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Abstract 

The O-GlcNAc post-translational modification involves the attachment of single N-acetyl-

D-glucosamine residues to serine and threonine of nucleocytoplasmic proteins of 

multicellular eukaryotes.  The microtubule associated-protein tau has been suggested to 

be extensively O-GlcNAc modified and to compete with tau phosphorylation. Tau 

becomes hyperphosphorylated in Alzheimer’s disease (AD) which leads to the formation 

of the characteristic aggregates seen in the brains of AD patients. The reciprocal 

relationship between tau O-GlcNAcylation and tau phosphorylation suggests that if O-

GlcNAc levels rise then phosphorylation levels should decrease. If O-GlcNAc levels can 

be increased in vivo, hyperphosphorylation of tau might be, therefore, antagonized by 

the increased levels of O-GlcNAc. One way to increase O-GlcNAcylation of tau is to 

inhibit the enzyme which removes O-GlcNAc, a glycoside hydrolase referred to as OGA. 

Existing OGA inhibitors were unsuitable for use in vivo. For this reason, a potent, 

selective, and stable inhibitor, termed Thiamet-G, was developed in the laboratory. 

Treatment with Thiamet-G increased O-GlcNAc levels in both cells as well as in the 

mouse brain. These substantial increases in O-GlcNAc, resulted in decreased levels of 

tau phosphorylation at sites of phosphorylation that are implicated in AD. Collaboratively, 

I also found that Thiamet-G treatment results in prevention of neurodegeneration in the 

JNPL3 mouse model and further observed that this effect does not appear to arise by 

prevention of hyperphosphorylation but more likely by blocking the aggregation of tau. 

This proposal is further supported by experiments showing that O-GlcNAc modification 

of tau impairs the aggregation of truncated and full length human tau in vitro. In order to 

study the site-specific effects of tau O-GlcNAcylation several sites of tau O-GlcNAc were 

mapped collaboratively and the major site of tau O-GlcNAc was found to be Ser400. I 

developed a site-specific Ser400 O-GlcNAc tau antibody and find that this site of 

glycosylation plays a key role in the aggregation of tau in vitro. The tools described 

herein should prove useful in further clarifying the role of O-GlcNAc in tau biology and 

also may serve to clarify OGA as a target with therapeutic potential. 

Keywords:  O-GlcNAc; tau; Alzheimer’s disease; glycosylation; aggregation  
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1. Introduction 

1.1. Glycobiology: A General Overview 

1.1.1. Carbohydrates 

One class of biomolecules is considered to embody the central mechanism by 

which information is stored for all lifeforms1; these are the nucleic acids or more 

specifically, deoxyribonucleic acid (DNA). The central dogma of molecular biology is that 

the information contained in DNA is used to template another type of nucleic acid, 

ribonucleic acid (RNA) which is ultimately used to direct the production of a second class 

of biomolecues: proteins1. Much emphasis is naturally placed on these two classes of 

template-encoded biomolecules and they are often considered the critical biomolecules 

for all life as we know it. However, two other classes of biomolecules play absolutely 

essential roles in living organisms: these are the lipids and more central to this thesis, 

carbohydrates. 

The term carbohydrate often evokes the thought of ‘energy source,’ as 

carbohydrates are central to metabolism. In fact, glucose is the major energy source 

used by all organisms. In addition to their roles in metabolism, carbohydrates play many 

other important roles in nature, including, to name just a few, conferring structural 

properties to cells and organisms2, regulating both host-microbe interactions3 as well as 

self-recognition4 and providing short term energy storage5. For example, cellulose, a 

polymer of glucose units, is critically important for the production of the cell walls found 

in plants, which enables them to produce a diverse array of shapes and sizes2. Another 

example of the critical roles that carbohydrates play in nature is illustrated by the human 

ABO blood groups. The assembly of a conjugate of four sugars on the outside of all cells 

in the human body in various configurations gives rise to the four different human ABO 

blood groups4.  
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Collectively, the above mentioned roles of carbohydrates, and other roles not 

described here, suggest that the study of carbohydrates and their biology is of 

substantial importance and may provide novel explanations for a number of unanswered 

questions in cell biology. However, in order to study carbohydrates and their biology 

effectively it is important to define appropriate terminology and nomenclature. For this 

reason the proceeding four sections will provide a brief introduction to some common 

carbohydrate terminology. 

1.1.1.1. Definition and terminology 

What is a carbohydrate? From their general empirical formula, (CH2O)n, it is 

apparent that they are ‘hydrates of carbon’ or more specifically polyhydroxylated 

aldehydes (the aldoses) or polyhydroxylated ketones (the ketoses)6,7 (see Figure 1.1).  

 

Figure 1.1. Carbohydrates exist as either aldoses or ketoses. 
Carbohydrates such as D-glucose (left), which contain an aldehyde functionality 
are classified as aldoses whereas carbohydrates, such as D-fructose (right), 
which contain a ketone functionality are considered ketoses. Both sugars are 
shown in the Fischer projection (see section 1.1.1.2 for details). 

Shown in Figure 1.1, carbohydrates can be either aldoses or ketoses which differ 

based on the presence of an aldehyde or a ketone functionality in the molecule. 

Because carbohydrate units can be assembled together into complex structures, the 

term carbohydrate is not specific enough to distinguish single sugar units from these 

higher order structures. For this reason, the term monosaccharide is used to describe a 

single sugar molecule whereas the prefixes di-, tri-, tetra-, and so on can be used to 

describe the higher order structures. The terms oligosaccharide, polysaccharide or 
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glycan are used to describe carbohydrate structures with many monosaccharide units 

(most commonly more than four). The term ‘glycoconjugate’ is used to indicate that a 

monosaccharide or polysaccharide is linked to another biomolecule such as a protein or 

a lipid. 

1.1.1.2. Methods of projecting 3D structures in 2D 

Shown in Figure 1.1 is the ‘straight chain’ or ‘open chain’ form of D-glucose. This 

is one way of representing or projecting carbohydrates to allow depiction of 

stereochemistry on a two dimensional page. This method of projection is referred to as 

the Fischer projection, so named after Emil Fischer, the father of the field of 

carbohydrate chemistry8,9. However, there are other methods for projecting 

carbohydrates in two-dimensional space. These are the Haworth, the Mills and the 

modern or chair projection shown for N-acetyl-D-glucosamine (GlcNAc, a derivative of 

glucose) in Figure 1.2.  

 

Figure 1.2. Carbohydrates can be depicted using one of four different methods. 
Carbohydrates, such as N-acetyl-D-glucosamine (GlcNAc) can be depicted in 
one of four different ways so as to represent 3-dimensional stereochemistry in 2- 
dimensions. These four different projections are the Fischer, the Haworth, the 
Mills and the modern or chair. 

1.1.1.3. Cyclic forms of carbohydrates and cyclization 

The thermodynamically stable form of most carbohydrates involves the 

cyclization of these molecules to form ring structures, which are illustrated in Figure 1.2. 

The process of cyclization is most easily visualized by starting with the open chain 
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Fischer projection. Figure 1.3a depicts the open chain Fischer projection of GlcNAc. The 

Fischer projection can then be turned 90º in the plane of the page followed by rotation 

around the bond adjacent to the carbonyl unit gives rise to two different structures that 

can be depicted as Haworth projections. The difference between these two structures is 

the orientation of the carbonyl group; on the left, the carbonyl oxygen is above the plane 

of the ring and on the right, the carbonyl oxygen is below the plane of the ring (Figure 

1.3a). Nucleophilic attack of the oxygen attached to the C5 carbon (O5) on either the re 

or si face of the carbonyl carbon, results in two different 6-membered ring structures 

(shown in their ring closed modern projections) which depend on which face of the 

carbonyl unit was attacked (Figure 1.3b). These two structures are what are known as 

anomers and are diastereomers of each other, distinguished by being defined as alpha 

and beta. 
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Figure 1.3. Cyclization of carbohydrates, anomers and mutarotation. 
a. Conversion of N-acetyl-D-glucosamine (GlcNAc) between the Fischer and 
Haworth projections facilitates visualization of thermodynamically favourable ring 
closure. Depending on which face of the carbonyl unit is attacked, two different 
anomers (diastereomers) can result: α and β. When the hydroxyl group bound to 
the chrial center furthest from the carbonyl carbon is on the right it is considered 
a “D” sugar otherwise it is an “L” sugar. Shown here are both the “D” and the “L” 
enantomers of GlcNAc. b. The ring closed forms of carbohydrates are in 
equilibrium with their open chain forms and thus can interconvert between the α 
and β anomers in a process known as mutarotation. Also indicated is the 
numbering of the carbons in GlcNAc where the anomeric position is C-1.  
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Because the ring closed forms of carbohydrates such as GlcNAc exist in equilibrium with 

their open chain forms, carbohydrates can interconvert between α and β anomers in a 

process known as mutarotation10,11.  

As can be seen from Figure 1.3a, each of the carbons which is bonded to a hydroxyl 

group except the carbonyl carbon and the last carbon is a chiral center, which can either 

be in the R or S configuration. In carbohydrate nomenclature, when the hydroxyl group 

bound to the chrial center furthest from the carbonyl carbon is on the right it is 

considered a “D” sugar otherwise it is an “L” sugar. In nature, the D- sugars 

predominate, with fucose being the only L- sugar found in mammals7. 

1.1.1.4. Common monosaccharides found in mammals. 

 In mammals, nine different monosaccharide building blocks are incorporated into 

glycan structures. These include: glucose (Glc), galactose (Gal), mannose (Man), N-

acetylglucosamine (GlcNAc), glucoronic acid (GlcA), N-acetylgalactosamine (GalNAc), 

sialic acid (Sia), fucose (Fuc) and xylose (Xyl). These nine different monosaccharides 

are shown in Figure 1.4. 
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Figure 1.4. The nine common monosacharrides found in mammals. 
Shown here (in their modern projections) are the nine monosaccharrides found in 
mammals including glucose (Glc), galactose (Gal), mannose (Man), N-
acetylglucosamine (GlcNAc), glucoronic acid (GlcA), N-acetylgalactosamine 
(GalNAc), sialic acid (Sia), fucose (Fuc) and xylose (Xyl). 

These nine different monosaccharides can be assembled into a multitude of different 

structures whose theoretical information density far outweighs what is possible in 

proteins (using the 20 amino acids) or nucleic acids (using the four different nucleotides) 

because each monosaccaride can form linkages with multiple different hydroxyl groups. 

Three six-carbon sugars (hexoses) can give rise to between 1,056 and 27,648 different 

structures whereas three amino acids or three nucleotides can only give rise to 8000 or 

64 different structures, respectively7. 

1.1.2. Glycobiology and common glycoconjugate types 

The study of carbohydrates in biology is what is referred to as the field of 

‘Glycobiology.’ Glycobiology has been defined, in the defining textbook ‘Essentials of 

Glycobiology’ as: 

The study of the structure, biosynthesis, and biology of saccharides 
(sugar chains or glycans) that are widely distributed in nature. It is one of 
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the more rapidly growing fields in the biomedical sciences, with relevance 
to basic research, biomedicine, and biotechnology7.   

Perhaps the largest challenge that has faced the field of glycobiology is the limited 

number of tools that can be used to study different glycan structures and functions. This 

lack of tools likely stems from the fact that the synthesis of glycans is not template 

driven. Regardless of this shortage of convenient sequencing and synthesis methods, 

however, significant progress in the field of glycobiology has been made and it has 

become clear that most glycans fall into a few different common classes.  

The common types of glycoconjugates found in mammals are best classified by what the 

specific glycan is connected to. Some of the common types of glycoconjugates found in 

mammals are shown in Figure 1.5. The most common and best characterized type of 

glycoconjugate, are the N-glycans, so named because the glycan is covalently linked to 

an asparagine as the glycan is assembled within the secretory pathway (Figure 1.5). For 

simplicity, a system involving the use of simple shapes to depict individual 

monosaccharides has been adopted12,13 and is illustrated in Figure 1.5 along with 

examples of other important types of glycoconjugates found in mammals. Some of these 

other glycoconjugates are the mucin type O-glycans, so named because the glycan 

chain is linked through a hydroxyl group of a serine or threonine residue. Glycolipids, 

such as the glycosphingolipids (shown in Figure 1.5 linked to ceramide) as well as the 

glycophosphatidyl inositol (GPI) anchor are also found on the outside of cells14,15. The 

final class of abundant glycoconjugates discussed here are the glycosaminoglycans, are 

both secreted into the extracellular matrix and bound to extracellular proteins. These 

different forms of glycosylation play different roles in both health and disease. For 

example, a strong association between altered mucin type O-glycosylation and tumor 

formation and invasiveness has been well established16-19. The build up of glycolipids 

(gangliosides) in the lysosomes gives rise to lysosomal storage disorders such as Tay-

Sachs and Sandhoff’s diseases20,21. Finally, glycosaminoglycans play important roles in 

cell adhesion and inflammation22. For a more detailed overview of the biological roles of 

different glycoconjugates, the reader is directed to several sources7,22-24. 
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While all these glycoconjugates either occur on the outside of cells or within the 

secretory pathway, the O-linkage of GlcNAc to serine or theronine of proteins inside the 

cell is found within the cytosol25. This modification is referred to as the O-GlcNAc 

modification and is the only form of nuclear and cytoplasmic glycosylation known. O-

GlcNAc will be described in detail in section 1.2 of this thesis. 

In addition to the glycoconjugates shown in Figure 1.5 there are many other structures 

known. Further, in each family of glycoconjugates there is often a large degree of 

diversity. This diversity arises in part from the variable presence and the action of the 

enzymes which degrade glycans (the glycoside hydrolases) and those that build up 

glycans (the glycosyltransferases), which are the subject of the following two sections of 

this thesis. 
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Figure 1.5. The common types of glycans found in mammals 
The mucin type O-glycans, N-glycans, glycolipids, glycophosphatidyl anchors 
and the glycosaminoglycans are the most common types of glycans found in 
mammals on the outside of the cell and in the extracellular matrix. The only form 
of glycosylation known in the cytosol of mammals is the O-GlcNAc modification 
which is described in detail in section 1.2 of this thesis. 

1.1.3. Carbohydrate active enzymes: glycosyl transferases 

The enzymes that biosynthesize oligosaccharides and glycoconjugates are 

referred to as the glycosyl transferases (GTs). These enzymes typically act by adding 

monosaccharides one at a time to biomolecule acceptors (Figure 1.6). GTs typically 

catalyze the transfer of a monosaccharide unit from an activated donor sugar such 

uridine 5'-diphosphosphate (UDP), guanosine 5’-diphosphate (GDP), or cytidine 5’-

phosphate (CMP) to an acceptor substrate. The most common biomolecule acceptor 

substrates are mono- or oligosaccharides, lipids or proteins (Figure 1.6). 
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Figure 1.6. The reaction catalyzed by glycosyltransferases (GTs) 
GTs almost always transfer a monosaccharide unit from a high energy donor 
such as a nucleotide diphosphate sugar to an acceptor substrate, termed the 
aglycone once the sugar unit is transferred. This reaction leads to the formation 
of a glycosidic linkage. The acceptor substrates can take the form of a mono- or 
polysaccharide or a lipid or another protein. GTs are specific with respect to the 
stereochemical outcome of the reaction they catalyze such that each catalyzes 
formation of only either the α- or β-glycosidic linkage. GTs can therefore either 
retain the stereochemistry of the sugar or invert the stereochemistry. This gives 
rise to different families of GTs being labelled as either inverting or retaining GTs. 

GTs are specific for the stereochemical outcome of the linkage formed at the anomeric 

position (either α or β)26. In the case where one monosaccharide is transferred to 

another carbohydrate, the GT is also specific for the hydroxyl group to which the donor 

sugar is attached. For example, a β1-4 galactosyltransferase (β1-4GalT) transfers a 

galactose unit to GlcNAc and forms a beta-glycosidic linkage between the anomeric 

position of galactose (C-1) and the C-4 position of GlcNAc27. These considerations gave 

rise to the ‘one enzyme one linkage’ principle; however there are now several exceptions 

to this idea. For example, one α1-3 fucosyltransferase (FucT-III) can catalyze the 

formation of both α1-3 and α1-4 glycosidic linkages28,29. Some GTs which transfer 

monosaccharide units to protein acceptor molecules, rely on the protein backbone to 
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determine where to glycosylate the protein. Such is the case with N-glycans, where the 

Asn-Xaa-Ser/Thr consensus site directs the oligosaccharyltransferase to catalyze the en 

bloc transfer of the core N-glycan to the specific protein acceptor molecule30. 

Since the first GT to be cloned, the bovine N-acetylglucosaminyl (β1-4) 

galactosyltransferase27, hundreds of GTs have now been identified from all three 

domains of life. As the number of cloned GTs increased, it became clear that there is 

extensive sequence conservation in these enzymes at the amino acid level. Based upon 

this sequence similarity, it was proposed that GTs be classified according to their 

primary amino acid sequences and by extension, their protein folds31. This 

categorization system has been formalized into the Carbohydrate Active EnZymes 

database, www.cazy.org. GTs are classified into 94 families and each family may 

contain several different GT enzyme activities. From the analysis of the whole GT 

‘superfamily’ it is apparent that there are only three major protein folds denoted as the 

GT-A, GT-B and GT-C folds. The GT-A fold is a single Rossman fold, the GT-B is a 

double Rossman fold, while the GT-C is predicted to be a hydrophobic integral 

membrane fold26. 

As the production of oligosaccharides in the secretory pathway proceeds without a 

template, which differs from nucleic acids and proteins, there must exist a mechanism 

for the production of structurally defined oligosaccharide chains. The predominant 

manner in which this is accomplished is through the retention of different GTs in different 

subcompartments of the endoplasmic reticulum and the Golgi apparatus32. In this 

manner, acceptor substrates are only available to certain GTs as they move through the 

Golgi, allowing for defined oligosaccharide species to be produced. This mechanism is 

not entirely efficient, which allows for generation of some heterogeneity in specific glycan 

structures. This heterogeneity in specific glycan structures is referred to as 

‘microheterogeneity’ because the changes are subtle, such as the presence or absence 

of a single sugar unit in an oligosaccharide chain.  

http://www.cazy.org/�
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1.1.4. Carbohydrate active enzymes: glycoside hydrolases 

The enzymes that are responsible for removing the vast majority of mono- (the 

exo-glycosidases) or oligosaccharides (the endo-glycosidases) from other mono-, or 

oligosaccharides or glycoconjugates are collectively referred to as the glycoside 

hydrolases (GHs). The reaction that GHs catalyze is the hydrolysis of the glycosidic 

linkage to liberate the mono- or oligosaccharide with a free reducing-end hemiacetal or 

hemiketal. The formal reaction is the transfer of the glycone to a water molecule (Figure 

1.7). Like the GTs, the GHs are specific with regard to the configuration of the anomeric 

center of their substrates. GHs can catalyze the hydrolysis resulting in either one of 

retention or inversion of the stereochemistry at the anomeric position. Shown in Figure 

1.7 is a β-glycoside where configuration of the anomeric center is retained in the product 

and thus the enzyme which catalyzes such a reaction would be labelled a retaining 

enzyme. As with the GTs, the GHs have been grouped based on amino acid sequence 

similarity into 130 different families. The GH family classification system is much more 

predictive than the GT family system such that members of one family reliably catalyze 

specific reactions. 

 

Figure 1.7. The reaction catalyzed by glycoside hydrolases (GHs) 
GHs catalyze the cleavage of the glycosidic linkage by water to liberate the 
glycan with a free reducing terminus. The substrates of these enzymes can be 
glycosides of mono- or polysaccharides or glycoconjugates such as glycolipids 
and glycoproteins. Like the GTs, the GHs are specific with regard to the 
configuration of the anomeric center of their substrates. GHs can catalyze the 
hydrolysis resulting in either one of retention or inversion of the stereochemistry 
at the anomeric position. Also, as with the GTs, GH families can thus either be 
labelled as inverting or retaining enzymes depending on whether the 
stereochemistry of the substrate at the anomeric center is retained in the product 
or whether it is inverted. Shown here is an example of a β-glycoside where 
configuration is retained in the product. 
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The roles GHs play in nature are predominately two fold: they serve to degrade glycans 

back to monosaccharides for recycling as well they ‘trim’ immature glycans to allow their 

further elaboration into specific structures. During N-glycan synthesis, the N-glycan core 

is ‘trimmed’ in the endoplasmic reticulum and the Golgi apparatus to allow GTs to 

generate specific N-glycan structures30. This process is well described in an outstanding 

review by Kornfeld and Kornfeld and interested readers are guided to this review30. 

There exists a significant amount of interest in the GH superfamily because mutations or 

deficiencies in these enzymes have been found to lead to various human diseases. For 

example, deficiencies in the activity of either hexosaminidase A or hexosaminidase B 

enzymes, which degrade gangliosides in the lysosome give rise to Tay-Sachs and 

Sandhoff diseases, which result from the pathological accumulation of glycoconjugates 

within the lysosome20,21. GHs also play important roles in the regulation of the host-

pathogen interaction. A virally encoded GH is critical for survival of the influenza virus, 

which affects millions of people every winter. Neuraminidase, a sialidase, found on the 

outside of the viral coat allows the virus to cleave off sialic acid from the outside of 

infected cells thus allowing viral pariticles to escape from the cell surface and continue 

on to infect other cells33. Pharmaceuticals which target this enzyme, such as Relenza 

have proven effective against influenza, though resistance has emerged34, represents a 

major triumph for carbohydrate based drugs35. 

1.1.5. The HBSP: biosynthesis of UDP-GlcNAc 

High energy donor sugars which are used by GTs to add sugar units onto 

glycans are generally biosynthesized within the cell36. One of the major reasons for this 

is that donor sugars are generally not taken up from the environment, likely because the 

negatively charged diphosphate moiety precludes passive diffusion across the cell 

membrane36. Uridine-5’-diphospho-N-acetyl-D-glucosamine (UDP-GlcNAc) is an 

important sugar donor that is involved in metabolism and used by a number of GTs. 

UDP-GlcNAc can be synthesized from glucose by the concerted action of five different 

enzymes within a biosynthetic pathway that is referred to as the hexosamine 

biosynthetic pathway37 (HBSP) (See Figure 1.8). Glucose, upon entry into the cell, is 

phosphorylated by hexokinase at the 6-hydroxyl and is then isomerized by 
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phosphoglucose isomerase to generate fructose 6-phosphate38,39. The action of 

glutamine fructose-6-phosphate transaminase (GFAT) converts fructose-6-phosphate to 

glucosamine-6-phosphate40. The transamination step involves the transfer of the amino 

group from glutamine to the C-2 position of fructose-6-phosphate and the overall 

conversion is the rate limiting step of the HBSP37. The amine is then acetylated by 

glucosamine 6-phosphate acetyltransferase41 (GNAT) to form N-acetylglucosamine-6-

phophate (GlcNAc-6-phosphate). N-acetylglucosamine phosphoglucomutase42 (AGM) 

then converts this 6-phosphosugar to produce N-acetylglucosamine 1-phosphate 

(GlcNAc-1-phosphate). Finally, in the last step, N-acetylglucosamine 1-phosphate 

pyrophosphorylase (AGX) catalyzes the transfer of uridine-5’-diphosphate from UTP to 

N-acetylglucosamine 1-phosphate to form UDP-GlcNAc43. Additionally, both 

glucosamine and N-acetylglucosamine can also enter into the HBSP via so-called 

‘salvage’ pathways. In these cases, glucosamine or N-acetyglucosamine are 

phosphorylated by their respective kinases, to yield glucosamine-1-phosphate or N-

acetylglucosamine 1-phosphate, which are both HBSP intermediates44,45 (Figure 1.8).  
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Figure 1.8. The hexosamine biosynthetic pathway. 
UDP-GlcNAc is produced by the hexosamine biosynthetic pathway (HBSP) from 
cellular glucose via the action of two enzymes from central metabolism 
(hexokinase and phosphoglucose isomerase) and the four enzymes which make 
up the HBSP (GFAT, GNAT, AGM and AGX).  

A significant amount of interest in the HBSP has been spurred by the fact that an 

estimated 2-3% of all glucose that enters the cell is shunted down the HBSP37. Using an 

inhibitor of the GFAT enzyme, 6-diazo-5-oxonorleucine (DON), these investigators 

demonstrated that this is the major pathway that converts glucose into UDP-GlcNAc37. 
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1.2. The O-GlcNAc Modification  

1.2.1. General 

The discovery, disclosed in 1984, that O-linked GlcNAc (O-GlcNAc) could be found 

within the cytosol of lymphocytes marked the beginning of a new branch of 

glycobiology25. This finding was controversial in the field of glycobiology as it was the 

first time any glycoconjugates had been found within the cytosol. O-GlcNAc stands in 

stark contrast to the traditional forms of glycosylation, such as N-linked glycosylation, 

which are found exclusively in the secretory pathway, the outside of the cell and within 

the extracellular milieu30. 

Much of the early work in the O-GlcNAc field was directed in two different areas: 

identifying O-GlcNAc modified proteins and identifying the enzymes responsible for the 

addition and removal of the modification. Some of the earliest proteins to be identified as 

O-GlcNAc modified proteins were the nuclear pore proteins46, the band 4.1 protein47, 

RNA polymerase II48 and transcription factors such as c-myc49 and sp150 as well as a 

serum response transcription factor51. From these proteins alone it is evident that O-

GlcNAc can be found on a diverse sub-set of proteins. Indeed, today O-GlcNAc has 

been found on more than 1000 different proteins52-56. 

1.2.2. Dynamic nature of O-GlcNAc 

The O-GlcNAc post-translational modification is found on numerous 

nucleocytoplasmic proteins25. Akin to phosphorylation, the addition of O-GlcNAc to 

proteins is dynamic in that it can be added or removed numerous times during the 

lifespan of a particular protein57. The addition of O-GlcNAc to protein substrates is 

carried out by a glycosyl transferase referred to as uridine diphosphate-N-acetyl-D-

glucosamine: polypeptidyl transferase (OGT), which uses the donor sugar uridine 5'-

diphospho-N-acetylglucosamine (UDP-GlcNAc), to transfer GlcNAc to serine or 

threonine residues58,59. Conversely, a glycoside hydrolase called O-GlcNAcase (OGA) 

catalyses the hydrolytic cleavage of GlcNAc off from modified proteins60,61 (Figure 1.9).  
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Figure 1.9. O-GlcNAc is added by OGT and removed by OGA 
A glycosyltransferase, uridine diphospho-N-acetylglucosamine:polypeptidyl-β-N-
acetylglucosaminyltransferase (OGT), transfers GlcNAc from the donor sugar 
UDP-GlcNAc to target proteins. Conversely, a glycoside hydrolase, O-
GlcNAcase (OGA) catalyzes the hydrolytic cleavage of GlcNAc off of modified 
proteins. 

A consequence of this dynamic cycling is that inhibition of OGA results in increased O-

GlcNAc levels since OGT continues to act unchecked to install more O-GlcNAc residues 

on proteins62.  Inhibition of OGT, of course, leads to the opposite effect63,64. In a number 

of instances, O-GlcNAc has been found to be reciprocal to Ser/Thr phosphorylation49,65. 

O-GlcNAc site-mapping studies on proteins which are both O-GlcNAc modified and 

phoshorylated indicates that O-GlcNAc sites often occur near phosphorylation sites 

although this is not always the case. For this reason, it has been hypothesized that O-

GlcNAc and phosphorylation can compete for the same, or nearby, Ser/Thr residues and 

thus can influence each other in a dynamic equilibrium as shown in Figure 1.10. 

 

Figure 1.10. O-GlcNAc can be reciprocal to phosphorylation 
The existence of serine or threonine residues that are known to be both 
phosphorylated and O-GlcNAc modified dictates that such residues can exist in 
one of three different states; phosphorylated, glycosylated, or unmodified. The 
levels of these states are regulated by the appropriate enzymes. Competition for 
the same serine or threonine residues or occupation of nearby sites could result 
in a dynamic equilibrium between these three states. 

Figure 1.10, however, implies a direct or competition mechanism gives rise to the 

dynamic relationship between O-GlcNAc and phosphorylation in these instances. Also 
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possible is that this dynamic relationship could arise as a result of an indirect mechanism 

where the addition of O-GlcNAc on kinases or phosphatases could result in changes in 

the activity of these enzymes. 

1.2.3. Abundance in nature 

The O-GlcNAc modification has been most heavily studied in multicellular 

eukaryotic systems, however, in one instance O-GlcNAc has been found on a bacterial 

protein66 and has been described on a number of viral proteins67-69, although this may 

simply be because these viruses infect eukaryotes. O-GlcNAc has been found in most 

eukaryotic organisms studied to date including a small number of protists70,71, plants72, 

drosophila73-75, mice25 and humans47. 

1.2.4. Tissue and sub-cellular localization 

To date, no detailed comparative description of the levels of O-GlcNAc 

abundance at the tissue level has been published. However, the mRNA expression 

levels of the enzymes which install and remove O-GlcNAc, OGT and OGA has been 

extensively studied at the tissue level. OGT has been shown to be expressed in all rat 

tissues studied, with the highest level of expression in the pancreas and brain58,59. 

Additionally, one study has shown that the level of OGT activity is ten-fold higher in rat 

brain than other peripheral tissues, although the level of OGT activity was not measured 

in the pancreas76. OGA mRNA expression has also been detected in all human tissues 

studied, where the expression level is by far the highest in the brain61. Collectively, these 

studies suggest that the O-GlcNAc modification may play an important role in the 

mammalian brain. This supposition is supported by an elegant study by Marth and co-

workers, who bred mice containing a lox-p flanked OGT gene (OGTF) which were 

crossed with mice containing a cre-recombinanse gene under control of the synapsin-1 

promoter (Syn1-CRE)77. This drives expression of cre-recombinanse in a neuron specific 

manner. When OGTF mice were crossed with Syn1-CRE mice, OGTF/Syn1-CRE 

offspring were produced with lower frequency, were considerably smaller, had abnormal 

locomotor ability and none survived longer than 10 days77. 
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Levels of O-GlcNAc (and expression of OGT) in the various regions of the brain 

has indicated that O-GlcNAc is most abundant and OGT most heavily expressed in the 

cerebellar cortex and the hippocampus78,79. O-GlcNAc is also observed at all stages of 

brain development and O-GlcNAc levels do not appear to change between the 

embryonic and the adult stages in mice80.  

Fundamentally, cells of the brain can be classified as either neurons or glial cells. 

At the cell level in the brain, a particular amount of attention has been directed toward O-

GlcNAc and OGT levels in neurons compared to surrounding glia. O-GlcNAc has been 

shown to be abundant at the nodes of Ranvier,81 and especially high at the nerve 

terminals82 as well as in the Purkinje cells of the cerebellar cortex78. A recent study has 

shown that O-GlcNAc levels are also high in a glial cell type, the radial glia, in the 

developing chicken optic tectum relative to the surrounding tissue83. 

1.2.5. O-GlcNAc transferase (OGT) 

OGT in mammals is encoded by a single gene located on the X chromosome77. 

The deletion of the ogt gene is embryonic lethal77 and was first cloned by the Hanover 

and Hart groups and reported in two separate papers58,59. These authors demonstrated 

that the ogt gene is highly conserved across a number of eukaryotes from C. elegans to 

humans58,59. The primary product of the ogt gene is a 1036 amino acid protein of ~110 

kDa58,59 that is found in both the nucleus and the cytosol (referred to as ncOGT). Two 

other isoforms of OGT have been shown to arise by alternative splicing: a shorter 

mitochondrial isoform (mOGT) as well as the shortest form of OGT (sOGT)84,85. The 

exact significance of these two shorter forms of OGT remains little explored. 

The ncOGT protein contains 13.5 tetratricopeptide repeats (TPRs) in the amino terminal 

portion of the protein. TPR domains are a very common protein-protein interaction 

motif86 and it has thus been speculated that OGT binds its substrates through the TPR 

domain87. The structure of both the TPR region and a part of human ncOGT comprising 

3.5 TPRs and the catalytic domain have now been solved88,89. A bacterial OGT 

homologue has also provided structural insight90,91. From these structural studies it 
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appears as if the TPRs of OGT form a superhelix that may guide the acceptor substrates 

to the OGT active site. 

One of the major mysteries that has surrounded the OGT enzyme and the O-GlcNAc 

modification is that there appears to be no amino acid consensus defining O-GlcNAc 

modification sites. This is in stark contrast to the N-glycans where the 

oligosaccharyltransferase transfers the N-glycan core only onto proteins containing the 

Asn-Xaa-Ser/Thr consensus sequence (Xaa represents any amino acid other than 

proline)92. Systematic alteration of the amino acids near the modified serine or theronine 

to random amino acids did not give rise to any defined consensus sequence93 although 

this study and mass spectrometry studies suggest that there is a loose preference for 

proline near the O-GlcNAc modified serine or threonine residue94. 

1.2.6. O-GlcNAcase (OGA) and its inhibitors 

Like the ogt gene, the gene encoding human O-GlcNAcase (OGA) (originally named 

MGEA5) has also been cloned and is located on chromosome 1061,95. MGEA5 gives rise 

to an enzyme, originally referred to as HexC96, that is 916 amino acids in length. Both 

the optimal pH for this enzyme and the substrate specificity were deduced and indicate 

that OGA is a β-N-acetylglucosaminidase with a neutral pH optimum61. This is an 

important finding as the other known β-N-acetylglucosaminidases have pH optimas in 

the acidic pH range which allows them to carry out cleavage of GlcNAc from 

glycoconjugates within lysosomes. The cytosolic location of OGA necessitates its 

optimum activity should be near neutral pH. 

Two different isoforms of OGA have been described; a smaller isoform (than described 

above) referred to as the nuclear variant of OGA (nvOGA or OGA-S), which arises by 

alternative splicing and contains only 662 amino acids97. The nuclear variant of OGA 

bears this name due to the nuclear localization of this isoform, whereas the full length 

protein (OGA-L) shows both nuclear and cytosolic localization97,98. Both OGA-L and the 

OGA-S contain the complete β-N-acetylglucosaminidase domain and differ in that the 

OGA-S does not contain the putative histone acetyltransferase domain found within the 

full length protein97. Enzymatic characterization of both OGA-L and OGA-S reveals that 
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OGA-S is significantly less active than OGA-L with respect to the hydrolysis of O-

GlcNAc99. 

In 2005, members of the Vocadlo lab elucidated the catalytic mechanism that human 

OGA uses to catalyze the cleavage of O-GlcNAc from modified proteins100. It was 

concluded that human OGA is a retaining glycoside hydrolase that uses the unusual 

substrate-assisted catalytic mechanism shown in Figure 1.11. In the first step of this 

mechanism, an enzymic carboxylate polarizes the 2-acetamido group aiding attack of 

the carbonyl oxygen on the anomeric center, displacing the protein leaving group 

(denoted ‘R’), leading to formation of a cyclic oxazoline enzyme intermediate100. Both 

steps are aided by a second carboxyl group that, in the first step, acts as a general acid 

to facilitate departure of the protein leaving group. In the second step, this residue acts 

as a general base to facilitate attack of water on the anomeric center. The oxazoline 

intermediate is then opened by the attack of water at the anomeric center to produce the 

free hemiacetal of GlcNAc. Following this work, the identity of the two key catalytic 

aspartic acid residues in human OGA were identified as Asp174 and Asp175 by site 

directed mutagenesis in conjunction with kinetic studies101. 

 

Figure 1.11. The unusual substrate assisted catalytic mechanism used by OGA 
The catalytic mechanism of human OGA and family 84 glycoside hydrolases 
involves transient formation of an oxazoline intermediate. In the first step, the 
acetamido group is polarized by a catalytic aspartate residue to facilitate attack of 
the carbonyl oxygen on the anomeric centre which displaces the free protein 
(denoted ‘R’) and forms an oxazoline intermediate. In the second step, attack of 
water on the anomeric centre opens the oxazoline ring resulting in the free 
GlcNAc. A second aspartate acts as a general acid/base catalytic residue. 
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No structures of human OGA have been described thus far. The human gut symbiont 

Bacteroides thetaoiotaomicron, however, encodes a GH84 β-N-acetylglucosaminidase 

with high sequence and structural similarity to the human O-GlcNAcase enzyme. All of 

the amino acids comprising the active centre are identical to those of the human 

enzyme. The structure of this enzyme, referred to as BtOGA, has been solved102,103 as 

has another homologue of OGA from Clostridium perfringes104. The structure of BtOGA 

was solved in both the native form and in complex with several ligands as well as 

trapped in complex with the oxazoline intermediate102,105. 

1.2.6.1. Inhibitors of OGA 

In order to study the roles that O-GlcNAc plays within cells and organisms there are two 

general approaches that can be used: genetic approaches and chemical approaches. 

Overexpression as well as knock-down of both OGA and OGT has been performed in a 

number of different systems106-111. However, in these settings, increasing or decreasing 

the amount of either OGA or OGT may also have unwanted impacts upon other proteins 

with which OGA and OGT interact. For this reason, chemical approaches offer 

significant advantages in that they do not directly modify the amount of the target protein 

present in cells, yet they are able to significantly reduce the activity of the target in cells 

and in vivo. The other major advantage of chemical approaches is that the chemical 

agent can be withdrawn and the system allowed to return to an unperturbed state. 

Shown in Figure 1.12 are the OGA inhibitors that were known in the literature at the time 

that this thesis work was initiated. The first of these inhibitors are PUGNAc and LOGNAc 

which were developed as inhibitors against a different β-N-acetylhexosaminidase112, but 

PUGNAc was later found to be potent inhibitor of OGA with a KI of 20 nM60,62,100. 

Streptozotocin, a GlcNAc analogue, was shown to have very modest OGA inhibition of 2 

mM113, and  well characterized toxicity has precluded its reliable use in vivo114-116. 

Colleagues in the Vocadlo lab developed the OGA inhibitor NButGT using inspiration 

from the catalytic mechanism shown above and knowledge of NAG-thiazoline100. 

NButGT was found to be a potent inhibitor, KI = 600 nm, and proved effective both in 

vitro in cultured cells100 and in vivo in rodents117. More recently, Van Aalten and co-

workers have described the synthesis of the potent OGA inhibitor, GlcNAcstatin118. 
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GlcNAcstatin has not been used beyond cultured cells and thus its use in vivo remains 

to be studied. Significant room, however, exists to generate improved inhibitors including 

improving both the stability and potency of NButGT.  

 

 

Figure 1.12. OGA inhibitors known when this thesis work was commenced. 

1.2.6.2. Functionally related enzymes 

Found in the lysosome are two β-N-acetylglucosaminidases from family 20 of 

GHs that, despite showing no sequence similarity,  share the same catalytic mechanism 

with the GH84 OGA100,119. Mutation of either of the subunits that make up these two 

enzymes, referred to as β-hexosaminidase A (HEXA) and β-hexosaminidase B (HEXB),  

results in two inheritable lysosomal storage disorders called Tay-Sachs and Sandhoff’s 

diseases20,21. HEXA and HEXB are responsible for cleaving off terminal GlcNAc from 

glycoconjugates in the lysosome to allow for recycling of these components120. When 

there are deficiencies in either of these two enzymes glycoconjugates can build up in 

lysosomes, which causes the pathologies associated with Tay-Sachs and Sandhoff’s 

diseases121. For this reason, any attempt to inhibit OGA needs to take into account 

whether such a compound also inhibits HEXA and HEXB. For example, the compound 

PUGNAc is equally potent against human OGA as it is against HEXA/B100 and thus 

caution should be exercised when interpreting any data derived from use of this 
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compound. Indeed, use of PUGNAc in cells leads to increased levels of gangliosides122 

as well as free oligosaccharides within the cytosol123. NButGT, however, was specifically 

designed to have a bulky group pendant to the thiazoline ring to generate an OGA 

selective inhibitor100. NButGT was tested against both OGA and HEXA/B and found to 

be 800-fold selective for human OGA100. This was the first description of a selective 

OGA inhibitor and served as a good starting point for the synthesis and testing of more 

potent and selective inhibitors of OGA that would be ideally suited for use in vivo. 

