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Abstract  
This thesis first describes methods for the synthesis of bionic glycoproteins with potential activity 

against Uropathogenic Escherichia coli. Work to achieve this goal initially focused on the synthesis of 

constructs ŎŀǇŀōƭŜ ƻŦ ōƛƴŘƛƴƎ ǘƻ ǘƘŜ CƛƳI ǊŜŎŜǇǘƻǊΤ ŀ ǘǊƛǎŀŎŎƘŀǊƛŘŜ όʰ-D-mannopyranoside-(1 Ą 3) -

-hD-mannopyranoside- (1 Ą 4) 3-azidopropyl- -̡D-glucopyranoside) and two small mannose-based 

molecules. While the monosaccharide building blocks required for the trisaccharide synthesis were 

successfully synthesised, the small FimH-binding mannose-based species proved more suitable for the 

generation of bionic glycoproteins. One of the small mannose-based molecules was used in 

conjunction with on-resin copper-catalysed click ligation to synthesize three mannose-based probes 

capable of bio-conjugation to either colicin Ia or E9 proteins via organocatalyst-mediated protein aldol 

ligation (OPAL). Subsequently, in the first ever example of OPAL being used to conjugate glycans to 

proteins, these probes were used to synthesize a library of FimH-binding mannose-presenting colicin 

conjugates. 

A selection of auto-aggregation and microscopy assays were conducted to determine whether 

the FimH-binding mannose-presenting colicin conjugates could induce aggregation of samples non-

pathogenic E. coli strains. Unfortunately, the results of these experiments were inconclusive and 

further work is required to fully establish the biological activity of the mannose-based colicin 

conjugates.   

This ǘƘŜǎƛǎ ŀƭǎƻ ŘŜǎŎǊƛōŜǎ ŜŦŦƻǊǘǎ ǘƻǿŀǊŘǎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘǊƛǎŀŎŎƘŀǊƛŘŜ όʰ-D-

mannopyranoside-(1 Ą 3) - -hD-mannopyranoside- (1 Ą 4) 3-Azidopropyl- -̡D-glucopyranoside) 

Although completion of this synthesis was not achieved due to the timescale of this project, significant 

progress was made. Reported herein is the work performed thus far including a reliable method for 

ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ʲ-mannosidic bonds (a notoriously difficult feat). In addition to investigating chemical 

ƳŜǘƘƻŘǎ ŦƻǊ ʲ-mannoside formation, enzymatic synthetic methods using the phosphorylase BT-1033 

were also developed. To the best of our knowledge we present the first investigation into the 

substrate promiscuity of BT-1033 towards unnatural glucosamine analogues and mannose-1-

phosphates.    

 

 

 

 

 

 



Contents 
 

iii 
 

Contents 
Abstract ................................................................................................................................................... ii 

Contents ................................................................................................................................................. iii 

List of abbreviations ............................................................................................................................. viii 

List of figures .......................................................................................................................................... xi 

List of schemes ..................................................................................................................................... xvii 

List of tables ......................................................................................................................................... xxii 

Acknowledgements .............................................................................................................................. xxv 

Declaration .......................................................................................................................................... xxvi 

Chapter 1 Introduction ......................................................................................................................... 27 

1.1 Section A ............................................................................................................................... 27 

1.1.1 Structure of the urinary tract, urothelium and uroplakins ............................................... 27 

1.1.2 Urinary tract infections ..................................................................................................... 28 

1.1.3 Uropathogenic Escherichia coli pathogenesis pathway .................................................... 30 

1.1.4 FimH structure and catch bond mechanism ..................................................................... 32 

1.1.5 FimH binding pocket ................................................................................................................ 34 

1.1.6 Vaccines against targeting UTIs ........................................................................................ 37 

1.1.7 Oligosaccharide based FimH inhibitors ............................................................................. 40 

1.1.8  -hconfigured D-Mannopyranoside based inhibitors ......................................................... 43 

1.1.9 Use of polyvalent mannose scaffolds in FimH .................................................................. 58 

1.2  Section B ............................................................................................................................... 65 

1.2.1 Protein bio-conjugation methodologies ........................................................................... 65 

1.2.1.1 Canonical amino acid based protein bio-conjugation methodologies ......................... 65 

1.2.1.2 Non-canonical protein bio-conjugation methodologies ................................................... 68 

1.2.2 Protein and peptide glycoconjugate constructs ...................................................................... 75 

1.2.3 Project aims ............................................................................................................................. 81 

Chapter 2 Synthesis of monosaccharide building blocks ...................................................................... 83 

2.0 Aims ............................................................................................................................................. 83 

2.1 Design and synthesis of an oligosaccharide-based inhibitor ....................................................... 83 

2.1.1 Reasoning behind monosaccharide synthesis ...................................................................... 83 

2.1.2 Design of monosaccharides .................................................................................................. 83 

2.1.3 Design and synthesis of mannoside 2.2 ................................................................................ 84 

2.1.4 Design and synthesis of mannoside donors 2.1a and 2.1b ................................................... 86 

2.1.5 Synthesis of mannoside donors 2.1a and 2.1b ..................................................................... 87 

2.1.6 Synthesis of a GlcNAc acceptor ..................................................................................... 88 

2.1.6.1 Initial use of trichloroacetyl protection ............................................................................. 88 



Contents 
 

iv 
 

2.1.6.2 Use of phthalimide protection .......................................................................................... 99 

2.2 Design and synthesis of mannose squarate analogues ............................................................. 104 

2.3 Summary and conclusions ......................................................................................................... 109 

Chapter 3 Synthesis of mannose-based inhibitor-linked OPAL probes for use in ligation ................. 110 

3.1 Introduction .............................................................................................................................. 110 

3.2 Section aims .............................................................................................................................. 114 

3.2 Results and discussion .............................................................................................................. 114 

3.2.1 Expression and purification of colicin E9 ............................................................................... 114 

3.2.2 Investigation into potential bio-conjugation techniques ...................................................... 116 

3.2.3 Synthesis of a library of mannose-based inhibitor-linked OPAL probes ................................ 122 

3.2.4 Conjugation of OPAL probe to colicin Ia and colicin E9 ......................................................... 133 

3.3 Summary and conclusions ........................................................................................................ 135 

Chapter 4 Investigation into the biological applications of the colicin conjugates ............................ 136 

4.1 Aims ........................................................................................................................................... 136 

4.2 Results and discussion ............................................................................................................... 136 

4.2.1 Use of aggregation assays .................................................................................................. 136 

4.2.2 Use of microscopy .............................................................................................................. 149 

4.3 Summary and conclusions ........................................................................................................ 152 

Chapter 5 Use of chemical synthesis for the construction of ɓ-mannosides ..................................... 153 

5.1. Introduction ............................................................................................................................. 153 

5.2 Section aims .............................................................................................................................. 160 

5.3 Result and discussion ................................................................................................................ 161 

5.3.1 Exploration of chemical synthesis method for the synthesis of -̡mannosides ................ 161 

5.3.2 Further investigations into the synthesis of protected trisaccharide 5.19 ........................ 164 

5.3.3  Optimisation of the final h-mannoside glycosylation in trisaccharide 1.4 ................. 167 

5.4 Summary and conclusions ........................................................................................................ 174 

Chapter 6 Use of enzymatic synthesis for the construction of ɓ-mannosides ................................... 175 

6.1 Introduction into enzymatic methods for ɓ-mannoside synthesis ........................................... 175 

6.2 Section aims .............................................................................................................................. 181 

6.3 Results and Discussion .............................................................................................................. 181 

6.3.1 Result of screening BT-1033 in reverse phosphorolysis with unnatural GlcNAc acceptors 

and mannose-1-phosphates ....................................................................................................... 181 

6.3.2. Establishing conversion rate of the BT-1033 catalysed reactions .................................... 187 

6.3.4 Crystallography of BT-1033 ................................................................................................ 212 

6.3.5 Use of BT-1033 as a thioglycoligases ................................................................................. 215 

Chapter 7 Conclusion and future work ............................................................................................... 219 



Contents 
 

v 
 

Chapter 8 Experimental ...................................................................................................................... 224 

8.1 General experimental ............................................................................................................... 224 

8.1.1 Non-chapter specific experimental procedures/information ............................................ 224 

8.1.2 Spectroscopic and spectrometric instruments and standard practices ............................ 224 

8.1.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 

proteins ....................................................................................................................................... 226 

8.1.4 General procedure for running a lectin blot ...................................................................... 227 

8.1.5 General procedure for running a Western blot ................................................................. 227 

8.1.6 General method for Bradford assay................................................................................... 228 

8.1.7 General biological kits used ............................................................................................... 228 

8.1.8 Microscopy ......................................................................................................................... 228 

8.2 Experimental for Chapter 2 ....................................................................................................... 229 

8.2.1 Synthesis of 4-methylphenyl 2-benzyl-4,6-O-benzylidene-3-O-p-methoxybenzyl-1-thio- -hD-

mannopyranoside 2.2 ................................................................................................................. 229 

8.2.2 Synthesis of 4-methylphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio- -hD-mannopyranoside 

2.1a and 4-methylphenyl 2-O-benzoyl-3,4,6-tri-O-benzyl-1-thio- -hD-mannopyranoside 2.1b.. 235 

8.2.3 Synthesis of 4-methylphenyl 3,6-di-O-benzyl-2-deoxy-2-N-trichloroacetamido-1-thio- -̡D-

glucopyranoside 2.26 .................................................................................................................. 241 

8.2.4 Synthesis of ethyl 3-O-benzoyl-4,6-O-benzylidene-2-deoxy-2-N-trichloroacetamido-1-thio-

-̡D-glucopyranoside 2.3b ........................................................................................................... 248 

8.2.5 Synthesis of 3-Azidopropyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-1- ̡ -D-glucopyranoside 

2.3c .............................................................................................................................................. 253 

8.2.6 Synthesis of squarate mannose analogues - p-[((2-aminoethylamino)-2,3-dioxocyclobut-1-

ŜƴȅƭύŀƳƛƴƻϐǇƘŜƴȅƭ ʰ-D-mannopyranoside 2.53 and p-[((1-amino-2-azidoethane)-2,3-

dioxocyclobut-1-ŜƴȅƭύŀƳƛƴƻϐǇƘŜƴȅƭ ʰ-D-mannopyranoside 2.54 .............................................. 262 

8.2.7 Synthesis of supporting compounds used in chapter 2 ..................................................... 268 

8.3 Experimental for Chapter 3 ....................................................................................................... 270 

8.3.1 Methodology for the expression and purification of Colicin E9 ........................................ 270 

8.3.2 Methodology for the bio-conjugation of mannose-based inhibitor 2.53 to colicin Ia using 

heterobifunctional linker 3.1 ...................................................................................................... 271 

8.3.3.1 Methodology for the bio-conjugation of active biotin linked (PEG)3 OPAL probe 3.3 to 

colicin E9 ..................................................................................................................................... 272 

8.3.3.2 Methodology for the bio-conjugation of active biotin linked (PEG)3 OPAL probe 3.3 to 

colicin Ia ...................................................................................................................................... 273 

8.3.4. Synthesis of Synthesis of (S)-2-(4-((3-(tert-butoxycarbonyl)-2,2-dimethyloxazolidin-4-

yl)methyl)phenoxy)acetic acid 3.5 .............................................................................................. 274 

8.3.5 Synthesis of required OPAL probes .................................................................................... 278 

8.3.6 Synthesis of mannose-based inhibitor linked colicin conjugates ...................................... 299 

8.4 Experimental for Chapter 4 ....................................................................................................... 307 



Contents 
 

vi 
 

8.4.1 General methodology for the preparation of auto-aggregation samples using the initial 

auto-aggregation assay (Experiment one) .................................................................................. 307 

8.4.2 General methodology for the preparation of auto-aggregation samples using the 

redesigned auto-aggregation assay (Experiments two- five) ..................................................... 308 

8.4.3 General methodology for the preparation of microscopy samples (Experiments six - eight)

 .................................................................................................................................................... 310 

8.5 Experimental for Chapter 5 ....................................................................................................... 311 

8.5.1 Synthesis of ɓ-1,4-D-mannosyl-N-acetyl-D-glucosamine using chemical synthesis ........... 311 

8.5.2 Further investigations into the synthesis of protected trisaccharide 5.19 ........................ 319 

8.5.3 Optimisation of the h-mannoside glycosylation ................................................................ 323 

8.6 Experimental for Chapter 6 ....................................................................................................... 336 

8.6.1 Expression and purification of BT-1033 ............................................................................. 336 

8.6.2 Reaction performed using BT-1033 ................................................................................... 337 

8.6.3 BT-1033 Crystallography .................................................................................................... 341 

8.6.4 Investigation into BT-1033 thioglycoligases activity .......................................................... 341 

Chapter 9 Appendix ................................................................................................................................. i 

9.1 Appendix for chapter 2 .................................................................................................................. i 

9.1.1 Synthesis of 4-methylphenyl 2-benzyl-4,6-O-benzylidene-3-O-p-methoxybenzyl-1-thio- -hD-

mannopyranoside 2.2 ...................................................................................................................... i 

9.1.2 Synthesis of 4-methylphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio- -hD-mannopyranoside 

2.1a and 4-methylphenyl 2-O-benzoyl-3,4,6-tri-O-benzyl-1-thio- -hD-mannopyranoside 2.1b....xiv 

9.1.3 Synthesis of 4-methylphenyl 3,6-di-O-benzyl-2-deoxy-2-N-trichloroacetamido-1-thio- -̡D-

glucopyranoside 2.26 .................................................................................................................. xxvi 

9.1.4 Synthesis of ethyl 3-O-benzoyl-4,6-O-benzylidene-2-deoxy-2-N-trichloroacetamido-1-thio-

-̡D-glucopyranoside 2.38 ......................................................................................................... xxxix 

9.1.5 Synthesis of 3-Azidopropyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-1- ̡ -D-glucopyranoside 

2.3c .............................................................................................................................................. xlvii 

9.1.6 Synthesis of squrate mannose analogues- p-[((2-aminoethylamino)-2,3-dioxocyclobut-1-

ŜƴȅƭύŀƳƛƴƻϐǇƘŜƴȅƭ ʰ-D-mannopyranoside 2.53 and p-[((1-amino-2-azidoethane)-2,3-

dioxocyclobut-1-ŜƴȅƭύŀƳƛƴƻϐǇƘŜƴȅƭ ʰ-D-mannopyranoside 2.54 ............................................... lxiv 

9.1.7 Supporting compounds used in chapter 2 ....................................................................... lxxvii 

9.2 Appendix for Chapter 3 ........................................................................................................... lxxxv 

9.2.1 Expression and purification of colicin E9 ......................................................................... lxxxv 

9.2.2 Synthesis of Synthesis of (S)-2-(4-((3-(tert-butoxycarbonyl)-2,2-dimethyloxazolidin-4-

yl)methyl)phenoxy)acetic acid 3.5 ........................................................................................... lxxxvi 

9.2.3 LCMS traces of OPAL probes 3.17, 3.18, 3.19 and 3.20 ...................................................... xcv 

9.2.4 SDS page gels, lectin blots and western blots for the colicin linked conjugates .................. ci 

9.3 Appendix for Chapter 4 ............................................................................................................... cvi 



Contents 
 

vii 
 

9.3.1 General appendix ................................................................................................................. cvi 

9.3.2 Results of experiment one, an auto-aggregation assay performed using the initial auto-

aggregation assay method, investigating the effects of growth media and sample size ............ cvii 

9.3.3 Results of experiment two, the screen performed using the redesigned auto-aggregation 

assay, investigating how factors such as starting OD600, incubation time and incubation 

temperature effects percentage auto-aggregation. ..................................................................... cix 

9.3.4 Results of experiment six, images of the microscopy samples imaged during the screening 

of microscopy conditions ............................................................................................................ cxvi 

9.3.5 Results of experiment seven, images from the microscopy screen of samples incubated 

with mannose-based inhibitor linked (Gly-Ser)6 colicin E9 conjugate ........................................ cxlii 

9.3.6 Result of experiment eight, microscopy images of samples used in the positive control 

screen ....................................................................................................................................... cxlviii 

9.4 Appendix for Chapter 5 ............................................................................................................... clv 

9.4.1 Synthesis of ɓ-1,4-D-mannosyl-N-acetyl-D-glucosamine using chemical synthesis ............. clv 

9.4.2 Further investigations into the synthesis of trisaccharide 5.19 ........................................ clxix 

9.4.3 Work into the investigation into the optimisation of the -hmannoside glycosylation .. clxxiv 

9.5 Appendix for Chapter 6 ......................................................................................................... cxcviii 

9.5.1 BT-1033 expression ........................................................................................................ cxcviii 

9.5.2 BT-1033 catalysed reactions 1-42b ...................................................................................... cci 

9.5.3 Summary of ITag results................................................................................................. ccxxxv 

9.5.4 NMR data .................................................................................................................... ccxxxviii 

9.5.5 Crystal trays designs ......................................................................................................... ccxlv 

9.5.6 BT-1033 catalysed reactions 43a-44b and enzyme free control reactions 45a and 45bccxlvii 

Chapter 10 References .......................................................................................................................... ccl 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations 
 

viii 
 

List of abbreviations  
2,2 DMT Benzylaldhyde dimethylacetal 

Ac Acetyl 

Ac2O Acetic anhydride 

AgOTf Silver trifluoromethanesulfonate 

AlCl3 Aluminium chloride 

ATR attenuated total reflectance  

BF3·OEt2 Boron trifluoride etherate 

BnBr Benzyl bromide  

Boc tert-butyloxycarbonyl  

Boc2O Di-tert-butyl dicarbonate 

BSA bovine serum albumin  

BSP Benzenesulfinyl piperidine 

Bu2SnO Dibutyltin oxide 

BzCl Benzyol chloride  

cAMP Cyclic AMP  

CAP Catabolite activator protein 

CAZymes carbohydrate-active enzymes  

COVID-19 Corona virus disease 2019 

CRP cAMP receptor protein  

CSA Camphorsulfonic acid 

CuAAC Copper(I)-catalyzed alkyne-azide cycloaddition 

DBMP 2,6-di-tert-butyl-4-methylpyridine 

DCM Dichloromethane  

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DIBAL-H Di-Isobutyl Aluminum Hydride 

DIPEA  N,N-Diisopropylethylamine  

DMAP 4-Dimethylaminopyridine 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid  

DNP dinitrophenyl  

DTBMP 2,6-Di-tert-butylpyridine  

DTT Dithiothreitol 

E. coli  Esherichia coli 

ECL Enhanced chemiluminescence 

EDC/NHS  ethyl(dimethylaminopropyl) carbodiimide / N-Hydroxysuccinimide 

ESI Electrospray ionization 

Et2O Diethyl ether  

EtOAc Ethyl acetate  

FT-ICR Fourier-transform ion cyclotron resonance 

FTIR Fourier transform infrared  

GH glycosyl hydrolases 

GP glycoside phosphorylases 



List of abbreviations 
 

ix 
 

GT glycosyl transferases  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HR  High resolution  

HSEt Ethanethiol 

HSiEt3 Triethylsilane  

HSTol 4-methylbenzenethiol 

HTCU 
O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate 

IAD intermolecular aglycon delivery  

IC50 half maximal inhibitory concentration 

iPrOH iso-propanol  

IPTG ƛǎƻǇǊƻǇȅƭ ʲ-d-thiogalactopyranoside  

kDa kilo Datons  

lac Lactose  

LB Luria Broth  

LCMS Liquid chromotography mass spectrometry 

LPS lipid polysaccharide  

MALDI Matrix-assisted laser desorption/ionization 

m-CPBA meta-Chloroperoxybenzoic acid 

MeCN Acetonitrile 

MeOH Methanol 

MS Mass spectrometry 

4Å MS 4Å Molecular sieves 

NEt3 Triethylamine 

NGP neighbouring group participation  

NIS N-Iodosuccinimide 

NMR  Nuclear Magnetic Resonance 

OD600 optical denisty at 600 nm 

OPAL Organocatalyst-mediated protein aldol ligation 

PB  Phosphate buffer  

PBS Phosphate buffered saline  

Pd/C Palladium on carbon  

PDVF Polyvinylidene difluoride  

PEG Polyethylene glycol 

Phth Phthalimide 

pKa Acid dissociation constant 

PMB para-Methoxybenzyl 

PMBCl 4-Methoxybenzyl chloride  

PMSF phenylmethylsulfonyl fluoride 

r.t. Room temperature 

Rf Retension factor  

RNA Ribonucleic acid 

rpm  rotations per minute  

SDS PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

https://www.google.com/aclk?sa=l&ai=DChcSEwiUxNzzp5_zAhXT7u0KHTVLDf0YABAAGgJkZw&ae=2&sig=AOD64_12Cgn22PGuStyi8W_31nMgzpKjgw&q&adurl&ved=2ahUKEwjCltbzp5_zAhXIgVwKHZiND6QQ0Qx6BAgCEAE


List of abbreviations 
 

x 
 

SPAAC  Strain-promoted azideςalkyne cycloaddition  

TBAI Tetrabutylammonium iodide 
TCA Trichloroacetyl 

TCEP Tris(2-carboxyethyl)phosphine hydrochloride 

Tf2O Trifluoromethanesulfonic anhydride 

TFA Trifluoroacetic acid 

TfOH Trifluoromethanesulfonic acid 

TG transglycosidases  

THF Tetrahydrofuran 

TIRF Total Internal Reflection Fluorescence 

TLC Thin layer chromotography  

TMSOTf Trimethylsilyl trifluoromethanesulfonate 

TRIS tris(hydroxymethyl)aminomethane 

TsOH p-Toluenesulfonic acid 

TTBP 2,4,6-Tri-tert-butylpyrimidine 

UV Ultraviolet 

ʲaŜ ʲ ƳŜǊŎŀǇǘƻŜǘƘŀƴƻƭ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of figures 
 

xi 
 

List of figures  
Figure 1-1. Structure of the urinary tract consisting of the upper urinary tract e.g. the kidneys and 

ureters and the lower urinary tract e.g. the bladder and the urethra ................................................. 27 

Figure 1-2. a) Structure of the urothelium with basal cells attached to a basement membrane, an 

intermediate layer and a layer of umbrella cells. b) Structure of the uroplakin plaque consisting of six 

heterodimeric units with each unit composed of two dimers UPIa/II and UPIb/IIIa. c) Structure of the 

heterodimer units where the green ellipse represents a high mannose containing N-glycan and the 

grey ellipses represent complex N-glycans. d) Structure of uroplakin Ia and e) structure of uroplakin 

Ib. Both structures consist of four transmembrane domains and have an approximate molecular 

weight of 30 kDa.8, 9 The green ellipses represent mannose residues, the blue squares represent 

glucosamine residues and the yellow ellipses represent galactose residues ....................................... 28 

Figure 1-3. Electron microscopy images of UPEC adhered to the urinary epithelial cell surface.22 [Bars 

= 3 µM (A) and 0.5 µM (B)] ................................................................................................................... 29 

Figure 1-4. The pathogenesis cycle for UPEC consists of five stages: stage 1) colonization of the 

periurethral areas and the urethra, stage 2) movement of UPEC up the urethra, stage 3) UPEC 

adherence, stage 4) biofilm formation, stage 5) epithelial cell invasion and formation of intracellular 

bacterial population, and stage 6) colonization of the urinary tract and kidneys by UPEC followed by 

entry into the blood stream .................................................................................................................. 30 

Figure 1-5. Schematic diagram showing the three-stage membrane zippering mechanism thought to 

be used by UPEC during the invasion of the urothelium; stage 1) binding of UPEC to the urothelium, 

stage 2) localized rearrangement of the urothelium actin cytoskeleton, stage 3) envelopment and 

internalization of the bound UPEC ....................................................................................................... 31 

Figure 1-6. Structural organisation of the type 1 pilus which includes the following subunits: FimA 

(blue), FimC (gray), FimD (green rectangle), FimF (purple), FimG (green oval), and FimH (red). The 

position of the N-terminal domain (N, orange) and two C-terminal domains (C1, pink circle; C2, gray 

circle) relative to the transmembrane pore (green rectangle) in FimD are also indicated .................. 31 

Figure 1-7. Crystal structure of FimH (red) with a heptylmannoside (green) ligand bound in the N-

terminal lectin domain (FimHLD) (PDB ID 4LOV).44 Residues with side chains shown as sticks (blue) are 

involved in non-covalent interactions with heptylmannoside, sodium ions (purple spheres) or water 

molecules (red spheres). The dashed lines (purple) denote short-range, non-covalent interactions . 32 

Figure 1-8. Catch bond mechanism for FimH binding to mannose in urethral lumen during a) no 

shear flow conditions where unbound and bound forms exist at equilibrium, and b) moderate shear 

flow conditions where the bound state is favoured. Under moderate shear flow conditions, the 

hydrodynamic drag on the micron-sized UPEC bacterium (not to scale) results in a physical force on 

the tether which activates the catch bond mechanism in FimH. The higher affinity binding to 

mannose under these conditions prevents the UPEC bacterium from being flushed out of the urinary 

tract during urination ............................................................................................................................ 34 

Figure 1-9. A depiction of the majority of interactions that occur between mannose based 

pentasaccharide 1.1 and the extended FimH binding site.51 Red indicates interactions mediated by 

Van der Waals, aromatic stacking and hydrophobic interactions, blue indicates interactions mediated 

by hydrogen bonding ............................................................................................................................ 35 

Figure 1-10.a) Structure of FimH lectin domain when the tyrosine gate as open PDB 4AV057 b) 

Structure of the FimH lectin domain when the tyrosine gate is closed PDB 4ATT58. Note the 

movement of the Tyr48 residue (blue) from facing the Asp47 residue (yellow) in the open conformer 

to facing the Thr51 residue (pink) in the closed conformer. The Arg98 residue (green) plays a role in 

stabilizing the surface loop conformation on which the Thr51 residue is located ............................... 36 



List of figures 
 

xii 
 

Figure 1-11. Cartoon depiction of proposed mechanism of action for a typical anti-adhesion FimH-

based vaccine. With antibodies binding to FimH thereby blocking UPEC adhering to mannose 

saturated N-glycans (green squares) located on the urothelium surface ............................................ 39 

Figure 1-12. Compares the structures of potent oligosaccharide based FimH inhibitors 

(oligosaccharides 1.2, 1.3, and trisaccharide 1.4) to weak oligosaccharide based FimH inhibitors 

(mannotriose 1.5, mannopentaose 1.6 ŀƴŘ aŀƴʰ-1,3Man 1.7) .......................................................... 41 

Figure 1-13. Structure of the potent FimH inhibitor oligomannoside 1.1 ............................................ 42 

Figure 1-14. Structure of the alkyl mannoside scaffold. Where n = 0-7 ............................................... 43 

Figure 1-15. Structure of p-nitrophenyl- -hmannoside 1.8, p-Nitro-O-chlorophenyl- -hmannoside 

όǇbƻ/ƭtʰaŀƴύ 1.9 and 4-methylumbelliferyl- -hƳŀƴƴƻǎƛŘŜ όaŜ¦Ƴōʰaŀƴύ 1.10 .............................. 44 

Figure 1-16. Structure of biphenyl mannoside 1.11 ............................................................................. 45 

Figure 1-17. Structure of biphenyl mannoside 1.12 and biphenyl mannoside 1.13 ............................ 46 

Figure 1-18. Structure of biphenyl mannoside 1.11, biphenyl mannoside 1.14, biphenyl mannoside 

1.15 and biphenyl mannoside 1.16 ....................................................................................................... 46 

Figure 1-19. Structure of biphenyl mannoside 1.17 ............................................................................. 47 

Figure 1-20. Structure of some substituted biphenyl mannoside analogs with promising FimH activity 

and pharmacokinetic properties,94, 96 such as dissociation constants (KD) and logPe values assessed 

using a parallel artificial membrane permeability (PAMP) assay ......................................................... 48 

Figure 1-21. Structure of squarate mannoside 1.18 and squarate mannoside 1.19 ............................ 50 

Figure 1-22. Structure of Diamide squarate mannoside 1.20............................................................... 51 

Figure 1-23. Structure, IC50 values and KD values of 2-O-n-heptyl-1,6-anhydro-D-glycero-D-galactitol 

1.21 and n-ƘŜǇǘȅƭ ʰ-D-mannopyranoside 1.2298 .................................................................................. 52 

Figure 1-24. Structure of thiazolylaminomannosides scaffold 1.1 and neothiazolylaminomannoside 

scaffold 1.2 and structure and IC50 values of thiazolylaminomannosides 1.23 and 

neothiazolylaminomannoside 1.2499 .................................................................................................... 54 

Figure 1-25. Structure and IC50 value of indolinylphenyl 1.25101 .......................................................... 55 

Figure 1-26. {ǘǊǳŎǘǳǊŜǎ ƻŦ ǘƘŜ ʰ-D-Mannopyranoside based inhibitors, n-ƘŜǇǘȅƭ ʰ-D-

mannopyranoside 1.22, ōƛǇƘŜƴȅƭ ʰ-D-mannopyranoside derivatives 1.26 and 1.27, indolylphenyl 

mannoside derivative 1.28 and squarate mannosides derivative 1.29 ................................................ 56 

Figure 1-27. Diagram showing two potential mechanisms whereby multivalent ligands can increase 

apparent binding affinity. a) Clustering effect where a multivalent ligand binds to one receptor 

initially and then captures additional receptors as they diffuse into close proximity resulting in 

clustering of the ligand -bound receptors. b) Induced aggregation whereby multivalent ligands bind 

to multiple lectins on different bacterial units cross linking them together ........................................ 59 

Figure 1-28. Structure of multivalent HM glycoconjugates series designed upon using a carbohydrate 

core where n= 0, 1,2 and 6 (when using ̡ -cyclodextrin core).............................................................. 60 

Figure 1-29.a) The immune response induced by polysaccharide-based vaccines, b) The immune 

response induced by protein glycoconjugate vaccines. ....................................................................... 76 

Figure 1-30. Structure of bi-galactose analogue 1.30 ........................................................................... 78 

Figure 1-31. Cartoon depiction of glycoconjugate induced UPEC aggregation .................................... 81 

Figure 1-32. The four overall objectives of the project. Stage 1) Synthesis of a mannose based FimH 

inhibitor, stage 2) Protein bio-conjugation (colicin Ia PDB; 1CII222), stage 3) BtuB binding (PDB; 

3RGM223) and TIRF microscopy and stage 4) UPEC aggregation and motility assay using digital 

holography ............................................................................................................................................ 82 

Figure 2-1. The structure of trisaccharide 1.4 ....................................................................................... 83 

Figure 2-2. Retrosynthesis of trisaccharide 1.4 to give the three desired monosaccharide structures. 

