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ABSTRACT 

 Glycoproteins are formed by the covalent attachment of monosaccharides 

or their oligomers to proteins. The intermediates through which glycoproteins are 

biosynthesized are nucleotide sugars. The research described within this thesis 

focuses on the use of chemical methods by which the structures of glycans (the 

carbohydrate portion of a glycoconjugate) can be experimentally manipulated. 

Most of the glycan-altering compounds discussed herein prevent the normal 

biosynthesis of glycoproteins either because of their metabolism into non-natural 

nucleotide sugars or by preventing the normal utilization of nucleotide sugars. 

The perturbation of glycan structures is one of the main ways in which the 

biological functions of glycans can be assessed.  Three different classes of 

glycoproteins were investigated, namely, glycoproteins containing asparagine- or 

serine/threonine-linked glycans, and those containing only serine/threonine-

linked N-acetylglucosamine residues.  

Two thiosugar-containing disaccharide analogues were discovered, in a 

cell-based screening assay, to significantly impair the biosynthesis of 

asparagine-linked glycans within treated cells. These compounds, generally 

called 5-thiomannosides, were extensively characterized in the context of their 

effects on proprotein convertases, a class of proteases that are responsible for 

the production of a wide variety of bioactive peptides. The 5-thiomannosides 

investigated inhibited the production of endorphin in pituitary cells and were used 
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to demonstrate the importance of correct glycosylation on the regulated peptide-

hormone-targeting inside cells. Furthermore, this class of compounds was found 

to inhibit another key proprotein convertase involved in cholesterol biosynthesis. 

Several different techniques were used to investigate the structures of these 

glycans isolated from treated cells, the most significant of which was capillary 

electrophoresis (CE). This technique was used to deduce the structures of 

glycans obtained from cells by comparison with known standards or on the basis 

of their sensitivity in various enzyme assays. Furthermore, CE methods for the 

analysis of nucleotide sugars or nucleotides, and carbohydrate-like natural 

products were developed. These methods were used to develop an assay for an 

important drug target in the bacterium Mycobacterium tuberculosis and to 

investigate the biosynthesis of unusual nucleotide sugars within cultured cells. Of 

particular interest was the biosynthesis of nucleotide sugars containing thiosugar 

moieties, that is, sugars that contain an endocyclic sulfur atom. 
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EXECUTIVE SUMMARY 

This thesis describes research that was carried out in several areas of 

glycobiology.  Chapter 1 introduces the concept of glycobiology and briefly 

reviews the subject of glycoproteins, in particular N-linked glycoproteins. The 

processing of N-glycans by ER glycosidases and the role of these events in 

glycoprotein folding and quality-control are reviewed since these concepts are 

investigated in subsequent chapters.  

Chapter 2 discusses in detail the biosynthesis of glycoproteins focusing 

especially on (1) N-glycosylation and the origin of the diversity within this class of 

glycoconjugate and (2) nucleotide sugars, which are the primary glycan 

precursors through which glycoconjugates are biosynthesized. Both of these 

subjects have been extensively reviewed before; however, Chapter 2 focuses 

primarily on a relatively unexplored aspect of these processes which is the link 

between the availability of the nucleotide sugars and the glycan diversity 

observed among glycoproteins. The availability of these sugar donors is very 

often responsive to changes in the basic metabolism of cells, that is, the 

processes by which cells obtain energy and by which they biosynthesize 

glycoconjugate building blocks—two processes which are highly integrated. 

Secondary metabolism, then, would be considered to be the assembly of 

glycoconjugates, a process that requires both energy and previously made 
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building blocks. Only recently have analytical techniques become available for 

the analysis of nucleotide sugar metabolism and this chapter reviews some of 

these methods.  

Chapter 3 describes several applications of the use of CE for nucleotide 

sugar analysis. It begins by describing my work on improving existing methods, 

especially in terms of lowering analyte detection limits. This improved method 

was developed into a CE-based in vitro assay of an enzyme that interconverts 

the nucleotide sugars uridine diphosphate-α-D-galactopyranoside (UDP-Galp) to 

UDP-α-D-galactofuranoside (UDP-Galf). This enzyme, known as UDP-Galp 

mutase (UGM), is an important drug target in the bacteria Mycobacterium 

tuberculosis, the causative agent of tuberculosis. This assay was used to screen 

several potential inhibitors of UGM and the discovery of one new UGM inhibitor is 

reported. Chapter 3 also describes the use of CE to analyze the biosynthesis of 

chemically altered monosaccharides into nucleotide sugars both in vitro and in 

cultured cells.  My work on the biosynthesis of UDP-α-D-N-glycolyglucosamine 

(UDP-GlcNGc) has important implications for sialic acid metabolism, while my 

work on the non-natural nucleotide sugar UDP-α-D-5-thio-N-acetylglucosamine 

(UDP-5-thioGlcNAc) has led to the first inhibitor of an important enzyme known 

as O-GlcNAc transferase (OGT). The chemoenzymatic synthesis of a new 

compound, UDP-5-thioGlcNAc, is also be reported in this chapter. 

Chapter 4 investigates the unusual O-glycosylation of a protein known as 

Notch in which a glucose (Glc) residue is transferred onto the protein where it is 

subsequently elongated upon the successive transfer of two xylose (Xyl) 
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residues. A structure for the resulting trisaccharide had been proposed by 

analogy with similar modifications found on other proteins. Chapter 4 reports how 

a combination of CE and mass spectrometry was used to prove the structure of 

this unusual trisaccharide derived from a portion of Notch. There are very few 

techniques by which O-glucosylation can be investigated within normal (i.e. not 

mutated) cells or tissues; this work was an initial attempt towards developing new 

approaches for the identification of proteins bearing similar modifications. 

Chapters 5 and 6 discuss N-glycoproteins in light of the material reviewed 

in Chapter 1 (N-glycan processing and quality-control) and Chapter 2 (N-glycan 

biosynthesis). Chapter 5 presents work carried out primarily on the processing of 

a glycopeptide hormone known as proopiomelanocortin (POMC) within tissue-

cultured pituitary cells. POMC is proteolytically cleaved into many different 

peptide hormones, such as the analgesic β-endorphin (β-END), by enzymes 

known as proprotein convertase (PC) 1 and PC2; PC1 and 2 are also N-linked 

glycoproteins. In Chapter 5 evidence is presented which demonstrates that the 

intracellular targeting of POMC and its processing into β-END are, at least in 

part, affected by the ER processing of its N-glycans. Although in all cells secreted 

proteins are initially biosynthesized within the ER, in some cells there are two 

routes for protein secretion: a constitutive and a regulated pathway. Most 

proteins are secreted by the constitutive pathway, while only a strict subset of 

proteins (such as β-END) are secreted by the regulated pathway and then only 

after a cell has been stimulated. Our results on POMC processing suggest that 

N-glycosylation may mediate some of the triage events that direct POMC into the 
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regulated secretory pathway. Chapter 5 also describes the discovery of two 

related compounds, heteroatom-containing mannose disaccharide analogues, 

that nearly abolish PC1 activity (and hence POMC processing) and also inhibit 

the activity of a related PC known as subtilisin / kexin isozyme-1 (SKI-1). SKI-1 

activity is required for cholesterol homeostasis. These compounds both contain 

non-reducing 5-thiomannose (5-thioMan) groups and are therefore generally 

referred to as 5-thiomannosides. 

The 5-thiomannosides not only blocked SKI-1 activity but they also 

affected its N-glycosylation. Under the assumption that the primary target of 

these compounds were carbohydrate active enzymes, the cellular targets of 

these two compounds were investigated. This investigation is reported in Chapter 

6. Here, evidence is presented that demonstrates that 5-thiomannosides inhibit 

the early stages of biosynthesis of N-glycans but not their subsequent ER and 

Golgi processing. These conclusions draw heavily from the material presented 

earlier and were reached after the analysis of different classes of 

glycoconjugates obtained from treated cells. Furthermore, by analyzing the 

nucleotide sugar pools in 5-thiomannoside-treated cells it was established that N-

glycan precursors were not lacking in treated cells. The results reported in this 

chapter are significant since they closely resemble effects seen in human some 

patients suffering from congenital disorders of glycosylation (CDGs). 

In keeping with the themes of the metabolism of carbohydrates and CE 

analysis, Chapter 7 reports the development of a CE-based method for the 

resolution and quantitation of four active compounds found in nutraceutical 
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products derived from plants of the Salacia genus. These compounds all inhibit 

the intestinal digestion of starch fragments and as a result have generated 

considerable interest as potential therapeutics for the treatment of type-II 

diabetes. The CE method was used for the analysis of four commercially 

available Salacia-containing products and was further used for the phytochemical 

fingerprint analysis of these products. 

 

  



 

 x 

DEDICATION 

To Heather, for her continual love, patience, and support; and to Steven Hendrik, 

who showed up early one day; and to my families, for their encouragement. 



 

 xi 

ACKNOWLEDGEMENTS 

I have had the privilege of collaborating with many people in conducting 

the research described within this thesis. Firstly, I would like to thank Dr. Mario 

Pinto for giving me the opportunity to join his group and for his assistance over 

the years. I would also like to thank Dr. Nabil Seidah for allowing me to work in 

his lab at the IRCM for several months and for his helpful conversations—thank-

you also to his group for making me feel welcome during my time there. I am 

grateful for the support and contributions of all my labmates (past and present). 

Specifically, I would like to thank Drs. Blair Johnston, Jayakanthan Kumarasamy, 

and Sankar Mohan for synthesizing the molecules on which much of my research 

was focused. A great deal of the research described herein was the result of 

collaborative projects and I wish to acknowledge the help of my colleagues Mr 

Garrett Whitworth, Dr. Tracey Gloster, Dr. Matthew Macauley, and Dr. Siliva 

Borrelli. I greatly appreciated the assistance of Dr Suzanne Benjannet for her 

help with the [35S]-Met work and Dr. Linda Pinto for her assistance with the [3H]-

Man experiments. I would like to thank Dr. Mark Lehrman for his advice and 

helpful comments and Dr. Ningguo Gao for performing the FACE analysis for me. 

Finally, I wish to thank Dr. David Vocadlo for his helpful suggestions, for the 

invitation to work on several of his projects, and for allowing me to use his lab’s 

resources.   



 

 xii 

TABLE OF CONTENTS 

Approval .......................................................................................................................... ii 

Abstract .......................................................................................................................... iii 

Executive Summary ........................................................................................................ v 

Dedication ....................................................................................................................... x 

Acknowledgements ........................................................................................................ xi 

Table of Contents .......................................................................................................... xii 

List of Figures................................................................................................................xvi 

List of Tables .................................................................................................................xix 

Abbreviations ................................................................................................................ xx 

1: Glycobiology: General Introduction ........................................................................ 1 

1.1 Glycoconjugates...................................................................................................... 1 

1.1.1 Diversity ....................................................................................................... 2 
1.1.2 Glycoproteins............................................................................................... 4 
1.1.3 N-linked glycosylation: protein-folding and quality-control ............................ 5 

1.2 References ............................................................................................................ 13 

2: Nucleotide sugars and their role in glycoconjugate biosynthesis ........................ 1 

2.1 The glycochemistry and glycobiology of nucleotide sugars ................................... 19 

2.1.1 Nucleotide sugar biochemistry ................................................................... 19 
2.1.2 Nucleotide sugar cell biology ..................................................................... 68 

2.2 The extraction and analysis of nucleotide sugars from biological samples ............ 99 

2.2.1 Methods for extracting nucleotide sugars from cells................................. 100 
2.2.2 Methods for the analysis of nucleotide sugars ......................................... 106 

2.3 References .......................................................................................................... 117 

3: Nucleotide sugar analysis By CE ......................................................................... 135 

3.1 Introduction and acknowledgements ................................................................... 135 

3.2 Improvement of CE methods of nucleotide sugar analysis .................................. 137 

3.3 UDP-galactofuranose mutase ............................................................................. 149 

3.3.1 Overview ................................................................................................. 149 
3.3.2 UDP-2-O-allyl-galactose derivatives ........................................................ 155 
3.3.3 Heterocyclic UGM inhibitors ..................................................................... 157 
3.3.4 Future work ............................................................................................. 162 

3.4 UDP-N-glycolylglucosamine ................................................................................ 163 

3.4.1 Overview ................................................................................................. 163 
3.4.2 Chemoenzymatic synthesis of UDP-GlcNGc and UDP-GalNGc .............. 166 
3.4.3 Analysis of UDP-GlcNGc in EMEG32 cells .............................................. 169 
3.4.4 Future work ............................................................................................. 171 

3.5 UDP-5-thio-N-acetylglucosamine ........................................................................ 172 



 

 xiii 

3.5.1 Overview ................................................................................................. 172 
3.5.2 Chemoenzymatic synthesis of UDP-5-thioGlcNAc ................................... 174 
3.5.3 In vitro assays of OGT inhibition by UDP-5-thioGlcNAc ........................... 178 
3.5.4 OGT inhibition by UDP-5-thioGlcNAc in tissue-cultured cells ................... 179 
3.5.5 Future work ............................................................................................. 182 

3.6 Experimental ....................................................................................................... 183 

3.6.1 Extraction of nucleotide sugars and nucleotides ...................................... 183 
3.6.2 Analysis of sugar nucleotides and nucleotides by CE .............................. 184 
3.6.3 UGM Assays ........................................................................................... 186 
3.6.4 UDP-GlcNGc chemoenzymatic synthesis and EMEG analysis ................ 187 
3.6.5 UDP-5-thioGlcNAc ................................................................................... 187 

3.7 References .......................................................................................................... 191 

4: O-glycan analysis: Notch glucosylation .............................................................. 197 

4.1 Overview and acknowledgements ....................................................................... 197 

4.2 Abstract ............................................................................................................... 201 

4.3 Introduction ......................................................................................................... 203 

4.4 Results ................................................................................................................ 208 

4.4.1 Expression of mammalian Notch1 construct EGF12-18 ........................... 208 
4.4.2 Preparation of the APTS-labeled glycan standards .................................. 209 
4.4.3 UDP-D-xylose: α-D-xyloside α1-3-xylosyltransferase assay .................... 211 
4.4.4 β-Elimination, fluorescent labeling, and analysis of EGF12-18 Notch 

1 O-glycans by capillary electrophoresis .................................................. 212 
4.4.5 Sulfolobus solfataricus α-xylosidase catalyzed digestion of O-glycan 

moieties released from EGF12-18 and the vector control ........................ 213 
4.4.6 Digestion of partially purified XXG trisaccharide from EGF12-18 ............. 216 
4.4.7 Further linkage analysis of the XXG trisaccharide .................................... 218 
4.4.8 Mass Spectroscopic analysis of per-methylated XXG standard and 

per-methylated trisaccharide released from EGF12-18 ............................ 219 

4.5 Discussion ........................................................................................................... 222 

4.6 Materials and Methods ........................................................................................ 230 

4.6.1 Materials .................................................................................................. 230 
4.6.2 Production of Mouse Notch1 EGF Fragments.......................................... 230 
4.6.3 Cell culture and production of recombinant Notch1 EGF 12 – 18 

repeats .................................................................................................... 232 
4.6.4 Purification of the series of EGF Constructs and the pAX142 Vector 

Control from CHO Media ......................................................................... 232 
4.6.5 Western blot analysis ............................................................................... 233 
4.6.6 Beta-elimination of EGF12-18 O-glycans ................................................. 234 
4.6.7 Fluorescent labeling of EGF12-18-derived O-glycans and sample 

clean-up................................................................................................... 235 
4.6.8 Analysis of APTS-labeled oligosaccharides by capillary 

electrophoresis (CE) ................................................................................ 236 
4.6.9 UDP-D-xylose:-D-xyloside 1-3-xylosyltransferase activity assay ......... 236 
4.6.10 Optimization of -xylosidase digestion ..................................................... 237 
4.6.11 Oligosaccharide per-methylation and analysis by mass spectrometry ..... 238 
4.6.12 Characterization of standards. ................................................................. 239 

4.7 Acknowledgements ............................................................................................. 242 

4.8 References .......................................................................................................... 242 



 

 xiv 

5: N-glycans—Part1: PC1 and SKI-1 trafficking, zymogen activation, and 
substrate processing can be altered by compounds affecting their N-linked 
glycosylation ............................................................................................................. 246 

5.1 Overview and acknowledgements ....................................................................... 246 

5.2 Abstract ............................................................................................................... 248 

5.3 Introduction ......................................................................................................... 250 

5.4 Materials and Methods ........................................................................................ 254 

5.4.1 Chemicals and test inhibitors ................................................................... 254 
5.4.2 Cell lines and culture ............................................................................... 254 
5.4.3 Analysis of glycosylation-deficient PC1 processing and secretion ........... 255 
5.4.4 Metabolic labeling of At-T20 cells: Screening for compounds 

affecting POMC biosynthesis ................................................................... 255 
5.4.5 Analysis of endogenous radiolabelled PC1 and β-endorphin 

containing peptides .................................................................................. 257 
5.4.6 Immunoblot analysis of autocatalytic SKI-1 processing ............................ 257 
5.4.7 Immunoblot analysis of endogenous hamster SREBP-2 .......................... 258 

5.5 Results ................................................................................................................ 259 

5.5.1 Glycosylation of PC1 is crucial for its processing and secretion ............... 259 
5.5.2 Terminal glycosylation does not affect processing or secretion of 

PC1 ......................................................................................................... 260 
5.5.3 Known and experimental glycosidase inhibitors alter the processing 

and secretion of endogenous PC1 and POMC ........................................ 263 
5.5.4 Glycosidase inhibitors block the processing of endogenous SREBP-

2 .............................................................................................................. 269 
5.5.5 Glycosidase inhibitors alter the autocatalytic processing of SKI-1 ............ 271 

5.6 Discussion ........................................................................................................... 273 

5.7 Future work ......................................................................................................... 285 

5.8 References .......................................................................................................... 287 

6: N-glycans—Part 2: Disaccharides containing non-reducing 5-
thiomannose reduce protein N-glycosylation by inhibiting cytosolic 
mannosyltransferases .............................................................................................. 295 

6.1 Overview and acknowledgements ....................................................................... 295 

6.2 Abstract ............................................................................................................... 295 

6.3 Introduction ......................................................................................................... 297 

6.4 Materials and Methods ........................................................................................ 304 

6.4.1 Chemicals and test inhibitors ................................................................... 304 
6.4.2 Cell lines and culture ............................................................................... 305 
6.4.3 Immunoblot analysis of SKI-1 zymogen activation ................................... 305 
6.4.4 Lectin blot analysis of CHO K1 cell lysates .............................................. 306 
6.4.5 Isolation and purification of N-glycans ..................................................... 306 
6.4.6 Capillary electrophoresis analysis of N-glycans ....................................... 308 
6.4.7 3H-mannose incorporation into lipid-linked oligosaccharide (DLOs) 

pools ........................................................................................................ 308 
6.4.8 Fluorophore-assisted electrophoresis (FACE) analysis of DLOs .............. 309 
6.4.9 Extraction and purification of nucleotide sugars ....................................... 309 
6.4.10 Analysis of sugar nucleotide pools by CE ................................................ 310 

6.5 Results ................................................................................................................ 310 



 

 xv 

6.5.1 5-thiomannosides do not act like well known ER glycosidase 
inhibitors .................................................................................................. 310 

6.5.2 Reduced N-glycosylation in CHO K1 cells: Lectin blotting ....................... 312 
6.5.3 Analysis of N-glycans in cells treated with 5- thiomannosides .................. 315 
6.5.4 Mannose-incorporation into DLOs is inhibited in cells treated with 5-

thiomannosides ....................................................................................... 319 
6.5.5 5-thiomannose alone replicates the effects of 5-thiomannosides ............. 322 
6.5.6 Analysis of nucleotide sugar levels .......................................................... 323 

6.6 Discussion ........................................................................................................... 327 

6.7 Future work ......................................................................................................... 332 

6.8 References .......................................................................................................... 336 

7: The use of CE for the analysis of glycosidase inhibitors in nutraceutical 
products ..................................................................................................................... 341 

7.1 Overview and acknowledgements ....................................................................... 341 

7.2 Abstract ............................................................................................................... 344 

7.3 Introduction ......................................................................................................... 345 

7.4 Experimental ....................................................................................................... 349 

7.4.1 Standards and materials .......................................................................... 349 
7.4.2 Instrumentation ........................................................................................ 350 
7.4.3 CZE method development ....................................................................... 350 
7.4.4 Method validation: precision .................................................................... 351 
7.4.5 Method validation: Limits of detection and quantitation ............................ 351 
7.4.6 Solid-phase sample extraction method development ............................... 352 
7.4.7 Extraction and analysis of commercial Salacia extracts ........................... 353 
7.4.8 Fingerprint analysis ................................................................................. 354 

7.5 Results and Discussion ....................................................................................... 354 

7.5.1 CZE method development ....................................................................... 354 
7.5.2 Validation of the CZE method .................................................................. 357 
7.5.3 Development of solid-phase extraction (SPE) conditions ......................... 358 
7.5.4 Analysis of commercial Salacia-containing samples ................................ 362 
7.5.5 Chemical fingerprint analysis of Salacia-containing products ................... 365 

7.6 Conclusions ........................................................................................................ 368 

7.7 Acknowledgements ............................................................................................. 368 

7.8 References .......................................................................................................... 369 

Appendix 1: Supplementary information for Chapter 5. ......................................... 373 

Appendix 2: Supplementary information for Chapter 7. ......................................... 381 

Appendix 3: Overview of the field-amplified sample injection technique and 
SPE using graphite. .................................................................................................. 396 

A3.1 CE analysis of samples using field-amplified sample-injection ............................ 396 

A3.2 Graphite solid-phase extraction ........................................................................... 401 

A3.3 References .......................................................................................................... 404 

 
 



 

 xvi 

LIST OF FIGURES 

Figure 1.1: Symbolic representation and abreviations of common   
monosaccharides ........................................................................................... 4 

Figure 1.2: Symbolic representations of the common classes of glycoprotein     
glycans.. ........................................................................................................ 5 

Figure 1.3: Diversity of N-glycan structures.. ................................................................... 8 

Figure 1.4: N-glycan-dependent protein-folding and quality-control.. ............................. 12 

Figure 2.1: Glycosyltransferase-catalyzed formation of a glycosidic bond using a 
nucleotide sugar donor ................................................................................ 20 

Figure 2.2: Structures of sugar donors utilized by glycosyltransferases for the 
biosynthesis of glycoconjugates .................................................................. 23 

Figure 2.3: Three pathways of monosaccharide activation as nucleotide sugars. .......... 25 

Figure 2.4: Biosynthesis of and interconversions between nucleotide sugars: 
UDP-Glc, UDP-Gal, UDP-Xyl, UDP-GlcA, GDP-Man, GDP-Fuc, Dol-
P-Glc, Dol-P-Man ........................................................................................ 29 

Figure 2.5: Biosynthesis of and interconversions between nucleotide sugars: 
UDP-GlcNAc, UDP-GalNAc, CMP-Neu5Ac.. ............................................... 31 

Figure 2.6: Organelle-specific transport of nucleotide sugars in a typical 
mammalian cell. .......................................................................................... 36 

Figure 2.7: An example of a glycosyltransferase-catalyzed reaction. ............................. 38 

Figure 2.8: Biosynthesis of dolichol-linked oligosaccharides (DLOs). ............................ 42 

Figure 2.9: Structure of dolichol-PP- or asparigine-linked oligosaccharides. .................. 44 

Figure 2.10: A comparison of the structures of UDP-GlcNAc and tunicamycin I ............ 45 

Figure 2.11: Substrate specificity of glycosyltransferases in DLO biosynthesis. ............ 51 

Figure 2.12: Proposed reaction mechanism for OST ..................................................... 53 

Figure 2.13: Mechanisms of inverting and retaining glycosyltransferases ...................... 57 

Figure 2.14: Links between sugar-donor metabolism and DLO biosynthesis. ................ 80 

Figure 2.15: N-glycan branching is linked to the intracellular UDP-GlcNAc 
concentration and determines the rate of glycan dissociation from 
galectin-3 .................................................................................................. 83 

Figure 2.16: Metabolic flux in UDP-GlcNAc levels effects N-glycan branching and 
has differential effects on the signalling of cell surface receptors............... 85 

Figure 2.17: Commonly used fluorophores for the derivatization of carbohydrates 
for FACE and CE analysis ....................................................................... 114 



 

 xvii 

Figure 3.1: LVSS technique applied to the analysis of nucleotide sugars .................... 140 

Figure 3.2: A comparison of FASI  and pressure  injection for the CE analysis of 
nucleotide sugars and nucleotides ............................................................. 141 

Figure 3.3: Empirical determination of optimum FASI injection time ............................ 142 

Figure 3.4: Comparison of different nucleotide sugar extraction procedures. .............. 146 

Figure 3.5: Nucleotide sugars extracted from CHO cells. ............................................ 148 

Figure 3.6: Nucleotides extracted from CHO cells. ...................................................... 148 

Figure 3.7: Galf biosynthesis and its incorporation into mycobacterial cell walls. ......... 148 

Figure 3.8: The structure of UGM mechanistic probes. ................................................ 148 

Figure 3.9: CE analysis of UDP-2-O-allyl-Galp and 2-O-allyl-Galf activity. ................... 148 

Figure 3.10: UGM inhibition by an inhibitor of M. tuberculosis growth—pyrazole 2 ...... 161 

Figure 3.11: The biosynthesis of Neu5Ac and its analogues ....................................... 165 

Figure 3.12: Chemoenzymatic synthesis of UDP-GlcNGc and UDP-GalNGc .............. 168 

Figure 3.13: Nucleotide sugar precursor-feeding in EMEG32 cells .............................. 170 

Figure 3.14: Large-scale chemoenzymatic synthesis of UDP-5-thioGlcNAc ................ 176 

Figure 3.15: Clean-up of UDP-5-thioGlcNAc. .............................................................. 177 

Figure 3.16: CE analysis of nucleotide sugars in 5-thioGlcNAc-treated COS-7 
cells.. ....................................................................................................... 180 

Figure 4.1: The consensus sequence directing O-glucosylation of Notch and 
protein containing the EGF repeats ........................................................... 204 

Figure 4.2: Di- and trisaccharide synthetic standards and subsequent APTS-
labeling to generate the desired standards for CE. .................................... 210 

Figure 4.3: Xylosyltransferase assay and analysis of glycans found on secreted 
EGF12-18 .................................................................................................. 212 

Figure 4.4: Gel purification of the putative XXG-APTS obtained from EGF12-18, 
α-xylosidase digestion and linkage assignment  ........................................ 216 

Figure 4.5: Mass spectral analysis of the putative XXG trisaccharide released 
from EGF12-18.. ........................................................................................ 221 

Figure 5.1: The effects of altered N-glycosylation on PC1 zymogen processing. ......... 262 

Figure 5.2: POMC and PC1 processing and N-glycosylation within At-T20 cells is 
regulated by their subcellular location. ....................................................... 264 

Figure 5.3: The effects of known and experimental glycosidase inhibitors on the 
processing of PC1 and its endogenous substrate POMC .......................... 267 

Figure 5.4: Figure 4: Altered SKI-1 processing in the presence of glycosidase 
inhibitors .................................................................................................... 270 

Figure 5.5: SKI-1 glycosylation and Golgi-transport but not its zymogen activation 
are altered by BJ-12-21-2 and BJ-12-26-1 ................................................. 273 



 

 xviii 

Figure 6.1: Heteroatom-containing dimannosides used in this study and related 
carbohydrate derivatives. ........................................................................... 303 

Figure 6.2: 5-thioMan-N-Man disaccharides affect the glycosylation of SKI-1 in a 
way that does not resemble known glycosidase inhibitors. ........................ 312 

Figure 6.3: 5-thioMan-(1-2/3)-N-Man both decrease the extent of N-glycosylation 
observed in CHO K1 cells .......................................................................... 314 

Figure 6.4: 5-thioMan-(1-2/3)-N-Man do not cause truncated N-glycans to be 
transferred onto SKI-1. .............................................................................. 318 

Figure 6.5: 5-thioMan-(1-2/3/6)-N-Man both greatly inhibit the biosynthesis of 
dolichol-linked oligosaccharides (DLOs) .................................................... 321 

Figure 6.6: 5-thiomannose reproduces the effects of 5-thioMan-(1,2/3/6)-N-Man 
in SRD-12B cells ....................................................................................... 323 

Figure 6.7:Nucleotide sugar analysis of 5-thiomannoside-treated cells ....................... 324 

Figure 6.8: Nucleotide sugar quantitation .................................................................... 325 

Figure 6.9: Comparison of nucleotide sugars isolated from 5-thioMan- and 5-
thioGlc-treated cells. .................................................................................. 327 

Figure 7.1: Structures of sulfonium-ion-containing glycosidase inhibitors isolated 
from plants of the Salacia genus ................................................................ 347 

Figure 7.2: Optimization of CZE conditions ................................................................. 356 

Figure 7.3: Representative electropherograms and the development of a SPE 
method. ..................................................................................................... 361 

Figure 7.4: Extraction and CZE analysis of four commercial Salacia-containing 
products. ................................................................................................... 364 

Figure 7.5: Fingerprint analysis of S. reticulata-containing products ............................ 367 

Figure A2.1: Calibration curves for de-O-sulfonated kotalanol, salacinol, 
ponkoranol,  and kotalanol ...................................................................... 382 

Figure A2.2: Commercial Salacia products co-spiked with synthetic standards. .......... 385 

Figure A2.3: Identification of peaks utilized in Salacia fingerprint analysis ................... 392 

Figure A3.1: Schematic illustration of the FASI techniques.......................................... 400 

Figure A3.2: Different adsorption mechanisms of graphite sorbents. ........................... 402 

  



 

 xix 

LIST OF TABLES 

Table 2.1: In vitro or ex vivo activities of selected nucleotide sugars containing 
modified monosaccharide residues. .............................................................. 63 

Table 2.2: CHO mutants and CDG-patient derived cells in deficient the 
biosynthesis or transport of glycosylation precursors. ................................... 72 

Table 2.3: Partial list of the effects of nucleotide sugar precursor feeding on the 
N-glycosylation of therapeutic glycoproteins.................................................. 90 

Table 2.4: Modified monosaccharides that inhibit glycosyltransferases in cells 
after their metabolism into nucleotide sugars. ............................................... 93 

Table 2.5: Comparison of methods for the analysis of nucleotide sugars .................... 110 

Table 3.1: Nucleotide sugar quantitation by CE-FASI. ................................................. 144 

Table 3.2: Nucleotide quantitation by CE-FASI. ........................................................... 144 

Table 3.3: Selected antimycobacterial compounds ...................................................... 159 

Table 7.1: CZE method characterization.. ................................................................... 358 

Table 7.2: Glycosidase inhibitor content in commercial Salacia-containing     
products ..................................................................................................... 365 

Table A1.1: List of compounds tested in AtT-20 cells .................................................. 373 

Table A2.1: Initial masses of samples analyzed and the masses of all liquid 
extractions and SPE fractions ................................................................... 383 

Table A2.2: Percent recoveries of standards after SPE protocol. ................................ 384 

Table A2.3: Quantitation of inhibitors in Salacia products. ........................................... 391 

Table A2.4: Fingerprinting peak data and calculations ................................................ 393 

  



 

 xx 

ABBREVIATIONS 

Ac  acetate 

ACTH  adrenocorticotropic hormone 

ADP  adenosine diphosphate 

AEC  adenylate energy charge 

AGX1  UDP-GlcNAc pyrophosphorylase 

AGM  GlcNAc-6-phosphate mutase 

ATF-6  activating transcription factor-6 

Ala  alanine 

ALG  asparagine-linked glycosylation 

ALLN  N-acetyl-leucinal-leucinal-norleucinal 

AMP  adenosine monophosphate 

APTS  8-amino-1,3,6-trisulfonate 

Asn  asparagine 

ATP  adenosine triphosphate 

Ara  arabinose 

 

BFA  brefeldin A 

BGE  background electrolyte 

BSA  bovine serum albumin 

 

cAMP  cyclic adenosine monosphosphate 

CDG  congenital disorder of glycosylation 

CDP  cytosine diphosphate 

CE  capillary electrophoresis 

CHO  Chinese hamseter ovary 

ConA  Concanavalin A 

cpm  counts per minute 

CMP  cytosine monophosphate 

CNX  calnexin 



 

 xxi 

CRT  calreticulin 

CST  castanospermine 

CTP  cytosine triphosphate 

Cys  cystine 

 

d  doublet 

dd  doublet of doublets 

DEAE  diethylaminoethyl 

DMEM  Dulbecco’s modified Eagle’s medium 

Dol  dolichol 

DLO  dolichol-linked oligosaccharide 

DMJ  1-deoxynorjirimycin 

DMSO  dimethylsulfoxide 

DNA  deoxynucleic acid 

DPM1  dolichol-phospho-mannose synthetase-1 

DSA  Datura stramonium 

dTDP  deoxythymidine diphosphate 

 

EDEM  ER degradation-enhancing α-mannosidase-like protein 

EDTA  ethylenediaminetetraacetic acid 

EGF  epidermal growth factor 

EOF  electroosmotic flow 

EPO  erythropoietin 

ER  endoplasmic reticulum 

ERGIC-53  53 kDa protein of the ER-Golgi intermediate compartment 

ER Man I ER mannosidase I 

 

FACE  fluorophore-assisted carbohydrate electrophoresis 

FAD  flavin adenine dinucleotide 

FADH•  flavin adenine dinucleotide, semiquinone form 

FADH2  flavin adenine dinucleotide, reduced form 

FASI  field-amplified sample injection 

FBS  fetal bovine serum 

Fru  fructose 

Fuc  fucose 



 

 xxii 

 

Gal  galactose 

Gal-3  galectin-3 

GNA  Galanthus nivalis 

GalE  GlcNAc/Glc-4-epimerase 

Galf  galactofuranose 

GalNAc N-acetylgalactosamine 

GalNGc N-glycolylgalactosamine 

Galp  galactopyranose 

Gc  glycolyl 

GDP  guanosine diphosphate 

Glc  glucose 

GlcA  glucuronic acid 

GlcN  glucosamine 

GlcNAc N-acetylglucosamine 

GlcNAz N-azidoglucosamine 

GlcNGc N-glycolylglucosamine 

GNK  GlcNAc-kinase 

Gly  glycine 

GMP  guansoine monophosphate 

GPI  glycosylphosphatidylinositol 

GT  glycosyltransferase 

GTP  guanosine triphosphate 

 

HEK  human embryonic kidney 

HEPES (4-(2-hydroxyethyl)-1-piperazinethane sulfonic acid 

Hex  hexose 

HexNAc N-acetylhexosamine 

HPAEC high-performance anion-exchange chromatography 

HPLC  high-performance liquid chromatography 

HRMS  high-resolution mass spectrometry 

HRP  horseradish peroxidise 

Hz  hertz 

 

IC50  inhibitor concentration that reduces enzyme activity by 50% 



 

 xxiii 

IgG  immunoglobulin G 

INF-γ  interferon-gamma 

INSIG  insulin-induced gene 

IS  internal standard 

IRCM  Institut de Récherches Cliniques de Montréal 

 

J  scalar coupling constant 

 

Kd  dissociation constant 

kDa  kilodalton 

Keq  equilibrium constant 

Ki  dissociation constant (for an enzyme inhibitor) 

KIF  kifunensine 

Km  Michaelis constant 

kp  Klebsiella pneumoniae 

ksp  solubility constant 

kV  kilovolt 

 

LAC  lactacystin 

Lec  lectin resistant 

 

LVSS  large-volume sample stacking 

LIF  laser-induced fluorescence 

m  multiplet 

Man  mannose 

ManNAc N-acetylmannosamine 

ManNGc N-glycolylmannosamine 

mAU  milliabsorbance unit 

MEF  mouse embryonic fibroblast 

Met  methionine 

MHz  megahertz 

Min  minutes 

mL  milliliter 

MRM  multiple reaction monitoring 

mRNA  messenger ribonucleic acid 

http://www.ircm.qc.ca/


 

 xxiv 

mt  Mycobacterium tuberculosis 

m/z  mass-to-charge ratio 

 

NAD+  nicatinamide adenine dinucleotide, oxidixed form 

NADH  nicatinamide adenine dinucleotide, reduced form 

NDP  nucleotide diphophate 

Neu5Ac N-acetylneuraminic acid 

Neu5Az N-azidoneuraminic acid 

Neu5Gc N-glycolylneuraminic acid 

nL  nanoliter 

nM  nanomolar  

nm  nanometer 

NMWCO nominal molecular weight cut off 

nmol  nanomole 

NMP  nucleotide monophosphate 

NMR  nuclear magnetic resonance 

ns  nanosecond 

NTP  nucleotide triphosphate 

nup62  nucleoporin 62 kDa 

 

OGA  O-GlcNAcase 

O-GlcNAc O-linked GlcNAc 

OGT  UDP-GlcNAc:polypeptide β-N-acetylglucosaminyltransferase 

OST  oligosaccharyltransferase 

 

P  phosphate 

PAD  pulsed ampoteric detection 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate buffered saline 

PBS-T  PBS + 0.1% Tween-20 

PC  proprotein convertase 

PCA  perchloric acid 

PCR  polymerase chain reaction 

PEG  polyethylene glycol 

POMC  proopiomelanorcortin 



 

 xxv 

pmol  picomole 

PMM  phosphomannomutase 

PP  pyrophosphate 

PPA  inorganic pyrophosphorylase 

ppGalNacTs polypeptide-GalNAc transferases 

PPI  phosphomannose isomerase 

ppm  parts per million 

Pro  proline 

Psi  pounds per square inch 

 

RFU  relative fluorescence units 

Rha  rhamonose 

RIPA  radioimmunoprecipitation assay 

rpm  revolutions per minute 

RSD  relative standard deviation 

s  singlet 

s  second 

S1P  site-I protease 

SCAP  SREBP-cleavage activating protein 

SDS  sodium dodecylsulfate 

Sia  sialic acid 

Ser  serine 

SKI-1  subtilisin / kexin isozyme I 

SFU  Simon Fraser University 

SNA  Sambucus nigra 

SPE  solid-phase extraction 

SREBP sterol regulatory element-binding protein 

SRD  sterol-regulatory deficient 

SW  swainsonine 

 

T  migration time 

T  transferase 

Tact  actual migration time (of an internal standard) 

tb  mycobacterium tuberculosis 

TEAA  triethylammonium acetate 



 

 xxvi 

TFA  trifluoroacetic acid 

TGN  trans-Golgi network 

THF  tetrahydrofuran 

Thr  theonine 

TM  tunicamycin 

Tref  reference migration time (of an internal standard) 

Tricine  N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine 

TRIS  tris(hydroxymethyl)aminoethane 

 

UDP  uridine diphosphate 

UGGT  UPD-Glc:glycoprotein glucosyltransferase 

UGM  UDP-galactopyranose mutase 

UMP  uridine monophosphate 

UPR  unfolded protein response 

UTP  uridine triphosphate 

UV  ultraviolet 

 

V5  an epitope-tag of the sequence GKPIPNPLLGLDST 

VIP-36  vesicular integral protein of 36 kDa 

Vmax  maximum velocity (of an enzyme) 

 

XG  Xyl-α-(1-3)-Glc 

XXG  Xyl-α-(1-3)-Xyl-α-(1-3)-Glc 

Xxx  any amino acid 

XylS  xylosidase from Sulfolobus solfatarius 

Xyl  xylose 

 

β-END  β-endorphin 

β-LPH  β-lipotropic hormone 

δ  chemical shift 

μA  microampere 

μap  apparent mobility 

μCi  microcurie 

μeof  electroosmotic mobility 

μep  electrophoretic mobility 



 

 xxvii 

μM  micromolar 

°C  degree Celsius 

 
 



 

1 
 

1: GLYCOBIOLOGY: GENERAL INTRODUCTION 

1.1 Glycoconjugates 

Within the field of biochemistry, carbohydrates are often considered to be 

structural materials or in the context of energy metabolism.  Indeed, the 

biochemical pathways by which energy is obtained from the catabolism of starch, 

glycogen, and glucose were very significant achievements of 20th century 

biochemistry. Nevertheless, carbohydrates play many other important biological 

roles, particularly when individual carbohydrates, or monosaccharides, are linked 

to each other or to other classes of biomolecules (such as proteins or lipids) to 

form glycoconjugates. The carbohydrate portions of glycoconjugates are 

generally referred to as glycans. With the relatively recent advent of technologies 

that have permitted the analysis and perturbations of glycans at a biochemical or 

molecular biology level, the elucidation of glycan structure and function has come 

to be viewed by many as a distinct, albeit diverse, scientific discipline known as 

glycobiology. Some of the history of the recent evolution of glycobiology from the 

fields of organic chemistry, starch metabolism, and fermentation has been 

reviewed by a pioneer in the field, Saul Roseman.1   

The function of glycans are incredibly varied, in fact, an early review of the 

field of glycobiology was titled: ―Biological roles of oligosaccharides: all of the 

theories are correct‖.2 This is not to imply that mutually exclusive theories are 

both equally valid, but rather indicates that although trends can be found among 
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the data obtained from experiments on glycan function, nevertheless, these 

trends always seem to include exceptions. In general, there are five categories in 

which glycan function can be grouped,3 although the function of a given glycan 

may be assigned into multiple categories. The intrinsic functions of glycans are 

mediated by their physical properties and include roles (1) as structural 

components (such as in bacterial or plant cell walls) and (2) as modifiers of the 

solubility and / or stability of the biomolecules to which they are attached. The 

extrinsic functions of glycans are mediated by their interactions with other 

molecules. These functions include (3) glycoconjugate targeting within cells, (4) 

affecting cell-cell or cell-environment interactions and (5) participating in 

signalling events.  Usually, the exact composition of glycans is not crucial for their 

intrinsic functions while their extrinsic activities are often highly dependent on 

glycan structure. This general, brief overview of glycobiology is intended to 

introduce several key aspects of the field which are discussed throughout this 

thesis. A recurring theme in this thesis will be glycan diversity, especially among 

glycoproteins. Particular attention will be focused on glycoproteins termed N- (or 

asparagine)-linked glycoproteins (the glycan portions of which are called N-

glycans). Since N-glycans play a very significant role in glycoprotein targeting, 

folding, and quality-control; the latter two functions will be discussed below.   

1.1.1 Diversity 

The diversity of glycoconjugates occurs on multiple different levels. The 

glycan portion of a glycoconjugate may consist of one or more 

monosaccharide(s), the latter known as oligosaccharides. The existence of many 
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differing monosaccharides necessarily leads to diversity within this class of 

biomolecules. The names, abbreviations, and commonly utilized symbolic 

representations of these monosaccharides are depicted in Figure 1.1. The 

combination of monosaccharides within glycans in differing sequences and 

stereochemical or regiochemical linkages leads to further increases in their 

diversity as do different configurations (furanose or pyranose) and chemical 

modifications (phosphate, sulfate, acetate, methyl) of these monosaccharides. 

Furthermore, since monosaccharides contain multiple OH groups through which 

they may be linked to one another, glycans are often found to be branched. 

Indeed, it has been calculated that there are 1.44 x 1015 possible hexasaccharide 

isomers that could be formed from six different monosaccharides, and it is on the 

basis of this complexity that some have proposed an information storage or code-

like function for glycans.4  Finally, glycoconjugate diversity is derived from the 

many different classes of biomolecules (such as proteins or lipids) to which they 

are attached. 
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Figure 1.1: Symbolic representation and abbreviations of common monosaccharides.  The 
symbols and colours used to depict each monosaccharide are those recommended in reference 
5. The chemical structures of each monosaccharide are provided in the following chapter. 
Monosaccharides discussed, but not drawn include N-acetylmannosamine (ManNAc), fructose 
(Fru), and N-glycolylglucosamine (GlcNGc). Abbreviations for chemically modified 
monosaccharides are defined in the text.  

  

1.1.2 Glycoproteins 

Most of the work presented in this thesis involves glycans that have been 

attached to proteins; these glycoconjugates are known as glycoproteins. It has 

been estimated that more than half of all proteins found in nature are, in fact, 

glycoproteins.6 There are many different types of protein glycosylation (and most 

common forms are depicted in Figure 1.2). An N-glycan is an oligosaccharide 

attached to the nitrogen atom of an asparagine (Asn) residue within a protein 

through a monsaccharide known as N-acetylglucosamine (GlcNAc). Similarly, 

hydroxylated amino acids within proteins can be glycosylated to form O-glycans. 

The most common O-linked oligosaccharides are initiated by the linkage of serine 

(Ser) or threonine (Thr) OH groups to the monosaccharide N-

acetylgalactosamine (GalNAc) although O-linked glucose- (Glc) and fucose- 

(Fuc) containing glycans are also known. O-linked GlcNAc-modified proteins 

constitute a unique class of glycoproteins in that this residue has not been found 
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to be elongated into oligosaccharide-containing glycan structures. Finally, a 

glycosylphosphatidylinositol (GPI) anchor is a protein modification in which a 

glycan is used to bridge a lipid-linked phosphatidylinositol and an ethanolamine 

moiety linked to the carboxy-terminus of some proteins. The lipid portion of these 

structures anchors GPI-linked proteins to the cell membrane. 

  

Figure 1.2: Symbolic representations of the common classes of glycoprotein glycans. 
These structures are examples only  and would most certainly not be found on the same protein 
at the same time. N-glycans, discussed below, are always linked through a GlcNAc residue. In 
contrast, O-glycans may be linked through residues such as GalNAc, Glc, and Fuc, although 
structures initiating with GalNAc are the most abundant. O-GlcNAc is unique in that it is not 
further elongated and has only been found on cytosolic proteins while all other classes of glycan 
are biosynthesized within the secretory pathway. The R groups within the GPI anchor are the 
ester-linked alkyl chains of a phospholipid.    

 

1.1.3 N-linked glycosylation: protein-folding and quality-control 

N-linked glycosylation is the most widely studied form of glycosylation, 

likely as the result of many experimental techniques that have been developed to 
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explore the biological roles of this class of glycoconjugate.2 One of the intrinsic 

effects of the N-glycans is the stabilization of proteins to which they are attached 

as indicated by the observed decrease in thermal stability upon the enzymatic 

deglycosylation of N-glycans.7 The molecular basis for the stabilizing effects of N-

glycans (or any form of glycosylation) is thought to be due to the formation of 

hydrogen bonds between the polypeptide backbone of the protein and the 

carbohydrate moieties of the glycan. Further stability is induced by steric factors 

that alter the conformational preferences of the polypeptide backbone in the 

vicinity of the site of glycosylation.8 However, N-glycans play a more direct role in 

the biosynthesis of glycoproteins since they are intimately involved in protein-

folding and quality-control. It is their involvement in these processes in which the 

role of glycans as carriers of information is most clearly evident.9 A significant 

portion of this thesis deals with known and experimental inhibitors of the process 

of N-glycan-mediated protein-folding and therefore, this process will be 

introduced briefly below. 

N-glycans, like other classes of glycoconjugates, are very diverse10 though 

they all contain a common pentasaccharide core structure (Figure 1.3). Although 

the diversity of N-glycans arises from their biosynthesis within an organelle 

known as the Golgi, it is remarkable that this core N-glycan pentasaccharide is 

derived  from the sequential enzymatic hydrolysis of a larger 14-residue 

oligosaccharide which is added to proteins (often co-translationally) within a 

different organelle known as the endoplasmic reticulum (ER). The enzymes that 

hydrolyze bonds between monosaccharide residues are known as glycosidases. 
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The glycosidase processing that occurs within the ER is followed by further 

processing within the Golgi prior to N-glycan diversification but often Golgi-

localized glycosidases are sufficient to mediate the removal of any residues that 

have escaped processing ER glycosidases. Glycosidase processing of N-linked 

oligosaccharides within the ER is not strictly necessary for the biosynthesis of 

complicated N-glycoproteins due to the capability of Golgi glycosidases to 

process N-glycans that escape processing within the ER. However, this 

redundancy in glycosidase activity has some important consequences. While 

Golgi-localized glycosidases serve to generate N-glycan structures suitable for 

elongation into hybrid- and complex-type oligosaccharides (Figure 1.3), ER-

localized glycosidases play key roles in glycoprotein folding and quality-control. 

These functions of ER-glycosidases are discussed below.    
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Figure 1.3: Diversity of N-glycan structures. All N-glycans are initially made as a 14-
monosaccharide residue structure (1). The biosynthesis of this structure, its en bloc transfer to 
glycoproteins, and subsequent diversification will be discussed in detail in the following chapter. 
The core-oligosaccharide (surrounded by the dashed line) contains two branching Man residues 
(known as an α1,3 and α1,6 branches). In high mannose N-glycans (2) both branches are 
substituted with Man while in hybrid structures (3) only the α1,6 branch is attached to Man (or 
unsubstituted). Complex-type N-glycans (4) often contain elaborate antennae which are always 
initiated with GlcNAc residues attached to the core pentasaccharide. 

  

N-glycans having the composition of Asn-GlcNAc2Man9Glc3 are rapidly 

deglycosylated by ER glucosidases I and II to produce Asn-GlcNAc2Man9. Upon 

removal of the final Glc residue, the glycoprotein if it is correctly folded, can be 

transported from the ER to the Golgi. Protein-folding refers to the process by 

which many conformational changes in a linear polymer of amino acids cause it 

to acquire its correct (i.e. functional) three dimensional structure. It has long been 

known that the primary amino acid sequence of a protein contains the requisite 

information required for protein-folding since this process can occur in vitro 11 in 

spite of the apparent paradox in which an almost infinite amount of time would be 
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required to search all possible polypeptide conformations to find the correct 

folded structure—this is commonly known as the Levinthal paradox.12 This 

process of folding occurs within the complex and highly crowded environment of 

the cell and thus it is not surprising that an estimated 30% of newly synthesized 

proteins never achieve their native conformations.13 Cells, however, contain 

many proteins known as chaperones that are capable of distinguishing between 

folded, unfolded (or folding) and misfolded proteins. Likewise, folding sensors 

exist which prevent export from the ER to the Golgi and mediate the degradation 

of terminally misfolded proteins before they aggregate or cause other detrimental 

effects within cells; this process is known as ER-associated degradation (ERAD). 

N-glycans play key roles in both the chaperone-assisted protein-folding of 

proteins to which they are attached and in the ERAD of misfolded glycoproteins 

(Figure 1.4).  

 Two resident ER proteins, calnexin (CNX) and a soluble homologue 

calreticulin (CRT), both specifically bind to the monoglucosylated (Asn-

GlcNAc2Man9Glc1) N-glycans found on glycoproteins. These interactions assist in 

glycoprotein folding in two ways. First, they prevent the aggregation of folding-

intermediates and second, via associations with other chaperones, such as 

ERp57, CNX and CRT assist in protein-folding by catalyzing the isomerization of 

disulfide bonds. The removal of the final Glc residue by ER glucosidase II 

abrogates the association between CNX/CTR and an N-glycan.14 The folded 

protein is then exported to the Golgi. However, if a glycoprotein is not folded 

correctly it is a substrate for a remarkable enzyme known as UDP-
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glucose:glycoprotein glucosyltransferase (UGGT) which reattaches the Glc 

residue required for a further round of CNX/CTR-mediated folding—a process 

often referred to as the CNX-cycle. UGGT only transfers Glc onto misfolded or 

partially folded glycoproteins and the molecular basis for this specificity appears 

to be its recognition of the terminal GlcNAc residue in an N-glycan, which, in a 

fully folded protein would normally be buried within the protein and therefore 

inaccessible.15 Likewise, in proteins containing N-glycans on multiple distinct 

domains, only the oligosaccharides on misfolded domains are substrates for 

UGGT.16 UGGT also recognizes exposed hydrophobic patches on the surface of 

proteins (again, these are normally buried within a protein’s interior) and there is 

evidence that suggests that it can reglycosylate glycans a considerable distance 

away from these unfolded regions of a protein.17  

 The CNX-cycle does not occur indefinitely for terminally misfolded 

glycoproteins and there are several features that allow for the ERAD of these 

proteins; these features are highly dependent on an ER glycosidase known as 

ER mannosidase I (ER ManI). ER ManI specifically removes the middle Man 

residue indicated in Figure 1.4, although at higher concentrations it may remove 

further residues from N-glycans. The removal of a single Man residue to generate 

Asn-GlcNAc2Man8Glc1 creates a substrate that is processed by ER glucosidase II 

with only 21% the rate of the Man-9 isomer,18 thus immediately slowing down the 

CNX-cycle (for simplicity, this step has been left out of Figure 1.4). The CNX-

cycle for misfolded glycoproteins bearing GlcNAc2Man8 is terminated by ER 

ManI, which is especially concentrated within a specialized region of the ER 
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known as the ER quality control compartment where it has been demonstrated to 

produce glycan structures such as Asn-GlcNAc2Man5 which are incapable of 

being reglucosylated by UGGT since they lack the Man residue glucosylated by 

this enzyme.19 In addition, it has been shown that Asn-GlcNAc2Man5 are the 

preferred ligands for carbohydrate-binding proteins such as OS-9 which are able 

to initiate the process of ERAD for these misfolded substrates.20 In contrast, 

folded glycoproteins containing oligosaccharides with greater amounts of Man 

residues are preferentially bound by proteins such as ERGIC53 which cycles 

between the ER and Golgi and therefore effects correct glycoprotein trafficking 

only for folded substrates.21  Intriguingly, a protein known as VIP36 binds N-

glycans with highest affinity at slightly acidic pH (such as the pH of the Golgi), 

suggesting that this protein transports to the ER glycoproteins that have 

inadvertently escaped quality control back21. To summarize: N-glycans, at least 

in higher eukaryotes, directly facilitate the processes of protein-folding and quality 

control within the ER due to their specific and sequential processing by ER 

glucosidase I and II and ER mannosidase I, and their selective reglucosylation by 

UGGT. These processing reactions mediate the interactions between protein-

folding chaperones such as calnexin or calreticulin. In addition, several 

catalytically inactive, glycosidase-like proteins participate in these processes by 

binding to specific N-glycan structures and thereby mediating trafficking between 

the ER and Golgi or initiating their export to the cytosol for proteasomal 

degradation. 
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Figure 1.4: N-glycan-dependent protein-folding and quality-control. Folded proteins are 
represented by the solid circles while those that are folding (or misfolded) are represented by the 
squiggled lines to indicate the non-compact nature of the polypeptide backbone. The blue boxes 
represent lipid bilayers. Note that UGGT only reglucosylates unfolded proteins (as discussed 
above). 
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2: NUCLEOTIDE SUGARS AND THEIR ROLE IN 
GLYCOCONJUGATE BIOSYNTHESIS 

There is an enormous range in the diversity of the oligosaccharide 

structures found on glycoconjugates and one of the key aims within the field of 

glycobiology is the elucidation of the links between an oligosaccharide’s structure 

and its function. Specific glycan (the carbohydrate portion of a glycoconjugate) 

structures participate in many fundamental functions within cells such as protein 

folding and quality control, the intracellular trafficking of glycoproteins, mediating 

endocytosis, and participating in signal transduction.1, 2 In multicellular 

organisms, glycans are involved in embryo development and in diseased states 

such as cancer3 arsing from their ability to affect cell differentiation4, proliferation5 

and metastasis.6 Glycans often serve as points of attachment for other cells, 

viruses, bacteria and antibodies and therefore they play key roles in the 

processes of infectious diseases, immunity, autoimmune diseases and 

inflammation.7, 8 In addition, oligosaccharides are often responsible for regulating 

the half-life of serum glycoproteins including enzymes and hormones via specific 

oligosaccharide structures.9  

Glycans mediate such diverse functions by specifically binding to 

carbohydrate recognition domains of various receptors, primarily proteins. 

Proteins that bind to glycans are termed lectins. Determining the structural 

requirements involved in glycan – lectin interactions is complicated not only by 
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the structural complexity of glycans (the structures of which are often quite 

laborious to deduce) but also glycan heterogeneity. Glycan heterogeneity refers 

both to different oligosaccharide structures occurring at the same attachment site 

in a protein (microheterogeneity) or to completely different amino acid residues in 

different molecules of the same protein being glycosylated (macroheterogeneity). 

The complex and often heterogeneous nature of glycans arises from their 

biosynthesis. Oligosaccharide biosynthesis, unlike other biopolymers such as 

nucleic acids or polypeptides (proteins), is not achieved by directly following a 

template. For example, whereas proteins are biosynthesized by ribosomes 

through the linear addition of amino acids according to an mRNA template—and 

thus, every protein made from the same template will be identical in sequence 

and therefore function—in contrast, glycans are biosynthesized by a series of 

individually catalyzed reactions, often in a competitive, non-linear fashion (i.e. 

they are often branched), and often irrespective of the molecule to which the 

glycans are attached. A consequence of this mode of biosynthesis, with its built 

in fluidity, is that many different proteins, each containing a unique function, can 

be modified with the same (or a similar) glycan (or vice versa), thus allowing the 

protein and the glycan component of glycoconjugates to function independently 

of each other.10 For example, about 30 different glycan moieties have been 

identified at a single site within an immunoglobulin G (IgG) molecule and as a 

result, differing effector functions and / or bioactivities are elicited from antibodies 

of identical polypeptide sequences.8 Another result of the stochastic nature of 

glycoconjugate biosynthesis is that it allows for rapid changes in glycosylation in 
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response to different physiological11-14 or diseased states8, 15-17, and indeed, 

altered protein glycosylation can often be used in the diagnosis of diseases such 

as liver cirrhosis18, cancer19, and congenital disorders of glycosylation20 (Section 

2.1.2.1).  

There are several key factors which govern the glycan structures 

synthesized by cells. These include the relative abundance and subcellular 

location of the enzymes which are responsible for building up oligosaccharides 

(these are called glycosyltransferases and are described below). Within 

multicellular organisms, the expression of glycosyltransferases varies depending 

on the cell type, or developmental stage, and during different diseased states. 

The relative affinities glycosyltransferases have for their various acceptor 

substrates, and the availability of activated monosaccharide intermediates, 

usually nucleotide sugars, also play crucial roles in diversity observed in 

glycoconjugate biosynthesis.  

The ability to manipulate the oligosaccharide structures on 

glycoconjugates is crucial in the investigation of the structure – function 

relationships of oligosaccharides and their receptors. Owing to their central role 

in glycoconjugate biosynthesis, glycosyltransferases (and their catabolic 

counterparts—glycosidases) have been the focus of a considerable amount of 

research. This research has been carried out using two main approaches. The 

first, a genetic approach,21 involves the deletion or addition of genes encoding for 

glycosyltransferases within cells lines or model organisms such as yeast or mice. 

This is a powerful approach towards elucidating glycan function; however, within 
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animal models (in contrast to experiments performed with cultured cells) often the 

loss of a particular glycosyltransferase is lethal during embryonic development, 

thus prohibiting studies of glycan function in adult animals. Alternatively, there is 

often some degree of redundancy among glycosyltransferases (i.e. multiple 

enzymes are capable of catalyzing the same reaction) which makes genetic 

knock-out studies difficult to interpret. The second approach to glycan structural 

manipulation is the use of small molecule inhibitors which inhibit the 

glycosyltransferases and glycosidases responsible for glycan biosynthesis. The 

use of inhibitors is widely applicable because they can be added to cells or 

tissues from a wide variety of sources and therefore provide a versatile 

complement to genetic techniques. 

An alternative mechanism by which glycoconjugate structure can be 

altered is by altering the availability of the nucleotide sugar precursors which are 

the substrates for glycosyltransferases. These nucleotide sugars are the subject 

of this chapter which is divided into two sections. The first section reviews the 

biochemistry and cell biology of nucleotide sugars and their roles in sugar 

transfer onto glycoconjugates by glycosyltransferases. Particular emphasis will 

be given to experiments performed with cells that are defective in nucleotide 

sugar metabolism or are grown in the presence of inhibitors of 

glycosyltransferases, especially where these conditions have impacted the 

structures of glycoconjugates such as N-linked glycoproteins. Inhibitors of 

glycosyltransferases are often modified nucleotide sugar analogues and in many 

instances, these analogues can be biosynthesized by cells to which appropriate 
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monosaccharide-like precursors have been added to the cell culture medium. 

Nucleotide sugar precursor feeding has been investigated extensively by the 

biopharmaceutical industry in efforts to make the production of therapeutic 

glycoproteins more efficient, and these studies have assisted in the 

characterization of the effects of unnatural nucleotide sugars in cells, and in 

elucidating the links between metabolism and protein glycosylation. Throughout 

this section, potential uses for glycosyltransferase inhibititors for the treatment of 

human diseases will be highlighted. The second section will discuss the differing 

methods that have been used for the analysis of nucleotide sugars. Particular 

attention will be focused on techniques used for the extraction and partial 

purification of nucleotide sugars. There are several techniques commonly used 

for the analysis of nucleotide sugars and some of their relative strengths and 

weaknesses will be presented. My work on the development of an improved 

capillary electrophoresis (CE) method for nucleotide sugar resolution and 

quantitation will be presented in Chapter 3. These improvements permitted the 

achievement of significantly lower detection limits for nucleotide sugars and 

nucleotides while maintaining the high resolution of the previously reported 

method. 

2.1 The glycochemistry and glycobiology of nucleotide sugars 

2.1.1 Nucleotide sugar biochemistry 

2.1.1.1 Introduction 

The biosynthesis of polysaccharides and glycoconjugates is an 

energetically unfavourable process and, as with many biochemical processes, 
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the free energy required to chemically link sugar residues (via a glycosidic bond) 

is obtained by coupling the reaction with the energetically favourable hydrolysis 

of the phosphate anhydride bonds of nucleotide triphosphates (NTPs). The 

coupling of these reactions typically occurs via the activation of monosaccharides 

as high-energy nucleotide sugar intermediates; these are usually nucleotide 

diphosphates (NDPs). The transfer of sugars from nucleotide sugar donors onto 

glycoconjugate acceptors is catalyzed by glycosyltransferases (Figure 2.1). The 

resulting linkage between the anomeric carbon of the sugar and the acceptor is 

called a glycosidic bond. 

 

Figure 2.1: Glycosyltransferase-catalyzed formation of a glycosidic bond using a 
nucleotide sugar donor. 

Glycosyltransferases that transfer monosaccharides from nucleotide 

sugars are often referred to as Leloir glycosyltransferases after their namesake 

Luis Leloir who discovered the first nucleotide sugar and elucidated their role in 

glycoconjugate biosynthesis. Although sugar donosr are most often activated 

nucleotide sugars (i.e. Leloir-type) many non-Leloir-type glycosyltransferase 

substrates have been identified and these are mono- or oligosaccharides which 

have been activated as lipid- (usually dolichol in eukaryotes) phosphates. 
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Nevertheless, these non-Leloir-type donors are themselves biosynthesized from 

nucleotide sugar intermediates (see below).  

The acceptor substrates utilized by glycosyltransferases are most 

frequently the nucleophilic oxygen of hydroxyl groups found on other sugars, 

lipids, proteins, DNA, or small molecules such as antibiotics. Acceptors also 

include the amide nitrogen atom of asparagine residues within proteins to 

generate N-glycans (see chapter 1 and section 2.1.1.6). Monosaccharide transfer 

to sulfur and carbon atoms are also known. Only the glycosyltransferases that 

transfer to proteins, or the lipid dolichol, and those which elongate these protein- 

or dolichol-linked glycans will be considered in this chapter. 

2.1.1.2 Common nucleotide sugars and their structures 

The glycoconjugates typically produced within eukaryotic cells are 

composed primarily of the following monosaccharides: glucose, galactose, 

mannose, L-fucose, 2-deoxy-2-aminoglucose (or glucosamine), N-

acetylglucosamine, N-acetylgalactosamine, xylose, glucuronic acid, and N-

acetylneuraminic acid which is also called sialic acid. Unless otherwise specified, 

these are all pyranoses (i.e. six-membered rings) of the D configuration. 

Prokaryotes, in contrast, incorporate many diverse monosaccharides into 

glycoconjugates22 such as their cell walls, capsules, and lipopolysaccharides. 

Some of these include galactofuranose, arabinofuranose, and deoxy-sugars such 

as L-rhamnose; many of these unusual sugars have potent biological properties. 

The chemical structures and common abbreviations of the nucleotide sugar 

donors from which these monosaccharides are incorporated into glycoconjugates 
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are provided in Figure 2.2. The symbolic notation for the monosaccharide 

constituents of nucleotide sugars has been previously introduced in Figure 1.1. 

With the sole exception of dTDP-Rha all nucleotide sugar donors discussed in 

this thesis are activated as ribonucleotides. In addition, with the exceptions of 

CMP-β-Neu5Ac, GDP-β-Fuc and dTDP-β-Rha, all nucleotide sugars are α-linked 

to their respective nucleotides. Also depicted are two dolichol-phosphate 

activated monosaccharides, dolichol-phospho-mannose and glucose (Dol-P-Man 

and Dol-P-Glc respectively); these are β-linked. 
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Figure 2.2: Structures of sugar donors utilized by glycosyltransferases for the biosynthesis of glycoconjugates. (A) Nucleotide sugars 
utilized by eukaryotic cells. (B) Bacterial nucleotide sugars discussed in subsequent chapters of this thesis (C). Dolichol-linked monosaccharides 
used in the biosynthesis of N-glycans. The number of isoprene units (N) in dolichol is species-dependent and in mammals N = 13 – 20. (D) 
Structures and abbreviations of nucleotide leaving groups. For each structure R indicates a monosaccharide moiety. 



