGNLACVYYEQGLIDLAIDTYRRAIELQPHFPDAYCNLA 300 
XcOGT           ------------------MTADG------------PRELLQLRAAVRHRPQDFVAWLMLA 30 
Xc structure 

 
 

hOGT        301 NALKEKGSVAEAEDCYNTALRLCPTHADSLNNLANIKREQGNIEEAVRLYRKALEVFPEF 360 
XcOGT        31 DAELGMGDTTAGEMAVQRGLALHPGHPEAVARLGRVRWTQQRHAEAAVLLQQASDAAPEH 90 
Xc structure 

 
 

hOGT        361 AAAHSNLASVLQQQG 376 444 NIPEAIASYRTALKLKPDFPDAYCNLAHCLQIVCDWT 480 
XcOGT        91 PGIALWLGHALEDAG         QAEAAAAAYTRAHQLLPEEPYITAQLLNWRRRLCDWR 142 
Xc structure 

 
 

XcOGT       143 ALDVLSAQVRAAVAQGVGAVEPFAFLSEDASAAEQLACARTRAQAIAASVRPLAPTRVR 202 
Xc structure 
 
 
 
 

Catalytic domain 
 

 
 
hOGT        552 SDGRLRVGYVSSDFGNHPTSHLMQSIPGMHNPDK--FEVFCYALSPDDGTNFRVKVMAEA 609 
XcOGT       203 SKGPLRVGFVSNGFGAHPTGLLTVALFEALQRRQPDLQMHLFATSGDDGSTLRTRLAQAS 261 
Xc structure 

 
 

hOGT        610 NHFIDLSQIPCNGKAADRIHQDGIHILVNMNGYTKGARNELFALRPAPIQAMWLGYQAMW 669 
XcOGT       262 --TLHDVTALGHLATAKHIRHHGIDLLFDLRGWGGGGRPEVFALRPAPVQVNWLAYQVNW 319 
Xc structure 

 
 

hOGT        670 LGYPGTSGALFMDYIITDQETSPAEVAEQYSEKLAYMPHTFFIGDH 708-831 RSQYGLP 838 
XcOGT       320 LAYPGTSGAPWMDYVLGDAFALPPALEPFYSEHVLRLQGAFQPSDTSRVVAEPPSRTQCGLP 374 
Xc structure 

 
 

hOGT        839 EDAIVYCNFNQLYKIDPSTLQMWANILKRVPNSVLWLLRFPAVGEPNIQQYAQNMGLPQN 898 
XcOGT       375 EQGVVLCCFNNSYKLNPQSMARMLAVLREVPDSVLWLLSGPGEADARLRAFAHAQGVDAQ 434 
Xc structure 
 

 
hOGT        899 RIIFSPVAPKEEHVRRGQLADVCLDTPLCNGHTTGMDVLWAGTPMVTMPGETLASRVAAS 958 
XcOGT       435 RLVFMPKLPHPQYLARYRHADLFLDTHPYNAHTTASDALWTGCPVLTTPGETFAARVAGS 494 
Xc structure 

 
 

hOGT        959 QLTCLGCLELIAKNRQEYEDIAVKLGTDLEYLKKVRGKVWKQRISSPLFNTKQYTMELER 1018 
XcOGT       495 LNHHLGLDEMNVADDAAFVAKAVALASDPAALTALHARVDVLRRASGVFHMDGFADDFGA 554 
Xc structure 

 
 

hOGT       1019 LYLQMWEHYAAGNKPDHMIKPVEVTESA 1046 
XcOGT       555 LLQALARRHGWLGI-------------- 568 

Xc structure 

 
 

 
 

Catalytic base 

α-helix:  
 
β-sheet: 
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Figure 2.6. Sequence alignments of XcOGT (NP_636257.1) and hOGT (NP_858059).  
 Primary sequence alignment of the TPR domains (hOGT residues 243–480 and 
XcOGT residues 1–202) and catalytic domain (hOGT residues 552–1046 and 
XcOGT residues 203–568) were performed using CLUSTALW. The results 
indicate XcOGT is well conserved with hOGT in the TPR domains and catalytic 
domain (exact matches are highlighted in black). However, XcOGT is missing the 
inter-domain region which corresponds to residue 481–551 of the hOGT 
sequence. The secondary structural elements of XcOGT revealed in the cystal 
structure are illustrated beneath the sequence. H558 in hOGT and H219 in 
XcOGT are predicted to be the conserved catalytic base by virtue of analogy to 
other well studied systems, and are indicated with an arrow (105, 106).  

 

2.1.2.2 The structure of Xanthomonas campestris OGT provides insights into 
hOGT 

The three-dimensional structure of XcOGT (pbd file 2VSN) was first 

solved in complex with a molecule of UDP bound in the active site by Dr. Carlos 

Martinez-Fleites in Professor Gideon Davies’ laboratory at the University of York 

(42). Another independent group also solved the structure of the same enzyme 

and reported their work at essentially the same time (107). The XcOGT model 

reveals two putative domains of OGT including: 5.5 TPRs (residues 1–202) 

(Figure 2.6A, cyan) with superhelical topology at the N-terminus, and a C-

terminal glycosyltransferase domain (residues 203–568) (Figure 2.6A, orange) 

which accommodates a UDP molecule (Figure 2.6A, green). Sequence 

alignment of the XcOGT and the hOGT TPR domain indicates XcOGT TPRs 

likely correspond to the last few TPRs (8-13.5th repeats) in the human sequence 

(Figure 2.5). Superimposition of the XcOGT and the hOGT TPR domain 

structures was performed by MultiProt superposition analyzer (108) and showed 

XcOGT TPRs resemble those from hOGT and these TPRs make a near 

complete super-helical turn (Figure 2.6B). The super-helical domain channels 

directly into the active center where sugar substrate binds (Figure 2.6C). XcOGT 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=NP_636257.1�
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lacks any of the regions that are responsible for homodimer formation and 

mammalian protein recognition that are observed in the hOGT TPR domain 

structure. It also does not possess a 120 amino acid insertion between the N- 

and C-terminus that appears in all mammalian sequences (Figure 2.5, residues 

708-731 in hOGT sequence) (43, 47, 83). The differences may explain why 

XcOGT does not modify mammalian protein substrates such as nup62. 

Sequence and structural comparisons reveal no conserved patterns of surface-

exposed residues between XcOGT and hOGT TPRs, although several 

asparagine, arginine, and glutamine residues line the inner surface of the 

superhelix in XcOGT in a similar fashion  to hOGT (42).  
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Figure 2.5. Structural composition of XcOGT and superimposition of the hOGT and 
XcOGT TPR domains.   
(A) XcOGT consists of two domains: residues 1–202 comprise the TPR domains 
(cyan), which form a nearly complete superhelix, and residues 203–568 form the 
glycosyltransferase center (orange) which is highly similar to the hOGT active 
center. This figure was drawn in UCSF Chimera using PDB file 2VSN. (B) The 
superimposition of hOGT TPRs chain B (residues 16-400) (deep blue) and 
XcOGT TPR domain (residues 1-202) (cyan) generated using MultiProt 
superposition analyzer shows a high degree of structural homology. The highest 
fitting model (root mean square deviation of 1.70) produced a nearly perfectly 
overlapping region between residues 1-158 (1st – 4th TPRs) of the hOGT TPRs 
chain B and residues 45-176 (2nd – 6th TPRs) of the XcOGT TPRs domain. The 
overlay was drawn using UCSF Chimera. (C) The super-helical domain of 
XcOGT creates a channel that runs directly into the active center where UDP 
(green) is bound. This figure was drawn in UCSF Chimera using PDB file 2VSN. 
 

A) 

C) 

B) 
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2.1.3 Inhibition of OGT  

Excessive OGT activity has been linked to many diseases such as cancer 

(109), diabetes (52), and neurodegeneration (110). OGT knock-down studies 

using genetic manipulation indicate that OGT serves vital roles at the cellular 

level (50, 111-113). Therefore, the design of potent and selective inhibitors 

against OGT could have valuable applications. It was established that UDP, as 

well as UDP-GlcNAc and UDP-glucose (UDP-Glc), are inhibitors of OGT (114, 

115). Product inhibition by UDP is a common observation among 

glycosyltransferases using uridine-containing sugar nucleotides (116, 117). 

Alloxan, an analogue of uracil, was also determined to be an OGT inhibitor in 

vitro, with a Ki around 0.1 mM. The mechanism of inhibition is unclear, however, 

alloxan may oxidize cysteine residues rather than bind in place of UDP-GlcNAc 

(118). Alloxan was tested for its inhibition of OGT at millimolar concentrations in 

cells, but was found to be toxic and affected many cellular processes (119, 120). 

Recently, a library of compounds was screened using a fluorescent UDP-GlcNAc 

analogue displacement assay, which led to the discovery of structurally unrelated 

OGT inhibitors (121, 122) that have shown some utility in cells (109, 123).  

2.2 The catalytically important residues of hOGT 

By combining information from the XcOGT structure and the protein 

sequence alignment, Carlos Martinez-Fleites and Gideon Davies generated a 

model of the hOGT C-terminus using MODELLER (124). This hOGT model 

featured the highly conserved residues from XcOGT in the active site. A 

molecule of UDP-GlcNAc was modelled into the active site based on the position 
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of the UDP observed in the active site of the bacterial structure. This model can 

be used to predict the finer details of the hOGT active site and provides an 

opportunity to explore putative catalytic residues. However, it is important to also 

demonstrate that XcOGT is functionally related to hOGT using enzyme kinetics.  

To investigate functional similarities between XcOGT and hOGT, I 

demonstrated both enzymes are capable of using radioactive UDP-GlcNAc (1 µM, 

8.65 Ci/mmol [3H]-UDP-GlcNAc) as a donor substrate and water as an acceptor 

in vitro (Figure 2.7) to librate radiolabelled GlcNAc. This reaction is inhibited by 

UDP (42, 114). The result suggests that the natural substrate of XcOGT could be 

UDP-GlcNAc or a structurally similar donor sugar substrate. However, unlike 

hOGT, XcOGT cannot catalyze the transfer of O-GlcNAc onto proteins, either in 

Xanthomonas campestris lysate, mammalian cell lysates, or onto a mammalian 

protein that is known to be O-GlcNAc modified by hOGT (43). 
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Figure 2.6   Hydrolysis of UDP-GlcNAc catalyzed by hOGT and XcOGT. 
Radioactive GlcNAc resulting from hydrolysis of radioactive UDP-GlcNAc by hOGT or 
XcOGT was separated from radioactive UDP-GlcNAc by thin layer chromatography 
(TLC) using a solvent system of ethyl acetate and methanol (4:3). A positive control 
was also run where hydrochloric acid (HCl) was used to achieve complete hydrolysis 
of UDP-GlcNAc. (A) One day exposure of the TLC to the phosphorimaging screen. (B) 
Five day exposure of the TLC to the phosphorimaging screen with the baseline 
covered by tape to protect the screen. The reactions were as follows: (1) hOGT with 
no UDP, (2) hOGT with 100 µM UDP, (3) XcOGT no UDP, (4) XcOGT with 100 µM 
UDP, (5) 0.5 M HCl, and (6) with UDP-GlcNAc alone. All assays contained 1 µM [3H]-
UDP-GlcNAc (8.65 Ci/mmol).  

 

 In collaboration with Dr. Matthew Macauley, a former PhD student in the 

Vocadlo lab, several hOGT active-site mutants were designed. The residues that 

were mutated were chosen based on those that were predicted to interact with 

UDP-GlcNAc from the structural model. The catalytic efficiency of each of these 

mutants was then assessed using an OGT assay.  

2.2.1 Development of a rapid and reproducible OGT assay 

An assay to analyse hOGT catalysis was developed using radiolabelled 

[3H]-UDP-GlcNAc as the substrate donor and rat nup62 as the acceptor. Nup62 

is a protein that is part of a protein complex associated with the nuclear envelope 

and was one of the first O-GlcNAc modified proteins identified (29, 81). It has 
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been established as a useful “model” O-GlcNAc acceptor and has approximately 

10 to 11 O-GlcNAc sites. Non-radioactive UDP-GlcNAc was used as a carrier in 

the assay to give a final constant specific activity of 0.14 Ci/mmol of [3H]-UDP-

GlcNAc. The reaction was terminated by blotting onto a nitrocellulose membrane. 

The membrane was extensively washed with phosphate buffer saline (PBS) and 

air dried before being soaked in scintillation fluid and loaded into the scintillation 

counter for analysis. The hOGT-catalyzed transfer of GlcNAc from UDP-GlcNAc 

was linear over 2 hours (hr) at either 37 °C or room temperature (RT) (Figure 

2.8A) indicating the assay does not suffer from either substrate depletion or 

enzyme death over this time frame. The assay is not affected by the level of UDP 

produced when the concentration of hOGT is 1 µM, nup62 is 10 µM, and UDP-

GlcNAc is 10 µM. The linearity of the reaction velocity for different hOGT and 

nup62 concentrations was also explored separately to establish the optimum 

assay parameters (Figures 2.8B and 2.8C). The Km (9.9 ± 0.9 µM) and kcat (0.51 

± 0.02 nmol/min/mg) for nup62 matched within reason to those reported 

previously (Km = 1.2 µM and kcat = 0.7–0.8 nmol/min/mg) (82, 83). Since hOGT 

activity was reported to decrease drastically at pH values below 6 and above 7.5 

(114), the assay conditions were maintained at pH 7 using PBS. In agreement 

with previous findings, ethylenediaminetetraacetic acid (EDTA) has no apparent 

effect on OGT activity, and high concentrations of MgCl2 (>128 mM) were found 

to disrupt the enzyme activity (Figures 2.8D and 2.8E) (43).  

http://en.wikipedia.org/wiki/EDTA�
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Figure 2.7 Standardization of hOGT assay parameters. 

(A) OGT activity in assays containing 1 µM hOGT, 10 µM nup62, and 10 µM UDP-
GlcNAc (constant specific activity of 0.14 Ci/mmol of [3H]-UDP-GlcNAc) determined as 
a function of time at RT or 37 ºC. (B) OGT activity at 0.5, 1, or 2 µM of hOGT in the 
presence of 10 µM nup62 and 10 µM UDP-GlcNAc. (C) OGT assay performed at 
different concentrations of nup62 at a fixed concentration of UDP-GlcNAc (20 µM) and 
hOGT (100 to 400 nM) to yield Michaelis-Menten kinetics. The Km is 9.9 µM and kcat is 
0.51 nmol GlcNAc/min/mg hOGT. (D) OGT assay performed at different MgCl2 
concentrations. (E) OGT activity performed at different EDTA concentrations. The data 
is displayed as an average of at least triplicate determinations with associated 
standard deviations shown as error bars. 
 

2.2.2 hOGT displays traditional Michaelis-Menten kinetics 

Contradictory to the previously reported non-canonical kinetics of hOGT 

which used peptides rather than proteins us a substrate, the OGT assay I 
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performed displayed traditional Michaelis-Menten kinetics with a kcat of 0.43 ± 

0.01 nmol/min/mg and a single Km value of 1.2 ± 0.1 µM for UDP-GlcNAc in vitro 

(Figure 2.8A). In order to better understand these differences, the UDP-GlcNAc 

concentration range was extended to an upper limit of 640 µM to examine 

whether data over this larger range would also be consistent with more than one 

Km value. The results again indicated just one Km value. The data fitted best to a 

substrate/product inhibition model with a Ki value of 550 ± 100 µM (Figure 2.9B). 

One possibility is that the UDP-GlcNAc inhibits hOGT when present at high 

concentrations but this would require further studies to verify. Another possibility 

is that UDP, which has been reported to be an hOGT inhibitor having a Ki value 

of 0.2, 0.47, or 1.8 μM depending on the assay conditions (114, 115, 125), either 

accumulated in the reaction and inhibited the activity of hOGT or is present at a 

low level in the UDP-GlcNAc sample.  

To assess the level of UDP-GlcNAc hydrolysis in the reaction I incubated 

5 µM hOGT with 1 µM of UDP-GlcNAc (final specific activity of 8.65 Ci/mmol) 

with no protein acceptor present other than OGT itself for 16 hr and observed a 

noticeable level of UDP-GlcNAc breakdown (Figure 2.9C). This result suggests 

water molecules may compete with a protein substrate such as nup62 as a 

GlcNAc acceptor, but during this process UDP would also be released which 

could potentially inhibit hOGT. When this observation is taken into consideration 

the currently reported kcat and Km parameters may not be truly representative; in 

fact, the reported Km may be lower than the actual value. To validate that UDP-

GlcNAc hydrolysis does not significantly affect my OGT assay on the time scale 
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used for the reactions, hOGT catalyzed hydrolysis of UDP-GlcNAc was 

measured over 140 mins and was shown to be negligible (Figure 2.9D). 

