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Abstract 

Intracellular protein O-glycosylation is an important post-translational modification in 

mammalian cells with critical regulatory functions relating to transcription, stress response, 

cell signalling, and cell cycle control. This process is controlled by two enzymes: O-GlcNAc 

transferase (OGT), which catalyzes the addition of a single O-linked N-acetylglucosamine 

(O-GlcNAc) to serine and threonine residues of proteins, and O-GlcNAcase (OGA), which 

hydrolyzes the glycosidic linkage on proteins. While notable progress has been made in 

the design and application of chemical tools for the study of OGA, methods and tool 

compounds to detect and modulate the activity of OGT remain limited. In this thesis, I 

describe the development of a fluorescent glycosyl donor analogue which is tolerated by 

OGT and transferred to peptides and proteins. This substrate was exploited to develop a 

convenient and direct in vitro activity assay, enabling the study of OGT catalysis in the 

presence of various substrates and inhibitors. After optimizing the assay for high-

throughput screening, a collection of small molecule libraries encompassing 

approximately 64,000 compounds was screened, leading to the identification of a novel 

and selective inhibitor of OGT. This assay was further applied to the functional analysis of 

peptide-based inhibitors of OGT that were discovered through phage display and in vitro 

mRNA display technologies. These efforts enabled the development of chemical tools with 

potent nanomolar affinity for OGT. The in vitro assay was also used for the study of novel 

glycosylation activity by OGT towards cysteine-containing acceptor substrates, permitting 

a detailed kinetic analysis of this recently discovered phenomenon. Finally, I describe the 

biochemical characterization of human Hexosaminidase D (HexD), an intracellular 

glycoside hydrolase of unknown physiological function, and use this information in the 

design of potential selective inhibitors. The methods, results, and insights gained from this 

research should prove useful in advancing our understanding of intracellular glycosylation 

and for furthering the application of this knowledge for translational therapeutic benefit. 

Keywords:  O-GlcNAc, chemical probes, high-throughput screening, glycosylation, 

assay development. 
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1 

 Introduction 

1.1. Glycobiology: A general overview 

1.1.1. Introduction 

Glycobiology can be broadly defined as the study of the structure, function, and 

biological roles of carbohydrates1. Although their main role was traditionally attributed to 

energy and metabolism, carbohydrates are now known to play diverse roles in all 

domains of life. In addition to serving as an important energy source, glycans (complex 

linkages of two or more carbohydrate units) have many critical functions in regulating 

cellular organization and structure, membrane organization, protein folding, inter- and 

intra-cellular signalling, host defense, cellular adhesion, and cell stress response2. The 

breadth of physiological functions for which glycans are necessary has led them to be 

recognized as one of the major classes of biomolecules and a major frontier area of 

molecular biology.  

Despite their importance in many aspects of life, the comprehensive and 

systematic study of carbohydrates has lagged behind that of nucleic acids and proteins. 

This is in part due to an increased focus in the latter half of the 20th century on the 

“central dogma” of molecular biology – the conversion of DNA to RNA and subsequently 

to proteins3. However, the study of glycans is also inherently challenging due to the 

complexity and heterogeneity of oligosaccharide structures. This stems from not only the 

diversity of the monosaccharide building blocks found in mammals (Figure 1.1), and 

throughout nature, but also the presence of multiple stereocentres which can result in 

myriad linkages and highly branched structures4. Such complexity makes elucidating the 

structure of a specific glycan a difficult task. Additionally, the expression of glycans is 

often dependent on cell type and differentiation state, resulting in further structural 

diversity5. Hence, a great deal of structural heterogeneity can exist even between 

glycans of similar origin, further complicating their study. Moreover, unlike proteins, 

glycans are not directly encoded by a genetic template, preventing the application of 

traditional sequencing technologies which have proven revolutionary in understanding 

the genome and proteome.  
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Fortunately, recent advances in the field of chemical glycobiology have led to the 

development of chemical tools which are beginning to address these challenges. These 

include the metabolic incorporation of unnatural monosaccharides bearing bioorthogonal 

handles into complex glycans6, the development of improved bioanalytical techniques to 

dissect glycan structure7, as well as the synthesis of new nanoscale glycomaterials 

which can probe cell surface glycans8. The exciting advances in this field have the 

potential to accelerate progress towards an improved understanding of the biological 

roles of carbohydrates. 

 

Figure 1.1. The structures and symbol nomenclatures for the nine common 
monosaccharides present in mammals.  
 
For simplicity, the three-dimensional structures of sugars are often 
depicted as coloured symbols. 
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1.1.2. Common types of mammalian glycans 

Glycans have been classified according to their core linkages and the types of 

monosaccharides they contain (Figure 1.2). The most prevalent and well-studied class 

are the N-glycans, which are linked to proteins via an asparagine residue9. A conserved 

amino acid sequence of Asn – X – Ser/Thr (where X ≠ proline) directs glycosylation to 

the asparagine sidechain. N-glycans are biosynthesized within the endoplasmic 

reticulum (ER) and Golgi apparatus, and are eventually trafficked to the cell membrane 

and sometimes secreted to the extracellular matrix (ECM). N-glycans often have highly-

branched structures and can be further classified based on their level of complexity and 

antennary structure. These glycoproteins serve a variety of functions including protein 

stability, cell adhesion and signalling. Another common class of glycans are the mucin-

type O-glycans, in which serine and threonine residues are linked via an α-glycosidic 

linkage to N-acetylgalactosamine (O-GalNAc)10. Proteins subject to this modification are 

often heavily glycosylated as seen in mucosal secretions, where they serve as a barrier 

and lubricant. They also have important roles in immune response11. Other types of 

glycans include glycolipids such as ceramide-linked glycosphingolipids, 

glycophosphatidyl inositol (GPI) anchors, and also larger polymeric glycosaminoglycans 

(GAGs)12,13. These membrane-bound proteoglycans, glycolipids and glycoproteins 

together form a dense coat which surrounds the cell membrane, known as the 

glycocalyx14. Glycosphingolipids are also found in the lysosome, where they are 

trafficked for degradation along with other classes of glycoconjugates. Loss of function of 

the enzymes which metabolize these glycoconjugates often result in debilitating 

lysosomal storage diseases, such as Tay-Sachs, Gaucher and Fabry diseases15. 

The above-mentioned glycans all play diverse roles in the cell, and their 

regulation is therefore important in many aspects of human health and disease. Thus, 

only a cursory introduction to these elements is provided herein. However, a common 

theme present across all these types of glycans is their subcellular location; they are all 

presented either as components of the cell membrane or are found outside of the cell. 

Remarkably, only one form of protein glycosylation is known to occur within the cytosol 

of eukaryotic cells, which is known as the O-GlcNAc modification. This type of 

glycosylation is discussed in detail in section 1.2 below. 
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Figure 1.2. The common classes of glycans encountered in mammalian cells, 
their constituent monosaccharides, and their sub-cellular location. 
 
With the exception of protein O-GlcNAc, glycans are synthesized in the 
secretory pathway and displayed on the outside of the cell and within the 
extracellular matrix. Figure adapted from Severino et al.16 
 

1.1.3. Classification of Carbohydrate Active EnZymes (CAZy’s)  

With a growing recognition of the importance of carbohydrates, there was a focus 

to better understand the processes which govern their biosynthesis, regulation, and 

degradation. Because the glycome is not genetically encoded in the same manner as 

the proteome, efforts to understand glycan structure and function must instead rely on 

knowledge of the enzymes which assemble and degrade such species. Henrissat was 

the first to undertake this work, carrying out a sequence-based analysis of over 300 such 

enzymes using hydrophobic cluster analysis17. With the advent of modern bioinformatic 

tools and sequencing techniques, this initiative was expanded to create the 

Carbohydrate Active EnZyme (CAZy) database18 (www.cazypedia.org). This online 

encyclopedia classifies enzymes into evolutionarily related families using sequence 

homology, which have related structures and conserved catalytic machineries. Because 

the structure of a protein is related to its function, the CAZy classification system 

provides information about the catalytic mechanism and substrate specificity of a given 

http://www.cazypedia.org/
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enzyme in the absence of experimental evidence. Six broad groups of carbohydrate 

processing enzymes and binders have since been curated, two of which have particular 

relevance for the present work. 

 

1.1.4. Glycosyltransferases 

Glycosyltransferases (GTs) are enzymes which catalyze the formation of a 

glycosidic bond through transfer of monosaccharide to an acceptor substrate19. These 

enzymes use activated glycosyl donors in the form of high-energy sugar phosphates. 

Nucleoside sugars are the most common donor substrate (termed “Leloir” donors), but 

lipid phosphates and simple sugar phosphate donors are also known. GTs catalyze 

transfer of the monosaccharide unit with either inversion or retention of anomeric 

stereochemistry (Figure 1.3). To date, 109 GT families have been classified. 

Additionally, several “superfamilies” have been identified in GTs based on the similarity 

of their protein folds20. GT family A members possess two “Rossman” fold domains 

consisting of βαβ motifs that closely associate to form an elongated β-sheet which binds 

the substrates.  GT family B members also consist of two Rossman folds which orient 

toward each other, sandwiching the catalytic domain between them. More recently, a 

third family of enzymes which bear a hydrophobic transmembrane domain was 

identified, termed GT family C21. Members of this family which have been annotated all 

use non-Leloir glycosyl donors in the form of lipid phosphate sugars20,21. 
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Figure 1.3. General scheme of glycosidic bond formation catalyzed by 
glycosyltransferases. 
 
Common donor substrates (left panel) and acceptor substrates (right 
panel) are shown. GTs are specific with respect to the donor substrate 
they use as well as the stereochemical outcome of the glycosidic bond 
which is formed. 
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1.1.5. Glycoside hydrolases 

Glycoside hydrolases (GHs) catalyze the hydrolytic cleavage of a glycosidic bond 

to yield the free aglycone and carbohydrate hemiacetal22. As of 2020, 116 GH families 

have been identified and curated in the CAZy database. In contrast with 

glycosyltransferases, which all share a relatively limited set of protein folds, the 

glycoside hydrolases possess a wide variety of folds which in turn result in comparatively 

more specific functions. In some ways this improves the predictive power of GH family 

classifications, since there are more distinct structural and mechanistic features 

observed between various GH families. 

 Like glycosyltransferases, glycoside hydrolases can be conveniently organized 

into those which catalyze their overall reaction with inversion or retention of 

stereochemistry at the anomeric centre upon hydrolysis23. Inverting GHs typically involve 

a single displacement mechanism wherein a coordinated Sn2-type attack of a water 

molecule at the anomeric centre occurs. In contrast, retaining GHs operate via a two-

step mechanism initiated by the attack of a catalytic nucleophile in the enzyme active 

site or through neighboring-group participation of the substrate. Subsequent hydrolysis 

of this intermediate by a water molecule results in overall retention of stereochemistry. In 

addition, GHs can be further classified based on the position at which they act upon an 

oligosaccharide chain23. Endo-acting glycosidases cleave an internal glycosidic bond 

within an oligosaccharide, whereas exo-glycosidases hydrolyze the terminal linkage, 

most commonly at the non-reducing end. An understanding of the mechanisms and 

active site residues with which these enzymes operate has contributed to the 

development of potent inhibitors against several GHs, some of which have been 

deployed in the clinic24. 
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Figure 1.4. General scheme of glycoside hydrolase activity. 
 
Hydrolysis of an α- or β-glycosidic bond occurs with either retention or 
inversion of stereochemistry which is specific to the GH involved. 

1.2. The O-GlcNAc modification 

1.2.1. O-GlcNAc: A distinct form of protein glycosylation 

Despite the vast diversity of structure and function encountered between different 

forms of glycans, all of the glycans described so far are found within organelles or 

outside the cell. In 1984, Hart and coworkers reported the first discovery of a cytosolic 

type of glycoprotein modification: the addition of a single N-acetylglucosamine (GlcNAc) 

unit O-linked to serine and threonine residues of proteins, known as the O-GlcNAc 

modification25. To date, this is the only form of protein glycosylation found in the cytosol 

aside from the glycogenin core of the energy source glycogen. The modification is also 

unique in that it is limited to a monosaccharide and is not further elaborated to more 

complex structures like those found in other glycans26. 

 The discovery of O-GlcNAc represented a new branch of glycobiology and 

spurred efforts to understand its biosynthesis and functional roles. The installation of O-

GlcNAc is carried out by the enzyme O-linked β-N-acetylglucsoamine transferase (OGT) 

using uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) as a donor substrate27 

(Figure 1.5). Removal of the O-GlcNAc unit via hydrolysis from a serine or threonine 

residue is performed by O-GlcNAc hydrolase (OGA), yielding the free sugar hemiacetal 

and the free serine/threonine hydroxyl group28,29. This modification has been identified 
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on hundreds of protein acceptors to date30,31. Strikingly, however, the installation and 

removal of O-GlcNAc across all these substrates is mediated by only OGT and OGA, 

representing remarkably broad substrate specificity for both these enzymes. The 

physiological roles of this modification are currently being explored, but it has already 

been shown to be critical for a wide variety of cellular processes which are described in 

more detail below in section 1.2.4. 

 

Figure 1.5. The O-GlcNAc modification is a dynamic and reversible form of 
glycosylation. 
 
Installation is catalyzed by O-GlcNAc Transferase (OGT), resulting in a β-
glycosidic linkage at serine and threonine residues of acceptor proteins. 
The reverse reaction is catalyzed by the glycoside hydrolase O-
GlcNAcase (OGA). 

1.2.2. O-GlcNAc transferase 

O-GlcNAc transferase (OGT) catalyzes the glycosylation of nuclear and cytosolic 

proteins with N-acetylglucosamine32. The enzyme is highly conserved in multicellular 

eukaryotes. Knock-out of OGT using genetic techniques is lethal in mice at an early 

embryonic stage. Loss of OGT is also lethal for D. melanogaster but is tolerated in C. 

elegans,  indicating that it is important for development perhaps in some manner that 

depends on organismal size33. OGT is classified as a member of GT family 41 in the 

CAZy database and possesses a GT-B Rossman fold structure34. The enzyme uses 

UDP-GlcNAc as a Leloir-type donor and carries out glycosylation with inversion of 

stereochemistry, resulting in a β-glycosidic linkage at serine and threonine residues. 

Glycosylation occurs using an ordered bi-bi mechanism in which the UDP-GlcNAc donor 

binds first and the protein substrate binds second (Figure 1.6)35,36. Unlike many other 

glycosyltransferases, the enzyme is not dependent on divalent metal ions for catalytic 

activity37. 
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Figure 1.6. Mechanism of OGT-catalyzed glycosylation. 
 
Catalysis occurs via an ordered bi-bi type mechanism, requiring binding 
of the UDP-GlcNAc donor before binding of the peptide backbone of a 
protein acceptor. Figure adapted from Lazarus and colleagues36. 
 

In mammals, the full-length protein (termed ncOGT) is 110 kDa in size, 

consisting of an N-terminal superhelical domain with 14 tetratricopeptide repeats (TPRs) 

and a C-terminal catalytic domain. The enzyme was first isolated from rat liver as a 

presumed heterotrimer of two full-length subunits and a truncated 78 kDA subunit37. 

Other isoforms resulting from alternative splicing have been reported, including a 

mitochondrial OGT variant (mOGT) with 9 TPR units, and an even shorter version with 2 

TPRs (sOGT)38.  

While the structure of full-length OGT has not been determined experimentally, 

X-ray crystal structures of its two individual domains have now been solved. In 2004, 

Conti et al. reported the structure of the N-terminal TPR domain, confirming the 

presence of an extended superhelical domain which is presumed to facilitate substrate 

recognition and binding39. Subsequent work has demonstrated the presence of a 

conserved “asparagine ladder,” wherein mutation of five Asn to Ala residues eliminates 

the catalytic activity of OGT toward protein substrates but not toward shorter peptides40. 

The structure of the catalytic domain was solved by Walker and coworkers in 2011 by 
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truncating the N-terminus to 4.5 TPR units (OGT4.5)35. This confirmed the presence of 

the two Rossman folds predicted for members of the GT-B superfamily, as well as a 

unique intervening domain containing a seven-stranded beta sheet and two flanking 

alpha helices (Figure 1.7). The structure was solved as a complex with UDP and a short 

peptide substrate. The peptide binds on top of the nucleotide binding pocket, in 

agreement with the currently-proposed ordered bi-bi mechanism which requires binding 

of UDP-GlcNAc to occur first36. Additionally, a hinge-like architectural feature near the 

junction of the TPR and catalytic domains allows flexibility for the TPRs to pivot and 

accommodate binding of the peptide acceptor. When in complex with glycosyl donor 

alone, the active site of OGT forms a closed conformation driven by interactions 

between the catalytic domain and TPRs 10 and 11. However, the ternary complex 

consisting of UDP and a peptide substrate bound to the OGT active site results in a 

more open conformation with a wider cleft. This opening of the active site appears to 

take place in conjunction with an opening of the “latch” between TPRs 10 and 11 and the 

catalytic domain.  

Since the initial discovery of O-GlcNAc, hundreds of proteins bearing this 

modification have been identified30,31. With such a diverse array of substrates, the 

promiscuity of OGT and the mechanisms which govern its substrate specificity remain a 

topic of great interest. Post-translational modifications such as phosphorylation are 

typically mediated in part by consensus sequences, in which a given kinase displays 

activity only towards substrates bearing a particular primary amino acid sequence at or 

near the phosphorylation site41. In contrast, OGT activity does not appear to be 

governed by a clear, conserved consensus sequence, although some patterns of 

substrate preference have recently come to light. Studies involving mass spectrometry-

based proteomics and peptide arrays have shown moderate enrichment of O-GlcNAc in 

sequences which bear a P/V-P/V-V-gS/gT-S/T motif42–44. The presence of a proline 

residue at the -2 site relative to the acceptor serine/threonine has been hypothesized to 

extend the conformation of the peptide, facilitating binding in the elongated active site 

cleft of OGT. However, other substrates which do not possess this motif are also known, 

suggesting that other factors may control the specificity of the enzyme. OGT expression 

and activity is regulated by several mechanisms, including cellular concentrations of 

UDP-GlcNAc (discussed in detail in section 1.2.4.), differential mRNA splicing, post-

translational modification of OGT itself, as well as binding partners which interact with 



12 

the TPR domains45,46. Each of these factors may directly or indirectly impact the 

substrate specificity of the enzyme by altering the activity of OGT in precise cellular 

environments. Because of the lack of a clear consensus sequence for glycosylation, it 

has been hypothesized that protein binding partners and PTMs may provide an 

alternative mechanism by which the cell can exert control over the glycosylation activity 

of OGT in particular contexts47. 

 

 
 

Figure 1.7. Structure of the human OGT catalytic domain. 
 
A, 3D representation of the overall structure depicting the TPR region 
(grey), two Rossman folds of the catalytic domain (red and blue), and an 
intervening catalytic domain region (green). B, Zoomed-in view of the 
substrate binding region showing UDP (purple) and a CKII peptide 
acceptor. The serine acceptor site is indicated with an asterisk. Figure 
adapted from Lazarus et al.35 

1.2.3. O-GlcNAc hydrolase 

After the initial discovery of O-GlcNAc and the enzyme which installs it, a 

corresponding glycoside hydrolase was predicted to act reciprocally with respect to 

OGT. This enzyme, O-GlcNAc hydrolase (OGA) was first isolated and characterized by 

Dong and Hart in 1994, ten years after the first report of O-GlcNAc28. Originally 

characterized in the 1970’s and termed HexC48,49, it was shown to be distinct from the 

lysosomal hexosaminidases HexA and HexB, which have an acidic pH optimum and 

show a preference for GalNAc-linked gangliosides. In contrast, OGA is localized in the 

nucleus and cytosol, has a neutral pH optimum, and is highly specific for the cleavage of 

GlcNAc-based substrates. 
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 The structure, function and biological activity of OGA has been well-

characterized50. It is a member of GH family 84 and, like HexA/B, operates using a 

substrate-assisted catalytic mechanism involving participation of the C2 N-acetamido 

group (Figure 1.8). This results in the formation of a bicyclic oxazoline intermediate, 

which is subsequently attacked by a water molecule to yield the free sugar hemiacetal. 

This mechanistic knowledge has been exploited in the development thiazoline-based 

inhibitors of OGA which act as transition state analogues50,51 (see section 1.4.2.). The 

structure of human OGA was reported independently by three separate research groups 

in 2017, showing that it associates as a dimer with an unusual exchange of alpha helices 

between the two subunits in the active site52–54. Knowledge of the structure and 

mechanism of this enzyme has contributed to our understanding of its biological roles, 

which are discussed further in section 1.3. 

 
 

Figure 1.8. The catalytic mechanism of O-GlcNAc hydrolase (OGA). 
 
Departure of the anomeric leaving group is facilitated by participation of 
the C2 N-acetamido group, which acts as a nucleophile upon polarization 
by a catalytic base. This forms a bicyclic oxazoline intermediate, which is 
then attacked by a water molecule in a second chemical step to yield the 
hemiacetal product.  

Interestingly, a fourth hexosaminidase (HexD) has recently been identified in 

mammals55. This enzyme belongs to GH family 20, the same as HexA and HexB, but is 

localized in the nucleus and cytosol like OGA. However, HexD shows a preference for 

GalNAc configured substrates relative to GlcNAc56. The physiological role of this enzyme 

remains unclear. It is possible that there is some crosstalk between OGT, OGA and 

HexD activities given that HexD still shows some activity towards gluco-configured 

substrates. Additionally, OGT has been shown to transfer O-GalNAc to peptide 
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substrates in an in vitro assay, which could serve as substrates for HexD if this activity 

were to occur in cells36.  

1.2.4. The hexosamine biosynthetic pathway 

The O-GlcNAc modification has been established as one of the most common 

protein modifications in mammals, playing key roles in cell signaling, transcription, 

protein stability, and disease pathology57–59. A unique feature of this modification is its 

nutrient responsiveness. O-GlcNAc metabolism is linked to the Hexosamine Biosynthetic 

Pathway (HBP, Figure 1.9)60. The end product of this pathway is UDP-GlcNAc, the 

glycosyl donor substrate used by OGT. The HBP is sensitive to the availability of 

nutrients such as glucose, glutamine, acetyl-CoA and uridine, which all feed into the 

pathway at various stages to generate UDP-GlcNAc61. Thus, levels of UDP-GlcNAc, and 

in turn OGT activity, are directly linked to the nutrient availability of the cell. 

 It has been estimated that 2-3% of total glucose in the cell is shunted into the 

HBP62. Glucose is first phosphorylated and isomerized to fructose-6-phosphate, and is 

then converted to glucosamine-6-phosphate. This step is catalyzed by 

glutamine:fructose-6-phosphate amidotransferase (GFAT) and serves as the rate limiting 

step of the pathway63. Thus, metabolic states which perturb glycolysis or levels of 

glucose in the cell can significantly influence UDP-GlcNAc biosynthesis and 

consequently impact the extent of O-GlcNAcylation in cells. 
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Figure 1.9. The Hexosamine biosynthetic pathway (HBP). 
 
Several nutrient pathways in the cell contribute to the formation of UDP-
GlcNAc, including glycolysis, fatty acid metabolism, glutamine availability, 
and nucleotide metabolism. Thus, interplay exists between the nutrient 
status of the cell and the cycling of O-GlcNAc by OGT and OGA. Figure 
adapted from Gurel and Sheibani64. 

 

1.3. Physiological roles of O-GlcNAc 

1.3.1. Transcriptional regulation 

Some of the earliest proteins discovered to be O-GlcNAcylated were transcription 

factors, providing an early clue as to the widespread role of this modification37. One of 

the most well-studied examples is specificity protein 1 (Sp1), a transcription factor that is 

constitutively O-GlcNAc modified and has multiple O-GlcNAc sites58. Glycosylation of 

Sp1 increases its transcriptional activity, nuclear localization, and stability towards 

proteasomal degradation65,66. A more global transcriptional example is the case of RNA 

polymerase II (Pol II), which is glycosylated at its C-terminal domain in competition with 



16 

phosphorylation67. By blocking kinase activity on an acceptor threonine residue of Pol II, 

O-GlcNAc appears to prevent aberrant elongation of mRNA transcripts and may help to 

recycle the polymerase complex after elongation has occurred.  

More recently, evidence has emerged that the O-GlcNAc modification may be a 

factor in epigenetic regulation. A landmark study by Gambetta and co-workers revealed 

that the Polycomb group proteins, conserved transcriptional repressors critical for 

development, are highly O-GlcNAc modified in Drosphila68. Using genome-wide profiling 

and ChIP-seq analysis, 1138 genomic sites bound by O-GlcNAc-modified proteins were 

identified. 490 of these sites were co-localized with Polycomb Responsive Elements, 

suggesting that O-GlcNAc regulates the expression of these developmental genes. 

Sinclair et al. independently performed similar experiments and showed that mutations in 

the sxc gene, which encodes for OGT in Drosophila, resulted in developmental 

phenotypes and eventual lethality69. Moreover, rescue of this phenotype by ogt 

transgenes was observed, indicating that OGT function plays a direct role in these 

developmental processes.  

1.3.2. Cell stress response 

O-GlcNAc plays a protective role in cellular stress and injury response. One  

example of this is heat shock response, where elevated O-GlcNAc results in increased 

expression of heat shock proteins and heat shock induces increased O-GlcNAc levels70. 

By extension, these chaperones are reduced when O-GlcNAc levels are inhibited, 

resulting in decreased capacity for cells to survive stresses. Kazemi and co-workers 

have investigated the mechanisms controlling these effects, showing that knock-out of 

OGT results in aberrant phosphorylation of several key proteins involved in heat shock 

response71. O-GlcNAc also has cardioprotective properties in cases of hypoxia – 

overexpression of OGT or inhibition of OGA reduces reactive oxygen species and 

calcium overload in rat ventricular myocytes, reducing ischemia-reperfusion (I/R) injury 

in this model72. Other forms of cell stress, such as inflammation response and ER stress, 

have also been shown to have improved outcomes when levels of O-GlcNAc are 

elevated73,74. Hence, the O-GlcNAc modification appears to confer a general protective 

effect as a response to a variety of cellular stressors. However, further investigation is 

required to determine whether this effect is due to the direct presence of O-GlcNAc on 

proteins or the result of downstream signaling pathways. 
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1.3.3. Neurodegenerative disease 

The regulation of OGT and OGA activity in neurodegenerative disease has 

recently gained attention as an area of research with high clinical relevance. One 

example of this is in Alzheimer’s Disease (AD), a progressive disorder that results in 

memory loss, language difficulties, and other cognitive impairments75.  One of the 

hallmarks of AD pathology is the accumulation of neurofibrillary tangles (NFTs), of which 

the main component is the protein tau76. Hyper-phosphorylation of tau causes it 

aggregate and spontaneously assemble into NFTs. In 2008, Yuzwa and colleagues 

showed that a reciprocal relationship exists between tau phosphorylation and O-

GlcNAcylation51. O-GlcNAc competes directly with phosphorylation at various serine and 

threonine residues on tau. By treating neuronal cells with the potent OGA inhibitor 

Thiamet-G51, levels of O-GlcNAc were increased at these sites and the stoichiometry of 

tau phosphorylation was reduced. Later studies showed that treatment with Thiamet-G 

slowed neurodegeneration in tau transgenic mice and directly inhibits in vitro 

aggregation of tau into NFTs59,77. In addition, OGA inhibition appears to induce 

autophagy within neurons, suggesting another possible mechanism of action. This work 

underscores the potential of pharmacological inhibition of OGA for the treatment of AD. 

 Increasing levels of O-GlcNAc may have similar therapeutic potential for 

Parkinson’s Disease (PD), a disease which results in dopaminergic neuronal cell death 

and, in turn, loss of motor control78. The progression of this disease is attributed to the 

formation of Lewy bodies, which consist of aggregates of α-synuclein79.  α-synuclein is 

modified by OGT at several sites, including serine 87 in humans80,81, and it has been 

demonstrated that the presence of O-GlcNAc has a stabilizing effect which decreases 

the propensity of α-synuclein to aggregate80. O-GlcNAcylated α-synuclein also displays 

reduced toxicity towards neuronal cells when added exogenously as compared to 

unmodified α-synuclein. However, the factors which control glycosylation of α-synuclein 

remain unclear, as OGT is unable to glycosylate the protein in vitro and likely requires 

the presence of other accessory proteins.  
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1.3.4. Cancer 

Another major disease which is linked to the regulation of O-GlcNAc is cancer. A 

number of independent studies over the past decade have shown that levels of OGT and 

O-GlcNAc are elevated in a variety of cancers, including breast, prostate, colon, lung, 

and pancreatic forms of the disease82. Mounting evidence suggests that this is not 

simply a passive association, as misregulated OGT activity has been directly associated 

with many of the hallmark signaling pathways of cancer82. The result is proposed to be a 

complex OGT-mediated reprogramming of oncogenes and their associated signaling 

pathways, which together increases the growth rate, invasion potential and malignancy 

of tumors83. 

Cancer cells are capable of transforming their metabolic functions to achieve the 

increased energy requirements for constant growth and division, a process known as the 

Warburg effect84. This is now recognized as a general characteristic of oncogenesis. 

Despite abundant oxygen availability, cancer cells feed glucose into anaerobic glycolysis 

and use glutamine as a secondary carbon source to drive biosynthesis of NADPH and 

fatty acids. Hence, cancer cells increase uptake of these nutrients to support these 

pathways85. This is significant because both of these nutrients are important starting 

materials for the HBP, which produces UDP-GlcNAc. It has therefore been hypothesized 

that increased glucose and glutamine flux into the nutrient-responsive HBP contributes 

to the increase in O-GlcNAc levels in cancer by increasing the availability of the donor 

substrate used by OGT, and further exploit this pathway by promoting expression of 

OGT83. 

Other, more direct examples of the role of OGT in cancer metabolism have been 

uncovered in key cancer signaling pathways. One such case is the mammalian target of 

rapamycin (mTOR)/myc axis, which is stimulated in cancer and results in an increase in 

both OGT expression and O-GlcNAc in breast cancer86. Modification of Forkhead Box 

M1 (FOXM1) by sirtuin 1 (SIRT1) has also been shown to be dependent on levels of O-

GlcNAc86,87. Decreased OGT activity results in an increase in SIRT1 activity, reducing 

invasion and metastasis in breast cancer. Similarly, elevated levels of OGT in prostate 

cancer correlate with a decrease in patient survival rate and an increase in 

metastasis88,89. In addition, the tumor suppressor protein p53 is glycosylated by OGT, 

and the activity of p53 in ovarian carcinoma cells is modulated when O-GlcNAcylation is 
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perturbed by chemical or genetic means90. Many other aspects of cancer progression, 

such as the stimulation of angiogenesis89 and evasion of growth factors91, have also 

been proposed to be linked to OGT activity (Figure 1.10). 

 

Figure 1.10.  Direct and indirect targets of OGT in cancer signaling pathways. 
 

Levels of O-GlcNAc are elevated in cancers due to increased glucose and 
glutamine flux in the hexosamine biosynthetic pathway. Dysregulation of 
OGT/OGA activity is linked to numerous aspects of cancer including activation of 
metastasis, evasion of growth suppressors and inducing angiogenesis. Figure 
adapted from Ferrer et al.82. AMPK, adenosine monophosphate-activated kinase; 
CDKi, cyclin dependent kinase inhibitor; CHOP, C/EBP homologous protein; c-
myc, myelocytomatosis cellular factor; FoxM1, forkhead box protein family M1; 
G6PD, glucose-6-phosphate dehydrogenase; HIF1α, hypoxia inducible factor 1-
alpha; MMP, metalloproteinase; NF-κB, nuclear factor kappa-B; PFK-1, 
phosphofructokinase-1; SIRT1, sirtuin 1; SKP2, S-phase kinase associated 
protein 2; VEGF, Vascular endothelial growth factor. 

In light of the numerous roles which OGT plays within the machinery of cancer 

growth, inhibition of OGT activity has recently garnered attention as a potential 

therapeutic approach to treating cancers. An important study by Reginato and 

colleagues using a xenograft model for breast cancer in mice showed that knock-down 

of OGT with short hairpin RNA results in a significant decrease in tumor volume92. OGT 

was also shown to be required for malignant growth of breast cancer cells in vitro. 

Pharmacological approaches towards inhibiting OGT in cells have also shown 
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favourable outcomes such as reducing invasion, angiogenesis and cell viability in 

prostate cancer89,93. Therefore, there is increasing interest in the development of OGT 

inhibitors suitable for in vivo studies and further pre-clinical validation of OGT as a 

cancer target. 

1.4. Chemical tools for the study of O-GlcNAc 

1.4.1. Background 

The diverse physiological functions of the O-GlcNAc modification have spurred 

interest in characterizing the activity and regulation of the two enzymes which control its 

installation and removal. There is also a need to further elucidate the biological roles of 

O-GlcNAc. However, knock-out of the OGT gene in mammals is lethal at the embryonic 

stage33, making in vivo genetic studies more difficult to carry out. Thus, chemical genetic 

approaches, such as the use of small-molecule inhibitors, are desirable for studying this 

modification. The use of chemical probes also brings numerous advantages for cell-

based studies as compared to using genetic tools94. Small molecules give the user high 

temporal control when evaluating the effect of treatments, and also provide the ability to 

dose at different concentrations. Furthermore, small molecules permit the researcher to 

stop treatment and evaluate the time-dependent effects of relieving inhibition and the 

resulting phenotypic effects. Below is a brief summary of a selection of the chemical 

tools, including probes and inhibitors, which have been developed over the past two 

decades to study O-GlcNAc biology.  

1.4.2. Bioorthogonal probes for the detection of O-GlcNAc 

The advent of bioorthogonal chemistry in the early 2000s was transformational 

for the field of chemical biology. This technique involves the installation of a small 

bioorthogonal functional group, such as an azide, to create a metabolite analogue that 

can be tolerated and processed by cells. This enables incorporation of the analogue into 

proteins, glycans, or other biological scaffolds. Subsequent bioorthogonal labeling of the 

reporter with a specific chemical probe can then be performed95. Some of the earliest 

examples of bioorthogonal labeling were developed by Bertozzi and co-workers for the 

study of glycans, using N-azidoacetyl mannosamine and galactosamine derivatives96,97. 

This work was inspired by the observations of Reutter et al. that some sialyltransferases 
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are tolerant of an N-propanoyl acyl chain at the 5-position of the sugar, resulting in 

metabolic incorporation of this unnatural sugar on N-glycans98.  The approach was first 

applied to the study of O-GlcNAc-modified proteins by Vocadlo et al. in 2003 using a 

per-O-acetylated N-azidoacetylglucosamine (GlcNAz)99. This compound acts as a 

surrogate for GlcNAc which, after crossing the cellular membrane, is deacetylated by 

endogenous esterases and is then metabolically incorporated into HBP by the action of 

the GlcNAc kinase (GNK) salvage pathway (Figure 1.11). The resulting phospho-sugar 

analogue then enters the HBP to form the azido-labeled analogue UDP-GlcNAz, which 

is used by OGT to label proteins. Treatment of the cells with a FLAG-tagged phosphine 

probe results in covalent labeling of GlcNAz units via Staudinger ligation96, which can 

then be detected by Western blotting using an anti-FLAG antibody. This permits the 

identification of O-GlcNAcylated proteins. 
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Figure 1.11. Metabolic incorporation of Ac4GlcNAz. 
 
After crossing the cell membrane, cellular esterases remove the O-acetyl 
groups. GlcNAz is then phosphorylated by the action of GNK via the 
GlcNAc salvage pathway. This precursor then feeds through the 
remaining steps of the hexosamine biosynthetic pathway, resulting in 
labeling of OGT target proteins with GlcNAz99. 

Since the initial development of GlcNAz and its use in labeling protein targets of  

OGT, other metabolic labeling reagents have been developed to improve on the level of 

incorporation of the reporter or reduce non-specific incorporation (Figure 1.12). This 

includes Ac4GalNAz, which is more efficiently converted to UDP-GlcNAz via entry to the 

HBP through the GalNAc salvage pathway100. Pratt and colleagues have developed an 

alkyne-functionalized GlcNAc analogue (GlcNAlk) which is not a substrate for the 

epimerase which converts GlcNAc to GalNAc and therefore appears to be more specific 
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for OGT transfer101. Additional reporters bearing an azide at the 6- or 2-position of 

hexosamines have also been recently reported, and they too are tolerated by OGT102–105. 

Still more recently, Chen and coworkers have described selectively acylated metabolic 

precursors that are supposed to reduce non-specific labeling of cysteine residues106,107, 

though the extent of this problem remains unclear108,109. All these methods require 

metabolic feeding of unnatural monosaccharides, which admittedly perturbs levels of the 

modification and so leads to some concerns about its physiological relevance.  

 

Figure 1.12. Metabolic chemical reporters developed for identification o f O-
GlcNAc-labeled proteins glycosylated by OGT102–105,107.  
 
Incorporation of these probes into the HBP and connected salvage 
pathways results in formation of UDP donor substrate analogues which 
are tolerated by OGT. Subsequent tagging of the reactive azide or alkyne 
handle via bioorthogonal chemistry allows for detection, isolation, and 
mapping of modification sites on proteins modified with these sugars. 

1.4.3. Chemoenzymatic labeling of O-GlcNAcylated proteins 

Another approach to identifying protein targets of OGT is the site-specific labeling 

of O-GlcNAcylated proteins with an engineered galactosyltransferase (GalT) and 

unnatural galactose analogues110. This technology was first reported by the group of 

Linda Hsieh-Wilson and an improved variation has since been commercialized111 (Figure 

1.13). An earlier identified mutant galactosyl transferase was shown to catalyze transfer 

of GalNAc using UDP-GalNAc as a substrate. The Y289L mutation of this enzyme 
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enlarges the binding pocket to accommodate larger functionalities at the 2-position. 

Recognizing this enzyme was known to modify O-GlcNAc, Hsieh-Wilson and team 

showed this mutant enzyme could transfer GalNAc analogues to the 4-hydroxyl position 

of O-GlcNAc. In their original report, the authors install an unnatural ketone on the 

galactose unit which, after transfer to O-GlcNAc, permits the conjugation of a secondary 

probe bearing an aminooxy group and biotin reporter110. Proteins which are tagged with 

this handle can then be identified by western blot. More recent adaptations of this 

protocol exchange the ketone functionality on galactose with an azidoacetyl group, 

allowing efficient conjugation using copper-catalyzed azide-alkyne click chemistry 

(CuAAC)112, as well as the use of fluorescent reporters to enable in-gel fluorescence and 

quantification of tagged proteins113. The use of a biotin handle also allows enrichment of 

O-GlcNAcylated protein using affinity chromatography, enabling downstream mass 

spectrometry-based proteomic analysis. Additionally, high molecular weight polyethylene 

glycol (PEG) mass tags can be added, resulting in a band shift upon western blotting114. 

These mass tags can therefore be used to assess the stoichiometry of O-GlcNAc units 

on the protein of interest using recently-optimized protocols115. More recently, another 

chemoenzymatic labeling method was developed116 which appears to be comparably 

effective and is capable of detecting both “open” and “closed” O-GlcNAc sites. One 

concern with these methods, however, is that the efficiency of enzymatic labeling and 

other steps is unclear, leading to some uncertainty about the fidelity of sites which are 

detected. 

 

Figure 1.13. Chemoenzymatic approach for the detection of O-GlcNAc developed 
by Hsieh-Wilson and co-workers. 
 
Transfer of a galactose analogue to O-GlcNAc followed by bioorthogonal 
labeling permits detection of O-GlcNAcylated proteins. While the first 
reports used oxime conjugation at a reactive ketone, click chemistry 
techniques have also been used. Probes can include biotin handles, 
fluorophores, or mass tags. 
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1.4.4. Inhibitors of O-GlcNAc hydrolase (OGA) 

In addition to the development of chemical tools to detect O-GlcNAc in cells, 

substantial progress has been made towards modulating levels of O-GlcNAc using 

small-molecule inhibitors. The earliest examples of such inhibitors were developed for 

OGA, assisted in part due to the availability of inhibitors of related glycoside hydrolases 

(Figure 1.14). O-(2-Acetamido-2-deoxy-D-glucopyranosylidenamino) N-phenylcarbamate 

(PUGNAc), which was originally developed as an inhibitor for a different β-N-

acetylhexosaminidase, was also shown to potently inhibit HexB (Ki = 36 nM) and OGA 

with a (Ki = 52 nM)28,117,118. Knapp and co-workers synthesized NAG-thiazoline119, a 

potent bicylic inhibitor of HexA (Ki = 270 nM)120 which was inspired by the proposed 

mechanism of hexosaminidases. This was later shown to inhibit OGA121 and was found 

to be a transition-state mimic122. Accordingly, both of these inhibitors also show activity 

towards the lysosomal GHs HexA/B, limiting their utility as chemical tools for cell-based 

studies. Mechanistic studies revealed that longer N-acyl groups at the 2-position 

conferred selectivity for OGA vs HexA/B50. This was embodied in the inhibitors NButGT50 

and Thiamet-G51, the latter of which is highly potent transition state analogue (OGA Ki = 

2.1 nM)123 and 37,000-fold selective for OGA over HexA/B51. Thiamet-G was further 

modified to yield the clinically used OGA inhibitor MK8719 as reported by Alectos and 

Merck, which was shown to be generally tolerated in humans124,125. 

Pyrrolidine-based iminosugars have also been developed as inhibitors for this 

class of enzyme. The Britton and Vocadlo groups recently reported iminocyclitol 

compounds with single-digit nanomolar potency and selectivity for OGA, some of which 

can permeate the blood brain barrier126. Hence, the availability of potent and specific 

OGA inhibitors has enabled studying the effects of increasing O-GlcNAc in cells and in 

vivo through OGA inhibition. Among these inhibitors, Thiamet-G is an excellent tool 

compound that is capable of crossing the blood brain barrier and has been widely used 

for the study of neurodegenerative diseases. 
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Figure 1.14. Structures and potencies of selected inhibitors of O-GlcNAc 
hydrolase (OGA). 

 

1.4.5. Inhibitors of O-GlcNAc transferase (OGT) 

In contrast with OGA, the development of inhibitors for O-GlcNAc transferase has 

occurred at a slower pace. This is, in part, due to the large cleft like architecture of the 

OGT active site, a lack of structural and mechanistic information, the difficult chemical 

synthesis of nucleoside analogues, and the challenges of assaying glycosyltransferase 

activity in order to discover and characterize potential inhibitors. Nucleoside analogues 

such as UDP-5SGlcNAc, UDP-S-GlcNAc, and UDP-C-GlcNAc (Figure 1.15) have been 

shown to be moderate inhibitors OGT127,128. Although useful for in vitro studies, these 

compounds are not useful for cell-based assays due to their inability to permeate cell 

membranes. Interestingly, the UDP by-product of OGT catalysis shows greater potency 

(IC50 = 1.8 µM) than other nucleotides that possess a carbohydrate unit. 

 The first rationally-designed and cell-permeable inhibitor of OGT was reported by 

Gloster et al127, which also served to advance the idea of Trojan horse-like metabolic 

precursors that could serve as glycosyltransferase inhibitors.  Per-O-acetylated 

5SGlcNAc (Ac45SGlcNAc, Figure 1.15) can be administered to cells as a metabolic 

precursor to UDP-5SGlcNAc. The compound was shown to be processed by the HBP 
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and effectively inhibits OGT activity in cells (EC50 = 5 µM). Ac45SGlcNAc has since been 

used in a number studies to assess the role of OGT activity in a wide variety of contexts, 

including cancer metabolism91, cell stress response129, protein quality control130, 

neuronal development131, and immune response132. While this compound has indeed 

proven useful for cellular assays, its poor aqueous solubility necessitates the use of 

DMSO for formulation and it is therefore not suitable for in vivo experiments. To 

circumvent this issue, Liu and colleagues developed a closely-related metabolic inhibitor 

which does not require O-acetyl groups for cell permeability133. This compound, 

5SGlcNHex, has a longer acyl chain at the 2-position which provides sufficient 

hydrophobic character to cross cell membranes while retaining water solubility. The 

compound therefore serves as a useful tool that can be used to inhibit OGT in rodent 

models that is converted within cells to UDP-5SGlcNAc. However, the potential for off-

target effects is an important consideration, given that other GlcNAc transferases are 

reliant on the HBP and may also be inhibited by these precursors and the associated 

decrease of UDP-GlcNAc levels observed when using such compounds. 

 

Figure 1.15. Structures and potencies of OGT inhibitors derived from nucleotide 
scaffolds, metabolic precursors or high-throughput screening 
libraries. 

 

In addition to inhibitors bearing carbohydrate scaffolds, a handful of small-

molecule compounds with non-carbohydrate structures have been discovered through 

high-throughput screening (HTS). Development of these compounds has been 



28 

pioneered by the Walker laboratory, who were the first to screen for inhibitors of 

OGT134,135. From these initial screen, compounds ST045849 and BZX were reported, 

both of which showed moderate potency towards OGT. However, BZX was later shown 

to inactivate OGT by covalently cross-linking with residues K842 and C917 within the 

active site and likely has other off-target and toxic effects136. A more recent HTS-derived 

inhibitor, OSMI-1, shows increased potency towards OGT and was effective in lowering 

total O-GlcNAc in Chinese hamster ovary (CHO) cells137. The original scaffold of this 

compound was optimized through medicinal chemistry, which indicated that the 

quinolone-6-sulfonamide (Q6S) was required for effective inhibition of OGT. Further 

development of this core resulted in a series of Q6S analogues, two of which have low-

nanomolar binding affinity to OGT138. The structure of OGT was solved in complex with 

several of these analogues, revealing that the Q6S group mimics the uridine ring of UDP 

and is capable of occupying space in both the donor and peptide acceptor binding 

regions of the active site. While this series shows promise as a tool compound139,140, 

work by other groups has shown that OSMI-1 is toxic to both peripheral blood 

mononuclear cells (PBMCs) and live zebrafish141. Hence, further work to characterize 

OSMI-4a and OSMI-4b will be needed and may prove essential to improve the selectivity 

and reduce the toxicity of these compounds for use as tools in detailed cell studies and 

in vivo studies. 

Other approaches to the rational development of OGT inhibitors include bi-

substrate analogues which bear both UDP and peptide functionalities (Figure 1.16). Van 

Aalten and co-workers have produced UDP-peptide conjugates with an ether linkage at 

the serine hydroxyl of the acceptor peptide (VTPVSVA)142. These compounds, termed 

“goblins”, show micromolar inhibition and binding toward OGT. Modification of the serine 

acceptor to a cysteine residue produces a thio-linked conjugate, which improves the 

potency of the compound to 2 µM143. Structural information obtained from complexes 

with OGT suggest this increase in potency may be due to the more relaxed conformation 

of the thiopropyl linker relative to the ether linker, permitting a more energetically 

favourable binding interaction143. However, these conjugates are also not suitable for 

cellular assays, since the phosphate and peptide backbones make these compounds 

relatively membrane-impermeable. Attempts to induce inhibition of OGT in cells by 

appending a cell-penetrating peptide at the C-terminus were, unfortunately, 

unsuccessful. 
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Figure 1.16. Structures of “goblin” bi-substrate inhibitors and their potencies 
against OGT. 
 