 

24 
 

2.1.1.3 De novo nucleotide sugar biosynthesis, their interconversion and 
sugar salvage pathways 

The common nucleotide sugar donors listed above are made from their 

corresponding monosaccharides and NTPs, or from previously biosynthesized 

nucleotide sugars. The three general routes towards the biosynthesis of 

nucleotide sugars are listed in Figure 2.3 and for each a biologically relevant 

example is given. The classes of enzymes involved in each specific 

transformation are discussed below. Note that each route ultimately consumes 

two high energy NTPs per nucleotide sugar formed.   
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Figure 2.3: Three pathways of monosaccharide activation as nucleotide sugars.  
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Route 1 involves the phosphorylation of a monosaccharide by a kinase, at 

the expense of a NTP (usually ATP), prior to its activation as a nucleotide sugar 

by the action of a pyrophosphorylase at the expense of a second NTP. This 

second reaction is significantly reversible unless driven by the free energy 

released from the hydrolysis of the pyrophosphate (PPi) leaving group by 

inorganic pyrophosphorylase. The first reaction in this route is also reversible 

upon phosphatase-catalyzed sugar-phosphate hydrolysis. As can be seen in 

Figure 2.2, nearly all the nucleotide sugars found in eukaryotes are activated as 

UDP or GDP donors, the one exception being CMP-Neu5Ac and its derivatives. 

Exceptions to this strict nucleotide and sugar pairing are found in plants and 

bacteria. For example, plants use ADP- (adenosine diphosphate), CDP-, or GDP-

Glc to make starch whereas some bacteria biosynthesize dTDP-Glc23 which is 

converted into dTDP-Rha, a component of the lipopolysaccharides found on the 

cell walls of some bacteria. The specific combinations of NTPs and 

monosaccharides has several significant effects on glycosylation which arise 

from the fact that the activity of glycosyltransferases and nucleotide sugar 

transporters are dependent on their recognition of, and binding to, the nucleotide 

moieties of nucleotide sugars. 

Route 2 utilizes a previously activated nucleotide sugar and involves the 

specific modification of the sugar moiety. For this reason, products of these 

reactions are sometimes referred to as secondary nucleotide sugars (whereas 

those formed by route 1 are called primary nucleotide sugars)24 although this 

distinction is somewhat blurred by the existence of salvage pathways which 
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activate monosaccharides derived from the diet or from the catabolism of other 

glycoconjugates (as discussed below). The sugar modifications occurring in this 

second class of reactions may involve a single enzyme-catalyzed transformation, 

as in the case of the conversion of UDP-Glc into UDP-Gal by UDP-Glc-4-

epimerase, or they can involve multiple enzymes as in the biosynthesis of GDP-

Fuc from GDP-Man.  

The third route of nucleotide sugar biosynthesis occurs via a nucleotide 

transfer reaction between a previously activated sugar and a different 

monosaccharide phosphate. For example, uridyl transfer from UDP-Glc to Gal-1-

P (where P denotes phosphate) by Gal-1-P-uridyltransferase is a common 

method by which cells biosynthesize UDP-Gal. The formation of Dol-P-Man / Glc 

can essentially be considered to be an extension of routes 1 and 3 whereby 

previously activated UDP-Glc or GDP-Man are transferred to dolichol-P with the 

release of UDP and GDP, respectively. These reactions, their products, and their 

links to cell metabolism and stress are key parameters affecting the extent of N-

glycan biosynthesis. 

Although UDP-Gal can be produced by uridyl transfer from UDP-Glc 

(Figure 2.3, route 3) it can also be made directly from UDP-Glc by the action of 

UDP-Glc-4-epimerase (route 2) or upon the condensation of Gal-1-P with UTP 

(route 1). These differing biosynthetic methods to make the same nucleotide 

sugar highlight the interconnectedness of these monosaccharide 

transformations. The biosynthesis of the key nucleotide sugars in eukaryotic 

glycoconjugate biosynthesis and their interconversions are depicted in Figure 



 

28 
 

2.4. These transformations are intricately connected with the key metabolic 

pathways of cells in two different ways: first, in their source of monosaccharide 

precursors and second in their dependence on the production of energy in the 

form of NTPs. Since all classes of nucleotide sugars can be biosynthesized from 

Glc the pathways depicted in Figure 2.4 and 2.5 will all begin with this 

monosaccharide; in addition, key intermediates of Glc metabolism, particularly 

glycolysis, are identified. 
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Figure 2.4: Biosynthesis of and interconversions between nucleotide sugars: UDP-Glc, 
UDP-Gal, UDP-Xyl, UDP-GlcA, GDP-Man, GDP-Fuc, Dol-P-Glc, Dol-P-Man. Initial steps in the 
glycolytic pathway are shaded while key sugar donors are boxed. The enzymes responsible for 
catalyzing each step are: (1) hexokinase (reverse = phosphatase), (2) phosphoglucoisomerase, 
(3) phosphoglucomutase, (4) UDP-Glc/Gal pyrophosphorylase, (5) glycogen phosphorylase, (6) 
UDP-Gal/GalNAc 4-epimerase, (7) Dol-P-Glc synthetase, (8) Gal-1-P uridyl transferase, (9) UDP-
Glc dehydrogenase, (10) UDP-GlcA decarboxylase, (11) phosphomannose isomerase, (12) 
phosphomannosemutase, (13) GDP-Man pyrophosphorylase, (14) Dol-P-Man synthetase, (15) 
GDP-Man-4,6-dehydratase, (16) GDP-keto-6-deoxymannose-3,5-epimerase-4-reductase. This 
figure was largely adapted from references 2, 25 while the enzyme nomenclature, which is at 
times inconsistent, was taken from reference 24. 
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Figure 2.5: Biosynthesis of and interconversions between nucleotide sugars: UDP-
GlcNAc, UDP-GalNAc, CMP-Neu5Ac. The enzymes responsible for catalyzing each step are: (1 
and 2) see above, (3) GlcN:Fru-6-P amidotransferase, (4) GlcNAc kinase, (5) GlcN-6-P-N-acetyl 
transferase, (6) phospho-GlcNAc mutase, (7) UDP-GlcNAc/GalNAc pyrophosphorylase, (8) UDP-
Glc/Gal/GlcNAc/GalNAc-4-epimerase, (9) UDP-GlcNAc-2-epimerase/kinase, (10) GlcNAc-2-
epimerase, (11) Neu5Ac-9-P synthase, (12) NeuAc-9-P phosphatase, (13) CMP-Neu5Ac 
synthetase, (14) N-acetylneuraminidate pyruvate lyase, (15) GalNAc kinase.  
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Although intracellular monosaccharides are often assumed to be 

metabolized from Glc, there are two additional sources by which these sugar 

nucleotide precursors are made available to cells. These are collectively known 

as monosaccharide salvage pathways. The first source of monosaccharides is 

from salvage pathways by which monosaccharides are obtained from previously 

assembled glycoconjugates that have been degraded by cells. These 

degradation reactions most often occur within the lysosomes although N-glycans 

are known to be partially degraded within the cytosol during the process of ER 

associated degradation (ERAD).26 Salvage pathways are often neglected as a 

source of monosaccharides, although they may contribute substantial amounts of 

precursors for glycosylation. Evidence for this come from experiments which 

have demonstrated a high incorporation rate of monosaccharides, derived from 

previously radiolabelled glycoconjugates, into new glycoproteins.27 In addition, 

the survival of cells which lack the ability to biosynthesize GDP-Man28 and 

(possibly) UDP-GlcNAc29 by de novo pathways are attributed to the existence of 

salvage pathways. Likewise, the low amounts of enzymes required for the de 

novo synthesis of CMP-Neu5Ac in most tissues suggest that salvage pathways 

are used to produce activated sialic acids.2 The second important source of the 

monosaccharide building blocks of glycoconjugates is from the diet. Eukaryotes 

from yeast to humans contain energy-independent transporters which facilitiate 

the diffusion of monosaccharides, typically Glc and fructose (Fruc), into cells. A 

Man transporter is also known30 and the dietary supplementation of this sugar 

has been shown to ameliorate the symptoms of patients with rare genetic 
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disorders of glycosylation.31 Immortalized tissue cultured cells also take up many  

naturally occurring or chemically modified monosaccharides, and use these in 

the biosynthesis of glycoconjugates upon their activation as nucleotide sugars. 

Intracellular Glc is rapidly converted by cells into Glc-6-P by hexose 

kinase (Figure 2.3, Route 1: step 1). Conversion of Glc-6-P to Glc-1-P by 

phosphoglucomutase generates an intermediate which can be activated as a 

nucleotide sugar. Glc-1-P can also be derived from the phosphorylysis of 

glycogen, the major Glc storage polysaccharide in animal cells. The initial step of 

glycolysis, the process by which Glc is converted to ATP and pyruvate, requires 

the isomerization of Glc-6-P into Fru-6-P by phosphoglucose isomerase. This 

places Glc at the centre of carbohydrate metabolism since Glc-6-P can ultimately 

be converted into UDP-Glc, UDP-Gal, UDP-GluA, and UDP-Xyl whereas Fru-6-P 

can be converted into UDP-GlcNAc, UDP-GalNAc and ManNAc which is a 

precursor for the biosynthesis of CMP-Neu5Ac. The conversion of Fru-6-P into 

Man-6-P is catalyzed by the ubiquitous enzyme phosphomannose isomerise 

(PMI), the loss of which is lethal in yeast and humans since Man-6-P is required 

to produce the essential nucleotide sugars GDP-Man and GDP-Fuc.22 The link 

between PMI and altered protein glycosylation is further discussed in Section 

2.1.2.1. The ―rescue‖ of yeast and humans with PMI defects by supplying them 

with exogenous Man (as mentioned above) is possible since Man-6-P can be 

made directly upon the phosphorylation of Man by a hexokinase—again 

underscoring the significance of salvage pathways and the cellular uptake of diet-

derived monosaccharides other than Glc.30 UDP-GlcNAc, the key intermediate in 
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the de novo biosynthesis of all N-acetylated nucleotide sugars, has direct links to 

a cell’s basic metabolism through UTP and Fru-6-P and also through the key 

metabolites acetyl- coenzyme A (CoA) and glutamine, the respective acetate and 

nitrogen sources in UDP-GlcNAc biosynthesis. The central metabolic position of 

UDP-GlcNAc is discussed further in Section 2.1.2.3. Finally, CMP-Neu5Ac is 

linked to the basic glycolytic machinery of cells not only through Fru-6-P (via 

UDP-GlcNAc), but also due to the condensation of ManNAc with phosphoenol 

pyruvate (PEP), a key glycolysis intermediate. UDP-GlcNAc and CMP-Neu5Ac 

biosynthesis will be described in more detail in Section 2.1.2.5 and Chapter 3. 

Finally, it should be noted that the strict nucleotide : sugar pairing observed in 

these biosynthetic pathways is ensured by the specificity of the 

pyrophosphorylase enzymes that couple NTPs with the correct monosaccharide-

1-phosphates. Two bifunctional pyrophosphorylases are known which synthesize 

UDP-Glc/Gal32 and UDP-GlcNAc/GalNAc,33 respectively; however, these 

epimeric pairs are also interconverted by a single epimerase. In contrast, GDP-

Man pyrophosphorylase has a very low activity with Glc-1-P, ensuring the 

activation of only Man as a GDP-sugar.34 

2.1.1.4 Location of nucleotide sugar biosynthesis and their intracellular 
transport 

Nucleotide sugars are typically made in the cytosol or, in the case of CMP-

Neu5Ac in the nucleus whereas glycoconjugate biosynthesis occurs within the 

ER and Golgi apparatus. Since their negative charge prevents these molecules 

from simply diffusing across the lipid bilayer separating these organelles—
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indeed, this is a significant consequence of the rapid phosphorylation of Glc, 

Fruc, and other glycolysis intermediates—nucleotide sugar transporters are 

required to facilitate the transfer of the sugar donors into the organelles in which 

they are required (Figure 2.6). This transport is usually coupled with the transport 

of NMPs, generated from the NDP products of glycosyl transfer, back into the 

cytoplasm and hence, nucleotide sugar transport remains electrically neutral. 

This antiporter model presumes the existence of an inorganic phosphate 

transporter.35 
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Figure 2.6: Organelle-specific transport of nucleotide sugars in a typical mammalian cell. 
Note: organelles are not drawn to scale. The box around the diagram represents the plasma 
membrane. All nucleotide sugars are produced in the cytoplasm except CMP-Neu5Ac (nucleus) 
and UDP-Xyl (ER/Golgi). The ―+‖ signs are used to indicate relative rates of transport for each 
nucleotide sugar.

35
  

The transport of nucleotide sugars is usually organelle-specific and the 

few which are found in both the ER and Golgi are transported into these 

organelles at different rates, reflecting differing Km values for ER- or Golgi-

localized transports for the same substrate. Furthermore, there is also typically a 

positive correlation between the location of nucleotide sugar transporters and the 

presence of glycosyltransferases specific for the same donor. Transport is linked 

to the energetic state of a cell as it is competitively inhibited by the cognate NMP 

or NDP but not by monosaccharides. This inhibition, in addition to the antiporter 

nature of the transfer of sugar nucleotides, effectively links the rate of sugar 
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donor transport to the rate of its incorporation into glycoconjugates. Although it 

was initially believed that all nucleotide sugar transporters were monospecific 

many have been identified which transport multiple substrates. However, none 

have been identified which transport both GDP- and UDP-linked sugars in 

accordance with the fact that the nucleotide portion plays a dominant role in their 

substrate binding. As a result, the ER contains only UDP-sugars while the Golgi 

contains a much greater diversity of sugar donors with the exceptions of UDP-

Glc and GDP-Man, although the latter is found in the Golgi of yeast and 

protozoa. The high concentration of UDP-Glc within the ER plays a key role in 

glycoprotein folding (Chapter 1) while its relatively low concentration within the 

Golgi, as deduced by the low specificity of the Golgi UDP-Glc transporter, may 

likely the levels of O-linked glucosylation (Chapter 4).  

2.1.1.5 Glycosyltransferases: Donor and acceptor specificities, and sub-
cellular distribution. Example: Dolichol-linked oligosaccharide 
biosynthesis  

Glycoconjugate diversity arises from the intracellular segregation of 

nucleotide sugars in addition to changes in the relative amounts of differing sugar 

donors, the latter of which is responsive to the basic metabolism of cells. Further 

diversity arises from the differential expression of glycosyltransferases and their 

competition for the same acceptor substrates. Glycosyltransferases often display 

strict specificity for both their sugar nucleotide donor and glycan acceptor 

substrates and therefore each enzyme usually creates the same glycosidic 

linkage between the same sugars—a concept known as the ―one enzyme–one 

linkage‖ hypothesis. The systematic names of glycosyltransferases begin with 
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the sugar nucleotide donor and then describe the configuration of the glycosidic 

bond formed, the specific hydroxyl group in the acceptor (assuming that transfer 

is to another sugar) that is glycosylated, and the structure of the acceptor 

molecule. Thus, the enzyme responsible for catalyzing the reaction depicted in 

Figure 2.7, the product of which causes the immune rejection of xenotransplants 

of animal tissues into humans,36 is technically termed UDP-galactose: β-

galactose-(1-4)-2-deoxy-2-acetamidoglucose-α-(1-3)-galactosyltransferase. For 

convenience. glycosyltransferases are typically assigned shorter names; thus, 

the above enzyme is often referred to as α1,3-galactosyltransferase (or simply 

abbreviated as α1,3-GalT).  

 

Figure 2.7: An example of a glycosyltransferase-catalyzed reaction. 
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The immense diversity of glycosidic linkages found in nature implies the 

existence of hundreds of different enzymes and indeed, among the 650 plus (to 

date) sequenced genomes, glycosyltransferases are thought to comprise 1 – 2 

percent of the total, a trend observed across all domains of life.37 Although there 

are several instances of multiple enzymes transferring the same monosaccharide 

to the same acceptor (for example in humans there are five α1,3-

fucosyltransferases that use Gal-β-(1-4)-GlcNAc as an acceptor38), the catalysis 

of different linkages by the same enzyme is quite rare. Nevertheless, there are 

several important exceptions to the one enzyme–one linkage rule, for example, 

the ALG939 and ALG1140 mannosyltransferases each catalyze the formation of 

two different α1-2 Man bonds in dolichol-linked oligosaccharides (using Dol-P-

Man and GDP-Man as donor sugars, respectively), while the ALG2 

mannosyltransferase sequentially transfers an α1,3 and then an α 1,6 Man 

residue from GDP-Man to a common Dol-PP-GlcNAc2Man acceptor (these 

enzymes are described in detail below).40 Another example of a bifunctional 

glycosyltransferase is GalfT2 which transfers galactofuranose (Galf) to form both  

β 1,5 and β 1,6-linked residues within mycobacteria cell-wall polysaccharides41 

(see chapter 3). Likewise, although glycosyltransferases are generally specific for 

their donor substrates, it is known that they are often capable of using nucleotide 

sugars that have had their sugar moieties synthetically modified. This ―flexibility‖ 

has been exploited for the purposes of creating glycoconjugates containing novel 

monosaccharides or, in some instances, to inhibit downstream 

glycosyltransferase activity. 
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The usually stringent acceptor and donor specificity of 

glycosyltransferases serves to limit the number and type of glycan structures 

observed in an organism, tissue, or cell type. The majority of 

glycosyltransferases elongate pre-existing glycan chains and recognize not only 

the sugar to which a monosaccharide is transferred but also other features of the 

oligosaccharide acceptor. In contrast, these glycosyltransferases rarely 

recognize the underlying protein substrate. One very important exception to this 

independence between glycan elongation and the protein portion of a 

glycoconjugate is the transferase UDP-Glc:glycoprotein glucosyltransferase 

(UGGT). This enzyme specifically transfers a Glc residue to N-glycans consisting 

of Asn-GlcNAc2Man9, with the caveat that the glycan must be on an unfolded 

protein—a feature that has profound effects on glycoprotein folding (see Chapter 

1).  

Among glycosyltransferases a very commonly observed trend is that the 

product of one transferase is the acceptor substrate for enzymes further 

downstream in the secretory pathway and thus, blocking an early transfer often 

inhibits further glycan diversification. Often, the transfer of a Neu5Ac residue to a 

glycan chain creates a structure that is no longer a substrate of other 

glycosyltransferases. The same effect can be achieved by chemical (i.e. 

inhibitors) or mutagenic means as well. Indeed, the analysis of aberrant glycan 

structures is the method by which the specific genetic defect in patients with 

congenital disorders of glycosylation (CDGs) is diagnosed.42, 43 One of the 

clearest examples of glycosyltransferase substrate specificity is the biosynthesis 
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of the dolichol-linked oligosaccharide (DLO) Dol-PP-GlcNAc2Man9Glc3 (Figure 

2.8), where PP denotes a pyrophosphate linkage. Because of the significance of 

this pathway and compounds that inhibit it, in the proceeding chapters of this 

thesis, the biosynthesis of DLOs will be discussed in some detail. Metabolic 

control of DLO biosynthesis, which affects protein N-glycosylation 

macroheterogeneity, is discussed in Section 2.1.2.1. 
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Figure 2.8: Biosynthesis of dolichol-linked oligosaccharides (DLOs). Dolichol phosphate (the black bars) is initially elongated by cytoplasmic 
glycosyltransferases and after being flipped across the ER membrane the DLO is completed within the ER lumen. The ALG glycosyltransferases 
are named after their genes in yeast and, for simplicity, this nomenclature will be used throughout this thesis. The intralumenal transferases use 
Dol-P-Man and Glc as sugar donors (made by DPM1 and ALG5, respectively); these dolichol-linked donors must also be flipped into the ER (lower 
right corner). Nascent polypeptides are co-translationally passed into the ER by a complex of proteins (translocon) and only fully assembled DLOs 
are attached to specific Asn residues, with the concominant release of dolichol PP to generate N-glycans.  
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  All asparagine-linked oligosaccharides in eukaryotes (with the exception 

of some trypanosomatids44) are generated by the en bloc transfer of the 

tetradecasaccharide GlcNAc2Man9Glc3, from a dolichol pyrophosphate- (PP) 

linked donor, to the amide side-chain of asparagine residues in acceptor 

polypeptides by a multimeric enzyme complex known as an oligosaccharyl 

transferase (OST). The exact structure of this oligosaccharide (Figure 2.9) was 

elucidated more than 30 years ago upon its isolation from cells that had been fed 

radiolabelled monosaccharides and its subsequent enzymatic and chemical 

degradation.45 Over the next three decades the details of the biosynthesis of this 

key oligosaccharide have been worked out, primarily by experiments performed 

in the yeast Saccharomyces cerevisiae in which the glycosyltransferases 

responsible for DLO biosynthesis had been mutated. Since these mutants fail to 

completely assemble DLOs. Instead, truncated DLOs intermediates accumulate 

in these organisms in accordance with the one-enzyme-one-linkage hypothesis. 

Mutants could be selected for by a [3H]-mannose suicide selection technique in 

which the lowered extent of mannose incorporation leads to a reduced exposure 

to otherwise lethal radiation. A consequence of the inhibited DLO biosynthesis 

when these glycosyltransferases are mutated is often the defective asparagine 

(or N)-linked glycosylation of glycoproteins46 and hence, in yeast, these genes 

are known as alg genes, a designation first coined by Phil Robbins.47 Fibroblasts 

derived from human CDG patients have also assisted in elucidating the exact 

function of the ALG proteins.48 The (ALG) glycosyltransferases that have been 
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found mutated in human patients are labelled as CDG-Ia-IL and are described 

further in several detailed reviews.47, 49-51  

 

Figure 2.9: Structure of dolichol-PP- or asparagine-linked oligosaccharides. The 
configuration of each glycosidic bond is indicated. The bonds between the reducing GlcNAc and 
Asn and Dol-PP are β1 and α1 respectively. For convenience, the three branches of this glycan 
structure are sometimes referred to as the A – C branches, specifically when distinguishing 
betweem the terminal mannosyl residues which are all α1,2-linked.    

 

DLO biosynthesis occurs on both sides of the ER membrane. It is initiated 

on the cytoplasmic face by the transfer of GlcNAc-P from UDP-GlcNAc to the 

polyisoprenol dolichol-monophosphate (Dol-P), generating Dol-PP-GlcNAc which 

is anchored to the membrane through the dolichol moiety. This reaction, 

catalyzed by GlcNAc-1-phosphotransferase (GPT or ALG7), is unusual in that 

both the sugar and a phosphate are transferred to Dol-P. GlcNAc-1-

phosphotransferase is specifically inhibited by the UDP-GlcNAc analogue, and 



 

45 
 

potent antibiotic, tunicamycin (TM). This compound has proved invaluable in 

evaluating the significance of N-glycosylation,52 in addition to demonstrating that 

nucleotide sugar analogues may be used to inhibit glycosyltransferases (see 

Section 2.1.1.8 and Figure 2.10). ALG7 was initially identified on the basis that 

yeast over-expressing this enzyme demonstrate increased tunicamycin 

resistance.53 Diminished activity of GPT, as demonstrated by TM toxicity, is 

detrimental to cells since this is the first committed step in DLO biosynthesis. 

  

Figure 2.10: A comparison of the structures of UDP-GlcNAc and tunicamycin I. Note that 
tunicamycin resembles UDP-GlcNAc with the O-P-O-P-O bonds of the latter replaced by C-C-O-
C-O- in tunicamycin. The GlcNAc moiety of tunicamycin has been demonstrated to be essential 
for its antibiotic effects and kinetic analysis has suggested that tunicamycin is competitive with 
UDP-GlcNAc, with a Km of 2.9x10

6 
μM. The above figure was adapted from reference 52. In 

mammals, the R group of dolichol phosphate consists of an additional 15- 22 isoprene units. 
Tunicamycin I differs from other analogues only in the length of its alkyl chain. 
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Dol-PP-GlcNAc is further elongated by cytosolic glycosyltransferases 

which add another GlcNAc and five Man residues, from their respective 

nucleotide sugar donors, to form Dol-PP-GlcNAc2Man5. Two unusual bifunctional 

transferases are required to complete the biosynthesis of this DLO intermediate. 

In S. cerevisiae alg2 mutants accumulate Dol-PP-GlcNAc2Man2, indicating that 

this enzyme catalyzes the transfer of the first α1,6-linked branching Man.46 In 

contrast, fibroblasts isolated from human patients with mutations in both copies 

of the human alg2 orthologue were found to accumulate Dol-PP-GlcNAc2Man1, 

suggesting that ALG2 is an α1,3-mannosyltransferase.48 This apparent 

discrepancy was resolved when it was demonstrated that ALG2 is a bifunctional 

transferase40, 54 that effectively catalyzes the formation of both the α1,3 and 1,6 

linkages. Although in vitro Dol-PP-GlcNAc2Man2 containing only an α1,6 linkage 

could act as an acceptor for the α1,3-linked mannose transferred by both 

human48 and yeast54 ALG2, this reaction does not occur in vivo, indicating that 

the α1,3-linked mannose is required for efficient formation of Dol-PP-

GlcNAc2Man3. Similar dual functionality has been demonstrated for ALG11 which 

specifically elongates the α1,3-linked Man of Dol-PP-GlcNAc2Man3 to form Dol-

PP-GlcNAc2Man5  by the successive transfer of two α1,2-Man residues.40 

In spite of the dual function of ALG2 and ALG11, it is clear that the 

products of each glycosyltransferase form the substrate for subsequent steps. 

For example, alg2 deletion necessarily blocks ALG11 activity since the α1-3-

mannose which is the acceptor for ALG11 is transferred by ALG2. Intriguingly, 

both ALG2 and ALG11 are observed to be complexed with ALG1 under 
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physiological conditions. This association is thought to speed up the rate of the 

formation of Dol-PP-GlcNAc2Man3 by limiting the distance by which the ALG2 

substrate must diffuse. Furthermore, ALG2 lacking its two membrane-spanning 

domains is still active in membrane fractions isolated from cells expressing this 

mutant,54 likely as a result of this interaction with ALG1. However, the function of 

the interaction between ALG1 and ALG11 is currently not clear.  

In contrast with the glycosyltransferases located within the lumen of the 

ER,55 a deletion of any of the genes necessary for the biosynthesis of Dol-PP- 

GlcNAc2Man5 leads to death or an extremely severe phenotype. The likely 

reason for this is that these early transferases assemble the minimum structural 

unit common to all N-glycans (due to their post-transfer glycosidase processing). 

Furthermore, none of the DLOs assembled on the cytoplasmic face of the ER, 

with the exception of the DLO product of ALG11,56 which has been shown to be 

elongated by ER-glucosyltransferases, are capable of binding lectin-like ER 

chaperones. 

The remaining four Man and three Glc residues are transferred onto Dol-

PP-GlcNAc2Man5 within the lumen of the ER, a topology that requires the 

incomplete DLO to be translocated across the ER membrane.57 Although the 

mechanism of this is not fully understood, a potential ―flippase‖, the product of the 

yeast rft1 gene, has been described.58 Likewise Dol-P-Man and Dol-P-Glc, the 

lipid-activated sugar donors required for DLO completion, are synthesized on the 

cytoplasmic face of the ER membrane prior to their translocation into the ER—an 

occurrence which is necessitated by the relative orientations of Dol-P-Man / Glc 
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synthetases and their dependent transferases. The flipping of these 

monosaccharide donors is also not well understood although there is evidence 

that LEC35, a protein required for all classes of dolichol-linked monosaccharide 

transfer, is required for their correct orientation.59 Alternatively, it has been 

suggested that Dol-P-monosaccharide-dependent transferases themselves act 

as flipases but this has not been addressed experimentally.60 

Dol-P-Man and Dol-P-Glc are synthesized by Dol-P-Man synthetase 1 

(DPM1) and ALG5, respectively. DPM1 is present in all eukaryotes and currently 

Dol-P-Man is the only known mannose donor located within the ER since this 

organelle lacks a GDP-Man transporter (Figure 2.6). Analogous enzymes have 

also been discovered in some pathogenic prokaryotes such as Mycobacteria 

although these use polyisoprenols other than dolichol as lipid-phosphate donors. 

In mammals, DPM1 is actually the catalytically active component of a complex of 

three proteins, all of which are essential for Dol-P-Man biosynthesis.61 Dol-P-Glc, 

unlike its mannose analogue, is not the only Glc donor in the ER since this 

organelle also contains UDP-Glc which is the substrate of Rumi (Chapter 4) and 

UGGT (Chapter 1). It is speculated that transferases specific for Dol-P-Glc rather 

than UDP-Glc confer a kinetic advantage in DLO biosynthesis by allowing only 

the lateral diffusion of dolichol-linked substrates.55 

The latter steps of DLO biosynthesis provide additional evidence for the 

strict substrate specificity of glycosyltransferases, the ultimate consequence of 

which is the transfer of only complete DLOs onto nascent polypeptides. The Dol-

PP-GlcNAc2Man5 flipped into the ER is elongated on its α1,6 arm by ALG3, 
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creating an acceptor for a third bifunctional transferase, ALG9, 62 which adds an 

α1,2 Man residue to complete what will ultimately be the B branch of the DLO.39 

The ALG9 product is the specific substrate for the second branching enzyme in 

the DLO pathway—ALG12. ALG12 requires the prior action of ALG9 (even 

though the residue transferred by ALG12 is not linked to this mannose) as this 

second α1,6 Man is not transferred in ΔALG9 cells except under conditions 

where ALG12 is overexpressed.63 The significance of this dependence of DLO 

branching on the transfer of residue B is observed in the inefficient ER-quality 

control and associated protein degradation (ERAD) observed for some 

glycoproteins produced by ΔALG12 cells in which this residue was hydrolyzed by 

ER-Man I at a reduced rate. The removal of this residue is a key event triggering 

the disposal of misfolded glycoproteins,64 demonstrating the important functional 

consequences of ALG12 specificity. A second α1,2 Man transferred by ALG9 

completes the C branch of the DLO. 

 Just as ALG12 acts as a checkpoint ensuring complete mannosyl-transfer 

to the DLO B branch, the glucosyltransferase ALG6 is another important 

checkpoint enzyme. ALG6 demonstrates extreme specificity for the A-branch 

which is remarkable since Dol-PP-GlcNAc2Man9 contains three non-reducing 

α1,2 Man residues. In vivo Dol-PP-GlcNAc2Man7Glc3 is produced in ΔALG12 

cells62, 63 but not in ΔALG9 or ΔALG3 cells,63 indicating that the complete B 

branch is also a requirement for ALG6 activity. Furthermore, the fact that the 

preferred ALG6 substrate is Dol-PP-GlcNAc2Man9 implies that ALG6 must 

recognize the C branch as well. The remaining glucosyltransferases, ALG8 and 
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ALG10, do not show the same substrate specificity as ALG6 and therefore, Glc 

transfer by these enzymes occurs independently of the DLO mannosylation 

state. Although ALG8 transfers an α1,3-Glc residue and bears significant 

similarity to ALG6, over-expressing ALG6 does not ameliorate the protein 

hypoglycosylation observed in ALG8 mutants and vice versa.65 Neither is Dol-

PP-GlcNAc2Man9Glc1 a substrate for ALG10 in vivo or in vitro.55, 66 Figure 2.11 

summarizes some of the key aspects of the substrate specificities of the 

glycosyltransferases that assemble the DLO N-glycan donor. 

The transfer of only complete DLOs onto glycoproteins is ensured by the 

addition of the final α1,2-linked Glc residue without which protein N-glycosylation 

occurs at < 10% efficiency. 66 The mechanistic basis for this reduced transfer of 

incomplete DLOs derives from the fact that Dol-PP-GlcNAc2Man9Glc3 is an 

allosteric regulator of the OST in which prior binding of this DLO to an OST 

regulatory site leads to more favourable binding of  a second DLO donor at the 

catalytic site, thus promoting enzyme activity.67 Although Dol-PP-

GlcNAc2Man7Glc3 cannot be detected in ΔALG12 yeast cells, it can be trapped 

on glycoproteins,62 while over-expressing ALG6 in ΔALG3 and ΔALG9 cells 

leads to increased protein N-glycosylation site occupancy.63 Taken together, 

these data suggest that DLO glucosylation is a key determinant for transfer to 

proteins and that the availability of this correctly assembled substrate can control 

glycosylation macroheterogeneity.  
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Figure 2.11: Substrate specificity of glycosyltransferases in DLO biosynthesis. Residues 
are numbered in the order of their addition. The shaded structure represents the smallest 
oligosaccharide that can be transferred to proteins; this transfer occurs more efficiently after its 
elongation by glucosyltransferases (structure outlined with dashed lines).  

2.1.1.6 Glycosyl transfer to proteins 

The initiation of oligosaccharide chains on proteins requires 

glycosyltransferases to attach a monosaccharide directly to an amino acid side 

chain within a polypeptide. Glycopeptide bonds between 13 different 

monosaccharides and 8 amino acids have been identified as have 16 protein-

specific glycosyltransferases.68 In contrast to the glycosyltransferases that add 

residues to existing glycan chains, the glycosylation of proteins demands a high 

degree of specificity for the underlying protein substrate. A strict amino acid 

consensus sequence is required for the formation of asparagine (N)-linked 

glycans by the en bloc transfer of a completed DLO substrate onto nascent 



 

52 
 

polypeptides by a group of enzymes known as the oligosaccharyl transferase 

(OST) complex.69 This sequence (often called a sequon) is Asn-Xxx-Ser/Thr  

where Xxx is any amino acid except proline since this residue interferes with the 

ability to adopt a loop conformation required for sequon glycosylation (Figure 

2.12). A proposed catalytic mechanism requires this loop in the sequon tripeptide 

to be stabilized by hydrogen-bonding between the Ser / Thr hydroxyl-group and 

the amide carbonyl of the Asn side-chain. This interaction activates the amide 

nitrogen allowing it to attack the exposed β-face of the terminal GlcNAc residue 

in the DLO.70 It is thought that further reorganization of the sequon amino acid 

backbone, driven in part by steric interactions between the transferred 

oligosaccharide and the polypeptide, promotes the release of the N-glycosylated 

substrate, minimizing OST product-inhibition.71 Although the correct sequon is 

necessary for glycosylation it is not always sufficient72 since not all sequons 

found in proteins are glycosylated. Although this may partially be the result of 

biosynthetic constraints (i.e. DLO availability) and the degradation of proteins in 

which glycosylation leads to a disruption of their correct structure, bioinformatic 

analysis of sequons known to be glycosylated have suggested that some trends 

exist in which protein primary73, 74 and secondary structure74 determine sequon 

occupancy.
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Figure 2.12: Proposed reaction mechanism for OST. Hydrogen-bonding between the Asn 
side-chain and the hydroxyl group of the sequon Thr residue stabilizes a turn conformation in the 
peptide and induces the deprotonation and tautomerization of the Asn amide to create a 
nucleophilic residue capable of displacing dolichol-PP from the DLO donor. The glycosylated 
product is thought to be released after a conformational change to produce the more energetically 
favourable trans amide which has greatly reduced affinity for the OST—thus preventing product 
inhibition. The figure above has been adapted from references 69  and 71. R represents the side 
chain of any amino acid except Pro which cannot be accommodated in the turn conformation.     
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The biosynthesis of most O-linked glycans is initiated in the Golgi by the 

transfer of a GalNAc residue to hydroxyl-groups on Ser or Thr residues in an 

acceptor protein (to create GalNAc-α1-Ser/Thr) by polypeptide-GalNAc 

transferases (ppGalNAcTs). There are 21 ppGalNAcTs.2 These enzymes 

typically glycosylate specific protein domains that usually consist of regions rich 

in the amino acids Ser, Thr, Pro, Gly, and Ala, although no consensus 

sequences have been identified.68 Some ppGalNAcTs recognize previously 

formed glycoproteins (i.e. they are lectin-like) and their activity leads to the 

formation of regions containing clustered groups of O-linked oligosaccharides 

such as those commonly observed in mucins. 

Non-typical O-linked glycans consisting of O-linked Fuc and Glc, both β-

linked to Ser or Thr residues, have also been described. O-linked Fuc is found 

within the consensus sequence Cys-Xxx-Asp/Asn-Xxx-Xxx-Gly-Gly-Thr/Ser-Cys 

while O-linked Glc is found within sites having the sequence Cys-Xxx-Ser-Xxx-

Pro-Cys. Both of these consensus sequences have always been found to occur 

within epidermal growth factor (EGF)-like domains of proteins.75 Both O-Fuc76 

and O-Glc77 modifications have been demonstrated to be elongated by further 

glycosyltransferases. The elongation of O-linked Fuc attached to a protein known 

as Notch has been demonstrated to be a critical component of cell-cell 

communication during metazoan development.78, 79 Notch glucosylation has also 

been demonstrated to be necessary for correct Notch signalling during 

embryonic development.4  
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In summary, glycoprotein macroheterogeneity arises from the differential 

expression of protein-specific glycosyltransferases, and the control of their 

intracellular sorting.80 For a very detailed review on this subject, especially in 

relation to specific protein structures see reference 81. Glycosyl donor availability 

also affects glycoprotein macroheterogeneity as most clearly observed for the 

dolichol-linked N-glycosylation donors (this is discussed in further detail in 

Section 2.1.2.1). Glycoprotein microheterogeneity may also be controlled by the 

altered translation of glycosyltransferases; however, it is often observed that a 

single organ or flask of cultured cells produces glycoproteins containing different 

oligosaccharides. If the processes of glycan elongation are visualized as an 

―assembly-line‖-like processes (the analogy is H. Schachter’s82), glycan 

microheterogeneity therefore implies the existence of different assembly-lines 

and / or substrate-level factors that exist within cells—although these are not 

mutually exclusive. This analogy is a good one in that it (1) reflects progressive 

glycan modification as they move along the ―conveyor belt‖ of the secretory 

pathway and (2) reflects the spatial segregation of glycosyltransferases and their 

substrates along the assembly line. The analogy, however, fails to fully capture 

the competitive nature of these processes. Different assembly-lines necessarily 

require mechanisms for sorting polypeptides whereas substrate-level effects 

include the substrate specificities of glycosyltransferases and the relative 

abundance of nucleotide sugar donors (i.e. metabolic control). Metabolic control 

also has a significant impact on N-glycan macroheterogeneity and its effect on 

several human disorders is discussed throughout Section 2.1.2.   
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2.1.1.7 Glycosyltransferases: Mechanisms  

Structural characterization of glycosyltransferases by X-ray 

crystallography has revealed that despite their diversity in primary amino acid 

sequence and activity they demonstrate remarkable structural similarity.37 The 

nucleotide sugar-dependent transferases examined to date have been observed 

to contain one of two possible protein folds or topologies: glycosyltransferase-A 

(GT-A) fold and GT-B fold. Thus, nearly all glycosyltransferases are grouped into 

these two superfamilies. Both of these topologies contain regions of higher 

sequence similarity known as Rossmann-like folds and these protein domains 

have been clearly demonstrated to be required for the binding of nucleotides. It is 

based on differences in protein architecture around pairs of these Rossmann 

folds that glycosyltransferases are grouped into superfamilies. More recently, a 

third glycosyltransferase topology has been proposed (a GT-C fold) which to date 

has been supported experimentally by a single structure.83 Significantly, nearly all 

predicted GT-C enzymes are thought to use lipid-activated sugars as donor 

substrates37 while GT-A and GT-B enzymes demonstrate strict specificity for 

substrates with nucleotide diphosphate leaving groups. Glycosyltransferases of 

either superfamily can catalyze glycosyl-transfer with one of two stereochemical 

outcomes—the net retention or inversion of stereochemistry at the anomeric 

centre of the donor sugar (Figure 2.13)—the existence of which implies different 

mechanisms.  
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Figure 2.13: Mechanisms of inverting and retaining glycosyltransferases: Examples. (A) 
GlcNAc T1 follows an inverting mechanism that involves the direct displacement of the UDP 
group from the anomeric carbon of UDP-GlcNAc by a specific mannose residue within an N-
glycan (R). A suitably positioned Asp within the enzyme active site residue acts as a general base 
catalyst. (B) A double-displacement mechanism has been proposed for the retaining 
glycosyltransferase LgtC which catalyzes the transfer of Gal to lactose (here R = 4-O-glucose).

84
 

The retaining mechanism illustrated above proceeds through two oxacarbenium ion-like transition 
states (not shown in B).  

  

Both mechanisms invoke transition states that contain considerable 

oxacarbenium ion character in which π-electrons from the endocyclic oxygen 

atom stabilize the developing positive charge at the anomeric centre. Inverting 

transferases utilize a direct displacement mechanism whereby the SN2-like attack 

of an incoming nucleophile, say a carbohydrate hydroxyl group suitably activated 

by an active site base catalyst, displaces a nucleotide diphosphate leaving group. 
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Although inverting glycosidases follow SN2-like mechanisms with respect to 

stereochemical outcome there is evidence that suggests that some inverting 

enzymes catalyze reactions which proceed through ionic intermediates.85  Many 

(but not all) glycosyltransferases (both retaining and inverting) utilize cationic 

metals to electrostatically stabilize the developing charge on the diphosphate 

leaving group.  

Retaining glycosyltransferases are thought to utilize a double-

displacement mechanism involving a covalently bound glycosyl-enzyme 

intermediate which is subsequently attacked by an appropriately base-activated 

nucleophile to complete the glycosyl transfer. In the case of some retaining 

transferases there is evidence that indicates that the nucleotide diphosphate (the 

leaving group of the first displacement) acts as the base catalyst to facilitate the 

second displacement postulated by this mechanism. This form of base-catalysis 

may be one reason why the elucidation of the key catalytic bases conserved 

among retaining glycosyltransferases continues to remain elusive.37 Furthermore, 

the inability to trap covalent enzyme-glycosyl intermediates, or the high residual 

activity of transferases in which a key catalytic nucleophile has been mutated,84  

has led some to consider mechanisms involving ion-paired intermediates for 

retaining transferases.37 

 Structural studies of many glycosyltransferases, with or without bound 

substrates have indicated that acceptor and donor binding occurs in a highly 

ordered sequence.86 In general, glycosyltransferases follow a catalytic 

mechanism where a metal ion (if required) binds to the enzyme prior to the 
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nucleotide sugar donor. Upon nucleotide sugar binding, the movement of a 

flexible loop portion of the glycosyltransferase forms a lid-like structure that 

buries the nucleotide sugar while simultaneously exposing a previously covered 

site for acceptor binding.  This allows for the transfer of the glycosyl residue to 

occur with either retention or inversion of stereochemistry. Only after the 

glycosylated product is ejected from the active site can the metal-nucleotide 

complex be released from the enzyme to complete the catalytic cycle. In some 

cases the productive conformational change in loop structure upon substrate-

binding depends on the nature of the sugar portion of a nucleotide sugar, for 

example, discrimination in favour of UDP-Glc over UDP-Gal by β1,4GalT1in the 

presence of α-lactalbumin (the interaction between these proteins is responsible 

for the  regulation of lactose synthesis within mammary glands) is thought to be 

due to the ability of UDP-Glc to induce loop movements within the enzyme 

preventing premature substrate dissociation.87 Similar conclusions were obtained 

on examining crystal structures of GlcNAc-T1 (a β1,2 transferase important for N-

glycan elongation in the Golgi) complexed with UDP-Glc and its natural substrate 

UDP-GlcNAc.88 The proposed mechanism of this enzyme is shown above 

(Figure 2.13). Interestingly, a substrate analogue, UDP-2-deoxy-2-fluoroglucose 

(in which the N-acetyl group has been replaced by a F atom), although bound to 

the enzyme in a completely different fashion than UDP-GlcNAc, nevertheless 

induced GlcNAc-T1 to adopt an ordered loop conformation essential for 

productive catalysis. Consequently, this non-natural nucleotide sugar was found 

to be an inhibitor of GlcNAc-T1 with a Ki of 190 μM which is a value of similar 
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magnitude as the affinity of GlcNAc-T1 for the natural substrate (Km = 69 μM). 

Finally, the importance of the closing of active site loops over bound nucleotide 

sugars for productive glycosyltransferase activity has recently been 

demonstrated in study of five different galactosyltransferases (all of which 

catalyze the formation of different linkages with differing acceptors), that were all 

inhibited by a UDP-Gal analogue in which a bulky substituent on the UDP moiety 

hindered productive loop movement.89    

2.1.1.8 Inhibitors of glycosyltransferases: Unnatural nucleotide sugars 

The specific inhibitors of glycosyltransferases are often important for 

characterizing the activity of these enzymes at a molecular level, especially when 

used in conjunction with structural studies such as those discussed above. 

Furthermore, given the significant roles glycoconjugates play in various disease 

states and in organisms that cause diseases, the inhibition of 

glycosyltransferases is considered to be of great therapeutic value. Finally, the 

specific inhibition of glycosyltransferase activity would make it possible to alter 

glycan structure and thereby make it possible to further probe glycan function.90, 

91 Recently, several high-throughput assays have been developed that were 

used to identify small molecule inhibitors of glycosyltransferases92, 93 and some of 

the lead compounds identified in these assays have been further optimized for 

activity against key glycosyltransferases found in human pathogens.94 ―Click-

chemistry‖ has also been explored as a means of developing glycosyltransferase 

inhibitors.95 
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Designing inhibitors of glycosyltransferases is a daunting task given their 

complicated mechanisms involving, in many cases, the binding of three different 

substrates: a sugar donor (in which both the nucleotide and sugar portion must 

be recognized), an acceptor, and usually a metal cation. Strategies for designing 

inhibitors of glycosyltransferases typically include the use of acceptor and donor 

analogues. Donor analogues are nucleotide sugars in which chemical 

modifications have been introduced—usually (but not always) within the sugar 

moiety. Nucleotide sugar analogues that mimic the charged oxacabenium ion-like 

nature of glycosyltransferase-catalyzed reaction transition states have received 

considerable attention as potential inhibitors. These are usually imino-sugar 

derivatives since this class of compounds has been extensively utilized to inhibit 

glycosidases in which similar retaining and inverting mechanisms are thought to 

proceed through analogous transition states.96 In contrast, nucleotide sugar-like 

inhibitors may act as substrate analogues and inhibit glycosyl-transfer in one of 

two ways. First, a nucleotide sugar may be modified in a way in which hydroxyl 

groups which are to be glycosylated in subsequent reactions are missing (deoxy-

analogues) or replaced (methoxy-analogues), thereby effectively terminating 

glycan elongation upon incorporation of the unnatural sugar. Alternatively, 

modified nucleotide sugars may be unable to be transferred by 

glycosyltransferases yet still retain some affinity for the enzyme, thus competing 

with the natural donors. Table 2.1 provides some examples of nucleotide sugars 

containing modified sugar moieties which have been demonstrated to inhibit 

purified glycosyltransferases in vitro or in membrane fractions partially purified 
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from cells or embryos (ex vivo). These experiments are all performed in cell-free 

systems as the negatively charged diphosphate groups of the nucleotide 

preclude the uptake of these compounds into live cells. Nevertheless, precursor-

feeding experiments in which chemically modified sugars are taken up by cells 

and activated as nucleotide sugars by salvage pathways allows for this strategy 

for glycosyltransferase inhibition to be replicated in vivo (Section 2.1.2.5). 

 Many of the analogues listed below are fluorinated donor analogues. A 

C—F bond is of comparable length to a C—O bond, and an F atom is also of 

similar electronegativity and van der Waal radius as an O atom, properties which 

often allow fluorinated monosaccharides to be tolerated by biosynthetic 

enzymes.25 However, the electronegative fluorine substituent often prevents 

productive glycosyl-transfer by inductively destabilizing the oxacabenium-ion-like 

transition state through which this transfer occurs in addition to (often) eliminating 

key hydrogen-bonding interactions within the glycosyltransferase active site.37 

Likewise, inhibitors in which the endocyclic oxygen atom of a sugar has been 

replaced with a methylene unit necessarily prevent the formation of 

oxacabenium-ion intermediates. The inefficient transfer of thiosugars, in contrast, 

is not likely due to the inability to form thiacarbenium-ions per se since these 

species are known to be more stable than their oxygen-containing analogues. 

Nevertheless, there is accumulating evidence demonstrating the increased 

resistance of thiosugars to enzyme-catalyzed hydrolysis—a trend also observed 

among nucleotide sugars of these compounds (see Chapters 3 and 6). 
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Table 2.1: In vitro or ex vivo activities of selected nucleotide sugars containing modified monosaccharide 
residues. 

Compound Short name
a
 

 

Activity / Effect Ref
b
 

X

R3

R2

OUDP

R4

R1

 

 

N-acetylglucosamine analogues 

X=O,  

R1 = F 

UDP-2-fluoroglucose Inhibits β1,2-GlcNAc-T1 (Ki = 190 μM)-i.e. acts as a UDP-GlcNAc analogue 88 

X = S 

R1 =NHAc 

UDP-5-thio-N-
acetylglucosamine 

Inhibitor of polypeptidyl-β-O-GlcNAc transferase (OGT) 

 

* 

X

R3

R2

OGDP

R4
R1

 

 

Mannose analogues 

 

X=O, 

R1 = H 

GDP-2-deoxymannose  

(also a glucose analogue) 

Inhibits DPM1 (Ki = 1.3 μM) 

Treated membrane fractions accumulate Dol-PP-GlcNAc2-2-dGlc or Dol-PP-GlcNAc2-
Man-2-dGlc (at lower concentrations) 

97 

98 

R1 = F GDP-2-fluoromannose Inhibits DPM1 (Ki = 15 μM) 

Reversibly inhibits DPM1, Dol-P-Glc synthase and GlcNAc-1-phosphotransferase  

97 

99 
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R1 = F UDP-2-fluoromannose Inhibits Dol-P-Glc synthase when nucleotide = UDP 99 

R3 = H GDP-4-deoxymannose Inhibits DPM1 (Ki = 1.0 μM) 

Inhibits Dol-P-Glc synthase and GPT (by competing for Dol-P) 

DLO biosynthesis: can replace the five mannoses derived from GDP-Man. Dol-P-4-
deoxyMan formed but it is not a substrate for other transferases. 

97 

100 

100, 
101 

R3 = F GDP-4-fluromannose Blocks formation of Dol-PP-GlcNAc2Man but not Dol-P-Man/Glc or Dol-PP-GlcNAc2 100 

R4 = H GDP-6-deoxymannose Inhibits DPM1 (Ki = 0.4 μM) 

Inhibits Dol-P-Glc synthase and GPT 

97 

97 

X = S GDP-5-thiomannose Transfered by yeast α1,2-ManT at 0.1% rate of GDP-Man 102 

X

R2

OUDP

R1

R3 R4

 

 

Galactose analogues 

 

X=O 

R1 = OCH3 

UDP-2-O-
methoxygalactose 

Inhibits β1,4-GalT to GlcNAc residues (Ki = 20 μM)  103 

R1 = F UDP-2-fluorogalactose Inhibits β1,3-GalT to GlcNAc residues (IC50 = 245 μM) 

Inhibits β1,4-GalT to GlcNAc residues (IC50 = 7 μM) 

Ki against β1,4-GalT = 149 μM 

104 

104 

105 

R2 = OCH3 UDP-3-O-
methoxygalactose 

Inhibits β1,4-GalT (Ki = 46 μM)  

Transferred at 0.16 % the rate of UDP-Gal  

103 

106 
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R3 = OCH3 UDP-4-O-
methoxygalactose 

Inhibits β1,4-GalT (Ki = 270 μM)  

 

103 

R4 = OCH3 UDP-6-O-
methoxygalactose 

Inhibits β1,4-GalT (Ki = 44 μM)  

 

103 

R4 = OAc UDP-6-O-acetylgalactose Inhibits β1,4-GalT (Ki = 44 μM)  

 

103 

R4 = H UDP-6-deoxygalactose Relative rate of transfer by β1,4-GalT compared with UDP-Gal: 1.3% 107 

R4 = F UDP-6-fluorogalactose Relative rate of transfer by β1,4-GalT compared with UDP-Gal: 0.2% 107 

R4 = (2-naphtyl)-3,6,9-trioxadecyl Inhibits β1,4-GalT (Ki = 1.86 μM)  

Competitive inhibition 

108 

X = S UDP-5-thiogalactose Relative rate of transfer by β1,4-GalT compared with UDP-Gal: 5.0% 109 

X
OGDP

R1

R2

R3

R4

 

 

Fucose analogues 

 

X=O, 

R1 = F 

GDP-2-fluorofucose Competitive inhibitor of α1,3-FucT V (Ki = 4.2 μM) 

Inhibitor of α1,3-FucT III (Ki = 38 μM) 

Inhibitor of α1,3-FucT VI (Ki = 10 μM) 

Inhibitor of α1,3-FucT VII (Ki =  21 μM) 

85, 
110 

110 

110 

110 

R4 = F GDP-6-fluorofucose Inhibitor of α1,3-FucT III (Ki = 22 μM) 110 
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Inhibitor of α1,3-FucT V (Ki = 3.4 μM) 

Inhibitor of α1,3-FucT VI (Ki = 1.0 μM) 

Inhibitor of α1,3-FucT VII (Ki =  11μM) 

X = CH2 GDP-5-carbafucose Inhibitor of α1,3-FucT V (Ki = 67 μM) 111 

             X = S   GDP-5-thiofucose Transferred by α1,3-FucT at 2.3% rate of GDP-Fuc 102 

O

OCMP

COOH

R1

HO

AcHN

OH

OHHO

 

 

Sialic acid analogues 

 

R1 = F CMP-3-fluoro-N-
acetylneuraminic acid 

Inhibitor of α2,6-Neu5Ac T (Ki = 15 μm) 110 

a
For brevity, it is assumed that all sugars are in the α-D-pyranose configuration except the L-Fuc and β-Neu5Ac analogues. In addition, although 

the removal of an OH group ipso facto yields a ―deoxy‖ sugar, for convenience this prefix is only used to denote analogues in which the OH 
substituent has been replaced with a hydrogen (thus UDP-2-deoxy-2-fluoro-α-D-mannopyranoside is simply called UDP-2-fluoromannose).  

b
Details of compounds referenced as * can be found in subsequent sections of this thesis. 
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 Most of the inhibition studies listed above (Table 2.1) were performed 

using traditional in-solution assays where changes in the concentration of UV-

active or fluorescent acceptor substrates were monitored over time. The analysis 

of GDP-Man derivatives, however, required the use of cell-derived membranes 

since most mannosyltransferases act on dolichol-linked substrates attached to 

lipid bilayers.97-100 Typically, in these experiments, the incorporation of 1-[14C]-

Man or Glc into Dol-P-Man/Glc or DLOs was monitored upon partitioning the 

products into mixtures of organic solvents. Alternatively, given the low 

incorporation of radiolabelled substrates into DLOs in the presence of modified 

GDP-Man  or UDP-Glc analogues, membranes could be primed with UDP-[14C]-

GlcNAc to generate Dol-PP-[14C]-GlcNAc2; this approach was used to 

successfully demonstrate that GDP-2-deoxyglucose could be transferred by 

ALG1 to form Dol-PP-[14C]-GlcNAc2-dMan1 a substrate that could not be further 

elongated.98 As with the alg mutants (discussed above) and CDG or Lec cells 

(discussed below), the analysis of DLO intermediates produced in the presence 

of GDP-Man analogues can be used to determine the specific enzyme inhibited 

by these compounds. 

 Inhibition studies using modified nucleotide sugars also highlight the 

importance played by the nucleotide portion of the donor substrate. For example, 

UDP-Fuc and UDP-Man (these are normally GDP-linked) were observed to 

inhibit β1,4-GalT with Ki s of 10 and 8.8 μM, respectively,103 and it is possible that 

these mismatched nucleotide sugars prevented productive loop movement within 

β1,4-GalT in a similar fashion to UDP-Glc87 (as discussed above). This example 



 

68 
 

demonstrates the important functional consequence of activating 

monosaccharides with different nucleotides. Similarly, GDP-2-fluoromannose 

was found to compete effectively with GDP-Man for DMP-1, thus inhibiting the 

synthesis of Dol-P-Man (and also DLOs since Dol-P-2-fluoroMan was non-

transferable), while UDP-2-fluoromannose affected only the biosynthesis of Dol-

P-Glc.98   

2.1.2 Nucleotide sugar cell biology 

The link between cellular metabolism and glycosylation is perhaps the 

most clear in the case of N-glycan biosynthesis. Indeed, this link is observed to 

occur on three levels. First, N-glycosylation sequon-occupancy depends on the 

availability of the complete DLO precursor which is, secondly, controlled in large 

part by the availability of the nucleotide- and dolichol-linked sugar donors. 

Thirdly, the levels of these lipid-activated monosaccharides themselves are 

sensitive to the metabolic fluxes that yield both nucleotide sugars and dolichol 

(an intermediate of cholesterol biosynthesis). The significance of this relationship 

between N-glycosylation and nucleotide sugar metabolism is especially apparent 

when considered in light of the contributions N-glycans make in the ER stress 

response and the processes of cell proliferation and differentiation. The 

metabolic influence on these processes (via N-glycan biosynthesis and 

elongation) allows for more rapid changes than are possible by controlling gene 

expression. N-glycan branching within the Golgi (which leads to glycan 

microherogeneity) and the O-GlcNAc modification of cytosolic proteins are also 

processes that are very responsive to the availability of UDP-GlcNAc. This 
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section discusses the metabolic control over protein N-glycosylation and O-

GlcNAc-ylation and some of the important physiological consequences of this 

regulation. Particular attention will be focused on studies carried out using mutant 

cells defective in nucleotide sugar metabolism or transport. Monosaccharide 

precursor feeding experiments carried out for the purposes of controlling the 

glycosylation of therapeutic glycoproteins and the ―stealth‖ glycosyltransferase 

inhibitors (that is, unnatural sugars metabolized into nucleotide sugars in vivo 

that are incapable of transfer or are chain terminators) will be discussed in 

subsequent sections. 

2.1.2.1 Cells with deficiencies in nucleotide sugar metabolism 

Most of the metabolic controls on DLO biosynthesis have been identified 

through the use of three model systems: the yeast S. cerevisiae alg mutants 

(previously discussed), stable animal cell lines in which mutants have been 

induced,2 and fibroblasts or leukocytes derived from human patients affected with 

a CDG. Chinese hamster ovary (CHO) cells are a useful immortalized cell-line for 

the generation of glycosylation mutants.112 Usually these mutations are induced 

by chemical or radiological mutagenesis and their incidence of occurrence is 

around one percent, or roughly proportional to the fraction of carbohydrate 

processing enzymes in the hamster genome.2 Glycosylation mutants in CHO 

cells are most often selected for based on their resistance to toxic plant lectins. 

Since these are highly specific for the sugar modifications decorating the proteins 

expressed on a cell’s surface, mutations which decrease glycosylation or alter 
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glycan structures lead to increased resistance against the toxic effects of 

lectins—hence these mutants are often known as lec mutations.  

Cells derived from CDG patients, in conjunction with animal cell mutants, 

have been extremely useful in elucidating many aspects of DLO biosynthesis. 

Some of these mutants are listed in Table 2.2. CDG patients typically may suffer 

from disorders ranging from mild to severe disease that demonstrate 

multisystemic and diverse symptoms, involving the abnormal development of the 

brain, nerves, liver, stomach and intestines.49, 51 The diversity of these symptoms 

significantly complicates clinical guidelines for CDG screening. As the name 

implies, CDGs are caused by inherited genetic mutations that cause 

developmental defects due to the impaired cell-signalling and embryo 

development in the absence of correct glycosylation113. Although rare, CDGs 

represent an expanding class of disorders with over 40 different groups51 

described, divided among approximately 1000 patients.114 In contrast with other 

inherited diseases, in which the function of one enzyme is affected (as the result 

of a single defective gene), the symptoms of CDGs, though arising from the 

impaired function of a single glycosyltransferase, are caused by changes in 

functions of multiple  distinct proteins related only in that they are 

glycoproteins.115  Because CDGs affect early glycan biosynthesis (type I) or their 

subsequent processing and / or elongation (type II), the altered glycosylation of 

serum glycoproteins (which can be analyzed by techniques such as protein 

isoelectric focusing) is therefore often a diagnostic marker for the disorder. 20, 47, 

115 In some instances, the defective glycogene causing a CDG can be 
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determined upon chromatographic or mass spectrometric analysis of glycans on 

proteins obtained from patients.42 Often however, especially in type I CDGs, 

incomplete oligosaccharides are transferred to proteins although the specificity of 

the OST for complete DLOs reduces the efficiency of this process resulting in 

hypoglycosylation. Subsequent ER-processing of N-glycans yields normal glycan 

structures to generate an ―all-or-nothing‖ phenotype. Thus, in CDG type I 

patients, specific N-glycosylation sites are either entirely non-glycosylated or they 

bear N-glycans indentical to those found in normal humans. This often 

necessitates the investigation of DLO biosynthesis in cells derived from CDG 

patients in order to identify the defective glycogene.  
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Table 2.2: CHO mutants and CDG-patient derived cells deficient in the biosynthesis or 
transport of glycosylation precursors. 

Mutant 
name 

Cell type Defect / Gene Effect on glycosylation 

Animal cell mutants 

Lec32 CHO CMP-Neu5Ac 
synthase 

Glycans terminate in Gal not Neu5Ac 

Lec2 CHO CMP-Neu5Ac 
transporter 

Glycans terminate in Gal not Neu5Ac 

Lec8 CHO UDP-Gal 
transporter 

N-glycans terminate in GlcNAc 

O-glycans terminate in GalNAc 

Lec13 CHO GDP-4,6-
dehydratase 

Glycans lack Fuc 

ldlD CHO UDP-Gal/Glc-4 
epimerase 

Pleiotropic affects due to salvage pathways 

N-glycans lack Gal 

O-glycans not made in absence of UDP-GalNAc 

Lec35.1 CHO Dol-P-Man/Glc 
transporter (?) 

Cells unable to complete DLO biosynthesis or 
any glycoconjugate that uses Dol-linked donors 

EMEG32 MEF
a
 Unable to make 

UDP-GlcNAc 
Reduced cytosolic O-GlcNAc levels 

B3F7 CHO DPM-1 Unable to synthesize Dol-P-Man. Produces 
truncated DLOs 

MI8-5 CHO ALG6 (Glc-T1) Unable to transfer Glc to DLOs 

Fibroblasts derived from human CDG patients
b
 

CDG-Ia  PMM-2 Impaired Man-1-P synthesis 

CDG-Ib  PMI Impaired Man-6-P synthesis 

CDG-Ie  DPM1 Impaired Dol-P-Man synthesis 

CDG-Ij  GPT Impaired Dol-PP-GlcNAc synthesis 

a
MEF = mouse embryonic fibroblast. 

b
Since complete absence of N-glycosylation is lethal these disorders are characterized by only a 

partial loss of gene function. More extensive lists of Lec cells and CDG disorders can be found in 
reference 112 and 2, respectively. 
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2.1.2.2 Metabolic control of DLO biosynthesis and subsequent processing: 
Significance to stress response, cell-cycle transition, and tumor 
progression 

It has been established that the availability of sugar nucleotides regulates 

protein N-glycosylation by the observation that Glc-starved CHO cells ceased to 

produce complete DLOs and accumulated truncated Dol-PP-GlcNAc2Man5 

instead.116 Glc starvation reduces the levels of DLO precursors primarily by 

depletion of UTP.117 Conversely, in cells incapable of efficient DLO extension the 

overexpression of hexose-kinase118 and GDP-Man pyrophosphorylase119 

significantly reduces the levels of incomplete DLOs. Intriguingly, the analysis of 

DLO biosynthesis in CDG patient-derived fibroblasts has demonstrated a more 

complicated relationship between DLO levels and their metabolic precursors—

especially mannose. The most common CDG, type–Ia, has been identified in 

over 600 patients2 and is caused by mutations in phosphomannomutase-2 

(PMM-2) the gene product of which catalyzes the conversion of Man-6-P to Man-

1-P, a requirement for the biosynthesis of both GDP-Man and Dol-P-Man. In a 

study of CDG-Ia fibroblasts isolated from five different patients,120 all of which 

had PMM-2 activity ≤ 10 % of control patients, it was demonstrated that most 

DLOs contained five or less sugar residues. In should be noted that DLO 

biosynthesis was assessed in this study by labelling them with 2-[3H]-mannose—

which is converted into GDP-Man by a salvage pathway when added to cells—

and subsequently chromatographically fractionating solvent-extracted DLOs. In 

these types of studies, cells are grown at reduced Glc levels for a short period of 

time in order to ensure maximum use of the [3H]-labelled substrate since it is 

presumed that for most cells, Glc is the immediate precursor of Man. Similar 
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experiments have consistently demonstrated the presence of truncated DLOs in 

cells with mutated PMM-2, indicating that the intracellular concentration of GDP-

Man is a significant determinant for correct DLO biosynthesis. 