1.2.7. Biological roles of O-GlcNAc 

Since the discovery of the O-GlcNAc modification in 1984, investigators have 

wondered what functions O-GlcNAc plays in biological systems. The O-GlcNAc 

modification has likely evolved to play protein specific roles, in a manner akin to what is 

seen with respect to phosphorylation of different proteins. Two major functional roles of 

O-GlcNAc have been proposed other than the interplay with phosphorylation mentioned 

above. These proposed functional roles are: protection from cell stressors and nutrient 

sensing. Of course these functional roles are not necessarily mutually exclusive. These 

two proposed functional roles will be briefly described below. 

1.2.7.1. O-GlcNAc: role in cell stress 

An interesting paper by Zachara, Hart and co-workers showed that mammalian 

cells increase their global levels of O-GlcNAc in response to insult from heat and various 

chemical agents. Reducing levels of global O-GlcNAc also rendered cells more sensitive 

to cellular stressors124. These authors also went on to show that conversely, increasing 

O-GlcNAc levels resulted in protection against these same cellular stressors124. It 

remains unclear how exactly cells increase their levels of O-GlcNAc in response to 

stress and how O-GlcNAc is able to mediate protection against cell stress. Good 

evidence also suggests that increased O-GlcNAc can provide significant protection 

against damage to cardiac tissue following ischemia-reperfusion and trauma-

hemorrhage of the mammalian heart125-127. 



 

26 

 

1.2.7.2. O-GlcNAc: nutrient sensing 

As shown above in section 1.1.5, Figure 1.8, 2-3% of all glucose that enters the cell is 

shunted down the HBSP. Therefore, because UDP-GlcNAc is made from dietary 

glucose, the HBSP has been proposed as a nutrient sensing pathway and indeed some 

studies have shown that UDP-GlcNAc levels vary with glucose availability128,129. A variety 

of studies using adipocytes have shown that increased flux through the HBSP can lead 

to the development of insulin resistance130,131. Based on these results it was proposed 

that O-GlcNAc may act as a nutrient sensor because OGT is sensitive to the 

concentration of UDP-GlcNAc132. In times of hyperglycemia, UDP-GlcNAc levels should 

be increased and thus lead to increased O-GlcNAc levels. Thus increased O-GlcNAc 

levels could specifically act as a nutrient sensor. O-GlcNAc has been implicated as a 

nutrient sensor by both chemical and genetic approaches. First, using a chemical 

approach, treatment of 3T3-L1 adipocytes with the OGA inhibitor, PUGNAc, was shown 

to result in increased O-GlcNAc levels and result in insulin resistance in these cells133. 

Using a genetic approach, OGT has been overexpressed in muscle and fat cells111 as 

well as in the liver110 which resulted in insulin resistance and perturbed glucose 

homeostasis, respectively. Collectively, these studies provide support for the idea that 

O-GlcNAc may act as a nutrient sensor by acting as an indicator of glucose availability. 

Whether these increased O-GlcNAc levels under hyperglycemic conditions provide a 

functional role other than to simply mark the state of glucose availability remains an 

open question. Perhaps elevated glucose levels leads to significant stress on cells such 

that the role of O-GlcNAc and stress described above and the role in nutrient sensing 

may be overlapping and perhaps result from a single biochemical mechanism. This idea 

will be explored further later in this thesis. 

1.2.8. Methods of detection of O-GlcNAc 

Four major methods have been employed in the detection of O-GlcNAc on 

modified proteins. These methods are carbohydrate specific antibodies, 

galactosyltransferase labelling, metabolic labelling and mass spectrometry. Some of 

these approaches have been used in combination and each has advantages that make 
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them more suitable for specific experimental paradigms. Each will be described briefly 

below. 

1.2.8.1. Carbohydrate specific antibodies 

The first antibody known to depend on the O-GlcNAc modification for binding 

was the RL2 mouse monoclonal antibody134. The antibody was raised against purified rat 

nuclear envelopes but was found to be dependent on the presence of O-GlcNAc, likely 

because the various nuclear pore proteins are heavily O-GlcNAc modified46,135. The RL2 

antibody is known to detect O-GlcNAc on a number of proteins; a phenomenon which 

has now been seen with other O-GlcNAc specific antibodies. The RL2 IgG is available 

commercially through a number of suppliers including Abcam, Santa Cruz Biotechnology 

and Thermo-Fischer. The most commonly used monoclonal antibody in the O-GlcNAc 

field was produced a number of years after RL2136. This antibody is referred to as 

CTD110.6, which is short for the 110 kDa subunit of the C-terminal domain of RNA 

polymerase II which is known to be O-GlcNAc modified137. The CTD110.6 monoclonal 

antibody was raised against a synthetic peptide from RNA polymerase II containing an 

O-GlcNAc moiety. This IgM antibody has found very wide use in the O-GlcNAc field and 

is also available commercially from a number of suppliers. Very recently, a number of 

other O-GlcNAc specific IgG antibodies were produced using a novel antigen design138 

though these have not yet found wide use. 

All of the antibodies mentioned above were found to recognize the O-GlcNAc in a 

somewhat peptide backbone independent manner. In the case of CTD110.6, this was 

achieved by the way that the hybridomas were screened. The antibodies were screened 

for binding using a GlcNAc-conjugated resin that had no peptide. In the other cases this 

may simply be chance. However, there is growing interest in antibodies that recognize 

O-GlcNAc within a specific peptide context, what are termed O-GlcNAc site-specific 

antibodies. Such antibodies would be analogous to phosphorylation site-specific 

antibodies that have found very wide use in biology. Site-specific O-GlcNAc antibodies 

have only been reported in two cases, to detect O-GlcNAc at Ser-55 on vimentin protein 

and for detection of O-GlcNAc at Ser-1011 of the insulin receptor substrate-1 (IRS-

1)139,140. Further development of site-specific O-GlcNAc antibodies should allow 



 

28 

 

significant progress in understanding the role of specific O-GlcNAc modification sites. 

The advantage of using carbohydrate dependent antibodies like those described above 

is that no special equipment is required. All standard immunological techniques in 

principle can be used.  

1.2.8.2. Galactosyltransferase labelling 

Historically, the galactosyltransferase technique was the key method employed 

to detect the presence of the O-GlcNAc modification in the cytosol25. This technique 

involves the transfer of a 3H-labelled galactose from UDP-[3H]galactose to terminal 

GlcNAc moieties, using the β-1,4-galactosyltransferase (β4GalT) from bovine milk. This 

technique was relied upon heavily in the years following the discovery of the O-GlcNAc 

modification and has now been used to demonstrate the presence of O-GlcNAc on a 

number of different proteins74,141-143. The major advantage of the galactosyltransferase 

technique is the very high level of sensitivity that it affords. Caution, however, should be 

exercised when using this technique as it remains a possibility that β4GalT may not be 

able to glycosylate all O-GlcNAc containing acceptors. The fact that this assay makes 

use of radioactivity can also be seen as a disadvantage. For this reason, the 

galactosyltransferase technique has been adapted to use chemically modified analogues 

of UDP-galactose, such as Uridine-5’-diphospho-2-acetonyl-2-deoxy-α-D-galactose 

(UDP-ketogalactose) and Uridine-5’-diphospho-2-azido-2-deoxy-α-D-galactosamine 

(UDP-GalNAz) that can then be chemically functionalized following enzymatic 

labelling52,144. 

1.2.8.3. Metabolic labelling 

In 2003, Vocadlo and co-workers in the Bertozzi laboratory described a 

technique for the metabolic labelling of O-GlcNAc modified proteins in cultured cells145. 

This method relies on the HBSP described above. As mentioned in Figure 1.8, both 

GlcNAc and GlcN can be directed into the HBSP and used to produce UDP-GlcNAc. 

This work showed that the enzymes of the hexosamine biosynthetic pathway 

downstream of GlcNAc (GNK, AGM and AGX) are tolerant to an azido substituent 

pendant to the acetamido group of GlcNAc. In this way, cells can be treated with 2-N-

azidoacetylglucosamine (GlcNAz) which is salvaged and enters the HBSP, resulting in 
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the formation of UDP-GlcNAz. The UDP-GlcNAz is a substrate for OGT, which transfers 

GlcNAz to proteins to form O-GlcNAz. The cells can then be harvested and a biotin 

containing probe conjugated to labelled proteins via a modified azide-phosphine 

Staudinger ligation146. The biotin can then be detected using standard techniques. 

The major advantage of this technique is that it allows the installation of a ‘molecular 

handle’ onto O-GlcNAc modified proteins so that they can be specifically separated from 

proteins that are not O-GlcNAc modified. This is a significant advantage for determining 

which proteins are O-GlcNAc modified as well as to identify O-GlcNAc modification sites 

by mass spectrometry (MS). 

1.2.8.4. Mass spectrometry 

In early years, following the discovery of the O-GlcNAc modification, Edman 

sequencing was used to identify O-GlcNAc modification sites but this technique has 

fallen out of favour in recent years51,143. Currently, mass spectrometry (MS) is the 

principle technique that allows unambiguous identification of the O-GlcNAc modification 

on proteins. The three techniques mentioned above all rely on indirect detection of the 

GlcNAc moiety whereas MS allows for molecular characterization of O-GlcNAc modified 

proteins. One problem, however, that became apparent in the first study of O-GlcNAc by 

MS using fast atom bombardment MS (FAB-MS), was that the presence of a GlcNAc 

unit on glycopeptides prevented their efficient ionization147. Further complicating matters 

is that it has become apparent, when attempting to characterize O-GlcNAc modified 

proteins, that the O-glycosidic linkage is highly labile148. The O-glycosidic linkage can 

cleave within the ionization source or in the collision cell, where loss of O-GlcNAc 

precedes the fragmentation of the peptide backbone149. Methods to convert the O-

GlcNAc into a more stable structure have been developed; one of which is the beta-

elimination followed by  Michael addition (BEMAD) technique54,56. This technique 

converts the O-GlcNAc into a more stable thiol-linked serine dithiothreitol conjugate but 

is somewhat problematic in that phosphate can also be eliminated and so 

phosphorylation sites can also be labeled in this way. 
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Direct detection of O-GlcNAc (without derivatization) remains relatively common 

but requires careful choice of the orifice potential used in electrospray MS conditions. 

Newer MS techniques using electron transfer dissociation (ETD) instead of more 

traditional collision induced dissociation (CID) hold great promise for O-GlcNAc detection 

and site mapping150-153. 

Major advantages of using MS to identify O-GlcNAc on modified proteins are that 

it can be an unambiguous technique and does not require special handling techniques to 

label or modify O-GlcNAc. The major disadvantage of MS techniques is the difficulty that 

arises when analyzing O-GlcNAc modified proteins present within complex mixtures, 

which is the reason various strategies to enrich O-GlcNAc modified proteins from 

complex samples have been developed for use in conjunction with MS. 

1.3. Alzheimer’s Disease (AD) 

1.3.1. Historical perspectives and incidence of AD 

Alzheimer’s Disease (AD) was first described in 1906 by a German physician, 

Alois Alzheimer, when he described the clinical symptoms and the subsequent autopsy 

results of one of his patients, Auguste D.154,155. In the years since its first description, AD 

has been revealed as a progressive neurodegenerative disorder that affects the memory 

and learning of those who are afflicted. AD is the most common form of dementia among 

adults, making up 63% of all dementias in Canada156.  More than half a million 

Canadians are affected by AD today and the number of affected individuals is expected 

to double in the next 25 years156. The most important known risk factor for the 

development of AD is age157. AD can be subdivided into two different subtypes 

categorized by the age at onset: early onset AD (EOAD) and late onset AD (LOAD)158. 

EOAD accounts for about 1-6% of all cases of AD and has a typical onset of between 

30-60 years of age158. LOAD is defined by the average age of onset being 60 years of 

age or later158. A family history of AD can occur in both people who are diagnosed with 

EOAD and LOAD, however, 50-60% of all EOAD cases can be attributed to a familial 

origin159,160 stemming from mutation in one or more of three genes. 
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1.3.2. Pathophysiology of AD 

Due to the increasing incidence of LOAD (hereafter simply AD), and the 

associated economic burden, extensive research in the AD field is being directed at 

potential disease modifying therapeutic strategies. However, in order to discover disease 

modifying therapeutics for AD, it is critical to understand what the pathological features 

of the disease are and how they arise. In 1906, when Alzheimer first presented the case 

of Auguste D., he described the presence of evenly distributed atrophy in the brain154,155. 

Pronounced atrophy of the brain is the most obvious post-mortem diagnostic aspect of 

AD and results from the degeneration of neurons161. The atrophy of the brain is most 

pronounced in the frontal and temporal lobes of the brain (12.9 and 18.0% loss in 

volume respectively at death)162. Atrophy can also extend to the occipital lobe of the 

brain162 and to the cingulate gyrus161. Within the temporal lobe, the hippocampus, which 

is critically involved in learning and memory shows characteristic neurodegeneration and 

is considered one of the earliest regions of the brain affected by AD163. Indeed, many 

studies have attempted to use magnetic resonance imaging (MRI) techniques to detect 

characteristic atrophy in the brain as a diagnostic tool for Alzheimer’s164,165. One early 

feature in the pathophysiology of AD is the development of impairments in glucose 

metabolism166. Positron emission tomography studies have revealed that cerebral 

glucose metabolism declines progressively with normal aging and becomes further 

impaired in AD166-168. Conversion from the mild cognitive impairment stage to AD also 

tracks significantly with the degree of impairments in glucose metabolism169,170. It seems 

possible, and has been proposed, that this impaired glucose utilization is a contributing 

factor to neurodegeneration as glucose deprivation is known to lead to neuron death171. 

Upon staining of brain sections from Auguste D. using the state of the art 

methods at the time, Alzheimer described two distinct pathological features. The first of 

these was the presence of ‘tangles’ of neurofibrills, which he correctly identified as being 

intracellular. In the cerebral cortex, Alzhiemer described the second pathology as being 

“minute miliary foci which are caused by the deposition of a special substance in the 

cortex”154,155. Today, we know that these ‘tangles’ of neurofibrills are indeed intracellular 

neurofibrillary tangles made up of a microtubule associated protein called tau and that 

the “minute miliary foci” are neuritic plaques caused by the deposition of Alzheimer’s 
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‘special substance’ which has been revealed to be peptides cleaved from the amyloid 

precursor protein.  

1.3.3. The amyloid precursor protein and the amyloid hypothesis 

The identity of the “special substance” contained within the “minute miliary foci” 

that Alzheimer described in 1906 was first established in 1984172. Glenner and Wong 

purified a 4500 Da peptide from neuritic plaques and speculated it was derived from a 

larger serum protein172. Later, this peptide (referred to as the A4 peptide) was further 

purified from neuritic plaques, shown to be composed of 40 or 42 amino acids,  and was 

shown to form higher order aggregates173. Not long after, the gene (found on 

chromosome 21174) encoding the A4 peptide was cloned and found to encode a protein 

of 695 amino acids that resembles a cell surface receptor175. This protein was named the 

amyloid precursor protein (APP) and the peptide derived from it (the A4 peptide) was 

renamed the amyloid-β peptide. APP is a member of the type I class of transmembrane 

proteins that are conserved across a number of species and has orthologs in 

Caenorhabditis elegans176, Drosophila melanogaster177, Danio rerio (zebrafish)178 and 

Xenopus laevis179. APP has a large extracellular domain and can exist as one of three 

different isoforms containing 695, 751 or 770 amino acids, which are generated by 

alternative splicing180. The 695 amino acid form of APP is primarily expressed in the 

brain whereas the 751 and 770 amino acid isoforms are expressed in other tissues181. 

Since the discovery of the amyloid-β peptide and the realization that it is 

produced from APP, studies have aimed to address how the amyloid-β peptide is 

cleaved off from the precursor protein. It has emerged that APP is processed by three 

different proteases: α182, β183, and a γ184,185 secretase (see Figure 1.13). The cleavage by 

either α or β-secretase in the extracellular domain define whether the cleavage pathway 

is the non-amyloidogenic186 or the amyloidogenic pathway187,188, respectively. Cleavage 

by α-secretase liberates most of the extracellular domain which is a soluble fragment 

referred to as APPsα and the APP-CTFα, which remains bound within the membrane182. 

Further cleavage of APP-CTFα within the transmembrane region by the γ-secretase 

results in the formation of the non-amyloidogenic product, p3, and the APP intracellular 

domain, AICD186. Cleavage by β-secretase within the extracellular domain drives the 
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amyloidogenic pathway, giving rise to the soluble APPsβ fragment and the membrane 

bound portion, APP-CTFβ183. Again, the γ-secretase cleavage of the APP-CTFβ 

fragment within the transmembrane region gives rise to the amyloid-β peptide (either 40 

or 42 amino acids) and the AICD187,188. 

 

Figure 1.13. Proteolytic processing of the amyloid precursor protein (APP) 
Proteolytic processing of APP can proceed along one of two pathways 
depending on the action of two different proteases, α and β-secretase. These two 
pathways generate either non-amyloidogenic products or amyloidogenic 
products. Upon β-secretase cleavage, the soluble APPsβ and the membrane 
bound APP-CTFβ fragments are generated. The APP-CTFβ can then be cut by 
γ-secretase to liberate the amyloidogenic amyloid-β peptide and the APP 
intracellular domain (AICD). Upon α-secretase cleavage, the soluble APPsα and 
the membrane bound APP-CTFα fragments are generated. The APP-CTFα can 
then be cut by γ-secretase to liberate the non-amyloidogenic p3 peptide and the 
AICD. 

In 1991, a breakthrough occurred in the field of AD research when it was discovered that 

a mutation in the APP gene can give rise to EOAD, which appears nearly identical in 
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terms of clinical onset and pathophysiology to AD189. This advance was considered 

important because it allowed the formulation of what has become known as the ‘amyloid 

cascade hypothesis’ or the ‘amyloid hypothesis190.’  

The central idea behind the amyloid hypothesis is that the production of the amyloid-β 

peptide initiates the pathological cascade that ultimately results in all of the pathological 

hallmarks of AD, including the amyloid plaques and neurofibrillary tangles composed of 

the microtubule associated protein tau. This area of research has been pursued 

extensively in the last twenty years in the hopes that a disease modifying therapeutic 

strategy would result. Two pieces of very recent evidence, however, demonstrate that 

the amyloid hypothesis idea is still very much in flux. Firstly, there have been a number 

of well publicized late-stage clinical trial failures of humanized amyloid-β therapeutic 

antibodies191,192. These agents have been designed to bind to the amyloid-β peptide and 

target it for degradation by the immune system191,192. Proponents of the amyloid 

hypothesis suggest the failure of these therapeutic antibodies may simply be due to the 

fact that they were administered to symptomatic AD patients193. Therefore, 

administration of patients in the prodromal phase of the disease has been suggested to 

be more likely to succeed193. Secondly, in support of the amyloid hypothesis, a very 

recent paper has shown that carriers of a very rare mutation in the APP protein 

increases the likelihood  of reaching the age of 85 without developing dementia by 7.5-

fold194. On balance, the amyloid hypothesis still holds potential to explain the progression 

of AD. However, a substantial amount of work remains to help define the timeline of the 

amyloid cascade; this information should prove invaluable for the development of 

disease modifying therapeutic agents.  

1.3.4. Microtubule associated protein tau 

1.3.4.1. Discovery, gene structure, and biochemical function 

In 1975, the Kirschner group co-purified and characterized a protein from repeated 

cycles of polymerization of porcine brain tubulin195. This protein, which was capable of 

greatly increasing the rate of tubulin polymerization in vitro was given the name tau 
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factor. At that time, one remarkable property of tau factor was discovered: tau could be 

boiled for 5 minutes and still promote tubulin polymerization in vitro.  

The human microtubule associated protein tau gene (MAPT) is located on the long arm 

of chromosome 17196. Disruption of the MAPT gene results in mice that develop and 

reproduce normally197. This may be due to functional redundancy in microtubule 

associated proteins, though more recently aged mice lacking tau have been shown to 

develop neurodegeneration as a result of iron accumulation198. This accumulation of iron 

suggests that tau may play a role in iron export and may provide a rationale for how tau 

pathology can develop in the absence of amyloid pathology. Alternative splicing of tau in 

the human brain gives rise to six different isoforms which range in size from 352 amino 

acids to 441 amino acids199 (see Figure 1.14). The isoforms differ in whether mRNA 

precursors contain three different exons; exon 2, exon 3 and exon 10. Inclusion of exon 

10 results in tau isoforms that contain four microtubule binding repeats (referred to as 

0N4R tau) whereas exclusion of exon 10 results in isoforms with three microtubule 

binding repeats (referred to as 0N3R tau)200. Inclusion of exon 2 results in one N-

terminal insert (referred to as 1N3R or 1N4R tau depending on whether exon 10 is 

incorporated), while inclusion of exon 2 and 3 results in two N-terminal inserts (referred 

to as 2N3R or 2N4R tau depending on whether exon 10 is incorporated)200. In the 

human brain, roughly equal proportions of the 3R and 4R tau isoforms are expressed 

whereas the rodent brain expresses primarily the 3R tau isoforms201. Interestingly, 

altered levels of tau isoform expression in the human brain is thought to play a role in 

dementia202. The expression of tau protein in the human brain and the ratio of 3R to 4R 

isoforms is also developmentally regulated. The 3R isoforms predominate in the fetal 

brain and both the 3R and 4R isoforms are expressed in the adult human brain199. 
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Figure 1.14. Alternative splicing of the MAPT gene results in six isoforms. 
The human MAPT gene at 17q21 on chromosome 17 is alternatively spliced to 
form six different isoforms in the brain. Inclusion of exon 10 results in isoforms 
containing four microtubule binding repeats (denoted 4R). The presence or 
absence of exons 2 and 3 result in isoforms which contain 1, 2 or 0 N-terminal 
inserts (denoted 0N, 1N, 2N). 

1.3.4.2. Tau structural characteristics 

In accordance with the extreme temperature stability of tau in solution, tau is believed to 

be intrinsically disordered and contains many hydrophilic amino acids and a distinct 

paucity of hydrophobic amino acids. The longest human isoform of tau (441 amino 

acids) contains 80 serine and threonine amino acids, no tryptophan residues and only 

five tyrosine residues203. Indeed, tau is an elastic protein204 and circular dichroisim 

indicates that tau behaves like a random coil and contains little secondary structure205. 

Numerous nuclear magnetic resonance (NMR) experiments on tau isoforms and tau 

peptides have been described in the literature. Due to the random coil nature of tau in 

solution, tau NMR amide resonance peaks are poorly dispursed and often overlapping. 

This has significantly hampered the assignment of amide proton peaks in NMR spectra 

and investigators have often turned to using small truncated forms of tau or tau peptides 

to assist in the assignment. Regardless of this difficulty however, advances in NMR 

technology and software design have enabled a complete assignment of amide 

resonance peaks of the full length 441 amino acid isoform of tau206,207. From this 
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complete NMR assignment, it is clear that tau does not form any ordered secondary 

structure but does show a preference for a specific ‘global-fold’207. 

This ‘global-fold’ idea is also well supported by fluorescence resonance energy transfer 

(FRET) experiments pioneered by the Mandelkow laboratory208,209. This technique 

involves a conserved mutation of a valine residue to a tryptophan residue in tau as well 

as mutation of one of the two cysteine residues of tau to a serine residue. In this way, 

the one remaining cysteine can be labelled with a thiol reactive fluorophore208,209. FRET 

can then be measured between the tryptophan residue and the fluorophore labelled 

cysteine residue allowing for molecular distances to be ascertained. Using this 

approach, Mandelkow and co-workers have shown that tau adopts a ‘hairpin-like’ global 

fold where the C-terminus of tau sits near the microtubule binding repeats and the N-

terminal domain then packs next to the C-terminus209. This FRET technique will be 

described in greater detail in Chapter 5 of this thesis. 

1.3.4.3. Role in Alzheimer’s disease 

Tau has been revealed as a phosphoprotein and shown to exist in a non-phosphorylated 

form as well as being phosphorylated to varying extents within the bovine brain210. 

Phosphorylation of tau was also shown to impair its ability to bind to and promote 

microtubule polymerization211-214. This has particularly deleterious consequences as tau 

is found almost exclusively within the axon of neurons215 where it stabilizes microtubules 

to allow efficient movement of cargo over long distances216. Indeed, some investigators 

believe that failures in axonal transport play a significant and early role in neurological 

disease217. The fact that phosphorylation impairs the ability of tau to bind microtubules 

suggests that the function of phosphorylation of tau may be to tune the affinity of this 

protein for microtubules.  

Tau shot to the forefront of AD research in the mid-1980’s when it was discovered to be 

the major component of the neurofibrillary tangles218,219. Neurofibrillary tangles had been 

previously shown to consist of so called paired-helical filaments (PHFs) because of the 

twisted appearance of these paired filaments observed by electron microscopy220-222. 

PHFs can be purified by exploiting their poor solubility in a common detergent, N-
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lauroylsacrosinate (sarkosyl)223. Antibodies raised against PHFs isolated from AD brains 

were found to detect purified bovine brain tau. As mentioned above, tau protein in the 

mammalian brain is a phosphoprotein that contains roughly 1.9 moles of phosphate per 

mole of tau protein spread across ~10 different sites224. During the course of the 

disease, tau was shown to become hyperphosphorylated, leading to an increase in the 

stoichiometry of phosphorylation to 2.6 moles of phosphate per mole of soluble AD brain 

tau and 6-8 moles of phosphate per mole of paired-helical filament tau, respectively. 

Approximately ~45 different sites of phosphorylation have been identified224. As 

phosphorylation of tau detaches it from microtubules and impairs its ability to effect 

microtubule polymerization, a general hypothesis in the AD field for tau dysfunction was 

put forward: 

Tau hyperphosphorylation leads to detachment from microtubules, thereby increasing 

the concentration of free tau in solution. This pool of tau can then self-associate to form 

paired-helical filaments (PHFs) which ultimately give rise to the neurofibrillary tangles 

(NFTs) which are characteristic of AD. 

Given this hypothesis, the mechanism by which tau hyperphosphorylation arises 

remains a topic of current interest in the AD research field. As can be seen in Figure 

1.10, one can imagine a simple equilibrium model for how hyperphosphorylation on tau 

could occur. A particular serine or threonine residue on tau can exist in one of two 

different states: as a free hydroxyl or the phosphorylated form. Upregulation or increased 

activity of tau kinases could result in tau hyperphosphorylation. Conversely, 

downregulation or decreased activity of tau phosphatases could also result in tau 

hyperphosphorylation. Since the discovery of the role of tau phosphorylation in 

microtubule binding and the occurrence of tau hyperphosphorylation in AD, there has 

been significant interest in identifying tau kinases and tau phosphatases.  

A number of tau kinases have now been identified including glycogen synthase kinase 

3β (GSK3b)225,226, c-jun N-terminal kinase (JNK)227, cyclin-dependent kinase 5228 (cdk5) 

and microtubule-associated regulatory kinase (MARK)229. Each of these tau kinases has 

preferential sites of phosphorylation. For example, GSK3β preferentially phosphorylates 

tau at several sites including Ser396 and Ser400211,230,231 whereas JNK preferentially 
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phosphorylates Thr205 and Ser422227. GSK3β and CDK5 are perhaps the most well 

studied tau kinases. Both are found in significant quantities in the mammalian brain232,233 

and have been shown to co-localize with NFTs in the AD brain234,235. 

A number of protein phosphatases have been identified in mammals including the metal 

independent PP1, PP2A, PP2B, PP4, PP5, PP6, and PP7, as well as the metal 

dependent PP2C enzyme236. Using a small molecule phosphatase inhibitor, okadaic 

acid, Cohen et al. have shown that PP2A and PP1 account for >95% of the protein 

phosphatase activity in the brain237 and Goedert et al. have extended this further to 

implicate PP2A as the primary tau phosphatase238. Pioneering work by Gong and co-

workers in the Iqbal laboratory have shown that the activities of PP2A and PP1 are 

significantly reduced by about 20% in the AD brain239,240. 

At present, it is difficult to ascertain based on the vast literature available, 

whether deficiencies or excess of an individual kinase or phosphase are more relevant 

than others. It seems somewhat unlikely that deficiencies or excesses of an individual 

kinase or phosphatase could give rise to AD. Perhaps, AD represents a complex 

cascade of multiple kinases or phosphatases that are initiated by either amyloid-β or tau 

pathology. Kinase inhibitors which inhibit multiple kinases are commonly seen in a 

negative light but if multiple kinases are involved in the etiology of AD this may turn out 

to actually be a fortuitous benefit of such agents.  

1.3.4.4. NFTs and mechanism of their formation 

A clear correlation between the number of NFTs and the severity of clinical 

dementia in AD has been demonstrated and argues strongly for tau dysfunction playing 

a critical role in AD pathogenesis241. This is in contrast to much weaker correlation 

between amyloid plaques and disease severity in AD242. For this reason, it is imperative 

to understand how NFTs arise in the AD brain. 

1.3.4.4.1. Tau aggregation in vitro and dependency on hyperphosphorylation 

Following the cloning of the MAPT gene, recombinant techniques made it possible to 

produce tau isoforms in E. coli. Quickly, it became apparent that recombinant tau could 

not aggregate efficiently on its own, even at very high concentrations243. Using an 
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imaging approach, it has been suggested that phosphorylation of tau precedes the 

formation of NFTs244. These authors made use of the shapes of NFTs as they mature to 

identify early and late stage NFTs and found, using antibodies, that all stages of NFTs 

contain hyperphosphorylated tau.  Thus, installation of multiple negatively charged 

phosphate groups may result in the neutralization of the positive charges of the many 

basic lysine and arganine residues in tau, which may decrease the solubility or otherwise 

predispose tau to self-associate. Indeed, Alonso et al., have shown that phosphorylated 

tau from AD brain can easily assemble into authentic PHFs/NFTs while 

dephosphorylated material cannot aggregate at all245. Despite the evidence mentioned 

above significant debate still exists whether tau hyperphosphorylation occurs before or 

after the formation of NFTs. For example, the work of Le Corre et al. has demonstrated, 

using a promiscuous kinase inhibitor, that hyperphosphorylation of tau in a mouse model 

can be prevented but this did not reduce the number of NFTs that were formed246. This 

would argue that hyperphosphorylation may occur after NFT formation.  

Despite the observations that tau aggregation depends on tau phosphorylation, the 

aggregation of recombinant tau has been achieved in vitro without the need for tau 

phosphorylation. In order for recombinant tau to aggregate in vitro different polyanions 

(such as heparin)247 or negatively charged fatty acids (such as arachidonic acid)248 need 

to be added to the protein. Interestingly, RNA has also been shown to be capable of 

inducing tau aggregation as well249. As with phosphorylation these agents presumably 

neutralize the positive charges of the basic lysine and arganines residues in tau. 

The use of recombinant tau and the various inducers discussed above has allowed 

investigators to study in fine detail the process of tau aggregation and identify regions of 

the tau molecule that are important for aggregation in vitro. The mechanism of tau 

aggregation has been suggested to proceed via a nucleation-dependent mechanism250. 

This mechanism involves the rate-limiting formation of a minimal nucleus that results in a 

lag phase when aggregation is measured over time (Figure 1.15). A prerequisite for the 

formation of a nucleus is the formation of a dimer and, indeed, a dimer has been 

suggested to be critical in the process of tau aggregation250-252. 



 

41 

 

 

Figure 1.15. Tau aggregation in vitro has been suggested to proceed via a 
nucleation-dependent mechanism. 
A model tau aggregation reaction curve is shown. In the nucleation-elongation 
model of tau aggregation, three distinct phases of aggregation are readily 
apparent. These three phases are the nucleation phase (lag phase), the 
extension phase and the equilibrium phase. Nucleation is thought to be the rate 
limiting step in the aggregation process and is thought to involve the formation of 
dimers.  

Dimerization of tau may proceed through disulphide bonding between cysteines in tau 

and indeed some of the earliest in vitro tau aggregation work identified the redox state of 

cysteine residues as being important for aggregation253. The 4R tau isoforms contain two 

cysteine residues at positions 291 and 322 whereas the 3R isoforms contains only the 

cysteine residue at position 322253. Likely due to this difference, the 4R and 3R isoforms 

have different behaviors under reducing conditions. The 4R isoforms aggregate very 

slowly under oxidizing conditions whereas 3R isoforms aggregate more rapidly under 

oxidizing conditions but are inhibited from aggregating under reducing conditions253. 

These effects may be due to the formation of intramolecular disulphide bonds in the 4R 

isoforms of tau which could block further aggregation which cannot form in the 3R 

isoforms254. 

Following nucleation, tau aggregation proceeds through a rapid elongation phase where 

tau monomers are rapidly adding to the ends of growing tau aggregates (Figure 1.15)251. 

Following this elongation phase, an equilibrium is reached where the rate of addition of 

monomers to growing tau aggregates is equal to the rate of tau monomers dissociating 
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from the aggregate. In this phase of tau aggregation, tau aggregates are neither growing 

nor shrinking but are rather in a steady state (Figure 1.15)251. 

The regions of the tau molecule which are critical for aggregation in vitro have been 

identified. Early evidence from the protease resistant core of PHFs indentified the 

microtubule binding repeats as the minimal unit required for forming PHFs255-257. This 

was proven in vitro when only the microtubule binding domain of tau was shown to 

aggregate258. This work was extended to show that the aggregation of the microtubule 

binding domain is driven by the formation of localized β-structure in the 306-VQIVYK-

311 hexapeptide motif259-262. This localized β-strand in a tau molecule could then pair 

with another β-strand in another tau molecule and lead to assembly of filaments with the 

characteristic cross-beta structure259. This work, and the fact that the full length tau 

molecule aggregates much more slowly than just the microtubule binding repeats alone, 

implies that regions of the tau molecule other than the microtubule binding repeats (ie. 

the N-terminal domain and the C-terminal domain) inhibit the aggregation of tau. Indeed, 

truncation mutant forms of tau lacking the C-terminus aggregate more quickly263 and 

inclusion of either N-terminal or C-terminal tau peptides to full length tau, inhibits its 

aggregation in vitro264,265. 

1.3.4.5. Tau and animal models of AD 

As mentioned in section 1.3.3, the discovery that mutations in the APP gene 

could give rise to EOAD made it possible for investigators to begin to create animal 

models of AD189. Games et al.266 and Hsiao et al.267 first reported the use of these 

mutations to develop mouse models of AD that show amyloid deposits. Intriguingly, 

however, while these mice developed some cognitive deficits, these mice (and 

subsequent models) failed to show any detectable tau pathology. This result is 

incongruous with EOAD. In EOAD, mutations in APP give rise to all of the pathological 

features of AD including both amyloid-β plaques and NFTs. Opponents of the amyloid 

hypothesis have used this piece of evidence to argue that tau pathology, therefore, 

cannot be downstream of amyloid-β pathology. However, this lack of tau pathology may 

simply be due to species differences between mice and humans in isoform expression of 

tau. 
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Much like the case with APP, the field of tau biology and the role of tau in disease was 

spurred on by the discovery that mutations in the MAPT gene give rise to a group of 

diseases referred to as frontotemporal dementia linked to chromosome-17268. FTDP-17 

is a progressive brain disorder that leads to impairments in behaviour, language, and 

movement269. Progressive development of motor impairment is frequently observed and 

can resemble features of parkinsonism269. Capitalizing on this discovery, investigators 

made use of one of the common FTDP-17 tau mutants (P301L) to produce the first 

transgenic tau mouse, referred to as the JNPL3 mouse270. More recently, several other 

tau transgenic mouse models have been generated271-274. 

JNPL3 mice express the 0N4R isoform of tau under the control of the mouse prion 

promoter. These mice develop robust neurofibrillary pathology in the spinal cord, 

brainstem and and to a lesser extent in the forebrain. This distribution of tau pathology is 

likely due to the expression being driven by the prion promoter. At roughly 6.5 months of 

age, these mice start to develop progressive motor impairment that leads to muscle 

atrophy and weight loss due to loss of neurons. Eventually, these mice lose a significant 

amount of body weight and become moribund. At the cellular and biochemical level, 

these mice show pronounced tau hyperphosphorylation and the presence of insoluble 

tau aggregates. Correlations between the amount of insoluble tau and the disease 

severity have been established, suggesting that this model is well suited to study the 

development of tau pathology in vivo246,275. Like the APP transgenic mice mentioned 

above, which show no tau pathology, JNPL3 mice show no amyloid deposition. 

However, crossing the JNPL3 mice with the most well characterized APP animal model 

(Tg2576) resulted in mice which develop amyloid plaques and increased tau pathology 

as compared to JNPL3 mice276. This observation suggests that amyloid pathology 

exacerbates tau pathology276 but is not required for its development. This piece of 

evidence has lead many in the AD field to speculate that amyloid-β must therefore be 

upstream of tau in the pathological cascade and has been used to provide support for 

the the amyloid hypothesis. However, amyloid-β does not necessarily need to be 

upstream of tau in order for it to exacerbate tau pathology. For example, tau 
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phosphorylation can be substantially increased by a number of stressors such as cold-

water stress227,277,278. The added development of amyloid-β pathology in TAPP mice 

could lead to cellular stress which could further exacerbate tau pathology. Regardless of 

how tau pathology develops in the JNPL3 mice, the lack of amyloid pathology can 

actually be advantageous because it allows one to test agents specifically designed to 

block tau phosphorylation or aggregation without the confounding amyloid pathology. 

Such agents could prove very useful to treat pure tau-driven neurodegeneration in 

FTDP-17 patients.   

1.3.4.6. Tau and the O-GlcNAc modification 

More than 15 years ago, Arnold and co-workers showed that bovine tau is extensively 

modified by O-GlcNAc, with an average stoichiometry reported to be greater than four 

moles of GlcNAc per mole of tau protein141. The presence of O-GlcNAc on tau protein 

prompted speculation that it might play a role in regulating the function of tau or perhaps 

the degree to which it can be phosphorylated141. Four different reports have made use of 

both chemical and genetic approaches to demonstrate that phosphorylation and O-

GlcNAc on tau are reciprocal. Firstly, Lefebvre et al. increased tau phosphorylation in 

human neuroblastoma cells using a protein phosphatase 1/2a inhibitor, okadaic acid, 

and observed a commensurate decrease in tau O-GlcNAc levels as detected by a 

GlcNAc binding wheat-germ agglutinin lectin279,280. Secondly, Gong and coworkers 

described a series of elegant studies which further supported this reciprocal 

relationship281. These authors demonstrated that when PC12 cells over expressing 

human tau are treated with a known inhibitor of OGA, PUGNAc, there is a significant 

reduction in the extent of tau phosphorylation112. This approach used by Gong and 

coworkers represents the converse paradigm used by Lefebvre et al. who increased tau 

phosphorylation and decreased tau O-GlcNAc. Additionally, Gong and coworkers also 

observed a similar phenomenon in rat brain slices studied ex vivo and found that AD 

brain tissue showed lower levels of global O-GlcNAc, as compared to age and post-

mortem delay matched control brain tissue. Suggestively, these investigators also failed 

to detect O-GlcNAc on neurofibrillary tangles. Based on these collective findings, Gong 

and coworkers proposed that impaired glucose metabolism, which occurs early in 

disease progression in the AD brain, would result in less UDP-GlcNAc production and 
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consequently lower levels of O-GlcNAc on tau281.  The net consequence of these 

potentially lower UDP-GlcNAc levels is increased tau phosphorylation.  Since their first 

study, Gong and coworkers have shown that short term fasting of mice leads, as 

expected, to increased tau phosphorylation282, which lends support for this proposal.  

Thirdly, Robertson et al. have demonstrated that soluble tau from both the AD and 

FTDP-17 brain contains lower O-GlcNAc levels compared to control brain tissue283. 

Finally, mouse genetic studies discussed in section 1.2.4 of this thesis, in which the 

gene encoding OGT was deleted specifically in neuronal tissue using the Cre-Lox 

system, revealed significantly increased phosphorylation of tau that was accompanied 

by a global decrease in O-GlcNAc levels77.  On balance, these four reports provide 

strong support for a reciprocal relationship between phosphorylation and O-GlcNAc on 

tau and have collectively lead to a tangential line of research directed into how tau 

phosphorylation may be regulated in AD and related tauopathies282. To exploit this 

reciprocal relationship as a means to reduce tau phosphorylation and tau driven 

neurodegeneration one could either increase the activity of OGT or reduce the activity of 

OGA. As mentioned briefly above, this could be achieved by inhibiting the removal of O-

GlcNAc by using small molecule inhibitors of OGA. Thus, I propose the following guiding 

hypothesis for this thesis: 

Increasing O-GlcNAc in vivo, by OGA inhibition, will lead to decreased tau 

phosphorylation and may block the formation of tau aggregates and thus slow 

progression of tau-driven neurodegeneration. 