In summary, although progress has been made in the past decade, 

pharmacological inhibitors of OGT still require further development. Despite the 

discovery of small-molecules which can inhibit OGT activity in cells, the selectivity of 

these tools for OGT remains a concern and requires improvement. This is in stark 

contrast to the inhibitors available for OGA, which are highly potent, specific and cell-

permeable, and have great potential for clinical development. Therefore, continued 

efforts and creative approaches are needed to identify novel scaffolds which can be 

developed into drug-like compounds which specifically inhibit OGT and can therefore be 

accurately and reliably used to dissect the biological roles of this target. 

1.5. Assays for OGT and their application in high-
throughput screening 

1.5.1. High-throughput screening in drug discovery 

As mentioned in previous sections, there is a need for improved chemical and 

biochemical approaches for studying OGT activity in biological settings. In order to 

achieve this goal, two outstanding challenges must be overcome: The ability to efficiently 

and accurately assess OGT activity in various contexts, and the implementation of new 

technologies enabling the discovery of novel compounds that can inhibit OGT. High-

throughput screening (HTS) is one established strategy for the discovery of activators or 

inhibitors of a biological target144. HTS permits the evaluation of hundreds of thousands 

of compounds for activity toward a given target using automated manipulation in 384- or 

1536-well plates. This allows for the rapid screening of large sections of chemical space 
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in relatively short time frames. Since the 1980’s, HTS has been a major component of 

drug discovery efforts undertaken by large pharmaceutical companies, and the majority 

of new drugs and drug candidates originate from hits obtained during HTS campaigns144. 

Two examples which are notable for their success in the clinic include the anti-HIV drug 

maraviroc (Selzentry/Celsentri; Pfizer) and eltrombopag (Promacta; GlaxoSmithKline), 

an orphan drug for the treatment of thrombocytopenia145,146. 

While the infrastructure for HTS campaigns was traditionally limited to the larger 

players in industry, academic screening centres and drug discovery programs are now 

becoming increasingly common147. Some of the reasons for this shift include a general 

reduction in cost of screening equipment, such as automated plate and liquid handling 

robotics, as well as improved availability of commercial compound libraries. Other 

economic and commercial factors have also contributed. Since the recession of the late 

2000’s, pharmaceutical and biotechnology companies have undergone significant 

downsizing in terms of numbers of internal programs. As a result, they are increasingly 

outsourcing research through collaborations with academic research groups for pre-

clinical validation of drug candidates and targets148. Declining levels of government 

funding dedicated to fundamental research have also been coupled with a push for 

industry-academic partnerships. Granting agencies are placing increased importance on 

the translational potential of projects in the hope of seeing results in the form of societal, 

health, and technological advances, along with their associated economic benefits. 

Hence, the potential contributions of academic drug discovery efforts continue to grow. 

Several criteria have been established to evaluate the quality of both the assay 

employed in an HTS campaign and the hits which arise from the screen. One of the 

most widely-used metrics is the Z-factor (or Z’-score), which provides an intuitive value 

to indicate the suitability of an assay for HTS based on its sensitivity and 

reproducibility149. Because compounds in HTS campaigns are generally tested in 

singlicate, the robustness of an assay depends not only on the magnitude of the 

difference in signals between controls, but also the degree of variability of signals 

measured for each control. The Z-factor, defined in Equation 1 below, incorporates both 

these components: 

Z' = 1 - 
3 (σc++ σc-)

|µpos -  µneg|
                       (1) 
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where σc+ and σc- are the standard deviations of the positive and negative controls, and 

µpos / µneg are the mean signals of the controls. The Z-factor can therefore be thought of 

as measuring the ease by which two populations of controls can be distinguished (Figure 

1.17). The equation sets three standard deviation (SD) bands between the mean of each 

of the positive and negative control. This value is typically used as a cut-off for 

identifying hits since three SD from the mean confers a 99.73% confidence limit in a 

normally-distributed population. This metric has become generally accepted as a 

benchmark for HTS assay quality, with a Z’ > 0.5 indicating an excellent assay150. A 

larger Z’ value that approaches a theoretical limit of one represents a greater degree of 

separation between controls and therefore higher confidence in hits. 

 

Figure 1.17. Graphical representation of the Z-factor, an intuitive statistical 
parameter to gauge the robustness of an assay for HTS. 
 
The Z-factor incorporates both the difference in signal between positive 
and negative controls (μpos / μneg) while also accounting for the variability 
between control groups. A ± 3 standard deviation range is typically 
applied to the mean of each control group. The resulting separation band 
is quantified by the Z-factor. 

Other factors also influence the suitability of an assay for HTS. The inherent 

design and conditions of an assay can affect its performance and can sometimes bias 

the type of hits which are obtained151,152. For example, the choice of substrate 

concentration used in an enzyme assay relative to its KM value can alter the apparent 

inhibition of a compound based on whether the compound is active site directed or 

inhibits through an allosteric mechanism152. While a higher concentration of substrate 

results in greater assay signal, such conditions can act to suppress the inhibition 

detected from compound which act competitively. Other assay considerations include 
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the method of detection, the stability of the reagents over time, and the number of liquid 

handling steps and liquid transfers. HTS assays for purified enzymes generally fall into 

three main categories: Binding or displacement of a ligand, detection of substrate 

depletion, or detection of product formation152. Each of these formats present various 

strengths and weaknesses which may affect their suitability for a given target.  

One particularly important factor is whether detection is through direct or indirect 

means. Direct detection of enzyme activity by monitoring substrate or product 

concentrations is generally preferred but is sometimes challenging to achieve for certain 

types of targets such as group transfer enzymes. Indirect methods, such as conversion 

of the reaction product to a fluorescent or bioluminescent by-product, are an alternative 

when the native reaction is otherwise difficult to monitor. However, care must be taken 

when implementing indirect assays for HTS. The presence of additional enzymes or 

chemical reagents increases the potential for false positives due to interactions with the 

secondary step rather than the reaction of interest. Additionally, the kinetics of the 

secondary process must be much greater than the kinetics of the primary reaction so 

that even small amounts of product conversion can be detected. Therefore, direct 

methods of detection represent a more robust and accurate method for HTS that reduce 

the potential for assay interference and are generally preferable over indirect methods in 

cases which permit the use of direct reporting. 

The choice of detection method can also affect the robustness of an assay. 

Fluorogenic assays are commonly employed due to their general utility and 

sensitivity153,154. However, fluorescence-based detection methods can be susceptible to 

interference from compound autofluorescence or quenching, increasing the potential for 

false negatives and false positives154. Such interreference can also affect redox-

dependent detection methods such as bioluminescent reporters154. Recently, high-

throughput mass spectrometry-based methods of detection have seen increased 

implementation in drug discovery155,156. MS-based approaches have the advantage of 

permitting label-free detection of analytes, which eliminates the potential for assay 

interference caused by fluorescent or radioactive reporters. The development of 

techniques such as RapidFire mass spectrometry (RF-MS) couples microscale solid 

phase purification techniques with automated triple quadrupole MS detection capable of 

throughput as high as 5 seconds per sample157,158. However, despite recent 

improvements in throughput and scalability, MS detection is incompatible with certain 
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salts and buffer components, and the capital costs of this technology limits its 

widespread use157. As a result, fluorescent detection methods remain the most common 

approach in HTS due to their general applicability and cost-effectiveness. 

1.5.2. In vitro OGT activity assays 

As discussed above, the quality of a high-throughput screen is largely dependent 

on the characteristics of the assay which is used. Because a major component of the 

research discussed in this thesis includes HTS for OGT inhibitors, a survey of currently 

available assays for OGT activity is warranted. The earliest approach to measuring OGT 

activity, which is still used, relies on the transfer of a radiolabeled nucleotide sugar donor 

(typically 3H or 14C)159,160. After glycosylation by OGT, the protein acceptor bearing the 

radioactive O-GlcNAc unit is blotted on nitrocellulose and washed. The amount of O-

GlcNAc present is then quantified by liquid scintillation detection (Figure 1.18). This 

assay has the advantage of providing a direct measure of glycosylation and uses a 

substrate with near identical kinetic parameters to the natural isotope abundance of the 

UDP-GlcNAc donor. However, the use of radiolabeled substrate, which is subject to 

stringent regulatory control and requires specialized screening infrastructure, limits the 

general utility of this assay, especially for HTS. The requirement for manual blotting of 

nitrocellulose membrane also reduces the throughput of this approach, although 

biotinylated peptide substrates have been used in other assays for more effective 

capture161.  

To circumvent the need for radiolabeled substrates, coupled assays that use 

UDP-sugar donors have been developed for glycosyltransferases. The first example of 

this approach was developed by Gosselin et al. by coupling the release of the nucleotide 

diphosphate with the generation of NADH, which can be detected by UV absorbance at 

340 nm162. While this approach has the advantage of being continuous and amenable to 

96-well plates, the small extinction coefficient of NADH limits its sensitivity. An 

adaptation of this method using bioluminescence was recently developed and 

commercialized by Promega, known as the UDP-GloTM assay (Figure 1.18)163. In this 

case, UDP is converted to ATP which subsequently generates light in a luciferase-

catalyzed reaction that results in emission of a photon of light. The sensitivity of this 

assay is much greater owing to the superior detection method, permitting measurement 

of Michaelis-Menten parameters and performing detailed inhibition studies. However, 
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because luciferase reactions can be sensitive to interference from compounds that 

inhibit this enzyme, cause light scattering, quenching, or have redox properties, it is not 

always an optimal reporter for HTS. Additionally, the UDP by-product of glycosylation 

inhibits OGT with low-micromolar potency, meaning that assays that convert UDP to 

spectrophotometric reporters artificially drive forward the equilibrium of the reaction and 

can alter the observed kinetics of the reaction. Also problematic is that enzyme-

catalyzed hydrolysis of nucleotide donor sugars also contributes to the observed rates 

and, as a result, the assay does not always give an accurate measure of group transfer 

but rather liberation of UDP. 

Other strategies to study the affinity of OGT towards substrates and inhibitors 

have relied on the use of fluorescence polarization (FP)164. This technique harnesses the 

fact that fluorophores with restricted motion emit higher levels of plane-polarized light. 

Thus, when a fluorescently-tagged ligand is bound to a protein, it manifests a higher 

degree of polarization relative to that for the unbound ligand. This difference permits 

measuring of binding affinities for both the fluorescently-tagged ligand, as well as 

unlabeled ligands that can be detected by the degree in FP induced by displacement of 

the fluorescent probe. This approach was developed for OGT by Walker and 

colleagues134. A fluorescent UDP-GlcNAc analogue with a fluorescein group appended 

through an N-acyl group at the 2-position of the sugar ring resulted in an FP probe that 

could be used to test for competitive ligands that would presumably be inhibitors. While 

this method can be used to measure KD values of various inhibitors, it does not provide 

information about the activity of the enzyme or the mode of inhibition. 
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Figure 1.18. Summary of reported strategies for measuring OGT activity and 
binding affinity. 
 
A, Fluorescence Polarization (FP) displacement assay for OGT. Inhibition 
of OGT causing displacement of a fluorescent UDP-GlcNAc analogue 
results in lower polarization. B, Radioactivity-based OGT activity assay, 
which uses a 3H or 14C-labeled UDP-GlcNAc and provides a direct 
measure of glycosylation activity. C, Coupled “UDP-Glo” assay which 
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converts UDP to ATP upon glycosylation, permitting bioluminescence 
detection with luciferase. D, Antibody-based peptide array for screening 
of OGT oligopeptide acceptor substrates. E, Coupled OGT activity assay 
measuring UDP-GlcNAz transfer to immobilized protein acceptor, 
followed by bioorthogonal chemistry for detection.  

1.5.3. Previous HTS campaigns for OGT inhibitors 

Owing to the need for improved inhibitors of OGT, and given the difficulty of 

studying the effects of OGT reduction using genetic techniques, several HTS campaigns 

have been mounted against OGT in an effort to identify novel scaffolds for inhibitors. 

Pioneering work in this area was carried out by the Walker laboratory, who performed 

the first screen using the previously-described FP binding assay to detect compounds 

that displaced a fluorescein-labeled UDP-GlcNAc probe134. This approach was used to 

screen over 64,000 compounds and produced a small panel of 3 prioritized inhibitors 

with micromolar affinity toward OGT. Walker and colleagues later followed up on this 

work with the implementation of a second OGT screen using a different assay format135. 

This new approach was a coupled activity assay that measured the glycosylation of a 

FRET-quenched peptide substrate in the presence of a protease. In the absence of 

glycosylation, the protease is capable of cleaving the peptide, separating the 

fluorophore-quencher pair and resulting in the emission of fluorescence. However, when 

OGT transfers a sugar unit to the peptide, the cleavage site of the protease is blocked 

and the fluorescent signal remains quenched. This protease protection assay was 

applied to the screening of approximately 124,000 additional small molecules, resulting 

in the identification of 3 additional OGT inhibitors with IC50 values between 0.9 and 20 

µM. However, despite the robust Z’ scores and reasonable hit rates (0.2% and 0.07%) 

arising from these screens, the compounds reported in both instances were later shown 

to suffer from issues with solubility, reactivity or off-target effects as discussed in section 

1.4.5. Additionally, both of these screens used truncated forms of OGT in which a 

portion of the TPR domain was absent. This precludes the discovery of inhibitors or 

activators that bind to the TPR region of OGT to modulate its activity. 

 Other approaches to screen OGT have since been devised, but to date they 

have not been applied to the screening of compound libraries. Hanover and colleagues 

developed a coupled assay in which a His-tagged protein substrate of OGT is 

immobilized on Nickel-NTA resin165. The amount of transfer by OGT was quantified by 
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using UDP-GlcNAz followed by attachment of a TAMRA fluorophore using click 

chemistry or via Staudinger ligation. This assay has the advantage of being capable of 

measuring OGT activity from crude cell lysates. However, with 5 addition steps and no 

reported Z’ score, it is uncertain how robustly this assay would perform in HTS. In 2017, 

a similar immobilized ELISA-based assay was reported wherein OGT glycosylation 

activity on a protein substrate is detected using the RL-2 anti-O-GlcNAc antibody 

coupled with HRP/tetramethylbenzidiene luminescence166. This assay involves fewer 

addition and washing steps. However, the reported signal-to-noise ratio of this assay 

was 6, despite the use of high concentrations of UDP-GlcNAc, suggesting that further 

optimization would be required for a screening campaign.  

A virtual screen of OGT was also recently reported by Zhang et al. in which 

61,000 compounds of natural product origin were assessed in silico for potential binding 

to the active site of OGT141. These efforts produced a validated inhibitor, L01, which 

showed 21 µM potency against OGT and reduced cytotoxicity relative to OSMI-1. 

Unfortunately, in vitro inhibition experiments with this compound showed that it 

inactivates OGT in a time-dependent fashion, suggesting that inhibition is irreversible. 

Also, the large flavonoid-based structure of L01 suggests redox activity and does not 

afford ideal physicochemical properties for an in vivo inhibitor. Moreover, some 

flavonoids have been shown to act as promiscuous inhibitors by forming colloidal 

aggregates at micromolar concentrations167. However, this study serves as a useful 

proof-of-concept for the implementation of future virtual screens against OGT as a novel 

approach for inhibitor discovery. 

1.5.4. Fluorescent substrates for monitoring OGT activity 

To date, no cellular assays measuring OGT activity which are amenable to HTS 

have been developed. However, progress has recently been made using analogues of 

UDP-GlcNAc that permit the visualization of OGT activity in cells (Figure 1.19). In 2015, 

The group of Chen reported a strategy for imaging O-GlcNAcylation on specific proteins 

using Ac4GalNAz, a metabolic precursor which is converted by cells to form UDP-

GlcNAz, in combination with genetic encoding of enhanced green fluorescent protein 

(eGFP) on a specific protein target of interest168. Subsequent conjugation of a TAMRA 

dye to UDP-GlcNAz using click chemistry generated an eGFP-TAMRA FRET pair, which 

could be detected in live cells using fluorescence lifetime imaging microscopy (FLIM). 
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Wittmann and co-workers devised a similar strategy which instead used a UDP-GlcNAc 

precursor bearing a pendant methylcyclopropene handle, which permitted conjugation to 

a tetrazine-containing dye through a bioorthogonal inverse electron demand Diels-Alder 

reaction169. This strategy similarly enabled imaging of several eGFP-labeled protein 

targets of OGT in live cells using a FRET-FLIM approach. Although both of these 

approaches represent notable advances, they unfortunately do not permit continuous 

monitoring of glycosylation in live cells due to the need for a bioorthogonal conjugation 

step. 

As an alternative approach, Tan and co-workers reported a panel of UDP-

GlcNAc analogues as donors bearing a pendant nitrobenoxadiazole (NBD) fluorophore, 

with various linkers attached via an N-acyl group to the 2-position170. They showed that 

these substrates were processed by OGT to varying degrees and permitted the direct 

monitoring of OGT activity on target proteins in vitro. After demonstrating that OGT 

tolerates the presence of the fluorophore and linker, a corresponding metabolic 

precursor was generated in which the α-phosphate was protected with S-acetylthioethyl 

groups and the hydroxyl groups were protected with acetyl groups. This compound could 

cross cellular membranes, after which the protecting groups were removed by cellular 

esterases. The glycosyl phosphate was then processed by the HBP to produce an NBD-

labeled UDP-GlcNAc donor analogue. This metabolic feeding strategy allows one-step 

fluorescent labelling of OGT acceptor substrates in live cells, without the need for 

secondary bioorthogonal conjugation. The tolerance of OGT to such comparatively large 

fluorescent groups at the 2-position of the pyranose ring clearly opens numerous 

possibilities for the development of other chemical probes bearing fluorescent moieties 

or biological handles. 
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Figure 1.19. Schematic outlining the one-step metabolic labeling strategy 
developed by Tan and coworkers for in-cell fluorescent detection of 
OGT acceptor proteins. 
 
The installation of a protected α-phosphate group and masking of the 
pyranose hydroxyls with acetyl groups generates a metabolic precursor 
which is membrane permeable. The action of cellular esterases and 
uptake into the hexosamine biosynthetic pathway (HBP) converts the 
glycosyl phosphate precursor to a UDP-GlcNAc donor sugar analogue. 
Figure adapted from Tan et al.170 

 

1.6. Outline and aims of this thesis 

The O-GlcNAc modification has been firmly established as a key physiological 

process regulating numerous cellular functions within mammalian cells. Thus, proper 

regulation of the two enzymes which install and remove O-GlcNAc is critical to human 

health and disease. Although potent and selective chemical tools have been developed 

over the past 15 years for the study of OGA, the availability of chemical tools for the 

study of OGT remains limited. The work embodied in this thesis aims to address these 

shortcomings through three approaches. 

 In Chapter 2, I detail the development of a direct fluorescence-based in vitro 

activity assay for OGT. This assay was validated through experiments in which 

Michaelis-Menten kinetics were determined for several known substrates and Ki values 

measured for known inhibitors. The assay was then optimized and miniaturized for HTS 
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and deployed in two separate screening campaigns for small-molecule inhibitors of 

OGT. The general applicability of this assay to the study of OGT kinetics, as well both 

known and newly identified inhibitors which have arisen from screening will be 

discussed.  

Chapter 3 of the thesis details the use of display technologies, including phage 

display and mRNA display, as approaches to screen vast libraries of peptides and 

peptidomimetics as potential inhibitors for OGT. The results of these screens and 

characterization of the identified hits is described. 

Chapter 4 of the thesis describes the use of this convenient assay to understand 

the substrate preferences of OGT as well as to study the recently identified glycosylation 

activity of OGT toward cysteine-containing acceptor substrates. The biological 

implications of this novel form of glycosylation activity and some potential targeted 

applications are presented. 

Chapter 5 of the thesis reports on the structural and mechanistic characterization 

of human Hexosaminidase D (HexD), a nuclear and cytosolic enzyme of unknown 

function which hydrolyses β-GalNAc configured substrates. Although HexD does not act 

upon O-GlcNAc, which is the main focus of this thesis, the promiscuity of OGT enables 

the transfer of O-GalNAc to acceptor substrates36. This suggests there may be cross-talk 

between the activities of OGT and HexD which remains to be elucidated. 

Chapters 2 and 5 of the thesis comprise work which has been published in peer-

reviewed journals. As such, these sections have been produced in a format as close as 

possible to the manuscripts which were submitted for publication, with additional 

sections added to include unpublished data. Chapters 3 and 4 describe data which is 

unpublished at the time of writing. However, they have been written in a manner similar 

to the eventual manuscripts which will be submitted. Finally, Chapter 6 summarizes key 

advances described in this thesis, their relevance for the field, and details gaps and 

potential future work arising from the thesis.  
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2.1. Introduction 

The large superfamily of glycosyltransferases (GTs) are responsible for the 

assembly of the diverse glycoconjugates found throughout every kingdom of life2,171. The 

increasing recognition of the roles played by glycans, including in regulating human 

physiology, are raising interest in these enzymes and the associated development of 

chemical approaches to monitor and modulate their activities172–175. One area of 

emerging interest is the development of reliable glycosyltransferase enzyme assays for 

characterizing their activities176,177, alongside with their use in high throughput screening 

efforts to identify small molecule inhibitors173,178. The standard activity assay that directly 
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measures glycosyl transfer relies on the enzyme catalyzed transfer of radiolabeled sugar 

units from nucleotide sugar donor substrates to a suitable acceptor substrate, which is 

then followed by liquid scintillation detection178–180. The requirement for using radioactive 

materials, however, detracts from the wide uptake and applicability of such assays and 

has spurred interest in developing new assays for various GTs.  

Among the various strategies that have been pursued are coupled enzyme 

activity assays that, for example, include measuring the release of nucleoside 

diphosphate leaving groups via spectrophotometric detection of reduced nicotinamide 

adenine dinucleotide (NADH) or the consumption of nucleoside diphosphates (NDPs) to 

drive formation of adenosine triphosphate (ATP) that is then detected by 

bioluminescence162,163. ELISA-based luminescent approaches have also been 

developed, whereby transfer of a monosaccharide unit is detected by a tagged pan-

specific antibody166. Additionally, a coupled fucosyltransferase assay, in which transfer of 

a fucose to a fluorogenic oligosaccharide prevents a glycoside hydrolase from acting to 

release the fluorophore reporter was developed recently181. Various fluorescence 

polarization (FP) assays have also been advanced. Walker and colleagues, who 

pioneered work on screening for inhibitors of O-GlcNAc Transferase (OGT), used a 

fluorescein-linked UDP-GlcNAc analogue that served as a probe for an FP binding 

assay134. Paulson and colleagues expanded further on this approach by developing 

fluorescently-labeled nucleotide sugar donors that are substrates for a sialyl and 

fucosyltransferase, resulting in increased polarization when transferred to a glycoprotein 

substrate173. Withers and co-workers extended this approach to create a “FP-Tag” assay 

which uses an azide-labeled glycosyl donor that is transferred to a fluorescent 

oligosaccharide and conjugated to biotin via click chemistry, permitting pull-down with 

streptavidin and subsequent FP detection182. 

While these methods represent notable advancements, the use of coupled 

assays requiring a secondary enzyme or chemical transfer step is not ideal as this 

introduces an additional step at which test materials can interfere. In HTS assays in 

particular, such interference can yield a high number of false positives resulting from 

inhibition of the secondary processes instead of the primary target152. FP assays also do 

not directly measure enzymatic activity and compounds that disrupt binding through non-

specific means, such as binding or displacing the fluorophore non-specifically from the 

surface of a protein, can similarly yield false positives164,183. Additionally, FP assays 
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require high concentrations of protein and are sometimes incapable of detecting weak 

interactions164. Given these considerations, we aimed to develop a simple and direct 

quantitative fluorescence-based assay that would provide high-quality kinetic data using 

only small amounts of enzyme without the need for downstream coupling enzymes, 

bioorthogonal reactions, or detection reagents. This concept has been applied to binding 

processes, notably for fluorescently-labeled aptamers184, but surprisingly has never, to 

our knowledge, been applied to group transfer enzymes such as GTs. However, we 

expected that such an assay might prove useful for ongoing efforts to study the 

enzymatic activity of GTs toward various substrates as well as to characterize molecules 

that could modulate the activity of these enzymes. Moreover, we envisioned that 

adaptation of such an assay to a format compatible with high-throughput screening 

would facilitate identifying new leads for GTs that could be suitable for development as 

tool compounds.  

As a model system of high interest with which we have experience, we focused 

on the enzyme O-GlcNAc Transferase (OGT), which catalyzes the installation of a single 

O-linked N-acetylglucosamine (O-GlcNAc) to the hydroxyl groups of serine and 

threonine residues of nuclear and cytosolic proteins25185. This reversible modification has 

been identified on hundreds of protein substrates30 and regulates central cellular 

processes such as transcription57, protein stability cellular stress response186, and cell 

cycle regulation187. Moreover, dysregulated OGT activity has been implicated in many 

signalling pathways related to cancer progression and tumor growth. Indeed, mounting 

evidence suggests that OGT is a promising therapeutic target for various 

cancers87,89,90,188. Furthermore, consistent with the high interest in this enzyme, previous 

efforts to screen OGT have been pursued and yielded various leads134,135,137,138. 

Improvement of these leads has, however, proven challenging. Walker and co-workers 

were the first to undertake this, carrying out two separate screens for OGT inhibitors 

using their FP displacement assay as well as a coupled protease protection assay134,135. 

These efforts resulted in a class of quinolone-6-sulfonate-based (Q6S) compounds,137 

which were recently advanced to yield promising compounds with nanomolar in vitro 

potency138. However, many of the inhibitors arising from these screens adversely affect 

cell viability and likely suffer from significant off-target effects27. Efforts to improve the 

potency of the Q6S scaffold over the past decade have yielded good success, however, 

the resulting lead has a high molecular weight that may impair brain permeability and 
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other in vivo applications. Ideally, as has often proven useful, the identification and 

advancement of new and diverse scaffolds that can be optimized are needed in order to 

ultimately identify complementary tool compounds for in vivo use. 

Despite its importance in contributing to cellular physiology, and the complexity of 

the mechanisms by which OGT function must accordingly be regulated, studying this 

enzyme remains challenging in part because of a lack of convenient assays and 

chemical biology tools165,166. Here we describe the development of a simple and 

sensitive fluorescence-based assay that directly and precisely measures glycosyl 

transfer catalyzed by OGT. We validate this assay and illustrate its amenability to high-

throughput screening in microplate format. After implementing the assay in a trial screen, 

we identify a known bioactive inhibitor that also antagonizes OGT and confirm its ability 

to directly inhibit OGT.  

2.2. Results and discussion 

2.2.1. Design and synthesis of a fluorescent glycosyl donor 

OGT is able to use uridine diphosphate N-acetylglucosamine (UDP-GlcNAc, 1) 

analogues having various 2-N-acyl groups in place of the 2-acetamido substituent134,170. 

UDP-GlcNAc analogues bearing large fluorophores at this 2-position were previously 

found only to bind to OGT rather than be turned over134, however, judicious selection of 

linkers revealed appending a nitrobezoxadiazole (NBD) fluorophore to this position was 

tolerated.170  Based on these observations, we reasoned that using suitable linkers might 

enable incorporation of other fluorophores having different physicochemical and 

photophysical properties. We therefore elected to prepare a BODIPY-FL dye linked 

using an N-hexanoyl linker (2, UDP-GlcN-BODIPY, Figure 2.1). We were attracted to 

this option because of the relatively small size of this fluorophore in combination with its 

desirable photophysical properties, including high photostability and quantum yield. We 

therefore prepared UDP-GlcN-BODIPY (Scheme 2.1) by modification of established 

methods starting with glucosamine hydrochloride (3). After protection of the hydroxyl 

groups and masking of the amine as an azide functionality, we installed the anomeric 

phosphate using MacDonald phosphorylation conditions189. The acetate protecting 

groups were then removed, the azide reduced, and the resulting amine coupled to 

BODIPY-FL caproic acid using HBTU peptide coupling conditions. Finally, the desired 
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nucleoside, UDP-GlcN-BODIPY, was prepared by coupling of intermediate 8 with UMP-

morpholidate. We found after exploration of several routes that installation of the 

fluorophore prior to the morpholidate coupling permitted facile purification by silica 

chromatography and enabled suitable scale-up of this reaction. Details regarding the 

synthesis, including preparation of BODIPY-FL caproic acid, are included in the 

Supporting Information (SI). 

 

Figure 2.1. Structure of UDP-GlcNAc (1), the natural donor substrate used by 
OGT, and the fluorescent analogue UDP-GlcN-BODIPY (2). 

 

 

Scheme 2.1. Synthetic route towards UDP-GlcN-BODIPY (2). 
 

Reagents and conditions: i) imidazole-1-sulfonyl azide•HCl, 



46 

CuSO4•5H2O, K2CO3, MeOH, 2 h, 92%; ii) Ac2O, pyridine, 10 h, 98%; 
iii) H3PO4 (s), vacuum, 80 mTorr, 60°C, 44%; iv) NaOMe, MeOH, 92%; 
v) H2, Pd/C, MeOH, 98%; vi) BODIPY-FL-X, HBTU, DIPEA, DMF, 37%; 

vii) UMP-morpholidate, N-methylimidazole•HCl, DMF, 45%. 

2.2.2. UDP-GlcN-BODIPY is processed by OGT 

With UDP-GlcN-BODIPY (2) in hand, we assessed its competency as a donor 

substrate for OGT using a well studied OGT peptide substrate derived from Casein 

Kinase II (CKII). Using this TAMRA-conjugated CKII peptide (TAMRA-NH-

YPGGSTPVSSANMM-OH) we observed, using HPLC-based analysis, a modest level of 

transfer of the GlcN-BODIPY moiety to the peptide that was confirmed by mass 

spectrometry (MS) analysis of the reaction products (Figure S2.1). To understand the 

basis for molecular recognition of UDP-GlcN-BODIPY by OGT and how this enzyme 

tolerated this larger BODIPY moiety, we crystallized a truncated construct of OGT in 

complex with substrate UDP-GlcN-BODIPY35. This data (Table S2.1) enabled building a 

clear model revealing how the caproic acid linker is sufficiently long for the BODIPY 

fluorophore to completely extrude from the active site, causing minimal disruption of the 

active site architecture (Figure 2.2, Figure S2.2). Strong difference density was 

observable at the end of the linker and this is likely attributable to the BODIPY 

fluorophore, however, the fluorophore cannot be modelled with confidence (Figure S2.3). 

This ambiguity is likely a result of the BODIPY fluorophore occupying multiple 

conformations.  

 

Figure 2.2. Crystallographic structure of OGT with substrate 2 bound. 
 
The OGT active site (grey) is depicted as a surface representation 
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demonstrating how it is able to accommodate the caproic acid linker of 
the substrate (light blue). The fluorophore portion of a second substrate 
molecule can be modeled nearby. 

A second BODIPY fluorophore can be modelled near the substrate (Figure 2.2), 

but this may stem from OGT-catalyzed hydrolysis of UDP-GlcN-BODIPY or, 

alternatively, a second molecule of substrate being present in proximity to the active site. 

The uridine and pyranose ring are positioned within the active site in a manner similar to 

those structures previously reported with bound UDP, except that there is a slight 

rotation in the α-phosphate. This may stem from the altered position of Q839 leading to 

rotation of the α-phosphate to within hydrogen bonding distance of T921.  

2.2.3. UDP-GlcN-BODIPY enables a direct OGT activity assay 

Encouraged by these results, we set out to implement a convenient microplate-

based assay (Figure 2.3). We envisioned we could incubate a biotinylated peptide as an 

OGT acceptor substrate along with glycosyl donor 2 and initiate the reaction through the 

addition of recombinant OGT to generate a BODIPY-modified glycopeptide. The 

modified and unmodified peptides can then be captured on streptavidin-coated surfaces 

after specified times. In this way, we reasoned we could directly monitor the glycosyl 

transfer catalyzed by OGT. We set out to use the same CKII peptide as noted above, 

which is a well-studied substrate of OGT and is readily prepared by solid-phase peptide 

synthesis, in its biotinylated form (Table S2.3) as a convenient acceptor substrate for the 

assay. The N-terminal biotin handle permitted immobilization on streptavidin-coated 

surfaces, which in turn facilitated subsequent washing to remove unreacted UDP-GlcN-

BODIPY. The fluorescent signal remaining after washing could thus correspond to the 

BODIPY-modified glycopeptide, which can be obtained using a standard microplate 

reader (Figure S2.4). In this way, a measure of direct glycosyl transfer to a peptide 

acceptor can be obtained and a wide range of parameters can be varied to optimize the 

sensitivity of the assay. We found that both commercial streptavidin-coated microplates 

and streptavidin-coated magnetic beads could be used as a capture medium for the 

assay. We decided to use magnetic beads for subsequent experiments, since this format 

provided greater signal over background.  
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Figure 2.3. Methodology for activity-based OGT assay and inhibitor screen. 
 
Incubation of a peptide substrate with OGT results in transfer of a 
fluorescent sugar analogue. Immobilization on streptavidin-coated beads 
followed by washing permits direct measurement of transfer by 
fluorescence in 96- or 384-well plate format. 

We recognized that one key factor in assay reproducibility would be to stop the 

assay at a defined time point by preventing further O-GlcNAc incorporation during the 

biotin-streptavidin capture. We reasoned that UDP, which is known to competitively 

inhibit OGT (Ki of 1.3 µM)143, could be used to stop the enzymatic reaction prior to 

washing. Using this assay, we found that 2 mM UDP completely inhibits the reaction 

when concentrations of UDP-GlcN-BODIPY in the assay were equal or less than 25 µM 

(Figure S2.5). After optimizing the assay conditions and concentrations of both 

substrates and OGT, we found that the assay produced fluorescence signals 50-fold 

greater than control reactions performed either in the presence of 2 mM UDP or in the 

absence of CKII peptide acceptor. By monitoring the reaction as a function of time at 

various concentrations of 2, we were able to perform Michaelis-Menten analyses to 

obtain kinetic parameters for both the UDP-GlcN-BODIPY donor and CKII peptide 

acceptor (Figures 2.4A and B).  As expected, the presence of the BODIPY fluorophore 

and linker impaired the rate of the reaction. This effect was quite modest, however, since 

the kcat/KM value for UDP-GlcN-BODIPY when using CKII as the acceptor was found to 

be ~7-fold lower than the value previously reported for {3H}-UDP-GlcNAc when using a 

similar CKII peptide acceptor in a radioactivity-based assay (Table S2.2)35. Interestingly, 

the KM
app for UDP-GlcN-BODIPY (KM = 2.9 ± 0.3 µM) was found to be similar to that 

reported for UDP-GlcNAc (KM =2.3 ± 0.4 µM) and the reduction in kcat value was 
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approximately 6-fold (0.05 ± 0.002 min-1) as compared to the value measured for UDP-

GlcNAc (0.29 ± 0.01 min-1) (Table S2.2). The similar KM
app values observed for UDP-

GlcNAc and UDP-GlcN-BODIPY, coupled with the structural data, suggest that OGT 

tolerates binding of the fluorophore and linker in its active site, and that the reduction in 

second order rate constant is largely driven by other factors affecting catalytic transfer to 

the peptide. We note that in the binary complex we observe the linker of compound 2, 

and by extension the unmodeled fluorophore, reaches across the active site cleft to 

where the incoming peptide acceptor has been observed in ternary complexes35. We 

therefore reason that the linker or fluorophore may partially hinder binding of peptide 

acceptors, which may in turn explain the reduction in kcat values observed using UDP-

GlcN-BODIPY.  

 

Figure 2.4. UDP-GlcN-BODIPY (2) is a substrate for OGT, permitting convenient 
determination of kinetic parameters. 
 
A, Michaelis-Menten curve of glycosyl donor 2 at saturating 
concentrations of peptide acceptor (>10-fold above KM). B, Michaelis-
Menten curve of Biotin-CKII peptide acceptor in the presence of 
saturating concentrations of glycosyl donor. C, Lineweaver-Burk plot 
showing inhibition of OGT by UDP at varying concentrations of glycosyl 
donor 2, with a calculated Ki value of 6.1 µM. Error bars represent S.E.M. 
of triplicate measurements. 

Next, having established initial conditions, we evaluated a small panel of 

biotinylated peptide acceptors that had been previously identified as OGT substrates 

(Figure S2.6). A TAK1-binding protein 1 (TAB-1) peptide73 was found to have 

comparable kinetic parameters to those measured for CKII, whereas a peptide derived 

from host cell factor 1 (HCF-1)36 was a 22-fold better substrate as determined by 

comparing its kcat/KM value to that obtained for CKII (Table S2.3). We therefore chose 

this peptide for subsequent studies since it produced greater signal to noise, even at 

lower concentrations of enzyme. We next investigated the utility of this assay for 
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analysis of inhibitors, both in performing IC50 studies as well as for determining mode-of-

inhibition and Ki values (Figure 2.4C). The inhibition of OGT using UDP and various 

concentrations of UDP-GlcN-BODIPY in the presence of saturating concentrations of the 

CKII peptide acceptor gave a Ki value of 6.9 ± 0.7 µM, which is in close agreement with 

previous reports using the radioactivity-based glycosyl transfer assay190. Lineweaver-

Burk graphical analysis of this data also clearly showed the expected pattern of 

competitive inhibition. In contrast, when inhibition was assessed over varying 

concentrations of peptide acceptor, a non-competitive pattern of inhibition was obtained 

with respect to UDP (Figure S2.7). Importantly, these comparisons demonstrated the 

utility of our assay for the convenient determination of Michaelis-Menten parameters 

across various substrates and conditions as well as in detailed inhibition studies to 

establish the site at which an inhibitor binds within the active site of OGT. 

2.2.4. Optimized in vitro activity assay is amenable to HTS 

Having demonstrated the applicability and high sensitivity of our assay in kinetic 

experiments, we next adapted the assay for use in 384-well microplates to enable 

economic use of materials as well as with a view to apply it to high-throughput screening 

for small-molecule inhibitors of OGT. The concentration of donor and acceptor 

substrates used were at approximately KM for each substrate in order to make the assay 

sensitive to compounds that might compete for binding at either the donor or acceptor 

binding site. The reaction buffer was also changed to include 0.01% (v/v) Triton X-100 

so as to reduce potential non-specific inhibition by compounds prone to colloidal 

aggregation, which is a common problem encountered when performing screening 

assays183, and we reduced the total reaction volume to 25 µL. These changes had no 

significant effect on assay behaviour. We also optimized the automated plate washing 

protocol to minimize disruption of the streptavidin-coated magnetic beads in the wells by 

by introducing a short delay between wash cycles, which allows the beads to settle. We 

also adjusted the height at which aspiration was performed above the well base and 

found that a 6 mm height struck a balance between effective washing of the beads 

without aspirating them out of the wells, resulting in satisfactory signal-to-noise (Figure 

S2.8). These optimized conditions resulted in an excellent Z’ score of 0.72 (Figure 

S2.14). Although we recognized that interference in screening could arise from 

antagonists that disrupt the biotin-streptavidin interaction, we felt this extremely high 
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affinity interaction would be one of the most robust binding interactions since the 

resulting complex has a half-life on the order of hours191. Accordingly, we reasoned that 

a 30 minute incubation time for capture would be sufficient to avoid interference. To test 

this assumption, we showed that desthiobiotin, a biotin analogue with a KD of 

approximately 10-11 M towards streptavidin192, at concentrations of up to 25 µM did not 

influence the performance of the assay (Figure S2.9). This result suggested that the 

capture of the biotinylated substrate would not be impaired by even potent streptavidin 

antagonists, including less potent candidate antagonists that might be encountered 

during HTS.  

Using this optimized assay, we next set out to validate this assay in high-

throughput format by performing a trial screen. As a proof of concept, we used a 

targeted library containing 4480 known bioactive compounds obtained commercially 

from TargetMol Corp (Wellesley Hills, MA). We were able to conduct this assay over the 

course of one day in a fully automated format, which validated the suitability of this 

assay for high-throughput screening. The overall Z’ score obtained for the assay was 

0.67 (Figure 2.5) and we observed a clear Gaussian distribution of compound activities. 

Because the discovery of glycosyltransferase inhibitors from screening libraries has 

proved difficult, and identifying tractable inhibitors from past efforts to screen OGT has 

been challenging, we chose to screen using a relatively high compound concentration of 

100 µM. This translated to an overall hit rate of 6.1%, with hits being defined as those 

compounds resulting in OGT activity that was less than three standard deviations from 

the mean of our 100% activity control, which corresponds to 58.5% enzyme activity 

relative to the positive control vehicle only standards. Of the initial 275 hits we identified 

from primary screening, a short-list of 88 compounds for re-testing in triplicate was 

prepared by first excluding compounds in the library with a high likelihood of pan-assay 

interference (PAINS)193 such as those that might function as detergents, or have 

fluorescent moieties or reactive functional groups. From these confirmed hits, we further 

prioritized 11 compounds that displayed desirable properties and obtained them 

commercially to determine inhibition constants. Compounds were also subjected to a 

secondary thermal shift assay using differential scanning fluorimetry (DSF)194 to confirm 

direct binding of the materials to the enzyme. 
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Figure 2.5. Summary of screening results against OGT from a targeted library of 
4480 known chemical probes. 
 
Compounds were screened at a final concentration of 100 µM. µpos 
corresponds to the mean signal of uninhibited positive control wells. µneg 
corresponds to the mean signal of negative control wells in the absence 
of enzyme. Hits were defined as compounds resulting in less than 58.5% 
OGT activity, corresponding to at least three standard deviations from the 
positive control signal for activity. Prioritized hits which were selected for 
follow-up studies are marked as blue circles. Structures of these 
compounds and bioassay results are listed in the Supporting Information 
(Table S2.4). 

2.2.5. Discovery of a novel inhibitory scaffold for OGT 

Using our secondary binding assay in combination with our activity assay, we 

rejected the majority of our selected 11 hit compounds due to non-specific behaviour 

such as detergent sensitivity, solubility issues, or failure to replicate activity in both assay 

formats. However, we identified one compound (Dyngo®-4a, 9, Table 2.1) which 

displayed low-micromolar affinity towards OGT in both our primary enzyme assay and 

secondary DSF assay. This compound was initially developed as part of a chemical 

family of inhibitors targeting the dynamin GTPase, an enzyme responsible for the rate-
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limiting scission of vesicles at the plasma membrane that occurs in many forms of 

endocytosis just prior to vesicle internalization195,196. Notably, Dyngo-4a represents a 

great improvement over its predecessor, known as Dynasore, both in terms of its 

potency against dynamin and consequent effects on endocytosis. Furthermore, Dyngo-

4a exhibits desirable chemical properties including a lack of detergent sensitivity196,197. 

Given its utility in the inhibition of endocytosis, Dyngo-4a and other dynamin inhibitors 

have demonstrated efficacy in multiple proof-of-concept disease studies198,199. We were 

surprised to find that Dyngo-4a, which is a comparatively small molecule, also bound 

and inhibited OGT with an IC50 value of 6.3 ± 0.7 µM (Figure 2.6A). Using detailed 

kinetic assays, we showed that Dyngo-4a inhibits OGT non-competitively with respect to 

both the glycosyl donor and the peptide acceptor (Figure S2.10). Given the phenolic 

nature of Dyngo-4a, we speculated that it could lead to time dependent inactivation of 

OGT, but our kinetic studies show no time-dependent loss of activity, suggesting 

inhibition of OGT by Dyngo-4a is reversible (Figure S2.11). The presence of 1 mM DTT 

in the assay buffer reduces the likelihood of oxidation of the phenolic hydroxyls to a 

quinone moiety. Furthermore, the positive shift in melting temperature observed when 

OGT is incubated with Dyngo-4a at a concentration of 10 µM, coupled with the lack of 

detergent sensitivity and the Hill slope of -1, indicates that the compound directly binds 

and stabilizes the protein, rather than inactivating the enzyme non-specifically (Figures 

2.6A and B).  

 

Figure 2.6. Dyngo-4a binds and inhibits OGT with low-micromolar affinity. 
 
A, Concentration-response showing Dyngo-4a inhibition of recombinant 
OGT. Error bars represent S.E.M. (n=4). B, DSF-based thermal shift 
assay showing thermal stabilization of the OGT catalytic domain in the 
presence of 10 µM Dyngo-4a. Dashed lines indicate S.E.M (n=3). A 
temperature ramp of 25°C to 95°C was used at a gradient of 0.05°C/sec. 
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2.2.6. Evaluation of structurally related compounds leads to 
discovery of a selective OGT inhibitor 

Although we were encouraged by the ability of Dyngo-4a to inhibit OGT, we 

recognized that this off-target inhibition would complicate future studies of this tool 

compound, both for potential use as an OGT inhibitor but also for use as a dynamin 

inhibitor. We therefore aimed to identify structurally related compounds that would inhibit 

each target in a selective manner by testing previously-synthesized Dyngo-4a analogues 

against OGT. Through screening of a small library of 167 Dyngo-4a analogues, we 

identified an additional 9 compounds that showed at least 50% inhibition against OGT at 

a concentration of 40 µM (Figure S2.12). Two of these compounds display minimal 

activity towards dynamin, but largely retain their potency toward OGT (Figure 2.7). 

Compound 10, which differs from the parent compound by the removal of one hydroxyl 

group, retains an IC50 value for OGT of 19 ± 3 µM (Table 2.1). Compound 11 displays 

less potency towards OGT but also displays selectivity, as no inhibition towards dynamin 

was observed at concentrations up to 100 µM (Table 2.1, Figure S2.13). These 

compounds should serve as a small novel scaffold from which more potent analogues 

can be derived. Additionally, the results obtained here highlight the utility of our assay for 

the quick identification of Dyngo-4a analogues that do not show inhibition towards OGT, 

suggesting that the development of more potent and selective effectors of dynamin 

activity is also feasible.  
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Figure 2.7. Screening of a series of Dyngo-4a analogues reveals two additional 
compounds with selectivity for OGT. 
 
Concentration response curves show inhibition of recombinant OGT by 
Dyngo-4a (9, black), and structurally related analogues 10 (blue), and 11 
(red). Error bars represent S.E.M. of triplicate measurements. 

 

Table 2.1. Comparison of biological activity observed from Dyngo-4a (9) and 
related analogues (10,11). 

 

 

 

Compound 
Structure IC50 (OGT) IC50 (DynI) 

Dyngo-4a (9) 

 

6.3 ± 0.7 µM 2.7 ± 0.7 µM 

Dyngo-4-070 (10) 

 

19 ± 3 µM 33± 0.7 µM 

Dyngo-4-183 (11) 

 

58± 9 µM > 100 µM 
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2.2.7. Large-scale screening for small molecule inhibitors of OGT 

Spurred by the robust performance of our in vitro activity assay, and given its 

successful implementation in a format amenable to HTS, we next sought to implement a 

large-scale screen for small molecule inhibitors of OGT. We therefore screened OGT 

using the assay conditions described in Table 2.2 against a library of 60,800 commercial 

compounds curated from Enamine (Monmouth Junction, NJ) and ChemBridge (San 

Diego, CA). This screen resulted in an overall Z’ score of 0.61, a hit rate of 0.6%, and a 

Gaussian distribution of compound activities (Figures 2.8 and 2.9). 