Using a similar strategy it was subsequently discovered that fibroblasts 

(obtained from CDG-1b patients) deficient in phosphomanose isomerase (PMI)—

the enzyme required for conversion of Fru-6-P to Man-6-P—also synthesized 

lower amounts of DLOs, although in contrast to PMM-2 deficient cells, PMI 

mutants did not accumulate truncated intermediates.50, 121 This glycosylation 

defect, as with CDG-Ia cells, was demonstrated to be due to reduced GDP-Man 

levels since both mutations could be corrected upon the addition of exogenous 

mannose to the culture medium of the CDG fibroblasts.121 The mechanism of 

mannose rescue is clear in the case of CDG-Ib cells since PMI is not required to 

convert Man into Man-6-P . However, the rescue of CDG-1a cells by additional 

mannose is less clear and may likely be due to PMM isozymes that are active at 

higher Man-6-P concentrations. On the basis of these results, oral mannose 

supplementation for CDG-Ib patients was investigated and it was observed that 

this treatment significantly ameliorated their disease symptoms.31 

A significant breakthrough in the understanding of CDG-Ia was obtained 

through the analysis of steady-state DLO levels by non-radioactive analysis. 

These experiments suggested that the failure to biosynthesize mature DLOs in 

the absence of functional PMM-2 was due to the low Glc conditions necessary to 

facilitate uptake of [3H]-Man.43 By analysis of DLO levels in permeabilized cells 

grown in physiological Glc concentrations (of ca. 5 mM), it was discovered that 
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the hypoglycosylation observed in CDG-Ia cells was not due to the lack of 

complete DLO but rather to the non-productive transfer of DLO to water (i.e. 

these intermediates are hydrolyzed), the rate of which is specifically increased at 

high Man-6-P levels. This result suggests that the rescue of CDG-Ia fibroblasts 

by the addition of exogenous Man may actually be due to a partial reversal of the 

metabolic effects of low Glc concentrations by the rapid conversion of excess 

Man-6-P into the glycolysis intermediate Fru-6-P. Indeed, in the absence any 

PMI activity the Man-6-P levels in cells incubated in the presence of exogenous 

mannose quickly builds up to toxic levels.122 These results may also explain 

observations in CHO cells from which a large amount of completed 

oligosaccharides, hydrolyzed from DLOs, could be obtained from cells in which 

normal cellular processes had been suspended upon their removal from a solid 

substrate, a condition normally required for growth and protein expression in this 

cell-line.123 However, the mechanism by which cytosolic Man-6-P effects DLO 

hydrolysis in the ER lumen is currently unclear. Furthermore, DLO reduction in 

the presence of elevated Man-6-P does not always result in protein 

hypoglycosylation,122 and it appears that the toxic effects of excessive Man-6-P 

are due to its negative influence on cellular ATP levels.28     

The levels of Dol-P-Man are also known to regulate protein glycosylation 

through two mechanisms. First, as a direct DLO substrate, sufficient Dol-P-Man 

levels in the ER are crucial for DLO completion. This is clearly demonstrated in 

human CDG-1e fibroblasts defective in DPM-1 activity which display aberrant 

protein glycosylation and can only synthesize truncated Dol-PP-GlcNAc2Man5—



 

76 
 

the largest structure that may be assembled in the absence of Dol-P-Man.124  

Exogenous Man was also reported to allow for DLO elongation in these cells, 

although the mechanism of this remains unclear as there was no change in GDP-

Man levels observed, even upon addition of Man to concentrations 4-fold higher 

than required to correct the DLO defect.121 Secondly, Dol-P-Man has been 

demonstrated to be an allosteric activator of  GPT (or ALG7), the enzyme which 

initiates DLO biosynthesis, since binding to Dol-P-Man leads to a 10-fold 

increase the Vmax for the reaction although it  by increasing GPT’s apparent Km 

for UDP-GlcNAc (5-fold).125  The product of this reaction, Dol-PP-GlcNAc, 

positively stimulates DPM-1 synthase activity producing more Dol-P-Man,126 

although this reciprocal relationship is regulated by the fact that Dol-P (in addition 

to Dol-P-Glc) competitively inhibits the GPT enhancement caused by Dol-P-

Man.125 Furthermore, Dol-PP-GlcNAc and Dol-PP-GlcNAc2 themselves were 

found to inhibit GPT activity even under Dol-P-Man-stimulated conditions.126 

More specifically, Dol-PP-GlcNAc was found to be competitive with UDP-GlcNAc 

whereas Dol-PP-GlcNAc2 was competitive with Dol-P. Finally, it has been 

observed that under conditions where the GPT enzyme is over-expressed, Dol-

PP-GlcNAc2Man5 is the predominant DLO produced. Somewhat surprisingly, this 

was not due to excessive consumption of Dol-P at the expense of Dol-P-Glc/Man 

production, but rather due to the fact that excessive amounts of the GPT protein 

suppressed the function of LEC35, a protein postulated to be required for correct 

Dol-P-Glc/Man orientation in the ER.127  
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 There are several important consequences deriving from the relationship 

between nucleotide (and dolichol-linked) sugar metabolism and protein N-

glycosylation. In particular, this relationship allows cells to very rapidly respond to 

external stimuli. For example, it has been suggested that the increased rate of 

OST-catalyzed DLO hydrolysis by Man-6-P may be protective against viral 

infections43 as viral glycoproteins are heavily glycosylated, a feature on which 

they are highly dependent. It is known that in cultured cells, viral infections can 

cause effects that can be replicated in mutant cells unable to synthesize 

GlcNAc,128 in each case due to the inability to synthesize adequate amounts of 

DLO. Presumably, the increased mannose flux expected in response to the viral 

DLO demand would trigger non-productive Man-6-P-dependent DLO hydrolysis, 

thereby inhibiting glycoprotein biosynthesis and slowing viral replication.  

N-glycosylation changes have been shown to occur as the result of 

chronic stress12 and also occur during episodes of acute stress as well.129 The N-

glycosylation of proteins secreted by rat exocrine cells (as assessed by [3H]-

mannose incorporation) increased in response to β-adrenergic receptor 

agonists,130 an effect mediated by increased levels of cyclic AMP (cAMP).131 

These results were attributed to the activation of DMP-1 in stimulated cells, 

resulting in an increase in Dol-P-Man.132 More recently, it has been shown that 

for both yeast-133 and CHO-derived134 DPM-1, phosphorylation in vitro by cAMP-

dependent kinases leads to an increase in its activity; in the case of the yeast 

DPM-1, Vmax increased by 50 % upon phosphorylation. The glycosylation of 

proteins secreted by endocrine and exocrine cells plays key roles in regulating 
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the biological response of these hormones and thus, the rapidity of the N-

glycosylation changes observed upon DPM-1 cAMP-activated phosphorylation 

would be expected to allow for the effector functions of hormones to be rapidly 

modified in a manner independent of gene translation or transcription.  

Individual cells demonstrate a characteristic response to stress, and a 

disruption of normal ER functions, especially those related to protein-folding, 

leads to ER stress thereby activating a process known as the unfolded protein 

response (UPR). Given the critical roles N-glycans play in protein-folding and 

trafficking, interference with protein N-linked glycosylation (for example, by 

growing cells under nutrient-limiting conditions where DLO assembly occurs 

inefficiently) often triggers an UPR which causes the increased translation and 

transcription of ER chaperones while simultaneously attenuating the synthesis of 

most other proteins. Conversely, another key aspect of the UPR is the increased 

extension of DLOs11, 135—in fact, DLO extension is the most sensitive response 

to ER stress, occurring before the activation of chaperone synthesis136, a process 

that requires additional mRNA and proteins to be made. The lack of evidence 

demonstrating the up-regulation of GPT and DPM-1 or the increased rate of DLO 

biosynthesis in UPR stressed cells has led to the proposal that ER stress 

increases DLO extension by a metabolic mechanism such as increasing 

intracellular mannose levels.135 In support of this hypothesis are observations 

that glycogen phosphorylase (which catalyzes the catabolism of glycogen into 

Glc-1-P) was up-regulated in a post-translational fashion (presumably by 

phosphorylation) upon treatment of permeabilized cells to UPR inducers.137 This 
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increase presumably leads to an increase in DLO precursors and also UDP-Glc, 

both of which are required for the UGGT-mediated protein-quality control cycle. 

Additional evidence linking increased DLO biosynthesis and ER stress is the 

observation that DPM-1 up-regulation decreases the expression of ER 

chaperones that are classical hallmarks of ER stress.138  The benefits of early 

activation of DLO extension during ER stress are three-fold. First, as discussed 

above, this activation is rapid and does not require additional protein synthesis 

which, secondly, suggests that this aspect of the UPR can also be easily and 

rapidly reversed. Finally, an increase in the rate of DLO extension leads to 

increased N-glycosylation, an effect which is necessarily synergistic with the 

increased chaperone expression induced by the UPR. The metabolic control over 

DLO biosynthesis is summarized in Figure 2.14. 

 



 

80 
 

 

Figure 2.14: Links between sugar-donor metabolism and DLO biosynthesis. 
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One protein known to mediate the ER stress response is a glycoprotein 

known as activating transcription factor-6 (ATF6). Under normal conditions, ATF6 

is retained in the ER; however, under conditions of ER stress ATF6 is 

transported to the Golgi where it is proteolytically cleaved by a Golgi-active 

protease known as subtilisin / kexin isozyme-1 (SKI-1, Chapters 5 and 6). This 

cleavage allows for the release of a soluble AFT6 domain which is then capable 

of entering the nucleus where it increases the transcription of UPR-dependent 

genes. It has been noted that ER stress (experimentally induced by Ca2+ 

depletion) caused a significant fraction of ATF6 to become hypoglycosylated and 

furthermore, when ATF6 N-glycosylation sites are mutated, the resulting mutant 

was transported to the Golgi at a faster rate than the normal protein, although its 

signalling ability remained unaffected.139 In addition, it was demonstrated that 

hypoglycosylated ATF6 displayed reduced binding to the lectin chaperone 

calreticulin which may indicate that the abrogation of this interaction by 

conditions that affect DLO biosynthesis and / or the rate of its usage (i.e. viral 

infections) may be one of the mechanisms by which ATF6 ―senses‖ ER stress. 

The discussion above has focused on how N-glycan macroheterogeneity 

is controlled by the availability of the DLO precursor which itself is regulated in 

part by the levels of nucleotide sugars. There is also accumulating evidence that 

suggests that intracellular nucleotide sugar concentrations also control N-glycan 

microheterogeneity. For instance, it has been shown by lectin-affinity blotting that 

glycoproteins expressed by migrating endothelial cells are hyperglycosylated,140 

an occurrence also observed in metastatic cancer cells.6 In these cells it was 
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demonstrated that increased lectin binding was correlated with an increase in the 

activity of a β1,6 GlcNAc transferase (GlcNAcTV, also called Mgat5 in 

mammals), an enzyme which specifically transfers GlcNAc to the α1,6-linked 

mannose of the core N-glycan (Figure 2.15). The increased production of poly-N-

acetyllactosamine structures induced by the upregulation of GlcNAcT-V, and 

other GlcNAc transferases,141 creates the preferred ligand for galectin-3 (Gal-3). 

Gal-3 is a pentavalent protein which cross-links N-glycans containing exposed β-

linked galactose residues on poly-N-acetyllactosamine structures. The increase 

in N-glycan binding to Gal-3 increases in a non-linear fashion upon increased 

glycan branching,142 that is, the increase in binding is greater than one would 

predict based on the number of poly-N-acetyllactosamine units (Figure 2.15). 

When Gal-3 cross-links the glycosylated cytokine receptors expressed on a cell’s 

surface, their normal rate of endocytosis is reduced, often resulting in prolonged 

cell signalling events which favour tumour growth and metastasis.143 Although 

GlcNAcT-V activity can obviously be increased at the transcription level and thus 

affect N-glycan branching,3 the kinetic analysis of a recombinantly expressed 

GlcNAc-V suggested that its activity could also be easily modulated by UDP-

GlcNAc levels since its Km for UDP-GlcNAc was 4 mM—above the Golgi 

concentration of 1 mM—a hypothesis supported by the observation that 

extracellular GlcNAc increased both UDP-GlcNAc and β1-6 branching when 

added to GlcNAcT-V expressing melanoma cells.144  
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Figure 2.5: N-glycan branching is linked to the intracellular UDP-GlcNAc concentration and 
determines the rate of glycan dissociation from galectin-3. The KD of the indicated N-glycans 
were derived by affinity chromatography using purified substrates and are recorded in reference 
142. When n>1, N-acetyllactosamine units are commonly (though incorrectly) referred to as 
polylactosamine. GM II = Golgimannosidase II.  

 

The studies described above were linked in a seminal paper in which it 

was demonstrated that hexosamine flux through the UDP-GlcNAc biosynthetic 

pathway regulated the signalling by cell-surface receptors involved either in cell 

growth or differentiation by differentially affecting the branching of N-glycans on 

different classes of receptors, thereby modifying their interactions with galectin-

3.5 In this work the authors demonstrate that the poor signalling response to 

epidermal growth factor (EGF) and transforming growth factor β (TGFβ) in 

tumour cells lacking functional GlcNAcT-V could be rescued by increasing 

intracellular UDP-GlcNAc concentrations through the addition of exogenous 

GlcNAc. The rescue of EGF signalling (via the EGF receptor), which stimulates 
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cell growth, demonstrated a hyperbolic dependence on UDP-GlcNAc levels 

whereas TGFβ signalling, which is antiproliferative, increased with a switch-like 

(or ―all-or-nothing‖) sigmoidal response. Significantly, under these conditions it 

was discovered that the added GlcNAc doubled the amount of triantennary N-

glycans found on glycoproteins isolated from these cells—i.e. N-glycan branching 

increased—and this increase also displayed switch-like response to the UDP-

GlcNAc concentration (Figure 2.16). Analysis of the occurrence of N-

glycosylation sequons within cell-surface receptors demonstrated an increase in 

the number of glycosylation sites within receptors known to have a role in cell 

growth, proliferation, and oncogenesis, while receptors involved in signalling 

pathways affecting cell differentiation, in general, have fewer N-glycosylation 

sites per receptor and fewer per 100 amino acids. Based on these observations, 

a model for cell-cycle regulation has been proposed in which the N-glycan 

multiplicity (or n) of receptors for signalling molecules co-operates with the 

ultrasensitivity of glycan branching to UDP-GlcNAc concentrations. High n 

growth-promoting receptors respond to increasing UDP-GlcNAc concentrations 

with a rapid, hyperbolic response where their increased N-glycan branching 

prolongs their retention, on the cell surface, and hence signalling, by binding to 

Gal-3. In contrast, the increased branching of low n, growth-arresting receptors 

occurs in a switch-like fashion with a very rapid response only at higher UDP-

GlcNAc levels and thus, the signalling by these receptors lags behind the 

promoting receptors. A low n glycoprotein known as glucose transporter type 4 

(GLUT4) also demonstrated a switch-like response to UDP-GlcNAc which is in 
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accord with the antiproliferative role typical of low n receptors since GLUT4 

accelerates the disposal of Glc, the key metabolic precursor for UDP-GlcNAc. 

The key to these ultrasensitive, switch-like responses to changes in UDP-GlcNAc 

levels appears to be the sequential decreasing efficiencies of Golgi GlcNAc 

transferases (Figure 2.16). The increase in the gene expression of GlcNAc 

transferases during the oncogenic transformation of cells141 increases glycan 

branching at lower UDP-GlcNAc levels5 and therefore, affects their potential for 

abnormal proliferation and differentiation.  

 

Figure 2.16: Metabolic flux in UDP-GlcNAc levels (A) effects N-glycan branching and (B) 
has differential effects on the signalling of cell surface receptors. In A, the order of addition 
of GlcNAc residues by GlcNAc T’s is indicated. The Km values were reviewed in the 
supplementary material provided for reference 5.  Growth-promoting receptors which typically 
contain higher numbers of N-glycans were found to exhibit B hyperbolic responses in signalling 
activity in response to increasing UDP-GlcNAc concentrations while differentiation-promoting 
receptors containing fewer N-glycans demonstrated switch-like responses.   

2.1.2.3 O-GlcNAc 

The transfer of a single GlcNAc residue onto Ser/Thr hydroxyl groups, a 

form of glycosylation observed on over 600 different proteins to date,2 differs 

from other forms of glycosylation in three significant ways. Firstly, this 

modification has been exclusively found on nuclear and cytosolic proteins. 
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Secondly, O-GlcNAc has not been observed to be elongated by subsequent 

glycosyltransferases. Thirdly, unlike other forms of glycosylation, O-

GlcNAcylation is dynamic since the GlcNAc residue is attached to, and removed 

from, the same protein multiple times. The enzymes responsible for O-GlcNAc 

cycling are UDP-GlcNAc:polypeptide β-N-acetylglucosaminyl transferase (or, 

more simply, O-GlcNAc transferase (OGT)) and a glycosidase known as O-

GlcNAcase (OGA). In spite of their dynamic nature, O-GlcNAc levels are 

significantly affected by the cellular concentration of UDP-GlcNAc and therefore 

they are under metabolic control (at least in part). 

 Significant efforts have been made to identify O-GlcNAc modified proteins 

and to deduce which specific residues are glycosylated. For example, chemically 

modified GlcNAc such as N-azidoglucosamine (GlcNAz), a derivative in which 

the acetate methyl group has been replaced with an azide, can be efficiently 

converted into its corresponding nucleotide sugar (UDP-GlcNAz) via a salvage 

pathway, which usually uses GlcNAc as a substrate (Figure 2.5), and after its 

transfer by OGT acceptor proteins, can be detected by covalently labelling the 

unnatural azido-group with detectable probes.145 Alternatively, O-GlcNAcylation 

can be assessed by β-eliminating the GlcNAc residue from the glycoprotein 

under alkaline conditions, a procedure which creates a site of α,β unsaturation 

within the protein which can be chemically labelled with suitable probes.146 These 

and other labelling strategies have been used to demonstrate that the O-GlcNAc 

modification may be regulated by protein phosphorylation, another dynamic 

modification responsible for many signalling events.147 Indeed, in some proteins 
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O-GlcNAc and O-phosphate have been observed at identical sites suggesting 

that the interplay between these modifications control phosphorylation-dependent 

signalling within cells. 

 The relationship between the often mutually exclusive O-GlcNAc and O-

phosphate modifications is observed to play a role in the aetiology of several 

human disorders. For example the aggregation of a protein known as tau is a 

characteristic feature of the neurodegeneration observed in Alzheimer's disease. 

Significantly, tau hyperphosphorylation is correlated with its aggregation. This tau 

hyperphosphorylation can be decreased, both in cultured cells and in vivo in rats, 

upon increasing O-GlcNAc levels (by inhibiting OGA).148 Increased O-GlcNAc 

levels have also been proposed to induce resistance to insulin signalling thereby 

leading to diabetes type II. For instance, it has been demonstrated that OGT can 

be relocated to the plasma membrane where its activity reduces the 

phosphorylation (and hence activity) of key signalling molecules involved in 

insulin signal transduction.149 It has therefore been proposed that increased flux 

through the UDP-GlcNAc biosynthetic pathway, such as occurs in cases of 

chronic overnutrition (a condition which predisposes many people for type II 

diabeties), would therefore elevate O-GlcNAc levels and therefore compromise 

insulin signalling. An energy or nutrient sensing function for UDP-GlcNAc is an 

attractive model since UDP-GlcNAc levels vary with nutrient availability150 while 

O-GlcNAc levels are responsive to the intracellular UDP-GlcNAc29 concentration. 

Indeed, an energy sensing function of O-GlcNAc is an attractive hypothesis since 

UDP-GlcNAc represents the convergence of several metabolic pathways:151 the 
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UDP reflects nucleotide metabolism and the overall energy content of cells, the 

Glc portion is derived from Glc metabolism, the amide nitrogen atom links UDP-

GlcNAc to nitrogen metabolism, while the acetate group is derived from acetyl-

CoenzymeA which can be derived from the β-oxidation of fatty acids. However, 

the relationship between UDP-GlcNAc and O-GlcNAc levels and their relevance 

to insulin-resistance has not been fully elucidated and the complete picture will 

likely be more complicated than the hypothesis presented above. For instance, 

the elevation of O-GlcNAc levels in adipocytes (fat cells) by specific OGA 

inhibitors does not lead to insulin desensitization.152 Potent feedback inhibition of 

glutamine:Fru-6-P amidotransferase by UDP-GlcNAc regulates the de novo 

biosynthesis of UDP-GlcNAc153 but not its biosynthesis by salvage pathways 

further complicating the link between metabolic fluxes in the hexosamine levels 

and acquired insulin-resistance. Specific inhibitors of OGT would be of great 

value in further elucidating the function of O-GlcNAc in normal and diseased 

states.   

2.1.2.4 Therapeutic glycoprotein production: Precursor feeding 
experiments 

Recombinant DNA technology has allowed for the production of many 

human proteins such as insulin for therapeutic use. Expressing these proteins in 

bacteria allows for large amounts of protein to be produced and purified quickly, 

factors make their isolation from human sources impractical. However, bacteria 

are unable to correctly glycosylate human proteins and thus glycotherapeutics 

must be produced in mammalian cell lines. CHO cells are a preferred cell line for 
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the production of glycotherapeutics since they are able to efficiently N-

glycosylate recombinant proteins and produce glycan structures very similar to 

those naturally synthesized by human cells.154 This is important for several 

reasons. First, the biological functions and properties of a glycoprotein are 

affected by their oligosaccharide structures. Some of these include protein 

solubility, stability, correct folding, and the rate of in vivo clearance. Secondly, 

non-human oligosaccharide structures are often antigenic.  

A great deal of research has been directed towards establishing cell 

culture conditions which allow for CHO and other, mostly murine cells, to 

efficiently produce human-like glycan structures. These studies also are often 

aimed at reducing glycosylation micro- and macroheterogeneity both of which 

must be avoided to ensure batch-to-batch consistency and to meet regulatory 

requirements.155 Although control over protein glycosylation may be achieved 

either by specifically knocking-out some glycosyltransferases and / or by 

introducing them, it is often feasible to effect changes in glycosylation by simply 

controlling the levels of exogenous nucleotide sugar precursors added to the cell 

culture media (Table 2.3). 
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Table 2.3: Partial
a
 list of the effects of nucleotide sugar precursor feeding on the N-

glycosylation of therapeutic glycoproteins. 

Monosaccharide Cell  / 

 Glycoprotein 

Affect Ref. 

Mannose Mouse hybridoma / 
IgG 

Increase relative amount of high mannose N-
glycans 

156 

Galactose Mouse hybridoma / 
IgG 

CHO / INF-γ
b
 

Increase in N-glycans with terminal Gal 
residues 

12% increase in sialylation 

156 

 

157 

Glucosamine CHO / INF-γ 

CHO / TIMP-1
c 

 

NS0
d
 / TIMP-1 

28% increase in sialylation 

Increase N-glycan antennarity. Small drop in 
sialylation 

Small decrease in sialylation 

157 

158 

 

158 

ManNAc CHO / INF-γ 

CHO / TIMP-1 

NS0 / TIMP-1 

32% increase in sialylation 

No effect 

Decrease ratio of Neu5Gc to Neu5Ac 

157 

158 

158 

a
A larger list has been published in reference 157. 

b
INF-γ = interferon-gamma.

c
TIMP-1 = tissue 

inhibitor of metalloproteinases-1.
d
NS0 cells are a murine-derived cell line. 

 

  

As can be seen from the partial list above, there appears to be variation in 

the N-glycosylation changes induced in differing glycoproteins in response to the 

same nucleotide sugar precursor. For example upon addition of the CMP-

Neu5Ac precursor ManNAc to the cell culture media (to 20 mM), INF-γ was 

observed to be significantly more sialylated157 whereas TIMP-1 expressed in the 

same cell under the same culture conditions  was observed to be unaffected by 

ManNAc.158 Significantly, in both cases, intracellular CMP-Neu5Ac 

concentrations were observed to be nearly 30 times greater than in non-treated 

cells. Similar large increases in UDP-GlcNAc and UDP-Gal levels were observed 
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upon treatment of the cells with GlcNH2
157, 158 and Gal,157 respectively. It should 

be noted, however, that unless GlcNH2- feeding was carried out with the 

simultaneous addition of uridine it significantly decreases the levels of other 

UDP-hexoses (Glc and Gal) presumably by depletion of UTP158 in an analogous 

fashion to the effects seen in Glc-starved cells.117 This drop in UTP in response 

to GlcNH2 may be correlated with the reduced growth rate and metabolism in 

treated cells, effects also observed in similarly treated virus-infected cells.25 

 UTP itself may play a key role in N-glycosylation heterogeneity. For 

example INF-γ contains 2 N-glycosylation sequons and therefore exists in three 

glycosylation (N) states corresponding to non-, mono-, or bi-glycosylated (N0, 

N1, or N2) glycoforms. When the INF-γ secreted from a batch of CHO cells was 

analyzed it was observed that over time the fraction of non-glycosylated (N0) 

protein increased at the expense of the N2 form.159 Analysis of nucleotide sugar 

levels demonstrated that no DLO precursors were limiting while a 2.5-fold 

reduction in UTP levels correlated with the decrease in N2 INF-γ. Conversely, 

growing cells in a more nutrient rich medium eliminated the increase in N0 INF-γ 

levels (although it was still produced) and significantly, no drop in UTP levels was 

observed. Likewise, a decrease in the adenylate energy charge (AEC), the ratio 

defined as (ATP+0.5ADP)/(ATP+ADP+AMP) and an indicator of cellular 

metabolic status, was found to correlate with a decrease in doubly glycosylated 

INF-γ even though nucleotide sugars were present at sufficient levels for 

adequate glycosylation. Thus, this experiment demonstrates that there may be a 
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more complicated relationship between N-glycan precursors, N-glycosylation 

heterogeneity and a cell’s energetic state.   

2.1.2.5 Activation of unnatural sugars as nucleotides in vivo 

Since chemically modified nucleotide sugars can often inhibit 

glycosyltransferases in vitro (as discussed in Section 2.1.1.8), similar strategies 

have been utilized in vivo or in cultured cells that make use of the 

monosaccharide salvage pathways described above. In some instances, the 

uptake of unnatural monosaccharides, their subsequent conversion into 

nucleotide sugars and transfer into glycoconjugates, leads to the formation of 

structures with altered biological properties85, 91, 100, 160 or those which can be 

conveniently detected by subsequent chemical transformations.145, 161  Feeding 

cells modified monosaccharides often leads to the inhibition of metabolic 

processes,25 thereby necessarily affecting protein glycosylation. Table 2.4 lists 

experiments in which such modified-precursor-feeding experiments affect 

glycosylation but only upon their activation as nucleotide sugars. In many 

instances this activation has been inferred by the incorporation of radiolabelled 

analogues into glycoconjugates.  
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Table 2.4: Modified monosaccharides that inhibit glycosyltransferases in cells after their metabolism into nucleotide sugars. 

Compound Short name 

 

Activity / Effect Ref
a
 

X

R3

R2

R4

NH

OH

R1

O

 

 
 
N-acetylglucosamine analogues 

 

X=O 
R1 = C2H5 
 

 
N-propanoylglucosamine 
 

 
Activated as CMP derivative (not UDP). Incorporated into gangliosides. 
Majority incorporated into glycoproteins; transferred from UDP-GlcNProp. 

 
162 
163 

R1 = N3 N-azidoglucosamine Activated as UDP-GlcNAz. Substrate for OGT. Not incorporated into N-glycans.  145 
R1 = CH2OH N-glycolylglucosamine Activated with UDP. Epimerized to UDP-GalNGc. Possible substrate for OGT. * 
X = S / R1-4 =OAc 
 

5-thio-N-acetylglucosamine 
(peracetylated) 

Activated as UDP-5thioGlcNAc. Converted into UDP-5-thioGalNAc. 
Competitive inhibitor of OGT. 

* 

X = S / R1 = butyl or 
Isopropyl 
(R2-4 = OAc) 

5-thio-N-isopropanoyl or 
isobutanoylglycosamine 

Both activated as UDP-sugars * 

O

R3

R2

R4

OH

HN R1

O

 

 
 
N-acetylmannosamine analogues 

 

R1 = C2H5 
 

N-propanoylmannosamine 
 

Activated by CMP. Incorporated into glycoproteins. [
14

C]-labelled glycoconjugates 
sensitive to sialidase. 

163 

R1 = N3 N-azidomannosamine Detected on cell surface glycoconjugates. 161 
R1 = CH2OAc 
R2-4 = OAc 

N-glycolylmannosamine 
(peracetylated) 

Incorporated into gangliosides and glycoproteins. 164 
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O

R2

OH

R3
R4

R1  

 
 
Galactose analogues 

 

R1 = H 2-deoxygalactose Transferred into glycoproteins.   160 
R4 = F 6-fluorogalactose Converted into UDP analogue. Incorporated into macromolecules. 165 

X

R2

OH

R1

R3

R4

 

 
Glucose analogues 

 

X=O 
R1 = H 

2-deoxyglucose Activated as both GDP and UDP analogue. 
Blocks DLO biosynthesis at Dol-PP-GlcNAc2-dGlc/Man. Inhibits N-glycosylation. 

166 

R1 = F 2-fluoroglucose Activated with both GDP and UDP. Blocks protein glycosylation. 
UDP-2F-Glc not epimerized to UDP-2F-Gal. 
Antagonized upon addition of Man. 

167 
167 
168 

X = S / R1-4 = OAc 5-thioglucose 
(peracetylated) 

Activated as UDP-5-thioGlc * 

O

R1

R2

R3

R4

OH

 

 
 
Fucose analogues 

 

R4 = F 6-fluorofucose Activated by GDP. Incorporated into macromolecules 165 

O

R2

OH
R3

R4 R1

 

 
Mannose analogues 

 

X=O 
R1 = F 

2-fluoromannose Activated by both GDP and UDP. Very poorly incorporated into glycoproteins. 
Inhibits LLO biosynthesis and protein N-glycosylation. 
Potent inhibitor of glycoprotein biosynthesis and viral replication 

167 
99 
169 

R3 = H 4-deoxymannose N-glycosylation almost normal. Dol-PP-GlcNAc2Man9 major DLO formed.  
R3 = F 4-fluoromannose Activated as both GDP and Dol-P analogues. 

Interferes with N-glycosylation. 
Inhibits LLO formation at Dol-PP-GlcNAc2. 

100 
101 
100 

X = S 5-thiomannose Phosphorylated but not activated as a nucleotide sugar. Inhibits N-glycosylation * 

 a
For details regarding analogues labelled with an *, see subsequent sections of this thesis. 



 

95 
 

Few chemically modified nucleotide sugar precursors have been 

investigated in precursor feeding experiments as extensively as the N-

acetylmannosamine (ManNAc) analogues.25, 91, 170 There are two significant 

reasons for this. Firstly. The CMP-Neu5Ac biosynthetic pathway (Figure 2.5), 

which is initiated by the UDP-GlcNAc derivative ManNAc, has been 

demonstrated to be exceptionally promiscuous, especially with respect to 

modifications at the ManNAc N-acetamido group (labelled R1 above in Table 

2.4). Not only are modifications at this site well tolerated by biosynthetic enzymes 

(resulting in the production of modified CMP-Neu5R1) but the altered nucleotide 

sugar donors are also often well tolerated by intracellular transporters and 

sialyltransferases, the net result of which is that modified derivatives have been 

found to replace 10 – 85%170 of their natural congeners in glycoconjugates 

isolated from cells treated with ManNAc analogues. Secondly, although 

modifications to the N-acyl side chain of ManNAc have a relatively minor impact 

on biosynthetic pathways, they typically have large affects on cell surface 

recognition events. For example, the addition of N-glycolylmannosamine 

(ManNGc), a ManNAc derivative in which a single OH group has been added to 

the acetamido CH3 moiety, to neural cells resulted in 70 – 80% of cell surface 

glycoconjugates bearing sialic acids in the form of Neu5Gc.164 Significantly, these 

modified glycoconjugates resulted in the complete abrogation of their binding to 

myelin-associated glycoprotein (MAG), a lectin to which Neu5Ac-binding 

normally results in the inhibition of nerve regeneration after injury. It should be 

noted that ManNGc and Neu5Gc are both naturally occurring monosaccharides; 
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however, the latter is biosynthesized upon the hydroxylation of CMP-Neu5Ac171 

while the former is derived from the catabolism of free Neu5Gc by N-

acylneuraminate pyruvate-lyase (also called sialate lyase).172 Thus, the 

experiment described above suggests that salvage pathways may exist that 

contribute to the biosynthesis of Neu5Gc. 

The incorporation of N-propylmannosamine (ManNProp) into acidic 

glycoconjugates is in accord with the tolerance for Neu5Ac biosynthetic enzymes 

for modifications of the N-acetamido group; however, the incorporation of N-

propylglucosamine (GlcNProp) into acidic (i.e. sialic acid-containing) 

glycoconjugates in PC12 cells162 suggests that GlcNProp also makes its way 

through the CMP-Neu5Ac biosynthetic pathway. This would imply that GlcNProp 

is first activated as UDP-GlcNProp before UDP-GlcNAc 2-epimerase / kinase 

converts it to ManNProp (see Figure 2.5). Alternatively, GlcNAc 2-epimerase  

(which converts GlcNAc directly into ManNAc173) could directly produce 

ManNProp from GlcNProp, although this enzyme is thought to be mainly 

catabolic. On the basis that no [14C]-GlcNProp label enters neutral 

glycosphingolipid fractions upon solvent extraction of labelled cells, it has been 

concluded that this monosaccharide was not activated as a UDP analogue or 

that its subsequent transfer by transferases may have been blocked. However, 

my work on the biosynthesis of UDP-GlcNGc by purified human enzymes in vitro 

and in EMEG32 cells (Chapter 3) suggests that substituted acetamido groups are 

not only tolerated by the biosynthetic enzymes of the hexosamine biosynthetic 

pathway but are also further epimerized into UDP-GalNGc. Furthermore, 
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evidence will be presented (Chapter 3) that demonstrates that both the N-

isoproanoyl and N-butanoyl analogues of UDP-5-thioGlcNAc are biosynthesized 

upon the addition of the respective peracetylated precursor sugars to cultured 

COS-7 cells. 

The results of modified-precursor-feeding experiments carried out with 

fluorinated mannose analogues are of specific interest in light of subsequent 

sections of this thesis in which inhibitors of DLO biosynthesis are discussed. 

Intriguingly, both 2F-99, 167 and 4F-Man100 could be activated in cultured cells as 

either GDP or UDP sugars since both fluorinated monosaccharides could be 

labelled when co-added to cells with either [14C]-labelled nucleoside.167 In 

keeping with the observations that glycosyltransferases are highly specific for the 

nucleotide portions of their substrates, UDP-2F-Man inhibited only Dol-P-Glc 

biosynthesis99 while the GDP-analogues significantly affected several 

mannosyltransferases. Similarly, GDP-2-deoxy-Glc but not UDP-2-deoxy-Glc, 

inhibited viral N-glycosylation although both were produced within virus-infected 

cells.166 GDP-2F-Man, although in some cases is incorporated into 

glycoconjugates at extremely low rates,167 significantly blocks the elongation of 

Dol-PP-GlcNAc2 in addition to trapping Dol-P as a non-transferable Dol-P-2F-

Man.99 Likewise, 4F-Man, when activated as GDP-4F-Man prevented elongation 

of DLOs beyond Dol-PP-GlcNAc2.
100 In contrast to GDP-2F-Man, GDP-4F-Man 

transfer to Dol-P was nearly blocked in culture and not detected in vitro. GDP-4-

deoxy-Man, however, was found to be a substrate for mannosyltransferases, 
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although the resulting N-glycans exhibited altered glycosidase processing as a 

result of the incorporation of the deoxy-sugar.100 

The inhibition of glycosyltransferase activity by nucleotide sugar-like 

inhibitors produced within cells or tissues upon the metabolism of unnatural 

sugars is of great utility in probing the biological functions of specific glycan 

structures and they have received considerable attention as potential 

therapeutics for human diseases or disorders and as biochemical tools for 

probing glycoconjugate function. For example, 2-deoxygalactose can be 

efficiently incorporated into N-glycans where its lack of a 2 –OH group prevents 

the addition of an 1,2-linked Fuc residue; thus, this modified monosaccharide 

has been used experimentally in examining the role of non-reducing Fuc-(1-2)-

Gal epitopes in synaptic plasticity and amnesia.160 Likewise, modified nucleotide 

sugars such as UDP-5-thioGlcNAc and UDP-GlcNGc (both are discussed in 

Chapter 3) are expected to be useful in further understanding the physiological 

function and substrate requirements of OGT. Similarly, the deoxy-Man100 and 

Glc98 analogues have been demonstrated to be incorporated into N-glycans and, 

in the case of the former, the resulting glycans appear to be resistant to 

processing by ER glycosidases; thus, these compounds may be useful in probing 

the substrate requirements of glycosidases enzymes by crystallography. The 

non-transferable fluorinated GDP-Man analogues have been demonstrated to be 

potent antiviral compounds101, 167-169  due to the host cell-dependence of viral 

protein synthesis and glycosylation. Although mannosyltransferase inhibition as 

an antiviral strategy may not be therapeutically viable given the toxicity of many 
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of these Man analogues, there are nevertheless several mannosyltransferases 

that have been validated as drug targets. These include mannosyltransferases 

involved in glycosylphosphatidylinositol-anchored proteins in pathogenic 

trypanosomes94 and those involved in protein O-mannosylation in the fungal 

pathogen Candida albicans.174 Likewise, a unique GDP-Man pyrophosphorylase 

may be a drug target in the pathogenic bacteria Helicobacter pylori which is 

linked to the development of ulcers, while the recent observations connecting 

DPM-1 (the enzyme that synthesizes Dol-P-Man) up-regulation to increased 

angiogenesis138 suggest that DPM-1 inhibitors may be potential 

chemotherapeutic agents. Several detailed reviews have been published recently 

which further discuss the current and potential therapeutic roles of compounds 

that inhibit glycosyltransferases.8, 90 

2.2 The extraction and analysis of nucleotide sugars from biological 
samples 

Sugar nucleotides provide the fuel for glycoconjugate biosynthesis and the 

availability of sugar nucleotides is often a means by which glycan micro-and 

macroheterogeneity is regulated. To further elucidate the effect of sugar 

nucleotide levels on protein glycosylation and the effects of the fluxes in primary 

metabolic processes on sugar nucleotides, efficient methods for the extraction 

and isolation of this class of molecules and their intermediates are required. Such 

strategies are also necessary for identifying the basis of some CDGs, in 

exploring the link between insulin-resistance and cell-surface receptor signalling 

and UDP-GlcNAc levels, and in monitoring the effects of therapeutic agents 
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designed to inhibit pathogen-specific nucleotide sugar biosynthesis. This section 

will briefly discuss some of the common methods used to extract sugar 

nucleotides and their metabolites from biological samples, especially cultured 

cells. Several of the methods by which nucleotide sugars have been analyzed 

will also be discussed and this section. In the next chapter my work on improving 

existing nucleotide sugar extraction procedures and a capillary electrophoresis 

(CE) method for the analysis of these molecules in cells and in vitro will be 

presented. These improvements greatly increased the sensitivity of existing 

methods. 

2.2.1 Methods for extracting nucleotide sugars from cells 

The method chosen for extracting nucleotide sugars from cells is usually 

tailored to meet the requirements of specific experiments. For example if a study 

involves monitoring the rate of incorporation of radiolabelled monosaccharides 

into macromolecules such as N-glycans, typically the chemical form of the 

extracted nucleotide sugar is not a crucial parameter for the extraction method. 

Likewise, if one is only interested in the analysis of nucleotides, the acidic 

conditions (see below) typically used to effect their extraction, which often 

hydrolyzes sugar nucleotides, is not problematic.  In contrast, an analysis of the 

interconversions between different nucleotide sugars or especially the analysis of 

high- energy nucleotide triphosphate pools requires nondegradative procedures. 

All extraction procedures begin with the lysis of cells and then use a variety of 

means to (1) solubilise free and enzyme-bound nucleotide sugars and (2) 

precipitate proteins and other macromolecules such as RNA and DNA. Rapid 
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(instantaneous) precipitation of proteins is required to inactivate enzymes that 

might otherwise metabolize the molecules being extracted. Indeed, nucleotide 

metabolism has been observed to occur in non-extracted cells stored at -20 °C175 

and attempts to minimize this during extraction procedures introduces two more 

common features of most extraction methods: they are all fast (usually < 1 hour) 

and done at low temperatures (usually on ice).  A final parameter to be 

considered in choosing an extraction procedure is the analytical method to be 

used for subsequent sample analysis. For example, the high ionic strength of 

acid-extracted samples is an impediment to sample analysis by capillary 

electrophoresis and ion exchange chromatography unless further measures are 

taken to ―clean-up‖ the samples. There are three main methods for nucleotide 

sugar extraction, these include extraction with: (1) perchloric acid (PCA), (2) cold 

ethanol or (3) combinations of detergents and organic solvents. Solid-phase 

extraction techniques, since they can be combined with all three of these 

procedures, will be considered separately. 

2.2.1.1 PCA Extraction 

PCA has been utilized since the 1930s as a method for preparing organic 

phosphates of biochemical origin for analysis and although it is best suited for the 

preparation of nucleotides175, PCA has often been used by the biopharmaceutical 

industry in experiments linking nucleotide sugar and nucleotide levels to 

therapeutic glycoprotein glycosylation.117, 159, 176, 177 PCA, because of its large 

perchlorate anion (HClO4
-) and very low pKa, is a potent precipitatating agent 

and, when added to samples at low temperatures results in the almost 
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instantaneous (within seconds) inhibition of metabolic processes in monolayer or 

suspension cultured cells.175 Further advantages of PCA extraction include the 

facile removal of HClO4
- upon precipitation as KHClO4 (Ksp = 5.4 x 10-2 M), as 

KOH is usually used to neutralize PCA extracts. Also, the negligible UV 

absorption of HClO4
- facilitates optical detection and / or quantitation of extracted 

nucleotides. It has been demonstrated that the volume of PCA relative to the 

sample size affects nucleotide recovery and that sequential extractions with  two 

smaller volumes of PCA yield significantly better recoveries of nucleotide 

triphosphates than a single large extraction178; thus, care should be taken in 

replicating extraction conditions in order to obtain results comparable with 

previous experiments.  

2.2.1.2   Ethanolic extractions 

The extraction of nucleotide sugars158, 177, 179-183, nucleotides175, 177 and 

sugar phosphates177, 184 has also been achieved by disrupting the samples 

(usually by sonication) in solutions of 60 – 70 % ethanol. Methanolic extractions 

have also been reported.121 A significant advantage of ethanol-extractions over 

PCA or detergent extractions is that the concentration of ethanolic samples is 

achieved by simple evaporation. Furthermore, ethanol does not introduce any 

excess ions or detergents into samples, thereby simplifying subsequent sample 

clean-up. In addition, in some instances PCA extraction has been demonstrated 

to rapidly (in ca. 5 min) degrade some nucleotide sugars, thus making ethanol a 

more suitable solvent for extracting these molecules.167 The recovery of 

nucleotides, in contrast, has been reported to be low for ethanol extractions177, 
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and while this may be due to sample hydrolysis under these conditions,175 this 

was not directly examined in a paper reporting low recoveries and it is possible 

that the low recoveries of nucleotides was simply due to their low solubility in the 

extraction solvent at the low temperatures typically used. On a technical note, it 

should be mentioned that solvents containing a high fraction of ethanol can be 

cooled significantly below 0 °C (the presumed temperature of an ice bath 

typically used for PCA extractions) and therefore often snap-freeze samples 

when directly added to pelleted cells, a feature which is presumed to be 

advantageous in that it minimizes sample degradation during the extraction 

procedure. 

2.2.1.3   Detergent extractions 

Several conditions have been reported in which nucleotide sugars157, 185, 

186 and nucleotides157, 186 have been extracted using combinations of detergents 

and organic solvents. These procedures carry out cell lysis in buffered solutions 

containing a detergent (such as Triton X-100) followed by protein precipitation 

with CH3CN. The method developed by Feng et al.186 relies on two solvent-

solvent extraction procedures, with CH3CN and CHCl3, to remove soluble 

proteins and lipids, respectively from the extracted nucleotide sugars. Although 

the small (>0.5 mL) volumes of solvent used in these extractions may make it 

difficult to discern the aqueous and organic layers in a biphasic system; 

nevertheless, good recoveries are reported for these extractions. However, as 

was observed for some ethanol extractions, the recoveries of nucleotides was 

slightly lower than those obtained for nucleotide sugars. 
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2.2.1.4   Solid-phase extractions (SPE) 

SPE is a means of separating mixtures of compounds based on 

differences in their physical or chemical properties and typically involves the 

application of a solution containing dissolved analytes to a solid stationary phase 

where the selective adsorption of either impurities, or the analytes of interest, 

allows for their separation from each other. If analytes are specifically bound by 

the stationary phase, SPE provides a convenient means of simultaneously 

removing impurities (i.e. clean-up) from a sample while concentrating the 

analytes—presuming, of course, they are eluted from the SPE material in a 

smaller volume of solvent than they were applied. The nucleotide sugar 

extraction methods described above in general extract all polar and / or ionic 

molecules and are therefore usually accompanied by some form of SPE by which 

the extracted mixtures are simplified prior to analysis.  

Since they are ionized over a large pH range, nucleotide sugars are often 

cleaned-up on anion-exchange resins. Typically used SPE cartridges containing 

anion-exchange resins are DEAE-sepharose181 (GE Healthcare), Isoelute PE-

AX187 (Chromatographic Specialties), and Dowex 1-X2179, 184 (Sigma); these are 

almost always used in their acetate or formate forms. The Dowex 1-X2 anion 

exchange resin has been used to fractionate sugar-phosphates from their 

corresponding nucleotide sugars since the former are less strongly retained 

(being only monoanionic) and can be eluted using 4 M formic acid, while 2 M 

pyridinium acetate can subsequently be used to elute the nucleotide sugars.179 

Alternatively, if the pyridinium acetate eluant interferes with subsequent 
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chromatographic analysis (since it absorbs UV light) 550 mM ammonium 

formate, pH 4.0, has also been demonstrated to be sufficient to elute nucleotide 

sugars from this stationary phase.188 

Graphitized carbon SPE cartridges have been demonstrated to be useful 

for the separation of very polar compounds in dilute aqueous solutions.189 Since 

cartridges containing various kinds of this SPE sorbent are used extensively in 

the research described in this thesis, the use of graphite SPE is briefly reviewed 

in Appendix 3. It has been known for decades that nucleotide sugars could be 

specifically retained on charcoal columns182, 190. Furthermore, it has been 

demonstrated that monosaccharide phosphates were retained on non-porous 

graphite and could be eluted with 25 % CH3CN containing 0.1 % trifluoroacetic 

acid (TFA).191  More recently ENVI-Carb (Supelco) graphitized carbon SPE 

cartridges have been used clean-up nucleotide sugars isolated from S. 

cerevisiae192 or trypanosomatid lysates.183 Graphite SPE cartridges, although 

they retain very polar compounds, nevertheless behave as reverse-phase 

materials and analyte elution is achieved upon washing the cartridge with an 

increasing concentration of organic solvents. In the case of nucleotide sugars this 

requires an ion pairing agent such as the triethylammonium ion (supplied in the 

elution buffer as triethylammonium acetate—TEAA) which neutralizes the 

nucleotide sugar by forming an ion-pair with the negatively charged diphosphate 

moiety while further increasing the hydrophobicity of the nucleotide sugar due to 

the ethyl groups of the TEA cation. Similar ion-pair strategies are used to 

separate nucleotide sugars by reverse phase HPLC (see below). This SPE 
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technique has demonstrated extremely high (93 – 100 %) recoveries of 

nucleotide sugars, and cartridges containing 250 mg of sorbent material maintain 

respectably high (80 %) recoveries in the presence of up to 2 mg of 

contaminating protein.192 This procedure can also be extended to the isolation of 

nucleotides from biological samples, an application not examined in the initial 

description of the technique.    

2.2.2 Methods for the analysis of nucleotide sugars 

There are several common methods for the analysis of nucleotide sugars 

and these vary in detection limit and ease of sample preparation prior to analysis. 

Isotopic methods of analysis provide extremely low detection limits and are 

relatively immune to contaminating compounds therefore allowing for less 

fastidious sample extraction methods to be used. There are several important 

caveats to isotopic methods of nucleotide sugar analysis (discussed below) and 

therefore direct detection techniques (such as UV absorbance or electrochemical 

detection) are often used for the detection of nucleotide sugars that have been 

resolved by chromatographic or electrophoretic techniques.   

2.2.2.1 Metabolic labelling 

Isotopic methods of analysis are all limited to experiments performed with 

live cells since they require the addition of suitably [14C]- or [3H]-labelled 

monosaccharides to cells in which these precursors are subsequently 

metabolized into their corresponding nucleotide sugars. Due to the existence of 

metabolic pathways by which nucleotide sugars and monosaccharides can be 
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interconverted, care must be taken to account for, or avoid, the metabolism of 

nucleotide sugars bearing monosaccharide residues that differ from the labelled 

compound initially added to cells. This can be achieved, for example, by 

performing experiments in cells such as CHO IdlD cells which lack UDP-Glc/Gal 

4-epimerase and therefore any [14C]-Gal  or GalNAc added to these cells would 

be prevented from entering UDP-Glc pools. Alternatively, 2-[3H]-Man has been 

used extensively to investigate Man metabolism and DLO biosynthesis since 

conversion of this molecule into other monosaccharides involves the prior 

formation of Fru-6-P (by PMI) and the loss of 3HOH—in fact, the difference in 

radioactivity before and after sample evaporation has been used to monitor PMI 

activity within a lysate of cells that had been fed 2-[3H]-Man.30 One final, albeit 

important, caveat to metabolic labelling as a means of analyzing sugar 

nucleotides is to note that the amount of radioactivity accumulating in a PCA or 

ethanol-extractable nucleotide sugar pool is a reflection of the rate of 

biosynthesis of a particular sugar nucleotide and not necessarily an indication of 

the total pool size. There are many factors that affect the rate of isotopically 

labelled monosaccharide incorporation into nucleotide sugar pools even among 

populations of identical cells; for example, significant changes in nucleotide159, 175, 

176, 178 and nucleotide sugar159, 176 levels have been shown to be dependent on 

the cell growth cycle and growth-rate. The rate at which 2-[3H]-Man enters GDP-

Man pools180 is especially important  when considering subsequent GDP-Man 

incorporation into DLOs.121 
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Metabolic labelling of nucleotide sugar pools has been most extensively 

used to analyze changes in the rates of glycoconjugate biosynthesis such as 

those that occur in cells derived from CDG patients or in cells to which chemically 

modified monosaccharides have been added. This technique has also been used 

to confirm that chemically modified monosaccharides affect cells upon activation 

as nucleotide sugars (as discussed in Section 2.1.2.5).165-167, 193 These 

experiments typically involve feeding cells an appropriately labelled 

monosaccharide analogue followed by PCA or ethanolic extraction of all 

nucleotide sugars. The activation of the monosaccharide analogue as a 

nucleotide sugar is typically confirmed based on the chemical or enzymatic 

reactivity of the radioactive label (for example, are the labelled molecules acid- or 

phosphodiesterase-sensitive?) and also by other analytical techniques such as 

paper or thin-layer chromatography. Similar experiments have been used to 

investigate the biosynthesis of uncommon, bacteria-specific nucleotide sugars.182 

2.2.2.2 Chromatographic analysis techniques 

There are several direct methods for analyzing nucleotide sugars that 

circumvent the need for metabolic labelling. These are summarized in Table 2.5. 

Although some of the techniques listed below were designed for the specific 

analysis of a single nucleotide sugar, some details are provided regarding 

resolution, detection limits, and length of analysis time, in an attempt to compare 

their relative utility for biochemical experiments. Furthermore, to dissect the 

detection limit of a particular analytical method, as established with highly purified 

standards, from its detection limit using biological samples, the numbers of cells 
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used for each study is also reported.  It should be noted, however, that the 

number of cells required obviously depends on the sample recovery of various 

extraction techniques in addition to reflecting the substantial differences in the 

relative volumes of different cells. 
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Table 2.5: Comparison of methods for the analysis of nucleotide sugars 

Sample Analyte
a
 No. of 

cells 
S/N = 3

b
 Length of analysis  / Notes Ref. 

HPLC
c
, Ion-pair (Reverse phase) 

Yeast 

P. aeruginosa 

NS 1 x 10
9
 N.D. 35 min 

Unable to resolve UDP-HexNAc 

192 

CHO cells NS, N 2-3 x 10
6
 250 nM

d
 40 min / Resolves 8 NS and 5 N 176 

Hybridoma 
cells 

NS, N 2-5 x 10
6
 N.D. 25 min / Resolves 4 NS and 27N 

Cannot resolve UDP-HexNAc 

178 

HPAEC
e
  

CHO cells 

Sf9, High Five 
(insect cells) 

NS, N 1 x 10
6
 100 nM

f
 50 min 

Resolves 9 NS and 12 N 

177 

Yeast SP  5 μM 50 min / Resolves 7 SP 194 

FACE
g
 

CHO cells NS, SP 1 x 10
7
 ~1 pmol 1 hour 184 

Capillary electrophoresis (CE) 

Mesangial cells 

Leukocytes 

NS 0.3-2 x10
6 

2-6 x 10
7
 

7.5 μM 30-50 min / Analyze only UDP-
HexNAc and UDP-Glc/Gal 

185 

CHO cells NS, N 3 x 10
7
 1 μM 40 min 186 

 NS, N  >50 nM 15 min / Resolves 2 NS and 17 N 195 

a
Refers to the analyte specifically monitored by the listed method. NS, N, and SP indicate 

nucleotide sugars, nucleotides, and sugar phosphates respectively. 

b
S/N = 3 refers to a signal-to-noise ratio of 3 : 1 and is used to indicate the lowest possible 

concentration that can be detected. This is usually established with highly purified standards. The 
analyte giving the lowest S/N=3 figure is reported unless indicated. 

c
HPLC = High-performance liquid chromatography. 

d
Calculated from the best S/N = 3 value (7.5 pmol/injection, AMP) and a reported injection volume 

of 30 - 40 μL.  

e
HPAEC = High-performance anion exchange chromatography. 

f
Calculated from the reported S/N=3 value (average of 1 pmol/injection) and a reported injection 
volume of 10 – 30 μL. 

g
FACE = Fluorophore-assisted carbohydrate electrophoresis. 
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 There are several HPLC methods that have been developed for the 

resolution and quantitation of nucleotide sugars and nucleotides. These all make 

use of reverse-phase C18 columns and include ion-pairing agents such as 

TEAA192 or tetrabutylammonium hydrogen sulfate176, 178 in the mobile phase to 

allow for the elution of analytes upon increasing the organic composition of the 

solvent. These methods typically require very long separation times, and 

detection limits in the high nM range have been achieved when samples are 

detected by monitoring the UV absorption of the nucleotide moiety (which have 

λmax values between 250 – 270 nm). Recently, ion-pair HPLC with mass 

spectrometric (MS) detection has been used to analyze the nucleotide sugar 

pools of several trypanosomatids.183 MS detection reduced the detection limit for 

this method to 1 pmol / injection (or about 30 nM assuming injection volumes of 

30 μL). In addition, multiple reaction monitoring (MRM) greatly facilitates the 

analysis of trace nucleotide sugars that may otherwise be obscured by 

contaminants since MRM records a signal only when a molecular ion gives rise 

to a specific fragment ion—in the case of nucleotide sugars this usually 

corresponds to the loss of a nucleotide monophosphate. Ion-pair HPLC under 

reverse-phase conditions is also a widely used technique for the purification of 

synthetic nucleotide sugars (for example those that have been isotopically 

labelled or chemically altered) and has also been implemented in enzyme assays 

in which the interconversions of nucleotide sugars are examined in vitro. 

 To date, HPLC in the ion exchange mode, or high-performance anion-

exchange chromatography (HPAEC), has given the best chromatographic 
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resolution of nucleotide sugars.177 This form of chromatography was initially 

developed for the resolution of neutral carbohydrates (in fact, it has 

revolutionized the field of carbohydrate analysis) and since it is most commonly 

carried out at high pH in order to ionize the hydroxyl groups of carbohydrates, 

HPAEC is also commonly interpreted as high-pH anion-exchange 

chromatography.196 In addition to its superior resolution, HPAEC is also expected 

to have a lower detection limit than conventional HPLC with UV-detection when 

the former technique is accompanied by very sensitive electrochemical detection 

techniques. A potential drawback of HPAEC, however, is that the high salt and 

often high pH eluents pose a significant obstacle to its hyphenation with mass 

spectrometers unless samples are analyzed off-line after fastidious desalting. 

Furthermore, samples of high ionic strength do not resolve well by HPAEC.            

2.2.2.3 Electrophoretic techniques 

For decades, carbohydrates have been analyzed elecrophoretically on 

slab gels of polyacrylamide similar to those traditionally used for the analysis of 

proteins. Since most neutral carbohydrates and oligosaccharides do not 

significantly absorb UV light, their sensitive detection can often be achieved by 

chemically labelling them with highly fluorescent molecules prior to analysis,197 a 

process commercially known as fluorophore-assisted carbohydrate 

electrophoresis (FACE),198 in which labelled carbohydrates and oligosaccharides 

are specifically analyzed on polyacrylamide gels. Chemically labelling 

carbohydrates prior to analysis is by no means limited to fluorescent labels or 

electrophoretic analysis techniques and the pre-column derivatization of 
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carbohydrates with UV-active chromophores is also a very common method by 

which these molecules are analyzed by HPLC.  The three most common 

fluorophores used for FACE are 8-amino-naphthalene-1,3,6-trisulfonate (ANTS), 

8-aminopyrene-1,3,6-trisulfonic acid (APTS), and 2-aminoacridone (AMAC); their 

structures and spectral properties are listed in Figure 2.17 while a typical 

labelling reaction, which for these three amine-containing fluorophores requires a 

free non-reducing sugar, is presented in Chapter 4. Since APTS and ANTS are 

negatively charged, except at extremely low pH, they simultaneously confer a 

charge (which is essential for electrophoretic separations) and a highly 

detectable fluorophore to otherwise neutral and poorly detected carbohydrates. 

In contrast, AMAC labelled compounds—AMAC is the fluorophore of choice for 

mono- and disaccharides184—must be analyzed in borate-containing buffers in 

which complexation of borate anions with sugar hydroxyl groups (under alkaline 

conditions) confers an effective charge to carbohydrates. AMAC, being 

uncharged, in contrast to APTS and ANTS, does not interfere with the 

subsequent electrophoretic analysis of labelled samples. Furthermore, since it is 

relatively hydrophobic, excess AMAC can sometimes be removed from labelled 

samples by SPE.  

FACE analysis of nucleotide sugars and sugar phosphates requires their 

separation from each other and from other neutral monosaccharides prior to 

fluorescent-labelling. This can be achieved by fractionating ethanolic extracts of 

cells (which contain neutral mono- and oligosaccharides, monosaccharide 

phosphates and nucleotide sugars) over ion exchange columns prior to labelling 
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and analysis184 (as described above).  Monosaccharide-1-phosphates and 

nucleotide sugars must be hydrolyzed to their corresponding reducing sugars 

prior to their labelling while monosaccharide-6-phosphates, which co-elute with 

the 1-phosphates during ion-exchange SPE, survive the acidic conditions used 

for this hydrolysis, thereby allowing these isomers to be distinguished. There are 

two advantages the FACE technique provides over other analytical procedures. 

Firstly, FACE allows for the analysis of multiple samples in parallel. Secondly, it 

only requires equipment commonly found in biochemical laboratories although 

the sensitivity of FACE dramatically improves by using sensitive fluorescence 

detectors containing charged-coupled device (CCD) cameras. 

            

Figure 2.17: Commonly used fluorophores for the derivatization of carbohydrates for FACE 
and CE analysis. Note that the excitation and emission properties necessarily dictate which 
fluorophore is used for a particular experiment. For example, FACE commonly uses UV 
transilluminators (typically used for visualizing ethidium bromide labelled DNA) that emit around 
360 nm and therefore ANTS would be a better fluorophore than APTS for this application. 
Likewise, CE experiments typically utilize laser induced fluorescence (LIF) detectors and the 
choice of fluorophore may be dictated by the available lasers.   
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Capillary electrophoresis (CE), one of the highest resolution analytical 

techniques available, can also be used for the analysis of nucleotide sugar-

derived monosaccharides, purified and fluorescently labelled as described 

above,199 and in some cases low nM detection limits have been reported.200 Such 

low detection limits are attainable since CE instruments are typically configured 

with laser-induced fluorescence (LIF) detectors which have much lower 

background signals than UV detectors. There are also reports of CE methods for 

the resolution and indirect detection of unlabelled monosaccharides in which 

detection limits in the low μM to high nM range have been achieved.201 These 

indirect detection methods utilize high pH (ca. 12) buffers to partially ionize 

otherwise neutral analytes in a similar strategy to that employed by HPAEC 

techniques. CE has also been utilized to monitor glycosyltransferase-catalyzed 

reactions202 (see also Chapter 4), albeit in these experiments the fluorescently 

labelled acceptor is monitored rather than the nucleotide sugar. Although these 

CE methods may achieve detection limits suitable for the analysis of nucleotide 

sugars in biological samples, the additional sample preparation (ion-exchange 

clean-up and nucleotide sugar hydrolysis) and labelling steps (possibly followed 

by further clean-up procedures) introduce unavoidable sample losses which 

necessitate rather large sample sizes relative to techniques in which nucleotide 

sugars are directly analyzed. However, since nucleotide sugars and sugar 

phosphates are charged over a large pH range, they may be examined directly 

by CE, greatly reducing losses incurred during sample preparation of neutral 

monosaccharides. 
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 One of the initially developed CE methods for the analysis of nucleotide 

sugars required substantial analysis times (50 min) and was developed only to 

permit the resolution of UDP-HexNAc and UDP-Glc/Gal.185 In addition, the high 

ionic strength of the PCA-extracted samples used in this study introduced 

significant variation in the migration times of the nucleotide sugars analyzed, for 

example, an almost 30 min variation in the migration time of UDP-Gal was 

observed depending on the biological origins of the extracted sample. This CE 

method was substantially improved upon the careful optimization of the 

concentration and pH of the background electrolyte (BGE) and was used to 

analyze a mixture containing nearly all the common eukaryotic nucleotide sugars 

and nucleotides.186 The improved CE method was substantially faster than the 

previous method, for example for UDP-Gal (the most mobile nucleotide sugar in 

each case) the migration time was reduced from 47 min (in the best case) to 

about 22 min; this decrease in migration time was also accompanied by a higher 

precision upon repeated sample analysis. The CE method described by Feng et 

al.186 was carried out in a borate-containing buffer and therefore, it can be 

presumed that conformation-dependent borate-complexation to the sugar moiety 

of nucleotide sugars played a role in the separation of epimeric pairs (such as 

UDP-GlcNA:GalNAc and UDP-Glc:Gal), by analogy with a plethora of 

experiments where this strategy has been used for the CE separation of similarly 

related mono- and oligosaccharides.203  
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3: NUCLEOTIDE SUGAR ANALYSIS BY CE 

3.1 Introduction and acknowledgements 

This chapter describes several research projects in which capillary 

electrophoresis (CE) was used for the analysis of nucleotide sugars. I 

significantly modified the CE method introduced in Chapter 2 in order to 

substantially lower the detection limit for nucleotide sugars. My investigation of 

different nucleotide sugar extraction techniques is also described in the first 

section of this chapter. Three different areas of research that my improved 

nucleotide sugar extraction and analysis methods will be presented. First, the 

use of CE in in vitro assays of an enzyme known as UDP-galactopyranose (UDP-

Galp) mutase (or UGM), a key drug target within the bacterium Mycobacterium 

tuberculosis, will be described. This assay was initially developed to test the 

inhibitory activity of several potential UGM inhibitors and mechanistic probes—all 

of which were nucleotide sugar analogues. These compounds were made 

synthetically (no small feat!) by my colleague in Dr. Pinto’s lab, Dr. Jayakanthan 

Kumarasamy. Many reports of compounds with anti-M. tuberculosis activity have 

been published; most of these compounds have been identified by the use of 

assays involving large libraries of small organic molecules. Upon the analysis of 

several of the most potent M. tuberculosis agents, my colleague Sankar Mohan 

and I observed that many of these compounds contained two (sometimes three) 

halogenated aromatic rings and at least one heterocylic ring, and that 



 

 136 

furthermore, similar combinations of functional groups were present in a recently 

identified inhibitor of UGM. Sankar Mohan synthesized this UGM inhibitor and a 

structurally similar compound previously demonstrated to inhibit the growth of M. 

tuberculosis, and I tested these compounds for activity against UGM using CE. 