The potential for OGA inhibitors to increase O-GlcNAc and decrease tau 

phosphorylation in vivo has been hindered by a shortage of inhibitors having desirable 

properties.  PUGNAc, which was used by Gong and coworkers to study cells and ex vivo 

tissue slices, does not cross the blood-brain barrier125.  A further complication of using 

PUGNAc is that this compound is also a known inhibitor of the functionally related 

lysosomal β-hexosaminidases (see section 1.2.6.2 above for further details)100. 

Accordingly, its use can increase ganglioside levels and free cytosolic oligosaccharides, 

leading to a potentially complicated phenotype and deleterious effects122. 



 

46 

 

To circumvent the problems associated with PUGNAc, colleagues in the Vocadlo 

laboratory have previously developed a compound (1,2-dideoxy-2′-propyl-α-D-

glucopyranoso-[2,1-d]-Δ2′-thiazoline (NButGT), that is reasonably potent (KI = 600 nM) 

and is 800-fold more selective for human OGA over the lysosomal β-

hexosaminidases100. NButGT was shown to readily penetrate tissue culture cells and 

increase the levels of O-GlcNAc on cellular proteins, as measured using the CTD110.6 

antibody that recognizes the O-GlcNAc modification on many different proteins136. 

NButGT, however, has limited stability in aqueous conditions over extended periods of 

time. Thus, to assess the role of O-GlcNAc in tau biology in longer term studies, more 

stable compounds are desirable. As described below in section 1.4, one of the aims of 

this thesis is to identify and validate OGA inhibitors with such properties. 

If, as we hypothesize, increased O-GlcNAc levels in vivo, produced via OGA inhibitors, 

is capable of reducing tau phosphorylation, it seems possible that such decreased 

phosphorylation might also prevent the hyperphosphorylation that is seen in AD and the 

associated tauopathies. Thus I aim to test whether OGA inhibition can block tau 

phosphorylation in vivo and, furthermore, can it prevent tau aggregation and the 

progression of tau driven neurodegeneration in AD mouse models? 

Other than its reciprocal relationship to phosphorylation on tau, there is nothing known 

about the functional role of the O-GlcNAc modification on tau, likely owing to the unusual 

physical properties of tau discussed earlier that make it difficult to study. However, 

because of this reciprocal relationship, potential functional roles for O-GlcNAc on tau can 

be proposed by using analogies to the roles that phosphorylation plays on the function of 

tau. For example, phosphorylation on tau is thought to drive its aggregation, therefore O-

GlcNAc on tau might play the converse role and block tau aggregation. This is not an 

unprecedented role for glycosylation. The N-glycans, which have a GlcNAc residue N-

linked to asparagine have been proposed to assist proteins in achieving their specific 

folds284, in increased structural rigiditity285 and in resistance to thermal unfolding and 

aggregation286,287. Obviously, the size and complexity of N-glycans is significantly larger 

than for the O-GlcNAc modification, however, it has been established that simply the 

presence of the first N-linked GlcNAc accounts for the resistance to thermal unfolding 
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that is seen with N-glycosylation of RNAseB. Indeed, elongation to a more complex 

glycan does not increase this resistance to thermal unfolding286. Very recent evidence 

suggest that the single GlcNAc in an N-glycan might be able to stabilize proteins by 

interactions with the protein backbone288. 

Using the parallels to N-glycans from above, it is possible that a biological role of O-

GlcNAc on tau may be to stabilize a specific structure which can prevent the formation of 

tau aggregates. Additionally, by extension, this idea could also be a more general 

biological role for O-GlcNAc on a number of proteins where it might stabilize proteins 

from unfolding or and aggregating. A few studies in this area have provided some 

suggestive evidence for this idea. First, overexpression of OGT in Chinese hamster 

ovary (CHO) cells was suggested to result in less protein aggregation in cells following 

incubation at 45 °C289. Second, overexpression of OGA to reduce O-GlcNAc levels 

appeared to reduce the ability of Sp1 to aggregate in response to thermal stress290. 

Finally, O-GlcNAc has been shown to influence the solubility of keratins291. In addition to 

these suggestive results of O-GlcNAc on protein stability, O-GlcNAc has been shown to 

impact the conformation of the N-terminus of the murine estrogen receptor292. Notably, 

this general biochemical role for O-GlcNAc in stabilizing proteins may help explain the 

role of O-GlcNAc in the nutrient sensing and stress related phenotypes described in 

section 1.2.7.1 and 1.2.7.2 of this thesis. 

Including the reciprocal relationship of O-GlcNAc and phosphorylation on tau and the 

role of O-GlcNAc on the aggregation of tau proposed above, a number of other possible 

functional roles for O-GlcNAc on tau can be proposed. Again these functional roles can 

be proposed based on analogies to the roles that tau phosphorylation play on the 

function of tau. Thus, O-GlcNAc on tau might: 

1) Influence the ‘global-fold’ of tau and thus influence its aggregation propensity. 

2) Influence the ability of tau to achieve a conformational change necessary for 

aggregate formation. 

3) Influence the ability of tau to bind to and enhance tubulin polymerization into 

microtubules. 
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4) Influence the half-life of tau in vivo by increasing its rate of degradation by the 

proteasome. 

5) Influence the proteolytic processing of tau by caspases during apoptosis. 

One major impediment to the study of the functional role of O-GlcNAc on tau is that 

there is no information on which residues O-GlcNAc is found on tau. Without knowledge 

of the location of O-GlcNAc sites on tau it is difficult to use molecular biology techniques 

to eliminate sites of glycosylation to elucidate the functional role of O-GlcNAc on tau. For 

these reason the aims of the work described in this thesis include identifying the sites of 

O-GlcNAc on tau and to use this information to elucidate the functional role of O-GlcNAc 

on tau. 

1.4. Aims of this Thesis   

It has been established that the O-GlcNAc modification can be found on tau in the 

bovine, mouse and human brain. Increased O-GlcNAc with a non-specific OGA inhibitor, 

PUGNAc, in cells was shown to increase O-GlcNAc and lead to reductions in tau 

phosphorylation at pathologically relevant sites. The objectives of this thesis are four-

fold: 

1) To increase the levels of O-GlcNAc in vivo in the mammalian brain 
using a selective OGA inhibitor and to look for changes in tau 
phosphorylation. 

2) To map the sites of O-GlcNAc on tau and to raise O-GlcNAc site 
specific antibodies toward these modification sites. 

3) To test whether increased O-GlcNAc can block pathological 
hyperphosphoyrlation and aggregation of tau in the mammalian brain. 

4)  To elucidate potential functional roles of O-GlcNAc on tau in healthy 
and disease states. 

What follows in this thesis are four chapters that aim to address each of these 

objectives. Chapters 2, 3 and 4 contain published material and these have been 

presented in a form that is as close as possible to the published form of the work. 
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Chapter 2 describes the development of a new selective OGA inhibitor that was used to 

probe the role of O-GlcNAc in tau phosphorylation in vivo. Chapter 3 details mapping of 

three O-GlcNAc modification sites on tau and the generation of an O-GlcNAc site-

specific tau antibody. Chapter 4 describes the use of the new OGA inhibitor in an AD 

mouse model to study whether O-GlcNAc can block pathological hyperphosphorylation 

of tau and its aggregation. Chapter 5 describes results which are in preparation for 

publication and contains data pertaining to a possible functional role of O-GlcNAc on tau. 

Finally, a conclusions and future directions section make up the material in Chapter 6. 
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2. A potent mechanism-inspired O-GlcNAcase 
inhibitor that blocks phosphorylation of tau in 
vivo. 

Published in Nature Chemical Biology 4, 483 - 490 (2008). 

Authors: Scott Yuzwa, Matthew Macauley, Julia Heinonen, Xiaoyang Shan, Rebecca 

Dennis, Yuan He, Garrett Whitworth, Keith Stubbs, Ernest McEachern, Gideon Davies 

and David Vocadlo.  

Author Contributions: I performed all of the tissue culture and determined the dose 

response and time course of Thiamet-G in PC-12 cells as well as the effects on tau 
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pharmacokinetics of Thiamet-G in animals. I assessed the blood-brain penetrance and 
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Xiaoyang Shan performed the immunohistochemistry. Rebecca Dennis, Yuan He and 

Gideon Davies designed and performed the X-ray crystallography and structural 
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stability NMR experiment and David Vocadlo helped design and directed the 

experiments. I wrote the initial draft of this manuscript and David Vocadlo and I wrote the 

final published version of this manuscript.  
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2.1. Introduction 

The microtubule associate protein tau (MAPT) is an intrinsically unstructured 

protein that can be elaborated with many different post-translational modifications 

including phosphorylation and glycosylation. The sequential hyperphosphorylation of tau 

leads to its aggregation into paired helical filaments (PHFs) that, in turn, spontaneously 

assemble to form neurofibrillarly tangles (NFTs)293. These NFTs are one of the key 

pathological hallmarks of AD as well as the wider group of neurodegenerative disorders 

known collectively as the tauopathies294.  In healthy individuals, tau has been shown to 

bear on average 1.9 phosphate groups per molecule of tau protein and the normal 

function of this phosphorylated form of tau is to promote and stabilize microtubule 

assembly213,214,224. In the brains of pathologically confirmed cases of AD, however, 

soluble tau bears on average 2.6 phosphate groups per molecule of tau protein and tau 

purified from PHFs bears on average between 6-8 phosphate groups per molecule tau of 

protein224; the latter value representing a three to four-fold increase in the extent of 

phosphorylation over tau isolated from healthy brain tissue. In addition to promoting self 

aggregation, tau hyperphosphorylation impairs binding of tau to microtubules and results 

in decreased microtubule stability212.   

Work carried out over 10 years ago showed that bovine tau is also extensively 

post-translationally modified by the addition of O-linked β-N-acetylglucosamine (O-

GlcNAc) moieties and the same has been shown more recently for human tau141,281. O-

GlcNAc is found on the hydroxyl side chains of serine and threonine residues of various 

nuclear and cytosolic proteins25 and has been found, in some instances, to occur on 

residues of proteins that are known to be phosphorylated49,137,295. Analogously to 

phosphorylation, O-GlcNAc is a dynamic modification and can be transferred to, and 

removed from, a protein many times during the life span of the polypeptide backbone296. 

This dynamic cycling of O-GlcNAc is mediated by two enzymes. Uridine diphosphate-N-

acetyl-D-glucosamine: polypeptidyl transferase (OGT) catalyzes the transfer of N-acetyl-

D-glucosamine (GlcNAc, 1) from the donor sugar uridine 5'-diphospho-N-

acetylglucosamine (UDP-GlcNAc, 2) to the target hydroxyl groups of acceptor 
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proteins58,59. The hydrolytic cleavage of O-GlcNAc from modified proteins is catalyzed by 

the glycoside hydrolase referred to as O-GlcNAcase or OGA60,61.  

Notably, the levels of phosphorylation and O-GlcNAc on tau have been found to 

vary reciprocally both in culture and in metabolically active rat brain slices279,281. As a 

consequence of this reciprocity it can be speculated that these two modifications exist in 

a dynamic equilibrium (Figure 2.1).  

 

Figure 2.1. The relationship between phosphorylation and O-GlcNAcylation on 
tau is a dynamic equilibrium. 
The existence of serine or threonine residues that are known to be both 
phosphorylated and O-GlcNAc modified dictates that such residues can exist in 
one of three different states; phosphorylated, glycosylated, or free hydroxyl. The 
formation of these states is regulated by the appropriate enzymes. 

Furthermore, it has previously been shown that soluble tau from the brains of 

diseased patients bears less O-GlcNAc and insoluble tau aggregates appear to entirely 

lack O-GlcNAc281. Because O-GlcNAc levels are sensitive to glucose availability, this 

decrease in O-GlcNAc has been postulated to stem from the impaired brain glucose 

metabolism found among patients suffering from AD281,282. It seems possible that 

hyperphosphorylation of tau could stem from decreased levels of O-GlcNAc caused by 

decreased flux through the hexosamine biosynthetic pathway (HBSP) and consequent 

decreased availability of UDP-GlcNAc.  It is also possible that decreased OGT activity or 

uncontrolled O-GlcNAcase could lead to decreased tau O-GlcNAc levels. Consistent 

with this last hypothesis, the gene encoding O-GlcNAcase resides at a locus on 

chromosome (10q24.1) which is linked to increased risk of late-onset AD297. Regardless 

of the root cause of decreased O-GlcNAc in AD brains, these observations collectively 

open the possibility that by increasing tau O-GlcNAc levels the hyperphosphorylation of 

tau could be blocked and the accumulation of toxic tau species prevented.  
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Attenuation of tau phosphorylation levels is indeed considered to offer a route to 

slowing or even halting disease progression in patients suffering from AD and, 

accordingly, intense efforts are currently focused on developing kinase inhibitors for 

therapeutic benefit246,298,299. Given that tau in the brains of AD patients appears to have 

much lower O-GlcNAc levels, an alternative approach to limiting tau phosphorylation can 

be envisioned that exploits the dynamic balance between O-GlcNAc and 

phosphorylation. By inhibiting O-GlcNAcase in vivo, O-GlcNAc levels should increase 

while tau phosphorylation levels should decrease141,281.  While appealing, this hypothesis 

has remained untested in vivo, in large part because no potent inhibitors of O-

GlcNAcase are known that cross the blood-brain barrier to reach the central nervous 

system. 

Here we describe the design and synthesis of the most potent inhibitor of 

eukaryotic O-GlcNAcase known to date, which we term Thiamet-G (3).  We reveal the 

structural basis for both its potency and extremely high selectivity for human O-

GlcNAcase over other glycosidases and functionally related human β-N-

acetylglucosaminidases both in vitro and in vivo. We further demonstrate that the 

inhibitor acts efficiently in cultured neuron-like cells to block phosphorylation of tau. 

Finally, we show that Thiamet-G is orally bioavailable, able to cross the blood-brain 

barrier, and able to act in vivo to decrease phosphorylation of tau. These findings reveal 

Thiamet-G as a powerful tool for probing the functional role of O-GlcNAc within the 

vertebrate brain and, perhaps more significantly, may present a method for altering 

disease progression of the tauopathies. 

2.2. Results 

2.2.1. Synthesis and characterization of Thiamet-G 

The reciprocal relationship between O-GlcNAc and phosphorylation and the 

apparent involvement of O-GlcNAc in various cellular processes has renewed interest in 

the discovery of O-GlcNAcase inhibitors100,118,300-303. Several inhibitors have been found 

that have nanomolar potencies but these suffer various limitations including, modest 
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selectivity toward eukaryotic O-GlcNAcase over functionally related eukaryotic 

enzymes62,112,300,302,304, somewhat limited chemical stability100,112,300,301,303, and many are 

not synthetically trivial, making it problematic to obtain the significant quantities required 

for in vivo testing118,300-304. One of these inhibitors, GlcNAcstatin (4), has been found to 

have picomolar potency against a bacterial homologue of O-GlcNAcase from Clostridium 

perfringens118 but has not yet been tested against any eukaryotic O-GlcNAcase.  A 

structurally related inhibitor, gluco-Nagstatin (5) however, was found to be 420 nM 

against human O-GlcNAcase302. The reciprocal nature of O-GlcNAc and phosphorylation 

of tau281, and the possibility of exploiting this relationship in vivo to limit tau 

phosphorylation is a topic of interest since one can envision that it may lead to a strategy 

for limiting tau hyperphosphorylation in AD.  Elegant in vitro studies using the inhibitor O-

(2-acetamido-2-deoxy-D-glycopyranosylidene)amino-N-phenylcarbamate (PUGNAc, 6), 

have suggested that this may be possible281. Unfortunately, PUGNAc is neither 

selective100 nor does it cross the blood brain barrier125.  Therefore, to address the 

hypothesis that O-GlcNAc levels could be used to limit tau phosphorylation in vivo we 

recognized that we would need an inhibitor that can readily cross the blood brain barrier 

while also being more potent, extremely stable, and ideally still more selective than 

existing compounds. 

Earlier studies of human O-GlcNAcase revealed this enzyme uses a catalytic 

mechanism involving substrate-assisted catalysis from the 2-acetamido group and the 

transient formation of a non-covalent oxazoline intermediate100,305 (Figure 2.4a). NAG-

thiazoline306 (7), which superficially resembles this intermediate, has been found to be a 

potent inhibitor of O-GlcNAcase100 by virtue of its geometric mimicry of the transition 

state103. Varying the bulk of the thiazoline substituent generated a potent (KI = 600 nM) 

inhibitor of O-GlcNAcase, 1,2-dideoxy-2′-propyl-α-D-glucopyranoso-[2,1-d]-Δ2′-thiazoline 

(NButGT, 8), that at pH 7.4 is 800-fold selective for human O-GlcNAcase over human 

lysosomal β-hexosaminidase100.  Although these thiazolines have good selectivity and 

reasonable potency they have limited chemical stability in solution over extended 

periods of a few days to weeks100. Consequently, we aimed to develop still more potent 

and highly stable inhibitors using available mechanistic and structural knowledge of 

human O-GlcNAcase. 
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Detailed kinetics and structural studies of human O-GlcNAcase and homologues 

have revealed that a key carboxyl residue interacts with the amide proton of the 

substrate, most likely acting as a general catalytic base (Figure 2.4a).  Given that the 

pKa of this enzymic residue is 5.2101,305 and that of the thiazolinium ion is likely less than 

4.5, we speculated that an inhibitor with a higher pKa would engage in more favorable 

electrostatic interactions and likely enhance binding. We felt that generating a 

bioisostere of NButGT in which the substituent pendent to the thiazoline ring is linked via 

a nitrogen atom would increase the basicity of the endocyclic nitrogen, retain the steric 

basis for selectivity, and thereby improve both potency and chemical stability.  Although 

a basic aminothiazoline structurally related to Thiamet-G was found only to be a modest 

inhibitor of a family 20 β-hexosaminidase307 (9), allosamidin (10), a natural product 

inhibitor containing a basic bicyclic imino sugar functionality is a potent inhibitor of family 

18 chitinases that use a catalytic mechanism involving substrate-assisted catalysis308. 

Given this suggestive observation, we were encouraged to prepare and evaluate our 

proposed inhibitor. 

To generate our inhibitor we developed a simple three step synthetic approach 

from the commercially available hydrochloride salt of 2-amino-2-deoxy-1,3,4,6-tetra-O-

acetyl-β-D-glucopyranose100 (11). Acylation of the 2-amino group using ethyl 

isothiocyanate readily affords thiourea (12). Subsequent SnCl4-promoted cyclization 

yields the bicyclic thiazoline in excellent yield (13). Potassium carbonate catalyzed 

deacetylation of the hydroxyl groups cleanly affords the final product 1,2-dideoxy-2'-

ethylamino-β-D-glucopyranoso-[2,1-d]-Δ2'-thiazoline (3), Thiamet-G, in excellent 74% 

overall yield as a crystalline solid (Scheme 2.1).   
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Scheme 2.1. Synthesis of Thiamet-G using a simple three step synthetic 
approach. 

Kinetic assays using this compound (Thiamet-G) as an inhibitor of the human O-

GlcNAcase enzyme reveal a clear pattern of competitive inhibition with a KI of 21 ± 3 nM 

(Figure 2.2). 

  

Figure 2.2. Kinetic analysis of the inhibition of human O-GlcNAcase by Thiamet-
G reveals a clear pattern of competitive inhibition. 

Open circles (  ) indicate rates determined in the absence of Thiamet-G. Closed 
circles ( ) indicate rates determined at 10 nM; open squares ( ) at 20 nM, 
closed squares ( ) at 40 nM, open diamonds ( ) at 80 nM, and closed triangles 
(  ) at 160 nM Thiamet-G. 
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When tested against human lysosomal β-hexosaminidase we determined a KI 

value of 750 µM. We also probed the inhibitory specificity of Thiamet-G at 500 µM with 

five other glycoside hydrolases (GH) from GH families 2, 3, 13, 36 and 38 (Table 2.1) 

and observed no inhibition of any of these enzymes.  

 

 Table 2.1. Glycoside Hydrolases (GH) from other families tested in vitro with 
Thiamet-G 

 

Glycoside hydrolases from five different families were tested for inhibition by Thiamet-G in vitro. In each 
case, enzymes were tested using 500 µM of the appropriate para-nitrophenyl glycoside in the presence of 
500 µM Thiamet-G.  In no case was inhibtion greater than 1% observed. 

Thiamet-G is therefore more potent then any known inhibitor of human O-

GlcNAcase while exhibiting exquisite 37,000-fold selectivity for this enzyme over human 

lysosomal β-hexosaminidase. Thiamet-G is also extremely stable in aqueous solution 

(see Figure 2.3).  
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Figure 2.3. Thiamet-G is exceptionally stable under aqueous conditions. 
NMR samples of NButGT and Thiamet-G were prepared in D2O. 1H NMR spectra 
were recorded at day 0 (a and c) and at day 9 (b and d) to compare the extent of 
decomposition of these two compounds at room temperature. Panels (a and b) 
show that slow NButGT decomposition occurs under these mild conditions. 
Thiamet-G, however, shows no signs of decomposition after 9 days (panels c 
and d). 

In order to gain detailed structural insight into the basis for the high potency and 

selectivity we embarked on structural studies using X-ray crystallographic analyses of 

Thiamet-G bound to an N-acetylglucosaminidase from B. thetaoiotaomicron. 

2.2.2. Structure of BtGH84 in complex with Thiamet-G 

The human gut symbiont B. thetaoiotaomicron possesses a β-N-

acetylglucosaminidase with high sequence and structural similarity to the human O-

GlcNAcase enzyme. Strikingly, all of the amino acids comprising the active centre are 

identical to those of the human enzyme. We previously defined the three dimensional 

structure of the Bacteroides enzyme as a four domain protein whose first two N-terminal 
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domains are highly similar to the O-GlcNAcase domain of the human enzyme102. 

Consistent with this indistinguishable catalytic centre, detailed enzyme kinetic studies 

have revealed the human and bacterial enzymes share essentially identical catalytic 

mechanisms102. The Bacteroides enzyme thus provides a powerful structural template 

on which to study the molecular basis for small molecule O-GlcNAcase inhibition103,302.  

We therefore solved the structure of the B. thetaoiotaomicron family GH84 N-

acetylglucosaminidase (BtGH84) in complex with Thiamet-G (KD is ~50 nM on the 

bacterial enzyme, data not shown) to a resolution of 1.85 Å. Unambiguous electron 

density for the compound is observed in the active centre pocket (Figure 2.4b), with 

mean crystallographic B values of ~15 Å2 indicating the ligand is well-ordered in the 

active center. Interestingly, Thiamet-G binds similarly to NButGT described previously103, 

but shows some notable differences in the active site interactions that may reflect the 

basis for the improved potency (Figure 2.4c,d).  

Notably, in the previous complex with NButGT, the endocyclic thiazoline nitrogen 

engaged in a hydrogen-bond to the Oδ2 atom of Asp242 with a distance of ~2.7 Å. 

Consistent with this observation, Asp242 has previously been shown to be a key 

catalytic residue responsible for stabilizing the transition states (Figure 2.4e) that flank 

the oxazoline intermediate in the enzyme catalyzed reaction103.  In the Thiamet-G 

complex, the Oδ2 atom now bisects the positions of the two NH groups, approximately 

2.7 and 2.8 Å from the endocyclic and exocyclic NH groups, respectively.  Neither of 

these interactions has optimal hydrogen bonding geometry, and they are more 

reminiscent of a predominantly ionic interaction of aspartate with Thiamet-G. Given that 

Asp242 is deprotonated at physiological pH, it can certainly engage in an additional 

highly favorable ionic interaction with Thiamet-G since the exocylic nitrogen of the 

inhibitor (pKa = 8.0, experimentally determined) is protonated at physiological pH.  That 

the introduced, exocyclic, NH group lies 2.8 Å from the Oδ2 atom of Asp242, in place of 

the ~3.4 Å Van der Waals’ contact between the atom of Asp242 and the methylene 

carbon in the NButGT complex has the overall effect of drawing the inhibitor and the 

protein closer together. A consequence of this repositioning of Thiamet-G is a repacking 

of both the side-chain of Cys278 and the terminal methyl group of Thiamet-G at the base 
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of the active centre pocket, (Figure 2.4e). There is also a slight contraction of the active 

centre cleft around the inhibitor as compared to the apo-enzyme or the NButGT complex 

which also likely reflects the improved, predominantly ionic, interaction consummated by 

the aminothiazoline moiety.   
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Figure 2.4. Thiamet-G binds similarly to NButGT and exhibits small structural 
perturbations. 

 (a) The catalytic mechanism of human O-GlcNAcase and family 84 glycoside 
hydrolases proceeds though an oxazoline intermediate.  The catalytic residues 
are numbered according to the B. thetaoiotaomicron (BtGH84) homologue. (b) 
Stereo image of the superposition of Thiamet-G bound to the BtGH84 glycoside 
hydrolase active centre (shown with grey bonds) on the active centre with 
NButGT bound to the enzyme (shown with yellow bonds). Electron density is the 
REFMAC maximum likelihood weighted 2Fobs-Fcalc synthesis contoured at 
approximately 0.41 electrons / Å-3 (1.5δ). Schematic representation of the 
differences (inter-atomic distances (estimated error ≤ 0.1 Å)) in binding between 
NButGT (c) and Thiamet-G (d) seen in their respective co-crystal structures. (e) 
The transition state in the reaction catalyzed by human O-GlcNacase and family 
84 that flanks the oxazoline intermediate. 
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2.2.3. Elevation of O-GlcNAc levels in PC-12 Cells 

Based on the in vitro potency observed for this inhibitor as determined by 

enzyme assays, we were motivated to ascertain whether this inhibitor, even though 

protonated at physiological pH, could act in cultured cells to block O-GlcNAcase action. 

Owing to the potential antagonistic action between O-GlcNAc and phosphate on tau we 

opted to study the effects of this inhibitor on PC-12 cells. This cell line is a well 

characterized neuronal model that rapidly extends neurites in the presence of nerve 

growth factor309 (NGF) and exhibits characteristics of mature neurons including the 

expression of significant amounts of tau protein. To evaluate the potency of the Thiamet-

G in this neuronal cell model we treated NGF-differentiated PC-12 cells for 24 hours with 

concentrations of Thiamet-G ranging from 1 nM to 250 μM. Inhibition of O-GlcNAcase 

should result in increases of O-GlcNAc modified proteins since, even as O-GlcNAcase 

function is impaired, OGT will continue to install O-GlcNAc residues onto 

nucleocytoplasmic targets. We therefore used an antibody136 (CTD 110.6), which detects 

many O-GlcNAc modified proteins, to monitor cellular O-GlcNAc levels by Western blot. 

We observe large increases in cellular O-GlcNAc levels in a dose-dependent fashion 

with an apparent maximal increase in O-GlcNAc levels (detectable by Western blot) 

occurring at inhibitor concentrations of greater than 200 nM (Figure 2.5a). We were 

further able to estimate the IC50 of Thiamet-G in PC-12 cells to be approximately 30 nM 

using densitometric analysis of data from two independent series of experiments (Figure 

2.5b). Strikingly, despite the pronounced increases in O-GlcNAc levels of approximately 

seven-fold, PC-12 cells treated with Thiamet-G appear phenotypically healthy during 

treatment and no signs of toxicity are observed upon inhibitor treatment. 

Since the addition and removal of O-GlcNAc moieties from proteins is regulated 

by OGT as well as O-GlcNAcase we felt an appreciation of the time frame over which O-

GlcNAc levels rise would be beneficial. We therefore treated differentiated PC-12 cells 

with a concentration of Thiamet-G well above the IC50 (25 µM) for a range of times up to 

24 hours. Consistent with the expected mode of action, we observe a gradual time-

dependent increase in cellular O-GlcNAc levels that reaches a maximum after 

approximately 12 hours of exposure to Thiamet-G (Figure 2.5c,d). Again, this gradual 

increase in O-GlcNAc levels most likely stems from the continued action of OGT even as 



 

63 

 

O-GlcNAcase action is blocked by Thiamet-G. Given that Thiamet-G acts in cells to 

dramatically increase the cellular levels of O-GlcNAc, we were encouraged to investigate 

the effect of O-GlcNAcase inhibition on the extent of tau phosphorylation.   

 

Figure 2.5. Thiamet-G inhibits O-GlcNAcase in PC-12 cells in both a dose and 
time dependent manner and reduces tau phosphorylation. 

(a) Western blot with an O-GlcNAc specific antibody of differentiated PC-12 cells 
treated with Thiamet-G concentrations (from far left lane to far right lane) 
including untreated, 1 nM, 5 nM, 10 nM, 20 nM, 50 nM, 100 nM, 200 nM, 400 nM, 
800 nM, 2 µM, 5 µM, 10 µM, 25 µM, and 250 µM.  (b) Densitometric quantitation 
of (a) reveals an IC50 of 30 nM Thiamet-G in PC12 cells (c) O-GlcNAc Western 
blot of differentiated PC12 cells treated with Thiamet-G at a dose of 25 µM for 
indicated periods of time. (d) Densitometric data from (c) indicates maximal 
cellular O-GlcNAc levels are achieved within 12 hours of treatment with 25 µM 
Thiamet-G. (e) Western blots using antibodies to pSer396 and pThr231 show 
substantial reductions in tau phosphorylation upon treatment with Thiamet-G. A 
Minor reduction and minor increase of tau phosphorylation was observed at 
Ser422 and Ser262, respectively, with Thiamet-G treatment. The Tau-5 
immunoreactivity was used to standardize the phospho-tau specific 
immunoreactivities. 

2.2.4. Effect of Thiamet-G on tau phosphorylation in PC-12 cells 

To determine whether Thiamet-G is able to influence phosphorylation of tau we 

treated differentiated PC-12 cells with 100 μM Thiamet-G for 4 h. We opted to use a cell-

line that had not been genetically engineered to overexpress tau since we wanted to 
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interrogate the effects on tau phosphorylation in a minimally perturbed system. We felt 

that increasing the levels of tau relative to endogenous kinases and phosphatases could 

impact on the stoichiometry of phosphorylation. The impact of inhibitor treatment on the 

level of phosphorylation at several sites on tau were assessed using modification state-

specific tau antibodies against pSer422, pSer262, pSer396, pThr231 and the Tau-1 

epitope (non-phosphorylated Ser198, Ser199, and Ser202). Phosphorylation levels were 

markedly reduced at both Ser396 and Thr231 (Figure 2.5e) by approximately 2.1 and 

2.7 fold respectively. There was also a minor decrease of approximately 1.2 fold in the 

level of phosphorylation at Ser422 and a minor increase of approximately 1.3 fold in the 

phosphorylation of Ser262. These reductions in phosphorylation at Ser396 and Thr231 

are notable because the pathological hyperphosphorylation of tau in AD appears to 

proceed sequentially by initial priming at other phosphoprylation sites followed by 

phosphorylation at Thr231 and Ser396211,231. These observations are consistent with 

elegant studies which have shown that the non-selective inhibitor PUGNAc perturbs 

phosphorylation at these sites in vitro281. Having also demonstrated that Thiamet-G can 

reduce tau phosphorylation in a cultured neuronal cell model we were encouraged to 

investigate whether Thiamet-G could act in vivo in a similar manner. 

2.2.5. Tau phosphorylation is modulated in vivo by Thiamet-G 

As mentioned previously, a major barrier to addressing whether O-GlcNAcase 

inhibition can block tau phosphorylation in the complex and rapidly adaptable 

environment of the mammalian brain, is the absence of known O-GlcNAcase inhibitors 

that can cross through the blood-brain barrier125. We were therefore curious to see 

whether Thiamet-G could cross the blood-brain barrier and inhibit O-GlcNAcase in vivo 

to cause increased O-GlcNAc levels in brain. As an initial probe to determine an optimal 

dose we used four different doses of Thiamet-G delivered intravenously (IV) and 

gratifyingly find that Thiamet-G appears to readily cross the blood brain barrier and then 

acts to increase brain O-GlcNAc levels in a dose-dependent manner (Figure 2.6a).  We 

also examined the time-dependent effect of IV dosing on O-GlcNAc levels using 50 mg 

kg–1 of Thiamet-G and found that O-GlcNAc levels increased over time to reach a 
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maximum within 10 hours and then began to return towards baseline levels (Figure 

2.6b).  

  

 

Figure 2.6. Thiamet-G increases global O-GlcNAc levels in a dose and time 
dependent manner, is selective for O-GlcNAcase and decreased tau 
phosphorylation in a dose dependent manner. 

(a) Four rats were dosed by single IV injection of 0, 2, 10, or 50 mg kg-1 of 
Thiamet-G. The animals were then sacrificed four hours later and Western blot 
analyses using anti-O-GlcNAc antibody CTD110.6 was carried out. A dose-
dependent increase in O-GlcNAc immunoreactivity is apparent. (b) Eight rats 
were dosed by single IV injection of 50 mg kg-1 Thiamet-G and sacrificed at 0, 1, 
2, 4, 7, 10, 13, and 16 hours after injection. Western blot analyses using the anti-
O-GlcNAc antibody, CTD110.6, shows global O-GlcNAc levels increase 
gradually to reach a maximum level 10 hours after dosing after which time levels 
begin to decrease. (c) Rat brain tissue was assayed for β-hexosaminidase 
activity at pH 4.25 (the pH optimum of lysosomal β-hexosaminidases) using 
resorufin-GlcNAc as a fluorogenic substrate. Lysates from Thiamet-G treated 
animals (open bars) shows the same activity of β-hexosaminidase as compared 
to control animals (grey bars). Addition of the non-selective inhibitor NAG-
thiazoline (NAG-Thz, 50 µM) to the tissue lysates causes near complete 
inhibition of β-hexosaminidase.  Experiments using treated and control animals 
were carried out in triplicate using brain tissue from animals dosed orally with 200 
mg kg-1day-1 for 1 day. (d) Western blot evaluating pSer396 immunoreactivity 
demonstrates a dose-dependent decrease in phosphorylation. Tau-5 (total tau) 
immunoreactivity was used to standardize pSer396 immunoreactivity for total tau 
loaded and actin immunoreactivity for total protein loading. (e) Densitometric 
analysis of the data presented in panel (d) reveals the dose-dependent decrease 
in phosphorylation as measured using the ratio of pSer396 / Tau-5 
immunoreactivites. 
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Based on these initial studies we opted to use, as an initial oral dosing strategy, 

200 mg kg–1 day–1 in drinking water since this would be equivalent to multiple small 

doses throughout the dark cycle. We treated three healthy Sprague-Dawley rats orally 

with Thiamet-G and three with vehicle alone. Notably, we observe that Thiamet-G is 

orally bioavailable (Figure 2.7a) which should facilitate various dosing schedules. With 

these observations in hand we next investigated the in vivo selectivity of Thiamet-G.  To 

evaulate selectivity we prepared the fluorogenic substrate resorufin 2-acetamido-2-

deoxy-β-D-glucopyranoside310 (14), which could be conveniently used to monitor β-

hexosaminidase activity in brain tissue lysates derived from control and Thiamet-G 

treated animals. Thiamet-G treatment has no effect on β-hexosaminidase activity as 

compared to controls consistent with the excellent selectivity of Thiamet-G (Figure 2.6c). 

Inclusion of a non-selective inhibitor, NAG-thiazoline (7) however, in the lysates results 

in near complete inhibition of β-hexosaminidase. We then went on to see whether 

Thiamet-G could act in vivo to alter tau phosphorylation in the same manner as we had 

seen previously in cultured PC-12 cells. Analysis of tau using various phospho-tau 

specific antibodies, and a post-translational modification-independent tau specific 

antibody to standardize for the amount of tau analyzed by Western blot, reveals marked 

decreases in tau phosphorylation upon treatment of rats with Thiamet-G. The largest 

reductions in tau phosphorylation are seen at Ser396, Thr231, and Ser422 for which we 

observe fold decreases of 2.7, 3.1, and 1.8-fold respectively (Figure 2.7b). Differences in 

phosphorylation at Ser396 and Thr231 in rat brain are in good agreement with 

differences observed previously in phosphorylation levels in a fasted mouse model282. 

We also observe a small, but consistent, increase in phosphorylation at Ser404 and, 

consistent with our previous results in PC-12 cells, no substantial change in Tau-1 or the 

pSer262 epitopes. We also carried out preliminary studies on the effect of different IV 

doses of Thiamet-G on phosphorylation at Ser396 as well as the time-dependent effect 

of Thiamet-G IV dosing at 50 mg kg–1 on phosphorylation at Ser396. We find a dose-

dependent decrease (Figure 2.6d,e) as well as a time dependent change in pSer396 

immunoreactivity (Figure 2.7c,d). 
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Figure 2.7. In vivo Administration of Thiamet-G reduces tau phosphorylation. 

(a) Western blot with an O-GlcNAc specific antibody (upper panel) on total brain 
homogenate from rats treated with Thiamet-G reveals that cellular levels of O-
GlcNAc are increased in the brain; indicating that Thiamet-G crosses the blood-
brain barrier. Western blot with an actin antibody (lower panel) indicates equal 
total protein loading (n = 3). (b) Western blots with antibodies towards pSer396, 
pThr231 and pSer422 show substantial reductions in the degree of tau 
phosphorylation at these sites. Antibodies towards the Tau-1 and pSer262 
epitopes show no difference in phosphorylation upon treatment, while the 
pSer404 epitope shows increased levels of phosphorylation. Western blots using 
the total tau antibody, Tau-5, indicates Western blots with phosphorylation 
specific antibodies contain similar loadings of total tau protein (n = 6, error bars 
represent s.d.) (c) Thiamet-G decreases tau phosphorylation in the brain in a 
time dependent manner. Western blot analyses of time-dependent changes in 
pSer396 levels in brain tissue lysates from animals receiving a single IV injection 
of Thiamet-G.  The Tau-5 immunoreactivity was used to standardize the 
phospho-tau specific immunoreactivities.  

Since these effects on tau phosphorylation are observed using total brain 

homogenates and are consequently average values, we decided to probe O-GlcNAc and 

phosphorylation levels by immunohistochemistry in 50 µm brain tissue sections using the 

pSer396 and the pThr231 antibodies. Treatment of the animals with Thiamet-G results in 

a dramatic increase in the O-GlcNAc immunoreactivity and a decrease in the extent of 

pSer396 and pThr231 tau-phosphoepitopes in different regions of the brain (Figure 2.8)  

Notably, O-GlcNAc levels are increased in the pyramidal cell layer of the CA1 region in 

the hippocampus compared to control animals (Figure 2.8ab). The highest O-GlcNAc 

immunoreactivity is seen in the nucleus and the perikaryon, as revealed by overlay of 
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DAPI staining (Figure 2.8e,f and Figure 2.8g,h,k,l), which is consistent with the high 

number of O-GlcNAc modified proteins found in both the nucleus and cytoplasm. 

Strikingly, Thiamet-G treatment markedly decreases the overall immunoreactivity for 

both pSer396 and pThr231 epitopes in the CA1 region and particularly the pyramidal cell 

layer (Figure 2.8c,d and Figure 2.8i,m, lower magnification pSer396 staining found in 

Figure 2.9). 
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Figure 2.8. In vivo administration of Thiamet-G reduces tau phosphorylation in 
the CA1 region of the hippocampus. 

(a) and (b) O-GlcNAc immunoreactivity increases in the CA1 region of the 
hippocampus in 50 µm coronal sections upon treatment with Thiamet-G. (c) and 
(d) pThr231 immunoreactivity decreases in the CA1 region with treatment. (e) 
and (f) Overlays of panels (a & c) and (b & d) with DAPI staining reveals that the 
highest level of O-GlcNAc immunoreactivity occurs in the nucleus and the 
perikaryon. Inset panels contain a higher magnification image of the region 
marked by the (*) symbol. Scale bar indicates 25 µm for panels (a-f) and 5 µm for 
inset panels. Panels (g-n) show cellular localization of DAPI staining with O-
GlcNAc, and pSer396 immunoreactivities. (g-j) Section from untreated animals 
(k-n) Section from animals treated with Thiamet-G.  (g and k) DAPI staining, (h 
and l) O-GlcNAc immunoreactivity, (i and m) pSer396 immunoreactivity, (j) 
overlay of panels g-I, and (n) overlay of panels k-m. Tau phosphorylation at 
Ser396 is reduced with Thiamet-G treatment. Scale bar indicates 5 µm in panels 
(g-n). 
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Figure 2.9. In vivo administration of Thiamet-G reduces tau phosphorylation in 
the CA1 region of the hippocampus. 

