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Abstract 

Synthetic natural glycoproteins and neoglycoconjugates have multiple applications 

ranging from the study of glycobiology to potential therapeutics and detection of 

pathogens. However, the preparation of natural homogeneous glycoproteins or 

synthetic neoglycoconjugates is a challenging synthetic task. The aim of the research 

described in this thesis is to develop site-specific chemical and enzymatic methods 

for the preparation of well-defined glycoconjugates. Firstly, the use of sortase-

mediated C-terminal ligation was investigated as a method for the preparation of a 

series of CTB-MUC1 glycoconjugates with the aim to identify antibody-like binding 

proteins with affinity for the ligated glycopeptide.  

Secondly, chemical ligation methods have been used to make multivalent 

neoglycoconjugate inhibitors of the bacterial enterotoxins, cholera toxin and 

verotoxin. Site-specific ligation of GM1 or Gb3 to a pentameric protein scaffold using 

a minimal length, bifunctional, and biorthogonal linker, resulted in inhibitors which 

display sub-nanomolar and micromolar IC50 values against CTB or VTB respectively, 

determined by ELLA inhibition studies.  



v 

 

Abbreviations 

AEEAc 8-amino-3,6-dioxaoctanoic acid 

Aha Azidohomoalanine 

AIM Auto induction media 

ALBA Affimer lectin binding assay 

APCs Antigen presenting cells 

BCN Bicyclo[6.1.0]non-4-yne 

BSTG Biostructure Technology Group, University of Leeds 

CAYE Casamino yeast extract 

CBD Chitin binding domain 

COSMC core-1 β3GalT specific molecular chaperone 

CRP C-Reactive protein 

CT Cholera toxin 

CTB Cholera toxin B-subunit 

CuAAC Copper catalysed azide-alkyne cycloaddition 

DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene 

DCM Dichloromethane 

Dha Dehydroalanine 

DIAD Diisoproylazodicarboxylate 

DLS Dynamic light scattering 

DMC 2-Chloro-1,3-dimethylimidazolinium chloride 

DMF Dimethylformamide 

E. coli Escherichia coli 

ELISA Enzyme-linked immunosorbent assay 

ELLA Enzyme-linked lectin assay 

ER Endoplasmic reticulum 

ES-MS Electrospray mass spectrometry 

FDA U.S. Food and Drug Administration 

Fmoc Fluorenylmethyloxycarbonyl 

FPLC Fast protein liquid chromatography 

Gal Galactose 

GalNAc N-Acetyl galactosamine 

Gb3 Gal(α1-4)Gal(β1-4)Glcβ 

Gb3Cer Gal(α1-4)Gal(β1-4)Glcβ-ceramide 



vi 

 

GM1 Gal(β1-3)GalNAc(β1-4)[Neu5Ac(α2-3)]Gal(β1-4)Glcβ 

GPI Glycosylphosphatidylinositol 

HIV Human immunodeficiency virus 

HMDS Hexamethyldisilazane 

HPLC High-performance liquid chromatography 

HRMS High resolution mass spectrometry 

HRP Horseradish peroxidase 

HUS Haemolytic uremic syndrome 

IPTG Isopropyl-β-thiogalactopyranoside 

ITC Isothermal titration calorimetry 

KLH Keyhole limpet hemocyanin 

Lac Lactose 

LB Luria Broth 

LC-MS Liquid chromatography mass spectrometry 

LT Heat-labile toxin 

mAb Monoclonal antibody 

MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight 

spectrometry 

MUC1 Mucin 1 

NHS N-Hydroxy succinimide 

Ni-NTA Nickel nitrilotriacetic acid resin 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser Effect Spectroscopy 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PhoA Alkaline phosphatase 

SAP Serum amyloid P component 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEC Size-exclusion chromatography 

SPAAC Strain promoted azide-alkyne cycloaddition 

SPANC Strain promoted azide-nitrone cycloaddition 

SPPS Solid phase peptide synthesis 

SPR Surface plasmon resonance 



vii 

 

Srt5M Sortase A pentamutant (P94R, D160N, D165A, K190E and 

K196T) 

Srt7M Sortase A heptamutant (P94R, D160N, D165A, K190E and 

K196T, E105K and E108A/Q) 

SrtA Sortase A 

TACAs Tumour associated carbohydrate antigen 

TAE Tris, Acetic acid, EDTA 

TCEP Tris(2-carboxyethyl)phosphine 

TEA Triethylamine 

TEMED Tetramethylethylenediamine 

TFA Trifluoro acetic acid 

THF Tetrahydrofuran 

TIS Triisopropylsilane 

TLC Thin layer chromatography 

TMS Trimethylsilyl 

TMSOTf Trimethylsilyl trifluoromethanesulfonate 

Tris Tris(hydroxymethyl)aminomethane 

VNTR Variable number of tandem repeats 

VT Verotoxin 

VTB Verotoxin B-subunit 

WHO World Health Organisation 

WT Wild type 



 
 

viii 

 

Table of Contents 

Chapter 1: Background ............................................................................................ 1 

1.1 The Glycocalyx ............................................................................................ 1 

1.2 Tumour Associated Carbohydrate Antigens ................................................ 2 

1.2.1 Mucins ............................................................................................... 4 

1.2.2 Structure & Function of Mucin 1 ...................................................... 4 

1.2.3 Mucin O-linked Glycosylation .......................................................... 6 

1.2.4 Glycoconjugate Vaccines .................................................................. 8 

1.3 Glycocalyx-Pathogen Interactions ............................................................... 9 

1.3.1 Glycolipid Biosynthesis ................................................................... 10 

1.3.2 Bacterial Toxins ............................................................................... 10 

1.3.3 Multivalent Glycoconjugate Inhibitors ............................................ 13 

1.4 Synthetic Glycoproteins & Glycoconjugates ............................................. 18 

1.4.1 Unnatural Amino Acid Incorporation .............................................. 19 

1.4.2 Post-translational Glycosylation ...................................................... 21 

1.4.3 Modification of N-Terminal Cysteines ............................................ 25 

1.4.4 N-terminal Modification of Threonine & Serine ............................. 27 

1.4.5 Transpeptidases ............................................................................... 29 

1.5 Project Outline ........................................................................................... 34 

1.5.1 Detection of Novel Carbohydrate Binding Proteins ........................ 34 

1.5.2 Multivalent Neoglycoconjugate Inhibitors ...................................... 36 

Chapter 2: Preparation of tumour-associated MUC1 cholera toxin B-subunit 

conjugates ....................................................................................................... 38 