This latter compound proved to be an inhibitor of UGM cloned from two different 

bacterial sources. Another Pinto lab colleague, Dr. Silvia Borrelli, carried out an 

extensive comparison of the activity of both UGM inhibitors against several 

different Mycobacterial strains and in vivo in infected macrophages. The results 

of these investigations have recently been published.1 

The second section of this chapter discusses the biosynthesis of the UDP-

GlcNAc analogue, UDP-N-glycolylglucosamine (UDP-GlcNGc), in which the N-

acetamido moiety of the former has been hydroxylated. N-glycolyl groups are 

well known to occur on sialic acids where they are derived from CMP-Neu5Gc, 

which itself is biosynthesized from CMP-Neu5Ac. GlcNGc is thought to be 

derived from the catabolism of Neu5Gc released from glycoconjugates although 

its fate is unknown. The work presented in this section was initiated by Dr. 

Matthew Macauley in Dr. Vocadlo’s (SFU) lab. Here, I demonstrate that GlcNGc 

(synthesized by Jefferson Chan, Dr. Bennet’s lab (SFU)) is tolerated by the 

enzymes of the UDP-GlcNAc biosynthetic pathway in vitro and within tissue-

cultured cells in which UDP-GlcNGc can be utilized in some biosynthetic 

processes in the place of UDP-GlcNAc. Furthermore, CE was used to 

demonstrate that UDP-GlcNGc could be further epimerized by UDP-GlcNAc-4-

epimerase. 
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The final section of this chapter deals with the chemoenzymatic synthesis 

and biological characterization of the unnatural nucleotide sugar UDP-5-

thioGlcNAc. This was a large collaborative project initiated by Dr. Tracey Gloster 

of Dr. Vocadlo’s lab. I optimized the chemoenzymatic synthesis or UDP-5-

thioGlcNAc, beginning with 5-thioGlcNAc which had been chemically synthesized 

by Julia Heinenon, and performed the characterization of the target compound. 

Tracey Gloster expressed and purified the key enzymes required for this 

chemoenzymatic synthesis in addition to carrying out all the experiments using 

tissue-cultured cells; I performed the nucleotide sugar extractions and analysis. 

David Shen (Vocadlo lab, SFU) determined the Ki of 5-thioGlcNAc against OGT.  

The results of this project have recently been approved for publication. 

3.2  Improvement of CE methods of nucleotide sugar analysis 

The CE method described by Feng et al.2 (Chapter 2, section 2.2.2.3) 

represented the best resolution between nucleotide sugars obtained to date by 

any analytical technique and it has recently been utilized in experiments 

investigating the relationships between nucleotide sugar concentrations upon 

precursor feeding and INF-γ N-linked glycosylation.3 Nevertheless, the technique 

had reported detection limits of 1.5 – 3.5 μM for nucleotide sugars—at least an 

order of magnitude higher than chromatographic techniques—necessitating the 

use of 3 x 107 CHO cells for a typical experiment.2 The reason for this relatively 

high absolute detection limit is that a typical CE experiment requires nL volumes 

of analyte (indeed, the volume of a 50 cm x 50 μm internal diameter (I.D.) 

capillary—fairly typical dimensions—is only about 1 μL) while μL – mL volumes 
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may be injected in HPLC or HPAEC experiments. We desired to test the 

influence of various compounds on nucleotide sugar pools in addition to carrying 

out precursor-feeding experiments with chemically modified monosaccharide 

derivatives where it was of potential interest to examine whether these 

compounds could be modified into their corresponding sugar nucleotides. Both of 

these types of experiments involved incubating cells with synthetic compounds 

that, in most cases, were often rather laborious to produce. Therefore, the use of 

3 x 107 cells / experiment seemed rather impractical and thus we sought to 

develop an improved CE method that maintained high resolution while offering 

substantially lower detection limits. 

Initial attempts at improving the detection limits began with the CE method 

described above and sought to use an on-line preconcentration technique to 

reduce the impact on detection imposed by the small dimensions of the capillary. 

The first technique investigated was large-volume sample stacking (LVSS).4 

LVSS and other techniques used are described in more detail in Appendix 3 and 

only a brief description is given here. If small injection volumes limit analyte 

detection by CE one natural solution would be to simply inject a greater volume; 

however, in a typical CE experiment greater injection volumes lead to increased 

peak broadening (i.e decreased resolution) and if too much sample is injected, 

especially for those in aqueous solutions, the electric field across the capillary 

experiences a very high resistivity. LVSS avoids this problem by injecting a large 

amount of sample, in water, into a buffer-filled capillary and then applying a 

reversed potential under which the electroosmotic flow (EOF) within the capillary 
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drives the water out the inlet while the high field dropped across the aqueous 

sample specifically concentrates anions at the interface between the water / 

sample and the buffer. If care is taken to monitor the current while the reversed 

potential is applied, the volume of an injected sample can be reduced by 95 – 

99% of its original volume—and indeed, this technique has been demonstrated to 

improve detection limits 100-fold.5 When LVSS injection was applied to a mixture 

of UDP-GlcNAc, UDP-Glc and UDP-Gal in water, which were then resolved 

essentially as described above it was discovered that this technique indeed gave 

a substantial increase in the detection limit for these compounds. In the best 

case, on almost completely filling the capillary with sample prior to initiating 

LVSS, a 400-fold decrease in the detection limit was achieved and as little as 

250 nM of each compound could be measured (Figure 3.1). This method was 

reproducible, provided the current was monitored very carefully. However, due to 

technical and / or software features with our CE instrument it was not feasible to 

record data and manually switch the electrophoresis polarity after LVSS had 

been accomplished. This feature made automation prohibitive for this technique 

and thus alternatives were sought. 



 

 140 

 

Figure 3.1: LVSS technique applied to the analysis of nucleotide sugars. An aqueous 
solution of UDP-GlcNAc (1), UDP-Glc (2) and UDP-Gal (3),each 100 μM was injected by (i) 
applying 0.5 psi pressure at the inlet for 10 s. (ii) A 10-fold dilution  injected under identical 
conditions could not be detected. (iii) In contrast, a 400-fold dilution of sample (i) could still be 
detected when injected using the LVSS technique described above. CE conditions are reviewed 
in the experimental section below. Unless indicated, samples are detected by monitoring the UV 
absorbance at 254 nm. 

 
 

 We next investigated an on-line preconcentration technique known as 

field-amplified sample injection (FASI).6 This technique makes use of similar EOF 

switching techniques and is initiated on the injection of a small water plug into an 

otherwise buffer-filled capillary. Anionic samples in aqueous solution can then be 

injected into this water plug under reversed-polarity. Significant sample stacking 

is achieved under these conditions since only the analyte ions are present to 

carry the current in the water plug which is simultaneously pushed out of the 

capillary inlet by the EOF induced in the buffer-filled portion of the capillary. 
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Using the FASI technique, 1000-fold increases in peak height have been 

reported.5 Attempts to use FASI for the CE analysis of nucleotide sugars and 

nucleotides proved to be reproducible, easily automated, and importantly, it 

significantly improved the detection limit for these molecules (Figure 3.2). In 

addition, since FASI is an electrokinetic method of injection it can be used to 

inject samples directly from enzyme assays without any sample clean-up. 

 

Figure 3.2: A comparison of FASI (i) and pressure (ii) injection for the CE analysis of 
nucleotide sugars and nucleotides. A sample containing UDP-GlcNAc (1), GDP-Man (2), UDP-
Glc (3), UDP-GalNAc (4), UDP-Gal (5), AMP (6), ATP (7), and ADP (8)—2.5 μM each except 
AMP—was injected for 10 seconds either by applying a -10 kV potential (i) after the injection of a 
small water plug or (ii) by applying 0.5 psi pressure. These peak heights (for ii) are in accordance 
with the detection limits previously determined for this method,

2
 for instance S/N = 3 for 7 and 8 

were determined to be 1.0 and 1.2 μM, respectively. 
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Although the FASI detection limit described above was more reproducible 

than the LVSS injection method and required no direct user control over the CE 

instrument, nevertheless, care had to be taken to ensure that samples were not 

completely pushed out of the inlet during injection by the reversed EOF of the 

BGE. Optimal injection times were determined empirically by sequentially running 

the same sample and plotting the detector response against the injection time 

(Figure 3.3). Because sample resolution decreases as the stacking volume (i.e. 

water plug length) increases, a plug injection time of 0.3 min (at 0.5 psi) was 

used for all experiments unless otherwise indicated.  

  

 

Figure 3.3: Empirical determination of optimum FASI injection time. For a water plug of a 
given length (above: 0.4 min injection at  0.5 psi, or 14 nL) increasing amounts of sample are 
injected with increasing injection times until the reverse EOF pushes the stacked sample out of 
the inlet. The curve derived above was obtained by calculating the peak area of UDP-GlcNAc 
obtained after the analysis of five separate aliquots of a single stock solution. 
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Unlike pressure injection methods, FASI favours the injection of more 

mobile ions. For example, if a sample contains equal amounts of UDP-Glc and 

UDP, the latter which is more mobile due to its smaller mass to charge ratio, will 

experience a greater stacking enhancement. To account for this, standard curves 

correlating sample peak area and concentration were derived for almost all the 

nucleotide sugars and nucleotides found in eukaryotic cells (Tables 3.1 and 3.2). 

Since differences in the ionic strength of the sample buffer dictate the magnitude 

of the stacking enhancement experienced during FASI, GDP-Glc, a nucleotide 

sugar not found in animals, was included (at a final concentration of 3 μM unless 

indicated) with all samples as an internal standard (IS). Thus, all peak areas are 

adjusted such that GDP-Glc areas were normalized and sample migration times 

were corrected (Tcor) according to the equation Tcorr = T x (Tref/Tact), where T is 

the recorded migration time of a sample, Tact is the migration time of the GDP-Glc 

IS, and Tact is the migration time of GDP-Glc in a reference electropherogram. 

The reported limits of detection reflect the limits derived by injecting samples 

using 10 s FASI injections, although the injection time can be significantly 

lengthened if necessary to achieve greater sensitivity (see above). The 10 s 

injection length was chosen to allow for the simultaneous analysis of both 

nucleotide sugars and nucleotides from the same sample since longer injection 

times significantly overloaded nucleotides (especially ADP and ATP).  All 

nucleotide sugar and nucleotide quantitations within this thesis are calculated 

based on the regression curves listed below, unless otherwise indicated.    
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Table 3.1: Nucleotide sugar quantitation by CE-FASI. 

Analyte
a
 Ave. migration 

time (min)
b
 

RSD
c
 

Time 

(%) 

Slope Intercept  R
2
 LOD

d 

(μM) 

Original 
LOD

2
 

CMP-Neu5Ac 8.93 0.25 61 -10 0.906 8.9 1.42 

UDP-GlcNAc 11.99 0.08 1574 -655 0.988 0.76 2.49 

GDP-Man 12.11 0.14 732 -324 0.982 1.18 0.94 

UDP-Glc 12.78 0.27 1160 -655 0.987 1.03 2.10 

UDP-GalNAc 13.59 0.41 1680 -687 0.986 0.73 1.39 

UDP-Gal 14.23 0.48 1174 -464 0.990 0.85 2.06 

a
Analytes are listed in order of migration time. 

b
Determined from a minimum of n = 4. Likewise, calibration curves contain a minimum of 4 points. 

c
RSD = relative standard deviation. 

d
The concentration at which S/N = 3. N was determined by repeatedly integrating the background 

and averaging the calculated area. 

 

Table 3.2:  Nucleotide quantitation by CE-FASI. 

Analyte
a
 Ave. migration 

time (min) 
RSD Time 

(%) 

Slope Intercept  R
2
 LOD Original 

LOD 

AMP 14.50 0.44 898 215 0.894 0.36 0.89 

CMP 15.02 0.57 1015 161 0.922 0.37 3.46 

ATP 16.25 1.47 7787 -5623 0.942 0.79 2.11 

ADP 17.91 1.45 6507 -3747 0.959 0.66 0.79 

CTP 17.81 1.52 5950 -2320 0.988 0.48 3.52 

GMP 17.72 1.22 7059 -2252 0.979 0.40 2.80 

GTP 17.91 1.05 7715 -455 0.960 0.13 2.01 

CDP 19.20 1.06 N.D.
b
 N.D. N.D. N.D. N.D. 

GDP 21.02 0.86 5950 -232 0.997 0.13 1.18 

UMP 24.26 2.64 3072 -118 0.996 0.21 3.18 

UTP 24.55 3.02 1085 524 0.995 0.02 3.61 

UDP 29.15 1.69 1897 -400 0.981 0.50 2.65 
a
CTP and GTP standards were observed to hydrolyze in water as increasing amounts of CDP 

and GDP were observed from these standards over time. Further hydrolysis to CMP and GMP 
was not observed. Thus, (1) it was assumed that no hydrolysis occurred in these samples until 
they were dissolved (to allow for accurate concentration determinations of stock solutions), (2), 
peak areas of CTP/CDP and GTP/GDP were added together and reported as solely CTP and 
GTP and (3) calibration curves for these nucleotide diphosphates were not derived from the same 
samples as the curves obtained for their corresponding triphosphates. 
b
N.D. = Not determined.   
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 In parallel with efforts to improve nucleotide sugar detection limits during 

CE analysis, different extraction methods were investigated for the preparation of 

nucleotide sugars and nucleotides from animal cells grown in tissue culture.  

0.5M PCA7-9, 75% ethanol10-12, and Triton X-100 + CH3CN2, 3 were all 

investigated as extraction solvents. For each condition, two 10 cm dishes of 

EMEG-/- cells13 were individually extracted and these extracts were pooled, dried, 

and redissolved in water; these cells were grown in the presence of GlcNAc and 

therefore, were expected to contain UDP-GlcNAc. To avoid biasing the detection 

limit of samples of lower ionic strength by using the FASI technique, samples of 

equal volume were injected into the CE capillary using positive pressure. 

Ethanolic extractions proved to be the most efficient technique (Figure 3.4). As 

previously reported, the recovery of sugar nucleotides was poor on extraction of 

cells with PCA, although nucleotides (AMP and ADP) were detected (not shown). 

No nucleotide sugars were observed using detergent-containing extractions. 

Although this may reflect errors made during the extraction procedure, it should 

be noted that satisfactory results were obtained when using this procedure to 

extract nucleotide sugars from bacterial samples (not shown). Nevertheless, 

ethanol was chosen for further optimization of nucleotide sugar sample 

preparation since it was fast, high yielding, allowed for the easy preparation of 

multiple samples in parallel, and did not introduce additional buffer salts and / or 

detergents into samples. 
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Figure 3.4: Comparison of different nucleotide sugar extraction procedures. EMEG
-/-

 cells 
were extracted with (i) 75 % ethanol, (ii) 0.5 M PCA or (iii) 10 μL 5 % Triton X-100 in 300 μL 
CH3CN. The presumed identity of peaks were deduced upon comparison with (iv) a solution of 
nucleotide sugar standards consisting of (1) UDP-GlcNAc, (2) UDP-Glc, and (3) UDP-Gal. 

 
 Initial attempts in the analysis of cell lysates (especially those of bacterial 

origin) by FASI-CE yielded electropherograms that appeared to contain many 

peaks that were not nucleotide sugars; these were especially abundant in earlier 

regions of the electropherograms, eluting in the region between CMP-Neu5Ac 

and UDP-GlcNAc (not shown). Therefore, to simplify nucleotide sugar mixtures 

derived from cells, SPE was investigated. SPE clean-up of samples was also 

desirable since variations in ionic strength of samples affects the stacking 

enhancement of electrokinetic injection into CE capillaries.  The SPE procedure 
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on graphite-containing ENVI-CarbTM cartridges of Räbinä et al.14 was initially 

tested since this procedure was demonstrated to give reproducibly high 

recoveries of nucleotide sugars. Graphite SPE cartridges require minimal 

conditioning prior to sample application—unlike anion-exchange resins which are 

typically converted into their formate form prior to use—while the ion-pair sample 

elution requires minimal (2 mL or less) solvent, thus speeding up sample 

processing. Also speeding up sample processing, relative to anion-exchange 

SPE, is the fact that graphite can withstand significant amounts of pressure 

allowing for syringe- or vacuum-driven washing of the SPE cartridge. It was 

discovered that ethanolic nucleotide sugar extracts were not retained on ENVI-

CarbTM cartridges although they were retained on graphite-containing 

HyperCarbTM (Thermo) cartridges when directly applied in 70% ethanol. 

However, due to the significantly higher cost of the latter it was preferable to 

evaporate the ethanol from cell extracts prior to SPE clean-up on the more 

affordable ENVI-CarbTM cartridges. It was discovered that this procedure gave 

reproducible electropherograms (Figures 3.5 and 3.6) of nucleotide sugars and 

nucleotides isolated from a single 10 cm plate of CHO cells (~3 x 106). Since 

samples were typically diluted 5-fold (or more) prior to analysis, this combination 

of sample extraction, SPE, and FASI injection represents a 50-fold decrease in 

the operational detection limit of the detergent-extraction and CE analysis of 

nucleotide sugars introduced by Feng et al.2 Finally, it should be noted that 

ENVI-CarbTM SPE cartridges allow for the elution of nucleotide sugars and 

nucleotides using the same solvent; although the recoveries of nucleotides were 
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not determined, to the best of my knowledge there have been no reports in the 

literature that use this SPE technique for the preparation of 

nucleotides.

 

Figure 3.5: Nucleotide sugars extracted from CHO cells: Peak identification. (i) Typical 
electropherogram obtained from CHO-derived nucleotide sugars. Peaks are identified as follows: 
(1) CMP-Neu5Ac, (2) GDP-Glc (internal standard), (3) UDP-GlcNAc, (4) GDP-Man, (6) UDP-Glc, 
(7) UDP-GalNAc, (8) UDP-Gal, (9) AMP. Peak (5) is presumed to be GDP-Fuc based on the 
relative order of migration reported by Feng et al. To establish peak identity sample i was re-run 
after being sequentially spiked (peaks marked with a *) with (ii) GDP-Man, UDP-GalNAc, UDP-
Gal and AMP and (iii) CMP-Neu5Ac, UDP-GlcNAc, and UDP-Glc. 
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Figure 3.6: Nucleotides extracted from CHO cells: Peak identification. (i) Typical 
electropherograms of CHO-derived nucleotides. Peaks are identified as follows: (1) AMP, (2) 
CMP, (3) ATP, (4) ADP, (5) CTP, (6) GMP, (7) GTP, (8) CDP, (U) Unknown, (9) GDP, (10) UMP, 
(11) UTP, and (12) UDP. In order reliably establish the identity of each peak, sample i was re-run 
after sequentially spiking (peaks marked *) with (ii) AMP, UMP and UDP, (iii) CMP, GMP, GTP, 
and UTP, and (iv) CTP and GTP. The relative migration order is essentially the same as reported 
by Feng et al. except for GMP and GTP. The variation in migration times is less than previously 
reported (eg. ~5 min difference between UDP peaks was observed by Feng et al. on comparison 
of two different samples). 

 

3.3 UDP-galactofuranose mutase 

3.3.1 Overview 

Galactose, like other hexoses, exists in either a pyranose (six-membered 

ring), Galp, or a furanose (five-membered ring), Galf, configuration; Galp is by far 

the most abundant form found in glycoconjugates. Nevertheless, the more rare 
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Galf isomer, though not found in humans, is often a critical component of 

glycoconjugates found within bacteria,15-17 protozoa,18 fungi,19 and nematodes; 20 

many of these are significant human pathogens. These Galf-containing 

glycoconjugates are often essential for the viability and / or virulence of the 

organisms that contain them and for this reason compounds that block Galf 

incorporation into glycoconjugates, or its biosynthesis, could be valuable 

therapeutic agents.  

Mycobacterium tuberculosis, the bacterium that causes tuberculosis (TB), 

is one microorganism for which a great deal of effort has been dedicated towards 

the development of new therapeutic agents. This is because TB is widespread 

(8-9 million new cases were reported in 2004), under-reported, and particularly 

problematic in patients with HIV.21 Furthermore, the ability of M. tuberculosis to 

form latent, nonreplicating, asymptomatic infections in which it is resistant to 

standard anti-mycobacterial drugs, and the emergence of drug-resistant strains 

(about 10 % of the new cases reported in eastern Europe21) are serious causes 

for concern. Mycobacteria contain a thick, hydrophobic, and largely impermeable 

cell wall, a feature that makes them resistant to conventional antibiotics. 

Nevertheless, first-line ant-TB drugs such as ethambutol are inhibitors of 

mycobacterial cell wall biosynthesis, indicating that treatments that target the 

biosynthesis of this structure will be a valuable approach to the development of 

new drugs. The mycobacterial cell wall contains three layers.22 The innermost 

layer is composed of the plasma membrane and a peptidoglycan layer common 

to all gram positive bacteria. Linked to this peptidoglycan structure (through a 
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phosphate-linked disaccharide that includes the unusual sugar L-rhamnose) is a 

middle layer composed of arabinogalactan. As the name suggests, 

arabinogalactan is composed of a linear chain of Galf residues from which are 

perpendicularly extended branched oligomers of arabinofuranose. The entire 

arabiongalactatan structure is initially assembled on a polyisoprenol-

pyrophosphate in a manner reminiscent of DLO biosynthesis.22 The third, 

outermost layer of the cell wall, responsible for many of the pathogenic features 

of mycobacteria, is composed of long (70 to 90 carbons) chains of branched fatty 

acids called mycolic acid. The mycolic acids are linked to the non-reducing end 

of the arabinan chains that compose the middle arabinogalactan layer. The 

middle galactan layer of the cell wall is essential for bacterial viability. This is 

apparent when UGM,15, 17 the enzyme that catalyzes the conversion of UDP-Galp 

into UDP-Galf, is mutated in M. smegmatis, a non-pathogenic model organism 

for M. tuberculosis.16 Likewise, inhibition of M. smegmatis growth by inhibitors of 

UGM has further validated UGM as a target for antimycobacterial agents.23 The 

interconversion of these nucleotide sugars and a highly simplified scheme 

depicting the position of Galf residues within the mycobacterial cell wall is 

depicted in Figure 3.7. 
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Figure 3.7: Galf biosynthesis and its incorporation into mycobacterial cell walls. (A)UDP-
Galf, the donor for Galf residues in glycoconjugates, is made from UDP-Galp in a reaction 
catalyzed by UGM (Keq = 0.07). (B) Arabinogalactan, which makes up the middle portion of the 
mycobacterial cell wall, consists of alternating α-(1-5)- and (1-6)-linked Galf residues (galactan) to 
which are added branched structures composed of β-(1-6)-linked arabinofuranose residues 
(arabinan). R1, (α-Rha-α-(1-3)-GlcNAc-α-1-PO4-) links the galactan chain to the inner 
peptidoglycan layer while R3 consists of an arabinan chain that is capped with mycolic acids. R2 
represents the repeating unit [Galf-α-(1-5)-Galf-α-(1-6)-]n where n = ca. 12. 
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The exact mechanism of UGM is still under active investigation. Several 

crystal structures have been solved for UGM derived from Escherichia coli,24 M. 

tuberculosis,25 and Klebsiella pneumomiae.25 Very recently, two UGM structures 

were solved which contained bound substrates, a K. pneumoniae UGM bound to 

UDP-Glc26 and a   Deinococcus radiodurans  UGM structure in complex with the 

natural substrate UDP-Galp.27 These studies indicate that UGM is a homodimer, 

each monomer of which binds to flavin adenosine dinucleotide (FAD). In a 

manner similar to glycosyltransferases, UGM displays a high specificity for UDP 

(indeed, it is inhibited by UDP). Furthermore, in spite of evidence demonstrating 

that UDP-GalNAc is a substrate for a similar mutase identified in Campylobacter 

jejuni,28 UGM demonstrates specificity for the sugar moiety since UDP-Glc is a 

poor substrate26 for this enzyme likely due to the fact that the productive 

movement of mobile loops (as observed for some glycosyltransferases) is 

inhibited by this substrate.27 Nevertheless, in spite of an abundance of structural 

and biochemical data for UGM, its exact mechanism is still unresolved. Although 

experimental evidence demonstrates the formation of an FAD-Gal iminium-ion 

intermediate,29 it is still uncertain whether this intermediate is formed via an 

ionic29 or radical30 mechanism. 

 The final elucidation of UGM’s mechanism, in addition to assisting in the 

development of potent inhibitors of this enzyme, requires assays by which its 

activity can be conveniently monitored in addition to molecules that serve as 

inhibitors or mechanistic probes. Two high-throughput assays have been 

developed by which libraries of drug-like compounds can be screened against 
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UGM. One makes use of the reactivity of UDP-Galf in the presence of periodate: 

6-[3H]-UDP-Galp treated with periodate liberates radiolabelled formaldehyde only 

if it is first converted to UDP-Galf. Thus, in this assay UGM inhibition can be 

detected by monitoring the [3H]-formaldehyde eluted upon the anion-exchange 

clean-up—this retains nucleotide sugars—of  UGM reaction mixtures.31 A second 

high-throughput assay uses a fluorescently labelled UDP analogue that retains 

the ability of UDP to bind to UGM but can be displaced by compounds (i.e. 

potential inhibitors) that bind to the active site.29, 32, 33 The changes in 

fluorescence polarization in this probe upon displacement from UGM is the 

means by which this assay identifies potential inhibitors. Although these assays 

are convenient for the analysis of large numbers of compounds, more direct 

assays of UGM activity are typically used; these usually involve either HPLC28, 29, 

32, 34 or HPAEC.35 In this respect, the CE method described above would be a 

valuable asset for assaying UGM activity. There are three reasons for this. First, 

electrokinetic injection used in this method allows for the analysis of samples 

directly from enzyme assays without the need for any sample purification. 

Second, the rapid analysis time (under 10 min) and automation allow for many 

samples to be screened in a reasonable amount of time. Finally, the low volumes 

of sample used (usually less than 0.2 mL) minimizes the use of UDP-Galf which 

is difficult to acquire in large amounts.  UDP-Galf is required because UGM 

activity is usually measured in reverse, with UDP-Galf as the substrate.           
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3.3.2 UDP-2-O-allyl-galactose derivatives 

It has been proposed that the mechanism of UGM might involve radical 

intermediates; thus, derivatives of UDP-Galf and UDP-Galp containing 2-O-allyl 

groups were designed as mechanistic probes. If anomeric radicals are generated 

within these compounds it would be predicted that the 2-O-allyl moieties will act 

as intramolecular radical ―traps‖ (Figure 3.8).  

   

Figure 3.8: The structure of UGM mechanistic probes. (A) The structures of proposed radical-
trapping UDP-Gal derivatives and (B) the proposed mechanism of UDP-2-O-allyl-Galp. In the 
UGM catalyzed reaction with its natural substrate it is known that the UDP group leaves 
(necessarily forming an oxacarbenium ion) prior to the formation of a covalent FAD-Gal 
intermediate. This requires the FAD to be in its reduced state from which FAD-linked 
intermediates could be generated upon the transfer of either one (x2) or two electrons. Single 
electron-transfer would generate an anomeric radical intermediate which would likely react with 
the 2-O-allyl double bond.    

 
  

UDP-2-O-allyl-Galp and UDP-2-O-allyl-Galf were synthesized and used in 

assays of K. pneumoniae UGM (kpUGM), exactly as described by Carlson et 
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al.32 except that CE was used to analyze UGM reactions directly after they were 

quenched by adding 1 volume of -20°C ethanol (Figure 3.9). The high resolving 

power of CE was very useful in these assays since both the UGM reactants and 

the 2-O-allyl-containing mechanistic probes were nucleotide sugars. Thus, if 

either compound formed a trapped intermediate, CE analysis would demonstrate 

the loss of a nucleotide sugar with a concomitant increase in UDP. Alternatively, 

if a radical mechanism is not followed by UGM the 2-O-allyl-derivatives might 

simply be substrates and isomerized like UDP-Gal. In either case, if these 

compounds bound to UGM at all it would be hypothesized that they would inhibit 

the conversion of UDP-Galf to UDP-Galp. UGM inhibition assays revealed, 

however, that neither 2-O-allyl-Gal derivative was hydrolyzed (since their peak 

areas in electropherograms did not decrease), nor were they isomerized by 

UGM. Their inability to inhibit the interconversion of UDP-Galf /p suggests that 

these compounds are likely not bound by kpUGM. Likewise, UDP-GalNAc, which 

is a substrate for other bacterial mutases, had no effect on UGM activity (data not 

shown). Thus, it can be concluded that bulky substituents at the 2-position of 

UDP-Galp/f inhibit their binding by UGM. 
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Figure 3.9: CE analysis of UDP-2-O-allyl-Galp and UDP-2-O-allyl-Galf activity against UGM. 
Peaks are identified as: (IS) internal standard—GDP-Glc, (1) UDP-2-O-allyl-Galp, (2) UDP-Galf, 
(3)UDP-Galp, and (4) UDP-2-O-allyl-Galf. (A) Analysis of UDP-2-O-allyl-Galp. Electropherograms 
are labelled as follows: (i) 2, no UGM, 30min, (ii) 1, no UGM, 30 min, (iii) 2 + UGM, 30 min, (iv) 1 
+ UGM, 30 min, (v) 2 + UGM, 60 min, (vi) 1 + UGM, 30 min then + 2 for 60 min. (B) Analysis of 
UDP-2-O-allyl-Galf. Electropherograms are labelled as follows: (i) 4 no UGM, 1.5 h, (ii) 4 + UGM, 
30 min then 2 for 60 min, (iii) 2 + UGM, 60 min. Note that no UDP peak was observed in (ii) on 
extended CE analysis of this sample (not shown). The small peak between 4 and 2 is not due to 4 
degradation over the course of the assay since it is present as an impurity in the initial sample of 
4 (not shown). 

 
 

3.3.3 Heterocyclic UGM inhibitors 

Recently, a small molecule (1) inhibitor of UGM identified in a fluorescence 

polarization32 assay was used to develop a more potent second generation 

inhibitor that not only inhibited UGM but also mycobacterial growth (entry 1, 

Table 3.3).23 This compound (1) contains two halogenated aromatic rings 

connected by a 2-aminothiazole linker. An analysis of the literature reporting 
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other compounds that inhibit mycobacterial growth demonstrates that many of 

these compounds, like 1, contain both 5-membered heterocycles and two (or 

more) halogenated aromatic rings (Table 3.3). This suggests that these 

compounds may exert their biological activity by inhibiting UGM. 
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Table 3.3: Selected antimycobacterial compounds 

# Structure MIC
a
 (μg/mL) Species, Strain Ref 

 

1 
I

HN

COOH

N

S

Cl

Cl

 

 

 50 

 

M. smegmatis, 700084 

 

23 

 

2 
N

Cl

N

O

Cl

OH

 

 

6.25 

 

M. tuberculosis, H37Rv 

 

36 

 

3 

N

S

N

F  

 

0.25 

 

M. tuberculosis, 103471 

 

37 

 

4 

Cl

N
N

H2N

S

O

COOH 

 

0.06 

 

M. tuberculosis, H37Rv 

 

38 

 

5 

N

N

N

N
N

Br

 

 

R, 16 

S, 32 

 

M. tuberculosis, H37Rv 

 

39 

 

6 

O

N

N

Cl

Cl

Cl

 

 

<2 

 

M. smegmatis, 700084 

 

40 

a
MIC = minimum inhibitory concentration 
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 Due to its similarity to 1, the pyrazole-containing compound 2 was 

synthesized and screened against kpUGM. 1 was also synthesized and re-tested 

as a positive control. Similarly, 6, an antifungal agent commercially available as 

its nitrate salt under the name Econazole, was purchased and screened. Initial 

assays indicated that 1 (as previously observed) and 2 were comparable 

inhibitors of UGM while 6 did not show any inhibition (not shown). IC50 values for 

1 and 2 were subsequently determined (Figure 3.10) for kpUGM and an enzyme 

obtained from M. tuberculosis (tbUGM); these enzymes are 40 % identical. 

Conditions for kpUGM32 and tbUGM24 were exactly as previously reported and 

are summarized in Section 3.5. Compound 1 gave IC50 values of 37 ± 1 μM and 

7.2 ± 1 μM against kpUGM and tbUGM respectively while 2 had IC50 values of 62 

± 1 μM and 44 ± 1 μM against these enzymes. These results suggest that 2, a 

compound with known activity against M. tuberculosis,36 possibly inhibits 

bacterial growth by inhibiting UGM as was previously demonstrated for 1 in M. 

smegmatis.23  That 2 is already a known inhibitor of a pathogenic mycobacteria is 

significant because there is literature precedent for significant differences in the 

sensitivity of different mycobacterial species (M. smegmatis vs. M. tuberculosis) 

to conditions that disrupt enzymes required for arabinogalactan biosynthesis; 22 

thus, more potential therapeutics that inhibit UGM should be tested against M. 

tuberculosis. 
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Figure 3.10: UGM inhibition by an inhibitor of M. tuberculosis growth—pyrazole 2. (A) 
Electropherograms obtained from representative UGM test reactions in the presence of 2. 
Mixtures containing (i) 500, (ii) 100, (iii) 50, (iv) 25, (v) 10, and (vi) 0 µM 2 are displayed. Data are 
X-offset with respect to the control (vi). Peaks due to UDP-Galf and UDP-Galp are labelled F and 
P respectively. (B) A representative inhibition curve for tbUGM in the presence of increasing 
amounts of 2. Percent conversion was defined as C=Px100% / (P + F), where P and F are the 
peak areas of UDP-Galf and UDP-Galp, respectively.  Percent inhibition (I) was calculated as 
I=(Ccontrol-Cinhibitor) x100% / Ccontrol, where Ccontrol and Cinhibitor are the percent conversions of the 
control and inhibited UGM reactions, respectively. 
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 Having validated pyrazole 2 as a UGM inhibitor, extensive studies were 

performed on its activity in several bacteria. The properties of 1 were also 

examined. Compound 2, in addition to inhibiting the growth of M. tuberculosis, 

was also found to inhibit two M. smegmatis strains and M. bovis BCG, a strain 

used for the development of TB vaccines, but it was not significantly active in 

several non-mycobacterial strains. Furthermore, 2 was observed to be active 

against non-replicating persistent M.smegmatis grown under oxygen-limited 

conditions. Compound 1 did not appreciably inhibit the growth of M. bovis nor 

was it effective against non-replicating bacteria. This suggests that 2 is the first 

reported UGM inhibitor with broad anti-mycobacterial activity. Furthermore, 2 

demonstrated some in vivo activity against M. bovis infected macrophages and 

although it exhibited moderate cellular toxicity (though less than 1) these 

combined results suggest that 2 is a promising lead candidate as a therapeutic 

agent for treating TB. In addition, these combined UGM and mycobacterial 

assays further validate this enzyme as a drug target. 

3.3.4 Future work 

Although validated as a UGM inhibitor, 2 was nevertheless significantly 

toxic to several human cells while, 1 was very toxic to these cells in addition to 

displaying moderate toxicity against Branhamella catarrhalis, Micrococcus luteus, 

and Bacillus subtilis. Neither compound appeared to be toxic to E. coli, in 

agreement with previously reported data for 1.23 This suggests that although both 

compounds may likely kill mycobacteria by inhibiting UGM, they may, however, 
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inhibit other processes as well. This somewhat weakens the claim that UGM 

inhibition may be an effective anti-mycobacterial treatment. To lend further 

support to this hypothesis, nucleotide sugar extraction and CE analysis could be 

used to monitor UDP-Galp  to UDP-Galf  conversion within bacteria treated with 

these compounds. Such an experiment would be useful for two additional 

reasons. First, the processes of dTDP-Glc conversion into dTDP-L-Rha is also 

considered to be a drug target in M. tuberculosis22, 41 and both nucleotide sugar 

conversions could be simultaneously analyzed by these techniques. Secondly, if 

compounds 1 and 2 are toxic due to the inhibition of key metabolic processes (for 

example, say the production of ATP) the analysis of nucleotides by CE could be 

used as a convenient assay. Finally, of course, the developed UGM assay may 

be used for the optimization of further, less toxic, UGM inhibitors.   

3.4 UDP-N-glycolylglucosamine 

3.4.1 Overview 

Of the monosaccharides that constitute mammalian glycoconjugates, sialic 

or N-acetylneuraminic (Neu5Ac) acid is the one most commonly found in a 

terminal, non-reducing position. Located on the outermost position of 

glycoconjugates, Neu5Ac is a major determinant in cell-cell interactions and is 

involved in many recognition and signalling events. The biological properties of 

Neu5Ac are strongly influenced by its chemical modifications which include the 

addition of methyl, acetyl, glycolyl, lactyl, sulfate, and phosphate substituents to 

the various positions of the parent molecule. Indeed, to date, the family of sialic 

acids contains more than 50 members.42 Most of these Neu5Ac modifications 
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occur after its incorporation into glycoconjugates or on CMP-Neu5Ac. 

Nevertheless, the enzymes involved in CMP-Neu5Ac biosynthesis and transfer 

appear to have a remarkable tolerance for modifications of their natural 

substrates (as discussed in detail in Chapter 2). One important derivative of 

Neu5Ac is N-glycolylneuraminic acid (Neu5Gc) which is made by the iron-

dependent hydroxylation of CMP-Neu5Ac. Although long thought to be absent in 

normal adult tissues, Neu5Gc is found in fetal samples and certain human 

tumors.42 Furthermore, it is antigenic, which is a challenge in the 

biopharmaceutical industry since CHO cells (which are commonly used to 

produce therapeutic glycoproteins) contain considerable amounts of Neu5Gc. 

Nevertheless, the low quantities of Neu5Gc found in humans, in the absence of 

CMP-Neu5Ac hydroxylase, prompted research into alternative biosynthetic 

pathways such as the conversion of ManNGc directly into CMP-Neu5Gc.43 

Likewise, very little is known regarding the degradation of Neu5Gc-containing 

glycoconjugates, a process required to prevent their accumulation within cells. 

These pathways are briefly reviewed in Figure 3.11; a more detailed diagram can 

be found in Figure 2.5. 
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Figure 3.11: The biosynthesis of Neu5Ac and its analogues. (A) The committed step of CMP-
Neu5Ac biosynthesis is the formation of ManNAc. The enzymes responsible for these 
transformations tolerate a variety of N-acyl groups, however, (B) CMP-NeuGc is most often made 
by the hydroxylation of CMP-Neu5Ac. The key anabolic steps in this biosynthetic pathway are 
indicated with solid arrows while the catabolism of sialic acids, released from glycoconjugates, 
are indicated with dashed arrows. Key enzymes, discussed below, are identified as follows: (1) 
UDP-GlcNAc-2-epimerase / kinase, (2), Neu5Ac-9-P synthetase, (3) Neu5Ac-9-P phosphatase, 
(4)CMP-Neu5Ac synthetase, (6) Neu5Ac pyruvate lyase, and (7) GlcNAc-2-epimerase. The 
catabolism of Neu5Gc (the shaded box) is relatively unknown.    

 
 It is known that NeuGc derived from degraded glycoconjugates can be 

degraded by Neu5Ac pyruvate lyase, albeit at about one third the rate as 

Neu5Ac,44 to produce ManNGc. The fate of ManNGc, however, is unknown. An 

enzyme known as GlcNAc-2-epimerase is known to catalyze the conversion of 
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ManNAc to GlcNAc; indeed, current biochemical evidence suggests that this 

enzyme is primarily catabolic, diverting ManNAc out of the Neu5Ac biosynthetic 

pathway.45 Although it is known that GlcNAc-2-epimerase tolerates substitutions 

on the N-acyl group (i.e. ManNAz)45 it has not been investigated if ManNGc is a 

substrate for this enzyme. There is evidence that suggests that [14C]-labelled 

ManNGc is phosphorylated and converted into a hexopyranose-6-P46; this would 

presumably require ManNGc conversion to GlcNGc and subsequent 

deacetylation and deamination to yield the glycoysis intermediate Fru-6-P. These 

observations, in addition to research demonstrating the accommodation of large 

N-acyl substituents by enzymes involved in the O-GlcNAc biosynthetic pathway47 

(Chapter 2, Section 2.2.2.3), led Dr. Matthew Macauley (SFU) to make the 

following three-fold hypothesis. (1) ManNGc is converted to GlcNGc where (2) it 

may be metabolized by the enzymes in the hexosamine biosynthetic pathway to 

make UDP-GlcNGc (3), a nucleotide sugar that some enzymes, such as those 

involved in O-GlcNAc biosynthesis and catabolism, can use as a substrate in the 

place of UDP-GlcNAc.   

3.4.2 Chemoenzymatic synthesis of UDP-GlcNGc and UDP-GalNGc 

Central to this three-part hypothesis is the detection of the nucleotide 

sugar UDP-GlcNGc within tissue-cultured cells. The successful identification of 

this molecule requires appropriate standards (Figure 3.12). A chemoenzymatic 

approach was chosen to synthesize UDP-GlcNGc beginning with GlcNGc-α-1-P. 

AGX1, a human UDP-GlcNAc pyrophosphorylase  was added to GlcNAc-1-P, 

GlcNGc-1-P, or a mixture of both and incubated in the presence of excess UTP 
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(Section 3.5). Where indicated, GalE, a human UDP-GlcNAc-4-epimerase, was 

also included in these reactions. Chemoenzymatic reactions were quenched, 

spiked with GDP-Glc (as an internal standard) and analyzed by CE. Since the CE 

method only injects anions (due to the FASI injection procedure) and only detects 

nucleotides (UV absorbance at 254 nm), peaks observed in the 

electropherograms obtained from these chemoenzymatic reactions were 

confidently assigned to their respective nucleotide sugars, without further 

compound characterization. Both UDP-GlcNGc and UDP-GalNGc appeared to 

migrate with slightly lower mobility than their N-acetylated congeners. It is 

significant that both AGX1 and GalE are human enzymes since these results 

demonstrate that at least some of the enzymes involved in the human 

hexosamine biosynthetic pathway tolerate the N-glycolyl moiety. Furthermore, 

enzymatic conversion of UDP-GlcN-acyl, containing modified acyl goups, into its 

corresponding UDP-GalN-acyl derivative, to my knowledge, has not been 

previously reported.  
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Figure 3.12: Chemoenzymatic synthesis of UDP-GlcNGc and UDP-GalNGc. Mixtures 
containing the indicated substrates and enzymes were mixed with UTP and incubated at 37 °C 
before being quenched with 1 volume of cold ethanol. Samples were spiked with GDP-Glc (1) 
before CE analysis. The other peaks are identified as: (2) UDP-GlcNGc, (3) UDP-GlcNAc, (4) 
UDP-GalNGc, and (5) UDP-GalNAc. 
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3.4.3 Analysis of UDP-GlcNGc in EMEG32 cells 

The biosynthesis of UDP-GlcNGc in tissue-cultured cells was also 

investigated. EMEG32 cells are a useful tool for this purpose since it is a cell line 

that does not have the ability to carry out the de novo synthesis of UDP-

GlcNAc.13 Thus, in EMEG32 cells, all exogenously added GlcNAc, or its 

derivatives, get converted into UDP-GlcNAc without competition from the 

hexosamine biosynthetic pathway. EMEG32 cells replicate at significantly 

reduced rates compared with a control cell line isolated from a similar murine 

source. This growth defect can be ameliorated upon the addition of GlcNAc to 

the tissue culture medium. Dr. Matthew Macauley carried out experiments in 

which he observed that GlcNGc rescues the growth defect of EMEG cells in a 

manner analogous to GlcNAc. These results suggest that GlcNGc may be 

converted into UDP-GlcNGc within cells and that this nucleotide sugar may be 

able to replace the natural UDP-GlcNAc in key cellular processes. To test this 

hypothesis, the nucleotide sugars in EMEG cells treated overnight with either 

GlcNAc or GlcNGc were extracted and analyzed by CE; control cells received no 

additional monosaccharides. Triplicate samples for each condition were analyzed 

and typical electropherograms are presented in Figure 3.13. 
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Figure 3.13: Nucleotide sugar precursor-feeding in EMEG32 cells. Peaks are identified as 
follows: (1) CMP-Neu5Ac, (2) GDP-Glc, (3) UDP-GlcNGc, (4) UDP-GlcNAc, (5) UDP-Glc, (6) 
UDP-GalNGc, (7) UDP-GalNAc, (8) UDP-Gal, and (9) AMP. (i) Control cells contain very little 
UDP-GlcNAc which is (ii) significantly increased in GlcNAc-treated cells. (iii) GlcNGc treated cells 
contain two new peaks corresponding to UDP-GlcNGc and UDP-GalNGc. (iv) Commercial 
standards. 

 
 On analysis of EMEG-derived nucleotide sugars, it was clear that GlcNGc 

was activated as UDP- GlcNGc (peak 3, Figure 3.13, iii). It was also apparent 
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that UDP-GlcNGc was epimerized to UDP-GalNGc in these cells (peak 6). 

Analogous results were observed in GlcNAc-treated cells (Figure 3.13, ii). The 

relative migration times between the UDP-GlcNAc/Gc and UDP-GalNAc/Gc pairs 

was identical to those observed for the chemoenzymatically synthesized 

standards (Figure 3.12). These results suggest that the rescue of the EMEG32 

growth-defect by GlcNGc is due to its activation as UDP-GlcNGc. This, in turn, 

suggests that GlcNGc derived upon the catabolism of Neu5Gc could similarly be 

activated as a UDP sugar and reincorporated into glycoconjugates. These results 

obviously have implications for the O-GlcNAc modification that occurs on 

nucleocytoplasmic proteins. Indeed, the ability of the enzymes involved in O-

GlcNAc cycling (OGT and OGA) to accommodate non-natural substrates such as 

UDP-GlcNAz may be directly due to their ability to utilize UDP-GlcNGc as a 

substrate. Although there has been no evidence for naturally occurring structural 

variations of O-GlcNAc discovered to date, nevertheless, HPAEC analysis of the 

monosaccharides released from OGA-treated proteins, obtained from EMEG32 

cells grown in the presence of GlcNGc, suggests that O-GlcNGc is produced 

within these cells. 

3.4.4 Future work 

There are several follow-up experiments that could be proposed. First, it 

would be of great interest to detect UDP-GlcNGc directly, at natural abundance 

in tissues. Experiments have been initiated in which nucleotide sugars from 

murine liver are extracted since 95 % of sialic acids found in mouse livers have 

been identified as Neu5Gc.48 Furthermore, it would be interesting to determine if 
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ManNAc and ManNGc increase UDP-GlcNAc/Gc levels in EMEG32 cells. That 

ManNAc does is suggested by the rescue of the EMEG growth-defect upon the 

addition of this sugar to the culture media. Initial CE experiments to measure 

changes in nucleotide sugar levels in response to added ManNAc/Gc have been 

inconclusive since both these compounds appear to be poorly taken up by cells 

and are toxic at higher concentrations. The better membrane permeability of O-

acetylated derivatives (see below) would possibly allow for a higher rate of 

monosaccharide uptake to be achieved. Finally, it may be predicted that UDP-

GlcNGc is poorly transported into the Golgi since this has been observed for 

UDP-GlcNAz47 (see also Chapter 2, Section 2.1.2.5). Nevertheless, there are two 

cytoplasmic GlcNAc transferases that catalyze the initial steps in DLO 

biosynthesis and it would be of interest to see if they can utilize UDP-GlcNGc or 

are inhibited by this substrate.  

3.5 UDP-5-thio-N-acetylglucosamine 

3.5.1 Overview 

Due to the current interest in the O-GlcNAc modification there is a 

significant need for chemical tools by which the enzymes that biosynthesize this 

glycoconjugate may be probed. Current approaches to reduce O-GlcNAc levels 

are non-specific and / or toxic49. An OGT inhibitor has recently been identified 

upon the screening of a library of compounds,50 although this compound has not 

been widely characterized. As noted earlier (Chapter 2, Section 2.1.1.8) many 

nucleotide sugar analogues are inhibitors of their cognate glycosyltransferases, 

though the requirement of the polar nucleotide diphosphate groups of these 
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inhibitors makes them impermeable to cells. Nevertheless, the ability of cells to 

convert chemically modified monosaccharides into nucleotide sugar analogues 

by monosaccharide salvage pathways (Chapter 2, Section 2.1.1.3 and 2.1.2.5) 

suggests that feeding cells a modified GlcNAc analogue may be a useful means 

of OGT inhibition after its activation as a UDP sugar. Indeed, as discussed 

above, the enzymes of the hexosamine biosynthetic pathway are remarkably 

tolerant of chemically modified GlcNAc derivatives. Thiosugars, that is, 

monosaccharides in which the ring oxygen has been replaced with a sulfur atom, 

have interesting biological properties—a topic which is discussed in greater detail 

in Chapter 6. Several nucleotide 5-thiosugars have been synthesized51, 52 and, in 

cases in which their ability to be transferred by relevant glycosyltransferases 

have been examined, it has been observed that they are transferred between 0.2 

and 5 % the rate of their oxygen congeners. We therefore reasoned that UDP-5-

thioGlcNAc, produced in 5-thioGlcNAc-treated cells, might similarly be 

transferred with reduced efficiency and therefore essentially act as an OGT 

inhibitor in these cells. The hypothesis that 5-thioGlcNAc is a ―stealth‖ OGT 

inhibitor was analyzed both in vitro and in tissue cultured cells. In vitro assays 

required authentic UDP-5-thioGlcNAc which was made by a chemoenzymatic 

approach. Although protocols for the chemoenzymatic synthesis of several 

nucleotide sugars have been published during the course of these 

investigations,53 there have been no reports on the chemoenzymatic synthesis of 

nucleotide sugars using mammalian enzymes  or the extension of these 

protocols to include 5-thiosugars. CE proved to be invaluable for the optimization 



 

 174 

of a chemoenzymatic synthesis for UDP-5-thioGlcNAc; it was further used to 

develop an in vitro assay to determine the ability of UDP-5-thioGlcNAc to act as a 

substrate for OGT. 

3.5.2 Chemoenzymatic synthesis of UDP-5-thioGlcNAc 

To extend the relevance of an in vitro chemoenzymatic synthesis of UDP-

5-thioGlcNAc we chose to use human enzymes. Conditions for the ―one-pot-

synthesis‖ of UDP-GlcNAc from GlcNAc, ATP and UTP by GlcNAc-6-kinase 

(GNK), phospho-GlcNAc-mutase (AGM) and UDP-GlcNAc pyrophosphorylase 

(AGX1)—all over-expressed in bacteria and purified by Dr. Tracey Gloster—were 

optimized by monitoring the production of UDP-GlcNAc by CE (see Section 

3.5.3.1 for experimental details). Also included in these reactions was a 

commercial inorganic pyrophosphatase which was included to make the last 

reaction essentially irreversible upon hydrolysis of pyrophosphate. The yield of 

UDP-GlcNAc in test reactions was found to be dependent not only on the relative 

amounts of each enzyme used, but also on the ratio between GlcNAc, UTP, and 

ATP; furthermore, UTP and ATP at a combined concentration above 4 mM 

reduced the percent conversion of GlcNAc to UDP-GlcNAc as observed by CE. 

The chemoenzymatic synthesis of UDP-5-thioGlcNAc was carried out by scaling 

the conditions optimized for the synthesis of UDP-GlcNAc. AMP, ADP and un-

reacted sugar-phosphates were removed from the reaction mixture upon 

treatment with alkaline phosphatase (Figure 3.14). Alkaline phosphatase-

treatment was necessary to simplify product purification by anion-exchange 

chromatography (as discussed in Chapter 2, Section 2.2.1.4). Note that the 
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combination of alkaline phosphatase-treatment and anion-exchange 

chromatography allows for the recovery of all non-reacted (or partially reacted) 5-

thioGlcNAc. Further purification by ion-paired reversed phase HPLC (reviewed in 

Chapter 2, Section 2.2.2.2) afforded pure UDP-5-thioGlcNAc (Figure 3.15) which 

was fully characterized by 1H-, 13C-, and 31P-nuclear magnetic resonance (NMR) 

and mass spectrometry (section 3.6.5.1). 
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Figure 3.14: Large-scale chemoenzymatic synthesis of UDP-5-thioGlcNAc. (i) 
Electropherogram derived after the CE analysis of a small aliquot of the reaction mixture. The 
mixture was spiked with GDP-Glc (1) (68 μM). The other labelled peaks are: (2) the presumed 
UDP-5-thioGlcNAc and (3) AMP. After alkaline phosphatase-treatment for 4 h (ii) AMP is almost 
entirely consumed as is any excess UTP (not shown). Note ii was not spiked with GDP-Glc.  
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Figure 3.15: Clean-up of UDP-5-thioGlcNAc. The crude chemoenzymatic reaction mixture (i) 
was treated with alkaline phosphatase, concentrated, and purified by ion-exchange SPE and 
HPLC to yield pure UDP-5-thioGlcNAc (ii). For comparison, this nucleotide sugar was also 
compared with authentic UDP-GlcNAc (iii). Peaks are identified as: (1) GDP-Glc, (2) UDP-GlcNAc 
and (3) UDP-5-thioGlcNAc. 
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 The data above clearly indicate that the human enzymes involved in 

hexosamine biosynthesis tolerate 5-thiosugars. Unlike UDP-GlcNGc (see above), 

the unnatural UDP-5-thioGlcNAc was significantly more mobile than UDP-

GlcNAc under these electrophoresis conditions (Figure 3.15, compare peak 2 

and 3). CE resolves compounds based on their molecular weight (heavier ions 

are less mobile), charge, shape (or hydrodynamic volume), and in the method 

above, conformationally-dependent reaction with borate anions within the 

background electrolyte. Since the introduction of a sulfur atom into UDP-GlcNAc 

results in a molecule that is both heavier and of larger size, the increase in the 

mobility of UDP-5-thioGlcNAc (in contrast with UDP-GlcNGc, Section 3.4) is 

likely due to conformational changes within the molecule that allow for a greater 

degree of borate-complexation; this would ultimately confer a greater negative 

charge to the molecule. 

3.5.3 In vitro assays of OGT inhibition by UDP-5-thioGlcNAc 

 A CE assay was developed to determine if UDP-5-thioGlcNAc is a 

substrate for OGT in vitro. As an OGT substrate in these assays, a protein known 

as nucleoporin 62 (nup62) was used; nup62 is known to be heavily O-GlcNAc-

modified.54 Initial attempts to determine the relative amounts of O-GlcNAc and O-

5-thioGlcNAc modified nup62 by mass spectrometric approaches were 

unsuccessful. This OGT-catalyzed reaction could be monitored by CE, however, 

since on O-glycosylation of nup62, UDP is necessarily released as a leaving 

group. By making a standard curve of concentration versus peak area for UDP, 

the relative amounts of UDP-GlcNAc and UDP-5-thioGlcNAc converted into UDP 
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by OGT could be quantified (data not shown). Due to the low amounts of UDP 

produced in some OGT assays, all samples, including the standards used to 

make the UDP-quantitation curve, were cleaned-up by SPE using graphite 

cartridges (as previously described in section 2.2.1.4). Care had to be taken to 

account for substrate hydrolysis by OGT by including control reactions that 

contained no nup62. It was observed that UDP-5-thioGlcNAc was a 14-fold 

worse substrate for OGT than UDP-GlcNAc, with rates of transfer of 0.86 and 

12.1 pmol/min/mg OGT, respectively. Kinetic analysis of UDP-5-thioGlcNAc 

inhibitory activity against OGT (performed by David Shen) demonstrated that this 

compound was effective in preventing the transfer of GlcNAc to nup62 and 

possessed a Ki value of 8 μM—a value of similar magnitude as the Km for the 

natural substrate UDP-GlcNAc (2 – 7 μM).55 This confirms our hypothesis that 

UDP-5-thioGlcNAc would be a poor substrate, but a good inhibitor, of OGT.  

3.5.4 OGT inhibition by UDP-5-thioGlcNAc in tissue-cultured cells 

As with the GlcNGc derivatives discussed above, 5-thioGlcNAc was tested 

in tissue-cultured cells. Nucleotide sugar extraction and CE analysis were used 

to determine if this unnatural monosaccharide could be activated as a nucleotide 

sugar in live cells. To facilitate uptake by cells, peracetylated 5-thioGlcNAc was 

used in these experiments since these sugar derivatives have been 

demonstrated to enter cells (were they are rapidly deacetylated by cytosilic 

esterases) more efficiently than their parent monosaccharides which had no 

effect in treated cells (not shown). Ac-5-thioGlcNAc was added to the cell 
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medium in a range of concentrations (50 – 1000 μM). Typical results are shown 

below (Figure 3.16); all conditions were repeated in triplicate. 

  

Figure 3.16: CE analysis of nucleotide sugars in 5-thioGlcNAc-treated COS-7 cells. Peak 
identification: (1) GDP-Glc, (2) UDP-GlcNAc, (3) UDP-Glc, (4) UDP-5-thioGalNAc, (5) UDP-5-
thioGlcNAc, and (6) UDP-Gal. Electropherograms contain the following samples: (i) 
chemoenzymatically synthesized 5, (ii) 5 treated with the UDP-GlcNAc-4- epimerase GalE to 
generate a mixture of  4 and 5. (iii) Standards 1, 2 and 5. (iv – vii) Extracts from COS-7 cells 
treated with (iv) 0, (v) 50, (vi) 250 and (vii) 1000 μM Ac-5-thioGlcNAc. 
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 It is clear that in 5-thioGlcNAc-treated COS-7 cells, the unnatural 

thiosugar is activated to UDP-5-thioGlcNAc (Figure 3.16, peak 5) as it was in 

vitro. Furthermore, UDP-5-thioGlcNAc was also a substrate for UDP-GlcNAc-4-

epimerase which converted it into UDP-5-thioGalNAc (peak 4). Note that UDP-5-

thioGlcNAc comigrates with UDP-GalNAc under these electrophoresis 

conditions. However, to quantify the former, one can calculate the contribution of 

UDP-GalNAc to the combined peak area by noting that in control cells 

(electropherogram iv) the epimeric ratio between UDP-GlcNAc and UDP-GalNAc 

was 2.1 : 1. It is also apparent that the increase in UDP-5-thioGlcNAc at higher 

medium concentrations of 5-thioGlcNAc resulted in a concomitant decrease in 

natural UDP-GlcNAc. Nevertheless, when 5-thioGlcNAc was added to cells at a 

concentration of 50 μM the UDP-GlcNAc concentration only dropped to about 60 

% the normal intracellular levels. Although there was abundant UDP-GlcNAc in 

cells treated with lower doses of 5-thioGlcNAc, it was also observed that O-

GlcNAc levels were significantly reduced in treated cells (as assessed by 

Western blot analysis—performed by Dr. Tracy Gloster). This indicates that UDP-

5-thioGlcNAc has inhibited OGT in cells as it had in vitro. Further research 

demonstrating that (1) commercial anti-O-GlcNAc antibodies bind to O-5-

thioGlcNAc and that (2) OGA can hydrolyze O-5-thioGlcNAc confirm that the 

decrease in O-GlcNAc levels in 5-thioGlcNAc-treated cells is specifically due to 

OGT inhibition by UDP-5-thioGlcNAc. In summary, the ―stealth‖ inhibitor 5-

thioGlcNAc is one of the few examples of OGT inhibitors reported to date. The 

specificity of this inhibitor, due to the presence of a nucleotide diphosphate 
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moiety should make it a very useful tool in further characterizing the biological 

roles of O-GlcNAc cycling. 

3.5.5 Future work 

Currently work is being carried out by which the transfer of 5-thioGlcNAc 

to synthetic peptides can be used to more carefully assess the ability of this 

compound to serve as a substrate for OGT. Likewise, experiments are being 

developed to more carefully determine the relative rates of transfer of UDP-

GlcNAc and UDP-5-thioGlcNAc to proteins within cells. As with UDP-GlcNGc, it 

can be postulated that UDP-5-thioGlcNAc would act as either a substrate or an 

inhibitor of the GlcNAc transferases responsible for DLO biosynthesis and the 

subsequent elongation of N-glycans within the Golgi. Although careful lectin-

blotting experiments carried out on a wide variety of different cells (done by 

Tracey Gloster) have demonstrated that there is minimal impact on N-

glycosylation in the presence of UDP-5-thioGlcNAc, nevertheless, the direct 

analysis of N-glycans released from glycoproteins isolated from treated cells 

would be a useful means of assessing the effect of this nucleotide sugar on N-

glycosylation. Details of N-glycan analysis are provided in Chapter 6. To further 

increase the specificity of this biosynthetic approach to OGT inhibition, several 5-

thioGlcNAc analogues containing substituted acetamido groups have been 

synthesized (by the Vocadlo lab) and added to cells. Preliminary CE data of the 

nucleotide sugars within these cells has indicated that 5-thioGlcNR (where R = n-

butyl or isobutyl) derivatives can be activated as their respective nucleotide sugar 

donors (data not shown). Finally, the generality of the use of differing 5-
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thiosugars to inhibit their respective glycosyltransferases in cells requires further 

exploration, and experiments in which 5-thiomannose and 5-thioglucose have 

been added to CHO cells are described in Chapter 6.  

3.6 Experimental 

3.6.1 Extraction of nucleotide sugars and nucleotides 

Plates of cells were routinely extracted according to the following 

procedure. 10 cm plates of cells were washed once with 10 mL ice cold PBS 

before the addition of 1 mL PBS. Cells were placed on ice during all extraction 

procedures. After scraping cells into chilled 1.5 mL eppendorff tubes, they were 

pelleted by centrifugation (1000 rpm, 10 min, 4 °C). It was essential that the 

centrifuge speed was minimized to ensure that cells were not prematurely lysed 

as they were pelleted. After the removal of PBS, cell pellets were immediately 

lysed by adding 750 µL 75 % (v/v) ethanol (-20 °C) and sonicating them with a 

W-375 ultrasonic processor water bath (2 blasts of 30 s, samples placed on ice 

between blasts). This type of cell disruption is preferable to the use of probe 

sonicators since the water bath helps disperse the heat generated in the sample 

and since sample losses are minimized because they remain in closed tubes. 

Occasionally samples required vortexing to completely disperse cell pellets. 

Samples were incubated on ice for an additional 10 min before insoluble material 

was removed from the lysate by centrifugation (14,000 rpm, 15 min, 4 °C). This 

insoluble material contained glycoproteins and could be further used for N-glycan 

analysis and / or used to determine the protein concentration of samples upon re-

solubilization in detergent-containing buffers. The supernatants, which contain 



 

 184 

the sugar nucleotides, were partially concentrated on a SpeedVac (Thermo) at 

room temperature (for about 1 h), snap frozen, and lyophilyzed. The dried, crude 

extracts were spiked with GDP-Glc (300 pmol was used if samples were to be 

quantitated) as an internal standard, dissolved in 0.5 mL 18 M H2O and 

extracted using ENVICarbTM (Supleco) SPE cartridges (200 mg) exactly as 

described by Räbinä et al.14 Briefly, ENVICarbTM cartridges were conditioned with 

80 % (v / v) CH3CN + 0.1 % (v / v) TFA (3 mL) followed by 18 M H2O (6 mL) 

before samples were applied. After completely passing the samples through the 

SPE cartridge, they were sequentially washed with (2 mL each) H2O, 25 % (v / v) 

CH3CN, and 50 mM triethylammonium acetate (TEAA), pH 7.0, freshly prepared 

from a 10 x stock. Sugar nucleotides were eluted with 4 x 0.5 mL 25 % (v / v) 

CH3CN in 50 mM TEAA, pH 7.0, passed through a 0.22 µm filter (Millipore), 

lyophilized, and stored in dry form at -20 °C until analysis by CE.  

3.6.2 Analysis of sugar nucleotides and nucleotides by CE 

 Extracted sugar nucleotides were dissolved in 100 µL H2O and an aliquot 

was typically diluted 1 : 5 prior to characterization by CE on a ProteomeLab 

PA800 (Beckman Coulter) according to a method adapted from Feng et al.2 CE 

was performed using fused silica capillaries of 50 µm internal diameter x 44 cm 

(to detector); in contrast, Feng et al. typically used 75 cm capillaries. The running 

buffer, prepared from components of the highest available purity, was 40 mM 

Na2B4O7 (Sigma), pH 9.5 containing 1.0 % (w / v) polyethylene glycol, MW 

20,000 (Fluka), and was filtered through a 0.22 µm filter prior to use. Before 

samples were introduced, the capillary was conditioned by washing with 1 N 
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NaOH (2 min, 20 psi), H2O (3 min, 20 psi) and running buffer (5 min, 40 psi). This 

conditioning was more substantial than previously reported, but was found to 

give more reproducible migration times. Indeed, the extent of capillary washing 

with both NaOH and the running buffer has been reported to significantly affect 

the EOF which is the most important factor contributing to CE reproducibility.56 

Also, to ensure reproducible migration times, the running buffer was replaced 

after every second run—this was especially important if nucleotides (which 

typically require 30 min runs) were to be analyzed. After injecting a short (ca. 15 

nL) H2O plug, samples were electrostatically introduced and pre-concentrated at 

the anode by applying a potential of -10 kV for 10 s according to the field-

amplified sample injection technique described by Chien and Burgi.6 

Electrophoresis was carried out at a constant voltage of 30 kV or 26 kV (which 

produced a current of roughly 90 – 100 and 80 – 90 µA, respectively) and a 

capillary temperature of 22 °C. 30 kV was the voltage used by Feng et al., 

however, on shorter capillaries better resolution (especially between UDP-

GlcNAc and GDP-Man) was achieved by using an applied voltage of 26 kV.  