Unfortunately, it is not feasible to test the hydrolysis at a high concentration 

(around millimolar) of UDP-GlcNAc using the same method due to the relatively 

low concentration of the commercially available stock of radioactive UDP-

GlcNAc. However, there is no readily available alternative experimental 

conditions that avoid UDP accumulation in the reaction mixture and the original 

study that reported multiple Km values would have encountered the same effect. 

It is possible that the discrepancy in the unusual kinetic behaviour observed 

earlier as compared to the normal Michaelis kinetics observed here is that the 

previous assays used peptide substrates rather than intact protein.  
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Figure 2.8 Kinetic study of the hOGT catalyzed transfer of UDP-GlcNAc at concentrations 

up to 640 µM and analysis of hOGT-catalyzed hydrolysis of UDP-GlcNAc over 
time.  
(A) hOGT kinetics were carried out using 0.05 µM of hOGT, 15 µM nup62, and UDP-
GlcNAc concentrations of 0, 0.5, 1, 2, 4, 8, 16, 25, 40, and 80 µM (constant specific 
activity of 0.14 Ci/mmol of [3H]-UDP-GlcNAc) (standard deviations from quadruplicate 
data shown). (B) Using the same conditions as described in (A), the upper limit of 
UDP-GlcNAc concentration was extended to 640 µM (0, 5, 10, 20, 40, 80, 160, 320 
and 640 µM) (standard deviations from triplicate data shown). The decrease in rate at 
higher UDP-GlcNAc concentrations might due to substrate (UDP-GlcNAc) or product 
(UDP) inhibition in the reaction. (C) UDP-GlcNAc hydrolysis in presence of OGT was 
tested at 5 µM hOGT and 1 µM UDP-GlcNAc at 0, 1, 8, and 16 hours (lanes 1 to 4 
respectively). (D) UDP-GlcNAc hydrolysis by hOGT was evaluated using 1 µM of 
hOGT and UDP-GlcNAc incubated for 0, 20, 40, 60, 80, 100, 120, and 140 minutes 
(lanes 1 to 8 respectively). No sign of UDP-GlcNAc hydrolysis was observed over this 
time frame. 
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2.2.3 Human OGT catalytic residue mutational study 

Twelve hOGT predicted catalytic site mutants (H558A, H558D, H558E, 

Q839E, Q839N, K841A, K898A, H901Y, H920A, T921A and D925A) were 

designed based on the hOGT model (Figure 2.10). Site-directed mutagenesis 

was carried out by Matthew Macauley to create the mutated plasmids from wild 

type (WT) hOGT plasmid in the pET28a vector and I transformed the mutants 

into E. coli (BL21 tuner cells) and attempted to over-express the proteins.  
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Figure 2.9. Residues predicted to be in close proximity to UDP-GlcNAc in the hOGT active 

centre; H558 is the predicted general base used by hOGT.  
  The predicted structure of UDP-GlcNAc in complex with hOGT was modelled based 

on the structure of XcOGT in complex with UDP. (A) H901Y, D925A, and K898A are 
predicted to interact with the uracil moiety of UDP-GlcNAc (B) T921A, K842A, 
Q839N, and Q839E are predicted to be in close approximity to the pyrophosphate 
group of UDP-GlcNAc. (C) H920A and Y841A were designed based on their 
potential interaction with GlcNAc. (D) H558 is likely to be the catalytic general base. 
All figures were drawn in UCSF Chimera using an unpublished hOGT model. 

  

Several of the mutants failed to be recombinantly produced (Figure 

2.11A), possibly due to protein misfolding. Among the soluble variants, H901, 

D925 and K898 were predicted from the model to interact with the uracil moiety 

B A 

D C 
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of UDP-GlcNAc. Since UDP is reported to be a competitive inhibitor of hOGT, it 

was proposed that mutation of these residues may disrupt the binding of UDP-

GlcNAc (115). Indeed, the results showed that H901Y, D925A, H558E and 

Q839E are deleterious to protein expression (Figure 2.10A). T921A, K842A, and 

Q839N were predicted from the model to be located in close proximity to the 

pyrophosphate of UDP-GlcNAc. In many glycosyltransferases, the 

pyrophosphate portion of nucleotide sugars are observed to be involved in metal 

coordination through nearby amino acid residues and alteration of these residues 

generally has an effect on enzymatic activity (11, 12). In this case, there was no 

evidence of metal coordination in the XcOGT active site, and hOGT is active in 

the absence of exogenous divalent cations as well as in the presence of EDTA. 

The data show that mutation of the residues we proposed to interact with the 

pyrophosphate moiety are mildly tolerated; Q839N and T921A showed partial 

activity (3% and 32% of WT activity, respectively), whereas K842A showed 

essentially no activity (<1% of WT) (Figures 2.11B and C). H920A and Y841A 

were designed based on their potential involvement in GlcNAc binding. The 

H920A mutant had less than 1% of WT activity, whereas the Y841A mutant had 

14% activity compared to the WT enzyme (Figures 2.11B and Table 2.1). The 

XcOGT structure predicts that H558 is likely to be the catalytic general base that 

facilitates nucleophilic attack of the serine/threonine hydroxyl group on to UDP-

GlcNAc. Its orientation and three-dimensional position within the predicted hOGT 

model is comparable to other histidine residues that have been assigned as the 
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general base in GT-B enzymes (19). In support of this hypothesis, mutation of 

H558 was tested to result in an enzyme that had no apparent activity (Table 2.1).  

 

 
 
Figure 2.10 Kinetics of WT hOGT and its active centre mutants. 

(A) Western blot showing expression levels of hOGT mutants compared to wild type 
hOGT (WT). (B) Michaelis-Menten kinetics for WT and selected mutants which had 
detectable activity were carried out using a radioactive OGT assay at  0, 0.5, 1, 2, 4, 
8, 16, 25, 40 µM UDP-GlcNAc. Associated standard deviations of quadruplicate data 
analysis indicated with error bars.  
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Table 2.1 Summary of kinetic parameters of WT hOGT and active site mutants. 

 

2.3 UDP-5SGlcNAc: an OGT inhibitor that is formed in cells 

Due to the interest in exploring the biological functions of O-GlcNAc and 

its potential links to various human diseases, Dr. Tracey Gloster, from the 

Vocadlo laboratory, undertook research toward an OGT inhibitor that would be 

suitable for use in cells and in vivo. Based on previous knowledge that 5-

thiosugar nucleotide donors are poor substrates in GT-catalyzed transfer 

reactions (105, 126), it was proposed that a sulphur-containing UDP-GlcNAc 

analogue might be a good OGT inhibitor. Julia Heinonen, a graduate student in 

the Vocadlo lab, synthesized 2-N-acetamido-2-deoxy-5-thio-D-glucopyranose 

(5SGlcNAc), wherein the endocyclic ring oxygen of GlcNAc is replaced with a 

sulfur atom (Figure 2.11A). When 5SGlcNAc was introduced into cells, it was 

found that it was transformed into UDP-5SGlcNAc through the endogenous 

HBSP (Figure 2.11A) and was also shown to inhibit O-GlcNAc modification in 

multiple cell lines (127). Tracey Gloster and Dr. Wesley Zandberg biosynthesized 

UDP-5SGlcNAc using recombinant human enzymes of the HBSP. It was found 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zandberg%20WF%22%5BAuthor%5D�
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UDP-5SGlcNAc was turned over only slowly by OGT and thus acted as an 

inhibitor. Using the OGT assay described in Section 2.2, the amount of O-

GlcNAc transferred in the presence of increasing UDP-5SGlcNAc concentrations 

was determined. A Dixon plot was constructed and a line was fitted through the 

points to a linear equation (128) (Figure 2.11B). The Vmax value for hOGT under 

the assay conditions was measured using several high UDP-GlcNAc 

concentrations (30, 40, and 50 μM) in the absence of the inhibitor and the mean 

value (0.7 ± 0.1 nmol·min-1· mg-1 hOGT) was used to establish a Ki value for 

UDP-5SGlcNAc (Figure 2.11C). The result indicated that UDP-5SGlcNAc is an 

effective inhibitor of hOGT with a Ki of 7.7 ± 0.1 μM. This value suggests it binds 

with a similar range of affinity as the natural substrate UDP-GlcNAc (42, 82). 

S5GlcNAc was also tested as a potential inhibitor but showed no significant 

inhibition of hOGT at concentrations even up to 1 mM. 
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Figure 2.11 hOGT inhibition by UDP-5SGlcNAc in vitro.  
(A) 5SGlcNAc can be transformed into UDP-5SGlcNAc through a cellular salvage 
pathway and HBSP and acts as an OGT inhibitor. (B) The ability of UDP-5SGlcNAc 
to inhibit hOGT activity was assessed using a radioactive OGT assay. A Dixon plot 
was constructed using the residual hOGT activity determined at different 
concentrations of UDP-5SGlcNAc. (C) This figure is an expansion of the lower 
concentration range from figure (B). By taking into account the Vmax values measured 
in the absence of inhibitor at 30, 40, 50 µM UDP-GlcNAc, the Ki value of UDP-
5SGlcNAc was determined to be 7.7 ± 0.1 μM. The data is displayed as an average 
of at least triplicate determinations with associated standard deviations. 

2.4 Conclusions and discussions 

2.4.1 The structure of XcOGT provides structural insights into the hOGT 
catalytic center 

hOGT is a glycosyltransferase categorized into family GT41 in the CAZy 

database (6) and is predicted to adopt a GT-B fold. It catalyzes the transfer of 

GlcNAc from UDP-GlcNAc to form β-O-GlcNAc linked to serine and threonine 

A) 
 

B) 
 

C) 
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residues of proteins. Consistent with other GT-B enzymes, hOGT does not 

require a metal ion for efficient catalysis (35, 114). hOGT was reported to 

possess three distinct Km values for UDP-GlcNAc transfer onto a peptide 

substrate. an observation that has been used to advance the hypothesis that 

cellular O-GlcNAc levels serve as a nutrient sensor (101). Here, however, we 

observed only one Km value (1.3 ± 0.1 μM) for UDP-GlcNAc when nup62 was 

used as the acceptor in an OGT assay. This value is similar to that found in a 

previous report by Lubas et al, where a Km value of a 0.5 μM was reported (83). 

This discrepancy between the number of Km values may be due to the use of a 

protein substrate rather than a peptide. However, kinetic data regarding protein 

substrates is more physiologically relevant since cellular substrates will of course 

be proteins. The observation of only one Km value reinforces a more recent view 

which opposes the hypothesis of global O-GlcNAc level acting as a cellular 

nutrient sensor (55, 57, 58). 

Recently, the structure of a GT41 bacterial homologue of hOGT from the 

plant pathogen Xanthomonas campestris (XcOGT) was solved in complex with 

UDP. This enzyme features high sequence conservation with the C-terminus of 

hOGT. XcOGT was shown to catalyze the transfer of UDP-GlcNAc to water in 

vitro. Although it showed no activity toward mammalian protein substrates or 

Xanthomonas campestris lysate, another study suggested that XcOGT is able to 

modify a protein in Arabidopsis thaliana cell lysate with O-GlcNAc (43). The 

structure of XcOGT in complex with UDP revealed the residues that are most 

likely to be important for binding the sugar nucleotide donor and for catalysis. 
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Those residues are highly conserved between XcOGT and hOGT. Systematic 

mutation of these residues in hOGT support the structural model of hOGT that is 

based on the XcOGT structure. Glycosyltransferases that catalyze transfer with 

inversion of stereochemistry are proposed to use a dissociative SN2-like 

mechanism; an enzymic residue acts as a general base to deprotonate the 

nucleophile of the acceptor, which facilitates displacement of the activated 

phosphate nucleotide leaving group. A number of three-dimensional structures of 

glycosyltransferases has shown that the general base is often a histidine residue, 

one which often interacts with an adjacent aspartate or glutamate residue (19). A 

histidine residue (H558 in hOGT; H218 in XcOGT) was identified somewhat 

distant from the UDP-GlcNAc binding site but in a position that is conserved with 

the general base in other glycosyltransferases and was therefore predicted to be 

the general base used by OGT. The H558A mutant of hOGT showed no 

enzymatic activity thus supporting this hypothesis. However, Clarke and co-

workers proposed the general base could be a tyrosine residue (Y851 in hOGT; 

Y387 in XcOGT) (43). Further experiments are required to answer which residue 

is the general base unequivocally. 

2.4.2 Future prospects of 5SGlcNAc, a small molecule inhibitor of OGT  

The biological significance of OGT was demonstrated through studies 

revealing its essential involvement in embryogenesis and its association with 

human diseases such as type II diabetes and breast cancer (52, 109). Recent 

studies revealed that Drosophila melanogaster OGT belongs to the polycomb 

group (PcG) family of proteins, which are associated with epigenetic silencing of 
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gene expression (111, 129). Unlike mammalian organisms, flies lacking the OGT 

gene were able to live until late larvae stage, and the same study showed that 

hOGT was able to rescue this knockout, allowing survival beyond the larvae 

stage (111). This result not only implies that the function of OGT is conserved 

between flies and human, but also hints that hOGT may serve important 

functions other than catalyzing the O-GlcNAc modification. To date, there have 

been no studies that explore possible secondary functions of OGT other than its 

catalytic role. One way to address this issue is through the use of OGT inhibitors.  

For this reason, we aimed to develop an OGT inhibitor. We describe a 

potent inhibitor of hOGT, UDP-5SGlcNAc. An in vitro hOGT assay using nup62 

as a protein acceptor showed it inhibited hOGT catalyzed glycosyl transfer with a 

Ki value of 8 μM. Moreover, 5SGlcNAc is able to penetrate through the negatively 

charged cell membrane and can be transformed by the HSBP enzymes into 

UDP-5SGlcNAc. Results from cell culture experiments using 5SGlcNAc show 

decreased O-GlcNAc levels in multiple cell lines (127). Given the current interest 

in the role of O-GlcNAc, and the potential human dysfunctions that might be 

associated with O-GlcNAc levels (52, 110, 130), further studies which investigate 

the specificity of 5SGlcNAc will not only enhance the current knowledge of OGT 

beyond its catalytic action but may also lead to possible treatments for diseases. 
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2.5 Experimental Methods 

2.5.1 Sequence alignments, and superimposition of hOGT and XcOGT 

A sequence alignment between hOGT and XcOGT was generated using 

CLUSTALW (104). The sequence alignment was manually annotated using 

secondary structure information provided by the crystal structure of XcOGT and 

the prediction of secondary structure elements of hOGT using the ProteinPredict 

server (131).  

2.5.2 Gene expression and protein purification 

pET28a vectors containing WT and mutant hOGT with an N-terminal His-

tag were transformed into E. coli BL21 DE3 cells (Novagen) and stored at -80°C 

as glycerol stocks (composed of 33% glycerol and 66% cell suspension having 

an optical density (OD) of around 0.8 measured at 600 nm) by Matthew 

Macauley until required. To recombinantly express WT and mutant hOGT protein, 

starter cultures were prepared using Luria-Bertani (LB) broth containing 0.05 

mg/L kanamycin. E. coli containing the appropriate plasmid was introduced into 

the starter cultures using a flame-sterilized pipette tip to scratch the appropriate 

glycerol stock after which the tip was added into the cultures. The starter cultures 

were grown overnight at 37 °C. 10 mL of starter culture was added to 1 L of LB 

containing 0.05 mg/L kanamycin. Typically 6 L of LB yielded a sufficient amount 

of protein. Cultures were grown for 24 hr at RT. Since high levels of hOGT 

expression leads to insoluble protein being sequestered into inclusion bodies, the 

expression conditions were optimized so as to exclude isopropyl β-D-1-

thiogalactopyranoside (IPTG) induction and allow only leaky baseline gene 
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expression to occur. The cells were harvested by centrifugation (5,000 

revolutions per minute (rpm), 10 mins, 4 °C, Sorvall RC6 Plus), the supernatant 

removed, and the pellet resuspended in nickel column binding buffer (5 mM 

imidazole, 20 mM sodium phosphate, 500 mM NaCl, pH 7.4). Cells were lysed 

using 1 mg/mL lysozyme (Bioshop) with addition of one protease inhibitor tablet 

(Roche) and sonicated on ice at 50% intensity with a cycle of 20 sec on / 50 sec 

off for 8 rounds (Fisher Scientific, Model 500). The resulting cell lysate was 

centrifuged (15,000 rpm, 60 mins, 4 ºC, Sorvall RC6 Plus) to remove insoluble 

debris, and loaded onto a 5 mL HisTrap FF nickel column (GE Healthcare), 

which had been primed essentially following the manufacturer’s protocol. 