2.1 Glycopeptide Preparation ........................................................................... 38 

2.1.1 Synthesis of GalNAc-Ser/Thr Amino Acid Building Blocks .......... 38 

2.1.2 Solid Phase Glycopeptide Synthesis of (Tn)MUC1 Fragments ...... 41 

2.2 Preparation of Protein Labelling Stocks .................................................... 44 

2.2.1 Preparation of CTB with C-terminal Sortase Sequence .................. 44 

2.2.2 Preparation of Sortase 7M ............................................................... 49 

2.3 Conjugation of Glycopeptides to C-terminus of CTB ............................... 50 

2.3.1 Effect of Adding Chaotropic Agent on Conjugational Efficiency .. 52 

2.3.2 Investigation into Secondary Structure of MUC1 Epitopes ............ 54 

2.3.3 Effect of Increased Linker Length on Conjugational Efficiency .... 57 

2.4 Is the Refolded CTB better for C-terminal Ligation with Sortase 7M?..... 61 



ix 

 

2.5 Chapter Conclusions .................................................................................. 63 

Chapter 3: Biotinylation of Multivalent Proteins for Phage Display ................. 64 

3.1 Background ................................................................................................ 64 

3.2 Dual N- and C-terminal Labelling of CTB-LPETGA ............................... 65 

3.2.1 N-terminal Biotinylation.................................................................. 65 

3.2.2 C-terminal Sortase Ligation of Biotinylated CTB-LPETGA .......... 71 

3.2.3 Phage Display Screening of Biotinylated CTB-glycoconjugates .... 76 

3.3 Multivalent Biotinylated (Tn)MUC1 Glycopeptides for Phage Display ... 76 

3.3.1 Preparation of Biotinylated Scaffold ............................................... 76 

3.4 Identifying VTB-binding Affimers ............................................................ 80 

3.4.1 VTB Expression and Purification .................................................... 81 

3.4.2 VTB Biotinylation ........................................................................... 82 

3.4.3 Phage Display Screening of Verotoxin B-subunit ........................... 85 

3.5 Chapter Conclusion .................................................................................... 86 

Chapter 4: Multivalent Glycoconjugate Inhibitors Based on Non-binding 

CTB Scaffold. ................................................................................................. 88 

4.1 Background ................................................................................................ 88 

4.2 Preparation of a BCN-functionalised CTB Scaffold ................................. 90 

4.2.1 Expression of Non-binding CTB(W88E) Mutant ........................... 90 

4.2.2 Synthesis of Aminooxy BCN-functionalised Linker....................... 91 

4.2.3 Site-specific BCN-functionalisation of CTB(W88E) by Oxime 

Ligation ............................................................................................ 92 

4.3 Preparation of Glycosyl Azides and Functionalization of BCN-

CTB(W88E) Through SPAAC .................................................................. 96 

4.3.1 Synthesis of Lactosyl azide ............................................................. 96 

4.3.2 Synthesis of GM1 azide ................................................................... 97 

4.3.3 SPAAC of Glycosyl azides onto BCN-CTB(W88E) .................... 100 

4.4 Inhibition Studies by Enzyme-Linked Lectin Assay (ELLA) ................. 103 

4.4.1 Inhibition of CTB Binding to GM1 ............................................... 104 

4.4.2 Inhibition of VTB Binding to Gb3 ................................................ 108 

4.5 Chapter Conclusions ................................................................................ 115 

Chapter 5: Moving Toward Non-bacterial Pentameric Protein Scaffolds for 

Multivalent Neoglycoprotein Inhibitors .................................................... 118 

5.1 Background .............................................................................................. 118 

5.2 Design and Expression of a Serum Amyloid P Scaffold ......................... 119 

5.2.1 The Issues of Protein Glycosylation .............................................. 121 



x 

 

5.3 C-Reactive Protein ................................................................................... 122 

5.3.1 Expression Testing & Plasmid Optimisation................................. 123 

5.3.2 Refolding C-Reactive Protein ........................................................ 125 

5.4 Chapter Conclusions ................................................................................ 126 

Chapter 6: Conclusions & Future Work ............................................................ 128 

6.1 C-terminal Sortase Mediated Ligation of Glycopeptides ........................ 128 

6.2 Affimer Phage Display ............................................................................ 129 

6.2.1 Orthogonal N- & C-terminal Labelling of CTB ............................ 129 

6.2.2 Multivalent MUC1(Tn) Glycopeptides for Phage Display ........... 131 

6.2.3 Working Towards developing Affimers against Verotoxin .......... 131 

6.3 Neoglycoconjugate Inhibitors of Bacterial Enterotoxins ......................... 133 

6.3.1 Engineering a Non-bacterial Pentameric Protein Scaffold ............ 135 

Chapter 7: Chemistry Experimental ................................................................... 138 

7.1 Synthesis .................................................................................................. 138 

7.1.1 General Reagents and Equipment.................................................. 138 

7.1.2 Small Molecule Synthesis ............................................................. 139 

7.2 Solid Phase Peptide Synthesis ................................................................. 153 

7.2.1 General Reagents and Equipment.................................................. 153 

7.2.2 Standard Procedures for Solid Phase Peptide Synthesis ............... 153 

7.2.3 Synthesised Peptides & Glycopeptides ......................................... 155 

Chapter 8: Biochemical Experimental ................................................................ 170 

8.1 General Methods and Equipment ............................................................. 170 

8.2 Media and Buffers .................................................................................... 170 

8.2.1 Growth Media ................................................................................ 171 

8.2.2 General Buffers for Working with Proteins .................................. 171 

8.2.3 General Buffers for Working with DNA ....................................... 173 

8.3 Standard Protocols ................................................................................... 173 

8.3.1 Cell Growth and Protein Overexpression ...................................... 173 

8.3.2 Protein Purification ........................................................................ 175 

8.3.3 Protein Analysis ............................................................................. 180 

8.3.4 Protein Modification ...................................................................... 182 

8.3.5 DNA Manipulation, Purification and Analysis ............................. 184 

8.3.6 ELLA protocols ............................................................................. 187 



xi 

 

Chapter 9: References........................................................................................... 189 

Chapter 10: Appendix .......................................................................................... 203 

10.1 Peptide & Glycopeptide HPLC Traces .................................................... 203 

10.2 Plasmid Sequences ................................................................................... 213 

10.3 Protein Sequences .................................................................................... 228 

10.4 Protein Purification .................................................................................. 232 

10.5 Primers ..................................................................................................... 239 

 



 
 

1 

 

Chapter 1: Background 

1.1 The Glycocalyx 

The glycocalyx, literally meaning “sugar-coat”, is a highly charged layer of 

membrane-bound macromolecules attached to the cell membrane. The glycocalyx is 

composed of glycosaminoglycans, proteoglycans, N- and O-linked glycoproteins and 

glycolipids which mediate cellular adhesion, and many other critical biological 

functions;1,2 many examples of these are shown in Figure 1-1.  