Top panel (a,b); O-GlcNAc immunoreactivity increases in the CA1 region of the 
hippocampus upon treatment with Thiamet-G as monitored in 50 µm coronal 
sections. Middle panel (c,d); pTau396 immunoreactivity decreases in the CA1 
region with treatment. Bottom panel (e,f); overlays of upper and middle panels 
along with DAPI staining.  Scale bar indicates 50 µm. Inset images contain an 
expansion of the region indicated by the (*) symbol. 

We find, by densitometric analysis of four images per epitope, that 

phosphorylation at pSer396 and pThr231 is reduced by 1.6 ± 0.1 (n = 4, ± s.d.) and 1.7 ± 

0.3 (n = 4, ± s.d.) fold respectively. Examination of the cortex using the same antibodies 

also reveals striking decreases in pSer396 and pThr231 immunoreactivity (Fig. 2.10, 

2.11). Blockade of tau phosphorylation at these two pathologically relevant sites within 

the hippocampus and the cortex is notable because the pathological 

hyperphosphorylation of tau, and subsequent aggregation to form NFTs, is known to 
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start in the entorhinal cortex and hippocampus. Accordingly, blocking the tau 

hyperphosphorylation cascade by hindering phosphorylation of Ser396 and Thr231 

within these regions of the brain could therefore prove to be an effective intervention to 

block progression of tau pathology in AD. 

 

Figure 2.10. In vivo administration of Thiamet-G reduces tau phosphorylation in 
the cortex of rats treated orally. 

Top panel; O-GlcNAc immunoreactivity increases in the cortex upon treatment 
with Thiamet-G as monitored in 50 µm coronal sections. Bottom panel; pTau396 
immunoreactivity decreases in the cortex with treatment. Scale bar indicates 50 
µm 



 

72 

 

 

Figure 2.11. In vivo administration of Thiamet-G reduces tau phosphorylation in 
the cortex of rats treated orally. 

Top panel (a,b); O-GlcNAc immunoreactivity increases upon treatment with 
Thiamet-G in the cortex as monitored in 50 µm coronal sections. Middle panel 
(c,d); pTau231 immunoreactivity decreases in the cortex with treatment. Bottom 
panel (e,f); overlays of upper and middle panels along with DAPI staining.  Scale 
bar indicates 50 µm. Inset images are higher magnification of the region 
indicated by the (*) symbol. 

2.3. Discussion 

Here we detail the rational design of Thiamet-G, an exquisitely selective and 

extremely potent mechanism-inspired inhibitor of eukaryotic O-GlcNAcases. The 

structure of this inhibitor, the most potent known inhibitor of eukaryotic O-GlcNAcases, in 

complex with a homologue of human O-GlcNAcase reveals the detailed molecular basis 

of its potency. This potency stems, in part, from the basicity of the aminothiazoline 

moiety, which ensures the inhibitor is protonated at physiological pH and thereby able to 

form a highly favorable bifurcated ionic interaction with a catalytically important aspartate 

residue. Thiamet-G acts rapidly to increase cellular levels of O-GlcNAc in neuron-like 
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PC-12 cells. As a consequence of the reciprocal relationship between O-GlcNAc and 

phosphorylation at various sites, this increase in O-GlcNAc leads to substantial 

reductions in phosphorylation of tau at Thr231 and Ser396. Thiamet-G also readily 

crosses the blood-brain barrier where it acts to increase levels of O-GlcNAc in 

mammalian brain but has no effect on β-hexosaminidase activity, consistent with its high 

selectivity. Thiamet-G treatment, accordingly, leads to a reduction in phosphorylation at 

Thr231 and Ser396, and Ser422 in rat brain. Two of these residues are known to be key 

priming sites mediating the pathological hyperphosphorylation of tau in AD and 

subsequent aggregation of NFTs. Furthermore, we note that levels of pThr231 and 

pSer396 are significantly diminished in regions of the brain that are associated with the 

early stages of progression of AD. However, all of the differences in phosphorylation that 

we observe upon treatment with Thiamet-G have been observed in healthy non-

pathological systems. It remains to be seen whether Thiamet-G can prevent a state of 

hyperphosphorylation in vivo. Long term studies using Thiamet-G in animal models of 

tauopathy are currently underway in our laboratory to address this possibility. We 

anticipate that Thiamet-G will prove useful for elucidating the function of the O-GlcNAc 

modification in vertebrate brain and may prove to be a lead for generating a novel 

therapeutic treatment for the treatment of AD and the associated tauopathies. 

2.4. Materials and Methods 

2.4.1. General 

All buffer salts used in this study were purchased from BioShop Canada Inc. 

except for sodium dodecyl sulfate which was purchased from Biorad. Milli-Q (18.2 MΩ 

cm–1) water was used to prepare all buffers. Synthetic reactions were monitored by TLC 

using Merck Kieselgel 60 F254 aluminium-backed sheets. Flash chromatography under a 

positive pressure was performed using Merck Kieselgel 60 (230–400 mesh) using the 

specified eluants. 1H NMR spectra were recorded on a Varian AS500 Unity Innova 

spectrometer at 500 MHz (chemical shifts quoted relative to CDCl3, CD3OD, or (CD3)2SO 

where appropriate). 13C NMR spectra were recorded on a Varian AS500 Unity Innova 

spectrometer at 125 MHz (chemical shifts quoted relative to CDCl3, CD3OD, or 
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(CD3)2SO). Elemental analyses of all compounds used in cell culture and enzyme assay 

were performed at the Simon Fraser University Analytical Facility. β-Hexosaminidase 

was purchased from Sigma (lot 043K3783). Recombinant human O-GlcNAcase was 

expressed and purified as described earlier101. 

2.4.2. Synthesis of 2-deoxy-2-ethylthioureido-1,3,4,6-tetra-O-acetyl-
β-D-glucopyranose (12) 

To a solution of the hydrochloride salt of 2-amino-2-deoxy-1,3,4,6-tetra-O-acetyl-

β-D-glucopyranose100 (2.04 g, 5.19 mmol) (11) in acetonitrile (80 mL) was added 

triethylamine (0.94 g, 9.31 mmol) followed by ethyl isothiocyanate (1.36 g, 15.6 mmol). 

The reaction mixture was heated to reflux and stirred until the reaction was judged 

complete by TLC. The reaction was then concentrated in vacuo and the resulting mixture 

was resuspended in dichloromethane. The organic mixture was washed with a minimal 

amount of saturated NaHCO3 solution and the aqueous layer was extracted twice with 

dichloromethane. The organic phases were combined and dried over MgSO4, filtered, 

and concentrated in vacuo. The pure final product, a yellow oil, was obtained in 98% 

yield by flash column chromatography using 1:1 ethyl acetate: hexanes. 1H NMR (500 

MHz, CDCl3) δ: 6.12 ( 1H, d, J=15.01, H-1), 6.00 (1H, s, NH), 5.73 (1H, d, J=7.72, H-4), 

5.19 (1H, m, H-3 ), 4.81 (1H, s, NH), 4.28 (1H, m, H-2), 4.12 (1H, m, H-6), 3.85 (1H, m, 

H-5), 3.40 (1H, s, CH2CH3), 2.14 (3H, s, COCH3), 2.10 (3H, s, COCH3), 2.08 (3H, s, 

COCH3), 2.05 (3H, s, COCH3 ), 1.81 (1H, d, J=40.2, CH2CH3), 1.19 (3H, m,CH2CH3); 13C 

NMR (500 MHz, CDCl3) δ= 171.88, 170.97, 169.60, 163.03 (5C, C=O, C=S), 93.12 (1C, 

C-1), 73.31, 72.99, 68.08, 61.95, 60.67, 57.84 (6C, C-2, C-3, C-4, C-5, C-6, CH2CH3), 

21.25, 21.07, 20.96, 20.81 (4C, COCH3), 14.39(CH2CH3); HRMS (m/z): [M+H]+ calcd. for 

C17H26N2O9S, 435.1359; found, 435.1432.  

2.4.3. Synthesis of 3,4,6-Tri-O-acetyl-1,2-dideoxy-2'-ethylamino-β-
D-glucopyranoso-[2,1-d]-Δ2'-thiazoline (13) 

2-deoxy-2-ethylthioureido-1,3,4,6-tetra-O-acetyl-β-D-glucopyranose (1.74 g, 4.01 

mmol) (12) was dissolved in dry dichloromethane (63 mL) and SnCl4 was added 

dropwise (4.17 g, 16.04 mmol) to the stirred solution, causing the reaction mixture to turn 
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slightly yellow. The reaction was allowed to proceed with stirring overnight after which 

saturated NaHCO3 was added (20 mL) to neutralize the solution. The aqueous layer was 

extracted with dichloromethane three times, and the collected organic phases were dried 

over MgSO4, filtered, and concentrated in vacuo. The resulting product, a faintly yellow 

solid, was obtained in 90% yield. 1H NMR (500 MHz, CDCl3) δ: 6.24 (1H, d, J= 6.49, H-

1), 5.43 (1H, m, H-4), 4.96 ( 1H, ddd, J= 9.55, 2.62, 0.92, H-3), 4.37 (1H, ddd, J=6.39, 

4.10, 0.82, H-2), 4.14 (2H, d, J= 4.34, H-6), 3.85 (1H, m, H-5), 3.34 (2H, m, CH2CH3), 

2.12 (3H, s, COCH3), 2.09 (3H, s, COCH3), 2.08 (3H, s, COCH3), 1.22 (3H, t, J= 7.12, 

CH2CH3);13C NMR (500 MHz, CDCl3) δ= 171.88, 170.97, 169.60 (4C, C=O, C=S), 93.12 

(1C, C-1), 73.31, 72.99, 68.08, 61.95, 57.84, 21.25 (6C, C-2, C-3, C-4, C-5, C-6, 

CH2CH3) , 21.07, 20.96, 20.81 (3C, COCH3), 14.28 (1C, CH2CH3). HRMS (m/z): [M+H]+ 

calcd. for C15H22N2O7S, 375.1148; found, 375.1225.  

2.4.4. Synthesis of Thiamet-G 1,2-Dideoxy-2'-ethylamino-β-D-
glucopyranoso-[2,1-d]-Δ2'-thiazoline (3) 

3,4,6-Tri-O-acetyl-1,2-dideoxy-2'-ethylamino-α-D-glucopyranoso-[2,1-d]-∆2'-

thiazoline (1.25 g, 3.34 mmol) (13) was dissolved in freshly distilled methanol and 

potassium carbonate was added until the solution was basic (~5% w/v). The resulting 

suspension was stirred at room temperature until the reaction was complete as judged 

by TLC. The reaction mixture was filtered to remove potassium carbonate, and 

concentrated in vacuo. The desired material was obtained from the concentrated 

reaction mixture by flash column chromatography using a solvent system of 5:2 

dichloromethane and methanol as an off-white solid in 84% yield. Crystallization from 

isopropanol and hexanes. mp: 135 oC (dec.);  [α]D = –0.15o (0.02 M in Methanol); 1H-

NMR (500 MHz, MeOH, D4): δ 6.28 (1H, d, J= 6.36, H-1), 4.047 (1H, t, J= 6.05, H-4), 

3.91 (1H, t, J= 5.54, H-3), 3.79 (1H, dd, J= 11.54, 1.93, H-2), 3.63 (2H, m, H-6), 3.48 

(1H, dd, J=8.97, 5.35, H-5), 3.26 (2H, m, CH2CH3), 1.16 (3H, t, J= 7.23, CH2CH3); 13C-

NMR (500 MHz, MeOH, D4) δ 161.92 (1C, C=S), 89.72 (1C, C-1), 75.11, 74.57, 69.99, 

62.07, 38.40, 38.35 (6C, C-2, C-3, C-4, C-5, C-6, CH2CH3) , 13.73 (1C, CH2CH3); IR 

(KBr): 3546 cm–1 (br), 1682 cm–1, 1595 cm–1; HRMS (m/z): [M+H]+ calcd. for C9H16N2O4S, 
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249.0909; found, 249.0913; analysis (calcd., found for C9H16N2O4S): C (43.53, 43.82), H 

(6.49, 6.62), N (11.28, 11.02).  

2.4.5. Kinetic analysis with O-GlcNAcase 

All assays were carried out in triplicate at 37 °C using para-nitrophenyl β-2-

acetamido-2-deoxy-D-glucopyranoside (pNP-GlcNAc) as a substrate in a continuous 

assay procedure in which the linear rate of liberation of 4-nitrophenolate was monitored 

by measuring the absorption at 400 nm using a Varian Cary 3E UV-VIS 

spectrophotometer equipped with a Peltier temperature controller. Reactions (final 

volume of 50 µL) were initiated by the addition, via syringe, of enzyme (3 µL, 0.27 µg / 

mL final concentration) and monitored for 5 minutes. Recombinant human O-GlcNAcase 

is stable in the assay buffer (50 mM NaPi, 100 mM NaCl, 0.1% BSA, pH 7.4) over the 

time period of the assay. The inhibitor was tested at six concentrations ranging from 0 to 

160 nM. The KI value was determined by linear regression of data from a Dixon plot.  

2.4.6. Kinetic analysis with β-Hexosaminidase  

All assays were carried out in triplicate at 37 °C using pNP-GlcNAc as a 

substrate in a stopped assay procedure in which the linear rate of liberation of 4-

nitrophenolate was monitored by measuring the absorption at 400 nm in 96-well plate 

(Sarstedt) using a 96-well plate reader (Molecular Devices). Reactions (final volume of 

50 µL) were initiated by the addition, via syringe, of enzyme (3 µL, 0.036 mg / mL). 

Human placental β-hexosaminidase is stable in the assay buffer (50 mM citrate, 100 mM 

NaCl, 0.1% BSA, pH 4.25) over the time period of the assay. The inhibitor was tested at 

six concentrations ranging from 0 to 4 µM. The KI value was determined by linear 

regression of data from a Dixon plot.  

2.4.7. Cell culture 

PC-12 cells were kindly provided by Dr. Michael Silverman (Simon Fraser 

University). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

containing high glucose and 1.5 g/L sodium bicarbonate supplemented with 5% horse 

serum (Gibco) and 5% fetal bovine serum (FBS, Gibco). Cells were maintained in a 
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humidified 37 ºC incubator with a 5% CO2 atmosphere. For time course and dosing O-

GlcNAc experiments PC-12 cells were plated onto 100 mm dishes (Falcon) and then 

differentiated in the presence of 2.5S Nerve Growth Factor (NGF, Chemicon) for 5-6 

days prior to treatments with Thiamet-G. For tau phosphorylation studies, PC-12 cells 

were plated at density of 5-6 x 105 cells/plate on 100 mm dishes precoated with 5 µg/cm2 

rat tail collagen (BD Biosciences). The cells were then differentiated using media 

containing 1% horse serum and treated with Thiamet-G after 6 days. 

After completion of the various treatment protocols, cells were removed from the 

plates by trituration. Cells were then pelleted by centrifugation (800 x g) for 5 min, gently 

washed once with PBS, and lysed using cell lysis buffer (PBS pH 7.4, 1 mM PMSF, 1.0 

% NP-40, 0.5 % deoxycholate, 1 mM Thiamet-G, 1 µg / mL leupeptin, 1 µg / mL 

pepstatin, 1 µg / mL aprotinin, 1 mM sodium orthovanadate) by inversion rotation at 4 ºC 

for 20 min. Cell debris were removed by centrifugation at 17,900 x g for 20 min at 4 ºC. 

The cell lysates were then either used immediately or aliquoted and stored at –80 ºC 

until required. 

2.4.8. Fluorescent imaging 

The stained sections were examined using a Leica DM4000B fluorescent 

microscope with appropriate filter sets for FITC and Cy3. The images were acquired by 

the Spot digital camera (Diagnostic Instruments, Sterling Heights, MI, USA) and Leica 

Application Suite (LAS) system.  

2.4.9. Antibodies 

Mouse monoclonal α-Tau-5, which recognizes the central region of tau in a 

phosphorylation-independent manner was purchased from Lab Vision Corporation and 

used at a dilution of 1:500. Mouse monoclonal α-Tau-1, which recognizes Ser-198, Ser-

199, and Ser-202 in their unphosphorylated state, was purchased from Chemicon 

International and used at a dilution of 1:1000. Rabbit polyclonal α-Tau [pSer262], α-Tau 

[pThr231], α-Tau [pSer396], and α-Tau [pSer422], recognize phosphorylated Ser-262, 

Thr-231, Ser-396, and Ser-422 respectively, were purchased from Biosource 
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International, and were used at a dilution of 1:1000 in WBs or 1:300 in IHC. Rabbit 

polyclonal α-Tau [pSer404] which recognizes phosphorylated Ser-404, was purchased 

from Sigma and was used at a dilution of 1:1000.  Mouse monoclonal α-O-GlcNAc 

antibody (CTD110.6), which recognizes the O-GlcNAc monosaccharide modification in a 

variety of contexts to differing extents depending on the nature of the peptide backbone, 

was purchased from Covance and used at a dilution of 1:2500 in WBs and 1:500 in IHC. 

Mouse monoclonal α-actin (clone AC-40) was purchased from Sigma and was used at a 

dilution of 1:1000. Secondary antibodies used include: goat anti mouse IgG-HRP 

(Sigma), goat anti rabbit IgG-HRP (Santa-Cruz), donkey anti mouse IgM-FITC and 

donkey anti rabbit IgG-Cy3 (Jackson ImmunoResearch Laboratories). 

2.4.10. Densitometry 

Western blot densitometry was carried out using Scion Image and presented as 

relative to total tau levels (as judged by the Tau-5 antibody). IHC densitometry of 

pThr231 and pSer396 immunoreactivity was performed adapting a protocol described 

previously311.  Briefly, regions of interest (ROI) were defined morphologically in the CA1 

region of the hippocampus. Three ROIs of identical size (1392 X 1040 pixels) were 

defined in each brain section. To insure the uniformity of analysis, brain sections were 

processed in parallel from both Thiamet-G treated and control rats. The pThr231 and 

pSer396 immunoreactivities in the ROIs were expressed as the mean pixel gray values 

from these ROIs. Images for each of these regions was obtained using identical camera 

gains and settings using tissue processed in parallel. Analysis was then performed using 

NIH Image J software version 2.31 (NIH, Bethesda, MD). Statistical analysis was 

performed using the student’s t-test. 

2.4.11. Kinetic analysis of Thiamet-G with glycoside hydrolases 
from various families 

The enzymes shown in Table 2.1 were assayed at 37 ºC using the appropriate 

para-nitrophenyl substrate of β-2-acetamido-2-deoxy-D-glucopyranoside, β-D-

galactopyranoside, α-D-glucopyranoside, α-D-mannopyranoside or α-D-

galactopyranoside by monitoring the continuous liberation of 4-nitrophenolate at 400 nm 
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using a Cary 3E UV-VIS spectrophotometer equipped with a Peltier temperature 

controller. All assays were carried out using 500 µM substrate in the presence of 500 µM 

Thiamet-G. 

2.4.12. Kinetic analysis of β-Hexosaminidase activiy in rat brain 
lysates 

Brain tissue from animals treated with 200 mg kg–1 day–1 Thiamet-G was 

homogenized in PBS containing 1 µg / mL leupeptin, pepstatin, and aprotinin using a 

tissue homogenizer (IKA). Cellular debris was then removed by centrifugation at 17,900 

x g for 15 min.  The resulting supernatant was then used directly in the assay. Reactions 

(150 µL) were initiated by the addition of 70 µL of lysate to 70 µL of the assay buffer (50 

mM citrate, 100 mM NaCl, pH 4.25) containing 10 µL of a 1 mM solution of resorufin-2-

acetamido-2-deoxy-β-D-glucopyranoside which was prepared as described310. The 

reaction was monitored by measuring the fluorescence intensity emitted at a wavelength 

of 590 nm generated by excitation at 530 nm using a Varian CARY Eclipse 

Fluorescence Spectrophotometer. Background measurements were subtracted from 

recorded reaction rates by subtracting measurements from reactions containing only 

lysate and assay buffer. Some reactions were carried out in the presence of 50 µM 

NAG-thiazoline which was prepared as described previously100. 

2.4.13. X-ray structure determination and refinement 

Crystals of Bacteroides thetaiotamicronan β-N-acetylglucosaminidase (BtGH84), 

a bacterial enzyme sharing significant sequence and structural similarity to O-

GlcNAcase, were grown essentially as described previously for the NButGT complex102 

but with the inclusion of minute amounts of solid Thiamet-G adjacent to harvested 

individual crystals, in place of NButGT used previously. The crystals are in space group 

P1 with approximate cell dimensions a = 51.5Å, b = 94.5Å, c = 99.2Å, α = 104.5º, β = 

94.0º and γ = 102.9º and with two molecules of BtGH84 in the asymmetric unit. 

Following an initial structure solution at 2.1 Å, data were ultimately collected to 1.85 Å 

resolution on beamline ID23-1 of the European Synchrotron Radiation Facility (ESRF, 

Grenoble) and integrated using MOSFLM  followed by data scaling and merging with 
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SCALA both from the CCP4 suite of programs312. The structure was refined using 

REFMAC313 (maintaining the Rfree assignments used previously) with COOT314 used for 

iterative model building. Geometric target values for Thiamet-G were calculated using 

QUANTA (Accelrys, San Diego Ca).  Details of X-ray data and structure refinement 

statistics are given in Table 2.2. Coordinates have been deposited with the Protein Data 

Bank (http://www.pdb.org/). 

Table 2.2. Data collection and refinement statistics for the complex of BtGH84 
with Thiamet-G 

 BtGH84 with Thiamet-G 
Data collection  
Space group P1 

Cell dimensions    

    a, b, c (Å) 51.5, 94.5, 99.2 

    α, β, γ  (°)  104.5, 94.0, 102.9 

Resolution (Å) 76.03-1.85 (1.95-1.85)* 
Rsym or Rmerge 0.069(0.509) 

I / σI 10.5(2.0) 

Completeness (%) 96 (95) 
Redundancy 2.1(2.2) 
  
Refinement  
Resolution (Å) 1.85 
No. reflections 135522 
Rwork / Rfree 0.18/0.22 
No. atoms  
    Protein 10623 
    Ligand/ion 32 
    Water 1227 
B-factors  
    Protein 22 
    Ligand/ion 10 

http://www.pdb.org/�
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    Water 36 
R.m.s. deviations  
    Bond lengths (Å) 0.010 

    Bond angles (°) 1.5 

2.4.14. Animal treatments and tissue processing 

For tau Western blot study, six six week old male Sprague-Dawley rats (Charles-

River) were treated orally with Thiamet-G, by inclusion of inhibitor in the drinking water at 

a dose of 200 mg kg–1 day–1. Animals were sacrificed after one day of treatment. For the 

Thiamet-G dose and time dependency study six week old male Sprague-Dawley rats 

received single intravenous (IV) tail vein injections of either 2, 10, or 50 mg kg–1 and 

sacrificed at indicated times. All animal studies were approved by the SFU University 

Animal Care Committee. Brains were removed from the animals immediately after 

sacrifice to minimize post-mortem delay and were quickly frozen in liquid nitrogen and 

stored at –80°C until required. The brains were homogenized by manual grinding with a 

mortar and pestle followed by homogenization in cell lysis buffer using a tissue 

homogenizer (IKA). Insoluble cell debris were removed by centrifugation at 17,900 x g 

for 15 min and the resulting supernatant was used promptly or stored at –80 °C. 

For Tau immunohistochemistry study, four 21 week old male Long-Evans rats 

were treated orally with Thiamet-G, by inclusion of inhibitor in the drinking water at a 

dose of 200 mg kg–1 day–1 for one day. Experimental and control rats were sacrificed 

using CO2, perfused transcardially with 60 mL 0.1 M PBS (pH 7.4) followed by 60 mL 4% 

(w/v) paraformaldehyde  (PFA, pH 7.4). Brains were dissected out, post-fixed in 4% PFA 

for 24 hours, and then transferred to 20% (w/v) sucrose overnight for cryoprotection. 

Brains were embedded in O.C.T. (Optimal Cutting Temperature) embedding medium 

(Sakura Finetek USA Inc), and sectioned in the coronal plane at 30 µm on a Leica 

cryostat. 
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2.4.15. Western blots 

This procedure was carried out essentially as described previously100. Briefly, 

samples were separated through either 4-15% linear gradient or 10% sodium dodecyl 

sulfate polyacrylamide gels (SDS-PAGE) and then transferred to nitrocellulose (Bio-rad) 

membranes. Membranes were then blocked for 1 h at room temperature (RT) with 1 % 

bovine serum albumin (BSA) in PBS containing 0.1 % Tween-20 (Sigma) (PBS-T) and 

then subsequently probed with appropriate primary antibody delivered in 1 % BSA in 

PBS-T for either 1 h at RT or overnight at 4 ºC. Membranes were then extensively 

washed with PBS-T, blocked again for 30 min with 1 % BSA in PBS-T at RT and then 

probed with the appropriate HRP conjugated secondary antibody for 1 h at RT delivered 

in 1 % BSA in PBS-T. Finally, the membranes were washed extensively and then 

developed with SuperSignal West Pico Chemiluminesence substrate (Pierce) and 

exposed to CL-XPosure Film (Pierce). 

2.4.16. Immunohistochemistry 

Free floating brain sections were permeabilized with 0.1 M PBS (pH 7.4) 

containing 0.3% Triton X-100 (PBS-T2) 3 times for 15 minutes. After blocking with 10% 

normal goat serum (NGS) and 2.5% BSA in PBS-T2 for 60 minutes, sections were 

incubated with appropriate primary antibodies at 4 ºC for 24 hours. After washing 3 times 

with PBS-T2 for 45 minutes, sections were incubated with appropriate secondary 

antibodies for 90 minutes. After 45 minutes washing, the sections were mounted on pre-

coated slides (Superfrost/Plus, Fisher), and coverslipped with Vectashield Mounting 

Medium (H-1000, Vector Laboratories). Sections examined in parallel but without being 

exposed to primary antibody served as experimental controls. 
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3.1. Introduction 

The microtubule-associated protein tau is a neuronal cytoskeletal protein the 

normal function of which is to promote and stabilize the assembly of microtubules195. The 

discovery that tau is the major component of paired helical filaments (PHFs), which 

comprise the neurofibrillary tangles that are a characteristic of Alzheimer Disease 

(AD)218, has driven considerable research interest in the area of tau biology. The 
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molecular pathology of AD involves the hyperphosphorylation of tau315, which leads to its 

detachment from microtubules212-214, and culminates in its aggregation into PHFs245,316. 

Tau is also known to be modified by O-GlcNAc in both bovine141 and human brain281. 

The O-GlcNAc modification is a dynamic post-translational modification that 

involves the attachment of N-acetyl-D-glucosamine (GlcNAc) moieties to the hydroxyl 

group of serine and threonine residues25. O-GlcNAc differs from the classic forms of O- 

and N-glycosylation in that O-GlcNAc modified proteins are found in the nucleus and 

cytosol and not within the secretory pathway25. O-GlcNAc transferase (OGT) catalyzes 

the transfer of GlcNAc from the donor sugar uridine 5'-diphospho-N-acetylglucosamine 

(UDP-GlcNAc) to target proteins58,59 and a glycoside hydrolase referred to as O-

GlcNAcase (OGA) removes the sugar from modified proteins60,61. 

Recently, we have shown that increasing O-GlcNAc in mammalian brain can lead 

to decreased levels of tau phosphorylation317.  One model by which increased O-GlcNAc 

levels can decrease tau phosphorylation is that attachment of O-GlcNAc may occur at 

sites that are also phosphorylated or at sites close to such potential phosphorylation 

sites. Alternatively, it has been proposed that O-GlcNAc modification of kinases can alter 

their activities318. Mapping the O-GlcNAc modification sites on tau is an important step 

toward testing these possible scenarios. In much the same manner that the mapping of 

phosphorylation sites on tau has allowed for an understanding of how site-specific 

phosphorylation can affect the function of this protein212,214,316,319; mapping the O-GlcNAc 

sites on tau will undoubtedly lead to a greater understanding of its possible functional 

impact on tau. Mapping the O-GlcNAc modification sites of tau has, however, proven 

difficult because tau is a mixture of isoforms in the mammalian brain320, is challenging to 

O-GlcNAc modify in vitro, and contains many serine and threonine residues. The O-

GlcNAc modification has generally proven difficult to detect on proteins by mass 

spectrometry because of the low stoichiometry of this modification and the labile nature 

of the O-glycosidic linkage.  Consequently, methods of enrichment or derivatization of O-

GlcNAc modified peptides have proven to be of importance52,55,56. During the course of 

the studies described here, the O-GlcNAc modification of tau at Ser-400 was discovered 

using a chemoenzymatic approach55 modified from that described earlier52. These 
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derivatization methods require careful sample handling and manipulation and, in the 

case of beta-elimination followed by Michael addition (BEMAD)56.  Mass spectrometers 

using quadrapole time-of-flight technology have been successfully used to detect the O-

GlcNAc modification without the need for enrichment or derivatization321 and recently 

electron transfer dissociation (ETD) in combination with Fourier-transform ion cyclotron 

mass spectrometry (FT-ICRMS) has facilitated mapping of O-GlcNAc modification sites 

on a number of proteins150.   

Here we describe an alternative approach and apply it to tau protein. This 

method involves the production of milligram quantities of recombinant O-GlcNAc 

modified tau and subsequent analysis by nanoLC-ESIMS mass spectrometry. We map 

two O-GlcNAc modification sites on tau and provide evidence for the presence of a third. 

Using this information we have gone on to develop an O-GlcNAc site-specific tau 

antibody that recognizes O-GlcNAc on tau at Ser-400 in a peptide dependent context. 

We use this polyclonal IgG antibody to detect the O-GlcNAc modification of endogenous 

tau at Ser-400 in mammalian brain tissue. 

3.2. Results 

In order to map the O-GlcNAc sites on tau it is necessary to obtain a source of 

modified tau protein. An approach used very recently by Hart and coworkers made use 

of rat brain lysate to identify the Ser-400 O-GlcNAc modification site on tau. Due to the 

inherent complexity of rat brain lysates this approach required initial sample enrichment 

of the O-GlcNAc modified proteins, through enzymatic labeling and chemical 

derivatization, prior to analysis by mass spectrometry55. It is likely that this elegant 

approach will prove useful for identification of physiologically relevant sites on many 

proteins from various tissues. An, alternative approach to obtain O-GlcNAc modified 

proteins that neither involves the use of tissue lysates, nor requires the in vitro 

modification of the target protein, has been proposed322. This alternative approach 

involves the co-expression of OGT in the presence of the target protein, transcription 

factor Sp1, in E.coli cells. Upon induction of the two proteins, OGT could O-GlcNAc 

modify Sp1. We have developed a modified form of this initial approach as seen in 



 

87 

 

Figure 3.1a for the production of recombinant O-GlcNAc modified tau. We express the 

longest human isoform of tau (Tau441) with a hexahistidine tag in the presence of wild-

type OGT (wtOGT) for 4 h (Figure 3.1a). During this induction period the wtOGT acts to 

O-GlcNAc modify Tau441.  Tau441 is then purified using a Ni-NTA column affording 

milligram quantities of recombinant O-GlcNAc modified tau (Figure 3.1b). In parallel, we 

also express Tau441 in the presence of a catalytically inactive mutant of OGT (mutOGT) 

that cannot O-GlcNAc modify Tau441, which serves as a negative control for the 

recombinant O-GlcNAc modification of tau.  As shown in Figure 3.1b, only the Tau441 

expressed in the presence of wtOGT exhibits significant immunoreactivity with two anti-

O-GlcNAc antibodies, which both recognize a number of O-GlcNAc modified 

proteins134,136. Preincubation of the CTD110.6 anti-O-GlcNAc antibody with 10 mM free 

GlcNAc results in complete abolishment of immunoreactivity, suggesting that the 

interaction of the CTD110.6 antibody with the O-GlcNAc modified Tau441 is specific for 

O-GlcNAc. As mentioned above, during the course of this research, Ser-400 of tau was 

reported to be O-GlcNAc modified in rat brain55. In an attempt to validate our method for 

producing recombinant O-GlcNAc modified tau we had previously made a serine to 

alanine mutation in Tau441 at the positions of Ser-400 and Ser-396 and then expressed 

these tau mutants in the presence of wtOGT or mutOGT. As can be seen in Figure 3.1c, 

mutation of Ser-400 to alanine results in ~2 fold less O-GlcNAc on tau as judged by 

CTD110.6 immunoreactivity, whereas the mutation of Ser-396 to alanine results in 

essentially no change in immunoreactivity. This evidence suggests that the 

recombinantly produced O-GlcNAc modified tau is very likely modified at Ser-400. To be 

sure the Tau441 produced in this manner has the highest stoichiometry of O-GlcNAc 

achievable, we expressed Tau441 in the presence of wtOGT and mutOGT overnight 

(~20 h). This expression method results in O-GlcNAc modified tau that can be detected 

by the CTD110.6 O-GlcNAc antibody (Figure 3.1d) and is modified with roughly three 

times more O-GlcNAc than when expressed in the presence of wtOGT for 4 h (not 

shown). 
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Figure 3.1. Production of recombinant O-GlcNAc modified tau. 

(a) Schematic representation for the production of recombinant O-GlcNAc 
modified tau. The plasmids encoding OGT and Tau441 are co-transformed into 
E.coli cells, induced for up to 20 hours and the O-GlcNAc modified tau is purified. 
(b) recombinant tau is O-GlcNAc modified. β-O-GlcNAc antibodies CTD110.6 
and RL2 Western blots indicate that only when expressed with wtOGT, for 4 
hours, is Tau441 O-GlcNAc modified. Coomassie blue staining demonstrates 
equal tau loading on the gel. (c) Mutation of Tau441 at Ser-400 leads to 
decreased O-GlcNAc on tau as detected by Western blot with the CTD110.6 
antibody whereas Tau-5 indicates equal tau loading. (d) α-O-GlcNAc (CTD110.6) 
Western blot of Tau441 expressed either in the presence of wtOGT or mutOGT 
expressed for 20 h. Equal tau loading is indicated by probing with the total tau 
antibody, Tau-46. 

Using O-GlcNAc modified tau expressed in the presence of wtOGT overnight we 

have mapped an O-GlcNAc modification site on Tau441 at Ser-400 using LC-MS/MS.  

The approach used involved information dependent acquisition of data.  This led to the 

identification and sequencing of an O-GlcNAc modified peptide by monitoring the 

fragment ions resulting from collision induced fragmentation of a doubly charged 

precursor ion of mass 652.8. The peptide and sequence was determined to be 396-

SPVVgSGDTSPR-406, where g denotes the site of glycosylation (Figure 3.2).  This 

peptide spans Ser-396 to Arg-406 of tau in which Ser-400 is the modification site.  This 
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site is the same as was reported in a study that was published55 while our immunization 

experiments reported below were underway.  

 

Figure 3.2. MS/MS daughter-ion spectra of a peptide from digestion of 
recombinant tau reveals a site of glycosylation at Ser-400. 

y and b series fragments that were observed are shown above and below the 
peptide sequences respectively. 

We established several mass transitions that could be used to monitor both 

modified and unmodified peptide and established that both peptides could be found in 

the sample of modified tau, while no O-GlcNAc modified peptide was detected in the 

unmodified sample of recombinant Tau441 (Figure 3.3). 
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Figure 3.3. Multiple Reaction Monitoring (MRM) of O-GlcNAc-modified and 
unmodified peptide from recombinant tau proteins. 
Panels (a) and (b) show MRM experiments for three transitions for the 
recombinant O-GlcNAc modified tau and panels (c) and (d) show MRM for three 
transitions for the recombinant unmodified tau. For each sample of tau the first 
plot represents three concurrent MRM experiments that use the doubly charged 
unmodified peptide SPVVSGDTSPR for all precursors and the fragment ions 
used are the y4, y6 and y7 ions. The second plots use the precursors of 
SPVVSGDTSPR plus a shift corresponding to an O-GlcNAc modification and 
fragment ions y4, y6 and y7 plus a shift corresponding to an O-GlcNAc 
modification. Unmodified MRM transitions are 551/460, 551/632 and 551/719. 
Modified MRM transitions are 653/460 653/632 and 653/922.  

 

The observation that mutation of Ser-400 of tau reduced, but did not abolish, tau 

O-GlcNAc modification (Figure 3.1) suggested to us that there could be additional sites 

of O-GlcNAc modification. O-GlcNAc modified recombinant Tau441 was glycosylated in 

vitro using recombinant OGT in an attempt to increase the stoichiometry of O-GlcNAc 
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modification. In addition to proteolytic digests using trypsin, we also carried out 

proteolytic digestions of in vitro O-GlcNAc modified Tau441 with a combination of trypsin 

and AspN, in an effort to increase the number of peptides of a size that are amenable to 

MS/MS analysis.  This approach was expected to lead to increased coverage of the Tau 

primary sequence. These digests were analyzed by LC-MS/MS in an LTQ ion trap mass 

spectrometer (see materials and methods for details).  

A site of tau O-GlcNAc modification was identified at Thr-123 (Figure 3.4) within 

the peptide 110-DTPSLEDEAAGHVTQAR-126, corresponding to N-terminal AspN 

cleavage and C-terminal tryptic cleavage. In MS/MS, it is unusual that the 899.2 

[M+2H]2+ O-GlcNAc neutral loss ion is not the dominant ion in the spectra (Fig. 3.4a). A 

“zoom” scan of the region corresponding to the precursor ion 1000.3 [M+2H]2+ revealed 

overlapping isotopic distributions from two distinct ions. Thus, we believe the MS/MS 

represents a mixture of fragment ions from these two species, complicating 

interpretation. However, the specific 899.2 [M+2H]2+ O-GlcNAc neutral loss ion was 

selected for MS/MS/MS and provided clear evidence of the O-GlcNAc modified peptide 

sequence (Figure 3.4c). A search for O-GlcNAc modified ions in MS/MS corresponding 

to the peptide 110-DTPSLEDEAAGHVTQAR-126 revealed several pairs of y ions in the 

unmodified and O-GlcNAc modified state, including the y6 ion (Figure 3.4b). Given the 

complexity of the spectrum, the y6 unmodified and O-GlcNAc modified ions are shown at 

twice magnification for clarity.   
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Figure 3.4. MS/MS and MS/MS/MS spectra from an in vitro O-GlcNAc modified 
Tau441 tryptic and AspN digest identifies a site of glycosylation at 
Thr123. 
y and b series fragment ions unmodified or retaining O-GlcNAc are shown for (a, 
b) MS/MS of 1000.3 [M+2H]2+ and for (c) MS/MS/MS of the O-GlcNAc neutral 
loss ion in MS/MS at 899.2 [M+2H]2+ . 

A third site of tau O-GlcNAcylation at either serine 409, 412, or 413 was also 

identified within the peptide 407-HLSNVSSTGSIDMVDSPQLATLADEVSASLAK-438. 

MS/MS of a triply charged precursor ion at 1150.5 gave rise to characteristic O-GlcNAc 

neutral loss ions in both a doubly and triply charged state (Figure 3.5). The triply charged 

1082.4 [M+3H]3+ was selected for MS/MS/MS. Sparse fragment ion information was 

generated, but all corresponded to the tau tryptic peptide 407-

HLSNVSSTGSIDMVDSPQLATLADEVSASLAK-438 (Figure 3.5b). Additionally, pairs of 

unmodified and O-GlcNAc modified b7 and y30
+2 ions indicate that the modification 

occurs on either serine 409, 412, or 413.   
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Figure 3.5. MS/MS and MS/MS/MS spectra from an in vitro O-GlcNAc modified 
Tau tryptic digest identifies O-GlcNAc modified peptide 407-
HLSNVSSTGSIDMVDSPQLADEVSASLAK-438.  
(a) MS/MS of precursor 1150.5 [M+3H]3+ displays O-GlcNAc neutral loss ions. 
(b) y and b series ions for MS/MS/MS of the O-GlcNAc neutral loss ion in MS/MS 
at 1082.4 [M+3H]3+. 