Where R = Bz or Bn, R1 = Bz, Ac or Bn, R2 = HTCA or Phth .................................................................... 84 

Figure 2-3. The structure of mannoside 2.2 ......................................................................................... 84 



List of figures 
 

xiii 
 

Figure 2-4. Structure of the dibenzylidene mannoside side product 2.9 obtained during 4,6-O-

benzylidene acetal-protection of unprotected mannoside 2.6 ............................................................ 85 

Figure 2-5. Structure of likely mannose dibutylstannylene acetal intermediate 2.10 formed during 

selective O-3 PMB protection ............................................................................................................... 86 

Figure 2-6. Structures of O-2 acetyl 2.1a and O-2 benzoyl 2.1b protected mannose thioglycoside 

donors ................................................................................................................................................... 86 

Figure 2-7. Structure of 3-azidopropyl-linked 1,4 GlcNPhth acceptor 2.16.......................................... 88 

Figure 2-8. Simplified view of alternative selective benzylidene acetal ring opening pathways, where 

E represents an electrophile ................................................................................................................. 94 

Figure 2-фΦ ±ŀƴ ŘŜǊ aŀǊŜƭΩǎ ōŜƴȊȅƭƛŘŜƴŜ ŀŎŜǘŀƭ btƘǘƘ ǇǊƻǘŜŎǘŜŘ {9ǘ ǘƘƛƻƎƭȅŎƻǎƛŘŜ 2.28 and NHTCA 

protected STol thioglycoside 2.26 ........................................................................................................ 95 

Figure 2-10. Structure of the undesired product 2.34 from test glycosylation of donor 2.26 ǿƛǘƘ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ................................................................................................................................... 96 

Figure 2-11.Structure of Fairbanks and co-workers GlcNAc acceptor253 .............................................. 98 

Figure 2-12. a) Depicts reductive amination reaction pathway, where R1 = H for aldehydes and R1 = 

either an alkyl or aryl group for ketones, b) depicts EDC/NSH coupling reaction pathway, where R2 = 

protein when using direct coupling method and R2 = a linker functionalised with either a maleimide, 

alkyne or azide motif when a functionalised linker approach is being used ...................................... 108 

Figure 3-1. Structure of colicin Ia, highlighted are the three different domains, the R-domain (green), 

the C-domain (yellow) and the T-domain (orange). PDB; 1CII222 ........................................................ 110 

Figure 3-2. Structure of colicin E9 highlighted are the three different domains, the R-domain (green), 

the C-domain (yellow) and the T-domain (orange). PDB; 5EW5263 .................................................... 111 

Figure 3-3. Crystal structure of spin-labelled BtuB T156R1, PDB; 3RGM223 ....................................... 112 

Figure 3-4. Structure of the OmpF porin. PDB 2ZFG 283 ...................................................................... 113 

Figure 3-5. Structure of colicin IA (pink) bound to the Cir receptor (blue), PDB; 2HDI291 .................. 113 

Figure 3-6. Structures of allolactose and IPTG .................................................................................... 115 

Figure 3-7. Structure of mannose-based inhibitors 2.53 and 2.54 ..................................................... 116 

Figure 3-8. SDS-PAGE gel (stained with Coomassie) containing colicin Ia which has been subjected to 

ligation with mannose-based inhibitor-linked heterobifunctional linker 3.2 (lanes B-E) and 

unmodified colicin Ia (lanes F-I) .......................................................................................................... 118 

Figure 3-9. Lectin blot containing colicin Ia which has been subjected to ligation with mannose-based 

inhibitor-linked heterobifunctional linker 3.2 (lanes B-E) and unmodified colicin Ia (lanes F-I) ........ 118 

Figure 3-10. The structure of biotin-linked OPAL probe 3.3 ............................................................... 120 

Figure 3-11. Results of lectin blot containing colicin Ia which has been subjected to OPAL ligation 

with biotin-linked OPAL probe 3.3 (lanes B-E) and unmodified colicin Ia (lanes F-H) ........................ 120 

Figure 3-12. Results of lectin blot containing colicin E9 which has been subjected to OPAL ligation 

with biotin-linked OPAL probe 3.3 (lanes B-E) and unmodified colicin E9 (lanes F-H). ...................... 120 

Figure 3-13. Results of SDS-PAGE gel stained with Coomassie containing unmodified colicin Ia (lane 

B), colicin Ia which has been subjected to ligation with biotin-linked OPAL probe 3.3 (lane C), 

unmodified colicin E9 (lane D) and colicin E9 which has been subjected to ligation with biotin-linked 

OPAL probe 3.3 (lane E) ...................................................................................................................... 121 

Figure 3-14. Depicts the mass spectroscopy results for probe 3.10 ................................................... 126 

Figure 3-15. Structure of probe 3.13 .................................................................................................. 127 

Figure 3-16. Depicts mass spectrometry trace for probe 3.13 ........................................................... 127 

Figure 3-17. Structure of probe 3.14 .................................................................................................. 128 

Figure 3-18. Liquid chromatography trace of probe 3.14 ................................................................... 128 

Figure 3-19. Mass spectrometry trace of probe 3.14 ......................................................................... 129 

Figure 3-20. Structure of probe 3.15 .................................................................................................. 129 



List of figures 
 

xiv 
 

Figure 3-21. Depicts the liquid chromatogram trace for probe 3.15 ................................................. 130 

Figure 3-22. Depicts mass spectrometry trace for probe 3.15 ........................................................... 130 

Figure 3-23. Structure of biotin-linked probe 3.16 ............................................................................. 131 

Figure 3-24. Depicts the liquid chromatogram trace for probe 3.16 ................................................. 131 

Figure 3-25. Depicts mass spectrometry trace for probe 3.16 ........................................................... 132 

Figure 3-26. Results of SDS-PAGE gel stained with Coomassie containing unmodified colicin E9 (lane 

B-D), and colicin E9 which has been subjected to OPAL ligation with mannose-based inhibitor-linked 

(Gly-Ser) OPAL probe 3.18 (lanes E-G) ................................................................................................ 133 

Figure 3-27. Results of lectin blot containing unmodified colicin E9 (lanes B-E) and colicin E9 which 

has been subjected to OPAL ligation with mannose-based inhibitor-linked (Gly-Ser) OPAL probe 3.18 

(lanes F-I) ............................................................................................................................................. 133 

Figure 3-28. Results of SDS-PAGE gel stained with Coomassie containing colicin Ia which has been 

subjected to OPAL ligation with mannose-based inhibitor-linked (Gly-Ser)3 OPAL probe 3.17 (lanes B 

and C), unmodified colicin Ia (lane D and E), colicin E9 which has been subjected to OPAL ligation 

with mannose-based inhibitor-linked (Gly-Ser)3 OPAL probe 3.17 (lanes F and G) and unmodified 

colicin E9. ............................................................................................................................................ 134 

Figure 3-29. Depicts the UV vis trace for a) biotin-linked OPAL probe 3.20 and b) Mannose-based 

inhibitor (Gly-Ser) OPAL probe 3.18 ................................................................................................... 135 

Figure 4-1. Diagram depicting the expected LPS structures of both BW25113 and JW3596 adapted 

from318,319 ............................................................................................................................................ 138 

Figure 4-2. Results of Experiment Two, which was designed to screen potential aggregation factors 

using the new auto-aggregation assay method. The results are plotted on the graph that 

corresponds to a sample starting OD600 .............................................................................................. 142 

Figure 4-3. Microscopy images of two of the samples where aggregation was observed in Experiment 

Six. a) active sample of BW25113 incubated 10 nM mannose-based inhibitor linked (Gly-Ser) colicin 

E9 conjugate, b) zoomed in section of image a, c) vortexed control sample of BW25113 incubated 10 

nM mannose-based inhibitor linked (Gly-Ser) colicin E9 conjugate, d) active sample of BW25113 

incubated with 1 µM mannose-based inhibitor linked (Gly-Ser)6 colicin E9 conjugate, e) zoomed in 

section of image d, f) vortexed control sample of BW25113 incubated with 1 µM mannose-based 

inhibitor linked (Gly-Ser)6 colicin E9 conjugate. Note images a, c, d and f were all taken a 20x 

magnification ...................................................................................................................................... 150 

Figure 5-1. Structure of a 1,2-O-cis-stannylene acetal of mannose ................................................... 154 

Figure 5-нΦ {ǘǊǳŎǘǳǊŜ ƻŦ ŎƻǾŀƭŜƴǘ ʰ- triflate intermediate and contact ion pair intermediate ........... 155 

Figure 5-3. Structure of the 3H4 and 4H3 oxacarbenium ion conformations ....................................... 156 

Figure 5-4. Structure of disaccharide 5.18 .......................................................................................... 161 

Figure 5-5. Structure of protected trisaccharide 5.19 ........................................................................ 165 

Figure 5-6. Structure of 1,2 benzyol mannose donor 2.1b ................................................................. 168 

Figure 6-1. Structures of unnatural GlcNAc acceptors 6.1-6.4 ........................................................... 182 

Figure 6-2. Structure of the unnatural mannose phosphate analogues supplied by the Miller group

 ............................................................................................................................................................ 184 

Figure 6-3. Conditions used for copper catalysed click reaction between an azide containing 

glycoside and imidazolium label 6.16. Where R = OH for the unnatural GlcNAN3 acceptor 6.1 and a 

mannosides for the disaccharides ...................................................................................................... 188 

Figure 6-4. Phyer2 predicted PDB structure of BT-1033 with suspected acid / base residue Aspartic 

acid residue 101 highlighted in pink ................................................................................................... 212 

Figure 6-5. Images of promising BT-1033 crystals using conditions JCSG B8 (0.2 M MgCl2·6H2O, 0.1 M 

TRIS, pH = 7.0, 10% w/v PEG 8000) and INDEX H8 (0.1 M magnesium formate dihydrate, 15% w/v 

PEG 3350) ............................................................................................................................................ 213 



List of figures 
 

xv 
 

Figure 6-6. Further promising images of BT-1033 crystals. Conditions H3 - 0.1 M magnesium formate 

dihydrate, 23% w/v PEG 3350, protein : reservoir 0.5 : 1.0; H4 - 0.1 M magnesium formate dihydrate, 

23% w/v PEG 3350, protein : reservoir 1.0 : 1.0; H5 - 0.1 M magnesium formate dihydrate, 23% w/v 

PEG 3350, protein : reservoir 1.0 : 0.75; H6 -  0.1 M magnesium formate dihydrate, 23% w/v PEG 

3350, protein : reservoir 1.0 : 0.5 ....................................................................................................... 214 

Figure 6-7. Structure of O-4-thiol-glucosamine acceptor 6.17 ........................................................... 215 

Figure 8-1. Proton and carbon numbering for 1H NMR and 13C NMR data for mono and disaccharides

 ............................................................................................................................................................ 224 

Figure 8-2. Reaction scheme for OPAL ligation of biotin-linked (PEG)3 OPAL probe 3.3 to colicin E9 272 

Figure 8-3. Reaction scheme for OPAL ligation of biotin-linked (PEG)3 OPAL probe 3.3 to colicin Ia 273 

Figure 8-4. Structure of mannose-based inhibitor linked OPAL probe 3.6 ......................................... 278 

Figure 8-5. Structure of mannose-based inhibitor linked OPAL probe 3.10 ....................................... 281 

Figure 8-6. Structure of mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.13 ...................... 283 

Figure 8-7. Structure of active mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.17 ............ 286 

Figure 8-8. Structure of mannose-based inhibitor linked (Gly-Ser) OPAL probe 3.14 ........................ 287 

Figure 8-9. active mannose-based inhibitor linked (Gly-Ser) OPAL probe 3.18 ................................. 289 

Figure 8-10. Structure of mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.15 .................... 290 

Figure 8-11. Structure of active mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.19 .......... 294 

Figure 8-12. Structure of biotin linked (Ser-Gly)3 OPAL probe 3.16 ................................................... 295 

Figure 8-13. Structure of active biotin linked (Ser-Gly)3 OPAL probe 3.20 ......................................... 298 

Figure 9-1. Results of SDS-PAGE gel stained with Coomassie containing fraction 13-24 post HisTrap 

HP column purification of colicin E9 ................................................................................................. lxxxv 

Figure 9-2. Results of SDS-PAGE gel stained with Coomassie of fractions C7-D8 post gel filtration of 

colicin E9 ........................................................................................................................................... lxxxv 

Figure 9-3. Structure of mannose-based inhibitor linked (Gly-Ser) OPAL probe 3.18 ......................... xcv 

Figure 9-4. Liquid chromatography trace for mannose-based inhibitor linked (Gly-Ser) OPAL probe 

3.18 ...................................................................................................................................................... xcv 

Figure 9-5. Mass spectrometry trace for mannose-based inhibitor linked (Gly-Ser) OPAL probe 3.18

 ............................................................................................................................................................ xcvi 

Figure 9-6. Structure of mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.17 ...................... xcvi 

Figure 9-7. Liquid chromatography trace for mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 

3.17 .................................................................................................................................................... xcvii 

Figure 9-8. Mass spectrometry trace for mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.17

 ........................................................................................................................................................... xcvii 

Figure 9-9. Structure of mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.19 .................... xcviii 

Figure 9-10. Liquid chromatography trace of mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 

3.19 ................................................................................................................................................... xcviii 

Figure 9-11. Mass spectrometry trace of mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.19

 ............................................................................................................................................................ xcix 

Figure 9-12. Structure of biotin linked (Gly-Ser)3 OPAL probe 3.20 ................................................... xcix 

Figure 9-13. Liquid chromatography trace of biotin linked (Gly-Ser)3 OPAL probe 3.20 ........................ c 

Figure 9-14. Mass spectrometry trace of biotin linked (Gly-Ser)3 OPAL probe 3.20 .............................. c 

Figure 9-15. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin Ia (lane 

B) and colicin Ia which has been subjected to ligation with mannose-based inhibitor linked (Gly-Ser) 

OPAL probe 3.18 (lane C) ....................................................................................................................... ci 

Figure 9-16. Results of lectin blot containing unmodified colicin Ia (lanes B-E) and colicin Ia which has 

been subjected to OPAL ligation with mannose-based inhibitor linked (Gly-Ser) OPAL probe 3.18 

(lanes F-I) ................................................................................................................................................ ci 



List of figures 
 

xvi 
 

Figure 9-17. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin E9 (lanes 

B and C) and colicin E9 which has been subjected to ligation with mannose-based inhibitor linked 

(Gly-Ser)3 OPAL probe 3.17 (lanes D and E) ........................................................................................... ci 

Figure 9-18. Results of lectin blot containing unmodified colicin E9 (lanes B-D) and colicin E9 which 

has been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.17 

(lanes E-G) ............................................................................................................................................. cii 

Figure 9-19. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin Ia (lanes 

B and E) and colicin Ia which has been subjected to ligation with mannose-based inhibitor linked 

(Gly-Ser)3 OPAL probe 3.17 (lanes F and I) ........................................................................................... cii 

Figure 9-20. Results of lectin blot containing unmodified colicin Ia (lanes B-E) and colicin Ia which has 

been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)3 OPAL probe 3.17 (lanes F-

I) ............................................................................................................................................................ cii 

Figure 9-21. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin E9 (lane 

B) and colicin E9 which has been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)6 

OPAL probe 3.19 (lane C) ......................................................................................................................ciii 

Figure 9-22. Results of lectin blot containing unmodified colicin E9 (lane B-E) and colicin E9 which has 

been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.19 (lanes F-

I) ............................................................................................................................................................ciii 

Figure 9-23. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin Ia (lane 

B) and colicin Ia which has been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)6 

OPAL probe 3.19 ...................................................................................................................................ciii 

Figure 9-24. Results of lectin blot containing unmodified colicin Ia (lanes B - E) and colicin Ia which 

has been subjected to ligation with mannose-based inhibitor linked (Gly-Ser)6 OPAL probe 3.19 

(lanes F-I) ............................................................................................................................................... civ 

Figure 9-25. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin E9 (lanes 

B and C) and colicin E9 which has been subjected to ligation with biotin linked (Ser-Gly)3 OPAL probe 

3.20 (lanes D and E) .............................................................................................................................. civ 

Figure 9-26. Results of western blot containing unmodified colicin E9 (lanes B-D), colicin E9 which 

has been subjected to ligation with biotin linked (Ser-Gly)3 OPAL probe 3.20 (lanes E-G) and 

biotinylated biovin serum albumin (lanes H-J) ..................................................................................... civ 

Figure 9-27. Results of SDS-PAGE gel stained with Coomassie, containing unmodified colicin Ia (lane 

B) and colicin Ia which has been subjected to ligation with biotin linked (Ser-Gly)3 OPAL probe 3.20 

(lane C) .................................................................................................................................................. cv 

Figure 9-28. Results of western blot containing unmodified colicin E9 (lanes B-D) and colicin E9 which 

has been subjected to ligation with biotin linked (Ser-Gly)3 OPAL probe 3.20 (lanes E-G) .................. cv 

Figure 9-29. Plasmid map of BT-1033 pET-24 a(+), imaged using snap gene ................................. cxcviii 

Figure 9-30. HisTrap HP column trace ............................................................................................ cxcviii 

Figure 9-31. Results of SDS-PAGE gel stained with Coomassie of fractions 1-12 extracted from the 

HisTrap column ................................................................................................................................. cxcix 

Figure 9-32. Results of SDS-PAGE gel stained with Coomassie of fractions 13-21 extracted from the 

HisTrap column ................................................................................................................................. cxcix 

Figure 9-33. Gel filtration column trace ................................................................................................. cc 

Figure 9-34. Results of SDS-PAGE gel stained with Coomassie of fractions a6 to b11 extracted post gel 

filtration ................................................................................................................................................. cc 

 



List of schemes 
 

xvii 
 

List of schemes  
Scheme 1-1. Reaction scheme for the synthesis of alkyl mannosides, by glycosylation with aliphatic 

alcohols proceeding using a AgOTf activation system .......................................................................... 43 

Scheme 1-2. Synthesis of ortho-substituted biphenyl mannosides. Reagents and conditions: Pathway 

A + B; a) BF3·Et2O, CH2Cl2, reflux, 45 h, (25-75%); b) 3-substituted phenylboronic acid derivatives, cat. 

Pd(PPh3)4, Cs2CO3, dioxane/water (5/1), 80 °C, 1 h; c) cat. MeONa, MeOH, rt, 12 h, (b+c 3-64%): 

Pathway C; d) MeNH2/EtOH, rt, e) bis(pinacolato)diboron, cat. Pd(dppf)Cl2, KOAc, DMSO, 80 °C ...... 49 

Scheme 1-3. Reaction scheme for covalent bond formation between squarate mannoside 1.18 and 

the N-terminus of the FimH lectin (residue Phe1) ................................................................................ 50 

Scheme 1-4. Synthetic pathway for the preparation of squarate mannosides. Reagents and reaction 

conditions; a) Pd/C, H2, DMF rt, 1 h; b) diethylsquarate, DMF, rt, 12-14 h (a+b 55% b alone 63%);90 c) 

ethylamine, NEt3, MeOH, rt, 12h (63%)97 ............................................................................................. 52 

Scheme 1-5.  Potential bio-conjugation reactions which can be performed on cysteine residues. 

Sprotein-C bond formation reactions include aminoethylation (buffer pH 8.9, 25 °C, 24 h),142 treatment 

with iodoacetamide (buffer pH 8.2. r.t., 30 minutes),143 maleimide ligation (buffer pH = 6.5 ς 7.4, r.t.) 

and vinyl sulfone ligation (buffer pH = 8.5, r.t., 24 h).144 Sprotein-S bond formation reactions include 

Dha formation (for formation methods see145), disulfide formation and desulfurization of disulfides 

(P(NMe)3 2 eq, buffer, pH = 9.5, r.t., 12 h)146 ........................................................................................ 65 

Scheme 1-6. Reaction scheme for maleimide ligation including reaction conditions154 and kinetic 

information148 ....................................................................................................................................... 66 

Scheme 1-7. Reaction scheme for dual modification of a bromomaleimide ....................................... 67 

Scheme 1-8. Reaction scheme for vinyl sulfone mediated ligation. Displaying the reaction conditions 

used to conjugate rhodamine dye (R) to concanavalin A (protein)148 .................................................. 67 

Scheme 1-9. Potential bio-conjugation reactions which can be performed on lysine residues, 

including the use of activated esters (buffer, pH 7.2 ς 9, r.t., 30 minutes), isothiocyanates, 

isocyanates, sulfonyl chlorides (pH 8.0, r.t. ς 37 °C, 1-2 h),165 and reductive amination (buffer, pH 6.5 

ς 8.5166 r.t.) reactions ............................................................................................................................ 68 

Scheme 1-10. Reaction scheme for CuAAC including reaction conditions and kinetics148 ................... 69 

Scheme 1-11.Reaction scheme  for SPAAC including kinetic parameters148 ........................................ 69 

Scheme 1-12.Reaction scheme for the tetrazine ligation including kinetic parameters182 .................. 70 

Scheme 1-13. Reaction scheme for hydrazone / oxime ligation including kinetic parameters for both 

hydrazone (with and without the nucleophilic catalyst aniline)138 and oxime ligation148 .................... 71 

Scheme 1-14. Reaction scheme and kinetic parameters for the a) Pictet-Spengler148 and b) iso-Pictet-

Spengler138 ............................................................................................................................................ 72 

Scheme 1-15. Reaction scheme for OPAL ligation. Biotag = biotin, folate, azide or dansyl ................. 73 

Scheme 1-16. Reaction scheme for palladium decaging. Biotag = biotin, folate, azide and dansyl ..... 73 

Scheme 1-17. Reaction scheme for threonine-lysine dipeptide installation, oxidation and 

conjugation. Here biotag = biotin or dansyl ......................................................................................... 74 

Scheme 1-18. Synthesis of pentavalent CTB-linked glycoconjugate 1.35. Following an initial copper 

catalysed click reaction to attach pentasaccharide 1.31 to alkyne armed hydroxylamine linker 1.32 

affording Boc protected hydroxylamine charged pentasacchride 1.33. Following TFA mediated Boc 

deprotection pentasaccharide 1.34 was extracted and subjected to oxime ligation with the oxidised 

CTB mutant affording pentavalent CTB-linked glycoconjugate 1.35 .................................................... 80 

Scheme 2-1. Synthesis of wanted 1,3 mannoside 2.2 from D-mannose. Reagents and conditions a) 

Ac2O, pyridine, DMAP, 0 °C- r.t., 12 h (80%); b) HSTol, BF3·Et2O, dry DCM, 0 °C- r.t. 12 h, (62%); c) 

MeONa, MeOH, r.t., 62 h (80%); d) 2,2 DMT, CSA, dry MeCN, Et3N, r.t., 5 h (61%); e) Bu2SnO, dry 



List of schemes 
 

xviii 
 

toluene, 110 oC, 3h, PMBCl, CsF, dry DMF, 70 oC, 12 h (83%); f) BnBr, NaH, dry DMF, 0 °C- r.t, 2 h 

(36%) ..................................................................................................................................................... 85 

Scheme 2-2. Synthesis of wanted 1,2 mannosides 2.1a and 2.1b from D-mannose. Reagents and 

conditions; a) Ac2O, pyridine, DAMP, 0 °C-  r.t., 12 h, (94 %); b) i) 33 % HBr, AcOH, DCM, r.t., 1.5 h ii) 

2,6-Lutidene, dry DCM, dry MeOH, r.t., 12 h, (i+ii = 51 %); c) NaOMe, MeOH, r.t., 1 h; d) NaH, BnBr, 

dry DMF, 0 °C- r.t., 12 h, (c + b = 50 %); e) AcOH, r.t., 1 h, (84 %); f) HSTol, BF3.Et2O, dry DCM, 0 °C- 

r.t., 6 h (45 %); g) NaOMe, MeOH, r.t., 12h (89%); h) BzCl, DMAP, Pyridine, 0 °C-  r.t ., 2h, (78%) ..... 87 

Scheme 2-3. Depiction of ortho-ester formation with initial oxocarbenium ion formation followed by 

neighbouring group participation to from a ̡-linked acetoxonium ion 2.15 which is trapped by 

methanol under basic conditions to afford orthoester 2.11 ................................................................ 88 

Scheme 2-4. Hydrogenation reaction of benzyl protected trisaccharide 2.17 to afford trisaccharide 

1.4 ......................................................................................................................................................... 89 

Scheme 2-5. Mechanism for TCA induce oxazoline ring formation. With initial oxocarbenium ion 2.18 

formation, followed by neighbouring group participation of TCA to afford trichloroacetoxonium ion 

2.19 ....................................................................................................................................................... 90 

Scheme 2-6. Synthesis of 1,4 GlcNHTCA acceptor 2.3a from D-glucosamine hydrochloride. Reagents 

and conditions; a) D-glucosamine hydrochloride, trichloroacetylchloride, NaHCO3, H2O, r.t., 1h; b) 

Ac2O, pyridine, DMAP, 0 °C - r.t., 12 h, (a+b 58%); c) HSTol, BF3·Et2O, dry DCM, 0 °C- r.t., 12h, (16%); 

d) NaOMe, MeOH, r.t., 10 minutes, (80%); e) 2,2 DMT, CSA, dry MeCN, r.t., 5h, (87%); f) NaH, BnBr, 

dry DMF, 0 °C- r.t., 12 h (7%); g) triethylsilane, BF3·Et2O, dry DCM, 0 °C, 2 minutes (6%); h) 1-

ōŜƴȊŜƴŜǎǳƭŦƛƴȅƭ ǇƛǇŜǊƛŘƛƴŜΣ ǘǊƛŦƭǳƻǊƻƳŜǘƘŀƴŜǎǳƭŦƻƴƛŎ ŀƴƘȅŘǊƛŘŜΣ ŘǊȅ 5/aΣ п) a{Σ  оπŀȊƛŘƻǇǊƻǇŀƴπмπ

ol ........................................................................................................................................................... 91 

Scheme 2-7. Two potential reaction pathways A and B for the formation of N-2 unprotected 

glucosamine 2.27. NaH is represented as H-......................................................................................... 93 

Scheme 2-8.  Mechanism proposed for selective benzylidene acetal ring opening to reveal a free O-4

 .............................................................................................................................................................. 95 

Scheme 2-9. Mechanism of trifluoromethanesulfonic anhydride activation of BSP 2.29 to afford 

activated BSP 2.30 ................................................................................................................................ 95 

Scheme 2-10. Proposed mechanism for glycosylation of NHTCA protected thioglycoside 2.26 ǿƛǘƘ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ................................................................................................................................... 96 

Scheme 2-11. Synthesis of GlcNHTCA acceptor 2.3b from D-glucosamine hydrochloride. Reagent and 

conditions; a) D-glucosamine hydrochloride, trichloroacetylchloride, NEt3, MeOH, 0 °C - r.t., 5 days; 

b) Ac2O, pyridine, DMAP, 0 °C- r.t., 12 h; c) EtSH, BF3.OEt2, dry DCM, 0 °C - r.t., 12 h, (40%); d) 

NaOMe, MeOH, r.t., 2h (86%); e) 2,2 DMT, CSA, dry MeCN, NEt3, 65°C, r.t., 3h, (52%); f) BzCl, 

pyridine, DMAP, 0 °C - r.t., 1.5 h (66%); g) 1-benzenesulfinyl piperidine, trifluoromethanesulfonic 

ŀƴƘȅŘǊƛŘŜΣ ŘǊȅ 5/aΣ п) a{Σ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΤ Ƙύ 9ǘ3SiH, BF3.Et2O/ TFA, dry DCM ......................... 97 

Scheme 2-12. Synthesis of 1,4 GlcNPhth acceptor 2.3c from D-glucosamine hydrochloride. Reagents 

and conditions: a) Phthalic anhydride, NaOH, NaHCO3, 1 :  2 MeOH : H2O, Acetone, r.t. , 2 h, 50 °C, 1 

h, r.t., 12h (50%); b) Ac2O, pyridine, DMAP, 0 °C -  r.t., 6h, (87%); c) HSTol, BF3·Et2O, dry DCM, 0 °C - 

r.t., 96 h, (85%); d) NaOMe, MeOH : DCM, r.t., 20 min, (99 %); e) 2,2-DMT, dry MeCN, CSA, NEt3, r.t., 

12 h, (66%); f) NaH, BnBr, dry DMF, 0 °C- r.t., 6 h, (41%); g)  BSP, TTBP, Tf2hΣ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΣ пÅ 

MS, dry DCE, -10 OC, 3 h, (79%);  h) HSiEt3, TfOH, dry DCM, r.t., 20 minutes, (43%) ............................ 99 

Scheme 2-13. Mechanism of phthalimide addition ............................................................................ 100 

Scheme 2-14. Ring opening reaction using a hydride and acid combination to give either the open O-

4 position (desired glycoside 2.3c) or 4,6-O-benzylidene acetal-cleaved glycoside 2.48. Reagents- i) 

Acid + hydride ..................................................................................................................................... 101 

Scheme 2-15. Selective O-4 benzylidene acetal ring opening of 4,6-O-benzylidene acetal-protected 

glycoside 2.47 ..................................................................................................................................... 102 



List of schemes 
 

xix 
 

Scheme 2-16. Proposed 4-step chemical approach to the mannose squarate 2.49 from D-mannose

 ............................................................................................................................................................ 105 

Scheme 2-17. Synthesis of mannose-based inhibitor 2.50 from D-mannose. Reagents and conditions, 

a) Ac2O, pyridine, DMAP, 0 °C - r.t., 12 h (80%); b) BF3·OEt2, 4-nitrophenol, dry DCM, 0 °C - r.t., 60 h, 

(43%); c) i) NaOMe, MeOH, r.t. 20 minutes, ii) Pd/C, H2, dry MeOH, r.t., 12 h, (i + ii = 53%); d) 

Dimethyl squarate, dry  MeOH, r.t., 4 h, (84%); e) N-Boc-1,2-Diaminoethane, NEt3, dry MeOH, r.t., 16 

h, (43%); f) H2O : TfOH 1 : 1, r.t., 3 h (80%) ......................................................................................... 106 

Scheme 2-18. Synthesis of azide capped squarate ester 2.54, using 1-amino-2-azidoethane.  NEt3, 

aŜhIΣ ǊΦǘΦΣ мсƘΣ Җ ст҈ ........................................................................................................................ 109 

Scheme 3-1. Schematic depicting the pH-dependent reactions of heterobifunctional linker 3.1, which 

initially undergoes an EDC NHS reaction with mannoside based inhibitor 2.53 to afford mannose-

based inhibitor-linked heterobifunctional linker 3.2, and then subsequently undergoes maleimide 

ligation to the free thiol unit located on colicin Ia .............................................................................. 117 

Scheme 3-2. Schematic for colicin Ia undergoing initial NaIO4-mediated oxidative cleavage of the N-

terminal 1,2-amino alcohol to give an alpha oxo-aldehyde, which can subsequently be subjected to 

OPAL ligation with an aldehyde-charged probe, mediated by a proline tetrazole catalyst. (R = a biotag 

such as folate, dansyl and biotin) ....................................................................................................... 119 

Scheme 3-3. Reaction schematic for proposed conversion of peptide 3.4 to mannose-based inhibitor-

linked OPAL probe 3.6. Following initial attachment of mannose-based inhibitor 2.53 (step A) to 

afford Dde protected mannose-based inhibitor-linked peptide 3.7, which is treated with 2% 

hydrazine in DMF (step B) to afford mannose-based inhibitor-linked peptide 3.8. The revealed free 

amine residue allows for attachment of OPAL small molecule 3.5 (step C) affording protected 

mannose-based inhibitor-linked OPAL probe 3.9, the final step is treatment with 95 : 2.5 : 2.5 TFA : 

H2O : triisopropylsilane to afford mannose-based inhibitor-linked OPAL probe 3.6 ......................... 123 

Scheme 3-4. Schematic for the synthesis of mannose-based inhibitor-linked OPAL probe 3.10 from 

alkyne charged peptide 3.11 following initial on-resin copper-catalysed click with mannose-based 

inhibitor 2.54 to afford mannose-based inhibitor-linked peptide 3.12, which undergoes acid-

catalysed cleavage using the cleavage cocktail 95 : 2.5 : 2.5 TFA : H2O : triisopropylsilane .............. 125 

Scheme 3-5. General procedure for NaIO4 oxidation of biotin and mannose-based inhibitor-linked 

OPAL probes 3.13, 3.14, 3.15 and 3.16 to form activated probes 3.17, 3.18, 3.19 and 3.20 ............ 132 

Scheme 4-1. Schematic of the initial auto-aggregation assay designed, based on that previously 

reported by Uhlin and co-workers315 .................................................................................................. 137 

Scheme 4-2. Schematic of the redesigned auto-aggregation assay ................................................... 141 

Scheme 5-мΦ ŀύ ¢ƘŜ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ǇǊŜŦŜǊŜƴŎŜǎ ǿƘƛŎƘ ƭŜŀŘ ǘƻ ʰ-mannoside formation, e.g. 