 

Figure 1-1: Representation of cell surface glycans. The diagram depicts one or 

more glycans from each class of mammalian glycan. Figure taken (unedited) from 

ref 3. Used under CC BY-ND 4.0 licence. 

Unlike translation and transcription, the process of glycosylation is not templated 

leading to microheterogeneity and mixtures of glycoforms with different 

glycosylation patterns. This work will focus on the development of artificial 

glycoproteins that have defined glycosylation patterns for biomedical applications. In 

section 1.2, the impact of changes to mucin glycosylation and tumour associated 

carbohydrate antigens will be discussed alongside the potential of glycoconjugate 
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vaccines. Section 1.3 will introduce glycocalyx-pathogen interactions, focussing on 

interactions of bacterial toxins and the development of multivalent inhibitors of toxin 

adhesion. In section 1.4 methods for the site-specific modification of proteins that can 

be applied to the preparation of structurally defined artificial glycoproteins will be 

discussed. Finally in section 1.5, the aims of my research will be outlined including 

how synthetic glycoproteins can be produced for applications ranging from the 

detection of novel carbohydrate binding proteins to potential therapeutics as 

multivalent inhibitors of bacterial enterotoxins, cholera toxin & verotoxin. 

 

1.2 Tumour Associated Carbohydrate Antigens  

Cell surface glycosylation is a dynamic process, which changes at the onset of 

carcinogenesis and throughout cancer leading to the display of structures either in 

higher abundance than in normal tissues, or structures that are not present on normal 

healthy cells. Understanding the wider expression profiles of tumour associated 

carbohydrate antigens for malignant tumours is essential for identification of targets 

for cancer immunotherapy and the development of platforms for rapid screening of 

samples for cancer (Table 1-1).4–7 Globo-H is an unnatural tumour-specific 

hexasaccharide antigen which was first discovered covalently attached to lipids of 

human breast cancer cells MCF-7.8 Since its discovery it has been observed in other 

epithelial tumours such as lung, colon, ovarian and prostate cancers.9 Gangliosides 

are a group of natural cell-surface sialylated glycolipids which are over-expressed in 

numerous neuroectodermal cancers such as melanoma, neuroblastoma, sarcoma and 

small-cell lung cancer.10 Expression of the ganglioside GM2 has also been reported 

for several epithelial cancers including breast, prostate, ovarian and colon cancers.11–

13 To date Globo-H, GD2, GD3 and GM2 have all been investigated as targets for 

cancer vaccines as a method of activating the immune system.8,14–16   
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Table 1-1: Expression profile of Tumour Associated Carbohydrate Antigens for 

malignant tumours.4–7 

Tumours 

Tumour Associated Carbohydrate Antigens 

T
n
 

S
T

n
 

S
T

 

L
ea  

S
L

ea  

L
ex

 

S
L

ex
 

L
ey

 

G
lo

b
o
-H

 

G
D

2
 

G
M

2
 

G
D

3
 

B-cell Lymphoma          + +  

Bladder + + +   +       

Breast + + +  + + + + +  +  

Cervical + +           

Colon + + + + + + + + +  +  

Endometrial  + +  +   + +  +  

Gastric  +  + + +  + +  +  

Liver   +    +      

Lung + +     + + +  +  

Melanoma     +  +   + + + 

Neuroblastoma          + + + 

Ovarian + + +   + + + +  +  

Pancreas    + +    +  +  

Prostate + + +    + + +  +  

Sarcoma          + + + 

Small-cell Lung     +    +  +  

Stomach + + +   +     +  

 

Although the glycolipids in Table 1-1 are some of the more widely investigated 

tumour-associated antigens it is important to note that changes in glycosylation of 

glycoproteins, and especially mucins widely occur in cancer. Understanding of the 

changes in the type and levels of mucin O-glycosylation are vital in efforts to produce 

useful synthetic glycoproteins/glycoconjugates which can be used as potential 

therapeutics or used for the discovery of novel carbohydrate binding antibody 

mimetics. The changes to Mucin 1 glycosylation, and as a result function, which occur 

in cancer will be discussed in detail in section 1.2.2.  Studies on the synthesis of 

neoglycoproteins bearing mucin glycopeptides will be described in chapter 2 and 

studies toward the development of probes for detecting mucin TACAs will be 

described in chapter 3. 
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1.2.1 Mucins 

For pathogens or small molecules to access the receptors on the host cells, they must 

first pass through a protective network of mucins.2,17 Mucins are classified into two 

types; secretory mucins produced by goblet cells and membrane bound mucins 

produced by most epithelial cells.18 Membrane bound mucins play a more dynamic 

role than as a defence mechanism, they also have a fundamental role in tissue 

homeostasis and signal transduction.18–20 As most epithelial carcinomas develop, the 

expression and glycosylation of membrane bound mucins are hijacked to allow for 

control of tissue homeostasis and allow for the processes which contribute towards 

metathesis.21 Mucin 1 was the first mucin to be structurally characterised and its 

aberrant overexpression, glycosylation and role in cancer is the most well studied.22  

 

1.2.2 Structure & Function of Mucin 1 

Mucin 1 (MUC1) is encoded by the MUC1 gene, found on the long arm of 

chromosome 1 at position 22 in humans.23 MUC1 is an extensively O-glycosylated 

phosphoprotein with a core protein mass between 120-225 kDa. Once glycosylated, 

the total molecular weight of MUC1 can range from 250-500 kDa.24–26 During its 

expression, MUC1 is cleaved into two domains in the endoplasmic reticulum (ER), 

the extracellular domain and cytoplasmic-transmembrane domain. The cytoplasmic-

transmembrane domain non-covalently anchors the extracellular domain to the apical 

surface of the epithelia (Figure 1-2).21,25,26 The extracellular domain is composed of a 

highly conserved tandem repeat domain of 20 amino acids which is repeated between 

20-125 times depending on the individual.25,27 This tandem repeat domain is rich in 

serine and threonine permitting heavy O-glycosylation and proline which contributes 

to the rod-like structure of the extracellular domain which extends up to 500 nm from 

the cell surface.21,24,25,27  



5 

 

 

Figure 1-2: Structure of MUC1 in health cells and cancerous epithelial cells. Left: 

The extracellular domain (blue) in healthy epithelial cells is heavily O-glycosylated 

with complex glycans. This extracellular domain is non-covalently anchored to 

transmembrane domain (green). Right: In cancerous epithelial cells aberrant under 

glycosylation and the appearance of truncated tumour associated carbohydrate 

glycan structures (Tn, STn, ST, SLex & SLea). 