 

Figure 2.8. Summary of compound activities from a small molecule OGT screen 
(n=60800). 
 
Compounds resulting in activity greater than 3 standard deviations from 
the mean, corresponding to less than 65% activity, are scored as hits. 
Overall screen Z’-score = 0.61, hit rate = 0.63%. Compounds were 

screened at a final concentration of 25 M. 

383 compounds which resulted in OGT activity of less than 65%, corresponding 

to three standard deviations from the mean of control signal, were initially identified from 

screening and classified as inhibitors. The activity of these compounds was 

subsequently confirmed by re-testing against OGT in triplicate. Of these compounds, 

336 did not repeat activity towards OGT and were therefore rejected. The remaining 47 

compounds displayed consistent inhibition among replicates. These compounds were 
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further triaged to discard those containing functional groups that have a high likelihood of 

pan-assay interference (PAINS), such as chemically-reactive groups, fluorescent 

moieties, redox properties, or scaffolds which have been previously identified as 

common sources of assay interference193. After rejecting compounds displaying such 

liabilities, 22 remaining inhibitors were prioritized for further validation. These materials 

were re-ordered and were subjected to follow-up assays including concentration-

response curves, orthogonal radiometric assays, and tests for detergent sensitivity. 

Table 2.2. Concentrations and sources of components used in HTS assays. 

Component Final concentration Source 

UDP-GlcNAc donor 
(2) 

 3 µM Synthesized in-house 

CKII peptide 
acceptor 

25 µM Commercial (Biomatik, Cambridge 
ON) 

OGT 200 nM Expressed in-house 

Buffer PBS pH 7.2 + 12.5 mM 
MgCl2 

Prepared in-house 

Additives  1 mM DTT 
0.01% Triton X-100 

Commercial (Sigma, Oakville ON) 

Library compounds 10 µM Commercial (Enamine, 
ChemBridge) 

UDP 2 mM Commercial (Carbosynth, 
Compton, UK) 

Streptavidin-coated 
magnetic beads 

100 pmol equivalents 
streptavidin per well 

Commercial (Trilink 
Biotechnologies, San Diego, CA) 

 

Figure 2.9. Activity profile of compounds from large scale high-throughput 
screening of OGT. 
 
Overall activities of compounds screened display a Gaussian distribution 
of activities (R2=0.9998). 
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Among some of the prioritized compounds, encouraging low-micromolar 

inhibition towards OGT was observed, with IC50  values ranging between 3.5 to 14 µM 

(Figure 2.10). However, upon testing re-ordered materials, we found that the majority of 

compounds (20 out of 24) did not display the significant inhibition that was observed 

when OGT was tested against material stored in library plates. This suggests that that 

compound library, which is stored as 10 mM stocks in DMSO, may be susceptible to 

some form of chemical degradation, possibly due to repeated freeze-thaw cycles during 

use. As such, the inhibition observed from these stocks is attributable to non-specific 

inactivation of OGT through the activity of reactive chemical breakdown products, 

chemical impurities from synthesis, or the formation of colloidal aggregates. Compounds 

which did not display inhibition using re-ordered material were therefore discarded. 

 

 

Figure 2.10. Concentration-response curves of four prioritized hits identified 
from screening of OGT. 
 
Compounds were abandoned due to a lack of inhibition observed from re-
ordered material or due to the presence of detergent sensitivity. 
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The remaining two compounds which were capable of inhibiting OGT using fresh 

material were carried forward for further validation of their activity. In particular, we were 

cognizant of the potential for non-specific enzymatic inactivation from these compounds 

through the formation of colloidal aggregates. This property has been well-documented 

from past screening campaigns among compounds which display micromolar IC50 

values and are hydrophobic in nature, as indicated by calculated LogP values greater 

than 3183,200. To exclude this possibility from our remaining hits, concentration-response 

curves were performed with varying amounts of non-ionic detergent in the assay buffer. 

The presence of Triton X-100 at concentrations of up to 0.05% (v/v) in the buffer was 

found to have no significant effect on OGT activity. However, increasing concentrations 

of detergent were found to significantly attenuate the inhibition observed from re-ordered 

hit compounds in our panel (Figure 2.11). Therefore, we concluded that these 

compounds inhibit OGT through non-specific sequestration of the enzyme due to the 

formation of colloidal aggregates in solution and were de-prioritized from further 

investigation.  

The lack of tractable inhibitors identified from this screen highlights the 

importance of thorough validation of screening hits. Furthermore, these results suggest 

that the quality of compound libraries chosen for HTS can significantly impact the 

success of a screening campaign. It has been estimated that as much as 19% of 

compounds with drug-like properties can form aggregates at a concentration of 30 µM201, 

which is a typical compound concentration for screening campaigns. In addition, a large 

proportion of compounds in commercially-available screening libraries contain 

functionalities which have been documented as PAINS193. The fact that these liabilities 

continue to be included within compound libraries demonstrates the heightened 

awareness required on the part of researchers pursuing these compounds as potential 

tool compounds. Nonetheless, despite the lack of tractable leads identified from this 

screen, our work highlights the effectiveness of the in vitro OGT assay we have 

developed, both as an approach for screening and as a method for subsequent 

validation of hits. Further work to screen OGT using robust small-molecule compound 

libraries is planned by our research group. 
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Figure 2.11. Detergent sensitivity displayed by a representative hit compound.  
 
Attenuation of inhibition towards OGT is observed with increasing 
concentration of Triton X-100, suggesting non-specific enzymatic 
inhibition due to compound aggregation. 

2.3. Conclusions 

Owing to the important roles played by glycosyltransferases, the development of 

inhibitors of these enzymes is currently a topic of high interest. A prerequisite for 

successful identification of such inhibitors is the development of robust assays for this 

class of enzymes. Remarkably few GT assays are known in which the assay reports 

directly on the enzyme catalyzed transfer of the carbohydrate unit. Here we exploit the 

substrate tolerance of OGT to develop what is, to our knowledge, the first fluorescence-

based assay that reports directly on the transfer of the sugar unit. Optimization of this 

assay yields a highly sensitive and accurate assay that can be conveniently used to 

obtain Michaelis-Menten kinetic parameters for both substrates and inhibitors. This 

assay is furthermore amenable for use in high-throughput screening. After HTS-based 

discovery of a known endocytosis inhibitor in a screening campaign, we used this assay 

to rapidly assess a family of analogues in order to identify a selective OGT inhibitor. 

While these leads show relatively modest potency, the low molecular weight of these 

compounds may make them a useful starting point to generate tool compounds for OGT 

and provide a novel scaffold for development of more potent analogues. We expect this 

assay will have great utility, both for routine kinetic analysis of OGT activity as well as for 

additional HTS campaigns for inhibitors of OGT. 
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While the substrates used in this assay are tailored for OGT, we note that many 

glycosyltransferases that have been studied in this regard demonstrate tolerance for 

pendant groups173,181,182,202. Although the degree of tolerance is highly dependent on the 

individual enzyme, it is likely that similar fluorescent substrates can be developed for 

other GTs but may require optimization of both the type of linker and its site of 

attachment. Therefore, we believe this assay format could be readily adapted to other 

families of GTs, including those that have already been shown to tolerate pendent 

groups including fucosyltransferases173,203,204, sialyltransferases173,204, and polypetide 

GalNAc transferases205. Combining the use of such fluorescent donor sugars with 

biotinylated acceptors will permit the study of these other classes of GTs. An advantage 

of our assay is that it is compatible for use with GTs that use non-Leloir glycosyl donors, 

which cannot be monitored by coupled assays that detect nucleotide diphosphate 

reaction products. Additionally, as a screening assay, our approach is capable of robust 

and efficient HTS and can detect weak (>50 µM) binders, which is useful for GTs as 

these are notoriously difficult to target. The ability to screen with low concentrations of 

enzyme (20 nM), as well as low donor (3 µM) and acceptor substrates (10 µM), makes 

this approach reagent conservative and therefore readily feasible for high throughput 

screening. Notably, this flexibility also permits the design of screens that are biased 

toward a particular type of inhibition – for example, by increasing the concentration of 

one substrate or the other above KM in order to select for non-competitive or allosteric 

inhibitors. We also note that the strategy of directly incorporating the fluorescent reporter 

to a substrate, adding magnetic beads to the reaction wells, and then measuring on-

bead fluorescence after washing offers a simplified assay design that minimizes reagent 

transfer and liquid handling steps. We therefore expect this general assay format will aid 

in the mission of discovering improved chemical tools for the important superfamily of 

glycosyltransferases. Finally, we believe that this technique will have applications for 

other group transfer enzymes that are difficult to monitor directly including, for example, 

acyltransferases and nucleic acid polymerases. 
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2.4. Supporting Information 

2.4.1. Supplemental figures and tables 

 

Figure S2.1. UDP-GlcN-BODIPY (2) is a substrate for OGT. 
 
Glycosylation of a TAMRA-labeled CKII peptide acceptor using either 
UDP (grey), UDP-GlcNAc (blue) or UDP-GlcN-BODIPY (green) was 
monitored by LC/MS after 3 hours incubation at 37°C. a, CKII  (RT = 12.1 
min, m/z = 906.2 [M+2H]2+), b, CKII-GlcNAc (RT = 11.5 min, m/z = 
1007.5 [M+2H]2+), c CKII- GlcN-BODIPY (RT = 13.7 min, m/z = 
1130.5[M+2H]2+). Reaction mixtures consisted of 100 µM nucleotide 
sugar donor, 100 µM CKII peptide, 1 µM recombinant OGT, and 5U 
alkaline phosphatase in PBS containing 12.5 mM MgCl2. LC/MS was 
performed according to the method described in General Procedures 
(mobile phase H2O/CH3CN + 0.1% TFA, 30 to 70% CH3CN over 20 
min). 

 

Figure S2.2. The OGT active site accommodates substrate 2 with minimal 
disruption. 
 
A, Structure of UDP-GlcNAc bound OGT (PDB= 4gz5, pink for UDP-
GlcNAc, green for OGT residues) overlaid onto OGT/substrate 2 
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complex, indicating substrates are similarly positioned except for the α-
phosphate. OGT structure depicted as translucent cartoon ribbons with 
residues discussed in main body of text shown in orange and substrate 2 
in light blue. Hydrogen bonds depicted as black lines.  B, Final 2Fo-Fc 
electron density map for substrate 2. Electron density contoured to 1 σ 
and depicted as a blue mesh around ligands (light blue sticks). 

 

 

 
Figure S2.3. The omit Fo-Fc electron density map for the unmodeled BODIPY 

fluorophore. 
 
Difference density contoured to 3 σ and depicted as green mesh above 
the 5-carbon linker of substrate 2. Difference density could not be 
modelled with confidence, likely attributable to multiple BODIPY 
conformations. 
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Figure S2.4. UDP-GlcN-BODIPY (2) is processed by OGT in a concentration-
dependent manner and produces >50-fold signal/background. 
 
100 µM Biotin-CKII peptide was incubated with 200 nM OGT in PBS at 
37°C for 3 hours. Samples were then transferred to streptavidin-coated 
microplates, washed 5 times with PBS, and read at 490/525 Ex/Em 
fluorescence. Error bars represent S.E.M. of triplicate samples. 

 

Figure S2.5. UDP concentrations ≥1 mM are sufficient to inhibit 99% of OGT 
activity, making it suitable as a stop reagent for the activity assay. 
 
Assay was performed according to the general procedure (Supplemental 
Methods) using 3 µM substrate 2, 12.5 µM Biotin-CKII peptide, and 250 
nM OGT. Reaction components were combined with various 
concentrations of UDP and incubated at room temperature for 3 hours. 
Error bars represent S.E.M. of triplicate values. 
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Figure S2.6. Fluorescent assay permits comparison of OGT-catalyzed 
glycosylation of various peptide acceptors. 
 
A, Michaelis-Menten plot detailing glycosylation kinetics of CKII vs TAB-1. 
OGT displays typical Michaelis-Menten behaviour in the presence of 
these substrates, with similar second-order rate constants (Table S3). 
Curves were fitted to a standard Michaelis-Menten equation using 
Graphpad Prism.  B, Michaelis-Menten plot detailing glycosylation of CKII 
vs HCF-1. Substrate or product inhibition was observed for HCF-1 
irrespective of enzyme concentration. Reaction progress curves were 
found to be linear for the duration of the read at all concentrations tested. 
OGT displays a higher affinity for this substrate relative to CKII, with a 21-
fold difference in second-order rate constants (Table S3). Data for HCF-1 
was fitted to the equation incorporating substrate inhibition 
[Y=Vmax*X/(Km + X*(1+X/Ki))]. Error bars represent S.E.M. of 
quadruplicate measurements. 

 

Figure S 2.7. UDP inhibits OGT non-competitively with respect to CKII acceptor 
peptide. 
 
Initial rates of OGT-catalyzed glycosylation of CKII in the presence of 
varying concentrations of UDP and CKII, and a fixed concentration of 
UDP-GlcN-BODIPY (30 µM), were transformed into a double-reciprocal 
plot. Ki values were calculated from non-linear regression of Michaelis-
Menten curves. Calculated UDP Ki = 15 µM. Error bars represent S.E.M. 
of triplicate measurements. 
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Figure S2.8. Optimization of automated plate washer cycles indicates that a 6 
mm aspiration height results in excellent signal-to-noise between 
controls. 
 
A lower height setting (3 mm) results in loss of overall signal, suggesting 
that some beads containing glycosylated product are aspirated. 384-well 
plates were washed with 100 µL PBS per cycle using a BioTek EL406 
automated plate washer. A final dispense step of 50 µL PBS was 
performed prior to reading the plates. Error bars represent S.E.M. of 
triplicate values. 

 

Figure S 2.9. The presence of desthiobiotin does not significantly affect assay 
performance at concentrations up to 25 µM. 
 
The reported KD for desthiobiotin is approximately 10-11 M 192. Assay was 
performed according to the general procedure using 3 µM substrate 2, 10 
µM Biotin-HCF-1 peptide, and 20 nM OGT. Reactions were carried out at 
room temperature for 60 min and were stopped by addition of UDP to a 
final concentration of 2 mM.  Error bars represent S.E.M. of triplicate 
measurements. 
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Figure S2.10. Dyngo-4a inhibits OGT non-competitively with respect to both 
glycosyl donor and acceptor substrates. 
 
A, Michaelis-Menten plots of UDP-GlcN-BODIPY (2) in the presence of 
varying concentrations of Dyngo-4a (9). Increasing concentrations of 9 
result in a reduction of Vmax without significantly affecting KM. B, double-
reciprocal plot of Michaelis-Menten data demonstrating a non-competitive 
pattern of inhibition. C, Michaelis-Menten plots of CKII peptide in the 
presence of varying concentrations of 9, which reduces Vmax but does not 
affect KM. D, double-reciprocal plot of CKII Michaelis-Menten data, 
demonstrating a non-competitive pattern of inhibition. Ki values were 
calculated from non-linear regression of Michaelis-Menten curves using 
Graphpad Prism 5. Error bars represent S.E.M. of quadruplicate 
measurements. 

 

Figure S2.11. Dyngo-4a does not inhibit OGT in a time-dependent fashion. 
 
Enzyme was pre-incubated with OGT at 4°C for 0-90 minutes prior to 
addition of substrate and relative activity was normalized against controls 
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containing no inhibitor or no enzyme. Calculated IC50 values range from 
5.6 to 9.0 µM.  

 

Figure S2.12. Screening of 167 structurally-related analogues of Dyngo-4a reveals 
additional inhibitors of OGT. 
 
Compounds were screened at a final concentration of 40 µM under 
balanced assay conditions identical to those used for high-throughput 
screening of OGT. Prioritized analogues Dyngo-4-070 (10) and Dyngo-4-
183 (11) are indicated in blue and red font, respectively. Compounds 
were assayed in triplicate; error bars represent S.E.M.   

 

Figure S2.13. Effect of Dyngo analogues on dynamin GTPase activity. 
 
A, Dyngo-4-070 (10), B, Dyngo-4-183 (11). Assay was performed 
according to the general procedure for in vitro dynamin activity in three 
independent experiments, each with technical triplicates. 
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Figure S2.14. Optimized conditions for fluorescent activity assay result in robust 
signal/noise and Z’-scores suitable for HTS. 
 
A representative control plate was subjected to identical conditions 
described in the general HTS procedure. Z’ score was calculated 
according to equation 1 described by Zhang  et al.149: 

Z' = 1 - 
3 (σc++σc-)

|µc+ -  µc-|
                       (1) 

 
Where σ is the standard deviation of the positive and negative control 
replicates and µ is the mean of the control replicates. Positive controls 
consisted of reaction wells in the absence of inhibitor; negative controls 
consisted of reaction wells in the absence of enzyme. 

 

Figure S2.15. Conditions used for high-throughput screening result in linear 
reaction progress curves for at least 75 minutes when using 20 nM 
OGT. 
 
Experiments were performed according to the general procedure of the 
OGT activity assay using donor and acceptor substrate concentrations 
≈KM (3 µM and 10 µM, respectively). Wells at various time points were 
stopped by the addition of an equal volume of 7.5 mM UDP to the 
reaction. Data points represent S.E.M of four replicate measurements.  
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Figure S2.16. Concentrations of up to 2% DMSO do not significantly affect the 
performance of the fluorescent OGT assay. 
 
Assay was performed according to the general procedure using 3 µM 
substrate 2, 12.5 µM Biotin-CKII peptide, and 200 nM OGT. UDP was 
pre-incubated with enzyme at 4°C for 30 min prior to addition of 
substrates. Reactions were carried out at room temperature for 60 min 
and were stopped by addition of UDP to a final concentration of 2.5 mM. 
Data were fitted to normalized 4-parameter sigmoidal inhibition curve 
using Graphpad Prism 5. Error bars represent S.E.M. of triplicate values. 
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Figure S2.17. Glycosylation kinetics of HCF-1 are linear over all concentrations of 
Substrate 2.   
 
Final concentration of OGT is 20 nM. Assay was performed according to 
the general procedure using a fixed concentration of HCF-1 peptide (10 
µM, ≈KM). Reactions were stopped at various time points with the addition 
of 2 mM UDP. Error bars represent S.E.M. of quadruplicate 
measurements. 
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Table S2.1. Data collection of refinement statistics for 6TKA 

*Values in parentheses are for highest-resolution shell. Each dataset was derived from a single crystal. 

Table S2.2. Comparison of Michaelis-Menten kinetic parameters obtained for 
fluorescent OGT substrate 2 relative to UDP-GlcNAc using an 
oligopeptide acceptor in a radioactivity-based assay. 

 
Values represent the mean ± S.E.M of triplicate values. Reactions were carried out in the presence of saturating 
concentrations of glycosyl acceptor (>10-fold above KM). Reactions using 3H-UDP-GlcNAc were previously performed 
by Lazarus et al.35 

 

 OGT4.5 with substrate 2 
Accession Code 6TKA 
Data Collection 
Space Group P3121 
Cell Dimensions 
a, b, c (Å) 100.8, 100.8, 132.6 
α, β, γ (°) 90, 90, 120 
Resolution (Å) 87.32 (1.91)* 
Rmerge 0.096 (2.332) 
Rp.i.m 0.03 (0.710) 
I/σI 15.6 (1.1) 
CC1/2 1 (0.405) 
Completeness (%) 100 (100) 
Redundancy 12 (12.3) 
Refinement 
Resolution (Å) 1.91-73.05 
No. of reflections 57876 
Rwork/Rfree 18.4/23.3 
No. of atoms 
Protein 5609 
Ligand 72 
Water 208 
B-factors 
Protein 41.65 
Ligand/ion 46.06 
Water 41.20 
R.m.s deviations 
Bond lengths (Å) 0.009 
Bond angles (°) 1.57 

 

Substrate K
M

 (µM) k
cat

 (min-1) k
cat

/K
M 

(min-1 µM-1) Relative rate 

{3H} UDP-GlcNAc 2.3 ± 0.4 0.29 ± 0.01 0.12 ± 0.01 6.7 

UDP-GlcN-BODIPY 2.9 ± 0.3 0.052 ± 0.002 0.018 ± 0.002 1 
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Table S2.3. Michaelis-Menten kinetic parameters for OGT-catalyzed 
glycosylation of various peptide acceptors. 
 

 
Values represent the mean ± S.E.M of triplicate values. Reactions were carried out in the presence of saturating 
concentrations of fluorescent glycosyl donor (>10-fold above KM). Residues in bolded red font indicate site of 
glycosylation. 

Table S2.4. Summary of 11 hit compounds identified as OGT inhibitors from 
HTS that were re-ordered for follow up experiments. 
 

Compound 

Name 

Structure Inhibition 

assay result  

GW0742 

 

IC50 13 µM 

Hill slope -2.1 

AGK2 

 

IC50 > 100 µM 

Dyngo-4a 

 

IC50 7.1 µM 

Hill slope -0.9 

Necro-

sulfonamide 

 

 IC50 27 µM 

Hill slope -0.9 

Peptide Sequence K
M

 (M) k
cat

 (min-1) k
cat

/K
M 

(min-1 M-1) Relative  
rate 

CKII YPGGSTPVSSANMM 6.2 ± 0.6 0.068 ± 0.002 0.011 ± 0.001 1 

TAB-1 PVSVPYSSAQSTS 5.6 ± 0.5 0.078 ± 0.002 0.014 ± 0.001 1.3 

HCF-1 VRVCSNPPCSTHETGTTNTATTAT 9.2 ± 1.7 2.2 ± 0.2 0.24 ± 0.05 21 
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GW3965 

 

IC50 12 µM 

Hill slope -2.4 

ML240 

 

IC50 > 100 µM 

MX69 

 

IC50 > 100 µM 

Ki20227 

 

IC50 44 µM 

Hill slope -4.5 

CX-6258 

 

IC50 35 µM 

Hill slope -0.9 

ANA-12 

 

IC50 > 100 µM 
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Salermide 

 

IC50 > 100 µM 

All compounds were obtained as dry powders from TargetMol Corp. (Wellesley Hills, MA). Compounds were triaged by 
first determining IC50 values against OGT in the presence of 0.02% Triton X-100. Five compounds did not show 
inhibition with re-ordered material and were discarded. Six compounds showed concentration-dependent inhibition and 
were carried forward for testing. 

2.4.2. Supplemental methods 

General Synthetic Procedures 

 

All synthetic reagents used in this study were obtained from Sigma-Aldrich (Oakville, 

ON), Carbosynth (San Diego, CA) or Alfa Aesar (Ward Hill, MA). Anhydrous reactions 

were carried out in flame-dried glassware under a positive pressure of dry argon.  Air- or 

moisture-sensitive reagents and anhydrous solvents were transferred with oven-dried 

syringes or cannulae.  Flash chromatography was performed using E. Merck silica gel 

(230-400 mesh).  Solution-phase reactions were monitored using analytical thin layer 

chromatography (TLC) with E. Merck 0.2 mm pre-coated silica gel aluminium plates 60 

F254; compounds were visualized by illumination with short-wavelength (254 nm) 

ultraviolet light and/or staining with ceric ammonium molybdate or potassium 

permanganate staining solution.  Pyridine was dried extensively over activated 4 Å 

molecular sieves under argon.  Custom synthesis of oligopeptides used for activity 

assays was carried out by Biomatik Corporation (Cambridge, ON, Canada) at >95% 

purity. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectra were recorded at ambient 

temperature on a Bruker Avance II 600 spectrometer equipped with a 5 mm QNP 

cryoprobe. 1H NMR spectra at 500 MHz and 13C NMR spectra at 125 MHz were 

recorded at ambient temperature on a Bruker Avance III 500 spectrometer equipped with 

a 5mm TXI inverse ATM probe and BACS-60 robotic sample changer. Deuterated 

chloroform (CDCl3), dimethyl sulfoxide (DMSO-d6), methanol (CD3OD) or water (D2O) 

were used as NMR solvents.  Chemical shifts are reported in ppm downfield from 

tetramethylsilane (TMS) and corrected using the solvent residual signal as a reference.  
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Splitting patterns are designated as follows:  s, singlet; d, doublet; t, triplet;  q, quartet;  

p, pentet; hex, hextet;  m, multiplet and br, broad.   

 

High pressure liquid chromatography and mass spectrometry 

Samples were analyzed and purified using an Agilent 1200 HPLC equipped with 

an Agilent 300SB-C18 column (9.4 × 250 mm, 5μ particle size).  Compounds were 

eluted on the column at a flow rate of 2 mL/min using HPLC grade water and acetonitrile 

with 0.1% trifluoroacetic acid, or 50 mM aqueous ammonium acetate and methanol as 

the mobile phase. High-resolution mass spectrometry was performed using a Bruker 

maXis Impact UltraHigh-Resolution Quadrupole Time-of-Flight (UHR-QTOF) mass 

spectrometer using a gradient consisting of HPLC grade water and acetonitrile 

containing 0.1% formic acid at a flow rate of 0.3-0.5 ml/min. Ions were sprayed in 

positive mode with a voltage of 4200 V. Nitrogen drying gas was 180°C at a flow rate of 

8 L/min. Data was acquired over a mass range of 300-2500 atomic mass units. 

 

Scheme S1: Synthetic route towards UDP-GlcN-BODIPY (2). Reagents and conditions: 

i) imidazole-1-sulfonyl azide •HCl, CuSO4 •5H2O, K2CO3, MeOH, 2 h, 92%; ii) Ac2O, 

pyridine, 10 h, 98%; iii) H3PO4 (s), vacuum, 60°C, 44%; iv) NaOMe, MeOH, 92%; v) H2, 

Pd/C, MeOH, 98%; vi) Cpd 10, HBTU, DIPEA, DMF, 37%; vii) UMP-morpholidate, N-

methylimidazole •HCl, DMF, 45%. 
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Scheme S2: Synthetic route towards BODIPY-FL caproic acid. Reagents and 

conditions: i) DCC, NHS, DMF, 75%; ii) Caproic acid, DIPEA, DMF, 91%. 

2-Azido-2-deoxy-D-glucopyranose-3,4,6-triacetate-1-(dihydrogen phosphate) (5) 

Crystalline phosphoric acid (1.9 g, 19.5 mmol) was added to a flame-dried 500 mL round 

bottom flask under an argon atmosphere. 0.9 g (2.4 mmol) of 2-azido tetra-O-

acetylglucose (4) was added, and the mixture was heated to 60°C in a sand bath under 

vacuum for 4 hours. The mixture was then cooled to room temperature and dissolved in 

12 mL anhydrous THF. The solution was further cooled in an ice bath and then quenched 

with concentrated aqueous ammonium hydroxide (2 mL) until a pH of 7 was reached. The 

ammonium phosphate precipitate was removed by filtration and the filtrate was 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (10:3:1 to 10:6:1 EtOAc:MeOH:H2O) to give 5 as a brown solid (0.43 g, 

44%). Spectral data were in agreement with previous reports206. 1H NMR (500 MHz, 

CD3OD): δ (ppm) 5.70 (dd, J = 2.4, 6.8 Hz, 1H), 5.47 (dd, J = 9.8, 9.8 Hz, 1H), 5.08 (dd, J 

= 9.8, 9.8 Hz, 1H), 4.33 (d, J = 10.5 Hz, 2H), 4.12 (m, 1H), 3.60 (d, J = 10.4 Hz, 1H), 2.05 

(s, 1H), 2.03 (s, 1H), 2.00 (s, 1H).  

 

2-Azido-2-deoxy-D-glucopyranose-1-(dihydrogen phosphate) (6) 

Triacetate sugar 5 (0.43 g, 1.05 mol) was dissolved in anhydrous methanol (10 mL) in a 

50 mL round bottom flask. A spatula tip of NaOMe (100 mg, 0.002 mol) was added to the 

solution, which was stirred at room temperature overnight. The mixture was acidified with 

Amberlite IR-120 ion exchange resin (H+ form) until a pH of 7 was reached. The solution 

was then filtered and concentrated under reduced pressure to yield 6 as a brown solid, 

which was carried forward without further purification (0.36 g, 92%). Spectral data were in 

agreement with previous reports206. 1H NMR (500 MHz, CD3OD): δ (ppm) 5.56 (d, J = 3.4 

Hz, 1H), 3.99-3.84 (m, 3H), 3.64 (m, 2H), 3.21 (d, J = 10.4 Hz, 1H). 
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2-Amino-2-deoxy-D-glucopyranose-1-(dihydrogen phosphate) (7) 

Compound 6 (235 mg, 0.83 mmol) was added to a 100 mL round bottom flask. Palladium 

hydroxide on carbon (23 mg, 0.16 mmol), water (10 mL) and  methanol (10 mL) were 

added, and the flask was charged with an atmosphere of hydrogen. The suspension was 

stirred vigorously for 2 hours at room temperature and was then filtered and washed with 

methanol (20 mL). The filtrate was concentrated under reduced pressure to yield 7 as an 

amorphous solid (215 mg, 92%). 1H NMR (500 MHz, D2O) δ 5.51 (dd, J = 7.6, 3.3 Hz, 1H), 

3.94 (ddd, J = 10.1, 5.1, 2.3 Hz, 1H), 3.87 (dd, J = 12.3, 2.3 Hz, 1H), 3.80 – 3.72 (m, 2H), 

3.42 (dd, J = 10.1, 9.2 Hz, 1H), 2.99 (ddd, J = 10.3, 3.4, 1.8 Hz, 1H). 13C NMR (126 MHz, 

D2O) δ 92.73, 72.41, 71.95, 69.98, 60.86, 55.11. HRMS (ESI-) Calculated 258.0378 , found 

258.0337 [M-H]-. 

 

2-deoxy-2-[6-((4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

propionyl)amino)hexanoyl-D-glucopyranose-1-(dihydrogen phosphate) (8) 

To a 100 mL flame dried round bottom flask under an argon atmosphere was added 

compound 7 (106 mg, 0.35 mmol), BODIPY-FL-X-OH (S3) (60 mg, 0.15 mmol) and DMF 

(50 mL). HATU (60 mg, 0.22 mmol) and triethylamine (140 µL, 1 mmol) were added, and 

the suspension was stirred vigourously overnight at room temperature. The mixture was 

then concentrated by co-evaporation with toluene (3 x 50 mL) and was purified directly 

using flash column chromatography (10:3:1 to 10:60:1 EtOAc:MeOH:H2O) to yield 

compound 8 as a red crystalline solid (38 mg, 37%). 1H NMR (500 MHz, Methanol-d4) δ 

7.44 (s, 1H), 7.02 (d, J = 4.0 Hz, 1H), 6.33 (d, J = 4.0 Hz, 1H), 6.21 (s, 1H), 5.44 (dd, J = 

7.0, 3.4 Hz, 1H), 3.96 (dt, J = 10.6, 2.9 Hz, 1H), 3.92 – 3.81 (m, 2H), 3.73 – 3.63 (m, 2H), 

3.36 (t, J = 9.4 Hz, 1H), 3.23-3.17 (m, 4H), 2.61 (t, J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.28 (d, 

J = 7.5 Hz, 2H), 2.27 (s, 3H), 1.64 (dd, J = 9.3, 6.1 Hz, 2H), 1.54 – 1.45 (m, 2H), 1.36 (dd, 

J = 7.9, 7.7 Hz, 2H). 13C NMR (151 MHz, D2O) δ 181.45, 177.39, 174.65, 161.42, 155.61, 

146.42, 135.30, 133.11, 128.71, 124.79, 120.97, 116.71, 93.01, 72.16, 71.27, 70.16, 

60.71, 53.94, 39.15, 35.60, 27.97, 25.53, 24.94, 24.35, 14.18, 10.50. HRMS (ESI+) 

Calculated 647.2464, found 647.2471 [M+H]+. 
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Synthesis of UDP-GlcN-BODIPY (2) 

To a 50 mL flame dried round bottom flask under argon was added compound 8 (32 mg, 

0.05 mmol), Uridine 5′-monophosphomorpholidate 4-morpholine-N,N′-

dicyclohexylcarboxamidine salt (68 mg, 1 mmol), and N-methylimidazolinium HCl (31 mg, 

0.26 mmol) in 5 mL DMF. The solution was stirred overnight, concentrated under reduced 

pressure, and then purified on an Agilent 1200 series HPLC equipped with an Agilent 

XDB-C18 Eclipse reversed-phase column (9.4 × 250 mm, 5μ particle size). Mobile phase 

conditions: 50:50 to 70:30 A:B over 20 minutes, 2 mL/min flow rate,  solvent A = 50 mM 

NH4OAc, solvent B = MeOH, product retention time 17.2 min. The collected material was 

lyophilized to give 2 as a red powder (21 mg, 45%). For long-term storage, the product 

was kept as a dry powder at -20°C in a vial which was protected from light. 

1H NMR (600 MHz, Deuterium Oxide) δ 7.84 (d, J = 8.1 Hz, 1H), 7.31 (s, 1H), 6.98 (d, J = 

4.0 Hz, 1H), 6.28 (d, J = 4.0 Hz, 1H), 6.20 (s, 1H), 5.82 (d, J = 4.4 Hz, 1H), 5.80 (d, J = 

8.1 Hz, 1H), 5.48 (dd, J = 7.0, 3.3 Hz, 1H), 4.29 (dd, J = 9.0, 5.0 Hz, 1H), 4.26 (dd, J = 

9.0, 5.0 Hz, 1H), 4.22 – 4.18 (m, 2H), 4.16 – 4.13 (m, 1H),  3.98 (dt, J = 10.5, 3.0 Hz, 1H), 

3.93 (ddd, J = 10.1, 4.7, 2.3 Hz, 1H), 3.86 (dd, J = 12.5, 2.3 Hz, 1H), 3.79 – 3.73 (m, 2H), 

3.51 (dd, J = 10.1, 9.1 Hz, 1H), 3.13 (t, J = 6.6 Hz, 2H), 3.11 (t, J = 7.3 Hz, 2H), 2.61 (t, J 

= 7.3 Hz, 2H), 2.44 (s, 3H), 2.29 (t, J = 7.6 Hz, 2H), 2.17 (s, 3H), 1.53 (p, J = 7.6 Hz, 2H), 

1.42 (p, J = 7.5 Hz, 2H), 1.25 – 1.16 (m, 2H). 13C NMR (151 MHz, D2O) δ 179.98, 177.48, 

174.72, 165.94, 151.46, 141.38, 133.13, 128.82, 124.83, 120.91, 116.68, 102.30, 94.69, 

88.66, 82.95, 73.94, 73.01, 70.94, 69.68, 69.39, 60.40, 53.56, 39.15, 35.53, 34.77, 28.00, 

25.62, 24.96, 24.34, 22.38, 14.19, 10.54. HRMS (ESI-) Calculated 951.2567, found 

951.2573 [M-H]-. 

 

Synthesis of BODIPY-FL N-hydroxysuccinimidyl ester (S2) 

BODIPY-FL (175 mg, 0.6 mmol), N-hydroxysuccinimide (275 mg, 2.4 mmol), and 

dicyclohexylcarbodiimide (495 mg, 2.4 mmol) were added to a 25 mL flame-dried round 

bottom flask under an argon atmosphere. Anhydrous dimethylformamide (6 mL) was 

added and the mixture was stirred at room temperature for 3 hours. When the reaction 

was judged complete by TLC, the solvent was removed by co-evaporation with toluene 

and 10 mL EtOAc was added to the flask. The mixture was then filtered and the filtrate 
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was purified by flash column chromatography (99:1 DCM:MeOH) to yield S2 as a red 

amorphous solid (220 mg, 75%).  

1H NMR (500 MHz, Chloroform-d) δ 7.09 (s, 1H), 6.88 (d, J = 4.0 Hz, 1H), 6.33 (d, J = 4.0 

Hz, 1H), 6.12 (s, 1H), 3.38 (t, J = 7.3 Hz, 2H), 3.08 (t, J = 7.4 Hz, 2H), 2.83 (br s, 4H), 2.56 

(s, 3H), 2.25 (s, 3H). HRMS (ESI+) Calculated 412.1256, found 412.1252 [M+Na]+. 

 

Synthesis of BODIPY-FL Caproic acid (S3) 

To a flame-dried 50 mL round bottom flask was added compound S2 (220 mg, 0.57 mmol), 

caproic acid (150 mg, 1.14 mmol), and anhydrous DMF (5 mL). Diispropylethylamine (0.2 

mL, 1.14 mmol) was added, and the solution was stirred at room temperature for 3 hours. 

The solvent was removed under reduced pressure and the materials were dissolved in 10 

mL MeOH. Amberlite IR-120 (H+ form, 50 mg) was added and the mixture was stirred for 

10 min until a pH of ~7 was reached. The mixture was then filtered, concentrated, and 

purified by flash column chromatography (0.5% to 10% MeOH in DCM) to yield S3 as a 

red amorphous solid (220 mg, 96%). 1H NMR (500 MHz, Methanol-d4) δ 7.43 (s, 1H), 7.01 

(d, J = 4.0 Hz, 1H), 6.32 (d, J = 4.0 Hz, 1H), 6.21 (s, 1H), 3.22 (t, J = 7.6 Hz, 2H), 3.19 – 

3.15 (m, 2H), 2.60 (t, J = 7.6 Hz, 2H), 2.51 (s, 3H), 2.30-2.26 (m, 5H), 1.60 (p, J = 7.5 Hz, 

2H), 1.49 (p, J = 7.1 Hz, 2H), 1.37 – 1.31 (m, 2H).13C NMR (126 MHz, CD3OD) δ 174.53, 

161.30, 158.52, 145.80, 136.50, 134.89, 129.59, 125.74, 121.32, 117.71, 40.25, 36.05, 

30.74, 30.05, 27.50, 25.83, 25.67, 11.17. HRMS (ESI+) Calculated 428.1933, found 

428.1931 [M+Na]+. 

 

Synthesis of Dyngo-4a (9) 

Dyngo-4a was synthesized as previously reported196. Characterization data were in 

agreement with previous values. 
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Synthesis of (E)-N'-(2,5-dihydroxybenzylidene)-3-hydroxy-2-naphthohydrazide (10) 

 

To a solution of 3-hydroxy-2-naphthoic hydrazide (202.2 mg, 1.0 mmol) in EtOH (3 mL) 

was added 2,5-dihydroxybenzaldehyde (1.0 eq., 140.0 mg, 1.0 mmol). The reaction 

mixture was subjected to microwave irradiation for 20 min at 120°C. The reaction was 

allowed to cool, and the resulting precipitate collected. The precipitate was washed with 

chilled EtOH (2 × 4 mL) and chilled Et2O (1 × 4 mL) to afford the title compound as a pale 

yellow-green solid (295 mg, 92%); m.p. >270°C (decomp.). 

N-acylhydrazone compounds exists as syn- and anti-periplanar conformers about the 

amide CO-NH bond in solution207. This conformational isomerism is evident in the 1H NMR 

spectrum for the title compound. Data corresponding to the major conformer is reported 

below. 

1H NMR (400 MHz, DMSO-d6) δ 12.08 (br. s, 1H), 11.35 (br. s, 1H), 10.35 (s, 1H), 9.02 (s, 

1H), 8.61 (s, 1H), 8.47 (s, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.52 (dd, 

J = 8.2, 7.5 Hz, 1H), 7.38 – 7.33 (m, 2H), 7.03 (d, J = 2.1 Hz, 1H), 6.83 – 6.72 (m, 2H); 

13C NMR (101 MHz, DMSO-d6) δ 163.6, 154.1, 150.2, 149.8, 148.1, 135.8, 130.2, 128.6, 

128.2, 126.7, 125.8, 123.8, 119.8, 119.2, 118.9, 117.1, 113.6, 110.5; LRMS (ESI-) m/z 

(%): 321 (100) (M-H), HRMS (ESI-) m/z calculated for C18H13N2O4 (M-H) 321.0875; found 

321.0903. 

 

 

Synthesis of (E)-N'-(2,4,5-trihydroxybenzylidene)benzohydrazide (11) 
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To a solution of benzohydrazide (149.8 mg, 1.1 mmol) in EtOH (3 mL) was added 

2,4,5-trihydroxybenzaldehyde (1.1 eq., 180.0 mg, 1.2 mmol). The reaction mixture was 

subjected to microwave irradiation for 30 min at 120°C. The reaction was allowed to cool, 

and the resulting precipitate collected. The precipitate was washed with chilled EtOH (2 × 

4 mL) and chilled Et2O (1 × 4 mL) to afford the title compound as a pale yellow solid (232 

mg, 77%); m.p. >215°C (decomp.). 

1H NMR (400 MHz, DMSO-d6) δ 11.80 (s, 1H), 10.63 (s, 1H), 9.56 (s, 1H), 8.56 (s, 1H), 

8.45 (s, 1H), 7.91 (d, J = 7.2 Hz, 2H), 7.61 – 7.50 (m, 3H), 6.88 (s, 1H), 6.34 (s, 1H); 13C 

NMR (101 MHz, DMSO-d6) δ 162.4, 151.9, 149.3, 148.6, 138.5, 133.2, 131.7, 128.5 (2 × 

C), 127.5 (2 × C), 114.7,109.5, 103.5; LRMS (ESI+) m/z (%): 273 (100) (M+H). 

Full-length OGT expression and purification 

The plasmid containing the gene encoding full-length human OGT in a previously-reported 

pET28a vector160 was transformed into competent Escherichia coli BL21 (DE3) cells 

(Invitrogen). Successful transformants were cultured in Terrific Broth supplemented with 

50 µg/mL kanamycin at 37°C until an optical density of 1.8 absorbance units was reached. 

Protein expression was induced with 0.2 mM isopropyl β-D-thiogalactoside at 16°C for 18 

h. Cells were the harvested and resuspended in 2 mL BugBuster protein extraction 

reagent (EMD Millipore) per gram of cell pellet in the presence of 1 mg/mL lysozyme, 0.2 

mg/mL DNase and an EDTA-free protease inhibitor tablet (Roche).  The mixture was 

gently rocked at 4°C for 30 min and then clarified by centrifugation for 2 x 30 min at 18,000 

x g.  The cell lysate was then applied to a 1 mL HisTrap nickel column (GE Healthcare) 

which was pre-equilibrated in 50 mM HEPES, 500 mM NaCl and 1 mM DTT at pH 7.5. 

The protein was purified using an imidazole gradient of 20-500 mM over 50 min on an 

AKTA FPLC (GE Healthcare). Fractions judged as pure were pooled and dialyzed at 4°C 

in 50 mM HEPES buffer containing 500 mM NaCl and 1 mM DTT at pH 7.4. Aliquots of 

OGT were flash frozen and stored at -80°C for future use. 

 

Truncated OGT expression and purification 

OGT4.5 was expressed in Escherichia coli BL21 (DE3) cells and purified as previously 

described with a few minor changes35. Cells were grown to an OD600 of between 1-1.2 in 

TB media before being cooled to 16°C for 30 min. Cells were then induced with 0.2 mM 
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IPTG before shaking incubation overnight at 16°C. Cultures were pelleted at 5400 x g, 

and the pellets were resuspended in buffer A (20 mM Tris pH 7.4, 150 mM NaCl, and 40 

mM imidazole), lysozyme, DNAse 1, and 1 mM AEBSF. Cells were lysed by a cell 

disruptor, before being clarified by centrifugation at 41700 x g. Resulting supernatant was 

loaded onto a 5 ml HisTrap FF column (GE Healthcare), washed with buffer A, and then 

eluted with a stepwise gradient of buffer B (20 mM Tris 7.4, 150 mM NaCl, and 400 mM 

imidazole) in buffer A. Fractions containing protein were pooled and supplemented with 

THP to a final concentration of 1 mM. Cleavage of the His-tag was achieved through 

incubation with HRV 3C protease at a ratio of 1 μg protease:100 μg protein overnight at 

4°C. The protein sample was then diluted with 20 mM Tris pH 7.4 to a final concentration 

of 15 mM NaCl before being passed over a 5 ml HisTrap FF column (GE Healthcare) and 

a 5 ml HiTrap Q HP column (GE Healthcare). Elution was achieved with a stepwise 

gradient of 20 mM Tris pH 8.0 through to 20mM Tris pH 8 and 1M NaCl. Fractions 

containing protein were pooled, concentrated using Vivaspin® spin-concentrators 

(Sartorius) and size excluded on a Superdex 200 column (GE Healthcare) in 20 mM Tris 

pH 8.0 and 150 mM NaCl. Monodispersed fractions containing protein were collected, 

supplemented with THP to a final concentration of 1 mM, concentrated and snap frozen. 

 

Crystallisation and structure determination 

Crystals were grown at 20°C using the sitting drop technique with 2 μL of protein/ligand 

mix and 1 μL of reservoir. OGT4.5 (7 mg ml-1) was incubated with UDP (1 mM) for 1 hour, 

followed by HCF-111-26 peptide (3 mM) for 3 hours. Crystals were obtained in 1.45 M 

potassium sodium tartrate and 0.1 M Tris pH 8.5, similar to those previously reported208. 

Crystals were soaked with 750 μM substrate 2, 1 mM MgCl2 and 7.5 U of calf intestinal 

alkaline phosphatase in mother liquor for 4 hours. Crystals were cryo-protected in mother 

liquor supplemented with 27% xylitol and flash cooled. Diffraction data was collected at 

the Diamond Light Source in Oxford, UK on beamline I04-1. Data reduction and 

processing was completed through the DIALS pipeline209. A previously obtained OGT4.5 

structure (4n39) was used as a search model for molecular replacement through 

PHASER208. Model building and refinement consisted of multiple cycles of manual 

adjustments in COOT210 and refinement in REFMAC5211. Geometric restraints for 
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substrate 2 were generated through AceDRG212. Structure figures were produced with 

Chimera213 and Pymol214. 

 

Fluorescent OGT activity assay 

Assays performed manually for assay development or enzyme characterization carried 

out in black Nunc 96- or 384-well microplates (cat. # 237108 or 262260, Thermo Fisher 

Scientific, Mississauga, ON). All reported concentrations represent final assay conditions 

unless otherwise specified. Microplates are typically centrifuged at 300 x g for 1 min after 

addition of reagents. In a typical 384-well experiment, a master mix containing various 

concentrations of fluorescent substrate 2 and biotinylated peptide acceptor is made up in 

PBS containing 12.5 mM MgCl2 and 1 mM DTT at pH 7.2. The reaction is commenced by 

the addition of recombinant OGT PBS to a final well volume of 25 uL and final OGT 

concentration of 20-200 nM. The plate is then incubated at ambient temperature for up to 

60 min, during which time the reaction rate was shown to be linear (Figure S15). The 

reaction is terminated by the addition of 25 µL stop mix containing 7.5 mM UDP and 0.2 

mg/mL streptavidin-coated magnetic beads (Trilink Technologies M-1002). The plate is 

incubated at room temperature for at least 30 min to allow for streptavidin-biotin binding, 

and is then subjected to an automated washing procedure using a BioTek EL406 plate 

washer containing a magnetic adapter and a BioTek 384F magnet (12 wash cycles, 100 

µL PBS dispensed per well, 6 mm aspiration height offset, 4 min initial resting time on 

magnet, 1 min rest between washes). At the end of the wash cycle, a final dispense of 50 

µL PBS per well is performed using the syringe dispenser of the BioTek washer. The 

fluorescence signal is read using a Biotek Neo2 multimode plate reader using 490 nm 

excitation and 525 nm emission wavelengths. Each well is read using an area scan 

function which records the mean signal of 9 individual scans in a grid pattern with 1.0 

micron spacing between each point. Data were analyzed and plotted using GraphPad 

Prism 5. 