ŦŀǾƻǳǊŀōƭŜ ƻǊōƛǘŀƭ ŀƭƛƎƴƳŜƴǘ ŀƴŘ ŦŀǾƻǳǊŀōƭŜ ŘƛǇƻƭŜ ƛƴǘŜǊŀŎǘƛƻƴǎΦ ōύ ¢ƘŜ ƪƛƴŜǘƛŎ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ʰ-

mannoside formation, e.g. neighbouring group participation ........................................................... 153 

Scheme 5-нΦ YŀƘƴŜΩǎ ǎǳƭŦƻȄƛŘŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǇǊƻǘƻŎƻƭΣ ǿƘŜǊŜ w Ґ ŀ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ ǎǳŎƘ ŀǎ h.ƴ ŀƴŘ 

hwΩ Ґ ǘƘŜ ŀŎŎŜǇǘƻǊ .............................................................................................................................. 154 

Scheme 5-3. Mechanism of pre-activation and direct activation of mannose donors, where R = the 

acceptor .............................................................................................................................................. 155 

Scheme 5-4. Proposed mechanistic pathways accounting for the selectivity observed in 

glycosylations of benzylidene mannose donors334 ............................................................................. 157 

Scheme 5-5. The general method used for mannose based intramolecular aglycon delivery. This 

process begins by tethering the acceptor to the O-2 position. Once tethered the glycosyl donor is 

activated, stimulating an intramolecular glycosylation which is followed by hydrolysis ................... 158 

Scheme 5-6. Reaction pathway for vinyl ether mediated intramolecular aglycon delivery. This 

pathway proceeds via an acid catalysed tethering mechanism followed by NIS-mediated activation of 

the glycosyl donor ............................................................................................................................... 158 



List of schemes 
 

xx 
 

Scheme 5-7. Reaction pathway for temporary silicon tethered mediated intramolecular aglycon 

delivery. The reaction pathway proceeds with initial formation of the silicon tether at the O-2 

position, followed by Tf2O mediated activation ................................................................................. 159 

Scheme 5-8. Reaction pathway for intramolecular aglycon delivery mediated by an oxidative tether 

using O-2-PMB. The pathway follows initial DDQ mediated oxidation, with subsequent glycosyl 

donor activation resulting in intramolecular glycosylation succeeded by a final work-up to afford the 

ŘŜǎƛǊŜŘ ʲ-mannoside .......................................................................................................................... 159 

Scheme 5-9. Depicts the gatekeeper approach to intramolecular aglycan delivery. This method 

follows the same mechanism as oxidative tethering, however the PMB group is attached to a solid 

support allowing for easy product purification .................................................................................. 160 

Scheme 5-10.  Formation of disaccharide 5.21 from protected 1,3-mannose donor 5.20 and 

protected 1,4-glucosamine acceptor 2.3c using Bols and co-workers pre-activation conditions ...... 161 

Scheme 5-11. Unsuccessful formation of disaccharide 5.18 from protected mannose donor 5.22 and 

protected glucosamine acceptor 2.3c using Bols and co-workers conditions .................................... 162 

Scheme 5-12. Formation of glycoside 5.23 from protected 1,3-mannose donor 2.2 and propan-2-ol 

using Crich and co-workers pre-activation conditions ....................................................................... 162 

Scheme 5-13. Formation of glycoside 5.23 from benzylidene acetal sulfoxide donor 5.22 and propan-

1-ol using Bols and co-workers pre-activation conditions .................................................................. 163 

Scheme 5-14. Formation of disaccharide 5.25 from protected 1,3-mannose donor 5.22 or 2.2 and 

1,2,3,4-di-O-isopropylidene- -hD-galactopyranose 5.24 using a) Bols and co-workers unsuccessful 

direct activation conditions and b) Crich and co-workers successful pre-activation conditions ....... 164 

Scheme 5-15. Formation of disaccharide 5.18 from protected 1,3-mannose donor 2.2 and protected 

1,4-glucosamine acceptor 2.3c using Crich and co-workers pre-activation conditions ..................... 164 

Scheme 5-16.  Potential pathways by which NIS and TMSOTf mediated glycosylation occur to give 

glycoside 5.27 with complete h -selective ........................................................................................... 165 

Scheme 5-17. Formation of glycoside 5.29 via an NIS and TMSOTf mediated glycosylation of 

protected 1,2-mannose donor 2.1b and propan-2-ol ........................................................................ 166 

Scheme 5-18. Formation of disaccharide 5.30 via an NIS and TMSOTf mediated glycosylation of 

protected 1,2-mannose donor 2.1b and 1,2,3,4 diisopropyldiene galactose 5.24 ............................ 166 

Scheme 5-19. Oxidation of disaccharide 5.18 using DDQ to give disaccharide 5.13 .......................... 166 

Scheme 5-20. Formation of protected trisaccharide 5.19 via an NIS and TMSOTf mediated 

glycosylation of protected 1,2-mannose donor 2.1b with disaccharide 5.31 .................................... 167 

Scheme 6-1. Glycosylation mechanism of inverting GHs, proceeding by an SN2-like reaction in which 

the base carboxyl group ŘŜǇǊƻǘƻƴŀǘŜǎ ŀ ƴǳŎƭŜƻǇƘƛƭŜ όIhwΩύΣ ŦŀŎƛƭƛǘŀǘƛƴƎ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪ ƻƴ ǘƘŜ 

anomeric position. This attack results in the formation of a oxocarbenium ion-like transition state, 

which collapses to afford a glycoside with inverted stereochemistry to the substrate 353 ................ 175 

Scheme 6-2. Glycosylation mechanism of retaining GHs, proceeding via a double displacement 

mechanism with initial displacement of a leaving group at the anomeric position (OR) by the 

carboxylate group acting as a nucleophile. This attack induces an oxocarbenium ion-like transition 

state which results in the formation of glycosyl-enzyme intermediate. The second carboxylate group 

(acid/base catalyst) catalyses the second displacement reaction by deprotonating an incoming 

ƴǳŎƭŜƻǇƘƛƭŜ όIhwΩύΣ ǎǘƛƳǳƭŀǘƛƴƎ ǘƘŜ ƴǳŎƭŜƻǇƘƛƭŜ ǘƻ ŀǘǘŀŎƪ ǘƘŜ ŀƴƻƳŜǊƛŎ ǇƻǎƛǘƛƻƴΦ ¢Ƙƛǎ ƛƴŘǳŎŜǎ ǘƘŜ 

formation of a second oxocarbenium ion-like transition state which results in formation of a 

glycoside which has retained stereochemistry353 ............................................................................... 176 

Scheme 6-3. Example schematic of a potential transglycosidaes catalysed reaction ........................ 176 

Scheme 6-4. Schematic of the SNi-like mechanism occurring via attack of the nucleophilic acceptor 

component at the same face as the leaving group, stimulating the formation of transition state, 

subsequently affording a glycoside356 R= nucleophile mono or diphosphate .................................... 177 



List of schemes 
 

xxi 
 

Scheme 6-5. Example schematic for a phosphorylase mediated reaction, catalysing either the 

polymerisation of a sugar-1-phosphate to an acceptor (e.g. oligosacchride unit, monosaccaride sugar 

unit or aglycon unit) or phosphorolysis of a glycoside bond to afford a sugar-1-phosphate and an 

acceptor unit ....................................................................................................................................... 178 

Scheme 6-6. Proposed mechanistic pathway of MGP ........................................................................ 179 

Scheme 6-7. Schematic of the proposed mechanism of thioglycoligases with initial glycosylation of 

the donor to the nucleophilic residue (step a) followed by attack of the thiol containing acceptor. 

Here OR can represent a multitude of motifs, such as a protecting group (i.e. OPNP or OMe) or the 

continuation of the oligosaccharide chain .......................................................................................... 180 

Scheme 7-1. The inhibition assay deigned to investigate the potential ability of the mannose-based 

inhibitor linked colicin conjugates to prevent adhesion of NU14 to RT4 cells ................................... 220 

Scheme 7-2. An assay designed to monitor the effects of the mannose-based inhibitor linked colicin 

conjugates on UTI 89 motility ............................................................................................................. 221 

Scheme 7-3. Reaction scheme for the enzymatic conversion of a) mannose-1-phosphate and 

unnatural glucosamine acceptor 6.2 and b) mannose-1-phosphate and O-4-thiol-glucosamine 

acceptor 6.17 ...................................................................................................................................... 223 

Scheme 8-1. Reaction scheme for ligation of mannose-based inhibitor-linked heterobifunctional 

linker 3.2 to colicin Ia .......................................................................................................................... 271 

Scheme 8-2. Reaction scheme for OPAL ligation of active mannose-based inhibitor linked (Gly-Ser) 

OPAL probe 3.18 to colicin Ia .............................................................................................................. 299 

Scheme 8-3. Reaction scheme for OPAL ligation of active mannose-based inhibitor linked (Gly-Ser) 

OPAL probe 3.18 to colicin E9 ............................................................................................................. 300 

Scheme 8-4. Reaction scheme for OPAL ligation of active mannose-based inhibitor linked (Gly-Ser)3 

OPAL probe 3.17 to colicin Ia .............................................................................................................. 301 

Scheme 8-5.Reaction scheme for OPAL ligation of active mannose based inhibitor (Gly-Ser)3 OPAL 

probe 3.17 to colicin E9 ...................................................................................................................... 302 

Scheme 8-6.Reaction scheme for OPAL ligation of mannose-based inhibitor linked (Gly-Ser)6 OPAL 

probe 3.19 to colicin Ia ....................................................................................................................... 303 

Scheme 8-7. Reaction scheme for OPAL ligation of active mannose-based inhibitor linked (Gly-Ser)6 

OPAL probe 3.19 to colicin E9 ............................................................................................................. 304 

Scheme 8-8. Reaction scheme for OPAL ligation of biotin linked OPAL probe 3.20 to colicin Ia ....... 305 

Scheme 8-9. Reaction scheme for OPAL ligation of biotin-linked (Ser-Gly)3 OPAL probe 3.20 to colicin 

E9 ........................................................................................................................................................ 306 

 

 

 

 

 

 

 

 

 



List of tables 
 

xxii 
 

List of tables  
¢ŀōƭŜ мΦ 5ŜǇƛŎǘǎ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ʰ-D-mannopyranoside based inhibitors discussed above .................... 57 

Table 2. Summary of the multivalent heptamannoside structure discussed ....................................... 61 

Table 3. Summary of the organic scaffold used in the synthesis of mannose-based glycoclusters ..... 63 

Table 4. Reagents and reactions conditions trialled for the selective O-4 benzylidene acetal ring 

opening of 4,6-O-benzylidene acetal-protected glycoside 2.47 depicted in Scheme 2-15 ................ 102 

Table 5. Different reagent equivalents and reaction temperatures trialled for the selective O-4 

benzylidene acetal ring opening of 4,6-O-benzylidene acetal-protected glycoside 2.47 depicted in 

Scheme 2-15 ....................................................................................................................................... 103 

Table 6. Different E. coli strains required for the auto-ŀƎƎǊŜƎŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎΣ ŜŀŎƘ ǎǘǊŀƛƴΩǎ 

acceptor composition, and whether aggregation would be expected ............................................... 139 

Table 7. Results of Experiment One. Which used samples of E. coli grown in either LB or M9 media 

and incubated in either 2 mL or 1.5 mL samples. OD600 measurements were recorded post-

incubation ........................................................................................................................................... 140 

Table 8. Results of Experiment Three, an auto-aggregation assay using positive control samples made 

from E. coli strains BW25113 and JW3596, incubated at 37 °C with 10 nM biotin linked colicin E9 

conjugate and 2 nM NeutrAvidin. This assay was only repeated once, with one active sample and 

one vortexed control sample made for each condition and one single OD600 measurement taken of 

each sample. These measurements were used to calculate percentage auto-aggregation. Note the 

OD600 measurements reported here are the values reported post dilution factor adjustment. ........ 143 

Table 9. Results of Experiment Four, a second auto-aggregation assay performed on positive control 

samples of BW25113 with a higher starting OD600 value of 6. ........................................................... 145 

Table 10. Results of Experiment Five, an auto-aggregation assay performed on samples of BW25113 

incubated with varying concentrations of each Mannose-based inhibitor linked (Gly-Ser)n colicin E9 

conjugate. OD600 measurements were made post sample incubation and were used to calculate 

percentage auto-aggregation. ............................................................................................................ 147 

Table 11. The various glycosylation conditions trialled in the synthesis of ǘƘŜ ʰ-linked disaccharide 

5.30 and the results of these trial reactions. ...................................................................................... 169 

Table 12. The results of the various trial glycosylation performed to investigate the effects of donor 

protection on glycosylation yield. ....................................................................................................... 171 

Table 13. The results of the various trial glycosylation performed using 1,2:5,6-di-O-isopropylidene-

-hD-glucofuranose 5.39 as the acceptor. ............................................................................................ 173 

Table 14. BT-1033 reaction Entries 1-5; including starting reaction volume, starting donor and 

acceptor concentration, concentration of BT-1033, incubation time and whether LCMS suggested 

conversion had occurred .................................................................................................................... 183 

Table 15. BT-1033 reaction Entries 6-16; including starting reaction volume, starting donor and 

acceptor concentration, concentration of BT-1033, incubation time and whether LCMS analysis 

suggested conversion had occurred ................................................................................................... 185 

Table 16. BT-1033 reaction Entries 2-16 conversion rate percentages calaulated using an ITag 

reaction ............................................................................................................................................... 189 

Table 17. BT-1033 catalysed reaction Entries 17-28a; including starting reaction volume, starting 

donor and acceptor concentration, concentration of BT-1033, incubation time and whether 

conversion was suggested in the initial LCMS trace, and the conversion rate (%) measured using an 

L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ .................................................................. 192 

Table 18. BT-1033 catalysed reaction Entries 28b, 29a and 29b; including starting reaction volume, 

starting donor and acceptor concentration, concentration of BT-1033, incubation time and whether 



List of tables 
 

xxiii 
 

conversion was suggested in the initial LCMS trace, and the conversion rate (%) measured using an 

L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ .................................................................. 196 

Table 19. BT-1033 catalysed reaction Entries 21b, 30a, 30b, 22b, 31a and 31b; including starting 

reaction volume, starting donor and acceptor concentration, concentration of BT-1033, incubation 

time and whether conversion was suggested in the initial LCMS trace, and the conversion rate (%) 

ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀƴ L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ .................................. 198 

Table 20. BT-1033 catalysed reaction Entries 23b, 32a, 32b, 24a, 33a and 33b; including starting 

reaction volume, starting donor and acceptor concentration, concentration of BT-1033, incubation 

time and whether conversion was suggested in the initial LCMS trace, and the conversion rate (%) 

ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀƴ L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ .................................. 201 

Table 21. BT-1033 catalysed reaction Entries 25b, 34a, 34b, 26b, 35a, 35b, 27b, 36a and 36b; 

including starting reaction volume, starting donor and acceptor concentration, concentration of BT-

1033, incubation time and whether conversion was suggested in the initial LCMS trace, and the 

ŎƻƴǾŜǊǎƛƻƴ ǊŀǘŜ ό҈ύ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀƴ L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ .. 204 

Table 22. BT-1033 catalysed reaction Entries 37a, 37b, 38a, 38b, 39a, 39b, 40a, 40b, 41a, 41b, 42a 

and 42b; including starting reaction volume, starting donor and acceptor concentration, 

concentration of BT-1033, incubation time and whether conversion was suggested in the initial LCMS 

trace, and the conversion rate (%) measured using an ITag reaction. Reaction repeats are labelled 

άŀέ ŀƴŘ άōΦέ ......................................................................................................................................... 207 

Table 23. BT-1033 catalysed reaction Entries 29 scale up and 34 scale up; including starting reaction 

volume, starting donor and acceptor concentration, concentration of BT-1033, incubation time and 

whether conversion was suggested in the initial LCMS trace, and the conversion rate (%) measured 

ǳǎƛƴƎ ŀƴ L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ ................................................... 211 

Table 24. BT-1033 catalysed reaction Entries 43a, 43b, 44a, 44b, 45a, 45b; including starting reaction 

volume, starting donor and acceptor concentration, concentration of BT-1033, incubation time and 

whether conversion was suggested in the initial LCMS trace, and the conversion rate (%) measured 

using aƴ L¢ŀƎ ǊŜŀŎǘƛƻƴΦ wŜŀŎǘƛƻƴ ǊŜǇŜŀǘǎ ŀǊŜ ƭŀōŜƭƭŜŘ άŀέ ŀƴŘ άōΦέ ................................................... 217 

Table 25. The composition of the SDS-PAGE gels of varying acrylamide percentages. The resolving 

buffer is (1.5 M Tris-HCL, 0.4% SDS, pH 8.8). TEMED stands for Tetramethylethylenediamine. ....... 226 

Table 26.The compositions of the stacking gel used during SDS-PAGE. Stacking buffer is (0.5 M Tris-

HCl, 0.4% SDS, pH 6.8) ........................................................................................................................ 226 

Table 27. Information about the specific conditions used in Experiments 2-5, all of which were 

performed using the redesigned auto-aggregation assay methodology ......................................... cccix 

Table 28. Provides information about the specific conditions used in Experiments 6-8 ................... 310 

Table 29. The reaction equivalents of each reagent used during each of the ITag reactions ............ 338 

Table 30. The concentrations of BT-1033 used to set up each crystal tray ........................................ 341 

Table 31.The primers designed for use in QuikchangeTM Site-Directed Mutagenesis........................ 342 

Table 32.PCR reaction composition for QuikchangeTM Site-Directed Mutagenesis ........................... 343 

Table 33.The PCR reaction stages and conditions used during QuikchangeTM Site-Directed 

Mutagenesis ........................................................................................................................................ 343 

Table 34. Shows the volumes in µL of the supplements required to prepare a 15 mL culture of 

supplemented M9 media ...................................................................................................................... cvi 

Table 35. Shows the antibiotic concentrations required for growth of each different E. coli strain ... cvi 

Table 36. Shows the results of the auto-aggregation assay designed to investigate the effects of 

growth media and samples size on auto-aggregation. The assay was performed using the initial auto-

aggregation methodology as explained on page 307. Three repeat assays were performed on three 

different days, each sample was made in triplicate and each final OD600 measurement was repeated 

three times, with the average measurement given in the table below. Note the OD600 values reported 



List of tables 
 

xxiv 
 

in Table 36 are the values recorded post dilution factor adjustment and have been rounded to 2 

decimal places. ..................................................................................................................................... cvii 

Table 37. Results of the auto-aggregation assay used to screen potential aggregation factors such as 

starting OD600, incubation time and incubation temperature. Three repeat assays were performed on 

three different days. One active sample and one vortexed control sample was made for each 

condition and a single final OD600 measurement was made for both the active sample and the 

vortexed control sample, these values were adjusted for by the dilution factor and used to calculate 

percentage auto-aggregation using equation one. The three percentage auto-aggregation 

measurements collected for each sample was then averaged. Note the OD600 values reported in 

Table 37 are the values recorded post dilution factor adjustment and the values have been rounded 

to 2 decimal places ............................................................................................................................... cix 

Table 38. The relative intensities of the ITag reagent 6.16 clicked acceptor and disaccharide peaks in 

each sample. These results have been used to calculate the total peak contribution of the ITag 

reagent 6.16 clicked acceptor and disaccharide peaks in each sample. Furthermore, this value can be 

used to find the percentage contribution of the disaccharide peak and thus the conversion rate of 

each reaction .................................................................................................................................. ccxxxv 

Table 39. Results of the two IPAP HSQC (13C HSQC with multiplicity editing) spectra for the two 

anomeric carbons and analysis of the results to give the 1JCH coupling constants. ........................... ccxli 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements 
 

xxv 
 

Acknowledgements  
I would like to thank all three of my supervisors, Dr Martin Fascione, Dr Christoph Baumann and Dr 

Laurence Wilson, for their support and guidance throughout this process. I would especially like to 

thank Dr Martin Fascione for providing me with the opportunity to acquire the biological skills I 

enjoyed learning so much throughout my time in the laboratory. I would also like to thank past and 

present members of the chemical biology group, especially Julia Walton, Tessa, Emily, Alexandra and 

Nick for answering my very basic biology questions. I would also like to thank Darshita and Katie, who 

share the challenges of carbohydrate synthesis with me and provide a sympathetic ear when yet again 

something has gone wrong!  

A special thanks also goes to the collaborators I have had the privilege of working with; the Miller 

group (University of Keele), the Linclau group (University of Southampton) and the Galan group 

(University of Bristol). A further thanks goes to the technical staff in the Department of Chemistry; Dr 

Ed Bergström and Karl Heaton (mass spectrometry), Dr Alex Heyman and Heather Fish (NMR 

spectrometry) and Sam Hart (protein crystallography). I would also like to thank the Engineering and 

Physical Sciences Research Council (1944882) for research funding. 

I would like to thank my family for their support throughout this process. Finally, I would like to thank 

Nick again for his continued encouragement and support. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Declaration 
 

xxvi 
 

Declaration  
I, Natasha Emily Hatton, declare that this thesis is a presentation of original work and I am the 

sole author. This work has not previously been presented for an award at this, or any other, 

University. 

All sources are acknowledged as References. Contributions to this work by other researchers are 

indicated either when relevant figures are discussed or in the relevant experimental section. 

Chapter 1- contains contence from the publication   

Hatton, Natasha E., Baumann, Christoph G., Fascione, Martin Anthony, Developments in mannose-based treatments 

for Uropathogenic Escherichia coli induced urinary tract infections, ChemBioChem, 22, 613-629, doi: 

10.1002/cbic.202000406 (2021). 

  

I, Natasha Emily Hatton, am the first author of this above publication, and prepared the majority of the manuscript. 

A list of acknowlagments is available for this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

Chapter 1 Introduction  

1.1 Section A  

1.1.1 Structure of the urinary tract, urothelium and uroplakins  
The primary function of the urinary tract is to collect, transport, store and remove urine from the 

body, eliminating toxic waste products and metabolites generated by the kidneys.1 The urinary tract 

can be anatomically categorized into two sub-sections: the upper urinary tract (e.g. the kidneys and 

the ureters)2 and the lower urinary tract (e.g. the bladder and the urethra) (Figure 1-1).2 The surface 

of the urinary tract is lined with a specialized epithelium known as urothelium.1 The biochemical and 

morphological features of the urothelium vary depending on its location within the urinary tract.1  

 

Figure 1-1. Structure of the urinary tract consisting of the upper urinary tract e.g. the kidneys and ureters and the lower 
urinary tract e.g. the bladder and the urethra  

Generally, the urothelium is composed of three different layers; a basal cell layer attached to 

the basement membrane, an intermediate layer and an apical layer consisting of large hexagonal cells 

known as umbrella cells (Figure 1-2a).3 Umbrella cells are multinucleated, highly differentiated and 

accumulate a large amount of uroplakin proteins on their surface. This accumulation leads to the 

forming of a two-dimensional plaque,1, 4, 5 which acts as a barrier to water and other toxic materials in 

the urine.6 In humans there are four different uroplakins (UP) proteins: UPIa, UPIb, UPII and UPIII.7 

These units come together to form a heterodimer (Figure 1-2b) with six of these heterodimers 

combining to form the uroplakin plaque (Figure 1-2c).3 UPIa and UPIb belong to the tetraspanin 

family,3 consisting structurally of four rod-like transmembrane domains. The first and second 

transmembrane domains are connected through a small extracellular loop, with a second large 

extracellular loop connecting the third and fourth transmembrane domains. The main difference 

between the two uroplakins is UPIa contains a high mannose glycan attached to the second 

extracellular domain at residue Asn169 (Figure 1-2d). In comparison, UPIb contains a tetraantennary 

fucosylated complex glycan attached to the second extracellular domain at the Asn131 residue (Figure 

1-2e).3 UPII and UPIIIa are each structurally composed of a single transmembrane domain.   
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Figure 1-2. a) Structure of the urothelium with basal cells attached to a basement membrane, an intermediate layer and a 
layer of umbrella cells. b) Structure of the uroplakin plaque consisting of six heterodimeric units with each unit composed of 
two dimers UPIa/II and UPIb/IIIa. c) Structure of the heterodimer units where the green ellipse represents a high mannose 

containing N-glycan and the grey ellipses represent complex N-glycans. d) Structure of uroplakin Ia and e) structure of 
uroplakin Ib. Both structures consist of four transmembrane domains and have an approximate molecular weight of 30 
kDa.8, 9 The green ellipses represent mannose residues, the blue squares represent glucosamine residues and the yellow 

ellipses represent galactose residues 

1.1.2 Urinary tract infections  
Urinary tract infections (UTIs) is the third most common type of infection experienced by humans after 

respiratory and gastro-intestinal infections.10 Most UTI cases affect the lower urinary tract11 and can 

be either symptomatic or asymptomatic,12 with symptoms including increased urination frequency, 

pain during urination and blood in the urine.13 If left untreated UTIs can result in kidney damage, 

allowing bacteria to enter the blood stream resulting in urosepsis. Urosepsis accounts for 5-7% of 

severe sepsis cases reported, with a mortality rate of between 25% and 60%.14  
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Women are significantly more likely to experience a UTI than men15 due to the female 

urethrae being significantly shorter than a males (4 cm vs 20 cm).16 Approximately 40-50% of women 

will experience a symptomatic UTI within their lifetime, with over half of these women suffering a 

relapse within six months.17 Age is another well-recognized risk factor, with UTIs being the second 

most common form of infection in the non-institutionalized elderly population, accounting for 25% of 

infection cases.15 Due to their weakened immune systems approximately 10% of males and 20% of 

females over the age of 80 suffer from an asymptomatic UTI.18 Other risk factors for UTIs include 

urinary catheterization and diabetes.19 

UTIs are caused by the invasion of foreign pathogens, with Uropathogenic Escherichia coli 

(UPEC) (Figure 1-3) being responsible for 80% of cases. Staphylococcus saprophytics accounts for a 

further 10-15%, and the remaining cases are caused by Klebsiella, Enterobacter, and Proteus species.20 

UTIs can be classed as uncomplicated or complicated. For a UTI to be classed as complicated the 

patient must also suffer from either an underlying illness such as diabetes, a structural malformation 

of the urinary tract, or an obstruction of urine flow.21 Complicated UTIs are generally more difficult to 

treat,20 meaning the infections are often chronic with several different Gram-positive and Gram-

negative bacteria present. 

 

Figure 1-3. Electron microscopy images of UPEC adhered to the urinary epithelial cell surface.22 [Bars = 3 µM (A) and 0.5 µM 
(B)] 

Currently UTIs are treated with a course of antibiotic such as Nitrofurantoin or 

Trimethoprim.18 However, an increasing problem observed in the treatment of UTIs is antibiotic 

resistance - studies demonstrate UPEC strains contain over 30 different resistance genes to 

trimethoprim, with clinical resistance occurring in 16.7% of cases.23 Nitrofurantoin is still active against 

E. coli, with fewer cases of resistance being reported than with Trimethoprim. However, 

Nitrofurantoin has a higher incidence of significant side effects like pulmonary fibrosis,24 and it is 

predicted that resistance to both antibiotics will increase. The enduring challenge of antibiotic 

resistance means that researching new effective treatments for UPEC-induced UTIs is a clinical 

priority.23 
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1.1.3 Uropathogenic Escherichia coli pathogenesis pathway  
UPEC is responsible for the majority of reported uncomplicated UTI cases,17 thus identifying new 

targets within UPEC could serve as the basis for developing new treatments for both acute and 

recurrent UTIs.  

The six stages of UPEC pathogenesis are summarized in Figure 1-4.25 The bacteria initially 

colonize the periurethral areas and the urethra, travelling up the urethra while growing as plantktonic 

cells in the urine. While in the urinary tract, UPEC interacts with and adhere to the urothelium. Once 

adhered, UPEC grows on the surface of the umbrella cells of the urothelium forming a biofilm, 

facilitating invasion of the epithelial cells. Once within the umbrella cells UPEC can begin replicating, 

forming an intracellular bacterial population (IBC); this allows for further formation of a quiescent 

intracellular reservoir (QIR).26 UPEC can then invade the intermediate layers of the urothelium and lay 

dormant. These bacteria are protected from antibiotic treatment, making them extremely difficult to 

eliminate and thus the source of many recurrent infections.27 If untreated, UPEC will continue to 

colonize up the urinary tract, progressing to the kidneys.26 This colonization can result in kidney tissue 

damage and provides UPEC access to the blood stream, resulting in urosepsis.  

 

Figure 1-4. The pathogenesis cycle for UPEC consists of five stages: stage 1) colonization of the periurethral areas and the 
urethra, stage 2) movement of UPEC up the urethra, stage 3) UPEC adherence, stage 4) biofilm formation, stage 5) 

epithelial cell invasion and formation of intracellular bacterial population, and stage 6) colonization of the urinary tract and 
kidneys by UPEC followed by entry into the blood stream 

Invasion of the urothelium by UPEC occurs via a membrane zippering mechanism.28, 29 This 

mechanism is stimulated by UPEC binding to the urothelium, which activates a complex signalling 

cascade, resulting in localized rearrangement of the urothelium actin cytoskeleton.29 The cytoskeleton 

rearrangement leads to the envelopment and internalization of the bound UPEC (Figure 1-5). This 

complex signalling cascade has been shown to be reliant on many factors, such as focal adhesions; e.g. 

Src,30 phosphoinositide 3-kinase,29 Rho-ŦŀƳƛƭȅ D¢tŀǎŜǎΤ ŀŎǘƛƴ ōǳƴŘƭƛƴƎ ŀƴŘ ŀŘŀǇǘƻǊ ǇǊƻǘŜƛƴǎΣ ŜΦƎΦ ʰ-

actinin and vinculin;29, 31 lipid raft components, e.g. caveolin-1;32 and microtubules. Treatment of a 

host cell with a microtubule-disrupting agent, such as nocodazole or vinblastine, has been shown to 

inhibit host cell invasion by UPEC.33 
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Figure 1-5. Schematic diagram showing the three-stage membrane zippering mechanism thought to be used by UPEC 
during the invasion of the urothelium; stage 1) binding of UPEC to the urothelium, stage 2) localized rearrangement of the 

urothelium actin cytoskeleton, stage 3) envelopment and internalization of the bound UPEC 

Adhesion of UPEC to the urothelium is mediated by UPEC binding to terminal D-mannose units 

on UPIa. Without adhesion to the sugar UPEC would remain free in the urine and be removed from 

the bladder during urination, preventing the initial UPEC infection from progressing into a 

symptomatic UTI. To bind to terminal mannose units UPEC expresses multiple 3-micron long rod-like 

structures on their surface known as type 1 pili (Figure 1-6).34 The type 1 pilus consists of multiple 

different subunits, including repeating units of the FimA protein, which form a 7 nm-thick right-handed 

helical rod. This rod is joined to a 3 nm-thick distal tip fibrillum, which itself is composed of three 

further subunits: two adapter proteins; FimF and FimG; and an adhesion protein, FimH.34  

 

Figure 1-6. Structural organisation of the type 1 pilus which includes the following subunits: FimA (blue), FimC (gray), FimD 
(green rectangle), FimF (purple), FimG (green oval), and FimH (red). The position of the N-terminal domain (N, orange) and 
two C-terminal domains (C1, pink circle; C2, gray circle) relative to the transmembrane pore (green rectangle) in FimD are 

also indicated 
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The exact process by which the type 1 pilus adheres to the urinary tract was unknown for a 

long time. One of the original theories proposed was that adhesion was mediated by the repeating 

FimA units which comprised most of the type one pilus.35 However, it is now recognized that the role 

of the repeating FimA units is to provide a structural scaffold.36 A wealth of research conducted in the 

late 1980s discovered that the minor subunits, FimF, FimG and FimH, were involved in adhesion.37,38  

Christiansen and co-workers found that recombinant bacteria lacking either all three subunits or just 

FimH displayed no ability to bind to  erythrocytes, indicating that FimH plays a critical role in 

adhesion.39 Klemm and co-workers40 confirmed this observation, providing direct evidence that FimH 

is responsible for mannose-mediated adhesion.40   

1.1.4 FimH structure and catch bond mechanism  

FimH is comprised of two domains (Figure 1-7). The first is a C-terminal pilin domain (FimHPD), which 

attaches FimH to the pilus rod41 through the neighbouring subunit FimG. This attachment occurs by 

donor strand complementation,42 and is an effective way of providing strong inter-molecular linkages 

ǘƘǊƻǳƎƘ ǘƘŜ Řƻƴŀǘƛƻƴ ƻŦ ƻƴŜ ʲ-ǎǘǊŀƴŘ ŦǊƻƳ ƻƴŜ ǎǳōǳƴƛǘ όŜΦƎΦ CƛƳDύ ƛƴǘƻ ǘƘŜ ʲ-sandwich of the 

neighbouring subunit (e.g. FimHP).43 The second FimH domain is the N-terminal lectin domain (FimHLD), 

which contains a mannose-binding pocket41 which can bind to mannose sugars on the urothelium, 

mediating adhesion of UPEC to the urinary tract.34 

 

Figure 1-7. Crystal structure of FimH (red) with a heptylmannoside (green) ligand bound in the N-terminal lectin domain 
(FimHLD) (PDB ID 4LOV).44 Residues with side chains shown as sticks (blue) are involved in non-covalent interactions with 
heptylmannoside, sodium ions (purple spheres) or water molecules (red spheres). The dashed lines (purple) denote short-

range, non-covalent interactions 
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The two-domain structure of FimH allows the type-1 pilus to form a catch-bond when bound.42 

A catch-bond is a type of non-covalent interaction in which the dissociation lifetime of the bond 

increases when force is applied45 (Figure 1-8). Wirtz and co-workers provided the first unequivocal 

evidence for the existence of catch-bonds.46 Prior to this, catch-bonds were treated as one potential 

explanation for why the adhesion affinity of some bacteria (e.g. UPEC) increases in moderate shear 

flow. An alternative theory was the transport limiting binding model. This model, which has fallen out 

of favour, suggests that increased shear flow causes an increase in both dissociation and association 

rates, thus an enhancement in bacterial adhesion would have to be caused by an increase in bacterial 

association not a decrease in bacterial dissociation.47, 48 

The catch-bond in FimH is biphasic, meaning under moderate force (such as that experienced by 

the sides of the urinary tract during urination) FimH binds to ligands with higher affinity, whereas 

exposure to higher shear flow leads to a decrease in binding affinity due to an increase in the 

dissociation rate for the FimH-ligand interaction.45 Moderate mechanical force induces the separation 

of the FimHLD and FimHP subunits (Figure 1-8). This separation switches the lectin domain from a low 

affinity state to a high affinity state49, 50 reducing the rate of spontaneous ligand release, resulting in a 

1000-fold higher affinity of FimH for mannose sugars under moderate flow conditions compared with 

static conditions.42 The relatively weaker affinity of FimH under static conditions favours invasion of 

UPEC along the urinary tract during static conditions, while the high affinity of FimH under moderate 

flow conditions enables UPEC to be retained in the urinary tract during urination. Glockshuber and co-

workers42 investigated how the different flow conformation states affect the binding of FimH to N-

ƎƭȅŎŀƴǎΦ ! ƳƛȄǘǳǊŜ ƻŦ ǎȅƴǘƘŜǘƛŎ ʰ-linked mono- and dimannosides were used to represent the natural 

ǘŜǊƳƛƴŀƭ ʰ-D-mannoside moieties present on FimH targeted glycoproteins in the bladder.42 Using 

these ligands, kinetic and structural characterization of the binding properties of FimH under both 

static and flow conditions could be investigated. It was demonstrated that the increased affinity of 

FimH under flow conditions compared to static conditions was ligand independent.42 Glockshuber and 

co-workers further found that dimannosides bound with higher affinity compared to 

monosaccharides, with the difference in affinity determined by the rate of spontaneous ligand 

dissociation.42 ¦ƴŘŜǊ ǎǘŀǘƛŎ ŎƻƴŘƛǘƛƻƴǎ CƛƳI ōƛƴŘǎ ǘƻ ŀƭƭ ƴŀǘǳǊŀƭ ǘŜǊƳƛƴŀƭ ʰ-D-mannoside structures 

with medium affinity, while under flow conditions FimH binds to all D-mannosides at a 2000-fold 

higher affinity with a 70,000-fold decrease in ligand dissociation rate and a 30-fold increase in ligand 

association rate.42 Glockshuber and co-workers additionally found that even though FimH favours 

monovalent N-glycan binding when N-glycans are in short supply, each N-glycan can bind up to three 

FimH units at once.42  
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Figure 1-8. Catch bond mechanism for FimH binding to mannose in urethral lumen during a) no shear flow conditions where 
unbound and bound forms exist at equilibrium, and b) moderate shear flow conditions where the bound state is favoured. 