Following protein loading, the column was washed with 100 mL wash buffer (60 

mM imidazole, 20 mM sodium phosphate, 500 mM NaCl, pH 7.4) and eluted with 

25 mL of a high imidazole concentration buffer (250 mM imidazole, 20 mM 

sodium phosphate, 500 mM NaCl, pH 7.4). The purified protein was dialyzed at 

4ºC overnight against a 1000-fold volume of PBS (pH 7.4) containg 1 mM β-

mercaptoethanol and then stored at 4ºC until needed.  

The gene encoding nup62 in a pET3 vector was provided by J. Hanover 

(NIH). The plasmid was transformed into BL21 DE3 cells (Novagen) according to 

the manufacturer’s protocol (Novagen). Clones containing the vector were 

selected using 0.1 mg/mL ampicillin agar plates. A single colony was selected 

from the plate and grown at 37 ºC overnight in LB containing 0.1 mg/mL 

ampicillin containing 0.1 mg/mL ampicillin to obtain a starter culture. 10 mL of 

starter culture, in the presence of 0.1 mg/mL ampicillin, was introduced into 1 L of 
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LB and grown at 37 ºC until an OD at 600 nm of between 0.6-1 was reached. 

Protein expression was induced using a final concentration 0.5 mM of IPTG for 3 

hr at RT. Nup62 was isolated from inclusion bodies according to a previously 

described refolding  protocol using 6 M urea and ion exchange chromatography 

(82). The ion exchange chromatography was carried out using a monoQ cation 

exchange column (5ml HitrapQ FF, GE Healthcare) using a fast performance 

liquid chromatography (FPLC) system (AKTAprime plus, GE Healthcare). 

Proteins were eluted using a salt gradient of 0 to 300 mM NaCl in 20 mM Tris 

buffer (pH 8), which was run at 5 mL/min over 100 mL. 2 mL fractions were 

collected and subjected to Western analysis. The fractions which contained 

nup62 were combined and dialyzed against 4 L of PBS containing 5 mM of β-

mercaptoethanol and stored at 4 ºC until required. 

2.5.3 Western blot analysis  

Samples for Western blot analysis of WT hOGT and the twelve mutants 

were prepared by addition of 5X Laemmli sample buffer and then boiling the 

samples for 5 min on a heat block (VWR) before loading onto a 10% Tris-HCl 

polyacrylamide gel. The electrophoresis was carried out at 180 volts for 60 min 

and then proteins were transferred at 100 volts for 75 min onto nitrocellulose 

membrane (BioRad) using a BioRad mini-gel apparatus. The blot was blocked at 

RT for 1 hr with blocking buffer (PBS containing 0.1% Tween-20 (PBS-T) and 1% 

bovine serum albumin (BSA) (Bioshop)). The same solution containing a 1:2,000 

dilution of anti-OGT polyclonal primary antibody (Santa Cruz, H300) was used to 

probe the membrane overnight at 4 °C. Following 2 washes with PBS-T for 5 
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mins and 3 washes for 15 mins with PBS-T, the membrane was once again 

blocked using blocking buffer for 30 min and then probed using a 1:20,000 

dilution of horseradish peroxidase (HRP)-conjugated goat-anti-rabbit IgG (Santa 

Cruz) in blocking buffer. Membranes were washed in the same manner as for the 

primary antibody. Detection was accomplished by chemiluminescence using the 

SuperSignal West Pico chemiluminescent detection kit (Pierce). The membrane 

was exposed to a film (Kodak Biomax MR) and the film was then developed 

using a Kodak (Kodak-Omat 1000A) film developer.  

The Western blot procedure for analysis of recombinant nup62 was 

carried out as described above except that the primary antibody was monoclonal 

MAb414 anti-nup62 (Abcam), used at 1:3,000, and the secondary antibody was 

an HRP-conjugated goat-anti-mouse IgG (Santa Cruz), used at 1:20,000 dilution.   

2.5.4 Protein concentration determination 

The concentrations of WT and mutants hOGT protein were determined by 

Bradford assay (BioRad), which is a simple procedure for determining protein 

concentrations by measuring the absorbance of a solution containing Coomassie 

Blue G-250 at 595 nm using a plate reader spectrophotometer (Molecular 

Devices, SpectraMAX 340) (132). A standard curve from 0–20 mg/mL BSA 

(Bioshop) was constructed to obtain the concentration of the protein solutions 

being analyzed. Due to the low yields of protein obtained for several of the 

mutant proteins, which made reliable quantification by Bradford difficult, 

concentrations of the mutants were standardized relative to the WT hOGT using 
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densitometric analysis of bands from a Western blot (Figure 2.11A). 

Densitometry was carried out using Molecular Dynamics software.  

2.5.5 OGT assays 

Assays were performed using radiolabelled [3H]-UDP-GlcNAc as the 

donor substrate and nup62 as the acceptor substrate. Reactions were prepared 

in a 25 µL final volume and consisted of varying amounts of UDP-GlcNAc 

(constant specific activity of 0.14 Ci/mmol of [3H]-UDP-GlcNAc) (Perkin Elmer), 

nup62 (10 μM), 12.5 mM MgCl2, 1 mM β-mercaptoethanol, and between 10–100 

nM of WT or mutant hOGT. The reaction was initiated by the addition of enzyme 

by pipette and incubated at 37 ºC for 1 hr (a time for which linear rates are 

obtained using these assay conditions). Reactions were placed on ice after 1 hr 

of incubation and then immediately applied to a 1.5 by 3 cm piece of 

nitrocellulose membrane (BioRad) 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 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 using a liquid scintillation counter (Beckman LS6000). All assays were 

done in triplicate (and up to six replicates in some cases). The results were fitted 

to a linear equation (Figure 2.8B), substrate inhibition model (Figure 2.9B), or a 

Michaelis-Menten model (Figures 2.8C, 2.9A and 2.11B) using Prism 5 from 

GraphPad. In each case the x-axis is the concentration of substrate used and y-
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axis is the assay reaction rate (nmol of GlcNAc transferred/min/mg hOGT). The 

fits were used to obtain kinetic parameters and the associated standard 

deviations for each set of replicates.  

2.5.6 Hydrolysis of UDP-GlcNAc by hOGT and XcOGT  

The enzyme catalyzed hydrolysis reaction (in a volume of 25 µL) was 

initiated by the addition of 10 µL 8.7 µM hOGT or 161.9 µM XcOGT via pipette 

into a solution of PBS, pH 7.4 containing 1 µM [3H]-UDP-GlcNAc (8.65 Ci/mmol), 

12.5 mM MgCl2, and 1 mM β-mercaptoethanol. Control reactions where OGT 

activity was inhibited were performed in the same way but contained 100 µM 

UDP. Acid-catalyzed hydrolysis reactions were carried out as the positive control. 

These assays contained the same components plus 0.5 M HCl and 2.5 mM β-

mercaptoethanol. Due to the presence of ethanol in the [3H]-UDP-GlcNAc stock 

each reaction was made to contain a final concentration of 28% ethanol. 

Reactions were incubated for 72 hr at room temperature after which 10 µL of the 

reaction mixture was spotted onto a sheet of aluminum backed silica gel (EMD). 

The solvent system used to perform the thin layer chromatography (TLC) was 4:3 

methanol to ethyl acetate. The TLC was air dried before being exposed to a 

tritium phosphorimaging screen (GE Healthcare). One short exposure (1 day) 

was scanned using a Typhoon Imager 8600 (Amersham) using the storage 

phosphor mode. Using the same TLC, the baseline was taped over to prevent 

damage to the screen and a second long exposure (5 days) was taken.  
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2.5.7 OGT inhibition using UDP-5SGlcNAc 

The ability of UDP-5SGlcNAc to inhibit OGT activity was assessed using 

radiolabelled [3H]-UDP-GlcNAc (American Radiolabel) as the donor and 

recombinant nup62 as the acceptor. Assays contained 18 μM nup62, 1 μM UDP-

GlcNAc (constant specific activity of 0.5 Ci/mmol of [3H]-UDP-GlcNAc), 100 nM 

hOGT, and various concentrations (0-25 μM) of UDP-5SGlcNAc in PBS. The 

Vmax for hOGT was determined using high (30, 40, and 50 μM) concentrations of 

UDP-GlcNAc (containing 0.033, 0.025, or 0.02 Ci/mmol specific activity, 

respectively). A Dixon plot was constructed where the x-axis was the 

concentration of inhibitor used and y-axis was the inverse of the assay reaction 

rate (pmol-1 GlcNAc transferred·min·mg of hOGT). The equation for the best 

linear fit was determined to be the inverse of rate (pmol-1·min-1·mg-1) = 0.00314 · 

inverse of UDP-5SGlcNAc (µM-1) + 0.0256, and the Ki value for UDP-5SGlcNAc 

was determined by substituting the average of the Vmax values (0.7 ± 0.1 

nmol·min-1· mg-1) into the linear equation (         =                       +  0.0256 ). 

 

Vmax           -Ki 
1     0.00314 
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CHAPTER 3: INSIGHT INTO O-GLCNAC MODIFICATION 
DYNAMICS: ENZYME KINETICS OF OGT AND OGA ON 
PROTEIN SUBSTRATES 

3.1 Contribution 

Chapter 3 is based on a future publication. Several contributers have 

played a role in this work. Dr. Tracey Gloster designed and cloned hOGT and 

nup62 in the pMal-c2X vector as well as the helped with the troubleshooting of 

the hOGA kinetics studies. Hongwen Chen performed the mass spectroscopy 

analysis on recombinant O-GlcNAc modified protein.  

3.2 Introduction 

As mentioned in the introduction chapter, there is evidence that the O-

GlcNAc modification and phosphorylation can occur on the same serine or 

threonine residues during the lifetime of a protein which may aid regulation (38, 

39, 95), whereas other examples demonstrate specific residues can only be O-

GlcNAc modified and regulation may be influenced by phosphorylation of 

adjacent or nearby sites (39, 133). The relationship between the O-GlcNAc 

modification and phosphorylation, however, is not always reciprocal (134, 135). 

Currently, more than 600 proteins have been proposed to be modified with O-

GlcNAc (135), yet the biological significance of the O-GlcNAc modification and its 

mechanisms for dynamic control and regulation are not well understood.  
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Unlike phosphorylation, which is regulated by over 600 Ser/Thr kinases 

and phosphatases in humans (136), O-GlcNAcylation is maintained by just two 

enzymes, OGT and OGA (40). These two enzymes are able to control and 

regulate the O-GlcNAc modification on a myriad of targets that possess no 

apparent consensus sequence. This motivated us to examine the dynamics of 

OGT and OGA activity with different protein substrates in vitro. The aim is to 

evaluate if the in vitro kinetics provide insight into the levels of O-GlcNAc 

modification of target proteins in cells. To do this we assessed the kinetic 

parameters of recombinantly expressed the human OGT and OGA (hOGT and 

hOGA, respectively) on a range of protein substrates. Such studies in the past 

have been limited to one protein substrate, OGT-catalyzed O-GlcNAc 

modification of Rattus norvegicus nucleoporin 62 (nup62) (33, 42). However, 

there have been no such studies, to our knowledge, on the dynamics of O-

GlcNAc removal from protein substrates; to date, this has been limited by the 

number of O-GlcNAc modified proteins identified and available in a recombinant 

form, and the difficulties associated with obtaining such proteins in a highly O-

GlcNAc modified state. Recently, a number of hOGT target proteins were 

discovered using a yeast two-hybrid system, and an anti-O-GlcNAc antibody 

proteomics approach (137, 138). We selected a number of these target proteins, 

cloned and over-expressed them recombinantly, and used an E. coli co-

expression system with hOGT to achieve high levels of O-GlcNAc modification 

(139). This provided us with the appropriate tools to enable the kinetics 

parameters for hOGA and hOGT to be investigated. 
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3.3 Results 

3.3.1 Co-expression of target proteins with OGT in E. coli results in a high 
level of O-GlcNAc modification 

The genes encoding (TAB1), calcium/calmodulin-dependent kinase 

(CaMKIV), coactivator-associated arginine N-methyltransferase 1 (CARM1), 

microtubule associated protein tau (tau) and nucleoporin 62 (nup62) were co-

expressed with hOGT in E. coli in reasonable yield (Figure 3.1A). Recombinant 

nup62 does not stain well with coomassie blue due to its low abundance of basic 

amino acids and thus its concentration was determined using a detergent 

compatible (DC) protein assay which uses the same principle as the Lowry assay 

(140). Western blot analysis using an anti-O-GlcNAc antibody (CTD110.6) 

showed the recombinant protein substrates from the co-expression system are 

all modified with O-GlcNAc (Figure 3.1B). O-GlcNAcylation levels on each protein 

were determined, where possible, using two methods. MS was employed to 

examine the extent of modification for each of the substrates (Figure 3.2). A 

number of different species of TAB1, CaMKIV, and tau were observed which 

corresponded to different modification states of up to 5, 2, and 2 O-GlcNAc 

residues for each protein, respectively. By taking into account the relative 

amounts of each, we were able to calculate that this corresponded to an average 

of 2.1, 0.96, and 0.61 GlcNAc residues per protein, respectively (Table 3.1). 

Unfortunately, CARM1 and nup62 failed to give an MS spectrum that could be 

readily interpreted as arising from a limited number of molecular species, which 

may in part be due to their higher molecular weights compared to TAB1, 

CaMKIV, and tau. This higher molecular weight gives rise to a larger number of 
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peaks since larger proteins are generally more heavily ionized and can bear a 

larger range of charges. An alternative approach I used to determine the number 

of O-GlcNAc residues on the modified proteins was to measure the amount of 

GlcNAc produced from the complete enzymatic hydrolysis. I did this by 

incubating each of the modified substrates with a bacterial homologue of OGA 

(BtGH84) mentioned previously (66) and the liberated GlcNAc was quantified by 

high pressure liquid chromatography (HPLC). I then used Western blot analysis 

to verify that there was complete hydrolysis of the modified substrates (Figure 

3.1C). The amount of GlcNAc hydrolyzed from TAB1, CaMKIV, CARM1, tau, and 

nup62 was shown to be equivalent to an average of 2.7 ± 0.1, 0.10 ± 0.01, 1.0 ± 

0.1, 1.4 ± 0.1, and 0.38 ± 0.15 O-GlcNAc residues per protein molecule, 

respectively. MS and the enzymatic analysis therefore produced data that were 

in reasonable agreement for the majority of the protein substrates where both 

could be measured (Table 3.2). One exception, however, is that O-GlcNAcylated 

CaMKIV appears to be highly resistant to O-GlcNAc removal by BtGH84 (Figure 

3.1C; Table 3.2) and so the extent of O-GlcNAc modification from enzymatic 

hydrolysis is likely to be severely underestimated. This observation may be due 

to the substrate specificity of BtGH84 and hOGA with CaMKIV and will be 

explored further in later sections (3.3.2 and 3.3.5) of this chapter.  
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Figure 3.1. Co-expression of the genes encoding hOGT and the protein substrates in 

E. coli yielded O-GlcNAc modified substrates.  
(A) Coomassie blue stained gel of O-GlcNAc unmodified (-) and modified (+) 
TAB1, CaMKIV, CARM1, tau, and nup62. TAB1 expression in E. coli results in a 
major truncated product (residues 1-402) which runs at 43 kDa (43, 141). The 
truncated product is inseparable from the full length protein by gel-filtration 
chromatography, and is O-GlcNAcylated when expressed using the hOGT co-
expression system. Nup62 does not stain well with Coomassie blue stain as it 
possesses few basic residues. Western blot analysis of unmodified (-) and 
modified (+) TAB1, CaMKIV, CARM1, tau, and nup62 using the anti O-GlcNAc 
antibody CTD110.6. (B) Western blot analysis of the O-GlcNAc modified TAB1, 
CaMKIV, CARM1, tau, and nup62 with (+) and without (-) BtGH84 treatment. The 
results show BtGH84 can effectively remove O-GlcNAc from TAB1, CARM1, tau 
and nup62, but from CaMKIV only to a lesser extent. 
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Figure 3.2. MS analysis of O-GlcNAc modified protein from the co-expression system 
(A) CaMKIV, (B) TAB1 and (C) tau from the co-expression system were subject 
to MS analysis. The data indicate there are 3, 6, and 3 different modification 
states for TAB1, CaMKIV and tau, respectively (the number of O-GlcNAc 
modifications are indicated in the brackets). The CaMKIV T200E from the co-
expression system (D) has one extra peak corresponding to O-GlcNAc compared 
to non-modified CaMKIV T200E (E). The abundance of each particular 
modification state was calculated from the peak area and is summarized in table 
3.1. 
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Protein Number of O-
GlcNAc sites Mass (Da)  Relative 

Integration 

Average number of 
modifications per 

protein 
TAB1 0 57011.58 33032 2.1 

 1 57214.78 74548  
 2 57417.50 85266  
 3 57620.60 71065  
 4 57823.98 35782  
 5 58028.88 11264  

 
CaMKIV 0 54163.86 4933 0.96 

 1 54367.32 9862  
 2 54571.06 4150  

 
tau 0 48012.01 394868 0.61 

 1 48216.14 296137  
 2 48418.99 90245  

 
CaMKIV T200E 0 54184.13 3240 0.27 

 1 54385.64 1217  

Table 3.1 MS mass determination of O-GlcNAc modified proteins and relative 
abundance of each species. 