Electropherograms were derived by measuring the absorbance at 254 (± 10) nm 

at a rate of 4 Hz. Peaks were integrated using 32 Karat 5.0 software (Beckman-

Coulter) and all data were normalized to the area of the GDP-Glc internal 

standard, as described above. All electropherograms presented in this thesis 

were exported and plotted using OriginPro 8.0. Peak identification was routinely 

achieved by spiking samples with a small (usually 1%) volume of a concentrated 

(usually 200 μM) standard. All nucleotide sugars and nucleotide standards were 
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purchased from Sigma-Aldrich except CMP-Neu5Ac which was synthesized in 

the laboratory of Dr. Andrew Bennet (SFU). 

3.6.3 UGM Assays 

The compounds 1, 3-(4-Iodo-phenyl)-2-[4-(3,4-dichloro-phenyl)-thiazol-2-

ylamino]-propionic acid,36 and 2, 4-Chloro-phenyl)-[1-(4-chloro-phenyl)-3-

hydroxy-5-methyl-1H-pyrazol-4-yl]-methanone,23 were synthesized by Sankar 

Mohan exactly as reported. Stock solutions were prepared in DMSO and stored 

at -20 °C. The UDP-2-O-allyl-Galf and Galp analogues were synthesized by Jay 

Kumarasamy and details will be published elsewhere. UDP-Galf  and kpUGM 

were graciously provided by Dr. Todd Lowary while tbUGM was provided by Dr. 

David Sanders. IC50 determinations for inhibitors of kpUGM were determined 

using the exact conditions reported previously for this enzyme.32 Likewise, 

tbUGM was assayed as previously described.24 It should be noted that the 

tbUGM is much more sensitive than the kpUGM to oxidizing conditions. 

Therefore, care was taken to ensure that all reactions for this enzyme were 

performed under an argon atmosphere and that the reaction buffer had been 

degassed for >1h prior to enzyme assays. Also, fresh sodium dithionite must be 

used to reduce the tbUGM-bound FAD prior to assays. For all assays, care was 

taken to ensure that when inhibitors were added in DMSO, that the final DMSO 

concentration was always 2.8% (v/v). For both kpUGM and tbUGM, assays were 

allowed to proceed until approximately 50 % conversion of UDP-Galf into UDP-

Galp was observed in control samples: this proved to be about 1 hour for kpUGM 

and 1.5 min for tbUGM. Reactions were quenched by adding an equal volume of 
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1-butanol and vortexing. The lower aqueous layer was analyzed directly by CE 

after being transferred to a 0.2 mL tube containing GDP-Glc as an internal 

standard. Further experimental details can be found in reference 1 .      

3.6.4 UDP-GlcNGc chemoenzymatic synthesis and EMEG analysis 

GlcNGc and ManNGc used in the precursor-feeding experiments in EMEG 

cells were both synthesized by Jefferson Chan. GlcNGc-1-P (the α anomer) was 

synthesized by Dr. Keith Stubbs. All nucleotide sugar standards were purchased 

from Sigma-Aldrich except for CMP-Neu5Ac which was prepared by Jefferson 

Chan. Nucleotide sugar extractions and CE analysis were performed exactly as 

reported above. Conditions for the chemoenzymatic synthesis of UDP-GlcNGc 

were optimized using GlcNAc-1-P (Sigma) as a substrate. Prior to use, the 

enzymes AGX1 and GalE were exchanged into the reaction buffer containing, 50 

mM TRIS, pH 7.5, and 2 mM MgCl2. The concentrations of AGX1 and GalE were 

kept constant in all reactions; these contained either GlcNAc-1-P or GlcNGc-1-P 

(4 mM) and UTP (12 mM) and were allowed to proceed overnight at 37 °C before 

they were quenched by adding 3 volumes of -20 °C ethanol. Precipitated 

enzymes were pelleted by centrifugation and the supernatants were transferred 

to 0.2 mL tubes containing GDP-Glc as an internal control before analysis by CE.  

3.6.5 UDP-5-thioGlcNAc 

3.6.5.1 Chemoenzymatic synthesis and characterization 

Stock solutions of 5-thioGlcNAc (synthesized by Julia Henenion according 

to published procedures), ATP, UTP and inorganic pyrophosphatase (PPA, 
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Sigma) were prepared in reaction buffer (50 mM TRIS, pH7.5 containing 2 mM 

MgCl2) while GNK, AGM and AGX were exchanged into the same buffer using 

PD-20 columns. Small scale (120 μL) test reactions using GlcNAc were 

performed to determine the optimized ratio of reactants and enzymes. Reactions 

were allowed to proceed for 14 h at 37 °C and terminated by boiling for 10 min. In 

all cases, the percent conversion of 5-thioGlcNAc into UDP-5-thioGlcNAc was 

calculated from CE electropherograms obtained after the electrokinetic injection 

of samples directly from the test reaction mixture. Product concentration was 

determined from a standard curve produced by making multiple CE analyses of 

known amounts of UDP-GlcNAc in the same buffer. In addition, by monitoring the 

absorbance at 200 nm (in addition to 254 nm as previously described) the 

production of 5-thioGlcNAc-1-phosphate and 5-thioGlcNAc-6-phosphate could be 

monitored (not shown), greatly facilitating the method optimization. In all 

samples, GDP-Glc (68 μM) was included as an internal standard to which all 

peaks were normalized. Using constant enzyme concentrations and a GlcNAc 

concentration of 2 mM, the concentrations of UTP and ATP were sequentially 

varied. Subsequently, the GlcNAc concentration was varied at optimized ATP 

and UTP concentrations. Finally, having optimized the substrate concentrations, 

each enzyme was individually reduced and the impact on percent conversion 

was assessed by CE. The final optimized conditions were: substrate 

concentrations of 2.5 mM, 1 mM and 0.6 mM for ATP, UTP and GlcNAc, 

respectively, and enzyme concentrations of 0.4 μM, 0.3 μM, and 2.9 μM for GNK, 
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AGX and AGM, respectively. PPA was included at a concentration of 50 mU / 

mL.  

UDP-5-thioGlcNAc was synthesized from 9.8 mg 5-thioGlcNAc by scaling 

up the optimized conditions described above. After a 14 h reaction, the mixture 

was treated for 4 h at 37 °C with calf alkaline phosphatase (Roche). Enzymes 

were removed by passing the mixture through a centrifugal filtration device, 

10,000 Da NMCO (Centricon). The product was desalted by passing it over an 

ion exchange column of Dowex AG 1-X4, formate form (BioRad) of 7 mL bed 

volume which had been pre-equilibrated with water. After loading, the column 

was sequentially washed at a flow rate of 2 mL / min with 10 volumes of H2O 

followed by 10 volumes 4 M formic acid to remove any remaining sugar-

phosphates,12 and eluted with 10 volumes of 550 mM ammonium formate, pH 

4.0.57 The fraction containing UDP-5-thioGlcNAc was concentrated in vacuo and 

further purified by HPLC on a Hewlett Packard series 1100 instrument, equipped 

with an Eclipse XDB-C18 (5 μm, 9.4 x 250 mm) column (Agilent Technologies), 

using ion-paired conditions adapted from 14. Briefly, upon sample injection, the 

column was washed at a flow rate of 2 mL/min, with a solvent system of 100/0 

A/B (10 min), followed by a linear gradient (over 15 min) to 10/90 A/B where A 

and B are buffers composed of triethylammonium acetate (TEAA, 20 mM), pH 

6.0 and 20 % CH3CN in TEAA (20 mM), pH 6.0, respectively. Compounds were 

detected by monitoring the UV absorbance at 254 nm, and UV-active peaks were 

assessed for purity by further HPLC and CE analysis. Fractions containing the 

desired product were pooled and lyophilized.  
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Uridine 5’-diphospho-α-D-5-thio-2-N-acetylglucosamine triethylammonium salt 

1H NMR (600 MHz, D2O): δ (ppm) 2.08 (s, 3H, NH(CO)CH3), 3.38 (ddd, 1H,  J5``, 

6a`` = 5.4 Hz, J5``,6b`` = 3.0 Hz, H-5``), 3.71 (dd, 1H, J4``,5`` = 10.2 Hz, H-4``), 3.75 

(dd, 1H, J3``,2`` = 9.6 Hz, J3``,4`` = 9.0 Hz, H-3``), 3.89 (dd, 1H, J6b``,6a`` = 12.0 Hz, 

H-6G``), 3.97 (dd, 1H, H-6a``), 4. 91 (m, 1H, H-2``), 4.20 (m, 1H, H-5b`), 4.25 (m, 

1H, J5a`,5b`= 11.4 Hz, H-5a`), 4.29 (m, 1H, H-4`), 4.38 (m, 2H, H-2',3'), 5.32 (dd, 

1H, J1'',2'' = 2.4 Hz, J1'',P = 7.8 Hz, H-1''), 5.97 (d, 1H, H-5), 6.00 (d, 1H, J1',2' = 4.2 

Hz, H-1'), 7.96 (d, 1H, J6,5 = 7.8 Hz, H-6). 13C NMR (150 MHz, D2O): δ (ppm) 

22.06 (NH(CO)CH3), 43.59 (C-5``), 57.74 (C-2``), 59.91 (C-6``), 64.89 (C-5`), 

69.61(C-3`),   72.03 (C-3``), 73.62 (C-4``),  73.75 (C-2`), 76.62 (C-1``), 83.17 (C-

4`), 88.39 (C-1`), 102.63 (C-5), 141.63 (C-6), 151.78 (C-2), 166.20 (C-4), 169.13 

(NH(CO)CH3). 
31P NMR (242 MHz, D2O): δ (ppm) -10.66 (d, Jp,p = 21.8 Hz), -

12.09 (d). HRMS (m/z): [M-H-] calc’d for C17H26N3O16P2S: 622.0519, found 

622.0514. 

3.6.5.2 Nucleotide sugar extraction and analysis 

Nucleotide sugar extractions and analysis by CE were performed exactly 

as previously described. Peak assignment was achieved by spiking authentic 

standards into samples and immediately re-analyzing them by CE.  

3.6.5.3 In vitro OGT analysis 

The ability of OGT, over-expressed and purified as previously described,55 

to transfer UDP-5-thioGlcNAc to recombinant nup62 was assessed in assays set 

up by Dr. Tracey Gloster. These contained 30 μM nup62, 20 μM UDP-5-
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thioGlcNAc and 0.4 μM OGT in phosphate buffered saline (PBS); the total 

volume was 100 μL. Reactions were allowed to proceed for 2 h and quenched by 

adding an equal volume of -20 °C ethanol to precipitate all proteins. After 

pelleting the insoluble material by centrifugation (13,000 rpm, 10 min, 4 °C) the 

supernatants were transferred to clean tubes containing GDP-Glc as an internal 

standard. The volume of ethanol was partially reduced by evaporating the 

samples for 30 min on a SpeedVac (Thermo) after which they were snap-frozen 

and lyophilized. The dried enzyme assays were then purified by ENVI-Carb 

SPE14 as described above and analyzed by CE. The amount of UDP produced 

by OGT was quantified by using a standard curve made from differing 

concentrations of UDP that had been subjected to exactly the same SPE protocol 

as the enzyme assays; all standards were analyzed in triplicate. The amount of 

UDP produced in the absence of OGT and nup62 were subtracted from the 

amounts of UDP produced in assays using either UDP-GlcNAc or UDP-5-

thioGlcNAc as the donor sugar to account for spontaneous- and OGT-catalyzed 

substrate hydrolysis, respectively.   
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4: O-GLYCAN ANALYSIS: NOTCH GLUCOSYLATION 

4.1 Overview and acknowledgements 

The work so far described within this thesis has focused on nucleotide 

sugars, in particular their biosynthesis and interconversions. The formation of 

nuclear and cytosolic glycoconjugates, namely the O-GlcNAc modification of 

proteins, has also been discussed. This chapter is the first of three chapters in 

which other forms of glycosylation are investigated. Specifically, this chapter 

describes research in which O-glucosylation, and subsequent glycan-elongation, 

of a developmentally important protein known as NOTCH is characterized. There 

are very few means of characterizing O-glycans in general, and even fewer 

methods for the analysis of O-linked glucose. There are two reasons for this. 

First, metabolic labelling of O-Glc-containing glycoconjugates poses many 

experimental challenges because radiolabelled Glc is rapidly metabolized and 

incorporated into a multitude of diverse glycoconjugates. Secondly, in contrast to 

N-glycans (see Chapters 5 and 6), no enzymes have yet been isolated that are 

capable of efficiently releasing intact O-linked oligosaccharides, although there is 

a commercially available enzyme which can cleave unsubstituted O-GalNAc 

residues from mucins. O-glycans are often cleaved from glycoconjugates by 

chemical means, usually by base-catalyzed β-elimination. Detailed protocols for 

these reactions have been published; however, they all are carried out under 

reductive conditions (i.e. in the presence of NaBH4). The rapid reduction of β-
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elimininated O-glycans is necessary to avoid ―peeling‖ reactions in which the 

basic conditions used to facilitate glycoconjugate hydrolysis progressively 

degrade glycans from the reducing end. The work described below sought to 

implement a CE procedure for the study of liberated O-glycans from NOTCH and 

since this required the fluorescent labelling of glycans prior to their analysis by 

established reductive amination procedures, the use of reductive β-elimination 

procedures was ruled out. Therefore, prior to the studies described below, 

extensive research was carried out using purified, commercial glycoproteins, to 

establish sensitive, reproducible and non-reductive conditions for the release of 

O-glycans from glycoconjugates, prior to their CE analysis. 

One possible method that was investigated was hydrazinolysis, that is, O-

glycan release from glycoproteins dissolved in anhydrous hydrazine (N2H4). 

Although this method has many advantages, it was complicated by the 

unavailability of anhydrous hydrazine in Canada. Therefore, test reactions were 

performed using hydrazine that was glass-distilled over NaOH to remove residual 

water. Initial attempts to use this reagent were unsuccessful and thus other 

alternatives were sought. One method that gave suitable, albeit time-consuming, 

results was base-catalyzed β-elimination in (NH4)2CO3-buffered NH4OH. The use 

of these conditions to study NOTCH O-glycosylation is described below. 

This work was a joint project between Garrett Whitworth (Dr. Vocadlo’s Lab, 

SFU) and me. He conducted a tremendous amount of synthetic work in order to 

make appropriate oligosaccharide standards by which NOTCH O-glycans of 

biological origin could be compared. The details regarding the synthesis and 
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characterization of most of these compounds will be published elsewhere. 

Garrett also cloned a portion of human NOTCH that was predicted to be 

significantly O-Glc-modified. He also expressed and purified a recombinant α-

xylosidase used to characterize O-glycans released from our recombinant 

NOTCH fragment. Finally, Garrett wrote the bulk of the first draft of the 

manuscript below. Thomas Clark performed the mass spectrometry (MS) 

described below. I performed all the cell biology and analytical experiments 

described. In addition I carried out all the MS sample preparation and performed 

the data analysis. Other contributors to this work are acknowledged below. The 

manuscript below is reprinted from: Whitworth, G.E.; Zandberg, W.F.; Clark, T.; 

and Vocadlo, D.J. Glycobiology 2010, 20, 287 – 299.     
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4.2 Abstract 

Notch is a key cell surface protein receptor that is a vital component of 

intercellular signaling occurring during development. The O-glucosylation of the 

extracellular Notch epidermal growth factor-like (EGF) repeats has recently been 

found to play an important role in the proper functioning of Notch in Drosophila. 

Previous efforts to identify the fine structure of the O-glucose containing glycan of 

mammalian Notch have been hindered by limitations associated with approaches 

used to date. Here we report the development of an alternative strategy that can 

be used to study this modification from a range of different tissues. To implement 

this approach we have generated standards of the D-Xyl-1-3-D-Xyl-1-3-D-Glc 

trisaccharide, isomers of this structure, as well as the D-Xyl-1-3-D-Glc 

disaccharide found previously on secreted EGF-containing proteins of the blood 

coagulation cascade. Following derivatization with 8-aminopyrene-1,3,6-

trisulfonate (APTS), we use these standards in capillary electrophoretic analyses 

of O-glycans released from Notch1 EGF repeats in conjunction with exo--

xylosidase digestion.  These studies collectively reveal that the O-glucose 

containing glycan decorating mammalian Notch is the D-Xyl-1-3-D-Xyl-1-3-D-

Glc trisaccharide; an assignment in accord with previous predictions. Given the 

demonstrated importance of this modification in the function of Notch in 

Drosophila we expect that the unambiguous identification of this glycan 

decorating mammalian Notch1 should aid studies into the functional role of O-

glycosylation of mammalian Notch isoforms.  Wider application of this approach 
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should facilitate identification of other EGF-containing proteins bearing this O-

glycan and aid their study. 



 

 203 

4.3 Introduction 

 

 O-linked glucose is a non-canonical form of protein glycosylation that is 

installed on certain proteins as they transit through the secretory pathway. This 

modification was first identified as decorating the epidermal growth factor (EGF)-

like domains of bovine blood coagulation factors VII and IX.1 The O-linked 

glucose residue was found attached to the hydroxyl group of serine residues via 

a β-glycosidic linkage. Further structural analysis of the O-linked glucose 

modification found on bovine coagulation factor IX revealed it comprises primarily 

a trisaccharide (1) having the structure D-Xyl-α1-3-D-Xyl-α1-3-D-Glc (XXG, Figure 

4.1A) .2 On the basis of several known O-glucose modification sites, a consensus 

sequence governing which serine residues become modified has been proposed; 

NH2-Cys1-Xxx-Ser-Xxx-Pro-Cys2-COOH (Figure 4.1B) where Cys1 and Cys2 

represent the first and second conserved cysteine residues of the EGF-like 

repeats and Xxx represents any amino acid.3 These EGF-like repeats are 

compact structures that contain six conserved cysteine residues forming three 

disulfide bonds. It is believed that serine residues of these EGF-containing 

secreted proteins within the loop region having the proposed consensus 

sequences are glucosylated and then subsequently elongated to generate the 

XXG trisaccharide (Figure 4.1A) .3  
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Figure 4.1: The consensus sequence directing O-glucosylation of Notch and protein 
containing the EGF repeats studied here. (A) Structure of the putative XXG trisaccharide (1) 
decorating Notch1 and the putative XG disaccharide (2). (B) The proposed consensus sequence 
directing O-glucosylation of EGF repeats modified by the XXG trisaccharide showing the 
stereochemistry of the linkage to the serine residue. (C) The 36 tandem EGF repeats that make 
up the majority of the N

ECD
 of mouse Notch1 with the O-glucose modification sites annotated 

(where "Similar to Consensus Sequence" refers to a sequence in which the serine normally 
modified within the consensus sequence is found shifted one residue toward either the N- or C-
terminus). (D) Structure of the protein construct EGF12–18 used in these studies contains EGF 
repeats 12–18 bracketed by an N-terminal signal sequence, an HA epitope, and a C-terminal His6 
tag. (E) Western blot analysis of the expression level of EGF12–18 from conditioned media and 
cell lysates from CHO cell cultures transiently transfected with the either empty pax142 or 
pax142EGF12–18. 
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More recently, considerable effort has focused on studying the 

glycosylation of the extracellular EGF-like repeat domain of the cell surface 

protein receptor Notch. This effort has been stimulated by the realization that 

glycosylation of Notch regulates its function in the Notch signaling pathway;4-7 a 

cell-cell signaling pathway that uses local cellular interactions to control cell fate 

in metazoans.8 Abnormal Notch signaling has been linked to developmental 

disorders of the kidney, liver, heart, eye, and skeleton,9, 10 and has also been 

implicated in human diseases such as cancer.11  Stimulated in part by these 

important biological roles of Notch, recent investigations have uncovered the role 

played by its O-fucosylation in tuning Notch processing and downstream 

signaling events in response to ligand binding.12 Recent work by the Haltiwanger 

group has shown that mammalian Notch is also modified with O-glucose.13 The 

functional role and fine structure of the complete O-glucose containing glycan, 

however, is poorly delineated when compared to our level of understanding of 

the O-fucose containing glycans.  Given the functional significance of Notch O-

fucosylation it seems possible that the O-glucosylation of Notch may well play 

similar, or related, roles and accordingly this modification merits further 

investigation. 

Within mammals there are four different homologues of Notch (Notch1-4) 

while there is only one gene encoding Notch in Drosophila melanogaster.7 The 

Notch extracellular domain (NECD), of the four mammalian homologues, are 

primarily composed of between 29 and 36 tandem EGF-like repeats that mediate 

the cell-cell interactions involving Notch.8 Of the 36 tandem EGF repeats that 
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comprise the NECD of mouse Notch1, sixteen of these have the putative 

consensus sequence that appears to direct O-glucosylation (Figure 4.1C). Unlike 

Notch O-fucosylation, which is known to be primarily a monosaccharide or linear 

tetrasaccharide,14, 15 the structure of the glycan containing the non-canonical O-

glucose linkage decorating mammalian Notch remains ill defined.  The recent 

identification of the O-glucosyltransferase in Drosophila, known as Rumi, and the 

realization that deletion of Rumi compromises proper Notch functioning in 

Drosophila13 has provided considerable stimulus for improving our understanding 

of the roles of O-glucosylation of mammalian Notch, since this protein receptor 

plays key roles in health and disease. Given the presence of the proposed O-

glucose consensus sequence within mammalian Notch and preliminary studies 

that have suggested that the O-glucose moiety is elaborated with additional 

sugar residues in eukaryotic cells, Haltiwanger and coworkers have proposed the 

structure of this glycan is the XXG trisaccharide previously identified on secreted 

EGF-containing blood coagulation factors. At that time, however, these 

researchers were unable to establish the structure of the glycan or clarify 

whether xylose residues were a component. Very recent studies have now 

suggested this glycan is a linear structure composed of two pentoses and one 

hexose at the reducing terminus.16 Given, however, the tendency for structural 

variability of glycan structures, such as the different forms of O-fucosylation for 

example,17 the unambiguous identification of the constitution and linkages 

between the saccharide units in this glycan remains a topic of interest.15 
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Resolution of this question will facilitate development of antibodies against these 

structures and functional studies of the modification in eukaryotic systems.  

Existing methods of studying these non-canonical forms of O-glycosylation 

in eukaryotic cells involve metabolic labeling of mutant cell lines with radiolabeled 

saccharides.15, 18, 19 These mutant cell lines, developed by Stanley and 

coworkers, have genetic deficiencies that prevent incorporation of the labeled 

saccharides into various glycan structures; shunting the majority of label toward 

incorporation into the non-canonical forms of O-glycosylation. Mass spectrometry 

has been shown to provide another complementary method for studying the 

composition of O-glycans found on Notch,16 however, this technology is limited in 

its ability to clarify the linkages between saccharide residues within a given 

glycan.20 While these methods have provided many insights and are ideal for 

addressing certain questions, such as identifying proteins bearing the non-

canonical forms of O-glycosylation, the on-going development of complementary 

analytical methods is required to study these modifications in a wider range of 

biological tissues, as well as to determine the fine structure of the O-glucose 

containing glycan on mammalian Notch.   

To elucidate the fine structure of this glycan decorating mammalian 

Notch1, and simultaneously develop an analytical method that could be used 

with various tissues, we have generated a set of standards to be used in 

conjunction with high performance capillary electrophoresis (CE). Here we 

demonstrate this method and elucidate the structure of the O-glucose containing 

glycan on mammalian Notch1 as the D-Xyl-1-3-D-Xyl-1-3-D-Glc trisaccharide.  
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4.4 Results 

4.4.1 Expression of mammalian Notch1 construct EGF12-18 

 The mouse NECD contains 36 consecutive EGF repeats (Figure 4.1C), 

sixteen of which contain the proposed O-glucose consensus sequence NH2-

Cys1-Xxx-Ser-Xxx-Pro-Cys2-COOH. To facilitate our efforts to recombinantly 

express a portion of the NECD containing the proposed consensus sequence, we 

generated a series of constructs comprising portions of the EGF-like domains 

that could be used to recombinantly express the various EGF-like repeats of 

Notch within CHO K1 cells. These NECD fragments, encoding various sections of 

the EGF domain were prepared from mouse Notch1 cDNA using primers 

encoding a leader sequence and an N-terminal HA epitope tag, as well as a C-

terminal His6 tag, were ligated into the mammalian expression vector pAX142 21 

to generate the desired constructs. pAXEGF constructs and the empty pAX142 

vector were transiently transfected into CHO cells and the recombinant protein 

was purified from both cell lysates and media using metal chelate affinity column 

chromatography. Of these constructs, we find that after some optimization, the 

pAXEGF12-18 construct (encoding EGF-repeats 12-18 of Notch1) was the most 

effective for obtaining recombinant Notch1 EGF repeats in CHO-K1 cells. 

Through analysis of the purified samples by Western blot using an α-HA 

monoclonal antibody, we find this construct produces EGF12-18 (Figure 4.1D) 

that is primarily secreted into the media with a lesser amount being retained 

within cells (Figure 4.1E). Unfortunately due to the limited amount of protein 

expressed and purified, staining of the SDS-PAGE gels by Coomasie blue did 
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not reveal any detectable signal, nor did Bradford assays. The expression and 

secretion of the EGF12-18 Notch1 fragment suggests it properly transits through 

the secretory pathway and offered us reassurance that it is being exposed to the 

biosynthetic glycosyl transferases within the secretory pathway. Also we 

consistently observed that EGF12-18 with the conditioned media had a higher 

electrophoretic mobility, perhaps due to differences in glycosylation. 

4.4.2 Preparation of the APTS-labeled glycan standards 

 The chemical synthesis of the XXG trisaccharide (1), D-Xyl-α1-2-D-Xyl-α1-

3-D-Glc (X1-2XG, 3), D-Xyl-α1-4-D-Xyl-α1-3-D-Glc (X1-4XG, 4), and the D-Xyl-α1-

3-D-Glc (XG, 2) disaccharide for use as standards with CE (Figure 4.2) will be 

published elsewhere. The tri-(1, 3, 4) and di-(2) saccharides were reductively 

aminated with APTS by adaptation of established general procedures 

(Evangelista et al. 1996, Figure 4.2) to yield the desired fluorescent APTS-

labeled standards 5-8. When necessary, excess APTS and other trace impurities 

were removed from the labeled standards by resolving them using fluorophore-

assisted carbohydrate electrophoresis (FACE), excising the bands of interest, 

and eluting the labeled standard from the gel into water. 
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Figure 4.2: Di- and trisaccharide synthetic standards and subsequent APTS-labeling to 
generate the desired standards for CE. Synthetically prepared standards; D-xylose-α1-3-D-
glucopyranose (2, XG), D-xylose-α1-3-D-xylose-α1-3-D-glucopyranose (1, XXG), D-xylose-α1-2-
D-xylose-α1-3-D-glucopyranose (3, X1-2XG), and D-xylose-α1-4-D-xylose-α1-3-D-glucopyranose 
(4, X1-4XG).  Reagents for the synthesis of 5 - 8 are (i) 0.2 M APTS, 7.5% AcOH, 1.0 M 
NaBH3CN, THF, 37 

o
C. 
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4.4.3 UDP-D-xylose: α-D-xyloside α1-3-xylosyltransferase assay 

 To ensure that our EGF12-18 Notch 1 construct was transiently 

transfected into a cell line that possessed the appropriate xylosyl-transferases for 

XXG biosynthesis, we modified a procedure from Minamida et al. 22 to evaluate 

xylosyl-transferase activity in CHO microsomal fractions. CHO cell microsomes 

were mixed with the FACE purified XG-APTS standard. This mixture was then 

divided into three aliquots and supplemented with XXG-APTS, UDP-xylose, or a 

combination of both XXG-APTS and UDP-xylose (Figure 4.3A). As we expected, 

the microsomal fraction containing XG-APTS mixture spiked with XXG-APTS 

showed no decrease in the XG-APTS after incubation nor any increase in the 

peak corresponding to XXG-APTS when UDP-xylose was absent. When UDP-

xylose was added to the microsomal fraction containing XG-APTS or a 

microsomal fraction containing XG-APTS and XXG-APTS, however, the XG-

APTS standard was almost completely converted to XXG-APTS after 20 hours of 

incubation at 37 ºC (Figure 4.3Ai and ii). We also observed that the XXG-APTS 

standard does not get elongated in the presence of UDP-xylose, indicating that 

the CHO microsomal fraction contains no glycosyl transferases that can further 

elaborate the trisaccharide with additional xylose residues. 
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Figure 4.3: Xylosyltransferase assay and analysis of glycans found on secreted EGF12-18. 
(A) Capillary electrophoresis assay of xylosyltransferase activity in CHO microsomal fractions 
using 5 (XXG) and 6 (XG) as standards. (i) Assay mixture containing; CHO microsomal fraction, 
UDP-Xylose, APTS-labeled standards 5 (XXG, denoted by *) and 6 (XG, denoted by †), (ii) Assay 
mixture containing; CHO microsomal fraction, UDP-Xylose, and standard 6 (XG), (iii) Assay 
mixture containing; CHO microsomal fraction with standards 5 (XXG) and 6 (XG). (B) Analysis of 
APTS-labeled oligosaccharides released from purified recombinant EGF repeats isolated from 
the conditioned media of transfected CHO cells, (i) APTS-labeled oligosaccharides isolated from 
EGF constructs of CHO media, (ii) APTS-labeled oligosaccharides isolated from EGF constructs 
of CHO lysates, (iii) synthetic standards 5 (XXG, denoted by *) and 6 (XG, denoted by †). 

 
 

4.4.4 β-Elimination, fluorescent labeling, and analysis of EGF12-18 Notch 1 
O-glycans by capillary electrophoresis 

 Partially purified EGF12-18 Notch 1 and an aliquot of the vector control 

sample were dialyzed in parallel against a solution composed of a low 

concentration of volatile buffer. After lyophilization of the dialyzed EGF12-18 and 

control samples we obtained a white powder that we subjected to non-reducing 

β-elimination conditions to liberate all O-glycan moieties.23 Following β-

elimination and sample clean-up, we added maltose to all samples to serve as an 

internal standard after which we reductively aminated all free aldehydes, and 
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ketones with APTS using standard procedures.24 This reaction is carried out at 

microgram scale, which therefore limits the ability to characterize the resulting 

products using standard procedures. However, the reductive amination method 

of labeling glycans has been widely used and validated.24 Once labeled, we 

analyzed the APTS-labeled O-glycan moieties by CE using NCHO-coated 

capillaries (Figure 4.3B).  We observe a large peak in the EGF12-18 sample 

having the same electrophoretic mobility as the XXG-APTS standard. A second 

peak having an apparent mobility similar to the XG-APTS standard was also 

observed. In contrast, on analysis of the O-glycan moieties released from the 

control sample, we only observed minor species having mobilities similar to 

either the XXG-APTS and XG-APTS standards (Figure 4.3Bii).  

4.4.5 Sulfolobus solfataricus α-xylosidase catalyzed digestion of O-glycan 
moieties released from EGF12-18 and the vector control 

 To evaluate the structure of the APTS-glycan giving rise to the peak of 

interest in the trace obtained from the EGF12-18 sample we opted to digest non-

reducing terminal α-linked xylose residues using an exo-acting -xylosidase.   

The -xylosidase previously used by Hase et al. 22 to digest this glycan is no 

longer available and no other enzymes having the required specificity are known. 

We therefore sought different sources of -xylosidases and first assayed an -

xylosidase from E.coli (YicI),25 which in our hands was incapable of digesting the 

XXG-APTS standard.  We therefore turned to using another -xylosidase (XylS), 

previously cloned from Sulfolobus solfataricus and recombinantly expressed in E. 

coli, that was generously provided by Prof. Moracci.26 Using XylS, we digested, in 
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parallel, samples containing the XXG-APTS standard, labeled O-glycan moieties 

released from EGF12-18, and the vector control (Figure 4.4A). After overnight 

digestion, we found that CE analysis of the XylS treated XXG-APTS standard 

revealed that nearly all of the XXG-APTS had been digested and a peak of 

similar area with a mobility matching that of the XG-APTS standard appeared 

(Figure 4.4Aii), revealing XylS could process the linkage of interest. We observed 

similar results for the labeled EGF12-18 O-glycan moieties, with the peak 

corresponding to XXG-APTS almost completely disappearing on digestion while 

a peak having a mobility matching that of the XG-APTS standard increased 

correspondingly in intensity (Figure 4.4Av). No differences could be observed in 

the vector control sample and we noted that the minor peak migrating close to 

the position of the XXG-APTS standard appeared strikingly similar to the minor 

peak remaining after digestion of the EGF12-18 sample (Figure 4.4Av). 
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Figure 4.4: Gel purification of the putative XXG-APTS obtained from EGF12-18, α-
xylosidase digestion and linkage assignment. (A) CE analysis of the α-xylosidase digestion of 
APTS-labeled oligosaccharides released from EGF12-18 isolated from the media of transfected 
CHO cells. Analysis of (i) synthetic standard 5 (denoted by *) and APTS-labeled maltose as the 
internal standard (denoted by ‡), (ii) the α-xylosidase digested synthetic standard 5, (iii) synthetic 
standard 6 (denoted by †), (iv) the APTS-labeled oligosaccharides released from recombinant 
EGF constructs of CHO cells and the internal APTS-labeled standard maltose, (v) the α-
xylosidase digested APTS-labeled oligosaccharides released from recombinant EGF constructs 
and APTS-labeled maltose as the internal standard, (vi) the oligosaccharides released from the 
vector control and APTS-labeled maltose as the internal standard. (B) Digestion of XXG purified 
from mono- and oligosaccharides released from EGF12-18. Analysis of; (i) the APTS-labeled 
oligosaccharides released from recombinant EGF constructs of CHO cells and APTS-labeled 
maltose as the internal standard (denoted by ‡), (ii) the FACE-purified material corresponding to 
the putative XXG trisaccharide released from the EGF12-18 that has the same elution time as 
synthetic standard 5, (iii) the FACE-purified putative XXG trisaccharide spiked with APTS-labeled 
maltose as the internal standard, (iv) the α-xylosidase digested FACE-purified putative XXG 
trisaccharide released from EGF12-18 subsequently spiked with APTS-labeled maltose as the 
internal standard, (v) the FACE-purified putative XXG trisaccharide spiked with APTS-labeled 
maltose as the internal standard, (vi) the FACE-purified putative XXG trisaccharide released from 
EGF12-18 and further purified by HyperCarb spin-tip cartridges and then digested by the XylS α-
xylosidase, (vii) the synthetic APTS-labeled standards 5 (denoted by *), 6 (denoted by †), and 

APTS labeled D-glucose (denoted by ). (C) CE analysis of XXG stereoisomers. (i) XXG-APTS 
standard (5), (ii) X1-2XG-APTS standard (7), (iii) X1-4XG-APTS standard (8), (iv) a mixture of the 
X1-4XG, X1-2XG, and XXG–APTS standards (5, 7, and 8). (D) APTS labeled synthetic 
standards; D-xylose-α1-3-D-xylose-α1-3-D-glucopyranose (5), D-xylose-α1-2-D-xylose-α1-3-D-
glucopyranose (7), and D-xylose-α1-4-D-xylose-α1-3-D-glucopyranose (8). 

 
  

4.4.6 Digestion of partially purified XXG trisaccharide from EGF12-18 

 We carried out further studies on the species giving rise to the peak 

having the same mobility as the trisaccharide standard to provide further support 

for its unambiguous assignment as the XXG trisaccharide. We electrophoresed 

the O-glycan moieties released from the EGF12-18 sample on a polyacrylamide 

gel and bands migrating at the same position as the di- and trisaccharide APTS 

standards were excised and eluted from the gel. Our analysis of the putative 

trisaccharide by CE revealed a peak migrating with an elution time matching that 

of the trisaccharide with no peaks in the immediate vicinity of the mono- and 

disaccharide standards (Figure 4.4Bii). After digesting this sample with XylS we 
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carried out CE analysis and found a dramatic decrease in the area of the peak 

having the same mobility as the XXG-APTS standard and a corresponding 

increase in the intensity of the peak having a mobility matching that of the XG-

APTS standard (Figure 4.4Biii). We speculated that Tris, a buffer present within 

the gel and likely co-purified during the gel purification procedure, was inhibiting 

the complete digestion of the putative trisaccharide by XylS. Indeed, Tris has 

been shown to inhibit glycoside hydrolases,27 a finding that we also replicate here 

for XylS (data not shown). Therefore, we carried out a second purification step of 

the FACE-purified putative XXG trisaccharide, using a solid phase extraction on 

a porous graphite stationary phase to which glycans are known to bind, to 

remove any Tris or other buffer salts. This allowed us to use XylS to fully digest, 

the putative trisaccharide down to a monosaccharide having the same mobility as 

the D-glucose-β1-APTS (G-APTS) standard (Figure 4.4Bvi). Notably, analysis of 

the sample obtained from the region of the gel that would contain the APTS 

labeled XG disaccharide revealed no peaks having a mobility matching that of 

the XG-APTS standard. These collective data suggest that the O-glucose 

moieties of EGF12-18 of mouse Notch1 do not exist as the XG disaccharide in 

this cell line, and provides strong support for the identity of the Notch1 O-glucose 

containing glycan being the XXG trisaccharide found on the blood coagulation 

factors.  Notably we find, consistent with previous studies of XylS,26 that this 

enzyme does not efficiently digest -glucosides; digestion of a maltose-APTS 

standard using the same condition as used for the XXG-APTS standard revealed 

negligible change to the maltose-APTS standard.  These results suggest that 
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under the conditions of these studies XylS is very highly selective for terminal -

xylosidically linked residues. 

4.4.7 Further linkage analysis of the XXG trisaccharide 

 To further investigate whether the putative XXG trisaccharide modifying 

EGF repeats of mouse Notch1 was indeed the same XXG trisaccharide initially 

identified by Hase and coworkers on EGF repeats of blood coagulation factors 

IIV and IX, as D-Xyl-α1-3-D-Xyl-α1-3-D-Glc,1, 2 two linkage isomers were also 

synthesized.  We prepared X1-2XG and X1-4XG and labeled these isomers with 

the APTS fluorophore (Figure 4.2).  The three trisaccharide standards were 

analyzed by CE individually and as a mixture to accurately establish the 

electrophoretic mobility of each standard in comparison with the XXG-APTS 

(Figure 4.4C). Both the X1-2XG and X1-4XG standards have a higher mobility 

than the XXG-APTS standard, with X1-4XG having the highest mobility. The 

small peak appearing alongside the X1-2XG-APTS standard is a small impurity 

obtained during its synthesis and purification and we identified it by NMR 

spectroscopy through its characteristic anomeric peaks as D-Xyl-β1-2-D-Xyl-α1-3-

D-Glc-APTS standard. The resolution of the three linkage isomers provides 

compelling evidence that the linkage between the two xylose moieties is an α1-3 

linkage. Further, given the very high sensitivity of CE for variations in fine glycan 

structure, it seems most likely that any linkage variations at the Xyl-Glc linkage 

would show similar, or more pronounced, changes in electrophoretic mobility of 

not only the disaccharide but the trisaccharide as well, relative to the mobility of 

the predicted D-Xyl-α1-3-D-Xyl-α1-3-D-Glc structure. These data therefore 
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provide further strong support for assignment of the glycan structure decorating 

Notch as the XXG trisaccharide and underscore the established utility of CE for 

studying the fine structure of glyans. 

4.4.8 Mass Spectroscopic analysis of per-methylated XXG standard and 
per-methylated trisaccharide released from EGF12-18 

While establishing linkage information within glycans or distinguishing 

isomeric saccharide residues is not yet reliably possible using mass 

spectrometry,20 it is a powerful technique that can provide valuable data as to the 

mass and constitution of oligosaccharides and glycoconjugates.28 Coupled with 

our previous studies using the four synthetic standards (1-4) and CE analysis, 

MS offered us with a complimentary technique that enabled us to further clarify 

the identity of the EGF-derived O-glycan as the XXG trisaccharide. The EGF-

derived O-glycan, a portion of the sample not labeled with APTS, was per-

methylated, purified on a Sep-Pak C18 cartridge, and characterized by mass 

spectrometry. The most intense molecular ion peak (Figure 4.5 A and C), 

observed at m/z 593.30, corresponds to a sodiated trisaccharide composed of 

two pentoses and one reducing hexose (predicted mass of 593.29).  This ion was 

selected for collisional activation and the MS/MS spectrum was recorded to 

assist in sequence assignment (Figure 4.5B and D). The Y1 and Y2 ions,29 at m/z 

419 and 259, are the result of the cleavages of the glycosidic linkage and confirm 

the loss of a reducing hexose and non-reducing terminal pentose, respectively. 

These losses are consistent with the results of complete XylS digestion of the 

EGF-derived O-glycan, which gave a single product that co-migrated with APTS-
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labeled glucose (Figure 4.4B). A less intense C1 ion at m/z 215 also confirms the 

non-reducing terminus is a pentose while a B2-type ion at m/z 357 corresponds 

to a fragment consisting of two linked pentose units confirming that the glycan is 

not branched. These results indicate that the EGF-derived trisaccharide is linear 

and consists of a reducing hexose and two pentose residues, in agreement with 

the very recent MS/MS data of the O-glucose containing trisaccharide present on 

a different construct of Notch, EGF1-5, reported by Bakker et al.16 and our 

detailed CE-based assignment of the XXG glycan detailed here. 
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Figure 4.5: Mass spectral analysis of the putative XXG trisaccharide released from EGF12-
18. (A) Mass spectrometric analysis of per-methylated XXG released from EGF12-18, 
identification of three characteristic ions; 571.3 [M+H], 593.3 [M+Na], 609.3 [M+K]. (B) MS/MS 
analysis of the sodiated parent ion from the putative XXG trisaccharide, fragmentation pattern 
with ions having amu’s corresponding to C1 (215.3), C2 (359.2), Y2 (419.5), and Y1 (259.4). (C) 
Mass spectrometric analysis of the per-methylated XXG (1) synthetic standard, identification of 
two characteristic ions; 593.3 amu [M+Na], 609.3 amu [M+K]. (D) MS/MS analysis of the sodiated 
parent ion from the synthetic XXG trisaccharide (1), fragmentation pattern with ions having amu’s 
corresponding to C1 (215.3), C2 (359.2), Y2 (419.5), and Y1 (259.4). 
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4.5 Discussion 

Notch is a key player in the Notch signaling pathway and has been found 

to be modified by two unusual forms of O-linked glycosylation.15 The first of 

these, O-fucosylation, has been shown to be elongated to form the 

tetrasaccharide, Sia-α2-3-Gal-β1-4-GlcNAc-β1-3-Fuc-α1-O-Ser/Thr.14, 30 Proper 

assembly of this tetrasaccharide has been proposed to be important in governing 

Delta1 and Jagged1 mediated signaling. 4, 6 Elegant studies by Haltiwanger et al., 

using genetically modified Lec cell lines and radioactively labeled fucose moieties 

has illuminated the structure of, and revealed sites of Notch1 decorated by this 

non-canonical O-fucosyl tetrasaccharide.15, 19, 31 The second form of non-

canonical glycosylation found on Notch, O-glucosylation, can be elongated to 

form a more complex glycan.15,16 Rumi, a highly conserved protein O-

glucosyltransferase (Poglut) has been identified in Drosophila as being 

responsible for transferring the glucose residue to the target serine of EGF 

repeats of Notch. Further, Rumi has been shown in Drosophila to be essential for 

proper Notch signaling, an observation that underscores the functional 

importance of this modification and its potential importance in human health.13 

Interestingly, in Drosophila, the O-glucose residue installed by Rumi on Notch 

does not appear to be further elaborated by other sugar residues.13 We therefore 

sought to elucidate the detailed structure of the O-glucose containing glycan 

present on mammalian Notch115 since this should facilitate studies on the role of 

this glycosylation in the functioning of mammalian Notch isoforms. The existing 

methods to study the O-glucose modification, involving the use of genetically 
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modified CHO cell lines in conjugation with metabolic labeling using 

monosaccharides,15, 32 or mass spectrometry,16 is not readily amenable for 

elucidating the fine structure of this glycan. Therefore, to address this question, 

an alternative method for studying the non-canonical O-glucosylation of 

mammalian Notch1 was required. Given that O-glucose linked to secreted 

glycoproteins, such as bovine blood clotting factors IIV and IX, and protein Z, 

have been shown to occur within EGF-like domains as the XXG trisaccharide, we 

felt it was likely that XXG is the glycan decorating mammalian Notch, as has 

been previously postulated. 13, 15 Accordingly, to realize our goal of developing a 

method that could be used, we first chemically synthesized the XXG 

trisaccharide (1), the XG disaccharide (2), and linkage isomers of the XXG 

trisaccharide, following which we subsequently fluorescently labeled these for 

use as standards with CE (Figure 4.2). Given the sensitivity of this CE method 

only very small quantities of material are necessary for such studies, limiting the 

need for tedious and involved chemical synthesis on large scale. Following APTS 

labeling, we find that purification of the resulting standards by way of gel 

electrophoresis removes impurities arising from the fluorophore labeling 

procedure and affords pure XG- and XXG-APTS samples, ideal for use as 

internal and external standards.  

Before proceeding further we felt it prudent to ensure that the CHO K1 cell 

line we were aiming to use possessed the necessary xylosyltransferases 

required to elongate the serine linked glucose residue. We therefore tested 

microsomal fractions purified from CHO K1 cell lysates for xylosyltransferase 
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activity22 using the XG-APTS standard. In the presence of UDP-xylose, CHO 

microsomal fractions effectively converted XG-APTS to XXG-APTS, indicating 

the presence of a xylosyltransferase having the appropriate specificity (Figure 

3A(ii)). In a similar experiment glucose was coupled to the APTS fluorophore to 

form G-APTS and incubated with UDP-xylose and CHO microsomal fractions. No 

formation of either XG-APTS or XXG-APTS was observed (data not shown), an 

unsurprising result given that the structure of G-APTS has the glucose residue in 

the open chain form, making it quite possible that the xylosyltransferase would be 

unable to recognize this acceptor. Regardless, the CHO microsomal assay 

confirms the presence of a xylosyltransferase capable of modifying a XG 

disaccharide with xylose to form the XXG trisaccharide. 

With this knowledge in hand, we next turned to generating appropriate 

NECD constructs that could be analyzed for the presence of the O-glucose 

containing glycan. The 36 consecutive EGF repeats of the NECD of mouse Notch1 

includes sixteen repeats that contain the proposed O-glucose consensus 

sequence NH2-Cys1-Xxx-Ser-Xxx-Pro-Cys2-COOH. Of these sixteen consensus 

sequences, eight occur between EGF repeats 12-21, an observation that 

prompted us to design multiple constructs encoding this particular region. Of the 

constructs that we generated, the one comprising EGF domains 12-18 were most 

efficiently expressed in CHO cells. This construct contains five proposed 

consensus sequences that may be modified with O-glucose. Purification of 

recombinant EGF12-18 from CHO cell lysates and media (Figure 4.1E), followed 

by β-elimination of the O-glycans and subsequent APTS labeling, allowed us to 
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analyze the liberated O-glycans by CE. Peaks having the same elution time as 

the synthetic XG- and XXG-APTS standards were observed in the EGF12-18 

sample (Figure 4.3Bi). Comparison of the standards with the vector control 

sample revealed a peak having a similar elution time as the XG-APTS standard 

as well as a minor peak in close proximity to the XXG-APTS standard. The peak 

having similar mobility as the XG disaccharide was found in both the EGF12-18 

construct and the control sample and were both of similar intensities, suggesting 

this peak is some species other than the XG disaccharide. In contrast, the peak 

having the same elution time as the XXG-APTS standard in the sample derived 

from EGF12-18 was much larger than the peak having a similar mobility in the 

control sample, suggesting that the XXG trisaccharide does indeed decorate 

EGF12-18 of mouse Notch1 (Figure 4.3Bi). The complexity of the chromatogram, 

however, prevented conclusive assignment of this peak as the XXG 

trisaccharide, forcing us to more carefully investigate this possibility. 

 Therefore, in order to more conclusively establish whether this peak arises 

from the XXG trisaccharide modification of EGF12-18, we elected to use the exo-

α-xylosidase XylS 26 to cleave the terminal xylose residues. This α-xylosidase is 

implicated in the degradation of plant xyloglucan and has been shown to cleave 

the xylose moiety off from isoprimeverose (D-xylopyranosyl-α1-6-D-

glucopyranosyl) but does not cleave -linked xylosyl residues.26 Gratifyingly, this 

α-xylosidase was able to digest the XXG-APTS standard (Figure 4.4Av), 

supporting its use in these studies to aid in structural assignment of the glycans 

of interest. Notably, XylS did not degrade a maltose-APTS standard, indicating 
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this enzyme is specific for terminal xylose residues when using the conditions 

detailed here (Supplementary Figure 2). Digestion of the APTS labeled O-glycan 

moieties released from the EGF12-18 sample revealed that the putative XXG 

trisaccharide having a mobility matching that of the XXG-APTS standard was 

digested using XylS and a new peak having the same elution time as that of the 

XG-APTS standard was observed (Figure 4.4Av). The identical electrophoretic 

mobility of the putative APTS labeled XXG-trisaccharide, matching that of the 

XXG-APTS standard, and its susceptibility to -xylosidase digestion to yield 

products having a mobility matching that of the XG-APTS standard, supports 

assignment of the trisaccharide as having the XXG structure proposed by Hase. 

Collectively, these results suggest that the O-glucose containing glycan of 

mammalian Notch is the XXG trisaccharide.  As an aside, the -xylosidase XylS 

should prove to be a useful tool for analysis of glycans having this D-Xyl-α1-3-D-

Xyl structure, a linkage for which no commercial enzymes are currently 

available.26 Due, however, to the presence of impurities in and around the region 

of the chromatogram in which the disaccharide is observed, analysis of these 

crude samples does not conclusively show the product of the trisaccharide 

digestion is the XG disaccharide, leaving some ambiguity in the assignment of 

the structure of this glycan. We therefore used the gel purified XXG trisaccharide, 

released from EGF12-18, to evaluate the fate of this putative trisaccharide 

following α-xylosidase digestion in the absence of the complicating impurities. 

Digestion of the gel purified trisaccharide revealed the glycan isolated from 

EGF12-18 of mouse Notch1 did indeed yield, as we suspected, the XG 
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disaccharide and G monosaccharide (Figure 4.4B vi). Furthermore, when 

analyzed by CE, a sample of the region of the gel containing the XG disaccharide 

did not reveal any peaks corresponding to the XG-APTS standard (data not 

shown). This null observation suggests that the XG disaccharide is a building 

block en route to the XXG trisaccharide and that rapid stoichiometric conversion 

to the XXG trisaccharide occurs in CHO-K1 cells before EGF12-18 is secreted 

into the media. Further, we find that EGF12-18 isolated from cell lysates did not 

appear to bear any XXG or XG glycans, suggesting that secretion occurs rapidly 

after the construct is glycosylated.  

Despite these findings and the established high resolution of CE we were 

stimulated by the possibility that the glycan isolated by us from Notch expressed 

in CHO cells may be an isomer of the XXG glycan (1), having different linkages, 

that simply has the same electrophoretic mobility as XXG (1). Therefore, to 

carefully clarify whether the linkages of the XXG trisaccharide modifying EGF 

repeats of mouse Notch1 are the same as the XXG trisaccharide identified by 

Hase et al.,33,2 we synthesized X1-2XG and X1-4XG, labeled these with APTS, 

and then analyzed these standards in conjunction with the XXG trisaccharide 

standard by CE (Figure 4.4C and D). Each linkage isomer has different 

electrophoretic mobilities enabling them to be completely resolved and this data 

further establishes that only XXG has the same electrophoretic mobility as the 

APTS labeled glycan released from the EGF12-18. This data provides very 

strong evidence to support assignment of the glycan as D-xylose-α1-3-D-xylose-

α1-3-D-glucopyranose. However, to provide additional evidence as to its 
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constitution we carried out mass spectrometric studies of the per-methylated 

putative XXG glycan of Notch expressed in CHO cells as well as the synthetic 

XXG standard. MS of both the standard and the glycan revealed a sodiated 

trisaccharide composed of two pentoses and one hexose (Figure 4.5A and C). 

Additionally, tandem mass spectrometry (MS/MS) analysis of both the per-

methylated sample and standard revealed identical fragmentation patterns giving 

rise to signals having matching m/z values, and relative ion counts, in the 

daughter ion spectra.  These data reveal that the hexose is coupled to the protein 

and that the trisaccharide is linear rather than branched (Figure 4.5B and D). 

While this MS and MS/MS data can not clearly establish the linkages or anomeric 

configurations of the residues within the putative XXG trisaccharide, it does 

provide valuable information regarding order of the individual pentoses and 

hexoses within the linear arrangement.  These MS and MS/MS results are also 

consistent with very recent data indicating that the glycan on Notch is a linear 

glycan composed of two pentoses with one hexose at the reducing terminus 16. 

Collectively these experiments provide very strong evidence supporting 

assignment of the O-glucose-containing glycan modifying mouse Notch1, and 

most likely the other Notch isoforms, as the XXG trisaccharide found on secreted 

glycoproteins of the blood coagulation cascade. While the data supporting 

assignment of the glycan we characterize here as the XXG glycan is very strong, 

there is a remote possibility that this glycan may be a different linkage isomer. 

Such a linkage isomer would have to have the identical electrophoretic mobility 

as the XXG-APTS standard as well as the same MS/MS fragmentation pattern as 
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the synthetic XXG glycan. Such a linkage isomer would also need to be 

susceptible to degradation by XylS to generate a disaccharide having an identical 

electrophoretic mobility as the XG-APTS standard. Given the very high resolution 

of the CE method used here, underscored by our ability to resolve at baseline the 

X1-4XG, X1-2XG, and XXG-APTS standards, it seems highly unlikely that the 

APTS-labeled disaccharide liberated by XylS from the APTS-labeled 

trisaccharide would be anything other than XG-APTS, as we propose here. 

Therefore, we believe that these chemically synthesized XG-, XXG-, and isomeric 

XXG-APTS standards along with CE and using an appropriate α-xylosidase offer 

a new and complementary approach for studying this noncanonical O-

glycosylation in various tissues having different origins. This strategy avoids the 

need for radioactivity and mutated cell lines lacking certain metabolic pathways, 

thus making it ideal for studying wild-type cells. Of course, this strategy 

necessitates availability of appropriate instrumentation and the availability of 

standards but it does not require access to mass spectrometry equipment. 

Further technical refinement of this strategy to improve sensitivity will make it a 

valuable tool for studying noncanonical O-glucosylation in tissues from model 

organisms at endogenous levels. With the fine structure of the XXG trisaccharide 

present on Notch firmly established, one obvious area of interest that we are 

pursuing is to generate antibodies that recognize these glycan structures in their 

natural context. These tools should facilitate studies directed at improving our 

understanding of the developmental roles of this interesting post-translation 

modification. 
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4.6 Materials and Methods 

4.6.1 Materials 

All buffer salts in this study were purchased from BioShop Canada Inc. 

except for sodium dodecyl sulfate which was purchased from Biorad. Milli-Q 

(18.2 megaohms cm-1) water was used to prepare all buffers. Mouse Notch1 

cDNA was purchased from the ATCC. EDTA-free protease inhibitor tablets were 

purchased from ROCHE. Histrap HP 5 mL affinity column was purchased from 

GE Healthcare. 10 kDa molecular weight cut off centrifugal filters were 

purchased from Millipore Corporation. SuperSignal West Pico 

chemiluminescence and CL-XPosure Film were purchase from Pierce. Synthetic 

reactions were monitored by TLC using Merck Kieselgel 60 F254 aluminum-

backed sheets while flash column chromatography under a positive pressure was 

performed using Merck Kieselgel 60 (230-400 mesh) using the specified eluants. 

All chemicals were purchased from Sigma-Aldrich unless otherwise noted and 1H 

and 13C NMR spectroscopy were recorded on a Varian AS500 Unity Innova 

spectrometer at 500 MHz (125 MHz for 13C) and 600 MHz Bruker AMX 

spectrometer (150 MHz for 13C) as indicated. 

4.6.2 Production of Mouse Notch1 EGF Fragments 

Constructs encoding EGF fragment 1-5, 6-11, 12-18, 16-23 and 24-33 of 

the mouse Notch1 extracellular domain were generated using PCR with 

pcDNA1-Notch1 as a template. Restriction sites for EcoRI and MluI were 

designed into the primers for a signal peptide and a hemagglutinin (HA) tag. The 

PCR products were then digested with EcoRI and MluI and subcloned into the 
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corresponding sites in the mammalian expression vector pax142.21 The EGF 

fragments were designed to contain between 1 and 5 predicted O-glucosylation 

sites based on the proposed consensus sequence: NH2-Cys1-Xxx-Ser-Xxx-Pro-

Cys2-COOH.3 Restriction sites for MluI and SalI were designed into the primers 

for the EGF constructs along with  a His6 tag. The primers to generate the five 

constructs were; EGF1-5 5′-GCGATAACGCGTGGCTTGAGATGCTCCCAGC -3′ 

and 5′- 

GCCACCCATACTGGTCCCCATCATCACCATCACCACTAAGTCGACTATCGC-

3′, EGF6-11 5′-GCGTAACGCGTGGTCCCCACTGTGAACTGC-3′ and 5′- 

CAGTGTCTACAGGGCTACACGCATCATCACCATCACCACTAAGTCGACTATC

GC-3′, EGF12-18 5′-GCGATAACGCGTCAGGGCTACACGGGACC-3′ and 5′-

GGCTACCATGACCCCACGCATCATCACCATCACCACTAAGTCGACTATCGC-

3′, EGF16-23 5′-GCGATAACGCGTACCACAGGGCCCAACTGTG-3′ and 5′- 

GCCGGCTATACAGGTCGCCATCATCACCATCACCACTAAGTCGACTATCGC-

3′, EGF24-33 5′-GCGATAACGCGTTATACAGGTCGCAACTGTGAGAG-3′ and 

5′- 

GCCACACTGGACGCCGCCATCATCACCATCACCACTAAGTCGACTATCGC-

3′,. The PCR product was then digested with mLuI and SalI and subcloned into 

the corresponding sites in the mammalian expression vector pAX142.  All 

constructs were sequenced to confirm nucleotide sequence. 
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4.6.3 Cell culture and production of recombinant Notch1 EGF 12 – 18 
repeats 

CHO K1 cells were grown in 100 mm polystyrene dishes (Sarstedt) at 37 

ºC under an atmosphere of 5% CO2.  Unless otherwise indicated, cells were 

grown in a mixture of Dulbeco’s modified Eagle’s medium (DMEM) and Ham’s 

F12 (1:1, v/v) (Gibco) supplemented with 15% fetal bovine serum (FBS) (Gibco).  

Confluent monolayers of CHO K1 cells were transiently transfected with the 

series of His6-tagged pAXEGF constructs using Lipofectamine 2000 (Invitrogen) 

following the manufacturer’s instructions. 12 hours after transfection the media 

was changed.  To purify the secreted EGF-repeat-containing constructs, the cell 

culture media was collected every 24 h and replaced with fresh media.  Collected 

media was supplemented with 1 x CompleteTM EDTA-free protease inhibitors 

(Roche) and α-D-xylose (to a final concentration of 200 mM) to inhibit 

endogenous xylosidases.  Detached cells in the media were pelleted by 

centrifugation (800 rpm, 10 min, 4 ºC) and discarded.  After three days cells were 

washed twice with 10 mL portions of cold phosphate-buffered saline (PBS), pH 

7.4, scraped off of the plates, and pelleted by centrifugation (800 rpm, 10 min, 4 

ºC).  Both cell pellets and cell culture media were frozen in liquid nitrogen and 

stored at -20 °C prior to use.    

4.6.4 Purification of the series of EGF Constructs and the pAX142 Vector 
Control from CHO Media 

NaCl (500 mM) and imidazole (10 mM) were added to conditioned media, 

and cell lysates were centrifugated (2000 rpm and 4 ºC for 30 minutes) to pellet 

any precipitate before loading onto a 5ml Histrap HP affinity column (GE 
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Healthcare). Loading, washing, and elution of the construct was done according 

to the column manufacturer’s protocol, and the eluate was dialyzed three times 

over a period of three days into a volatile buffer at pH 7.4 containing 50 mM 

NH2CO3. A small portion of the eluate was concentrated 10 fold using 10 kDa 

molecular weight cut off centrifugal filter (Millipore) and run on Western blot. The 

purified protein product could not be detected by Bradford assay or by Coomasie 

staining of SDS-PAGE gels, presumably due to the limited expression levels of 

the construct studied here using this expression system. 

4.6.5 Western blot analysis 

This procedure was carried out essentially as described before.34 Samples 

were resolved on 12% SDS-PAGE gels and then transferred to nitrocellulose 

(Bio-rad) membranes. Membranes were blocked for 1 h at room temperature with 

1% bovine serum albumin (BSA) in PBS containing 0.1% Tween-20 (Sigma) 

(PBS-T) and then subsequently probed with the anti-hemagluttinin (α-HA) 

primary antibodies in PBS-T, containing 1% BSA, overnight at 4 ºC. Membranes 

were then extensively washed with PBS-T, blocked again for 30 min with 1% 

BSA in PBS-T at room temperature and then probed with the appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room 

temperature delivered in 1% BSA in PBS-T. Finally the membranes were washed 

extensively and then developed with SuperSignal West Pico chemiluminescence 

substrate (Pierce) and exposed to CL-XPosure Film (Pierce). 
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4.6.6 Beta-elimination of EGF12-18 O-glycans 

Purified EGF12-18 was lyophilized and the resulting powder was 

suspended in 1 mL of 18Ω deionized H2O, transferred to 1.5 mL screw-capped 

tubes (Sarstedt), and lyophilized again.  The dried protein was subjected to NH3-

based, non-reductive β-elimination according to the procedure of Huang et al. 

(Huang et al., 2001).  Briefly, samples were suspended in 1mL 28% NH4OH 

saturated at room temperature with (NH4)2CO3. After the addition of more 

(NH4)2CO3 (100 mg) samples were vortexed and heated at 60 ºC for 40 h with 

intermittent shaking to keep the samples suspended. Excess salts were removed 

from samples by repeated cycles of lyophilization using a SpeedVacTM (Thermo) 

and reconstitution in 18Ω deionized H2O; this process typically was repeated 

over a period of 30 h until no salts were visible in tubes derived from mock 

transfected cells. The β-eliminated O-glycans, presumably trapped as 

glycosylammoniumcarbonate salts, were converted into reducing 

oligosaccharides by acidification with 10 μL 500 mM H3BO3 (30 min, 37 oC).  1 

mL of CH3OH was then added and the supernatant was collected and dried to 

remove borate salts.  In contrast with Huang et al., excess salts and 

protein/peptides were removed by suspending the samples in 100 μL H2O, 

applying them to a conditioned Hypercarb (Thermo) solid-phase extraction 

cartridge, washing with 3 mL H2O and then by eluting the desired material as two 

separate fractions using 5% CH3CN, 0.1% TFA and 50% CH3CN, 0.1% TFA.35 

The latter fraction, which contains carbohydrates larger than disaccharides, was 

spiked with 1 nmol maltose and both fractions were then lyophilized and 

fluorescently labeled. 
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4.6.7 Fluorescent labeling of EGF12-18-derived O-glycans and sample 
clean-up 

Following β-elimination, the dried reducing oligosaccharide material and 

the synthetic standards were reductively-aminated36 with the highly fluorescent 8-

aminopyrene-1,3,6-trisulfonate (APTS).  For APTS labeling the manafacturer’s 

protocol (Beckman-Coulter) was followed essentially as described.  Briefly, 

samples were dissolved in equal volumes, (2 μL each) of 200 mM APTS 

(Beckman-Coulter) in 7.5% acetic acid and 1.0 M NaBH3CN (Fluka) in 

tetrahydrofuran (THF) and then incubated overnight, in the dark, at 37 °C. Stock 

APTS and NaBH3CN solutions were stored at -80 oC for no more than one 

month. After labelling, the standard oligosaccharides maltose, Xyl-α1,3-Glc and 

Xyl-α1,3-Xyl-α1,3-Glc were purified away from excess APTS and labeling 

reagents by fluorophore-assisted carbohydrate electrophoresis (FACE) according 

to the procedure  Gao and Lehrman.37, 38  Briefly, samples were loaded onto a 

1.5 mm thick 20% polyacrylamide gel, and subjected to 4.5 h of electrophoresis 

at 4 oC using a constant voltage of 250 V. When samples derived from transiently 

expressed EGF-repeat-containing constructs were subjected to FACE, care was 

taken to ensure that they were not placed in lanes adjacent to the synthetic 

standards XXG or XG.  APTS-labelled material was visualized using a 

transilluminator (VWR), bands of interest were quickly excised using a fresh 

scalpel and the APTS-labeled material was eluted by incubating the gel slices in 

2 mL of 18Ω deionized H2O at room temperature, in the dark, with constant 

shaking. After 16 h the eluted APTS-labeled samples were transferred to a clean 

centrifuge tube and lyophilized. 
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4.6.8 Analysis of APTS-labeled oligosaccharides by capillary 
electrophoresis (CE) 

96 µL 18Ω deionized H2O was added to APTS-labeled samples to bring 

the total volume to 100 μL.  CE separations were carried out using a 

ProteomeLab PA800 (Beckman-Coulter) equipped with a laser-induced 

fluorescence (LIF) detector and a 488 nm argon-ion laser. All separations were 

carried out in reverse polarity using a 25 mM NaOAc buffer, pH 4.74, containing 

polymeric additives (Beckman-Coulter) at a constant voltage of 30 kV on 

polyvinyl alcohol coated NCHO capillaries (Beckman-Coulter), with 50 cm 

effective length and 50 μm i.d. as described by Guttman et al.38 All injections 

were from the cathode side and were made by applying a pressure of 0.5 psi for 

3 s. 