Under moderate shear flow conditions, the hydrodynamic drag on the micron-sized UPEC bacterium (not to scale) results in 
a physical force on the tether which activates the catch bond mechanism in FimH. The higher affinity binding to mannose 

under these conditions prevents the UPEC bacterium from being flushed out of the urinary tract during urination 

1.1.5 FimH binding pocket 
The FimH lectin domain contains 157 amino acids, which assemble to form an 11-ǎǘǊŀƴŘŜŘ ʲ-barrel 

structure.41 9ƴŎƻƳǇŀǎǎŜŘ ǿƛǘƘƛƴ ǘƘŜ ʲ-barrel structure is a polar binding pocket42 (residues Asn46, 

Asp47, Asp54, Gln133, Asn135 and Asp140) to which terminal mannose units can engage in a complex 

network of hydrogen bonding and electrostatic interactions.41 The polar binding pocket is surrounded 

by a hydrophobic region, (residues Phe1, Ile13 and Phe142)41 which contains a tyrosine gate (residues 

Tyr48, Ile52, Thr51 and Tyr137).41 This region provides support for the binding site through 

electrostatic interactions with the tyrosine gate, which is shown to be influential in the ability of 

ligands to enter the binding site.51 Further interactive features of the FimH lectin domain are a small 

hydrophobic pocket52 adjacent to the sugar binding pocket (residues Ile52, Tyr137 and Asn138),41 a 

salt bridge (residues Arg98-Glu50) which facilitates further hydrogen bonding,52 and the Tyr48 and 

Tyr137 residues, which partake in hydrophobic and ring stacking interactions52, 53 as well as forming 

direct and water-mediated hydrogen bonds to ligands.53 A summary of the main interactions that 

occur between the FimH lectin domain and mannose-based pentasaccharide 1.1 is presented in Figure 

1-9. 
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Figure 1-9. A depiction of the majority of interactions that occur between mannose based pentasaccharide 1.1 and the 
extended FimH binding site.51 Red indicates interactions mediated by Van der Waals, aromatic stacking and hydrophobic 

interactions, blue indicates interactions mediated by hydrogen bonding 

As depicted in Figure 1-9, the binding of a mannose-based ligand to the extended FimH 

binding site is the result of a complex network of interactions and hydrogen bonding. As such, small 

changes to the structure of the ligand can disrupt this binding network, resulting in either a decrease 

or complete loss of ligand affinity. Epimers of mannose (e.g. glucose and galactose) exhibit no 

inhibitory effects on FimH,41, 54, 55 due to the lack of an axial C-2 hydroxyl group preventing them from 

partaking in critical interactions with the polar binding pocket. The five-membered sugar fructose, 

which like mannose contains an axial C-2 hydroxyl group, has been shown to have weak activity for 

FimH.54 41, 55 A further stereochemical requirement exhibited by the FimH lectin domain is that the 

terminal mannose unit must be in the alpha orientation.56 ¢ŜǊƳƛƴŀƭ ʰ-mannosides can engage in 

water-mediated hydrogen bonding within the FimH lectin domain;41 these interactions would not be 

ǇƻǎǎƛōƭŜ ƛŦ ǘƘŜ ƳŀƴƴƻǎƛŘŜ ǿŀǎ ƛƴ ǘƘŜ ʲ-configuration.   

A further characteristic of the extended FimH binding site that facilitates critical interactions 

with ligands are its hydrophobic residues. These residues surround the mannose binding pocket and 

consists of the hydrophobic support and tyrosine gate residues as well as residue Thr51, which extends 

out of the hydrophobic ridge along a hydrophobic groove.41 Unlike the polar binding pocket, the 

ǘȅǊƻǎƛƴŜ ƎŀǘŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ŦƭŜȄƛōƭŜΣ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ƭƛƎŀƴŘǎ ōȅ ŀ ƳƛȄǘǳǊŜ ƻŦ ˉ-stacking and van der Waals 

interactions.41 The flexibility of the tyrosine gate is the result of the Tyr48 residue being able to rotate, 

allowing for three different tyrosine gate conformations; open, closed and half open.57 In its unbound 

resting state FimH adopts an open conformation; here the side chain of the Tyr48 residue is positioned 
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inwards facing residues Asp47 and Arg98 (Figure 1-10a).57 In the closed gate conformation the Tyr48 

residue shifts alignment towards the Thr51 residue (Figure 1-10b).58 If the side chain of the Tyr48 

residue is aligned somewhere between the open and closed position, then the gate is classified as half 

open.57 When bound to a ligand the tyrosine gate can either remain in its open conformation or shift 

to the half open or closed conformation.57 A conformational change often accompanies ligand binding 

in order to minimize Gibbs free energy, thus different ligands will bind to different conformational 

states.57, 58 When a ligand is flexible and can extend out of the binding site like some 

oligomannosides,51 the open conformation is adopted as this allows the second mannose residue in 

the oligosaccharide to interact with the Tyr48 residue of the binding site.52 When a ligand contains a 

sterically rigid aglycone group (e.g. 1,4-biaryl group) the tyrosine gate will shift to the closed 

conformation, positioning the aglycone residue outside of the tyrosine gate. This conformational shift 

is favoured by the formation of ǎǘǊƻƴƎ ˉ-stacking interactions between the aglycon and the outer side 

of the aromatic ring on the Tyr48 residue.52, 59  

 

Figure 1-10.a) Structure of FimH lectin domain when the tyrosine gate as open PDB 4AV057 b) Structure of the FimH lectin 
domain when the tyrosine gate is closed PDB 4ATT58. Note the movement of the Tyr48 residue (blue) from facing the Asp47 
residue (yellow) in the open conformer to facing the Thr51 residue (pink) in the closed conformer. The Arg98 residue (green) 

plays a role in stabilizing the surface loop conformation on which the Thr51 residue is located 
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1.1.6 Vaccines against targeting UTIs  
Due to the prevalence of UTI cases and increasing resistance rates to current treatments, a wealth of 

research has been performed into both preventative and curative strategies to treat UTIs.  

Preventative treatments have focused on the development of a vaccine. However, the 

development of a UTI targeting vaccine poses many challenges and many factors have to be taken into 

consideration. One major consideration is the high natural UTI recurrence rate, which suggests the 

immune systems of many patients are unable to mount an effective enough immune response to 

prevent secondary infections. The lack of a strong immune response could be the result of 

uropathogens being able to mask themselves and suppress the immune system.60 This raises the 

argument to whether a vaccine would be able to activate the immune system to the extent needed to 

elicit immunity. A further consideration is that the process by which protective immunity occurs in the 

urinary tract is not well understood; as such designing a vaccine that targets this process is difficult. In 

addition, UPEC populations display high levels of diversity, making deciding on a target antigen 

challenging.60  

Vaccines can generally be grouped into two broad categories: whole agent / whole cell 

vaccines and specific-antigen vaccines. Whole cell vaccines use either the whole microorganism in a 

weakened or inactive form or use a lysate of the microorganism, whereas specific-antigen vaccines 

include one or more antigen subunit. The majority of current vaccines licenced in the US target viruses 

(16 virus targeting vaccines vs 8 bacteria targeting vaccines)60 with most using whole cell targeting. 

Many vaccines which bacteria opt for a specific-antigen approach due to safety considerations. There 

are currently three bacterial vaccines on the market that use whole agent targeting; e.g. tuberculosis, 

anthrax and typhoid fever.60 A limitation of specific-antigen vaccines is that single antigens do not 

induce the same immune response as whole cells. Therefore, single antigen based vaccines are often 

less immunogenic and do not provide the same robust and long-lasting immune response as whole 

cell vaccines.60  To increase the immunogenicity of a single antigen, vaccine formulations often include 

an adjuvant (e.g. aluminium salts, the squalene-based MF59, the LPS-derived monophosphoryl lipid A 

(MPL) and liposomes),60 which serve to amplify the adaptive immune response in order to generate 

an effective immunological memory.61  

Despite whole cell targeting being of limited use in the development of bacterial based 

vaccines, StroVac (Strathmann AG, Hamburg, Germany), a human targeting UTI vaccine, was 

developed using this process.60 StroVac and SolcoUrovac (Solco Basel AG, Birsfelden, Switzerland and 

Protein Express, Cincinnati, OH, USA) are intramuscular polyvalent whole cell vaccines, both 

containing different compositions of ten strains of heat-killed uropathogens; six E. coli strains and 
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single strains of Klebsiella pneumoniae, Proteus mirabilis, Morganella morganii, and Enterococcus 

faecalis.60 Though the first clinical trials using SolcoUrovac showed the vaccine to be protective against 

recurrent UTIs,62 undesirable reactions were seen at the injection site.63 The vaccine formulation was 

altered for pessary application and The Protein Expression company in Ohio, USA obtained a licence 

from Solco to produce Urovac.63 Phase II and extended phase II clinical trials of the pessary formulation 

of UroVac found women treated with six doses at week 0, 1, 2 , 6 , 10 and 14 gained short-term 

protection from infections. However, by the end of the six-month study it was established that UroVac 

did not provide significant long-term protection from UTIs and did not induce an increase in UPEC 

specific serum, urinary or vaginal antibodies.64  

OM-89 / Uro-Vaxom (OM Pharma, Myerlin, Switzerland) is another UTI vaccine sold in almost 

40 countries.64  Uro-Vaxom is administered as a daily oral capsule, and is composed of a mix of 

lyophilized membrane proteins from 18 UPEC strains.64 Several double blind studies have been 

performed to assess Uro-Vaxom safety and efficacy.65, 66 Uro-Vaxom was found to significantly reduce 

UTI recurrence rates with only limited toxicity issues seen. The requirement for daily administration 

may limit Uro-Vaxom applications, due to issues with patient compliance.64-66  

Two further whole-cell targeting UTI vaccines are Urvakol (Institute of Microbiology, Prague, 

Czech Republic) and Urostim (National Center of Infectious and Parasitic Diseases, Sofia, Bulgaria). 

These vaccines are administered by an oral daily dose and are composed of a mixture of inactivated 

uropathogens containing strains of E. coli, P. mirabilis and E. faecalis, with Urvakol also containing a 

strain of Pseudomonas aeruginosa, and Urostim containing a strain of K. pneumonia. Initial patient 

and animal studies of Urvakol and Urostim appear promising, but the ability of either vaccine to 

prevent recurrent UTIs has not been confirmed as well-structured clinical trials have not yet been 

completed.64   

The development of a specific antigen vaccine which targets UTIs has been investigated. 

Adhesins such as FimH make attractive antigen candidates, as antibodies raised against them should 

block adhesion-host cell receptor binding and thus bacterial colonisation (Figure 1-11).67 FimH is 

critical to UPECs pathogenesis but is not highly abundant on UPECs surface; FimH is therefore a good 

adhesion for vaccine development.60  
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Figure 1-11. Cartoon depiction of proposed mechanism of action for a typical anti-adhesion FimH-based vaccine. With 
antibodies binding to FimH thereby blocking UPEC adhering to mannose saturated N-glycans (green squares) located on the 

urothelium surface 

Langermann and co-workers have performed research into FimH targeting vaccines.68-70 

Antibodies were raised in mice to two different purified FimH protein complexes; the first complex 

contained the periplasmic chaperone FimC bound to the full length FimH protein (FimC-H) and the 

second complex contained a naturally occurring mannose-binding FimH truncate (FimHt) 

corresponding to the N-terminal two thirds of the FimH protein. Antibodies were further raised against 

the whole type 1 pili purified from ORN103/pSH2.68 Initial results showed that both FimHt and FimC-

H induced a strong, long-lasting immune response, which could be further increased by booster 

immunizations.68 Using the flow cytometric method originally developed to evaluate rickettsia-cell 

attachment,71 the in vitro ability of FimHt and FimC-H antibodies to prevent bacterial adhesion to 

urothelium cells was investigated. The results showed both FimHt and FimC-H antibodies had the 

ability to prevent E. coli NU14 from binding to the urothelium cells.68 

Further work by Langermann and co-workers used mice models to investigate whether FimH 

vaccines could protect mice from developing UTIs. Mice were immunized with various FimH vaccines 

then infected with E. coli NU14, nine weeks after primary immunisation. Vaccinated mice showed a 

100 to 1000-fold reduction in the number of organisms recovered from the bladder compared to 

control mice (mice treated with only adjuvant or FimC-immunized control mice).68 Similar results were 

observed for mice vaccinated with the FimC-H vaccine, and mice vaccinated with the FimHt vaccine 

showed UTI protection lasting up to 29 weeks post immunisation.68 Furthermore, Langermann and co-

workers70 used a murine cystitis model to demonstrate that immunisation with FimC-H and MF59.C1 

reduced in vivo colonization of the bladder mucosa by UPEC by >99%.70  
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Murine models are useful tools in establishing the initial activity of a FimH vaccine. However, 

before starting human trials this activity should be verified using a nonhuman primate UTI model. 

Langermann and co-workers used Cynomolgus monkeys to further evaluate the activity of the FimC-H 

vaccine.69 Four monkeys were vaccinated with FimC-H in MF59 adjuvant and their systemic IgG 

antibody levels were monitored over time.69 Three of the four monkeys immunized showed an 

increase in production of FimH-specific IgG antibodies and displayed protection from type 1-piliated 

NU14 bacterial infections.69  

The UPEC type 1 fimbria subunit vaccine, FimCH was bought to phase II clinical trials by 

MedImmune, Inc (MA, USA) in 1999. However, the vaccine was discontinued in 2003 as clinical trials 

failed to demonstrate sufficient clinical efficacy to warrant phase III clinical trials.64 Since then Sequoia 

science have licenced the FimCH vaccine, changed the adjuvant 72 and entered it into clinical trials with 

the FDA granting the FimCH UTI vaccine fast track designation.73   

ExPEC4V is a further UTI-targeting vaccine consisting of a tetravalent E. coli bio-conjugate. This 

vaccine was worked on by GlycoVaxyn and Janssen Pharmaceutical. ExPEC4V has undergone phase Ib 

clinical trials and was shown to be well tolerated and reduce the number of E. coli induced UTI cases 

in the vaccinated group, warranting further phase II clinical trials.74   

1.1.7 Oligosaccharide based FimH inhibitors 
FimH primarily targets large branched mannose-capped oligosaccharides found on N-glycosylated 

proteins which line the urinary tract41 such as UPIa.75 The preference of FimH for mannose-capped 

ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ ƭƛƎŀƴŘ ŀŦŦƛƴƛǘȅ ŀǎǎŀȅǎΣ ǿƛǘƘ ʰ-D-mannose-capped oligosaccharides 

displaying 100-нлл ǘƛƳŜǎ ƎǊŜŀǘŜǊ ŀŦŦƛƴƛǘȅ ŦƻǊ CƛƳI ǘƘŀƴ ʰ-D-mannose monomers.41 This increase in 

affinity is due to mannose-based oligosaccharides being able to interact with the extended FimH 

binding site. 

Due to their role as natural FimH ligands and their ability to act as FimH inhibitors, much 

research has been performed into using mannose-capped oligosaccharides as a curative treatment for 

UPEC-induced UTIs. Sharon and co-workers76, 77 investigated the ability of a large range of mannose 

glycosides and mannose-capped oligosaccharides to inhibit E. coli-induced yeast aggregation.76, 77 The 

three most potent inhibitors were oligosaccharides 1.2, 1.3 and trisaccharide 1.4 (Figure 1-12),76, 77 

with research suggesting that trisaccharide 1.4 is the optimal size for binding to the extended FimH 

binding site.76, 77 Further investigation found that the high binding affinity displayed by trisaccharide 

1.4 was due to a few key structural components. Firstly, trisaccharide 1.4 contains a Man-ʰмΣ-3-Man 

linkage at the non-reducing terminus; this linkage has been shown to be highly preferential in FimH 

binding.78 A second beneficial structural feature is the presence of a N-acetyl glucosamine sugar, as 
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neither mannotriose 1.5 nor mannopentaose 1.6 (Figure 1-12) exhibited significantly higher FimH 

binding affinity than Man-ʰмΣ-3-Man 1.7 (Figure 1-12).78 Furthermore, docking studies suggest that 

the structure of trisaccharide 1.4 allows both the central mannose unit and the GlcNAc unit to interact 

with the tyrosine gate, accounting for the high affinity displayed by trisaccharide 1.4.78 

 

Figure 1-12. Compares the structures of potent oligosaccharide based FimH inhibitors (oligosaccharides 1.2, 1.3, and 
trisaccharide 1.4) to weak oligosaccharide based FimH inhibitors (mannotriose 1.5, mannopentaose 1.6 ŀƴŘ aŀƴʰ-1,3Man 

1.7) 

A further oligosaccharide with high affinity to FimH is oligosaccharide 1.1 (Figure 1-13, Kd = 20 

nM)78), displaying a 10-fold increase in affinity compared to Man-ʰмΣ-3-Man.51, 78 Oligosaccharide 1.1 

contains a terminal chitobiose unit; these units are ubiquitous in nature, providing a bridge between 

mannosides and asparagine residues in the Asn-X-Ser/Thr motif found in N-linked glycoproteins.51 

Chitobiose units have been shown to interact with the extended FimH binding site. A crystal structure 

of oligomannoside 1.1 bound to the extended FimH receptor binding domain identified some of the 

key binding interactions.51 Firstly, Man4 at the non-reducing end was shown to be anchored into the 

polar binding pocket.  Further interactions were mediated through the tyrosine gate interacting with 
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the Man-ʰмΣо-Man-ʲмΣп-DƭŎb!Ŏ ōŀŎƪōƻƴŜ Ǿƛŀ ǘƘŜ ʰмΣо ŀƴŘ ǘƘŜ ŦƛǊǎǘ ʲмΣп ƎƭȅŎƻǎƛŘƛŎ ƭƛƴƪŀƎŜǎΦ ¢ƘŜ 

second mannose unit at the non-reducing end, Man5, was not directly recognized by FimH due to the 

unit partially extending out of the binding site. GlcNAc1 was also shown to partially exit the binding 

site, folding over residue Thr51. Man5 and GlcNAc1 displayed the most flexibility of all the saccharide 

units,51 likely due to being the least closely bound to the extended FimH binding site. This crystal 

structure provides further evidence that trisaccharide 1.4 may construct the optimal motif for FimH 

binding, containing the critical Man-ʰмΣо-Man-ʲмΣп-GlcNAc backbone needed for interactions with the 

extended FimH binding site. 

 

Figure 1-13. Structure of the potent FimH inhibitor oligomannoside 1.1  

The oligomannoside structures discussed here were obtained by a number of different 

methods including chemical synthesis, isolation from yeast extract and isolation from the urine of 

patients suffering from mannosidosis and GM1 gangliosidosis. 66 51, 78 

Chemical synthesis is one of the most common methods used to obtain mannose-capped 

oligosaccharides. As is common in carbohydrate synthesis, the synthesis of these oligosaccharides 

relies on a complex scheme of protection, glycosylation and deprotection steps. To further add to this 

complexity, potent FimH inhibitors such as trisaccharide 1.4 and oligosaccharide 1.1 contain a critical 

-̡ƳŀƴƴƻǎƛŘƛŎ ōƻƴŘ ōŜǘǿŜŜƴ ǘƘŜ ŎŜƴǘǊŀƭ ƳŀƴƴƻǎŜ ǳƴƛǘ ŀƴŘ ǘƘŜ DƭŎb!Ŏ ǳƴƛǘΦ  ʲ-Mannosidic bonds have 

long been recognized as the most difficult linkages to construct for carbohydrate chemists.79 Over the 

last 25 years multƛǇƭŜ ƎǊƻǳǇǎ ƘŀǾŜ ŎƻƴŘǳŎǘŜŘ ŀ ǿŜŀƭǘƘ ƻŦ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ʲ-

ƳŀƴƴƻǎƛŘƛŎ ōƻƴŘǎΣ ŘŜǾŜƭƻǇƛƴƎ ǎȅƴǘƘŜǘƛŎ ƳŜǘƘƻŘǎ ǘƻ ŀŦŦƻǊŘ ʲ-mannosides in a high yielding and 

selective manner.79-84 Despite this research, the requirement for pre-activation and need for specific 

mannoside donor protection groups (e.g. O-4,6 benzylidene protection)85, 86 ǎǘƛƭƭ ƳŀƪŜǎ ʲ-mannoside 

synthesis challenging, and consequently many opt to preparŜ ǎƛƳǇƭŜǊ ʰ-mannoside counterparts. A 

further factor resisting the use of mannose capped oligosaccharides as therapeutics is their size which 

makes them unlikely to be orally absorbed. Lack of oral absorption coupled with synthetic complexity, 

has therefore restricted the application of mannose-capped oligosaccharides, and as such many 

ǊŜǎŜŀǊŎƘ ƎǊƻǳǇǎ ƘŀǾŜ ŎƘƻǎŜƴ ǘƻ ŦƻŎǳǎ ƻƴ ǘƘŜ ƳƻǊŜ Ŝŀǎƛƭȅ ǎȅƴǘƘŜǎƛȊŜŘ ʰ-D-mannopyranoside based 

inhibitors as FimH antagonists. 



Introduction 
 

43 
 

1.1.8  -hconfigured D-Mannopyranoside based inhibitors  
One of the first classes of D-mannopyranoside based FimH inhibitors were alkyl mannosides (Figure 

1-14, Table 1, Entry 1, page 56). These were discovered serendipitously when De Greve and co-workers 

found butyl- -hD-mannoside occupied the mannose binding site.87 Investigations found butyl- -hD-

mannoside (Kd = 151 nM) to bind to FimH with 15-ол ǘƛƳŜǎ ƎǊŜŀǘŜǊ ŀŦŦƛƴƛǘȅ ǘƘŀƴ ʰ-D-mannose (Kd = 2.3 

µM).87 Further investigation into the binding affinity of alkyl mannosides found that in general binding 

affinity increases as alkyl chain length increases, with the binding affinity peaking for hept-D-

mannoside (Kd = 5 nM).87 One theory explaining this trend is that increasing the chain length increases 

the van der Waals interactions with the hydrophobic groove and tyrosine gate, but once the alkyl chain 

is longer than a heptyl chain it extends beyond the hydrophobic region into solvent-exposed areas,41 

increasing the free binding energy and thus lowering binding affinity. 

 

Figure 1-14. Structure of the alkyl mannoside scaffold. Where n = 0-7 

 The alkyl mannosides used by De Greve and co-workers87 were synthesized using a procedure 

reported by Tidén and co-workers88 for the synthesis of octyl and tetradecyl mannosides. Here alkyl 

alcohols underwent silver triflate-promoted glycosylations to 2,3,4,6,-tetra-O-benzoyl- -hD-

mannopyranosyl bromide (Scheme 1-1), followed by Zemplén deacylation to afford the deprotected 

alkyl mannoside ligand. 

 

Scheme 1-1. Reaction scheme for the synthesis of alkyl mannosides, by glycosylation with aliphatic alcohols proceeding 
using a AgOTf activation system 

Sharon and co-workers89 ǊŜǇƻǊǘŜŘ ŀǊƻƳŀǘƛŎ ʰ-mannosides (Table 1, Entry 2, page 56) to be 

powerful inhibitors of the adherence of type 1 fimbriated E. coli to both yeast and intestinal epithelial 

cells. With p-nitrophenyl- -hmannoside 1.8 (Figure 1-15) shown to be approximately 70 times more 

ŜŦŦŜŎǘƛǾŜ ǘƘŀƴ ƳŜǘƘȅƭ ʰ-mannoside for both inhibiting yeast agglutination by E. coli 025 and inhibiting 

the adherence of E. coli 0128 to guinea pig ileal epithelial cells.76, 89 ¢ƘŜ ǘǿƻ Ƴƻǎǘ ǇƻǘŜƴǘ ŀǊƻƳŀǘƛŎ ʰ-

mannoside inhibitors reported by Sharon and co-workers76, 89 were p-nitro-O-chlorophenyl- -h

mannoside (pNo/ƭtʰaŀƴύ 1.9 and 4-methylumbelliferyl- -hƳŀƴƴƻǎƛŘŜ όaŜ¦Ƴōʰaŀƴύ 1.10 (Figure 
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1-15). These analogs were shown to increase the inhibition of yeast agglutination by E. coli 025 by a 

factor of 717 (pNo/ƭtʰaŀƴ 1.9ύ ŀƴŘ слл όaŜ¦Ƴōʰaŀƴ 1.10) coƳǇŀǊŜŘ ǘƻ ƳŜǘƘȅƭ ʰ-mannoside. A 

significant increase in inhibition of E. coli 0128 adherence to guinea pig ileal epithelial cells was also 

observed [470 times for (pNo/ƭtʰaŀƴ 1.9ύ ŀƴŘ млмр ǘƛƳŜǎ ŦƻǊ όaŜ¦Ƴōʰaŀƴ 1.10) with respect to 

ƳŜǘƘȅƭ ʰ-mannoside]. Thiǎ ƛƴŎǊŜŀǎŜ ƛƴ ŀŦŦƛƴƛǘȅ ŘƛǎǇƭŀȅŜŘ ōȅ CƛƳI ŦƻǊ ŀǊƻƳŀǘƛŎ ʰ-mannosides 

ŎƻƳǇŀǊŜŘ ǿƛǘƘ ƳŜǘƘȅƭ ʰ-mannoside is likely due to the aromatic side chain being able to establish 

favourable ̄ -ˉ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ǘȅǊƻǎƛƴŜ ƎŀǘŜΦ90 

 

Figure 1-15. Structure of p-nitrophenyl- -hmannoside 1.8, p-Nitro-O-chlorophenyl- -hƳŀƴƴƻǎƛŘŜ όǇbƻ/ƭtʰaŀƴύ 1.9 and 4-
methylumbelliferyl- -hƳŀƴƴƻǎƛŘŜ όaŜ¦Ƴōʰaŀƴύ 1.10 

Building upon the high potency displayed by p-nitrophenyl- -hmannoside, Lindhorst and co-

workers synthesized a series of para-ǎǳōǎǘƛǘǳǘŜŘ ŀǊȅƭ ʰ-D-mannosides, with one analog achieving 

significantly higher potency than p-nitrophenyl- -hmannoside [relative inhibitory potential (RIP) of 1.6 

vs 1].91 CǳǊǘƘŜǊ ǿƻǊƪ ƛƴǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴ ŀǊƻƳŀǘƛŎ ʰ-mannoside based inhibitor was 

performed by Han and co-workers.52 Here they synthesized a series of aryl-ǎǳōǎǘƛǘǳǘŜŘ ʰ-D-

phenylmannosides, evaluating their biological activity using a guinea pig red blood cell based 

hemagglutination (HA) assay. This assay measures the concentration of inhibitor needed for >90% HA 

inhibition, and this concentration is known as the hemagglutination inhibition (HAI) titre. The HAI titre 

of new compounds can be compared to that of other compounds in order to assess the potency of 

new compounds. 

 Han and co-workers synthesized an extensive series of aryl ǎǳōǎǘƛǘǳǘŜŘ ʰ-D-phenylmannosides 

functionalized with a variety of groups (Cl, NO2, CN, OMe, CO2Me, NHAc, CO2H, CONH2, CH2CO3Me) at 

either the ortho, meta or para position.52 Generally, it was noted that phenylmannosides 

functionalized at the ortho and meta positions gave better potency than phenylmannosides 

functionalized at the para position. The most potent phenylmannoside contained a methyl ester group 
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at both meta positions, being three times more potent than the phenylmannoside containing a single 

meta methyl ester.52  

Another well-investigated group of FimH-targeting analogs are biphenyl mannosides (Table 1, 

Entry 3, page 56).52, 59, 92, 93 Han and co-workers hypothesized that the potency of aryl mannosides 

could be increased by the addition of a second aryl ring. This hypothesis was explored using analogs 

containing an additional aryl ring system in conjugation with the parent ring of the aryl mannoside. 

The most potent analog was biphenyl mannoside 1.11 (HAI = 1 µM, IC50 = 0.94 µM)52 which contained 

a methyl ester at the meta position of the second ring system (Figure 1-16). A high resolution X-ray 

crystal structure of biphenyl mannoside 1.11, showed that both aromatic rings were able to partake 

ƛƴ ƘȅŘǊƻǇƘƻōƛŎ ŀƴŘ ˉ-ˉ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ŎƭƻǎŜŘ ¢ȅr-48 residue, with the methyl ester 

further able to hydrogen bond with the salt bridge (residues Arg-98 and Glu-50).52 

 

Figure 1-16. Structure of biphenyl mannoside 1.11 

 Further SAR evaluation of the terminal biphenyl mannoside aryl ring identified two potent 

biphenyl mannosides: biphenyl mannoside 1.12 (HAI = 0.15 µM) and biphenyl mannoside 1.13 (HAI = 

0.37 µM, IC50 = 0.74 µM)92 (Figure 1-17).52 Biphenyl mannoside 1.12 displayed good potency in the HAI 

assay, yet due to its insolubility could not be used in a biofilm assay.93 However, biphenyl mannoside 

1.13 was used in a biofilm assay and showed impressive activity, with an IC50 of 0.74 µM.93 Initial dosing 

in mice established biphenyl mannoside 1.13 to be orally bioavailable and stable to metabolism, and 

the only metabolic degradation pathway detected was hydrolysis of the glycosidic bond. Metabolic 

degradation of biphenyl mannoside 1.13 should be minimal as >95% was excreted in the urine 

unchanged. Moreover, no apparent toxicity was observed up to a dose of 200 mg/kg, using 

physiological changes and survival as assessment parameters. Further investigation using an adapted 

preclinical murine model suggested that biphenyl mannoside 1.13 was effective at preventing 

infections, treating established UTIs and increasing the activity of antibiotic treatments.93 
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Figure 1-17. Structure of biphenyl mannoside 1.12 and biphenyl mannoside 1.13 

Han and co-ǿƻǊƪŜǊǎ ǇǊŜǾƛƻǳǎ ǿƻǊƪ ƻƴ ʰ-D-phenylmannosides showed that substitution at the 

ortho position with chloro and cyano groups could significantly increase potency.52 Using widely 

available biphenyl mannoside 1.11 as a scaffold (Figure 1-18), Han and co-workers also synthesized a 

number of biphenyl mannosides substituted at the ortho position of the top ring, and observed the 

general potency trend CF3 > Cl = Me > OMe > F.92 One explanation for the increase in potency upon 

ortho substitution is that the presence of ortho substituents increases the hydrophobic contact with 

the tyrosine gate at residues Ile52 or Ile13. This explanation is supported by the potency trend seen 

above, as addition of a CF3 group would result in the largest increase in hydrophobic contact and thus 

the largest increase in potency. Further investigation was performed using biphenyl mannoside 1.14 

(IC50 = 1.35 µM)92 as a scaffold, with a similar potency trend observed: CF3 > Me > Cl.92 Two final analogs 

were synthesized; biphenyl mannoside 1.15 (HAI = 0.01 µM, IC50 = 0.043 µM)92 and biphenyl 

mannoside 1.16 (HAI = 0.02 µM, IC50 = 0.073 µM),92, with both displaying increased potency to 

biphenyl mannoside 1.13 (HAI = 0.37 µM).92 

 

Figure 1-18. Structure of biphenyl mannoside 1.11, biphenyl mannoside 1.14, biphenyl mannoside 1.15 and biphenyl 
mannoside 1.16 
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Biphenyl mannosides 1.15 and 1.16 displayed good potency, but their low log(p) values of -

6.27 and -8.46 respectively, suggest they would have poor oral absorption.92 Biphenyl mannoside 1.17 

(Figure 1-19) had a significantly higher log(p) of -3.89, and therefore should have better oral 

absorption.92 Pharmacokinetic studies in mice showed biphenyl mannoside 1.17 (IC50 = 0.16 µM)92 to 

be a promising lead candidate, maintaining a concentration in the urine and plasma well above the 

predicted minimum effective concentration for over 6 h. Further in vivo tests used a chronic infection 

mouse model; this model uses C3H/HeN mice with chronic cystitis at two-weeks post-infection. The 

efficacy of compounds can be monitored by the number of colony forming units (CFU) present at 

selective time periods after compound administration.93 Mice treated with biphenyl mannoside 1.17 

showed a significant reduction of chronic cystitis six hours post-treatment; however, by 24 hours post-

treatment the number of CFU had started to increase, but remained lower than in control mice.93 This 

CFU increase was shown to be prevented by administering three doses of biphenyl mannoside 1.17 

every eight hours. These in vivo experiments suggest that biphenyl mannoside 1.17 provided a 

promising lead compound which could be used in preclinical trials.93  

 

Figure 1-19. Structure of biphenyl mannoside 1.17 

A limitation of the antagonistic studies performed on previously designed biphenylmannosides 

ŀƴŘ ƻǘƘŜǊ ʰ-D-mannopyranoside based inhibitors are the methods used; e.g. a fluorescence 

polarization assay, an isothermal titration calorimetry (ITC) based assay, and a surface plasmon 

resonance (SPR)-based assay. These methods rely on the use of FimHLD,94 which is locked in the high-

affinity FimH conformation.44 As discussed previously, the FimH lectin can adopt three conformational 

states; an unbound low-affinity conformation, a bound medium-affinity conformation which occurs 

under static conditions, and a bound high-affinity conformation which occurs under shear force.94 

Therefore, only measuring an antagonist affinity against one FimH conformation could limit the 

accuracy of the results. Antagonistic studies performed using most target-based assays and cell based 

assays (e.g. hemagglutinin assays or a flow cytometry based assay) are not affected by these 

inaccuracies, as they use E. coli cells producing FimHFL, which can adopt all three conformers.94 

Monomeric FimHFL is inherently unstable94, 95 and thus a native model must be used instead. This 

model is composed of FimH expressed as a biomolecular complex, where the incomplete fold of 

FimHPD is complemented by a synthetic donor-strand peptide. Subsequently, comparison of the 
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binding affinities of a series of biphenyl analogs showed an approximate 100-fold decrease in affinity 

from FimHLD to FimHFL. Recent investigations into biphenyl mannoside affinity for FimHLD and FimHFL 

has led to the design of some promising substituted biphenyl mannoside analogs (Figure 1-20).94, 96 

These analogs display nanomolar potency against FimHFL and subnanomolar potencies against FimHLD, 

alongside promising pharmacokinetic properties.94, 96  

 

 

Figure 1-20. Structure of some substituted biphenyl mannoside analogs with promising FimH activity and pharmacokinetic 
properties,94, 96 such as dissociation constants (KD) and logPe values assessed using a parallel artificial membrane 

permeability (PAMP) assay 

The ortho-substituted biphenyl mannosides were synthesized via two routes (Scheme 1-2). 