The C-terminal region of tau is one of its most densely phosphorylated regions 

and has been shown to harbor phosphorylation sites at Ser-396, Ser-400, Ser-404, Ser-

409, Ser-412, Ser-413, Ser-416 and Ser-422323. It has been shown previously that 

elevation of O-GlcNAc leads to reductions in tau phosphorylation at Ser-396 both ex 

vivo281 and in vivo281,317. The presence of O-GlcNAc at Ser-400 could thus explain why 

increased O-GlcNAc could lead to reduced phosphorylation at Ser-396. The presence of 

a second O-GlcNAc site on tau between Ser-409 and Ser-413, which is within the region 

of tau that is heavily phosphorylated, suggests that O-GlcNAc in this region may be 

important for the regulation of the phosphorylation sites mentioned above. It should be 

noted that these identified sites may not be the only O-GlcNAc modification sites on tau, 

further efforts to identify additional sites may prove informative.  Previous data suggests 

that the mechanism for reduction of tau phosphorylation caused by increases in O-
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GlcNAc could be due to direct competition between these two modifications for the same 

sites, or for sites which are close to one another. It is also possible, however, that the 

reductions in tau phosphorylation caused by increased O-GlcNAc could arise from an 

indirect mechanism. For example, increased O-GlcNAc on a kinase or a phosphatase 

may decrease or increase the activity of these enzymes, respectively, and would lead to 

similar downstream effects as would be seen if a direct mechanism were operative. 

Future studies should clarify which one of these mechanisms is responsible for the 

apparent reciprocal relationship. 

With these data in hand we synthesized the fluorenylmethyloxycarbonyl (Fmoc) 

protected and peptafluorophenyl (Pfp) activated per-acetylated O-GlcNAc modified 

serine (Fmoc-Ser(Ac3-β-O-GlcNAc)-Pfp). This Fmoc-Ser(Ac3-β-O-GlcNAc)-Pfp was used 

to synthesize the peptide which surrounds the Ser-400 O-GlcNAc modification site (Ser-

396 to Ser-404) to generate the following sequence: Ac-CSPVVgSGDTS-NH2 (OG-tau-

peptide 2) (Figure 6a). The unmodified peptide with the following sequence was also 

synthesized: Ac-CSPVVSGDTS-NH2 (OH-tau-peptide 1) (Figure 3.6a). The OG-tau-

peptide 2 was coupled to keyhole limpet hemocyanin (KLH) and used to immunize two 

New Zealand white rabbits and two chickens (data for the chicken antibody, 150B, is 

shown in the Appendix in Figure A1). The serum from one of these rabbits was affinity 

purified over an affinity column bearing OG-tau-peptide 2. As shown in Figure 3.6b, this 

antibody (referred to by the number 3925) specifically detects Tau441 only when it is 

expressed in the presence of wtOGT and not when expressed in the presence of 

mutOGT. The detection of 3925 with a goat α-rabbit IgG secondary antibody indicates 

that this antibody is of the IgG isotype. Preincubation of 3925 with 2 µM of OG-tau-

peptide 2 completely abolishes the immunoreactivity whereas preincubation with 2 µM of 

OH-tau-peptide 1 has no effect on the immunoreactivity (Figure 3.6b). 50 mM free 

GlcNAc also has no effect on the immunoreactivity, which indicates that 3925 requires 

both a peptide determinant as well as the pendent O-GlcNAc residue for binding (Figure 

3.6b). Using decreasing concentrations of O-GlcNAc modified Tau441 we have 

determined the detection limit of 3925 to be in the range of 20 - 50 ng O-GlcNAc 

modified Tau441 when using 2 µg of 3925 per blot (Figure 3.6c).  
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Figure 3.6. Production a site-specific O-GlcNAc tau antibody.  
(a) Peptides used in this study. (b) Western blot of 3925 on Tau441 expressed 
either in the presence of wtOGT or mutOGT. 3925 specifically recognizes 
Tau441 only when expressed in the presence of wtOGT. OG-Tau-peptide 2 
blocks binding of 3925 to O-GlcNAc modified Tau441 whereas OH-Tau-peptide 1 
does not. 50 mM GlcNAc does not block the interaction between 3925 and the O-
GlcNAc modified tau. Probing with the CTD110.6 antibody confirms that this 
Tau441 preparation is O-GlcNAc modified and Tau-46 confirms equal Tau441 
loading. (c) The detection limit of the 3925 antibody was found to be in the range 
of 10 – 20 ng O-GlcNAc modified Tau441 / µg of 3925. 

To probe the value of this antibody for detecting O-GlcNAc at Ser-400 in tau from 

brain tissue, we prepared a tau enriched fraction from rat brain by making use of two 

properties of tau; its heat-stability195 and its resistance to perchloric acid treatment210. 

The rat tau protein preparation was electrophoresed through SDS-PAGE gels and 

subjected to western blot analysis using the 3925 antibody. As can be seen (Figure 

3.7a) 3925 detects protein bands in the range of 43-72 kDa, which are likely attributable 

to tau because they overlap well with the bands detected (Figure 3.7a) using Tau-5 (an 

antibody recognizing tau) and they are detected in both the boiled lysate as well as the 

lysate that was both boiled and treated with perchloric acid. Also evident in the boiled 

lysate samples are unknown protein bands that appear above the 72 kDa marker, which 

indicates that 3925 recognizes O-GlcNAc on other proteins. Interestingly, treatment of 
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the western blot membrane with calf intestinal alkaline phosphatase (AP) prior to 

addition of the 3925 antibody, results in a notable increase in immunoreactivity with 

essentially the same banding pattern as is detected by the Tau-5 antibody (Figure 3.7a). 

This observation suggests to us that phosphorylation of tau (presumably near Ser-400) 

blocks the binding of the 3925 and that treatment with AP relieves this blockage. This 

phosphorylation dependence is reminiscent of a commercially available antibody 

recognizing tau phosphorylated at Ser-400324. Singer and coworkers showed that the 

binding of the phospho-Tau400 antibody is reduced by 10-fold when a second 

phosphate is present at Ser-396. To verify specificity of the interaction when detecting 

tau from rat brain we pretreated 3925 with OG-Tau-peptide 2. Complete elimination of 

immunoreactivity was observed (Figure 3.7b), which supports the specificity of 3925 for 

glycopeptide epitopes such as Ser-400 O-GlcNAc tau. Furthermore, by treating the 

membrane with a bacterial homologue of OGA, Bacteroides thetaiotaomicron OGA102 

(btOGA) prior to incubation with the 3925 antibody, results in a reduction of the 

immunoreactivity (Figure 3.7b, right most panel). This observation again supports the O-

GlcNAc group being a critical determinant for binding of the 3925 antibody to O-GlcNAc-

modified tau. Incomplete digestion of the O-GlcNAc from tau under the conditions used 

likely accounts for the residual 3925 immunoreactivity after treatment with btOGA. 
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Figure 3.7. 3925 detects the Ser-400 O-GlcNAc modification in the rat brain.  
Tau protein was enriched from rat brain by treating boiled lysates with perchloric 
acid. (a) Western blot using the 3925 antibody (left most panel) detect bands in 
the range of 43-72 kDa in both the boiled (lane 1) and boiled plus perchloric acid 
treated lanes (lane 2). These bands appear similar to bands of the same size 
when using an anti-tau antibody (tau-5) (third panel). Treatment of the blot with 
calf intestinal alkaline phosphate (AP) results in an increase in 3925 
immunoreactivity of approximately 3 to 4 fold (second and fourth panel). The 
3925 antibody also appears to detect other proteins in the boiled lysate larger 
than 72 kDa (lane 1 of the first two panels). (b) The interaction of the 3925 
antibody is specific as indicated by the ability of the OG-Tau-peptide 2 to 
completely abolish the 3925 immunoreactivity (third panel) and that treatment of 
the blot with btOGA results in a reduction of 3925 immunoreactivity (fourth 
panel). 

3.3. Discussion 

Here we describe a relatively simple method that allows identification of O-

GlcNAc sites of proteins in vitro. It is important to note that O-GlcNAc sites identified in 

the manner described here using recombinant proteins provide a convenient starting 

point for probing the physiological role of O-GlcNAc on proteins in vivo as well as for 

developing useful tools to help understand these roles.  We have used this recombinant 

expression strategy, in conjunction with mass spectrometry techniques, to map O-

GlcNAc modification sites on tau. The two O-GlcNAc modification sites identified on 

recombinant tau are located at Ser-400 and Thr-123. One of these sites, Ser-400, was 

shown to be  O-GlcNAc modified during the generation of the 3925 antibody, which 



 

98 

 

supports the validity of this recombinant method for producing physiologically relevant O-

GlcNAc modified tau. We have also detected the presence of a third O-GlcNAc 

modification site at one of Ser-409, Ser-412, or Ser-413. It will prove interesting to 

assess whether these other O-GlcNAc modification sites that we have discovered on tau 

can be detected using tau purified from mammalian brain and these studies are 

underway. Furthermore, having mapped O-GlcNAc modification sites on tau, should 

enable an understanding of the functional roles of O-GlcNAc on tau. Using the insights 

gained from site mapping we were successful in raising polyclonal antibodies toward tau 

that is O-GlcNAc modified at Ser-400. The most commonly used anti-O-GlcNAc 

antibody, CTD110.6, is a mouse IgM antibody136 and is therefore of limited use for 

immunoprecipitation because protein A / protein G do not bind IgM antibodies. Very 

recently, mouse IgG O-GlcNAc antibodies have been raised using a novel antigen138 and 

these should prove to be useful reagents. The fact that the 3925 O-GlcNAc tau antibody 

is an IgG antibody will likewise make this antibody useful in immunoprecipitation 

experiments of O-GlcNAc modified tau from tissue or cell lysastes. We find this antibody 

depends on both the peptide determinant and the O-GlcNAc residue.  We also find that 

this antibody can be used to detect tau modified at Ser-400 in rat brain tissue. It is 

interesting to note that phosphatase digestion results in exposure of the epitope in the 

sample derived from rat brain, suggesting that phosphorylation may occur proximal to O-

GlcNAc at Ser-400. This is intriguing since O-GlcNAc and phosphorylation are both 

substoichiometric post-translational modifications and, if they are installed independently 

or antagonistically of each other, then we would predict little effect from phosphatase 

digestion.  Accordingly, the significant effect that is observed here on phosphatase 

digestion suggests that one of these modifications may direct preferential installation of 

the other modification.  These scenarios are under current investigation and will be 

reported in due course. The use of this site-specific antibody, and additional antibodies 

we are currently generating, should facilitate studying the potential roles of O-GlcNAc in 

the functioning of tau, the regulation of its phosphorylation state, as well as its potential 

role in the AD brain.  
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3.4. Materials and Methods 

3.4.1. Peptide synthesis 

 Synthesis of the fluorenylmethyloxycarbonyl (Fmoc) protected and 

peptafluorophenyl (Pfp) activated per-acetylated β-O-GlcNAc modified serine (Fmoc-

Ser(Ac3-β-O-GlcNAc)-Pfp) was carried out essentially as described previously292,325. 
1HNMR chemical shifts were identical to the published values. Glycopeptide synthesis 

was carried out at BioBasic Inc. (Markham, ON, CAN) using solid phase peptide 

synthesis to generate the following peptides: Ac-CSPVVSGDTS-NH2 (unmodified, OH-

tau-peptide 1) and Ac-CSPVVgSGDTS-NH2 (O-GlcNAc modified, OG-tau-peptide 2) with 

an acetylated N-terminus on Rink Amide resin using standard Fmoc chemistry with O-

benzotriazole-N,N,N’N’-tetramethyl-uronium-hexafluorophosphate / N,N-

diisopropylethylamine couplings. Biobasic Inc. deprotected and purified OH-tau-peptide 

1 by high performance liquid chromatography (HPLC) and assessed its purity to be >97 

%. Upon receipt of the fully protected OG-tau-peptide still coupled to the Rink Amide 

resin, the O-acetyl groups on the GlcNAc moiety were deacetylated by resuspending the 

resin (0.8 g) in 9 mL of dry methanol. The solution was adjusted to a pH > 9 (judged 

using pH paper) using a solution of 0.5 M sodium methoxide in dry methanol. The 

solution was shaken gently for 24 h using an orbital shaker at room temperature. The 

resin was then washed with methanol three times and then resuspended in a solution 

containing trifluoroacetic acid (TFA), water, 1,2-ethanedithiol (EDT), and triethylsilane in 

a ratio of (85:2.5:2.5:10) and was allowed to shake for 2 h at room temperature. The 

resin was then filtered off and washed three times with fresh TFA. The filtrate was then 

concentrated in vacuo using a high vacuum rotary evaporator. Cold diethylether was 

added to the filtrate until a white precipitate formed in the flask. The precipitate was 

centrifuged at 800 rpm in a Sorvall Legend RT centrifuge in a disposable 50 mL conical 

centrifuge tube using a swinging bucket TTH-750 rotor. The resulting pellet was then 

washed 3 times with cold diethylether followed by centrifugation. Finally, the diethylether 

was removed and the crude peptide pellet was dried under a stream of nitrogen gas, 

resuspended in water, lyophilized to dryness and stored at -20 ºC until required. 
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3.4.2. Purification of OG-tau-peptide by reversed phase HPLC 

 The crude peptide (10 mg / run) was loaded onto an Agilent XDB-C18 

(9.4 mm x 250 mm) semi-preparative HPLC column housed in an 1100 series Agilent 

HPLC. The peptide was purified using a linear gradient of 5 % acetonitrile to 60 % 

acetonitrile over 40 min operating at 2 mL / min. Fractions were collected using a Foxy 

Jr. fraction collector set to collect 500 µl fractions over the entirety of the HPLC run. The 

major peak eluted at approximately 12.8 min and was collected in fractions 54-59. These 

fractions were pooled and high resolution mass spectrometry was carried out to ensure 

the correct identity of the peptide. HRMS predicted: 1195.5108 Da, found: 1195.5204 

Da. 

3.4.3. Production of the 3925 antibody in rabbits 

 10 mg of OG-tau-peptide 2 was sent to Pacific Immunology Corp. 

(Ramona, CA) where it was coupled to keyhole limpet hemocyanin (KLH) through the N-

terminal cysteine. Two New Zealand white rabbits each received a 100 µg injection of 

the final immunogen in Freund’s complete adjuvant (CFA) on day 0 followed by three 

100 µg booster injections in Freund’s incomplete adjuvant (IFA) on days 21, 42, and 70. 

Production bleeds were carried out on days 49, 63, 80 and 94 and the immune response 

was verified by enzyme-linked immunosorbant assay (ELISA) where the titer was 

determined to be 1:500,000.  

3.4.4. Affinity purification of the 3925 antibody 

 1.5 mg of OG-tau-peptide 2 was coupled to 1.5 mL of SulfoLink resin 

(Pierce) according to the manufacturer’s protocol. The resin was placed into a 5 mL 

column (Biorad) and equilibrated in phosphate buffered saline pH 7.4 (PBS). 5 mL of 

serum was then loaded onto the column at a flow rate of ~1 mL / min. The column was 

washed with 30 mL of PBS and then eluted with 20 mL of 100 mM glycine pH 3, 10% 

ethylene glycol. The eluate was dialyzed against PBS and then concentrated to 0.5-1.0 

mg / mL. 
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3.4.5. Western blotting 

 Samples were electrophoresed through 10% sodium dodecyl sulfate 

polyacrylamide gels (SDS-PAGE) and transferred to nitrocellulose (Bio-rad) membranes. 

Membranes were then blocked for 1 h at room temperature (RT) with 2 % bovine serum 

albumin (BSA) in PBS containing 0.1 % Tween-20 (Sigma) (PBS-T) and then 

subsequently probed with appropriate primary antibody delivered in 2 % BSA in PBS-T 

overnight at 4 ºC. Membranes were then extensively washed with PBS-T, blocked again 

for 30 min with 2 % BSA in PBS-T at RT and then probed with the appropriate HRP 

conjugated secondary antibody for 1 h at RT delivered in 2 % BSA in PBS-T. Finally, the 

membranes were washed extensively with PBS-T and then developed with SuperSignal 

West Pico Chemiluminesence substrate (Pierce) and exposed to CL-XPosure Film 

(Pierce). For blots pretreated with alkaline phosphatase (Roche) or with Bacteroides 

thetaiotaomicron OGA (btOGA, a bacterial homologue of human OGA)102, the blots were 

incubated with 100 Units of calf intestinal alkaline phosphatase or 500 µg btOGA in 50 

mM Tris-HCl, pH 8.5, 0.1 mM EDTA, 0.5 mM MgCl2 for 4.5 hours at 37 ºC following the 

first blocking step. The blots were then washed briefly in PBS-T and the rest of the 

Western blot protocol was followed as described above. 

3.4.6. Antibodies used in this study 

 Mouse monoclonal α-Tau-5, which recognizes the central region of tau in 

a phosphorylation-independent manner was purchased from Lab Vision Corporation. 

Mouse monoclonal α-Tau-46, which recognizes the C-terminal region of tau in a 

phosphorylation-independent manner was purchased from Abcam. Mouse monoclonal 

α-O-GlcNAc antibodies, CTD110.6 and RL2, were purchased from Covance and Abcam, 

respectively. Goat α-mouse IgG, goat α-rabbit IgG, and goat α-mouse IgM horseradish 

peroxidase conjugated secondary antibodies were obtained from Santa Cruz 

Biotechnology. 
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3.4.7. Molecular cloning 

 The human OGT gene was cloned into the pMal-c2X vector (New 

England Biolabs) using the following primers: 5'-

gccgccggatccaagcgtcttccgtgggcaacgtgg-3’ (BamHI cut site shown in bold) and 5’-

gccgccgtcgacctatgctgactcagtgacttcaac-3' (SalI cut site shown in bold).  The H558A point 

mutation of OGT was created using the following primers: 5’-

gagttccgactttgggaatgctcctacttctcaccttatgc-3’ and 5’-

gcataaggtgagaagtaggagcattcccaaagtcggaactc-3’. These primers were used to introduce 

the point mutation using QuikChange site-directed mutagenesis. The longest human 

isoform of the microtubule associated protein tau gene (MAPT) was cloned into the 

pET28a vector (Novagen) using the following primers: 5’-

gccgcccatatgatggctgagccccgccagg-3’ (NdeI cut site shown in bold) and 5’-

gccgccctcgagttacaaaccctgcttggccaggg-3’ (XhoI cut site shown in bold). The S396A point 

mutation in Tau441 was created with the following primers: 5’- 

gcggagatcgtgtacaaggcgccagtggtgtctggggac -3’ and 5’- 

gtccccagacaccactggcgccttgtacacgatctccgc-3’. The S400A point mutation in Tau441 was 

created with the following primers: 5’- gcaagtcgccagtggtggctggggacacgtctccc-3’ and 5’- 

gggagacgtgtccccagccaccactggcgacttgc-3’. 

3.4.8. Production of recombinant O-GlcNAc modified tau  

 The gene encoding Tau441, in pET28a, was co-transformed with the 

gene encoding wild-type OGT (wtOGT) or H558A OGT (mutOGT), in pMal-c2X, into E. 

coli Tuner cells (Stratagene). In order to increase the probability of obtaining 

cotransformant colonies, LB plates with 1/3rd the concentration of ampicillin and 

kanamycin (33 µg / mL and 16.6 µg / mL, respectively) were used. Once colonies were 

obtained, ampicillin and kanamycin concentrations of 100 µg / mL and 50 µg / mL, 

respectively, were used to grow the bacteria in solution. For expression, Tau441 co-

transformants were induced with IPTG (0.5 mM) for 4 h or overnight at 22 °C (~20 h). 

The bacterial cells were harvested by centrifugation at 5000 rpm for 10 min in a Sorvall 

RC-6 plus centrifuge in a FIBERLite F9S-4x1000y rotor. The bacterial pellets were then 

resuspended in 30 mL of Ni-NTA column binding buffer (20 mM sodium phosphate, 500 
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mM NaCl, 5 mM imidazole, pH 7.4). wtOGT / Tau441 and mutOGT / Tau441 co-

transformants were lysed by the addition of 2 mg / mL lysozyme (Bioshop) in the 

presence of one Roche protease complete tablet per 30 mL of resuspended bacterial 

pellet. Sonication was carried out at ~30 % power on a Fischer Scientific sonic 

dismembrator (model 500) for six cycles consisting of 20 seconds on followed by a 40 

second rest period. Cellular debris was removed by centrifugation at 13,000 rpm in an 

SS-34 rotor in a Sorvall RC-6 plus centrifuge. The supernatants were then loaded onto 

two separate HisTrap FF Ni-NTA columns (GE Healthcare) using two separate peristaltic 

pumps. The columns were washed with 90 mL of Ni-NTA column wash buffer (20 mM 

sodium phosphate, 500 mM NaCl, 60 mM imidazole, pH 7.4) and then eluted with 25 mL 

of Ni-NTA column elution buffer (20 mM sodium phosphate, 500 mM NaCl, 250 mM 

imidazole, pH 7.4). The eluates were then dialyzed against PBS for Western blot 

analysis or against 18 mΩ  cm-1 water and then lyophilized for mass spectrometry 

analysis.  Additionally, in some cases, 5 µg of recombinant O-GlcNAc modified Tau441 

was mixed with 5 µg of recombinantly expressed and immobilized metal affinity 

chromatography (IMAC) purified ncOGT (clone provided by Dr. Suzanne Walker) in the 

presence of 0.5 mM UDP-GlcNAc in the following buffer: 20 mM potassium phosphate, 

12.5 mM MgCl2, 1 mM DTT, protease inhibitor cocktail (Roche), pH 7.4. Following over 

night incubation at room temperature half of the reaction mixture was purified with C18 

Zip Tip (Millipore), dried down, and reconstituted in 0.1% formic acid (FA) for LC/MS/MS 

analysis.   

3.4.9. Mass spectrometry methods 

 For the identification of the Ser-400 O-GlcNAc modification site and its 

subsequent detection by multiple reaction monitoring (MRM) data was obtained using an 

AB Sciex 4000 Q Trap mass spectrometer equipped with a nano spray source and 

custom built nano spray head. The LC is a Dionex U3000 with a 1:1000 splitter. Mobile 

phase A was 100 % water with 0.1 % FA and mobile phase B was 90 % ACN, 10 % 

water and 0.1% FA. A graphitzed carbon enrichment column was loaded with 1 µL 

then washed for 10 min at a flow rate of 10 µL/min. LC flow rate was calibrated to 300 nl 

/ min with pure methanol added in at a flow rate of 50 nL / min just before the nano spray 
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tip. Elution began with a linear ramp from 0 % B to 90 % B at 30 min and then held for 5 

min at 90 % B before returning rapidly to 100 % A. The enrichment column was made in 

house by packing a 360 µm O.D. 250 µm I.D. piece of silica tubing with 7 µm graphitized 

carbon. The primary column was a 5 µm Hypercarb column from Thermo Scientific 

(HY35005-050065). Mass spectrometer parameters included a declustering potential of 

41 V for the unmodified peptide and 39 V for the peptide carrying the O-GlcNAc. 

Collision energies ranged from 39 to 45 V for fragment ions without the modification and 

22.5 V for the fragment ion with the modification. Exploratory work was carried out using 

an information dependant data acquisition (IDA) method, whereby any ions detected 

between 400 and 2000 amu in enhanced MS mode at 4000 amu / s in excess of 10000 

counts had an enhanced resolution scan performed at 250 amu / s. The enhanced 

resolution scan was used to acquire a charge state and an accurate mass.  These ions 

were subsequently fragmented using an enhanced product ion scan at 1000 amu / s 

using rolling collision energy. This was done by direct injection of 1 µL onto a custom 

packed Reprosil Gold 3 µm C18 column. The flow rate used was 300 nL / min using a 

gradient over 90 minutes. Following identification of an O-GlcNAc modified peptide in the 

MS/MS spectrum as having the sequence SPVVgSGDTSPR, where g denotes the site 

of glycosylation, several transitions were established that could be used for MRM 

analysis of samples to evaluate the presence of the modified peptide as well as the 

unmodified peptide. Three transitions from the unmodified peptide precursor leading to 

the formation of y4, y6, and y7 ions were all monitored. Three transitions from O-GlcNAc 

modified peptide precursor leading to the formation of y4, y6, and y7 fragment ions, plus 

the mass of O-GlcNAc, were all monitored. Unmodified MRM transitions are 551/460, 

551/632 and 551/719. Modified MRM transitions are 653/460 653/632 and 653/922.  

 For the identification of the other O-GlcNAc modification sites, mass 

spectrometry analysis was performed on an LTQ linear ion trap mass spectrometer 

(Thermo Scientific). All in-line LC-MS/MS runs were performed using an Eksigent 

NanoLC-AS1 auto-sampler (Eksigent) with nano-spray. Samples were injected onto an 

IntergraFrit Proteopep II (New Objective) C18 sample trap column (300 Å x 75 µm ID x 

2.5 cm bed length) for final desalting and concentration at a flow rate of 3 µL/min (0.1% 

FA) for 15 minutes.  The inline capillary column coupled to mass spectrometry was an 
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IntegraFrit Proteopep II (New Objective) C18 column (300 Å x 75 µm ID x 10 cm bed 

length).  Sample was eluted from the trap column by a 55-minute 5 %-35 % linear 

gradient of buffer B (100% ACN, 0.1% FA), followed by a 25-minute 35 %-80 % linear 

gradient of buffer B to a 5 minute isocratic elution at 80 % buffer B at a flow rate of 300 

nL per minute. Dynamic exclusion was set such that if an ion was detected it was 

excluded from analysis for 30 seconds. The electrospray voltage was 1.5 kV.  The mass 

range for MS scans was 400-2000 Da. Data was acquired using a single microscan and 

a maximum inject time of 200 ms for MS, MS2, and MS3 scan types.  MS3 on MS/MS was 

specified for precursor ions showing diagnostic neutral loss of O-GlcNAc mass of either 

102 (doubly charged precursor) or 68 (triply charged precursor) in MS/MS. A collision 

induced dissociation (CID) energy of 33% was used.  

3.4.10. Purification of tau from rat brain 

 Rat brain was homogenized in PBS containing 500 mM NaCl, 1 mM 

Thiamet-G, and a Roche protease inhibitor tablet in a 1:1 ratio of buffer to frozen tissue 

weight. The tissue was homogenized using an IKA tissue homogenizer for 1 minute, 

boiled for 7 minutes and subsequently centrifuged at 17,900 x g. Perchloric acid was 

then added to a final concentration of 2.5 % and allowed to incubate on ice for 15 

minutes after which  it was centrifuged at 17,900 x g. To the supernatant was added the 

appropriate amount of 5X SDS-PAGE loading buffer followed by 1 M Tris pH 8 until the 

loading buffer was returned to the characteristic blue colour of bromophenol blue in 

loading buffer, indicating that the pH of the solution was  greater than five. 
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4.1. Introduction 

The increasing incidence of Alzheimer disease (AD) within the aging population 

has spurred effort toward understanding both the basic biological processes contributing 
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to AD, as well as potential therapeutic targets that could be exploited to develop 

approaches to slow disease progression. The oligomerization of the microtubule-

associated protein tau into the paired helical filaments (PHFs) that give rise to 

neurofibrillary tangles (NFTs) is one of the defining pathological features of AD. The 

number of NFTs in AD brain has been found to correlate closely with severity of AD, 

suggesting tau plays a key role in neurodegeneration241. Furthermore, point mutations in 

the MAPT gene that encodes tau are associated with frontotemporal dementia with 

parkinsonism linked to chromosome 17 (FTDP-17)268. These mutations accelerate the 

abnormal oligomerization of tau to form the PHFs that assemble into NFTs326,327, which 

reveals that tau malfunction, on its own, can drive neurodegeneration both in humans 

and in animal models harboring FTDP-17 mutant transgenes272,276. Tau oligomerization 

is accordingly receiving more attention as a key pathological process contributing to the 

progressive death of neurons in AD and associated tauopathies. The molecular 

mechanism leading to tau oligomerization is thought to involve tau 

hyperphosphorylation, altered tau conformation, and subsequent assembly into PHFs 

and NFTs245,328. Though the precise toxic tau species remain a topic of debate, efforts to 

block tau phosphorylation and tau aggregation are topics of intense interest as there is 

no current treatment that can slow the progression of AD. 

In addition to phosphorylation, tau is also subject to many other post-translational 

modifications, a number of which have also been suggested to be involved in its 

pathological oligomerization329,330. Nucleocytoplasmic glycosylation of tau by N-

acetylglucosamine O-linked to serine and threonine residues (O-GlcNAc) is one 

modification that has gained some recent attention141,279,281. O-GlcNAc is installed by the 

glycosyltransferase uridine diphosphate-N-acetyl-D-glucosamine:polypeptidyl 

transferase (OGT) using the substrate uridine 5'-diphospho-N-acetylglucosamine (UDP-

GlcNAc)58,59, which is derived from glucose via the hexosamine biosynthetic pathway 

(HBSP)37. The removal of O-GlcNAc is mediated by a glycoside hydrolase known as O-

GlcNAcase (OGA)60,61. The cycling of O-GlcNAc on and off of proteins by these two 

enzymes can occur more quickly than the lifetime of the protein backbone, in a manner 

resembling serine/threonine phosphorylation57. O-GlcNAc can compete with 

phosphorylation at certain sites of various proteins including tau. Indeed, acute treatment 
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of cells279, tissue ex vivo281, and healthy rodents317 with OGA inhibitors increases O-

GlcNAc levels and reduces phosphorylation of tau at pathologically relevant 

phosphorylation sites. Therefore, O-GlcNAc may block pathological 

hyperphosphorylation of tau and hinder its subsequent oligomerization. 

One early hallmark in the pathophysiology of AD is the development of impaired 

glucose metabolism166. Indeed, conversion of patients from mild cognitive impairment to 

AD tracks with the severity of impairment in glucose metabolism170,331. Recent genome-

wide association  studies and analysis of AD brain tissue have also linked decreased 

levels of glucose transporters to tau pathology332,333. Further, some investigators have 

even postulated that AD may be a form of “type-3 diabetes”334,335.  

Because O-GlcNAc is derived from UDP-GlcNAc, which is synthesized from 

glucose via the HBSP, O-GlcNAc levels are sensitive to glucose availability. Indeed, it 

has been shown that O-GlcNAc levels on tau in mouse brain decrease in response to 

decreased glucose availability and this correlates with increased tau 

phosphorylation282,332. Considering that impaired glucose metabolism is an early 

hallmark of AD336, that NFTs appear to lack O-GlcNAc281, and the observed reciprocal 

relationship between O-GlcNAc and phosphorylation on tau281, it is possible that lower 

O-GlcNAc modification of tau could contribute to the pathological oligomerization of tau 

in AD. Accordingly, one role of O-GlcNAc might be to serve a protective function in 

healthy mammalian brains by limiting tau hyperphosphorylation and/or aggregation281, 

whereas the lower levels of O-GlcNAc observed in the AD brain281,283 and within NFTs281 

could reflect a failure of this protective mechanism.  

Based on these considerations we set out to test the hypothesis that increased 

O-GlcNAc levels offer a protective benefit in a mammalian tau-driven neurodegeneration 

model. We use small molecule inhibitors to increase O-GlcNAc levels in the JNPL3 

transgenic tau mouse model, which harbors the human FTDP-17 P301L tau transgene. 

We find that increased tau O-GlcNAc levels correlates with decreased tau 

oligomerization to form NFTs and protects against neuronal cell loss. We further show 

that O-GlcNAc modification, on its own, blocks not only tau aggregation in vitro, but also 

the aggregation of a completely unrelated protein. These studies provide support for O-
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GlcNAc processing as a viable therapeutic target that might offer the opportunity to alter 

disease progression in AD.  

4.2. Results 

Hemizygous JNPL3 mice are a widely used transgenic model in which mutant 

human P301L tau overexpression is roughly equivalent to that of endogenous mouse 

tau270. These animals undergo progressive neurodegeneration stemming from 

hyperphosphorylation and aggregation of tau. To evaluate the effects of increasing O-

GlcNAc levels in this tau transgenic model we carried out studies in which we treated 

hemizygous female JNPL3 mice with either the OGA inhibitor Thiamet-G or vehicle 

alone. Thiamet-G is a potent (KI = 20 nM) and allele-selective inhibitor of the β-N-

acetylglucosaminidase known as OGA, which acts to remove O-GlcNAc from modified 

proteins317. Thiamet-G thus blocks the OGA-catalyzed removal of O-GlcNAc while OGT 

activity is unaffected, the net consequence being increased levels of O-GlcNAc on 

nucleocytoplasmic proteins317. Acute (1-day) administration of Thiamet-G to healthy rats 

reduces phosphorylation of tau, presumably through competition between O-GlcNAc and 

phosphorylation317. The long-term effects of OGA inhibition on tau phosphorylation 

remain unknown, however, we reasoned that long term inhibition of OGA in JNPL3 mice 

could block pathological tau hyperphosphorylation, prevent its oligomerization, and 

thereby slow neuronal cell loss.  

Before undertaking a larger study, we first examined the effect of treating three 

14 week old hemizygous female JNPL3 mice with 500 mg/kg/day of Thiamet-G for one 

week. Previously, we showed that tau in healthy rat brain is O-GlcNAc modified at 

Ser40055,337, which is one of several O-GlcNAc modification sites on tau. Ser400 is a site 

of particular interest because this residue, and nearby residues at 396 and 404, are 

known phosphorylation sites that are implicated in tau pathology. Using a site specific O-

GlcNAc antibody (3925 antibody) we find (Figure 4.1a) that Thiamet-G increases Ser400 

O-GlcNAc levels by 1.5-fold (p = 0.036, one-tailed unpaired t-test). Global increases in 

O-GlcNAc levels of 9.3-fold were observed on total cellular proteins (p < 0.0001, one-

tailed unpaired t-test). This short term study indicates Thiamet-G treatment increases tau 
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O-GlcNAc levels in JNPL3 mice and prompted us to undertake a larger long term study 

in which experimenters were blinded.  

 

Figure 4.1. Treatment of JNPL3 animals increases global and tau O-GlcNAc and 
reduces neurodegeneration. 
a, Short term treatment of 14 week old JNPL3 mice with 500 mg / kg / day 
Thiamet-G for one week increases global and tau O-GlcNAc levels in the brain. 
Global O-GlcNAc levels as detected by CTD110.6 (upper left panel) are 
increased while actin indicates equal protein loading (lower left panel). O-GlcNAc 
levels on tau at Ser400 are also increased as detected by 3925 (lower right panel 
and densitometry shown below) while the HT7 antibody indicates equal total 
human tau (upper right panel). b, Motor neurons per ventral horn in the cervical 
spinal cord of long term Thiamet-G treated JNPL3 mice. Thiamet-G treated 
JNPL3 mice show 1.4 fold more motor neurons per ventral horn (error bars 
indicate ± S.E.M.).  

Variable penetrance is observed in JNPL3 mice in terms of the rate of disease 

progression. For the long term study we therefore used 40 mice of between 9-12 weeks 

of age, which is an age where animals show no tau pathology. We treated 20 of these 

mice with vehicle alone and 20 with Thiamet-G in the drinking water for 36 weeks at a 

daily dose at 500 mg/kg/day, such that animals at the end of the study were between 45 

and 48 weeks of age. JNPL3 mice generally show impaired motor function at 40 weeks 

of age and this is associated with the formation of NFTs that are most extensive in spinal 

cord and hindbrain. Motor impairments stem from the loss of nearly 50% of motor 

neurons in the spinal cord of JNPL3 mice when compared to wild type non-transgenic 

mice270. We therefore first evaluated if Thiamet-G treatment can block motor neuron 

loss. We obtained motor neuron counts from the cervical spinal cord from each animal 

and these showed the Thiamet-G treated group had 1.4-fold more motor neurons than 



 

111 

 

the control group (p = 0.014, one tailed, unpaired t-test) (Figure 4.1b and Figure 4.2, 

4.3).  

 

Figure 4.2. Motor neuron counting method. 
30 µm cervical enlargement sections from control and Thiamet-G treated JNPL3 
mice were stained with a α-NeuN antibody (green) and then counterstained with 
DAPI. Under the 40x objective motor neurons of size > 25 µm and having one 
thick process found within the ventral horn (indicated here by the dotted and solid 
white line) were counted. Scale bar indicates 200 µm. 

 

Figure 4.3. O-GlcNAc is increased in motor neurons of the ventral horn. 
Cervical enlargement sections from control and 8-month Thiamet-G treated 
JNPL3 animals were stained with a α-NeuN antibody (green) and a α-O-GlcNAc 
antibody (CTD110.6, red) (middle two panels) and counter stained with DAPI (left 
most panels). Overlay of NeuN, O-GlcNAc, and DAPI signals (right most panels) 
indicates that the O-GlcNAc levels are increased in motor neurons upon 
treatment of Thiamet-G. Scale bar indicates 50 µm.  
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Treatment with Thiamet-G thus hinders tau-driven neurodegeneration within this 

transgenic model. Consistent with inhibitor treatment preventing loss of neurons we also 

observed at 40 weeks that treated mice had retained significantly greater body weight 

(41.7 g vs. 35.7 g, two-tailed, unpaired t-test, p < 0.005), likely due to decreased 

neurogenic atrophy of skeletal muscle known to occur in this model. A separate control 

study of wild-type mice (Figure 4.4) having the same genetic background as the JNPL3 

mice studied here shows that Thiamet-G treatment, at the same dose and over a similar 

duration, has no effect on weight, food or water consumption, organ weights, and motor 

neuron counts (Figure 4.4). These results are also consistent with studies showing OGA 

inhibition has no apparent toxic effects nor any effect on the weight of either C57BL/6 

mice or Sprague-Dawley rats117. Though JNPL3 mice develop motor deficits, significant 

differences in body weights are known to complicate rotarod and cage hang tests270,338, 

which complicated these studies in our hands. We found, however, that treated animals 

had a 3-fold significantly slower rate (ANCOVA, p = 0.021) of decline in cage hang 

performance over 5 weeks (Figure 4.5). Notably, however, though the Thiamet-G treated 

animals are heavier and have a slower decline, they do have shorter hang latencies 

overall. These behavioural observations are therefore best viewed as suggestive. 
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Figure 4.4. Long-term Thiamet-G treatment of wild-type mice does not lead to 
any adverse effects. 

Wild-type mice on an identical genetic background were treated for 22 weeks 
with 500 mg / kg / day of Thiamet-G in the drinking water (n = 3 / group). a, No 
difference was observed in the body weights or weight gain of the control group 
compared to the Thiamet-G treated group. No differences were observed in 
either food consumption (b), water consumption (c), organ weights (d), or motor 
neuron counts in ventral horn region of the cervical spinal cord (e). 
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Figure 4.5. Phenotypic characterization of JNPL3 mice 
a, Control and Thiamet-G treated JNPL3 animals of 40 weeks of age were 
weighed once a week for 5 consecutive weeks. Thiamet-G treated animals were 
significantly heavier on average (error bars represent +/ - S.E.M.). b, Wire cage 
hang test of control and Thiamet-G treated JNPL3 mice beginning at age 40 
weeks reveals a significantly faster decline in the control group compared to the 
Thiamet-G treated group (error bars indicate ± S.E.M). c, Beginning at the age of 
40 weeks Control and Thiamet-G animals were also subjected to the rotarod test. 
No difference was found between the two groups on the rotarod test as indicated 
by the analysis of covariance (ANCOVA, p = 0.74). Error bars indicate (± S.E.M.). 
d, More Thiamet-G treated JNPL3 mice show no motor impairment, while more 
mice from the control group show mild motor impairment as judged by a blinded 
independent investigator. 