 

In vitro OGT inhibition assays 

IC50 experiments were carried out using the general procedure for the OGT activity assay, 

with the following modifications. Inhibitor stocks in DMSO were diluted to various 
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concentrations and were pre-incubated with recombinant OGT on ice for at least 15 

minutes. The reaction was commenced by addition of a master mix containing both donor 

and acceptor substrates at their respective KM values. Reactions proceeded at room 

temperature for < 60 min, during which the reaction progress was shown to be linear 

(Figure S15). The % relative activity of OGT in the presence of inhibitor was assessed by 

normalizing fluorescent signal against controls which contained only DMSO (100% 

activity) and controls which contained 2 mM UDP (0% activity). % activities were plotted 

as a function of log10 concentration of inhibitor. Curves were fitted using a sigmoidal 4-

parameter log(inhibitor) vs response function in GraphPad Prism 5; IC50 values were 

calculated from the inflection point of sigmoidal curves. Full Ki inhibition experiments were 

carried out in a similar manner, except that the concentration of substrate was varied to at 

least 5-fold above and 5-fold below the KM (app) in the presence of varying concentrations 

of inhibitor. Ki values were calculated using the non-linear regression function of 

GraphPad Prism 5. 

 

Automated high-throughput screening  

Optimization and validation of the OGT activity was performed to ensure suitability for HTS 

using conditions identical to those implemented during screening. Signal-to-background 

ratio, Z’-scores, DMSO tolerance to 2%, and linearity of reaction profiles were assessed 

in 384-well plates (Nunc; cat. # 262260). Assays were run under balanced conditions215 

wherein concentrations of donor and acceptor substrates at their KM (app) values were used 

in the presence of 20 nM recombinant OGT. Buffer used for screening consisted of PBS 

at pH 7.2 supplemented with 12.5 mM MgCl2, 1 mM DTT and 0.01% Triton X-100. Library 

compounds were tested at a final concentration of 100 µM (DMSO 1% final concentration). 

Automated HTS was carried out using Momentum laboratory automation workflow 

software equipped with a Spinnaker BenchTrack 4-axis microplate robot (Thermo Fisher 

Scientific, Mississauga, ON). Solutions of substrate and enzyme were dispensed with a 

Multidrop Combi (Thermo Fisher Scientific) to a final volume of 25 µL. Compounds were 

added to assay plates using a 384-well pin tool equipped with slotted 200 nL pins 

(FP3NS200, V&P Scientific) and a Freedom EVO 100 (TeCan, Morrisville, NC) liquid 

handling system which was calibrated to transfer 250 nL of 10 mM compound stocks in 

100% DMSO. Plates were centrifuged at 300 x g for 20 seconds after dispensing and were 

then incubated at room temperature for 60 min. Reactions were stopped by addition of 25 
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µL stop solution described above using the peristaltic pump dispenser equipped with a 5 

uL cassette of an EL406 combination washer/dispenser (BioTek, Winooski, VT). Plates 

were incubated for a further 30 minutes at room temperature and then subjected to an 

automated wash cycle and fluorescence detection as described previously. Z’-scores for 

each plate were calculated from the mean % response of the control population and 

standard deviation of the control population according to equation (1). Data from plates 

which showed Z’-scores ≥ 0.5 were retained for analysis and hit confirmation. The hit 

selection cutoff for inhibitors was set as 3 standard deviations from the % activities of the 

uninhibited controls. Hit confirmation in triplicate was carried out using identical conditions 

as primary screening. Hit population and distribution was visualized using GraphPad 

Prism 5. Hits were triaged computationally using the PAINS and Toxicophore filters using 

the online service FAFDrugs-4216. 

 

Differential scanning fluorimetry  

Differential scanning fluorimetry was performed using an Applied Biosystems QuantStudio 

3 RT-PCR machine equipped with a 96-well heating block. Reactions were performed in 

MicroAmp 96-well optical PCR plates (Applied Biosystems) at a final volume of 20 µL per 

well. Reactions contained 0.6 mg/mL protein, 1X Protein Thermal Shift Dye (Thermo 

Fisher Scientific) and 0.2- 100 µM final concentration of ligand in 1X PBS. Reaction 

components were made up on ice; thermal shift assays were carried out at temperatures 

ranging from 25 to 95°C at a ramp rate of 0.05°C/sec. Fluorescence measurements were 

taken using a 580 nm excitation / 623 nm emission filter set. Reactions were performed in 

triplicate and data were analyzed using QuantStudio Design and Analysis software and 

GraphPad Prism 5. Melt curves were fitted to a Boltzmann sigmoidal curve and apparent 

Tm values were determined by calculating the inflection point of the fitted curves. 

 

In vitro dynamin activity assay 

Dynamin GTPase activity (and the impact of small molecule inhibitors; 0-100 µM) was 

measured in vitro using an adaptation of the Malachite Green phosphate detection 

absorbance-based assay within a 96-well plate format as described previously217. 
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Dynamin solution (30 µL) was added to reaction buffer mixture (120 µL) to yield a final 

reaction of: 150 µL well volume, 20 nM recombinant full length human dynIba, 11 mM Tris-

HCl, 30 mM NaCl, 150 µM GTP, 4 µg/mL PS liposomes, 1.6 mM MgCl2, 0.06% Tween-

80, 0.1 μM AEBSF, 1 μg/mL leupeptin, pH 7.4. Salt-adjusted buffer, basal dynamin and 

drug alone controls were included with each experiment to make the relevant absorbance 

subtractions. Plates were then incubated at 37oC for 30 min with shaking at 800 rpm. The 

assay was stopped, by sequestering magnesium ions, using 0.5 M EDTA (10 µL) followed 

by the addition of Malachite Green solution (40 µL; 2% (w/v) ammonium molybdate 

tetrahydrate, 0.15% (w/v) Malachite Green, 4 M HCl) to react with free inorganic 

phosphate. The absorbance (650 nm) was measured and raw data exported to Microsoft 

Excel and GraphPad Prism for further analysis and generation of inhibition 

curves/coefficients. 
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3.1. Introduction 

Peptides and peptidomimetics represent an important class of therapeutic 

molecules. Historically, peptide-based therapies emerged as early success stories in 

drug discovery and development, perhaps most notably in the case of the hormone 

insulin218. Over 60 peptide based drugs have now been approved worldwide, with 30 of 

these having been developed in the past two decades219. The advent of automated solid-

phase peptide synthesis (SPPS) has made the development of such drugs economically 

attractive, due to the high speed and efficiency which is possible when synthesizing 

polypeptides up to 50 amino acids in size220. Additionally, the advancement of unnatural 

peptide building blocks and modifications, such as aza-peptides, D-amino acids, 

macrocycles, and backbone N-methylation has added to the diversity and functionality of 

this class of compound221–223. Many of these features also serve to improve the in vivo 

stability and cell-permeability of peptides, which are two of the major drawbacks of such 

drugs as compared to traditional small-molecule therapeutics224.  
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Combinatorial libraries of peptides offer great diversity which has enabled 

successful screening and identification of ligands in target-based drug discovery. This 

benefit of peptide libraries was recognized in the 1990’s as SPPS and HTS infrastructure 

became increasingly mainstream in the pharmaceutical industry225. Such peptide 

libraries have been since been used successfully to discover inhibitory motifs for 

glycosyltransferases226. However, the synthesis and curation of these libraries proved to 

be laborious. Recently, the application of combinatorial peptide libraries for drug 

discovery has experienced a resurgence, thanks in part to the development to 

genetically encoded libraries used in conjunction with biological display technologies. 

The earliest example of this approach was the introduction of phage display, in which an 

exogenous peptide or protein is genetically encoded within and expressed on the 

surface of a bacteriophage227,228. Using recombinant DNA technology, diversity in the 

sequence of the displayed peptide or protein sequence can be controlled to quickly 

generate vast libraries of potential ligands to screen against a receptor of interest229. 

Phage presenting peptides that bind to the receptor can be immobilized and washed to 

remove non-binding sequences from those which interact with the receptor (Figure 3.1). 

Performing several rounds of these steps, referred to as panning, enriches phage 

presenting peptide sequences having high affinity to the target receptor. Critical to 

identifying top binders is the connection between the displayed sequence and the DNA 

sequence encoding the translated product present within the genome of the phage, 

which permits the rapid identification of preferred binding motifs using DNA sequencing.  

While the first instances of phage display were applied to linear peptide sequences, 

recent advances now allow the incorporation of various peptide modifications such as 

incorporation of unnatural amino acids, cyclization, or ligation to other biological 

ligands230,231.  Phage display has now been firmly established as a viable approach for 

drug discovery, with over 20 phage display-derived therapeutics approved or in late-

stage clinical development232,233. 
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Figure 3.1. Strategy for panning of binding sequences to a receptor using 
phage display. 
 
A library of phage with various displayed sequences is amplified in E. coli, 
purified, and incubated with an immobilized target. Sequences which bind 
the target are retained upon washing and can then be subjected to 
another cycle for enrichment. Specific phage clones which show high 
affinity after several rounds of enrichment are then analyzed by DNA 
sequencing. Figure adapted from Wu et al.234 

Since the discovery of phage display technologies, analogous display strategies 

have been developed using bacteria, yeast and mammalian cells235–237. These variations 

have the advantage of permitting display of full-length proteins and functional enzymes, 

with eukaryotic host cells permitting human-like post-translational modifications, which 

may be necessary for proper structure or function, to be displayed on the peptide. More 

recently, cell-free in vitro display assays have emerged that rely on translation to 

generate a nascent peptide or protein that remains attached to the encoding mRNA 

strand238.  One such approach is known as mRNA display, wherein a library of mRNA 

tagged with the translation inhibitor puromycin are introduced into an in vitro translation 

system. The presence of puromycin, which mimics the 3’-end of an aminoacyl tRNA and 

is recognized by the ribosome, results in transfer of the peptidyl chain onto puromycin, 

leading to covalent attachment of the coding mRNA to its corresponding nascent peptide 

sequence239. This technology has the advantage of permitting higher diversity than cell-
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based methods (>1012 sequences), since it is not limited by transfection of host cells with 

the vector encoding the library. Additionally, the use of engineered aminoacyl tRNA 

synthetases permits the preparation of tRNAs charged with non-proteinogenic amino 

acids, allowing the incorporation of diverse and non-standard residues such as D-amino 

acids, N-methyl amino acids, amino acids with bioorthogonal handles, and many 

more240. The use of these “flexizymes” has been adapted into a process for the selection 

of peptide binders to a receptor via affinity purification, termed the Random non-standard 

Peptide Integrated Discovery (RaPID) system239. This process installs an N-chloroacetyl 

tyrosine amino acid at the start of an oligopeptide, which spontaneously reacts with a 

conserved terminal cysteine residue to form a thioether-bridged macrocyclic peptide. 

Using this approach, a vast amount of chemical diversity comprising stable peptide 

analogues can be selected from to identify those which bind with high affinity to a target 

protein239. 

 

Figure 3.2. The Random non-standard Peptide Integrated Discovery (RaPID) 
screening platform developed by Suga and co-workers. 
 
Flexible in vitro translation (FIT) using artificial aminoacyl-tRNAs enables 
the incorporation of unnatural amino acids, resulting in translation of 
unique peptides which are covalently attached to an mRNA barcode. 
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Given the established success of peptide display systems, we envisioned that 

these technologies would be useful for the discovery of novel peptide-based inhibitors of 

the glycosyltransferase O-GlcNAc transferase (OGT). This enzyme catalyzes the 

addition of a single N-acetylglucosamine unit to the hydroxyl group of hundreds of 

targeted serine and threonine residues of intracellular proteins25,185. This modification is 

reversible with the glycoside hydrolase known as O-GlcNAcase (OGA), which acts to 

cleave GlcNAc off from proteins28. The O-GlcNAc modification is ubiquitous in higher 

eukaryotes and has been shown to play roles in protein stability186, transcriptional 

control57, and cell cycle regulation187. Dysregulation of O-GlcNAc cycling has been 

implicated in several diseases including Alzheimer’s Disease59,77 and various 

cancers87,89,90. Hence, there is ongoing interest in the development of chemical tools to 

study and modulate the activity of both OGA and OGT.  

The structure of OGT consists of two distinct domains: An N-terminal 

superhelical domain with 14 tetratricopeptide repeats (TPRs) and a C-terminal catalytic 

domain35,39. The TPR domain of the enzyme is hypothesized to facilitate binding to 

protein substrates40, but the precise mechanisms of substrate recognition by OGT 

remain unknown. Because OGT has hundreds of known protein targets, but does not 

operate according to a clear consensus sequence for glycosylation, the activity of OGT 

may be differentially regulated in various cellular environments30,45. Interactions of other 

proteins with the TPR domain may therefore serve to regulate OGT activity in addition to 

facilitating binding with glycosylation substrates. To date, however, no specific regulatory 

proteins, metabolites, or inhibitors which bind to the TPR have been identified. 

Inhibitors of OGT are expected to show great promise for the treatment of 

conditions which are linked to excessive glycosylation activity by OGT91. However, 

despite several high-throughput screens for small-molecule inhibitors of OGT being 

performed, most compounds arising from these screens have issues related to 

selectivity and cell-permeability27,134,135. The most promising among these has been 

developed by Walker and co-workers, which is competitive for UDP-GlcNAc and has 

nanomolar affinity for OGT138. However, its high molecular weight is a limitation and the 

compound has not been tested in vivo. Therefore, there is a need for new inhibitors of 

OGT, particularly allosteric inhibitors that bind outside of the active site, which can be 

used to address outstanding questions about the biological roles of this enzyme. Such 

inhibitors would enable studying the effect of inhibiting OGT activity in live cells and 
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tissue homogenates without perturbing the binding of natural substrates in the active site 

of OGT. Furthermore, these tool compounds could be derivatized to permit fluorescent 

imaging applications or affinity purification studies in order to gain insight into the binding 

interactions of OGT with target proteins and other interacting partners. 

Because past efforts to screen for inhibitors of OGT have proved challenging, we 

turned to peptide-based display technologies as an alterative approach for the discovery 

of compounds that could be developed as chemical tools for OGT. We expected that the 

advantages of these libraries, including high structural diversity, synthetic accessibility 

and general biocompatibility, would enable the discovery of tractable compounds with 

high potency and selectivity241,242. Hence, we proceeded to undertake two separate 

strategies employing genetically encoded libraries to screen for peptide binders of OGT. 

In the first approach, we used phage display to screen OGT against a library of linear 

15-amino acid peptides expressed on the surface of the pIII major coat protein of 

filamentous M13 phage. After identification of sequence preferences and maturation of 

the phage library, a panel of peptides with single-digit micromolar inhibition towards OGT 

were discovered and characterized. The second screening approach undertaken was 

the use of the RaPID mRNA display platform to screen for macrocyclic peptide inhibitors 

for OGT. This strategy resulted in the identification of a panel of peptides that potently 

bind and inhibit OGT with nanomolar affinity. The peptides identified from these screens 

and their eventual derivatives should have numerous applications for the study of OGT 

structure, function and regulation.  

3.2. Results 

3.2.1. X15 phage display affinity selection  

 As a starting point for the identification of potential peptide binders, OGT was 

screened against an unbiased phage library constructed using codon-corrected trimer 

phosphoramidites243. In contrast to conventional NNK mutagenesis libraries, which 

encode for 32 codons, trimer phosphoramidite (TriNuc) libraries produce a single codon 

for each amino acid and result in equal distribution of amino acids in translated 

sequences. This eliminates the phenomenon of “biological censorship” wherein the 

standard genetic code produces unequal abundances of amino acids due to codon 

redundancies. A TriNuc-encoded library containing 19 codons (all standard amino acids, 
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excluding cysteine) was constructed to produce a library of linear peptides comprising 15 

randomized amino acids on M13 phage presented as a C-terminally fused peptide to the 

pIII coat protein. This resulted in a library we term X15 having a sequence diversity of 

approximately 108. Recombinant OGT bearing a hexahistidine tag (His6) at the N-

terminus, immobilized on magnetic nickel-NTA beads, was incubated with the X15 

phage library. Phage that bound to OGT were enriched over four rounds of phage 

panning. After enrichment, the phage were lysed and subjected to next-generation 

sequencing (NGS)244.  

 Analysis of sequencing results was accomplished using multiple strategies. 

Initially, the sequences identified through NGS were ranked according to their 

normalized sequence count per million sequences (NCPM). Notably, out of 18,000 total 

sequences, 81% of the overall enrichment as assessed using NCPM values were 

attributable to the top 200 sequences, suggesting a high degree of enrichment for this 

set of peptides. The sequences were then binned into groups of 100 and were analyzed 

using the Kalign2 multiple sequence alignment tool available from the European 

Bioinformatics Institute245. This analysis revealed that among these top 200 sequences, 

a strong consensus motif was present (Figure 3.3). The observed motif, [Y/F]-x-P-x-Y-x-

[I/M/F], appeared with 90% fidelity in these top-binned sequences. Interestingly, the 7-

amino acid motif was present at different positions along the total 15-amino acid 

sequence of the displayed peptide, suggesting that variability at either end of the motif 

was tolerated. Some variability was apparent in the variable positions between the 

conserved residues of the motif. The presence of a conserved proline residue is 

consistent with observations from large-scale proteomic and screening experiments to 

determine the substrate preferences of OGT, suggesting these peptides may bind within 

the active site30,44,246.  Using a small peptide library, van Aalten and colleagues have 

shown that OGT displays a strong preference for glycosylation of substrates that contain 

a proline residue at the -2 subsite relative to the serine or threonine glycosylation site44.  

It is hypothesized that the conformational rigidity of the cyclic proline promotes a linear 

extended peptide conformation that can facilitate binding within the active site cleft35. 

The independent identification of this preference for proline in the phage display 

selection suggests that a similar effect may be at play for these binding peptides 

observed here. 
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Figure 3.3. Sequence logo indicating the prevalence of amino acid residues in 
top peptide binders to OGT after 4 rounds of phage panning 
Sequence logo indicating the prevalence of amino acid residues in top 
peptide binders to OGT after 4 rounds of phage panning. A travelling 
consensus motif of [Y/F]-x-P-x-Y-x-[I/M/F] emerges within the top 200 
enriched sequences. Colour legend: Green = polar residues, black = 
hydrophobic residues, red = acidic residues, blue = basic residues. 
Diagram was generated using the online service GibbsCluster 2.0247. 

3.2.2. Functional evaluation of synthesized peptides 

Having identified putative binders, we next proceeded to confirm binding through 

inhibition studies of OGT using purified peptides. Given the proline within the observed 

consensus motif, we reasoned these peptides were likely to bind within the active site, 

which suggested such inhibition experiments would be informative. To accomplish this, 

nine peptides which contained the consensus motif identified from phage panning were 

synthesized commercially (Bio Basic Inc., Markham, ON). These prioritized peptides 

were selected among the top 30 enriched sequences as assessed by NCPM, which 

corresponded to at least a 1000-fold enrichment over background sequences. The top 

30 sequences were grouped into five families based on amino acid composition within 

the consensus region and a small panel of peptides from each family was synthesized 

(Table 3.1). We then assessed whether these peptides could inhibit the 

glycosyltransferase activity of OGT using a fluorescent activity-based assay we had 

previously developed248. This assay uses an analogue of UDP-GlcNAc bearing a 

pendant fluorophore at the 2-position of the pyranose ring in conjunction with a 

biotinylated peptide acceptor substrate of OGT. Transfer of the fluorescent sugar unit to 

the peptide, followed by immobilization on magnetic streptavidin-coated beads and 

washing, provides a direct measure of the glycosyltransfer activity of OGT. Using this 
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assay, we first screened the set of peptides for inhibition of OGT at a single 

concentration of 100 µM and identified four peptides which were inhibitory (Figure 3.4). 

We then generated concentration-response curves with these peptides and determined 

their IC50 values for inhibition of OGT, which ranged from 21-37 µM (Figure 3.5). 

Interestingly, the remaining peptides in the series that were evaluated showed no 

significant inhibition towards OGT. This suggests that, although some variability is 

tolerated between the key residues of the consensus motif, there are still some 

constraints that must be adhered to for binding and inhibition to be tolerated. In 

particular, peptides containing hydrophobic residues (Met, Ile, Val) within the variable 

positions of the consensus motif appear to be important for inhibition. 

Table 3.1. Sequences and conserved motifs of prioritized peptides from phage 
panning which were synthesized for inhibition studies. 

 
 

Peptide ID Sequence Motif Family NCPM ranking         
(1 = highest) 

P1     NQYQPQYQILYAANR Y-x-P-Q-Y-Q 1 

P2    NSEYMPQYQIIFAHQ Y-x-P-Q-Y-Q 8 

P3    YDKVMPEYQIKYTTS [V/L]-x-P-x-Y 19 

P4   GPRNLIPKYQIQYTY [V/L]-x-P-x-Y 21 

P5    ETYFPPVYQMEFVQR P-x-Y-Q-M 25 

P7 GDFPVMFMPKYSIIY F-x-P-X-Y 7 

P8  TMPRDFTPKYQIMVK F-x-P-x-Y 12 

P9   TAPFYPPAYQIQVFK P-A-Y-Q-I 2 

P10    DRLFLPAYQIYPDVV P-A-Y-Q-I 9 
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Figure 3.4. Inhibition of prioritized peptides identified from phage panning 
towards OGT. 
 
Peptides were incubated with OGT at a concentration of 100 µM and 
relative glycosylation of the HCF-Serine peptide acceptor was determined 
using a fluorescence-based activity assay. Peptides displaying greather 
than 50% inhibition of OGT at this concentration were prioritized for 
follow-up experiments. Error bars represent S.E.M. of triplicate 
measurements.  
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Figure 3.5. Concentration-response curves of four peptide binders derived from 
phage display which inhibit OGT. 
 
The consensus motif determined from analysis of phage panning results 
is shown in red for each peptide. % OGT activity was determined relative 
to 1% v/v DMSO (100% activity) and 1 mM UDP (0% activity). Sigmoidal 
curves were fit using a four parameter log(inhibitor) vs response formula 
in GraphPad Prism 5. Error bars represent S.E.M. of quadruplicate 
measurements. 

3.2.3. Phage library maturation and evaluation of sequence analogues 

After determining IC50 values of the hits identified from phage panning and 

thereby validating the consensus motif that was identified, we next sought to build upon 

these observations by generating a focused library for subsequent phage selection 

experiments.  To accomplish this, a phage library consisting of 11 amino acids was 

constructed centred the top four inhibitory OGT sequences (Figure 3.5), with an 

additional 762 randomized sequences also included for quality control. Full positional 

maturation was then performed on this library, introducing single point mutations using 

saturation mutagenesis. Using this focused library phage library, we then carried out an 

additional round of phage panning against OGT using this focused library in an effort to 
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identify more potent binders and inhibitors. We were encouraged to discover after 

sequencing analysis that four families of peptides were enriched after panning, with their 

sequences relating to those of the four inhibitory peptides identified from the first round 

of panning. We ranked these peptides based on their relative fold-enrichment over the 

parent sequences and prioritized a further ten sequences to be synthesized for 

confirmation (Table 3.2). Although seven of these peptides displayed similar or weaker 

potency than the parent peptide, we discovered that three sequences had improved 

inhibitory potency toward OGT (Figure 3.6). These hits displayed IC50 values of 5-7 µM, 

representing a 5- to 6-fold improvement over the first generation of peptides. This 

improvement in potency suggests that, while the consensus motif is critical for binding to 

OGT, the flanking positions and positions between the conserved residues also play a 

large role in the potency of binding and inhibition. 

 
Table 3.2. Summary of IC50 values for peptides which were prioritized for 

synthesis after maturation of the phage library and additional 
panning against OGT. 
 
Peptides were assessed for inhibition towards OGT using a fluorescent in 
vitro activity assay. Parent sequences are shown above each group. 
Bolded red font indicates the site of mutation relative to the parent family 
sequence identified in the first round of phage panning. Peptide 
sequences are aligned to the consensus motif. 

Peptide Sequence IC50 (µM) 

P7 (parent) GDFPVMFMPKYSIIY 31 

     P11 GDFPVMFMPKYSIIF 6.0 

     P12 GDFPVMFMPKYSWIY 6.4 

P1 (parent)     NQYQPQYQILYAANR 37 

     P13     NQYQPRYQILYAANR >100 

     P14     NQPQPQYQILYAANR >100 

P9 (parent)   TAPFYPPAYQIQVFK 34 

     P15   TAPFYPPAEQIQVFK >100 

     P16   TAPFYPPAYMIQVFK 39 

P2 (parent)    NSEYMPQYQIIFAHQ 21 

     P17    NWEYMPQYQIIFAHQ 5.1 

     P18    NSEYMPKYQIIFAHQ 28 

     P19    NWEYMPKYQIIFAHQ 18 
 
 

To better understand the means by which these peptides inhibit OGT, kinetic 

analyses were performed to identify their modes of inhibition. This was accomplished by 
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varying either the concentration of the fluorescent UDP-GlcNAc donor or the peptide 

acceptor used in the OGT activity assay in the presence of several concentrations of 

inhibitor OGT-P17, the most potent sequence. It was found that the inhibition of P17 was 

non-competitive with respect to both UDP-GlcN-BODIPY and Casein Kinase II (CKII) 

oligopeptide acceptor (Figure 3.7), suggesting that binding of the peptides occurs 

outside of the active site of OGT. In addition, we determined whether these peptides 

inhibit the short variant of OGT used in structural studies, OGT4.5, and found similar IC50 

values (data not shown). This indicated that the peptides bind OGT at some other region 

within the catalytic domain, or within the portion of the TPR nearest to the catalytic 

domain.  

 

Figure 3.6. IC50 values for three inhibitory peptides derived from the second 
round of phage panning against OGT. 
 
Inhibitory activities of peptides having lower IC50 values shown in 
comparison with the IC50 values obtained for the original sequences 
identified in the first rounds of selection. Six additional synthesized 
peptides showed reduced potency or no activity and are not shown. 
Maturation of the library was centered around 7 families of sequences 
identified from the original panning experiments, and saturation 
mutagenesis was performed to induce point mutations at random 
locations within these sequences. Mutations in the sequences from round 
2 are in bolded red font. Assay conditions were identical to those 
described in Figure 3.5. 
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Figure 3.7. Phage peptide P17 inhibits OGT non-competitively with respect to 
both UDP-GlcNAc and CKII peptide acceptor substrate.  

 
A, Michaelis-Menten curves of UDP-GlcN-BODIPY in the presence of varying 
concentrations of peptide P17. B, Michaelis-Menten curves of Biotin-CKII in the 
presence of varying concentrations of peptide P17. Increasing concentrations of P17 
result in a reduction of Vmax without significantly affecting KM. Data processing and curve 
fitting were performed using Graphpad Prism 5. 

3.2.4. Bioinformatic analysis of inhibitory consensus motif 

Intrigued by the strong consensus motif which was identified from phage 

panning, we wondered whether part or all of this sequence was shared by any naturally-

occurring mammalian proteins and, if so, whether these proteins might be capable of 

interacting with OGT. We therefore performed bioinformatic analyses of the consensus 

sequence using the MOTIF Search function of the GenomeNet web tool provided by the 

Kyoto University Bioinformatics Centre. We searched the protein encoding regions of the 

human genome for the putative [Y/F]-x-P-x-Y-x-[I/M/F] motif that we had identified from 

phage panning and confirmed through inhibition studies, while allowing for variability at 

the internal positions. This analysis returned 112 human genes which encode for 

proteins containing some variation of the motif (Supplementary table 3.1). Of these, 52 

proteins have a nuclear or cytoplasmic sub-cellular localization in common with OGT. 

Therefore, some of the proteins in this set may be capable of binding to OGT through 

this motif and thereby modulating the activity of OGT. However, a number of other 

factors, such as the secondary structure of the protein in the region bearing the motif, 

will govern the ability of OGT to interact with the sequence. Additional experiments to 

investigate these putative interactions in greater detail are underway.  
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3.2.5. RaPID mRNA display screening 

 Given the success of phage display in identifying peptide binders having 

moderate potency, we next chose to implement RaPID mRNA display technology to 

screen for macrocyclic peptide binders of OGT. This was accomplished using 

recombinant full-length OGT bearing an N-terminal His6 tag to permit immobilization on 

magnetic beads. The protein was incubated with a library comprising approximately 1012 

unique peptide sequences. The library contained either an L- or D-N-chloroacetyltyrosine 

residue fixed at the first position of the sequence and a terminal cysteine residue to 

induce cyclization of the peptide following translation. Five rounds of selection were 

performed to enrich sequences which were present in low abundance yet displayed high 

affinity towards OGT. The puromycin-tagged genetic barcode for the macrocycles was 

amplified by PCR using primers flanking the barcodes and then decoded by next 

generation sequencing. Sequences enriched during the RaPID screen were ranked 

according to frequency and grouped into five families based on similarity (Figure S3.1 

and S3.2). A small panel of 2-4 peptides showing high enrichment was then prioritized 

from each family and were synthesized for confirmation in bioassays (Table 3.3). 

Peptide name Sequence OGT IC50 (μM) 

L1 short yFC*PCY 27 ± 4 

L1 yFC*PCYQIKYVKPS 11 ± 2 

L3 yWYTGKHRPRFYPC* 0.078 ± 0.01 

L4 yFC*PKYQIIWTS 30 ± 4 

L7 yFC*PQYQITYYRS 19 ± 2 

L9 yVNRKPWWVYIRTC* >100 

L10 yRAPNTQAVWYC* 2.8 ± 0.7 

D1 xWLYDETIYQWPC* >100 

D2 C14S xIQYIHGFEYWSCC* >100 

D2 C13S xIQYIHGFEYWSC*C >100 

D3 xIFTYQGLPKFAIC* 0.19 ± 0.05 

D5 xWYTYRHRVVYGEC* 0.062 ± 0.008 

D6 xWNQEQDIWSFPC* >100 

D11 xLYYDEDGIHSLHC* >100 

 
Table 3.3. Sequences of synthesized macrocyclic peptides identified from 

RaPID mRNA display screening and their in vitro IC50 values for 
inhibition of OGT.  
 
Peptides were assessed for inhibition towards OGT using a fluorescent in 
vitro activity assay. y = L-N-chloroacetyltyrosine, x = D-N-
chloroacetyltyrosine, C* = cyclized cysteine residue.  
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3.2.6. Functional evaluation of enriched macrocycles 

To confirm the affinity of the selected sequences towards OGT, two independent 

assays were performed. First, the macrocycles synthesized by solid-phase peptide 

synthesis were assessed for their ability to inhibit recombinant OGT with our previously 

described in vitro activity assay using a fluorescent UDP-GlcNAc donor substrate and 

peptide acceptor. We found that eight of the peptides displayed concentration-

dependent inhibition of OGT, while the remaining six peptides were inactive at 

concentrations below 100 µM (Table 3.2). Strikingly, three of the inhibitory peptides 

possessed very potent IC50 values ranging from 60-200 nM (Figure 3.8), placing them 

among the most potent inhibitors of OGT identified to date134,138. Notably, however, it is 

possible that these other cyclic peptides may bind to OGT yet not inhibit the enzyme. 

Nevertheless, because we were particularly interested in inhibitors, we focused on those 

macrocycles showing the most potent inhibition. 

We were curious to determine if these compounds retained their inhibitory 

potency when tested against OGT4.5, a truncated construct of OGT with a shortened N-

terminal TPR that has been used for X-ray crystallography studies35. Interestingly, we 

discovered that none of the most potent inhibitory macrocycles showed any significant 

inhibition of OGT4.5 when incubated at the same concentrations used for full-length 

OGT (Figure 3.9C). Taken together, these results suggest that the peptides bind to OGT 

near the N-terminal region encompassing the first 9 TPR repeats of OGT and are 

capable of inhibiting the glycosylation activity of the full-length enzyme through an 

allosteric mechanism. To confirm this expectation, we used the two most potent 

analogues (peptides L3 and D5) with full-length OGT and determined their mode of 

inhibition. These experiments clearly showed that inhibition was non-competitive with 

respect to UDP-GlcNAc, supporting the idea that the macrocycles do not inhibit OGT by 

binding to the active site (Figure 3.9A and B). 
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Figure 3.8. Four macrocyclic peptides identified through RaPID mRNA display 
screening are potent inhibitors of OGT. 
 
A, Concentration-response curves showing inhibition of OGT determined 
by a fluorescent in vitro activity assay. Data were fitted to a normalized 4-
parameter sigmoidal inhibition curve using Graphpad Prism 5. Error bars 
represent S.E.M. of triplicate measurements. B, Structures of inhibitory 
macrocyclic peptides. 

As noted above, we recognized that some of the peptides may be capable of 

binding to OGT without inhibiting the activity of the enzyme. To investigate this 

possibility, each macrocycle was evaluated using a differential scanning fluorimetry 

(DSF) based thermal shift assay194. We found that each of the potent inhibitory peptides, 

when incubated with the N-terminal TPR domain of OGT at a final concentration of 20 

µM, resulted in a positive shift in the melting temperature of the TPR relative to the 

observed melting temperature in the absence of ligand (Figure 3.10). The increase in 

thermal stability of the protein in the presence of these compounds suggest that they 

directly bind and stabilize the TPR domain of OGT. In contrast, we saw no stabilization 

when the TPR domain was incubated with the other non-inhibitory peptides in the series 

(Figure S3.3). Furthermore, we did not observe any stabilization of the truncated 

OGT4.5 construct by these inactive peptides, consistent with the lack of inhibition 

observed in our activity assay (Figure S3.4). Taken together, these thermal shift data 

confirm that the potent inhibitory macrocycles bind to the TPR domain of OGT and 

suggest that peptides which do not inhibit the enzyme also do not bind to either domain 

of OGT. As such, we focused on the panel of peptides that showed nanomolar inhibition 

and clear evidence of binding to OGT for further biological study.  
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Figure 3.9. Macrocyclic peptides identified through RaPID mRNA display 
screening bind to the N-terminal TPR region of OGT and inhibit the 
enzyme through an allosteric mechanism. 
 
A, Lineweaver-Burk plot depicting non-competitive inhibition of full-length 
OGT by L3 peptide in the presence of varying concentrations of 
fluorescent UDP-GlcNAc donor substrate. A Ki value of 130 ± 10 nM was 
determined through non-linear regression of Michaelis-Menten curves. B, 
Lineweaver-Burk plot depicting non-competitive inhibition of full-length 
OGT by D5 peptide in the presence of varying concentrations of 
fluorescent UDP-GlcNAc donor substrate. A Ki value of 91 ± 7 nM was 
determined through non-linear regression of Michaelis-Menten curves. C, 
The activity of OGT4.5 in the presence of varying concentrations of L3, 
L10, D3, and D5 peptides. No inhibition of OGT4.5 is observed for any of 
these peptides. 
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Figure 3.10. The identified macrocyclic peptides that inhibit OGT bind to and 
stabilize the TPR domain. 
 
The thermal stability of the OGT TPR construct in the presence or 
absence of 20 µM of each macrocyclic peptide ligand was assessed 
using a DSF-based thermal shift assay. Thermal denaturation of the 
protein occurs at higher temperatures in the presence of ligand, indicating 
direct binding of the peptide to the protein, leading to stabilization of the 
TPR construct against thermal denaturation. Dashed lines indicate S.E.M. 
(n=3).  

 

To further interrogate the binding of this scaffold to OGT, we performed 

isothermal titration calorimetry (ITC) experiments using recombinantly-expressed OGT 

TPR domain and peptide L3. These experiments confirmed that L3 is a potent binder of 

the TPR, with a Kd value of 15 ± 2 nM (Figure 3.11). Analysis of the thermodynamic 

constants obtained from the ITC data indicated that binding of the peptide was 

exothermic and driven mostly by enthalpic contributions. Notably, the calculated 

dissociation constant obtained by ITC was lower than the Ki value we obtained from our 

kinetic assays, which we reasoned may stem from the allosteric nature of inhibition. We 

conclude that such potent binding of the macrocycles to OGT, and the unprecedented 
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allosteric mode of inhibition through binding to the TPR domain, would make them 

interesting and potentially useful chemical tools.  

 

Figure 3.11. L3 peptide binds to OGT with low-nanomolar affinity. 
 
A, ITC thermogram obtained from titration of 10 µM OGT with 150 µM L3 
peptide at 25°C. B, integrated heat plot and calculated thermodynamic 
constants for L3. 

3.2.7. Development of a biotinylated macrocyclic chemical probe for 
OGT  

Given the potent binding and inhibition displayed by this series of macrocycles, 

we next aimed to exploit these compounds as potential chemical tools that could be 

used to study the regulation and activity of OGT. We therefore synthesized an analogue 

of the most potent macrocycle, the L3 peptide, containing a propargylalanine residue at 

the C-terminus of the peptide which would permit derivatization at this position using 

copper-mediated azide-alkyne click chemistry (CuAAC). We reasoned that 

functionalization at this position would minimize disruption of binding to OGT, given that 

the C-terminus is covalently linked to puromycin and the mRNA barcode during the 

RaPID screen. After obtaining this intermediate, we used CuAAC conditions to couple 

the alkyne macrocycle to a biotin derivative containing a PEG3 linker, a disulfide group, 

and a terminal azide (Figure 3.12). We envisioned that this biotinylated L3 analogue 

would serve as an effective pull-down probe to isolate endogenous OGT from cell 

homogenates using immobilized streptavidin. Additionally, the presence of a cleavable 

disulfide bridge would permit the release of bound OGT from the streptavidin resin using 

mild conditions such as the gentle reducing agent dithiothreitol (DTT), allowing 

convenient retrieval and analysis of endogenous OGT from lysates. We expected that 

this tool compound would therefore prove useful for mass spectrometry-based proteomic 
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analyses of post-translational modifications (PTMs) which OGT possesses in various 

tissues and cells. 

 

 

Figure 3.12. Synthesis of L3-Biotin.  
 
The probe consists of an OGT-directed recognition motif, a cleavable 
disulfide bridge, a PEG3 spacer, and a biotin moiety to enable pull-down 
using streptavidin-coated beads. 

After synthesizing L3-biotin, we first verified that the addition of the biotin and 

linker group was tolerated by OGT. We found that the inhibitory potency of L3-biotin 

towards OGT (IC50 = 110 nM) was similar to that seen for L3, indicating that the probe 

retains its ability to bind to OGT (Figure 3.13). We next assessed its ability to pull down 

recombinant OGT by incubating the protein with 500 nM L3-biotin and then adding 

streptavidin-coated magnetic beads. After immobilizing and washing the beads, 

treatment with 60 mM DTT resulted in cleavage of the disulfide bond and permitted 

elution of OGT from the streptavidin beads (Figure 3.14, lane 7).  

 

Figure 3.13. L3-biotin dispalys similar inhibition towards OGT compared to L3. 
 

Concentration-response curves showing in vitro inhibition of OGT activity towards a 
peptide acceptor in the presence of varying concentrations of L3 and L3-biotin. Because 
the substrate is also biotinylated to facilitate capture and washing prior to the read step, 
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control wells containing substrate and free biotin were included to account for any 
inhibition caused by competition for streptavidin binding sites rather than direct inhibition 
of catalysis by OGT. Percent relative activity of the enzyme in the presence of L3-biotin 
were calculated as a fraction of the activity seen in the absence of inhibitor and presence 
of an equivalent amount of free biotin. Data were fitted to a normalized 4-parameter 
sigmoidal inhibition curve using Graphpad Prism 5. Error bars represent S.E.M. of 
triplicate measurements. 

 

Figure 3.14. Western blot analysis of capture and elution of recombinant OGT 
using L3-biotin. 
 
100 nM OGT was incubated with either 500 nM L3-biotin or 500 nM L3, 
after which streptavidin-coated magnetic beads were added (final 
concentration 0.2 mg/mL). Lanes 1 and 2; supernatant after addition and 
immobilization of beads. Lanes 3-6; supernatant after washings. Lane 7 
and 8; supernatant after incubation with DTT at 60 mM final 
concentration. Lanes 9 and 10; supernatant obtained by treating 
streptavidin beads with SDS-PAGE loading buffer and boiling for 5 
minutes.  

Encouraged by these results, we decided to use the L3-biotin probe in tissue 

lysates as an approach to isolate and characterize endogenous OGT. We chose to first 

investigate bovine brain homogenates since OGT has been found to be expressed at 

high levels in brain tissue33,249. Freshly-preserved brain samples were cryohomogenized 

and subsequently treated with L3-biotin or L3 following a similar protocol as used when 

analyzing binding to recombinant OGT. OGT obtained after cleavage and elution from 
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the streptavidin beads was then analyzed by MS/MS to map post-translational 

modifications to OGT. Analysis of these results is currently ongoing. 

3.2.8. Towards the development of cell-permeable macrocyclic OGT 
inhibitors 

 Inspired by the potent in vitro inhibition displayed by the panel of macrocyclic 

peptides towards OGT, we next sought to develop analogues that would be capable of 

inhibiting OGT activity in live cells. Given that these inhibitors were enriched over several 

rounds of selection amongst a diverse library of macrocycles, we predicted that they 

would act as highly selective inhibitors of OGT, making them potentially useful tool 

compounds for cell-based experiments. To realize this goal, we hypothesized that the 

addition of a cell-penetrating peptide (CPP) at the C-terminus of the macrocycle would 

enable the compounds to cross cell membranes. A number of peptide sequences that 

confer cell-permeating properties have been identified in recent years. These typically 

present a combination of hydrophobic and positively-charged residues that allow for 

interaction with the negatively-charged phosolipid bilayer250,251. We therefore synthesized 

a chimeric analogue of peptide L3 which bears a triple glycine-serine spacer at the C-

terminus of the macrocyclic core, followed by an Arg8 peptide( L3-R8, Figure 3.14), which 

has been successfully employed for the delivery of cargo in several studies219,252,253. We 

found that the addition of the Arg8 sequence and glycine-serine spacer did not 

significantly impair the inhibitory potency of the compound when tested in vitro against 

recombinant OGT (Figure 3.15). We then treated HEK293 cells with L3-R8 and assessed 

inhibition of OGT by immunoblotting for total O-GlcNAc levels and OGT levels (Figure 

3.16). 

 

 

Figure 3.15. Structure of L3-R8. 
 
Peptide was generated by automated solid-phase peptide synthesis 
(Methods, 3.5.10) 
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Figure 3.16. L3-R8 has similar inhibitory potency towards OGT as 
L3. 
 
Concentration-response curves showing inhibition of OGT determined by 
a fluorescent in vitro activity assay. Data were fitted to a normalized 4-
parameter sigmoidal inhibition curve using Graphpad Prism 5. Error bars 
represent S.E.M. of triplicate measurements. 

Despite the addition of the Arg8 CPP moiety, no significant inhibition of OGT 

activity was observed after three days of treatment at a final concentration of 20 µM 

(Figure 3.17). While the precise reasons for this are unclear, we hypothesized that the 

probe may remain trapped in endosomes after crossing the cell membrane, or is capable 

of entering the cytosol but is quickly degraded. As such, other strategies are being 

pursued to deliver the inhibitory macrocyclic scaffold to cells or to make it impervious to 

cellular proteases. Alternatively, it is possible that the binding site of the macrocycle on 

OGT is shared with another cellular protein or metabolite, which therefore competes with 

the macrocycle and limits cellular inhibition. Notably, the expression levels of OGT in the 

presence of L3-R8 are marginally elevated (Figure 3.17), suggesting a compensatory 

mechanism may occur within cells in response to macrocycle binding. Experiments to 

examine this possibility using the L3-biotin affinity probe are ongoing. 
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Figure 3.17. L3-R8 does not significantly inhibit OGT activity in 
cells. 
 
Western blot analysis showing effect of OGT inhibition by L3-R8 as 
determined by measuring total O-GlcNAc and OGT levels. HEK293 cells 
were treated for 72 hours with either vehicle control, OGT inhibitor 4b 
(positive control) at 20 µM, L3-R8 (20 µM) or Thiamet-G. 

3.3. Discussion 

 The O-GlcNAc post-translational modification has recently emerged as a key 

regulator of numerous signalling pathways that govern central cellular processes such 

as transcription57, protein stability186, and cell-cycle91,187. In particular, inhibition of OGT 

through genetic and pharmacological approaches has been shown to improve outcomes 

in pathologies that are linked to excessive OGT activity such as cancer86,87,91. However, 

the development of selective and cell-permeable small molecule inhibitors for OGT has 

remained challenging. As such, the use of display technologies to select for peptide-

based binders and inhibitors of OGT represents a novel approach towards the discovery 

of chemical tools which can be used to study OGT, and indeed other 

glycosyltransferases, in their biological contexts.  

 The inhibitors identified from phage display screening have a variety of potential 

applications for the study of OGT structure and function. With relatively potent inhibition 

in the single digit micromolar range, peptides P11, P12 and P17 should prove useful for 

the inhibition of OGT in vitro and in cell lysates. Additionally, we expect that future 

derivatization of these compounds will permit experiments in cells by improving their cell 
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permeability and stability to proteolytic degradation. This can be accomplished through 

modification of the peptide backbone to introduce structural features such as N-

methylation or more efficient cell-penetrating peptide motifs. Furthermore, genetic 

encoding of the inhibitory peptide sequences into cellular proteins will permit the 

expression of these peptides within cells. This would have a variety of potential 

applications, such as the ability to direct OGT localization to specific proteins or cellular 

compartments which bear the peptide motif as a tag. 

 Although the precise location of which these molecules bind to OGT remain 

unknown, the requirement for a proline residue identified within the consensus motif 

suggests they may bind within the superhelical cleft of OGT that is generally thought to 

bind peptides in an extended conformation. The strong preference for an internal proline 

shares similarity with observations on the preferred sequences of OGT acceptor 

substrates, where a proline at the -2 site relative to the acceptor serine or threonine is 

presumed to facilitate glycosylation by extending the conformation of the peptide to bind 

within the active site groove. A similar function of the proline may be at play for the 

inhibitory phage peptides described herein. Additionally, similarities exist between the 

permitted residues at the conserved sites of the consensus motifs. For example, 

aromatic residues (Tyr and Phe) are preferred at position 1, whereas hydrophobic amino 

acids such as Leu, Ile and Met are common at position 7. This suggests specific 

structural features are recognized by OGT which impact binding affinity and inhibition. 