In healthy human epithelial cells, tethered (non-covalently associated) cell surface 

mucins are O-glycosylated with complex glycans which protect cells from infection 

by providing a steric hinderance and disrupting the adhesion of cells and 

pathogens.24,27,28 The extracellular domain of tethered mucins act as releasable decoys 

upon pathogen binding.27,28 These cell surface mucins also play a vital role as 

modulators of pathogen-induced inflammation.28–30 The dense crowding of mucins 

controls the diffusion of soluble factors from the microenvironment to the cell surface 

and hence the activation of receptors on the cell surface.31,32 The overexpression, 

under-glycosylation and aberrant intracellular localization has led to the association 

of MUC1 with various carcinomas.33 Overexpression of MUC1 by cancer cells is 

advantageous as its heavy glycosylation permits the binding of various growth factors 

near their receptors, promoting abnormal proliferation of the cells.21 Furthermore, the 

highly glycosylated extracellular domain prevents the binding of cell surface anoikis-

initiating molecules providing a resistance to anoikis, the apoptotic process which 

occurs in response to a loss of cellular adhesion.34 The cytoplasmic tail of MUC1 
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binds directly to the p53 regulatory domain resulting in inhibition of the p53-mediated 

apoptosis pathway.33 The loss of these apoptotic pathways are prerequisites to allow 

for the epithelial-mesenchymal transition and metastasis.34 

 

1.2.3 Mucin O-linked Glycosylation 

Mucin-type O-glycans are synthesised in the Golgi apparatus by sequential 

glycosyltransferase reactions which are well characterised, however little is known 

about the regulation of mucin-type O-glycosylation.35,36 Mucin O-glycosylation 

initiates via the synthesis of a common precursor GalNAcα-Ser/Thr (Tn antigen). The 

addition of N-acetylgalactosamine (GalNAc) to serine or threonine residues of the 

mucin backbone is catalysed by a large family of polypeptide GalNAc-transferases.36 

From this common precursor, further extensions result in the formation of the Core 1, 

2, 3 or 4 structures which comprise the primary glycan structures observed in humans 

(Figure 1-3).36 Synthesis of the Core 1 structure is catalysed by T-synthase. The active 

expression of T-synthase is dependent on the co-expression of COSMC (core-1 

β3GalT specific molecular chaperone). COSMC is localised to the endoplasmic 

reticulum responsible for preventing aggregation and proteasomal degradation of 

nascent T-synthase and directly interacts with denatured T-synthase.37–39 Core 1 

structures can be either extended or core 2 structures generated through the addition 

of N-acetylglucosamine by core-2 β6-GlcNAc transferase.40–43  Core 3 and 4 

structures can be produced from the Tn epitope. Core 3 structures can be generated 

through the addition of N-acetylglucosamine through a β1-3 linkage to the Tn epitope 

by core-3 β3-GlcNAc transferase,44 further extension through the addition of GlcNAc 

through a β1-6 linkage to the GalNAc of core 3 by core-2/4 β6-GlcNAc transferase 

resulting in the core 4 structure.42,43 In mammals three isoforms of the β1,6-N-

acetylglucosaminyltransferase enzyme exist. Two of these isoforms are only capable 

of catalysing the formation of the core 2 structure; the third isoform is capable of 

catalysing the formation of both the core 2 and core 4 structures.43 
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Figure 1-3: Schematic representation of mucin O-type glycosylation. Initiation 

occurs via the addition of GalNAc to threonine or serine. The resulting Tn epitope is 

extended into the Core 1, 2, 3, and 4 structures shown in green boxes. The cancer 

associated epitopes Tn, STn and ST are highlighted in within red boxes. 

In many malignant epithelial carcinomas, the expression of mucins becomes 

deregulated leading to elevated expression. Elevated expression of Mucin 1 is 

common in pancreatic, breast, colon, lung and prostate cancer.33,45–47 Alterations in 

the glycobiology of Mucin 1 typically occurs through two mechanisms: neo-synthesis 

or incomplete synthesis.48 Alterations typically are characterised by the expression of 
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truncated core 1 based structures such as Tn, STn and ST (Figure 1-3).49 In healthy 

tissues these structures are typically absent however in many instances of cancer the 

expression of these truncated structures is driven by alterations to the expression of 

enzymes involved in the glycosylation process. A significant proportion of cancers 

exhibit hypermethylation of the Cosmc gene resulting in decreased expression of the 

molecular chaperone required for the correct folding of T-synthase; this results in 

increased formation of the Tn and STn epitope.50,51 Delocalisation of GalNAc 

transferases from the Golgi to the endoplasmic reticulum (ER) results in an increase 

in density of GalNAc modification to the Mucin 1 VNTR domain.52,53 High density 

of GalNAc modification is associated with increased aggressiveness in breast 

cancer.54  

 

1.2.4 Glycoconjugate Vaccines 

Synthetic oligosaccharide epitopes and neoglycoconjugates offer promising 

possibilities for the development of vaccines, such as those against Neisseria 

meningitidis, Streptococcus pneumoniae, Salmonella typhi, HIV, Plasmodium 

falciparum, Leishmania.55–60 Therapeutic vaccines against cancer have shown a 

limited degree of promise with antibodies against carbohydrate-associated tumour 

antigens able to eliminate circulating tumour cells/micro-metastases in patients.61,62 

Tumour associated antigens are well tolerated by the immune system and any 

resulting immune response induced by vaccination very weak.12,61,62 As tumours 

grow, antigens are shed, reinforcing the tolerance. Further, the foreign carrier proteins 

and linker which attaches the carbohydrate-antigen(s) to the protein typically elicit a 

strong B-cell response leading to suppression of the response against the carbohydrate 

epitope.61,63,64 The attachment of antigens to an adjuvant scaffold in a well-defined 

repeatable manner with the minimal length linker results in higher titers of high-

affinity anti-glycan antibodies in vivo. These high titers of high affinity antibodies are 

required for long lasting protection and the development of herd immunity.65  

One of the most common methods for the attachment of glycans in glycoconjugate 

vaccines is by either reductive amination or NHS labelling of surface exposed lysine 

residues. Although examples such as KLH-globo H, GM2-KLH and Bacteriophage 

Qβ-Tn vaccines elicit strong IgG immune responses through the recruitment of T-
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helper cells the response is typically short term, and all suffer from unpredictability 

of the conjugation reaction leading heterogenicity between batches.8,14,66,67 

 

1.3 Glycocalyx-Pathogen Interactions 

In addition to the essential roles of the glycocalyx in mediating cell-cell interactions, 

maintaining membrane morphology and membrane integrity in response to physical 

forces and/or stress, protein-carbohydrate interactions also play a fundamental role in 

host-pathogen recognition. Bacterial, viral, and parasitic infection is often dependent 

on recognition of glycoproteins or glycolipids for tissue adhesion and invasion of the 

cell. The binding of various pathogenic species to their respective glycan ligands 

within the glycocalyx was reviewed by Imberty and Varrot (Figure 1-4).68 Interactions 

are not limited to recognition of human glycans, pathogens can also exploit 

carbohydrate binding proteins (lectins) on the human cell surface that recognise 

bacterial polysaccharides. 