We next evaluated whether the survival of neurons in 36-week treated JNPL3 

mice was associated with decreased tau hyperphosphorylation, tau aggregation, and 

increased tau O-GlcNAc levels. Major AD-related phosphorylation sites in human tau 

also occur in the JNPL3 model246,275. By immunohistochemistry (IHC), using the AT8 

antibody that reliably detects pathological tau phosphorylated at Ser202 and Thr205, we 

compared Thiamet-G treated mice to control mice and found, as hypothesized, that AT8 

immunoreactivity with NFT-like morphology decreased in brainstem (2.6-fold, p = 
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0.0039, one tailed, Mann-Whitney U test), spinal cord (1.3-fold, p = 0.021, one tailed, 

Mann-Whitney U test), hypothalamus (2.0-fold, p = 0.025, one tailed, Mann-Whitney U 

test), and cortex (2.0-fold, p = 0.0062, one tailed, Mann-Whitney U test) (Figure 4.6a-b, 

and Figures. 4.7, 4.8, and 4.9). We used 3,3'-Diaminobenzidine (DAB) staining on 

cervical spinal cord sections using the AT8 antibody to verify these results by light 

microscopy (Figure 4.6e). We also observed increased O-GlcNAc levels in the brain and 

spinal cord tissues from Thiamet-G treated mice, which correlates with decreased tau 

pathology (Figure 4.6, and Figures. 4.7, 4.8 and 4.9).  
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Figure 4.6. Immunohistological analysis of Thiamet-G treated JNPL3 animals 
reveals reductions in NFTs. 
a, AT8 immunohistochemistry (IHC) analysis of the brainstem region of sagittal 
sections from control and Thiamet-G treated JNPL3 mice indicates a significant 
reduction in the immunostaining of this antibody. b, Representative data from the 
quantitation in (a) reveals a general reduction in AT8 staining (left panels, in red) 
while global O-GlcNAc levels (CTD110.6) are greatly increased in the Thiamet-G 
treatment group (upper right panel, in green). Scale bar indicates 100 µm. c, 
Triple immunostaining with AT8, pSer422 and CTD110.6 (global O-GlcNAc) 
followed by Gallyas-Braak silver staining indicates all four of these measures 
label typical NFT morphology in the brainstem of JNPL3 mice. Scale bar 
indicates 50 µm. d, Triple immunstaining with pSer422, CTD110.6 (global O-
GlcNAc), and nY29 indicates that nitrotyrosine at Tyr29 also labels typical NFT 
morphology in the brainstem. Scale bar indicates 50 µm. e, DAB staining of 
cervical spinal cord sections using the AT8 antibody visualized using light 
microscopy labels structures with typical NFT morphology. Scale bars indicate 
500 µm and 50 µm (inset panel). 
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Figure 4.7. AT8 tau phosphorylation is decreased and global O-GlcNAc levels 
are increased in the cervical spinal cord. 

Cervical enlargement sections from control and 8-month Thiamet-G treated 
JNPL3 animals were stained with a AT8 antibody (red) and a α-O-GlcNAc 
antibody (CTD110.6, green) (middle two panels) and counter stained with DAPI 
(left most panels). Overlay of AT8, O-GlcNAc, and DAPI signals (right most 
panels) indicates that the O-GlcNAc levels are increased in the cervical spinal 
cord, whereas AT8 levels are decreased upon treatment with Thiamet-G. Scale 
bar indicates 50 µm. 

 

Figure 4.8. AT8 tau phosphorylation is decreased and global O-GlcNAc levels 
are increased in the hypothalamus. 

Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained with a ΑΤ8 antibody (red) and a α-O-GlcNAc antibody 
(CTD110.6, green) (middle two panels) and counter stained with DAPI (left most 
panels). Overlay of AT8, O-GlcNAc, and DAPI signals (right most panels) 
indicates that the O-GlcNAc levels are increased in the hypothalamus, whereas 
AT8 levels are decreased upon treatment with Thiamet-G. Scale bar indicates 50 
µm. 
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Figure 4.9. AT8 tau phosphorylation is decreased and global O-GlcNAc levels 
are increased in the cortex. 

Sagittal brain sections from control and 8-month Thiamet-G  treated JNPL3 
animals were stained with a AT8 antibody (red) and a α-O-GlcNAc antibody 
(CTD110.6, green) (middle two panels) and counter stained with DAPI (left most 
panels). Overlay of AT8, O-GlcNAc, and DAPI signals (right most panels) 
indicates that the O-GlcNAc levels are increased in the cortex, whereas AT8 
levels are decreased upon treatment with Thiamet-G. Scale bar indicates 50 µm. 

While these studies were ongoing we discovered an additional site of O-

GlcNAcylation on the longest human isoform of tau (Tau441) at Ser208. This site was 

identified through analysis of O-GlcNAc modified Tau441 by ESI-MS/MS (Figure. 4.10).  

Previously, we have used this strategy to map O-GlcNAc to Thr123, Ser400, and one of 

Ser409, Ser412, or Ser413337. Because, the Ser208 site of O-GlcNAcylation occurs 

close to the AT8 antibody epitope, we considered that O-GlcNAc present on tau could 

obscure sites of phosphorylation by hindering antibody binding and this might give rise to 

apparent decreases that could be misinterpreted as decreased levels of aggregates. 

Another study has also revealed Ser208 may be a site of glycosylation339 We therefore 

evaluated whether Ser208 O-GlcNAc could obscure the AT8 epitope by performing 

enzymatic digestion of O-GlcNAc in tissue sections. We find O-GlcNAc levels were 

greatly reduced but that AT8 immunoreactivity was not significantly altered (Figure 4.11), 

indicating Ser208 O-GlcNAc does not affect AT8 analysis. We also performed IHC using 

a pSer422 antibody, which is another antibody that reliably detects pathological 

phosphorylation of Ser422 on tau. We find that the pSer422 immunoreactivity shows a 

clear trend of 2.0-fold lower level in Thiamet-G treated mice (p = 0.067, one tailed, 

Mann-Whitney U test) (Figure 4.12).  
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Figure 4.10. MS/MS and MS/MS/MS spectra from an in vitro O-GlcNAc modified 
tau tryptic digest identifies a site of glycosylation at Ser208. 

y and b series fragment ions unmodified or retaining O-GlcNAc are shown for (a) 
MS/MS of 799.1 [M+2H]2+ and for (b) MS/MS/MS of the O-GlcNAc neutral loss 
ion in MS/MS at 697.5 [M+2H]2+ . c, Mulitple reaction monitoring (MRM) of the 
Ser400 O-GlcNAc modified tau peptide from the Thiamet-G treated mouse brain. 
d, MRM experiment of the Ser400 O-GlcNAc modified and Ser404 
phosphorylated tau peptide. 17 MRM transitions were detected for (c) and 14 
transitions were detected for (d) to correctly identify the locations of O-GlcNAc 
and phosphorylation on the peptide: SPVVSGDTSPR. The unique nature of this 
peptide results in its retention on both the C18 and graphitous carbon stationary 
phases, resulting in the detection of two separate sets of peaks at two distinct 
retention times. 
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Figure 4.11. Increased O-GlcNAc modification does not block binding of the AT8 
antibody binding in the JNPL3 mouse brain. 

Sagittal brain sections from 8-month Thiamet-G treated and control JNPL3 mice. 
Upper panel, representative images of AT8 staining before (red) and after 
(green) the sections were treated with a bacterial homologue of OGA (btOGA) 
show AT8 immunoreactivity was not altered, while the remaining O-GlcNAc 
staining (purple) was no longer observed by staining with the CTD110.6 
antibody. Lower panel, adjacent sections digested with a catalytically inactive 
mutant of btOGA carried out in parallel served as experimental controls, in which 
representative images showing AT8 staining before (red) and after (green) were 
not significantly altered while the intense O-GlcNAc staining (purple) was 
observed in the tissue section from the Thiamet-G treated mouse. The last 
column of images in each panel contains merged red, green, purple signals, and 
overlaid with DAPI (blue). Scale bar indicates 50 µm. 
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Figure 4.12. Immunohistological analysis of Thiamet-G treated JNPL3 animals 
reveals reductions in NFTs. 

a, pSer422 IHC analysis reveals a reduction in the brainstem region of sagittal 
sections from Thiamet-G treated JNPL3 mice. b, Representative data from the 
quantitation in (a) reveals a strong trend toward a reduction in pSer422 staining 
(left panels, in red) while global O-GlcNAc levels are greatly increased in the 
Thiamet-G treatment group (upper right panel, in green). Scale bar indicates 100 
µm. c, DAB staining of cervical spinal cord sections using the pSer422 antibody 
visualized using light microscopy labels structures with typical NFT morphology. 
Scale bars indicate 500 µm and 50 µm (inset panel). 

During our IHC analyses we observed that both AT8 and pSer422 antibodies 

stained identical structures that had typical NFT morphology. To confirm that the AT8 

and pSer422 antibodies predominantly detect NFTs, we used the PHF-1 antibody that is 

commonly used to detect NFTs. We find that the PHF-1 antibody labelled the same 

structures as the AT8 and pSer422 antibodies and reductions in PHF-1 

immunoreactivity, similar to those observed for AT8, were noted in the Thiamet-G 

treated mice (Figure 4.13). Triple staining using Gallyas silver staining on brain sections 

probed with AT8 and pSer422 showed clear overlap with AT8 and pSer422 

immunoreactivity (Fig. 4.6c, and Figure 4.14). Finally, nitrated tau fibrillar lesions are 

known to correlate with NFTs in AD brain340 and we find that the nY29 antibody, which 

recognizes nitrated tyrosine 29 of tau, labelled the same structures as the pSer422 

antibody and also showed decreased immunoreactivity in brain and spinal cord tissues 

from Thiamet-G treated mice (Figure 4.6d, and Figures 4.15, 4.16 and 4.17). Thus five 
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separate markers detect similar structures having NFT morphology and all show a 

similar reduction in Thiamet-G treated mice compared to controls. Taken together, these 

results indicate that the neuronal protective effects that we observed in the Thiamet-G 

treated mice correlate with a reduction in NFT formation in brain and spinal cord. 

 

Figure 4.13. PHF-1 tau immunoreactivity is decreased and global O-GlcNAc 
levels are increased in the brainstem of treated mice. 
Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained with the PHF-1 antibody (red) and an α-O-GlcNAc antibody 
(CTD110.6, green) (middle two panels) and counter stained with DAPI (left most 
panels). Overlay of PHF-1, O-GlcNAc, and DAPI signals (right most panels) 
indicates that the O-GlcNAc levels are indeed increased in the brainstem, 
whereas PHF-1 immunoreactivity is decreased upon treatment with Thiamet-G. 
Scale bar indicates 50 µm. 
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Figure 4.14. Gallyas-Braak silver staining reveals typical NFT morphology. 
Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained by Gallyas-Braak silver staining and the brainstem region 
was viewed under x4 (left most panel) and x40 (right two panels, two different 
regions of interest) optical objective. The typical agyrophillic globose and flame 
shaped NFT structures that are observed in the brainstem are noticeably fewer in 
the 8-month Thiamet-G treated JNPL3 animals. Scale bars indicate 500 µm (x4) 
and 50 µm (x40). 

 

Figure 4.15. Nitrotyrosine on Y29 of tau (nY29) is reduced in the hypothalamus. 
Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained with the pSer422 antibody (green) and a nitrotyrosine Y29 
antibody (nY29, green) (middle two panels) and counter stained with DAPI (left 
most panels). Overlay of pSer422, nY29, DAPI, and α-O-GlcNAc signals 
(CTD110.6, purple) (right most panels) indicates that the O-GlcNAc levels are 
indeed increased in the hypothalamus and pSer422 and nY29 stain similar 
structures with NFT morphology that are decreased upon treatment with 
Thiamet-G. Scale bar indicates 50 µm. 
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Figure 4.16. Nitrotyrosine on Y29 of tau (nY29) is reduced in the spinal cord. 
Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained with the pSer422 antibody (green) and a nitrotyrosine Y29 
antibody (nY29, green) (middle two panels) and counter stained with DAPI (left 
most panels). Overlay of pSer422, nY29, DAPI, and α-O-GlcNAc signals 
(CTD110.6, purple) (right most panels) indicates that the O-GlcNAc levels are 
increased in the cervical spinal cord and pSer422 and nY29 stain similar 
structures with NFT morphology that are decreased upon treatment with 
Thiamet-G. Scale bar indicates 50 µm. 

 

Figure 4.17. Nitrotyrosine on Y29 of tau (nY29) is reduced in the cortex. 
Sagittal brain sections from control and 8-month Thiamet-G treated JNPL3 
animals were stained with the pSer422 antibody (green) and a nitrotyrosine Y29 
antibody (nY29, green) (middle two panels) and counter stained with DAPI (left 
most panels). Overlay of pSer422, nY29, DAPI, and α-O-GlcNAc signals 
(CTD110.6, purple) (right most panels) indicates that the O-GlcNAc levels are 
increased in the cortex and pSer422 and nY29 stain similar structures with NFT 
morphology that are decreased upon treatment with Thiamet-G. Scale bar 
indicates 50 µm. 
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We next analyzed whether Thiamet-G treatment caused the expected increases 

in O-GlcNAc levels and decreased phosphorylation of soluble tau. We found that global 

levels of O-GlcNAc in these long-term treated animals are increased (4-5-fold, p = 

0.0007, one-tailed, Mann-Whitney U test) (Figure 4.18a) and tau O-GlcNAc levels are 

also increased (1.6-fold, p = 0.0077, one-tailed, unpaired t-test) in the brainstem (Figure 

4.18b). When we evaluated the AT8 tau phospho-epitope from complete homogenates, 

however, we observed no obvious effects on levels of phosphorylation. We therefore 

evaluated whether tau O-GlcNAc might act to reduce the amount of a 64 kDa 

pathologically hyperphosphorylated form of tau known to correlate with the severity of 

motor impairment in JNPL3 animals246 that is found in high-speed pellets of soluble 

protein fractions. Again, we find that Thiamet-G treatment reduced neither the amount of 

64 kDa tau species in high-speed pellets from the brainstem (Figure 4.18c) nor its 

phosphorylation (Figure 4.18d-e, and Figure 4.19). Given previous findings that insoluble 

tau contained in sarkosyl extracts of brain tissue from JNPL3 mice comprises mainly 

fibrillar tau275, we evaluated sarkosyl extracts (Figure 4.18f) and found the Thiamet-G 

treated group shows a clear trend in reduction of sarkosyl insoluble tau (1.6-fold, p = 

0.051, one tailed, unpaired t-test). The fact that we observe a clear trend in the amount 

of insoluble fibrillar tau in these animals but see no difference in levels of soluble tau 

hyperphosphorylation, as measured by Western blots, suggested to us that increased O-

GlcNAc levels on tau may not hinder tau hyperphosphorylation in animals during long 

term inhibitor treatment. This observation is in contrast with effects observed on acute 

treatment of healthy rats with an OGA inhibitor. We therefore speculated that increased 

O-GlcNAc may yield tau species that are less prone to oligomerization, in a manner 

independent of their degree of phosphorylation.  
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Figure 4.18. Biochemical analysis of Thiamet-G treated JNPL3 animals. 
a, Relative global O-GlcNAc levels (judged by CTD110.6) are increased in the 
brainstem of the Thiamet-G treated animals compared to control. b, O-GlcNAc at 
Ser400 of tau judged by ELISA using the 3925 antibody. c, Relative amounts of 
the 64 kDa species of human tau (detected by HT7) corrected for total protein 
(GAPDH). d, e, Relative levels of Ser202/Ser205 (d, AT8) and Ser422 (e) 
phosphorylation on the high speed sedimentable 64 kDa species of tau corrected 
for human tau expression (HT7) and total protein (GAPDH) in the brainstem of 
control and Thiamet-G treated JNPL3 animals. f, Relative amount of sarkosyl 
insoluble tau from the brainstem (as detected by the HT7 human tau antibody) of  
JNPL3 animals. g, The high speed sedimentable 64 kDa hyperphosphorlated 
species of tau (detected by Western blot with HT7, left panel) is also O-GlcNAc 
modified at Ser400 (detected by 3925, middle panel) in the brainstem of JNPL3 
animals. For all panels error bars indicate ± S.E.M. 
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Figure 4.19. Global O-GlcNAc levels, total and phosphorylated tau levels on the 
64-kDa human tau species. 
The brainstem region from control and 8-month Thiamet-G treated JNPL3 
animals was extracted and centrifuged at 100,000 x g (see methods for further 
details). a, The supernatant was used to probe the levels of global O-GlcNAc on 
multiple proteins and GAPDH was used as a loading control. For O-GlcNAc 
immunoreactivity quantification, all of the bands in each lane were used. b, The 
pellet was resuspended and Western blots using a human tau antibody (HT7) as 
well as various phosphorylation specific tau antibodies we carried out. All of 
these antibodies detect exclusively the 64-kDa species of human tau and reveal 
no difference in the total amount of human tau (HT7) or the level of 
phosphorylation on this tau species. 

Given that we see no effect of increased O-GlcNAc on tau phosphorylation and 

the formation of the hyperphosphorylated 64 kDa species, we speculated that O-GlcNAc 

would likely be found on the hyperphosphorylated form of tau if it were protecting tau 

against oligomerization. Consistent with this view, we found that O-GlcNAc at Ser400 is 

found on the 64 kDa form of tau and that Ser400 O-GlcNAc levels are increased in 

Thiamet-G treated mice (Figure 4.18g). To verify the presence of Ser400 O-GlcNAc 

using an independent method we partially purified tau from JNPL3 mouse brain tissue 

and carried out further mass spectrometry experiments. We detected Ser400 O-GlcNAc, 
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and also observed simultaneous modification of tau with Ser400 O-GlcNAc and Ser404 

phosphorylation (Figure 4.10c, d), consistent with the observation that the 

hyperphosphorylated 64 kDa tau species also bears O-GlcNAc. It is interesting to note 

that small tau aggregates formed en route to NFTs have been proposed as toxic tau 

species272,341. Kinase inhibitors have been shown to decrease tau hyperphosphorylation, 

reduce levels of the 64 kDa tau species, and improve motor function despite leaving 

NFT levels unaffected246. While the precise toxic species remain unknown, these data 

suggest they occur downstream of hyperphosphorylation and are most likely small 

oligomers of tau. Based on these considerations we speculate that increased O-GlcNAc 

on tau could block its oligomerization independently of hyperphosphorylation, an 

observation that could account for the decrease in the number of NFT we observe in 

treated animals. 

To test whether O-GlcNAc on tau acts independently of phosphorylation to 

protect against tau oligomerization is difficult in vivo due to the presence of many 

interacting proteins and other post-translational modifications. Therefore, to address the 

role of O-GlcNAc in a clear manner, using biochemical methods, we used an in vitro tau 

aggregation assay. The in vitro oligomerization of tau can be induced using anionic 

molecules such as heparin or arachadonic acid or by planar aromatic dyes247,248,342 and 

can be followed by fluorescence using the preferential binding of thioflavin-S dye to tau 

aggregates343. We generated a recombinant tau construct (Ctrl-Tau244-441) lacking the N-

terminal domain of full length tau that has proven to aggregate on accessible time scales 

in vitro247,344 (Figure 4.20a, b). We also generated the analogous recombinantly O-

GlcNAc modified form (Mod-Tau244-441) and estimated the extent of O-GlcNAc 

modification at 50% (Figure 4.20 and Figure 4.21) by mass spectrometry. We find 

oligomerization of unmodified Ctrl-Tau244-441 occurs more quickly and to a greater extent 

than the O-GlcNAc modified preparation Mod-Tau244-441 (Figure 4.20c), suggesting O-

GlcNAc can inhibit oligomerization of tau under these conditions. To more specifically 

probe the role of O-GlcNAc at Ser400, we also prepared Ctrl- and Mod-Tau244-441S400A, 

which both contain the S400A mutation. We found the Mod-Tau244-441S400A has lower 

O-GlcNAc levels than Mod-Tau244-441 and no reactivity with the 3925 antibody, which 

detects O-GlcNAc at Ser400 of tau337 (Figure 4.20b). Notably, oligomerization of both 
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Ctrl- and Mod-Tau244-441S400A (Figure 4.20d) occurs at the same rate and proceeds to 

the same extent, supporting O-GlcNAc at S400 of tau playing a role in inhibiting 

oligomerization. We confirmed these results using arachidonic acid in place of heparin 

as the inducer of oligomerization (Figure 4.22a). We also verified these results using a 

filter trap assay (Figure 4.20e, and Figure 4.22b), which enables trapping and 

quantitation of tau aggregates, as an independent measure.  

 

Figure 4.20. O-GlcNAc on Tau244-441 slows aggregation in vitro 
a, The longest human isoform of tau (Tau441) and the locations of the known O-
GlcNAc modification sites. Also shown is the wild-type Tau244-441 construct and 
the Tau244-441 construct with the major site of O-GlcNAc on tau mutated (S400A). 
b, Coomassie Blue (CB) stained SDS-PAGE gel. Ctrl Tau244-441 (lane 1), Mod 
Tau244-441 (lane 2), Ctrl S400A Tau244-441 (lane 3) and Mod S400A Tau244-441 (lane 
4) species all have apparent molecular weight of ~25 kDa. Only the Mod Tau244-

441 and not the Mod S400A Tau244-441 are detected by the O-GlcNAc at Ser400 of 
tau antibody (3925) Western blot while both are detected by the global O-GlcNAc 
antibody (CTD110.6). The Tau-46 Western blot indicates equal loading. c, 
Relative thioflavin-S (ThS) fluorescence of both Ctrl and Mod Tau244-441 (10 µM) 
over time using heparin as the inducer (error bars indicate ± S.E.M.). d, Relative 
thioflavin-S (ThS) fluorescence of both Ctrl and Mod S400A Tau244-441  (10 µM) 
using heparin as the inducer (error bars indicate ± S.E.M.). e, Filter trap assay of 
Ctrl and Mod Tau244-441 (10 µM) aggregated for 40 hours as detected by the 
Tau46 antibody (error bars indicate ± S.E.M.). 
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Finally, to address whether the decrease in aggregation propensity observed for 

the Mod-Tau244-441, as compared to Ctrl-Tau244-441, could be accounted for by the 

formation of fibrillogenic seeds during lyophilization we purified new samples of both Ctrl 

and Mod-Tau244-441 using size-exclusion chromatography. We collected Ctrl- and Mod-

Tau244-441 from central fractions of the single peak observed at the expected elution 

volume for monomeric tau (Figure 4.23a-c). We find when assaying these samples that 

Mod-Tau244-441 again aggregates less than Ctrl-Tau244-441 (Figure 4.23d). Notably, the 

effect of O-GlcNAc glycosylation on the aggregation propensity of tau is more 

pronounced following size-exclusion chromatography. This greater effect may stem from 

the removal of small quantities of  fibrillogenic seeds or, alternatively, from the lower 

concentration of tau generated using the size exclusion method (4 µM as compared to 

the previous preparations of tau which were 10 µM), which is only 2-fold higher than the 

2 µM required for tau to aggregate in the presence of heparin343. In any event, these 

collective in vitro observations suggest that O-GlcNAc modification of tau, on its own, 

can prevent tau oligomerization, which offers a biochemical rationale for the fewer NFTs 

observed in the Thiamet-G treated JNPL3 animals. These results suggest O-GlcNAc 

modification of tau plays a role in limiting the formation of toxic tau species and the 

protection of motor neurons in this tau transgenic model.  
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Figure 4.21. Mass determination of Ctrl and Mod Tau244-441 by mass spectrometry. 
a, A mass of 23223.55 Da was observed for Ctrl-Tau244-441 which agrees well with 
the predicted mass of 23225.3 Da. The difference of 2 Da likely results from an 
intramolecular disulfide bond formed by the two cysteines in Tau244-441. In 
addition a small quantity of α-N-gluconoylation of the His6-tag, which is 
commonly seen on his-tagged proteins is observed at 23401.60 Da. b, A mass of 
23223.38 Da is observed in the Mod-Tau244-441 which is attributed to unmodified 
Tau244-441 that is contained in the Mod-Tau244-441 preparation. In addition peaks 
attributed to +1, +2, and +3 O-GlcNAc residues (+203.08 Da) are also observed.  
Using the integration of the O-GlcNAc modified peaks to the total peak 
integration indicates that the Mod-Tau244-441 is 45% O-GlcNAc modified. α-N-
gluconoylation of the his-tag is also observed on the Mod-Tau244-441 but the 
quantity does not differ significantly from the Ctrl-Tau244-441 (22 vs. 29 %). 
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Figure 4.22. In vitro Tau244-441 aggregation using arachidonic acid as the inducer. 
a, Relative thioflavin-S (ThS) fluorescence of both Ctrl and Mod Tau244-441 (5 µM ) 
over time. The Mod Tau244-441 shows a slower rate and extent of aggregation 
(error bars indicate ± S.E.M.) than the Ctrl using 75 µM arachidonic acid as the 
inducer. b, A representative filter trap blot is shown for the aggregation of Ctrl 
and Mod wt Tau244-441 (5 µm) using heparin as the inducer. 
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Figure 4.23. Size-exclusion profile of Tau244-441 and aggregation in vitro. 
a, Ctrl- and Mod-Tau244-441 were purified as described in the materials and 
methods section. Following the HPLC and lyophilization step, the Ctrl- and Mod-
Tau244-441 samples were subjected to size-exclusion chromatography. b, This 
analysis indicates that both the Ctrl- and Mod-Tau244-441 samples elute at around 
71-75 mL which is similar to what has been reported previously for monomeric 
tau345. c, Following the size-exclusion chromatography, fractions containing 71-
75 mL were combined and analyzed by SDS-PAGE. d, In vitro tau aggregation 
using heparin as the inducer and 4 µM tau constructs shows that Mod-Tau244-441 
material eluting in the 71-75 mL range of the size exclusion column is similarly 
impaired. 

On the basis of these findings we speculated that one general biochemical role 

for O-GlcNAc could be that it contributes to the stability of modified cellular proteins, 

hindering their aggregation. To test this idea in an entirely different context we 

recombinantly produced several O-GlcNAc modified proteins including a construct of 

TAK1-binding protein (sTAB1)90,346 (Figure 4.24a). We evaluated the aggregation 

potential of these proteins and found sTAB1 aggregates in vitro at elevated 

temperatures. Furthermore, at both 40 ºC and 45 ºC, O-GlcNAc modified sTAB1 

aggregates more slowly than the unmodified sTAB1 (Figure 4.24b). It is interesting in 

this regard to note a parallel with N-glycosylation of proteins. Recently, it was shown that 
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the core N-linked N-acetylglucosamine residue of the N-glycans can on its own increase 

protein stability by influencing the local conformation of the glycosylated sequence288,347. 

O-GlcNAc may act in a related manner to more generally stabilize proteins and hinder 

their aggregation. 

 

Figure 4.24. O-GlcNAc modification of sTAB1 inhibits its aggregation in vitro. 
A, Coexpression of a deletion construct consisting of residues 7-402 of short 
TAB1 (sTAB1) with wt or mut (H558A) OGT. (Upper panels) Coomassie stained 
gel of sTAB1 obtained after purification by nickel chelate chromatography shows 
that the proteins are of high purity (>95 % purity). (Lower panels) Western blot 
analyses using an anti-O-GlcNAc antibody (RL2) demonstrate that only sTAB1 
coexpressed with wtOGT is modified. B, A turbidity assay was carried out 
whereby the absorbance of solutions containing sTAB1 was monitored 
continuously over time at 500 nm in 50 mM tris, 100 mM sodium chloride, and 5 
mM β-mercaptoethanol (pH 7.5). Assays were carried out with O-GlcNAc-
modified (blue) and unmodified sTAB1 (red). As indicated in the figure, the 
assays were repeated at two different temperature and protein concentrations: 
40 µM at 40 °C or 10 µM at 45 °C. Data was acquired every five seconds over 
the course of the experiment and curves represent the average of three 
replicates. The standard deviation at each time point ranges from 1-5%. A two-
tailed unpaired student’s t-test was performed at the half maximal value of 
aggregation (~40 min) for the 40 °C experiment which indicated that the 
unmodified and O-GlcNAc modified samples are extremely significantly different 
with a p-value of 0.00016. Similar results were obtained at other times and for the 
45 °C experiment. 
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4.3. Discussion 

Here we show that small molecule inhibition of OGA and consequent increases 

in O-GlcNAc slows motor neuron loss in the JNPL3 tau mouse model over a period of 

eight months without apparent adverse effects. OGA inhibitor treatment decreased the 

levels of NFTs without altering levels of tau phosphorylation at the sites analyzed, 

suggesting that the protective effects of O-GlcNAc are independent of tau 

phosphorylation. While other neuroprotective mechanisms mediated by O-GlcNAc may 

be operative, these data indicate O-GlcNAc modification of tau is one likely mechanism 

that limits tau oligomerization and contributes to reducing its toxicity. Notably, this 

protective phenomenon does not appear unique to tau protein since we observe O-

GlcNAc hinders thermally-induced aggregation of TAB1. We therefore speculate that a 

general biochemical function of the O-GlcNAc modification is to protect proteins from 

aggregation and contribute to their overall stability within the cellular milieu.  It is 

interesting in this regard to note a parallel with N-glycosylation of proteins. Recently, it 

was shown that the core N-linked N-acetylglucosamine residue of N-glycans can 

increase protein stability by influencing the local conformation of the glycosylated 

sequence288,347. O-GlcNAc may act in a related manner to more generally stabilize 

proteins and hinder their aggregation. In any case, these studies reveal OGA inhibitors 

are among a select class of compounds able to slow tau-driven neurodegeneration 

without apparent adverse effects. Accordingly, these findings suggest OGA is a potential 

target for the development of disease modifying agents for the tauopathies. 

4.4. Materials and Methods: 

9-12 week old female hemizygous JNPL3 mice were obtained from Taconic 

Farms. Thiamet-G was administered at a dose of 500 mg / kg / day (ad libitum) via 

inclusion in the drinking water. Wire cage hang and rotarod testing was completed once 

a week for 5 weeks starting at the age of 40 weeks. Motor neuron counts were carried 

out as described previously270.  For the short term animal studies, proteins were 

separated through 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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(SDS-PAGE) gels and Western blotting was carried out as described317. Fluorescence 

immunohistochemistry was conducted on 30 µm thick sagittal brain and cervical spinal 

cord sections essentially as described317. For analysis of tau phosphorylation in the long 

term study, an SDS-PAGE apparatus capable of running and transferring 50 samples 

was obtained from C.B.S Scientific and used as described by the manufacturer. See 

section 4.4.13 for all of the antibodies used in this study. For Western blotting 

quantification, films were scanned and quantified using Scion Image. For the 3925 O-

GlcNAc tau enzyme linked immunosorbant assay (ELISA), plates were coated with 2 µg 

/ mL of CP27 anti-human tau antibody overnight at 4 °C, blocked with 5%  bovine serum 

albumin (BSA) and washed five times with tris buffered saline containing 0.05 % Tween-

20 (TBS-T). Samples from the high-speed supernatant (soluble tau) were then applied in 

5% BSA and incubated for 2 hours at room temperature, washed five times with TBS-T 

and then incubated with goat-anti-rabbit IgG secondary antibody. The plate was then 

washed seven times with TBS-T, developed with 3,3' diaminobenzidine 

tetrahydrochloride ELISA substrate, quenched with sulfuric acid and then absorbance 

was read at 450 nm. Recombinant O-GlcNAc modified tau expression, purification and 

mass spectrometry has been described previously337. In vitro tau aggregation was 

carried out at 10 µM tau for indicated lengths of time and detected by thioflavin-S 

fluorescence343 and filter trap assays348. 

4.4.1. Animal dosing, handling, and motor testing 

Forty 9-12 week old hemizygous female JNPL3 mice 

(TgN(MAPT)JNPL3HlmcFemale) were obtained from Taconic farms. All animal studies 

described below were approved by the SFU University Animal Care Committee. Animals 

were divided into two groups each containing 20 animals, co-housed in groups of five in 

each cage, and allowed to acclimatize for one week prior to beginning the dosing 

regimen. The Thiamet-G treated group was dosed by including 3.75 mg / mL Thiamet-G 

in the drinking water bottles. Thiamet-G was synthesized and characterized as described 

previously317. This concentration was based on an average animal weight of 30 g and an 

average water consumption of 4 mL / day / animal. Both groups were allowed ad libitum 

access to food and water. Animals were dosed with Thiamet-G for 36 weeks for the long 
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term study and one week for the short term pilot study. Long term treated animals were 

monitored daily and assessed for motor impairment once per week by an investigator 

blinded to the study groups. Absence of escape extension during tail elevation and 

spontaneous back paw clenching during standing were used to assess each animal’s 

level of motor impairment. When an animal displayed any of the aforementioned motor 

symptoms the animal was classified as having a motor phenotypic stage of one. When 

significant reductions in weight in addition to the above mentioned motor symptoms were 

detected the animal was classified as having a motor phenotypic stage of two. Finally, 

when an animal was unable to complete a wire cage hang (described below) or showed 

signs of being unable to right itself, the animal was sacrificed and also given a motor 

phenotypic stage of two. 

The wire cage hang test was conducted by allowing the animal to grasp a wire-

cage lid, inverting the cage lid over an empty cage (about 30 cm in height) and timing 

how long the animal could remain hanging. A maximum length of the test was set at 60 

seconds at which point the animal was removed from the wire-cage lid. Wire cage hang 

data was collected unblinded to the investigators. Data was collected by averaging two 

trials per animal. 

For data in Figure 4.4, six (n = 3 / group) 9-12 week old female wild-type mice 

with an identical B6D2F1 genetic background to the JNPL3 line were obtained from 

Taconic farms. Dosing of the Thiamet-G treatment group was done exactly as described 

above except treatment was begun at 21-24 weeks of age and was continued for 22 

weeks in total. No differences were observed in any of the parameters studied including: 

body weight, food consumption, water consumption, organ weights, or motor neuron 

counts from the ventral horn of the cervical spinal cord. In addition to these parameters, 

we also obtained serum chemistry, hematology and urinalysis from these animals 

(conducted by Central lab for Vetrinarians Ltd.) which resulted in no deviations from the 

expected values for either the control or Thiamet-G treated group. 
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4.4.2. Rotarod methods 

The rotarod test was performed to evaluate motor function and symptoms of 

possible motor neuron degeneration in both Thiamet-G treated and control JNPL3 mice. 

All mice were pre-trained twice a day (am and pm) for 4 consecutive days. After pre-

training, mice were placed on the rod at a speed of 10 rpm and latency to fall was 

recorded. Mice that fell in less than 10 seconds were given a second trial. A value of 120 

seconds was recorded for mice that stayed on the rotarod for the assigned maximum 

duration of rotation. Mice were tested twice (am and pm) on test days. Rotarod data was 

collected unblinded to the investigators. Data were collected by averaging two trials. 

4.4.3. Tissue collection and blinding  

Animal were quickly sacrificed with CO2 and perfused transcardially with 60 mL 

of saline solution. The brain was then quickly removed and separated between the two 

hemispheres. The left hemisphere was placed into a solution of 4 % paraformaldehyde 

(PFA). A ~5 mm section of the cervical spinal cord was also removed and fixed in PFA. 

The right hemisphere was dissected on ice into the forebrain, cerebellum and brainstem 

regions and quickly frozen in liquid nitrogen. The remaining portion of the spinal cord 

was dissected down to roughly the end of the thoracic region and also frozen in liquid 

nitrogen and stored at –80 °C until required. At this point, all of the samples were 

relabeled with numbers in order to blind the investigators carrying out the analysis from 

the study groups. 

4.4.4. Tissue homogenization 

Tissues were homogenized in six volumes of tissue homogenization buffer (THB) 

containing 50 mM Tris-HCl pH 8, 274 mM NaCl, 5 mM KCl, 2 mM EDTA, 2 mM EGTA, 

one complete-mini protease inhibitor tablet (Roche) per 50 mL, 5 mM sodium 

pyrophosphate, 30 mM β-glycerophosphate, 30 mM sodium fluoride and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and then spun at 13, 000 x g in an Eppendorf 

5417C centrifuge for 20 min. The resulting pellet was then re-extracted with three more 

volumes of THB and spun again at 13,000 x g for 20 min. The supernatants were then 
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combined and referred to as the low-speed supernatant (LSsup). The LSsup was then 

spun at 100,000 x g in a Beckman TLA-45 in a Beckman TL-100 centrifuge at 4 ºC for 

45 min. The supernatant was removed and referred to as the high-speed supernatant 

(HSsup). The resulting pellet was resuspended in 50 µl of 1X sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE) loading buffer per 125 µl of LSsup that was spun at 

100,000 x g. For the sarkosyl extraction, 1% N-laurylsacrosinate (Sigma) was added to 

the LSsup and allowed to incubate at 37 °C for one hour with shaking. The samples 

were then spun at 100, 000 x g in the TLA-45 rotor. The supernatant was removed and 

the sarkosyl insoluble pellet was resuspended in SDS-PAGE loading buffer. 

4.4.5. Fluorescent immunohistochemistry (IHC) 

Following fixation of the brain and cervical spinal cord in 4% PFA for 24 hours the 

samples were transferred to 20% (w/v) sucrose overnight for cryoprotection. Brains and 

spinal cords were embedded in O.C.T. (Optimal Cutting Temperature) embedding 

medium (Sakura Finetek USA Inc). Brains were sectioned in the sagittal plane, and 

spinal cords were sectioned in the transverse plane at 30 µm on a Leica cryostat. Free 

floating sections were permeabilized with 0.1 M PBS (pH 7.4) containing 0.3% Triton X-

100 (PBST) for 15 minutes. After blocking with 10% normal goat serum (NGS) and 2.5% 

BSA in PBST for 60 minutes, sections were incubated with appropriate primary 

antibodies at 4 ºC for 24 hours. After washing with PBST for 45 minutes, sections were 

incubated with appropriate secondary antibodies conjugated with Alexa 488, Alexa 568 

and Alexa 647 (Invitrogen) for 90 minutes. After 45 minutes washing, the sections were 

mounted on slides (Superfrost/Plus, Fisher), and coverslipped with Vectashield Mounting 

Medium with DAPI (H-1200, Vector Labs). Sections examined in parallel but without 

being exposed to primary antibody served as experimental controls. In some double or 

triple lableling experiments, staining was performed with species- and isotype-specific 

secondary antibodies applied simultaneously after incubating in cocktails containing two 

or three primary antibodies in various combinations.  
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4.4.6. Fluorescent microscopy and densitometry analysis 

Stained tissue sections were analyzed by an upright Leica DM4000B fluorescent 

microscope equipped with four filter sets (A4, excitation at 340-380 nm, and emission at 

470 nm; L5, excitation at 480 nm, and emission at 527 nm; TX2, excitation at 560 nm, 

and emission at 645 nm; Y5, excitation at 620 nm, and emission at 700 nm, 

respectively). Images were acquired at a full frame size of 1392 x 1040 pixels by Leica 

DFC 350 FC digital camera and processed by Leica LAS imaging acquisition and 

analysis system. Densitometry analyses were conducted using modified methods 

previously used by others in similar transgenic Alzheimer disease mouse models349. In 

detail, for AT8 densitometry analysis, grey scale images were acquired from the same 

six nonoverlapping neuroanatomic regions (three in brainstem, two from hypothalamus, 

and one in cortex, respectively) at a size of 713 x 532 µm from each brain section using 

20x objective lens (200x magnification), and three nonoverlapping neuroanatomic 

regions (one each from ventral, intermedial, and dorsal regions in grey matter, 

respectively) at a size of 356 x 266 µm from each spinal cord section using a 40x 

objective lens (400x magnification). For pSer422 densitometry analysis, grey scale 

images were acquired from three nonoverlapping neuroanatomic regions in brainstem at 

size of 713 x 532 µm from each brain section using a 20x lens. All images were 

thresholded at the pre-determined levels to contain positive immunoreactivities (IRs) 

exclusively. Threshold, area measurement of IRs and densitometric quantifications were 

performed using the ImageJ (1.43u) software package (NIH). Scion Image was used to 

for densitometry of Western blot data. 