The precise mechanism of binding of both the linear and macrocyclic peptides are 

currently being investigated through X-ray crystallography of complexes with these 

inhibitors and OGT. 

 Bioinformatic analysis of the putative [Y/F]-x-P-x-Y-x-[I/M/F] consensus motif 

revealed that 112 human genes encode for proteins bearing some variation of this 

sequence. Therefore, it is possible that some of these proteins regulate the activity of 

OGT by binding and inhibiting the enzyme. The ability of OGT to interact with an 

individual protein depends on a number of factors, such as the subcellular localization of 

the protein and whether the binding motif is located on an ordered or disordered region 

of the protein30. Since OGT is believed to bind to disordered regions or proteins, some of 

the motifs identified from this search will not be accessible to the enzyme if they are 

contained within an ordered secondary structure such as an alpha helix or beta sheet. 

The order or disorder of a polypeptide can also depend on its environment and protein 
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binding partners. Thus, it is difficult to predict with certainty which of these proteins are 

genuinely capable of interacting with OGT without experimental confirmation. A logical 

step, however, would be to determine which, if any, of these candidates have been 

observed to interact with OGT. Additionally, bioinformatic and computational analyses to 

identify which of these proteins present the sequence in what would be predicted to be 

an intrinsically disordered region could be performed. Accordingly, these results open an 

unexplored avenue in the cellular regulation of OGT which may prove to be of 

fundamental importance. 

 The discovery of the inhibitory macrocyclic peptides identified from RaPID mRNA 

display screening represent another novel class of OGT inhibitors. With IC50 values 

below 200 nM, these compounds rank among the most potent OGT inhibitors reported to 

date. These compounds are likely to emerge as effective tools for the study of OGT 

activity in a variety of contexts. Of particular interest is the allosteric mode of inhibition by 

which these ligands operate. Because the peptides do not inhibit the shorter OGT4.5 

construct, they must bind outside the active site toward the N-terminus of the protein, 

raising interesting questions about how they are capable of inhibiting the 

glycosyltransferase activity of OGT on a short peptide acceptor substrate which binds a 

considerable distance away. One possible mechanism is that these macrocycles induce 

a conformational change in the 3-dimensional structure of the enzyme which affects its 

ability either to bind to the donor and acceptor substrates in the active site or facilitate 

catalysis. Structural biology experiments are ongoing to address the site of binding and 

gain insight into the factors governing inhibition. Regardless, these compounds should 

aid in furthering our understanding of the mechanisms by which OGT binds and acts 

upon its substrates. 

 OGT is notable for the fact that it catalyzes the glycosylation of hundreds of 

protein targets30. Despite some recent progress in determining amino acid sequences 

which appear to favour glycosylation44, the factors that govern substrate selection by 

OGT remain largely unknown. The allosteric inhibition demonstrated by peptides L3 and 

D5 may suggest that an undiscovered regulatory site is present on OGT, which could 

have notable biological significance within cells. Indeed, it is reasonable to hypothesize 

that cellular metabolites or interacting proteins are capable of binding to OGT and tuning 

its activity within cells, representing one possible way that the catalytic promiscuity of the 

enzyme can be controlled. Structural and functional studies with these macrocycles will 



114 

help to elucidate whether such a generalized regulatory site is present and may help 

uncover the possible significance of such allosteric regulation in biological contexts. 

Given the potency and expected selectivity of these peptide scaffolds, derivatives 

of the inhibitors will have a variety of applications as chemical tools. In particular, we 

expect that L3-biotin will prove useful for the convenient isolation and characterization of 

endogenous OGT which, to our knowledge, has not yet been accomplished using 

chemical probes. In combination with mass spectrometry-based proteomic analysis, 

these experiments will provide critical information about the post-translational state of 

OGT in its native environments. These PTMs may represent another way that the 

activity of OGT is controlled within cells. Additionally, these pull-down experiments may 

permit the isolation and identification of binding partners which interact with OGT. These 

binding partners could also play roles in regulating OGT activity and substrate selection. 

Another intriguing application of these compounds is their modification to effect 

inhibition of OGT activity in live cells. Unfortunately, the cell-penetrating Arg8 tag which 

was conjugated to L3 did not result in measurable inhibition of OGT in HEK293 cells as 

determined by immunoblotting of total O-GlcNAc levels. After considering this result, we 

hypothesize that the Arg8 CPP is capable of delivering L3 across cell membranes but 

may remain trapped in endosomes and is unable to reach the cytosol, as has been 

documented in several studies which have attempted similar delivery approaches using 

cell-penetrating peptides254. Alternatively, the cyclic peptides may be degraded by 

cellular proteases. Recent advances in this field have identified improved CPPs which 

include additional sequence features to facilitate cytosolic delivery after 

endocytosis251,255. Additionally, small molecules have been identified through high-

throughput screening that facilitate endosomal escape of CPP-tethered cargo by 

disrupting the membrane integrity of endosomes256. Studies with these improved 

technologies are presently underway in order to assess their potential in enhancing the 

cellular inhibition of OGT using these inhibitory macrocycles. 

3.4. Conclusions 

In summary, we have performed two independent selections for peptide-based 

binders of OGT by harnessing the potential of genetically encoded libraries.  Using 

phage display, a series of linear peptide binders with single digit micromolar inhibition of 
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OGT were identified. After several rounds of enrichment and maturation of the phage 

library, a clear consensus motif within these inhibitory peptides was established and 

verified. This motif should serve as an effective tool for targeting and inhibiting OGT 

activity in cells through genetic techniques. Additionally, an mRNA display screen 

encompassing a library of 1012 cyclic peptides was performed against OGT, leading to 

the identification of potent macrocycles with nanomolar affinity. These compounds inhibit 

OGT allosterically by binding to the N-terminal TPR region of the enzyme, representing a 

unique form of inhibition at what we believe is likely to be a previously uncharacterized 

regulatory site. Conjugation of a cleavable biotin linker to this macrocyclic scaffold 

enabled creating a chemoproteomic probe for OGT, permitting the isolation of 

endogenous OGT and mapping of its post-translational modifications. Taken together, 

these screens represent novel strategies toward the development of new chemical tools 

for the study of OGT structure and function. 

  

3.5. Methods 

3.5.1 OGT expression and purification 

The plasmid containing the gene encoding full-length human OGT in a previously-

reported pET28a vector160 was transformed into competent Escherichia coli BL21 (DE3) 

cells (Invitrogen). Successful transformants were cultured in Terrific Broth supplemented 

with 50 µg/mL kanamycin at 37°C until an optical density of 1.8 absorbance units was 

reached. Protein expression was induced with 0.2 mM isopropyl β-D-thiogalactoside at 

16°C for 18 h. Cells were the harvested and resuspended in 2 mL BugBuster protein 

extraction reagent (EMD Millipore) per gram of cell pellet in the presence of 1 mg/mL 

lysozyme, 0.2 mg/mL DNase and an EDTA-free protease inhibitor tablet (Roche).  The 

mixture was gently rocked at 4°C for 30 min and then clarified by centrifugation for 2 x 

30 min at 18,000 x g.  The cell lysate was then applied to a 1 mL HisTrap nickel column 

(GE Healthcare) which was pre-equilibrated in 50 mM HEPES, 300 mM NaCl, 20 mM 

imidazole and 1 mM DTT at pH 7.5. The protein was purified using an imidazole gradient 

of 20-500 mM over 50 min on an AKTA FPLC (GE Healthcare). Fractions judged as pure 

were pooled and dialyzed at 4°C in 50 mM HEPES buffer containing 500 mM NaCl and 
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1 mM DTT at pH 7.4. Aliquots of OGT were flash frozen and stored at -80°C for future 

use. 

3.5.2 X15 Phage display library design 

The 48HD X15 (X15) library is a phage peptide library constructed in the phage 

vector M13KE, an M13mp19 derivative that can be propagated without the need for 

helper phage superinfection257. The library was constructed by inserting a synthetic 

oligonucleotide library (Twist Bioscience, San Francisco) into the vector via KpnI and 

EagI sites as described previously258. The resulting library gives rise to phage encoding 

pIII protein with 15 random amino acids immediately downstream of the leader peptidase 

cleavage site in pIII. The low valency of pIII proteins on M13 (5 copies) gives rise to 

libraries that are well suited for discovery of high affinity ligands. A second type of library, 

called a ‘focus library’ was created by choosing enriched sequences obtained after 

panning as a new pool of oligonucleotides to be cloned into the modified M13KE vector. 

Details on the choice of sequences for that library are described in the 

Sequencing/Bioinformatics section below.   

 

3.5.3 Selection of phage peptides bound to OGT 

Four rounds of panning were performed using the X15 library and histidine-

tagged O-GlcNAc transferase (OGT) as a target. Manipulations of solutions and 

magnetic beads were performed manually in the first round; for subsequent rounds a 

Kingfisher Duo Prime magnetic bead purification system was used (Thermofisher).  

The X15 library was depleted for bead-binding phage by incubation with 

Dynabeads (Thermofisher) before panning. All bead incubations were set up in 1.7 ml 

Eppendorf tubes on a rotator.  One hundred microliters of beads were washed in HN 

buffer (50mM HEPES, 500 mM NaCl, pH 7.4), resuspended in a total volume of 100 µL 

of HN containing X15 library (1.411 PFU/mL), and incubated at 4°C overnight. The 

depleted library supernatant was then separated from magnetically immobilized beads 

and saved for panning. OGT-beads were prepared by incubating 10 µg of OGT protein 

with 20 µL of HN washed Dynabeads in total volume of 100 µL HN at 4°C overnight. 

OGT-beads were blocked with 2% bovine serum albumin (BSA) in HN at room 

temperature for 1 hour. Four replicate library panning tubes were set up, each containing 
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depleted X15 library (1011 PFU/mL) with blocked OGT-beads in 1 mL of 2%BSA/HN. 

The tubes were incubated at room temperature for 1.5 hours. After incubation, the OGT-

beads were immobilized by magnet and the supernatant was removed. The OGT-beads 

with bound phage were washed three times with 0.1% Tween/HN. Phage were released 

by incubating beads in 200 µL of 0.2M Glycine-HCl pH 2.2 on a rotator for 9 min. The 

supernatant containing released phage was removed from the beads and neutralized 

with 30 µL of 1M Tris-HCl pH 9.1. This pool of released phage was separated into three 

aliquots: (1) 200 µL of the pool was added to 25 mL of early log phase E.coli TG1 pRLA4 

and amplified in a shaking incubator at 37°C for 4.5 hours; (2) 20 µL was used as a 

source of DNA for next generation sequencing; (3) the remaining phage was quantified 

by plaque assay. 

Phage amplification and subsequent polyethylene glycol (PEG) precipitation was 

performed as described259. PEG precipitated phage were resuspended, titered, and used 

as the library for the next round of panning. For rounds 2, 3, and 4 of panning, beads 

were washed 1, 3, and 3 times respectively with the Kingfisher instrument. For rounds 3 

and 4 of panning, parallel negative panning controls were performed using depleted X15 

libraries and beads containing no target protein. Focus library panning was performed 

under the same conditions as round 1 of regular panning, with the addition of parallel 

negative panning controls. 

3.5.4 Sequencing of phage DNA 

Aliquots of phage pools taken at various stages during panning were used as a 

source of DNA for next generation sequencing on the Illumina NextSeq platform 

(Illumina, San Diego). These phage pools were converted to Illumina-compatible short 

dsDNA fragments by PCR using primers with four-nucleotide-long barcodes to trace 

multiple samples in one Illumina run as previously described260. A full analysis of the 

Illumina sequencing results from all rounds was performed. The results suggested that 

the output of round 3 had converged to a smaller set of sequences, which were potential 

binders. Meanwhile, the output of round 4 from both target panning and negative control 

panning indicated that they were similar to the random sampling of round 4 input. 

Therefore, we focused on the analysis on the data sets collected from round 3.   

Differential Enrichment (DE) analysis was applied on the data sets: 1) round 3 

input (r3_in), 2) round 3 post-depletion (r3_dep), 3) round 3 target panning output 



118 

(r3_target), and 4) round 3 negative control panning output (r3_ctr). First, we filtered out 

the singletons, the sequences which were observed only once through all replicates, in 

the dataset. Then, the Trimmed Mean of M-values (TMM) normalization and a negative 

binomial model were applied to train the data sets261, which estimated the normalized 

counts per million (CPM) of each sequence in each data set. After that, 645 sequences 

satisfying the criteria: 1) the fold change (Fc) ratios CPMr3_target/CPMr3_dep and 

CPMr3_target/CPMr3_ctr are above 2 with p-value less than 0.05; and 2) the Fc ratio 

CPMr3_dep/CPMr3_in is above 0.5. The second criteria ensured that the sequences 

were not potential bead binder, which were supposed to be removed or decreased 

through the depletion process. These 645 sequences were encoded by using the 

BLOSUM62 matrix, shown as below, then the density-based spatial clustering of 

applications with noise (DBSCAN) algorithm was applied to classify those sequences 

into 28 clusters. 

Then, considering 2 factors: 1) whether the sequence was observed in round 4 

target panning output, and 2) whether the sequence contains the most abundant motif 

pattern after a motif analysis on the 645 enriched sequences, 23 sequences were 

selected to build the focus library. Due to the capacity of library generation, each of the 

23 X15 sequences were first truncated to 5 X11 sequences. For example, the sequence 

NQYQPQYQILYANNR resulted in sequences NQYQPQYQILY, QYQPQYQILYA, 

YQPQYQILYAN, QPQYQILYANN, and PQYQILYANNR. Therefore, 115 X11 sequences 

were first included in the focus library. Then 7 out of the 115 sequences were selected 

for full positional maturation, replacing each position with the other 19 amino acid. The 

resulting sequences were included in the focus library as well.  

A single-round panning without depletion was performed on the focus library 

thereafter.  Three data sets were collected in this focus panning: 1) input (focus_in), 2) 

target panning output (focus_target), and 3) negative control panning output (focus_ctr). 

A similar DE analysis was applied these data sets as well to estimate the normalized 

counts per million (CPM) of each sequence in each data set. FC ratios 

CPMfocus_target/CPMfocus_in and CPMfocus_target/CPMfocus_ctr were used to 

select the sequences enriched most for the further study. 
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3.5.5 RaPID macrocyclic library design 

A thioether-macrocyclic peptide library was constructed using N-(2-chloroacetyl)-L- and 

N-(2-chloroacetyl)-D-tyrosine (ClAcY or ClAcDY) as initiators in a flexible in vitro 

translation (FIT) system reaction240. The underlying mRNA library was designed to have 

an AUG (ClAcY/ClAcDY) initiator codon followed by 7–12 NNK codons (N = G, C, A or 

U; K = G or U), that code for random proteinogenic amino acid residues, followed by a 

fixed UGC codon that codes for Cys. After in vitro translation, a thioether bond forms 

spontaneously between the N-terminal ClAc group of the initiator residue and the 

sulfhydyl group of the downstream Cys residue to generate the macrocyclic peptide 

backbone. The theoretical diversity of the peptide library is > 1012. 

3.5.6 Selection of macrocyclic peptides binding to OGT 

Affinity selection was performed using the both the ClAcY- and ClAcDY-initiated libraries 

against His6-tagged full-length OGT by employing the random non-standard peptide 

integrated discovery (RaPID) approach262. The mRNA library and ClAcY-tRNAfMet
CAU / 

ClAcDY-tRNAfMet
CAU were prepared as previously reported263,264, and the RaPID selection 

was conducted as previously reported. Briefly, 1 μM mRNA library was ligated to a 

puromycin-linked oligonucleotide (1.5 μM) using T4 RNA ligase at 25°C for 30 min. After 

purification by phenol–chloroform extraction and ethanol precipitation, 1.2 μM mRNA-

puromycin conjugate was translated at 37°C for 30 min in a methionine-deficient FIT 

reaction containing 25 μM ClAc-Y-tRNAfMet
CAU or 25 μM ClAc-DY-tRNAfMet

CAU to generate 

the peptide libraries. Following translation, the libraries were incubated at 25°C for 12 min 

to facilitate the formation of mRNA-peptide conjugates. Next, EDTA was added (to a final 

concentration of 20 mM) and the mixture was incubated at 37°C for 30 min to remove the 

mRNA-peptide conjugates from the ribosomes. The product was subsequently reverse-

transcribed using RNase H- reverse transcriptase (Promega) at 42°C for 1 h to yield 

peptide–mRNA/cDNA conjugates. The peptide–mRNA/cDNA conjugates were then 

buffer-exchanged in to selection buffer (phosphate buffered saline, pH 7.4, containing 0.05 

% (v/v) tween-20 and 1 mM dithiothreitol) using a short column of Sephadex G25 (GE 

Healthcare). Acetylated bovine serum albumin was added (to a final concentration of 1 

mg/mL) and the solution was incubated in the presence of Dynabeads His-Tag Isolation 

to remove His-tagged recombinant proteins and bead-binding macrocyclic peptides. This 

yielded the final library used for affinity selection. 
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For affinity selection to OGT, the library solution was incubated with 200 nM His6-tagged 

full-length OGT (immobilized on Dynabeads His-Tag Isolation) for 30 min at 4°C to isolate 

OGT binders. The beads were washed with ice-cold selection buffer and the peptide–

mRNA/cDNA binders were isolated from the beads by incubating in 1 × Taq buffer (10 mM 

Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3) for 5 min at 95°C. The amount of eluted 

cDNAs was measured by quantitative PCR. The remaining cDNAs were amplified by PCR 

and then purified and transcribed to produce an enriched mRNA library for the next round 

of selection. The selection was repeated for five rounds, and after the fifth round the 

recovered cDNAs were sequenced by MiSeq (Illumina). Single read 150 bp was sufficient 

to cover the NNK region. DNA reads with average Phred33+ score > 25 in the NNK region 

were translated and unique peptide sequences were tallied using custom python scripts. 

 

3.5.7 Fluorescent OGT activity assay 

Activity assays were performed as previously described248. Briefly, a master mix 

containing various concentrations of UDP-GlcN-BODIPY and biotinylated peptide 

acceptor is made up in PBS containing 12.5 mM MgCl2 and 1 mM DTT at pH 7.4. The 

reaction is commenced by the addition of recombinant OGT PBS to a final well volume 

of 25 µL and final OGT concentration of 20-200 nM. The plate is then incubated at 

ambient temperature for up to 60 min, during which time the reaction rate was shown to 

be linear. The reaction is terminated by the addition of 25 µL stop mix containing 2 mM 

UDP and 0.2 mg/mL streptavidin-coated magnetic beads (Trilink Technologies M-1002). 

The plate is incubated at room temperature for at least 30 min to allow for streptavidin-

biotin binding, and is then subjected to an automated washing procedure using a BioTek 

EL406 plate washer containing a magnetic adapter and a BioTek 384F magnet (12 wash 

cycles, 100 µL PBS dispensed per well, 6 mm aspiration height offset, 4 min initial 

resting time on magnet, 1 min rest between washes). At the end of the wash cycle, a 

final dispense of 50 µL PBS per well is performed using the syringe dispenser of the 

BioTek washer. The fluorescence signal is read using a Biotek Neo2 multimode plate 

reader using 490 nm excitation and 525 nm emission wavelengths. Each well is read 

using an area scan function which records the mean signal of 9 individual scans in a grid 
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pattern with 1.0 micron spacing between each point. Data were analyzed and plotted 

using GraphPad Prism 5. 

3.5.8 In vitro OGT inhibition assays 

IC50 experiments were carried out using the general procedure for the OGT activity 

assay, with the following modifications. Inhibitor stocks in DMSO were diluted to various 

concentrations and were pre-incubated with recombinant OGT on ice for at least 15 

minutes. The reaction was commenced by addition of a master mix containing both 3 µM 

UDP-GlcN-BODIPY and 10 µM Biotin-HCF peptide, corresponding to their respective KM 

values. Reactions proceeded at room temperature for < 60 min, during which the 

reaction progress was shown to be linear. The relative activity of OGT in the presence of 

inhibitor was assessed by normalizing fluorescent signal against controls which 

contained only DMSO (100% activity) and controls which contained 2 mM UDP (0% 

activity). Percent activities were plotted as a function of log10 concentration of inhibitor. 

Curves were fitted using a sigmoidal 4-parameter log(inhibitor) vs response function in 

GraphPad Prism 5 [Y=100/(1+10^((LogIC50-X)*HillSlope))]; IC50 values were calculated 

from the inflection point of sigmoidal curves. Full Ki inhibition experiments were carried 

out in a similar manner, except that the concentration of substrate was varied to at least 

5-fold above and 5-fold below the KM (app) in the presence of varying concentrations of 

inhibitor. Ki values were calculated using the non-linear regression function of GraphPad 

Prism 5. 

 

3.5.9 Differential scanning fluorimetry  

Differential scanning fluorimetry was performed using an Applied Biosystems 

QuantStudio 3 RT-PCR machine equipped with a 96-well heating block. Reactions were 

performed in MicroAmp 96-well optical PCR plates (Applied Biosystems) at a final 

volume of 20 µL per well. Reactions contained 0.6 mg/mL protein, 1X Protein Thermal 

Shift Dye (Thermo Fisher Scientific) and 0.2- 100 µM final concentration of ligand in 1X 

PBS. Reaction components were made up on ice; thermal shift assays were carried out 

at temperatures ranging from 25 to 95°C at a ramp rate of 0.05°C/sec. Fluorescence 

measurements were taken using a 580 nm excitation / 623 nm emission filter set. 

Reactions were performed in triplicate and data were analyzed using QuantStudio 

Design and Analysis software and GraphPad Prism 5. Melt curves were fitted to a 
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Boltzmann sigmoidal curve and apparent Tm values were determined by calculating the 

inflection point of the fitted curves. 

 

3.5.10 Chemical synthesis of macrocyclic peptides 

Macrocyclic peptides were chemically synthesized using a Syro automated peptide 

synthesizer (Biotage) and standard Fmoc solid-phase peptide synthesis techniques at 25 

μmol scale on NovaPEG rink amide resin (0.44 mmol/g substitution), as previously 

described3,4. Following synthesis, the chloroacetyl group was installed on the N-terminal 

amine group of the peptides by treating the resin with 0.15 M chloroacetic acid, 0.15 M 1-

hydroxybenzotriazole hydrate and 0.15 M N,N'-diisopropylcarbodiimide (final 

concentrations) in N,N-dimethylformamide for 1 h. The peptides were deprotected and 

cleaved from the resin using a solution of 92.5% (v/v) trifluoroacetic acid, 2.5% (v/v) water, 

2.5% (v/v) triisopropylsilane and 2.5% (v/v) 2,2-(ethylenedioxy)diethanethiol and then 

precipitated by the addition of ice-cold diethyl ether. To conduct the cyclization reaction, 

the peptide pellet was dissolved in 10 mL 4 : 1 DMSO/H2O, adjusted to pH > 8 by addition 

of triethylamine (20 – 40 μL) and incubated for 1 h at 42°C. The progress of the cyclization 

reaction was monitored by MALDI-TOF mass spectrometry (α-cyano-4-hydroxycinnamic 

acid matrix). After completion of cyclization, the reactions were quenched by acidification 

with trifluoroacetic acid (equal volume to that of triethylamine). The peptide solutions were 

directly purified by reverse-phase HPLC (Shimadzu Prominence LC-20AP with a Merck 

Chromolith Prep column, 200 × 25 mm i.d.) using a gradient of acetonitrile in water 

supplemented with 0.1% (v/v) trifluoroacetic acid. The fractions containing product were 

identified using MALDI-TOF mass spectrometry and lyophilized. The purity of the peptides 

was confirmed by analytical ultra high-pressure liquid chromatography using a Nexera X2 

system (Shimadzu) fitted with a C18 reversed phase column. Approximately 1 nmol of 

peptide was separated using a 20 – 70% (v/v) aqueous acetonitrile gradient supplemented 

with 0.1% (v/v) trifluoroacetic acid and monitored by absorbance at 280 nm.  

3.5.11 Synthesis of L3-Biotin 

2.9 mg (1.4 µmol) of propargyl L3-peptide, 1.5 mg (2.2 µmol) biotin-disulfide-

azide, and 0.5 mL DMF were added to a 5 mL round bottom flask charged with argon. A 

pre-mixed solution of copper (II) sulfate (0.36 mg, 1.4 µmol) and 2-(4-((bis((1-(tert-butyl)-
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1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (BTTA, 0.93 

mg, 2.2 µmol) in water (0.5 mL) was added to the flask, followed by  0.34 mg sodium 

ascorbate (1.7 µmol). The reaction was stirred under argon for 18 hours, then the 

solvent was removed. The crude material was purified on an Agilent 1200 series HPLC 

equipped with an Agilent SB-C8 Zorbax reversed-phase column (9.4 × 250 mm, 5μ 

particle size) at a flow rate of 2 mL/min. The mobile phase consisted of water and 

acetonitrile supplemented with 0.02% (v/v) formic acid. A gradient of 20:80 to 40:60 

H2O:CH3CN was used to elute the product, and the collected material was lyophilized to 

give L3-Biotin as a white powder (2.0 mg, 52%). Retention time 12.9 min, HRMS (ESI)+ 

m/z [M+3H]3+ calcd for C124H176N33O28S4 901.0743, found 901.0820. 

3.5.12 Cryohomogenization of bovine brain tissue 

Whole frozen bovine brain tissue (Pel-Freez Biologicals, Rogers, AK) was immediately 

transferred into polyethylene bags and crushed into pieces (Ø < 0.3 cm) by hammering. 

Crushed pieces were transferred into fresh bags and stored in liquid N2 until transferred 

into a mortar prefilled with liquid N2. Tissue pieces were then crushed into fine powder by 

gentle grinding using the pestle while liquid N2 was constantly refilled. Total fine tissue 

powder was then transferred into a fresh bag and mixed by gentle shaking of the bag to 

allow for a homogeneous powder mixture.   

3.5.13 Affinity purification of OGT from tissue homogenates 

Cryohomogenized tissue powder was weighed out using a metal spatula that was pre-

cooled in liquid N2 to transfer the tissue powder into pre-weighed microtubes. Tubes 

were weighed again and freshly prepared pre-cooled lysis buffer (50 mM HEPES, 300 

mM NaCl, 5 mM MgCl2, 5 mM EDTA, 10% Glycerol, 0.02% Triton X-100, pH 7.4), 

supplemented with 1 cOmplete™ Mini EDTA-free protease inhibitor cocktail tablet 

(Roche LifeScience, Madison, WI) per 50 ml, was added to the tissue powder in a 4:1 

ratio. The tissue lysate was immediately added to a pre-cooled glass dounce 

homogenizer and was sheared by up and down movements of the glass pestle. The 

tissue lysate was centrifuged at 17,000 x g for 30 min at 4°C, and then at 44,000 rpm for 

40 min at 4°C using an ultra-centrifuge (Beckman Coulter Optima™ L-80 XP) with a pre-

cooled TLA-55 rotor (Beckman Coulter). The supernatant was collected in fresh tubes, 

the pull-down probe and controls were added, and the samples were rotated for 60 min 

at 4°C. The NanoLink® Streptavidin Magnetic Beads (1.0 µm, TriLink Biotechnologies) 
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were blocked using Blocker Casein in TBS (Thermo Scientific) in a ratio of 9:1, washed 

3x with lysis buffer using a magnet, and were added to the sample and rotated for 

another 60 min at 4°C. Following, beads were pelleted and washed 5x with lysis buffer. 

The beads were then resuspended in elution buffer (lysis buffer containing 60 mM DTT) 

and shaken at 850 rpm for 10 minutes at RT on a thermomixer (Eppendorf). The 

supernatant was collected, and the beads were washed 3x with lysis buffer. Following, 

the beads were resuspended in SDS-PAGE loading buffer and heated to 95°C for 5 min 

and the supernatant was collected. Samples were then separated by SDS-PAGE and 

transferred to a 0.45 µm nitrocellulose membrane (Bio-Rad). The following antibodies 

were used for immunoblotting: anti-OGT (1: 2,000 dilution, clone D1D8Q, New England 

BioLabs, Whitby, ON), IRDye® 800CW Goat-anti-RIgG secondary antibody (1:20,000 

dilution, Li-Cor). 

3.6. Supplementary tables and figures 

3.5.14 Table of human genes containing the conserved motif identified from phage 
display screening of OGT 

Gene ID Name Motif position Motif sequence Localization: 

100505753 KRTAP16-1, KAP16.1; keratin 
associated protein 16-1 

426..432 YRPCYSI Cytosol 

200316 APOBEC3F, A3F, ARP8, 
BK150C2.4.MRNA, KA6; 
apolipoprotein B mRNA editing 
enzyme catalytic subunit 3F 

167..173 FMPWYKF Nucleus/cytosol 

9870 AREL1, FIEL1, KIAA0317; 
apoptosis resistant E3 ubiquitin 
protein ligase 1 

151..157 YSPYYKI Cytosol 

138162 C9orf116, PIERCE1, 
RbEST47; chromosome 9 
open reading frame 116 

123..129 FHPSYNI Nucleus 

140706 CCM2L, C20orf160, 
dJ310O13.5; CCM2 like 
scaffold protein 

45..51 YPPDYLI Nuclear/cytosolic 

337878 KRTAP7-1, KAP7.1; keratin 
associated protein 7-1 
(gene/pseudogene) 

10..16 YFPGYPI Cytoskeleton / 
cytosol 

1155 TBCB, CG22, CKAP1, CKAPI; 
tubulin folding cofactor B 

187..193 FKPGYWI Cytoskeleton / 
cytosol 
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11101 ATE1; arginyltransferase 1 370..376 YDPDYSF Nucleus 

55030 FBXO34, CGI-301, Fbx34; F-
box protein 34 

660..666 YGPGYWM Nucleus/cytosol 

55128 TRIM68, GC109, RNF137, SS-
56, SS56; tripartite motif 
containing 68 

462..468 FSPCYSI Nucleus 

55870 ASH1L, ASH1, ASH1L1, 
KMT2H, MRD52; ASH1 like 
histone lysine 
methyltransferase 

1378..1384 FYPSYGM Nucleus 

55619 DOCK10, DRIP2, Nbla10300, 
ZIZ3; dedicator of cytokinesis 
10 

1205..1211 YMPLYGM Nucleus 

50945 TBX22, ABERS, CLPA, CPX, 
TBXX, dJ795G23.1; T-box 
transcription factor 22 

468..474 FHPSYDF Nucleus 

79823 CAMKMT, C2orf34, CLNMT, 
CaM_KMT, Cam, KMT; 
calmodulin-lysine N-
methyltransferase 

95..101 FCPEYSI Nucleus 

11234 HPS5, AIBP63, BLOC2S2; 
HPS5 biogenesis of lysosomal 
organelles complex 2 subunit 2 

985..991 FWPGYLI Cytosol 

9246 UBE2L6, RIG-B, UBCH8; 
ubiquitin conjugating enzyme 
E2 L6 

57..63 FPPEYPF Nucleus/Cytosol 

8100 IFT88, D13S1056E, DAF19, 
TG737, TTC10, hTg737; 
intraflagellar transport 88 

32..38 YNPIYDI cytoskeleton 

221037 JMJD1C, KDM3C, TRIP-8, 
TRIP8; jumonji domain 
containing 1C 

2088..2094 FAPVYSM Nucleus 

3635 INPP5D, SHIP, SHIP-1, 
SHIP1, SIP-145, hp51CN, 
p150Ship; inositol 
polyphosphate-5-phosphatase 
D 

640..646 FAPTYRF Cytoplasm/membran
e 

55632 G2E3, KIAA1333, PHF7B; 
G2/M-phase specific E3 
ubiquitin protein ligase 

384..390 FNPSYAI Nucleus 

23230 VPS13A, CHAC, CHOREIN; 
vacuolar protein sorting 13 
homolog A 

2311..2317 FTPFYMI Cytosol 
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29940 DSE, DS-epi1, DSEP, DSEPI, 
EDSMC2, SART-2, SART2; 
dermatan sulfate epimerase 

473..479 YGPKYTF Cytosol/golgi 

5001 ORC5, ORC5L, ORC5P, 
ORC5T, PPP1R117; origin 
recognition complex subunit 5 

178..184 YFPDYSI Nucleus 

6617 SNAPC1, PTFgamma, 
SNAP43; small nuclear RNA 
activating complex polypeptide 
1 

66..72 FLPPYTF Nucleus 

84232 MAF1; MAF1 homolog, 
negative regulator of RNA 
polymerase III 

104..110 FRPDYDF Nucleus 

5287 PIK3C2B, C2-PI3K; 
phosphatidylinositol-4-
phosphate 3-kinase catalytic 
subunit type 2 beta 

802..808 FSPRYEF Nucleus/cytosol 

51496 CTDSPL2, HSPC058, 
HSPC129; CTD small 
phosphatase like 2 

255..261 FDPYYFI Nucleus 

6654 SOS1, GF1, GGF1, GINGF, 
HGF, NS4, SOS-1; SOS 
Ras/Rac guanine nucleotide 
exchange factor 1 

1192..1198 YSPRYSI Cytosol 

56623 INPP5E, CORS1, CPD4, 
JBTS1, MORMS, PPI5PIV, 
pharbin; inositol 
polyphosphate-5-phosphatase 
E 

530..536 FLPSYKF Cytoskeleton 

26953 RANBP6; RAN binding protein 
6 

535..541 FVPYYDI Nucleus 

51540 SCLY, SCL, hSCL; 
selenocysteine lyase 

276..282 FTPLYPM Cytosol 

5132 PDC, MEKA, PHD, PhLOP, 
PhLP; phosducin 

107..113 FGPRYGF Nucleus/cytosol 

10466 COG5, CDG2I, GOLTC1, 
GTC90; component of 
oligomeric golgi complex 5 

789..795 FAPVYPI cytosol/golgi 

64434 NOM1, C7orf3, PPP1R113, 
SGD1; nucleolar protein with 
MIF4G domain 1 

703..709 YNPFYAF Nucleus 

7324 UBE2E1, UBCH6; ubiquitin 
conjugating enzyme E2 E1 

102..108 FTPEYPF Nucleus 
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10269 ZMPSTE24, FACE-1, FACE1, 
HGPS, PRO1, STE24, Ste24p; 
zinc metallopeptidase STE24 

114..120 FGPEYEI Nucleus / ER 

29072 SETD2, HBP231, HIF-1, HIP-
1, HYPB, KMT3A, SET2,; SET 
domain containing 2, histone 
lysine methyltransferase 

2167..2173 YPPGYPM Nucleus 

9869 SETDB1, ESET, H3-K9-
HMTase4, KG1T,TDRD21; 
SET domain bifurcated histone 
lysine methyltransferase 1 

673..679 YKPFYYI Nucleus 

200373 CFAP221, FAP221, PCDP1; 
cilia and flagella associated 
protein 221 

652..658 YDPLYVF Cytoskeleton 

10580 SORBS1, CAP, FLAF2, 
R85FL, SH3D5, SH3P12, 
SORB1; sorbin and SH3 
domain containing 1 

415..421, 
437..443, 
460..466 

YFPTYKF, 
YTPTYQF 
,YSPRYSF 

Nucleus 

29894 CPSF1, CPSF160, HSU37012, 
P/cl.18; cleavage and 
polyadenylation specific factor 
1 

185..191 FLPSYII Nucleus 

9790 BMS1, ACC, BMS1L; BMS1 
ribosome biogenesis factor 

901..907 FDPHYPI Nucleus 

9582 APOBEC3B, A3B, 
APOBEC1L, ARCD3, ARP4, 
PHRBNL; apolipoprotein B 
mRNA editing enzyme catalytic 
subunit 3B 

168..174 FMPWYKF Nucleus 

79885 HDAC11, HD11; histone 
deacetylase 11 

20..26 YSPRYNI Nucleus 

58484 NLRC4, AIFEC, CARD12, 
CLAN; NLR family CARD 
domain containing 4 

435..441 FKPKYKF Cytosol 

27232 GNMT, HEL-S-182mP; glycine 
N-methyltransferase 

282..288 YIPCYFI Nucleus 

4289 MKLN1, TWA2; muskelin 1 53..59 YPPQYLI Nucleus/cytosol 

8202 NCOA3, ACTR, AIB-1, AIB1, 
CAGH16, CTG26, KAT13B, 
RAC3, SRC-3, SRC3, pCIP; 
nuclear receptor coactivator 3 

1311..1317 YQPNYGM Nucleus 

23072 HECW1, NEDL1; HECT, C2 
and WW domain containing E3 
ubiquitin protein ligase 1 

1190..1196 FHPGYSF Cytoplasm 
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161882 ZFPM1, FOG, FOG1, 
ZC2HC11A, ZNF408, ZNF89A; 
zinc finger protein, FOG family 
member 1 

525..531 FLPQYVF Nucleus 

10499 NCOA2, GRIP1, KAT13C, 
NCoA-2, SRC2, TIF2, 
bHLHe75; nuclear receptor 
coactivator 2 

1301..1307 FPPNYGI Nuclear 

8567 MADD, DENN, IG20, 
RAB3GEP; MAP kinase ac 
tivating death domain 

773..779 FEPQYGF Cytoplasm/membran
e 

 

Figure S3.1. Sequencing results of putative hits from RaPID screen against OGT 
using an N-Chloroacetyl-L-tyrosine initiator library. 
 
Sequences enriched after 5 rounds of selection were binned to rank the 
100 most frequent sequences and were ordered by consensus. Red 
arrows indicate sequences which were prioritized for synthesis and 
validation. 
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Figure S3.2. Sequencing results of putative hits from RaPID screen against OGT 
using an N-Chloroacetyl-D-tyrosine initiator library. 
 
Sequences enriched after 5 rounds of selection were binned to rank the 
100 most frequent sequences and were ordered by consensus. Red 
arrows indicate sequences which were prioritized for synthesis and 
validation. 
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Figure S3.3. The remaining macrocyclic peptides identified from RaPID 
screening do not show evidence of binding to the OGT TPR domain. 
 
The thermal stability of the OGT TPR construct in the presence or 
absence of 20 µM of each macrocyclic peptide ligand was assessed 
using the previously-described DSF-based thermal shift assay. Dashed 
lines indicate S.E.M. (n=3).  
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Figure S3.4. The remaining macrocyclic peptides identified from RaPID 
screening do not show evidence of binding to OGT4.5. 
 
The thermal stability of the truncated construct consisting of the OGT 
catalytic domain (OGT4.5) in the presence or absence of 20 µM of each 
macrocyclic peptide ligand was assessed using the previously-described 
DSF-based thermal shift assay. Dashed lines indicate S.E.M. (n=3).  
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4.1. Introduction 

The post-translational glycosylation of proteins is an important process for the 

regulation of cellular function265. One such form of glycosylation is the addition of O-

linked N-acetylglucosamine (O-GlcNAc) attached via a β-glycosidic bond to serine and 

threonine residues of nuclear and cytosolic proteins25 32. In recent years, the O-GlcNAc 

modification has attracted interest due to its diverse emerging roles in regulating 

transcription, cell-cycle regulation, protein stability, and stress response57,186266. Despite 

the widespread occurrence of this post-translational modification (PTM) on hundreds of 

protein targets30, cycling of O-GlcNAc is controlled by only two enzymes. O-GlcNAc 

Transferase (OGT) catalyzes addition of the carbohydrate residue using UDP-GlcNAc as 

a glycosyl donor267. The reverse reaction is carried out by O-GlcNAcase (OGA), which 

hydrolyzes the glycosidic linkage to yield a free serine or threonine residue267. Since 

dysregulation of O-GlcNAc cycling has been implicated in numerous pathological 

conditions, including Alzheimer’s Disease59 and various cancers91, there are intense 

efforts underway to study the regulation of these two enzymes as well as towards the 

generation of new tools and strategies that can be used to modulate their activity. 
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Recently, Maynard and colleagues reported the discovery of a novel N-

acetylglucosamine modification on cysteine residues (S-GlcNAc), the first description of 

S-GlcNAcylation in mammalian cells to date268. Using electron-transfer dissociation 

mass spectrometry (ETD MS), they identified S-GlcNAc on 14 residues within 11 

proteins in rat and mouse synaptic tissues. They also showed that recombinant OGT, 

when used in vitro, was capable of glycosylating several short peptide fragments 

identified from their mass spectrometry-based proteomic analyses. When treated with 

OGA, these samples were shown to be resistant to hydrolysis of the GlcNAc residue, in 

agreement with previous reports using synthetic S-glycoside substrates269,270. 

 

Figure 4.1. The O-GlcNAc and S-GlcNAc modification of intracellular proteins. 
 
Installation of an N-acetylglucosamine unit to serine, threonine or cysteine 
residues is catalyzed by OGT using UDP-GlcNAc as a glycosyl donor. 
The glycoside hydrolase OGA is capable of removing the sugar from 
serine and threonine residues, but incapable of hydrolyzing the sugar 
from cysteines. 

The discovery of S-GlcNAc modifications on cysteine residues raises intriguing 

questions about the implications of this PTM in biological contexts and the physiological 

roles of OGT in catalyzing this modification. Furthermore, the stability of the S-GlcNAc 

linkage to hydrolysis by OGA suggests either that it may not be similarly reversible and 

dynamic as the corresponding O-linked modification, or that another as yet unidentified 

hydrolase may act to remove this modification.  
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Based on these observations, we also recognized that the potentially increased 

lifetime and stability of such an S-GlcNAc modification may also have use in the 

generation of chemical and biochemical tools to study O-GlcNAc. Considering the 

results described by Maynard, we hypothesized that OGT may be more broadly capable 

of catalyzing the formation of S-GlcNAc under certain conditions, both in vitro as well as 

within cells. However, we recognized that the occurrence and biological significance of 

this phenomenon is dependent, to a large extent, on the kinetics of OGT catalyzed 

glycosyltransfer activity towards cysteine-containing acceptor substrates as compared to 

the equivalent serine-containing acceptor substrates. To investigate the kinetics of OGT 

acting on cysteine acceptors, we carried out detailed comparative analyses of its ability 

to catalyze glycosylation of cysteine-containing oligopeptides and proteins. Using high 

pressure liquid chromatography (HPLC) and in vitro kinetic assays, we confirmed that 

OGT can glycosylate various known serine-containing peptide substrates that have the 

serine acceptor residue replaced with a cysteine residue. We then established the 

Michaelis-Menten kinetic parameters of OGT-catalyzed glycosylation of these cysteine 

acceptor peptides and compared these data to the corresponding wild type serine-

containing acceptors.  We also demonstrated that this modification can occur on cellular 

proteins by transfecting cultured cells with a mutant protein acceptor bearing a cysteine 

in place of serine at the glycosylation site. In each of these cases, we show 

unambiguous assignment of the transferred GlcNAc unit to a cysteine residue by MS/MS 

analysis, demonstrating that the scope of S-glycosylation activity by OGT is larger than 

previously thought. These data are also in accord with a recent report271 showing OGT 

can transfer GlcNAc to proteins in which a serine acceptor residue has been replaced 

with cysteine and extends this work to provide kinetic insights into the efficiency of this 

process. We go on to describe the parameters in which such S-GlcNAc modifications 

could be exploited as a useful cell-based tool to create stable mimics of O-GlcNAc 

4.2. Results 

The first report of S-GlcNAcylation established this modification is present on 11 

rat and mouse proteins that were not previously known targets of OGT. In order to 

explore the kinetics of S-GlcNAc formation by OGT, we first decided to explore whether 

OGT would transfer GlcNAc to acceptor peptides in which serine acceptor residues are 

replaced with cysteine. We therefore generated a small panel of well-characterized 
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peptide substrates that were previously known to be O-GlcNAc modified containing 

either cysteine or serine at the known site of modification. As a first step to confirm 

whether S-GlcNAc can occur on these peptides, we incubated them with UDP-GlcNAc 

and OGT and monitored the glycosylation reactions using tandem liquid 

chromatography/mass spectrometry (LC/MS). We found that two of these peptides, 

including a 14 amino acid substrate derived from Casein Kinase II (CKII-Cys)35 and a 13 

amino acid peptide from TGFβ-activated kinase 1 binding protein 1 (TAB1-Cys)44, 

showed significant glycosylation as measured by a shift in retention time during HPLC 

analysis as well as an increase in mass corresponding to attachment of GlcNAc (203 

Da) (Figure 4.2). A third peptide derived from human host cell factor 1 (HCF-Cys)208, 

also showed evidence of partial glycosylation, although a complex mixture of products 

was generated in this case (Supplementary Figures S4.1 and S4.2). Based on MS 

analysis of these products, some of which show a similar corresponding increase in 

mass of 203 Da, it is possible that this peptide can be glycosylated by OGT at multiple 

serine or cysteine residues. 

 

Figure 4.2. OGT catalyzes glycosylation of synthetic cysteine 
peptide substrates 
 
A, LC/MS trace of reaction mixture containing CKII-Cys, UDP-GlcNAc, 
and OGT after 18 hours incubation at room temperature. B, LC/MS trace 
of TAB1-Cys glycosylation by OGT after 18 hours incubation at room 
temperature. Additional peaks not corresponding to either peptide starting 
material or product were present, which may represent degradation by-
products. Separations were performed on an Agilent C18 analytical 
column and a gradient mobile phase containing 20:80 – 50:50 
H2O:CH3CN + 0.1% (v/v) TFA over 25 minutes.  

Although a mass increase was observed by LC/MS for the glycosylation products 

of CKII and TAB1, we recognized that this could arise from glycosylation of a serine 

residue within the peptide sequence at a site other than the known site of O-GlcNAc. 
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Therefore, to determine whether glycosylation was occurring on the cysteine mutation 

site and not an off-target serine residue, the glycosylation reactions of cysteine-

containing CKII and TAB1 were scaled up and the products were purified by HPLC. The 

glycopeptide products were then subjected to collision induced dissociation (CID) mass 

spectrometry (CID-MS) to map the site of glycosylation (Figure 4.3). Based on analysis 

of the fragment b- and y-ion series, the GlcNAc unit was assigned with high confidence 

to the expected serine-to-cysteine mutation site on both CKII and TAB1, demonstrating 

that OGT is indeed capable of installing S-GlcNAc on these synthetic substrates. 

 

 

Figure 4.3. Mass spectrometry-based mapping of glycopeptide 
products confirms glycosylation of cysteine residues by OGT. 
 
A, spectrum of a 14 amino acid peptide substrate derived from casein 
kinase II (CKII) with a serine-to-cysteine mutation at the GlcNAc acceptor 
site. The HexNAc modification can be mapped unambiguously to cysteine 
9. B, spectrum of a 13 amino acid peptide substrate derived from TGFβ-
activated kinase 1 binding protein 1 (TAB-1) with a serine-to-cysteine 
mutation the position 7 acceptor site. The HexNAc modification was 
identified at cysteine 7. Spectra were obtained by CID MS/MS using an 
Agilent 6550 QTOF spectrometer. 