 

O-GlcNAc 

modified 

protein 

kcat/Km (nmol 

GlcNAc/min/mg hOGA/mM 

modified protein) 

Modification ratio 

(GlcNAc to 

protein) 

kcat /Km (nmol 

GlcNAc/min/mg 

hOGA/mM O-GlcNAc on 

modified protein) 

TAB1 15 ± 0.4 
2.7 ± 0.1 

(MS = 2.1) 
5.6 ± 0.3 

CaMKIV 0.24 ± 0.01 
0.10 ± 0.01 

(MS = 0.96*) 
0.25 ± 0.01 

CARM1 5.4 ± 0.3 1.0 ± 0.06 5.5 ± 0.4 

nup62 9.0 ± 0.6 1.4 ± 0.1 6.9 ± 0.5 

tau 0.79 ± 0.04 
0.38  ± 0.15 
(MS = 0.61) 

2.1 ± 0.8 

Table 3.2 Second order rate constants for hOGA hydrolysis of O-GlcNAc modified 
TAB1, CaMKIV, CARM1, nup62 and tau. 

*The O-GlcNAc modification levels determined by BtGH84 complete hydrolysis of 
the modified substrate were used in the standardization by O-GlcNAc level except 
for CaMKIV. A more accurate estimation of O-GlcNAc level on CaMKIV was 
determined by MS analysis due to the inability BtGH84 to remove O-GlcNAc. 
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3.3.2 Human OGA kinetics on TAB1, CaMKIV, CARM1, tau and nup62 

Kinetics with hOGA on O-GlcNAc modified TAB1, CaMKIV, CARM1, tau, 

and nup62 were performed at 37 ºC and pH 7.4. Assays were carried out over 60 

minutes using 1 µM hOGA. It was necessary to ensure there was no substrate 

depletion during the entire reaction period; Western blots and HPLC analysis 

demonstrated O-GlcNAc hydrolysis remained linear over an 80 min period 

(Figure 3.3). As observed with BtGH84, the O-GlcNAc modified CaMKIV was 

highly resistant to hOGA hydrolysis, which resulted in a minimal level of O-

GlcNAc release from the protein.  

While Western blots offer a useful indication of processing, HPLC offers 

more quantitiative results. I was able to measure the second order rate constants 

(kcat/Km) for each of the modified targets by HPLC as shown in Figure 3.4A–E 

and Table 3.2. Fortunately, O-GlcNAc modified tau is a highly stable protein, 

which meant concentrations in the millimolar range were achievable, and thus I 

was able to measure a full Michaelis-Menten curve. The appropriate fitting 

yielded the kinetic parameters (kcat = 0.850 ± 0.004 nmol/min/mg hOGA, Km = 0.8 

± 0.1 mM modified tau, and kcat/Km = 1.06; Figure 3.4F; Table 3.2). These values 

agree fairly well with the second order rate constant measured independently for 

tau using substrate concentrations well below the Km value (0.79 ± 0.04 

nmol/min/mg hOGA/mM modified tau), which validates this method of 

determining the second order rate constant for hOGA. Since the important 

determinant for the substrate concentration is not necessarily the total protein 

concentration, but the total amount of O-GlcNAc modification on the protein, the 
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kcat/Km values for each substrate are more meaningful if they are interpreted 

according to O-GlcNAcylation level (Table 3.2). Interestingly, when the extent of 

O-GlcNAc modification levels is taken into account, the kcat/Km values obtained in 

the hOGA assays for each of the target proteins, with the exception of CaMKIV, 

are very similar. It is interesting that CaMKIV was a poor substrate for both 

BtGH84 and hOGA in comparison to the other protein substrates we tested; this 

topic will be discussed further later in this chapter (3.3.5). 
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Figure 3.3.  Determination of the linearity of the reaction rate in the hOGA HPLC assay. 

A) hOGA cleavage of O-GlcNAc from modified TAB1, CaMKIV, CARM1, tau, and 
nup62 over time as examined by Western blot using CTD110.6 anti-O-GlcNAc 
antibody. B) Graphical representation of the densitometry from the Western blots 
shown in panel A) for each of the substrates. C) hOGA cleavage of O-GlcNAc from 
modified TAB1, CaMKIV, CARM1, tau, and nup62 over time as examined by HPLC 
using an electrochemical detector. The results show hOGA functions linearly over 
80 minutes on all O-GlcNAc modified protein substrates using both methods. 
However, hOGA has little activity on modified CaMKIV compared to the other 
substrates. The data are displayed as an average of triplicate determinations with 
associated standard deviations shown as error bars. 
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Figure 3.4. hOGA kinetics on a range of O-GlcNAc modified proteins.  

(A-E) hOGA kinetics were carried out at different concentrations of O-GlcNAc 
modified TAB1 (A), CaMKIV (B), CARM1 (C), nup62 (D), and tau (E) from the co-
expression system. O-GlcNAc hydrolysis was measured by HPLC in the region well 
below the Km of the substrate due to the limitation of protein concentration. The 
second order rate constant (kcat/Km) was obtained as the slope of the line of best fit 
through the points, in units of nmol GlcNAc/min/mg of OGA/mM of modified protein 
(Table 1). (F) Full Michaelis-Menten kinetics were obtained with O-GlcNAc modified 
tau, which could be concentrated to 3 mM. The fit gave a Km of 0.8 ± 0.1 mM and a 
kcat of 0.85 ± 0.004 nmol/min/mg hOGA. The data are displayed as an average of 
quadruplicate determinations with associated standard deviations shown as error 
bars. 



 

 72 

3.3.3 Human OGT kinetics on TAB1, CaMKIV, CARM1, nup62 and tau 

I previously described a sensitive radioactive assay for measuring hOGT 

activity on nup62 in chapter 2.2.1 (42), and wanted to develop the same 

approach for the other protein substrates. The assay uses tritiated UDP-GlcNAc 

([3H]-UDP-GlcNAc in which the tritium is incorporated at the anomeric center of 

the GlcNAc residue) as the substrate, which enables the hOGT-catalyzed 

transfer of GlcNAc to be monitored onto the protein substrate. To do this the 

protein was blotted onto nitrocellulose membrane and the O-GlcNAc transfer was 

quantified using scintillation counting. Firstly, we established an appropriate 

hOGT concentration and time over which hOGT activity remained linear; typically 

hOGT was used at an enzyme concentration of between 100 and 500 nM, and 

the reaction was incubated at 37 °C for 60 min (Figure 3.5). We next decided to 

measure the kinetic parameters with respect to the UDP-GlcNAc concentration 

for each of the protein substrates. This yielded Km values for UDP-GlcNAc of  8.6 

± 0.7 µM for TAB1, 25 ± 3 µM for CaMKIV, 26 ± 3 µM for CARM1 and 1.3 ± 0.1 

µM for nup62 (Figure 3.6A; Table 3.3). Interestingly, recombinant tau protein 

does not appear to become O-GlcNAc modified by hOGT as monitored by use of 

this radioactive assay; this observation will be discussed further below. Western 

blots, probed with the CTD110.6 anti-O-GlcNAc antibody, were also used to 

detect the degree of O-GlcNAc modification at different UDP-GlcNAc 

concentrations using the different substrates. This approach also revealed O-

GlcNAc modification on tau did not readily occur, even at a concentration of 100 

μM UDP-GlcNAc (Figure 3.6B). Since this antibody was shown to detect O-

GlcNAc modified tau generated from the co-expression system (Figure 3.1B), 
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these observations suggest that it is intrinsically difficult for hOGT to modify tau in 

vitro.  

 

 

Figure 3.5.  Determination of the linearity of the reaction rate at increasing hOGT 
concentrations in the OGT assay.  

The hOGT assay was performed at 0.1, 0.25, 0.5, or 1 µM of hOGT in the presence 
of 10 µM protein substrate and 20 µM [3H]-UDP-GlcNAc over 1 hr at 37°C. The 
results indicate the reaction rate is linear for all protein substrates with hOGT 
concentrations up to 0.5 µM (The line of best fit of each graph was generated from 
the first four points (0.1, 0.25, 0.5 µM hOGT)). The data are displayed as an average 
of triplicate determinations with associated standard deviations shown as error bars. 
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Figure 3.6. hOGT kinetics on TAB1, CaMKIV, CARM1, nup62, and tau with varying UDP-
GlcNAc concentrations.  

(A) Kinetics for hOGT were measured with TAB1, CaMKIV, CARM1 and nup62 at 
different concentrations of [3H]-UDP-GlcNAc. hOGT showed no modification of tau 
using this assay. The data are displayed as an average of triplicate determinations 
with associated standard deviations shown as error bars. (B) Western blot analysis, 
probed with the anti-O-GlcNAc antibody CTD110.6, following hOGT-catalyzed O-
GlcNAc modification of the protein substrates at differing UDP-GlcNAc 
concentrations (as indicated). This approach showed similar trends to those from the 
radioactive hOGT assay, and again, tau did not appear to be modified by hOGT in 
vitro.    
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Protein 

substrate 

kcat (nmol 

GlcNAc/min/mg 
hOGT 

Km (μM UDP-

GlcNAc) 

kcat /Km (nmol GlcNAc/min/mg 

hOGT/mM UDP-GlcNAc) 

TAB1 0.31 ± 0.01 8.6 ± 0.7 36 ± 2 
CaMKIV 0.048 ± 0.002 25 ± 3 1.9 ± 0.3 
CARM1 0.039 ± 0.002 26 ± 3 1.5 ± 0.2 

nup62 0.43 ± 0.01 1.3 ± 0.1 330 ± 30 

tau < 0.001 not measurable not measurable 

Table 3.3 Summary of hOGT kinetic parameters on TAB1, CaMKIV, CARM1, nup62 and 
tau with respect to UDP-GlcNAc concentration. 

 
To assess the kinetic parameters for TAB1, CaMKIV, CARM1, and nup62, 

radioactive hOGT assays were carried out at a fixed UDP-GlcNAc concentration 

at least 2-fold above the measured Km value for each protein substrate 20 µM 

(specific activity of 0.14 Ci/mmol) for TAB1 and nup62, and 100 µM (specific 

activity 0.092 Ci/mmol) for CaMKIV and CARM1). The assays contained different 

concentrations of each protein acceptor, which was extended to the highest 

concentration that could be reached for each protein; each substrate displayed 

traditional Michaelis-Menten kinetics and saturation was reached in all cases 

(Figure 3.7). Once again, however, even at high concentrations of tau, it was not 

possible to detect any hOGT activity for the O-GlcNAc modification of tau. The 

Km values determined for each substrate are remarkably similar (2–7 µM), 

whereas a larger degree of variation is observed in the kcat values (Table 3.4). In 

support of these assays it is worth noting that the Km value obtained for nup62 

using these assays is similar to a previously reported value (1.2 µM) (83). 
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Figure 3.7. hOGT kinetics studies on TAB1, CaMKIV, CARM1, nup62 and tau showed 
traditional Michaelis-Menten kinetics.  

Kinetics were measured for TAB1 (A), CaMKIV (B), CARM1 (C), and nup62 (D) at 
different acceptor concentrations and a constant concentration of hOGT and [3H]-
UDP-GlcNAc. The results show similar Km values but varying kcat values for TAB1, 
CaMKIV, CARM1 and nup62 (Table 3.4). The data are displayed as an average of 
triplicate determinations with associated standard deviations shown as error bars. 
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Protein 

substrate 

kcat (nmol 

GlcNAc/min/mg 

hOGT 

Km (μM of protein 

substrate) 

kcat /Km (nmol 

GlcNAc/min/mg of 

hOGT/mM protein substrate) 

TAB1 0.35 ± 0.04 7 ± 1 49 ± 9 
CaMKIV 0.037 ± 0.002 2.1 ± 0.5 18 ± 4 
CARM1 0.044 ± 0.002 4.7 ± 0.7 9 ± 2 
nup62 0.84 ± 0.04 5.8 ± 0.7 150 ± 20 

tau <0.0007 not measurable not measurable 

Table 3.4 Summary of hOGT kinetic parameters on TAB1, CaMKIV, CARM1, nup62 and 
tau with respect to protein acceptor concentration. 

3.3.4 An indication of the O-GlcNAc modification dynamics for each 
protein substrate 

Importantantly, obtaining the hOGT and hOGA kinetic parameters for the 

same protein substrates allows us to predict the dynamics of O-GlcNAc 

modification. Table 3.5 summarizes the “ON” and “OFF” rates of the O-GlcNAc 

modification on TAB1, CaMKIV, CARM1 and nup62 in vitro. The ratio of “ON” 

and “OFF” rates is not the number of sites expected to be occupied.  Rather, the 

ratio provides an indication of the expected occupancy within cells at any one site 

but only relative to other proteins.  Thus, a high ratio obtained for one protein 

suggests that the occupancy will be higher than for a protein having a lower ratio. 

The values are only relative because we do not know the relative concentrations 

of OGT and OGA within cells. An assumption is that there are not modulators 

that alter the “ON” and “OFF” rates within cells. The rates per mg of enzyme for 

O-GlcNAc transfer are higher than the rate of cleavage for all the protein 

substrates examined. The values for CaMKIV are best considered in isolation as 

hOGA appears to act on it poorly under the assay conditions. The modification to 

removal ratio (or “ON” to ”OFF” ratio) for the rest of the protein substrates ranged 
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from 2 to 16; in the absence of other factors nup62 is therefore predicted to 

undergo the most O-GlcNAc modification. 

Protein 

substrate 

“ON” rate (nmol 

GlcNAc/min/mg hOGT/μM 

protein) 

“OFF” rate (nmol 

GlcNAc/min/mg hOGA/μM 

modified protein) 

“ON” to “OFF” 

ratio 

TAB1 49 ± 9 15 ± 0.4 3.2 ± 0.6 
CaMKIV 18 ± 4 0.24 ± 0.01 73 ± 17 
CARM1 9.4 ± 1.5 5.4 ± 0.3 1.7 ± 0.3 

nup62 150 ± 20 9.0 ± 0.6 16 ± 2 

tau not measurable 0.79 ± 0.04 not measurable 

Table 3.5 Summary of the second order rate constants for TAB1, CaMKIV, MYPT1, 
tau and nup62 modification by hOGA and hOGT. 

 

To further verify our predictions of O-GlcNAc modification dynamics on 

protein substrates, we added equal concentrations of hOGA and hOGT (0.25 

μM) to 5 μM TAB1 and 20 μM [3H]-UDP-GlcNAc (constant specific activity of 0.14 

Ci/mmol) and monitored the reaction over time by scintillation counting. 