4.6.9 UDP-D-xylose:-D-xyloside 1-3-xylosyltransferase activity assay 

 Endogenous xylosyltransferase activity in CHO K1 cells was examined 

by using a procedure modified from Minamida et al.22  15 cm diameter plates 

containing confluent monolayers of CHO K1 cells (~3x107cells/plate) were 

washed twice with ice cold PBS (10 mL).  Cells were incubated on ice for 15 min 

after adding cold HEPES-KOH buffer, pH 7.9, (1 mL/plate) containing 1.5 mM 

MgCl2 and 10 mM KCl.  Cells were scrapped off plates, homogenized using a 

mechanical homogenizer, and the lysates were centrifuged (700 g, 5 min).  The 

resulting pellets were suspended in HEPES-NaOH buffer (pH 7.2) containing 20 

mM MgCl2 and 150 mM NaCl, homogenized with a Potter-Elvehjem 

homogenizer, and centrifuged (7000g, 4 oC, 5 min).  The supernatant was further 
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centrifuged (105000 g , 4 oC, 1 h) and the resulting pellets, each corresponding 

to the microsomes derived from ~3x107 cells, were suspended in HEPES-NaOH 

buffer (30 L), frozen in liquid N2, and stored at -80 oC until required.  To test for 

xylosyltransferase activity, FACE purified XG-APTS (~3.75 nmol based on the 

amount of starting material initially labeled) and HEPES-NaOH buffer containing 

5% Triton X-100 (24 L) were gently mixed with CHO K1 microsomes (30 L).  

The resulting mixture was then divided into three equal volumes which were 

supplemented with either; (A) FACE purified XXG-APTS (~0.12 nmol), (B) UDP-

xylose (3.35 nmol), or (C) XXG-APTS (0.12 nmol) and UDP-xylose (3.35 nmol).  

The volumes of each reaction were adjusted to 40 μL with 18Ω deionized H2O 

and incubated for 20 h at 37 oC.  The reaction was terminated by boiling the 

samples for 3 min.  CE analysis was performed after bringing the volume of each 

sample up to 110 L and centrifuging (13500 rpm, 1 min) to pellet any protein 

precipitates. 

4.6.10 Optimization of -xylosidase digestion 

The pT7-SCII vector harbouring XylS, which encoded an archaeal exo--

xylosidase (XylS) was generously provided by Moracci and coworkers.  

Recombinant XylS was obtained as previously described from E. coli.26  To 

characterize XylS activity against the synthetic standards a series of assays were 

performed where reducing-, and APTS-labeled XG and XXG were incubated at 

either 37 or 60 °C for varying lengths of time. All reactions were performed in 

capped PCR tubes. Final conditions for the digestion of non-purified APTS-

labeled mixtures (50 µL) were 60 °C, 3 h, in non-buffered solution after adding 
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1/10th volume of a XylS enzyme preparation. For partially digesting FACE purified 

material, the samples, in 50 µL H2O, were mixed with 5 µL 5% AcOH to adjust 

the pH to roughly 5.5 prior to adding 1/10th volume XylS and digesting at 60 °C 

for 3h in the dark. Protein was removed after the digestion period by adding 3 

volumes of cold EtOH and incubating samples for 30 min at -20 oC.  After 

centrifuging the samples (13000 rpm, 4 °C, 10 min) the supernatant containing 

the digested oligosaccharides was dried, reconstituted in 100 µL H2O, and 

analyzed by CE as described above. To remove Tris from the samples and 

enable further XylS digestion of the putative FACE-purified APTS labeled XXG-

trisaccharide, samples were loaded onto 1 – 10 µL HyperCarb spin-tip cartridges 

(Thermo), preconditioned with 50 μL 25 mM TFA in 50% CH3CN and 3 x 50 μL 

H2O, washed with 50 μL H2O and 50 μL 50 mM TFA, and then eluted with 50 μL 

25mM TFA in 50% CH3CN. The eluant was split into two equal portions and dried 

using a SpeedVac for 30 min before reconstitution in 15 µL of a solution 

containing XylS. A negative control was mixed with H2O and both samples were 

incubated at 60 °C for 12 h in the dark prior to CE analysis as described above.  

4.6.11 Oligosaccharide per-methylation and analysis by mass spectrometry 

A portion of the EGF-derived, Hypercarb-purified O-glycans (not spiked 

with maltose or labeled with APTS) was lyophilized in 15 mL glass tubes and per-

methylated according to standard procedures39. Briefly, dried samples were 

dissolved in 100 µL of glass-distilled DMSO and an equal volume of a DMSO / 

NaOH slurry was added and mixed. 100 µL of CH3I was added, tubes were 

purged with N2, and the mixtures were stirred at room temperature for 10 min 
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after which the reaction was quenched by adding 2 mL of 18Ω H2O. Excess CH3I 

was removed using a stream of N2 and per-methylated glycans were extracted 

into an organic phase of CH2Cl2. The organic layer was washed three times with 

H2O and evaporated to give a solid residue. Derivatized samples were purified 

using a Sep-Pak C18 cartridge (Waters)40 and fractions (eluting with an CH3CN 

concentration between 35 and 75 %) were collected, pooled, and dried prior to 

analysis by mass spectrometry. Dried samples were diluted in 50 µL of 35 % 

CH3CN containing 0.15 % formic acid. Mass spectra were acquired on a API 

4000 Q Trap (Applied Biosystems) and mass spectrometric parameters were 

optimized using synthetically prepared samples per-methylated as described 

above. Samples were delivered by direct injection from a syringe through a micro 

ion spray head on a nanospray source (Applied Biosystems) with a PicoTip 

emitter (New Objective) at a flow rate of 300 nL/min. For conventional mass 

spectra the mean cumulative average of 50 scans were collected using the 

enhanced resolution scan type at a scan rate of 250 amu/s with a linear ion trap 

fill time of 10 ms. The declustering potential was set at 112 V. Collision gas was 

set such that instrument vacuum pressure was 4.7 x 10-5 Torr. In all cases, the 

sodiated parent ion had the greatest intensity and was subjected to MS/MS 

analysis in which a mean cumulative average of 50 MS/MS scans were collected 

using the enhanced product ion scan type at 250 amu/s and a collision energy of 

56 V. 

4.6.12 Characterization of D-xylose-α1-3-D-glucopyranose (2), D-xylose-α1-3-
D-xylose-α1-3-D-glucopyranose (1), D-xylose-α1-2-D-xylose-α1-3-D-
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glucopyranose (3), and D-xylose-α1-4-D-xylose-α1-3-D-glucopyranose 
(4). 

1H NMR and 13C NMR spectra for the synthetic trisacchararide standards 

are provided in the supporting material. Solvent impurities are observed in some 

of the NMR spectra and are indicated by *; solvents observed are acetic acid and 

hexanes. 

D-xylose-α1-3-D-glucopyranose (2) Rf = 0.2 (5:2, EtOAc:MeOH), 1H NMR 

(600 MHz, D2O) δ 3.27 (dd, 1H, J = 8.0, 9.3 Hz), 3.40-3.60 (m, 7H), 3.68-3.85 (m, 

10H), 3.80- 3.88 (m, 2H), 4.00-4.20  (m, 2H),  4.67 (d, 1H, J = 8.0 Hz), 5.25 (d, 

1H, J = 3.8 Hz. 13C NMR (150 MHz, CDCl3) δ 60.08, 60.25, 62.00, 62.86, 63.39, 

64.70, 67.06, 68.70, 68.74, 69.10, 69.15, 69.18, 70.94, 70.98, 71.57, 72.26, 

73.54, 73.64, 75.26, 75.34, 91.60, 95.41  δ HRESIMS: calcd for [M+Na]+ 

C11H20NaO10: 335.0949; found: 335.0955. 

D-xylose-α1-3-D-xylose-α1-3-D-glucopyranose (1) Rf = 0.2 (5:2, 

EtOAc:MeOH), 1H NMR (600 MHz, CD3OD) δ 3.23 (dd, 1H, J = 7.8, 9.2 Hz), 3.41 

(d, 1H, J = 3.7 Hz), 3.42 (d, 1H, J = 3.7 Hz), 3.45-3.49 (m, 4H), 3.52-3.58 (m, 

7H), 3.61-3.81 (m, 14H), 3.83-3.92 (m, 5H), 4.50 (d, 1H, J = 7.8 Hz), 5.13 (d, 1H, 

J = 3.7 Hz), 5.16-5.19 (m, 4H). 13C NMR (150 MHz, CDCl3) δ 62.68, 62.68, 

63.60, 63.77, 71.64, 71.69, 71.84, 71.90, 72.60, 72.69, 72.81, 72.88, 74.27, 

75.12, 75.28, 77.78, 83.27, 83.31, 84.16, 86.63, 94.31, 98.51, 101.77, 101.79, 

102.04, 102.19. HRESIMS: calcd for [M+Na]+ C16H28O10 + Na: 467.1371; found: 

467.1385. 

D-xylose-α1-2-D-xylose-α1-3-D-glucopyranose (3) Rf = 0.2 (5:2, 

EtOAc:MeOH), 1H NMR (600 MHz, D2O) δ 3.36 (dd, 1H, J = 8.7 Hz), 3.46-3.50 
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(m, 1H), 3.56 (dd, 3H, J = 3.9, 9.6 Hz), 3.60-3.78 (m, 23H), 3.80-3.90 (m, 13H), 

4.67 (d, 0.8H, J = 8.0 Hz), 5.25 (d, 0.8H, J = 3.7 Hz), 5.33 (d, 2H, J = 3.8 Hz), 

5.35 (d, 1H, J = 3.9 Hz), 5.36 (d, 0.8H, J = 3.9 Hz). 13C NMR (150 MHz, CDCl3) δ 

22.77, 59.88, 60.05, 60.99, 61.09, 68.90, 69.25, 69.54, 69.58, 69.64, 70.75, 

71.11, 71.17, 72.27, 72.52, 75.17, 78.64, 78.66, 78.94, 81.41, 91.77, 95.50, 

98.51, 98.65, 98.77. HRESIMS: calcd for [M+Na]+ C16H28O10 + Na: 467.1371; 

found: 467.1383. 

D-xylose-α1-4-D-xylose-α1-3-D-glucopyranose (4) Rf = 0.2 (5:2, 

EtOAc:MeOH), 1H NMR (600 MHz, D2O) δ 3.34-3.40 (m, 3H) 3.49-3.6 (m, 5H), 

3.61-3.80 (m, 14H), 3.84-3.91 (m, 5H), 3.99-4.08 (m, 2H), 4.70 (d, 0.5H, J = 7.8 

Hz), 4.71 (d, 1H, J = 8.1 Hz), 5.15 (d, 0.5H, J = 3.8 Hz), 5.15 (d, 1H, J = 3.8 Hz), 

5.27 (d, 0.5H, J = 3.8 Hz), 5.39 (d, 1H, J = 3.7 Hz). 13C NMR (150 MHz, CDCl3) δ 

23.25, 60.35, 60.44, 60.52, 61.49, 65.27, 69.10, 69.24, 70.09, 70.16, 70.19, 

71.24, 71.31, 71.57, 71.82, 71.86, 72.40, 72.76, 72.93, 75.55, 75.67, 78.19, 

78.26, 79.06, 81.37, 92.26, 95.97, 98.53, 98.72, 99.68, 100.07. HRESIMS: calcd 

for [M+Na]+ C16H28O10 + Na: 467.1371; found: 467.1382. 
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5:  N-GLYCANS—PART1: PC1 AND SKI-1 TRAFFICKING, 
ZYMOGEN ACTIVATION, AND SUBSTRATE 
PROCESSING CAN BE ALTERED BY COMPOUNDS 
AFFECTING THEIR N-LINKED GLYCOSYLATION 

5.1 Overview and acknowledgements 

The research described within this chapter I largely carried out in the 

Laboratory of Biochemical and Molecular Neuroendocrinology of Dr. Nabil 

Seidah at the Clinical Research Institute of Montreal (IRCM). Here, a cell-based 

assay was developed to screen a library of potential glycosidase inhibitors for 

bioactivity. The roles of glycosidases in glycoprotein folding and quality control 

and in N-glycan elongation have been reviewed in Chapters 1 and 2, 

respectively. This assay monitored the proteolytic cleavage of a prohormone 

known as proopiomenanocortinin (POMC) by a protease known as proprotein 

convertase 1 (PC1). Here, PC1/POMC was used as a model system for 

proprotein converase activity in general. It should be noted that the inhibition of 

specific PCs is considered to be of therapeutic benefit due to the roles these 

enzymes play in many human diseases.  Since PC1 is initially biosynthesized 

and N-glycosylated within the ER, it was hypothesized that compounds that 

affected PC1 glycosylation in this organelle would reduce the efficiency of its 

calnexin-mediated folding and / or disrupt its targeting within the secretory 

pathway—the site of POMC processing. Compounds that affected both of these 

processes were identified, and their activity was compared with other well 
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characterized glycodisase inhibitors. In addition, compounds affecting 

POMC/PC1 were tested for their effects on a related PC known as 

subtilisin/kexin isozyme-1 (SKI-1). It was discovered that the exact structures of 

N-glycans on POMC have a large impact on its processing due to their ability to 

alter its intracellular targeting. These results have significant implications for the 

regulated secretion of other glycoprotein hormones.  

Dr. Suzanne Benjannet (IRCM) was of considerable assistance in carrying 

out the metabolic labelling studies of POMC and PC1. I also wish to 

acknowledge her contribution to this work through helpful discussions—which 

meant putting up with my poor French. The PC1 site-directed mutagenesis work 

was performed by Dr. Josée Hamelin (IRCM) prior to the initiation of this project, 

although Suzanne and I transfected these clones into cells and analyzed their 

impact on PC1 activity. Dr. Marie-Claude Asselin provided a great deal of 

technical assistance for this work by keeping us well supplied with plates of 

tissue-cultured cells.    
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5.2 Abstract 

The limited proteolysis of precursor proteins by proprotein convertases 

(PCs) within the secretory pathway of cells is a common mechanism for the 

production of bioactive proteins or peptides. The PCs are associated with 

numerous human pathologies, including infectious diseases, and PC activity can 

be reduced through the use of specific inhibitors. Here, we demonstrate an 

alternative approach to inhibiting PCs by altering their post-translational N-

glycosylation, a modification which has been extensively linked to glycoprotein 

folding, quality control, and intracellular targeting. Through site-directed 

mutagenesis we show that PC1 contains two N-glycans, only one of which is 

critical for its prosegment cleavage. The exact structure of PC1 N-glycans does 

not significantly affect its zymogen activation within endocrine cells; however, the 

processing of the PC1 substrate proopiomelanocortin (POMC) was greatly 

affected by inhibitors of processing glycosidases, and POMC bearing two N-

glycans was more profoundly affected than the singly glycosylated form. Using 

POMC processing as a cell-based assay of PC1 activity, we screened 45 

compounds structurally related to known glycosidase inhibitors. Two 5-

thiomannose-containing disaccharide derivatives were discovered to block PC1 

and POMC processing but not their targeting to dense-core secretory granules. 

These compounds also reduced the zymogen activation of the convertase SKI-1, 

blocked the processing of its substrate SREBP-2, and altered SKI-1 

glycosylation. SKI-1 trafficking, but not its autocatalytic processing, was inhibited 
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by these compounds. These results suggest that the modification of PC 

glycosylation may also be a means of altering its activity. 
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5.3 Introduction 

The controlled, intracellular proteolysis of inactive proproteins is a commonly 

utilized mechanism for the generation of biologically active peptides and proteins.  

Such proteolytic activation is catalyzed by proprotein convertases (PCs), serine 

endopeptidases belonging to the kexin subfamily of subtilases.1  PCs cleave 

various precursors after one (or a pair of) basic residue(s) within the general 

motif (K/R)-Xn-(K/R)↓ where n = 0, 2, 4, or 6, X is any amino acid except cystine, 

and ↓ indicates the cleavage site.  To date, seven mammalian, basic amino acid-

specific PCs are known: PC1/3, PC2, PC4, PACE4, PC5/6, PC7, and furin. Two 

PCs that cleave after non-basic residues, subtilisin kexin isozyme-1 (SKI-1, also 

called site-1 protease (S1P)) and PCSK9 have also been identified.2 

 PCs are multidomain proteins that are initially synthesized as zymogens 

(proPCs), since they all contain an N-terminal pro-domain that functions as an 

intramolecular chaperone to assist in the correct folding of the PC. A highly 

conserved subtilisin-like catalytic domain and a P-domain follow this pro-

segment.  The C-terminal domains of PCs vary greatly, for example, PC5/6B, 

PC7, SKI-1 and furin contain C-terminal transmembrane domains while PC1/3, 

PC2 and PC4 are soluble proteinases. ProPCs become active upon cleavage of 

their prosegments; this is usually a pH- and/ or Ca2+-dependent, autocatalytic 

process. It has been demonstrated that independent expression of PC 

prosegments leads to PC inhibition3 since they act as potent, competitive 

inhibitors of their cognate enzymes.  Prosegment cleavage occurs at specific 
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locations within the secretory pathway, resulting in both spatial and temporal 

regulation of PC activity.   

 PCs are involved in the proteolytic maturation of a wide variety of 

proproteins.  PC substrates include virtually all neuropeptides and peptide 

hormones; growth and differentiation factors, and cell adhesion factors implicated 

in carcinoma malignancy and metastasis; transcription factors like ATF-6 and 

SREBPs; bacterial toxins; and numerous viral coat glycoproteins. Given their 

roles in numerous pathologies, PCs have been identified as attractive targets for 

potent and selective inhibition.1, 2, 4-6  Successful strategies have included the use 

of PC prosegments3, 7 or active-site inhibitors like AEBSF or polyarginine 

peptides, and engineered variants of serpins like α1-antitrypsin. 

 Another potential means of controlling PC activity may be accomplished 

by altering PC folding, zymogen activation, and trafficking. These processes are 

often influenced by the processing of the asparagine-linked oligosaccharides (N-

glycans) co-translationally attached to nascent polypeptides as they enter the ER 

(Chapter 2, section 2.1.1.6). There is evidence that suggests that N-glycans 

affect the targeting of glycoproteins through their interactions with a variety of 

lectins. N-glycans are initially synthesized by the direct transfer, from a dolichol 

pyrophosphate-linked donor, of a 14-residue precursor having a 

Glc3Man9GlcNAc2 structure (where Glc, Man and GlcNAc are glucose, mannose, 

and N-acetylglucosamine, respectively).  Subsequently, the terminal two Glc 

residues are rapidly removed by ER glucosidase I and II, generating a 

Glc1Man9GlcNAc2 oligosaccharide that is recognized and bound by lectin-like 
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chaperones such as calnexin (CNX) and calreticulin (CRT).8  This 

oligosaccharide-chaperone interaction prevents the aggregation of folding 

intermediates and promotes correct protein folding (Chapter 1). Blocking the 

binding of Glc1Man9GlcNAc2-bearing glycoproteins to lectin-like chaperones often 

leads to protein misfolding and for some proteins leads to their degradation 

(ERAD). It is also becoming clear that removal of specific mannose residues from 

N-linked oligosaccharides can target misfolded glycoproteins for proteasomal 

degradation.9  ER mannosidase I (ER ManI) inhibitors have been utilized to 

prevent the ERAD of mutant variants of the serapin α1-antitrypsin while over-

expressing ER ManI accelerates its degradation.10 Furthermore, it has been 

demonstrated that ER ManI is concentrated within a specific region of the ER, 

dubbed the ER quality control compartment (ERQC) where it serves as a check-

point for ER exit.9    

 Specific N-linked oligosaccharide structures may also play a role in the 

transport and targeting of glycoproteins. Mannose-6-phosphate, for instance, is a 

well known determinant for the sorting of a subset of hydrolytic enzymes to the 

lysosome, while EDEM (Htm1p / Mn11p in yeast)10, 11 and OS912 are ER-

localized lectins known to target misfolded glycoproteins to the proteasome. The 

secretory pathway L-type lectins, ERGIC-53 and VIP-36, have been shown to 

transport glycoproteins containing high mannose oligosaccharides between the 

ER and ERGIC, and the ERGIC and cis-Golgi, respectively.13 Finally, it has been 

suggested that N-glycans are critical for correct apical-targeting of glycoproteins 

in some polarized epithelial cells14-17 and for the targeting of synaptotagmin-1 to 
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the synaptic vesicles of hippocampal neurons.18 O-glycosylation has also been 

demonstrated to be required for the plasma membrane transport of a cell fusion 

protein, Fus1p, in yeast.14 Thus, there is an accumulating amount of evidence 

that suggests that N-linked oligosaccharide modification and recognition play 

important roles in glycoprotein folding and secretion.  

In the present study, we sought to examine the effect of altering PC N-

glycosylation on PC activity. Benjannet et al. have demonstrated that PC1 and 

PC2 require N-glycosylation for their efficient zymogen activation and secretion.19  

In this study, the contributions of individual N-glycans to efficient PC1 activation 

and secretion were examined by independently mutating the three potential N-

glycosylation sites of PC1. One specific N-glycan was shown to be critical for 

PC1 prosegment cleavage and secretion. Several glycosidase inhibitors were 

used to further investigate whether specific oligosaccharide structures were 

required for optimal PC1 activity and secretion. The processing of the 

endogenous PC1 substrate POMC in AtT-20 cells was monitored to investigate 

the impact of altered N-glycosylation on the trafficking of PC1. Using this cell-

based assay, compounds structurally related to known glycosidase inhibitors 

were screened. Known glycosidase inhibitors greatly affected POMC processing, 

but not PC1 zymogen activation and targeting. Among the experimental 

compounds screened, two heteroatom-containing disaccharides inhibited PC1 

zymogen activation within secretory granules and nearly abolished POMC 

processing. These compounds were also found to reduce the efficiency of SKI-1 

zymogen activation and inhibited the processing of SREBP-2. These effects were 



 

 254 

also correlated with the altered N-glycosylation of SKI-1. As with PC1, SKI-1 

appeared to be improperly targeted in the presence of these newly identified 

inhibitors and its zymogen activation was less efficient. These results suggest 

that compounds that interfere with protein N-glycosylation may be an effective 

means of controling or altering PC activity. 

5.4 Materials and Methods 

5.4.1 Chemicals and test inhibitors 

The known glycosidase inhibitors, castanospermine (CST), kifunensine 

(KIF), and 1-deoxymannorjirimycin (DMJ), and the proteasomal inhibitor 

lactacystin (LAC) were obtained from Toronto Research Chemicals, Inc. 

Tunicamycin (TM), N-acetyl-leucinal-leucinal-norleucinal (ALLN), Z- leucinal-

leucinal-norvalinal (MG115), mevastatin, and sodium mevalonate were all 

purchased from Sigma-Aldrich. Brefeldin A (BFA) was obtained from 

Calbiochem. All experimental glycosidase inhibitors (listed in Appendix 2, Table 

A2.1) were prepared in the laboratory of B.M. Pinto, as described previously. 

5.4.2 Cell lines and culture 

Cells were maintained in monolayer culture in poly-L-lysine (Sigma)-

coated 60 mm or 35 mm polystyrene dishes (Corning, Inc.) in media containing 

0.5 μL / mL gentamicin (Wisent).  Cells were incubated at 37 °C and 5 % CO2.  

At-T20 cells, a mouse pituitary tumor cell-line, were grown in DMEM (Gibco) 

containing 10% fetal bovine serum (FBS) (Wisent).  CHO K1, and sterol regulator 

deficient (SRD)-12B cells, stably transfected with V-5 tagged human SKI-1, were 
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grown in a 1:1 mixture of DMEM and Ham’s F12 medium containing 5% FBS.  

HEK 293 cells were maintained in F12 media containing 5 % heat-inactivated 

FBS. 

5.4.3 Analysis of glycosylation-deficient PC1 processing and secretion 

Full length mouse (m) PC1 cDNA19, 20 was subjected to site-directed 

mutagenesis in which the asparagine residues in three potential glycosylation 

sites (residues 173, 401, and 645) were independently replaced with alanines.  

One triple mutant was also constructed.  HEK 293 cells were transiently 

transfected with mPC1 glycosylation-site mutant cDNA using Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions.  Two days post-

transfection, cells were labeled with 250 μCi / mL [35S]-methionine (Easy Tag 

Met35, Perkin-Elmer) for 2 h. Alternatively, HEK 293 cells, transiently expressing 

mPC1 were treated with glycosidase inhibitors during a 3 h pulse.   Cell lysates 

and media were immunoprecipitated with a polyclonal antibody directed against 

the N-terminus (residues 84 – 100) of PC1 (Ab 7692-08), 19 as described below.  

Where indicated, samples were subjected to overnight EndoH (New England 

Biolabs) digestions following the manufacturer’s instructions.  Immunoreactive 

material was analyzed by SDS-PAGE on 8 % Tricine gels, as described below. 

5.4.4 Metabolic labeling of At-T20 cells: Screening for compounds 
affecting POMC biosynthesis 

Confluent monolayers of AtT-20 cells (~2 x 106 cells / 60 mm dish) were 

washed twice with PBS and incubated for 60 min in serum-, glutamine-, cysteine-

, and methionine-free DMEM (MPX Biomedicals) containing 0.2 % BSA (Sigma). 
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After this starve period, cells were grown in DMEM, containing 250 μCi / mL 

35[S]-methionine and 0.2 % BSA, for 4 h. Alternatively, cells were pulsed for 2 h, 

and after a 2 h chase the media was collected and regulated secretion was 

stimulated upon the addition of a high Ca2+/K+ buffer (63.8 mM NaCl, 56 mM KCl, 

5.2 mM CaCl2
.2H2O, 25 mM HEPES, 1.2 mM MgSO4, 1.2 mM KH2PO4, 0.1 % 

glucose, and 0.2 % BSA) for an additional 0.5 h, while control cells received a 

low Ca2+/K+ buffer (125 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2
.2H2O, 25 mM 

HEPES, 1.2 mM MgSO4, 1.2 mM KH2PO4, 0.1 % glucose, and 0.2 % BSA) over 

the same period. The known glycosidase inhibitors, CST, DMJ and KIF were 

added to the media at concentrations of 0.5, 1.5 and 0.3 mM, respectively while 

experimental glycosidase inhibitors were typically tested at a concentration of 5.0 

mM. Due to the limited availability of some of these compounds, cells were not 

pre-incubated with inhibitors; however, under pulse-chase conditions, inhibitors 

were included during both the pulse and chase periods.   

At the end of each pulse or pulse-chase period, the medium was removed 

and cells were lysed with 1 x RIPA buffer (100 mM Tris, pH 7.5, 300 mM NaCl, 

2.0 % (v / v) Nonident P40, 1.0 % (v / v) sodium deoxycholate, and 0.2 % (w / v) 

SDS). The media and / or stimulation buffer were gently centrifuged to remove 

loose cells, and both cell lysates and media were adjusted to 0.5 x RIPA prior to 

immunoprecipitation with either PC1- or β-END-specific antibodies at 4 °C for 2 

days.  Immune complexes were isolated upon incubation with 30 μL / mL protein 

G plus-agarose beads (Santa Cruz Biotechnologies) for 16 h at 4 °C and washed 

twice with RIPA buffer, once with a high-salt buffer (50 mM Tris, 500 mM NaCl, 
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0.1% Nonident P40, and 0.05 % sodium deoxycholate, pH 7.5), and once in PBS 

before analysis . 

5.4.5 Analysis of endogenous radiolabelled PC1 and β-endorphin 
containing peptides 

Immunoprecipitated, radiolabelled PC1- and β-END-containing peptides 

obtained from AtT-20 cells were resolved by SDS-PAGE on 8 % and 14 % 

Tricine gels, respectively, according to the method of Schagger and von Jagow.21  

Gels were treated with Amplify (Amersham Biosciences), dried, and either 

exposed to a PhosphorImager screen (Molecular Dynamics) and scanned on a 

STORM 860 imaging system (Molecular Dynamics), or directly autoradiographed 

on Kodak XAR-5 film at -80 °C for several days.  Autoradiographs were analyzed 

using ImageQuant 5.0 (Molecular Dynamics).  To analyze changes in PC1 and 

POMC processing or secretion, the total amount of autoradiography of all PC1- 

or β-END-immunoreactive fragments in both cells and media, was normalized to 

take into account altered rates of protein synthesis and / or degradation. The 

differing number of methionine residues in POMC (3) and β-LPH / β-END (1 

each) was also taken into account. Compounds that affected POMC and PC1 

were all re-tested.  

5.4.6 Immunoblot analysis of autocatalytic SKI-1 processing 

 Confluent monolayers of CHO K1 cells transiently expressing V-5 tagged 

hSKI-122, and CHO SRD-12B cells23 stably expressing V5-tagged hSKI-124, were 

incubated in the presence or absence of glycosidase inhibitors and compounds 

selected from the AtT-20-POMC assay, for 13 h. All inhibitor concentrations were 
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identical to those described above; TM was used at 2 µg / mL.  After incubation, 

the media was removed, mixed with a protease inhibitor cocktail (Roche) and 

centrifuged to remove loose cells.  Cells were washed twice with ice cold PBS 

and lysed in 100 μL 1 x RIPA buffer containing 40 μL / mL protease inhibitor 

cocktail. Proteins were resolved on 6 % SDS-polyacrylamide gels and transferred 

to Trans-Blot nitrocellulose membranes (Bio-Rad).  SKI-1 was detected with an 

anti-V5 horseradish peroxidase (HRP)-conjugated antibody (Amersham 

Biosciences) (1:5,000 dilution).  Immunoreactive material was visualized using 

the ECL Western blotting detection kit (Amersham Biosciences) according to the 

manufacturer’s instructions. To assess changes in SKI-1 trafficking, BFA (3.5 

µM) was added along with the other inhibitors, while SKI-1 degradation was 

examined by the co-addition of the proteasomal inhibitors MG115 (50 µM) or 

LAC (5 µM) and the inhibitor of lysosomal degradation, NH4Cl (10 mM). For 

experiments using degradation inhibitors, protein concentrations were measured 

by the DC protein assay (Bio-Rad), and normalized before analysis.  

5.4.7 Immunoblot analysis of endogenous hamster SREBP-222, 24, 25 

 Confluent monolayers of CHO-KI and CHO SRD-12B cells expressing V5-

tagged hSKI-1 were grown in medium containing 5 % lipoprotein-deficient bovine 

serum (LPDS), 50 μM mevastatin, and 50 μM sodium mevalonate, in the 

presence or absence of glycosidase inhibitors, for 13 h.  After this incubation 

period, N-acetyl-leucinal-leucinal-norleucinal (ALLN) was added to the media to a 

final concentration of 65 μM to prevent the degradation of the mature nuclear 

form of SREBP-2. Cells were harvested 1 h later by washing the plates twice with 
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PBS prior to lysing cells by incubating them on ice for 30 minutes in 100 μL of a 

detergent-containing buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 1 % SDS).  Cell 

lysates were passed 30 times through a 25-gauge syringe, centrifuged, and 

resolved by SDS-PAGE on an 8 % gel.  Separated proteins were transferred to 

nitrocellulose membranes which were incubated with a mouse monoclonal 

antibody, IgG-7D4, (1:200 dilution) directed against the N-terminal region of 

hamster SREBP-2. Immunoreactive material was detected with anti-mouse IgG 

HRP-conjugated antibodies (1:10,000 dilution) and visualized using enhanced 

chemiluminescence. Blots were subsequently stripped by incubating them in 200 

mM β-mercaptoethanol in PBS for 0.5 h at 50 °C and re-probed with α-actin 

antibodies. 

5.5 Results 

5.5.1 Glycosylation of PC1 is crucial for its processing and secretion 

It has previously been demonstrated that PC1 is rapidly degraded and its 

secretion is impaired when cells are grown in the presence of the N-glycosylation 

inhibitor tunicamycin,19, 26 indicating that N-linked glycoproteins are necessary for 

the proper folding and zymogen activation of PC1. The latter contains three 

potential N-glycosylation sites27, one of which (N146) is known to be glycosylated 

in AtT-20 cells.28  To further elucidate the role of N-glycans in the activation and 

secretion of PC1, a series of mutants was constructed in which the Asn residues 

of potential glycosylation sites were mutated to Ala. The cDNAs of the three 

glycosylation site mutants, and one triple-mutant, were transiently transfected 

into HEK 293 cells and [35S]-Met-labeled PC1 was immunoprecipitated from cell 
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extracts, and conditioned media, and analyzed by SDS-PAGE (Figure 5.1A). Of 

three potential glycosylation sites, only two, N1146 and N618, appeared to be 

glycosylated since there was a slight increase in the electrophoretic mobility of 

PC1 when these residues were mutated. N374 did not appear to bear an N-

glycan as the N374A-PC1 mutant had the same molecular mass of wild-type 

PC1 and was processed and secreted at nearly the same rate. Mutating the 

glycosylation site N146 (Figure 5.1A, lane 2) resulted in the decreased zymogen 

activation of proPC1 and virtually inhibited its secretion, while glycosylation at 

N618 (lane 4) appeared to be dispensable as this PC1 mutant was processed 

and secreted to nearly the same extent as wild-type PC1. Completely abolishing 

N-glycosylation by mutating all three sites (lane 5) abolished the processing and 

secretion of proPC1, effects similar to those reported with tunicamycin.19, 26      

5.5.2 Terminal glycosylation does not affect processing or secretion of 
PC1 

Having demonstrated the importance of correct N-glycosylation for PC1 

maturation and secretion, we next examined the impact of altering the structures 

of N-glycans by examining PC1 biosynthesis in the presence of inhibitors of ER 

glycosidases. Inhibition of these enzymes prevents N-linked glycoproteins from 

acquiring EndoH-resistant, complex-type glycosylation. We metabolically labeled 

HEK293 cells transiently expressing mPC1 in the presence of the known 

glycosidase inhibitors castanospermine (CST), deoxymannojirimicin (DMJ) and 

kifunensine (KIF) and four uncharacterized inhibitors which had been identified 

due to their confirmed activity in a cell-based assay (described below; structures 



 

 261 

are provided in Figure 5.1C). SDS-PAGE analysis of immunopreciptated PC1 

(Figure 5.1B) demonstrated that while several compounds slightly reduced the 

efficiency of proPC1 zymogen activation, none greatly affected its secretion. As 

expected, all intracellular forms of PC1 were EndoH-sensitive while the secreted 

form was not,19, 29, 30except when cells were treated with the ER mannosidase 

inhibitors. This confirms that complex glycosylation31 is not required for PC1 

secretion or zymogen activation.26 
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Figure 5.1: The effects of altered N-glycosylation on PC1 zymogen processing.  (A).  HEK 
293 cells were transiently transfected with mouse PC1 glycosylation site mutant cDNAs.  Two 
days post-transfection, cells were labeled for 2 h with [

35
S]-Met.  Cell lysates and media were 

immunoprecipitated with Ab 7692-08 directed against the N-terminus of PC1 (residues 84 – 98).  
Immunoreactive material was analyzed by SDS-PAGE on 8% Tricine gels. (B) HEK 293 cells 
transiently expressing mPC1 were labeled for 3 h with [

35
S]-Met two days post-transfection.  

During the labeling period, glycosidase inhibitors (C)—only selected structures of experimental 
compounds identified from POMC-bioassays are given—were added to the medium.  Cell lysates 
and media were immunoprecipitated with an anti-PC1 antibody, and immunoreactive material 
was analyzed. Where indicated, aliquots were incubated with Endo H. 
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5.5.3 Known and experimental glycosidase inhibitors alter the processing 
and secretion of endogenous PC1 and POMC 

The presence, but not the exact structure, of N-glycans was crucial for 

PC1 zymogen processing in transfected HEK293 cells since PC1 was observed 

to be processed and secreted in the presence of glycosidase inhibitors but not 

when a critical glycosylation site had been mutated (see Figure 5.1A,B above). 

However, glycosidase inhibitors may affect the ability of PC1 to process its 

endogenous substrates.  One of the most extensively studied processing enzyme 

systems is the processing of the prohormone proopiomelanocortin (POMC), by 

PC1 and PC2, in the intermediate and anterior lobes of the pituitary gland. The 

cleavage of POMC into many active hormones is spatially and temporally 

regulated (Figure 5.2). PC1 efficiently catalyzes the first three cleavages of 

POMC20,31, 32 to produce β-LPH and ACTH.  Subsequently, β-LPH is cleaved by 

PC2 to release β-END.20  This occurs only in secretory granules and hence, β-

END is secreted only under stimulated conditions.   
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Figure 5.2: POMC and PC1 processing and N-glycosylation within At-T20 cells is regulated 
by their subcellular location. Amino acid residues are numbered based on the mouse 
sequences beginning after the signal peptides. Di-basic sites of proteolytic cleavage discussed in 
the text are indicated (↓) and numbered (boxed) in the order in which they occur. The first three 
POMC cleavages are catalyzed by PC1 while the fourth is only carried out by PC2 which is active 
only within dense-core secretory granules. Likewise, C-terminally truncated PC1, the most active 
isoform, is also only produced within mature secretory granules although its prosegment is 
removed in the ER. ± indicates variably occupied  N- and O-glycosylation sites, marked N and O, 
respectively; symbols in bold font indicate the acquisition of complex-glycosylation. Only the 
apparent molecular weights of proteins / peptides immunoprecipitated in this study are given. 

 

 

These POMC processing reactions are efficiently carried out in a mouse 

pituitary adenocarcinoma cell-line, At-T2020, which endogenously expresses both 

PC1 and PC227, and also POMC.  We investigated whether glycosidase 

inhibitors could affect the processing or secretion of [35S]-Met-labelled POMC or 
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PC1 in AtT-20 cells by immunoprecipitating the media and lysates with an anti-β-

END or PC1 antibodies. Using PC1 autocatalytic processing and POMC 

processing as a cell-based assay, 45 compounds possessing structural 

similarities to known glycosidase inhibitors were screened. Compounds 

significantly affecting either PC1 or POMC processing were re-tested (Figure 

5.3A). Under pulse-chase conditions (see methods), in untreated AtT-20 cells, 

POMC was efficiently processed into β-END and most of the unprocessed forms 

of POMC recognized by the anti-β-END antibody were secreted. The small 

amount of β-END secreted upon stimulation indicates that POMC is correctly 

targeted to the secretory granules. POMC is initially synthesized as a 

prohormone of 32 or 29 kDa glycoforms, differing only in the presence or 

absence of a second N-glycan chain within the ACTH region of POMC (Figure 

5.2). These acquire complex glycosylation, prior to the onset of proteolytic 

processing,33 to produce 34 and 30 kDa glycoforms. In AtT-20 cells it has been 

demonstrated that nearly 66 % of ACTH produced is not glycosylated,34 which 

implies that mono-glycosylated POMC is preferentially produced and processed. 

Our results in non-treated cells are consistent with these data as mono-, and bis-

glycosylated POMC glycoforms are secreted in roughly equal amounts (Figure 

5.3A; this is most obvious after regulated secretion), indicating the preferential 

processing of the mono-glycosylated form34, 35 or the preferential secretion of the 

bis-glycosylated form.20 
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Figure 5.3: The effects of known and experimental glycosidase inhibitors on the 
processing of PC1 and its endogenous substrate POMC. At-T20 cells were pulsed for 2 h 
with [

35
S]-Met and chased for 2 h in non-radioactive media.  The inhibitors, BJ-12-21-2, Salacinol 

(each 5.0 mM), CST (1.0 mM) and KIF (0.6 mM), were added to the medium during both the 
pulse and the chase after which the media was removed and cells were incubated for an 
additional 0.5 h in a K

+ 
/ Ca

2+
-containing buffer to stimulate regulated secretion.  Cells and both 

types of media were immunoprecipitated with (A) anti-β-END or (B) anti-PC1 antibodies and 
resolved by SDS-PAGE on 14% and 8% Tricine gels, respectively. 

 

Known glycosidase inhibitors exhibited different effects on POMC. The ER 

glucosidase inhibitor CST appeared to increase POMC processing into both β-

LPH and β-END at the expense of its secretion. The release of β-END upon 

stimulated secretion indicates that POMC had been targeted correctly to the 

secretory granules in the presence of CST. Unlike control cells, where equal 

amounts of POMC glycoforms were secreted, bis-glycosylated POMC appeared 

to be preferentially processed into β-END in the presence of CST since its 

constitutive secretion was the most affected. Salacinol had very similar effects on 

POMC as CST, consistent with the fact that salacinol is also a glucosidase 

inhibitor.36 In contrast, treatment with the ER ManI inhibitor KIF resulted in POMC 

processing into β-END that appeared to be more similar to control cells, although 

there are several notable differences. First, KIF-treatment resulted in an increase 

in the production and constitutive secretion of β-LPH. Second, KIF caused an 

increase in the amount of the intracellular, mono-glycosylated 29 kDa POMC 

glycoform relative to control and CST- or salacinol-treated cells. Finally, in direct 

contrast to CST-treated cells, KIF appeared to greatly increase the processing of 

mono-glycosylated POMC as its secretion appeared significantly reduced (this is 

most obvious after the period stimulated secretion). 



 

 268 

The thiomannoside BJ-12-21-2 reduced the processing and constitutive 

secretion of POMC, although the release of -END from AtT-20 cells upon Ca2+ 

stimulation still occurred as there was less -END inside cells that had been 

stimulated. A structurally related compound, BJ-12-26-1, had identical effects as 

BJ-12-21-2 (not shown). The paucity of -END-containing POMC fragments was 

not due to an increase in POMC degradation or the inhibition of protein synthesis 

in treated cells since, first, a large amount of unprocessed POMC accumulated 

inside cells, and second, the total amount of autoradiography obtained from BJ-

12-21-2-treated cells was greater than or equal to control cells. Interestingly, 

under non-stimulated conditions, more unprocessed POMC was secreted into 

the media by AtT-20, cells while under stimulating conditions a greater amount of 

the POMC forms was retained within cells. This result is the opposite of what 

would be predicted if POMC was correctly targeted into secretory granules in BJ-

12-21-2-treated cells. Nevertheless, under both stimulating and non-stimulating 

conditions, BJ-12-21-2-treatment caused the intracellular accumulation of 

unprocessed POMC and, in contrast to all other inhibitors, monoglycosylated 

POMC appeared to be especially affected.  

Since the decrease in POMC processing in the presence of BJ-12-21-2 

was not due to its altered rate of biosynthesis, we reasoned that the zymogen 

activation of PC1 may have been affected. Upon immunoprecipitation of PC1 

from the same AtT-20 cells (Figure 5.3B), BJ-12-21-2 greatly reduced the 

proportion of PC1 converted into the 66 kDa form, while causing an accumulation 

of 94 kDa proPC1, presumably within the ER.37 66 kDa PC1 is produced only 
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within immature secretory granules,29, 38 and thus, its absence in BJ-12-21-2-

treated cells correlates with the lack of -END production. CST, KIF and salacinol 

did not significantly affect PC1 zymogen activation, nor its constitutive or 

stimulated secretion.   

5.5.4 Glycosidase inhibitors block the processing of SREBP-2 

Since known and experimental glycosidase inhibitors affected the 

autocatalytic processing and secretion of PC1 and its substrate POMC, we next 

investigated whether these compounds would have similar effects on other PCs 

such as SKI-1. The latter convertase is an integral membrane glycoprotein that 

undergoes autocatalytic activation in the ER where proSKI-1 (SKI-1A) is 

intramolecularly processed into B or B’ isoforms.39  Further zymogen processing 

in the Golgi results in the production of SKI-1C22 where it processes substrates 

such as transcription factors like sterol regulatory element-binding proteins 

(SREBPs, Figure 5.4A). The processing of SREBPs by SKI-1 normally occurs 

under low-sterol conditions which results in their transport to the Golgi where 

SKI-1 catalyzes the hydrolysis of the short, luminal loop separating the 

SREBPs25—the first step in the process of generating active SREBP fragments 

that affect the transcription of genes controlling cholesterol synthesis and uptake.  

We examined the effect of known and experimental glycosidase inhibitors on 

SREBP-2 processing in Chinese hamster ovary (CHO) cells.  When the 

processing of endogenous hamster SREBP-2 was investigated in these cells, 

grown under low sterol conditions, it was found that BJ-12-21-2 and its isomer 

BJ-12-26-1 nearly abolished SREBP-2 processing to the ~64 kDa nuclear form 
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(Figure 5.4B).  The glucosidase inhibitors salacinol, its selenium analogue blintol, 

CST and KIF, and DMJ did not cause such a large reduction in SREBP-2 

processing.  

   

 

Figure 5.4: Altered SKI-1 processing in the presence of glycosidase inhibitors. (A) SKI-1 
zymogen activation and SREBP-2 processing reactions within the early secretory pathway are 
regulated by their subcellular locations. SKI-1A prosegment cleavage occurs within the ER; 
however, substrate-active SKI-1C is only produced within the Golgi to which SREBP-2 is 
transported only under sterol-limiting conditions. Cleavages of the SKI-1 prosegment are 
sequentially numbered and amino acids are numbered beginning after the 16 residue signal 
peptide. The wavy black portions of SREBP-2 denote its two transmembrane domains. (B) The 
processing of endogenous SREBP-2 in CHO K1 cells grown in the presence of known and 
experimental glycosidase inhibitors was examined by immunoblot analysis while (C) SKI-1 
zymogen activation was monitored in CHO SRD-12B cells stably transfected with V5-tagged SKI-
1. (D) SKI-1 zymogen activation requires N-glycosylation. TM = tunicamycin. 
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5.5.5 Glycosidase inhibitors alter the autocatalytic processing of SKI-1 

BJ-12-21-2 appeared to reduce the processing of both PC1 and SKI-1 

substrates.  Thus, we next investigated whether this compound affected SKI-1 

zymogen activation, as it had for PC1, and thereby blocked the processing of 

SREBP-2.  SKI-1 processing was followed by immunoblotting extracts from CHO 

SRD-12B cells stably transfected with V5-tagged hSKI-1. In these cells, SKI-1 

was processed to the 106 kDa Golgi isoform—SKI-1C (Figure 5.4C).  However, 

in cells grown in the presence of BJ-12-21-2 and BJ-12-26-1, SKI-1 zymogen 

activation was less efficient and it appeared that some protein degradation had 

occurred since all isoforms were less abundant in extracts from treated cells. In 

addition, the apparent molecular masses of all SKI-1 forms were reduced upon 

treatment with these compounds. Salacinol had no effect on SKI-1. These results 

were identical when the experiment was performed with CHO K1 cells transiently 

expressing V5-hSKI-1 (not shown). As in the case of PC1, inhibiting the N-

glycosylation of SKI-1 with tunicamycin led to a significant reduction in its 

molecular weight, and zymogen activated isoforms were not observed (Figure 

5.4D). Upon EndoH and PNGaseF treatment (see below, Figure 5.5A), it was 

apparent that the reduced molecular weight of SKI-1 in cells treated with BJ-12-

21-2 and BJ-12-26-1 was due to its altered glycosylation since, for all treated 

samples, there was a slight decrease in the apparent mass of SKI-1. 

 To investigate whether protein degradation in the presence of BJ-12-21-2 

and BJ-12-26-1 could account for the decreased amount of SKI-1C produced, 

these inhibitors were added to cells along with either the proteasomal inhibitor 

MG11540 or NH4Cl which blocks lysosomal degradation (Figure 5.5C). In control 
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cells, the inhibition of lysosomal degradation caused an accumulation of SKI-1C, 

while MG115 caused SKI-1A to accumulate. Neither inhibitor caused the 

inhibition of protein degradation or the accumulation of SKI-1 to a greater extent 

than observed for control cells, although NH4Cl appeared to eliminate the 

decrease in molecular weight observed upon treatment with BJ-12-21-2 and BJ-

12-26-1. Similar results were obtained with the proteasomal inhibitor LAC (not 

shown).  

 Since SKI-1C could still be detected in treated cells, albeit at a reduced 

molecular weight, and since it did not appear to be preferentially degraded under 

these conditions, its decreased abundance could be due to the failure of SKI-

1A/B to be transported to the Golgi, a prerequisite for its complete zymogen 

activation. We therefore tested inhibitors in the presence of Brefeldin A (BFA, 

Figure 5.5B), a compound known to block trafficking from the ER to the Golgi but 

not the reverse, resulting in the mixing of these two compartments and giving 

ER-localized proteins access to Golgi enzymes.41 When BJ-12-21-2 and BJ-12-

26-1 were added to cells grown in the presence of BFA, the fraction of SKI-1 

processed to SKI-1C increased, although this effect was less pronounced than in 

control cells. 
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Figure 5.5: SKI-1 glycosylation and Golgi-transport but not its zymogen activation are 
altered by BJ-12-21-2 and BJ-12-26-1. (A) The altered mobility of SKI-1 is due to its aberrant 
glycosylation since glycosidase-treatment by PNGaseF and ENDO H renders all formsof SKI-1 of 
equivalent mobility. The reduced amount of SKI-1 zymogen activation is partially corrected by (B) 
brefeldin A (BFA) an inhibitor of ER-to-Golgi but not Golfi-to-ER transport and (C) MG115 or 
NH4Cl, inhibitors of ERAD and lysosomal degradation, respectively.     

5.6 Discussion 

The co-translational addition of N-linked oligosaccharides to proteins often 

has profound effects on protein structure, folding, and activity.  These N-glycans 

are added en bloc from a dolichol pyrophosphate-linked precursor to the N-

glycosylation consensus sequence (also called a sequon) Asn-Xss-Thr/Ser, 

where Xxx is any amino acid except Pro.  By independently mutating the Asn (N) 

to Ala in these sequons, the contributions of individual oligosaccharides found on 

PC1 were assessed.  Our observations suggest that the presence of N-linked 



 

 274 

sugars on PC1 is crucial for the zymogen activation and secretion of PC1, 

consistent with earlier experiments following PC1 maturation and activity in 

GH4C1
19 and Sf926 cells grown in the presence of the N-glycosylation inhibitor 

tunicamycin.  N146, in particular, requires the presence of an oligosaccharide 

since mutating this residue results in a 4.5-fold decrease in PC1 zymogen 

processing and almost complete inhibition of PC1 secretion (Figure 5.1A).  As 

proPC1 is processed very early in its biosynthesis,19, 29 it appears that removal of 

the oligosaccharide at N146 results in incorrect protein folding and ER retention.  

Since very little N146A-PC1 is secreted, it is likely that the small fraction of N146-

proPC1 processed is also retained in the ER.   

The region surrounding N146 in PC1 is predicted (on the basis of a model 

structure based on the crystal structure of the furin ectodomain) to be an 

extended loop, well removed from the PC1 catalytic domain.42  An N-glycan in 

this loop may be required for productive PC1 folding by reducing the 

conformational freedom of the peptide backbone or by increasing the 

hydrophilicity of this portion of PC1.  However, in the context of a folded protein, 

N-glycans do not seem to affect the local backbone fold, although they have 

been shown to affect the stability of parts of a protein remote from the 

glycosylation site.43  N-linked oligosaccharides also play an important role in 

glycoprotein folding via their interactions with lectin-like ER chaperones such as 

CNX or CNR.44  Although N146A-PC1 contains one N-glycan (see below), we 

note that multiple N-glycans do not equally contribute towards the chaperone-

assisted folding of a glycoprotein.  In particular, it has been suggested that more 



 

 275 

N-terminally-located N-glycans play an important role in directing the co-

translational folding of glycoproteins.45  Further research is needed to distinguish 

whether the N-glycan at N146 of PC1 is required for structural reasons or for the 

chaperone-mediated folding of PC1.  In contrast to PC1, furin—which has a 

similarly exposed loop in this region—lacks a glycosylation site in this portion of 

the protein.  Thus, it may be that PC1 adopts a different fold than predicted by 

computational models; alternatively, furin and PC1, despite their conserved 

structural features may utilize different folding pathways. 

The N-glycosylation site of the sequon at residue 374 does not appear to 

be glycosylated in PC1 and predictably, this mutation does not appear to affect 

PC1 zymogen activation and secretion.  The amino acid sequence of this region 

in PC1 is identical to that of furin where it is found to be a short (four residue) 

loop connecting two α-helices beneath the catalytic domain; one would predict 

that glycosylation at this sequon would disrupt the structure of the PC1 catalytic 

domain.  However, glycosylation at N374 has been shown to occur in PC1 

constructs containing Golgi-targeting domains where it did not appear to disrupt 

PC1’s ability to produce ACTH.28  Only 33% of glycosylation sites engineered 

into recombinant human erythropoietin are glycosylated,46 and incomplete 

sequon occupancy appears to be a general trend among glycoproteins.47, 48  

Thus, our results on PC1 again raise the currently unanswered question 

regarding the structural features of nascent polypeptides necessary for efficient 

sequon glycosylation. 
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Finally, it can be concluded that N618 of PC1 is glycosylated, on the basis 

of the slight reduction in molecular mass when this sequon is mutated.  This N-

glycan does not appear to play a crucial role in PC1 maturation and secretion.  

Furthermore, it is absent in human PC1 and cleaved from PC1 within secretory 

granules to produce the 66 kDa C-terminal-truncated form in AtT-20 cells.  

However, we note that the N146A mutant is rendered even more disruptive of 

PC1 maturation when N618 is also mutated, suggesting that the C-terminal N-

glycan may compensate somewhat for the loss of an oligosaccharide at residue 

146. 

Although N-glycosylation is critical for PC1 zymogen activation and 

secretion, the exact structure of the N-linked oligosaccharides is not crucial in 

either process for PC1 expressed in HEK 293 cells (Figure 5.1B), in agreement 

with similar observations made when PC1 was expressed in Sf9 cells treated 

with glycosidase inhibitors.26 These data suggest that PC1 N-glycans, although 

crucial for activity, are not needed to facilitate CNX- / CNR-assisted protein-

folding of PC1. Similarly, PC1 endogenously expressed in AtT-20 cells was 

correctly targeted to secretory granules where it was processed38 into its most 

active49 66 kDa isoform in the presence of CST and KIF, and was subject to 

regulated secretion (Figure 5.3B), as expected.50 In contrast, with HEK293 cells, 

PC1 expressed in AtT-20 cells grown in the presence of the heteroatom-

containing disaccharide BJ-12-21-2 (and its regioisomer) was not processed 

correctly to the 66 kDa form, but rather proPC1 accumulated within cells. Similar 

differences in the efficiency of PC1 zymogen activation were observed between 
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regulated- and constitutively-secreting cells expressing PC1 which contained 

mutations in a critical RRGDL sorting motif.51 BJ-12-21-2 and BJ-12-26-1 were 

initially synthesized as potential inhibitors of class I mannosidases.52, 53 A glucose 

congener of these molecules was found to be an inhibitor of glucoamylase54 

while the 5-thio-D-mannopyranosyl amine moiety common to both compounds 

was found to be a weak mannosidase inhibitor.55 The failure to achieve similar 

effects on PC1 with the well characterized glucosidase (CST) and mannosidase 

(KIF) inhibitors would appear to rule out these enzymes as the primary target of 

BJ-12-21-2. However, this compound does likely affect PC1 N-glycosylation, as 

was demonstrated for SKI-1 (see below).    

The failure of BJ-12-21-2-treated cells to produce the secretory granule-

localized 66 kDa PC1 isoform correlates well with the observation that this 

compound inhibits the processing of POMC (Figure 5.3A). The majority of POMC 

processing occurs within secretory granules,56, 57 and the decreased amount of 

unprocessed POMC secreted under stimulated conditions suggests that both 

PC1 and POMC may be incorrectly targeted in BJ-12-21-2-treated cells. 

Although PC1 zymogen activation is an autocatalytic process, it is known that 

other convertases are capable of prosegment cleavage early in the secretory 

pathway,58 which may be the route by which some processed, complex-

glycosylated 84 kDa PC1 was secreted by AtT-20 cells grown in the presence of 

BJ-12-21-2. Furthermore, although POMC processing occurs predominantly 

within acidifying, post-Golgi compartments,59 PC1 has been demonstrated to 

partially process POMC in AtT-20 cells in which transport from the trans Golgi 
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network (TGN) has been blocked by incubation at 20 oC,37, 60 by  BFA,60 or when 

PC1 is re-routed upon its fusion to a Golgi-localized transmembrane domain 

(TMD).28 Therefore, the absence of partially processed POMC intermediates, of 

which -LPH is the first to be produced (Figure 5.2), in BJ-12-21-2-treated cells 

suggests that this compound either renders PC1 inactive in both the Golgi / TGN 

and in secretory granules or that it significantly impairs POMC trafficking from the 

ER. Indeed, changes in the rate of ER-to-Golgi trafficking upon Ca2+-stimulation 

may be why the intracellular accumulation of POMC was more pronounced under 

conditions that induced regulated secretion. 

The ER glucosidase I and II inhibitor CST had the opposite effects as BJ-

12-21-2 on POMC processing since it significantly increased -END and, to a 

lesser extent, -LPH production, at the expense of constitutive POMC secretion. 

In contrast, the potent ER ManI inhibitor KIF only slightly increased the 

production of -END while significantly increasing the amount of -LPH 

constitutively secreted. KIF also increased the constitutive secretion of bis-

glycosylated POMC while CST treatment caused a reduction in this glycoform’s 

secretion in favor of its processing within the regulated pathway. Previous 

research investigating the link between POMC N-glycosylation and its processing 

have mostly examined conditions in which this modification has been completely 

eliminated. These studies have shown that POMC lacking N-glycans can be 

processed correctly, albeit at reduced rates, in the isolated neurointermidate 

lobes of mice61, toads62 (although there is one experiment to the contrary63), and 

frogs64, and in the AtT-2033-35, 65 and GH4C1
66 cell lines. In light of these studies, 



 

 279 

our results suggest that while N-glycosylation is not essential for POMC 

processing in general, specific N-glycan structures play a key role in its 

intracellular targeting. In support of this claim, we note that both CST and KIF 

affected bis-glycosylated POMC to a greater extent relative to the mono-

glycosylated form: CST by increasing its processing and KIF by increasing its 

constitutive secretion.   

KIF inhibition blocks the mannose-trimming reactions required for the 

acquisition of complex-type N-glycosylation and therefore delays protein 

transport through the Golgi / TGN or may facilitate glycoprotein retrieval back to 

the ER by VIP-3613. In AtT-20 cells, N-glycans on POMC display SO4-4-GalNAc-

β-(1-4)-GlcNAc-β-(1-2)-Man-α-containing antennae.67 Interestingly, this epitope 

has also been identified on the O-glycan of POMC, a modification thought to be 

necessary for its differential processing in the different lobes of the pituitary.68 

While it is known that POMC complex glycosylation33 and sulfation60 precedes 

proteolytic processing and that this processing can occur in the absence of N-

glycans (see above) or (in toads) correct sulfation69, our data suggest that the 

rate at which these glycosylation events occur may influence the relative 

amounts of POMC consitutively secreted compared to the fraction targeted for 

processing within secretory granules. This is in agreement with the observation 

that rerouting PC1 to the Golgi caused an increase in the production of ACTH—

an effect especially apparent for the glycosylated28 form which is derived from 

bis-glycosylated POMC, suggesting that the presence of two glycan chains 

increases the exposure of POMC to Golgi-localized convertases. Similarly, when 
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TGN-to-secretory granule trafficking is blocked by non-permissive temperatures, 

only β-LPH is produced.37 Since we obtained similar results with KIF treatment, it 

can be concluded that delayed mannose-trimming causes the preferential 

retention of bis-glycosylated POMC within the Golgi, where it is either processed 

into β-LPH or constitutively secreted before it can be packaged into immature 

secretory granules. Experiments on the polarized sorting of the sialomucin 

endolyn have also demonstrated that mannosidase, but not glucosidase, 

inhibition blocked the formation of N-glycan-specific sorting determinants.14 Thus, 

correct POMC N-glycosylation may be a sufficient, but not crucial, sorting 

determinant into the regulated pathway. In further support of this hypothesis, we 

note that sulfated oligosaccharides have been demonstrated to be necessary for 

the packaging of some proteins into secretory granules,70, 71 and for the 

controlled diffusion of mucins within the granules of goblet cells.72 The 

preferential granule-targeting of correctly glycosylated / sulfated POMC may be a 

quality control mechanism since these modifications are known to play key roles 

in the in vivo activity of other glycoprotein hormones,73 in addition to being 

essential for inducing biological responses from some POMC-derived peptides.74 

The addition of CST to cells during pulse-chase experiments causes two 

general effects. First, by preventing the trimming of Glc3Man9GlcNAc2 to 

Glc1Man9GlcNAc2 by the sequential action of ER glucosidase I and II, CST 

prevents the interaction between nascent glycoproteins and the lectin-like 

glycoprotein-folding chaperones CNX or CRT. This treatment has been 

demonstrated to cause misfolding and /or the degradation of many glycoproteins, 
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a strategy that has been particularly effective in targeting glycoproteins of viral 

origin. Second, by preventing the trimming of Glc1Man9GlcNAc2 to Man9GlcNAc2, 

CST, especially when added to cells after a metabolic pulse, prevents the 

dissociation of CNX / CRT and their substrates causing their prolonged ER 

retention, stabilizing glycoproteins prone to misfolding and ERAD, and inhibiting 

the anterograde transport of glycoproteins from the ER.75 In this work, CST was 

added to AtT-20 cells during both the metabolic pulse and chase, and it therefore 

likely caused an increase in β-END and β-LPH production by preventing 

constitutive POMC trafficking as a result of its increased ER retention. In this 

respect, CST appears to resemble BJ-12-21-2. Increased association of 

glycoproteins with CNX not only physically retains glycoproteins within the ER, 

but also prevents oligosaccharide trimming to structures bound by the lectins 

such as ERGIC 53 which are known to facilitate the transport of correctly folded 

glycoproteins from ER exit sites to the Golgi. With respect to this claim, we note 

that not all N-glycans are equal in their ability to alter the kinetics of ER-to-Golgi 

transport; for example, only one of six N-glycans on heparanase affects its rate of 

ER exit and none are required for its activity.76 Thus, in contrast to KIF treatment, 

CST appears to decrease the flux of POMC through the Golgi by retaining it in 

the ER, and as a result, POMC is more efficiently targeted into the regulated 

secretory pathway. This may occur by two mechanisms. Less POMC in the Golgi 

would alter the stoichiometry between POMC and potential receptors such as 

carboxypeptidase E,77 allowing for the granule-targeting of a greater fraction of 

POMC. Alternatively, by decreasing the amount of POMC in the Golgi, N-glycans 
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would presumably be more efficiently converted into complex-, sulfated-

structures which have been shown (discussed above) to act as a pH-dependent 

general sorting signal from the TGN into secretory granules. In support of the 

latter mechanism, it has been observed that the increased length of glycoprotein 

transit through the Golgi has been linked to an increase in the polylactosamine 

content of Lamp-1 and 2.78  

The zymogen activation of the convertase SKI-1, like PC1, was not 

affected by known glycosidase inhibitors (Figure 5.3C) nor was the processing of 

its substrate SREBP-2 (Figure 5.3B). Also, as with PC1, tunicamycin treatment 

abolished the zymogen activation of SKI-1 (Figure 5.3D), again suggesting that 

the presence of N-glycans is required for correct SKI-1 folding, zymogen 

activation, and Golgi targeting in a manner independent of the CNX / CRT cycle. 