Having confirmed that OGT is capable of S-glycosylation activity toward these 

synthetic acceptor substrates, we next investigated the relative rates of this 
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glycosyltransferase activity. Using a convenient in vitro fluorescent activity assay that 

was recently described248, we carried out detailed Michaelis-Menten kinetic analyses of 

OGT activity towards both serine and cysteine containing peptide acceptors bearing an 

N-terminal biotin affinity group. This assay has been shown to enable rapid and accurate 

measurements of OGT activity. Using this assay, we found that the catalytic efficiency of 

the enzyme was markedly reduced when acting on cysteine acceptor peptides as 

compared to their serine acceptor counterparts (Figure 4.4, Table 4.1). For both peptides 

we observed a reduction in calculated kcat/KM values of approximately 26-fold for the 

cysteine-containing analogues. Interestingly, substitution of a serine for a cysteine 

residue had minimal effect on the KM value of these substrates, which is consistent with 

the binding of acceptors being driven by interactions stretching across acceptor peptide 

sequences as illustrated by crystal structures of OGT in complex with various 

acceptors35,36. Rather, the reduction in catalytic efficiency was largely driven by a 

decrease in the measured kcat values for both substrates. These data suggest that 

replacement of the acceptor hydroxyl group of the substrate with a thiol does not 

significantly perturb binding of the substrates to OGT, but rather impairs the 

glycosylation reaction through other factors which govern the catalytic transfer of the 

sugar unit to the peptides. We speculate that the thiol, which is known to be a poor 

hydrogen bonding donor272, suffers from diminished hydrogen bonding that helps orient 

the normal acceptor hydroxyl group to enable its attachment at the anomeric center of 

the donor sugar . 

 

Figure 4.4. Kinetic analysis of OGT activity towards serine and 
cysteine oliogopeptide acceptors. 
 
A, Michaelis-Menten curves depicting OGT-catalyzed glycosylation of 
CKII peptide containing a serine (●) or cysteine () acceptor site. B, 
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Michaelis-Menten curves of OGT-catalyzed glycosylation of TAB1 peptide 
bearing a serine (■) or cysteine () acceptor site. Kinetics were performed 
using a previously described in vitro activity assay using saturating 
concentrations of a BODIPY-labeled UDP-GlcNAc glycosyl donor. 200 
nM or 500 nM OGT were used for serine or cysteine acceptors, 
respectively. Error bars represent S.E.M. of triplicate measurements. 
Data were processed using Graphpad Prism 5 software. 

 

Table 4.1. Calculated Michaelis-Menten kinetic parameters of wild type serine 
and mutant cysteine oligopeptide acceptor substrates of OGT. 

Peptide Sequence KM (µM) Vmax 
(nM/mi
n) 

[E]o    
(nM) 

kcat          

(min-1) 
kcat / KM Relative 

rate 

CKII WT YPGGSTPVSSANMM 6.6 ± 0.7 3.1 ± 
0.2 

200 0.016 ± 
0.001 

0.0023 ±  
4E-4 

26.0 
CKII 
S9C 

YPGGSTPVCSANMM 5.0 ± 1.1 0.22 ± 
0.02 

500 4.4E-4 ± 
4E-5 

8.8E-5 ±  
3E-5 

TAB1 
WT 

PVSVPYSSAQSTS 6.1 ± 0.6 3.5 ± 
0.1 

200 0.018 ± 
0.005 

0.0029 ±  
5E-4 

25.9 
TAB1 
S7C 

PVSVPYCSAQSTS 6.8 ± 0.8 0.38 ± 
0.02 

500 7.5E-4 ±  
4E-5 

1.1E-4 ±  
2E-5 

 

Notably, within cells, the O-GlcNAc modification is present in a dynamic 

equilibrium controlled by the activity of both OGT and OGA. We expected, based on 

previous work with chemically-synthesized S-GlcNAc glycopeptides, that S-GlcNAc 

modifications on these peptide substrates would be resistant to hydrolysis by OGA269,271. 

To confirm this expectation, both O-linked (TAB1-O-GlcNAc) and S-linked (TAB1-S-

GlcNAc) glycopeptide products of the TAB1 peptide were isolated by HPLC after 

incubation with OGT. These purified glycopeptides were then treated with 100 nM OGA 

for 3 hours. Following treatment, the peptides were assessed by HPLC for hydrolysis of 

the GlcNAc unit off from these peptides (Figure 4.5). As expected, incubation of TAB1-

O-GlcNAc with OGA resulted in partial hydrolysis of the glycosidic linkage. However, 

treatment of TAB1-S-GlcNAc under identical conditions produced no detectible digestion 

of the glycopeptide. This result is in agreement with similar experiments using synthetic 

S-GlcNAcylated α-synuclein269, as well as more recent studies with S-GlcNAcylated 

peptides derived from the O-GlcNAc modification site of OGA, which is itself a target of 

OGT. This suggests that S-GlcNAc may be a hydrolytically stable modification that could 

be installed in a wide array of potential OGT substrates. 
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Figure 4.5. S-GlcNAcylated TAB1 peptide is resistant to hydrolylsis by OGA. 
 
A, HPLC traces of purified TAB1-O-GlcNAc after 3 hours incubation with 
OGA (red), TAB1-O-GlcNAc without OGA (black), and unglycosylated 
TAB1 (grey). B, HPLC traces of purified TAB1-S-GlcNAc after 3 hours 
incubation with OGA (red), TAB1-S-GlcNAc without OGA (black), and 
unglycosylated TAB1-Cys (grey). Final concentrations of 100 μM peptide 
and 100 nM OGT were used in each experiment. Separations were 
performed on an Agilent C18 analytical column and a gradient mobile 
phase containing 20:80 – 40:60 H2O:CH3CN + 0.1% (v/v) TFA over 25 
minutes. 

Given that OGT is capable of catalyzing cysteine glycosylation of peptide 

substrates in vitro, and that OGA is incapable of acting upon these products, we 

speculated that it may be possible for this modification to be present and accumulate to 

detectable levels within cells. Although the rate of glycosylation by OGT is slower 

towards cysteine substrates, we speculated that generation of cysteine-containing 

surrogates of known protein substrates in cells could result in S-glycosylation of these 

proteins. Such modifications could, in principle, be present at higher stoichiometric ratios 

than O-GlcNAc at the same sites and would exist for longer timeframes due to the 

inability of OGA to hydrolyze them. To test this hypothesis, we transfected human 

embryonic kidney 293 (HEK-293) cells with a plasmid containing the gene for a mutant 

form of TAB1 protein bearing a S395C mutation, which has been established as an O-
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GlcNAc modification site in cells and corresponds to the glycosylation site of the 13 

amino acid TAB1 oligopeptide used for our in vitro assays30,73. Anti-O-GlcNAc 

immunoblot analyses of cellular lysates containing this mutant indicated transfection was 

efficient and led to production of TAB1 as well as tentatively supporting the presence of 

a GlcNAc unit at the corresponding molecular weight for TAB1, which was resistant to 

digestion with OGA (Figure 4.6). In contrast, treatment of wild-type cells with OGA 

resulted in disappearance of the band corresponding to the GlcNAc-modified TAB1. 

 

Figure 4.6. Mutation of TAB1 serine acceptor sites to cysteines results in 
glycosylation by OGT in transfected cells.  
 
HEK293 cells were transfected with WT or mutant TAB1 S495C and 
incubated for 72 hours. Cells were lysed and treated with bacterial OGA 
or a catalytically-inactive mutant to hydrolyze O-GlcNAc modifications. O-
GlcNAc and S-GlcNAc sites were labeled chemoenzymatically with 
azidogalactose using GalT(Y289L), conjugated with alkyne-biotin, and 
blotted with fluorescent streptavidin. Lane 1, WT TAB1 treated with 
inactive btOGA; Lane 2, WT TAB1 treated with btOGA; Land 3, TAB1 
S395C treated with inactive btOGA; Lane 4, TAB1 S395C treated with 
btOGA. 

In order to assign this OGA-resistant and anti-O-GlcNAc-reactive band to 

modification of variant cysteine residue, cells expressing this mutant protein were lysed, 

treated with recombinant OGA, and then the remaining terminal GlcNAc residues were 

chemoenzymatically tagged. The Y289L mutant of bovine 1,4GalT was used install a 

GalNAc residue bearing a pendant azide using UDP-N-azidoacetylgalactosamine (UDP-

GalNAz, Figure 4.7 as a donor sugar110,113. Following installation of this bioorthogonal 
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handle, we performed strain-promoted azide-alkyne cycloaddition (SPAAC) chemistry 

using a biotin-alkyne probe (Figure 4.7) to append a biotin affinity tag. After pull-down of 

biotinylated proteins using streptavidin-coated beads, extensive washing, then cleavage 

of the disulfide linker with 50 mM dithiothreitol (DTT), the TAB1 protein isolated in this 

manner was analyzed by electron transfer dissociation (ETD) MS (ETD-MS) in order to 

identify the sites of glycosylation (Figure 4.8). The spectrum of the tryptic peptide 

fragment containing the expected C495 glycosylation site provided unambiguous 

assignment of a mass signature corresponding to a HexNAc unit being attached to this 

cysteine residue. These results suggest that, at least in some cases, glycosylation of 

cysteine residues by OGT can be induced within cells through mutation of known serine 

acceptor sites to cysteine. 

 

Figure 4.7. Chemoenzymatic strategy for selective labeling and isolation of S-
GlcNAcylated TAB1 S395C from HEK293 cells. 
 
Mutant FLAG-tagged TAB1 protein was isolated from cell lysates by co-
immunoprecipitation and S-GlcNAc sites were then labeled with GalNAz 
using bovine β1,4- GalT Y289L. A cleavable biotinylated probe was then 
installed using copper-free click chemistry, enabling affinity purification of 
labeled S-GlcNAc sites.  
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Figure 4.8. Mutation of a known O-GlcNAc-modified protein to a cysteine 
acceptor results in S-GlcNAcylation in cells.  
 
ETD-MS spectrum of a tryptic peptide fragment from TAB1 (S395C) 
isolated from HEK293 cellular lysates. Clear labeling of the Cys395 
glycosylation site with a HexNAc unit is observed from the fragmentation 
pattern. A mass change of 306.09 Da between the c8 and c9 fragment 
ions corresponds to the mass of an S-GlcNAc linked cysteine residue. 
Spectra were obtained on a Thermo Fisher Orbitrap Fusion Tribrid mass 
spectrometer; data were analyzed using Proteome Discoverer software. 

 

4.3. Discussion 

The dynamic and ubiquitous nature of the O-GlcNAc modification, coupled with 

its involvement in critical physiological processes, has spurred great interest in 

understanding the factors that regulate this modification. Although hundreds of OGT 

protein substrates have been identified30, the precise mechanisms by which OGT 

recognizes particular substrates are only slowly being uncovered40,44,273. In addition, O-

GlcNAc can be attached and removed several times over the lifetime of a protein274, and 

is often present in sub-stoichiometric levels275, complicating efforts to detect and map the 

modification. Chemical tools, including OGA inhibitors59 and chemoenzymatic labeling 

strategies113, have shown great promise for interrogating the physiological roles of O-

GlcNAc. However, while these approaches are useful for global analysis of O-GlcNAc 

perturbations, the study of the modification at the level of individual proteins remains 

challenging. Indeed, studying the physiological effects of O-GlcNAc modification of 

specific proteins in cells is challenging due to its transient nature and an inability to 

enhance O-GlcNAc at a specific site on a protein of interest. 
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The discovery of glycosylation activity towards cysteine residues by OGT raises 

additional fundamental questions about the intriguing promiscuity of this enzyme. Our 

kinetic analysis of this activity shows that the rate of transfer of GlcNAc onto cysteine 

acceptor sites is slower relative to the corresponding serine peptide acceptor substrate, 

with a 25-30 fold reduction in second order rate constants for the peptides examined 

here. It is possible that transfer to different peptide substrates may show different effects 

on the second order rate constants although, given knowledge of how OGT binds 

peptide substrates, it seems most likely that a similar difference will hold more widely for 

peptide substrates. Although considerably slower than O-GlcNAc formation, this level of 

activity to form S-GlcNAc is likely sufficient to have consequences in cellular contexts. 

The markedly greater stability of S-GlcNAc towards hydrolysis by OGA relative to 

O-GlcNAc stems from its poor hydrogen bonding accepting properties276–278. A likely 

result of this greater stability is an increased lifetime of S-GlcNAc within cells. The recent 

work of van Aalten and colleagues271, coupled with our parallel work described here, 

shows that, at least in some cases, substitution of known serine acceptor sites with 

cysteine residues is tolerated by OGT. Moreover, this tolerance permits the installation 

of a more permanent GlcNAc modification at the indicated site. Therefore, it may be 

possible to broadly exploit this property in order to increase the degree of GlcNAcylation 

of a given target protein in cells by mutating serine acceptor sites to cysteine as shown 

by van Aalten271. Where tolerated, this would serve to increase the stoichiometry of the 

modification on a particular protein without directly perturbing the extent of O-

GlcNAcylation of other proteins. But this effect would only hold true in certain 

circumstances. In particular, the rate at which protein substrates are modified in cells 

must be significantly greater than the rate at which the protein is turned over. Indeed, in 

cases where the protein of interest is long lived, it seems quite possible that 

stoichiometric S-GlcNAc modification could occur even given the reduction in second 

order rate constant. Therefore, for proteins where cysteine mutations are tolerated, this 

approach would circumvent a major a drawback of chemical genetic approaches to 

modulating O-GlcNAc, allowing for more precise control when studying this modification 

in a pathway of interest.  

Another point of interest that remains to be determined is whether S-

GlcNAcylation by OGT is simply an off-target effect, or if the glycosylation of particular 

cysteine residues has important functions over the activities of these unusual acceptor 
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proteins. Following logically from this idea, it is interesting to speculate that S-

GlcNAcylation has the potential to compete with other post-translational modifications. 

For example, the presence of O-GlcNAc on certain proteins is known to be antagonistic 

to phosphorylation of the same serine or threonine residue51,59. In such cases, 

replacement of potential glycosylation sites with a cysteine acceptor could serve to block 

the activity of kinases at this position and uncover site-specific effects of O-GlcNAc 

modification on controlling protein phosphorylation. Additionally, if OGT is found to 

glycosylate cysteine residues which are otherwise prone to modifications of their own, 

such as cysteine oxidation or disulfide bridge formation, S-GlcNAc could also inhibit 

these modifications and would therefore represent another form of direct or indirect 

regulation of protein function by OGT.  

As noted at several points above, during the course of this research, van Aalten 

and co-workers independently reported the elegant use of genetic and chemical tools for 

the study of S-GlcNAcylation by chemically synthesizing S-GlcNAc glycopeptides and 

evaluating their properties using a bacterial homologue of OGA271. Crystal structures 

containing either O-GlcNAc or S-GlcNAc glycopeptides in the active site of this OGA 

homologue were obtained, revealing that the cysteine-linked glycopeptides are effective 

structural mimics of their serine-linked counterparts with similar binding conformations. 

The group similarly reported that OGT is capable of glycosylating recombinant TAB1 

protein containing the S395C mutation in vitro, and that that S-GlcNAc can be 

genetically incorporated in cells by similarly mutating the O-GlcNAc acceptor site of CKII 

protein to a cysteine residue. This work therefore provides further direct evidence of the 

scope and utility of the S-GlcNAc moiety as a stable surrogate for the study of O-GlcNAc 

modifications on individual proteins. In particular, the fact that all three of the cysteine-

modified peptide substrates examined in our study show some degree of S-

GlcNAcylation by OGT suggests that this substitution strategy may have a broad scope 

of applicability. Additionally, determination of the second order rate constants for the 

transfer of S-GlcNAc confirm that the rate of this reaction is sufficient to have biological 

relevance. 

4.4. Conclusions 

In summary, we have undertaken a detailed analysis of the recently described 

glycosyltransfer activity of OGT towards cysteine residues within proteins. Using 
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synthetic peptide acceptor substrates, we obtained Michaelis-Menten kinetic parameters 

for peptides containing either serine or cysteine at known O-GlcNAc modification sites. 

We determined that the second order rate constants for S-GlcNAcylation is 25-fold lower 

for these substrates but may still occur at rates which have biological significance, but 

only in cases where proteins of interest are sufficiently long lived. We also confirmed that 

this S-linked modification is resistant to hydrolysis by human OGA, indicating that the S-

GlcNAc linkage is more stable than O-GlcNAc and likely has a longer lifetime on protein 

substrates within cells. Furthermore, we showed that transfection of mammalian cells 

with TAB1 protein bearing a cysteine mutation at a known serine acceptor site results in 

S-GlcNAcylation of this site in cells. Our results both confirm previous findings by the 

group of van Aalten and further illuminate the scope, relevance, and biological 

applications of this novel modification. We expect that this information will aid efforts 

toward both further elucidating the role of S-GlcNAc in cells, targeted use of S-GlcNAc 

as a surrogate for the precise study of O-GlcNAc on particular protein targets. Finally, 

providing a firm kinetic framework by with S-GlcNAc activity can be conveniently 

analyzed, this work sets the stage for the rational design of OGT mutants with improved 

S-GlcNAc transferase activity. 

 

4.5. Methods 

4.5.1. Synthesis and purification of glycopeptides 

Glycopeptides used in this study were generated chemoenzymatically using 

recombinantly-expressed OGT. All unmodified or biotinylated peptides were obtained 

commercially (Biomatik Corporation, Cambridge, ON). Generally, 1-2 mg oligopeptide at 

a final concentration of 1 mM were incubated with UDP-GlcNAc (5 mM), OGT (1 μM) 

and 2U shrimp alkaline phosphatase (New England Biolabs, Whitby, ON) in PBS at pH 

7.2 containing 12.5 mM MgCl2. Reactions were incubated at 37°C for 4 h or overnight. 

Prior to purification, the reactions were  terminated by heating at 95°C for 10 min and 

were then centrifuged at 13,000 x  g for 2 minutes. The supernatants were recovered 

and were purified on an Agilent 1100 series HPLC equipped an Agilent XDB-C18 

Eclipse reversed-phase column (9.4 × 250 mm, 5 μ particle size). Glycopeptides were 

eluted using a mobile phase consisting of H2O and CH3CN with 0.1% trifluoroacetic acid 
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over a gradient of 10 to 50% acetonitrile as appropriate. Fractions containing the product 

were lyophilized to yield up to 1 mg glycopeptide as white powders. All glycopeptides 

were purified to >95% purity and were analyzed by high-resolution mass spectrometry 

performed using a Bruker maXis Impact UltraHigh-Resolution Quadrupole Time-of-Flight 

(UHR-QTOF) mass spectrometer (mobile phase water:acetonitrile 1:1 + 0.1% formic 

acid, flow rate of 0.3 ml/min). Ions were sprayed in positive mode with a voltage of 4200 

V. Nitrogen drying gas was 180°C at a flow rate of 8 L/min. Data was acquired over a 

mass range of 300 - 2500 atomic mass units. Analytical-scale glycosylation reactions 

were detected using an Agilent 1200 series HPLC coupled to an Aiglent 6210 TOF 

LC/MS unit using positive electrospray ioniziation (ESI+). 

4.5.2. Expression and purification of OGT 

Recombinant OGT was prepared as previously described[REF], with minor 

modifications. The plasmid containing the gene encoding full-length human OGT in a 

previously-reported pET28a vector160 was transformed into competent Escherichia coli 

BL21 (DE3) cells (Invitrogen). Successful transformants were cultured in Terrific Broth 

supplemented with 50 µg/mL kanamycin at 37°C until an optical density of 1.8 

absorbance units was reached. Protein expression was induced with 0.2 mM isopropyl 

β-D-thiogalactoside at 16°C for 18 h. Cells were the harvested and resuspended in 2 mL 

BugBuster protein extraction reagent (EMD Millipore) per gram of cell pellet in the 

presence of 1 mg/mL lysozyme, 0.2 mg/mL DNase and an EDTA-free protease inhibitor 

tablet (Roche).  The mixture was gently rocked at 4°C for 30 min and then clarified by 

centrifugation for 2 x 30 min at 18,000 x g.  The cell lysate was then applied to a 1 mL 

HisTrap nickel column (GE Healthcare) which was pre-equilibrated in 50 mM HEPES, 

500 mM NaCl and 1 mM DTT at pH 7.5. The protein was purified using an imidazole 

gradient of 20-500 mM over 50 min on an AKTA FPLC (GE Healthcare). Fractions 

judged as pure were pooled and dialyzed at 4°C in 50 mM HEPES buffer containing 500 

mM NaCl and 1 mM DTT at pH 7.4. Aliquots of OGT were flash frozen and stored at -

80°C for future use. 

4.5.3. In vitro OGT activity assay 

Assays were carried out as previously described [REF]. All reported 

concentrations represent final assay conditions unless otherwise specified. Microplates 



147 

are typically centrifuged at 300 x g for 1 min after addition of reagents. In a typical 

Michaelis-Menten experiment, a master mix containing various concentrations of 

biotinylated acceptor peptide acceptor is made up in PBS containing 25 µM UDP-GlcN-

BODIPY, 12.5 mM MgCl2 and 1 mM DTT at pH 7.4. The reaction is commenced by the 

addition of recombinant OGT PBS to a final well volume of 25 uL and final OGT 

concentration of 20-500 nM. The plate is then incubated at ambient temperature for up 

to 60 min, during which time the reaction rate was shown to be linear (Figure S15). The 

reaction is terminated by the addition of 25 μL stop mix containing 7.5 mM UDP and 0.2 

mg/mL streptavidin-coated magnetic beads (Trilink Technologies M-1002). The plate is 

incubated at room temperature for at least 30 min to allow for streptavidin-biotin binding, 

and is then subjected to an automated washing procedure using a BioTek EL406 plate 

washer containing a magnetic adapter and a BioTek 384F magnet (12 wash cycles, 100 

μL PBS dispensed per well, 6 mm aspiration height offset, 4 min initial resting time on 

magnet, 1 min rest between washes). At the end of the wash cycle, a final dispense of 

50 μL PBS per well is performed using the syringe dispenser of the BioTek washer. The 

fluorescence signal is read using a Biotek Neo2 multimode plate reader using 490 nm 

excitation and 525 nm emission wavelengths. Each well is read using an area scan 

function which records the mean signal of 9 individual scans in a grid pattern with 1.0 

micron spacing between each point. Data were analyzed and plotted using GraphPad 

Prism 5. 

4.5.4. MS/MS analysis and mapping of protein glycosylation sites 

Preparation and MS/MS analysis of isolated mutant TAB1-S-GlcNAc was 

performed under contract by the University of Victoria Proteomics Centre (Victoria, BC). 

Briefly, de-stained gel cubes were reduced with (10 mM dithiothreitol, Sigma) 30 minutes 

at room temperature and alkylation (100 mM iodoacetamide, Sigma) 30 minutes at room 

temperature.  Sequencing grade Trypsin solution 30µL (20 ng/µL, Promega, 

Madison,WI) was added to the gel slice enzyme/protein ratio 1:50 and then digested for 

16 h at 37°C.  The peptides were extracted out of the gel slices with 400µL (50/40/10 v/v 

acetonitrile/water/formic acid).  The sample was speed vac centrifuged to ~20 µL applied 

to a C18 Stagetip (Thermo Fisher Scientific), washed with 0.1%FA and eluted with 80% 

ACN/0.1%FA.  After speed vacuum concentration, the sample was rehydrated with 20µL 

2% ACN/98% water/0.1%FA prior to LC-MS/MS analysis. 
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The peptide mixture (2µL of 20µL) was separated by on-line reverse phase 

chromatography using a Thermo Scientific EASY-nLC 1000 system with a reversed-

phase pre-column Magic C18-AQ (100µm I.D., 2.5 cm length, 5µm, 100Å, and an in-

house prepared reverse phase nano-analytical column Magic C-18AQ (75µm I.D., 15 cm 

length, 5µm, 100Å, Michrom BioResources Inc, Auburn, CA), at a flow rate of 300 nl/min.  

The chromatography system was coupled on-line with an Orbitrap Fusion Tribrid mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a Nanospray Flex 

NG source (Thermo Fisher Scientific).   Solvents were A: 0.1% Formic acid; B: 80% 

Acetonitrile, 0.1% Formic acid.  After a 350 bar (~ 3µL) pre-column equilibration and 350 

bar (~ 3µL) nanocolumn equilibration, samples were separated by a 55-minute gradient 

(0 min: 0%B; 45 min: 30%B; 2 min: 100%B; hold 8 min: 100%B). A high energy collision 

dissociation accurate mass-product dependent electron transfer dissociation analysis 

(HCD-pd-ETD) method was used to restrict ETD MS2 data acquisition to only 

glycopeptide precursors that gave a diagnostic glyco-oxonium ion.    The Fusion Control 

software 3.1 instrument parameters for MS and MS/MS data acquisition for (HCD-pd-

EThcD) were as follows:  Nano-electrospray ion source with spray voltage 2.5kV, 

capillary temperature 275 ℃.  The survey MS1 scan m/z range 350-1800 profile mode, 

resolution 120,000 FWHM @ 200 m/z one microscan with maximum inject time 50 ms 

and automatic gain control (AGC) target value of 4 X105. The Siloxane mass 

445.120024 was used as lock mass for internal calibration.  Data-dependent acquisition 

Orbitrap survey spectra were scheduled at least every 3 seconds, with the software 

determining “Top-speed” number of MS/MS acquisitions during this period.  The most 

intense ions, highest charge with lowest m/z, charge state 2-8 exceeding 50,000 counts 

were selected for HCD MSMS fragmentation in the ion routing multipole.   Monoisotopic 

Precursor Selection (MIPS) was enabled and Dynamic exclusion settings were: repeat 

count: 2; exclusion duration: 10 seconds with a 10 ppm mass window.  The data 

dependent (ddMS2) OT HCD scan used a quadrupole isolation window of 2 Da; first 

mass 120 m/z, profile detection, 1 microscan, 60 ms maximum injection time, AGC 

target 5 X104 and a fixed HCD collision energy of 28%, with Orbitrap detection (30K 

resolution).      The product ion trigger details for OT-EThcD HexNac oxonium ion scan: 

at least 1 ion in the top 20 most intense product ions; within 15 ppm, Product ion table 

138.0545, 204.0867, 366.1396, quadrupole isolation window of 3 Da; EThcD, using 

calibrated charge dependent ETD parameters, Orbitrap resolution 30K, scan range 120-
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2000, 120  ms maximum injection time, 250ms maximum injection time, and AGC target 

1X105. 

4.5.5. Digestion of O-linked and S-linked glycopeptides with OGA 

Purified glycopeptide (200 µg, ~100 µmol) was dissolved in 500 µL PBS pH 7.4. 

Recombinant human OGA was added to a final concentration of 100 nM, and the 

reactions were incubated for 3 hrs at 37°C. The reactions were then boiled for 5 min and 

centrifuged at 17,000 x g for 2 minutes. The supernatant was collected and analyzed by 

HPLC. Separations were performed using an Agilent C18 analytical column (4.6 x 150 

mm, 5µ pore size, 0.5 mL/min flow rate). A gradient mobile phase containing 20:80 – 

40:60 H2O:CH3CN + 0.1% (v/v) TFA over 25 minutes was used. Peaks were detected 

by UV absorbance at 214 nm. Glycosylated and unglycosylated peptide standards were 

analyzed using identical conditions. 

4.5.6. Cloning and transfection of TAB-1 S395C 

Site-directed mutagenesis, plasmid sequence and cloning 

For single-site directed mutagenesis, PCRs were run for 18 cycles of 15 s at 95°C, 30 s 

at 60°C and 2 min at 72°C using Q5 High-Fidelity DNA Polymerase (NEB M0491). The 

PCR products were treated with FastDigest DpnI (Thermo Scientific FD1704) to remove 

the template DNA, followed by transformation into One Shot MAX Efficiency DH5α-T1 

Competent Cells (Invitrogen 12297016). Multi-site directed mutagenesis was performed 

using GeneArt Site-Directed Mutagenesis PLUS System (Invitrogen A14604) with slight 

modifications. DNA methylation was not included prior to PCR. Instead, template DNA 

was removed using DpnI digestion, followed by in vitro recombination reaction. The 

mutagenic primers and the subcloning primers of pET28a- hTAB1-S395C, moving from 

the pET28a vector to a mammalian expression vector pcDNA3.1-3xFLAG (a gift from Dr. 

Verheyen’s lab, SFU, Canada) are shown in Table S4.1. 

Cell culture and transfection 

HEK293T was cultured in DMEM-high glucose (Gibco 11965) supplemented with 

10% fetal bovine serum (FBS) in a humidified, 5% CO2 incubator at 37°C. Cells were 

transiently transfected with mock (empty vector) or indicated plasmids using 
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Lipofectamine 3000 (Invitrogen) according to the manufacturers’ instructions. Cells were 

harvested 48 hours after transfection. pET28a-hTAB1-WT, pCMV-Myc-hOGT-WT, 

pCMV2A-3xFLAG-hNup62-WT and pCMV2A-3xFLAG-hSp1-WT has been described in 

previous studies.130,190 

4.5.7. Immunoblot analysis and affinity purification of endogenous 
wild type and mutant TAB-1 

Western blotting 

Cells were lysed with 1X Cell lysis buffer (Cell Signaling Technology), supplemented 

with 1× Protease Inhibitors cocktail (Roche) and 1 mM PMSF. Protein lysates with 1× 

SDS sample buffer were resolved on SDS-PAGE and then transferred to nitrocellulose 

membrane. Membranes were blocked with 5% BSA before primary and secondary 

antibody incubation. The primary antibodies used include mouse anti-β-Actin (1:5000, 

Santa Cruz sc-47778), mouse anti-β-Tubulin (1:1000, Abm G098), mouse anti-Flag 

(1:1000, Sigma F1804), rabbit anti-OGT (1:1000, Santa Cruz sc-32921), mouse anti-O-

GlcNAc (1:1000, Millipore MABS1254). Fluorescent dye-conjugated secondary 

antibodies and Streptavidin (IRDye®, Li-Cor) were used. For O-GlcNAc blotting, 2% 

BSA was used as blocking solution. Images were acquired by Li-Cor Odyssey imaging 

system. 

Co-immunoprecipitation pull down 

Whole cell lysates were extracted by five times cell pellet volume of IP buffer [15 mM 

HEPES pH 7.9, 200 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM EGTA pH 8, 0.5% 

NP-40, 10% glycerol, 0.3 mM DTT, 1× Protease Inhibitors cocktail (Roche), 1 mM 

PMSF] then incubated with mouse anti-Flag (1:100, Sigma F1804) at 4°C overnight, 

followed by incubation with a mixture of protein A (Invitrogen 10002D) and protein G 

(NEB S1430S) magnetic beads for 3 hours at 4°C. The beads were washed with IP 

buffer for three times and boiled in 3X SDS sample buffer. The supernatants were then 

analyzed by western blotting.  

 

GalT labeling 
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In vitro Galactosyltransferase labeling using the Click-iT O-GlcNAc Enzymatic Labeling 

System (Invitrogen) has been described.279 Briefly, Gal-T1Y289L was incubated with these 

on-beads proteins in labeling buffer (containing 20 mM HEPES, pH 7.9; 50 mM NaCl; 

2% NP-40; 5.5 mM MnC2; 25 μM UDP-GalNAz) according to manufacturer's 

recommendations. Reaction was performed at 4°C under gentle agitation for 24 h. After 

labeling, on-beads proteins were incubated with elution buffer (1 % SDS, 5 mM DTT in 

PBS), boiled for 5 mins at 95°C heating block then chloroform-methanol precipitated. 

The proteins were resuspended with 1% SDS, 20 mM HEPES pH 7.9 and 

iodoacetamide (IAA) was added to a final concentration of 15 mM to block the free 

cysteine thiols. The mixture was then under gentle agitation for 30 min at room 

temperature, followed by addition of DBCO-S-S-PEG3-Biotin (Jena Bioscience) at a final 

concentration of 4 µM. The incubation of the mixture was protected from light and under 

gentle agitation for 30 min at room temperature. Excess non-reactive reagents were then 

removed by chloroform-methanol protein purification. Proteins were resuspended in 1% 

SDS, 20 mM HEPES pH 7.9 and incubated with streptavidin beads for 1-2 hour at 4°C 

on a rocking platform. The binding proteins were released by final concentration of 50 

mM DTT at 37°C for 30 min, followed by subsequent western blot analyses using 4-20% 

gradient SDS-PAGE. 

4.6. Supplementary tables and figures 

 

 Table S4.1. Primers used for site-directed mutagenesis and subcloning 
 
Primer use Forward sequence (5’→3’) Reverse sequence (5’→3’) 

TAB1-S395C 
mutagenesis 

TGTCTGTGCCATACTGCAGCGCCC
AGAGCAC 

GTGCTCTGGGCGCTGCAGTATGGCACA
GACA 

Subcloning into 
pcDNA3.1 3X-
FLAG vector 

GCACCGGAATTCATGGCGGCGCA
GAGGAG 

GCACCGCTCGAGCTACGGTGCTGTCAC
CA 
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Table S4.2. Table of peptide fragment peaks identified from ETD-MS of transfected TAB1 S395C. 
 

 

 

N-->C

Position # b⁺ b²⁺ b³⁺ c-1⁺ c-1²⁺ c-1³⁺ c⁺ c²⁺ c³⁺ c+1⁺ c+1²⁺ c+1³⁺ Seq.

1 100.07569 50.54148 34.03008 116.09441 58.55085 39.36966 117.10224 59.05476 39.70560 118.11006 59.55867 40.04154 V

2 263.13902 132.07315 88.38452 279.15774 140.08251 93.72410 280.16557 140.58642 94.06004 281.17339 141.09033 94.39598 Y

3 360.19178 180.59953 120.73545 376.21051 188.60889 126.07502 377.21833 189.11280 126.41096 378.22616 189.61672 126.74690 P

4 459.26020 230.13374 153.75825 475.27892 238.14310 159.09782 476.28675 238.64701 159.43377 477.29457 239.15092 159.76971 V

5 546.29223 273.64975 182.76893 562.31095 281.65911 188.10850 563.31877 282.16303 188.44444 564.32660 282.66694 188.78038 S

6 645.36064 323.18396 215.79173 661.37936 331.19332 221.13131 662.38719 331.69723 221.46725 663.39501 332.20114 221.80319 V

7 742.41340 371.71034 248.14265 758.43213 379.71970 253.48223 759.43995 380.22361 253.81817 760.44778 380.72753 254.15411 P

8 905.47673 453.24200 302.49709 921.49546 461.25137 307.83667 922.50328 461.75528 308.17261 923.51111 462.25919 308.50855 Y

9 1211.56529 606.28628 404.52661 1227.58401 614.29564 409.86619 1228.59184 614.79956 410.20213 1229.59966 615.30347 410.53807 C-HexNAc

10 1298.59732 649.80230 433.53729 1314.61604 657.81166 438.87686 1315.62387 658.31557 439.21281 1316.63169 658.81948 439.54875 S

11 1369.63443 685.32085 457.21633 1385.65315 693.33022 462.55590 1386.66098 693.83413 462.89184 1387.66880 694.33804 463.22779 A

12 1497.69301 749.35014 499.90252 1513.71173 757.35950 505.24210 1514.71956 757.86342 505.57804 1515.72738 758.36733 505.91398 Q

13 1584.72504 792.86616 528.91320 1600.74376 800.87552 534.25277 1601.75159 801.37943 534.58871 1602.75941 801.88334 534.92465 S

14 1685.77271 843.39000 562.59576 1701.79144 851.39936 567.93533 1702.79926 851.90327 568.27127 1703.80709 852.40718 568.60721 T

15 1772.80474 886.90601 591.60643 1788.82347 894.91537 596.94601 1789.83129 895.41928 597.28195 1790.83912 895.92320 597.61789 S

16 K

C-->N
Seq. y⁺ y²⁺ y³⁺ z⁺ z²⁺ z³⁺ z+1⁺ z+1²⁺ z+1³⁺ z+2⁺ z+2²⁺ z+2³⁺ Position #

V 16

Y 1819.84186 910.42457 607.28547 1803.82313 902.41520 601.94590 1804.83096 902.91912 602.28184 1805.83878 903.42303 602.61778 15

P 1656.77853 828.89290 552.93103 1640.75980 820.88354 547.59145 1641.76763 821.38745 547.92739 1642.77545 821.89137 548.26334 14

V 1559.72576 780.36652 520.58011 1543.70704 772.35716 515.24053 1544.71487 772.86107 515.57647 1545.72269 773.36498 515.91241 13

S 1460.65735 730.83231 487.55730 1444.63863 722.82295 482.21773 1445.64645 723.32686 482.55367 1446.65428 723.83078 482.88961 12

V 1373.62532 687.31630 458.54663 1357.60660 679.30694 453.20705 1358.61442 679.81085 453.54299 1359.62225 680.31476 453.87893 11

P 1274.55691 637.78209 425.52382 1258.53818 629.77273 420.18425 1259.54601 630.27664 420.52019 1260.55383 630.78056 420.85613 10

Y 1177.50414 589.25571 393.17290 1161.48542 581.24635 387.83332 1162.49325 581.75026 388.16927 1163.50107 582.25417 388.50521 9

C-HexNAc 1014.44082 507.72405 338.81846 998.42209 499.71468 333.47888 999.42992 500.21860 333.81482 1000.43774 500.72251 334.15077 8

S 708.35226 354.67977 236.78894 692.33353 346.67041 231.44936 693.34136 347.17432 231.78530 694.34918 347.67823 232.12125 7

A 621.32023 311.16375 207.77826 605.30151 303.15439 202.43869 606.30933 303.65830 202.77463 607.31716 304.16222 203.11057 6

Q 550.28312 275.64520 184.09922 534.26439 267.63583 178.75965 535.27222 268.13975 179.09559 536.28004 268.64366 179.43153 5

S 422.22454 211.61591 141.41303 406.20582 203.60655 136.07346 407.21364 204.11046 136.40940 408.22147 204.61437 136.74534 4

T 335.19251 168.09989 112.40235 319.17379 160.09053 107.06278 320.18161 160.59444 107.39872 321.18944 161.09836 107.73466 3

S 234.14483 117.57605 78.71980 218.12611 109.56669 73.38022 219.13393 110.07061 73.71616 220.14176 110.57452 74.05210 2

K 147.11280 74.06004 49.70912 131.09408 66.05068 44.36954 132.10191 66.55459 44.70549 133.10973 67.05850 45.04143 1
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Figure S4.1:  Kinetics of OGT glycosylation of HCF-Ser and HCF-Cys 
oligopeptides.  
 
Product inhibition is observed in the reaction with HCF-Ser, preventing 
the accurate calculation of Michaelis-Menten kinetic parameters. 
Additionally, the glycosylation of HCF-Cys appears results in the 
generation of a complex mixture of glycopeptides, with the installation of a 
GlcNAc unit at multiple cysteine residues within the peptide. Peptide 
sequence: Biotin-VRVCSNPPC(S/C)THETGTTNTATTATSN. 

 

Figure S4.2. HPLC trace of HCF-Cys glycosylation by OGT. 
 
Reaction was carried out for 18 hours incubation at room temperature. A 
complex mixture of products was detected, which may represent 
glycosyation at multiple other serine or cysteine acceptor sites on the 
peptide, or degradation by-products. Separations were performed on an 
Agilent C18 analytical column and a gradient mobile phase containing 
20:80 – 50:50 H2O:CH3CN + 0.1% (v/v) TFA over 25 minutes.  



155 

 Structure and mechanism of human 
hexosaminidase D 

Published in Biochemistry 2016, 55, 2735-2747. DOI: 

https://pubs.acs.org/doi/10.1021/acs.biochem.5b01285 

Authors: Matthew G. Alteen, Verena Oehler, Ivana Nemčovičová, Iain B. H. Wilson, 

David J. Vocadlo, and Tracey M. Gloster. 

Author Contributions: I performed all chemical syntheses, carried out kinetic and 

inhibition studies, analyzed the data, and wrote portions of the manuscript. Verena 

Oehler expressed and purified recombinant protein. Ivana Nemčovičová and Iain Wilson 

provided the plasmid for recombinant HexD. David Vocadlo assisted with experimental 

design and data analysis. Tracey Gloster conceived of the project, assisted with 

experimental design and data analysis, carried out protein crystallography and data 

refinement, and wrote portions of the manuscript. 

5.1. Introduction 

Mammals possess four genes encoding β-hexosaminidases. These enzymes are 

responsible for the cleavage of the terminal monosaccharides N-acetylglucosamine 

(GlcNAc) and N-acetylgalactosamine (GalNAc) from cellular substrates. The HEXA and 

HEXB genes encode an α and β subunit, respectively, that dimerize to form three 

different isozymes: Hexosaminidase A (HexA; comprising an α and β subunit), 

Hexosaminidase B (HexB; comprising two β subunits) and Hexosaminidase S (HexS; 

comprising two α subunits)280–282. All three isozymes localise to the lysosome, where 

they hydrolyse terminal GlcNAc and GalNAc residues from glycoconjugates and 

oligosaccharides to aid disposing of unneeded glycoconjugates. Deficiencies in either of 

these genes lead to the genetic diseases known as Sandhoff and Tay-Sachs disease281. 

O-GlcNAcase (OGA), encoded by the HEXC gene, is a nucleocytoplasmic β-

hexosaminidase283. This enzyme removes GlcNAc residues from proteins bearing N-

acetylglucosamine O-linked to serine and threonine residues of nucleocytoplasmic 

proteins (O-GlcNAc), and has been implicated in an array of physiological processes as 

well as being found to be essential for development of mammals33,70,284. The fourth gene 

encoding a mammalian β-hexosaminidase (HEXDC) was identified recently285. While the 
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physiological substrate and function of the gene product, Hexosaminidase D (HexD) 

remains unknown, studies have indicated a link between this enzyme and rheumatoid 

arthritis286. The intracellular and extracellular roles played by this enzyme within cells is 

therefore a topic of great interest. 

Preliminary characterisation of recombinantly expressed murine HexD, which has 

80% similarity to human HexD, shows it can hydrolyse substrates containing both 

GalNAc and GlcNAc but with preference for the former. This differs from OGA, which 

exclusively hydrolyses GlcNAc-containing substrates, whereas HexA, HexB and HexS 

can hydrolyse substrates containing both GlcNAc and GalNAc. HexD was shown, by RT-

PCR, to be ubiquitously expressed in all murine tissues examined, and localised to the 

nucleus and cytoplasm when over-expressed in mammalian cells. Interestingly, the 

biochemical properties of recombinantly expressed murine HexD are in accord with the 

characteristics of an enzyme observed in bovine brain tissue isolates decades 

earlier287,288, but the gene encoding it was unknown and this observation received limited 

interest.  

Glycoside hydrolases (GHs) are classified by sequence homology into over 100 

families (Carbohydrate Active enZyme (CAZy) database)289. In general, enzyme 

mechanism and three-dimensional fold are conserved among members within any 

family. The CAZy database classifies HexD, along with the lysosomal β-

hexosaminidases encoded by the HEXA and HEXB genes, into family GH20. 

Conversely, OGA bears no sequence similarity to the other β-hexosaminidases, and falls 

into family GH84. Although there is low sequence conservation between these two 

families of mammalian β-hexosaminidases, studies have shown they share a similar, but 

unusual, substrate-assisted catalytic mechanism50,290,291. The three-dimensional 

structures of human HexA291, human HexB292  and bacterial homologues of OGA270,293  

have also provided insights into the active site architecture, revealing how these 

enzymes facilitate catalysis using key enzymic residues. Together, these mechanistic 

and structural studies have guided the development of potent and specific inhibitors 

against β-hexosaminidases50,270,293,294, which have acted as powerful tools to probe the 

cellular function of the enzymes and the role they play in disease51,59,118,295.  

Investigation into the mechanism of the family GH20 lysosomal β-

hexosaminidases and their homologues has shown they catalyse hydrolysis with 
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retention of stereochemistry using a substrate assisted catalytic mechanism (Figure 

5.1)296. This mechanism involves the 2-acetamido group of the N-acetylhexosamine 

residue of the substrate playing an essential role during catalysis. In the first step of the 

mechanism, a conserved active site carboxyl residue polarizes this acetamido group, 

increasing its nucleophilicity, and facilitating its attack at the anomeric position to result in 

the formation of an oxazoline intermediate. Concomitantly, a second conserved 

aspartate or glutamate residue, the general acid/base residue, aids glycosidic bond 

cleavage and leaving group departure by providing general acid catalysis. During the 

second step of the reaction, the acid/base residue acts as a general base to facilitate 

attack of a water molecule at the anomeric centre of the oxazoline intermediate. The 

overall result is the net retention of stereochemistry of the resulting N-

acetylglycopyranose product. 

 

Figure 5.1  Substrate-assisted catalytic mechanism employed by GH20 
enzymes.  

 

In order to gain insights into HexD at the molecular level, we chemically 

synthesized a series of aryl N-acetylgalactosaminide substrates and, using these, 

undertook a series of kinetic and mechanistic investigations in order to elucidate the 

detailed mechanism of action of this enzyme. Although chromogenic substrates such as 

p-nitrophenyl glycosides differ in structure at the anomeric position relative to natural 

substrates, these compounds serve as effective tools for probing the binding affinities, 

kinetic properties and mechanistic features of terminal glycosidases50,297.  We envisage 

that by understanding the subtleties of HexD catalysed hydrolysis of its substrates, the 

design of useful tools will be enabled, including potent and selective inhibitors that could 

be used to probe the physiological function of HexD. Whilst knowledge about the cellular 

function of HexD lags behind the other mammalian β-hexosaminidases, given the 

increasing important roles played by β-hexosaminidases in health and disease, gaining a 
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clear fundamental understanding of this unusual nucleocytoplasmically localized enzyme 

is important. 

5.2. Methods 

5.2.1. HexD protein expression and purification 

The plasmid containing the gene encoding human HexD in a pET30a vector, 

which has been reported previously, was transformed into Escherichia coli BL21 (DE3) 

cells. Successful transformants were cultured in Luria broth supplemented with 50 µg/mL 

kanamycin at 37°C until an optical density of 0.6 absorbance units was reached. Protein 

expression was induced with 0.5 mM isopropyl β-D-thiogalactoside at 15°C for 20 h. 

Cells were harvested and resuspended in 20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM 

imidazole and incubated in the presence of 1 mg/mL lysozyme, 0.2 mg/mL DNase and 

an EDTA-free protease inhibitor tablet (Roche) for 20 min at 4°C. Cells were lysed by 

high pressure cell disruption (Constant Systems). Following clarification, the supernatant 

was applied to a 5 mL HisTrap nickel column (GE Healthcare), pre-equilibrated in the 

same buffer, and the protein was eluted from an imidazole gradient. The elution was 

concentrated and applied to a HiPrep 26/10 desalt column equilibrated in 20 mM 

HEPES, pH 7.4, 150 mM NaCl buffer to remove the imidazole. The elution was 

subsequently concentrated and applied to a S200 16/60 gel filtration column, pre-

equilibrated in the same buffer, and fractions judged as pure were pooled for subsequent 

kinetic studies. 