Catalytically inactive hOGA D174A (142) and an established OGA inhibitor 

Thiamet-G (110) were used as controls lacking of hOGA activity. The O-GlcNAc 

levels on TAB1 reached an equilibrium at 180 min after the reaction started, 

while the controls containing either D174A or Thiamet-G continued to increase 

(Figure 3.8). The control rates (D174A hOGA had a rate of 5.2 x 10-8 ± 1 x 10-8 

nmol GlcNAc/min/μM hOGT/μM TAB1 and hOGA in the presence of Thiamet-G 

had a rate of 4.6 x 10-8 ± 4 x 10-9 nmol GlcNAc/min/μM hOGT/μM TAB1; these 

values are indistinguishable within error) obtained within the total assay time (240 

min) was linear and comparable with the rate obtained with hOGT alone (6.3 x 

10-8  ± 1 x 10-9 nmol GlcNAc/min/μM hOGT/μM TAB1). The activity of hOGA on 
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TAB1 was determined by calculating the rate difference in the presence and 

absence of hOGA between 180-240 min. The results indicate that hOGA appears 

to be somewhat less efficient when in the presence of hOGT at equilibrium (5 x 

10-8 ± 1 x 10-8 nmol GlcNAc/min/μM of hOGA/μM TAB1) compared to the 

previous hOGA kinetics results (6 x 10-7 ± 1 x 10-7 nmol GlcNAc/min/μM of 

hOGA/μM modified TAB1). However, the O-GlcNAc levels of TAB1 at equilibrium 

was determined to be 0.16 ± 0.04 residues of O-GlcNAc per molecule of TAB1 

are much lower than when TAB1 is obtained from the co-expression system (2.7 

± 0.1 residues O-GlcNAc per molecule of TAB1). Therefore, a comparison at 

equivalent O-GlcNAc levels would be more relevant based on the assumption 

that hOGA recognizes O-GlcNAc rather than the protein substrate itself. Indeed, 

when these rates are standardized by the amount of O-GlcNAc protein 

modification, the rate of hOGA hydrolysis at equilibrium (3 x 10-7 ± 1 x 10-7 nmol 

GlcNAc/min/μM hOGA/μM of O-GlcNAc) is comparable within error to the rate 

from kinetics in the absence of hOGT (2.2 x 10-7 ± 0.5 x 10-7 nmol 

GlcNAc/min/μM hOGA/μM of O-GlcNAc). 
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Figure 3.8. The dynamic equilibrium of hOGA and hOGT on TAB1. 

A dynamic equilibrium was observed on TAB1 in a radioactive hOGT assay 
containing an equal concentration of hOGT and hOGA (0.25 µM). Assays containing 
catalytically inactive hOGA (D174A) and an established OGA inhibitor Thiamet-G 
were used as controls, and show linear rates of hOGT activity in the absence of 
hOGA. An equilibrium was established after 180 minutes in the 180 – 240 min rnage 
and was estimated to have 0.79 ± 0.26 µM of O-GlcNAc on TAB1 (about 0.16 ± 0.05 
O-GlcNAc residues per molecule of TAB1). The data are displayed as an average of 
triplicate determinations with associated standard deviations shown as error bars. 

 

3.3.5 Site-specific phosphorylation of CaMKIV can modulate its O-GlcNAc 
levels  

The O-GlcNAc modified CaMKIV showed unusual resistance to both 

hOGA and BtGH84 hydrolysis as demonstrated by Western blot (Figure 3.1C; 

Figure 3.3A and B) and HPLC analysis (Figure 3.3C; Figure 3.4); whereas MS 

analysis demonstrated it possessed approximately one GlcNAc residue per 

protein molecule (Figure 3.2). The observation that it is a poor OGA substrate is 

not entirely in accordance with previous in vivo data where CaMKIV was found to 

be O-GlcNAc modified in a highly dynamic manner (95). In that study, Dias et al. 

reported five O-GlcNAc modification sites on CaMKIV and showed ionomycin 
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induced T200 phosphorylation as well as a pseudo-phosphorylation mimic at 

T200 (T200E) resulted in decreased CaMKIV O-GlcNAc levels, even though 

T200 itself was not shown to be an O-GlcNAc modification site. We therefore 

speculated that phosphorylation of T200 may decrease O-GlcNAc levels by 

increasing hOGA and/or decreasing hOGT activity towards CaMKIV. To address 

this question the CaMKIV T200E mutant was generate as a T200 pseudo-

phosphorylation mimic. The T200E mutant protein was expressed and O-GlcNAc 

modified in the co-expression system, and was shown to bear about one-third of 

the O-GlcNAc modification as compared to the WT protein expressed under the 

same conditions (Figure 3.2D; Table 3.1). O-GlcNAc modified T200E and WT 

CaMKIV were standardized according to their O-GlcNAc levels and subjected to 

hOGA cleavage. Interestingly, hOGA did show increased activity on the T200E 

mutant compared to the WT protein (Figure 3.9A). BtGH84, however, did not 

show an equivalent increase in activity towards to the modified T200E mutant, 

suggesting it is a hOGA-specific effect. hOGA kinetics on the T200E mutant 

yielded a second order rate constant of 2.3 ± 0.3 nmol GlcNAc/min/mg 

hOGA/mM modified T200ECAMKIV, which is about 10 times higher than for the WT 

protein (0.23 ± 0.02 nmol GlcNAc/min/mg hOGA/mM modified WTCAMKIV) (Figure 

3.9B). This does not, however, take into account the difference in the levels of O-

GlcNAc modification which would make the difference even larger (8.5 ± 1.1 

nmol GlcNAc/min/mg hOGA/mM modified WTCAMKIV versus 0.24 ± 0.02 nmol 

GlcNAc/min/mg hOGA/mM modified T200ECAMKIV). The hOGT showed kcat values 

toward the T200E and WT CaMKIV proteins that were similar, but the Km for 
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T200E is 5 fold higher than for the WT protein (Figure 3.9C). Therefore, taking 

into account both the effect on hOGA and hOGT activity, the O-GlcNAc 

modification of WT CaMKIV is favoured 50-fold over the T200E mutant. Thus, 

these in vitro kinetics indicate that phosphorylation at T200 is expected to 

significantly decreased O-GlcNAc modification of CaMKIV. 

 

Figure 3.9. The pseudo-phosphorylation CaMKIV mutant T200E affects the activity of both 
hOGA and hOGT in favour of lower O-GlcNAc levels. 

A) The O-GlcNAc modified CaMKIV T200E mutant underwent a higher rate of 
hOGA catalyzed O-GlcNAc hydrolysis in comparison to WT CaMKIV. Interestingly, 
BtGH84 does not display the same effect. B) HPLC analysis of hOGA kinetics on O-
GlcNAc modified T200E and WT CaMKIV showed a 10-fold difference in the second 
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order rate constant. C) Kinetics of hOGT activity on T200E and WT CaMKIV, which 
shows hOGT transfers with a similar kcat, but T200E has a 5-fold higher Km value 
compared to the WT protein. The data in (B) and (C) are displayed as an average of 
triplicate determinations with associated standard deviations shown as error bars. 

3.4 Conclusion and Discussion 

Here we describe a protein substrate/hOGT co-expression system in E. 

coli that produces highly O-GlcNAc modified proteins. This system was enabled 

by a high enough level of UDP-GlcNAc being available in E. coli. The robust 

method worked on all substrates that were chosen in our study, and differing 

expression tags for the protein of interest and hOGT allowed easy purification of 

the modified substrates. MS analysis indicated the co-expression system 

produced proteins with multiple modification states. This observation was 

surprising because substrates were expected to get completely modified with the 

absence of OGA and suggests OGT may have a preference for particular O-

GlcNAc sites of a protein substrate. The degree of O-GlcNAc modification on 

nup62 was dependent on induction time (data not shown), and therefore a longer 

incubation period may improve the level of modification.  

The co-expression system will enable us to explore some current 

questions in the field of O-GlcNAc. Despite the large numbers of 

nucleocytoplasmic proteins which have been discovered to be modified with O-

GlcNAc, there is no consensus sequence for this modification. This is due in part 

to the fact that only a limited number of O-GlcNAc sites have been determined 

using MS. In the past, very few proteins have been prepared in the quantity and 

purity necessary for mapping O-GlcNAc modification sites by MS. The co-

expression system described here can aid in overcoming these problems by 
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producing O-GlcNAc modified proteins in good yield and in a form that can be 

easy purified. It has been proposed that OGT recognition may involve structural 

elements since mapped O-GlcNAc sites are often in proline rich regions (143, 

144). Currently, there is no structure of a protein modified with O-GlcNAc 

available in the PDB for one to explore such a hypothesis. The co-expression 

system may prove to be an advantageous in this regard by producing 

homogeneous O-GlcNAc modified proteins suitable for crystallographic studies. It 

will also be interesting to examine how the O-GlcNAc modification impacts the 

local folding of a protein substrate and contribute to the protein function.  

Despite recent advances in understanding OGA structure from 

comparison with bacterial homologues (66, 67), mechanism (65, 145), and 

inhibition (146), very little is known about how OGA interacts with protein 

substrates. Here hOGA kinetics were performed on O-GlcNAc modified TAB1, 

CaMKIV, CARM1, nup62, and tau using a HPLC method for analysis. The results 

show hOGA activity is in the same order of magnitude with respect to the O-

GlcNAc level of each of the modified substrates, with the exception of CaMKIV. 

These data strongly support the hypothesis that hOGA primarily recognizes the 

sugar moiety unit on proteins rather the protein substrate itself. There is evidence 

that supports hOGA recognizes the N-acetyl group of O-GlcNAc (65, 147), and 

that modification of the N-acetyl group of O-GlcNAc can result in a worse 

substrate for hOGA. Molecular interactions between O-GlcNAc and OGA was 

revealed from the structure of a bacterial hOGA homologue, BtGH84, in complex 

with a transitional state mimicking inhibitor NAG-thiazoline (66). This hypothesis 
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also provides an explanation of how hOGA is able to recognize a vast number of 

different substrates. Recently, a putative substrate binding groove was described 

from the structure of a bacterial OGA homologue, and was predicted to be 

conserved in many metazoan OGA homologues (148). A study of mutants from 

this binding groove was performed and suggested that particular residues of 

hOGA in this region are required for its proper functioning against protein 

substrates. However, based on this model, hOGA does not appear to recognize 

specific amino acids residues. Therefore, the protein recognition activity of hOGA 

may be limited to the backbone and the protein fold may be a critical factor in 

activity. This could explain the effects seen with the pseudo-phosphorylation 

mutant of CaMKIV (T200E).  Further studies are needed to clarify whether the 

T200E mutant alters the conformation of CaMKIV and whether this is the basis 

for the difference activity of hOGA. 

Since most of the hOGA kinetics did not show saturation because of the 

solubility limits of the protein substrates and a consequent inability to reach high 

enough substrate concentrations, we are unable to obtain the Km values for most 

substrates. However, the Km value was determined on O-GlcNAc modified tau to 

be 0.8 ± 0.1 mM and, given that we see no saturation at concentrations tested, 

we expect the Km values for the other substrates to also be in the high sub-

millimolar range. Recently, Dr. Matthew Macauley measured the O-GlcNAc 

concentration in EMEG32-/- cells and estimated it to be 400 µM, using an HPLC 

method with BtOGA treatment (data unpublished). This estimation is well within 
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the range in which hOGA activity is linearily proportional to substrate 

concentration.  

Kinetics with hOGT showed that it has a different affinity for UDP-GlcNAc 

depending on the protein substrate. TAB and nup62 have Km values around 5 µM 

whereas CARM1 and CaMKIV have Km values of over 20 µM. The UDP-GlcNAc 

concentration in cells was found to typically range from high nanomolar to low 

micromolar (75, 149). This suggests that the modification of some protein 

substrates could vary in response to UDP-GlcNAc availability, while others such 

as nup62 will not. hOGT was found to have similar Km values for various proteins 

substrates (2–7 µM) but kcat values varying by up to 20-fold with respect to 

protein substrate concentration (when tested at a fixed UDP-GlcNAc 

concentration at least 2-fold above the respective Km value). This observation 

suggests hOGT may have a similar binding affinity for different protein substrates 

but that subtle differences in substrate structure might alter the ability to transfer 

the GlcNAc residue to the protein once bound by hOGT. Interestingly, tau was 

not modified in the hOGT assay containing up to 100 µM of UDP-GlcNAc, but 

can be modified in the co-expression system. One possibility could be that O-

GlcNAc modification on tau may require a substantial UDP-GlcNAc 

concentration. Unfortunately, it is not feasible to carry out the assay at a higher 

concentration (around millimolar), due to the relatively low concentration of the 

stock of radioactive UDP-GlcNAc available. Other reasons for the lack of 

modification on tau in vitro might include lack of proper protein folding, or the 
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absence of certain cellular machinery that is present in the prokaryotic system 

and/or in vivo. 

By combining the hOGT and hOGA kinetics data, we find that hOGT 

generally has a higher second order rate constant than hOGA on the same 

protein substrate. This result suggests that, if hOGT and hOGA are present at 

equivalent concentrations within cells, protein substrates are more likely to 

accumulate O-GlcNAc modification. Note that this analysis disregards the 

presence of natural inhibitors of hOGT such as UDP. However, there is no study, 

to our knowledge, which measures the relative concentration or activity of hOGT 

and hOGA in any cell line or tissue. Recently, Rexach and coworkers developed 

a method to quantify the extent of O-GlcNAc modification of proteins using a 

resolvable polyethylene glycol mass tag (150). Their results demonstrated nup62 

from adult rat brain is heavily O-GlcNAcylated with a range of O-GlcNAc modified 

species. This result is consistent with previous findings showing that nup62 is 

heavily modified, possessing in fact 10 or 11 O-GlcNAc sites (29). 

It is known that hOGT and hOGA can form a functional complex through 

interaction of residues 1–248 of hOGT and 404–548 of hOGA in vivo (70). In 

such a complex, the activity of hOGA was reported to be suppressed. To 

investigate this further, we added equivalent concentrations of hOGT and hOGA 

to an assay containing TAB1 and [3H]-UDP-GlcNAc and monitored the O-GlcNAc 

dynamics by monitoring the extent of radioactive O-GlcNAc incorporated onto a 

protein substrate over time. The results indicated the reaction reached an 

equilibrium after 180 min and the rates obtained for hOGT and hOGA match the 
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rates obtained when each enzyme is assayed in isolation. This result is rather 

surprising because, based on the previous report mentioned above, one would 

expect a different rate depending on whether hOGT and hOGA functions 

individually or in a complex. One possibility is that there are other proteins 

involved in a complex containing hOGT and hOGA, for example mSin3A was 

reported to be associated in the OGT-OGA complex (70) and it is known that the 

specificity of OGT can be partly modulated in vivo by accessory proteins (137). 

The dynamic action of both hOGA and hOGT on TAB1 resulted in only a fraction 

of protein substrate that was modified in these in vitro experiments.  In order to 

test the whether hOGA and/or hOGT activity on TAB1 is regulated in cells by 

additional mechanisms it will be necessary to evaluate the stoichiometry of TAB1 

modification in cells using the mass tag approach described above. 

The dynamic interplay between O-GlcNAc and O-phosphate may arise 

from the following mechanisms: 1) direct competition at the same serine or 

threonine site; 2) steric hindrance at proximal sites; 3) the activities of OGT and 

OGA can alter upon phosphorylation; 4) regulation of kinases or phosphatases 

by GlcNAcylation. These two protein modifications often act in a reciprocal 

manner and together they can have been proposed synergistically to regulate 

various cellular processes (95, 110, 143, 151). With regard to the results 

obtained for CaMKIV, we found the O-GlcNAc modified recombinant CaMKIV is 

highly resistant to hOGA and BtOGA hydrolysis and demostrated the T200E 

pseudo-phosphorylation mimic CaMKIV mutant has a direct impact on activity of 

the O-GlcNAc regulating enzymes. The hOGA showed much greater activity 
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toward the T200E pseudo-phosphorylated CaMKIV mutant as compared to the 

WT protein. This result agrees with a previous study showing that hOGA 

associated better with phosphorylated CaMKIV (95). The observation that the 

activity of BtGH84 remained unaffected by the mutation suggests it is a hOGA 

specific effect. This result suggests there might be a region of hOGA that is 

responsible for the higher activity, possibly by enhancing binding to the 

phosphorylated (or pseudophosphorylated) substrate, and that region is not 

present in BtGH84. Further studies would be required to characterize such a 

potential regulatory region on hOGA. hOGT activity was also found to be 

decreased against T200E CaMKIV mutant as compared to the WT protein. The 

difference reflects an increased Km value that suggests an alteration in the 

substrate affinity for hOGT. The effects of pseudo-phosphorylation on CaMKIV 

on hOGA and hOGT activity are therefore expected to cause a decrease in O-

GlcNAc modification, which is what is observed in vivo (95). These observations 

offer a route by which phosphorylation on protein substrate could act to regulate 

O-GlcNAc levels. 