4.4.7. Motor neuron counts 

Motor neuron counts were performed using modified methods previously used by 

others for counting neurons in animal preparations270. Briefly, every third 30 µm 

transverse cervical enlargement sections from Thiamet-G treated and non-treated 

JNPL3 were stained with NeuN antibody and counterstained with DAPI. Under 40x 

objective lens, motor neurons meeting the following criteria were counted: 1) size > 25 

µm; 2) possession of at least one thick process; 3) location in ventral grey matter regions 

below a horizontal level through the center of central canal. Motor neurons with a visible 
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nucleolus were also counted if they were not in the initial optical plane of focus, but 

came into focus as the optical plate moved through the tissue. Data were collected by 

averaging six ventral horn regions per animal, total 120 sections were counted. For 

motor neuron counts from wild-type animals, the procedure described above was used 

except counting was conducted on a WaveFX spinning disc confocal system. 

4.4.8. AT8 IHC before and after btOGA digestion in tissue  

To determine whether elevated O-GlcNAc modification levels on tau after 

Thiamet-G treatment mask the AT8 antibody binding in tissue sections, we compared 

AT8 IR before and after the sections were digested using a bacterial homologue of OGA 

(btOGA)102. In a preliminary experiment, we observed AT8 fluorescent IR was not 

diminished by btOGA digestion. Therefore, when comparing the same section from 

different animals, free floating sections were first single stained with AT8 antibody 

followed by incubation with Alexa 568 secondary antibody. Without acquiring images, 

the same sections were digested in PBS (pH7.0) solution containing btOGA at 1:10 (mg 

/ mL) concentration in a 25 °C water bath for 2 hours. After washing, the btOGA digested 

sections were double stained with AT8 and CTD110.6 antibodies, followed by incubation 

with secondary antibodies of Alexa 488 for AT8 (differs from the secondary used for AT8 

before btOGA digestion) and Alexa 647 for CTD110.6. Tissue sections digested with an 

enzymatic inactive mutant btOGA101 carried out in parallel served as experimental 

controls.  

4.4.9. AT8 IHC by using ABC method 

For AT8 labeling with an avidin biotin peroxidase (ABC) (Vector Labs, 

Burlingame, CA), the free-floating sections were first incubated with 0.3% hydrogen 

peroxide for 30 minutes. After blocking with 10% normal goat serum (NGS) in PBS for 1 

hour, sections were incubated with 1:500 AT8 antibody at 4°C overnight. Sections were 

then incubated with biotinylated anti-mouse IgG secondary antibody (BA9200, Vector 

Labs) for 1 hour at room temperature, followed by incubation with ABC reagent 

(PK6100, Vector Labs) for 30 minutes. Color development was performed using 

diaminobenzidine tetrahydrochloride (DAB, SK4105 from Vector Labs) as a substrate for 
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peroxidase and the reaction was stopped by flooding with distilled water. Then sections 

were dehydrated through an ascending alcohol bath series (70%, 80%, 90%, 100%, 1 

minute each), cleared in xylene 2 times for 1 minute each. Slides were coverslipped with 

Permount (Sigma), and air dried overnight. Sections were first examined using a Leica 

DM4000B microscope using the bright field mode. Bright field images were acquired by 

Leica DFC 350 FC digital camera and processed by Leica LAS imaging system by 

applying pseudo-colour to the images.  

4.4.10. Gallyas silver staining  

Gallyas silver staining was carried out using a modified method developed by 

Braak et al.350. In brief, 30 µm free floating cryo-sections were washed in PBS, then 

mounted onto slides and air dried overnight in room temperature. The sections on the 

slides were rehydrated and placed in 5% periodic acid for 5 minutes. After washing in 

distilled water, slides were placed in alkaline silver iodide solution for 1 minute, washed 

in 0.5% acetic acid for 3 minutes, then placed in developer solution for 6-10 minutes, 

washed in 0.5% acetic acid for 3 minutes again, and rinsed with tap water for 5 minutes. 

Then sections were dehydrated through an ascending alcohol bath series (70%, 80%, 

90%, 100%, 1 minute each), cleared in xylene 2 times for 1 minute each. Slides were 

coverslipped with Permount (Sigma), and air dried overnight. For purposes of same 

section comparisons, the Gallyas silver staining was performed after fluorescent images 

had been acquired from triple labeling sections of AT8, pSer422 and CTD110.6 

antibodies using methods described above.  

4.4.11. Western blot analyses 

Samples were electrophoresed through 10% sodium dodecyl sulfate 

polyacrylamide gels (SDS-PAGE) using either the Bio-Rad mini-protean system or a 

C.B.S scientific system capable of running up to 50 samples at once. Gels were then 

transferred to nitrocellulose (Bio-rad) membranes. Membranes were then blocked for 1 h 

at room temperature (RT) with 2 % bovine serum albumin (BSA) in PBS containing 0.1 

% Tween-20 (Sigma) (PBS-T) and then subsequently probed with appropriate primary 

antibody delivered in 2 % BSA in PBS-T overnight at 4 ºC. Membranes were then 
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extensively washed with PBS-T, blocked again for 30 min with 2 % BSA in PBS-T at RT 

and then probed with the appropriate HRP conjugated secondary antibody for 1 h at RT 

delivered in 2 % BSA in PBS-T. Finally, the membranes were washed extensively with 

PBS-T and then developed with SuperSignal West Pico Chemiluminesence substrate 

(Pierce) and exposed to CL-XPosure Film (Pierce). For blots pretreated with alkaline 

phosphatase (Roche), the blots were incubated with 100 Units of calf intestinal alkaline 

phosphatase in 50 mM Tris-HCl, pH 8.5, 0.1 mM EDTA, 0.5 mM MgCl2 for 4.5 hours at 

37 ºC following the first blocking step. The blots were then washed briefly in PBS-T and 

the rest of the Western blot protocol was followed as described above. 

4.4.12. Statistical analyses  

Statistical analyses were carried out using Graphpad Prism 5.03. The data from 

the control and treatment groups was not always accurately estimated to be a normal 

distribution as judged by the D’Agostino & Pearson omnibus normality test. For values of 

n > 10, if the data was accurately estimated by a normal distribution, the unpaired 

student’s t-test was employed. If the data was not accurately estimated by a normal 

distribution the non-parametric Mann-Whitney U-test was used. For values of n ≤ 10 the 

student’s t-test was used. Single-tailed tests were used to test for reductions in tau 

phosphorylation or increases in O-GlcNAcylation because we have demonstrated 

previously that Thiamet-G treatment results in the appropriate differences in these 

parameters317. In the case of measurements which we have not measured previously, 

such as motor neuron counts, body weights and tau aggregation data, two-tailed tests 

were used. In the case of the hang-test data, an Analysis of Covariance (ANCOVA) was 

used. For all statistical tests p < 0.05 was used as the threshold for statically significant 

data. 

4.4.13. Antibodies used in this study 

Mouse monoclonal α-Tau-46, which recognizes the C-terminal region of tau in a 

phosphorylation-independent manner was purchased from Abcam. The mouse 

monoclonal α-human tau antibody, HT7, recognizes amino acids 159-163 of tau in a 

phosphorylation independent manner was from Pierce. The mouse monoclonal antibody 
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AT8 recognizes phosphorylation of tau at Ser202/Ser205 was from Innogenetics. Rabbit 

polyclonal α-tau antibodies, pSer400, pSer231 and pSer422, recognize their respective 

phosphorylated serine residue and were purchased from Invitrogen. Mouse monoclonal 

antibody PHF-1 that recognizes tau phosphorylated at Ser396/Ser404 and mouse 

monoclonal, CP27 that recognizes human tau were a kind gift from Dr. Peter Davies. 

Mouse monoclonal α-tau antibodies, nY29 and TauC3, that recognize nitrated tau and 

tau truncated at Ser422 were from Millipore and Invitrogen, respectively. Finally, the 

3925 α-O-GlcNAc tau at Ser400 is a custom rabbit polyclonal antibody described 

previously337.  

Mouse monoclonal α-NeuN antibody, A60, was purchased from Millipore. Mouse 

monoclonal α-O-GlcNAc antibodies CTD110.6 and RL2 were purchased from Covance 

and Abcam, respectively. Mouse monoclonal α-GAPDH antibody was purchased from 

Invitrogen. Goat α-mouse IgG, goat α-rabbit IgG, and goat α-mouse IgM horseradish 

peroxidase conjugated secondary antibodies were obtained from Santa Cruz 

Biotechnology. See the IHC sections (above) for secondary antibodies used in that work. 

4.4.14. Molecular cloning 

The human OGT gene was cloned into the pMal-c2X vector (New England 

Biolabs) using the following primers: 5'-gccgccggatccaagcgtcttccgtgggcaacgtgg-3’ 

(BamHI cut site shown in bold) and 5’-gccgccgtcgacctatgctgactcagtgacttcaac-3' (SalI cut 

site shown in bold). The H558A point mutation of OGT was created using the following 

primers: 5’-gagttccgactttgggaatgctcctacttctcaccttatgc-3’ and 5’-

gcataaggtgagaagtaggagcattcccaaagtcggaactc-3’. These primers were used to introduce 

the point mutation using QuikChange site-directed mutagenesis. The Tau244-441 construct 

was cloned into the pET28a vector (Novagen) using the following primers: 5’-

gccgcccatatgatgcagacagcccccgtg-3’ (NdeI cut site shown in bold) and 5’-

gccgccctcgagttacaaaccctgcttggccaggg-3’ (XhoI cut site shown in bold). The S400A 

point mutation in Tau244-441 was created with the following primers: 5’- 

gcaagtcgccagtggtggctggggacacgtctccc-3’ and 5’- 

gggagacgtgtccccagccaccactggcgacttgc-3’. 
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4.4.15. Production of recombinant O-GlcNAc modified tau  

The gene encoding Tau244-441 or S400A Tau244-441 in pET28a were co-transformed 

with the gene encoding wild-type OGT (wtOGT) or H558A OGT (mutOGT) in pMal-c2X 

into E. coli Tuner cells (Stratagene). In order to increase the probability of obtaining 

cotransformant colonies, LB plates with 1/3rd the concentration of ampicillin and 

kanamycin (33 µg / mL and 16.6 µg / mL, respectively) were used. Once colonies were 

obtained, ampicillin and kanamycin concentrations of 100 µg / mL and 50 µg / mL, 

respectively, were used to grow the bacteria in solution. For expression, Tau244-441 or 

S400A Tau244-441, co-transformants were induced with IPTG (0.5 mM) overnight at 22 °C 

(~20 h). The bacterial cells were harvested by centrifugation at 5000 rpm for 10 min in a 

Sorvall RC-6 plus centrifuge in a FIBERLite F9S-4x1000y rotor. The bacterial pellets 

were then resuspended in 30 mL of Ni-NTA column binding buffer (20 mM sodium 

phosphate, 500 mM NaCl, 5 mM imidazole, pH 7.4). wtOGT / Tau244-441 and mutOGT / 

Tau244-441 or wtOGT / S400A Tau244-441 and mutOGT / S400A Tau244-441 co-transformants 

were lysed by the addition of 2 mg / mL lysozyme (Bioshop) in the presence of one 

Roche protease complete tablet per 30 mL of resuspended bacterial pellet. Sonication 

was carried out at ~30 % power on a Fischer Scientific sonic dismembrator (model 500) 

for six cycles consisting of 20 seconds on followed by a 40 second rest period. Cellular 

debris was removed by centrifugation at 13,000 rpm in an SS-34 rotor in a Sorvall RC-6 

plus centrifuge. The supernatants were then loaded onto HisTrap FF Ni-NTA columns 

(GE Healthcare) using a peristaltic pump. The columns were washed with 90 mL of Ni-

NTA column wash buffer (20 mM sodium phosphate, 500 mM NaCl, 60 mM imidazole, 

pH 7.4) and then eluted with 25 mL of Ni-NTA column elution buffer (20 mM sodium 

phosphate, 500 mM NaCl, 250 mM imidazole, pH 7.4). The eluates were then thrice 

dialyzed against 20 mM sodium phosphate buffer, pH 6.7 and concentrated to 2 mL. 

From here forward the Tau244-441 or S400A Tau244-441 expressed in either the presence of 

wtOGT or mutOGT will be referred to as control and modified Tau244-441 or control and 

modified S400A Tau244-441. 
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4.4.16. Purification of control and modified Tau244-441 or S400A Tau244-

441 by reversed-phase HPLC 

The control or modified Tau244-441 or S400A Tau244-441 protein (0.25 mg / run) was 

acidified using 10 % trifluoroacetic acid (TFA) and loaded onto an Agilent Zorbax 300SB-

C8 (9.4 mm x 250 mm) semi-preparative HPLC column housed in an 1100 series Agilent 

HPLC. The column was held at 30% buffer B (acetonitrile (ACN), 0.1% TFA) for the first 

five minutes after which the proteins were eluted using a linear gradient of 30 % buffer B 

to 75 % buffer B over 45 min operating at 1 mL / min. Fractions were collected using a 

Foxy Jr. fraction collector set to collect 1 mL fractions over the entirety of the HPLC run. 

The major peak eluted at approximately 24.2 min and was collected in fractions 24-27. 

These fractions were pooled and lyophilized to dryness. This procedure typically results 

in ~1 mg of pure control or modified Tau244-441 or S400A Tau244-441 from 6 liters of bacterial 

culture. The control or modified Tau244-441 or S400A Tau244-441 samples were taken up in 1 

mL of 20 mM sodium phosphate buffer, pH 7. Samples were assessed for purity by 

analysis on 15 % SDS-PAGE gels and the concentration was determined using the 

Biorad DC  assay. 

4.4.17. Purification of control and modified Tau244-441 by size-
exclusion chromatography 

The Ctrl- and Mod- Tau244-441 protein from 18 L of bacterial culture for each of the 

Ctrl- and Mod-Tau244-441 was purified by Ni-NTA chromatography followed by HPLC as 

described above. Following, lyophilization and reconstitution in 20 mM sodium 

phosphate buffer pH 7, the Ctrl- and Mod-Tau244-441  was loaded onto a Hiprep 16/60 

Sephacryl S-300HR size-exclusion column equilibrated with 20 mM sodium phosphate 

pH 7. The samples were then eluted with 20 mM sodium phosphate pH 7 using a flow 

rate of 0.5 mL / min using an AKTAprime plus fast protein liquid chromatography system. 

1 mL Fractions were collected starting at 30 min and the protein concentration of every 

other fraction was determined using the Biorad DC protein assay. Fractions containing 

eluate from 71-75 mL were combined and used in tau in vitro aggregation assays as 

described below except for the concentration of tau constructs in the assay was 0.1 mg / 

mL (4 µM). 
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4.4.18. In vitro aggregation of control and modified Tau244-441 or 
S400A Tau244-441 

Aggregation of the tau constructs was carried out at 0.25 mg / mL tau protein (10 

µM), 1 mM dithiothreitol (DTT), 0.5 mM PMSF, and 0.01 mg / mL thioflavin-S (ThS) in a 

final volume of 100 µl. Reactions were initiated by the addition of 0.06 mg / mL heparin 

(5600-6400 average mol. wt., Int Labs, USA) to the reaction mixtures contained in wells 

of a 96-well fluorescence microplate (Nunc). The aggregation process was followed by 

reading the microplate (at the indicated times) in a Molecular Devices Fmax 

spectrofluorometer using an excitation filter of 440 nm and an emission filter of 520 nm. 

The microplate was incubated at 37 ºC in a sealed humidified box to prevent evaporation 

of the aggregation reactions. Data was corrected by subtraction of control samples 

which contained all of the reaction mixture components except for the tau protein. 

Samples were analyzed in replicates of at least three and data is presented as the ThS 

fluorescence average ± standard error of the mean (S.E.M.). Data presented in Figure 

4.20 is presented as relative ThS fluorescence where the control tau sample end point 

value is set to 100 %. For aggregation with arachidonic acid (AA), the aggregation 

reaction was carried out as described above except AA (75 µM) was substituted for 

heparin. Because AA was dissolved in ethanol, the appropriate amount of ethanol was 

also included in the control reactions. 

4.4.19. Filtertrap assay and quantitation of the sarkosyl insoluble 
pellet tau by slot blot 

The filtertrap assay was essentially carried out as descried previously348. Briefly, 

following aggregation, samples were diluted 50-fold using phosphate buffered saline 

(PBS). A piece of 0.2 µm nitrocellulose (Bio-Rad) was wetted using PBS and loaded into 

the Bio-Rad slot blot apparatus. 50 µl of each sample was then filtered through the 

nitrocellulose and then each well was washed three times with 100 µl of PBS. The 

membrane was then removed from the apparatus washed briefly with PBS-T and then 

blocked for one hour with 5% non-fat milk (Bio-Rad). The rest of the Western blot 

protocol was then followed as above except non-fat milk was substituted for BSA. The 

Tau-46 antibody was used at a dilution of 1:5000. For quantitation of human tau in the 



 

148 

 

sarkosyl pellet, samples in SDS-PAGE loading buffer were diluted 10-fold in PBS and 

then 50 µl of each sample was filtered through 0.45 µm nitrocellulose (Bio-Rad), washed 

three times with PBS and then the HT7 Western was carried out exactly as above. 

4.4.20. Production of O-GlcNAc modified sTAB1 and in vitro 
aggregation 

The gene encoding sTAB1 or CaMKIV in pET28a were co-transformed with the 

gene encoding wt or mutOGT in pMal-c2x into E. coli Tuner expression cells. To induce 

expression of sTAB1, IPTG (0.5 mM) was added to culture during the exponential phase 

and the cells were grown overnight at 25 °C. Bacteria were harvested by centrifugation, 

lysed, and protein purified by nickel column chromatography (as above). 

All in vitro aggregation assays were carried out using a Cary 3E UV-VIS 

spectrophotometer equipped with a Peltier temperature controller at either 40 or 45 °C. 

Reactions were monitored continuously at 500 nm. Other wavelengths produced similar 

rates indicating that it was not absorbance of light that was being monitored but rather 

scattering by the aggregates. A protein concentration of 40 µM was used for reactions 

carried out at 40 °C, whereas a protein concentration of 10 µM was used for reactions 

carried out at 45 °C to slow down the rate and quantity of aggregated protein.   

4.4.21. Mass spectrometry 

The tau mass spectrometry on recombinant O-GlcNAc modified tau was carried 

out exactly as described337. The mass spectrometry of tau from JNPL3 brain was 

conducted on one week Thiamet-G treated JNPL3 mouse brain. Tau from one whole 

JNPL3 mouse brain was enriched by the heat and perchloric acids methods as 

described previously337. The enriched tau was then electrophoresed through an 

Invitrogen NuPAGE 4-12% linear gradient gel and the tau bands between 45 and 70 kDa 

were excised from the gel using a scalpel. The gel pieces were reduced in size using 

glass pipette then covered with 50% 50 mM ammonium bicarbonate / 50% ethanol for 

20 minutes. The supernatant was removed and pure ethanol was added and allowed to 

stand for 15 minutes. The ethanol was removed and reducing agent 10 mM TCEP was 
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added, and immediately heated to 56 °C in the dark for 1 hour. Iodoacetamide was then 

added and kept in the dark at room temperature for 30 miuntes. Following the reduction 

and alkylation, 25mM ammonium bicarbonate / 5% acetonitrile was added for 30 

minutes, then replaced with 25mM ammonium bicarbonate / 50% acetonitrile for 30 

minutes, then with pure acetonitrile for 10 minutes at room temperature. Gel pieces were 

transferred to a 5 µl (5 µg) aliquot of Trypsin gold, immediately covered with 50 mM 

ammonium bicarbonate and stored at 37 °C for 18 hours. Following the digestion, the 

supernatant was removed and brought up to 0.1% formic acid. To the remaining gel 

pieces, 0.1% trifluoroacetic acid / 50% acetonitrile was added, sufficient to cover the gel 

pieces and was gently vortexed for 10 minutes. This supernatant was removed and 

combined with the supernatant from the preceding step. 0.1% trifluoroacetic acid / 80% 

acetonitrile was added and gently vortexed for 10 minutes.  This supernatant was 

removed and combined with the supernatants from the preceding step. The sample was 

concentrated using a speed-vac to less than 5 µl, then reconstituted in 0.1% formic acid 

to a volume of 30 µl. Nano LC-MS/MS was carried out on ABSciex 4000 Qtrap coupled 

to a Dionex U3000 making use of a novel chromatography system that will be described 

elsewhere. The transitions between precursor and product ions in the multiple reaction 

monitoring experiments and the signals detected for each precursor/product ion pair are 

shown below in Table 4.1. 

For mass determination, samples were analyzed on an Agilent 6210 LC/MS 

equipped with an electrospray ionization source and a ZORBAX 300SB-C8 column 

housed in an Agilent 1100 series HPLC. Proteins (in 20 mM sodium phosphate buffer pH 

7) were loaded onto the column using 2% acetonitrile / 0.1% formic acid for 1 min and 

then eluted using a linear gradient from 2 to 60% acetonitrile / 0.1% formic acid over 12 

min. Ctrl- and Mod-Tau244-441 proteins eluted at 6.30 and 6.25 min. An ion spray voltage 

of 3500 volts was used. Extracted total ion chromatograms were deconvoluted using 

MassHunter workstation software (Agilent) from 22000 Da to 25000 Da. For calculation 

of O-GlcNAc stoichiometry, the integration of the O-GlcNAc modified peaks were added 

and divided by the integration of all the peaks attributed to tau. 
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Table 4.1. Multiple reaction monitoring precursor and product ion masses and 
their detected signals for the O-GlcNAc and the O-GlcNAc and 
phosphorylated tau peptide. 
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5.1. Introduction 

The aggregation of the microtubule-associated protein tau to form paired-helical 

filaments (PHFs) which ultimately give rise to neurofibrillary tangles (NFTs) is one of the 

two pathological hallmarks of Alzhiemer’s disease (AD). Understanding how the highly 

stable and intrinsically disordered protein, tau, is able to form ordered PHF aggregates is 

a critical step toward finding ways to block their formation. Accordingly, intensive efforts 

are being directed toward understanding the mechanism of tau fibril formation in vitro. A 

nucleation-dependent mechanism (ND), first described by Oosawa and coworkers to 

describe the kinetic behavior of actin polymerization351, has also been proposed to 

describe the kinetics of tau aggregation in vitro250,251. Since its first description, the ND 

model has also been shown to accurately model the aggregation or assembly of a 

number of different proteins, including those whose aggregation causes 

neurodegeneration (eg. amyloid-β352, α-synuclein353 and the prion protein354). In the ND 

polymerization mechanism the rate-limiting step is the formation of a minimal nucleus 

composed of a small number of monomers, which is then extended during an elongation 
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phase until eventually the polymer reaches an equilibrium position with respect to the 

quantity of monomeric species in solution. In the case of tau, a conformational change is 

thought to be a prerequisite for its aggregation328. Thus for tau, the ND polymerization 

model can be described as below:  

 

Following the conformational change to aggregation-competent tau, the kn+ and kn- rate 

constants define the rates of addition and removal of conformationally changed tau 

(tau*) to form a nucleus containing two subunits of tau*. Subsequent to the formation of 

the minimal nucleus, (tau*)2, the rate constants ke+ and ke- describe the elongation and 

contraction of tau oligomers that grow into PHFs. Fitting of tau aggregation process 

curves to the Gompertz mathematical model (described in the materials and methods) 

results in the the kapp rate constant which is proportional to the overall rate of tau 

aggregation. kapp, therefore is a composite measure of the microscopic rate constants 

which describe conformational, nucleation and elongation processes such as kn+, kn-, ke+ 

and ke-. 

Phosphorylation of tau is generally thought to precede fibrillization in vivo and is 

therefore thought to be a driving force for tau fibrillization245. Tau is also subject to a 

number of other post-translational modifications including: proteolysis263,355,356, 

acetylation357, glycation358,359 and both abnormal N-glycosylation360 and normally 

occurring O-glycosylation by N-acetyl-D-glucosamine residues (O-GlcNAc)141. The O-

GlcNAc modification involves the attachment of GlcNAc residues to serine and threonine 

of a number of nucleocytoplasmic proteins. The addition of GlcNAc to proteins is 

catalyzed by a single glycosyltransferase, O-GlcNAc transferase58,59 (OGT); its removal 

is catalyzed by a single glycoside hydrolase, O-GlcNAcase60,61 (OGA). The dynamic 
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nature of O-GlcNAc, in that it can be added to and removed from a particular protein 

multiple times during the lifespan of the particular protein, makes the O-GlcNAc 

modification akin to phosphorylation57. The role of phosphorylation on the aggregation of 

tau has been studied in detail208,316,319,361 while the role of O-GlcNAc in this process is 

poorly understood. A number of studies have suggested that O-GlcNAc on tau plays an 

important role in AD. First, lefebvre et al. and Liu et al. have demonstrated that human 

tau is indeed O-GlcNAc modified and that O-GlcNAcylation of tau is reciprocal to 

phosphorylation on tau279,281. Increased O-GlcNAc on tau leads to decreased 

phosphorylation of tau and the converse also holds, at least in vitro in tissue culture 

models and ex vivo in tissue slices279,281.  Secondly, Robertson et al., have shown that 

O-GlcNAcylation of a tau- enriched fraction from the AD brain is significantly reduced283. 

Because UDP-GlcNAc, a substrate for OGT, is derived from cellular glucose37 and and 

the well characterized impairment of glucose utilization in the AD brain166, Lui et al. and 

others were able to propose the following hypothesis. Decreased glucose utilization in 

the AD brain would give rise to lower UDP-GlcNAc levels which would subsequently 

result in lower levels of tau O-GlcNAc and consequently higher levels of tau 

phosphorylation281. Therefore, if one could increase levels of O-GlcNAc in vivo, tau 

phosphorylation could be blocked which could slow tau-driven neurodegeneration. 

In order to test this hypothesis in vivo, as described in Chapter 4 of this thesis, we have 

used a potent and selective mechanism-inspired OGA inhibitor (Thiamet-G) to increase 

O-GlcNAc levels on tau in the brain of JNPL3 mice362. This mouse model expresses a 

mutant form of human tau which leads to pronounced tau hyperphosphorylation and 

aggregation in the brain and spinal cord to form NFTs270. We found that treatment of 

these transgenic mice with Thiamet-G leads to a decrease in the number of NFTs in 

their brains and spinal cords but does not prevent tau hyperphosphorylation362.  This 

study suggested that O-GlcNAc on tau may be able to prevent tau aggregation, as 

evidenced by the fewer number of NFTs, independent of tau phosphorylation, Indeed, 

we further showed that O-GlcNAc modification of a truncated form of recombinant tau, 

devoid of phosphorylation, inhibited its aggregation in vitro362. Collectively, these data 

suggest that O-GlcNAc on tau may act to directly inhibit its aggregation. Uncertainty 
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regarding this issue remains, however, because the role of O-GlcNAc on full-length 

human tau has not been evaluated.  

To address the role of O-GlcNAc on full length human tau aggregation we have 

recombinantly produced the longest human isoform of tau (tau441) in both unmodified 

and O-GlcNAc modified states. Using this material we show that O-GlcNAc modification 

inhibits tau aggregation in vitro and that this is likely due to a decrease in the rate of the 

elongation step and potentially also the nucleation step in the tau fibrillization reaction. 

Further, this decreased rate of tau aggregation appears to not be due to global structural 

changes in monomeric tau prior to tau aggrgegation.  

5.2. Results and Discussion 

As shown in Chapter 3 of this thesis we have demonstrated that O-GlcNAc 

modified tau441 can be made recombinantly by co-expression of OGT and tau441 in 

E.coli337. However, this material was not of sufficient purity to allow functional studies of 

the role of O-GlcNAc on tau441. For this reason, we have now used high-performance 

liquid chromatography (HPLC) to produce both control tau441 (cTau441wt, expressed 

with the H558A catalytically inactive OGT mutant, mutOGT) and O-GlcNAc modified 

tau441 (ogTau441wt, expressed with wild-type OGT, wtOGT) having a high level of 

purity and an absence of degradation products (Figure 5.1a, lanes 1 and 2). This 

material is observed as a single band during analysis by SDS-PAGE. We have also 

produced a mutant form of tau441 that has the major site of O-GlcNAcylation (Ser400) 

on tau mutated to alanine. This was expressed recombinantly with mutOGT and wtOGT, 

as described above for tau441wt, to produce control S400A tau441 (cTau441S400A) and 

O-GlcNAc modified S400A tau441 (ogTau441S400A) (Figure 5.1a, lanes 1 and 2). 

Immunoblotting with a pan-specific O-GlcNAc antibody (CTD110.6) indicates that the 

S400A mutation results in approximately 2-fold less O-GlcNAc on tau. Electrospray 

ionization mass spectrometry (ESI-MS) mass reconstruction of cTau441wt (Figure 5.1b) 

and ogTau441wt (Figure 5.1c) indicates that ogTau441wt contains ~60 % O-GlcNAc and 

~40 % unmodified tau441wt. Thus we find that the O-GlcNAc modified tau441 population 

contains on average 1.5 O-GlcNAc residues per tau molecule. We also detected a signal 
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of mass (cTau441wt + 178 Da) consistent with some (< 20 %) of α-N-gluconoylation of 

the His6-tag363 of both the cTau441wt and the ogTau441wt, which is known to occur on 

recombinantly produced proteins in E.coli363-366. The extent of this modification did not 

differ between the cTau441wt and the ogTau441wt. 

Due to some of the unusual physical properties of tau protein such as its high isoelectric 

point and the paucity of aromatic amino acids, careful quantitation of the tau protein 

concentration is necessary to avoid systematic errors throughout the study. To establish 

precise tau protein concentrations, three different approaches were used to ensure 

equivalent protein concentrations of the cTau441wt, ogTau441wt and the cTau441S400A, 
ogTauS400A samples were established prior to use in the assays. First, the concentration 

of each of these samples was determined using the Bio-Rad DC assay using the 

manufacturer’s protocol. The DC assay is a modified Lowry assay that involves the 

production of Cu+ from Cu2+ by the oxidation of peptide bonds367,368. The produced Cu+ 

ions are then detected by the Folin reagent367,368. Using the results of the DC assay an 

SDS-PAGE gel was loaded to include equivalent quantities of each of these samples. 

The SDS-PAGE gel was subsequently stained with coomassie brilliant blue dye, which 

revealed that equivalent quantities of each of these species had indeed been loaded on 

the SDS-PAGE gel as established by visual inspection (Figure 5.1a). This analysis 

provided confidence that the concentrations of each of these samples can be measured 

accurately using the Bio-Rad DC assay. To provide further confidence in the 

concentration of the tau samples a total tau enzyme-linked immunosorbent assay 

(ELISA) was developed and used to assay both the cTau441wt and the ogTau441wt 

samples. The sandwich ELISA involved the use of BT-2 as the tau capture antibody 

immobilized on maxisorp 96-well ELISA plates followed by detection with the Tau-5 tau 

detection antibody. Concentrations of each of these samples were serially diluted from 

10,000 pg / mL (based on the DC assay result) down to 10 pg / mL and the signal from 

the total tau ELISA was determined. This analysis showed that indeed the 

concentrations of the cTau441wt and the ogTau441wt established using the Bio-Rad DC 

assay are equivalent within the error of the assay thus providing the highest confidence 

that determining the concentration of the tau samples by the DC assay provides 

accurate determinations of the total tau concentration (Figure 5.2). 
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To date, the only clearly assigned function of tau is to bind to and stabilize 

microtubules195. We were interested in whether O-GlcNAc modification of tau might alter 

its ability to effect microtubule polymerization. We therefore assayed the capacity of both 

cTau441wt and ogTau441wt to promote tubulin polymerization. As shown in Figure 5.1d 

cTau441wt and ogTau441wt enhance tubulin polymerization to similar extent. 

cTau441S400A and ogTau441S400A also show no significant difference in their ability to 

enhance tubulin polymerization (Figure 5.1e), although the S400A mutation resulted in 

an approximately 3-fold slower rate of polymerization as compared to wild-type tau441 

when the tubulin polymerization process curves were fit to a Gompertz model of growth. 
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Figure 5.1. Production of O-GlcNAc tau441 and catalysis of microtubule 
polymerization. 

a. Coomassie blue stained SDS-PAGE gel (upper panel) of: Lane 1 cTau441wt, 
Lane 2 ogTau441wt, Lane 3 cTau441S400A, and Lane 4 ogTau441S400A. Total tau 
(Tau-46) immunoblot also indicates equal tau loading in all lanes. O-GlcNAc 
immunoblot with the pan-specific O-GlcNAc antibody, CTD110.6, indicates only 
ogTau441wt and ogTau441S400A bear O-GlcNAc and that O-GlcNAc levels are 
~50% lower in the ogTau441S400A sample. Finally, the Ser400 O-GlcNAc tau 
antibody, 3925, only detects O-GlcNAc at Ser400 on the ogTau441wt sample. b. 
ESI-MS reconstructed mass spectrum of cTau441wt and ogTau441wt c. indicates 
that the ogTau441wt contains ~59 % O-GlcNAc. The (*) symbol indicates the 
location of the α-N-gluconoylated peaks. d. Tubulin polymerization assays of 
cTau441wt and ogTau441wt indicate that O-GlcNAc does not impair or enhance 
microtubule polymerization. e. Tubulin polymerization assays of cTau441S400A 
and ogTau441S400A also show that reduced O-GlcNAc does not impair or 
enhance microtubule polymerization. 
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Figure 5.2. Total tau ELISA of the cTau441wt and the ogTau441wt samples. 

The total tau ELISA was performed on the cTau441wt and the ogTau441wt 
samples and shows that a nearly identical response in signal was generated by 
these samples. This result supports precision of the concentrations determined 
using the DC assay and indicates the biochemical assays contained equivalent 
concentrations of cTau441wt and ogTau441wt. Analysis of covariance (ANCOVA) 
indicates that the slopes of the linear regressions shown above are not 
statistically different (P = 0.13). 

In Chapter 4 of this thesis we showed that O-GlcNAc on a truncated form of tau inhibits 

its aggregation in vitro362. To test whether O-GlcNAc acts to inhibit aggregation of full 

length tau441 we conducted in vitro tau aggregation assays using 10 µM tau and 10 µM 

heparin. Aggregation was monitored using Thioflavin-S (ThS), which is known to bind 

preferentially to tau aggregates over tau free in solution343. Both the cTau441wt and 

ogTau441wt aggregated over a period of five days. The ogTau441wt aggregates at a 

slower rate with an overall kapp of tau aggregation of 0.88 ± 0.15 d-1  compared to 4.3 ± 

1.1 d-1 for the cTau441wt (Figure 5.3a). The lag time for aggregation did not differ 

significantly for the cTau441wt and ogTau441wt (compare 0.95 ± 0.25 days to 0.8 ± 0.14 

days) when measured by ThS fluorescence. 

To further confirm this result we made use of another assay for tau aggregation in vitro; 

the filter-trap assay, which has been described previously369. The filter-trap assay 

demonstrated similar behaviour as observed with ThS except the aggregation appears 

to be somewhat more rapid for both cTau441wt and ogTau441wt when assayed using 

the filter-trap technique (Figure 5.3b) and the ogTau441wt appears to exhibit a longer lag 

phase. This may simply be due to detection of different species during the aggregation 
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process by these two techniques. In a ND mechanism the length of the lag phase 

reports on the process of nucleation370. Thus, these results may indicate that O-GlcNAc 

on tau may influence the nucleation kinetics as well as the post-nuclear extension phase 

of aggregation.  

One unique aspect of monitoring tau aggregation by the filter-trap assay is that two 

different antibodies may be used to quantify both total tau and O-GlcNAcylated tau on 

the same aggregated material retained on the same blot using infrared dye (IR-dye) 

labelled secondary antibodies. When both total tau and Ser400 O-GlcNAc on tau were 

measured beginning with day 1 and normalized for total tau retained on the membrane 

there was a trend toward exclusion of ogTau441wt over time during the course of tau 

aggregation in vitro (Figure 5.3c) although this result did not quite reach statistical 

significance. As tau aggregation is increasing over this same time period this suggests 

that Ser400 O-GlcNAc modified tau is being excluded from the growing fibrils which 

suggests that O-GlcNAc modification of tau leads it to be either more slowly incorporated 

into tau oligomers or more prone to dissociate from the oligomer if incorporated, or both.  

The observation that there is only ~60% O-GlcNAc modified tau441 in the ogTau441wt 

samples obscure aspects of the behavior observed for the ogTau441wt sample. In order 

to acquire detailed mechanistic information on the role of O-GlcNAc on the aggregation 

of tau441 we therefore felt it would be ideal to have O-GlcNAc modified tau441 samples 

that are free of unmodified tau441.  Thus we sought methods to enrich the quantity of O-

GlcNAc modified tau441 in the ogTau441wt sample. Prior to enrichment however, we 

removed the His6-tag from tau (by thrombin cleavage) to eliminate both any potential 

impact of the tag as well as the small quantity of α-N-gluconoylated product mentioned 

above. 
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Figure 5.3. O-GlcNAc modified tau441 aggregates more slowly. 

a. Thioflavin-S binding assay of cTau441wt and ogTau441wt aggregation over a 
period of 5 days using 10 µM tau441. The ogTau441wt aggregates at a slower 
rate than cTau441wt. * indicates P < 0.05 (two-tailed unpaired t-test). b. Filter trap 
assay of cTau441wt and ogTau441wt aggregation also indicates ogTau441wt 
aggregates more slowly but eventually reaches a similar equilibrium position as 
cTau441wt. * indicates P < 0.05 (two-tailed unpaired t-test) and n.s indicates not 
significant c. Ratio of HT7 (total tau) to 3925 (tau Ser400 O-GlcNAc) increases 
during the course of the aggregation. Indicated P-values result from a two-tailed 
unpaired t-test comparing the indicated groups. 

To remove unmodified tau from the ogTau441wt sample we conducted a second round 

of HPLC purification following removal of the His6-tag using a very shallow gradient of 

30-35% acetonitrile over 95 min. As shown in Figure 5.4a, these chromatography 

conditions resulted in the observation of two distinct peaks which we hypothesized may 

be due to O-GlcNAc modified tau441 and unmodified tau441 within the ogTau441wt 

preparations. We collected fractions across these two peaks and performed 

immunoblotting using the tau-46 antibody which recognizes the C-teminus of tau and the 

Ser400 tau O-GlcNAc antibody known as 3925. This analysis (Figure 5.4a) revealed that 

the earlier eluting peak was indeed due to O-GlcNAc modified tau441 whereas the later 

eluting peak stemmed from unmodified tau441 present within the sample. It is 

remarkable that such a small number of monosaccharides on tau can influence its 

hydrophobicity to such an extent. When the fractions corresponding to the earlier eluting 

peak were combined (fractions 61-68) and compared to the ogTau441wt samples used 

in Figure 5.1 there was an approximately 2-fold enrichment in the amount of O-GlcNAc 

on tau441 as estimated by immunoblot (Figure 5.4a, b). This sample (containing 

fractions 61-68) is referred to as enriched ogTau441wt (EogTau441wt). ESI-MS confirms 
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the EogTau441wt material is enriched and contains ~98 % O-GlcNAc modified tau441wt 

(Figure 5.4d). 

 

Figure 5.4. O-GlcNAc modified tau441 can be enriched to near stoichiometic 
quantities. 

a. ogTau441wt can be separated from unmodified tau441 by reversed phase 
HPLC. The black HPLC trace indicates that there are two peaks that elute 
between 28 and 40 minutes. Using immunoblot analyses of fractions from this 
region for total tau and for O-GlcNAc (below and densitometry shown in red (O-
GlcNAc) and grey (total tau)) it can be seen that the earlier eluting peak stems 
from the O-GlcNAc modified tau441. b & c. Characterization of the enriched 
material compared to ogTau441wt and cTau441wt shows an approximately 2-fold 
enrichment of O-GlcNAc modified tau (referred to as enriched O-GlcNAc tau441, 
EogTau441wt). d. ESI-MS analysis shows that the EogTau441wt material is ~98 
% O-GlcNAc modified tau and contains almost no unmodified tau441wt. 
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Though this HPLC enrichment strategy limits the amount of EogTau441wt that can be 

obtained in high purity owing to the limited resolution of the HPLC method, we were able 

to produce enough material to test the aggregation propensity of the EogTau441wt (no 

His6-tag) and cTau441wt (no His6-tag). We first sought to measure the progress of tau 

aggregation over a period of 8 days as measured by ThS fluorescence for both 

cTau441wt and EogTau441wt (Figure 5.5). A longer period of time was evaluated 

because the limited amount of EogTau441wt necessitated using this material at a lower 

concentration of 5 µM with 10 µM heparin. As can be seen in Figure 5.4 the 

EogTau441wt exhibited a significantly longer lag time of 1.64 ± 0.64 days compared to 

0.47 ± 0.16 days for cTau441wt which indicates that the O-GlcNAc on tau441 inhibits the 

nucleation phase of tau aggregation in vitro (see materials and methods for description 

of the calculation of lag times). Also, seen in Figure 5.5 is the apparent difference in the 

equilibrium position of the EogTau441wt, compared to the cTau441wt which likely 

indicates that the O-GlcNAc on tau441wt likely also impacts the extension of tau441 

aggregates (ke+) or their contraction (ke-). 