Most analogs were synthesized using Pathway A. The first step of this pathway is Lewis acid mediated 

glycosylation of mannose pentaacetate with a 2-substituted 4-bromophenol analog (step a). This is 

followed by a Suzuki cross-coupling with a commercially available 3-substituted phenylboronic acid 

derivative to give a protected ortho-ǎǳōǎǘƛǘǳǘŜŘ п-biphenyl mannoside (step b). The final step is a 

Zemplén deacetylation, affording the deprotected ortho-ǎǳōǎǘƛǘǳǘŜŘ пΩ-biphenyl mannoside (step c).  
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Synthesis of the diamide analogs was performed using Pathway B, following the same initial and final 

steps as Pathway A (step a and d), but using a 3,5-di-(N-methylaminocarbonyl)-phenylboronic acid 

pinacol ester synthesized in-house (Pathway C) in the Suzuki cross-coupling reaction (step d).92  

 

Scheme 1-2. Synthesis of ortho-substituted biphenyl mannosides. Reagents and conditions: Pathway A + B; a) BF3·Et2O, 
CH2Cl2, reflux, 45 h, (25-75%); b) 3-substituted phenylboronic acid derivatives, cat. Pd(PPh3)4, Cs2CO3, dioxane/water (5/1), 

80 °C, 1 h; c) cat. MeONa, MeOH, rt, 12 h, (b+c 3-64%): Pathway C; d) MeNH2/EtOH, rt, e) bis(pinacolato)diboron, cat. 
Pd(dppf)Cl2, KOAc, DMSO, 80 °C 
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Lindhorst and co-workers used computer-based docking methods to predict the binding 

affinities of a number of FimH inhibitors; e.g. methyl mannose, p-Nitro-phenyl- -hmannoside and two 

squarate mannosides (squarate mannoside 1.18 and squarate mannoside 1.19, Figure 1-21). An 

enzyme-linked immunosorbent assay (ELISA) was performed to test the inhibitors ability to inhibit 

type 1 fimbriae-mediated bacterial adhesion, with methyl mannose used as a standard (RIP = 1). 

Squarate mannosides 1.18 and 1.19 were shown to be the most potent inhibitors in the ELISA, with 

RIPs of 1600 and 6900, respectively.90 For the inhibitors analysed the expected inverse trend between 

docking score and RIP was observed. One notable exception was squarate mannoside 1.18, which had 

a predicted FimH affinity higher than that of squarate mannoside 1.19. However, the ELISA showed 

squarate mannoside 1.19 to be 4 times more potent that squarate mannoside 1.18.90 

 

 Figure 1-21. Structure of squarate mannoside 1.18 and squarate mannoside 1.19 

 Following the discovery of squarate mannosides as potent FimH inhibitors90 it was 

hypothesized that the high potency observed with these ligands could be the result of covalent bond 

formation between squarate mannoside 1.18 and the FimH binding site (Scheme 1-3 depicts the 

proposed conjugation of  squarate mannoside 1.18 to a free amine on FimH, such as that on the N-

terminus). To see if this type of reaction was possible, squarate mannoside 1.18 was reacted with a L-

phenylalanine ester under physiological conditions (PBS buffer, pH 7.2).97 Conversion of squarate 

mannoside 1.18 to the diamide was observed by mass spectrometry.97  

 

Scheme 1-3. Reaction scheme for covalent bond formation between squarate mannoside 1.18 and the N-terminus of the 
FimH lectin (residue Phe1) 

 

physiological  
conditions  
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Further investigations were performed to see if cross-linking could occur within the 

carbohydrate recognition domain of FimH. For these investigations diamide squarate mannoside 1.20 

(Figure 1-22) was synthesized as its structure prevents covalent cross-linking to FimH.97 Diamide 

squarate mannoside 1.20 was shown to be a more potent inhibitor than squarate mannoside 1.18 

(diamide squarate mannoside 1.20 IC50 = 6.38 µM ± 3.7 vs squarate mannoside 1.18 IC50 =17.3 µM ± 

6.5).97 This provides strong evidence against the hypothesis that covalent cross-linking was responsible 

for the high potency previously observed with squarate mannoside analogues.97 Docking studies 

provided further opposing evidence, as for covalent cross-linking to the carbohydrate recognition 

domain to occur a mannoside must be ōƻǳƴŘ ƛƴ ŀƴ άǳǇǎƛŘŜ-Řƻǿƴέ ƳƻŘŜ, a mode not supported by 

the performed docking studies.97 Finally, samples of type 1-fimbriated E. coli were preincubated with 

different ligands prior to adhesion; if covalent cross-linking to the carbohydrate recognition domain 

of FimH was to occur then no bacterial adhesion would be possible after preincubation.97 The 

observation of concentration dependent inhibition provided further opposition to the covalent cross-

linking hypothesis.97  

 

Figure 1-22. Structure of Diamide squarate mannoside 1.20 

The general pathway for squarate mannoside synthesis is summarised in Scheme 1-4. It 

proceeds by initial hydrogenation of a p-ƴƛǘǊƻǇƘŜƴȅƭ ʰ-D-mannopyranoside derivative to afford a p-

aminophenyl- -hD-mannopyranoside derivative (step a). This amino-derivative is further reacted with 

diethylsquarate (step b). 90 Extraction of a diamide squarate mannoside requires a further reaction; 

ethylamine addition mediated by Et3N (step c).97 Synthesis of squarate mannosides can be simplified 

by using p-aminophenyl- -hD-mannopyranoside derivatives as starting materials, excluding the need 

for a hydrogenation.90 
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Scheme 1-4. Synthetic pathway for the preparation of squarate mannosides. Reagents and reaction conditions; a) Pd/C, H2, 
DMF rt, 1 h; b) diethylsquarate, DMF, rt, 12-14 h (a+b 55% b alone 63%);90 c) ethylamine, NEt3, MeOH, rt, 12h (63%)97 

 

 

 

 

Septanoses (Table 1, Entry 5, page 56) were introduced by Ernst and co-workers98 following 

ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴ ǘƘŀǘ ƳŜǘƘȅƭ ʲ-septanosides bound to the jackbean lectin concanavalin A (ConA) 

(another mannose-selective lectin).98 Ernst and co-workers98 used a competitive binding assay and ITC 

experiments to assess the potency of multiple septanose analogs on FimHLD. The results of these 

experiments showed 2-O-n-heptyl-1,6-anhydro-D-glycero-D-galactitol 1.21 (Figure 1-23) displayed a 

ten-fold lower potency for FimH than n-ƘŜǇǘȅƭ ʰ-D-mannopyranoside 1.22 (Figure 1-23) (IC50 = 1.37 ± 

0.3 µM vs 0.064 ± 0.02 µM, KD = 0.26 µM vs 0.029 µM).98 Further investigations showed that while 2-

O-n-heptyl-1,6-anhydro-D-glycero-D-galactitol 1.21 (Figure 1-23) establishes the same hydrogen 

bonding network at the FimH binding site as n-ƘŜǇǘȅƭ ʰ-D-mannopyranoside 1.22 (Figure 1-23),98 the 

formation of this network results in a loss of conformational flexibility, causing a loss of entropy.98 

 

Figure 1-23. Structure, IC50 values and KD values of 2-O-n-heptyl-1,6-anhydro-D-glycero-D-galactitol 1.21 and n-ƘŜǇǘȅƭ ʰ-D-
mannopyranoside 1.2298 
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Gouin and co-workers developed a further class of D-mannopyranoside based inhibitors: 

thiazolylaminomannosides (TazMan) and neothiazolylaminomannosides (NeoTazMan) (Table 1, Entry 

6, page 56).99, 100 A series of TazMan analogs were originally developed based on scaffold 1.1 (Figure 

1-24); with the most potent analogue, thiazolylaminomannoside 1.23, being 100-times more potent 

at preventing adherent-invasive Escherichia coli (AIEC) attaching to the intestinal cells compared to n-

ƘŜǇǘȅƭ ʰ-D-mannopyranoside 1.22  (Figure 1-24).100 Despite thiazolylaminomannoside 1.23 displaying 

high in vitro potency, it showed limited in vivo efficiency, likely due to having low pH stability and low 

water solubility; this restricts the applications of thiazolylaminomannoside 1.23.100 To combat these 

poor in vivo results, Gouin and co-workers synthesized a second neothiazolylaminomannoside 

(NeoTazMan) series based on scaffold 1.2 (Figure 1-24).99 Thiazolylaminomannoside 1.23 

NeoTazMans counterpart neothiazolylaminomannoside 1.24 (Figure 1-24) was shown to have 

improved in vivo properties, being stable to both enzymatic and acid hydrolysis. However, 

neothiazolylaminomannoside 1.24 was shown to be 2.8 times less potent than 

thiazolylaminomannoside 1.23 with an IC50 of 194 nM vs 70 nM.99 These initial investigations show 

that both TazMan and NeoTazMan are effective FimH inhibitors. However, it is unknown how 

applicable these analogs are as therapeutics in the treatment of UPEC induced UTIs, as existing studies 

ƘŀǾŜ ƻƴƭȅ ŜȄǇƭƻǊŜŘ ǘƘŜƛǊ ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ /ǊƻƘƴΩǎ 5ƛǎŜŀǎŜΦ99, 100 
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Figure 1-24. Structure of thiazolylaminomannosides scaffold 1.1 and neothiazolylaminomannoside scaffold 1.2 and 
structure and IC50 values of thiazolylaminomannosides 1.23 and neothiazolylaminomannoside 1.2499 

The final clasǎ ƻŦ ʰ-D-mannopyranoside based inhibitors discussed in this review are 

indolynylmannosides (Table 1, Entry 7, page 56), which were first investigated by Ernst and co-

workers.101 Ernst and co-ǿƻǊƪŜǊǎ ǎȅƴǘƘŜǎƛȊŜŘ ŀ ǎŜǊƛŜǎ ƻŦ ƛƴŘƻƭȅƭǇƘŜƴȅƭ ŀƴŘ ƛƴŘƻƭƛƴȅƭǇƘŜƴȅƭ ʰ-D-

mannosides and then investigated their inhibitory and pharmacokinetic properties. The most 

promising analogue was indolinylphenyl 1.25 (Figure 1-25) achieving an IC50 of 20 nM.101 Administering 

a low dose of indolinylphenyl 1.25 (1 mg / kg) to a mouse model achieved a minimum inhibitory 

concentration in the bladder for > 8 h.101 Furthermore, a 1 mg / kg dose of indolinylphenyl 1.25 was 

shown to reduce colony-forming units in the bladder by a factor of 3.7 compared to untreated mice; 

this result is in line with the reduction seen in mice treated with ciprofloxacin (8 mg / kg).101 
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Figure 1-25. Structure and IC50 value of indolinylphenyl 1.25101 

A factor that must be considered when designing mannose-based inhibitors is selectivity, as 

humans possess other mannose binding lectins (e.g. human mannose binding proteins) meaning a lack 

of selectivity can result in off-target reactions. Ernst and co-workers102 have previously investigated 

the selectivity of five potent FimH antagonists all with nM IC50 values (Figure 1-26) against eight human 

mannose receptors. If an analogue displayed 105 times greater potency for FimH over the mannose 

binding proteins it was classified as selective, and assumed to not cause adverse effects due to non-

selective binding.102 All inhibitors tested were shown to have a 105 fold lower affinity for the human 

mannose binding proteins than FimH, confirming their selectivity.102 The FimH inhibitors have been 

optimized to contain hydrophobic substituents at their reducing end; these substituents can interact 

with the tyrosine gate located at the entrance of the FimH binding site. The tyrosine gate is a feature 

unique to FimH, which likely explains the selectivity displayed by these inhibitors.102 Furthermore, 

multivalent ligand presentation is known to be hugely important in nature, and as the inhibitors 

investigated here are only capable of monovalent binding they likely only display low affinity for 

human mannose receptors.102 
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Figure 1-26. {ǘǊǳŎǘǳǊŜǎ ƻŦ ǘƘŜ ʰ-D-Mannopyranoside based inhibitors, n-ƘŜǇǘȅƭ ʰ-D-mannopyranoside 1.22, ōƛǇƘŜƴȅƭ ʰ-D-
mannopyranoside derivatives 1.26 and 1.27, indolylphenyl mannoside derivative 1.28 and squarate mannosides derivative 

1.29 
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Table 1. Depicts the different h-D-mannopyranoside based inhibitors discussed above  

Entry Structure  Reference(s) 

1) Alkyl 

mannosides 

 

 

 

 

 

 

87 

 

2) Aryl 

mannosides 

 

 

 

 

 

 

 

 

52, 89-91 

 

3) Biphenyl 

mannosides 

 

 

 

 

 

 

 

 

 

52, 59, 92, 93, 96 
 
 

4) Squarate 

mannosides 

 

 

 

 

 

 

 

 

90, 97 
 

5) Septanoses  

 

 

 

 

 

 

 

98 
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6) Thiazolylamino

mannosides 

(TazMan) and 

Neothiazolylam

inomannosides 

(NeoTazMan) 

 

 

 

 

 

 

 

 

 

 

 

 

 

99, 100 

7) Indolynyl-

mannosides 

 

 

 

 

 

 

 

101 

 

1.1.9 Use of polyvalent mannose scaffolds in FimH  
In nature carbohydrate ligand presentation is mainly multivalent,102 ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ǇƻǘŜƴŎȅ ƻŦ ʰ-

D-mannopyranoside based inhibitors may be limited due to only achieving monovalent targeting. The 

phenomenon describing how many multivalent ligands display greater affinity than their monovalent 

ŎƻǳƴǘŜǊǇŀǊǘǎ Ƙŀǎ ōŜŜƴ ǘŜǊƳŜŘ ǘƘŜ άŎƭǳǎǘŜǊ ƎƭȅŎƻǎƛŘŜ ŜŦŦŜŎǘέΦ103, 104 Multivalent ligand presentation can 

increase lectin binding via multiple factors, including receptor clustering and cross-linking.105 Receptor 

clustering occurs when monovalent lectins / ligands are anchored to the cell membrane. The presence 

of a multivalent binding species can capture receptors freely diffusing in the membrane, thus inducing 

receptor clustering (Figure 1-27). However, this mechanism is unlikely to occur in the bacterial outer 

membrane (OM) due to the restricted lateral diffusion of OM proteins.106 Receptor clustering may 

occur by default in the bacterial OM near sites of beta-barrel transmembrane protein insertion (i.e. 

BAM complex will mediate insertion of FimD) due to the restricted lateral diffusion. As a consequence, 

the transmembrane FimD usher protein may already be present at the extracellular surface in 

clusters.105 Multivalent ligand presentation can further increase lectin binding through cross-linking. 

Here, individual ligands on a multivalent species bind to lectins on separate target units, cross-linking 

them and aggregating bacteria together (Figure 1-27).105 Due to the complexity of multivalent 

ŎŀǊōƻƘȅŘǊŀǘŜ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ƛǘ ƛǎ ƻŦǘŜƴ ŀƴ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜ ŦŀŎǘƻǊǎ ǘƘŀǘ ŎŀǳǎŜ ǘƘŜ άŎƭǳǎǘŜǊ 
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ƎƭȅŎƻǎƛŘŜ ŜŦŦŜŎǘέΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ CƛƳI ƛǘ ƛǎ ƭƛƪŜƭȅ ǘƘŀǘ ƳǳƭǘƛǾŀƭŜƴǘ ƳŀƴƴƻǎŜ-based ligands bind to 

multiple different FimH units, resulting in the formation of E. coli clusters.  Multivalent glycomaterials 

attached to filters have been used to aggregate E. coli and remove it from solution.107, 108 

 

Figure 1-27. Diagram showing two potential mechanisms whereby multivalent ligands can increase apparent binding 
affinity. a) Clustering effect where a multivalent ligand binds to one receptor initially and then captures additional receptors 
as they diffuse into close proximity resulting in clustering of the ligand -bound receptors. b) Induced aggregation whereby 

multivalent ligands bind to multiple lectins on different bacterial units cross linking them together 

There has been substantial research into the development of FimH-targeting polyvalent 

mannose scaffolds, with applications in the treatment of UPEC-induced UTIs. Multiple different 

polyvalent mannose scaffolds have been investigated with three of the major ones being multimeric 

heptylmannosides,109-113 glycoclusters114-117 and dendrimers.118-121 

One of the most researched polyvalent scaffolds are multimeric heptylmannosides (Table 2, 

page 61); these aim to build upon the high-ƛƴƘƛōƛǘƻǊȅ ǇƻǘŜƴŎȅ ŘƛǎǇƭŀȅŜŘ ōȅ ƘŜǇǘȅƭ ʰ-D-mannoside (HM) 

(Figure 1-7). Gouin and co-workers synthesized an initial series of multivalent glycoconjugates (Table 

2, Entry 1, page 61) based on a 1,1,1-tris(hydroxymethyl)ethane or pentaerythritol core and measured 

their inhibitory potencies using a HAI-assay and a bladder binding assay (BBA) with human bladder cell 

line 5637.109 Both the HAI titre and the BBA data showed a positive correlation between potency and 

valency.109 A second multivalent HM glycoconjugates series (Figure 1-28, Table 2, Entry 2, page 61) 

was designed based on a carbohydrate core, with one heptamannoside analog tethered to a ring-

ƻǇŜƴŜŘ ʲ-cyclodextrin.110 Binding affinity of this series was examined using HAI titre and ITC 

measurements. As with the previous series, HAI titre measurements showed a positive correlation 

ōŜǘǿŜŜƴ ǾŀƭŜƴŎȅ ŀƴŘ ǇƻǘŜƴŎȅΣ ǿƛǘƘ ǘƘŜ ƘŜǇǘŀǾŀƭŜƴǘ ƻǇŜƴŜŘ ʲ-cyclodextrin glycoconjugate achieving 

a titre in the nanomolar region (60 nM).110 Though initial ITC measurements supported this trend, 

latter measurements varied, likely due to increased calorimetry noise reducing the accuracy of the Kd 

measurements.110 ¢ǿƻ ŦǳǊǘƘŜǊ ƘŜǇǘŀǾŀƭŜƴǘ ʲ-cyclodextrin-linked HM glycoconjugates (Table 2, Entry 
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3, page 61) were synthesized using two different spacer lengths. Their biophysical properties were 

assessed using ITC, extracting Kd ǾŀƭǳŜǎ ŀƴŘ ƳƻƭŀǊ ǊŀǘƛƻǎΦ .ƻǘƘ ƘŜǇǘŀǾŀƭŜƴǘ ʲ-cyclodextrin-linked 

glycoconjugates were significantly more potent than their monovalent counterparts, with Kd values in 

the nanomolar range.111 Reverse titration measurements showed that the use of a shorter spacer unit 

led to superior potency (Kd = 2.9 nM ± 0.03) compared to the use of a longer linker (Kd = 33.0 nM ± 

6.6), despite only achieving partial binding occupancy (molar ratios = 3.01 ± 0.03 for the short spacer 

and = 7.7 ± 0.06 for the longer spacer).111 This suggests potency is not solely dependent on valency. 

The in vivo properties of both ƘŜǇǘŀǾŀƭŜƴǘ ʲ-cyclodextrin-linked glycoconjugates were assessed using 

a murine cystitis model with C3H/HeN mice. Both heptavalent glycoconjugates were shown to be 100 

times more potent than their monovalent counterparts.111    

 

Figure 1-28. Structure of multivalent HM glycoconjugates series designed upon using a carbohydrate core where n= 0, 1,2 
and 6 (when using ̡ -cyclodextrin core) 

Further work into development of a multivalent heptylmannoside has investigated the design 

and use of glyconanoparticles 113 (Table 2, Entry 4, page 61) and multimeric heptyl-mannosides112 

(Table 2, Entry 5, page 61) in targeting adherent invasive Escherichia coli (AIEC), a bacterial strain 

ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ƛƭŜŀƭ ƭŜǎƛƻƴ ƻŦ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ ǇŀǘƛŜƴǘǎ.112   
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Table 2. Summary of the multivalent heptamannoside structure discussed 

Entry Core unit Reference  

1)  

 
 
 
 
 
 
 

 
 

109 

2)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

110 

3)  

 

 

 

 
 

 

 

 

 

 

111 
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4) 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
113 

5)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

112 

 

Mannose-based glycoclusters are a further polyvalent mannose scaffold that has been 

investigated. Multiple different glycocluster series have been synthesized using a variety of different 

backbone scaffolds (Table 3); e.g. cysteine residues (Table 3, Entry 1),114 functionalized pentaerythritol 

(Table 3, Entry 2),115 thiourea-bridged clusters (Table 3, Entry 3),116, 122 peptide-bridged clusters (Table 

3, Entry 4)122 and carbohydrate centred clusters (Table 3, Entry 5).117 The in vitro efficacy of different 

glycocluster series have been assessed using a variety of methods; e.g. IC50 measurements, inhibition 
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ƻŦ ōŀƪŜǊΩǎ ȅŜŀǎǘ ŀƎƎƭǳǘƛƴŀǘƛƻƴ ŀǎǎŀȅΣ I!L ǘƛǘǊŜΣ ŀƴŘ 9[L{!Φ DŜƴŜǊŀƭƭȅΣ ŀ ǇƻǎƛǘƛǾŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ 

potency and valency was observed. However, other factors such as scaffolds structure (e.g. inclusion 

of a phenyl unit in the scaffold) were shown to significantly contribute to potency.  

 

Table 3. Summary of the organic scaffold used in the synthesis of mannose-based glycoclusters 

Entry  Organic 

scaffold  

Structure Reference  

1 Cysteine   
 
 

 
 

114 

2 Azide or alkyne 

bearing 

pentaerythrito

ls 

 

 
 
 
 
 
 
 
 

 
 
 
 

 

115 

3 Thiourea- 

bridged 

clusters 

 

 
 

 

116, 122 

4 

 

 

 

 

 

 

 

 

 

Peptide- 

bridged 

clusters 

 

 

 
 
 
 

 

122 
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5 Carbohydrate 

centred cluster  

 

 
 
 
 
 

 

117 

 

Investigations have also focused on the synthesis of a mannose-bearing dendrimer.118-121 Roy and 

co-workers synthesized multiple series of mannose-bearing dendrimers using different scaffolds. One 

scaffold ƻŦ ǇŀǊǘƛŎǳƭŀǊ ƴƻǘŜ ǿŀǎ ǘƘŜ ʰ-amino-L-lysine scaffold, from which they synthesized a dendrimer 

containing 16 mannose units with a potency 500 times greater than methyl mannose (HAI titre = 1.0 

µM vs 500 µM).119   

Diamond nanoparticles can also serve as a polyvalent mannose scaffold. Mannose-functionalized 

diamond nanoparticles where originally applied to the detection and removal of E. coli from bacteria-

polluted water.108 More recently mannose-functionalized diamond nanoparticles have been 

demonstrated to be potent E. coli anti-adhesives, displaying impressive potency in a bladder cell 

adhesion assay (RIP = 9259 vs 1 for methyl mannose)123 as well as reducing E. coli biofilm formation.123 

A final scaffold discussed here is fullerenes. Copper-catalysed click chemistry was used to 

functionalize fullerenes with mannose moieties,124 yielding three fullerene analogs bearing 12 

mannoside units.125 ITC and SPR showed these polyvalent analogs to be capable of multivalent binding 

and found that both polyvalent and monovalent analogs displayed a Kd in the nanomolar range.125 A 

further HAI-assay was performed which found the polymeric fullerenes to be between 2.8-30 times 

more potent than their monomeric counterparts.  

Other polyvalent mannose scaffolds reported include glycopeptides,121, 126 polyvalent 

nanoparticles127 and pillar[5]arene derivative.128 Research into these scaffolds is in its infancy but 

initial in vitro investigations appear promising.  

Oral administration is the preferred route for drug administration, and as such the applications 

of any analogue which cannot be orally administered are limited. Due to their large structure and high 

hydrogen bond donor and acceptor content, polyvalent mannosides are unlikely to be orally absorbed. 

This could severely limit their applications in the treatment of UTIs but also makes them potentially 

powerful candidates in the treatment of AIEC-ƛƴŘǳŎŜŘ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜΦ 113 112 Indeed clinical trials are 

currently being performed on the use of multivalent inhibitor Sibofimloc (TAK-018/EB8018) in the 

ǘǊŜŀǘƳŜƴǘ ƻŦ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜΦ129 130 
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1.2  Section B  

1.2.1 Protein bio-conjugation methodologies  
Bio-conjugation of proteins to other macromolecules or small molecules is a vital tool that enables 

biological processes and interactions to be studied,131 and allows pharmaceutical agents such as 

antibody drug conjugates (ADCs) to be developed.132 A number of different site-selective protein bio-

conjugation methods have been developed,133-139 and some of the most widely utilised are discussed 

below.  

1.2.1.1 Canonical amino acid based protein bio-conjugation methodologies  
Canonical amino acid-based protein ligation methodologies refer to protein bio-conjugation methods 

which target naturally encoded amino acids, such as cysteine and lysine residues. As many proteins 

may contain several of these amino acids in a surface-exposed position, these methods are often non 

site-specific.   

Cysteine residues are highly popular in canonical amino acid targeting, and there are multiple 

advantages for targeting cysteine residues. Of all the 20 canonical amino acids cysteine is the most 

robustly nucleophilic with its thiol moiety offering a unique reactive handle.140 The high reactivity of 

the thiol group allows cysteine to participate in numerous different bio-conjugation methods, forming 

conjugates connected by either a Sprotein-C or Sprotein-S bond (Scheme 1-5).140 A further advantage of 

targeting cysteine residues is their low abundance (< 2%)140, 141 in proteins allows for potential single 

site targeting.  

 

Scheme 1-5.  Potential bio-conjugation reactions which can be performed on cysteine residues. Sprotein-C bond formation 
reactions include aminoethylation (buffer pH 8.9, 25 °C, 24 h),142 treatment with iodoacetamide (buffer pH 8.2. r.t., 30 

minutes),143 maleimide ligation (buffer pH = 6.5 ς 7.4, r.t.) and vinyl sulfone ligation (buffer pH = 8.5, r.t., 24 h).144 Sprotein-S 
bond formation reactions include Dha formation (for formation methods see145), disulfide formation and desulfurization of 

disulfides (P(NMe)3 2 eq, buffer, pH = 9.5, r.t., 12 h)146 
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Maleimide ligation (Scheme 1-6) is one of the most popular site-selective bio-conjugation 

methods.147 The success of maleimide ligations is largely due to their fast reaction times (k = 734 M-1 

s-1)148 and wide availability of maleimide-functionalised linkers and probes. All these factors have 

allowed maleimide ligation to be employed for protein bio-conjugations in the pharmaceutical 

industry; specifically for the assembly of antibody drug conjugates, such as Trastuzumab emtansine, 

Brentuximab vedotin and Vadastuximab talirine.149 Further applications of maleimide ligation are the 

development of a vaccine candidate for B cell lymphoma,150 labelling proteins or peptides with 

fluorophores151 for further use in assays or microscopy, synthesis of a peptide glycoconjugate with 

applications as a targeted potent HIV inhibitor152 and the formation of protein-protein conjugates.153    

 

 Scheme 1-6. Reaction scheme for maleimide ligation including reaction conditions154 and kinetic information148  

Though the products of maleimide ligations are often considered stable, it has been suggested 

that competing thiols could cause reversal via initial retro-Michael reactions.155 Additionally, 

maleimide adducts can undergo hydrolysis leading to further decomposition of protein conjugates.155, 

156 More recently some bio-conjugation experiments have focused on the use of bromomaleimides. 

Bromomaleimides offer a method for making reversible conjugates, as they react rapidly and 

selectively with cysteine residues, yet upon treatment with TCEP the free cysteine can be regenerated. 

Furthermore, treatment of the thiomaleimides product with a base in methanol affords 

dehydroalanine; this reversibility is potentially important as in some conjugation reactions only 

temporary tethering is required.157  A further advantage of using bromomaleimides is they allow dual 

modification (Scheme 1-7); an initial reaction with a cysteine residue displaces the bromine via 

nucleophilic substitution and a reaction with a second cysteine can then occur via Michael addition.158  
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Scheme 1-7. Reaction scheme for dual modification of a bromomaleimide 

Vinyl sulfones137 are an alternative Michael acceptor that can be selectively reacted with 

cysteine residues159 (Scheme 1-8). At present vinyl sulfones are less widely used than maleimides due 

to their higher reactivity towards hydroxyl groups,160 making off-target reactions more likely.  

 

 Scheme 1-8. Reaction scheme for vinyl sulfone mediated ligation. Displaying the reaction conditions used to conjugate 
rhodamine dye (R) to concanavalin A (protein)148 

There are limitations associated with targeting cysteine residues. Firstly, the introduction of 

additional cysteine residues into proteins can result in intramolecular disulfide bond formation and 

protein misfolding. Furthermore, free cysteine residues can undergo promiscuous side reactions with 

co-factors such as metal ions. A final complication associated with protein cysteine mutants is that the 

introduction of a free cysteine residue can often lead to intermolecular disulfide bond formation, 

resulting in protein dimers which cannot undergo conjugation reactions; cysteine mutants thus 

require treatment with a reducing agent prior to conjugation. 

Another canonical amino acid which is heavily targeted in bio-conjugation reactions is lysine, 

as a wide variety of different reactions can utilise the nucleophilic primary amine lysines present 

(Scheme 1-9).161 Lysine residues are more prevalent than cysteine residues161 and as such bio-

conjugation methods targeting lysine residues are rarely site-selective. However, bio-conjugation 

methods targeting lysine residues have found a niche in the synthesis of conjugates where multiple 

conjugations are beneficial (e.g. glycoconjugate vaccines formulation).162-164  
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Scheme 1-9. Potential bio-conjugation reactions which can be performed on lysine residues, including the use of activated 
esters (buffer, pH 7.2 ς 9, r.t., 30 minutes), isothiocyanates, isocyanates, sulfonyl chlorides (pH 8.0, r.t. ς 37 °C, 1-2 h),165 and 

reductive amination (buffer, pH 6.5 ς 8.5166 r.t.) reactions 

1.2.1.2 Non-canonical protein bio-conjugation methodologies 
The major limitation of using canonical amino acids during bio-conjugations is the lack of site-selective. 

To overcome this limitation a number of site-specific bio-conjugation methodologies have been 

designed, relying on the installation of a unique functionality into the protein. The three most 

commonly installed functionalities are azides, alkynes and aldehydes. These functionalities can either 

be installed using unnatural amino acid (UAA) mutagenesis or via chemical or enzymatic treatment of 

the existing amino acid residues. It is not the purpose of this work to review UAA mutagenesis but 

previously published reviews are available.140, 167    

 Bio-conjugation methodologies which rely on an azide or alkyne moiety proceed via a 

cycloaddition reaction pathway. Here two or more unsaturated moieties combine to form a cyclic 

adduct in which there is a net reduction of the bond multiplicity. Most organic chemists are familiar 

with the Diels-Alder reaction between a conjugated diene and a substituted dienophile.168 The two 

most well-studied cycloaddition-based bio-conjugation methods are azide-alkyne ligation133, 134 and 

tetrazine ligation.136 .ƻǘƘ ǘƘŜǎŜ ƭƛƎŀǘƛƻƴǎ ŀǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άŎƭƛŎƪέ ŎƘŜƳƛǎǘǊƛŜǎ ŘǳŜ ǘƻ ǘƘŜƛǊ ǎƛƳǇƭƛŎƛǘy, 

speed, high reactant and product versatility, regiospecificity and high yield.169, 170 Azide-alkyne ligation 

has been widely used within the literature since 2002, when both Sharpless and co-workers133 and 

Meldal and co-workers134 independently introduced the copper-catalysed azide-alkyne cycloadditions 

(CuAAC) (Scheme 1-10). CuAAC have been successfully used to label both proteins171 and live cells,172 

and have been used in the formation of pharmaceutical analogues.173 However, the use of Cu-
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catalysed azide-alkyne ligations is limited, as Cu (I) is readily oxidised to Cu (II) in solution. For this 

reason, Cu (I) is often generated in situ, using a Cu (II) source and an excess of reducing agent, such as 

sodium ascorbate174 or hydrazine.175 The combination of Cu (I) and sodium ascorbate can lead to the 

generation of reactive oxygen species, which can further react with other chemical species to have a 

detrimental effect on experimental results.174 This potential for side reactions, coupled with the high 

toxicity of Cu towards cells,176 limits the experimental use of the Cu-catalysed azide-alkyne ligation, 

especially in cell-based assay experiments and protein ligations performed within living cells.   