3.5 Experimental Methods 

3.5.1 Cloning and site-directed mutagenesis 

cDNA encoding human TAB1 and CaMKIV were obtained from Origene. 

cDNA encoding CARM1 was purchased from ATCC. Each gene was amplified 

by PCR using the thermostable DNA polymerase Pfu (Fermentas) and the 

appropriate primers listed in Table 3.6. The amplified DNA products were 

digested with the appropriate restriction enzymes, and ligated into a pET28a 
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vector previously digested with the same enzymes. Cloning of human tau into a 

pET28a vector has been reported previously (110). The plasmid encoding Rattus 

norvegicus nup62 in a pET3 vector was a kind gift from J. Hanover (NIH). To 

facilitate higher protein expression levels, the gene encoding nup62 was 

amplified, and cloned into a pMAL-c2X vector (New England Biolabs) which 

enables fusion of a maltose binding protein (MBP) tag to the protein of interest. 

The gene encoding nup62 and the region of the pMAL-c2X vector encoding the 

MBP tag (nup62-MBP) were then sub-cloned into a pET28a vector to give higher 

levels of nup62 expression with the desired antibiotic resistance for the co-

expression system (see below). The plasmid encoding OGT, which has been 

described previously (42), was sub-cloned into the pMAL-c2X vector using the 

primers listed in Table 3.6. The plasmid encoding hOGA (and mutants) and 

Bacteroides thetaiotaomicron OGA (BtGH84) have been described previously 

(66, 145). The CaMKIV T200E mutant was generated using the QuikChange® 

site-directed mutagenesis kit (Stratagene) with the primers listed in Table 3.6. 

Each cloning and mutagenesis step was confirmed to have worked correctly by 

DNA sequencing. 
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Table 3.6 List of primers used in cloning and site direct mutagenesis 

 

3.5.2 Protein expression and purification 

Plasmids harbouring the genes for TAB1, CaMKIV, CARM1, tau, nup62, 

BtGH84, hOGA, hOGA D174A mutant, and hOGT (in a pET28a vector with 

kanamycin antibiotics resistance) were transformed into Tuner (λDE3) cells 

(Novagen) and selected on an LB-agar plate containing 50 mg/L kanamycin 

(Bioshop). A colony for each was selected for a starter culture which was grown 

in Luria-Bertani (LB) media at 37 ºC overnight containing 50 mg/L kanamycin. 10 

mL of the starter culture was inoculated into 1 L LB containing the same antibiotic 

and allowed to grow to an OD600 ≈ 0.6. Recombinant protein expression was 

Name of 
the 

protein 

Vector 
plasmi

d 
Oligonucleotide primer sequence 

TAB1 pET28a F: 5’-GCCGCCCATATGATGGCGGCGCAGAGGAGGAGC-3’ 
R: 5’-GCCGCCCTCGAGTTACGGTGCTGTCACCACGCTCTG-3’ 

CaMKIV pET28a F: 5’-GCCGCCCATATGATGCTCAAAGTCACGGTGCC-3’ 
R: 5’-GCCGCCCTCGAGTTAGTACTCTGGCAGGATCAC-3’ 

CARM1 pET28a F: 5’-GCCGCCCATATGATGGCAGCGGCGGCAGCGACG-3’ 
R: 5’-GCCGCCAAGCTTTTAACTCCCATAGTGCATGGTGTTG-3’ 

Nup62 pMal-
c2X 

F: 5’-GCCGCCGGATCCAGTGGGTTTAACTTTGG-3’ 
R: 5’-GCCGCCGTCGACTTAGTCAAAGGCAATGCGCAGG-5’ 

Nup62-
MBP pET28a 

F: 5’-CAATAACAACAACCTCGTGCCCCGGGGAAGCATTTCAGA 
ATTC-3’ 
R: 5’-GATCCGAATTCTGAAATGCTTCCCCGGGGCACGAGGTTG 
TTGT-3’ 

Human 
OGT 

pMal-
c2X 

F: 5’-GAGTTCCGACTTTGGGAATGCTCCTACTTCTCACCTTATGC-3’ 
R: 5’-GCCGCCGTCGACCTATGCTGACTCAGTGACTTCAAC-3’ 

 
Site-directed mutagensis 

 

Name of 
the 

mutant 

Mutate
d 

amino 
acid 

Oligonucleotide primer sequence 

CaMKIV 
T200A T200E F: 5’-CAAGTGCTCATGAAGGCAGTATGTGGAACCCCA-3’ 

R: 5’-TGGGGTTCCACATACTGCCTTCATGAGCACTTG-3’ 
CaMKIV 
T200E T200A F: 5’-CAAGTGCTCATGAAGGAAGTATGTGGAACCCCA-3’ 

R: 5’-TGGGGTTCCACATACTTCCTTCATGAGCACTTG-3’ 
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induced by supplementing each culture with 0.5 mM IPTG (Bioshop) at 25 ºC for 

4 hr. Cells were harvested by centrifugation (5,000 rpm, Thermo Sorvall RC-6 

Plus), lysed using 1 mg/mL lysozyme (Bioshop) and 6 x 20 sec cycles of 

sonication (20 sec on and 20 sec off at 4 ºC), and centrifuged (13,000 r.p.m., 

Thermo Sorvall RC-6 Plus) to remove insoluble debris. The recombinant proteins 

were purified on a 5 mL FF HisTrap nickel column (GE Healthcare) according to 

the manufacturer’s protocol. Proteins were eluted using 50 mM sodium 

phosphate, 100 mM NaCl, 250 mM imidazole, pH 7.4, and buffer exchanged into 

PBS (Lonza) using a PD-10 desalting column (GE Healthcare). The MBP tag 

was liberated from nup62 by the addition of 50 µg/mL of thrombin (Roche) 

overnight at 4 °C and re-purified using a MBPTrap HP column (GE Healthcare). 

Protein was washed off using PBS with 10 mM of EDTA. The protein 

concentration was determined by Bradford assay (Bio-Rad), nanodrop (ND-1000, 

NanoDrop Technologies) or DC assay (Bio-Rad), using BSA as the standard. 

Proteins were concentrated using centrifugation concentrating devices with a 10 

or 30 kDa molecular weight (MW) cut-off (Amicon) as needed depending on the 

MW of the protein and were stored at 4 ºC until they were used in the assays. 

3.5.3 Co-expression system 

The hOGT co-expression system was implemented as a previously 

described (139). O-GlcNAc modified TAB1, CaMKIV, CARM1, tau, and nup62 

were obtained by co-expression of each target with hOGT in E. coli. Plasmids 

harbouring TAB1, CaMKIV, CARM1, tau, nup62, and CaMKIV T200E (in a 

pET28a vector) and hOGT (in a pMAL-c2X vector) were co-transformed into 
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Tuner cells, and selected on a LB-agar plate containing 50 mg/L kanamycin and 

100 mg/L ampicillin (Bioshop). One of the resulting colonies was picked and 

subjected to the same expression procedure as described above. The optimal 

induction time for protein expression and glycosylation level were examined at 4 

hr and 20 hr by SDS-PAGE and Western analysis with the anti-O-GlcNAc 

CTD110.6 antibody (data not shown). For subsequent experiments tau and 

nup62 over-expression was induced for 20 hr and TAB1, CaMKIV, CaMKIV 

T200E, and CARM1 over-expression was induced for 4 hr. Protein purification 

was carried out as described above. 

3.5.4 SDS-PAGE and Western Blot Analysis 

For SDS-PAGE analysis, Laemmli buffer was added to the protein 

sample, boiled for 5 min, and then loaded onto a 10% acrylamide gel. Coomassie 

brilliant blue protein stain G-250 (Bio-Rad) was used to visualize proteins. For 

Western blot analysis, proteins were transferred from the gel onto 0.45 µM 

nitrocellulose membrane (Bio-Rad) using standard protocols. Following transfer, 

the membrane was blocked for 1 hr at room temperature using blocking buffer 

(PBS containing 0.1% Tween-20 and 1% BSA). The same solution containing a 

1:3,000 or 1:1,000 dilution of anti-O-GlcNAc CTD110.6 (Covance) or TAB1 (Cell 

Signalling Technology) and CARM1 (Cell Signalling Technology) polyclonal 

primary antibodies were used to probe the membrane overnight at 4 ºC. The 

blots were washed five times with PBS-T, blocked once again using blocking 

buffer. Secondary antibodies diluted in blocking buffer and incubated with the 

membranes for 1 hour at RT were used as follows; CTD110.6 was probed using 
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a 1:20,000 dilution of HRP-conjugated goat-anti-mouse IgM (Santa Cruz), and 

TAB1 and CARM1 were probed using a 1:20,000 dilution of HRP-conjugated 

goat-anti-rabbit IgG (Santa Cruz). Following a second round of washes, 

enhanced chemiluminescence (ECL) substrate (Pierce) was added, the blot was 

exposed to film (Thermo Scientific), and then developed. 

3.5.5 O-GlcNAc Transferase assays  

The hOGT assay to determine the kinetic parameters on acceptor proteins 

was performed using radiolabelled [3H]-UDP-GlcNAc (American Radiolabel) as 

the substrate donor, and TAB1, CaMKIV, CARM1, tau, or nup62 as the protein 

acceptors. A suitable hOGT concentration for use in the assay was determined 

individually for each protein substrate using a range of concentrations of His-

tagged hOGT between 0.1 and 1 µM, 20 µM protein acceptor, and 20 µM [3H]-

UDP-GlcNAc (constant specific activity of 0.14 Ci/mmol). A suitable 

concentration of UDP-GlcNAc in the assay was determined using a range of [3H]-

UDP-GlcNAc (constant specific activity of 0.092 Ci/mmol) concentrations, 20 µM 

protein acceptor, and 250 nM of His-tagged hOGT. Assays consisted of acceptor 

proteins within a range of concentrations (typically ranging from 1 to 40 µM), 20 

or 100 µM [3H]-UDP-GlcNAc (constant specific activity of 0.14 or 0.092 Ci/mmol 

at 20 µM or 100 µM, respectively), and 250 nM of His-tagged hOGT. The 

reactions were initiated by the addition of enzyme, and were incubated at 37 ºC 

for 1 hr (a time for which linear rates were obtained using these assay 

conditions). Reaction mixtures were placed on ice after this incubation period, 

and immediately applied to a 1.5 x 3 cm piece of nitrocellulose membrane (Bio-
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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 air dried. The 

pieces of membrane were then loaded into scintillation vials, 4 mL of scintillation 

fluid (Amersham) was added, and the levels of tritium were quantified using a 

liquid scintillation counter (BECKMAN LS6000). All assays were done in at least 

triplicate. The counts in disintegrations per minute (dpm) from the scintillation 

counting were converted into rates with units of µmol of GlcNAc/min/mg of 

hOGT, after taking into account the length of time for the assay and the enzyme 

concentration. These rates were plotted against the substrate concentration 

(which was determined as described below) in GRAFIT (152), where the kcat and 

Km value for each substrate was determined.   

3.5.6 HPLC analysis  

Investigation of the enzyme-catalyzed hydrolysis of O-GlcNAc modified 

substrates TAB1, CaMKIV, CARM1, tau, and nup62 by hOGA were carried out in 

a total reaction volume of 250 µL using PBS (Lonza) as the buffer. Reactions 

contained different concentrations of substrates ranging from 1 to 3000 µM and 

were initiated by the addition of hOGA (1 µM). Assays were incubated at 37 °C 

for 1 hr (a time over which linear rates were obtained using these assay 

conditions). Reactions were terminated by the addition of 750 µL 95% cold 

ethanol and stored at -20 °C for 30 min in order to precipitate the proteins and so 

facilitate HPLC analysis. Upon termination of the reaction, 5 µL of a 1 mM 
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solution of fucose in ddH2O was added to each reaction as an internal standard. 

Following protein precipitation, the suspension was centrifuged at 13,000 rpm 

(Eppendorf 5415C) for 20 min and the supernatant was collected and dried by 

vacuum centrifugation. The residue was dissolved in 150 µL ddH2O, vortexed, 

and centrifuged at 13,000 rpm to remove any residual insoluble debris. 

Carbohydrates were resolved by high performance anion exchange 

chromatography (ASI 100 automated sample injector, Carbopack PA20 column, 

and ICS 3000; Dionex) and detected using an electrochemical detector (ED50, 

Dionex) with a gold working electrode and an Ag/AgCl reference electrode. An 

isocratic elution profile composed of 20 mM NaOH was used, which afforded 

clear separation of fucose (retention time = 3 min) and the GlcNAc product of the 

enzymatic reaction (retention time = 8 min). The GlcNAc/fucose peak integration 

ratio was calculated to determine the amount of product from the hydrolysis 

reaction relative to the standard. The absolute amount of GlcNAc produced was 

determined using a standard curve constructed from GlcNAc at concentrations 

between 1 and 250 µM. All reactions were carried out in quadruplicate and the 

second order rate constant values (kcat/Km) were determined using the GRAFIT 

software package. 

3.5.7 Hydrolysis with hOGA and BtGH84 

For the total O-GlcNAc cleavage experiment, 10 µM of modified TAB1, 

CaMKIV, CARM1, tau, and nup62 were treated with 25 µM of BtGH84 for 3 hrs at 

37 ºC in a volume of 200 µL. 20 µL of the sample was used for Western blot 

analysis and the rest of the sample was subjected to HPLC analysis as described 
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above. For the time dependent O-GlcNAc cleavage experiment, 10 µM of 

modified TAB1, CaMKIV, CARM1, tau, and nup62 were treated with 1 µM of 

hOGA over 80 min at 37 ºC in a volume of 200 µL. 20 µL of the sample was used 

for Western blot analysis and the rest of the sample was subjected to HPLC 

analysis as described above. The modified CaMKIV T200E (4 µM) and WT 

CaMKIV (12 µM) proteins were subjected to O-GlcNAc hydrolysis using 2 µM of 

hOGA or BtGH84 at 37 ºC over 2 h. The reaction was stopped by addition of 

Laemmli sample buffer and subjected to Western blot analysis as described 

above.  

3.5.8 OGT and OGA competitive assay on TAB1 

The assay consisted of 5 µM TAB1, 20 µM [3H]-UDP-GlcNAc (constant 

specific activity of 0.14 Ci/mmol), 0.25 µM His-tagged hOGT, and 0.25 µM 

hOGA. 5 µM ThiaMet-G and catalytically inactive hOGA D174A mutant were 

used as negative control reactions. The reactions were initiated by the addition of 

the enzymes, and then incubated at 37 ºC. Time points were taken at 30, 60, 90, 

120, 150, 180, and 240 min by applying the reaction mixture to a 1.5 x 3 cm 

piece of nitrocellulose membrane (Bio-Rad) and allowing to air dry. The levels of 

tritium present were determined by scintillation counting after processing as 

described above. 

3.5.9 Mass determination by MS 

Samples were desalted using a PD-10 column (GE Healthcare) into MS 

grade water (J.T. Baker) and further concentrated to the desired concentration 
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using a centrifugal device with a 30,000 MW cut-off (Millipore). Samples were 

centrifuged at 13000 rpm for 30 min at 4 ºC prior to analysis to remove any 

debris. Samples were analyzed on an Agilent 6210 LC/MS (Agilent Technology) 

equipped with an electrospray ionization source and a ZORBAX 300SB-C8 

column (Agilent Technology, 2.1 x 50 mm, 3.5 micron). The proteins were first 

separated by the column using HPLC grade water (J.T. Baker) with 0.1% formic 

acid (Sigma) as the mobile phase, and eluted with a gradient of HPLC grade 

acetonitrile (Burdick & Jackson) with 0.1% formic acid into the MS. An ion spray 

voltage of 3500 volts was used and the data acquisition was done at a scan rate 

of 1000 atomic mass units (amu)/s over a mass range of 300–3000 amu. The 

raw averaged data was selected by comparison to the peak retention times on 

the LC chromatogram and subjected to deconvolution using MassHunter 

workstation software (Agilent Technology, version B.02.00) from 700 amu to 

1850 amu. The mass ranges of TAB1, CaMKIV, CARM1, and CaMKIV T200E 

were selected between 56,000–58,500, 53,900–54,900, 47,600–49,000, and 

54,100–54,400 dalton, respectively for display. Any peak used in the 

reconstruction had a minimum signal to noise threshold of 10. 
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CHAPTER 4: CHAPTER 4 ALTERNATIVE SUBSTRATES 
OF OGT 

In chapter two, we explored the substrate binding site of a hOGT model 

which was constructed based on a bacterial homologue. In addition to the 

insights already described, the hOGT model revealed a space that can 

accommodate the 2-acetamido group of UDP-GlcNAc in the active center (Figure 

4.1). This pocket looks, in fact, much larger than the acetamido group. Prior to 

this structural information, Dr. Vocadlo and coworkers demonstrated that the 

cellular machinery for transforming GlcNAc to UDP-GlcNAc is also capable of 

processing N-azidoacetylglucosamine (GlcNAz) into UDP-GlcNAz (94). GlcNAz 

is a derivative of GlcNAc where an azide group extends from the methyl unit of 

the 2-acetamido group. The UDP-GlcNAz can be used as a substrate by OGT 

and transferred onto proteins in place of the O-GlcNAc modification in cultured 

cells. This result not only supports the accuracy of the modeling of hOGT 

structure but also demonstrates the importance of such a large pocket, which 

likely introduces some tolerance in the substrates that can be used by OGT.  
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Figure 4.1. The hOGT model revealed that the 
pocket accommodating the 2-acetamido group 
of UDP-GlcNAc is fairly large. 
The predicted structure of UDP-GlcNAc in complex 
with hOGT was modelled based on the structure of 
XcOGT in complex with UDP. The model suggests 
there is extra space surrounding the 2-acetamido 
group of UDP-GlcNAc. This extra space presumably 
allows OGT to bind UDP-GlcNAc derivatives having 
a substituent that is bulkier than the 2-acetamido 
group, such as UDP-GlcNAz, and transfer it onto 
protein substrates. The structure was drawn using 
UCSF Chimera using an unpublished hOGT model. 