The thiomannosides BJ12-21-2 and BJ-12-26-1 greatly reduced SKI-1 zymogen 

activation to the Golgi-active SKI-1C isoform, caused the ER-retention of SKI-1A, 

and accordingly these compounds essentially abolished the processing of 

SREBP-2 by SKI-1C. The reduced electrophoretic mobility of SKI-1 in cells 

treated with BJ-12-21-2 and BJ-12-26-1 was due to its altered N-glycosylation 

since all isoforms collapse to the same apparent mass when treated with 

PNGaseF or ENDO H (Figure 5.5A). As noted above, specific glycoprotein–lectin 

interactions have been demonstrated to mediate the anterograde transport of 

substrates to the Golgi while extensive mannose-trimming, within the ER, leads 

to the association of glycoproteins with lectins such as EDEMs and OS9 which 

are known to facilitate the retrotranslocation and ERAD of misfolded substrates. 
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When BJ-12-21-2 and BJ-12-26-1 are added to cells in the presence of BFA the 

amount of SKI-1C was increased (Figure 5.5C), suggesting that the primary 

effect of the altered glycosylation of SKI-1 in the presence of these compounds 

was to cause its ER-retention. Within SRD-12B cells, appreciable amounts of 

SKI-1A were targeted for ERAD while significant amounts of SKI-1C underwent 

lysosomal degradation in untreated cells (Figure 5.4B). The inhibition of either of 

these processes did not significantly rescue SKI-1C, relative to control cells, 

suggesting that decreased amounts of SKI-1C produced in the presence of BJ-

12-21-2 and BJ-12-26-1 was not due to its increased degradation but to its 

decreased Golgi targeting and subsequent zymogen activation. Interestingly, the 

glycosylation defect of SKI-1 was reversed upon the inhibition of lysosomal and 

proteasomal degradation. This may be due to the reduced rate of protein 

transport through the secretory pathway under these conditions which would 

increase the exposure of SKI-1 to the cell’s glycosylation enzymes, possibly 

allowing for N-glycosylation at previously unused sequons.79  

At present, it is unclear why the small amount of SKI-1C produced in the 

presence of the thiomannose-disaccharides was unable to process SREBP-2 as 

it is known that even trace amounts of SKI-1C can facilitate the normal 

processing of SREBP-2.22 This may, however, be due to the effect of these 

inhibitors on the SKI-1 partners SCAP (sterol sensor) and insig 1 or 2.80, 81 In 

addition, the SKI-1 substrate ATF-6 was processed in the presence of TM (albeit 

for shorter durations than this study),24, 82 which greatly inhibited SKI-1C 

formation in SRD-12B cells (Figure 5.4C). It is clear that the SKI-1C produced in 
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the presence of BJ-12-21-2 and BJ12-26-1 is Golgi-localized since it is EndoH-

resistant (Figure 5.4A). Thus, the inability of SKI-1 to process SREBP-2 was 

most likely due to the effects of its less efficient zymogen activation and its failure 

to be efficiently transported to the Golgi.  

In conclusion, our data demonstrate that N-glycosylation is necessary for 

both PC1 and SKI-1 zymogen activation and intracellular targeting but that the 

processing of N-glycans is not required for these processes. However, the 

terminal glycosylation of the prohormone POMC does affect its proteolytic 

processing. Inhibition of mannose-trimming appears to direct POMC out of the 

regulated secretory pathway of AtT-20 cells, while inhibiting glucosidase 

processing has the opposite effect and causes a significant increase in β-END 

and β-LPH production. By using the processing of POMC as a cell-based assay, 

several compounds from a collection of 45 were identified to affect POMC 

processing. The naturally occurring glycosidase inhibitor salacinol was found to 

affect POMC processing in much the same way as CST—consistent with the fact 

that the former is a confirmed α-glucosidase inhibitor. Two thiomannose-

containing disaccharide analogues were found to block PC1 zymogen activation 

and transport out of the ER, and inhibit POMC processing and its targeting to 

secretory granules. Similar effects were observed when SKI-1 zymogen 

activation and substrate processing were monitored and it is clear that these 

effects correlate with the altered glycosylation of SKI-1. 
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5.7 Future work 

The research presented above raises many interesting questions which 

may be the subject of future investigations. The work on elucidating the 

intracellular target of BJ-12-21-2 and its isomer will be presented in the 

proceeding chapter of this thesis. Glycoprotein hormones are known to contain 

unique N- and O-linked glycans and in many instances the exact structures of 

these glycans are crucial for their in vivo activity.83 Although the glycosylation of 

the pituitary hormones lutropin, thyrotropin and follicle-stimulating hormone has 

been extensively investigated, similar modifications on POMC have received less 

attention. Likewise, though the extracellular functions of hormone glycosylation 

are well characterized, their intracellular roles, such as performing triage events 

during the process of sorting glycoproteins for regulated secretion (as 

demonstrated above) are relatively unexplored. In this respect, the direct analysis 

of N-glycans in AtT-20 cells treated with BJ-12-21-2 and other glycosidase 

inhibitors would be a valuable experiment. Details of this kind of experiment will 

be presented in Chapter 6. It would also be of interest to compare the POMC 

results presented above with those obtained from inhibitors of glycan sulfation 

and/or sialylation. This is because CST, KIF and presumably salacinol and BJ-

12-21-2, inhibit early N-glycosylation events and it is possible that this inhibition 

alters later glycan processing. Therefore, by comparing the effects of inhibitors of 

Golgi glycosyltransferases and ER glycosidases, further elucidation of the role of 

glycans on POMC processing and targeting may be achieved. In addition, since 

CST and KIF appear to have a more pronounced affect on bis-glycosylated 
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POMC, it would be interesting to perform similar immunoprecipitation 

experiments with ACTH, a POMC-derived hormone that contains the variably 

occupied POMC N-glycosylation sequon. Finally, the work presented above 

relies heavily on the observation that in CST-treated cells, POMC processing (vs. 

constitutive secretion) appears to be more favourable for the bis-glycosylated 

glycoform whereas in BJ-12-21-2-treated cells the singly glycosylated form 

predominates. In this respect, it would be interesting to investigate the relative 

ratios of these two POMC glycoforms prior to POMC processing, especially in 

light of the fact that BJ-12-21-2 (and its isomer) induce protein hypoglycosylation. 

This could be accomplished by metabolically labelling AtT-20 cells (as described 

above) at 4 °C, a condition in which the anterograde transport through the 

secretory pathway is inhibited.   

To further explore the molecular mechanism by which BJ-12-21-2 affects 

POMC and PC1, two additional experiments could be performed. First, by adding 

BJ-12-21-2 and CST or KIF to cells simultaneously, possible synergistic effects 

on POMC targeting could be explored. Since it appears that BJ-12-21-2 affects 

both PC1 and POMC targeting to secretory granules, presumably by the same 

glycan-dependent mechanism, it would also be useful to perform experiments in 

which this compound’s affect on PC1 alone could be investigated. Since most 

PC1 substrates are also glycoproteins this would likely involve monitoring PC1 

processing of POMC in which the N-glycoylation sequons had been mutated. 

Finally, the research and discussion so far has not considered the possibility that 

the inhibitors tested may alter PC2 activity. This has been due to the fact that 
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PC1 activity precedes that of PC2. However, the impaired ability of AtT-20 cells 

to produce β-END when grown in the presence of BJ-12-21-2 may also be due to 

the effect of this compound on other PCs.         
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6: N-GLYCANS—PART 2: DISACCHARIDES CONTAINING 
NON-REDUCING 5-THIOMANNOSE REDUCE PROTEIN 
N-GLYCOSYLATION BY INHIBITING CYTOSOLIC 
MANNOSYLTRANSFERASES 

6.1 Overview and acknowledgements 

This chapter presents a continuation of the work described in Chapter 5. 

The mechanism of 5-thiomannoside-containing disaccharides discovered in the 

POMC assay are further explored. These compounds were initially synthesized 

as potential inhibitors of ER and Golgi mannosidases (Chapter 1), but it was 

discovered instead that they were inhibitors of mannosyltransferases. The FACE 

analysis of DLOs extracted from 5-thiomannoside-treated cells was performed by 

Dr. Ningguo Gao in the laboratory of Dr. Mark Lehrman (University of Texas, 

Southwester Medical Center). I also wish to acknowledge several helpful 

conversations with Dr. Lehrman and Dr. David Vocadlo (SFU) who also 

graciously made available his lab’s resources. All of the compounds tested below 

were initially synthesized by Dr. Blair Johnston (SFU) and subsequently by Dr. 

Jayakanthan Kumarasamy. Dr. Kumarasamy also made 5-thioMan-(1,6)-N-Man 

and GDP-5-thioMan.   

6.2 Abstract 

A common means of probing glycoconjugate structure – function 

relationships is by inhibiting glycan biosynthesis with cell permeable glycosidase 
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and glycosyltransferase inhibitors. In a cell-based assay for novel inhibitors we 

have discovered two glycosides of 5-thiomannose containing an interglycosidic 

amine which prevented the correct zymogen processing of the prohormone 

proopiomelanocortinin (POMC) and the transcription factor sterol-regulatory 

element-binding protein-2 (SREBP-2) in mouse pituitary cells and Chinese 

hamster ovary (CHO) cells, respectively. In case of SREBP-2, these effects were 

correlated with the altered N-linked glycosylation of subtilisin / kexin-like isozyme-

1 (SKI-1), the protease responsible for SREBP-2 processing under sterol-limiting 

conditions. The effects of this class of compounds were further examined in CHO 

cells and it was discovered that they caused extensive protein hypoglycosylation 

in a manner similar to type I congenital disorders of glycosylation (CDGs) since 

complete N-glycans were found to be transferred to glycoproteins. The 

underglycosylation of glycoproteins in 5-thiomannoside-treated cells was caused 

by the defective biosynthesis of the dolichol-linked oligosaccharide (DLO) N-

glycosylation donors although the biosynthesis of nucleotide sugars DLO 

precursors was not reduced under these conditions nor could their effects be 

reversed upon the addition of exogenous mannose. Analysis of DLO 

intermediates by fluorophore-assisted carbohydrate electrophoresis suggested 

that 5-thiomannose-containing glycosides block DLO biosynthesis on the 

cytosolic face of the endoplasmic reticulum. 
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6.3 Introduction 

It is becoming increasingly apparent that carbohydrate chains, or glycans, 

play key roles in many of the fundamental processes of cells, such as protein 

quality-control and folding, cell adhesion, endocytosis and signal transduction, in 

addition to various structural roles. Due to their involvement in these processes, 

glycans have profound effects on embryonic development, cell proliferation, 

differentiation, and metastasis, bacterial and viral infections, and responses to 

toxins or hormones which bind to carbohydrate receptors. In addition, the 

circulatory half-life of peptide-hormones is often regulated by their glycosylation. 

Virtually all of these processes depend on the recognition and binding of specific 

glycans by proteins and a great deal of research has been dedicated towards 

elucidating function and nature of these protein – glycan interactions. In order to 

probe the relationships between a glycan’s composition or structure and its 

biological function, the ability to manipulate glycosylation patterns is required. 

One powerful approach towards elucidating glycan function has involved the 

genetic manipulation of cell lines or organisms in which specific 

glycosyltransferases or glycosidases have either been deleted or overexpressed 

since these enzymes are required for the biosynthesis and subsequent 

processing of glycans. These approaches have been invaluable, for example, in 

elucidating the substrate specificities of the glycosylatransferases involved in the 

assembly of dolichol-linked oligosaccharides in yeast with alg (asparagine-linked 

glycosylation) defects,1 and the link between mannosidase processing of N-

glycans and their endoplasmic reticulum-associated degradation (ERAD). The 
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use of genetic techniques is often quite difficult, however, since the biosynthesis 

of glycans is not linear nor is it template-driven, but rather regulated by the 

differential expression and subcellular organization of carbohydrate-active 

enzymes and the flux in the metabolism of high-energy intermediates such as 

nucleotide sugars (Chapter 2). Furthermore, the mutation of genes involved in 

glycan assembly, especially in animal models, often produces lethal or 

pleiomorphic phenotypes—in human patients, these are collectively diagnosed 

as congenital disorders of glycosylation (CDGs)—and this is further complicated 

by observations that many glycan processing enzymes are absolutely essential 

for embryonic development. Alternatively, many glycan – protein relationships 

have been elucidated through the use of chemical agents that affect glycan 

biosynthesis or metabolism. These small molecule inhibitors allow for the facile 

investigation of glycosylation in many different cell lines, tissues or organisms 

and represent a crucial addition to genetic methods of glycan analysis. Given the 

key role glycans play in human diseases, some of these inhibitors are the focus 

of drug development efforts and the search for inhibitors or modulators of 

glycosylation continues to be an area of active research. 

Recently, we have screened a small library of synthetic carbohydrate-like 

molecules for effects on the proteolytic processing and / or intracellular targeting 

of the glycosylated prohormone proopiomelanocortinin (POMC) by proprotein 

convertase 1 (PC1). It was discovered that asparagine-(or N-) linked glycans 

played key roles in the processing of POMC into β-lipotroic hormone and β-

endorphin. In addition, it was discovered that two heteroatom-containing 
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disaccharide analogues (Figure 6.1A), each containing a non-reducing 5-

thiomannose moiety2 (hence, these compounds are collectively referred to as 5-

thiomannosides) could be up-taken by cells in which they not only inhibited PC1 

activity but also greatly reduced the activity of a related proprotein convertase 

known as subtilisin / kexin isozyme-1 (SKI-1), a potential therapeutic target given 

its role in several viral infections and in sterol metabolism. Significantly, in 

Chinese hamster ovary (CHO) cells grown in the presence of 5-thioMan-(1-2)-N-

Man and 5-thioMan-(1-3)-N-Man, both SKI-1 autocatalytic activation and its 

substrate—sterol-regulatory element binding protein-2 (SREBP-2)—processing 

were inhibited in a fashion which correlated with altered N-glycosylation. 

Specifically, both of these compounds were found to reduce the extent of SKI-1 

glycosylation causing a reduction of its apparent molecular weight on SDS-PAGE 

gels. 

Glycosides composed of thiosugars in which the ring oxygen atom has 

been replaced with a sulfur atom have unique structural and chemical properties 

and intriguing bioactivities.3 For example, although 5-thioxylopyranosides 

hydrolyze faster than their oxygen congeners4 and 5-thiaglucopyranosyl 

carbenium ions, the intermediates of glycoside hydrolysis, are formed 800 times 

faster than their parent oxygen-containing glycosyl fluorides,5 it has nevertheless 

been demonstrated that some thioglycosides are very resistant to enzyme-

catalyzed hydrolysis (Figure 6.1B). For example both 5-thioGlc-(1-4)-N-Glc6 and 

5-thioGlc-(1-6)-N-Glc7 were demonstrated to be enzymatically hydrolyzed at 

retarded rates although both were demonstrated to be bound by glycosidases by 
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transferred NOE NMR and fluorescence spectroscopy, respectively. Similarly, 5-

thioGlc-α1,4-Glc containing oxygen, sulfur or selenium in the interglycosidic 

linkage were also demonstrated to be inhibitors of glucoamylase G2, albeit 

weaker than the nitrogen-containing analogue.8  In addition to their altered 

reactivity, some thiosugars, especially those in their reducing forms, are known to 

bind to monosaccharide-binding proteins with higher affinity than their oxygen 

analogues.9-11 Similarly, some,12 but not all,13 thiosugar-containing 

oligosaccharides have been found to bind more tightly to their cognate proteins 

than their oxygen-analogues. Thus, the increased hydrolase resistance and / or 

tighter binding of thiosugars, and their glycosides, to carbohydrate-binding 

proteins has led us,2, 6, 8, 14, 15 and others,7, 16-19 to design and synthesize many 

analogues of 5-thioglycosides as potential inhibitors of glycosidase enzymes. 

Although designed as glycosidase inhibitors, it is possible that 5-thioMan-

(1,2/3)-N-Man affect SKI-1 glycosylation via other mechanisms. For example, 

close mimics of glycan substrates (i.e. acceptor analogues) have been utilized to 

investigate the structural requirements of specific glycosyltransferases20-22 and 

some, in particular those with modifications to sugar residues which prevent them 

from being acceptors, have been shown to be inhibitors of their target enzymes 

in vitro23-25 and in cultured cells.26 Alternatively, rather than acting as inhibitors, 

the 5-thiomannosides may act as decoy substrates thereby providing 

glycosyltransferases with an excess of alternative substrates—effectively 

preventing the transfer of a monosaccharide to the intended glycoprotein (a 

concept known as oligosaccharide priming). The ability of disaccharides to prime 
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oligosaccharide biosynthesis is well known and has been shown to significantly 

alter protein serine- or threonine- (O-linked) glycosylation,27-29 although there are 

no reports of this strategy utitilized to alter N-glycosylation. In the context of 

studies in cultured cells, the hydrolase-resistance properties of thio-sugar-

containing disaccharides would be predicted to increase their effective cellular 

lifetime. It is conceivable, therefore, that 5-thioMan-(1,2/3)-N-Man affected SKI-1 

glycosylation either by preventing correct N-glycan processing by α-

mannosidases or by altering N-glycan biosynthesis by acting as 

glycosyltransferase inhibitors or decoy substrates. For example, 5-thioMan-(1-3)-

N-Man could mimic the free Man-α-(1-3)-Man linkage found in Man-α-(1-6)-[Man-

α-(1-3)-]Man-β-(1-4)-GlcNAc-β-(1-4)-GlcNAc-β-1-Asn, the substrate for GlcNAc 

T1, a key step in the conversion of high-mannose N-glycans into hybrid- or 

complex-type structures. Indeed, in in vitro assays, substrate-like trisaccharides 

have been demonstrated to be inhibitors of this enzyme.25 Alternatively, multiple 

points of inhibition could be envisioned which involve the mannosyltransferases 

responsible for the assembly of DLOs, of the structure, dolichol-PP-

GlcNAc2Man9Glc3—the donor substrate for N-glycosylation—since this structure 

contains two Man-α1,3-Man and four Man-α1,2-Man moieties. Thus, the 5-

thiomannoside inhibitors tested could have affected SKI-1 glycosylation in a 

fashion resembling either class I or II CDGs (reviewed in 30 and Chapter 2). In 

the former, sites of N-glycosylation are skipped by the oligosaccharyltransferase 

(OST) complex due to its decreased affinity of truncated dolichol-linked 

oligosaccharides31 (although CHO cell mutants have been isolated which transfer 
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incomplete glycans), while in class II CDGs, truncated glycans are observed on 

glycoproteins due to defects in the subsequent processing of N-glycans by both 

glycosidases and glycosyltranferases. 

  To further explore the mechanism by which this class of inhibitors affects 

N-glycosylation, and therefore proprotein convertase activity, we synthesized 5-

thioMan-(1,6)-N-Man which was predicted to be active since N-glycans possess 

two Man-α1,6-Man moieties. Using SKI-1 as a probe to monitor changes in N-

glycosylation, we compared these three compounds (Figure 6.1A) to known 

glycosidase inhibitors. 5-thioMan-(1-6)-N-Man affected SKI-1 glycosylation in the 

same way as the 1,2- and 1,3-linked analogues, but none of the 5-

thiomannosides affected SKI-1 in a fashion which resembled known glycosidase 

inhibitors. More generally, each 5-thiomannoside reduced the extent of 

glycoprotein glycosylation, as assessed by lectin-affinity blots, in CHO K1 cells in 

a manner resembling class I CDGs since no qualitative difference in N-glycans 

isolated from treated cells could be detected. Furthermore, 2-[3H]-mannose 

incorporation into DLO pools was reduced in treated cells and when these were 

isolated and analyzed, it was discovered that DLO biosynthesis was nearly 

abolished. It was also discovered that these effects were not due to any 

deficiency in the nucleotide sugars required for DLO elongation. 5-thiomannose 

(5-thioMan) alone could effectively duplicate the effects of all 3 disaccharide 

inhibitors on SKI-1 zymogen activation and N-glycosylation, although an analysis 

of nucleotide sugars extracted from treated cells demonstrated that the 

mechanism of 5-thioMan differed from that of the 5-thiomannosides. 
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Compound 

  

 

 

 

 

Short 

name  

5-thioMan-(1,2)-N-Man 5-thioMan-(1,3)-N-Man 5-thioMan-(1,6)-N-Man 

Reference 2 2 This work 

  

B 

 

 

 

Compound 

 

 

 

 

   

Short name  5-thioGlc-(1,4)-N-Glc 5-thioGlc-α-(1,6)-N-Glc 5-thioGlc-β-(1,4)-O-GlcNAc 

Reference 6 16 7 

Figure 6.1: Heteroatom-containing dimannosides used in this study and related carbohydrate derivatives. (A) These compounds were 
synthesized as inseparable mixtures of α / β anomers and tested as such since these S/N disaccharide analogues have been demonstrated to 
slowly mutarotate in aqueous solutions. (B) Similar thiosugar-containing glycosides which have been demonstrated to be hydrolase-resistant 
relative to their oxygen-containing analogues. 
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6.4 Materials and Methods 

6.4.1 Chemicals and test inhibitors 

The glycosidase inhibitors castanospermine (CST), swainsonine (SW) and 

1-deoxymannojirimicin (DMJ) were all obtained from Toronto Research 

Chemicals, Inc., while kifunensine (KIF) was purchased from LC Scientific. 

Tunicamycin was purchased from Sigma. The 5-thiomannoside inhibitors 5-

thioMan-(1-2)-N-Man and 5-thioMan-(1-3)-N-Man were synthesized as previously 

described.2 An acetylated- O-linked disaccharide, 5-thioMan-α-(1-2)-O-Man-OAc, 

was also synthesized according to reported procedures.15  In addition a 1,6-

linked analogue, 5-thioMan-(1-6)-N-Man, was prepared by the condensation of 5-

thio-D-mannose and 1-methyl-6-amino-6-deoxy-α-D-mannopyranoside32 under 

identical conditions to those reported for the 1,2- and 1,3-linked congeners. 

Peracetylated 5-thioglucose (5-thioGlc) was prepared as previously described.6 

All inhibitors were stored at -20 °C as stock solutions in H2O with the exception of 

5-thioMan-(1-2)-O-Man-OAc and peracetylated 5-thioGlc which were soluble in 

DMSO. Due to their presumed poor membrane permeability, all disaccharide 

analogues were used at 5 mM except for O-acetylated derivatives which were 

tested at 150 μM. The known glycosidase inhibitors were typically tested at 

concentrations of 1.2, 0.4 and 5 mM for CST, KIF, and DMJ, respectively. TM 

was used at a concentration of 2 μg / mL. GDP-5-thio-α-D-mannose was 

synthesized as previously reported33 and purified by ion-paired HPLC.34 All other 

nucleotide sugars were purchased from Sigma and stock solutions in H2O were 

stored at -20 °C. 
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6.4.2 Cell lines and culture 

Cells were maintained in monolayer culture on 10 cm tissue culture plates 

(Sarstedt) in 5 % CO2 and 37 °C. CHO K1 and CHO SRD-12B cells stably 

expressing V5-epitope tagged human SKI-1 were both grown in a 1:1 mixture of 

DMEM and Ham’s F12 medium (Gibco) containing 5 % (v/v) FBS (Gibco), unless 

otherwise indicated. Gentamicin (Sigma) was always included in the medium of 

SRD-12B cells at a concentration of 400 μg / mL but was excluded when 

inhibitors were tested. Cells were routinely passed using trypsin-EDTA (Sigma) 

every three to four days. For experiments performed under nutrient limiting 

conditions, cells were grown in glucose- and serum-free DMEM (Gibco), 

supplemented with 1 or 10 mM glucose or 10 mM glucose + 5 mM mannose and 

0.3 mM DL-proline. 

6.4.3 Immunoblot analysis of SKI-1 zymogen activation 

Confluent monolayers of SRD-12B cells grown on 3.5 cm culture plates 

were incubated in the presence or absence of inhibitors for 14 h, after which the 

media was removed and cells were washed with ice cold PBS. Cells were lysed, 

on ice, by adding 100 μL 1x RIPA buffer containing a 1x protease inhibitor 

cocktail (Roche). Cells were scraped off the plates, and the resulting suspension 

was vigorously vortexed and centrifuged (10,000 rpm, 10 min, 4 °C). The 

supernatants were resolved by SDS-PAGE on 6 % gels, run at 4 °C and 

transferred to Trans-Blot nitrocellulose membranes (BioRad). SKI-1 was detected 

by probing the blots with HRP-conjugated anti-V5 antibodies (Bethyl 

Laboratories) (1:8,000 dilution) in PBS + 0.1% Tween-20 (PBS-T), containing 5 
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% skim milk powder, overnight at 4 °C. Immunoreactive material was visualized 

using the ECL Plus western blot detection kit (GE Healthcare) according to the 

manufacture’s instructions.  

6.4.4 Lectin blot analysis of CHO K1 cell lysates 

CHO K1 cells were treated with inhibitors, and lysates were prepared as 

described above. Protein concentrations were measured by the DC Protein 

Assay (BioRad) and normalized prior to their resolution on 10 % acrylamide gels 

by SDS PAGE. Identical amounts of each sample were analyzed in each lectin 

blot. Controls were prepared by treating cell lysates, from non-treated cells, with 

PNGaseF  or, for GNA only, ENDO H (New England Biolabs), according to the 

manufacture’s instructions. ConA, SNA (EY Laboratories, Inc.), DSA and GNA 

(Vector Laboratories, Inc.) were purchased as their biotin-conjugates and used at 

dilutions of 1:8000 (ConA and SNA) and 1:500 (DSA and GNA) in PBS-T 

containing 5 % BSA (Bioshop). Blots were incubated with lectins at 4 °C 

overnight, washed for 1 h with 4 changes of PBS-T, re-blocked with BSA for 0.5, 

h and subsequently probed with HRP-conjugated streptavidin (Pierce). After 

washing blots for an additional 1 h, bound lectins were visualized with ECL Plus.   

6.4.5 Isolation and purification of N-glycans 

Confluent monolayers of CHO K1 or SRD-12B cells (~2 x 106 cells / plate) 

grown in the presence of inhibitors for 14 h were washed with 1 x 10 mL ice cold 

PBS before harvesting by gently scraping them of the plates. Cells were pelleted 

by centrifugation (10 min, 1000 rpm, 4 °C) and N-glycans were obtained 
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according to methods adopted by the Consortium for Functional Glycomics,35 

with slight modifications. Briefly, cell pellets were suspended in 50 mM Tris, pH 

7.4 + 0.1 % (w/v) SDS, sonicated (2 blasts x 30 s, 10 % power) with a W-375 

ultrasonic processor (Heat Systems Ultrasonics, Inc.), dialyzed across a 3.5 kDa 

membrane (Spectrum Laboratories, Inc.) against 50 mM NH4HCO3, pH 7.4 (2 x 

24 h) and lyophilized. Proteins were reduced in 2 mg / mL dithiothreitol (Sigma) 

in 0.6 M Tris, pH 8.5 (1 h, 37 °C), alkylated upon the addition of iodoacetamide 

(Sigma) to 6 mg / mL (2 h, 20 °C, dark), exchanged into 50 mM NH4HCO3, pH 

8.5 using 10 kDa NMWCO centrifugal filter units (Millipore) and lyophilized. The 

reduced and alkylated samples were digested with 1 mg / mL porcine trypsin 

(Sigma) in 50 mM NH4HCO3, pH 8.5 and the resulting peptides were purified by 

solid-phase extractrion (SPE) on C18 cartridges (Waters). Material eluting with 20 

– 60 % (v / v) 1-propanol containing 5 % (v / v) AcOH was pooled, lyophilized, 

and the N-glycans on the resulting glycopeptides were released upon treatment 

with 40 U / μL PNGaseF (24 h, 37 °C). Buffer salts and peptides were removed 

from the N-glycans using 200 mg porous graphite-containing Hypercarb SPE 

cartridges (Thermo Scientific) essentially according to the method of Packer et 

al36. Briefly, N-glycans in H2O were applied to cartridges preconditioned with 50 

% CH3CN + 0.1 % TFA (3 mL) and 5% CH3CN + 0.1 % TFA (6 mL), sequentially 

washed (3 mL each) with H2O and 5% CH3CN + 0.1 % TFA, and eluted with 50 

% CH3CN + 0.1 % TFA (4 x 0.5 mL). After passage through 0.22 μm filters, 

appropriate fractions were lyophilized. 
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6.4.6 Capillary electrophoresis analysis of N-glycans 

Dried N-glycans were labelled by reductive amination with 4 μL 100 mM 8-

aminopyrene-1,3,6-trisulfonate (APTS) (Beckman-Coulter)  and 500 mM 

NaBH3CN (Fluka) in 50 % (v / v) THF containing 7.5 % (v / v) acetic acid as 

described by Guttman et al.37 The labelling was terminated upon the addition of 

18 M H2O to 100 μL final volume. Samples were typically further diluted with 

H2O before CE analysis. CE separations were carried out using a ProteomeLab 

PA800 (Beckman-Coulter) equipped with a laser-induced fluorescence (LIF) 

detector and a 488 nm argon-ion laser. All separations were carried out in 

reverse polarity using a 25 mM NaOAc buffer, pH 4.74, containing polymeric 

additives (Beckman-Coulter), a constant voltage of 30 kV and coated N-CHO 

capillaries (Beckman-Coulter) of  50 μm internal diameter x 50 cm effective 

length as described. All injections were made from the cathode side of the 

capillary by applying a pressure of 0.5 psi for 10 s. The identity of key N-glycans 

was established through the use of purified standards (Prozyme / Glyko) labelled 

with APTS as described above or by comparison with N-glycans obtained from 

cells treated with CST or SW. 

6.4.7 3H-mannose incorporation into lipid-linked oligosaccharide (DLOs) 
pools 

Confluent monolayers (~107 cells) of CHO K1 cells were pre-incubated for 

5 h with inhibitors before they were harvested with 37 °C PBS containing 10 mM 

EDTA, transferred to a glass tube, and washed with DMEM containing 1 mM 

glucose. Cells were re-suspended in media containing inhibitors and 1 mCi / mL 
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2-[3H]-mannose (American Radiolabelled Chemicals), and incubated at 37 °C 

with gentle agitation for 15 min. Samples were chased for an additional 5 min 

with media containing 10 mM mannose and immediately pelleted by 

centrifugation (3000 x g, 4 °C, 10 min) in a pre-chilled centrifuge. Cell pellets 

were sequentially extracted with 2 : 1 (v / v) chloroform : methanol, H2O, and 10 : 

10 : 3 (v / v / v)  chloroform : methanol : H2O  and the 3H activity incorporated into 

each solvent(s) was measured by scintillation counting. The extent of 2-[3H]-

mannose incorporation into DLO pools was determined by calculating the ratio of 

3H activity in the chloroform : methanol : H2O  fraction relative to the total 

intracellular activity.       

6.4.8 Fluorophore-assisted electrophoresis (FACE) analysis of DLOs 

 DLOs were extracted and analyzed by FACE exactly as described in 

reference 38. Each sample was derived from the pooled contents of two 10 cm 

plates of cells that had been exposed to inhibitors for 24 h. 

6.4.9 Extraction and purification of nucleotide sugars 

CHO K1 cells were extracted according to established procedures,39, 40 as 

described in Chapter 2 (Section 2.2.1). The crude extracts were spiked with 

GDP-Glc (200 pmol) as an internal standard, dissolved in 0.5 mL 18 M H2O, 

and extracted using EnviCarb (Supleco) SPE cartridges (200 mg) exactly as 

described by Räbinä et al.34 Sugar nucleotides were stored at -20 °C until 

analysis. Extracts were prepared from cells grown in normal media or under high 

mannose (5 mM) conditions. 



 

 310 

6.4.10 Analysis of sugar nucleotide pools by CE 

Extracted sugar nucleotides were dissolved in 200 µL H2O and an aliquot 

was diluted 1 : 4 prior to characterization by CE on a ProteomLab PA800 

according to the method of Feng et al.,41 with the adapted electrokinetic injection 

method introduced by Chein and Burgi42 (see Chapter 3 for details concerning 

the development of this method). Electrophoresis was carried out at a constant 

voltage of 26 kV (which produced a current of roughly 80 - 90 µA) and a capillary 

temperature of 22 °C. Electropherograms were derived by measuring the 

absorbance at 254 (± 10) nm at a rate of 4 Hz. Peaks were integrated using 32 

Karat 5.0 software (Beckman-Coulter), and all data were normalized to the area 

of the GDP-Glc internal standard. The concentrations of sugar nucleotides and 

nucleotide phosphates within samples were determined from the calibration 

curves found in Tables 3.1 and 3.2, respectively. All extractions were performed 

in triplicate and in each case the nucleotide sugar concentration was expressed 

relative to the amount of protein (as a proxy of cell number) in each sample. 

6.5 Results 

6.5.1 5-thiomannosides do not act like well known ER glycosidase 
inhibitors 

 CHO cells have been proven to be a valuable model system for examining 

N-glycosylation defects since they are easy to culture and transfect and since 

many glycosylation mutants are well characterized in these cells.43, 44 

Furthermore, CHO cells are a preferred mammalian cell line for the production of 

therapeutic glycoproteins since the glycan structures they produce are very 
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similar those biosynthesized by human cells.45 In many studies, model proteins 

are utilized to elucidate the biochemical basis for N-glycosylation defects—for 

example CPY in yeast, or transferin in human CDG-patient-derived fibroblasts, 

and interferon-gamma, or erythropoietin in CHO cells (as discussed in Chapter 2, 

Sections 2.1.2.1 and 2.1.2.4). Similarly, in these experiments, V5-tagged SKI-1 

stably expressed by a CHO cell line (SRD-12B) was used as a model 

glycoprotein to rapidly probe changes in N-glycosylation (Figure 6.2A). When 

compared to the ER glycosidase I and II inhibitor CST and the α-mannosidase I 

inhibitor DMJ, the 5-thioMan-(1-2/3)-N-Man compounds did not affect SKI-1 N-

glycosylation in a similar fashion (Figure 6.2B), consistent with our previous 

reports on the impact of SREBP-2 processing in the presence of these 

compounds. Both glycosidase inhibitors did not greatly decrease SKI-1 

autocatalytic zymogen activation (to SKI-1C) and both caused a slight decrease 

in SKI-1 electrophoretic mobility of all SKI-1 isoforms. Since N-glycans contain 

Man-α-1,2-, 1,3-, and 1,6-Man linkages, we predicted that 5-thioMan-(1-6)-N-Man 

would have a similar effect on SKI-1 as the 1,2- and 1,3-linked analogues. This 

compound was synthesized and tested in SRD-12B cells (Figure 6.2C). As 

predicted, this analogue also affected SKI-1 zymogen activation and decreased 

its apparent molecular weight. These results suggest that all three inhibitors likely 

affect N-glycosylation through a similar mechanism, possibly by causing 

truncated N-glycans to be transferred to proteins by OST or by causing Asn-Xxx-

Ser/Thr N-glycosylation sites (sequons) to be skipped. 
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Figure 6.2: 5-thioMan-N-Man disaccharides affect the glycosylation of SKI-1 in a way that 
does not resemble known glycosidase inhibitors. (A) SKI-1 is biosyntheiszed as a 1036 
residue proprotein (SKI-1A) and its zymogen activation occurs upon sequential autocatalytic 
processing of the prosegment at sites B/B’ and C. SKI-1C is the only substrate-active isoform and 
it is only produced within the Golgi. SKI-1 is a glycoprotein which contains five potential sites of 
N-glycosylation which are labelled N. SP and TMD respectively denote the signal peptide and 
transmembrane domains.  (B) SKI-1 zymogen activation in lysates of CHO SRD-12B cells stably 
expressing V5-tagged SKI-1 was examined by probing western blots with anti-V5 antibodies. 
Cells were grown for 14 h in the presence of no inhibitors (lane 1) or treated with 5-thioMan-(1-2)-
N-Man (lane 2), 5-thioMan-(1-3)-N-Man (lane 3), castanospermine (lane 4), deoxymannojirimicin 
(lane 5) or tunicamycin (lane 6). (C) Identical analysis was performed for cells treated with 5-
thioMan-(1-6)-N-Man (lane 4) [lanes 1 – 3 are identical to part B] which was predicted to be 
active. 

 

6.5.2 Reduced N-glycosylation in CHO K1 cells: Lectin blotting 

 To rule out the possibility that these compounds only affect SKI-1 

glycosylation in SRD-12B cells, lectin blotting experiments in CHO K1 cells were 

performed (Figure 6.3). Treatment with either 5-thioMan-(1-2) or (1-3)-N-Man 

reduced the extent of protein N-linked glycosylation relative to control cells, an 

effect that was especially pronounced when blots were probed with the high 
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mannose-specific lectin GNA (Figure 6.3C). Blotting with ConA (Figure 6.3A) also 

demonstrated a decrease in high mannose N-glycans, although this was less 

pronounced than data obtained with GNA. Similarly, the β1,4-Gal-specific lectin 

DSA  (Figure 6.3B) demonstrated decreased reactivity with proteins isolated from 

treated cells, correlating well with the reduced binding observed for the mannose-

specific lectins. Finally, little difference between treated and non-treated cells 

was observed when blotting with the sialic acid-specific SNA Figure 6.3D) and 

since this lectin binds to both N- and O-linked glycans, this result suggests that 

the 5-thiomannosides specifically affect only N-glycosylation.  These data are 

consistent with the inhibitors either affecting N-glycan structure in the ER or the 

efficiency of protein glycosylation by inhibiting the biosynthesis of DLO donors. 

Nevertheless, it is clear that the glycosylation defect observed for SKI-1 is not 

unique to this protein or the SRD-12B cells in which it was expressed. 
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Figure 6.3: 5-thioMan-(1-2/3)-N-Man both decrease the extent of N-glycosylation observed in CHO K1 cells. Western blots of cell lysates 
were probed with the lectins (A) ConA, (B) DSA, (C) GNA, or (D) SNA. Equal amounts of protein were added to each lane. For A – D, lysates from 
untreated cells, without (lane 1) or with PNGaseF (A, B, D) or ENDO H (C) pre-treatment (lane 2), or treated with 5-thioMan-(1,2)-N-Man (lane 3) 
or 5-thioMan-(1,3)-N-Man (lane 4), were resolved. 
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6.5.3 Analysis of N-glycans in cells treated with 5- thiomannosides 

  Although type-1CDGs often display an ―all-or-nothing‖ phenotype with 

respect to protein N-glycosylation, due to the substrate specificity of the OST and 

due to the immediate ER-processing of N-glycans, CHO cell mutants have been 

isolated in which truncated N-glycans are transferred to proteins from incomplete 

DLO donors. To investigate whether this occurs in CHO cells treated with 5-

thioMan-(1-2) or (1-3)-N-Man, we analyzed SKI-1 in cells treated simultaneously 

with these inhibitors and inhibitors of ER glycosidases (CST and KIF, Figure 

6.4A) which would effectively trap N-glycans in their unprocessed state, since 

endoglycosidase activity has not been observed in CHO cells. Co-incubation of 

cells with 5-thiomannosides and either CST or KIF did not lead to an increase in 

the apparent molecular weight of SKI-1 in treated cells and rules out the 

possibility that altered N-glycan processing is the cause of the reduced 

glycosylation of SKI-1. However, if N-glycans in treated cells are significantly 

truncated, blocking the activity of ER glycosidases would have little effect. 

Therefore, to unambiguously determine if altered N-glycan structures account for 

the altered mass of SKI-1 N-glycans, glycans derived from both CHO K1 and 

SRD-12B cells, were purified and analyzed by capillary electrophoresis (CE) 

according to established procedures (Figure 6.3C,D). The most prominent 

intracellular N-linked oligosaccharide which could be identified in both cells lines 

was GlcNAc2Man9 (Figure 6.3C/D, peak v). The identity of this glycan was 

established based on its co-migration with a standard of the same composition 

and based on the fact that it specifically increases when cells are treated with KIF 
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(not shown).  No unusual glycans could be detected in either cell line 

(electropherograms 2 and 3), a result which cannot be attributed to the rapid N-

glycan processing by glycosidases since GlcNAc2Man9 was the major high 

mannose oligosaccharide observed in both 5-thio-(1-2) and (1-3)-N-Man-treated 

cells. Similarly, no aberrant N-glycan structures were observed upon CE analysis 

of N-glycans derived from cells co-treated with 5-thiomannosides and CST or KIF 

or in N-glycans derived from secreted glycoproteins (not shown). These data 

indicate that the reason for reduced glycosylation of SKI-1 was not due to the 

altered structure of N-glycans but rather its hypoglycosylation, probably as the 

result of partially inhibited DLO biosynthesis—a common occurrence in many 

type I CDGs.  Recall that the ―all-or-nothing’ effect observed in these CDGs is 

due to the strict substrate specificity of the oligosaccharyl transferase complex 

and leads to the skipping of some otherwise occupied N-glycosylation sites (see 

Section 2.1.2.2). These data also rule out the possibility that these compounds 

caused truncated N-glycans to be transferred to SKI-1. 

 It has long been known that N-glycosylation is reduced under glucose-

limiting conditions due to impaired DLO biosynthesis and furthermore, that the 

effects of some CDGs in fibroblasts isolated from human patients could be 

ameliorated upon the addition of exogenous mannose. Therefore, in order to 

investigate whether 5-thiomannosides affect DLO biosynthesis, and hence 

protein N-glycosylation, by altering sugar metabolism we investigated the effects 

of these compounds on SKI-1 derived from cells grown under nutrient-limiting 

conditions (Figure 6.4B). Glucose-deprivation (1 mM Glc added to tissue-culture 
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media), as expected, significantly impacted SKI-1 glycosylation (lane 1) an effect 

that was not made worse by 5-thioMan-(1-2)-N-Man (lane 2). Although growing 

cells under high Glc conditions (lane 3) rescued SKI-1 N-glycosylation, 

nevertheless, 5-thioMan-(1-2)-N-Man still caused a reduction in SKI-1’s 

molecular weight (lane 4). Similarly, the addition of 5 mM Man to the cell-culture 

media also failed to correct the glycosylation defect induced by the 5-

thiomannoside. In summary, these results demonstrate that 5-thioMan-(1-2) and 

(1-3)-N-Man induced protein hypoglycosylation by reducing, but not completely 

blocking, the extent of GlcNAc2Man9Glc3 transfer from DLOs to nascent 

polypeptides, effects that could not be reversed upon the addition of excess 

monosaccharide precursors of DLO biosynthesis. 



 

 318 

    

 
 
Figure 6.4: 5-thioMan-(1-2/3)-N-Man do not cause truncated N-glycans to be transferred onto SKI-1. (A) Co-incubation of CHO SRD-12B 
cells with either 5-thioMan-(1-2)-N-Man  or 5-thioMan-(1-3)-N-Man and ER-glucosidase inhibitors castanospermine (CST) or kifunensine (KIF) 
does not increase the electrophoretic mobility of SKI-1 nor does (B) growing cells under high nutrient conditions in which excess glucose or 
mannose has been supplied to the media. Capillary electrophoresis (CE) analysis of (C) CHO SRD-12B- or (D) CHO K1-derived N-glycans 
demonstrates that there is no detectable qualitative difference between untreated (trace 1) and 5-thioMan-(1,2)-N-Man- (trace 2) or 5-thioMan-
(1,3)-N-Man- (trace 3) treated cells. The structures of N-glycans i, ii, iv and v are inferred from their co-migration with pure standards, while peaks 
iii, and vi – viii can be identified due to their increased abundance in cells treated with the glycosidase inhibitors SW and CST, respectively. 

A B 

C D 
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6.5.4 Mannose-incorporation into DLOs is inhibited in cells treated with 5-
thiomannosides 

 Given that the pseudo-monosaccharide units of the 5-thiomannosides 

tested were of the mannose configuration and that inhibitors containing all the α-

mannose linkages common to N-glycans equally affected SKI-1 glycosylation, we 

hypothesized that if these compounds affected DLO biosynthesis they would 

specifically block mannose incorporation. This hypothesis was tested by pulsing 

cells, pre-incubated with inhibitors, with 2-[3H]-mannose and then partitioning the 

various glycoconjugates into different solvents. The incorporation of [3H]-

mannose into DLOs, which are soluble in a mixture of cholorform : methanol : 

water (10:10:3), was measured by liquid scintillation counting and the fraction in 

DLOs relative to the total intracellular [3H] pool was compared between treated 

and control groups of cells (Figure 6.5A). All three 5-thiomannosides were 

observed to decrease the amount of 3H-mannose incorporated into DLOs 

although the extent of this decrease was not as great as it was in tunicamycin-

treated cells. This confirms our hypothesis that 5-thiomannosides block the 

assembly of DLOs. 

 A common feature of many CDG models (for example alg mutants in 

yeast, Lec mutants in CHO cells or fibroblasts isolated from human patients or 

animals) is the accumulation  of DLO intermediates which are presumed to be 

the acceptor substrates for the defective glycosyltransferase. Therefore, we 

reasoned that if different 5-thiomannoside analogues blocked [3H]-mannose 

incorporation at different points in DLO biosynthesis, different structures should 
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accumulate and furthermore, that the simultaneous addition of two different 5-

thiomannosides should have an identical effect to the inhibitor which blocks the 

earliest acting glycosyltransferase. When DLOs from CHO K1 (Figure 6.5B) and 

SRD-12B (Figure 6.5C) cells treated with 5-thio-(1-2) or (1-3)-N-Man (lane 2 and 

3, respectively) were extracted into organic solvents and analyzed by 

fluorophore-assisted carbohydrate electrophoresis, it was observed that DLO 

biosynthesis was severely abrogated compared to non-treated cells, in which 

GlcNAc2Man9Glc3 was the major oligosaccharide detected (lane 1), although no 

specific intermediates were found to accumulate. These results suggest that the 

5-thiomannosides do not specifically inhibit a single step in DLO biosynthesis 

(which would have resulted in the accumulation of the intermediate preceding the 

inhibited step), although they do not preclude the possibility that each 5-

thiomannoside inhibits DLO assembly at multiple points. Alternatively, the 5-

thiomannosides may block the metabolism of the immediate precursors of 

DLOs—i.e. monosaccharides activated as nucleotide- or dolichol-phosphate-

linked sugar donors—in a manner that cannot be prevented upon the addition of 

exogenous sugars (see above) and thereby reduce the rate of DLO biosynthesis. 
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Figure 6.5: 5-thioMan-(1-2/3/6)-N-Man all greatly inhibit the biosynthesis of dolichol-linked 
oligosaccharides (DLOs). (A) Sequential solvent partitioning into aqueous or organic solvents 
demonstrates that reduced amounts of 

3
H-mannose are incorporated into DLO pools in cells 

treated with 5-thioMan-N-Man disaccharides. N = 3 for each condition. Fluorophore-assisted 
carbohydrate electrophoresis (FACE) analysis of DLOs extracted from (B) CHO K1 and (C) CHO 
SRD-12B cells demonstrates that in both cell lines, 5-thioMan-(1-2)-N-Man (lane 2) and 5-
thioMan-(1-3)-N-Man (lane 3) or both (lane 4) reduced DLO biosynthesis relative to  non-treated 
cells (lane 1). The position of oligosaccharide standards i – iii were established through the use of 
standards. G4 – G7 refer to dextran oligomers of four to seven glucose units. 

       

A 
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6.5.5 5-thiomannose alone replicates the effects of 5-thiomannosides 

The inability to trap a discrete DLO species in cells treated with 5-

thiomannosides coupled with the significant impairment of DLO biosynthesis in 

treated cells (Figure 6.5) suggests that these compounds may inhibit multiple 

steps in the DLO biosynthetic pathway. This hypothesis suggests that 5-thioMan-

(1-2/3/6)-N-Man may all act by the same mechanism and led us to consider 

whether their effects on SKI-1 N-glycosylation could be replicated by 5-thioMan 

alone since this moiety is shared by all three inhibitors. Indeed, if 5-

thiomannoside hydrolysis occurred within treated cells to produce 5-thioMan it 

could be hypothesized that 5-thioMan could be activated as GDP-5-thioMan (as 

was demonstrated for 5-thioGlcNAc in Chapter 3). GDP-5-thioMan has been 

demonstrated to be a poor substrate for mannosyltransferases,33 and given that 

three cytosolic mannosyltransferases involved in DLO biosynthesis (see Chapter 

2, Section 2.1.1.5), in addition to dolichol-phosphate-mannosyltransferase, all of 

which utilize GDP-Man as a sugar donor, the hydrolysis of 5-thiomannosides and 

subsequent biosynthesis of GDP-5-thioMan would explain why the former 

compounds appear to inhibit multiple enzymes involved in DLO biosynthesis. To 

test this hypothesis, 5-thioMan alone was added to SRD cells and the effects on 

SKI-1 N-glycosylation were analyzed by western blotting (Figure 6.6). As a 

control, peracetylated 5-thioMan-α-(1-2)-O-Man was also tested since it was 

predicted that the interglycosidic oxygen atom would slow the rate of 

disaccharide hydrolysis relative to the nitrogen containing analogue. It was 

observed that 5-thioMan did indeed reduce SKI-1 N-glycosylation and, 

predictably, its zymogen activation (Figure 6.6, lane 3). Also, as predicted, the 
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oxygen containing 5-thiomannoside did not affect SKI-1 N-glycosylation 

(compare Figure 6.6, lanes 2 and 4). 

                                             

Figure 6.6: 5-thiomannose reproduces the effects of 5-thioMan-(1,2/3/6)-N-Man in SRD-12B 
cells. Western blot analysis of SKI-1 in cells treated with no inhibitors (lane 1), 5-thio-(1-2)-N-Man 
(lane 2), 5-thioMan (lane 3) and a more hydrolase-resistant derivative, peracetylated 5-thioMan-
(α1-2)-O-Man (lane 4). 

 

6.5.6 Analysis of nucleotide sugar levels 

  The supply of nucleotide sugar donors can often play significant roles in 

protein N-glycosylation.39, 40, 46 To further investigate whether 5-thiomannosides 

impaired the biosynthesis of nucleotide sugars necessary for DLO biosynthesis 

and to confirm that they were indeed hydrolyzed to 5-thioMan which was 

subsequently converted into GDP-5-thioMan, the nucleotide sugars in CHO K1 

cells to which these compounds had been added were extracted and analyzed 

by CE (Figure 6.7). If this hypothesis was correct, then the addition of exogenous 

Man to the media of these cells should have ameliorated the effects of these 

inhibitors—which they did not (see Figure 6.4B). Therefore, to explain this 

apparent anomaly nucleotide sugar levels in treated cells were analyzed under 

normal (Figure 6.7A) and high mannose (6.7B) conditions. As an additional 

control, 5-thioGlc was also tested. All samples were analyzed in triplicate and 

selected nucleotide sugars were quantified (Figure 6.8).  
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Figure 6.7: Nucleotide sugar analysis of 5-thiomannoside-treated cells. Nucleotide sugars were extracted and analyzed in cells grown under 
(A) normal and (B) high (5 mM) mannose conditions. In each case, representative electropherograms from control (i), 5-thioMan-(1-2)-Man (ii), 5-
thioMan-(1,3)-Man (iii), 5-thioMan (iv) and 5-thioGlc (v) treated cells are shown. The identities of labelled peaks were established by spiking 
samples with known standards and immediately rerunning the sample. Peaks are labelled as follows: (1) CMP-Neu5Ac, (2) GDP-Glc, (3) UDP-
GlcNAc, (4) GDP-Man, (5) UDP-Glc, (6) UDP-GalNAc, (7) UDP-Gal, and (8) AMP. 
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Figure 6.8: Nucleotide sugar quantitation. Nucleotide sugars necessary for DLO biosynthesis, (A) UDP-GlcNAc, (B) GDP-Man, and (C) UDP-
Glc were quantified by CE. (D) AMP was also quantitated. Units for all samples are pmol nucleotide sugar / mg protein. All samples were analyzed 
in triplicate and data are reported ± standard deviations. Conditions i – v are exactly the same as in Figure 6.7. 
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 Many interesting observations can be made from the data presented 

above. First, under all conditions tested it does not appear that any nucleotide 

sugar necessary for DLO biosynthesis is lacking. On the contrary, UDP-GlcNAc 

appears to increase in 5-thioMan-(1-2/3)-Man-treated cells under conditions in 

which no Man has been added to cells (Figure 6.7A, peak 3 and Figure 6.8A); 

this effect on UDP-GlcNAc appears to be largely reversed under high-Man 

conditions. 5-thioMan does not appear to greatly increase UDP-GlcNAc levels. 

GDP-Man, under all conditions tested appears to remain relatively constant. This 

suggests that the biosynthesis of GDP-Man is highly regulated and that excess 

exogenous Man gets metabolized by the glycolytic pathway rather than being 

converted into a nucleotide sugar. Although GDP-Man did not increase when 

Man was added to CHO cells, a very large peak (*) that did not co-migrate with 

any known standards appeared under all conditions except when they were 

specifically treated with 5-thioMan-(1-2)-N-Man (Figure 6.7B, electopherogram ii). 

Finally, UDP-Glc does not vary except when cells are treated with 5-thioGlc in 

which case this nucleotide sugar is significantly decreased. Surprisingly, 

however, 5-thioGlc causes an increase in UDP-Gal (especially apparent in Figure 

6.7A, peak 7). No new peaks were observed in either of the 5-thiomannoside or 

5-thioMan-treated cells suggesting that if the former compounds were indeed 

being hydrolyzed, the resulting product (i.e. 5-thioMan) would not be activated as 

GDP-5-thioMan. In contrast, two new peaks were observed in nucleotide sugar 

pools isolated from 5-thioGlc-treated cells; these are marked with a * in Figure 

6.7A (v). Although the earlier migrating new peak in these cells co-migrates with 
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synthetic GDP-5-thioMan (Figure 6.9), it is unlikely that 5-thioGlc gets 

metabolized into this nucleotide sugar given the inability of CHO K1 cells to 

similarly activate 5-thioMan itself. Finally, these data demonstrate that 5-thioMan 

does affect cells in a different fashion than the 5-thiomannosides since the former 

caused a significant increase in the amount of AMP observed in treated cells. 

        

Figure 6.9: Comparison of nucleotide sugars isolated from 5-thioMan- and 5-thioGlc-
treated cells. (i) Synthetic GDP-5-thioMan is compared with nucleotide sugars extracted from (ii) 
5-thioMan and (iii) 5-thioGlc-treated cells. Peaks are identified as (1) GDP-Glc, (2) GDP-5-
thioMan, (3) UDP-Gal and (4) AMP. Note that 2 co-migrates with one of two new peaks observed 
in iii but that a similar peak is not found in ii.    

6.6 Discussion 

It is well known that conditions that interfere with the correct biosynthesis 

of DLOs results in N-glycosylation macroheterogeneity by causing N-



 

 328 

glycosylation sequons to be entirely skipped by the oligosaccharyl transferase 

complex; indeed, this is the basis of all class I congenital disorders of 

glycosylation. The evidence presented above demonstrates that SKI-1 

hypoglycosylation in the presence of three different 5-thiomannosides ultimately 

results from their inhibition of DLO biosynthesis. Alhough these compounds 

profoundly inhibited DLO biosynthesis, nevertheless they did not completely 

block this process, as demonstrated by the binding of the Gal-specific lectin 

(DSA) to lysates obtained from treated cells (Figure 6.3B), and by the normal 

structures of N-glycans observed by CE analysis (Figure 6.4C,D). According to 

the one-enzyme-one-linkage hypothesis, the inhibition of DLO biosynthesis at a 

specific point should result in the accumulation of an oligosaccharide 

intermediate at a step immediately preceding the point of inhibition. In fact, it is 

on the basis of this hypothesis that many CDGs are diagnosed upon the analysis 

of DLO biosynthesis in fibroblasts derived from human patients. Although this 

biosynthetic pathway was still partially functional in 5-thiomannoside-treated 

cells, analysis of DLO intermediates demonstrated that no specific compound 

accumulated (Figure 6.5B,C). Instead, all intermediates were found at greatly 

reduced levels. This suggests that each compound tested (due to compound 

availability only 5-thio-(1-2/3)-N-Man were tested) inhibited DLO biosynthesis at 

multiple points and led to the hypothesis that the three different 5-

thiomannosides inhibited DLO assembly upon their metabolism to a common 

intermediate, namely 5-thioMan. 
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5-thioMan did induce SKI-1 hypoglycosylation (Figure 6.6). One 

mechanism by which this compound could cause this affect is upon its activation 

to a poor mannosyltransferase substrate,—GDP-5-thioMan. CE analysis of CHO-

derived nucleotide sugars, however, did not provide any evidence that 5-thioMan 

itself could be activated as a nucleotide sugar (Figure 6.9). While this observation 

does not rule out the possibility that the 5-thiomannosides affect DLO 

biosynthesis after their conversion into 5-thioMan, mass spectrometric analysis of 

conditioned extracts of cells that had been treated for 14 h with 5-thiomannosides 

indicated that these compounds could be recovered intact from cells (data not 

shown). Furthermore, nucleotide sugar analysis demonstrates that the 5-

thiomannosides differ in their effects on cells from 5-thioMan. The most apparent 

difference is that 5-thioMan causes a significant increase in the amount of AMP 

observed in treated cells. This effect is very similar to a phenomenon known as 

the ―honeybee syndrome‖. Honeybees have low amounts of phosphomannose 

isomerase, the enzyme that converts Man-6-P into the glycolysis intermediate 

Fru-6-P (Chapter 2, Sections 2.1.1.3 and 2.1.2.2). When honeybees are fed Man 

as their sole energy source it is rapidly phosphorylated to Man-6-P which is very 

inefficiently converted to Fru-6-P. The accumulating Man-6-P in these insects is 

then degraded by a phosphatase and again phosphorylated by a rapidly 

decreasing supply of ATP, and so on, ultimately resulting in death. 5-thioMan 

appears to have a similar effect in cells. Although sample hydrolysis during 

analysis prevented the reliable measurement of ATP (samples were stored at 10 

°C during CE analysis) it was nevertheless clear that in most 5-thioMan-treated 
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samples (under both high and normal Man conditions) ATP was greatly 

diminished. The reduction in ATP levels in 5-thioMan-treated cells, therefore, 

likely induces hypoglycosylation by a mechanism similar to that observed in Glc-

starved cells.47 In further support of this claim, it should be noted that the 

glycosylation macroheterogeneity of recombinant interferon-γ expressed in 

anchorage-independent CHO cells has been linked to the adenylate energy 

charge of these cells.48 

The negligible effects of the 5-thiomannosides on AMP levels indicates 

that they affect DLO levels in a different fashion than 5-thioMan. There is no 

apparent lack of nucleotide sugars that are DLO precursors in 5-thiomannoside-

treated cells (Figure 6.8A-C), suggesting that these compounds do not inhibit 

DLO biosynthesis by interfering with the cell’s primary metabolism. The increase 

in UDP-GlcNAc observed in treated cells is consistent with similar increases in 

cells in which viral infections inhibit efficient DLO biosynthesis. It may be 

speculated that if the 5-thiomannosides cause hypoglycosylation (lectin blotting 

demonstrates a global lack of high-Man N-glycans (Figure 6.3A,C)), then there 

will be less of a demand for UDP-GlcNAc, a sugar donor required for N-glycan 

branching and elongation into complex- and hybrid-type structures, and thus, it 

accumulates (Chapter 2, Section 2.1.2.2). Since cells grown under high-Man 

conditions did not cause an increase in UDP-GlcNAc levels (Figure 6.8A), 

although in the case of 5-thioMan-(1-2)-N-Man they did not relieve the 

hypoglycosylation of SKI-1 (Figure 6.4B), it appears that Man only partially 

rescues cells from the effects of the 5-thiomannosides. These results suggest 
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that the 5-thiomannosides directly inhibit early (presumably cytosolic) 

transferases  responsible for DLO biosynthesis. Interestingly, two of the cytosolic 

GDP-Man-dependent transferases required to make DLOs are bifunctional 

enzymes (Chapter 2, Section 2.1.1.5). ALG 2 catalyzes the formation of both 

α1,3 and α1,6 bonds forming Man-α-(1-3)-Man-α1-R (where R is Dol-PP-

GlcNAc2Man1),
49 while ALG 11 catalyzes the successive transfer of two α1,2-

linked Man residues to form Man-α-(1-2)-Man-α1-R.50 5-thioMan-(1-3/6)-N-Man 

may therefore both inhibit one, or both, ALG2-catalyzed reactions while 5-

thioMan-(1-2)-N-Man might inhibit the two ALG11-catalyzed reaction. Each of 

these scenarios presumes that the 5-thiomannosides act as substrate mimics 

and each would account for the inability to observe a single discrete DLO 

intermediate in treated cells. Alternatively, these compounds may act as 

oligosaccharide primers, accepting a mannose residue from 

mannosyltransferases in place of the natural DLO substrate. This hypothesis is 

questioned by several observations. First, unmodified 5-thiomannosides can be 

recovered from cells and detected by mass spectrometry, but no evidence was 

obtained for a compound consisting of 5-thiomannosides that had been 

elongated by a single hexose residue (not shown). Second, the addition of 

exogenous Man should allow for cells to minimize the impact of these non-

productive transfer reactions. Nevertheless, further experiments are necessary to 

distinguish between these two possibilities. 

In summary, 5-thiomannosides containing an interglycosidic nitrogen atom 

specifically inhibit DLO biosynthesis in CHO K1 cells and as a result, induce the 
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hypoglycosylation of N-linked glycoproteins. These compounds have also 

previously been demonstrated to be active in AtT-20 cells, a mouse pituitary cell 

line. Although the exact mechanism of their bioactivities remain to be elucidated 

it is clear that this class of compounds affects an early step in DLO biosynthesis. 

Since the 5-thiomannosides only partially reduce protein N-glycosylation, they 

may be valuable tools by which the cell- and / or tissue-specific effects of class I 

CDGs can be chemically induced and may therefore be useful in the further 

characterization of the biochemical basis of the pathological effects of these 

disorders.             

6.7 Future work 

Obviously, the exact enzymes inhibited by the 5-thiomannosides must still 

be clearly elucidated. One way of accomplishing this would be by directly 

assaying ALG2 and ALG11. Although these enzymes, in addition to their DLO 

substrates, are membrane bound, conditions (involving nano-lipid bilayers) have 

very recently been developed by which these may be assayed in vitro. 

Alternatively, more sensitive means of DLO analysis (i.e. metabolic labelling with 

[14C]-Man or GDP-[14C]-Man in permeabilized cells) could be pursued in order to 

detect trapped DLO intermediates. In this respect, FACE analysis in LEC35 

cells51 may yield a distinct DLO intermediate. LEC35 cells, a CHO-derived cell 

line, accumulate Dol-PP-GlcNAc2Man5—the portion of the DLO assembled on 

the cytoplasmic side of the ER—and would therefore be a useful model for 

investigating early mannosyltransferases. Further experiments could also be 

carried out to further investigate whether the 5-thiomannosides are metabolized 
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by cells. This is significant since, although GDP-5-thioMan is not produced in 5-

thioMan-treated cells, 5-thioMan-6-P almost certainly is, as deduced by the large 

increase of AMP on treatment with 5-thioMan. If 5-thioMan-6-P accumulates 

within treated cells it may accelerate non-productive DLO hydrolysis as does 

Man-6-P in cells lacking phosphomannose isomerase 52 (Chapter 2, Section 

2.1.2.2). Synthesizing a radiolabelled analogue of the 5-thiomannosides would 

allow for this possibility to be tested directly. Similarly, a radiolabelled analogue 

would also be useful in establishing whether the 5-thiomannosides were 

oligosaccharide primers, accepting a Man residue in place of the natural DLO. An 

alternative, albeit less convincing, experiment would be to perform an ex vivo 

mannosyltransferase assay with fluorescently labelled 5-thiomannosides similar 

to the xylosyltransferase assay described in Chapter 4 (Section 4.6.9). Likewise, 

indirect evidence probing whether the 5-thiomannosides are oligosaccharide 

primers could be gathered upon the analysis of nucleotide phosphate extracted 

from treated cells. This experiment was attempted; however, data interpretation 

was complicated by two factors. First, there was a great deal of variability in 

nucleotide levels that suggested nucleotide triphosphates may have been 

hydrolyzed under the storage conditions within the CE instrument during their 

analysis (this was observed previously only for some standards; hydrolysis of 

nucleotide diphosphates was not observed). Secondly, since nucleotide sugar 

concentrations were estimated from the same samples, they were necessarily 

rather concentrated, leading to sample overloading for some nucleotides 

especially ATP and ADP; this prevented accurate peak integration. Nevertheless, 
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preliminary analysis of GTP and GMP levels, under low Man conditions, 

indicated that for all the inhibitors tested, GTP levels dropped while GMP 

increased. 