 

Figure 1-4: Schematic representation of some of the strategies used by pathogens 

for host glycoconjugates recognition and adhesion. Reproduced from ref 68 with 

permission from Elsevier. 

This section will explore the structure and function of bacterial toxins, cholera toxin 

and verotoxin. Previous attempts at producing therapeutics to inhibit bacterial toxin 

binding will be discussed in section 1.3.3. Studies on the synthesis of 

neoglycoproteins which interrupt the binding of bacterial toxins based will be 

described in chapters 3 and 4. 
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1.3.1 Glycolipid Biosynthesis 

Glycolipid structures are built upon ceramide or phosphatidylglycerol to create 

glycosphingolipids and glycophospholipids, respectively, which are embedded within 

the membrane.69 The biosynthesis of glycosphingolipids is known to start in the ER 

and continue through the Golgi in which glycan extension occurs before being 

trafficked to the membrane forming lipid rafts.70,71 Glycosylphosphatidylinositol 

(GPI) anchors which are responsible for the anchoring of proteins to the lipid 

membrane are synthesised from phosphatidylglycerol.72,73  

 

1.3.2 Bacterial Toxins 

Some bacteria secrete carbohydrate-binding toxins such as cholera toxin (CT), E. 

coli heat-labile enterotoxin (LT), and tetanus toxin.74 Both cholera toxin and heat-

labile toxin bind to ganglioside GM1 which is found on the epithelial cells of the 

gastrointestinal tract; whereas tetanus toxin binds to the gangliosides GT1b and 

GQ1b.75,76 The high avidity binding of their glycan ligands is the first step in 

endocytosis of the toxin.77 The AB5 family of enterotoxins are composed of two 

subunits, with a pentameric lectin B-subunit and large toxin A-subunit. The A-subunit 

has toxic enzymatic activity, whereas the B-subunit has no toxic activity and is only 

involved in receptor recognition and cellular uptake. Toxin-producing bacteria such 

as, Escherichia coli, Shigella species and Vibrio cholerae, are major causes of 

diarrhoeal disease.78 In 2016 the World Health Organisation (WHO) ranked 

diarrhoeal disease as one of the top ten causes of death (9th Globally, 2nd in low-

income countries). 

 

1.3.2.1 Cholera Toxin from Vibrio Cholerae 

The bacterium V. cholera is responsible for the disease cholera, a major of 

gastrointestinal infection in developing countries, which causes diarrhoea, 

dehydration, and shock; estimated to affect 1.3-4 million people leading to between 

21,000 and 143,000 deaths per annum.79 Cholera toxin is a prototypical AB5 toxin 

composed of a toxic A-subunit associated to a non-toxic pentameric B-unit. The B-

subunit is a non-toxic pentameric protein responsible for the delivery of the toxic A-
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subunit to the endoplasmic reticulum (ER) (Figure 1-5).80,81 Each protomer of the B-

subunit has a single binding site for the GM1 oligosaccharide (Kd ~ 40 nM, by ITC).82 

Strong multimeric binding to GM1 on the surface of the cells that line the intestines, 

allows cholera toxin to enter the cells by endocytosis through the clustering of 

glycolipids leading to bending of the membrane and the formation of invaginations.82–

85 A separate binding site in the edge of each B-subunit is capable of recognising the 

Lewis-y family of oligosaccharides (Kd ~ 1mM (by ITC)).86 

 

Figure 1-5: Top, bottom and side views of cholera toxin B-subunit with the 

pentasaccharide GM1 bound. GM1 oligosaccharide shown as black sticks. Figure 

prepared using PyMOL (version 2.4.0) from Protein Data Bank file 3CHB.pdb 

The non-toxic cholera toxin subunit B (CTB) is a strong option for use as a mucosal 

adjuvant for oral or nasal immunisation.80  CTB has increased permeability of the 

intestinal epithelium leading to enhanced uptake of the co-administered antigen, and 

enhanced antigen presentation by mucosal antigen-presenting cells (APCs).87 Binding 

of CTB to toll-like receptor 9 (TLR9) on APCs can effectively stimulate both the 

innate and adaptive immune responses.80 As mentioned, CTB has a strong multivalent 
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interaction with GM1. GM1 is presented on a variety of cells including: epithelial 

cells of the gut, antigen presenting cells, macrophages, dendritic cells and B cells.81 

This allows CTB to have a strong influence on the immune system, and modulate an 

immune response against an antigen whether it be coupled by genetic fusion or by 

chemical manipulation.81 

 

1.3.2.2 Verotoxin from Shigella species 

Although cholera is a widely known example of disease caused by toxin-producing 

bacteria in low-income countries, AB5 secreting bacteria are not confined to poorer 

countries. Verotoxin (VT, also known as Shiga-like Toxin) is an AB5 toxin produced 

by E. coli O157:H7 and various other verotoxin/shiga-like toxin secreting E. coli 

serotypes. Verotoxin causes diarrhoeal disease, with 5-10% going on to develop 

haemolytic uremic syndrome (HUS); those who develop HUS face a 10% mortality 

rate.87 The highest instances of disease occur in South-East Asia, Europe and 

American regions through the consumption of contaminated or uncooked food. B-

subunit of verotoxin is responsible for binding to the receptor globotriaosylceramide 

(Gb3Cer, also known as CD77) (Figure 1-6)88 Crystal structure analysis has shown 

that each B-subunit has three Gb3 binding sites, thus each VTB pentamer can bind up 

to 15 Gb3 simultaneously.89,90 VTB has been shown to bind Gb3 oligosaccharide with 

a dissociation constant of 0.5-1 mM (by ITC).91,92 Despite the weak Kd compared to 