 

4.1 The ability of OGT to use UDP-Glc as a sugar donor in 
protein modification 

The fact that OGT can use GlcNAz as a substrate suggests the acetamido 

group of UDP-GlcNAc might not be essential for OGT catalyzed glycosyl transfer. 

This opens the possibility that OGT might be able to transferr naturally occurring 

sugars lacking an acetamido group such as UDP-glucose (UDP-Glc) or UDP-

galactose (UDP-Gal). Two earlier reports in the literature have touched on this 

issue. Firstly, Marshall et al. carried out a study examining the in vitro inhibition of 

OGT-catalyzed transfer of GlcNAc from UDP-GlcNAc by naturally occurring 

nucleotide sugar donors. The results showed UDP-Glc is approximately a 25-fold 

worse inhibitor than UDP-GlcNAc itself, indicating that UDP-Glc is likely 

accommodated in the active site of OGT where it can act as an inhibitor (115). 

Secondly, β-1,6-N-acetylglucosaminyltransferase V (GnT-V), a 

glycosyltransferase using UDP-GlcNAc as its primary substrate that is 

responsible for the addition of GlcNAc to the branched oligosaccharide structure 

of N-linked glycans (153, 154), was shown by Sasai et al. in 2002 to be able to 
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use UDP-Glc as a donor substrate. GnT-V processed UDP-Glc with only 16-fold 

less catalytic efficiency as compared to UDP-GlcNAc (155). These two pieces of 

information motivated me to investigate if UDP-Glc is a substrate of OGT.  

4.1.1 Nup62 can be O-glucosylated by hOGT using UDP-Glc in vitro 

I tested UDP-Glc as a substrate for hOGT using nup62 as the protein 

acceptor. Using the hOGT transferase assay described in previous chapters 

(2.2.1), I observe UDP-Glc can be used as an alternative substrate by hOGT and 

glucose is transferred to nup62. Given the reaction is catalyzed by hOGT, we 

postulate this unusual form of glycosylation consists of a glucose residue O-

linked to serine or threonine of the protein.  Using UDP-Glc as the donor and 

nup62 as the acceptor I observe traditional Michaelis-Menten kinetics for the 

hOGT catalyzed O-Glc modification, with a kcat value of 0.23 ± 0.04 nmol/min/mg 

hOGT and a Km value  for UDP-Glc of 18 ± 4 µM (Figure 4.2). These values give 

rise to a second order rate constant of 0.013 ± 0.003 nmol/min/mg hOGT/µM, 

which is nearly 25-fold lower than the second order rate constant observed for 

the hOGT catalyzed reaction using UDP-GlcNAc as the donor (kcat/Km of 0.29 ± 

0.04 nmol/min/mg hOGT/µM) (Figure 4.2). Assuming that the intracellular 

concentrations of the two nucleotide sugars are equal, these results indicate that 

OGT could in principle catalyze one O-Glc modification for every 25 O-GlcNAc 

modifications, on nup62 at least.  
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Figure 4.2. hOGT kinetics using UDP-Glc as a substrate showed Michaelis-Menten 

behaviour. 
hOGT kinetics at different UDP-GlcNAc (closed circles) and UDP-Glc (closed 
squares) concentrations at a fixed nup62 concentration (10 µM). The kinetic 
parameters are summarized in the table above, which demonstrate hOGT is about 
25-fold less efficient at transferring UDP-Glc than UDP-GlcNAc with nup62 as the 
acceptor in vitro. The data are displayed as an average of quadruplicate 
determinations with associated standard deviations shown as error bars.   

 

hOGA was tested to see if it could remove the O-Glc modification from 

nup62, but was shown to be incapable of removing O-Glc modification from 

nup62 (Figure 4.3A). This observation was not surprising, as the absence of the 

2-acetamido group on the substrate would prevent hOGA from removing O-Glc 

since the enzyme relies on “substrate assisted” catalysis, which involves the 

acetamido group directly in catalysis. Interestingly, a commercially available β-
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glucosidase from Sigma  was also used to process O-Glc modified nup62 in vitro 

but no hydrolysis was observed (Figure 4.3A), perhaps because the enzyme has 

low activity toward O-Glc modified nup62. However, the O-Glc modification was 

removed from nup62 in vitro at neutral pH in the presence of COS-7 cell lysate 

(Figure 4.3A), which suggests the presence of a cellular β-glucosidase that can 

prevent significant accumulation of this modification. Several known O-GlcNAc 

modified proteins (TAB1, tau and CaMKIV) were test for O-Glc modification by 

hOGT in vitro but we found surprisingly that none of them were modified under 

the assay conditions used (Figure 4.3B). This result could imply that the O-Glc 

modification may be protein substrate specific, require other components only 

found in vivo for efficient transfer, or occur at an extremely slow rate that cannot 

be observed using poor acceptor substrates.     
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Figure 4.3. Characterization of the OGT catalyzed O-Glc modification in vitro.  

(A) O-Glc and O-GlcNAc modification of nup62 was evauated using an in vitro 
radioactive hOGT assay. hOGA cleaved O-GlcNAc, but not O-Glc,  from nup62. A 
commercially available β-glucosidase from almond extract does not process O-Glc. 
COS-7 cell lysate was able to remove both the O-GlcNAc and O-Glc modification. 
(B) The hOGT catalyzed O-Glc modification is detectable on nup62 by phosphor 
imagining using radioactive labelling but not on other O-GlcNAc modified proteins 
examined (TAB1, tau, and CaMKIV). (C) Western blot analysis showed the anti-O-
GlcNAc antibody CTD110.6 does not recognize the O-Glc modification on nup62. 

4.1.2 OGT driven O-Glc modification in cells and in vivo 

4.1.2.1 UDP-Glc production in cell 

UDP-Glc is a common sugar nucleotide present in all eukaryotic systems 

(1). It is biosynthesized in three steps from glucose (Figure 4.4A). The first step is 

the intracellular phosphorylation of glucose to generate glucose-6-phosphate, 
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which is then converted into to glucose-1-phosphate, and finally UDP-glucose 

pyrophosphorylase catalyzes the formation of UDP-glucose from glucose-1-

phosphate and uridine triphosphate (UTP). In mammals, UDP-glucose serves as 

the donor of glucose for the synthesis of glycogen. Glycogen is composed of 

branched glucose polymers built around a protein core and its primary role is to 

act as an energy reserve in specific tissues (5). UDP-Glc production is well 

established as being directly reflective of glucose availability (156, 157). 

Previously, UDP-GlcNAc and UDP-Glc concentrations have been reported to be 

present at comparable levels in various tissues from mouse (158). To confirm 

this previous finding, Wesley Zandberg measured the concentration of UDP-Glc 

and UDP-GlcNAc in COS-7 cells using capillary electrophoresis (CE) and found 

them to be present at a ratio of 1 to 3, respectively, (Figure 4.4B). These 

observations led us to believe that the hOGT catalyzed O-Glc modification is 

likely physiologically significant on nup62 and could compete with O-GlcNAc 

modification in cells at a low level.  

 

http://en.wikipedia.org/wiki/Energy_storage�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zandberg%20WF%22%5BAuthor%5D�
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Figure 4.4. Biosynthesis of UDP-Glc and quantitative analysis of cellular UDP-GlcNAc 

and UDP-Glc concentrations using CE. 
(A) UDP-Glc biosynthesis is carried out in three steps from glucose. (B) CE 
analysis was used to measure the concentrations of (iii) UDP-Glc and (ii) UDP-
GlcNAc from COS-7 lysates, using 5 µM (i) guanosine diphospho-D-glucose 
(GDP-Glc) as an internal standard. The UDP-GlcNAc and UDP-Glc 
concentrations present in cells were estimated to be 3 to 1, respectively.  

 

4.1.2.2 Using 2-azido 2-deoxy D-glucose to detect O-Glc modification in COS-7 
cells 

Despite the highly suggestive in vitro results, there is currently no method 

available to conveniently detect the existence of the O-Glc protein modification in 

cells or tissues. The anti-O-GlcNAc antibody CTD110.6 failed to detect the O-Glc 

modification on nup62 (Figure 4.3C). Analytical methods relying on the detection 

of glucose from the β-elimination of the O-Glc modification could be problematic 

due to interference from cellular glucose. Radioactive glucose labelling would 

result in the biosynthesis of radioactive UDP-GlcNAc making it undistinguishable 
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from the O-GlcNAc modification and undesirable incorporation into protein 

synthesis. One possibility would be to use radioactive glucose in conjunction with 

a cell line lacking a competent hexosamine biosynthetic pathway. 

One alternative approach that I considered was to use the compound 2-

azido 2-deoxy D-glucose (GlcAz) (Figure 4.5A) as a potential chemical labelling 

probe. This probe posses several features that could help address whether the 

O-Glc modification of nup62, and perhaps other proteins, exists in cells. The 

presence of GlcAz on a target molecule can be detected using “click chemistry”, 

which involves a reaction known as the Huisgen 1,3-dipolar cycloaddition of an 

alkyne to the azide group to a form 1,4-disubsitituted-1,2,3-triazole (159). The 

copper(I) catalyzed version of this reaction is very efficient and largely inert 

towards biological molecules, enabling the rapid conjugation of alkyne and azide 

moieties. Conveniently, the alkyne group can be coupled, using synthetic 

chemistry, to a biotin molecule which enables detection of the azide modified 

structures by Western blot using streptavidin-HRP. Since GlcAz lacks the C2 

hydroxyl, it is not a viable intermediate for the HBSP nor can it enter into  the 

glycolytic pathway, making this sugar fairly metabolically inert and less likely to 

give rise to false positive results. The only cytosolic protein modification 

involving glucose is the glycosylation of the protein glycogenin, which gives rise 

to glycogen.  Accordingly, low levels of interference are expected. One issue 

complicating the delivery of the sugar to cells is that many saccharides are not 

readily taken up by cells because of their polar nature. A common strategy to 

bypass this problem is to protect the hydroxyl groups with acetyl groups. 
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Acetylated sugars are much more lipophilic and have been found to be able to 

cross the cell membrane by diffusion (160) whereupon endogenous esterases 

remove the acetyl groups to give the deprotected sugar inside the cell. Dr. Anuj 

Yadav, a post doctoral fellow in the Vocadlo lab, acetylated the commercial 

GlcAz to give the acetylated compound (AcGlcAz) used for cell treatment. 

 

 

Figure 4.5. Identification of the existence of OGT catalyzed O-Glc modification in COS-
7 cells using the chemical probe AcGlcAz.  
(A) The structures of GlcAz and AcGlcAz. (B) Western analysis of GlcAz and 
AcGlcAz treated cells using click chemistry and detection with streptavidin-HRP. 
The results showed AcGlcZz treatment resulted in Glz-labelling on proteins from 
COS-7 cell lysates and an apparently slight decrease of cellular O-GlcNAc levels. 
(C) Nup62 was immunoprecipitated from COS-7 cell treated with AcGlcAz (50 or 
200 µM) and subjected to Western blot analysis. The results showed GlcAz 
attachment to nup62 after probing with streptavidin-HRP. (D) Western blot 
analysis showed OGT inhibition by Ac5SGlcNAc treatment (50 µM) of COS-7 
cells leads to imipaired labelling by AcGlcAz (50 µM) or AcGlcNAz (50 µM)GlcAz. 
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The results show that AcGlcAz treatment (50 µM) of COS-7 cells leads to 

labelling of cellular proteins, whereas treatment with de-acetylated GlcAz (50 µM) 

and DMSO vehicle control resulted in minimal levels of labelling (Figure 4.5B). 

These results underscore the need to use an acetylated sugar precursor in order 

to realize metabolic labelling. There was a mild decrease in O-GlcNAc levels 

observed with AcGlcAz treatment (Figure 4.5B), perhaps because O-GlcAz 

competes with O-GlcNAc or alternatively because the likely generation of UDP-

GlcAz competes with the formation of UDP-GlcNAc. The fact that AcGlcAz can 

both enter cells and then be used in modification of proteins led me to investigate 

its presence on nup62. Immunoprecipitation of nup62 was performed from a 

lysate of COS-7 cells treated with AcGlcAz (50 or 200 µM). The results indicated 

that GlcAz is transferred onto nup62 (Figure 4.5C). This is the first time that a 

glucose moiety has been observed on a nucleocytoplasmic protein other than 

glycogenin (5). To relate this observation to the catalytic activity of OGT using 

UDP-GlcAz as a substrate, the OGT inhibitor, acetylated 5SGlcNAc 

(Ac5SGlcNAc) (see Chapter 2.3 and reference (127)) was added to COS-7 cells 

in addition to AcGlcAz. Ac5SGlcNAc treatment caused a global decrease in the 

levels of GlcAz and GlcNAz on proteins compared to controls in which no 

inhibitor was present (Figure 4.5D). Further studies using an OGT inducible 

knock out cell line would confirm these findings unequivocally (161). 

Alternatively, by transient transfection of OGT or OGA I could evalulate changes 

in the levels of O-GlcAc and so lend support to the proposal that GlcAz can be 

installed. 
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4.2 Conclusion and Discussion 

In this chapter, I have carried out preliminary studies to characterize a 

novel O-Glc modification catalyzed by OGT. The biggest challenge is to prove its 

existence in cells and, as a first step, the chemical probe GlcAz was used to test 

this possibility. The advantage of using GlcAz is that it provides both specificity 

and sensitivity for protein labelling through the highly chemoselective copper-

catalyzed Huisgen cyclization click chemistry reaction. However, one should 

keep in mind that GlcAz still differs from glucose and might, in fact, more closely 

resemble glucosamine in size. Therefore, a method to detect the OGT catalyzed 

installation of O-Glc modification in cells directly is still required to provide 

unequivocal evidence supporting its existence. Nevertheless, the significance of 

our finding raises awareness that OGT may catalyze sugar modifications other 

than O-GlcNAc. The potential existence of this O-Glc modification could alter the 

currently proposed bi-state dynamic relationship of phosphorylation/O-

GlcNAcylation into a tri-state relationship of phosphorylation/O-GlcNAcylation/O-

glucosylation (Figure 4.6). It is also possible that O-Glc might be more 

responsive toward fluctuations in available glucose and could act as a cellular 

sensing mechanism of nutrient availability.  
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Figure 4.6. The proposed phosphorylation/O-GlcNAcylation/O-glucosylation tri-state 
dynamic relationshipon serine and threonine residues of modified proteins.  
OGT catalyzed O-Glc modification may alter the currently proposed bi-state 
dynamic relationship of phosphorylation/O-GlcNAcylation into a tri-state 
relationship of phosphorylation/O-GlcNAcylation/O-glucosylation. Based on 
experiments with cell lysates showing there is an activity present that can 
process O-Glc, it is speculated that a β-glucosidase would be involved in 
removing the O-Glc residue to make this modification reversible. 

 

Preliminary data indicated the OGT inhibitor 5SGlcNAc is capable of 

reducing the GlcAz and GlcNAz labelling on proteins from COS-7 cells. 

5SGlcNAc is transformed into UDP-5SGlcNAc in cells and resembles UDP-

GlcNAc to act as a competitive OGT inhibitor. The fact that UDP-5SGlcNAc 

inhibits the O-GlcAz modification implies that the OGT catalyzed modification of 

proteins with O-GlcAz likely involves the same catalytic center used by OGT for 

O-GlcNAc transfer. Our data also indicates GlcNAz labelling of proteins gives a 

higher signal than GlcZz at the same treatment concentrations. Assuming the 

cellular concentrations of UDP-GlcNAz and UDP-GlcZz are in similar range, this 
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result implies OGT has preference for the C2 acetamido group of UDP-sugars.  