 

Scheme 1-10. Reaction scheme for CuAAC including reaction conditions and kinetics148  

In 2004 Bertozzi and co-workers introduced the strain-promoted azide/alkyne cycloaddition 

(SPAAC)135 (Scheme 1-11). The replacement of an unstrained alkyne with a strained cyclooctyne 

removed the need for a Cu catalyst, as the cyclic strain of the cyclooctyne accelerates the uncataylsed 

reaction with the azide. Since their introduction SPAAC ligations have proved to have many 

applications within chemical biology. One example is the development of an antibody-free western 

blot analysis method,177 using an azide functionalised protein which is further coupled to an aza-

dibenzocyclooctyne containing fluorescent probe.177 Furthermore, SPAAC has been used to develop a 

new methodology for the synthesis of covalent protein-oligonucleotide conjugates.178  

 

Scheme 1-11.Reaction scheme  for SPAAC including kinetic parameters148 
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The increasingly popular tetrazine ligation to a strained alkene, such as a trans-

cyclooctene derivative with a reactive tetrazine moiety, is an example of an inverse electron-

demand Diels-Alder reaction (Scheme 1-12), which is followed by a retro [4+2] 

cycloaddition.136 The tolerance of this reaction to a broad range of substrate functionalities 

and bio-orthogonal conditions, (such as water and cell media)136 has meant tetrazine ligations 

have found numerous applications, in both chemical and cell biology. Tetrazine ligation has 

been successfully used to synthesise radiolabelled-F18 conjugates which can be used in PET 

scan imaging of intraportally transplanted islet cells.179 Tetrazine ligation has further been 

used in in vitro labelling experiments, Hilderbrand and co-workers180 showed that the 

addition of a tetrazine conjugated fluorochrome could label pre-targeted antibodies both 

selectively and rapidly.180 These examples showcase just a few of the applications of tetrazine 

ligation; further applications can been seen in a review paper on the subject.181   

 

 Scheme 1-12.Reaction scheme for the tetrazine ligation including kinetic parameters182 

Hydrazone/oxime ligations (Scheme 1-13) involve the reaction of either a hydrazine or 

hydroxylamine/aminooxy reagent with an aldehyde to form either a hydrazone or oxime linkage.138 

Due to the ease of aldehyde-installation into proteins,138 hydrazone/oxime ligations have also been 

applied to the conjugation of proteins to fluorescent probes.183-186 Oxime ligations have been further 

showcased in the conjugation of carbohydrates to proteins, using proteins bearing a site-specifically 

installed formylglycine residue and complex aminoxy glycans.187, 188 Oxime ligation has been further 

used to synthesise a nanobody conjugate which can selectively destroy HER2-positive breast cancer 

cells.189 Although hydrazine or hydroxylamine functionalised probes are easy to synthesise, the C=N 

bond formed between protein and substrate via hydrazone/oxime ligation is susceptible to hydrolytic 

cleavage over time,190 limiting the long term stability of the protein-conjugate. A further drawback of 

hydrazone/oxime ligation is that optimal reaction pH for both is pH 4.5,191 which many proteins cannot 

tolerate without some denaturation occurring. The use of nucleophilic catalysts such as aniline can 
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overcome this problem however, allowing many proteins to undergo hydrazone/oxime ligation at 

neutral pH,191 but even in these cases the concentrations of nucleophilic catalyst needed - often as 

much as 100 mM for oxime ligation192 - can be toxic to live cells.192 

 

 Scheme 1-13. Reaction scheme for hydrazone / oxime ligation including kinetic parameters for both hydrazone (with and 
without the nucleophilic catalyst aniline)138 and oxime ligation148  

A further ligation methodology that targets protein aldehydes is the Pictet-Spengler reaction 

(Scheme 1-14a). This is the cyclisation reaction between tryptamines and aldehydes, following initial 

iminium formation with subsequent intramolecular cyclisation.138 A variation of this reaction with 

improved kinetic performance is the iso-Pictet-Spengler reaction (Scheme 1-14b). Both the Pictet-

Spengler and iso-Pictet-Spengler reaction result in the formation of a C-C bond between protein and 

substrate,193 an attractive prospect in bio-orthogonal chemistry due to their anticipated greater 

stability under bio-orthogonal conditions. The iso-Pictet-spengler reaction has been successfully used 

to ligate PEGylated, biotinylated and fluorescent probes to glyoxyl-myoglobin, fGly-tagged maltose 

binding protein (MBP) and fGly-tagged Herceptin antibodies.193 However, the applications of both the 

Pictet-Spengler and iso-Pictet-Spengler reaction are limited by the low reaction pH needed (e.g. pH 

4)193 and slow rate of reaction. 
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 Scheme 1-14. Reaction scheme and kinetic parameters for the a) Pictet-Spengler148 and b) iso-Pictet-Spengler138  

A recently developed protein bio-conjugation method which also targets protein aldehydes is 

the organocatalyst-mediated protein cross-aldol ligation (OPAL), developed by Fascione and co-

workers.139 ¢ƘŜ ht![ ƭƛƎŀǘƛƻƴ ǊŜǉǳƛǊŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ʰ-oxo aldehyde within the protein, which 

can readily be installed at the N-terminus by sodium periodate oxidation of the N-terminal serine or 

threonine residues, or via transamination of N-terminal glycine residues via pyridoxal 5-phosphate-

mediated transamination (Scheme 1-15).139 The installed h -oxo aldehyde is then functionalised with an 

enolisable aldehyde containing OPAL probe and a proline-type catalyst, resulting in site-specific bio-

conjugation via aldol condensation.139  



Introduction 
 

73 
 

 

Scheme 1-15. Reaction scheme for OPAL ligation. Biotag = biotin, folate, azide or dansyl  

A potential limitation of OPAL ligation was that Installation of ŀƴ ʰ-oxo aldehyde was 

previously limited to the N-terminus.139 However, the development of a palladium decaging194 

stratagem which involves the installation of a thiazolidine ring functionalised unnatural amino acid 

into the target protein, which can later be treated with palladium to reveal an -hoxo aldehyde, has 

enabled OPAL ligation to also be performed at internal sites within proteins (Scheme 1-16). 

 

Scheme 1-16. Reaction scheme for palladium decaging. Biotag = biotin, folate, azide and dansyl  
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More recently Fascione and co-workers introduced a new way of installing non-ǘŜǊƳƛƴŀƭ ʰ-

oxo aldehydes, using a threonine-lysine dipeptide which can again be introduced to a protein by UAA 

mutagenesis.195 The threonine ǊŜǎƛŘǳŜ ŀŎǘǎ ŀǎ ŀ ƳŀǎƪŜŘ ʰ-oxo aldehyde which can be revealed upon 

NaIO4 ƻȄƛŘŀǘƛƻƴΦ ¢ƘŜ ʰ-oxo aldehydes introduced by this method were further targeted by Strain-

Promoted Alkyne-Nitrone Cycloaddition (SPANC) ligation with biotin and dansyl charged 

bicyclononyne (BCN) probes (Scheme 1-17).195 

   

Scheme 1-17. Reaction scheme for threonine-lysine dipeptide installation, oxidation and conjugation. Here biotag = biotin or 
dansyl 

Akin to the Pictet and iso-Pictet-Spengler ligations, the OPAL results in the formation of a 

stable C-C bond between protein and substrate. However, OPAL has superior kinetics and is far milder, 

occurring within 1 h at neutral pH.139 As such the OPAL is more versatile than iso-Pictet-Spengler 

ligation. A further advantage of the OPAL over the aforementioned stratagems lies in the ability to 

perform a secondary ligation to the aldehyde species that is regenerated following the first aldol 

reaction.139 Whereas performing dual modification on a protein has historically required the use of 

different bio-conjugation methods (e.g. oxime ligation and azide-cyclooctyne click ligation),196 only a 

single h -oxo aldehyde need be introduced if OPAL is to be used. This versatility has already been 

demonstrated via the successful ligation of azide, biotinylated, fluorescent and folate probes to 

multiple protein species, such as thioredoxin, myoglobin and green fluorescent protein (GFP).139   
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1.2.2 Protein and peptide glycoconjugate constructs   
A major application of protein bio-conjugation is the construction of protein glycoconjugates. Protein 

glycoconjugates have been widely used in vaccine formulation, due to their cost-efficiency and ability 

to be produced in large quantities.197 

Protein glycoconjugate vaccines were designed to overcome the issues displayed by purified 

polysaccharide vaccines. Purified polysaccharide vaccines against meningococcus and pneumococcus 

were developed in the 1970s.197 Though these vaccines were shown to be partially immunogenic in 

adults they did not elicit an antibody response in children,197 the vaccines target population, while it 

had previously been reported in 1929 that conjugation of a bacterial capsular polysaccharide to a 

carrier protein significantly increased the immunogenic response of the polysaccharide. 198, 199   

The difference in immune response between protein glycoconjugate vaccines and purified 

polysaccharide vaccines can be explained by the way the different structures interact with the immune 

system. Following immunization both vaccine types are taken up by the dendritic cells and transported 

to the lymph nodes.200 Once at the lymph nodes the vaccine must interact with both B and T cells to 

stimulate the formation of germinal centres (GCs). These are sites within the lymph node and spleen 

where B cells proliferate, differentiate and mutate their antibody genes using somatic 

hypermutation.200 Three main cells are required for GC formation; polysaccharide specific B-cells 

(which express the antibody on their surface as a receptor), follicular helper T-cells (TFH, which 

recognise the protein carrier antigen presented on the surface of B-cells) and follicular dendritic cells 

(FDCs which contain and present the antigen to the B cells). The survival of B-cells located in GCs are 

reliant on their engagement with T-cells.200  

Purified polysaccharides can bind to specific antibodies located on the surface of B-cells, 

however the polysaccharides do not fit into the major histocompatibility complex (MHC) cavity, 

preventing interactions between the B-cell and the TFH-cells, inducing B-cell apoptosis (Figure 

1-29a).197 While protein glycoconjugates within vaccines also bind to specific B-cell antibodies via their 

polysaccharide units, their protein units can also be processed by B-cells to reveal a peptide which is 

recognised by the MHC cavity and displayed on the B-cell surface, promoting T-cell engagement and 

stimulating a GC reaction; this leads to the production of polysaccharide-specific antibodies and 

memory B-cells (Figure 1-29b).197  
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Figure 1-29.a) The immune response induced by polysaccharide-based vaccines, b) The immune response induced by protein 
glycoconjugate vaccines.  

Protein glycoconjugate vaccines have been developed against a number of different 

diseases/pathogens such as Mycobacterium tuberculosis,201  Klebsiella pneumoniae,202 Meningitis,162, 

203-205 invasive nontyphoidal Salmonella (iNTS),163, 164, 206-208 Typhoid fever,209-212 Pseudomonas 

aeruginosa,204 Escherichia coli204 and S. flexneri.213   

 Immunisation with the capsular polysaccharide of S. typhi (Vi) has been demonstrated to 

provide immunity against typhoid fever,214, 215 however, it was hypothesized that the immunogenic 

properties of Vi could be enhanced by protein coupling. Therefore, multiple studies have focused on 

the synthesis and applications of a Vi-protein glycoconjugate vaccine, with multiple different carrier 

proteins being investigated; these include Bovine serum albumin,210 cholera toxin,210 Tetanus 

toxoid,210, 212 diphtheria toxoin,210, 211 and human serum albumin.209 Diphtheria toxoid is a popular 

protein carrier, and is often chosen due to its low cost and structural stability in the pH ranges 

encountered during bio-conjugation.211 The majority of conjugate vaccines were shown to result in an 

increased immunogenic response, compared to treatment with Vi alone.209-212  

A further disease to which a notable amount of research into conjugate vaccines has been 

dedicated is iNTS.163, 164, 206, 208 Recent studies have focused on the use of the diphtheria toxoid mutant 

CRM197 as a carrier protein.163, 164, 208 Many of the conjugates to this protein were shown to elicit an 

immune response with a few proving to be promising candidate vaccines.163, 206 
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Conjugation of polysaccharides to carrier proteins can be achieved using a variety of non-site-

selective methods. With many of the examples discussed above relying on the use of reductive 

amination163, 164, 206, 208, 209 and / or linker molecules (e.g. adipic acid dihydrazide (ADH),163, 164, 208, 209 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),203, 211 adipic acid bis(N-hydroxysuccinimide) 

(SIDEA),163, 164 4-(N-maleimido)-n-butanoyl).213 These conjugation methods rely on amine 

functionalities162-164 (e.g. like those presented by lysine side chains) and as such are not site-selective. 

Most proteins contain multiple lysine residues, and may also have an exposed N-terminus, and 

therefore multiple amine groups are often available for ligation, allowing for numerous polysaccharide 

additions.  However, recently some protein glycoconjugate vaccines have also been synthesised using 

site-selective conjugation methods.216-218 

Though the majority of previous research performed into protein glycoconjugates has focused 

on vaccine development, some studies have investigated alternative applications for protein 

glycoconjugates. One such example was the development of glycodendrinanoparticles designed to 

block viral infections.219 ¢ƘŜ ŎŀǊǊƛŜǊ ǇǊƻǘŜƛƴ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ǿŀǎ ŜƴƎƛƴŜŜǊŜŘ ƳƻƴƻƳŜǊƛŎ vʲ όŀ 

bacterial capsid protein engineered to contain a L-homoproparglylglycine (Hpg) residue); these 

monomers self-assembled to form a 180-copy multimer.219 Cu-catalysed click-chemistry was then 

used to attach a mannose containing  glycodendrimeric construct to the protein backbone, producing  

glycodendrinanoparticles containing up to 1,620 mannose units.219 An ELISA demonstrated that the 

glycodendrinanoparticles could prevent DC-SIGN (dendritic cell-specific intercellular adhesion 

molecule-3-grabbing nonintegrin) from binding to mannosylated albumin, with an estimated IC50 of 

35-40 nM.219 Further investigation found that the glycodendrinanoparticles were capable of blocking 

Ebola infection on T-lymphocytes and a human dendritic cell infection model, displaying an IC50 in the 

picomolar range.219 

Further work by Davis and co-workers produced dual-action glycodendriproteins capable of 

inhibiting bacterial aggregation, with Actinomyces naeslundii chosen as the target bacteria.220 Here 

four different glycodemdrimer scaffolds were synthesised, each containing between two and four 

galactose units.220 The glycodemdrimers were linked to a NHS-butyl methanethiosulfonate linker and 

reacted site-selectively with an engineered protein-degrading proteinase, subtilisin, from Bacillus 

lentus, via a free cystine residue.220 The dual activity of the glycodendriproteins arise from the 

galactose residues binding to lectins on Actinomyces naeslundii, preventing bacterial host cell 

adhesion,220 and furthermore, once a glycodendriprotein is bound to a bacterial lectin the protein-

degrading proteinase induces degradation of the lectin, further preventing infection.220 The activity of 

the glycodendriproteins was investigated using an enzyme-linked lectin assay (ELLA) with surface 

immobilised peanut agglutinin (PNA) used as a model galactose binding lectin. A positive trend was 
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observed between the number of galactose units present and an analogues potency. Further 

investigation was performed into the glycodendriproteins ability to inhibit co-aggregation of A. 

naeslundii and Streptococcus orali. The inhibitory potency of the glycodendriproteins was shown to 

be dependent on each analogues structure, with the bi-galactose analogue 1.30 (Figure 1-30) 

displaying the highest potency and achieving an IC50 in the nanomolar range.220   

 

Figure 1-30. Structure of bi-galactose analogue 1.30 

Wang and co-workers152 investigated the use of peptide glycoconjugates as HIV inhibitors, 

using a maleimide-activated high mannose oligosaccharide derived from oligosaccharide 

Man9GlcNAc2Asn. The maleimide activated oligosaccharide was then reacted with a cystine residue 

on a 36-mer HIV-1 gp41 peptide, T20, which had previously shown to be a potent inhibitor against HIV 

infection. HIV-1 primarily targets the macrophages and dendritic cells, these cells express mannose 

and oligomannose-specific receptors on their surface, therefore conjugating a mannose saturated 

oligosaccharide to HIV-1 gp41 peptide will allow more specific targeting of the macrophages and 

dendritic cells.152  

Turnbull and co-workers also investigated the use of protein-glycoconjugates as therapeutic 

inhibitors, with their work focusing on the cholera toxin (CT).221 The CT contains five identical CT B 

subunits (CTB) all of which contain a N-terminal threonine residue. Turnbull and co-workers used an 

inactive CTB mutant as a protein scaffold, and subjected the scaffold to a NaIO4-mediated oxidative 

cleavage to afford five terminal aldehyde motifs.221 The target pentasaccharide 1.31 was then 

subjected to a Cu-catalysed click reaction with alkyne-armed hydroxylamine linker 1.32 to afford 

pentasaccharide 1.33, which displays a Boc-protected hydroxylamine-terminated appendage 

extending from the reducing terminus. Pentasaccharide 1.33 was subjected to Boc-deprotection 

affording pentasaccharide 1.34 and conjugated to the oxidised CTB mutant via oxime ligation, yielding 

pentavalent CTB-linked glycoconjugate 1.35 (Scheme 1-18).221  

The biological properties of pentavalent CTB-linked glycoconjugate 1.35 were assessed using 

an ELLA and ITC.221 The ELLA confirmed pentavalent CTB-linked glycoconjugate 1.35 to have 

impressive potency with a low IC50 value of 104 pM; 5100 times more potent than the pentasaccharide 

alone.221 However, the ITC results disagree with those of the ELLA, finding pentavalent CTB-linked 
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glycoconjugate 1.35 to exhibit similar potency to the pentasaccharide (30 nM vs 43 nM), but it was 

suggested that the formation of random aggregates with modest binding affinities may have 

interfered with the ITC measurements.221   

The examples discussed showcase the vast potential applications protein-glycoconjugates 

have as pathogenic inhibitors. Further investigation into this fertile area of research is thus both 

tantalising and could lead to the development of new targeted glycotheraputic agents that could 

revolutionise the treatment of urinary tract infections.  
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Scheme 1-18. Synthesis of pentavalent CTB-linked glycoconjugate 1.35. Following an initial copper catalysed click reaction 
to attach pentasaccharide 1.31 to alkyne armed hydroxylamine linker 1.32 affording Boc protected hydroxylamine charged 
pentasacchride 1.33. Following TFA mediated Boc deprotection pentasaccharide 1.34 was extracted and subjected to oxime 

ligation with the oxidised CTB mutant affording pentavalent CTB-linked glycoconjugate 1.35 
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1.2.3 Project aims  
The aim of this project is to employ a high affinity monovalent FimH inhibitor to achieve polyvalent E. 

coli targeting via colicin-linked glycoconjugates. Exposure of the colicin-linked glycoconjugate to E. coli 

should lead to initial high affinity binding of the colicin protein to its outer membrane target receptor. 

Once bound the colicin protein anchors the glycoconjugate to E. coli, potentially allowing the 

glycoconjugate linker to transverse the glycocalyx and display the high affinity FimH inhibitor on the 

E. coli surface. As each bacterium is capable of binding to multiple colicin-linked glycoconjugates, we 

aim to use this targeting approach to turn E. coli itself into a polyvalent mannose presenting scaffold, 

capable of binding to multiple FimH groups presented by other E. coli bacterium. We propose that this 

targeting approach will result in E. coli aggregation (Figure 1-31), preventing E. coli from binding to the 

urothelium umbrella cells and thus allowing removal of E. coli from the bladder during urination. This 

type of therapy is classified as an anti-adhesion therapy as it does not induce apoptosis, but instead 

prevents E. coli from reaching its target. As this selection pressure is mild it is unlikely to trigger a rapid 

evolutionary response from E. coli, and thus it is hoped that E. coli will be slow to develop resistance.  

 

Figure 1-31. Cartoon depiction of glycoconjugate induced UPEC aggregation 

The overall project aims can be divided into four objectives (Figure 1-32); 1) the synthesis of 

a high affinity FimH inhibitor, 2) bio-conjugation of the FimH inhibitor to a colicin protein affording a 

colicin linked glycoconjugate using OPAL methodology previously developed in the Fascione group, 3) 

analysis of the glycoconjugates ability to bind to its target receptor and 4) analysis of the 

glycoconjugates ability to adhere E. coli.  
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Figure 1-32. The four overall objectives of the project. Stage 1) Synthesis of a mannose based FimH inhibitor, stage 2) 
Protein bio-conjugation (colicin Ia PDB; 1CII222), stage 3) BtuB binding (PDB; 3RGM223) and TIRF microscopy and stage 4) 

UPEC aggregation and motility assay using digital holography 
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Chapter 2 Synthesis of monosaccharide building blocks   

2.0 Aims  
The focus of the work in this chapter is the design and synthesis of mannose-based ligands for the 

UPEC adhesion protein FimH. These mannose-based ligands can then be used in the construction of 

the mannose-colicin bio-conjugates, which will subsequently be screened for their ability to induce 

UPEC aggregation in later chapters.    

2.1 Design and synthesis of an oligosaccharide-based inhibitor 

2.1.1 Reasoning behind monosaccharide synthesis  
Trisaccharide 1.4 (Figure 2-1) was initially chosen as a potential FimH-inhibiting oligosaccharide due 

to its relatively simple structure compared to other oligosaccharide based inhibitors. Trisaccharide 1.4 

consists of three linear monosaccharide units, consequently, the protected monosaccharide 

precursors do not have to facilitate selective branching reactions, and are thus relatively simple to 

synthesise. Furthermore, previous studies have shown trisaccharide 1.4 to be a potent inhibitor of 

FimH, and even have suggested that trisaccharide 1.4 is the optimal size for binding to the FimH 

binding site.76, 77 The major interactions that trisaccharide 1.4 can achieve with the FimH lectin domain 

are depicted in Figure 1-9.  

 

Figure 2-1. The structure of trisaccharide 1.4 

2.1.2 Design of monosaccharides  
Retrosynthetic analysis of trisaccharide 1.4 was used to design the required monosaccharide building 

blocks (Figure 2-2). Three monosaccharides were designed ς 2.1x, 2.2 and 2.3x (where x varies from 

aĄc, Figure 2-6, Scheme 2-6, Scheme 2-11, Scheme 2-12). The glucosamine building block 2.3x is 

unprotected at O-4, and can be used as a glycosyl acceptor with the benzylidene acetal protected 

mannose thioglycoside 2.2, ǿƘƛŎƘ ƛǘǎŜƭŦ ƛǎ ŎŀǇŀōƭŜ ŀǎ ŀŎǘƛƴƎ ŀǎ ŀ ʲ-selective glycosyl donor.224 The 

resultant 2.3x-2.2 ŘƛǎŀŎŎƘŀǊƛŘŜ Ŏŀƴ ǘƘŜƴ ǎŜǊǾŜ ŀǎ ŀƴ ƎƭȅŎƻǎȅƭ ŀŎŎŜǇǘƻǊ ŦƻǊ ʰ-selective mannose 

thioglycoside 2.1x. Note that an orthogonal protecting group is to be installed onto each mannoside 

unit, as this will allow for selective removal and further glycosylations.    
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Figure 2-2. Retrosynthesis of trisaccharide 1.4 to give the three desired monosaccharide structures. Where R = Bz or Bn, R1 = 
Bz, Ac or Bn, R2 = HTCA or Phth 

 

2.1.3 Design and synthesis of mannoside 2.2 
The first donor synthesized was benzylidene protected mannoside 2.2 (Figure 2-3). Due to its 

placement within the trisaccharide a protection strategy which included temporary protection of O-3 

and installation of a latent glycosyl donor at the anomeric position was required. The STol group 

located at the anomeric position of mannoside 2.2 can act as a selectively activated leaving group in 

glycosylation with a 1,4-protected glucosamine acceptor 2.3x ǘƻ ŀŦŦƻǊŘ ŀ ʲ-mannoside.80, 83, 86, 225-227 

The PMB ether located at O-3 can provide temporary protection as it can be orthogonally removed 

post-glycosylation with DDQ to reveal an unprotected O-3. This allows for ŀ ŦǳǊǘƘŜǊ ʰ-selective 

glycosylation at O-3 with protected mannose STol glycosyl donor 2.1x. 

 

Figure 2-3. The structure of mannoside 2.2 

Benzylidene acetal protected thioglycoside 2.2 was synthesized via the synthetic pathway 

shown in Scheme 2-1. This pathway consists of 6-steps, with initial global acetylation of D-mannose to 

afford D-mannose pentaacetate 2.4 (Scheme 2-1, step a), followed by Lewis acid mediated attack on 

the anomeric centre with 4-methylbenzenethiol to afford thioglycoside 2.5 (Scheme 2-1, step b). This 

product was subsequently subjected to deacetylation using Zemplén conditions to reveal unprotected 

mannoside 2.6 (Scheme 2-1, step c), which was then protected with a benzylidene acetal, affording 

4,6-O-benzylidene-acetal protected mannoside 2.7 (Scheme 2-1, step d). The O-3 position of 

protected mannoside 2.7 was then orthogonally protected with a PMB ether, affording PMB protected 
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mannoside 2.8 (Scheme 2-1, step e), which was then subjected to O-2 benzyl protection to afford the 

desired mannoside 2.2 (Scheme 2-1, step f).  

 

Scheme 2-1. Synthesis of wanted 1,3 mannoside 2.2 from D-mannose. Reagents and conditions a) Ac2O, pyridine, DMAP, 0 
°C- r.t., 12 h (80%); b) HSTol, BF3·Et2O, dry DCM, 0 °C- r.t. 12 h, (62%); c) MeONa, MeOH, r.t., 62 h (80%); d) 2,2 DMT, CSA, 

dry MeCN, Et3N, r.t., 5 h (61%); e) Bu2SnO, dry toluene, 110 oC, 3h, PMBCl, CsF, dry DMF, 70 oC, 12 h (83%); f) BnBr, NaH, dry 
DMF, 0 °C- r.t, 2 h (36%) 

 

¢ƘŜ ŎƘƻƛŎŜ ƻŦ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎ ǎǘǊƻƴƎƭȅ ƛƴŦƭǳŜƴŎŜǎ ŀ ŘƻƴƻǊΩǎ ǊŜŀŎǘƛǾƛǘȅ - the use of electron-

donating protecting groups (e.g. benzyl groups) results in an armed donor, whereas the use of 

electron-withdrawing protecting groups (e.g. benzoyl groups) results in a disarmed donor.228 Armed 

donors are more reactive than their disarmed counterparts, often leading to higher glycosylation 

yields.229  

!ǎ ŀ ʲ-mannosidic bond is required between the central mannose unit and the glucosamine 

unit in trisaccharide 1.4, a benzylidene acetal was installed at the O-4 and O-6 positions of unprotected 

mannoside 2.6. Formation of the 4,6-acetal is thermodynamically favoured due to the high preference 

of the phenyl group to be in the equatorial position.230 However, a lower yield than expected (61%) of 

4,6-O-benzylidene acetal-protected mannoside 2.7 was afforded. This was due to the formation of 

dibenzylidene mannoside product 2.9 (Figure 2-4), where a 2,3-O-benzylidene ring is formed in 

addition to the 4,6-O-benzylidene ring due to the cis orientation of O-2 relative to O-3 on mannose.230  

 

Figure 2-4. Structure of the dibenzylidene mannoside side product 2.9 obtained during 4,6-O-benzylidene acetal-protection 
of unprotected mannoside 2.6 
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The 4,6-O-benzylidene acetal-protected mannoside 2.7 was subsequently selectively 

protected at O-3 using a dibutyltinoxide-mediated benzylation with p-methoxybenzyl chloride (see 

Scheme 2-1). This reaction was performed in two stages. In the first stage 4,6-O-benzylidene acetal-

protected mannoside 2.7 was reacted with dibutyltinoxide, likely resulting in the formation of 

dibutylstannylene acetal intermediate 2.10 (Figure 2-5). This intermediate was then reacted with p-

methoxybenzyl chloride, affording PMB protected mannoside 2.8. Previous work has shown that 

mannose dibutylstannylene acetals react preferentially at the equatorial OH, vicinal to the axial OH.231, 

232 I propose that this could be the result of dipole minimisation between the trans-axial O-2 and O-1 

resulting in O-2 being less nucleophilic than O-3. This hypothesis would be consistent with PMB 

protected mannoside 2.8 being the only reaction product isolated.   

 

Figure 2-5. Structure of likely mannose dibutylstannylene acetal intermediate 2.10 formed during selective O-3 PMB 
protection 

 

2.1.4 Design and synthesis of mannoside donors 2.1a and 2.1b  
The decision to install an orthogonal protecting group at O-2 of the terminal trisaccharide mannose 

unit was made after examination of the crystal structure of the FimH binding site, which revealed free 

space directly above the final trisaccharide unit.51 Using a terminal mannose unit bearing a temporary 

protecting group (which could be selectively removed after  construction of the protected 

trisaccharide) would potentially allow for extension to form either a tetrasaccharide or a 

pentasaccharide. This would potentially allow the free space above the terminal trisaccharide unit to 

be explored. To achieve this goal, both O-2 acetyl 2.1a and O-2 benzoyl 2.1b protected thioglycoside 

donors were considered (Figure 2-6). 

 

Figure 2-6. Structures of O-2 acetyl 2.1a and O-2 benzoyl 2.1b protected mannose thioglycoside donors 

Careful consideration was taken when selecting the protecting groups for mannoside donors 

2.1a and 2.1b. The choice of benzyl protection at the O-3, O-4, and O-6 positions should lead to an 
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armed donor with high reactivity,233 while the presence of an electron-withdrawing ester protecting 

group (e.g. Bz or Ac) at O-2 should allow for neighbouring group participation during glycosylation.234, 

235 Unlike benzyl groups, both benzoyl and acetyl groups are base-sensitive, providing a simple method 

for selective O-2 unmasking. Both mannoside donors 2.1a and 2.1b were therefore synthesized to 

enable investigation of the effect of steric hindrance on glycosylation yields.  

2.1.5 Synthesis of mannoside donors 2.1a and 2.1b  
The desired O-2 acetyl protected mannoside 2.1a and O-2 benzyol protected mannoside 2.1b were 

synthesised using the seven-step pathway depicted in Scheme 2-2. After global acetylation D-mannose 

pentaacetate 2.4 was subjected to a selective 1,2-ortho esterification (Scheme 2-2, step b), affording 

1,2-orthoester protected mannoside 2.11. Deacetylation was then performed (Scheme 2-2, step c), 

revealing alcohols at O-3, O-4, and O-6 positions, and benzyl protection was subsequently performed 

(Scheme 2-2, step d) to afford fully protected orthoester 2.12. The orthoester then underwent acid 

cleavage with acetic acid (Scheme 2-2, step e) affording mannoside 2.13, followed by thioglycoside 

formation with 4-methylbenzenethiol (Scheme 2-2, step f) to afford O-2 acetyl protected mannoside 

2.1a. Two further synthetic steps were required to obtain the desired O-2 benzoyl protected 

mannoside 2.1b; a base mediated deacetylation (affording mannoside 2.14) followed by selective 

installation of a benzoyl protecting group at O-2 (Scheme 2-2, steps g and h). 

 

Scheme 2-2. Synthesis of wanted 1,2 mannosides 2.1a and 2.1b from D-mannose. Reagents and conditions; a) Ac2O, 
pyridine, DAMP, 0 °C-  r.t., 12 h, (94 %); b) i) 33 % HBr, AcOH, DCM, r.t., 1.5 h ii) 2,6-Lutidene, dry DCM, dry MeOH, r.t., 12 h, 

(i+ii = 51 %); c) NaOMe, MeOH, r.t., 1 h; d) NaH, BnBr, dry DMF, 0 °C- r.t., 12 h, (c + b = 50 %); e) AcOH, r.t., 1 h, (84 %); f) 
HSTol, BF3.Et2O, dry DCM, 0 °C- r.t., 6 h (45 %); g) NaOMe, MeOH, r.t., 12h (89%); h) BzCl, DMAP, Pyridine, 0 °C-  r.t ., 2h, 

(78%) 

Ortho esterification was used to achieve orthogonal protection of O-2. Orthoester formation 

allows for selective protection of the O-1 and O-2 positions, exploiting the cis orientation of O-1 and 

O-2 in mannose. In this reaction the O-2 acetate undergoes neighbouring group participation to form 

ǘƘŜ ǘǊŀƴǎƛŜƴǘ ʲ-linked acetoxonium ion 2.15 - this ion can be trapped under basic conditions by 

methanol to produce orthoester protected mannoside 2.11 (Scheme 2-3). The ortho esterification 

reaction afforded a significantly lower yield than that stated in literature: 51% vs 94%.236 However, the 
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large scale of the reaction (17.17 g) resulted in enough 1,2-orthoester protected mannoside 2.11 (8.17 

g) being obtained to enable the synthesis to be completed. If this ortho esterification reaction were 

to be repeated in the future, measures such as reaction scale-out and a fresh bottle of dry MeOH could 

be used to improve the reaction yield. 

 

Scheme 2-3. Depiction of ortho-ester formation with initial oxocarbenium ion formation followed by neighbouring group 
participation to from a ̡-linked acetoxonium ion 2.15 which is trapped by methanol under basic conditions to afford 

orthoester 2.11 

 

2.1.6 Synthesis of a GlcNAc acceptor  

2.1.6.1 Initial use of trichloroacetyl protection  
The synthesis of a glucosamine acceptor bearing a free hydroxyl at O-4 proved to be the most 

challenging monosaccharide synthesis of the project. A particularly challenging aspect in the design 

and synthesis of potential O-4 unprotected glucosamine acceptors was the installation of a bio-

conjugation handle at the anomeric position (this bio-conjugation handle would ideally enable either 

direct protein attachment or serve as a point of attachment for a linker molecule), as selecting a 

handle that could both be easily installed and withstand the synthetic conditions needed to obtain 

trisaccharide 1.4 was challenging. Van der Marel and co-workers have previously reported the 

synthesis of 3-azidopropyl-linked GlcNPhth acceptor 2.16 (Figure 2-7),237 ŘŜƳƻƴǎǘǊŀǘƛƴƎ ǘƘŀǘ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ Ŏŀƴ ōŜ ƛƴǎǘŀƭƭŜŘ ƛƴǘƻ ŀ ƎƭǳŎƻǎŀƳƛƴŜ ǳƴƛǘΦ !ǎ ǎǳŎƘΣ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǿŀǎ initally 

selected as a potential bio-conjugation handle. 