CTB, all the binding sites are arranged on the same face of the protein allowing for 

multivalent binding which can transform the weak millimolar dissociation constant 

into sub-nanomolar dissociation constant.92 This allows entry to cells by the formation 

of tubular membrane invaginations, leading to endocytosis.84,93 After endocytosis 

Verotoxin follows either a degradative pathway to lysosomes if it bound to non-lipid 

raft Gb3 (endosome sorting), or is transported retrograde to the Golgi apparatus or ER 

if bound to Gb3 associated with lipid rafts.94,95  
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Figure 1-6: Top, bottom and side views of pentameric verotoxin B-subunit (VTB) 

with trisaccharide Gb3 bound in five of the fifteen binding sites. Gb3 

oligosaccharide shown as black sticks. Figure prepared using PyMOL (version 

2.4.0) from Protein Data Bank file 1D1I.pdb 

 

1.3.3 Multivalent Glycoconjugate Inhibitors 

Typically, carbohydrate binding sites are shallow in nature with minimal residues 

forming contacts resulting in weak individual binding constants in the mM range,96 

typically measured by isothermal calorimetry (ITC) or surface plasmon resonance 

(SPR).97,98 Despite this protein-carbohydrate interacts play a vital role in cellular 

function and pathogen adhesion/infection. This is because the majority of interactions 

are not single events but multiple interactions which combined result in an 

enhancement of binding affinity to biologically relevant strengths.99–101 This 

multivalent binding is driven by the chelate effect, such that the binding of one ligand 

increases the affinity for the next ligand.102,103 The development of neoglycoconjugate 

inhibitors which take advantage of multivalent binding have been extensively 

reviewed for various bacterial toxins, lectins and pathogenic agents. This section will 

investigate some examples of multivalent inhibitors of bacterial AB5 toxins. 
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1.3.3.1 Cyclic Multivalent Inhibitors 

Cyclic scaffolds which match the valency and symmetry of the target toxin were first 

reported by Bundle et al.104 The STARFISH inhibitor was created on a functionalised 

glucose core with ten terminal Gb3 moieties linked at the 2-position of galactose 

(Figure 1-7). STARFISH was found to have an IC50 of 0.4 nM against Stx-1 and 6 

nM against Stx-2, determined by enzyme linked immunosorbent assay (ELISA). The 

inhibitor was designed to occupy 2 of the 3 Gb3 binding sites per protomer, however 

crystal studies with the inhibitor bound revealed the inhibitor sandwiched between 

two different toxin B-subunit pentamers, as opposed to two different binding sites on 

the same B-subunit.104 

 

Figure 1-7: Decavalent STARFISH inhibitor of Verotoxin reported by Bundle et 

al.104 

More recently, cyclic pentavalent inhibitors of cholera toxin have been developed 

using functionalised GM1 oligosaccharide by Siegel et al.105 The symmetrical 

pentavalent inhibitor was built on a corannulene core functionalized with GM1 with 

varying length linkers (Figure 1-8). The strongest inhibitor was reported to have an 

IC50 of 5.1 nM (n = 2), which represents a 3700-fold improvement in potency 

compared to monovalent GM1os, determined by enzyme linked immunosorbent assay 

(ELISA).105 
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Figure 1-8: Pentavalent GM1os functionalised corannulene cholera toxin inhibitor 

reported by Siegel et al.105 

 

1.3.3.2 Protein as Scaffolds for Multivalent Inhibitors 

Fan et al. investigated a divalent bridging approach to inhibitor design, using serum 

amyloid P component (SAP) and its ability to bind carboxyproline as a method of 

displaying m-nitrophenyl galactoside in the correct symmetry for binding to CTB. 

Prearranging of the ligands on SAP gave a significant decrease in IC50 of 0.98 µM 

against CTB compared to 620 µM for the bivalent ligand in the absence of SAP 

(Figure 1-9a), determined by enzyme linked lectin assay (ELLA).106 A similar 

approach was adopted by Bundle et al. using cyclic ketal ligands bound to SAP as a 

method to display Gb3 in an appropriate conformation and spacing to bind to 

Verotoxin B-subunit (VTB) (Figure 1-9b). In the presence of SAP the heterodivalent 

cyclic ketal Gb3 ligand had an IC50 of 30 µM against Stx-1, determined by enzyme 

linked immunosorbent assay (ELISA).107 
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Figure 1-9: Protein templated inhibition of bacterial toxins using heterodivalent 

ligands capable of binding SAP (green) and bacterial toxin (CTB – red pentamer, 

VTB/StxB – blue pentamer).106,107 

An alternative approach to creating protein-templated design was adopted by Branson 

et al. using neoglycoproteins as multivalent inhibitors.108 Here, a non-binding variant 

of the CTB pentamer was covalently derivatised with GM1 via N-terminal oxime 

ligation. Figure 1-10 shows the synthesis of the pentavalent inhibitor from a non-

binding variant of CTB-subunit, which demonstrated an IC50 of 104 pM against CTB 

(determined by enzyme-linked lectin assay (ELLA)).108  
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Figure 1-10: Cartoon depiction of novel protein-based CTB inhibitor produced by 

mutation of wild-type CTB to form a non-binding variant, and attachment by oxime 

ligation of synthetic carbohydrate derivative created through chemoenzymatic 

synthesis to form the first neoglycoprotein inhibitor.108 

Chemical modification of the N-terminus of each protomer preorders the glycan in a 

pentameric arrangement, which closely matches the distance between GM1 binding 

sites. Dynamic light scattering (DLS) and size exclusion chromatography (SEC) 

confirmed a 1:1 heterodimer between the inhibitor and WT CTB, suggesting each 

glycan is occupying the corresponding toxin binding sites.108 Inhibitors based upon 

protein scaffolds clearly show the benefit of prearranging glycan in the correct 

geometric orientation, leading to more potent inhibitors. 