Although 5-thioMan was not activated as a nucleotide sugar, 5-thioGlc 

definitely was, since two new peaks were observed upon the CE analysis of 

nucleotide sugars isolated from treated cells. Though synthetic standards have 

not been made, on the basis of similar results observed for GlcNGc and 5-

thioGlcNAc-treated cells (Chapter 3), it would be reasonable to conclude that 

these new peaks correspond to the epimeric pairs UDP-5-thioGlc and UDP-5-

thioGal. Although one may conclude that the larger of these two peaks 

corresponds to UDP-5-thioGlc, in accordance with the reported Keq (0.38) of 

UDP-Glc/Gal-4-epimerase (the same enzyme is responsible for the 

interconversion of UDP-GlcNAc/GalNAc) the effect of 5-thioGlc on the relative 

levels of UDP-Glc and UDP-Gal suggest otherwise. 5-thioGlc caused a 

significant increase in the amount of UDP-Gal while concomitantly decreasing 

UDP-Glc levels (Figures 6.7 and 6.8). If UDP-5-thioGlc had been a poor 

substrate for its dependent glucosyltransferases, one would have predicted that 

both UDP-Glc and UDP-Gal levels would increase. Alternatively, if UDP-5-thioGlc 

was a poor substrate for UDP-Glc-4-epimerase one would predict a decrease in 

UDP-Gal levels and an increase in UDP-Glc. The opposite of these results was 

observed in cells grown in the presence of 5-thioGlc. A possible explanation for 

this is that UDP-5-thioGal, if it is poorly transferred by Golgi glycosyltransferases, 

may induce the upregulation of UDP-Glc-4-epimerase, thereby causing an 
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increase in UDP-Gal levels at the expense of UDP-Glc. Work by Yuasa et al.7 

has demonstrated that UDP-Glc-4-epimerase can use UDP-5-thioGlc as a 

substrate to produce UDP-5-thioGal, although this was transferred at only 5 % 

the rate of  its oxygen analogue by an α1,4- galactosyltransferase. Additionally, 

UDP-GlcNAc was also reduced by 5-thioGlc treatment, possibly by the same 

mechanism. 

In vivo, 5-thioGlc has been extensively used to modify the feeding 

behaviour of animals.53, 54 It has also been demonstrated to be metabolically inert 

on oral or intravenous administration to rats55 while it inhibited hexokinease (and 

hence glycolysis) in parasitic worms.56 In contrast, in our experiments 5-thioGlc 

caused an increase in AMP, contrary to what would be expected if hexokinase 

were significantly inhibited. The difference in these effects may be due to the 

lower concentrations (100 μM vs. 20 mM) of 5-thioGlc used in this work and the 

use of peracetylated compound. 

Finally, a remaining mystery is the appearance of a new peak in 

electropherograms of nucleotide sugars isolated from cells exposed to high Man 

conditions (Figure 6.7B, peak labelled *). This peak was absent in all three 5-

thioMan-(1-2)-N-Man-treated samples. This apparent nucleotide sugar was not 

GDP-Man since the latter was observed by Feng et al.57 and us (Chapter 2, 

Figure 2.13) to migrate immediately after UDP-GlcNAc. A similar peak was 

observed in extracts of EMEG32 cells to which ManNAc had been added 

(Chapter 3, Section 3.3.3, data not shown). To identify this new peak samples 

may require fractionation followed by mass spectrometric analysis. 
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7: THE USE OF CE FOR THE ANALYSIS OF 
GLYCOSIDASE INHIBITORS IN NUTRACEUTICAL 
PRODUCTS 

7.1 Overview and acknowledgements 

Salacinol is a naturally occurring, carbohydrate-like compound isolated 

from plants of the Salacia genus. This compound is a known glycosidase inhibitor 

and its activity in AtT-20 cells was described in Chapter 5. Plants such as S. 

reticulata have long been used in traditional treatments for diabetes type II and 

extracts are commercially available in North America. The basis for the 

therapeutic effects of these plants is that salacinol, and several of its naturally 

occurring analogues, are inhibitors of the intestinal glucosidase enzymes that are 

responsible for the catabolism of starch into Glc. The links between excessive 

nutrient consumption and type II diabetes has been previously discussed with 

respect to the O-GlcNAc modification of proteins (Chapters 2 and 3), and the 

incorporation of Glc-derived monosaccharides into glycoconjugates was 

extensively discussed in Chapter 2. Although excessive consumption of starch 

may contribute to the aetiology of diabetes, for those with this disorder, the spike 

in blood glucose levels following a carbohydrate-containing meal poses serious 

health risks. The consumption of Salacia-containing products minimizes these 

risks since compounds like salacinol slow the rate of starch digestion and hence 

control the increase in blood glucose levels. 
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The work presented in this chapter presents a CE-based method for the 

analysis of salacinol and three of its analogues in commercially available Salacia-

containing neutraceutical products. Several people helped me with this work. 

Sankar Mohan and Dr. Jayakanthan Kumarasamy synthesized all of the 

salacinol-like compounds described below. Sankar also contributed to the 

development of an extraction method for these compounds through many helpful 

discussions.
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7.2 Abstract 

A simple and reproducible capillary-zone electrophoresis (CZE) method 

was developed for the separation and quantitation of sulfonium-ion-containing 

compounds isolated from plants of the Salacia genus which are traditionally used 

in Ayurvedic medicine for the treatment of type-2 diabetes. The method 

sufficiently resolved four different compounds with confirmed glucosidase 

inhibitory activity, namely, salacinol, ponkoranol, kotalanol and de-O-sulfonated 

kotalanol. Separation could be achieved in less than nine minutes and calibration 

curves showed good linearity. Detection limits were determined to be in the low 

μg / mL range. This method was used to demonstrate that de-O-sulfonated 

kotalanol isolated from natural sources has identical ionic mobility to a synthetic 

standard. Furthermore, new extraction conditions were developed by which the 

zwitterionic compounds (salacinol, ponkoranol and kotalanol) could be separated 

from de-O-sulfonated kotalanol in a single solid-phase extraction (SPE) 

procedure. The extraction gave reproducibly high recoveries and was used to 

process four commercial Salacia extracts for CZE analysis in order to reduce the 

complexity of resulting electropherograms and to facilitate the detection of the 

four inhibitors in question. De-O-sulfonated kotalanol was detected in two of four 

Salacia samples while ponkoranol was present in all four. A comparison of all 

samples tested demonstrated that they had remarkably similar patterns of peaks, 

suggesting that this CZE method may be useful in the chemical fingerprinting of 

Salacia-containing products.   
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7.3 Introduction 

Extracts of Salacia reticulata, a plant native to Sri Lanka and southern India 

which is known as Kothalahimbutu in Singhalese, have been traditionally used in 

the Ayurvedic system of medicine for treating type-2 diabetes. Since S. reticulata 

is a large, woody plant, aqueous extracts were traditionally prepared by storing 

water overnight in mugs carved from the trunk and roots.  S. reticulata extracts 

are currently used in Sri Lanka as an herbal therapy for diabetes while in the 

United States and Japan, food supplements and teas containing Salacia extracts 

are commercially available and used for the prevention of diabetes and obesity.1  

In India, S. reticulata is typically one ingredient of multiplant preparations.2 

Clinical examinations of S. reticulata have demonstrated that oral ingestion of 

extracts by rats significantly reduces blood glucose levels after carbohydrate 

meals3—in accordance with the medicinal properties associated with the 

traditional use of the plant. In human studies, herbal teas containing Salacia were 

shown to possess hypoglycaemic activity and were effective in treating type-2 

diabetes.4  

 Two natural products (Figure 7.1), salacinol5 (1) and kotalanol6 (2) were 

isolated from methanolic S. reticulata extracts by Yoshikawa et al. and 

demonstrated to possess potent inhibitory activity against intestinal α-

glucosidases, thus accounting for some of the plant’s antidiabetic properties.7 

Compounds 1 and 2 are both zwitterionic compounds with a common sulfonium-

ion-containing 1,4-anhydro-4-thio-D-arabinitol core and sulfated, 

polyhydroxylated acyclic side chains of four and seven carbons, respectively. 
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The absolute stereochemistries of 18, 9and 210 were determined after their total 

synthesis. Compounds 1 and 2 were isolated using a bioassay-guided approach 

where silica gel chromatography and high-performance liquid chromatography 

(HPLC) factions of S. reticulata extracts were progressively purified if they 

demonstrated activity against intestinal α-glucosidases.5, 6 Using a similar 

approach, ponkoranol (3), an analogue possessing an acyclic side-chain of six 

carbons, was obtained from Salacia prinoides.11 As with 1 and 2, the absolute 

configuration 412 was confirmed by its total synthesis. More recently, de-O-

sulfonated kotalanol (4) was isolated from aqueous extracts of S. reticulata.13 

Comparison of the NMR spectra of 4 with that of a de-O-sulfonated analogue,10 

prepared from naturally produced 2,14 in addition to its total synthesis,10 led to the 

elucidation of its structure. Compound 4 is one of the most potent naturally-

occurring α-glucosidase inhibitors identified within this unusual class of 

compounds (see several recent reviews15, 16 for further inhibitory data). 
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Figure 7.1: Structures of sulfonium-ion-containing glycosidase inhibitors isolated from 
plants of the Salacia genus. The inhibitory activities (Ki) against salacinol (1)

17
, kotalanol (2)

17
, 

and de-O-sulfonated kotalanol (4)
18

 against the N-terminal catalytic domain of human maltase 
glucoamylase are 190, 190 and 30 nM, respectively. By comparison, the clinically used inhibitor 

acarbose has a Ki value of 62 µM. 

 

 

 In order to assess the composition of Salacia-containing products or 

herbal extracts, new analytical techniques are required. Current bioassay-guided 

techniques are lengthy and require repeated HPLC separations which do not 

permit the facile quantitation of different active compounds from a single 

analytical separation. Purely mass spectrometric (MS)-based methods are 

hindered by the fact that this class of compounds forms meta-stable ions and are 

usually detected as their pseudomolecular ions after the in-source loss of a 

sulfate ion. This significantly complicates the concurrent detection of both 2 and 

4. Capillary electrophoresis (CE) is a powerful separation technique which can be 

used for analyzing complex samples such as natural product extracts and 

traditional medicines.19 In addition to high separation efficiencies, CE also 
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permits very rapid separations and method development while having low 

sample and solvent consumption when compared with other analytical 

techniques. Furthermore, hyphenation between CE and MS greatly enhances its 

potential in the area of phytochemical analysis. 

CE is also proving to be an effective tool for fingerprinting herbal 

preparations and medicinal plants whereby chromatographic patterns, such as 

the ratios of detectable compounds within samples, are compared to ensure 

authenticity and batch-to-batch consistency, a concept known as 

phytoequivalence.20, 21 Chemical fingerprinting of herbal products has been 

demonstrated to be useful for distinguishing between herbal medicines and 

substitutes or adulterants,22 and between different species of plants within a 

genus.21, 23-25  The US Food and Drug Administration (FDA) requires fingerprint 

analysis for botanical preparations,26 a strategy accepted by the European 

Agency for the Evaluation of Medicinal Products (EMEA).27   

 We describe here a capillary zone electrophoresis (CZE) method which is 

capable of resolving, salacinol, ponkoranol, kotalanol and de-O-sulfonated 

kotalanol. The method was validated and demonstrated to be sufficient for the 

quantitation of these compounds in the low µg / mL range. Comparison of 

naturally isolated de-O-sulfonated kotalanol with a synthetic standard confirmed 

that both compounds had the same mobility. Due to the complexity of 

electropherograms obtained from untreated Salacia extracts, our CZE method 

was used in conjunction with a rapid and quantitative solid-phase extraction 

(SPE) method by which de-O-sulfonated kotalanol and the three sulfated 
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inhibitors could be separated into two different fractions. Four commercial 

Salacia-containing products were extracted by this method and analyzed by 

CZE. It was discovered that 4 was the most abundant of the four glycosidase 

inhibitors tested and that S. reticulata and S. oblonga also contain ponkoranol 

(3). Finally, the extraction and CZE method was used to identify 63 common 

peaks shared, in varying degrees, between all Salacia-containing products, 

suggesting that the method would be useful for the chemical fingerprint analysis 

of this class of herbal medicine. 

7.4 Experimental 

7.4.1 Standards and materials 

Salacinol (1),8 kotalanol (2),10 ponkoranol (3),12 and de-O-sulfonated 

kotalanol (4)10  were synthesized as described elsewhere; stock solutions in H2O 

were prepared and stored at -20 °C until use. Background electrolytes (BGE) 

solutions were prepared from boric acid (Sigma), sodium tetraborate (Fluka), and 

polyethylene glycol (20,000 MW) (Sigma), of the highest available grade.  HPLC 

grade CH3CN (Caledon) and reverse osmosis purified 18 MΩ H2O were used 

without any further purification throughout this study. Three commercial products 

containing Salacia reticulata extracts were used: a lyophilized aqueous extract 

prepared from the roots and stems of the plant (Phytotech Extracts Pvt., Ltd., 

Kammanahalli, India), a powdered Kothala-Himbutu tea mixture (Wellbest, 

Japan) and capsules containing root extract (Health Freedom Nutrition, LLC, 

Reno, USA). Capsules containing S. oblonga extract were purchased from 

Nutraceutical Sciences Institute (Lexington, USA). 200 mg Supelco ENVI-Carb 



 

 350 

solid-phase extraction cartridges were purchased from Sigma and washed with 

80% CH3CN (3 mL) and H2O (6 mL) prior to use. 

7.4.2 Instrumentation 

All CZE separations were performed on a ProteomeLab PA800 

(Beckman-Coulter, Inc.) using bare, fused-silica capillaries (Beckman-Coulter, 

Inc.) of 44 cm effective length and 50 μm internal diameter. The capillaries were 

thermostated at 22 °C to minimize joule heating and washed with 1 N NaOH (2 

min, 20 psi), H2O (3 min, 20 psi) and background electrolytes (BGE) (5 min, 30 

psi) between each sample injection to ensure adequate reproducibility. The BGE 

was replaced after every third sample. Electrophoresis was performed in the 

normal mode with an applied potential of 20 kV. Samples were hydrodynamically 

(10 s, 0.5 psi) injected at the anode. Direct detection was achieved by monitoring 

the ultraviolet (UV) absorption at 200 nm at a rate of 4 Hz. Peaks were integrated 

using 32 Karat 5.0 software (Beckman-Coulter, Inc.).    

7.4.3 CZE method development 

A suitable BGE was developed by sequentially analyzing the same 

sample of standards in sodium borate buffers28 of first increasing pH values, and 

then increasing concentrations while monitoring the ionic mobilities and number 

of theoretical plates of the four test compounds. Ionic mobility (μi) was 

determined by the equation μi = νep / E, where νep and E are the electrophoretic 

velocity (in m/s) and field strength (in V), respectively, while the number of 

theoretical plates (N) was calculated as N = 16 x (Tcor / Wbase),
2 where Tcor and 
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Wbase are the corrected migration time (see below) and the peak width at the 

base, respectively. This expression was used rather than more usual 

expressions due to the broad and distinctly non-sigmoidal shape of peaks 

obtained at low and high pH values. The final BGE was 240 mM borate, pH 9.0 

containing 1.0 % PEG. Buffers were filtered through a 0.22 μm filter (Millipore) 

prior to use. 

7.4.4 Method validation: precision 

  Mixtures of 1 – 4, containing imidazole as an internal standard (IS), were 

repeatedly analyzed by the same method. All reported migration times were 

corrected according to the equation Tcor = T x (Tref / Tact), where Tcor and T are 

the corrected and actual migration times of a peak of interest and Tref, and Tact 

are the reference and actual migration times of the IS. Intraday reproducibility 

was assessed by determining the relative standard deviation (RSD) of the 

average corrected migration times (N = 15) for each compound while interday 

reproducibility was determined by comparing the RSD in the average migration 

times  obtained upon analyzing the same samples (N = 5) on three consecutive 

days. RSD of the average peak area (N = 5) was also assessed.  

7.4.5 Method validation: Limits of detection and quantitation 

A stock solution containing accurately weighed amounts of all four 

standard compounds was diluted with water to prepare five standard solutions 

covering a concentration range sufficient for the analysis of Salacia extracts. 

Each set of standards was injected and analyzed, in triplicate, to derive 
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regression equations (Appendix 2, Figure A2.1) in the form of y = Sx + b, where x 

is the concentration (in µg / mL) and y is the peak area for each standard. The 

limit of detection (LOD) was calculated from the equation, LOD = 3.3σ / S,29 

where S is the slope of the regression equation and σ is the residual standard 

deviation which was calculated from the regression equation as σ = √(∑(y – 

yest)
2) /  (n – 2), where y and yest are the actual and estimated peak areas, 

respectively. Similarly, limits of quantitation (LOQ) were expressed as: LOQ = 

10σ / S.   

7.4.6 Solid-phase sample extraction method development 

The developed CZE method was used to assess several different 

extraction protocols by which zwitterionic compounds (1, 2, and 3) could be 

separated from their de-O-sulfonated congener (4). Under the optimized 

separation conditions, mixtures of standards 1 - 4 were loaded onto ENVI-Carb 

SPE cartridges in H2O. The flowthrough and subsequent aqueous washes 

containing 4 were collected before washing the cartridges with 5 % (v/v) CH3CN 

(3 x 2 mL) to elute 1, 2, and 3. Each fraction was filtered through a 0.22 μm 

syringe filter (Millipore), lyophilized, re-dissolved in H2O (150 μL), and analyzed 

by CZE. Sample recovery from the extraction was assessed by preparing 

mixtures of standards at three different concentrations, which were divided into 

four portions of equal volume. Three of these were extracted as described while 

the fourth, a control, was stored at -20 °C. Percent recoveries were determined 

by comparing the extracted to the control samples after analysis of all the 

controls and SPE fractions by CZE.  
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7.4.7 Extraction and analysis of commercial Salacia extracts 

 The Phytotech extract (0.365 g) one pouch of Kothala-Himbutu tea (813.3 

g), and the S. reticulata and S. oblonga capsules (one each, 0.598 and 0.548 g 

respectively) were dissolved in H2O (8 mL). All samples were repeatedly 

vortexed and sonicated over a period of 30 min to assist in solubilizing as much 

material as possible. CH3CN was added slowly to each sample to make an 85 % 

(v/v) CH3CN / H2O solution. The addition of CH3CN caused the majority of the 

dissolved samples to form a gummy residue. The precipitated material was 

pelleted by centrifuging the samples (20 min, 20 °C, 2000 g) and the 

supernatants, containing 1 - 4, were removed. The remaining insoluble material 

was washed with additional 85 % CH3CN, and soluble fractions were combined 

and lyophilized to dryness. The 85 % soluble material was further extracted with 

ENVI-Carb SPE cartridges as described above (for the yield in each fraction see 

SI, Table S1). Samples were divided between multiple SPE cartridges and the 

wash volumes were proportionally increased to avoid overloading the cartridges. 

SPE cartridges were washed with H2O until the eluant was colorless (these 

washes were pooled), and after washing with an additional 10 mL H2O, sulfate-

containing compounds (1, 2, and 4) were eluted with 5% CH3CN. In all cases, 40 

- 50% of the loaded material, by mass, was retained by the ENVI-carb cartridges, 

even upon extended washing with 75% CH3CN. As with the standards, all 

fractions were dissolved in H2O and diluted if necessary prior to CZE analysis. 
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7.4.8 Fingerprint analysis 

 The electropherograms derived from the 85 % CH3CN-soluble fractions of 

all Salacia samples were chosen for phytochemical fingerprint analysis. Peak 

areas and migration times between 7 and 20 min were recorded. For simplicity, 

this area of the electropherograms was divided into three regions. For each 

region the fraction of an individual peak`s area with respect to the total peak area 

of that region was determined and plotted to facilitate a direct comparison 

between samples. 

7.5 Results and Discussion 

7.5.1 CZE method development 

 All the glycosidase inhibitors used in this study share a common 1,4-

anhydro-4-thio-D-arabinitol moiety bearing a permanent positive charge on the 

ring sulfur atom (Figure 7.1). We initially sought to exploit this fact by adapting a 

published method30 for the CZE resolution of sulfonium ions which used acidic 

background electrolytes (BGEs) containing tetrabutylammonium bromide to 

suppress the electroosmotic force (EOF). Initial attempts to separate 1-4 by 

these CZE methods yielded electropherograms that exhibited poor resolution and 

detection (data not shown). Further attempts at method development exploited 

CZE techniques often used for the resolution of carbohydrates and their 

derivatives in borate-containing BGEs. Under basic conditions, borate 

complexation with hydroxyl groups confers a negative charge on a neutral 

molecule and also may lower a compound’s detection limit by up to 20-fold due 

to its increased absorbance in the far UV31. Furthermore, this complexation with 
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borate has been demonstrated to be dependent on the conformation of a 

molecule and the relative stereochemistries of adjacent hydroxyl groups,32 a fact 

which has been used to resolve diastereomeric monosaccharides33 and isobaric 

oligosaccharides.31 To optimize a suitable borate-containing BGE, standards 

were initially resolved in 60 mM borate buffers of increasing pH (Figure 7.2A). 

The ionic mobility of all four compounds increased with increasing pH. The 

resolution between adjacent peaks, as assessed by the number of theoretical 

plates, was the greatest at a pH of 9.0 (Figure 7.2C). Thus, BGEs of pH 9.0 were 

used to optimize buffer concentration (Figure 7.2B, D). The addition of 

polyethylene glycol (PEG) also provided an increase in resolution. Optimized 

conditions were 240 mM sodium borate, pH 9.0 containing 1.0% PEG as the 

BGE. This allowed for the complete resolution of all compounds in under 10 min. 

A representative electropherogram acquired under these conditions is shown in 

Figure 7.3A. 
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Figure 7.2: Optimization of CZE conditions. Analyte ionic mobilities (A, B) and resolution (C, D) are affected by the pH (A, C) and concentration 
(B, D) of the BGE. The effect of increasing BGE pH was assessed at a constant concentration of 60 mM borate while BGE concentration was 
optimized at a constant pH of 9.0. Also shown are the effects of PEG additives to a BGE of 240 mM borate, pH 9.0. All other CE conditions were 
exactly as described in the text. 
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7.5.2  Validation of the CZE method 

 This method was validated (Table 1) and found to be quite reproducible. 

The RSD in intraday migration times for all standards was between 0.16 and 0.29 

% while the interday variation (five sequential runs over three different days) 

ranged between 1.1 and 1.7 %. Similarly, peak areas were found to be 

reproducible, with the greatest variation seen for 4 (RSD of 8.4 %) and between 

1.5 and 2.2 % for 1, - 3. The developed method was also evaluated in terms of 

linearity and limits of detection (LOD) and quantitation (LOQ, Table 1B). 

Calibration curves for all compounds (Figure A2.1) demonstrated good linearity 

with R2 values of >0.99 while LODs and LOQs were in the low μg / mL range.  

Having confirmed that the CZE method was reproducible, we used it to analyze a 

sample of isolated 4 from a natural source13 (Figure 7.3B). The natural sample (i) 

was demonstrated to co-migrate with a synthetic standard (ii) and did not appear 

to be contaminated with similar sulfonium ion-containing compounds.
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Table 7.1: CZE method characterization.
19 The developed CZE method was assessed in terms 

of precision (A), and regression curves were determined for the four test compounds 
to determine limits of detection (LOD) and quantitation (LOQ) (B). 

A 

Compound Migration 
time (min) 

Intra day 
precision* 
 

Inter day 
precision*  
 

RSD 
Area 
(%) 

salacinol (1) 7.91 0.29 1.5 1.9 

kotalanol (2) 8.42 0.27 1.7 2.2 
ponkoranol (3) 8.12 0.25 1.7 1.5 
de-O-
sulfonated  
kotalanol (4) 

6.99 0.16 1.1 8.4 

            * Expressed as the RSD (%) in migration time. 

B 

Compound Range 
Tested 
(µg / 
mL) 

Slope 
(S) 

Intercept 
(b) 

Correlation 
Coefficient  
(R2) 

Residual 
SD (σ) 

LOD LOQ 

1 720 - 
36 

55 -480 0.99 370 22 66 

2 1050-  
50 

32 -320 0.99 300 31 93 

3 340- 
17 

23 -110 0.99 71 9.8 30 

4 550-
130 

3.1 10 0.99 31 12 37 

 
 

7.5.3 Development of solid-phase extraction (SPE) conditions 

 Due to the complexity of the electopherograms obtained from initial 

studies aimed at analyzing Salacia extracts, we also sought to develop a rapid 

SPE procedure which could simplify the data and allow for the detection and 
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quantitation of salacinol-like compounds. We began by replicating procedures 

utilized in early stages of the bio-assay-guided isolation of these compounds, 

namely, silica chromatography,5, 6 and SPE using  

reversed phase (Diaion HP-20)11, 13 and affinity (Chromatorex NH)6, 11, 13 

columns. Attempts to analyze aqueous Salacia extracts by our CZE method after 

these procedures were unsuccessful.  

We turned, therefore, to graphitized carbon SPE cartridges for sample 

treatment. Graphitized carbon sorbents exhibit exceptional retention of polar 

analytes from dilute aqueous solutions and permit their elution under typical 

reversed-phase conditions34. The mechanism of retention is due to both 

hydrophobic and electrostatic interactions with the solute.35 Graphitized SPE 

columns have been demonstrated to retain very polar aromatic  

sulfonates36 and sulfated monosaccharides 37 from aqueous solutions. We 

examined the use of our CZE method to develop conditions under which the 

sulfated inhibitors (1, 2  

and 3) would be retained. When a mixture of all four standards, in water, was 

passed over an ENVI-Carb non-porous graphitized SPE cartridge, 1, 2 and 3 

were retained, even on extensive washing, while 4 was not (Figure 7.3D).  To 

further simplify Salacia extracts, and to avoid overloading the SPE cartridges, 

samples were dissolved in water prior to adding CH3CN to a final concentration 

of 85 % (v / v). For all four products tested, this treatment caused the majority (60 

– 96 % by mass) of the extract to precipitate (Table S1). Both soluble and 

insoluble fractions were dried and analyzed by CZE. Representative 
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electropherograms are shown in Figure 7.3C. Care was taken to ensure that both 

the soluble (ii) and insoluble (i) Salacia fractions were analyzed at the same 

concentration as a non-extracted control (iii). This sample treatment, while 

removing significant quantities of plant material from samples clearly does not 

greatly affect the resulting electropherograms obtained.  Sample recoveries using 

the combined CH3CN-extraction and SPE procedures were very efficient (Table 

S2) and thus, this CZE method and sample pre-treatment was deemed 

acceptable for the analysis of commercial Salacia-containing products. 
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Figure 7.3: Representative electropherograms and the development of a SPE method. The developed CZE method demonstrated good 
resolution between all four inhibitors tested (A); peaks marked with and ―I‖ and * represent the internal standard (imidazole) and system peaks, 
respectively. The method was used (B) to compare a sample of 4 extracted from S. reticulata (i) to the synthetic standard (ii) and to develop 
solvent extraction conditions (C) to prepare commercial Salacia samples for analysis. The Phytotech extract (iii) was suspended in 85 % CH3CN 
and soluble (ii) and insoluble (i) fractions were analyzed. The CZE method was also used to develop SPE conditions (D) by which the sulfated- 1, 
2 and 3 (i), and the de-O-sulfonated 4 (ii), could be separated from a mixture containing all four inhibitors (iii). 
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7.5.4 Analysis of commercial Salacia-containing samples 

 We next examined four commercially available samples containing 

Salacia extracts: a dried, aqueous extract from the roots and stems of S. 

reticulata (Phytotech, Ltd. extract), a powdered tea mixture and dietary 

supplement capsules prepared from the same species, and capsules containing 

extracts of S. oblonga. Samples were prepared as previously described Table 

S1) and both the H2O and 5 % CH3CN ENVI-Carb fractions were analyzed by 

CZE (Figure 7.4A and 4B, respectively). All samples were co-spiked with 

inhibitors 1 - 4 to confirm their presence or absence in the Salacia samples 

analyzed (Figure A2.2). All four products tested contained varying amounts of 

inhibitors. The three S. reticulata-derived products (Figure 7.4B, ii – iv) contained 

all three of the sulfated inhibitors (1, 2 and 3) while only ponkoranol (3) was 

detected in the S. oblonga capsules (i). These results are significant since they 

suggest that 3 is present in Salacia species other than S. prinoides – the plant 

from which it was initially isolated. De-O-sulfonated kotalanol (4) was detected 

only in the phytotech extract (Figure 7.4A, iv) and in the S. oblonga capsules (i). 

The absence of 4, and the presence of kotalanol (2), its presumed precursor, in 

the Kothla himbutu tea and the S. reticulata capsules raises the possibility that 4 

may not be a bona fide natural product but result from the de-O-sulfonation of 2 

which may have occurred during the manufacturing or storage of these products. 

If this is the case, one would predict that products containing 4 might also contain 

the de-O-sulfonated analogues of 1, 2 and 3 in equivalent ratios. The amount of 
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each compound present as a fraction of the mass of the original samples could 

be calculated (Appendix 2,Table A2.3)  

from the regression equations (Table 7.1B) and it was established that 4, in 

samples where it was present, was the most abundant of all glycosidase 

inhibitors detected (Table 7.2). Compound 1 was the most abundant of the 

sulfated compounds detected.        
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Figure 7.4: Extraction and CZE analysis of four commercial Salacia-containing products: 
ENVI-Carb H2O – (A) and 5 % CH3CN –fractions (B), are predicted to contain de-O-sulfonated 
kotalanol (4), salacinol (1), kotalanol (2), and ponkoranol (3), respectively. In both A and B, 
samples derived from the S. oblonga (i) and S. reticulata (ii) capsules, Kothala himbutu tea (iii) 
and Phytotech, Ltd. extract (iv) are shown above the synthetic standards (v). 
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Table 7.2: Glycosidase inhibitor content in commercial Salacia-containing products.
19

 

 

Compound Percent Inhibitor Content 
(w/w) x 10-3% 

 i ii iii iv 

1 N.D. 48 7 12 
2 N.D. 11 1 14 
3 4 11 3 2 
4 4800 N.D N.D. 83 

19Samples i-iv are identified as described in Figure 7.4. N.D. = Not Detected.  

 

7.5.5 Chemical fingerprint analysis of Salacia-containing products 

 Although many preparations of S. reticulata (in addition to S. prinoides and 

S. oblonga) are commercially available and have been subjected to numerous 

clinical tests (these have been the subject of recent reviews2, 7) it is not always 

entirely certain whether carefully identified species had been used.2 Furthermore, 

due to the restricted export of S. reticulata from Sri Lanka (as of 2006), it would 

be advantageous to have a method by which different Salacia species could be 

identified and used to assess their phytoequivalence and to confirm the presence 

of authentic plant material in a product. TLC fingerprints have previously been 

used to establish the botanical identity of S. reticulata13 and we propose that our 

CZE method would be a complementary fingerprinting technique. 85 % CH3CN 

soluble fractions from all samples were compared (Figure 7.5A) and for each 

sample, peak areas were calculated in a region of the electropherogram (7 – 20 

min) which appeared to be less variable between the four samples and which 

contained fewer system peaks. Within this region nearly all the detectable 

peaks—63 in total—were recorded (see Figure A2.3 and Table A2.4 for peak 
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identification and subsequent calculations). To facilitate the fingerprint analysis, 

electropherograms were split into three sections of about three min and within 

each section the normalized peak area was plotted as a histogram beginning 

with the earliest peaks (Figure 7.5B-D). Three of the four samples—the 

Phytotech extract (iii) the capsules of S. reticulata- (ii) and S. oblonga-extract 

(iv)—displayed quite similar profiles while the Kothala himbutu tea (i) contained 

the greatest number of new peaks relative to the pure extract (iii). This may 

indicate that the tea was manufactured from S. reticulata extracts processed by a 

different procedure, or a different source of raw material, than the other S. 

reticulata-containing products. 

 The most significant inter-species difference is the near lack of a large 

peak at 9.8 min in the S. oblonga samples which was detected in all S. reticulata-

derived products. This suggests that it is possible to distinguish between different 

Salacia species with our CZE method.  A further examination of extracts of 

different species and origin and their herbal products would establish limits for 

the variations within CZE fingerprints derived from this group of medicinal plants 

and would assist in developing a more robust fingerprinting method.
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Figure 7.5: Fingerprint analysis of S. reticulata-containing products. A region of the electropherograms (A) derived from the 
85% CH3CN extracts of Kothala himbutu tea (i), S. reticulata capsules (ii), Phytotech, Ltd. extract (iii) and S. oblonga capsules (iv) 
was divided into three sections—7 – 10 min (B), 10 - 13 min (C) and 13 – 20 min (D)—in which normalized peak areas were 
plotted as a fraction of the total peak area within that section 
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7.6 Conclusions 

 A rapid and reproducible CZE method has been optimized and validated 

for the identification of salacinol (1), kotalanol (2), ponkoranol (3), and de-O-

sulfonated kotalanol (4)—key glycosidase inhibitors found in the plants of the 

Salacia genus which are used for the treatment of Type-2 diabetes.  The method 

was used to develop SPE conditions which could separate de-O-sulfonated 

kotalanol (4) from its sulfated congeners (1, 2, and 3). The SPE conditions were 

used to process four commercial Salacia samples for CZE analysis, and it was 

shown that all samples varied in the amounts of these inhibitors present. As a 

fraction of total sample mass, the most abundant compound detected was de-O-

sulfonated kotalanol (4) which was found only in S. oblonga-containing capsules 

and in an unprocessed S. reticulata extract. Significantly,  

ponkoranol (3) which has previously been isolated from S. prinoides, was 

detected in all the samples examined. Phytochemical fingerprints for all samples 

were notably similar, indicating that this method could be used for quality control 

of Salacia-containing products and species identification of extracts of the plant 

itself. 
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APPENDIX 1: SUPPLEMENTARY INFORMATION FOR 
CHAPTER 5. 

Table A2.1: List of compounds tested in AtT-20 cells. All compounds were initially tested at 5 
mM and those affecting POMC or PC1 zymogen activation were re-tested. Compounds were 
synthesized and purified as described in the references listed. 

 
Compound 
 

 
Name / Code 

 
reference 

  
salacinol 

 
1 

 

AG-IV-20 1 

 

AG-IV-84 2 

 

AG-IV-92 2 

       

Se
HO

HO OH

OSO3

OH

OH

 
       

BJ-24-92-4 3 

      blintol 3 

S
HO

HO OH

OSO3

OH

OH

S
HO

HO OH

OSO3

OH

OH

NH
HO

HO OH

OSO3

OH

OH

NH
HO

HO OH

OSO3

OH

OH
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Se
HO

HO OH

OSO3

OH

OH

 
 

S
HO

HO OH

OSO3

OH

OH

 

KS_II_47 4 

S
HO

HO OH

OSO3

OH

OH

 

NSK2_72 4 

S
HO

HO OH

OSO3

OH OH

OH

 
 
   

BJ-26-61-1 5 

S
HO

HO OH

OSO3

OH OH

OH

 
 

BJ-27-11-2 5 

S
HO

HO OH

OSO3

OH

OH

OH

OH

 
 

BJ-27-35-2 5 

S
HO

HO OH

OSO3

OH

OH

OH

OH

 
 

BJ-27-13-2 5 

S
HO

HO OH

O OCH3

OSO3
OH

OH

 
 

BJ-27-44-2 5 

S
HO

HO OH

O OCH3

OSO3
OH

OH

 
 

BJ-27-45-1 5 
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S
HO

HO OH

O OCH3

OSO3
OH

OH

 
 

BJ-27-48-1 5 

S
HO

HO OH

O OH

OSO3
OH

OH

 
 

BJ-26-33-1 5 

Se
HO

HO OH

OSO3

OH OH

OH

OH

 

HL5632 6 

Se
HO

HO OH

OSO3

OH OH

OH

OH

 
 

HL5634 6 

Se
HO

HO OH

O

OBn

OSO3

OH

OH

 
 

HL5633 6 

Se
HO

HO OH

O

OBn

OSO3

OH

OH

 
 

HL5635 6 

NH

HO

HO OH

O

OH

OH

OH

OH

O

 
 

W072 7 

NH

HO

HO OH

O

OH

OH

OH

OH

O

 
 

W070 7 
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OH

OSO3
S

OHHO

OH

OH

 
 

MS-03-119 8 

OH

OSO3
S

OHHO

OH

OH

 

MS-03-85 8 

OH

OSO3
S

OHHO

OH

OH

 
 

MS-02-159 8 

OH

OSO3
S

OHHO

OH

OH

 
 

MS-02-87B 8 

OH

OSO3
Se

OHHO

OH

OH

 
 

MS-03-31B 8 

 
 
 
 
 
 
 

MS-03-163B 8 

OH

OSO3
NH

OHHO

OH

OH

 
 

BJ-28-82-2 8 

OH

OSO3
Se

OHHO

OH

OH
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OH

OSO3
NH

OHHO

OH

OH

 
 

BJ-28-84-2 8 

OH

OSO3
NH

OHHO

OH

OH

HOCH2

 

BJ-28-27-2 8 

OH

OSO3
NH

OHHO

OH

OH

HOCH2

 
 

BJ-28-28-2 8 

Se
HO

HO OH

OH

OH OSO3

OH

 
 

NR-205 9 

S
HO

HO OH

OH

OH OSO3

OH

 
 

NR-215 9 

Se
HO

HO OH

OH

OH OSO3

OH

 
 

NR-225 9 

NH

HO OH

OSO3

OH

OH

HO

OH

 
 

NV-LC 10 

NH

HO OH

OSO3

OH

OH

HO

OH

 
 

NV-DC 10 
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S OH
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OTfOTf

 
 

NSK4_16 11 

S OH

OH

OTfOTf

 

NSK4_23 11 

S

HO OH

HO

HO

S

O

OMe

HO

HO

HO

 
 

BJ-11-26-1 12 

S

HO OH

HO

HO

O

O

OMe

HO

HO

HO

 
 

BJ-11-27-1 12 

O

HO OH

HO

HO

S

O

OMe

HO

HO

HO

 
 

BJ-11-29-1 12 

S

HO OH

HO

HO

NH

O

OMe

HO

HO

HO

 
 

BJ-12-21-2 
α / β  = 1 / 3.7 

12, 13 

S

HO OH

HO

HO

HO

O

OMe

HN

HO

HO

 

BJ-12-26-1 
α / β  = 1 / 4.0 

12, 13 

 
References 
1. Ghavami, A.; Johnston, B. D.; Pinto, B. M., A New Class of Glycosidase 
Inhibitor: Synthesis of Salacinol and Its StereoisomersJournal of Organic 
Chemistry 2001, 66, (7), 2312-2317. 
 



 

 379 

2. Ghavami, A.; Johnston, B. D.; Jensen, M. T.; Svensson, B.; Pinto, B. M., 
Synthesis of Nitrogen Analogues of Salacinol and Their Evaluation as 
Glycosidase Inhibitors. Journal of the American Chemical Society 2001, 123, 
(26), 6268-6271. 
 
3. Johnston, B. D.; Ghavami, A.; Jensen, M. T.; Svensson, B.; Pinto, B. M., 
Synthesis of Selenium Analogues of the Naturally Occurring Glycosidase 
Inhibitor Salacinol and Their Evaluation as Glycosidase Inhibitors. Journal of the 
American Chemical Society 2002, 124, (28), 8245-8250. 
 
4. Kumar, N. S.; Pinto, B. M., Synthesis of D-lyxitol and D-ribitol analogues of 
the naturally occurring glycosidase inhibitor salacinol. Carbohydrate Research 
2005, 340, (17), 2612-2619. 
 
5. Johnston, B. D.; Jensen, H. H.; Pinto, B. M., Synthesis of Sulfonium 
Sulfate Analogues of Disaccharides and Their Conversion to Chain-Extended 
Homologues of Salacinol: New Glycosidase Inhibitors. Journal of Organic 
Chemistry 2006, 71, (3), 1111-1118. 
 
6. Liu, H.; Nasi, R.; Jayakanthan, K.; Sim, L.; Heipel, H.; Rose, D. R.; Pinto, 
B. M., New Synthetic Routes to Chain-Extended Selenium, Sulfur, and Nitrogen 
Analogues of the Naturally Occurring Glucosidase Inhibitor Salacinol and their 
Inhibitory Activities against Recombinant Human Maltase Glucoamylase. Journal 
of Organic Chemistry 2007, 72, (17), 6562-6572. 
 
7. Chen, W.; Kuntz, D. A.; Hamlet, T.; Sim, L.; Rose, D. R.; Mario Pinto, B., 
Synthesis, enzymatic activity, and X-ray crystallography of an unusual class of 
amino acids. Bioorganic & Medicinal Chemistry 2006, 14, (24), 8332-8340. 
 
8. Szczepina, M. G.; Johnston, B. D.; Yuan, Y.; Svensson, B.; Pinto, B. M., 
Synthesis of Alkylated Deoxynojirimycin and 1,5-Dideoxy-1,5-iminoxylitol 
Analogues: Polar Side-Chain Modification, Sulfonium and Selenonium 
Heteroatom Variants, Conformational Analysis, and Evaluation as Glycosidase 
Inhibitors. Journal of the American Chemical Society 2004, 126, (39), 12458-
12469. 
 
9. Nasi, R.; Sim, L.; Rose, D. R.; Pinto, B. M., Synthesis and glycosidase 
inhibitory activities of chain-modified analogues of the glycosidase inhibitors 
salacinol and blintol. Carbohydrate Research 2007, 342, (12-13), 1888-1894. 
 
10. Veerapen, N.; Yuan, Y.; Sanders, D. A. R.; Pinto, B. M., Synthesis of 
novel ammonium and selenonium ions and their evaluation as inhibitors of UDP-
galactopyranose mutase. Carbohydrate Research 2004, 339, (13), 2205-2217. 
 



 

 380 

11. Kumar, N. S.; Pinto, B. M., Synthesis and Conformational Analysis of 
Bicyclic Sulfonium Salts. Structures Related to the Glycosidase Inhibitor 
Australine. Journal of Organic Chemistry 2005, 71, (8), 2935-2943. 
 
12. Johnston, B. D.; Pinto, B. M., Synthesis of heteroanalogues of 
disaccharides as potential inhibitors of the processing mannosidase Class I 
enzymes. Carbohydrate Research 1998, 310, (1-2), 17-25. 
 
13. Johnston, B. D.; Pinto, B. M., Synthesis of 1,2- and 1,3-N-Linked 

Disaccharides of 5-Thio--D-mannopyranose as Potential Inhibitors of the 
Processing Mannosidase Class I and Mannosidase II Enzymes. Journal of 
Organic Chemistry 1998, 63, (17), 5797-5800. 
 



 

 381 

APPENDIX 2: SUPPLEMENTARY INFORMATION FOR 
CHAPTER 7. 



 

 382 

 

Figure A2.1: Calibration curves for de-O-sulfonated kotalanol (A), salacinol (B), ponkoranol (C) and kotalanol (D). 
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Table A2.1: Initial masses of samples analyzed and the masses of all liquid extractions and SPE fractions. For all ENVI-Carb fractions the 
mass obtained is reported as a percent, by weight, of the initial sample mass and as a percentage of the CH3CN-soluble material loaded. The 
mass of material retained was determined by calculating the difference between the amounts loaded and collected in all fractions. Samples are 
numbered as described in Figure 7.3. 

Sample Initial 
mass 

85% CH3CN 
Soluble 

ENVI-Carb Fractions 

    H2O 5% CH3CN 75% CH3CN Retained 

 mg Mass 
(mg) 

% 
(w/w) 

Mass 
(mg) 

% 
Initial 
mass 

% 
Soluble 
mass 

Mass 
(mg) 

% 
Initial 
mass 

% 
Soluble 
mass 

Mass 
(mg) 

% 
Initial 
mass 

% 
Soluble 
mass 

Mass 
(mg) 

% 
Initial 
mass 

% 
Soluble 
mass 

S. oblonga 
Capsules (i) 

549 222 40 57 10 26 1 0.01 0.2 77 14 35 87 16 39 

S. reticulata 
Capsules (ii) 

599 88 15 19 3.2 22 1 0.2 1 24 4 28 44 7 49 

Kothala 
himbutu tea 
(iii) 

813 20 3.7 4 0.5 14 2 0.3 8 8 1 26 15 2 51 

Phytotech 
Extract (iv) 

365 78 24 28 7.6 35 2 0.6 3 10 3 12 39 11 49 
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Table A2.2: Percent recoveries of standards after SPE protocol. Three different mixtures of 
inhibitors at different concentrations were treated with the combined CH3CN-extraction and ENVI-
Carb SPE procedures. Triplicate samples at each concentration were analyzed by CZE and 
recoveries were calculated by comparison to a non-extracted control. All values are ± standard 
deviation. 

Compound Concentration 
(µg / mL) 

Recovery 
(%) 
 

Concentration 
 

Recovery  
 

Concentration 
 

Recovery  
 

1 137 107±5 41 115±1 17 108±0.1 

2 254 107±6 75 124±2 27 111±0.1 

3 542 104±10 143 125±2 39 115±0.3 

4 1834 90 ± 3 841 98±2 194 108±1 
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Figure A2.2: Commercial Salacia products co-spiked with synthetic standards. After an 
initial analysis (black) all samples were spiked with one or more inhibitor and immediately re-
analyzed by CZE (red).  

S. reticulata capsules: ENVI-Carb 5 % CH3CN fraction 
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Phytotech, Ltd. extract: ENVI-Carb H2O fraction. 
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Phytotech, Ltd. extract: ENVI-Carb 5 % CH3CN fraction. 
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Kothala himbutu tea: ENVI-Carb 5 % CH3CN fraction. 
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S. oblonga capsules: ENVI-Carb 5 % CH3CN fraction. 
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S. oblonga capsules : ENVI-Carb H2O fraction. 
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Table A2.3: Quantitation of inhibitors in Salacia products. All samples are labeled as described in Figure 3 and Table S1. Peak areas 
obtained by integration were used to estimate the sample concentration from the calibration equations (Table 7.11B and Figure A2.1). ENVI-Carb 
SPE fractions which had been lyophilized to dryness and re-dissolved in H2O (sample volume) were diluted as indicated prior to CZE analysis. The 
initial mass of each product is recorded in table A2.2. 

Parameter Compound 

 salacinol (1) kotalanol (2) ponkoranol (3) de-O-sulfonated kotalanol 
(4) 

Sample i ii iii iv i ii iii iv i ii iii iv i ii iii iv 

Migration 
time (min) 

N.D. 7.95 7.97 7.99 N.D. 8.47 8.45 8.51 8.07 8.13 8.14 8.18 6.99 N.D N.D. 7.03 

Peak area 
 

 10954 16197 2024  1229 745 1574 170 1031 3204 1563 4889   686 

Concentration 
(µg/mL) 

 210 300 45  47 32 58 12 48 140 70 1600   220 

Sample 
volume (µL) 

 400 140 400  400 140 400 600 400 140 400 600   600 

Sample 
dilution (v/v) 

 40/140 400/320 60/140  40/140 400/320 60/140 5/140 40/140 400/320 60/140 5/140   60/140 

Mass percent 
(x10

-2
) 

 4.8 0.65 1.2  1.1 0.070 1.4 0.36 1.1 0.30 1.8 480   8.3 
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Figure A2.3: Identification of peaks utilized in Salacia fingerprint analysis. Peaks within the 
electropherograms derived from the 85 % CH3CN-soluble fractions of Salacia-containing products 
(shown is the Phytotech, Ltd. extract) were sequentially numbered. For ease of analysis 
electropherograms were divided into three regions corresponding to Figures 7.5B, C, and 
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Table A2.4: Fingerprinting peak data and calculations. The migration times and areas of peaks, numbered as described in Figure A2.3, were 
recorded for each Salacia sample. The fraction of each peak area with respect to the total peak area in each of the three regions was calculated. 
The data were recorded in three sections sequentially, corresponding to the histograms in Figures 7.5B, C and D. Within each region the average 
RSD (%) in migration times was calculated. Entries were left blank where peaks were not detected. 

 
Phytotech Extract 

 
S. reticulata pills 

 
Kothalahimbutu Tea 

 
S. oblonga pills 

 

RSD 
Time  

# on 
figure 

T 
Corrected Area 

Fraction 
Total 

T 
Corrected Area 

Fraction 
Total 

T 
Corrected Area 

Fraction 
Total 

T 
Corrected Area 

Fraction 
Total 

 

1 6.88 41268 3.85 6.89 136399 8.01 6.90 25165 4.54 6.87 255626 10.71 0.18 

2 7.03 51399 4.80 7.04 64500 3.79 7.06 15029 2.71 7.04 73636 3.09 0.20 

3 7.15 35962 3.36 7.15 47313 2.78 7.18 1210 0.22 7.16 80065 3.36 0.17 

4 7.25 21522 2.01 7.24 25873 1.52 7.26 5605 1.01 7.19 49241 2.06 0.42 

5 7.30 30106 2.81 7.30 40294 2.37 7.32 5362 0.97 7.31 55946 2.34 0.16 

6 7.38 23253 2.17 7.37 40529 2.38 7.37 3414 0.62 7.34 47003 1.97 0.28 

7 7.43 18128 1.69 7.47 26589 1.56 7.47 5097 0.92 7.41 28274 1.19 0.40 

8 7.52 30965 2.89 7.52 28091 1.65 7.55 5498 0.99 7.51 38792 1.63 0.23 

9 7.61 7656 0.71 7.58 22237 1.31 7.62 2713 0.49 7.53 40139 1.68 0.52 

10 7.66 21694 2.02 7.61 38708 2.27 7.67 3484 0.63 7.61 46417 1.95 0.41 

11 7.78 21487 2.00 7.78 31378 1.84 7.77 5314 0.96 7.69 61584 2.58 0.58 

12 7.83 25583 2.39 7.83 56992 3.35 7.85 6227 1.12 7.82 65317 2.74 0.19 

13 7.89 11317 1.06 7.92 25543 1.50 7.92 1043 0.19 7.85 39721 1.66 0.42 

14 8.05 49681 4.64 8.03 41600 2.44 8.06 9476 1.71 8.03 63959 2.68 0.20 

15 8.09 12196 1.14 8.06 28825 1.69 8.14 3534 0.64 8.11 40018 1.68 0.44 

16 8.20 28032 2.62 8.18 78994 4.64 8.21 12615 2.28 8.18 118054 4.95 0.18 

17 8.23 34740 3.24 8.27 48810 2.87 8.33 15370 2.77 8.30 81706 3.42 0.52 

18 8.40 38231 3.57 8.37 64107 3.77 8.41 12836 2.32 8.42 120543 5.05 0.26 

19 8.55 22656 2.11 8.53 35217 2.07 8.61 5781 1.04 8.54 63117 2.65 0.45 
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20 8.66 24711 2.31 8.64 37754 2.22 8.69 12997 2.35 8.59 61782 2.59 0.50 

21 8.90 16987 1.58 8.86 43562 2.56 8.93 14374 2.59 8.84 31798 1.33 0.42 

22 8.92 10382 0.97 8.94 31738 1.86 8.98 4326 0.78 8.92 33197 1.39 0.30 

23 8.98 15998 1.49 9.11 27059 1.59 9.04 26420 4.77 8.99 35897 1.50 0.66 

24 9.19 25951 2.42 9.16 40437 2.38 9.19 3080 0.56 9.18 74052 3.10 0.13 

25 9.39 28570 2.67 9.37 52252 3.07 9.43 3167 0.57 9.35 29848 1.25 0.35 
26 9.44 6613 0.62 9.45 15870 0.93 9.46 2102 0.38 9.41 26552 1.11 0.25 
27 9.53 16041 1.50 9.55 13281 0.78 9.57 2606 0.47 9.48 34961 1.47 0.40 
28 9.63 15659 1.46 9.61 28036 1.65 9.66 9878 1.78 9.61 55725 2.34 0.23 
29 9.78 56143 5.24 9.79 97444 5.72 9.90 113991 20.58 9.78 47986 2.01 0.59 

          Average for peaks 1-29 0.35 

30 9.93 15845 1.48 9.99 33234 1.95 10.07 7669 1.38 9.89 24959 1.05 0.79 
31 10.06 12153 1.13 10.04 16651 0.98 10.11 13398 2.42 10.10 42862 1.80 0.34 
32 10.16 12081 1.13 10.09 10041 0.59 10.17 13805 2.49 10.14 21810 0.91 0.35 
33 10.33 19648 1.83 10.28 29027 1.71 10.40 13648 2.46 10.33 35899 1.50 0.48 
34 10.41 14790 1.38 10.38 24742 1.45 10.47 18099 3.27 10.37 32722 1.37 0.45 
35 10.56 11829 1.10 10.53 19329 1.14 10.66 9802 1.77 10.57 22779 0.95 0.51 
36 10.64 12360 1.15 10.61 15289 0.90 10.77 11042 1.99 10.66 22189 0.93 0.65 
37 10.94 26255 2.45 10.92 27496 1.62 11.01 8044 1.45 10.98 51591 2.16 0.37 
38 11.13 12943 1.21 11.09 18034 1.06 11.20 11643 2.10 11.15 45166 1.89 0.41 
39 11.38 8390 0.78 11.40 13834 0.81 11.53 8044 1.45 11.44 27221 1.14 0.58 
40 11.59 12005 1.12 11.57 16510 0.97 11.67 11179 2.02 11.50 16764 0.70 0.61 
41 11.83 21776 2.03 11.84 42756 2.51 11.89 14866 2.68 11.64 26746 1.12 0.94 
42 11.99 22671 2.12 12.05 19148 1.12 12.07 4963 0.90 11.89 47580 1.99 0.65 
43 12.16 6539 0.61 12.12 11467 0.67 12.25 5308 0.96 12.20 16513 0.69 0.44 
44 12.25 8188 0.76 12.23 10738 0.63 12.36 5154 0.93 12.31 9282 0.39 0.48 
45 12.35 15215 1.42 12.30 27842 1.64 12.44 9409 1.70 12.40 23954 1.00 0.48 
46 12.75 8655 0.81 12.69 17097 1.00 12.85 5795 1.05 12.67 8029 0.34 0.64 
47 12.90 2077 0.19 12.82 2766 0.16 12.92 2022 0.37 12.80 14670 0.61 0.46 
48 12.97 9786 0.91 12.87 11053 0.65 12.96 14319 2.59 12.95 23204 0.97 0.37 
49 13.04 1400 0.13 12.96 4073 0.24 13.03 5313 0.96 13.12 7049 0.30 0.48 

          Average for peaks 30-49 0.52 

50 13.65 1378 0.13 13.58 5356 0.31    13.54 2607 0.11 0.40 
51 13.81 1984 0.19 13.72 2981 0.18    13.72 3715 0.16 0.37 
52 13.94 2651 0.25 13.87 2961 0.17    13.84 5369 0.23 0.37 
53 14.08 100 0.01 13.96 269 0.02    14.01 4804 0.20 0.42 
54 14.08 208 0.02 14.07 401 0.02    14.08 3084 0.13 0.06 
55 14.56 5533 0.52 14.47 4677 0.27 14.68 3069 0.55 14.55 3901 0.16 0.60 
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56 14.80 1017 0.09 14.72 1947 0.11 14.85 659 0.12 14.70 558 0.02 0.47 
57 14.94 463 0.04 14.88 678 0.04 14.99 515 0.09 14.88 2875 0.12 0.35 
58 15.07 1316 0.12 14.98 1112 0.07 15.22 899 0.16 15.10 3557 0.15 0.64 
59 15.66 18301 1.71 15.57 11081 0.65 15.84 3556 0.64 15.75 11314 0.47 0.72 
60 15.84 504 0.05 15.94 1140 0.07    16.03 809 0.03 0.60 
61 16.17 5700 0.53 16.09 2430 0.14    16.16 276 0.01 0.27 
62 17.51 33636 3.14 17.38 25583 1.50 17.74 13221 2.39 17.53 17251 0.72 0.86 
63 19.18 1461 0.14 19.06 1286 0.08 19.49 764 0.14 19.36 3746 0.16 1.00 

          Average for peaks 50-63 0.50 
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APPENDIX 3: OVERVIEW OF THE FIELD-AMPLIFIED 
SAMPLE INJECTION TECHNIQUE AND SPE USING 
GRAPHITE. 

A3.1 CE analysis of samples using field-amplified sample-injection 

 CE has been used extensively for the analysis of glycoproteins and 

therapeutic protein glycoforms but to my knowledge there are only two reports of 

methods by which CE has been used for the analysis of nucleotide sugars.1, 2 In 

Chapter 2 work was described on the extension of one of these CE methods for 

the analysis of nucleotide phosphates and the cheomenzymatic work described 

in Chapter 3 further extends this method for the analysis of sugar phosphates. 

This section briefly reviews the concept of field-amplified sample-injection (FASI) 

since this technique permitted the very sensitive detection of nucleotide sugars. 

In fact, most of the experiments described throughout this thesis would not have 

been possible without the use of FASI injection due to the otherwise prohibitively 

high sample requirements and due to the ability of FASI to inject anionic samples 

from protein-containing mixtures such as UGM assays or chemoenzymatic 

synthesis test reactions. 

 In all CE separations analytes are resolved based on their different rates 

of migration within a small, buffer-filled capillary across which a high electric field 

has been applied. Factors that influence the rate of analyte migration within an 

electric field include their charge, mass, and hydrodynamic volume. In the case of 

carbohydrates, CE in borate containing buffers influences all three of these 
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properties. The velocity at which a particular analyte migrates is known as the 

electrophoretic mobility (μep). It should be noted that when electrophoresis is 

carried out in normal mode, that is samples are injected at the anode (positive 

electrode), all ionic species (positive, negative or neutral) are detected as they 

migrate past a detector located near the cathode (negative electrode). The 

reason for this is that the electric field placed across the capillary induces an 

electroosmotic flow (EOF) in the direction of the cathode that has a mobility (μeo) 

that is greater than the mobility of anions which is necessarily in the opposite 

direction of the EOF when electrophoresis is carried out in the normal mode. 

Thus, the apparent (or observed) mobility (μap) of all analytes, regardless of 

charge, can be summarized by the equation: μap = μeo +  μep. It should be noted 

that by convention the μep of anions is considered to be a negative value.   

 Because most capillaries are made of silica, they all contain exposed 

silanol (Si-OH) groups on their inner surface. At buffer pHs above 3, these 

groups become ionized to silanoate groups (Si-O-); this is enhanced by 

extensively washing the capillaries with NaOH prior to sample injection. The 

negatively charged silanoate groups interact with cations contained within the CE 

separation buffer to form two layers: a fixed layer (more or less permanently 

bound to the surface of the capillary wall) and a mobile layer farther from the 

silanoate groups. Under an electric field the mobile layer migrates towards the 

cathode and, since these cations are solvated, the bulk solution within the 

capillary migrates with the mobile layer. Coating the inner wall of capillaries with 

polymers, or carrying out electrophoresis in very acidic buffers, eliminates this 
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mobile layer of cations and hence there is minimal or no EOF under these 

conditions. It is on this basis that negatively charged APTS-labelled 

oligosaccharides were separated by CE under reversed polarity as described in 

Chapters 4 and 7. The advantage of this technique is that since all molecules are 

equally charged by the APTS moiety, the CE separation of these 

oligosaccharides is due exclusively to their mass and shape (with the exception 

of course of sialylated species). 

 The FASI technique relies on the EOF to pump out the excess solvent 

from injected samples (Figure A3.1).3, 4 The FASI technique operates as follows: 

A. A short water plug is injected into a buffer-, or back ground electrolyte- 

(BGE) filled capillary. 

B. The capillary inlet is placed into the sample vial containing analytes in a 

poorly conducting solution (for instance pure water) and a potential is 

applied under reversed polarity. In this instance, due to the injected water 

plug, the field strength is highest in the sample vial and water plug. This 

means that anions have a very large μep into the capillary and a much 

smaller μep in the BGE-filled portion of the capillary; hence, under these 

injection conditions anions stack up against the interface between the 

water plug and the BGE. The μeo in the water plug is minimal (due to its 

low ionic strength); however, the EOF within the capillary as a whole, 

which necessarily is in the direction of the inlet, slowly pushes the water 

plug out the inlet. The magnitude of the EOF increases as BGE is pulled in 

from a buffer reservoir at the anode and care must be taken not to inject 
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stacked anions out of the capillary. This can be achieved empirically (as 

demonstrated in Chapter 2) or more, reliably, by closely monitoring the 

increasing current under FASI conditions. 

C. After samples are injected, the capillary inlet is placed back in BGE, and 

electrophoresis is carried out in the normal mode. Now, since the capillary 

is almost entirely filled with BGE, and since the EOF draws BGE into the 

inlet, anionic species are pulled towards the capillary outlet ( i.e. μeo > -

μep).  

There are many variations of this technique that allow, for instance, for the 

injection of cations. These, and important caveats regarding optimal water plug 

length, length of injection time, injection voltage, the use of organic modifiers to 

suppress the EOF, and other practical tips have been extensively reviewed.5, 6 
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Figure A3.6: Schematic illustration of the FASI technique. Steps A-C are described above. 
Note that this diagram is obviously not drawn to scale. All the CE experiments described in this 
thesis used capillaries of 50 μm internal diameter.  
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A3.2  Graphite solid-phase extraction 

This section very briefly discusses the nature of analyte binding to 

graphitized carbon since several detailed reviews have been written on the 

subject.7, 8 Nevertheless, a brief description of this sorbent is provided since this 

type of SPE material has been extensively utilized in the research described 

within this thesis. Graphite, an allotrope of carbon, can essentially be thought of 

as a very large polynuclear aromatic molecule and thus, predictably, graphite-

containing SPE cartridges or HPLC columns are very hydrophobic—indeed, 

graphite stationary phases are more hydrophobic than alkyl-bonded silica gels 

such as C18. In this respect, graphite SPE sorbents behave in a similar fashion as 

other reversed-phase materials such that sample elution is achieved upon 

increasing the content of organic solvents in the mobile-phase. Nevertheless, 

graphite SPE sorbents also behave like anion-exchange materials and therefore, 

they act as both ion-exchange and reversed-phase materials. The ability of 

graphite to bind polar analytes was used in this thesis to prepare / purify 

nucleotide sugars, APTS-labelled trisaccharides, oligosaccharides, and 

zwitterionic carbohydrate-like compounds like salacinol and its analogues. 

The overall retention of samples on graphite depends on a combination of 

three factors. The first, relies on analyte adsorption. The strength of these 

interactions depends on the hydrophobicity of the analyte in addition to its shape. 

Since graphite is essentially planar, more planar molecules are able to come into 

contact with the planar graphite surface to a greater extent than non-planar 

analytes, thus resulting in their greater retention. Secondly, polar molecules 

containing permanent dipoles induce a dipole in the π electrons on the graphite 
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surface—this is known as a charge-induced dipole. Thus, analytes with polar 

functional groups in configurations that favour the attraction of electron-density 

within the aromatic graphite surface are well retained on this stationary phase. 

Finally, the overall ionic charge of a molecule is an important determinant of its 

retention on graphite; this is especially apparent for anionic molecules and it is on 

this basis that graphite SPE sorbents can be used for ion-paired separations. As 

a result of oxygen chemisorptions during the graphite manufacturing process 

(briefly discussed below), positively charged oxonium groups are introduced into 

the material, making it a very specific sorbent for anions, especially aromatic 

anions.9 Figure A3.2 depicts these three interactions between an aromatic 

sulfonate, such as those contained in APTS-labelled oligosaccharides (Chapter 

4), and the graphite surface. 

       

Figure A3.2: Different adsorption mechanisms of graphite sorbents. The dotted lines 
represent the three different interactions between graphite and an analyte. (1) ion-exchange, (2) 
hydrophobic interactions and (3) induced dipole. 
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Because of their ability to retain polar molecules, graphite-containing SPE 

cartridges have been extensively used for the purification and fractionation of 

carbohydrates and oligosaccharides (as discussed throughout this thesis). There 

are different types of graphite-containing SPE cartridges. These are made by 

different manufacturing processes and they possess different adsorption 

properties.7, 8 ENVI-Carb, an SPE product manufactured by Supelco (and 

available from Sigma) is relatively non-porous and, as a result, has a lower 

surface area. In contrast, porous graphitic carbon (PGC)-containing SPE 

cartridges are commercially available under the trade name Hypercarb (and are 

available from Thermo). Prozyme sells a product known as GlykoClean H (which 

is essentially repackaged Hypercarb PGC) specifically for desalting glycans. The 

binding mechanism between these two products is different and they should not 

be used interchangeably. ENVI-Carb, which is a more affordable product, was 

used for the Salacia extractions (Chapter 7) and nucleotide sugar extractions 

(Chapters 2, 3 and 6) since these projects required a great deal of sample 

preparation, often in triplicate. Hypercarb was used for the N- and O-glycan 

analysis described in Chapters 7 and 4, respectively. Furthermore, as discussed 

in Chapter 4, it was discovered that Hypercarb tightly bound to APTS-labelled 

saccharides; indeed, no ion-paired conditions (for instance 50% CH3CN 

containing 2 M formic acid) could be found to elute bound material except when 

trifluoroacitic acid was used as an ion-pairing agent. Currently, alternative 

methods for desalting APTS-labelled material are being investigated although it 
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should be pointed out the conditions described in Chapter 4 were both very rapid 

and no compound degradation or isomerisation was observed. 
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