 

Figure 2-7. Structure of 3-azidopropyl-linked 1,4 GlcNPhth acceptor 2.16 
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¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜ ŀǘǘǊŀŎǘƛǾŜ ŀȊƛŘŜ ƳƻǘƛŦ ǇǊŜǎŜƴǘ ŀŦǘŜǊ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƛƴǎǘŀƭƭŀǘƛƻƴ Ŏŀƴƴƻǘ 

be utilised during protein bio-conjugation, as the final deprotection step needed to afford 

trisaccharide 1.4 from benzyl protected trisaccharide 2.17 is hydrogenation, which reduces the azide 

motif to an amine (Scheme 2-4). However, this amine unit can itself facilitate downstream bio-

conjugation reactions, as it can either be directly couple to proteins (via reaction with carboxylic acid 

or aldehyde motifs) or used as a point of attachment for a linker unit.  

 

Scheme 2-4. Hydrogenation reaction of benzyl protected trisaccharide 2.17 to afford trisaccharide 1.4 

Seeberger and co-workers238 have long been at the forefront of using trichloroacetyl (TCA) as 

an alternative N-2 protecting group to acetyl (Ac) and pthaliminde (Phth).  Like acetyl protection, TCA 

protection allows oxazoline ring formation, and thus affords increased stability (Scheme 2-5). 

However, unlike acetyl protection, TCA protection is reversible and can be removed using various 

conditions.239 Reductive cleavage can be achieved via treatment with either Bu3SnH and AIBN,240, 241 

or with NaBH4.242 TCA cleavage can also be achieved via treatment with Zn-Cu in acetic acid,243 or via 

exposure to basic conditions.244, 245 However, it should be noted that Nifantiev and co-workers found 

that basic cleavage of N-2 TCA groups proceeded slower than their O-3 acetyl counterparts and 

required heating to 50 °C.244  Further note that additional TCA cleavage methods have also been 

reported.239 An advantage of TCA protection over Phth protection is that the TCA group should 

withstand all the reaction conditions used during trisaccharide synthesis, Phth groups are more 

susceptible to base-catalysed hydrolysis than TCA,246 and therefore the ability of Phth groups to 

withstand the conditions used during deacetylation is somewhat questionable. 
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Scheme 2-5. Mechanism for TCA induce oxazoline ring formation. With initial oxocarbenium ion 2.18 formation, followed by 
neighbouring group participation of TCA to afford trichloroacetoxonium ion 2.19 

A potential issue with TCA protection is that, due to the presence of the three chlorine atoms, 

a TCA protecting group is more electron withdrawing than an Ac protecting group. This increased 

electron withdrawal could reduce the reactivity of both the anomeric and O-3 positions. However, we 

hypothesised that the electron withdrawing ability of TCA would only marginally limit reactivity, as 

Phth groups are also more electron withdrawing than Ac groups (pKa values for imides such as Phth 

vary between 8 - 10 whereas pKa values for amides (e.g. NHAc) can vary from 15 - 17).247  Furthermore, 

previous research has shown that the O-4 of N-Phth glucose derivatives are more easily glycosylated 

than their N-acetyl protected counterparts.248  

Synthesis of GlcNHTCA acceptor 2.3a was attempted using the eight-step synthetic pathway 

shown in Scheme 2-6. This pathway follows initial TCA protection of D-glucosamine hydrochloride to 

afford TCA bearing glycoside 2.20, which is then subjected to global acetylation to afford acetyl-

protected glycoside 2.21.  Acetyl-protected glycoside 2.21 was then subjected to Lewis acid mediated 

thioglycoside formation with 4-methylbenzenethiol, affording STol glycosyl donor 2.22. Thioglycoside 

2.22 is subsequently subjected to deacetylation (affording triol 2.23) followed by benzylidene acetal-

protection to afford 4,6-O-benzylidene acetal-protected thioglycoside 2.24. A benzyl protecting group 

was then installed at the O-3 position (affording thioglycoside 2.25) before the 4,6-O-benzylidene 

acetal ring was selectively opened to reveal a free O-4, affording di-benzyl protected thioglycoside 

2.26Φ ¢ƘŜ Ŧƛƴŀƭ ǇǊƻǇƻǎŜŘ ǎȅƴǘƘŜǘƛŎ ǎǘŜǇ ǿŀǎ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǿƛǘƘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǘƻ ŀŦŦƻǊŘ ǘƘŜ ŘŜǎƛǊŜŘ 

4-OH GlcNHTCA acceptor 2.3a.  
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Scheme 2-6. Synthesis of 1,4 GlcNHTCA acceptor 2.3a from D-glucosamine hydrochloride. Reagents and conditions; a) D-
glucosamine hydrochloride, trichloroacetylchloride, NaHCO3, H2O, r.t., 1h; b) Ac2O, pyridine, DMAP, 0 °C - r.t., 12 h, (a+b 
58%); c) HSTol, BF3·Et2O, dry DCM, 0 °C- r.t., 12h, (16%); d) NaOMe, MeOH, r.t., 10 minutes, (80%); e) 2,2 DMT, CSA, dry 

MeCN, r.t., 5h, (87%); f) NaH, BnBr, dry DMF, 0 °C- r.t., 12 h (7%); g) triethylsilane, BF3·Et2O, dry DCM, 0 °C, 2 minutes (6%); 
h) 1-benzenesulfinyl piperidine, trifluoromethanesulfonic anhydride, dry DCM, 4Å MS,  оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ 

Initial TCA protection of N-2 was successful, yet obtaining an accurate reaction yield was 

challenging due to NaCl being produced as a byproduct. TCA-bearing glycoside 2.20 and NaCl displayed 

similar solubilities in both water and methanol, complicating isolation of TCA-bearing glycoside 2.20. 

TCA-bearing glycoside 2.20 was therefore used crude during global acetylation and the percentage 

yield was calculated over two steps.    

Unfortunately, the increased electron withdrawing ability of TCA was shown to impact 

reactivity, as diminished conversion of acetyl-protected glycoside 2.21 to thioglycoside 2.22 was 

observed. The increased electron withdrawing nature of TCA limits neighbouring group participation 

by disfavouring the formation of the oxocarbenium ion en route to thioglycoside formation, resulting 

in a lower yield. As such, the reaction had to be repeated multiple times to afford enough product to 

be able to viably perform the next synthetic step. Other measures attempted in order to improve the 

reaction yield included the use of newly purchased 4-methylbenzenethiol and freshly distilled BF3·OEt, 

but neither of these changes resulted in a significantly improved reaction yield.  

Benzylation of the O-3 position of 4,6-O-benzylidene acetal protected thioglycoside 2.24 also 

proved challenging, with the first reaction attempt only affording a 7% yield of product 2.25. The major 

product recovered from the reaction was observed to be N-2 unprotected glucosamine 2.27 (Scheme 

2-7) which could be formed via two potential mechanisms. Both mechanisms A and B proceed via the 



Synthesis of monosaccharide building blocks 
 

92 
 

initial deprotonation of O-3 by NaH to afford an alkoxy anion. Pathway A suggests this anion could 

serve as a nucleophile which attacks at the amide carbon, resulting in oxazoline ring formation and 

loss of CCl3. Pathway A also suggests that if additional NaH is present it could deprotonate the amide 

nitrogen, which could result in isocyanate formation and the regeneration of the O-3 anion, which 

could subsequently react with benzyl bromide. The breakdown of the isocyanate by water during 

reaction workup would then release CO2 and afford the observed N-2 unprotected glucosamine 2.27. 

By comparison, pathway B suggests that oxazoline ring formation need not occur. In pathway B the O-

3 anion initially generated simply reacts with benzyl bromide, and, in a comparable manner to that 

described in pathway A, the presence of excess NaH results in the deprotonation of the amide nitrogen 

and isocyanate formation. As the reaction was performed in dry DMF, it is likely that isocyanate 

breakdown occurred after the reaction, during the aqueous washes. Unfortunately, the current data 

offers no insights into the relative likelihoods of the two proposed pathways.  
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Scheme 2-7. Two potential reaction pathways A and B for the formation of N-2 unprotected glucosamine 2.27. NaH is 
represented as H- 
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Due to the issues encountered during O-3 benzyl protection, it was decided to use the 0.5 g 

of purified desired product 2.25 to trial the final two reaction steps. This would allow us to determine 

whether the synthetic scheme could be used to obtain the desired GlcNHTCA acceptor 2.3a. If the 

final steps of the pathway proved fruitful then further investigations into improving benzylation yields 

could be performed. 

It was decided that benzylidene acetal ring opening should be performed prior to glycosylation 

ǿƛǘƘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΣ ŀǎ ǘƘƛǎ ǿƻǳƭŘ ƭƛƳƛǘ ǘƘŜ ǉǳŀƴǘƛǘȅ ƻŦ ŜȄǇŜƴǎƛǾŜ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǊŜǉǳƛǊŜŘΦ 

Benzylidene acetal can be selectively opened to reveal either a free OH at O-4 or O-6. Wallin and co-

workers249 suggested two mechanistic pathways to explain how different reagent combinations result 

in different regioselectivity (Figure 2-8).249 When a bulky Lewis acid (e.g. AlCl3 ) is present, Wallin and 

co-workers suggest that pathway A will be favoured due to reduced steric demands. However, when 

a smaller electrophile is present the mechanism is governed by the relative acidities of O-4 and O-6, 

resulting in pathway B being favoured.249   

 

Figure 2-8. Simplified view of alternative selective benzylidene acetal ring opening pathways, where E represents an 
electrophile 

A major problem with this initial mechanistic view is that it does not explain the 

regioselectivity observed when using the reducing agents BH3·THF or BH3·NMe3 in combination with 

AlCl3 in THF.250 It was initially theorised that, due to its bulkiness, AlCl3 would preferentially coordinate 

to the less sterically hindered O-6 position, revealing a free O-6. However, these two reductive agents 

where shown to give the opposite regioselectivity, revealing a free O-4 position.250 Ellervik and co-

workers performed kinetic experiments to try and understand this effect, and concluded that the 

regioselectivity of reductive benzylidene acetals are not controlled by sterics but by electronics, with 

the most electrophilic species coordinating to the most nucleophilic oxygen (O-6).250 Thus for our 

proposed reaction, which uses Et3SiH and BF3·OEt2, the regioselectivity can be explained by the 

coordination of the more electropositive Et3SiH to O-6, where O-6 donates a lone pair of electrons into 

the silicon d-orbital. This coordination is stabilised by BF3·OEt2 coordinating to the O-4, and this 
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combined coordination results in the collapse of the benzylidene ring revealing a free O-4 (Scheme 

2-8). 

 

Scheme 2-8.  Mechanism proposed for selective benzylidene acetal ring opening to reveal a free O-4 

A selective O-4 benzylidene acetal opening was performed on 580 mg of thioglycoside 2.25 

using HSiEt3 and BF3·OEt2 for 2 min. The reaction was successful but low yielding due to a side-reaction 

of complete benzylidene acetal cleavage, meaning only 30 mg of purified product was isolated.   

The final synthetic step required to afford the desired GlcNHTCA acceptor 2.3a was 

glycosylation of di-benzyl protected thioglycoside 2.26 ǿƛǘƘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΦ ! ǘǊƛŀƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ 

was performed using the conditions of van der Marel and co-workers,237 who had previously 

successfully glycosylated the benzylidene acetal protected SEt thioglycoside donor 2.28  (Figure 2-9) 

bearing a Phth protecting group at N-н ǘƻ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǿƛǘƘ ŎƻƳǇƭŜǘŜ ʲ-selectivity.  

 

Figure 2-9. Van ŘŜǊ aŀǊŜƭΩǎ ōŜƴȊȅƭƛŘŜƴŜ ŀŎŜǘŀƭ btƘǘƘ ǇǊƻǘŜŎǘŜŘ {9ǘ ǘƘƛƻƎƭȅŎƻǎƛŘŜ 2.28 and NHTCA protected STol 
thioglycoside 2.26  

The thioglycoside activation conditions used by van der Marel and co-workers were based on 

the conditions developed by Crich and co-workers.251 This approach proceeds via the generation of a 

potent thiophilic activator (activated BSP 2.30) in situ through the use of Tf2O and 1-benzenesulfinyl 

piperidine 2.29 (BSP) (Scheme 2-9).251 The hindered base 2,4,6-tri-tert-butylpyrimidine (TTBP)225 is also 

used to increase reaction rates, making its potency particularly suitable for disarmed donors.      

 

Scheme 2-9. Mechanism of trifluoromethanesulfonic anhydride activation of BSP 2.29 to afford activated BSP 2.30 
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¢ƘŜ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǇǊƻŎŜŜŘǎ Ǿƛŀ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ǇǊƻǇƻǎŜŘ ƛƴ Scheme 2-10. 

Initially, STol reacts with activated BSP 2.30 to afford putative intermediate 2.31. This increases the 

leaving group ability of the thioglycoside via oxocarbenium 2.32 formation. Neighbouring group 

participation by TCA forms a trichloroacetoxonium ion 2.33Σ ǿƘƛŎƘ ƛǎ ǘƘŜƴ ŀǘǘŀŎƪŜŘ ōȅ оπŀȊƛŘƻǇǊƻǇŀƴπ

мπƻƭ ǘƻ ŦƻǊƳ ǘƘŜ ŘŜǎƛǊŜŘ GlcNHTCA product 2.3a. Due to the low reactivity of the O-4 position excess 

оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ŎƻǳƭŘ ōŜ ǳǎŜŘ ŘǳǊƛƴƎ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǿƛǘƘƻǳǘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƴȅ ǎƛŘŜ ǇǊƻŘǳŎǘǎΦ 

The low reactivity of the O-4 hydroxyl group has been credited to the steric hindrance around the O-

4 position.229, 252  

 

Scheme 2-10. Proposed mechanism for glycosylation of NHTCA protected thioglycoside 2.26 with оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ  

! ǘǊƛŀƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǳǎƛƴƎ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ŀƴŘ ŘƻƴƻǊ 2.26 was performed using BSP/Tf2O 

activation conditions. The reaction proved to be unsuccessful, with glycoside 2.34 (Figure 2-10) being 

isolated as the major product. Trace amounts of benzyl alcohol likely remained in the reaction mixture 

from the previous synthetic step (benzylidene acetal opening), and the use of pre-activation 

glycosylation conditions may have given benzyl alcohol the opportunity to act as a competing 

nucleophile, reacting with trichloroacetoxonium ion 2.33 ǇǊƛƻǊ ǘƻ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΦ  

To avoid this side reaction occurring a change in the order of step h and i, was therefore proposed, 

ǿƛǘƘ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǿƛǘƘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ōŜƛƴƎ ǇŜǊŦƻǊƳŜŘ ǇǊƛƻǊ ǘƻ ōŜƴȊȅƭƛŘŜƴŜ ƻǇŜƴƛƴƎΦ 

 

Figure 2-10. Structure of the undesired product 2.34 from test glycosylation of donor 2.26 with оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ  
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Due to multiple steps either failing or resulting in poor yields, a new synthetic route to the 

GlcNHTCA acceptor 2.3a was designed (Scheme 2-11). This scheme contains three major changes 

compared to the original.  

 

Scheme 2-11. Synthesis of GlcNHTCA acceptor 2.3b from D-glucosamine hydrochloride. Reagent and conditions; a) D-
glucosamine hydrochloride, trichloroacetylchloride, NEt3, MeOH, 0 °C - r.t., 5 days; b) Ac2O, pyridine, DMAP, 0 °C- r.t., 12 h; 
c) EtSH, BF3.OEt2, dry DCM, 0 °C - r.t., 12 h, (40%); d) NaOMe, MeOH, r.t., 2h (86%); e) 2,2 DMT, CSA, dry MeCN, NEt3, 65°C, 

r.t., 3h, (52%); f) BzCl, pyridine, DMAP, 0 °C - r.t., 1.5 h (66%); g) 1-benzenesulfinyl piperidine, trifluoromethanesulfonic 
anhydride, dry DCM, 4Å MS, оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ; h) Et3SiH, BF3.Et2O/ TFA, dry DCM 

Due to the low and inconsistent yields observed during glycosylation with 4-

methylbenzenethiol (8-48%), it was decided to substitute 4-methylbenzenethiol for the more 

nucleophilic ethanethiol. However, once again thioglycoside 2.35 was isolated in a lower yield than 

expected (40%). It was therefore theorised that the low glycosylation yields observed both here and 

previously for STol formation were not the result of the nucleophile chosen but instead were the result 

of TCA protection disarming the anomeric position.  

The initial synthetic scheme used NaH as a base during O-3 benzyl ether protection (step f), 

yet NaH proved to result in irreversible cleavage of the TCA group. This presented a need for a new 

reagent combination. Fairbanks and co-workers253 recently reported barium oxide and barium 

hydroxide as alternative reagents for NaH in benzylation reactions, and in their hands, usage of this 

combination improved their yield of GlcNAc acceptor 2.40 (Figure 2-11). However, in our hands 

benzylation of 4,6-O-benzylidene acetal-protected thioglycoside 2.37 using barium oxide and barium 

hydroxide was unsuccessful, with only starting material being isolated. 
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Figure 2-11.Structure of Fairbanks and co-workers GlcNAc acceptor253 

A further attempt at benzylation of the O-3 position of 4,6-O-benzylidene acetal-protected 

thioglycoside 2.37 was made using 1.1 eq of NaH and 1.5 eq of benzyl bromide. After 10 minutes a 

drop in Rf value was observed by TLC, yet post-work-up no reaction was shown to have occurred. A 

further reaction was set up using 1.5 eq of NaH, yet TLC analysis again suggested that no reaction had 

occurred. Additional NaH was added and the reaction mixture was stirred for 2 h, at which point TLC 

analysis indicated product formation. Unfortunately, only an 8% yield of the desired thioglycoside was 

isolated. This low reaction yield provides further support for the theory that TCA protection was 

actually deactivating both the anomeric and O-3 positions. Due to the difficulty observed during O-3 

benzylation it was decided to replace the benzyl protecting group with a benzoyl protecting group. O-

3 protection with a benzoyl group was therefore attempted, and benzoyl protected thioglycoside 2.38 

was isolated in a 67% yield when using benzoyl chloride (with DMAP serving as a nucleophilic catalyst).  

In a final alteration to the initiallȅ ǇǊƻǇƻǎŜŘ ǊŜŀŎǘƛƻƴ ǎŎƘŜƳŜΣ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ 

was performed prior to benzylidene acetal ring opening (Scheme 2-11ύΦ  ! ǘǊƛŀƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǿƛǘƘ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ōŜƴȊƻȅƭ ǇǊƻǘŜŎǘŜŘ ǘƘioglycoside 2.38, again using van der Marel 

and co-workers method.237 Unfortunately this reaction was again unsuccessful.  The trial reaction was 

repeated at a higher temperature (0 °C vs -60 °C), yet the reaction was still unsuccessful.  The 

ƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ǿŀǎ ŀƭǎƻ ŀǘǘŜƳǇǘŜŘ ǳǎƛƴƎ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ƻŦ 

NIS and TMSOTf,254 but again proved unfruitful. Due to the difficulties and low yields previously 

observed for reactions occurring at either the anomeric or O-3 positions, it was hypothesized that the 

ŜƭŜŎǘǊƻƴ ǿƛǘƘŘǊŀǿƛƴƎ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ¢/! ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ Ƴŀȅ ōŜ ƘƛƴŘŜǊƛƴƎ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǿƛǘƘ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΦ bƻǘŀōƭȅ Ǿŀƴ ŘŜǊ aŀǊŜƭ ŀƴd co-workers used a less electron withdrawing Phth as a 

N-2 protecting group on their glucosamine donor.237  
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2.1.6.2 Use of phthalimide protection 
With it suspected that TCA protection at the N-2 position of glucosamine severely reduces the 

nucleophilicity of O-1 and O-3, a new GlcNPhth acceptor 2.3c was designed. As Phth protection is less 

electron withdrawing than TCA this protecting group substitution should result in increased donor 

reactivity, helping to improve the low reaction yields previously noted during glycosylation or O-3 

protection. GlcNPhth acceptor 2.3c was synthesized via the route shown in Scheme 2-12. The 

transformations in this pathway are similar to those discussed in Scheme 2-6 (after the installation of 

the Phth group in the first step of the synthesis affording glycoside 2.41). 

 

Scheme 2-12. Synthesis of 1,4 GlcNPhth acceptor 2.3c from D-glucosamine hydrochloride. Reagents and conditions: a) 
Phthalic anhydride, NaOH, NaHCO3, 1 :  2 MeOH : H2O, Acetone, r.t. , 2 h, 50 °C, 1 h, r.t., 12h (50%); b) Ac2O, pyridine, 

DMAP, 0 °C -  r.t., 6h, (87%); c) HSTol, BF3·Et2O, dry DCM, 0 °C - r.t., 96 h, (85%); d) NaOMe, MeOH : DCM, r.t., 20 min, (99 
%); e) 2,2-DMT, dry MeCN, CSA, NEt3, r.t., 12 h, (66%); f) NaH, BnBr, dry DMF, 0 °C- r.t., 6 h, (41%); g)  BSP, TTBP, Tf2hΣ оπ

ŀȊƛŘƻǇǊƻǇŀƴπмπƻƭΣ пÅ MS, dry DCE, -10 OC, 3 h, (79%);  h) HSiEt3, TfOH, dry DCM, r.t., 20 minutes, (43%) 

 

The mechanism of Phth protection is shown in Scheme 2-13, with the free amine attacking 

phthalic anhydride, initially opening the five-membered ring. Further reaction of the intermediary 

amide product is promoted by the favourable orbital overlap ahead of formation of the five-

ƳŜƳōŜǊŜŘ ƛƳƛŘŜ ǊƛƴƎΣ ǿƘƛŎƘ ƛǎ ƭƻŎƪŜŘ ƛƴ ǇƭŀŎŜ ōȅ ǘƘŜ ŀǊȅƭ ˉ-system.  
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Scheme 2-13. Mechanism of phthalimide addition 

In comparison to the synthesis of the GlcNHTCA acceptors 2.3a and 2.3b, the synthesis of 

GlcNPhth acceptor 2.3c was significantly less challenging. One point to consider was the increased 

base sensitivity of Phth, as strongly basic conditions (e.g. pH 10) are required during deacetylation 

(step d) which could lead to cleavage of the Phth group in addition to the acetyl groups. To minimise 

this occurrence, the reaction time was reduced to 20 minutes. This change proved fruitful, yielding 

99% mannoside 2.44 with no observable Phth protecting group cleavage.  

One of the major advantages of Phth protection compared with TCA protection becomes 

apparent during formation of the thioglycoside in step c, benzyl protection in step f, and glycosylation 

ǿƛǘƘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƛƴ ǎǘŜǇ ƎΦ ¢ƘŜ ȅƛŜƭŘ ƻŦ ǘƘƛƻƎƭȅŎƻǎƛŘŜ ŦƻǊƳŀǘƛƻƴ ǿŀǎ ǇǊŜǾƛƻǳǎƭȅ ǇƻƻǊ ŀƴŘ 

inconsistent when using TCA protection, yet a yield of 85% of thioglycoside 2.43 was achieved using 

glycoside 2.42. Previously, 3-O benzylation on 4,6-O-benzylidene acetal-protected thioglycoside 2.24 

was either very low yielding or not observed at all, with TCA cleavage being the major side product. 

However, no such issues were observed in the benzylation of 4,6-O-benzylidene acetal-protected 

thioglycoside 2.45, which proceeded in a 41% yield with no side-product formation being observed. 

CƛƴŀƭƭȅΣ ǿƘƛƭŜ ǇǊŜǾƛƻǳǎ ŀǘǘŜƳǇǘǎ ŀǘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ƻŦ Řƛ-benzyl protected 

thioglycoside 2.26 and benzoyl protected thioglycoside 2.38 ǿŜǊŜ ǳƴǎǳŎŎŜǎǎŦǳƭΣ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ 

glycosylation with Phth protected thioglycoside 2.46 proceeded in a 79% yield, affording glycoside 

2.47. These improvements are likely a result of the less electron withdrawing nature of Phth compared 

to TCA, making both the anomeric and O-3 positions more reactive. This increase in reactivity enabled 

all steps in the Phth protected pathway to be completed, affording the benzylidene acetal protected 

GlcNPhth acceptor 2.3c. 
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Substitution of TCA protection for Phth protection resulted in improved yields in many 

reaction steps (e.g. 4-methylōŜƴȊŜƴŜǘƘƛƻƭ ŀƴŘ оπŀȊƛŘƻǇǊƻǇŀƴπмπƻƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴǎ ŀƴŘ O-3 benzyl 

protection). However, although an improvement in yield was observed during selective O-4 

benzylidene acetal ring opening (37% vs 6%) the reaction still had to be repeated multiple times in 

order to obtain enough product to attempt a trial glycosylation. The major reason for the low yields 

observed during the reaction was the lack of control over the formation of the desired glycoside 2.3c. 

If the reaction is left too long, or too many reactant eq are used, complete cleavage of the benzylidene 

ring occurs, affording diol 2.48 as the major reaction product (Scheme 2-14). Therefore, it was decided 

to optimise the reaction conditions by investigating different reagent combinations, reagent eq, 

reaction temperatures and solvent effects.   

 

Scheme 2-14. Ring opening reaction using a hydride and acid combination to give either the open O-4 position (desired 
glycoside 2.3c) or 4,6-O-benzylidene acetal-cleaved glycoside 2.48. Reagents- i) Acid + hydride 

Initially, Et3SiH and BF3·OEt2 were the reagents chosen, as this reagent combination had 

previously been reported to liberate O-4.255 However, upon testing only a 25% yield of desired 

glycoside 2.3c was isolated (Table 4, Entry 1), with diol 2.48 being the major product. To try and 

improve the reaction yield, the quantity of both Et3SiH and BF3·OEt2 were increased (Table 4, Entry 2) 

and the reaction time was reduced. This actually had a detrimental effect, with diol 2.48 remaining 

the major product and no product 2.3c being isolated.  

Due to the poor yields observed with BF3·OEt2, it was decided to investigate the use of 

different Lewis acids. Van der Marel and co-workers237 reported the use of Et3SiH and TfOH to 

selectively open a benzylidene acetal at O-4, with an impressive 71% yield when using the conditions 

stated in Table 4, Entry 3. These conditions were replicated, and were successful, resulting in a 43% 

yield of the desired product 2.3c, with minor amounts of starting material 2.47 and diol 2.48 also being 

isolated. Use of methyl triflate (MeOTf) as an alternative Lewis acid was also investigated, but proved 

unsuccessful (Table 4, Entry 4), with no reaction being observed after 5 h at r.t. and with complete 

benzylidene acetal cleavage being observed after 16 h at r.t.. 

DIBAL-H has also been reported in the literature as a reagent which can perform selective O-

4 benzylidene acetal ring openings on protected glycosides.256 DIBAL-H was not originally selected for 

two reasons: i) firstly, due to the structure of desired product 2.3c, it may remain complexed to 

aluminium even after workup, making extraction and purification difficult, and ii) secondly, a 10% KOH 
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solution is required during the workup procedure, which may be incompatible with the base-sensitive 

Phth protecting group. Nevertheless, a trial reaction was performed using a 1 M solution of DIBAL-H 

in toluene (0.15 mL) and a 0.2 M solution of 4,6-O-benzylidene acetal-protected glycoside 2.47 in 

toluene (0.263 mL) (Table 4, Entry 5). The reaction was monitored by TLC analysis, which showed the 

reaction to be complete after 20 minutes. However, the desired glycoside 2.3c was not isolated post-

workup. It is theorised that desired glycoside 2.3c remained complexed to the aluminium, and thus 

entered the aqueous layer during extraction. Due to the presence of the base-sensitive Phth 

protecting group, excessive washing with 10% KOH aqueous solution in order to extract desired 

glycoside 2.3c was unlikely to represent a viable solution to this problem.  

 

Scheme 2-15. Selective O-4 benzylidene acetal ring opening of 4,6-O-benzylidene acetal-protected glycoside 2.47 

Table 4. Reagents and reactions conditions trialled for the selective O-4 benzylidene acetal ring opening of 4,6-O-
benzylidene acetal-protected glycoside 2.47 depicted in Scheme 2-15 

 

Entry Reagents  Reaction conditions  Major product Yield of 2.3c 

(%) 

1 Et3SiH (12 eq) BF3·OEt2 

(2 eq) 

DCM, 0 °C, 2 minutes  2.48  25% 

2 Et3SiH (14 eq) BF3·OEt2 

(3 eq) 

DCM, 0 °C, 30 seconds  2.48  N/A  

3 Et3SiH (3.3 eq) 

TfOH (3 eq) 

DCM, -78°C, 20 minutes  2.3c   43% 

4 Et3SiH (3.3 eq) 

MeOTf (3 eq) 

DCM, -78°C ς r.t., 16 h  2.48  N/A 

5 DIBAL 1 M DIBAL in toluene  

0.2 M 2.47 in toluene  

N/A N/A 
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The effect of reagent equivalents and reaction temperature was further investigated for both 

the Et3SiH and BF3·OEt2 and the Et3SiH and TfOH systems. The acid eq of each system was reduced to 

1 eq and two reaction samples were incubated at -78 °C. No reaction was observed in either sample, 

so both were warmed to 0 °C. This temperature increase did not result in a reaction, so both samples 

were further warmed to r.t. At this point the TfOH (Table 5 Entry 11) sample reacted to form a mixture 

of products; 10% starting material 2.47, 10% desired glycoside 2.3c and 50% diol 2.48. Mass 

spectrometry showed the BF3·OEt2 sample (Table 5 Entry 10) had also reacted, yielding a mixture of 

starting material 2.47 and diol 2.48. Though these results demonstrate that both reaction temperature 

and acid eq play a role in controlling the formation of the desired glycoside 2.3c, neither trial reaction 

afforded superior yields to that seen in Table 4 Entry 3. Therefore, all further trial reactions used 3.3 

eq of TfOH and were performed at -78°C.  

Table 5. Different reagent equivalents and reaction temperatures trialled for the selective O-4 benzylidene acetal ring 
opening of 4,6-O-benzylidene acetal-protected glycoside 2.47 depicted in Scheme 2-15 

 

Entry Regent combinations  Reaction conditions  Major product Yield of 2.3c 

(%) 

6 Et3SiH (3.3 eq) 

BF3·OEt2 (1 eq) 

DCM, -78°C, 60 minutes  2.47 N/A 

7 Et3SiH (3.3 eq) 

TfOH (1 eq) 

DCM, -78°C, 60 minutes 2.47  N/A 

8 Et3SiH (3.3 eq) 

BF3·OEt2 (1 eq) 

DCM, 0 °C, 60 minutes 2.47 N/A 

9 Et3SiH (3.3 eq) 

TfOH (1 eq) 

DCM, 0 °C, 60 minutes 2.47 N/A 

10 Et3SiH (3.3 eq) 

BF3·OEt2 (1 eq) 

DCM, r.t., 60 minutes 2.47 and 2.48 N/A 

11 Et3SiH (3.3 eq) 

TfOH (1 eq) 

DCM, r.t., 60 minutes 2.48  10% 
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The final reaction factor investigated was reaction solvent, as all the previous reactions trialled 

using a hydride-Lewis acid combination has been performed in DCM. Due to the nature of the reaction 

it was decided not to trial any polar protic solvents (e.g. methanol), as it was hypothesised that 

hydrogen-bonding between the solvent and the reactants would increase the rate of ring cleavage, 

increasing the formation of diol biproduct 2.48. As such, diethyl ether, toluene and acetonitrile were 

selected as potential alternative solvents. Unfortunately, 4,6-O-benzylidene acetal-protected 

glycoside 2.47 was shown to be insoluble in all three solvents at low temperatures, preventing any 

trial reactions from being conducted.  

Somewhat disappointingly, in spite of extensive investigation into different reaction 

parameters, conditions that allow for both a high degree of control over the reaction and a high yield 

of desired glycoside 2.3c could not be found. Van der Marel and co-workers237 reaction conditions 

proved the most successful, affording a 43% yield of desired glycoside 2.3c (Table 4, Entry 3). However, 

the inability to isolate the desired glycoside 2.3c selectively and in high yields had a significant impact 

on this project, making it challenging to extract enough GlcPhth acceptor 2.3c to complete proposed 

trisaccharide synthesis.  