 

1.3.3.3 Glycopolymer & Glycodendrimer-based Inhibitors 

Many groups have utilised glycopolymers and glycodendrimers to create highly 

polyvalent glycosylated structures as inhibitors of bacterial toxins. Recently the 

Pieters group reported the development of a multiple carbohydrate-based inhibitors 

of Shiga toxin using galabiose which was attached via CuAAC to both a dendrimer 

scaffold and hyperbranched polymer scaffold (hPG) (Figure 1-11).109 Inhibition 

studies showed the monosaccharide building block β-galabiose azide had an IC50 of 

4.97 mM against StxB-1; increasing the valency by four, the dendrimeric scaffold was 

shown to have an IC50 of 13.5 µM against StxB-1, a 92-fold improvement in inhibition 

per galabiose. The best inhibition was demonstrated by the hyperbranched galabiose 
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glycopolymers with a valency of 20 which exhibited an IC50 of 8.3 nM against StxB-1, 

a 30,000-fold improvement in inhibition per galabiose.109 

 

Figure 1-11: Multivalent glycopolymers and glycodendrimer inhibitors of Shiga 

toxin based on galabiose by Pieters et al.109 

 

1.4 Synthetic Glycoproteins & Glycoconjugates 

The production of synthetic glycoconjugates is a rapidly growing region of interest in 

terms of prophylactics, therapeutics and as probes in biological research.61 However, 

endeavours are complicated by the lack of general methods for routine preparation.61 

Unlike proteins or nucleic acids, glycoproteins produced in biological systems are 

often found in low concentration and as multiple different glycoforms.12,60 As 

discussed in section 1.2.4, heterogeneity in the attachment of glycans in traditional 

neoglycoproteins in which glycans are attached to surface exposed lysine residues by 

either reductive amination or acylation traditionally leads to poor therapeutic output. 

The use of site-specific methodologies, many of which are already in use within the 

Turnbull and Webb groups, could be used to present multiple peptide and/or 

glycopeptide epitopes on to a protein scaffold, removing the issue of 

microheterogeneity. This section will discuss the variety of methodologies which can 
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be employed to modify proteins in a site-specific manner and produce well-defined 

glycoconjugates.  

1.4.1 Unnatural Amino Acid Incorporation 

The genetic code of all known organisms specify the same 20 amino acid building 

blocks which have limited functionality.110 Both site-directed and random 

mutagenesis have been utilised as methods of improving protein stability, catalytic 

activity and binding affinity/specificity. However, it is clear from nature that 

sometimes additional post-translational modifications are required for protein 

functionality/stability.111,112 Chemical modification of the common amino acids with 

reactive side-chains, such as Lys, Cys and Tyr, can lack site-specificity and 

introduction of a new surface exposed Cys or Lys can be challenging, limiting such 

methodologies. The ability for researchers to site-specifically introduce unnatural 

amino acids bearing specific functional groups has greatly expanded our knowledge 

of protein function and allowed the creation of proteins with bio-orthogonal handles 

for labelling.111–114 Over 70 unnatural amino acids have been developed to expand the 

genetic code of Escherichia coli, yeast and mammalian cells (Figure 1-12).115  

 

Figure 1-12: Examples of unnatural amino acids incorporated into proteins using 

amber suppression. 

In amber suppression the amber stop codon (UAG) is hijacked and instead used to 

encode an unnatural amino acid loaded onto a complementary tRNA at one or more 

sites (Scheme 1-1). The original in vitro approach was low yielding and required 

complex and labour-intensive synthesis of the aminoacylated tRNACUA.116,117 The 

modern methodology utilises an evolved, orthogonal tRNACUA/tRNA-synthase pair 

to synthesise the aminoacylated orthogonal tRNA in vivo.118,119 The orthogonal 

tRNACUA is only a substrate for orthogonal tRNA-synthase and not the endogenous 

tRNA synthases, allowing for the incorporation of unnatural amino acids which are 
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also substates for the orthogonal tRNA-synthase.120 To carry out this methodology, 

the genes which encode the orthogonal tRNA, orthogonal tRNA-synthase and the 

modified protein, with amber stop codon mutation, must be inserted into a 

heterologous host and the cell culture supplemented with the unnatural amino 

acid.117,118 The site-specific incorporation of N-acetylgalactosamine-α-O-threonine 

via amber suppression has been reported in the literature.121,122 However due to 

difficulty in repeating the experiments and the uncertainty whether the incorporated 

amino acids where in fact natural in origin casts doubt over these results.123–125 

 

Scheme 1-1: Schematic representation of amber suppression. The aminoacylated-

tRNA is synthesised from tRNACUA using the orthogonal tRNA synthase. The protein 

with the amber stop codon TAG is transcribed to mRNA. The aminoacylated-

tRNACUA recognises the amber stop codon UAG within the mRNA allowing for site-

specific incorporation of the unnatural amino acid into the protein of interest. 

A simpler alternative to amber suppression is global residue-specific incorporation 

using isosteric replacement of canonical amino acids.126 Providing the non-canonical 

amino acid analogue is a substrate for the natural tRNA synthase, the cellular 

translation machinery can be hijacked allowing for complete replacement of one 

amino acid at every position it is coded for in the genetic code by its non-canonical 

analogue.126,127 Most commonly methionine mimics are incorporated, such as 

azidohomoalanine (Aha) or homopropargylglycine (Hpg), however analogues of 

leucine, tryptophan, phenylalanine, and proline are available.126–129 This methodology 

has been used within the Turnbull & Webb groups to produce an azido-CTB protein 
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in which a single azidohomoalanine residue by mutating lysine 43 to methionine 

(K43M).130 Sequential site-directed mutagenesis was employed to remove the three 

native methionine residues in the mature protein.  

1.4.2 Post-translational Glycosylation 

Following incorporation of a reactive side chain by genetic code expansion using 

techniques such as amber suppression or global residue-specific incorporation, 

numerous examples exist of chemical modification of these side chains, termed post-

translational.131  

 

1.4.2.1 Azide-Alkyne Cycloaddition 

Incorporation of azidohomoalanine (Aha) or homopropargylglycine (Hpg) provides 

powerful handles for bioorthogonal modification of proteins.126 Copper-catalysed 

azide-alkyne cycloadditions (CuAAC) and strain-promoted azide-alkyne 

cycloadditions (SPAAC), also termed ‘click’ reactions for their fast kinetics,132 have 

proven powerful bioorthogonal reactions which have played a pivotal role in chemical 

biology (Scheme 1-2).133 For true bioorthogonality, the reactants must be biologically 

inert, no-off target reactivity, and products must not be chemically reactive. Synthetic 

glycosylation of proteins using CuAAC or SPAAC have been used widely for the 

preparation of glycoconjugate vaccines,134 neoglycoprotein analogues,135,136 

fluorinated glycoprotein mimics.137 Although CuAAC is commonly regarded as bio-

orthogonal this can be questioned due to the potential for copper chelation by the 

protein, the formation of reactive oxygen species leading to oxidation of protein side 

chains and toxicity of copper in living systems.138,139 
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Scheme 1-2: Examples of chemical glycosylation using a) CuAAC to Aha containing 

protein, b) CuAAC to Hpg containing protein and c) SPAAC ligation to Aha 

containing protein using BCN functionalised glycan. 
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1.4.2.2 Dehydroalanine 