5.2.2. HexD mutagenesis 

The primers shown in Table S1 were used to amplify the plasmid encoding the 

HexD gene with the desired mutation. Reactions were subjected to a digest with DpnI for 

2h at 37°C, and subsequently transformed into E. coli DH5α cells. Plasmid DNA was 

extracted from cells using standard procedures and subsequently sequenced (GATC 

Sequencing) to ensure the mutation was successfully incorporated. Protein expression 

and purification was performed as described for wild type HexD, and were obtained in 

similar yield. 
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5.2.3. General procedures for synthesis of compounds 

All synthetic reagents used in this study were obtained from Sigma-Aldrich 

(Oakville, ON), Carbosynth (San Diego, CA), Alfa Aesar (Ward Hill, MA), or Acros 

Organics (Geel, Belgium).  Anhydrous reactions were carried out in flame-dried 

glassware under a positive pressure of dry argon.  Air- or moisture-sensitive reagents 

and anhydrous solvents were transferred with oven-dried syringes or cannulae.  Flash 

chromatography was performed using E. Merck silica gel (230-400 mesh).  Solution-

phase reactions were monitored using analytical thin layer chromatography (TLC) with E. 

Merck 0.2 mm pre-coated silica gel aluminium plates 60 F254; compounds were 

visualized by illumination with short-wavelength (254 nm) ultraviolet light and/or staining 

with ceric ammonium molybdate or potassium permanganate staining solution.  Pyridine 

was dried extensively over activated 4 Å molecular sieves under argon.   1H NMR (400 

or 500 MHz) and 13C NMR (100 or 125 MHz) spectra were recorded at ambient 

temperature on a Bruker Avance III 400 or 500 NMR spectrometer.  Deuterated 

chloroform (CDCl3), acetone ((CD3)2CO), dimethyl sulfoxide (DMSO-d6), methanol 

(CD3OD) or water (D2O) were used as NMR solvents, unless otherwise stated.  

Chemical shifts are reported in ppm downfield from tetramethylsilane (TMS) and 

corrected using the solvent residual signal as a reference.  Splitting patterns are 

designated as follows:  s, singlet; d, doublet; t, triplet; q, quartet;  quin, quintet; hex, 

hextet;  m, multiplet and br, broad.  Low- and high-resolution mass spectrometry was 

performed on a Micromass Quattro-LC electrospray spectrometer with a pump rate of 20 

µL/min using electrospray ionization (ESI).   

 

5.2.4. Synthetic schemes 
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Scheme S1:  Synthesis of fluorinated N-acyl substrates. (i) NaOOCCH
2
F, Amberlite-120 

H
+

, HBTU, Et
3
N, DMF, 0°C, 70%; (ii) HOOCH

2
F, HBTU, Et

3
N, DMF, 0°C,  62%;  (iii) 

(CF
3
CO)

2
O, Et

3
N, CH

2
Cl

2
, 0°C, 40%;  

 

 

 

Scheme S2:  Synthesis of aryl N-acetylgalactosamine substrate analogues. 

 

5.2.5. Synthesis of aryl substrates 

4-Nitrophenyl 2-amino-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S2): 3,4,6-Tri-

O-acetyl-2-amino-2-deoxy-β-D-galactopyranosyl bromide hydrobromide (S1, 250 mg, 

0.557 mmol) was added to a 50 mL flame-dried round bottom flask under an atmosphere 

of argon.  The compound was dissolved in anhydrous CH3CN (10 mL), then sodium p-

nitrophenolate (180 mg, 1.11 mmol) was added and the reaction mixture was stirred 

overnight at room temperature.  Upon completion of the reaction, the solvent was removed 

under vacuum, then CH2Cl2 (50 mL) and NaHCO3 (sat. aq., 50 mL) were added to the 

residue.  The organic layer was collected and the aqueous layer was extracted with CH2Cl2 

(3 x 50 mL). The combined organic fractions were washed with NaHCO3 solution (50 mL), 

brine (50 mL), dried with MgSO4, filtered and concentrated under vacuum.  Purification by 

flash column silica gel chromatography (97.5:2:0.5 DCM:MeOH:TEA) afforded the title 

compound as a yellow gum (105 mg, 44%). 1H NMR (400 MHz, CDCl3) δH 8.21 (d, J=9.2 

Hz, 2H), 7.12 (d, J=9.2 Hz, 2H), 5.43 (d, J=3.3 Hz, 1H), 4.98 (d, J=7.9 Hz, 1H), 4.89 (dd, 

J=10.8, 3.2 Hz, 1H), 4.23-4.08 (m, 3H), 3.52 (dd, J=10.8, 7.9 Hz, 1H), 2.15 (s, 3H), 2.07 

(s, 3H), 2.06 (s, 3H). 13C NMR (100 MHz, CDCl3) δc  170.44, 170.37, 170.24, 161.53, 

143.23, 125.88, 116.66, 101.66, 73.24, 71.65, 66.11, 61.71, 51.41, 20.87, 20.81, 20.75.  

LRMS (ESI+) m/z: [M+H]+ calcd for C18H24N2O10  427.14, found 427.13.  
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4-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoroacetamido-β-D-galactopyranoside (S3b): 

Sodium fluoroacetate (24 mg, 0.235 mmol) was added to a mixture of Amberlite IR-120 

resin (H+ form) in anhydrous DMF.  After one hour of stirring, the fluoroacetic acid solution 

was added to a stirred solution of compound S2 (100 mg, 0.235 mmol) and triethylamine 

(0.12 mL, 0.823 mmol) in anhydrous DMF and the resulting mixture was stirred overnight 

at room temperature.  Upon completion, the solvent was removed under vacuum, then 

CH2Cl2 (50 mL) and NaHCO3 (sat. aq., 50 mL) was added to the residue.  The organic 

layer was collected and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL).  The 

combined organic fractions were washed with water (50 mL) and brine (50 mL), dried with 

MgSO4, filtered and concentrated under vacuum.  The crude product was purified by flash 

column silica gel chromatography (40:60 EtOAc:Hex) to afford the product as white 

crystals (81 mg, 71%).  1H NMR (500 MHz, CDCl3) δH 8.20 (d, J=9.3 Hz, 2H), 7.10 (d, 

J=9.3 Hz, 2H), 6.50 (dd, J=8.6, 3.4 Hz, 1H), 5.56 (d, J=8.4 Hz, 1H), 5.52-5.47 (m, 2H), 

4.76 (d, J=47.3 Hz, 2H), 4.33 (m, 1H), 4.22-4.16 (m, 2H), 2.19 (s, 3H), 2.08 (s, 3H), 2.04 

(s, 3H).  13C NMR (125 MHz, CDCl3) δC 170.52, 170.47, 170.23, 168.46, 161.41, 143.25, 

126.87, 116.71, 97.87, 80.16, 71.63, 69.29, 66.57, 61.74, 51.22, 20.79, 20.77, 20.76.   19F 

NMR (500 MHz, CDCl3) δF  -225.54 (t, J=47.1 Hz). LRMS (ESI+) m/z: [M+Na]+ calcd for 

C20H23FN2O11Na  509.12, found 509.11. 

4-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-difluoroacetamido-β-D-galactopyranoside 

(S3c):  Compound S2 (95 mg, 0.223 mmol) was dissolved in anhydrous DMF (5 mL) in a 

50 mL flame-dried round bottom flask charged with argon. Triethylamine (0.11 mL, 0.781 

mmol) and difluoroacetic acid (15 µL, 0.223 mmol) were added, then a solution of HBTU 

(296 mg, 0.781 mmol) in 5 mL DMF was transferred via syringe and the reaction mixture 

was stirred overnight at room temperature.  Upon completion, the solvent was removed 

under vacuum, then CH2Cl2 (50 mL) and NaHCO3 (sat. aq., 50 mL) were added to the 

residue.  The organic layer was collected and the aqueous layer was extracted with CH2Cl2 

(3 x 50 mL). The combined organic fractions were washed with NaHCO3 (sat. aq., 50 mL) 

and brine (50 mL), dried with MgSO4, filtered and concentrated under vacuum.  The crude 

residue was purified by silica gel flash column chromatography (40:60 EtOAc:Hex) to yield 

the product as white crystals (73 mg, 62%).  1H NMR (400 MHz, CDCl3) δH 8.19 (d, J=9.3 

Hz, 2H), 7.09 (d, J=9.3 Hz, 2H), 6.76 (d, J=8.7 Hz, 1H), 5.86 (t, J=54.3 Hz, 1H), 5.47 (dd, 

J=7.2, 3.4 Hz, 1H), 5.45 (d, J=8.4 Hz, 1H), 5.43 (m, 1H), 4.41 (dd, J=8.5, 10.9 Hz, 1H), 

4.22-4.16 (m, 3H), 2.19 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H).  13C NMR (125 MHz, CDCl3) δC 
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170.57, 170.51, 170.19, 163.43, 161.37, 143.39, 125.92, 116.82, 108.37, 98.14, 71.71, 

69.19, 66.49, 61.64, 51.37, 20.80, 20.76, 20.63.  19F NMR (400 MHz, CDCl3) δF -127.57 

(d, J=48.5 Hz), -127.68 (d, J=48.5 Hz).  LRMS (ESI+) m/z: [M+Na]+ calcd for 

C20H22F2N2O11Na  527.11, found 527.09. 

4-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroacetamido-β-D-galactopyranoside 

(S3d): Compound S2 (100 mg, 0.235 mmol) and triethylamine (0.1 mL, 0.705 mmol) were 

dissolved in anhydrous CH2Cl2 (10 mL) in a 50 mL round bottom flask.  The mixture was 

cooled to 0°C, and trifluoroacetic anhydride (0.1 mL, 0.705 mmol) was added dropwise.  

The contents were then stirred overnight at room temperature.  Upon completion of the 

reaction, NaHCO3 (sat. aq., 50 mL) was added, the organic layer was collected, and the 

aqueous layer was extracted with CH2Cl2 (3x50 mL).  The combined organic fractions 

were washed with additional NaHCO3 solution (50 mL) and brine (50 mL), dried with 

MgSO4, filtered and concentrated.  The crude residue was purified by silica gel flash 

column chromatography using gradient elution (30:70-40:60 EtOAc:Hexanes) to furnish 

the product as a white amorphous solid (49 mg, 40%).1H NMR (500 MHz, CDCl3) δH 8.16 

(d, J=9.2 Hz, 2H), 7.14 (d, J=9.0 Hz, 1H), 7.08 (d, J=9.2 Hz, 2H), 5.47 (d, J=3.3 Hz, 1H), 

5.40 (dd, J=11.3, 3.3 Hz, 1H), 5.37 (d, J=8.4 Hz, 1H), 4.50 (dd, J=11.1, 8.7 Hz, 1H), 4.21-

4.16 (m, 3H), 2.19 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H). 13C NMR (125 MHz, CDCl3) δc 170.77, 

170.61, 170.26, 161.34, 143.34, 125.92, 116.76, 98.16, 71.72, 69.28, 66.41, 60.64, 51.51, 

20.77, 20.71, 20.55. 19F NMR (470 MHz, CDCl3) δF -72.21 (br).  LRMS (ESI+) m/z: [M+Na]+ 

calcd for C20H21F3N2O11Na  545.10, found 545.09. 

General procedure A: Synthesis of aryl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy- β-D-

galactopyranosides (S5e-j): 

To a mixture of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-α-D-galactopyranosyl chloride 

(S4, 1 eq), benzyltriethylammonium chloride (1 eq) and acceptor phenol (2 eq) was added 

sufficient dichloromethane (1 volume) to yield a solution of 200 mM chlorosugar.  An equal 

volume of 1 M sodium hydroxide was added, and the resulting biphasic mixture was stirred 

vigorously at room temperature for 1-3 hours.  Upon completion, ethyl acetate (5 volumes) 

was added and the organic phase was washed successively with 1 M NaOH (1 volume), 

water (2 x 1 volume) and brine (1 volume).  The combined organic layers were dried 

(MgSO4), filtered and concentrated under vacuum.  Crude product was purified by column 
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chromatography to obtain aryl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-

galactopyranosides as crystalline solids in yields ranging from 39-68%. 

3,4-Dinitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S5e): 

The compound was synthesized according to general procedure A and purified by column 

chromatography (60:40-80:20 EtOAc:Hex, off-white crystals, 35% yield).  1H NMR (400 

MHz, CDCl3) δ 7.99 (d, J = 9.1 Hz, 1H), 7.51 (d, J = 2.6 Hz, 1H), 7.30 (dd, J = 9.1, 2.6 Hz, 

1H), 6.07 (d, J = 8.4 Hz, 1H), 5.59 (d, J = 8.3 Hz, 1H), 5.54 – 5.45 (m, 2H), 4.27 (dd, J = 

11.4, 4.3 Hz, 1H), 4.25 – 4.18 (m, 2H), 4.09 – 4.04 (m, 1H), 2.17 (s, 3H), 2.09 (s, 3H), 2.03 

(s, 3H), 1.96 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 171.10, 170.88, 170.80, 170.15, 

160.36, 145.31, 136.26, 127.19, 120.36, 112.42, 97.92, 72.15, 69.16, 66.76, 62.32, 51.39, 

23.64, 20.77, 20.63. HRMS (ESI+) m/z: [M+H]+ calcd for C20H24N3O13 514.1304, found 

514.1296. 

3-Fluoro-4-nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside 

(S5f): The compound was synthesized according to general procedure A and purified by 

column chromatography (60:40-70:30 EtOAc:Hex, off-white crystals, 43% yield).  1H NMR 

(500 MHz, CDCl3) δ 8.05 (t, J= 8.8 Hz, 1H), 6.98 (dd, J = 12.5, 2.5 Hz, 1H), 6.89 (dd, J = 

9.3, 2.5 Hz, 1H), 6.00 (d, J = 8.4 Hz, 1H), 5.56 – 5.43 (m, 3H), 4.26 – 4.19 (m, 3H), 4.13 

(m, 1H), 2.17 (s, 3H), 2.08 (s, 3H), 2.03 (s, 4H), 1.95 (s, 3H). 13C NMR (126 MHz, CDCl3) 

δ 171.11, 170.63, 170.15, 162.09, 158.30, 155.67, 131.82, 127.53, 112.90, 105.68, 97.71, 

71.66, 69.37, 66.67, 62.05, 50.95, 23.40, 20.63, 20.61, 20.54.  HRMS (ESI+) m/z: [M+H]+ 

calcd for C20H24FN2O11  found. 

3-Nitrophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S5g): The 

compound was synthesized according to general procedure A and purified by column 

chromatography (60:40-70:30 EtOAc:Hex, off-white crystals, 53% yield).  1H NMR (500 

MHz, CDCl3) δ 7.93 (d, J = 8.2 Hz, 1H), 7.89 (s, 1H), 7.45 (t, J = 8.2 Hz, 1H), 7.34 (d, J = 

8.2 Hz, 1H), 5.64 (d, J = 8.7 Hz, 1H), 5.48 – 5.43 (m, 2H), 5.44 (d, J = 8.3 Hz, 1H), 4.32 – 

4.10 (m, 4H), 2.18 (s, 3H), 2.09 (s, 3H), 2.04 (s, 3H), 1.97 (s, 3H).  13C NMR (126 MHz, 

CDCl3) δ 170.81, 170.79, 170.57, 170.30, 157.39, 149.16, 130.22, 123.81, 118.01, 111.36, 

98.79, 71.70, 69.49, 66.94, 62.19, 51.60, 23.58, 20.79, 20.73.  HRMS (ESI+) m/z: [M+H]+ 

calcd for C20H25N2O11  469.1453, found 469.1471. 
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4-Chlorophenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S5h): 

The compound was synthesized according to general procedure A and purified by column 

chromatography (60:40 EtOAc:Hex, white crystals, 40% yield).  1H NMR (500 MHz, CDCl3) 

δ 7.23 (d, J= 8.9 Hz, 2H), 6.95 (d, J= 8.9 Hz, 2H), 5.61 (d, J= 8.6 Hz, 1H), 5.44-5.41 (m, 

2H), 5.28 (d, J=8.4 Hz, 1H), 4.22-4.14 (m, 3H), 4.07 (dd, J=6.6, 6.6 Hz, 1H), 2.17 (s, 3H), 

2.05 (s, 3H), 2.02 (s, 3H), 1.95 (s, 3H).13C NMR (126 MHz, CDCl3) δ 170.81, 170.53, 

170.50, 170.37, 155.74, 129.50 (2C), 128.19, 118.42 (2C), 99.32, 71.09, 69.66, 66.78, 

61.74, 51.61, 23.48, 20.78, 20.75 (2C).  HRMS (ESI+) m/z: [M+H]+ calcd for C20H25NO9Cl  

458.1237, found 458.1242. 

Phenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S5i):  The 

compound was synthesized according to general procedure A and purified by column 

chromatography (60:40-70:30 EtOAc:Hex, yellow solid, 37% yield).  1H NMR (500 MHz, 

CDCl3) δ 7.29 (t, J = 7.9 Hz, 2H), 7.06 (t, J = 7.4 Hz, 1H), 7.01 (d, J = 8.0 Hz, 2H), 5.50 (d, 

J = 8.5 Hz, 1H), 5.46 – 5.39 (m, 2H), 5.30 (d, J = 8.4 Hz, 1H), 4.29 – 4.12 (m, 3H), 4.08 (t, 

J = 6.6 Hz, 1H), 2.17 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H).  13C NMR (126 MHz, 

CDCl3) δ 170.82, 170.48, 170.45, 170.37, 157.14, 129.48, 123.03, 116.94, 99.21, 70.85, 

69.78, 66.75, 61.66, 51.48, 23.34, 20.68, 20.65.  HRMS (ESI+) m/z: [M+Na]+ calcd for 

C20H25NO9Na  446.1432, found 446.1422. 

4-Methoxyphenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (S5j): 

The compound was synthesized according to general procedure A and purified by column 

chromatography (60:40 EtOAc:Hex, off-white crystals, 39%. 1H NMR (500 MHz, CDCl3) δ 

6.96 (d, J = 9.0 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H), 5.53 (d, J = 8.2 Hz, 1H), 5.43 – 5.37 (m, 

2H), 5.18 (d, J = 8.4 Hz, 1H), 4.24 – 4.13 (m, 3H), 4.02 (t, J = 6.7 Hz, 1H), 2.17 (s, 3H), 

2.05 (s, 3H), 2.03 (s, 3H), 1.98 (s, 3H).  13C NMR (126 MHz, CDCl3) δ 170.58, 170.57, 

170.53, 170.40, 155.76, 151.32, 118.69, 114.68, 100.51, 71.03, 69.78, 66.81, 61.64, 

55.81, 23.64, 20.86, 20.83.  HRMS (ESI+) m/z: [M+H]+ calcd for C21H28NO10  454.1708, 

found 454.1702. 

General Procedure B: Synthesis of aryl 2-acetamido-2-deoxy-β-D-galactopyranosides 

(1e-j): 

To a solution of aryl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-galactopyranoside (1 eq) 

in anhydrous methanol was added a spatula tip of anhydrous sodium methoxide.  The 
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mixture was stirred at room temperature (2-3 hours or overnight).  Amberlite IR-120 resin 

(H+ form, pH=4) was pre-rinsed with MeOH and added to the mixture, which was stirred 

for an additional 10 minutes until a pH of 5-6 was reached.  The mixture was filtered and 

concentrated to yield aryl 2-acetamido-2-deoxy-β-D-galactopyranoside as white crystals 

(93-99%). The products were crystallized from MeOH/Et2O prior to use in biological 

assays.   

4-Nitrophenyl 2-deoxy-2-fluoroacetamido-β-D-galactopyranoside (1b):  1H NMR (500 

MHz,DMSO-d6) δH 8.22 (d, J=9.1 Hz, 2H), 8.06 (d, J=9.5 Hz, 1H), 7.17 (d, J=9.2 Hz, 2H), 

5.25 (d, J=8.4 Hz, 1H), 4.91 (d, J=6.3 Hz, 1H), 4.81 (d, J=46.9 Hz, 2H), 4.78-4.71 (m, 2H), 

4.21 (m, 1H), 3.78 (br s, 1H), 3.68 (br s, 1H), 3.62-3.53 (m , 3H).  13C NMR (125 MHz, 

DMSO-d6) δC 162.28, 141.80, 125.80, 116.60, 98.66, 80.83, 76.01, 70.68, 67.32, 60.28, 

51.17. 19F NMR (500 MHz, DMSO-d6) δF  -226.05. HRMS (ESI+) m/z: [M+Na]+ calcd for 

C14H17FN2O8Na  383.0861, found 383.0862. 

4-Nitrophenyl 2-deoxy-2-difluoroacetamido-β-D-galactopyranoside (1c): 1H NMR (500 

MHz, CD3OD) δH 8.21 (d, J=9.1 Hz, 2H), 7.19 (d, J=9.2 Hz, 2H), 6.06 (t, J=53.7 Hz, 1H), 

5.23 (d, J=8.4 Hz, 1H), 4.34 (dd, J=10.5, 8.5 Hz, 1H), 3.95 (d, J=3.1 Hz, 1H), 3.85-3.74 

(m, 4H).  13C NMR (125 MHz, CD3OD) δc 163.72, 144.08, 126.64, 117.79, 110.09, 100.17, 

77.55, 72.14, 69.51, 62.41, 53.91. 19F NMR (500 MHz, DMSO-d6) δF  -127.51 (d, J=53.5 

Hz).  HRMS (ESI+) m/z: [M+Na]+ calcd for C14H16F2N2O8Na  401.0767, found 401.0768. 

 

4-Nitrophenyl 2-deoxy-2-trifluoroacetamido-β-D-galactopyranoside (1d): 1H NMR (500 

MHz, CD3OD) δH 8.20 (d, J=9.2 Hz, 2H), 7.18 (d, J=9.2 Hz, 2H), 5.23 (d, J=8.5 Hz, 1H), 

4.35 (dd, J=8.7, 10.3 Hz, 1H), 3.96 (d, J=3.2 Hz, 1H), 3.86-3.77 (m, 4H). 13C NMR (125 

MHz, CD3OD) δc 163.52, 144.13, 126.69, 117.72, 100.04, 77.58, 71.90, 69.51, 62.38, 

54.39. 19F NMR (470 MHz, CD3OD) δF -77.46 (br).  LRMS (ESI+) m/z: [M+Na]+ calcd for 

C14H15F3N2O8Na  419.07, found 419.06. 

3,4-Dinitrophenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1e): 1H NMR (500 MHz, 

CD3OD) δ 8.11 (d, J = 9.0 Hz, 1H), 7.62 (d, J = 2.6 Hz, 1H), 7.42 (dd, J = 9.1, 2.6 Hz, 1H), 

5.23 (d, J = 8.4 Hz, 1H), 4.25 (dd, J = 10.7, 8.4 Hz, 1H), 3.92 (d, J = 3.2 Hz, 1H), 3.85 – 

3.71 (m, 4H), 1.98 (s, 1H).  13C NMR (126 MHz, CD3OD) δ 174.29, 162.45, 128.54, 120.96, 
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114.04, 100.64, 77.69, 72.57, 69.48, 62.45, 53.69, 22.99. HRMS (ESI+) m/z: [M+H]+ calcd 

for C14H18N3O10  388.0987, found 388.0981. 

3-Fluoro-4-nitrophenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1f):  1H NMR (500 

MHz, CD3OD) δ 8.11 (t, J = 8.9 Hz, 1H), 7.08 (dd, J = 12.9, 2.6 Hz, 1H), 6.99 (d, J = 9.3 

Hz, 1H), 5.17 (d, J = 8.5 Hz, 1H), 4.23 (dd, J = 10.7, 8.3 Hz, 1H), 3.92 (d, J = 3.3 Hz, 1H), 

3.87 – 3.69 (m, 3H), 1.98 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 162.78, 157.42, 

155.34, 130.95, 127.94, 112.94, 105.42, 98.88, 75.94, 70.98, 67.38, 60.32, 51.53, 23.05. 

HRMS (ESI+) m/z: [M+H]+ calcd for C14H18N2O8F 361.0968, found 361.0969. 

3-Nitrophenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1g): 1H NMR (500 MHz, 

CD3OD) δ 7.90 (m, 2H), 7.53 (t, J= 8.2 Hz, 1H), 7.44 (d, J= 8.2 Hz, 1H), 5.15 (d, J=8.4 Hz, 

1H), 4.3 (dd, J=9.6, 9.2 Hz, 1H), 3.93 (m, 1H), 3.84-8.72 (m, 4H), 1.99 (s, 3H).  13C NMR 

(126 MHz, CD3OD) δ 174.24, 159.41, 131.44, 124.24, 118.12, 112.52, 101.00, 77.37, 

72.78, 69.53, 62.41, 54.06, 23.00. HRMS (ESI+) m/z: [M+H]+ calcd for C14H19N2O8 

343.1063, found 343.1058. 

4-Chlorophenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1h): 1H NMR (500 MHz, 

CD3OD) δ 7.25 (d, J = 8.9 Hz, 1H), 7.02 (d, J = 8.9 Hz, 1H), 4.99 (d, J = 8.4 Hz, 1H), 4.17 

(dd, J = 10.7, 8.4 Hz, 1H), 3.90 (d, J = 3.2 Hz, 1H), 3.85 – 3.74 (m, 1H), 3.71 (dd, J = 10.7, 

3.2 Hz, 1H), 3.66 (d, J = 6.0 Hz, 1H), 1.98 (s, 2H). 13C NMR (126 MHz, CD3OD) δ 174.19, 

157.88, 130.32 (2C), 128.37, 119.30 (2C), 101.31, 77.18, 72.92, 69.58, 62.47, 54.19, 

22.98. HRMS (ESI+) m/z: [M+H]+ calcd for C14H19NO6Cl  332.0895, found 332.0885. 

Phenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1i): 1H NMR (500 MHz, CD3OD) δ 

7.26 (t, J = 7.9 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 6.99 (t, J = 7.3 Hz, 1H), 5.01 (d, J = 8.4 

Hz, 1H), 4.22 – 4.15 (m, 1H), 3.90 (d, J = 2.9 Hz, 1H), 3.79 (m, 2H), 3.72 (dd, J = 10.7, 

3.2 Hz, 1H), 3.66 (t, J = 6.0 Hz, 1H), 1.98 (s, 3H). 13C NMR (126 MHz, CD3OD) δ 174.20, 

159.27, 130.43, 123.44, 117.74, 101.29, 77.07, 73.00, 69.60, 62.46, 54.33, 22.98.  HRMS 

(ESI+) m/z: [M+H]+ calcd for C14H20NO6  298.1285, found 298.1294. 

4-Methoxyphenyl 2-acetamido-2-deoxy-β-D-galactopyranoside (1j): 1H NMR (500 MHz, 

CD3OD) δ 6.98 (d, J = 9.0 Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 4.88 (d, J = 8.5 Hz, 1H), 4.14 

(dd, J = 10.4, 8.7 Hz, 1H), 3.89 (d, J = 2.9 Hz, 1H), 3.84 – 3.75 (m, 2H), 3.74 (s, 3H), 3.69 

(dd, J = 10.7, 3.2 Hz, 1H), 3.62 (t, J = 6.0 Hz, 1H), 1.99 (s, 3H).  13C NMR (126 MHz, 

CD3OD) δ 174.18, 156.70, 153.32, 119.18, 115.48, 102.40, 77.00, 73.02, 69.60, 62.46, 
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56.04, 54.40, 23.00.  HRMS (ESI+) m/z: [M+H]+ calcd for C15H22NO7 328.1391, found 

328.1389. 

 

Synthesis of benzylidene-protected Gal-NAG-thiazoline (5): 

Compound 4 (75 mg, 1 eq) was dissolved in 5 mL anhydrous CH3CN in a flame-dried 25 

mL round bottom flask charged with argon. Camphor sulfonic acid (8 mg, 0.1eq) and 

benzaldehyde dimethylacetal (175mg, 3.5 eq) was added as the mixture was stirred, and 

the solution was then heated to reflux for 1 hour. After being judged complete by TLC, the 

mixture was quenched with triethylamine (2 eq) concentrated under reduced pressure, 

and purified by column chromatography (3:7 → 6:4 EtOAc:DCM, product Rf = 0.3 to yield 

the 4,6-protected thiazoline as a colourless oil (75 mg, 68%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.48 (dd, J = 7.7, 1.4 Hz, 2H), 7.44 – 7.33 (m, 3H), 6.44 (d, J = 6.6 Hz, 

1H), 6.19 (s, 1H), 4.55 (dtd, J = 8.3, 4.0, 2.0 Hz, 1H), 4.45 (q, J = 5.0 Hz, 1H), 4.16 (dd, J 

= 4.9, 3.7 Hz, 1H), 4.08 (dd, J = 11.9, 5.0 Hz, 1H), 3.81 (dd, J = 11.9, 5.0 Hz, 1H), 3.77 – 

3.72 (m, 1H), 3.13 (d, J = 4.5 Hz, 1H), 2.26 (d, J = 2.0 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 168.43, 136.91, 128.94, 128.88, 126.59, 97.27, 89.78, 78.23, 67.73, 66.23, 

65.79, 62.92, 21.23. HRMS (ESI+) m/z: [M+H]+ calcd for C15H18NO4S 308.0951, found 

308.0966. 

Synthesis of 4,6-O-benzylidene-3-O-methyl-Gal-NAG-thiazoline (6a): 

Compound 5 (50 mg) was dissolved in 2 mL anhydrous DMF in a flame-dried round bottom 

flask charged with argon. Sodium hydride (8mg, 2 eq) was added and the mixture was 

stirred in an ice bath for 5 minutes. Methyl iodide (20 uL, 2 eq) was then added, and the 

mixture was stirred for 3 hours at room temperature, at which point it was judged complete 

by TLC. The mixture was quenched by the addition of 5 mL MeOH and was then diluted 

in 20 mL DCM. It was then washed with 20 mL NaHCO3 (sat. aq.) and twice with 20 mL 

H2O. The organic layer was then dried with MgSO4, filtered and concentrated. The crude 

material was then purified by column chromatography (50:50 → 70:30 EtOAc:Hexanes) 

to yield 37 mg of methylated product 6a as a colourless oil (70%). 1H NMR (500 MHz, 

Chloroform-d) δ 7.52 – 7.46 (m, 2H), 7.42 – 7.32 (m, 3H), 6.57 (d, J = 5.5 Hz, 1H), 5.59 

(s, 1H), 4.60 (dd, J = 3.1, 2.2 Hz, 1H), 4.47 – 4.34 (m, 2H), 4.11 (dd, J = 12.9, 2.1 Hz, 1H), 

3.71 (ddd, J = 3.2, 2.1, 1.3 Hz, 1H), 3.65 (dd, J = 7.6, 2.1 Hz, 1H), 3.61 (s, 3H), 2.31 (d, J 
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= 2.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 137.66, 129.36, 128.49, 126.42, 101.00, 

89.08, 80.48, 72.26, 72.11, 67.97, 57.84, 20.93. HRMS (ESI+) m/z: [M+H]+ calcd for 

C16H20NO4S 322.1108, found 322.1118. 

Synthesis of 4,6-O-benzylidene-3-O-allyl-Gal-NAG-thiazoline (6b): 

Compound 5 (40 mg) was dissolved in 2 mL anhydrous DMF in a flame-dried round bottom 

flask charged with argon. Sodium hydride (7mg, 2 eq) was added and the mixture was 

stirred in an ice bath for 5 minutes. Freshly distilled allyl bromide (20 uL, 1.6 eq) was then 

added, and the mixture was stirred overnight at room temperature. The mixture was 

quenched by the addition of 5 mL MeOH and was then diluted in 20 mL DCM. It was then 

washed with 20 mL NaHCO3 (sat. aq.) and twice with 20 mL H2O. The organic layer was 

then dried with MgSO4, filtered and concentrated. The crude material was then purified by 

column chromatography (10:90 MeOH:DCM) to yield 26 mg of allylated product 6b as a 

colourless oil (71%). 1H NMR (400 MHz, Chloroform-d) δ 7.53 – 7.47 (m, 2H), 7.42 – 7.34 

(m, 3H), 6.56 (d, J = 5.5 Hz, 1H), 6.01 (dddd, J = 17.2, 10.3, 6.1, 5.4 Hz, 1H), 5.36 (dd, J 

= 17.3, 1.7 Hz, 1H), 5.21 (dd, J = 10.4, 1.6 Hz, 1H), 4.53 (dd, J = 3.0, 2.2 Hz, 1H), 4.46 (tt, 

J = 5.5, 2.1 Hz, 1H), 4.42 – 4.33 (m, 2H), 4.29 (ddt, J = 13.0, 6.1, 1.4 Hz, 1H), 4.09 (dd, J 

= 12.9, 2.1 Hz, 1H), 3.81 (dd, J = 7.6, 2.2 Hz, 1H), 3.69 (ddd, J = 3.3, 2.1, 1.3 Hz, 1H), 

2.30 (d, J = 2.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 165.04, 137.77, 135.06, 129.30, 

128.45, 117.70, 100.88, 89.20, 80.86, 78.02, 73.34, 72.17, 71.19, 67.96, 20.96. HRMS 

(ESI+) m/z: [M+H]+ calcd for C18H22NO4S 348.1264, found 348.1267. 

 

 

Synthesis of 4,6-O-benzylidene-3-O-benzyl-Gal-NAG-thiazoline (6c): 

Compound 5 (47 mg) was dissolved in 2 mL anhydrous DMF in a flame-dried round bottom 

flask charged with argon. The mixture was cooled to 0°C and sodium hydride (7mg, 2 eq) 

was added with stirring. After 10 minutes, benzyl bromide (28 uL, 1.5 eq) and tetra n-

butylammonium iodide (6 mg, 0.1 eq) was added, and the mixture was stirred at room 

temperature for 3 hours. Once complete, the mixture was quenched by the addition of 5 

mL MeOH and was then diluted in 20 mL DCM. It was then washed with 20 mL NaHCO3 

(sat. aq.) and twice with 20 mL H2O. The organic layer was then dried with MgSO4, filtered 

and concentrated. The crude material was then purified by column chromatography (30:70 
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EtOAc:Hexanes) to yield 37 mg of benzylated product 6c as a colourless oil (61%). 1H 

NMR (400 MHz, Chloroform-d) δ 7.54 – 7.47 (m, 2H), 7.48 – 7.42 (m, 2H), 7.42 – 7.27 (m, 

7H), 6.57 (d, J = 5.5 Hz, 1H), 5.51 (s, 1H), 4.96 (d, J = 12.4 Hz, 1H), 4.84 (d, J = 12.4 Hz, 

1H), 4.57 – 4.47 (m, 1H), 4.41 (dd, J = 3.0, 2.2 Hz, 1H), 4.32 (dd, J = 12.8, 1.4 Hz, 1H), 

4.03 (dd, J = 12.8, 2.1 Hz, 1H), 3.84 (dd, J = 7.6, 2.2 Hz, 1H), 3.66 – 3.60 (m, 2H), 2.31 

(d, J = 2.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 138.48, 137.78, 129.27, 128.46, 

128.44, 128.05, 127.80, 127.61, 126.37, 100.81, 89.33, 80.62, 77.98, 73.44, 72.02, 71.89, 

67.85, 21.00. HRMS (ESI+) m/z: [M+H]+ calcd for C15H18NO4S 398.1421, found 

398.1413. 

Synthesis of 4,6-O-benzylidene-3-O-methanesulfonyl-Gal-NAG-thiazoline (6d): 

Compound 5 (27 mg) was dissolved in 2 mL of a 1:1 mixture of pyridine and DCM in a 

flame-dried round bottom flask charged with argon. Methanesulfonyl chloride (38 uL, 5 eq) 

was added, and the mixture was stirred at room temperature for 18 hours. Once complete, 

the solution was concentrated by co-evaporation with toluene. It was then diluted in 20 mL 

DCM and was then washed with 20 mL NaHCO3 (sat. aq.) and twice with 20 mL H2O. The 

organic layer was then dried with MgSO4, filtered and concentrated. The crude material 

was then purified by column chromatography (10:90 → 20:80 EtOAc:DCM) to yield 28 mg 

of mesylated product 6d as a colourless oil (83%). 1H NMR (500 MHz, Chloroform-d) δ 

7.53 – 7.47 (m, 2H), 7.39 (dd, J = 5.7, 1.6 Hz, 3H), 6.58 (d, J = 5.7 Hz, 1H), 5.61 (s, 1H), 

4.89 (dd, J = 8.1, 2.3 Hz, 1H), 4.69 (t, J = 2.7 Hz, 1H), 4.57 (ddq, J = 7.7, 5.7, 1.8 Hz, 1H), 

4.38 (dd, J = 13.0, 1.3 Hz, 1H), 4.15 – 4.08 (m, 1H), 3.81 (dt, J = 3.1, 1.7 Hz, 1H), 3.25 (s, 

3H), 2.28 (d, J = 1.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 167.43, 137.50, 129.63, 

128.70, 126.43, 100.79, 89.46, 80.85, 78.14, 74.43, 71.79, 67.55, 39.30, 21.31. HRMS 

(ESI+) m/z: [M+H]+ calcd for C16H20NO6S2 386.0727, found 386.0741. 

General procedure C: Deprotection of 4,6-O-benzylidene protected thiazolines (7a-d): 

To a solution of benzylidene protected Gal-NAG-thiazoline (~30 mg, 1eq) dissolved in 

anhydrous acetonitrile (3 mL) was added 1,2-ethanedithiol (6 eq) and p-toluenesulfonic 

acid (1 eq). The mixture was heated to reflux and stirred for 6 hours until judged 

complete by TLC and was then quenched with 10 eq triethylamine. The solvent was 

removed and the crude material was then purified by column chromatography (10:90 → 

30:70 EtAc:DCM, as appropriate) to yield the deprotected thiazolines as a white solid 

(55-69%) 
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3-O-methyl-Gal-NAG-thiazoline (7a): 

1H NMR (400 MHz, Methanol-d4) δ 6.36 (d, J = 6.5 Hz, 1H), 4.26 (ddt, J = 8.0, 4.5, 1.5 Hz, 

1H), 4.19 (t, J = 2.8 Hz, 1H), 3.88 (ddd, J = 7.3, 5.0, 2.5 Hz, 1H), 3.82 – 3.67 (m, 2H), 3.46 

(s, 3H), 3.43 (dd, J = 8.0, 3.0 Hz, 1H), 2.23 (d, J = 1.5 Hz, 3H). 13C NMR (101 MHz, 

CD3OD) δ 171.49, 91.49, 82.29, 76.79, 76.00, 64.93, 61.93, 57.43, 21.36. HRMS (ESI+) 

m/z: [M+H]+ calcd for C9H16NO4S 234.0795, found 234.0805. 

3-O-allyl-Gal-NAG-thiazoline (7b): 

1H NMR (500 MHz, Methanol-d4) δ 6.38 (d, J = 6.5 Hz, 1H), 5.98 (ddt, J = 17.3, 10.4, 5.7 

Hz, 1H), 5.33 (dq, J = 17.3, 1.7 Hz, 1H), 5.18 (dq, J = 10.4, 1.5 Hz, 1H), 4.30 (ddd, J = 

8.0, 6.5, 1.5 Hz, 1H), 4.22 (ddt, J = 12.7, 5.5, 1.5 Hz, 1H), 4.15 – 4.07 (m, 2H), 3.87 

(ddd, J = 7.3, 4.9, 2.4 Hz, 1H), 3.81 – 3.67 (m, 2H), 3.60 (dd, J = 8.1, 3.0 Hz, 1H), 2.24 

(d, J = 1.3 Hz, 3H). 13C NMR (126 MHz, CD3OD) δ 134.88, 116.16, 90.41, 78.37, 75.35, 

70.17, 64.13, 60.48, 20.05. HRMS (ESI+) m/z: [M+H]+ calcd for C11H18NO4S 260.0951, 

found 234.0954. 

3-O-benzyl-Gal-NAG-thiazoline (7c):  

1H NMR (400 MHz, Methanol-d4) δ 7.46 – 7.40 (m, 2H), 7.37 – 7.24 (m, 3H), 6.38 (d, J = 

6.5 Hz, 1H), 4.79 – 4.59 (m, 2H), 4.35 (ddq, J = 7.9, 6.4, 1.4 Hz, 1H), 4.16 (t, J = 2.8 Hz, 

1H), 3.84 (ddd, J = 7.1, 4.9, 2.4 Hz, 1H), 3.81 – 3.69 (m, 2H), 3.67 (dd, J = 8.0, 3.1 Hz, 

1H), 2.21 (d, J = 1.4 Hz, 3H). 13C NMR (101 MHz, CD3OD) δ 139.53, 129.30, 129.18, 

128.72, 91.96, 79.67, 76.73, 75.95, 72.42, 65.73, 61.93, 21.47. HRMS (ESI+) m/z: 

[M+H]+ calcd for C15H19NO4S 310.1138, found 310.1124. 

3-O-methanesulfonyl-Gal-NAG-thiazoline (7d):  

1H NMR (500 MHz, Methanol-d4) δ 6.45 (d, J = 6.5 Hz, 1H), 4.76 (dd, J = 8.3, 3.1 Hz, 

1H), 4.48 (ddd, J = 8.2, 6.6, 1.5 Hz, 1H), 4.23 (t, J = 2.9 Hz, 1H), 3.97 (ddd, J = 7.4, 5.2, 

2.5 Hz, 1H), 3.74 (qd, J = 11.7, 6.1 Hz, 2H), 3.20 (s, 3H), 2.26 (d, J = 1.4 Hz, 3H). 13C 
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NMR (126 MHz, CD3OD) δ 91.76, 82.65, 76.44, 74.50, 67.33, 61.52, 38.52, 21.59. 

HRMS (ESI+) m/z: [M+H]+ calcd for C9H16NO6S2 298.0414, found 298.0422. 

5.2.6. Taft-like analyses 

Kinetic analyses with 4-nitrophenyl N-acetyl galactosamine (PNP-GalNAc) and 

derivatives with mono-, di-, and tri-fluoroacetamido groups were carried out at 37°C in 

phosphate buffered saline (PBS) buffer (pH 7.4). Reactions were performed in triplicate 

using 96 well plates (Sarstedt) with final reaction volumes of 200 µL (100 µL substrate + 

100 µL enzyme). Final concentrations of substrates ranged from 2 mM to 15.6 µM. Upon 

addition of HexD (100 nM final concentration), reactions were monitored continuously 

using a Molecular Devices SpectraMax M5 spectrophotometer at 400 nm.  Initial 

velocities were calculated within the linear region of the reaction progress curve and 

compared to a standard curve of varying concentrations of 4-nitrophenol measured 

under identical conditions.  Michaelis-Menten kinetic parameters were calculated for all 

substrates through non-linear regression of Michaelian saturation curves using 

Graphpad Prism© software. Substrates were pre-dissolved in DMSO (1-2% final 

volume) to facilitate solubility, followed by addition of PBS.  Test reactions with PNP-

GalNAc revealed no significant difference in enzyme activity in the presence or absence 

of DMSO. 

 

5.2.7. Kinetic characterization of wild type HexD and mutants 

The kinetic parameters of wild type HexD and its mutants were determined 

essentially as described above using PNP-GalNAc and 3F4NP-GalNAc as substrates. In 

addition, kinetic parameters for wild type HexD were determined with 4-nitrophenyl 

GlcNAc (PNP-GlcNAc) and 3-fluoro-4-nitrophenyl GlcNAc (3F4NP-GlcNAc). Final 

concentrations of substrates ranged from 2 mM to 15.6 µM; final concentrations of 

enzyme were 100 nM for the wild type and 100 nM to 2 µM for the mutants depending 

on their activity. Reaction volumes of 200 µL were used in all cases. The wavelengths at 

which measurements were made correspond to the absorbance maxima of the aryl 

leaving groups, which have been previously determined as shown in Table S2.  

Michaelis-Menten parameters were calculated from non-linear regression of Michaelian 
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saturation curves using GraphPad Prism© software.  Relative activities are reported as a 

ratio of the second order rate constants of the wild type HexD vs. mutants. 

 

5.2.8. Brønsted analyses 

Brønsted analyses with N-acetyl galactosamine derived substrates with a range 

of leaving groups were performed as described above with the exception that reactions 

were carried out in quartz cuvettes (Sarstedt, 200 uL volume, 1.0 cm path length).  

Substrate concentrations ranged from 2 mM to 15.6 µM; enzyme concentrations used for 

each substrate are shown in Table S2. Reactions were performed in duplicate and 

monitored using the wavelengths shown in Table S2.  Michaelian saturation kinetics 

were observed for all substrates and were calculated as described above. 

 

5.2.9. pH profiles 

Reactions were carried out in 96 well plates as described above, using PNP-

GalNAc as the substrate (final concentration 2 mM to 15.6 µM). 50 mM citrate, 100 mM 

NaCl buffer was used for reactions in the pH range 5-5.5, 50 mM phosphate, 100 mM 

NaCl buffer was used for reactions in the pH range 6.0–7.5, and 50 mM CHES, 100 mM 

NaCl buffer was used for reactions in the pH range 8.0–9.0.  The stability of HexD at 

each pH was verified. Absorbance values were corrected according to the proportion of 

protonated and deprotonated 4-nitrophenol at each pH value.  100 nM final enzyme 

concentration was used for each reaction and saturation kinetics were observed in all 

cases; Michaelis-Menten parameters were calculated from saturation curves as 

described above.  Data points were fitted to a bell-shaped ionisation curve described by 

Equation 1: 

 

kcat

KM
=

kcat

KM
𝑚𝑎𝑥  × 10𝑝𝐻−𝑝𝐾a1

102×𝑝𝐻−𝑝𝐾a1−𝑝𝐾a2 +  10𝑝𝐻−𝑝𝐾a1 + 1
                          (1) 
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Experimental kinetic pKa values were obtained from the pH values corresponding 

to half-maximal enzyme activity at each limb of the curve. 

 

5.2.10. NMR experiments 

NMR-based monitoring of HexD-catalyzed hydrolysis was carried out using a 

Bruker AvanceII 500 MHz spectrometer equipped with a 5 mm TXI inverse probe.  0.6 

mg of PNP-GalNAc was dissolved in 600 µL deuterated phosphate buffered saline (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and KH2PO4 in D2O, pH 7.4) and a t0 spectrum 

was recorded.  HexD was exchanged into deuterated PBS by repeated concentration 

using a 10 kDa molecular weight cutoff centrifugation device and subsequent 

resuspension.  120 µL HexD was added to the substrate at a final concentration of 1 µM.  

Reaction progress was monitored at 5 minute intervals for 1 h, with a final spectrum 

recorded 3 h after enzyme addition.  Spectra were processed using MestReNova 10 

software.   