The results also suggest the presence of a β-glucosidase capable of removing 

modification O-GlcAz since, in the absence of such an enzyme, one would 

expect level to accumulate significantly over time. Further studies using AcGlcAz 

treatment at different doses and times in COS-7 cells will be needed to provide 

more clarity regarding the turnover of the O-GlcAz modification in cells. 

Identification of a nuclear and cytosolic β-glucosidase, which is responsible for 

cleavage of the modification, would also serve as supporting evidence for the 

existence of O-Glc on proteins.  

Studies have indicated that overexpression of OGT in the liver of mice 

causes insulin resistance and dyslipidemia (52, 53). It was speculated that 

increased OGT expression resulted in higher levels of O-GlcNAc, which in turn 

led to the development of insulin resistance. However, current data using 

inhibitors of OGA have indicated that increases in global O-GlcNAc level have no 

direct effect on insulin resistance at the cellular nor organismal level (55, 57, 58, 

146). Since UDP-Glc production is drastically increased after glucose influx (156, 

157), it is therefore possible that the OGT catalyzed O-Glc modification may play 

biological roles in glucose homeostasis and nutrient sensing pathways (162). 

Further studies are required to explore the biological significance of the OGT 

directed O-Glc modification. These studies may include the design of an OGT 

mutant lacking the space to accommodate the acetamido group. Such a mutant 

should limit the binding of UDP-GlcNAc without affecting UDP-Glc and could be 
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used in an inducible OGT knockout cell line to examine the associated 

consequences.  

4.3 Experimental Methods 

4.3.1 hOGT transferase assay 

hOGT kinetics were performed as described in chapter 2.5.5 using recombinant 

nup62 (expressed and purified as described in chapter 2.5.2) as the protein 

acceptor, and [3H]-UDP-GlcNAc (American Radiolabeled Chemicals) or [3H]-

UDP-Glc (American Radiolabeled Chemicals) as the sugar donor. The specific 

activities of [3H]-UDP-GlcNAc and [3H]-UDP-Glc were standardized to 4.3 

Ci/mmol using non-radioactive UDP-GlcNAc (Sigma) or UDP-Glc (Sigma). 

Radiolabelling of nup62, TAB1, CaMKIV, or tau (expressed and purified as 

described in chapter 3.3.2, present at 10 µM) in the assay was carried out using 

[3H]-UDP-GlcNAc or [3H]-UDP-Glc as the sugar donor and 1 µM hOGT 

(expressed and purified as described in chapter 2.5.2) at 37 ºC for 3 hr. The 

reactions were terminated by the addition of 5 x Laemmli sample buffer. The 

samples were subjected to Western blot analysis as described in chapter 2.5.3 

up to the membrane transfer step. The membrane was air dried before exposure 

to a tritium phosphor imaging screen (GE Healthcare). 4 and 16 hr exposures 

were scanned by a Typhoon Imager 8600 (Amersham) using the storage 

phosphor mode. The best contrast and brightness of the figures were achieved 

using ImageQuant 5.2 (Molecular Dynamics). Non-radioactive hOGT assays 

were carried out using 100 µM UDP-GlcNAc or UDP-Glc as the sugar donor, 10 

µM nup62 as the acceptor, and 1 µM hOGT. Western blot analysis was 
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performed on those samples as described in Chapter 2.5.3 using the primary anti 

O-GlcNAc antibody CTD110.6 (Covance) antibody at 1:3000 and the secondary 

antibody, HRP-conjugated goat-anti-mouse IgG (Santa Cruz), at a dilution of 

1:20,000. 

4.3.2 COS-7 cell culture 

COS-7 cells, an African green monkey kidney cell line, were generously provided 

by Dr. Rosemary Cornell’s laboratory (SFU, department of MBB). The COS-7 

cells were cultured in DMEM (Lonza) with 5% (v/v) fetal bovine serum (FBS) 

(Hyclone) in 10 cm2 (Fisher) and 12-well plates (Sarstedt) in 5% CO2 at 37 ºC. 

Cells were allowed to reach 75% confluency before treating with GlcAz (Sigma), 

AcGlcAz, AcGlcNAz, and/or Ac5SGlcNAc for 24 hr. All compounds were 

prepared at a stock concentration of 1 mM in 2% dimethyl sulfoxide (DMSO) and 

added to cells at the appropriate dilution. Controls were included which had the 

same volume of DMSO added. Upon harvesting, cells in 10 cm2 plates were 

washed once with cold PBS and scraped from the plates using a rubber 

policeman, transferred into 15 mL falcon tubes (Sarstedt), and placed on ice prior 

to pelleting by centrifugation (1,000 rpm, 10 min, 4 °C, New Brunswick Scientific, 

Sorvall Legend RT). The cells in 12-well plates were washed once with cold PBS 

and lysed in 1% sodium dodecyl sulphate (SDS) in PBS. The samples were 

collected into 1.5 mL Eppendorf tubes (Sarstedt), boiled for 5 min, sonicated 

using a microtip at 20% power for 10 sec (Fisher Scientific, Model 500), 

centrifuged (13,000 rpm, 10 min, 4 °C, Eppendorf, Centrifuge 5417C), and the 

supernatant removed and stored at 4 °C until use.  



 

 115 

4.3.3 hOGA, β-glucosidase, and COS-7 cell lysate incubations 

The radioactive hOGT assays were quenched by addition of 0.1 mM UDP, which 

is a strong inhibitor of hOGT (114, 115). Recombinant hOGA was prepared 

according to chapter 3.3.2 and concentrated to approximately 5 µM using a 

centrifugation device with a 30 kDa MW cut-off (Amicon). β-glucosidase from 

almond extract was purchased from Sigma and used at a concentration of 10 

units/mL in PBS (Lonza). The COS-7 cell lysate was prepared by resuspending 

the cell pellet in 0.1% nonyl phenoxylpolyethoxylethanol (NP-40) substitute 

(Fluka) in PBS containing protease inhibitor (Roche) and sonicating on ice at 

20% intensity for 10 sec (Fisher Scientific, Model 500). The resulting cell lysate 

was centrifuged (13000 rpm, 10 min, 4 °C) to remove insoluble debris. hOGA, β-

glucosidase, and cell lysate were spiked into the inactivated hOGT reaction 

mixtures; spiking with PBS alone was used as a control.  After 4 hr incubation at 

37 °C, the reactions were terminated by the addition of 5 x Laemmli sample 

buffer. The samples were subjected to Western blot and detection of radioactive 

incorporation onto proteins was evaluated using the Typhoon Imager as 

described above. The membrane was reused to complete the Western blot 

analysis procedure as described in Chapter 2.5.3 using anti-nup62 antibody mAb 

414. 

4.3.4 CE analysis of sugar nucleotides 

Sugar nucleotides were extracted from cells according to established procedures 

(163, 164). COS-7 cells were cultured to 80% confluency and harvested as 

described above. Wesley Zandberg carried out the remainder of the procedure 
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as outlined below. The cell pellet was immediately lysed by adding pre-chilled (-

20 °C) 80% ethanol and sonicated for two cycles of 1 min at 30 % power using a 

W-375 ultrasonic processor (Heat Systems Ultrasonics, Inc.). The sample was 

centrifuged (13,000 rpm, 30 min, 4 °C) and then the supernatant was spiked with 

GDP-Glc (5 µM final concentration, Sigma) as an internal standard. The samples 

were then snap-frozen in liquid nitrogen and lyophilized. The lyophilized sample 

was re-dissolved in ddH2O and extracted using Envi-Carb graphite solid-phase 

extraction cartridges (200 mg) (Supelco) as described previously (165). Sugar 

nucleotides were eluted using 25% CH3CN in 50 mM triethylamonnium acetate, 

pH 7.0, passed through a 0.22 µm filter (Millipore), lyophilized, and stored at -20 

°C until required. Lyophilized sugar nucleotides were dissolved in ddH2O and an 

aliquot was diluted 1:4 prior to characterization by CE according to a previous 

report (166). The CE analysis was performed using a ProteomeLab PA800 

(Beckman-Coulter) equipped with fused silica capillaries. The running buffer (40 

mM Na2B4O7 (Sigma), pH 9.5, containing 1.0% (w/v) polyethylene glycol (MW 

20,000) (Fluka)) was prepared and 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 kilovolt for 10 sec according to the field-

amplified sample injection technique described previously (167). Electrophoresis 
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was carried out at a constant voltage of 30 kilovolt at a capillary temperature of 

22 °C. Electrophoretograms 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. The migration time of UDP-GlcNAc and UDP-Glc were determined 

using commercially purchased standards from Sigma. 

4.3.5 Alkyne azide click chemistry 

COS-7 cells were cultured and harvested as described above. COS-7 cell lysates 

were prepared from cell pellets using 1% SDS in PBS containing protease 

inhibitors (Roche). The click chemistry procedure was carried out by Anuj Yadav. 

Reagent stocks were prepared: (i) 20 mM CuSO4 in ddH2O; (ii) 50 mM click 

ligand (tris(3-hydoxypropyltriazolylmethyl)amine) in ddH2O; (iii) 100 mM sodium 

ascorbate in ddH2O (freshly prepared); (iv) 100 mM aminoguanidine HCl in 

ddH2O; (v) 40 mM alkyne-diazo-biotin in DMSO. The cell lysate contained 2 - 20 

mg/mL of protein was first diluted in four volumes of PBS and alkyne-diazo-biotin 

was added. CuSO4 and click ligand were separately mixed and added to the 

reaction. Finally, aminoguanidine HCl and sodium ascorbate were added to the 

reaction. The final concentrations of CuSO4, click ligand, alkyne-diazo-biotin, 

aminoguanidine HCl, and sodium ascorbate in the reactions were 0.1, 0.5, 0.2, 5, 

and 5 mM, respectively. The samples were sealed with paraffin and incubated at 

37 ºC for 1.5 hr with shaking. The reactions were terminated by addition of 20 µL 

Laemmli sample buffer and heated at 100 ºC for 5 min. The samples were 

subjected to Western blot analysis as described in Chapter 2.5.3 except that the 
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blot was blocked in blocking buffer containing 5% BSA for 16 hr before probing 

with streptavidin-HRP (1:20,000 in 5% BSA blocking buffer), and then washed 

extensively.  

4.3.6 Immunoprecipitation of Nup62 from COS-7 cells and analysis by 
Western blot 

Immunoprecipitation of nup62 from COS-7 cells was performed according to 

established procedures (94). COS-7 cell pellets were resuspended in cold lysis 

buffter (50 mM Tris, pH 7.4 /100 mM NaCl / 2 mM EDTA / 1 mM 

phenylmethylsulfonyl fluoride (PMSF) / 1% SDS), heated at 100 °C for 5 min, and 

sonicated using a microtip at 20% power for 10 sec. A cold nonionic detergent 

solution was added (50 mM Tris, pH 7.4 /100 mM NaCl / 2 mM EDTA / 1 mM 

PMSF / 1.66% Triton X-100 / 3.3% BSA) to the mixture to yield a final 

concentration of 0.4% SDS (w/v). The solution was mixed and centrifuged 

(13,000 rpm, 4 ºC, 20 min). The supernatant was added to the anti-nup62 

antibody (mAb414), which was pre-bound to protein G-sepharose (Calbiochem), 

and allowed to rotate gently for 2 hr. After the 2 hr inhcubation, the beads were 

pelleted by centrifugation (6000 rpm, 1 min) and washed extensively 6 times with 

ice cold PBS. The buffer was removed, and the click chemistry procedure was 

performed as described above while the protein was on the beads. Samples 

were analyzed for the presence of the azide and for nup62 by Western blot 

analysis using streptavidin-HRP and anti-nup62 antibody mAb414, respectively. 
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CHAPTER 5: FINAL REMARKS  

It has been fortunated to study the engaging field of the O-GlcNAc 

modification. In 2010 alone, there were more than 100 publications that referred 

to this unique post-translational modification. Very recently, the Walker group 

from Harvard University reported the structure of truncated human OGT, 

containing the catalytic domain and the first 4.5 TPRs of the TPRs domain, in 

complex with UDP and a peptide substrate (168). This model shares many 

features in common with the XcOGT structure including the overall Rossman fold 

and the UDP binding pocket. However, the authors proposed that histidine 498 is 

the catalytic general base for hOGT based on this model, instead of histidine 558 

that was predicted from the structure of XcOGT (42). The authors examined the 

catalytic importance of histidine 498 and histidine 558 and found mutation of 

either residue is devastating to the activity of hOGT. Therefore, further research 

will be required to answer this question unequivocally. A co-crystal structure of 

human OGT and the OGT inhibitor UDP-5SGlcNAc might give more insight into 

this question, as well as aiding in the design of a future generation of hOGT 

inhibitors.  

The significance of being able to manipulate cellular O-GlcNAc levels 

could potentially be exploited to develop treatments for diseases associated with 

the O-GlcNAc modification. An excellent example is the development of the 

potent hOGA inhibitor Thiamet-G which suggests potential for manipulating O-
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GlcNAc levels for therapeutic benefit in Alzheimer’s disease (110). The recent 

finding that cancer cells appear to have elevated O-GlcNAc levels (109) means 

the development of OGT inhibitors could be potentially targeted as an approach 

to treat various cancers. Indeed, preliminary studies indicate that knock down or 

inhibition of OGT appears to offer benefit in terms of slowing cancer progression 

(109).  

In chapter three, I described the development of a method to generate 

recombinant proteins bearing O-GlcNAc modification. This technique will provide 

a way to study the O-GlcNAc modification on proteins using tools like 

crystallography and MS. A fast and reproducible HPLC method was developed to 

carry out hOGA kinetics and was used to show that hOGA is likely to recognize 

the O-GlcNAc moiety instead of the protein substrate itself in vitro. I also provide 

new evidence supporting the proposal that phosphorylation of threonine 200 of 

CaMKIV is associated with O-GlcNAc dynamics by directly altering the specific 

activity of both hOGA and hOGT toward CAMKIV in vitro. This is the first 

example that shows pseudo-phosphorylation of a substrate can change the 

action of the O-GlcNAc processing enzymes and provides further evidence 

supporting the interplay between O-GlcNAc and phosphorylation.  

In chapter four, I describe a novel O-Glc modification of nup62 that is 

catalyzed by hOGT in vitro. Preliminary work using the sugar analogue AcGlcAz 

showed promising results suggesting that O-Glc could form in COS-7 cells. The 

potential existence of this O-Glc modification could alter the currently proposed 

bi-state dynamic relationship of phosphorylation/O-GlcNAcylation into a tri-state 
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relationship of phosphorylation/O-GlcNAcylation/O-glucosylation. Further study is 

required to establish the relationship of OGT and this O-Glc modification in cells.   

To conclude, the O-GlcNAc modification of proteins depends on the action 

of hOGA and hOGT. The research dissussed in this thesis is focused on the 

characterization of hOGA and hOGT with regard to their kinetic parameters and 

their ability to process different substrates. This work therefore contributes to the 

general understanding of the O-GlcNAc modification, most significantly at the 

biochemical level. Again, I would like to thank my supervisor, lab mates and 

family. It would not have been possible for me to achieve this much without their 

guidance and support. And thank you for reading this thesis! 
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APPENDIX 

Michaelis-Menten plots were used to determine the parameters in enzyme kinetic 

experiments throughout the chapters. They were generated by plotting the rate of 

substrate turnover as a function of substrate concentration. A nonlinear least 

squares fitting can be generated using the Michaelis-Menten equation in 

GraphPad Prism. The Vmax (or kcat) and Km of the enzymatic reactions can be 

estimated by Prism from the Michaelis-Menten fit if the reaction reached 

saturation. The UDP-GlcNAc substrate/product inhibition curve from chapter 2 

was analyzed using a substrate/product inhibition fitting using an equation of                

vo  =                                       by  GraphPad Prism. The non-saturated hOGA 

kinetics in chapter 3 were analyzed using a linear fit in Prism. The slope of the 

linear fit in the second order region represents the second order rate constant 

(kcat/Km) of the reaction. Dixon plots were used to determine Ki values of the OGT 

inhibitor in chapter 2. Dixon plots were generated by plotting the inverse of the 

rate of substrate turnover as a function of inhibitor concentration. The resulting 

data was fit by a linear regression. The intersection of this line with a horizontal 

line that defines 1/Vmax provides the Ki value. 

 

 

 

Km + [S] · (1 +   [S]/Ki) 

Vmax · [S] 
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