2.2 Design and synthesis of mannose squarate analogues  
Due to the challenges associated with trisaccharide synthesis a simplified mannose-based inhibitor 

was targeted instead. A squarate mannoside scaffold was chosen for multiple reasons; firstly, squarate 

mannosides can be made via a simple synthetic pathway, with only four synthetic steps being required 

to obtain squarate mannoside 2.49 (Scheme 2-16). Furthermore, squarate mannosides have been 

shown in literature to have high affinity for FimH, with analogues achieving IC50 values in the 

micromolar range.97 A wide variety of squarate ester analogues can also be synthesised, with the 

terminal squarate methoxy group being easily substituted for an amine functionalised linker. This was 

an attractive prospect, as easy installation of multiple functional groups (e.g. amines or azide 

functionalities) enables the use of multiple bio-conjugation methods downstream during conjugate 

formation.  
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Scheme 2-16. Proposed 4-step chemical approach to the mannose squarate 2.49 from D-mannose 

Amine terminated mannose-based inhibitor 2.49 was the first squarate mannoside analogue 

synthesized. Synthesis of this squarate ester was achieved (Scheme 2-17). The first synthetic step was 

peracetylation of mannose (step a, affording D-mannose pentaacetate 2.4), followed by BF3·OEt2 

catalysed glycosylation with 4-nitrophenol (step b, affording mannoside 2.50). Mannoside 2.50 was 

further subjected to deacetylation and subsequent hydrogenation, reducing the nitro group to an 

amine (step c, affording mannoside 2.51). Once the amine group was revealed, squarate ester 

attachment was performed (step d, affording squarate-linked mannoside 2.49), followed by N-Boc-

1,2-diaminoethane addition (step e, affording mannoside 2.52). Finally, Boc deprotection (step f) was 

performed, affording amine terminated mannose-based inhibitor 2.53.  
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Scheme 2-17. Synthesis of mannose-based inhibitor 2.50 from D-mannose. Reagents and conditions, a) Ac2O, pyridine, 
DMAP, 0 °C - r.t., 12 h (80%); b) BF3·OEt2, 4-nitrophenol, dry DCM, 0 °C - r.t., 60 h, (43%); c) i) NaOMe, MeOH, r.t. 20 

minutes, ii) Pd/C, H2, dry MeOH, r.t., 12 h, (i + ii = 53%); d) Dimethyl squarate, dry  MeOH, r.t., 4 h, (84%); e) N-Boc-1,2-
Diaminoethane, NEt3, dry MeOH, r.t., 16 h, (43%); f) H2O : TfOH 1 : 1, r.t., 3 h (80%) 

All synthetic stages were successful; though minor issues were encountered during the 

synthesis. One such issue was the low yield obtained in step b glycosylation of mannoside 2.4 with 4-

nitrophenol which proceeded in a 43% yield. However, due to the large scale used, a sufficient quantity 

of mannoside 2.50 was obtained, enabling the continuation of the synthesis. Another issue 

encountered was the purification of squarate-linked mannoside 2.49, as due to the polarity of the 

compound an appropriate chromatographic column system could not be found, making purification 

difficult when the reaction is performed on a small scale. This problem was overcome when the 

reaction was scaled-up, as on a larger scale the mannose squarate ester product precipitated out of 

solution, allowing isolation to be achieved via vacuum filtration. The final issue encountered was 

purification of amine terminated mannose-based inhibitor 2.53. A 1:1 water : TfOH solution was used 

to remove the Boc protecting group, and the resultant acidic solution subsequently required 

neutralisation. Initially triethylamine was used, which led to a further issue regarding how to remove 

the resultant triethyamine salt. Due to the products polarity and solubility in water, purification was 

difficult as neither washing the compound with aqueous media or column chromatography could be 

used as purification methods. Purification was attempted using a size-exclusion column but was 
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unsuccessful, with only triethylamine salts being isolated. An alternative neutralisation approach was 

thus chosen, in which basic resin (amberlite IRA-67 free base) was used to neutralise the solution and 

was subsequently removed via filtration, leaving no salts.  

Installation of a terminal amine motif enables subsequent usage of multiple bio-conjugation 

techniques. Utilizing this amine functionality, amine terminated mannose-based inhibitor 2.53 can 

either be directly installed onto the protein of choice (e.g. via reductive amination or EDC/NHS 

coupling, see Figure 2-12), or attached to a heterobifunctional linker (by EDC/NHS coupling, see Figure 

2-12 b) prior to protein bio-conjugation.  
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Figure 2-12. a) Depicts reductive amination reaction pathway, where R1 = H for aldehydes and R1 = either an alkyl or aryl 
group for ketones, b) depicts EDC/NSH coupling reaction pathway, where R2 = protein when using direct coupling method 

and R2 = a linker functionalised with either a maleimide, alkyne or azide motif when a functionalised linker approach is 
being used 
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A second squarate mannoside analogue 2.54 was also synthesized (Scheme 2-18). This 

analogue was equipped with a terminal azide motif, enabling bio-conjugation via azide+alkyne click 

ligation. The synthesis of mannose-based inhibitor 2.54 follows the same initial four synthetic steps as 

the synthesis of amine capped mannose-based inhibitor 2.53, but the two synthetic pathways deviate 

at squarate ester addition, with the Boc-protected ethylenediamine nucleophile being replaced with 

1-amino-2-azidoethane, affording azide-capped squarate ester 2.54 (Scheme 2-18).  

 

Scheme 2-18. Synthesis of azide capped squarate ester 2.54, using 1-amino-2-azidoethane.  NEt3, MeOH, r.t., 16h, Җ ст҈ 

 

2.3 Summary and conclusions  
This chapter details the synthesis of two mannose squarate analogues which could be later used in 

bio-conjugation reactions to prepare a mannose-linked colicin conjugate. Two mannose squarate 

analogues were successfully synthesized (mannose squarate esters 2.53 and 2.54), each equipped 

with a different bio-conjugation handle (e.g. amine motif or azide motif). This chapter also describes 

the design and synthesis of protected monosaccharide building blocks that could later be used in the 

synthesis of trisaccharide 1.4.  
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Chapter 3 Synthesis of mannose-based inhibitor-linked OPAL probes 

for use in ligation  

3.1 Introduction  
Colicins are small proteins produced by E. coli strains which carry the colicinogenic plasmid.257 Colicins 

are used as an offensive weapon against competing E. coli strains, inducing apoptosis by a number of 

different mechanisms.258 In this project the group A colicin E9257 and group B colicin Ia257 will be 

focused upon. Generally, group A colicins are encoded by small plasmids and are released into the 

surrounding medium where they are translocated into target E. coli cells using a Tol system.257 In 

comparison, group B colicins are generally encoded by large plasmids and are not secreted. Group B 

colicins are usually translocated into the target E. coli using a TonB system.257  

Colicin Ia (Figure 3-1) binds to the Cir outer membrane protein receptor with high affinity, 

with a reported Kassoc of 1 x 1010 M-1 at 37 °C,259 while colicin E9 (Figure 3-2) binds to the BtuB outer 

membrane receptor at nanomolar affinity.260 Colicin Ia and colicin E9 are both composed of three 

distinct domains, the receptor domain (R) mediates binding to either the Cir or BtuB receptor, while 

the translocation domain (T) traverses the outer membrane and periplasmic space, delivering the 

channel forming domain (C) to the bacterial inner membrane.261, 262  When in contact with the bacterial 

ƛƴƴŜǊ ƳŜƳōǊŀƴŜΣ ŎƻƭƛŎƛƴ LŀΩǎ /-domain undergoes a conformational change to form a voltage-gated 

ion channel in the plasma membrane,261 resulting in an efflux of ions and thus apoptosis of E. coli.261 

In comparison, colicin E9 is an endonuclease toxin and induces apoptosis by degradation of bacterial 

genomic DNA.258 For either colicin to exhibit an apoptotic effect they must be transported across the 

outer membrane.258 

 

Figure 3-1. Structure of colicin Ia, highlighted are the three different domains, the R-domain (green), the C-domain (yellow) 
and the T-domain (orange). PDB; 1CII222 
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Figure 3-2. Structure of colicin E9 highlighted are the three different domains, the R-domain (green), the C-domain (yellow) 
and the T-domain (orange). PDB; 5EW5263 

This project aims to exploit the high binding affinity of colicin Ia and E9 to their complementary 

receptors, while preventing either colicins from exhibiting an apoptotic effect on E. coli. This will be 

ŀŎƘƛŜǾŜŘ ōȅ ǳǎƛƴƎ ŎƻƭƛŎƛƴ Lŀ ŀƴŘ 9ф ƳǳǘŀƴǘǎΣ ōƻǘƘ ƻŦ ǿƘƛŎƘ Ŏƻƴǘŀƛƴ ŀ ΨǘƻǇ ƭƻŎƪΩ ŘƛǎǳƭŦƛŘŜ ōƻƴŘ ǿƛǘƘƛƴ 

the R-domain.  Installation of a disulfide bond within the R-domain of colicin E9 has previously been 

shown to inhibit toxicity, with toxic activity restored upon reduction of the disulfide with DTT.260 It is 

thought that the increase in rigidity of the R-domain, caused by the installation of the disulfide bond, 

interferes with the translocation of colicin E9.258 This principle should also apply to the addition of a 

disulfide bond to the R-domain of colicin Ia.  

Colicins, like other bacteriocins, have therapeutic potential and are only effective against a 

narrow target range of bacteria, potentially allowing single bacteria strain targeting.264 Furthermore, 

mammalian cells lack colicin target receptors, making off-target toxicity less likely.265 Although this 

area of research is currently in its infancy, multiple studies have shown colicins exhibit antimicrobial 

properties,264-266 with some investigations focusing on the use of colicin Ia264, 265. Though these results 

are promising, at present there is a lack of data regarding the potential toxicity and immunological 

effects of using colicins in vivo. In addition to potential antimicrobial activity, colicins have also been 

shown to exhibit anticancer activity on a number of different human tumour lines.267, 268 

Unfortunately, at present colicins only show mild selectivity for cancer cells over healthy cells, limiting 

their applications in cancer treatment.268 
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Many group A colicins target the BtuB receptor, a highly abundant receptor (200 copies per 

cell)269 located on the E. coli outer membrane and responsible for cyanocobalamin transport.257, 270 

The binding  of cyanocobalamin to BtuB is calcium dependent, as depletion in calcium levels results in 

a  50-100 fold decrease in binding affinity.271 The structure of the BtuB receptor (Figure 3-3) consists 

of a 22-ǎǘǊŀƴŘŜŘ ʲ-barrel with an N-ǘŜǊƳƛƴŀƭ ƘŀǘŎƘ ŘƻƳŀƛƴ ŜƳōŜŘŘŜŘ ǿƛǘƘƛƴ ǘƘŜ ʲ-barrel lumen.272 

The BtuB receptor is TonB dependent, with a TonB protein forming part of the inner membrane 

complex responsible for producing the energy needed for transport of cyanocobalamin across the 

membrane.273-275  

 

Figure 3-3. Crystal structure of spin-labelled BtuB T156R1, PDB; 3RGM223 

In addition to the BtuB receptor, group A colicins require other embedded outer membrane 

proteins to cross the E. coli membrane.276 Group A colicin toxicity has been shown to be dependent 

on either the OmpF or OmpC porin.277 OmpF (Figure 3-4) is a non-specific pore protein which is highly 

abundant on the outer membrane of E. coli,278 with each  E. coli displaying over 100,000 copies.258, 279 

OmpF forms a trimeric structure, with each monomer consisting of a 16-ǎǘǊŀƴŘŜŘ ʲ-barrel.280 

Kleanthous and co-workers provided direct evidence that OmpF binds to the BtuB·ColE9 / Im9 

complex on 9Φ ŎƻƭƛΩǎ outer membrane, confirming the role of OmpF in the uptake of colicin E9.258  

Although both OmpF and BtuB are highly abundant on 9Φ ŎƻƭƛΩǎ surface, they are rarely situated closely 

enough together to form a complex. Complex formation therefore relies on the diffusion of BtuB 

receptor across the outer membrane and collisional interactions with the relatively immobile OmpF.281 

The exact process by which OmpF facilitates colicin E9 translocation across the outer membrane is 

unknown, but there are currently multiple hypotheses all in their preliminary stages.282  
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Figure 3-4. Structure of the OmpF porin. PDB 2ZFG 283 

The Cir receptor (Figure 3-5) is another highly abundant outer membrane protein receptor 

located on E. coli, with around 5000 receptors present on each E. coli.259 Like the BtuB receptor, the 

Cir receptor consists of a 22-ǎǘǊŀƴŘŜŘ ǘǊŀƴǎƳŜƳōǊŀƴŜ ʲ-barrelled structure, with a N-terminal plug 

ŘƻƳŀƛƴ ƛƴǎŜǊǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ʲ-barrel.284, 285 The N-terminal domain contains a seven residue stretch 

called the TonB box; this stretch interacts with TonB proteins facilitating substrate uptake.284  The 

main function of the Cir receptor is to bind and transport Fe3+ complexed to linear catecholates (e.g 

dihydroxybenzoyl serine) across the outer membrane.286 The Cir receptor is additionally targeted by 

colicin Ia,285 and has further been implicated in the uptake of catechol-substituted cephalosporins.287-

290 Finkelstein and co-workers found that, in addition to binding to the receptor binding domain of 

colicin Ia, the Cir receptor could also bind to the translocation domain weakly.284 This result supports 

the hypothesis that translocation of colicin Ia involves two Cir receptors working independently, with 

one Cir receptor bound to the R domain of the colicin Ia and a second receptor bound to the T 

domain.284  

 

Figure 3-5. Structure of colicin IA (pink) bound to the Cir receptor (blue), PDB; 2HDI291 
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3.2 Section aims  
The overall aim of this section is to synthesize a library of mannose-based inhibitor-linked colicin 

conjugates. To achieve this objective several bodies of work will have to be completed. Firstly, samples 

of colicin E9 need to be expressed and purified. Samples of colicin Ia containing a free cystine residue 

will be provided by the Baumann laboratory. Secondly, Potential bio-conjugation pathways will be 

explored, focusing on the use of either maleimide ligation or OPAL ligation. Maleimide ligation is well 

established in the literature with commercial probes available. However, for maleimide ligation to be 

utilised a colicin E9 mutant containing a free cystine residue would need to be designed, representing 

a significant time investment. Due to both colicin proteins possessing an N-terminal serine residue no 

mutants would be required for OPAL ligation. Nevertheless, OPAL ligation has previously not been 

used to ligate a glycan to a protein. Thus, if OPAL ligation is chosen, variously sized mannose-based 

inhibitor-linked OPAL probes would need to be synthesized. Finally, once a bio-conjugation pathway 

has been decided upon a library of mannose-based inhibitor-linked colicin conjugates will be 

synthesized.   

3.2 Results and discussion  

3.2.1 Expression and purification of colicin E9  
Expression and purification of colicin E9 was successfully performed in-house following the protocol 

attached in Experimental section 8.3.1.1 page 270. Colicin-expressing organisms protect themselves 

from the apoptotic effects of colicins by co-expressing a small cytoplasmic inhibitor known as an 

immunity protein (Im),292 with the Im9 being expressed such that it is associated with colicin E9.293 

Preparatively, breakdown of the colicin E9 immunity complex can be achieved during Ni2+ affinity 

purification, by engineering Im9 to contain a His6 tag. The His6-tagged Im9 thus binds to the Ni2+ affinity 

column, where after treatment with a denaturing buffer (pH 7.0, 20 mM K phosphate + 0.5 M NaCl + 

6 M guanidine) stimulates the unfolding of colicin E9, releasing it from the bound Im9. Once separated, 

the denatured colicin E9 can be dialysed into a guanidine-free buffer (pH 7.0, 20 mM K phosphate + 

0.5 M NaCl), where after it refolds.  

The first attempt at expression and purification of colicin E9 was unsuccessful, as only a faint 

protein band was observed at 70 kDa post-Ni2+ affinity purification. Furthermore, dialysis of these 

pooled fractions induced protein precipitation. The sample was centrifuged to afford a protein pellet 

and the resulting supernatant was concentrated, whereafter an absorbance measurement at 280 nm 

and an SDS-PAGE gel confirmed the supernatant sample did not contain a significant amount of 

protein.  
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The lactose (lac) operon in E. coli is a sequence of three structural genes necessary for the 

transport and metabolism of lactose.294 One of these genes (lacZύ ŎƻŘŜǎ ŦƻǊ ʲ-galactosidase, an 

intracellular enzyme that cleaves lactose (a disaccharide) into glucose and galactose, another (lacY) 

ŎƻŘŜǎ ŦƻǊ ʲ-ƎŀƭŀŎǘƻǎƛŘŜ ǇŜǊƳŜŀǎŜΣ ŀ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴ ǘƘŀǘ ǇǳƳǇǎ ʲ-galactosides (including 

lactose) into the cell, and the third (lacAύ ŎƻŘŜǎ ŦƻǊ ʲ-galactoside transacetylase, an enzyme that 

transfers an acetyl group from acetyl-/ƻ! ǘƻ ʲ-galactosides during metabolism.294 Lac operon 

expression is regulated by the lac repressor and increases above basal levels when glucose levels are 

low295. The lac repressor binds specifically to DNA at the operator region of the lac operon296 inhibiting 

lac operon transcription.297-299 E. coli basally expresses the lac operon to a small degree, as small 

ŀƳƻǳƴǘǎ ƻŦ ʲ-ƎŀƭŀŎǘƻǎƛŘŀǎŜ ŀƴŘ ʲ-galactoside permease297 are required to allow E. coli to respond to 

changes in lactose or glucose levels via the formation of the lactose metabolite allolactose,300 an 

inducer of the lac operon.301 When glucose levels are low or lactose levels are high, allolactose binds 

to the lac repressor, inducing an allosteric shape change,297, 299, 302 destabilising the lac repressor-lac 

operon complex, resulting in increased transcription of the lac operon.297 ¢ƘŜ ΨƘǳƴƎŜǊ ǎƛƎƴŀƭΣΩ ŎȅŎƭƛŎ 

AMP (cAMP),303 is produced by E. coli when glucose levels are low. cAMP can bind to Catabolite 

activator protein (CAP or cAMP receptor protein (CRP)),304, 305 and the resulting complex binds to a 

specific site in the DNA of the lac promotor region,305, 306 enhancing the binding of RNA polymerase to 

the promoter DNA of the lac operon.304, 305  

In the plasmid construct used for colicin E9 expression, the genes needed for colicin E9 

expression are located after a lac operon, and thus activation of the lac operon results in colicin E9 

ŜȄǇǊŜǎǎƛƻƴΦ LǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) is an allolactose mimic307 (Figure 3-6), which 

when added to an E. coli culture results in activation of the lac operon and stimulation of gene 

expression. Low glucose levels prior to IPTG induction can result in leaking of the lac operon, and 

therefore keeping glucose levels high prior to IPTG-induced colicin E9 expression will minimise leaking 

of the lac operon.  A second attempt at colicin E9 expression and purification was attempted, using LB 

media supplemented with glucose (final concentration = 0.4% w/v D-glucose). This supplementation 

was shown to increase expression of colicin E9 and 4.78 mg of purified colicin E9 was extracted for 

use during protein bio-conjugation experiments. 

 

Figure 3-6. Structures of allolactose and IPTG 
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3.2.2 Investigation into potential bio-conjugation techniques  
Following the successful synthesis of mannose-based inhibitors 2.53 and 2.54, (Figure 3-7) the next 

task was to start investigating different potential bio-conjugation methods which could be used to 

append either inhibitor to a colicin protein. Mannose-based inhibitor 2.53 contains a terminal amine 

motif which allows utilization of bio-conjugation techniques like reductive amination (Figure 2-12a) 

and EDC NHS coupling (Figure 2-12b). Conversely, mannose-based inhibitor 2.54 has a terminal azide 

group, allowing exploration of click ligation methods such as CuAAC and SPAAC ligation.  

 

Figure 3-7. Structure of mannose-based inhibitors 2.53 and 2.54 

Neither colicin Ia or E9 contain the appropriate motifs (an aldehyde / ketone motif for 

reductive amination or an alkyne motif for either CuAAC or SPAAC) to allow for direct installation of 

either mannose-based inhibitor.  Consequently, a linker molecule will be required for conjugation. A 

commercially available compatible linker (heterobifunctional linker 3.1, Scheme 3-1) was found for 

the conjugation of colicin Ia to mannose-based inhibitor 2.53. Heterobifunctional linker 3.1 contains 

an NHS ester which can react with the terminal amine on mannose-based inhibitor 2.53, as well as a 

maleimide motif which can react with the thiol group present at the free cystine residue on colicin Ia. 

The reactivity of heterobifunctional linker 3.1 is pH dependant - at pH 7.2-9 amide formation is 

favoured, whereas at pH 7.0 maleimide ligation is favoured. This allows for selective addition of 

mannose-based inhibitor 2.53 to heterobifunctional linker 3.1, to afford mannose-based inhibitor-

linked heterobifunctional linker 3.2 prior to maleimide ligation with colicin Ia (Scheme 3-1).     
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Scheme 3-1. Schematic depicting the pH-dependent reactions of heterobifunctional linker 3.1, which initially undergoes an 
EDC NHS reaction with mannoside based inhibitor 2.53 to afford mannose-based inhibitor-linked heterobifunctional linker 

3.2, and then subsequently undergoes maleimide ligation to the free thiol unit located on colicin Ia 

 

Colicin Ia (70 kDa) is too large to be observed by mass spectroscopy on the FT-ICR. As such, 

maleimide conjugation of colicin Ia to mannose-based inhibitor-linked heterobifunctional linker 3.2 

was monitored using a lectin blot mediated by a concanavalin A peroxidase conjugate. Concanavalin 

A is a mannose binding lectin308 and horseradish peroxidase catalyses the oxidation of luminal to a 

range of substrates, including components of bioluminescent systems309-311 causing the emission of 

UV light. The addition of an enhanced chemiluminescence (ECL) reagent amplifies luminescence 

allowing for detection via UV imaging. Concanavalin A will only bind to colicin Ia which has undergone 

conjugation to mannose-based inhibitor-linked heterobifunctional linker 3.2, meaning only the 

conjugated colicin Ia is detectable under UV.  
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Conjugation of mannose-based inhibitor 2.53 to colicin Ia using heterobifunctional linker 3.1 

was performed. A lectin blot and a SDS-PAGE gel (Figure 3-8 and Figure 3-9) confirmed that the 

conjugation was successful.  Like many proteins containing a free cysteine residue, colicin Ia shows a 

tendency to form disulfide-linked dimers.312 In these disulfide-linked dimers, both the previously-free 

cysteine residues of the individual colicins are inaccessible for modification via maleimide ligation. As 

ǎǳŎƘΣ ǇǊƛƻǊ ǘƻ ƳŀƭŜƛƳƛŘŜ ƭƛƎŀǘƛƻƴ ŎƻƭƛŎƛƴ Lŀ ǿŀǎ ǘǊŜŀǘŜŘ ǿƛǘƘ ǘƘŜ ǘƘƛƻƭ ǊŜŘǳŎƛƴƎ ŀƎŜƴǘ ʲ-

ƳŜǊŎŀǇǘƻŜǘƘŀƴƻƭ όʲaŜύΦ ¦± ŀŎǘƛǾƛǘȅ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ƭŀƴŜǎ .-E of the lectin blot (Figure 3-9) - these 

lanes all contained modified colicin Ia. Comparatively no UV activity was observed in lanes F-I, which 

contained unmodified colicin Ia. All lanes in the SDS-PAGE gel (Figure 3-8), contain a major band 

around 70 kDa for colicin Ia monomer. Lanes B-E also contain a minor band around 140 kDa for the 

colicin Ia dimer. A further interesting observation is that the major band in lanes B-E is higher than 

that in lanes F-I, providing further evidence that the conjugation of colicin Ia to mannose-based 

inhibitor-linked heterobifunctional linker 3.2 was successful.  

 

Figure 3-8. SDS-PAGE gel (stained with Coomassie) containing colicin Ia which has been subjected to ligation with mannose-
based inhibitor-linked heterobifunctional linker 3.2 (lanes B-E) and unmodified colicin Ia (lanes F-I) 

 

Figure 3-9. Lectin blot containing colicin Ia which has been subjected to ligation with mannose-based inhibitor-linked 
heterobifunctional linker 3.2 (lanes B-E) and unmodified colicin Ia (lanes F-I) 
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Colicin E9 does not contain a free cystine residue, and therefore cannot undergo maleimide 

ligation. As such, a new bio-conjugation method was needed to afford a mannose-linked colicin E9 

conjugate. Both colicin E9 and colicin Ia contain an N-terminal serine residue, meaning they can be 

readily subjected to OPAL ligation - a bio-conjugation method developed in the Fascione laboratory 

(Scheme 3-2).  

 

Scheme 3-2. Schematic for colicin Ia undergoing initial NaIO4-mediated oxidative cleavage of the N-terminal 1,2-amino 
alcohol to give an alpha oxo-aldehyde, which can subsequently be subjected to OPAL ligation with an aldehyde-charged 

probe, mediated by a proline tetrazole catalyst. (R = a biotag such as folate, dansyl and biotin) 

The preparation of an OPAL-ligated construct involves two steps, with the first being the 

oxidation of the N-terminal serine residue on either colicin Ia or colicin E9 using NaIO4, which 

functionalises the N-terminus with an alpha-oxo aldehyde via the oxidative cleavage of the 1,2-amino 

alcohol. This step is conducted in the presence of L-methionine to protect the protein from over-

oxidation. Once the alpha-oxo aldehyde has been introduced, the colicin is then treated with a 

secondary amine organocatalyst (the tetrazole variant shown in scheme is the most effective known) 

and an active biomolecule-tagged OPAL probe (e.g. functionalised with biotin, folate, azide, or sugar 

units).   

To test whether OPAL ligation would be an appropriate bio-conjugation technique, both 

colicin E9 and Ia were subjected to OPAL conjugation with biotin-linked OPAL probe 3.3, synthesized 

by a previous group member (Figure 3-10). Western blots and an SDS-PAGE gel were used to 

determine that OPAL conjugation of both colicin Ia and E9 to biotin-linked OPAL probe 3.3 had been 

successful. The Western blots for both colicins (Figure 3-11 and Figure 3-12) showed background UV 

activity in all lanes, but both membranes showed significant UV activity in lanes B, C and D, all of which 

contained biotin-modified colicin. No significant UV activity was seen in lane E of either membrane, 

even though these lanes did contain biotin-modified colicin. This is likely due to the concentration of 

protein present being too low to exhibit UV activity. The SDS-PAGE gel (Figure 3-13) supports the 

Western blot findings as all lanes contain a major protein band around 70 kDa, indicative of the 

presence of monomeric colicin Ia or colicin E9.  
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Figure 3-10. The structure of biotin-linked OPAL probe 3.3 

 

 

Figure 3-11. Results of lectin blot containing colicin Ia which has been subjected to OPAL ligation with biotin-linked OPAL 
probe 3.3 (lanes B-E) and unmodified colicin Ia (lanes F-H) 

 

 

Figure 3-12. Results of lectin blot containing colicin E9 which has been subjected to OPAL ligation with biotin-linked OPAL 
probe 3.3 (lanes B-E) and unmodified colicin E9 (lanes F-H). 
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Figure 3-13. Results of SDS-PAGE gel stained with Coomassie containing unmodified colicin Ia (lane B), colicin Ia which has 
been subjected to ligation with biotin-linked OPAL probe 3.3 (lane C), unmodified colicin E9 (lane D) and colicin E9 which has 

been subjected to ligation with biotin-linked OPAL probe 3.3 (lane E) 
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3.2.3 Synthesis of a library of mannose-based inhibitor-linked OPAL probes  
Once it had been proven that both colicin Ia and E9 underwent OPAL ligation, the development of a 

mannose-based inhibitor-linked OPAL probe became a priority. OPAL probe synthesis is typically 

conducted on a peptide synthesiser, and the commercial availability of amino acids containing dansyl 

and biotin units makes the incorporation of these groups into OPAL probes straightforward. As an 

amino acid functionalized with mannose-based inhibitor 2.53 or 2.54 is not commercially available, 

installation of either mannose-based inhibitor would be more challenging.  

Peptide 3.4 (Scheme 3-3) was designed as an initial scaffold for a mannose-based inhibitor-

linked OPAL probe. The key components in the design of peptide 3.4 are the PEG spacer units, which 

are installed to separate the points at which mannose-based inhibitor 2.53 and OPAL small molecule 

3.5 will be attached. Furthermore, installation of piperidine-4-carboxylic acid prior to succinic 

anhydride installation prevents cyclisation of succinic anhydride, which if allowed to occur would 

prevent further peptide coupling. Succinic anhydride was included in the peptide design as a point of 

attachment for mannose-based inhibitor 2.53. Due to the terminal amine present on mannose-based 

inhibitor 2.53, traditional peptide coupling could not be used, but by reacting succinic anhydride with 

the terminal amine group on the peptide a carboxylic acid becomes installed, allowing mannose-based 

inhibitor 2.53 to itself be coupled to by amide bond formation (Scheme 3-3, step A). The second amino 

acid present in peptide 3.4 is Lys(Dde) - this serves as a point of attachment for OPAL small molecule 

3.5, as once the peptide backbone has been synthesised the Dde group can be deprotected using a 

solution of 2% hydrazine in DMF (Scheme 3-3, step B), revealing a free amine motif to which OPAL 

small molecule 3.5 can be coupled (Scheme 3-3, step C). The final stage of OPAL probe synthesis is 

resin cleavage (Scheme 3-3, step D) which yields mannose-based inhibitor-linked OPAL probe 3.6. 
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Scheme 3-3. Reaction schematic for proposed conversion of peptide 3.4 to mannose-based inhibitor-linked OPAL probe 3.6. 
Following initial attachment of mannose-based inhibitor 2.53 (step A) to afford Dde protected mannose-based inhibitor-

linked peptide 3.7, which is treated with 2% hydrazine in DMF (step B) to afford mannose-based inhibitor-linked peptide 3.8. 
The revealed free amine residue allows for attachment of OPAL small molecule 3.5 (step C) affording protected mannose-
based inhibitor-linked OPAL probe 3.9, the final step is treatment with 95 : 2.5 : 2.5 TFA : H2O : triisopropylsilane to afford 

mannose-based inhibitor-linked OPAL probe 3.6 
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Characterisation of mannose-based inhibitor-linked OPAL probe 3.6 was challenging, as liquid 

chromatography mass spectrometry (LCMS) traces only gave weak product mass signals at 1448.48 

m/z, even at high concentrations of deprotected probe 3.6. Fourier transform ion cyclotron resonance 

(FT-ICR) mass spectrometry, using both ESI and MALDI, further showed the presence of weak product 

mass signals. More interestingly, no common impurity peaks could be identified across all three mass 

spectra, suggesting the weak product peak intensity observed could be due to deprotected probe 3.6 

being difficult to ionise during mass spectrometry. It was hypothesized that purification of 

deprotected probe 3.6 using an LH-20 column might increase its visibility in mass spectrometry 

analysis. Unfortunately, post-purification LCMS traces again displayed only a weak product peak, and 

it was thus decided to redesign the mannose-based inhibitor linked OPAL probe.  

A paper by Sewald and co-workers313 reported the use of Cu-catalysed click chemistry on-resin 

to produce a sugar-peptide glycoconjugate. Using this method would simplify the design of a 

mannose-based inhibitor-linked OPAL probe. As substituting the Fmoc-Lys(Dde)-OH residue for an 

Fmoc-L-propargylglycine residue provides an easy installation point for mannose-based inhibitor 2.54 

(Scheme 3-4) - this further removes the need for piperidine-4-carboxylic acid and succinic anhydride, 

as OPAL small molecule 3.5 can be installed directly onto the peptide terminus.  
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Scheme 3-4. Schematic for the synthesis of mannose-based inhibitor-linked OPAL probe 3.10 from alkyne charged peptide 
3.11 following initial on-resin copper-catalysed click with mannose-based inhibitor 2.54 to afford mannose-based inhibitor-

linked peptide 3.12, which undergoes acid-catalysed cleavage using the cleavage cocktail 95 : 2.5 : 2.5 TFA : H2O : 
triisopropylsilane 
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Synthesis of mannose-based inhibitor-linked OPAL probe 3.10 (Scheme 3-4) was attempted. 

Unfortunately, mass spectrometry analysis showed only minor peaks present at m/z 1248.51 [M+H]+ 

(2.03%) (Figure 3-14) and m/z 624.97 [M+2H]2+ (25.18%), corresponding to probe 3.10 (Figure 3-14). 

The major products identified by mass spectrometry were an unknown major species (m/z 1139.55 

[M+H]+ (4.38%) and 570.42 [M+2H]2+ (100%)) and a second species whose mass corresponds to that 

of peptide 3.10 minus OPAL small molecule 3.5 (1041.44 [M+H]+ (18.05%) and 521.32 [M+2H]2+ 

(79.75%)). These results suggest that some peptide coupling reactions failed to reach completion, 

explaining the low yield of probe 3.10 obtained.    

 

Figure 3-14. Depicts the mass spectroscopy results for probe 3.10 

Other members of the group have also experienced problems with peptide synthesis; all 

syntheses using the spacer unit 8-amino-3,6-dioxaoctanoic acid were proving problematic. Thus, it 

was decided to tweak the design of the mannose-based OPAL probe by replacing the PEG spacer units 

with six repeating alternating glycine and serine units to afford probe 3.13 (Figure 3-15). We 

hypothesis the use of glycine and serine units would increase probe 3.13 water-solubility and the ease 

with which probe 3.13 could be purified.  
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Figure 3-15. Structure of probe 3.13 

 

Mass spectrometry results showed the successful synthesis of probe 3.13, with a peak at 

m/z 1245.46 [M+H]+ and a major peak at m/z 623.35 [M+2H]2+ (Figure 3-16).  

 

 

 

Figure 3-16. Depicts mass spectrometry trace for probe 3.13 

  






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