 

5.2.11. Inhibition studies 

Inhibition studies of HexD with Gal-NAG-thiazoline  were performed in 96 well 

plates using PNP-GalNAc as the substrate (1 mM–62.5 mM) with 0.0063 mg/mL 

enzyme.  Gal-NAG-thiazoline was tested at 6 concentrations ranging from 5 times above 

to 5 times below the apparent Ki.  Data were plotted using GraphPad Prism© software 

and Ki values were obtained using non-linear regression analysis using to the equation 

for competitive binding: KM(app) = KM(1 + [I]/Ki) ; Y = VmaxX/[KM(app) + X]. 
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5.3. Results 

5.3.1. Substrate selectivity 

Gutternigg et al. qualitatively showed previously that HexD was active on 

synthetic substrates containing both GalNAc and GlcNAc β-linked to the leaving group, 

while it was not active on those substrates containing an α-linkage or on gluco- or 

galacto-derived substrates lacking an N-acetyl group285. We first set out to establish the 

detailed kinetic parameters for HexD acting on both gluco- and galactosaminide 

substrates. Kinetic parameters were determined with substrates containing 4-nitrophenyl 

(PNP) or a 3-fluoro-4-nitrophenyl (3F4NP) leaving groups (Figures 5.2A and 5.2B). 

Measurements showed that the catalytic efficiency as reflected in the second order rate 

constant (kcat/KM) was higher for substrates containing GalNAc compared to GlcNAc; 21-

fold higher for the 4-nitrophenyl leaving group and only 7-fold higher for the 3-fluoro-4-

nitrophenyl leaving group (Table 5.1). Interestingly, the first order rate constants (kcat) for 

each substrate were similar, ranging between 0.51 and 2.04 µmol min-1 mg-1, and the 

difference in catalytic efficiency between the GalNAc- and GlcNAc-containing substrates 

is governed primarily by differences in the Michaelis constant (KM).  Michaelis constant 

values were determined to be 72 µM for PNP-GalNAc (1a) as compared to 607 µM for 

PNP-GlcNAc (2a), and 172 µM for 3F4NP-GalNAc (1f) compared to 852 µM for 3F4NP-

GlcNAc (2b). These studies show HexD has a preference for galactosaminide 

substrates, although glucosaminides are processed surprisingly well, suggesting there is 

either plasticity in the active site region around the C4 position or a pocket that tolerates 

stereoisomers at this position. 
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Figure 5.2  Determination of substrate preferences and stereochemical outcome 
for HexD hydrolysis 
 
(A) Michaelis-Menten kinetics for HexD catalysed hydrolysis of PNP-
GalNAc (1a, ●) and PNP-GlcNAc (2a, ▲).  (B) Michaelis-Menten kinetics 
for HexD catalysed hydrolysis of 3F4NP-GalNAc (1f, ●) and 3F4NP-
GlcNAc (2b, ■).  Error bars represent standard error of the mean (SEM).  
(C) 1H NMR spectrum showing the progress of HexD hydrolysis of PNP-
GalNAc. The initial product formed was β-GalNAc, which was 
subsequently mutarotated to α-GalNAc (500 MHz, D2O). 

 

 

Substrate 
KM 

mM 
kcat 
min-1  

kcat /KM 
min-1  mM-1  

PNP-GalNAc (1a) 0.0721 ± 0.0048 79.3  ± 1.2 1090 ± 75 

PNP-GlcNAc (2a) 0.607  ± 0.053 30.4  ± 0.89 50.1  ± 4.6 

3F4NP-GalNAc (1f) 0.172  ± 0.019 122  ± 3.9 707 ± 81 

3F4NP-GlcNAc (2b) 0.852  ± 0.054 92.4 ± 2.7 109 ± 7.6 
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Table 5.1  Kinetic parameters for HexD hydrolysis of galactosaminides vs 
glucosaminides 

 

5.3.2. Establishing stereochemical outcome 

Other β-hexosaminidases have been shown to hydrolyse β-linked substrates and 

release either β-GalNAc or β-GlcNAc products upon hydrolysis, illustrating that they 

operate with retention of stereochemistry119,121. This outcome is enforced by participation 

of the N-acetamido group, employed in the substrate-assisted hydrolytic mechanism 

used by these β-hexosaminidases, which limits nucleophilic attack to only the α face of 

the carbohydrate. To determine whether HexD also operates with retention of 

stereochemistry, we monitored the HexD-catalysed hydrolysis of 4-nitrophenyl GalNAc in 

deuterated phosphate buffered saline by NMR spectroscopy (Figure 5.2C).  After 5 

minutes, a new doublet at 4.65 ppm emerges with a coupling constant of 8.4 Hz, 

consistent with the anomeric proton signal of the β-anomer of GalNAc.  After 15 minutes, 

an additional peak appears at 5.23 ppm with J = 3.4 Hz, indicative of mutarotation from 

the β-anomer to the thermodynamically preferred α-anomer. A final equilibrium anomeric 

mixture of 55:45 α:β is eventually reached after consumption of PNP-GalNAc. The 

formation of the β-anomer as the product that is observed first, prior to mutarotation, 

provides direct experimental evidence that HexD is a retaining glycosidase. 

5.3.3. Assessing the extent of involvement of the substrate acetamido 
group by Taft analysis 

To evaluate the involvement of the substrate acetamido group in catalysis and 

establish whether HexD employs a substrate-assisted mechanism like other GH20 β-

hexosaminidases, a series of galacto-configured synthetic substrates were synthesized 

to modulate the nucleophilicity of the carbonyl group. Similar studies have been used to 

examine β-hexosaminidases that hydrolyse glucosaminide substrates121,297. Substrates 

that incorporated zero, one, two, or three electronegative fluorine atoms at the N-acyl 

group were synthesized and the kinetic parameters governing their hydrolysis by HexD 

was determined. Figures 5.3A and 5.3B show the Michaelis-Menten plots of data for 

HexD acting on PNP-GalNAc (1a) and the series of fluorinated derivatives (1b-1d). 

Incorporation of each successive fluorine atom significantly impairs the rate of 
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hydrolysis, with a 34-fold reduction in kcat/KM for the trifluorinated substrate 1d relative to 

non-fluorinated PNP-GalNAc 1a (Table 5.2).  A plot of the log kcat/KM values against the 

Taft electronic parameter (σ*) of the acyl groups reveals a Taft reaction constant of ρ = -

0.49 ± 0.1 (Figure 5.3B). The negative slope of this correlation is consistent with the 

carbonyl group of the N-acetamido group participating as a nucleophile in the enzyme 

catalysed reaction. This provides strong evidence of HexD employing a substrate-

assisted hydrolysis mechanism, similar to other mammalian β-hexosaminidases in GH 

families 20 and 84. 

Substrate σ*a 
KM 

mM 
kcat  
min-1  

 kcat/KM 

min-1 mM-1 

PNP-GalNAc (1a) 0 0.176 ± 0.014 145 ± 3.5 827 ± 71 

PNP-GalNAc-F (1b) 0.8 0.533 ± 0.017 156 ± 1.9 299 ± 11 

PNP-GalNAc-F2 (1c) 2.0 0.102 ± 0.016 16.2 ± 0.65 159 ± 25 

PNP-GalNAc-F3 (1d) 2.8 0.103 ± 0.027 2.52 ± 0.17 24.5 ± 6.5 

     

 

Table 5.2  Kinetic parameters for HexD hydrolysis of PNP-GalNAc and 
fluorinated derivatives.  

Calculated kinetic parameters represent the mean ± SEM of triplicate 
values. a Values of the Taft electronic parameters for N-fluoroacetyl 
substituents were taken from Hansch and Leo. 
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Figure 5.3  HexD activity with N-fluoroacetyl PNP-GalNAc substrates.  
 
(A) Michaelis-Menten kinetics of N-fluoroacetyl PNP-GalNAc derivative 
hydrolysis catalysed by HexD. ●, PNP-GalNAc (1a);  ■, PNP-GalNAc-F 
(1b);  ▲, PNP-GalNAc-F2 (1c);  ▼, PNP-GalNAc-F3 (1d).  Error bars 
represent standard error of the mean (SEM). (B)  Taft-like linear free 
energy analysis plotting log (kcat/KM) for HexD catalysed hydrolysis of 
substrates 1a-1d vs. the Taft electronic parameter (σ*) of the N-
fluoroacetyl groups.  (C) Structures of N-fluoroacetyl PNP-GalNAc 
substrates (1a-d). 

5.3.4. Establishing the importance of residues predicted to be 
involved in catalysis 

We next sought to identify key active site residues involved in the substrate-

assisted mechanism of HexD.  By examining sequence homology across enzymes of 

GH family 20, Asp148 and Glu149 were identified as the predicted candidate residues 

acting as the catalytic polarizing and acid/base residues.  Site-directed mutagenesis was 

used to produce HexD variants where these residues were mutated to either alanine or 

asparagine/glutamine. The activity of these mutants was assessed relative to wild type 

(WT) HexD using PNP-GalNAc or 3F4NP-GalNAc as substrate.  Mutation of either 

residue to alanine or the corresponding amide caused a loss of activity (Table 5.3). Full 

Michaelis-Menten kinetics for the D148A mutant of HexD could only be determined when 

3F4NP-GalNAc was used as the substrate, likely due to it bearing a better leaving group 

(3F4NP pKa = 6.4) than PNP-GalNAc (PNP pKa = 7.2). The decrease in the second 

order rate constant kcat/KM is 870-fold for the D148A mutant compared to WT HexD, and 

over 4000-fold for the D148N mutant. Whilst the KM for both Asp148 variants increased 

3-10 fold, the loss of overall catalytic efficiency was due primarily to a decrease in 

turnover as reflected in the lower kcat values. Activity of the E149A mutant was affected 
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to a lesser extent, with the E149A and E149Q mutations leading to a 1.6-2.2-fold 

decrease in kcat/KM when PNP-GalNAc used was used as substrate. 

HexD 
mutant 

Substrate 
KM 

mM 
kcat 
min-1  

kcat/KM 

min-1  mM-1  

Relative 
activity 
(WT/mutant) 

WT 
3F4NP-
GalNAc 

0.172  ± 0.019 122  ± 3.9 708  ± 83 1 

WT PNP-GalNAc 
0.0721 ± 
0.0048 

79.1  ± 1.2 1090  ± 77 1 

D148A 
3F4NP-
GalNAc 

0.566 ± 0.068 
0.461 ± 
0.023 

0.815 ± 
0.11 

868 

D148N 
3F4NP-
GalNAc 

1.73 ± 0.27 
0.293 ± 
0.027 

0.169 ± 
0.030 

4190 

E149A PNP-GalNAc 
0.0525 ± 
0.0034 

36.1 ± 0.52 691 ± 52 1.6 

E149A 
3F4NP-
GalNAc 

0.213 ± 0.018 176 ± 4.8 825 ± 74 0.85 

E149Q PNP-GalNAc 0.175 ± 0.031 89.3 ± 4.6 508 ± 94 2.2 

H92A PNP-GalNAc 0.196 ± 0.028 3.09 ± 0.13 15.8 ± 2.4 69 

D288A PNP-GalNAc 0.253 ± 0.024 185 ± 5.7 732 ± 73 1.5 

 

Table 5.3  Kinetic parameters for hydrolysis by wild type HexD and various 
mutants 

 

We also tested the importance of His92, which is conserved based on sequence 

alignments with the GH20 lysosomal β-hexosaminidases, and Asp288, which was 

predicted to be an active site residue based on structural information from the lysosomal 

β-hexosaminidases in combination with sequence alignments, for HexD activity. The 

kcat/KM for the H92A mutant was 70-fold lower than the wild type enzyme, suggesting it 

makes an important contribution to catalysis and may reside in the enzyme active site as 

seen for His262 in HexA and His294 in HexB291,292. The overall decrease in kcat/KM is 

contributed solely by a decrease in turnover, whereas the KM is consistent with the wild 

type value. The kcat/KM for the D288A mutant was only 1.5-fold lower than wild type 

enzyme suggesting its role in catalysis is less important, despite predictions based on 

the structures of the GH20 enzymes. 
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5.3.5. Brønsted linear free energy analyses 

To further probe the importance of Asp148 and Glu149 as catalytic residues, 

Brønsted linear free energy analyses were carried out for WT HexD and the D148A and 

E149A mutants.  A panel of aryl galactosaminide substrates (1e-j) was synthesized and 

Michaelis-Menten kinetic parameters determined for each enzyme using these 

substrates as well as 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-glucopyranoside 

(3). The logarithm of the second order rate constant measured for turnover of each 

substrate was plotted against the pKa of the corresponding phenol leaving group (Figure 

4A).  A βlg (V/K) value of -0.44 ± 0.05 was obtained for the WT HexD, indicating a 

moderate dependence on leaving group ability.  In contrast, more negative βlg values of -

0.89 and -0.85 were obtained for the D148A and E149A mutant enzymes, respectively.  

The steeper negative slopes of both mutants relative to the WT enzyme are indicative of 

a stronger dependency on leaving group ability.  This perturbation may stem from the 

inability of the mutants to stabilize the accumulation of charge in the transition state as 

the anomeric substituent departs, leading to a transition state in which there is greater 

charge development on the departing glycosidic oxygen.  Alternatively, the steeper 

slopes observed for these βlg (V/K) values could be explained by the mutants resulting in 

a change in the position of the transition state along the reaction coordinate. In any 

event, these data provide strong direct evidence that D148 and E149 are key active site 

residues involved in transition state stabilisation.   

 

Figure 5.4  Investigation into the roles played by predicted catalytic residues for 
HexD.  
 
(A) Brønsted linear free energy plot of HexD catalysed hydrolysis of aryl 
GalNAc derivatives (1a, 1e-h) as a function of aryl leaving group pKa. ●, 
wild type HexD; ♦, D148A mutant; □, E149A mutant. (B) pH dependence 
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of HexD hydrolysis of PNP-GalNAc (1a). ●, wild type HexD (solid line); ■, 
E149A mutant (dashed line). (C) Structures of aryl GalNAc substrates 
(1e-j) and 4-methylumbelliferyl-GalNAc (3) used in Brønsted analyses. 

5.3.6. pH dependence of HexD activity 

The pH dependence of HexD activity was determined by measuring kcat/KM 

across a pH range of 5.0-9.0. To perform these studies, we first established that HexD 

was stable for at least 30 minutes over this pH range under the conditions used for the 

assay. A plot of the logarithm of the second order rate constant versus pH (Figure 5.4B) 

displays a bell-shaped profile with a pH optimum of 6.5-7.0, which is not unexpected 

given the subcellular localization of HexD in the nucleus and cytoplasm. The pH profile 

for HexD is consistent with that observed for the GH84 β-hexosaminidase OGA298,299, 

which is similarly localized to the nucleus and cytoplasm.  Upon fitting the data to a bell-

shaped ionisation curve (Eq. (2)], the kinetic pKa values of the D148 and E149 

sidechains can be estimated by identifying the pH values corresponding to half-maximal 

kcat/KM values on each limb of the curve. Using this technique, the pKa values of the 

acidic and basic limbs were estimated to be 5.6 and 7.8, respectively.  The pH 

dependence of activity for the E149A mutant displays a similar bell-shaped curve, 

although has an alkaline shift in comparison to wild type HexD with a pH optimum of pH 

7.5. This shift suggests E149 plays a key role in catalysis but indicates at least two other 

residues contribute to the pH profile.  The kinetic pKa values of the E149A pH curve are 

6.7 for the acidic limb and 7.8 for the basic limb. A small decrease in activity and a small 

upward shift in pH optimum were also observed for E149A and E149Q mutants of the 

murine HexD (data not shown). Unfortunately we were unable to determine the pH 

dependence of activity for the D148A mutant as its activity was extremely low even at 

the pH optimum.  

5.3.7. Inhibition of HexD 

NAG-thiazoline was first designed as a mimic of the oxazoline intermediate that 

forms during substrate-assisted hydrolysis for hexosaminidases119, and this thiazoline 

feature has been successfully incorporated into inhibitors of a range of hexosaminidases 

that employ a substrate-assisted catalytic mechanism121,291,292,296,300. Given the 

preference of HexD for galacto-configured substrates, we decided to test the inhibition of 

HexD by galacto-configured NAG-thiazoline (Gal-NAG-thiazoline, 4). Compound 4 is an 
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effective inhibitor of HexD catalyzed hydrolysis of PNP-GalNAc, and the Lineweaver-

Burk plot confirms an expected competitive mode of inhibition (Figure 5.5). Non-linear 

regression reveals the Ki value to be 420 nM. A very similar value (520 nM) has been 

determined in preliminary studies with the murine enzyme (data not shown). Curiously, 

we were unable to observe any inhibition with gluco-configured NAG-thiazoline at a 

concentration of 1 mM despite the significant activity we observe for this enzyme toward 

β-N-acetylglucosaminide substrates. Inhibition of HexD by 4 provides further evidence 

that it employs a catalytic mechanism involving anchimeric assistance with formation of a 

transient oxazoline intermediate. NAG-thiazoline was first designed as a mimic of the 

oxazoline intermediate that forms during substrate-assisted hydrolysis for 

hexosaminidases119, and this thiazoline feature has been successfully incorporated into 

inhibitors of a range of hexosaminidases that employ a substrate-assisted catalytic 

mechanism121,291,292,296,300. Given the preference of HexD for galacto-configured 

substrates, we decided to test the inhibition of HexD by galacto-configured NAG-

thiazoline (Gal-NAG-thiazoline, 4). Compound 4 is an effective inhibitor of HexD 

catalyzed hydrolysis of PNP-GalNAc, and the Lineweaver-Burk plot confirms an 

expected competitive mode of inhibition (Figure 5.5). Non-linear regression reveals the 

Ki value to be 420 nM. A very similar value (520 nM) has been determined in preliminary 

studies with the murine enzyme (data not shown). Curiously, we were unable to observe 

any inhibition with gluco-configured NAG-thiazoline at a concentration of 1 mM despite 

the significant activity we observe for this enzyme toward β-N-acetylglucosaminide 

substrates. Inhibition of HexD by 4 provides further evidence that it employs a catalytic 

mechanism involving anchimeric assistance with formation of a transient oxazoline 

intermediate.  
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Figure 5.5.  Inhibition of HexD using Gal-NAG-thiazoline (4).  
 
Lineweaver-Burk plot of HexD catalysed hydrolysis of PNP-GalNAc (1a) 
in the presence of varying concentrations of Gal-NAG-thiazoline (4).  
Concentrations of 4: ○ 20 µM; ♦, 10 µM; ▼ 5 µM; ▲, 2.5 µM; ■, 1.25 µM; 
●, 0 µM. 

 

5.4. Discussion 

Glycoside hydrolases from GH families 18, 20, 56, 84 and 85 have been shown 

to operate through a substrate-assisted catalytic mechanism (Figure 1) with some 

mechanistic variations but usually involving two carboxyl residues positioned within the 

active site121,290,296,298–300.  One of these residues acts as a polarizing residue, hydrogen 

bonding with the N-H bond of the acetamido group to both appropriately orient and 

promote attack of the carbonyl oxygen at the anomeric centre. Concurrently, a general 

acid/base residue, acting as a general acid in the first step of the reaction, stabilises the 

developing charge on the departing glycosidic oxygen to facilitate its departure and 

leading to formation of the bicyclic oxazoline intermediate.  The oxazoline is hydrolysed 

through the microscopic reverse of the first step where the acid/base residue acts as a 

base. Glycoside hydrolases from GH families 18, 20, 56, 84 and 85 have been shown to 

operate through a substrate-assisted catalytic mechanism (Figure 1) with some 

mechanistic variations but usually involving two carboxyl residues positioned within the 

active site121,290,296,298–300.  One of these residues acts as a polarizing residue, hydrogen 

bonding with the N-H bond of the acetamido group to both appropriately orient and 
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promote attack of the carbonyl oxygen at the anomeric centre. Concurrently, a general 

acid/base residue, acting as a general acid in the first step of the reaction, stabilises the 

developing charge on the departing glycosidic oxygen to facilitate its departure and 

leading to formation of the bicyclic oxazoline intermediate.  The oxazoline is hydrolysed 

through the microscopic reverse of the first step where the acid/base residue acts as a 

base.  

A distinguishing feature of the substrate-assisted catalytic mechanism employed 

by β-hexosaminidases is the participation of the 2-acetamido group of the substrate in 

which the carbonyl oxygen acts as a nucleophile. The presence of electron-withdrawing 

fluorine atoms on the acetamido group of a substrate is therefore expected to decrease 

the catalysis by reducing the electron density of the carbonyl oxygen. HexD activity with 

substrates possessing zero, one, two, or three fluorine atoms on the acetamido group 

were tested, and a trend (Figure 3A) is observed whereby the rate of hydrolysis is 

reduced as the degree of fluorination increases. The data were subjected to Taft-like 

linear free energy analysis, which accounts for the influence of polar effects on a 

reaction rate, and can be used to determine whether the acetamido group is responsible 

for the variability in reaction rate observed between substrates.  By plotting the log 

kcat/KM of each substrate against the Taft electronic parameter (σ*) of the corresponding 

N-acyl substituent, the Taft reaction constant (ρ) is obtained (Figure 3B), revealing a 

negative linear correlation with increasing fluorine substitution.  The negative slope of 

the reaction constant (-0.49 ± 0.1) suggests this residue interacts with a positively 

charged centre in the transition state, consistent with the hypothesis that the carbonyl 

oxygen acts in a nucleophilic capacity to intercept the electrophilic anomeric centre.  The 

magnitude of the reaction constant is similar to that calculated for OGA (-0.42 ± 0.08, 

Table 5.4), in which the acetamido group has been unambiguously shown to participate 

in catalysis.   In contrast, the value observed for HexD is smaller than the reaction 

constant obtained for HexB (-1.0 ± 0.1), which also operates using a substrate-assisted 

mechanism. An important consideration, however, is that the Taft reaction constant is 

governed by both a steric and electronic component according to Equation 2:  ρ = ρ* + δ, 

where ρ* represents the sensitivity of the reaction to the electronic character of the 

substituents (σ*) and δ represents the sensitivity of the reaction to the Taft steric 

coefficients of the substrates (Es).  It is, therefore, conceivable that the decrease in 

reaction rate with increasing fluorine substitution is due in part to increased steric 
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interactions caused by the difference in size between fluorine and hydrogen atoms (147 

pm atomic radius vs. 120 pm, respectively).  However, though KM is a kinetic parameter 

and may not always reflect substrate dissociation, particularly in cases where an enzyme 

bound intermediate accumulates, the clear dependence of the first order rate constants 

(kcat)  on leaving group ability suggests that the rate determining step for these 

substrates with WT HexD is the ring-forming step in which the leaving group is departing. 

Accordingly, the relatively constant KM values observed among these fluorinated 

substrates suggest that binding ability is not substantially affected by substitution with 

fluorine and implies that the electronic effects of the fluorine atoms are the major 

contributor to the reduction in hydrolysis rate for HexD.     

Sequence alignments of enzymes within a CAZy family have demonstrated that 

the catalytic residues, most commonly two carboxylic acid residues, are highly 

conserved. Structural and kinetic studies have demonstrated that GH families 18 and 56 

possess a DXE motif, where the aspartate and glutamate residues are the critical 

residues used to effect catalysis299,301.  The lysosomal β-hexosaminidases HexA and 

HexB, members of GH family 20, use a conserved DE catalytic pair with two carboxylic 

acid residues adjacent to each other291, whereas GH84 enzymes, such as OGA, use a 

DD catalytic pair298. Unusually, GH85 enzymes possess an asparagine residue in place 

of the aspartate in an NXE motif; the asparagine has been proposed to exist as the 

imidic acid tautomer in order to accept a hydrogen bond from the substrate amide. 

Enzyme HexD HexA  HexB OGA 

GlcNAc/GalNAc selectivity 0.048a 8.6b 8.6b >50b 

Taft reaction constant (ρ) -0.49 ± 0.1a ND -1.0 ± 0.1c -0.42 ± 0.08c  

βlg (V/K) -0.44 ± 0.1a ND -0.29 ± 0.05d -0.11 ± 0.01e 

Ki for NAG-thiazoline (µM) >1000a 0.27f 0.19f 0.07c 

Ki for Gal-NAG-thiazoline (µM) 0.42a 0.82g 0.32h poor 

 

Table 5.4.   Comparison of kinetic and inhibition properties of GH20 and GH84 
hexosaminidases. 

a From this work 
b From Dong and Hart 28 
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c From Macauely et al. 121 
d From Vocadlo and Withers 297 
e From Macauley, Stubbs and Vocadlo 278 
f From Tropak et al. 120 
g From Amorelli et al. 302 
h From Sumida et al. 303 

 

The data obtained in this study through kinetic analyses of HexD mutants 

strongly supports the assignment of Asp148 and Glu149 as the key catalytic residues.  

Mutation of Asp148 to either alanine or asparagine significantly impairs the activity of the 

enzyme even in the presence of substrates with activated leaving groups. Notably, 

mutation of Glu149 to alanine or glutamine has a much less pronounced effect on the 

rate of hydrolysis of activated substrates such as PNP-GalNAc. These data suggest 

Glu149 functions as the catalytic general acid/base during catalysis, since the modest 

reductions in activity observed for the E149 mutants with activated substrates can be 

rationalized by the low pKa values of the phenolic leaving groups of PNP-GalNAc and 

3F4NP-GalNAc (7.18 and 6.42 respectively). These leaving groups cannot benefit 

greatly from general acid catalysis when the microscopic pKa of the general acid is 

greater than the pKa of the leaving group. These changes in activity in association with 

mutating the general acid/base catalytic residue are consistent with analysis of the 

corresponding mutants of OGA. Analysis of the pH dependence of wild type HexD 

activity reveals a bell-shaped profile (Figure 4B), with an acidic limb pKa of 5.6 and basic 

limb pKa of 7.8. Such pH profiles are notoriously hard to dissect fully304, but the simplest 

interpretation is the bell shape stems from titration of the two catalytic residues. In such a 

case the acidic limb would reflect titration of the polarizing residue and the basic limb 

titration of the acid/base residue. If this interpretation is correct, the pKa values of the 

activated substrates are lower than the kinetic pKa of the general acid/base catalytic 

residue. Accordingly, the general acid catalysis afforded by Glu149 is inefficient because 

it cannot donate a proton to the departing phenol.  When tested against substrates 

bearing worse leaving groups, the catalytic ability of the E149A mutant is significantly 

impaired relative to wild type HexD, as demonstrated by the steeper negative correlation 

observed in the Brønsted analyses (Figure 4A).  It should be pointed out here, however, 

that the pH dependence for the E149A mutant also gave a bell-shaped profile, with an 

alkaline shift relative to the profile for wild type HexD. This indicates there is titration of at 
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least two residues other than Glu149 contributing to the pH dependence; whether this is 

only true in the case of the Glu149 mutant HexD, where the chemistry of the active site 

environment will have been perturbed by removal of the charged residue, or is also true 

for the wild type enzyme, is difficult to know in the absence of structural data. The low 

activity observed for the D148A HexD mutant, even with activated substrates, as well as 

the steep negative correlation observed in the Brønsted analyses, is consistent with this 

residue playing a role in polarizing the N-H group on the acetamido group of the 

substrate to aid nucleophilic attack by the carbonyl oxygen at the anomeric position. The 

impact of this mutation is also reminiscent of the effect of analogous mutations made in 

OGA and HexB, where impairments of 6700-fold and 2400-fold have been observed, 

respectively298,305. The assignment of Asp148 as the polarizing residue and Glu149 as 

the general acid/base is consistent with previous conclusions for analogous residues in 

the DE motif of GH20 enzymes, such as the lysosomal β-hexosaminidases305, and the 

DD motif of GH84 enzymes, such as OGA298,305. The assignment of Asp148 as the 

polarizing residue and Glu149 as the general acid/base is consistent with previous 

conclusions for analogous residues in the DE motif of GH20 enzymes, such as the 

lysosomal β-hexosaminidases305, and the DD motif of GH84 enzymes, such as OGA. 

The inhibitor NAG-thiazoline was originally designed to mimic the transient 

oxazoline intermediate that is formed during substrate-assisted catalysis (Figure 5.1)119. 

Interestingly, however, Whitworth and colleagues have since demonstrated using linear 

free energy relationships that NAG-thiazoline is a mimic of the transition state for human 

OGA122. Incorporation of the thiazoline motif during design of inhibitors has proven to 

lead to effective inhibitors of a range of hexosaminidases that employ a substrate-

assisted mechanism. Based on the mechanistic evidence obtained from kinetic analyses 

in this study, we expected the galacto-configured derivative of NAG-thiazoline, Gal-NAG-

thiazoline (4), would inhibit HexD. We observe this to be the case, with Gal-NAG-

thiazoline displaying potent competitive inhibition of HexD with a Ki value of 420 nM, 

which provided further experimental support for HexD using substrate-assisted catalysis.  

Notably, functionalized derivatives of NAG-thiazoline have been developed as 

potent and selective inhibitors of the lysosomal β-hexosaminidases HexA/B or OGA, 

which have proven to be useful tools for interrogating the biological role of these 

enzymes. Unfortunately, Gal-NAG-thiazoline has limited use as a chemical tool for 

studying the physiological role played by HexD since it also inhibits the lysosomal β-
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hexosaminidases121,291,292,296,300. These studies, however, lay important groundwork for 

the rational design of selective inhibitors of HexD. The inhibition of HexD by Gal-NAG-

thiazoline suggests this inhibitor scaffold may be suitable for adaptation and may enable 

creation of compounds that will selectively inhibit HexD without impacting the activity of 

lysosomal β-hexosaminidases. Given the limited tolerance of HexD towards glucose-

based substrates, combined with its localization in the nucleus and cytoplasm, the 

enzyme likely serves a biological role that is distinct from the lysosomal β-

hexosaminidases and OGA. Accordingly, the development of potent and specific probes 

will be useful tools to investigate the potential physiological function of HexD.Notably, 

functionalized derivatives of NAG-thiazoline have been developed as potent and 

selective inhibitors of the lysosomal β-hexosaminidases HexA/B or OGA, which have 

proven to be useful tools for interrogating the biological role of these enzymes. 

Unfortunately, Gal-NAG-thiazoline has limited use as a chemical tool for studying the 

physiological role played by HexD since it also inhibits the lysosomal β-

hexosaminidases121,291,292,296,300. These studies, however, lay important groundwork for 

the rational design of selective inhibitors of HexD. The inhibition of HexD by Gal-NAG-

thiazoline suggests this inhibitor scaffold may be suitable for adaptation and may enable 

creation of compounds that will selectively inhibit HexD without impacting the activity of 

lysosomal β-hexosaminidases. Given the limited tolerance of HexD towards glucose-

based substrates, combined with its localization in the nucleus and cytoplasm, the 

enzyme likely serves a biological role that is distinct from the lysosomal β-

hexosaminidases and OGA. Accordingly, the development of potent and specific probes 

will be useful tools to investigate the potential physiological function of HexD. 

5.5. Supplemental results 
 

5.5.1. X-ray crystal structure of HexD 

In an effort to better understand the structural basis of the activity of HexD, the 

three-dimensional structure of the enzyme was solved by X-ray crystallography in 

complex with Gal-NAG-thiazoline (Figure 5.6). This structure shows that key residues 

identified from mechanistic studies interact with bicyclic structure of the inhibitor. The 

catalytic base D148 forms a hydrogen bonding interaction with the nitrogen of the C2 N-

acetamido group, while E149 also lies in close proximity to the anomeric center, 
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supporting the assignment of these two groups as the catalytic residues. Additionally, 

H92 appears to form a hydrogen bond with the C3 hydoxyl group of the sugar ring, and 

W298 forms a π-stacking interaction with the hydrophobic bottom face of the 

carbohydrate ring. Taken together, these observations provide confirmation of the 

mechanistic data observed with various HexD substrates and inhibitors and provide 

important structural information for the design of future inhibitors. 

 

Figure 5.6. X-ray crystallographic structure of the active site of human HexD in 
complex with Gal-NAG-thiazoline (4). 
 
Interactions between the inhibitor and important active site residues 
(D148, E149, H92, W298) are depicted as dashed yellow lines. 

 

5.5.2. Design of potential selective inhibitors for HexD 

A surface rendering of the HexD/Gal-NAG-thiazoline complex was constructed in 

order to identify sites which would allow for potential elaboration of the core thiazoline 

scaffold (Figure 5.7). This model identified a putative binding pocking near the C3 

hydroxyl of the inhibitor, suggesting that larger groups may be accommodated in this 

position. The design of thiazoline derivatives which are functionalized at the 3 position 

may therefore impart selectivity for HexD vs HexA/B, which would aid cell-based studies 

to understand the physiological role of HexD. To evaluate this possibility, a panel of 

thiazoline analogues with substitutions at this position were synthesized, incorporating 

either a methyl, allyl, benzyl or methanesulfonate group (Figure 5.7).  
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Figure 5.7. Crystallographic structure of HexD with Gal-NAG-thiazoline (4) 
bound.  
 
The HexD active site is depicted as a surface representation, indicating a 
putative pocket near the position of the 3-hydroxyl group of the pyranose 
ring. 

To generate these inhibitors, a standard synthetic approach towards Gal-NAG-

thiazoline (4) was performed119 (Figure 5.8). Once obtained, the thiazoline was 

selectively protected using benzaldehyde dimethylacetal and 10-camphorsulfonic acid, 

leaving the 3-hydroxyl unprotected for subsequent functionalization. The hydroxyl was 

then alkylated using either methyl, benzyl or allyl iodide and sodium hydride, or was 

reacted with mesyl chloride in pyridine to obtain derivatives 6a-d. Finally, the 

benzylidene protecting group was removed using ethanedithiol and p-toluenesulfonic 

acid to give 7a-d. 
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Figure 5.8. Synthesis of 3-O-functionalized Gal-NAG-thiazolines assessed for 
inhibition towards HexD. 
 

The inhibition of these compounds towards HexD was then assessed as 

described in Section 5.4.7. Despite the indications presented by the crystal structure of 

the HexD active site, all four synthesized inhibitors displayed weaker inhibition towards 

HexD relative to Gal-NAG-thiazoline (Figure 5.9). The most potent derivative was the O-

methyl inhibitor (7a), which inhibited HexD with a Ki value of 260 µM, approximately 600-

fold worse than the unmodified thiazoline. The larger groups comprising allyl, benzyl and 

methanesulfonate groups (7b-d) showed weaker inhibition between 300 µM to >1000 

µM. Attempts to soak these inhibitors with HexD crystals in order to obtain a complex 

were unsuccessful, likely owing to the poor affinity of the compounds towards the HexD 

active site. While the precise reasons for this reduction in potency is unclear, it is 

possible that the putative binding pocket observed in the active site is not large enough 

to accommodate these substrates, or that the space filling model used to visualize this 

region erroneously assigned the 3-dimensional structure of this region. As a result, other 

approaches for the design of selective HexD inhibitors will need to be pursued.  

 

 

Figure 5.9. Potency of thiazoline inhibitors 7a-d and Gal-NAG-thiazoline (4) 
towards HexD. 
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5.6. Conclusions 

In summary, we have performed a detailed kinetic characterization of HexD using 

a combination of kinetic studies with wild type and mutant enzymes, linear free energy 

analyses, NMR experiments, and inhibition studies. HexD is a retaining glycosidase, 

which operates through a substrate-assisted hydrolysis mechanism consistent with that 

of other mammalian β-hexosaminidases in GH families 20 and 84.  The enzyme shows a 

moderate preference toward galactosaminides over glucosaminides and operates 

optimally at a pH of 6.5-7.0.  We have dissected the catalytic roles played by Asp148 

and Glu149, which we propose act as the polarizing residue and general acid/base, 

respectively. Furthermore, HexD is inhibited by Gal-NAG-thiazoline, which is consistent 

with the use of a substrate-assisted mechanism and this observation will provide a 

starting point for further inhibitor development. Despite the mechanistic similarities it 

shares with the lysosomal β-hexosaminidases, which belong to family GH20, HexD is 

distinct as it localizes to the nucleus and cytoplasm and shows only weak activity against 

glucosaminides.  We anticipate the insights gained from this study will assist in the 

development of potent and selective inhibitors of HexD as well as other research tools, 

which will serve to better understand the physiological role played by HexD in human 

health and disease. 
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 Conclusions and future directions 

As detailed in numerous examples throughout this document, intracellular 

glycosylation plays critical roles in central cellular processes that, if improperly regulated, 

can have direct consequences for human health and disease. Therefore, methods to 

detect and modulate the activity of intracellular carbohydrate processing enzymes are 

key to gaining a better understanding of these important physiological processes and for 

the development of future translational therapeutic strategies. The objectives of the 

research described in this thesis were to develop a set of novel chemical and 

biochemical tools and to apply these tools in new approaches to studying intracellular 

glycosylation. Towards this end, important advances have been made in each of the 

preceding chapters which are summarized in detail below. Notably, the tool compounds 

and strategies arising from this work should aid future efforts to study and better 

understand various aspects of the O-GlcNAc modification as well as glycobiology in 

general. 

6.1. Chapter 2 

In the second chapter of this thesis, the development of a convenient and direct 

in vitro kinetic assay for OGT is described. This assay was enabled through the 

synthesis of a UDP-GlcNAc analogue bearing a pendant BODIPY-FL fluorophore and 

linker at the 2-position of the pyranose ring. Through a series of HPLC and microplate 

assays, and supported by crystallographic studies, it was shown that OGT is capable of 

processing this donor sugar analogue, resulting in the transfer of a fluorescently-labeled 

O-GlcNAc unit to biotinylated peptide acceptors. After subsequent optimization, the 

assay was validated using known substrates and inhibitors and was shown to permit the 

convenient determination of Michaelis-Menten kinetic parameters and inhibition 

constants in an efficient microplate format. This assay was further shown to be 

amenable to high-throughput screening, as demonstrated through a successful trial 

screen of approximately 4400 bioactive compounds. Among these compounds, Dyngo-

4a, an inhibitor of clathrin-mediated endocytosis in cells, was discovered to inhibit OGT 

with a Ki value of 13 µM. The convenient 384-well format of our assay enabled the 

efficient evaluation of 167 structural analogues of Dyngo-4a, leading to the discovery of 

an inhibitor which is selective for OGT. 
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Taken together, this work has thoroughly evidenced the general utility of our 

fluorescent OGT assay for both routine kinetic experiments and for HTS campaigns. 

Notably, this is the first report of a direct fluorescent assay for a glycosyltransferase 

which does not rely on the use of radiometric detection or coupled enzymes. Moreover, 

the use of simple biotinylated peptide acceptors and on-bead detection in standard 

microplate readers allows for its use without the need for specialized reagents or 

equipment. We expect this assay will have a variety of useful applications for future 

studies of OGT activity. In particular, the assay enables further studies of OGT substrate 

selectivity through kinetic analyses of various oligopeptide acceptors, which may provide 

insight into the sequence preferences and substrate recognition mechanisms of OGT. 

This technique also permits rapid analysis of OGT inhibitors in 384-well format, enabling 

convenient determination of IC50 and Ki values. The direct reporting nature of the assay 

provides a fundamental improvement over currently available coupled assays which 

detect the formation of nucleotide diphosphate byproducts, since these assays can be 

prone to interference and therefore have limitations for inhibition studies and 

screening152. 

The success of the trial screen which was undertaken using this assay further 

highlights its potential in future efforts to screen for inhibitors of OGT.   Unfortunately, the 

HTS campaign we performed against a library of approximately 60,000 small molecules 

did not lead to identification of any tractable leads. However, we expect this screening 

approach, which produced excellent Z’ scores and reasonable hit rates, could be 

extended through future screening efforts to discover novel OGT inhibitors using other 

compound libraries. We also expect this assay methodology could be adapted for use 

with other glycosyltransferases which have shown tolerance for pendant groups, such as 

fucosyltransferases and sialyltranferases202,306. Combining an appropriate nucleotide 

donor sugar bearing a pendant fluorophore with an appropriate biotinylated glycosyl 

acceptor should permit a transferrable assay methodology in many cases. This strategy 

would enable a reliable approach to screen for inhibitors of these glycosyltransferases, 

which have traditionally been difficult to screen due to a lack of robust assays. 

6.2. Chapter 3 

Chapter three of the thesis described the application of peptide display 

technologies as an approach for the discovery of binders and inhibitors of OGT. One 
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approach was to use traditional phage display to screen OGT against a library of linear 

oligopeptides. After several rounds of selection, a consensus motif was identified among 

putative binders that was shown to be inhibitory towards OGT using the previously-

described in vitro activity assay. Subsequent maturation of the phage library to induce 

sequence variation around this motif enabled a second round of phage screening. This 

led to the discovery of additional peptide sequences with increased affinity for OGT and 

IC50 values of 5 – 6 µM.  

The emergence of this consensus motif from the phage panning experiments 

raises intriguing questions about its potential biological significance, given that variations 

of the motif are present within a number of nuclear and cytosolic proteins in humans. In 

the future, it would be interesting to further study these proteins to determine whether 

they can interact with OGT and, if so, if this results in regulation of OGT activity in 

cellular contexts. Another outstanding question is the mechanism by which these 

peptides inhibit OGT. Though the observed inhibition is non-competitive with respect to 

OGT donor and acceptor substrates, the precise location at which the peptides bind to 

OGT remains unknown. Crystallographic studies are underway at the time of writing to 

address this question. Knowledge of the residues which interact with the peptides will 

furthermore shed light on critical binding interactions and will permit the rational design 

of more potent analogues. The peptides arising from this screen could also be 

genetically encoded as tags on endogenous proteins as a potential method to interact 

with OGT in cells. These tags would be of interest as a possible route to direct the sub-

cellular localization of OGT and potentially alter its glycosylation activity.  

The second screening approach employed in this chapter was the use of RaPID 

mRNA display to discover macrocyclic peptides which bind to OGT. This technology 

enabled screening of a tremendous diversity of peptide sequences and led to 

identification of three macrocycles with potent nanomolar inhibition towards OGT. 

Remarkably, these peptides bind to the N-terminal TPR domain of OGT and therefore 

inhibit OGT activity through a novel allosteric mechanism. Synthesis of a biotinylated 

analogue bearing an inhibitory macrocyclic scaffold generated an effective tool 

compound for affinity purification of OGT. Future work with these probes will enable pull-

down of OGT from various tissues, permitting unprecedented studies of endogenous 

OGT and the factors which control its activity. These could include MS-based proteomic 

methods to identify posttranslational modifications which occur on OGT as well as the 
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identification of cellular binding partners. Such experiments would provide great insight 

into the mechanisms by which OGT activity is regulated in cells, which remains largely 

unknown. 

 Similar to the inhibitory phage peptides which were discovered, the location at 

which these macrocyclic peptides bind to OGT is not yet known. Identification of the 

binding site of these inhibitors through ongoing structural biology experiments will shed 

light on the means by which they inhibit the catalytic activity of OGT. The structural and 

biochemical basis of this inhibition may have more general implications for our 

understanding of OGT substrate recognition and catalysis. Determining the basis for the 

potent binding affinity of these macrocycles will also permit the generation of additional 

compounds with improved potency or other characteristics such as cell permeability.  

Since the toolkit of cell-permeable OGT inhibitors remains limited, these macrocycles 

would be attractive candidates for cellular inhibition experiments if they can be modified 

to cross cell membranes. This could be accomplished through backbone N-methylation 

or through the attachment of targeting moieties such as cell-penetrating peptide 

sequences, which have been shown to improve cell permeability222,255. 

6.3. Chapter 4 

In chapter 4 of the thesis, a study of OGT glycosylation activity towards cysteine-

containing acceptor substrates was undertaken using the fluorescent activity assay 

developed in chapter 2. This assay enabled detailed Michaelis-Menten kinetic assays to 

determine the rate of transfer to cysteine residues relative to serine acceptor sites. It was 

shown that mutation of serine sites on known oligopeptide acceptors to cysteine was 

generally tolerated by the enzyme, although a marked reduction in second order rate 

constants was observed in these cases. This phenomenon was also observed when 

applied to a protein substrate wherein the acceptor serine was mutated to cysteine. 

Transfection of cells with TAB-1 protein bearing this mutation resulted in transfer of S-

GlcNAc to the expected site as determined by immunoassays and mass spectrometry.  

 The results of this work suggest that the S-GlcNAcylation activity of OGT may be 

broadly transferrable to a variety of target proteins. Because the modification is resistant 

to hydrolysis by OGA, it likely has a longer lifetime on protein targets. This may enable 

the installation of a more permanent GlcNAc modification on particular proteins of 
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interest to study the effect of the modification. In the future, it would be interesting to 

examine if proteins which bear unnatural S-GlcNAc modifications have the same 

biochemical stability and cellular function as the natural O-GlcNAc linkage. This could be 

accomplished through biophysical studies with purified protein, cellular thermal shift 

assays (CETSA)307, and traditional molecular biology approaches to study the 

downstream signalling effects of S-GlcNAcylated targets. In addition, the fate of S-

GlcNAc-modified proteins in cells has not yet been studied in detail. Time-course 

experiments to determine the longevity of this modification on proteins would provide 

insight on how long the modification is tolerated in cells. Additionally, this could reveal 

whether S-GlcNAc sites are an effective surrogate for O-GlcNAc, or whether these 

unnatural modifications are recognized by the cell and marked for degradation. 

6.4. Chapter 5 

The work outlined in chapter 5 was a slight departure from the other chapters of 

the thesis, which focused mainly on the O-GlcNAc modification. Rather, this chapter 

described the biochemical and mechanistic characterization of HexD, an intracellular 

glycoside hydrolase of unknown function. This was accomplished by synthesizing 

unnatural chromogenic substrates which contained various phenolic leaving groups or 

substitutions at the N-acetamido group of the pyranose ring. These substrates were then 

used in detailed Michaelis-Menten kinetic experiments that determined HexD uses 

substrate-assisted catalysis in a manner consistent with other GH family 20 enzymes. 

NMR experiments were also carried out to confirm that HexD is a retaining glycosidase. 

Additionally, it was shown that galacto-configured thiazoline inhibitors are capable of 

inhibiting HexD in a manner consistent with other hexosaminidases50,296. A 

crystallographic structure of HexD in complex with Gal-NAG-thiazoline inspired the 

synthesis of derivatized inhibitors with substitutions at the 3-position of the pyranose 

ring. Unfortunately, all of the inhibitors in this panel were significantly less potent than the 

unsubstituted thiazoline scaffold. However, the data obtained lays the groundwork for 

the future development of selective inhibitors of HexD that could be used to better 

understand its biological function in cells. 

A major outstanding question is the functional role of HexD in cells. HexD has 

been shown to catalyze the hydrolysis of glycosides containing β-O-GalNAc linkages. 

However, the specific substrate or substrates of HexD have not yet been determined. 
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Although a selective inhibitor would be a useful chemical genetic approach to determine 

the physiological effects of HexD inhibition, other strategies could be pursued in the 

absence of current inhibitors. These could include genetic approaches using interfering 

RNA or CRISPR-Cas9 to silence the gene encoding for HexD308,309. In this manner, a 

phenotype may be observable in tissues which could provide clues about its 

physiological functions. Another interesting experiment would be to screen a glycan 

array310 against a catalytically inactive form of HexD which has been labelled with a 

fluorescent dye. This would enable a fluorescent binding assay to test the affinity of 

HexD against a library of carbohydrate structures. If the enzyme is shown to bind to 

sugars with substituted hydroxyl groups or to larger oligosaccharides, this information 

could be used to identify potential natural substrates of HexD. Additionally, the tolerance 

of HexD for accommodating larger structures within the active site could be adapted 

towards the design of novel inhibitors. 
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