 

Figure 5.5. O-GlcNAc on tau441wt influences the nucleation and extension steps 
of tau aggregation in vitro. 

a. Aggregation of 5 µM cTau441wt and EogTau441wt (both without His6-tags) 
was followed for 8 days using ThS fluorescence using 10 µM heparin. 
EogTau441wt displays a pronounced lag phase as well as a significantly lower 
equilibrium plateau. (*) indicates P < 0.005, two-tailed student’s unpaired t-test. 
(#) indicates P < 0.05, two-tailed student’s unpaired t-test. 
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One possible way in which O-GlcNAc on tau441 might inhibit the nucleation or extension 

of filaments in vitro is that the O-GlcNAc might give rise to differences in the 

conformation of tau in solution which might impair its ability to form fully aggregation-

competent nuclei. Work from the Mandelkow lab has shown that tau can adopt what they 

refer to as a ‘global-fold’209. This ‘global-fold’ results not from defined secondary 

structural elements but rather from arrangement of the unstructured protein backbone 

into a thermodynamically favoured three dimensional fold209. These investigators made 

use of fluorescence resonance energy transfer (FRET) to measure intermolecular 

distances between features in the primary structure of tau as discussed below209. Using 

this technique, it was shown that the C-terminal domain of tau packs close to the 

microtubule binding repeats and then the N-terminal domain packs near the C-terminal 

domain209. The result of this is that tau can form what is referred to as the ‘paper-clip’ 

structure209. Following this work, the same group extended this idea further to show that 

pseudophosphorylation of tau at the PHF-1 antibody epitope (pSer396/404) can drive 

compaction of the ‘paper-clip’ structure and thus facilitate tau aggregation in vitro208,209.   

Due to the reciprocal relationship between phosphorylation and O-GlcNAc on tau281,317, 

coupled with the effects of phosphorylation of tau at Ser396 and Ser404 on the global-

fold208, one could envision a scenario where O-GlcNAc on tau could hinder compaction 

of the ‘paper-clip’ structure and thus diminish aggregation propensity. O-GlcNAc on tau 

could, for example, prevent approach of the C-terminal region of tau toward the 

microtubule binding repeats and thus inhibit its aggregation. To test whether O-GlcNAc 

on tau impacts the ‘global-fold’ of tau in solution we generated the tau441 

(C291S/V432W) double mutant, which was previously described by Jeganathan et 

al.208,209, and then co-expressed this mutant form of tau in the presence of mutOGT or 

wtOGT. The control tau441 (cTau441C291S/V432W) and the O-GlcNAc-modified tau441 

(ogTau441C291S/V432W) form were labelled with a fluorescent probe (1,5-IAEDANS, 

IAEDANS) and then purified by HPLC. The ogTau441C*291S/V432W (C*291 indicates 

labelled with IAEDANS) produced in this manner is both highly pure (Figure 5.6a) and is 

O-GlcNAc modified (Figure 5.6b). During SDS-PAGE analysis only the samples labelled 

with IAEDANS showed fluorescence signal at this 336 nm (Figure 5.6b, lower panel). 
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Using these samples we measured the FRET efficiency between the IAEDANS labelled 

C322 and W432 using an excitation wavelength of 290 nm. The excited tryptophan can 

transfer energy to the IAEDANS labelled C322 by FRET. A reduction of tryptophan 

fluorescence at approximately 350 nm and the appearance of an emission band at 490 

nm from IAEDANS labelled C322 indicates the presence of FRET between these two 

residues. We observed a low FRET efficiency for both cTau441C*291S/V432W and 

ogTau441C*291S/V432W, both consistent with a distance of 36 Å between the IAEDANS 

labelled C322 and W432 (Figure 5.6c,d). These values differ somewhat from the 

previously reported value of 22.5 Å. The reason for this remains unclear, however, one 

potential reason is that the His6-tag on this material may prevent as much compaction as 

has been seen previously where tau protein without a His6-tag was used. For this 

reason, attempts are being made to reproduce this data using tau without a His6-tag. 

Regardless, however, when analyzing this data there is clearly no difference in the 

‘global-fold’ of tau in solution when it harbours the O-GlcNAc modification. We also 

added heparin to the FRET samples to see whether the presence of an inducer of 

aggregation results in a change in the ‘global-fold.’ On the five minute time scale of 

which this was measured there was no significant difference in the FRET efficiency of 

ogTau441C*291S/V432W or cTau441C*291S/V432W when heparin was added to the solution 

(Figure 5.6e,f). 
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Figure 5.6. O-GlcNAc on tau441 does not alter the ‘global-fold’ in solution. 

a. Coomassie blue stained SDS-PAGE gel of Lane 1 cTau441C291S/V432W (no 
IAEDANS), Lane 2 cTau441C*291S/V432W (with IAEDANS), Lane 3 
ogTau441C291S/V432W (no IAEDANS), Lane 4 ogTau441C*291S/V432W (with 
IAEDANS). b. Total tau immunoblot (Tau-46) indicates equal tau loading in all 
lanes. O-GlcNAc western blot with the pan-specific O-GlcNAc antibody, 
CTD110.6, indicates only ogTau441C291S/V432W (no IAEDANS) and 
ogTau441C*291S/V432W (with IAEDANS) bears O-GlcNAc. Ser400 O-GlcNAc tau 
antibody, 3925, only detects O-GlcNAc on Ser400 on the ogTau441C291S/V432W 
(no IAEDANS) and ogTau441C*291S/V432W (with IAEDANS) samples. Image 
captured using 336 nm light box indicates that only the samples with IAEDANS 
show fluorescence in an SDS-PAGE gel. c, d. Both cTau441C*291S/V432W and 
ogTau441C*291S/V432W show limited FRET between W432 and IAEDANS labelled 
C322 as evidenced by the minor decrease in tryptophan fluorescence in the 
presence of the IAEDANS label. e, f. The addition of 8 µM heparin to the 
cTau441C*291S/V432W and ogTau441C*291S/V432W does not result in any increase in 
FRET between W432 and the IAEDANS label at C322. 
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Based on the data described here, a model for the role of O-GlcNAc on the kinetic 

behavior of tau aggregation in vitro can be proposed. This model is shown in Figure 5.7. 

The model may help to explain the differing behavior of O-GlcNAc modified tau441 

(ogTau441wt) when it is in the presence of unmodified tau441 and the pure 

EogTau441wt described above. In the upper arm of the model, if both the kn+ and the ke+ 

rate constants are smaller for these two steps this would manifest itself in both extended 

lag times and slower approach to plateau (equilibrium) values for the EogTau441wt 

samples, which is what is observed here. The fact that the plateau value (equilibrium 

position) is lower for the EogTau441wt compared to the cTau441wt also suggests that 

the EogTau441wt results in thermodynamically less stable fibrils because the quantity of 

tau aggregates at equilibrium is dictated by their respective thermodynamic stabilities. 

Another possibility is that the rate of dissociation from the growing fibril (ke-) or the rate of 

breakdown of the minimal nucleus (kn-) might be larger for EogTau441wt than for the 

cTau441wt which would also result in extended lag times and slower approach to 

equilibrium. 

In the case of mixtures of O-GlcNAc modified tau441 (ogTau441wt) and unmodified 

tau441 we observed differing rates of aggregation which ultimately reach similar plateau 

values. This might be explained by the kn+ and the ke+ rate constants being smaller for 

the O-GlcNAc modified material compared to the unmodified material (cTau441wt) as 

described above for EogTau441wt. These smaller rate constants would result in slower 

overall rate of reaction but could eventually reach similar equilibrium levels because the 

presence of significant quantities of unmodified tau441 could be sufficient to produce 

mixed tau fibrils. Mixed tau fibrils may contain mostly unmodified tau441 as we have 

shown that O-GlcNAc modified tau441 appears to be excluded from the growing 

aggregates. Therefore the thermodynamic stability of these mixed tau fibrils would 

appear similar to unmodified tau441 fibrils and would result in similar equilibrium plateau 

levels. 
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Figure 5.7. Kinetic model for the aggregation of cTau441 and ogTau441. 

5.3. Conclusions 

Here we show that O-GlcNAc on the full-length human isoform of tau does not impact its 

ability to bind to and stabilize microtubules. We find that O-GlcNAc on tau441 inhibits its 

aggregation in vitro. This inhibition of tau aggregation appears to proceed primarily 

through effects on the extension phase of tau aggregation. Further, these effects do not 

appear to arise from changes in the ‘global-fold’ of tau in solution as FRET analyses 

indicate that there are no gross structural differences between the cTau441wt and the 

ogTau441wt in solution.  

The results described here are in contrast to the effects of two other post-translational 

modifications of tau: phosphorylation and proteolysis. The effects of tau phosphorylation 

on the rate of tau aggregation have been studied extensively using tau 

pseudophosphorylation mutants. The results of these studies suggest that 

pseudophosphorylation of tau increases both the rate of nucleation and the amount of 
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tau fibrils at equilibrium by stabilizing tau fibrils against disassembly316,361,371. Secondly, 

C-terminal proteolysis of tau has also been shown to increase the rate of tau 

aggregation by increasing the rate of nucleation356. C-terminal proteolysis also leads to 

increased number of tau fibrils at equilibrium356. Thus, these two post-translational 

modifications of tau, which are associated with AD, increase the rate of tau aggregation 

by increasing the rate of nucleation and also result in increased quantity of tau fibrils at 

equilibrium. Due to the reciprocal relationship of tau with phosphorylation, it may not be 

surprising that O-GlcNAc on tau appears to have converse effects on the rate of tau 

aggregation in vitro. This work highlights the fact that different post-translational 

modifications of tau can have dramatically different effects on tau aggregation in vitro 

and thus are likely to have substantially different roles in the pathogenesis of AD. 

Modifications such as tau phosphorylation and proteolysis likely provide a driving force 

for tau-driven neurodegeneration in AD. The O-GlcNAc modification, however, may play 

a protective role in tau biology and the aggregation of tau in the AD brain might result 

from a failure in such a protective function. Collectively, the studies described here, 

suggest that increased O-GlcNAc in the brain may be of substantiative benefit and 

highlight the therapeutic potential of this pathway. 

5.4. Materials and Methods 

5.4.1. O-GlcNAc modified tau441 production and purification. 

pET28a vectors containing the coding sequence of either tau441wt or tau441S400A 

were co-transformed with pMal-c2X vectors containing the coding sequence for wild-type 

OGT (wtOGT) or H558A OGT (mutOGT) into E. coli Tuner cells (Stratagene). All vectors 

have been discussed previously in Chapter 3 Section 3.4.7. In order to increase the 

probability of obtaining cotransformant colonies, LB plates containing 1/3rd of the 

normally used concentrations of ampicillin and kanamycin (33 µg / mL and 16.6 µg / mL, 

respectively) were used. Once colonies were obtained, ampicillin and kanamycin 

concentrations of 100 µg / mL and 50 µg / mL, respectively, were used in broth cultures. 

To induce expression, tau441wt or tau441S400A, co-transformants were induced with IPTG 

(0.5 mM) overnight at 22 °C for ~20 h. The bacterial cells were harvested by 
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centrifugation at 5000 rpm for 10 min in a Sorvall RC-6 plus centrifuge in a FIBERLite 

F9S-4x1000y rotor. The bacterial pellets were then resuspended in 30 mL of Ni-NTA 

column binding buffer (20 mM sodium phosphate, 500 mM NaCl, 5 mM imidazole, pH 

7.4). Pellets containing wtOGT / tau441wt, mutOGT / tau441wt, wtOGT / tau441S400A and 

mutOGT / tau441S400A co-transformants were lysed by the addition of 2 mg / mL 

lysozyme (Bioshop) in the presence of one Roche protease Complete tablet per 30 mL 

of resuspended bacterial pellet. Sonication on ice was carried out at ~30 % power on a 

Fischer Scientific sonic dismembrator (model 500) for six cycles consisting of 20 

seconds on followed by a 40 second rest period. Cellular debris was removed by 

centrifugation at 13,000 rpm in an SS-34 rotor in a Sorvall RC-6 plus centrifuge. The 

supernatants were then loaded onto HisTrap FF Ni-NTA columns (GE Healthcare) using 

a peristaltic pump. The columns were washed with 90 mL of Ni-NTA column wash buffer 

(20 mM sodium phosphate, 500 mM NaCl, 60 mM imidazole, pH 7.4) and then eluted 

with 25 mL of Ni-NTA column elution buffer (20 mM sodium phosphate, 500 mM NaCl, 

250 mM imidazole, pH 7.4). The eluates were then thrice dialyzed against 20 mM 

sodium phosphate buffer, pH 6.7 and concentrated to 2 mL. The tau441wt or tau441S400A 

expressed in either the presence of wtOGT or mutOGT are referred to in the remainder 

of this section as cTau441wt and ogTau441wt or cTau441S400A and ogTau441S400A. 

The tau441 proteins  (0.25 mg / HPLC run) were then acidified to 0.1 % (v/v) TFA 

using 10 % trifluoroacetic acid (TFA) and loaded onto an Agilent Zorbax 300SB-C8 (9.4 

mm x 250 mm) semi-preparative HPLC column housed in an 1100 series Agilent HPLC. 

The column was held at 30% buffer B (acetonitrile (ACN), 0.1% TFA) for the first five 

minutes after which the proteins were eluted using a linear gradient of 30 % buffer B to 

75 % buffer B over 45 min using a flow rate of 1 mL / min. Fractions were collected using 

a Foxy Jr. fraction collector set to collect 1 mL fractions over the entirety of the HPLC 

run. The major peak eluted at approximately 23 min and was collected in fractions 24-

27. These fractions were pooled and lyophilized to dryness. The cTau441wt and 

ogTau441wt or cTau441S400A and ogTau441S400A samples were taken up in 1 mL of 20 

mM sodium phosphate buffer, pH 7. Samples were assessed for purity by analysis on 12 

% SDS-PAGE gels and the concentration of protein in the sample was assessed using 

the manufacturer’s protocol with the Biorad DC assay kit. 
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5.4.2. Mass spectrometry 

Samples were analyzed using an Agilent 6210 LC/MS equipped with an 

electrospray ionization source and a ZORBAX 300SB-C8 column housed in an Agilent 

1100 series HPLC. Proteins (in 20 mM sodium phosphate buffer pH 7) were loaded onto 

a pre-equilibrated column using 2% acetonitrile containing 0.1% formic acid for 1 min 

and then eluted using a linear gradient of 2 to 60% acetonitrile containing 0.1% formic 

acid over 12 min. cTau441wt and ogTau441wt proteins eluted at 6.26 and 6.17 min. An 

ion spray voltage of 3500 volts was used. Extracted total ion chromatograms were 

deconvoluted using MassHunter workstation software (Agilent) to identify proteins 

ranging in mass from 46000 to 49000 Da. For calculation of O-GlcNAc stoichiometry on 

tau, the integration of the O-GlcNAc modified peaks were added and divided by the 

integration of all the peaks attributed to tau. 

5.4.3. Tubulin polymerization assay 

Bovine brain tubulin (>99 % purity) was obtained from Cytoskeleton, Inc. (Denver, CO, 

USA). Tubulin polymerization assays were carried out using 18 µM tubulin, 3 µM 

Tau441, 2.5 mM GTP, 1 mM DTT 1 mM EGTA, 2 mM MgCl2 in 80 mM PIPES pH 6.9. 

Light scattering at 340 nm was used to monitor the polymerization of tubulin using a 

Molecular Devices SpectraMax340. 

5.4.4. Immunoblotting 

Samples were electrophoresed through 12% sodium dodecyl sulfate polyacrylamide gels 

(SDS-PAGE) and transferred to nitrocellulose (Bio-rad) membranes. Membranes were 

then blocked for 1 h at room temperature (RT) with 2 % bovine serum albumin (BSA) in 

PBS containing 0.1 % Tween-20 (Sigma) (PBS-T) and then subsequently probed 

overnight at 4 ºC with the appropriate primary antibody delivered in 2 % BSA in PBS-T. 

Membranes were then extensively washed with PBS-T, blocked again for 30 min with 2 

% BSA in PBS-T at RT and then probed with the appropriate HRP conjugated secondary 

antibody for 1 h at RT delivered in 2 % BSA in PBS-T. Finally, the membranes were 

washed extensively with PBS-T and then treated with SuperSignal West Pico 
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Chemiluminesence substrate (Pierce) and exposed to CL-XPosure Film (Pierce) for 

visualization of immunoreactive protein bands. 

5.4.5. Total tau ELISA 

A 1:100 dilution (2 µg / mL) of the total tau capture antibody BT-2 (Pierce), which 

recognizes amino acids 194-198 of tau (a region not modified by O-GlcNAc) was coated 

onto wells of Maxisorp ELISA plates (Nunc) in 100 mM sodium bicarbonate/carbonate 

buffer pH 9.5 overnight at 4 °C with shaking. The next day the capture antibody was 

aspirated and the plates were blocked with 5% BSA in PBS for 1 hour at room 

temperature. cTau441wt and ogTau441wt samples serially two-fold diluted using 1% BSA 

in PBS from 10,000 pg / mL to 10 pg / mL were applied to the plate and incubated for 2 

hours at room temperature. After five washes with PBS-T2 (0.05% Tween), a 1:400 

dilution (0.5 µg / mL) of a biotinylated total tau Tau-5 detection antibody (Thermo), which 

recognizes amino acids 218-225 of tau (a region not modified by O-GlcNAc) was applied 

to the plate in 1% BSA in PBS. Five more washes with PBS-T2 were carried out followed 

by incubation with 1:10000 dilutin of Streptavidin-HRP (Pierce) in 1% BSA in PBS. 

Finally, the plate was washed seven times with PBS-T2 and the ELISA was developed 

using 3,3’,5,5’-tetramethylbenzidine (TMB) as the substrate for HRP. The signal was 

read at 450 nm using a SpectraMax 340 plate reader (Molecular Devices) following 

quenching by 2 M H2SO4. 

5.4.6. Tau aggregation in vitro monitored by Thioflavin-S 

Tau aggregation experiments were performed using 10 µM Tau441wt protein, 1 mM 

dithiothreitol (DTT), 1 mM phenylmethanesulfonyl fluoride (PMSF), 0.01 mg / mL 

thioflavin (ThS) in 20 mM sodium phosphate buffer, pH 7. Reactions were initiated by the 

addition of 0.06 mg / mL heparin (5600-6400 average mol. wt., Int Labs, USA) to the 

reaction mixtures contained in wells of a 96-well fluorescence microplate (Nunc) or a 

384-well fluorescence microplate (Corning). The aggregation process was followed by 

reading the microplate (at the indicated times) in a Molecular Devices Fmax 

spectrofluorometer using an excitation filter of 440 nm and an emission filter of 520 nm 

(for 96-well plates) and using a BioTek Synergy4 microplate reading (for 384-well 
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plates). The microplate was incubated at 37 ºC in a sealed humidified box to prevent 

evaporation of the aggregation reactions. Data was corrected by subtraction of control 

samples which contained all of the reaction mixture components except for the tau 

protein. Experiments were performed in at least triplicate and data is presented as the 

ThS fluorescence average ± standard error of the mean (S.E.M.). For tau441wt progress 

curves, data was fit to a Gompertz growth function using GraphPad Prism 5.03 using the 

following equation: 

𝑦 = 𝑦𝑚𝑒
lny0ym

𝑒−𝑘𝑎𝑝𝑝 𝑥
      

y is the fluorescence measurement, ym is the plateau value for the reaction progress, y0 

is the intial value for the aggregation progress. Finally, kapp is the apparent rate constant 

for the overall aggregation process. ti,  is the time at which the inflection point (on the y-

axis) is reached and reflects the time of the maximum growth rate. This parameter was 

determined using the relationship, ti = ym / e and then interpolating this value from the 

curves to obtain ti372. The lag time is equivalent to ti – 1 / kapp 
372. 

5.4.7. Tau aggregation in vitro monitored by filter-trap assay 

Tau aggregation studies were performed using 10 µM tau441 protein, 1 mM dithiothreitol 

(DTT), 1 mM phenylmethanesulfonyl fluoride (PMSF) in 20 mM sodium phosphate 

buffer, pH 7. Reactions were initiated by the addition of 0.06 mg / mL heparin to the 

reaction mixtures. For the time course data, aliquots were removed from each replicate 

at the indicated time and fixed with 2% glutaraldehyde, quenched with 50 mM Tris pH 

7.6 and then flash frozen and stored at -80 °C until all of the time points were collected. 

After 5 days all of the samples were diluted 20-fold in 2% SDS in PBS and filtered 

through 0.45 µm nitrocellulose membrane (Bio-Rad) that was pre-equilabrated using 2% 

SDS in PBS. Each well was then washed four times using 2% SDS in PBS and the 

membrane was then removed from the apparatus and blocked using 1% BSA in PBS for 

1 hour at room temperature. 1.6 µg / mL 3925 or 0.5 µg / mL HT7 primary antibody was 

then applied in 1% BSA in PBS for one hour at room temperature. The membrane was 

then washed three times with continual rocking for 15 minutes per wash using PBS-T, 

blocked for 15 minutes using 1% BSA in PBS, and then incubated with 1:1000 IRDye 
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680LT Goat anti-Mouse IgG (H + L) (Li-Cor) or 1:1000 IRDye 800CW Goat anti-Rabbit 

IgG (H + L) (Li-Cor) in 1% BSA in PBS for 1 hour at room temperature in the dark. 

Following three 15 minute washes using PBS-T the membrane was imaged using the Li-

Cor Odyssey and immunoreactivity was quantified using Li-Cor Image Studio software. 

5.4.8. HPLC enrichment of O-GlcNAc modified tau441 

Prior to HPLC enrichment, the cTau441wt and ogTau441wt samples were treated 

with thrombin (Roche) in a 1:8 (w/w) mass ratio of tau to thrombin for 20 min at room 

temperature. Adherence to these optimized conditions was critical as higher 

concentrations of thrombin or longer incubation periods resulted in a high level of 

degradation of the tau441wt protein at sites other than the thrombin cleavage site next to 

the his6-tag. Following cleavage, 1 mM PMSF was added to stop the digestions. The 

ogTau441wt protein (after digestion) (0.25 mg / HPLC run) was acidified using 10 % 

trifluoroacetic acid (TFA) and loaded onto an Agilent Zorbax 300SB-C8 (9.4 mm x 250 

mm) semi-preparative HPLC column housed in an 1100 series Agilent HPLC. The 

column was held at 30% buffer B (acetonitrile (ACN), 0.1% TFA) for the first five minutes 

after which the proteins were eluted using a linear gradient of 30 % buffer B to 35 % 

buffer B over 95 min with a flow rate of 1 mL / min. Fractions were collected using a 

Foxy Jr. fraction collector set to collect 0.33 mL fractions over the entirety of the HPLC 

run. The O-GlcNAc modified tau441 peak eluted at approximately 34 min and the 

unmodified tau441 peak eluted at approximately 36 minutes. The fractions containing 

these peaks were pooled and lyophilized to dryness. The enriched ogTau441wt sample 

(referred to as EogTau441wt) was dissolved in 1 mL of 20 mM sodium phosphate buffer, 

pH 7. Following digestion of the cTau441wt to remove the his6-tag as described above, 

the protein was HPLC purified as described in section 5.4.1. Samples were assessed for 

their level of purity using 12 % SDS-PAGE analysis in conjuction with coomassie blue 

staining. The concentration of tau was determined using the Biorad DC assay using 

bovine serum albumin as a standard by following the manufacturer’s protocol. 
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5.4.9. Fluoresence resonance energy transfer (FRET) analysis 

The tau FRET experiments were carried out as close to the published protocol as 

possible208,209. The C291S mutation was introduced into the tau441 gene contained in 

the pET28a plasmid using the following primers: 5’-

GCAACGTCCAGTCCAAGTCTGGCTCAAAGGATAATATC-3’ and 5’-

GATATTATCCTTTGAGCCAGACTTGGACTGGACGTTGC-3’. The V432W mutation 

was introduced using the following primers: 5’-

CCACGCTAGCTGACGAGTGGTCTGCCTCCCTGGCCAAG-3’ and 

CTTGGCCAGGGAGGCAGACCACTCGTCAGCTAGCGTGG-3’. Both of these 

mutations were introduced using the Stratagene Quikchange site-directed mutagenesis 

kit. The cTau441C291S/V432W and ogTau441C291S/V432W double mutant was then co-

transformed with wild-type and mutant OGT as described above. Resulting co-

transformants were then cultured in LB media to an OD600 of 0.6-0.8, induced using 0.5 

mM IPTG for 20 h, and then purified by Ni-NTA chromatography as described above. 

The cTau441C291S/V432W and ogTau441C291S/V432W samples were then reduced using a 5-

fold molar excess of TCEP at 37 °C for 15 minutes. The samples were then incubated 

with a 10-fold molar excess of 1,5-IAEDANS (Invitrogen) dissolved in DMF for 2 hours at 

room temperature such that the solution concentration contained a final DMF 

concentration of 1% (v/v). Following desalting over a PD-10 desalting column (GE 

Healthcare) to remove excess unreacted 1,5-IAEDANS and the DMF the 

cTau441C291S/V432W and ogTau441C291S/V432W samples were HPLC purified as described in 

section 5.4.1. Following resuspension in 10 mM sodium phosphate buffer pH 7, the 

protein concentrations were determined by two independent methods: by HPLC 

(absorbance at 220 nm) and by the Bio-Rad DC assay as described above. Fractional 

labelling was determined by using the absorbance at 336 nm (by HPLC) and the 

extinction coefficient for 1,5-IAEDANS (5700 cm-1) divided by the protein concentration. 

The fractional labelling of tau with 1,5-IAEDANS was 1.0 for the cTau441C291S/V432W and 

0.8 for the ogTau441C291S/V432W. The FRET efficiencies and the resulting intermolecular 

distances were calculated as described208,209. 
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6. Conclusions and Future Directions 

From the outset of this work and as stated in chapter one of this thesis, the 

central objective of this thesis was to study the role of O-GlcNAc in tau biology as it 

pertains to both healthy and diseased states. To achieve this general objective, the 

generation and implementation of three key functional tools was necessary. The first of 

these tools involved the synthesis and testing of a highly potent and selective inhibitor of 

OGA, termed Thiamet-G. The second tool: a novel site-specific O-GlcNAc tau antibody 

that faithfully detects O-GlcNAc on tau at Ser400. Finally, the last of these tools was the 

development of a method to produce recombinant O-GlcNAc modified tau in E.coli. 

Using each of these tools, a number of observations pertaining to tau biology have also 

been described herein. However, it is hoped that these tools will gain further use and 

allow a number of future experiments to be developed which will allow further refinement 

of the role of O-GlcNAc in tau biology. In the following four sections of this chapter, I will 

review how each of these tools was used in this thesis and, importantly, suggest what 

future opportunities exist for their use. 

6.1. Chapter 2: Conclusions and Future Directions 

In chapter 2 of this thesis the synthesis and testing of a highly selective and 

potent OGA inhibitor was described and termed Thiamet-G. Therein, it was shown that 

Thiamet-G could cross the blood-brain barrier and increase O-GlcNAc levels, which 

resulted in reductions in tau phosphorylation at pathologically relevant phosphorylation 

sites. These results were also validated in a neuronal cell model using neuron-like PC12 

cells.  

 Two major questions arose from this work. The first of which was whether 

Thiamet-G can increase O-GlcNAc levels in vivo and block the pathological 
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hyperphosphorylation of tau seen in disease states? This question was addressed in 

detail in chapter 4 of this thesis. The second question pertained to how does increased 

O-GlcNAc lead to reductions in tau phosphorylation? Within chapter 2 we simply 

describe the observation of this reciprocal relationship but we did not characterize the 

molecular mechanism of how such a relationship arises. Two major possibilities can be 

invoked to explain this reciprocal relationship. The first possibility, and the most simple, 

is that O-GlcNAc and phosphorylation might modify and compete for identical serine and 

threonine residues in tau. The addition of one of these modifications at the same or a 

nearby site could therefore block the addition of the other one. The second possibility is 

that increased O-GlcNAc on kinases or phosphatases might increase or decrease the 

activities of these enzymes. Two recent publications describe work directed at 

addressing this question. 

Smet-Nocca et al339. chemically synthesized peptides that surround the region of Ser396 

to Ser404 of tau and contained O-GlcNAc on Ser400. These authors used this peptide to 

show that O-GlcNAc at Ser400 blocks priming phosphorylation by cyclin-dependant 

kinase 2 (CDK2/cyclinA3) at Ser400 as well as sequential phosphorylation by glycogen 

synthase kinase 3β (GSK3β) at Ser400 and Ser396339. This idea provides a molecular 

rationale for how increases in O-GlcNAc can lead to decreased phosphorylation at 

Ser396 in vivo elicited using Thiamet-G317. Some caution should be observed when 

using this approach and data derived from it however, because short synthetic tau 

peptides may differ substantially from the full length protein in their physical properties. A 

similar approach, but instead using O-GlcNAc modified full length tau produced in E.coli 

(as described in this thesis) might prove to be of significant value and might support the 

work of Smet-Nocca et al. Very recently, Yu et al373., carried out intracerebroventricular 

(ICV) injections of Thiamet-G directly into the brain to look at the effects of an acute and 

extremely high dose of Thiamet-G. In this work the authors indentified an increase in the 

activity of GSK3β in the brains of these animals. On one hand, this study may explain 

the increased phosphorylation that we observed at Ser404 following treatment with 

Thiamet-G shown in chapter 2 and it avoids the need for Thiamet-G to cross the blood-

brain barrier. This data also supports a direct influence of O-GlcNAc on a specific 

kinase, GSK3β. On the other hand, however, these investigators used a very high dose 
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of Thiamet-G which may have lead to unintended consequences on kinases and 

phosphatase or may have also lead to general stress pathways being activated in the 

brain. 

Collectively, these results suggest that O-GlcNAc may have multiple effects that give 

rise to changes in tau phosphorylation in vivo. In the future, much more work is needed 

to address whether increased O-GlcNAc leads to changes in the activity of kinases and 

phosphatases. To address this, investigators could co-express kinases or phosphatases 

in the presence of OGT to produce enzymes with altered O-GlcNAc levels. The activity 

of these enzymes could then be studied in vitro. One recent study has provided some 

insight in this regard. Tarrant et al. have shown, using semi-synthetically S-GlcNAc 

modified (a more stable derivative of O-GlcNAc) casein kinase II, that substrate 

specificity can be altered based on the presence of the GlcNAc residue. Additionally, 

one could treat cultured cells with Thiamet-G to increase O-GlcNAc levels and then 

immunoprecipate kinases or phosphatases and then measure their activity in vitro. 

6.2. Chapter 3: Conclusions and Future Directions 

In chapter 3 of this thesis, a system for the production of recombinant O-GlcNAc 

modified tau was described in detail. This material was then used to identify three sites 

of O-GlcNAc modification on tau. Using this site information a peptide surrounding the 

region of Ser396 to Ser404 with an O-GlcNAc modification at Ser400 was produced and 

used to raise the first site-specific O-GlcNAc tau antibody. This antibody faithfully detects 

Ser400 of tau only when an O-GlcNAc residue is present.  

Around the time that this work was published, work from the Hart laboratory also 

identified the Ser400 modification of tau in vivo55. In addition to this publication, Smet-

Nocca et al. used synthetic peptides and OGT in vitro to support Ser400 as an O-

GlcNAc site and identified another putative site of O-GlcNAc on tau at Ser208. As 

described in chapter 4 we have also identified this site of O-GlcNAc on tau. At present 

time, four sites of O-GlcNAcylation have been identified on tau: Thr123, Ser208, Ser400 
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and one of Ser409, Ser412, or Ser413. Of these sites, only the Ser400 site of O-

GlcNAcylation has been confirmed to occur in vivo.  

In the future, the confirmation of the other three sites of O-GlcNAcylation in vivo would 

be ideal. The identification of further sites of O-GlcNAcylation on tau should help design 

experiments to dissect the functional role of O-GlcNAc on tau. To address both of these 

experimental aims one could overexpress both OGT and tau (containing a His6 tag) in 

cultured mammalian cells. In this way one could then quickly obtain significant quantities 

of pure tau that was expressed in a mammalian cell type as opposed to recombinant 

expression in the prokaryotic E.coli system that might lead to modification of certain sites 

since other eukaryotic factors that might play a role are absent. Following purification of 

this material, verification of sites of O-GlcNAcylation only observed on tau expressed in 

E.coli would serve to validate these sites while identification of as yet unknown sites of 

O-GlcNAcylation would also be a possibility. 

6.3. Chapter 4: Conclusions and Future Directions 

In chapter 4 of this thesis, it was shown that Thiamet-G can increase O-GlcNAc levels in 

a transgenic mouse model of tauopathy referred to as the JNPL3 mouse model. 

Increased O-GlcNAc levels lead to a protection of motor neuron loss, which we show 

may have been due to the fewer number of NFTs found in the brainstem and spinal 

cords of these animals. Further to this, it was suggested that the reduction in NFT 

formation was not due to prevention of hyperphosphorylation but may have been due to 

the inhibition of tau aggregation regardless of the extent of phosphorylation. Initially, it 

would be interesting to probe additional sites of tau phosphorylation, by immunoblot, 

from the JNPL3 mouse study to see whether Thiamet-G treatment might influence other 

sites of phosphorylation which were not studied here. Additionally, it would prove useful 

to validate the results seen in the JNPL3 mose model using another mouse model of 

tauopathy such as the Tg4510 mouse model which express many fold more transgenic 

human tau than the JNPL3 mice272.  
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Going forward a number of further experiments can be proposed from this work. The first 

of these experiments is to address whether O-GlcNAc on aggregated tau in the nervous 

system of these animals is less toxic than when O-GlcNAc is increased. To address this, 

one could purify aggregated tau from the JNPL3 animals using a well characterize 

enrichment strategy using its insolubility in N-lauroylsarcosinate223. The purified material 

from both untreated and Thiamet-G treated mice could then be applied to cultured 

neuron-like PC-12 cells or another suitable neuroblastoma cell line. The effect on the 

viability of these cells could then be addressed using one of a number of cell viability 

assays. 

A second experiment which arises from this work is the fact that the JNPL3 mouse 

model only represents half of the pathology of Alzheimer’s disease (AD) in that only tau 

pathology is present. There is no detectable amyloid-β driven plaque formation and thus 

it is impossible to say whether increased O-GlcNAc might also impact the formation of 

amyloid plaques. This could be addressed using a double transgenic model of AD such 

as the tau and APP mice (TAPP mice)276. These mice are the result of crossing the 

JNPL3 mouse model of tauopathy with the Tg2576 mouse model which expresses a 

familial mutation in APP267,276. TAPP mice exhibit amyloid plaque formation and 

enhanced neurofibrillary tangle pathology276. The TAPP mice are commercially available 

and could be treated with Thiamet-G long-term to assess not only whether there are 

effects of increased O-GlcNAc on amyloid-β pathology but also whether this is the case 

in a background of tau pathology. Indeed, such experiments are currently underway in 

the laboratory. 

6.4. Chapter 5: Conclusions and Future Directions 

In chapter 5 of this thesis, it was shown that O-GlcNAc can inhibit the aggregation of the 

full length human isofrom of tau (tau441) in vitro. O-GlcNAc modified tau441 was 

enriched to increase the amount of O-GlcNAc found on tau produced recombinantly. 

Using this material it was shown that O-GlcNAc on tau likely blocks the aggregation of 

tau by primarily influencing the elongation step of tau aggregation and potentially also 

the nucleation step. This influence on tau aggregation was shown to not result from a 
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change in the global ‘paper-clip’ conformation of tau when O-GlcNAc is present. It was 

also shown that O-GlcNAc has no effect on the ability of tau to enhance tubulin 

polymerization in vitro. 

In the future it will be interesting to study what impact individual sites of O-GlcNAcylation 

on tau441 have on its aggregation in vitro. To date, four O-GlcNAc sites have been 

mapped and only the role of Ser400 has been studied so far (in chapter 4 of this thesis). 

Mapping of further sites of O-GlcNAcylation should also enable studies on the effects of 

site-specific glycosylation of tau. Additionally, studies directed at both the role of 

phosphorylation and O-GlcNAcylation on the same population would help test the 

conclusions of chapter 4. This could potentially be achieved using 

pseudophosphorylated and O-GlcNAcylated tau or could make use of purified kinases 

used in vitro to modify tau. 
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Appendix 

Production of a Ser-400 O-GlcNAc tau antibody in chickens 
In addition to the 3925 antibody that was raised in rabbits toward the OG-tau-

peptide 2, immunization of chickens was also carried out. The OG-tau-peptide 2 was 

coupled to keyhole limpet hemocyanin and used to immunize two chickens at Gallus 

Immunotech (see Materials and Methods below). The crude IgY was received from 

Gallus Immunotech, affinity purified and characterized using O-GlcNAc modified tau441 

produced in E.coli, as described in Chapter 3. This affinity purified antibody is referred to 

as 150B. It can be seen clearly that 150 only detects the O-GlcNAc modified tau441 and 

this interaction is completely abolished only by the OG-tau-peptide 2 and not the OH-

tau-peptide 1 (Figure A1a). The detection limit of the 150B antibody is very similar to the 

3925 antibody with a detection limit of 25-50 ng O-GlcNAc modified Tau441 / µg of 

150B. 
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Figure A1. Characterization of the 150B antibody. 
(a) Western blot of 150B on Tau441 expressed either in the presence of wtOGT 
or mutOGT using the 150B antibody. 3925 specifically recognizes Tau441 only 
when expressed in the presence of wtOGT. OG-Tau-peptide 2 blocks binding of 
150B to O-GlcNAc modified Tau441 whereas OH-Tau-peptide 1 does not. 50 
mM GlcNAc does not block the interaction between 150B and O-GlcNAc 
modified tau. Probing using the CTD110.6 antibody confirms that this Tau441 
preparation is O-GlcNAc modified and by using the Tau-46 antibody we confirm 
equal loading of Tau441. (c) The detection limit of the 150B antibody was found 
to be in the range of 25 – 50 ng O-GlcNAc modified Tau441 / µg of 150B. 

Materials and Methods 

Production of the 150B and 3925 antibodies 

10 mg of the OG-tau-peptide 2 was sent to Gallus Immunotech Inc. (Fergus, ON) who 

coupled the peptide to keyhole limpet hemocyanin through the N-terminal cysteine of the 

peptide. Two chickens each received a 1 mg injection of the final immunogen in 

Freund’s complete adjuvant (CFA) followed by three booster injections of 0.33 mg in 

Freund’s incomplete adjuvant (IFA). Eggs were then collected from the chickens and the 

compliment of IgY was purified using the Gallus Immunotech IgY purification kit. The IgY 

was received as 50 mL of an 18.7 mg / mL solution in phosphate buffered saline (PBS, 

pH 7.3).  
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Affinity purification of the 150B antibody 

1.5 mg of the OG-tau-peptide 2 was coupled to 1.5 mL of SulfoLink resin (Pierce) 

according to the manufacturer’s protocol. The resin was placed into a 5 mL column 

(Biorad) and equilibrated in PBS. 5 mL of the 18.7 mg / mL solution of crude IgY in PBS 

(for 150B) or 5 mL of serum (for 3925) were then loaded onto the column. The column 

was washed with 30 mL of PBS and then eluted with 20 mL of 100 mM glycine pH 10, 

10% ethylene glycol (for 150B). All procedures were carried out by gravity flow and 

performed at 4 °C. The eluate (30 mL) was dialyzed against PBS (4 L) and then 

concentrated to 0.5-1.0 mg / mL. 
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