One of the most widely utilised chemical modifications is the generation of 

dehydroalanine (Dha) from cysteine, (phospho)serine or arylselenocysteine (Scheme 

1-3). In nature dehydroalanine is formed from the enzymatic dehydration of serine in 

the biosynthesis of lanthionine-containing peptides, such as Nisin.140 In chemical 

biology, the generation of Dha was first adopted as a method of transforming a serine 

protease to a cysteine protease;141,142 later it was adopted by Schultz as a useful 

method to modify protein side-chains and backbone structures.143  

The α,β-unsaturated carbonyl of Dha has become a tool of chemical glycosylation via 

aza-, thia-Michael or radical additions. The Davis group has utilised the generation of 

Dha via bis-alkylation elimination followed by thia-Michael addition to produce S-

linked GlcNAc glycoproteins which can be further extended by Endo-A catalysed 

glycoylation.144,145 However, the use of Dha is not without challenges, conjugation 

reactions suffer from a lack of stereo-control, difficulty controlling off target side 

reactions with other nucleophilic side chains and obtaining high levels of conversion 

for sterically hindered sites. 
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Scheme 1-3: A selected range of methods to introduce dehydroalanine (Dha) into 

proteins and site-specific glycosylation methods including nucleophilic (aza-, thia-

Michael) and radical additions to Dha.145–147 
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1.4.3 Modification of N-Terminal Cysteines 

Although the incorporation of unnatural amino acids can be used to provide bio-

orthogonal handles for protein labelling, the expression of proteins containing 

modified or unnatural amino acids is not trivial and high levels of optimisation may 

be required. Protein modification of the N-terminus offers an appealing alternative as 

it could be used to afford site-specificity but with minimal effect on the levels of 

protein expression or the function of the protein. The reactivity of N-terminal cysteine 

residues has given rise to an array of methodologies which will be discussed further 

in this section. 

 

1.4.3.1 Native Chemical Ligation 

Introduced by Kent and co-workers in 1994, native chemical ligation involves the 

coupling of two peptides: one with a C-terminal thioester, the other with a N-terminal 

cysteine.148,149 The key to the regioselectivity and orthogonality of native chemical 

ligation is the reversibility of the thiol(ate)-thioester exchange in the presence of 

excess thiol corresponding to the thioester leaving group (Scheme 1-4).148–150 This 

excess thiol serves to prevent oxidation of the N-terminal cysteine residues to form 

disulfide-linked dimers and allow for reversibility in the reaction where internal 

cysteine residues are present in one or both peptide fragments.148 The irreversible 

amide formation (S-to-N acyl shift) occurs spontaneously under the reaction 

conditions (Scheme 1-4).148–150 The unique stability of thioesters to hydroxide-

catalysed hydrolysis and reactivity towards thiolysis and aminolysis allows for near-

quantitative ligation with no loss of peptide-thioester to hydrolysis.148 In recent years 

reaction rates have been tuned to allow near-quantitative ligation in few hours at room 

temperature in the presence of 200 mM (4-carboxymethyl)thiophenol).151 Native 

chemical ligation has become a key methodology in the preparation of glycoproteins 

such as GlyCAM-1 and Erythropoietin.152–154 
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Scheme 1-4: The use of native chemical ligation to link two peptide species, one 

with a C-terminal thioester and the other with an N-terminal cysteine. In the 

presence of excess thiol (corresponding to the thioester leaving group) the initial 

step is reversible. 

More recently this has been expanded to inteins, naturally occurring auto-processing 

domains which excise themselves from a polypeptide and join the two remaining 

portions (exteins) with an amide bond in a mechanism which mimics that of native 

chemical ligation, which has enhanced and simplified many of the applications of 

native chemical ligation.117,155–158 In 2020, reports in Angewandte Chemie described 

the semisynthesis of functional glycosylphosphatidylinositol-anchored proteins using 

a non-splicing mutant of the Nostoc punctiforme DnaE split intein (NpuC/NpuN).159 

MSP119-GPI found in Plasmodium berghei was prepared using two complementary 

portions of the intein (IntC and IntN) which associate noncovalently to produce the 

active intein capable of protein splicing (Scheme 1-5).156,159–161 The semisynthetic 

MSP119-GPI was found to induce an enhanced production of pro-inflammatory 

cytokines IL-12 and TNF-α by bone-marrow-derived dendritic cells.159 In future this 

methodology could provide a convenient route to the production of glycolipidated 

proteins as potential vaccine candidates for a variety of parasitic infections.159 
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Scheme 1-5: Semisynthetic pathway to the synthesis of MSP119-GPI. Adapted from 

Seeberger and Varón Silva et al.159 

 

1.4.4 N-terminal Modification of Threonine & Serine 

The functionalisation of the highly reactive α-oxo aldehyde to form imine-, 

hydrazone-, or oxime-bonds have become amongst the most reliable reactions in the 

bioconjugation toolbox.162,163 The α-oxo aldehyde is generated via oxidative cleavage 

of 1,2-amino alcohols, typically exposed serine or threonine residues located at the N-

terminus or genetically incorporated ε-lysine dipeptides harbouring a 1,2-amino 

alcohol motif (Scheme 1-6).108,163,164 Oxime-ligation is ideal for preparing 

bioconjugates that are stable at biological pH in aqueous media. This is due firstly to 

higher stability of hydrazones and oximes to hydrolysis due to donation of electron 

density from the heteroatom adjacent to the sp2 nitrogen compared to imines.165 

Comparatively in aqueous conditions (pH 7.0) the first-order rate constant for 

hydrolysis of oximes is 600-fold lower (25 days half-life) that than of 

hydrazones.162,165  
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Scheme 1-6: Sodium periodate cleavage of 1,2-amino alcohols to unmask highly 

reactive α-oxo aldehyde and oxime, imine & hydrazone-bond formation. 

Using oxime ligation, the naturally occurring N-terminal Thr residue of cholera toxin 

B-subunit (CTB) was site-specifically labelled with five aminooxy-peptides. Each of 

the aminooxy-peptides contained a main chain lysine reside harbouring a 1,2-amino 

alcohol motif on the ε-amino grip which could labelled further by repeated rounds of 

periodate oxidation and oxime ligation. Using this approach 25 copies of a synthetic 

aminooxy antigenic peptide based on hemagglutinin from the influenza virus were 

conjugated onto CTB.166 However, in order for the oxime ligation to proceed, the pH 

had to be lowered significantly resulting in dissociation of the pentamer and 

necessitating refolding at a later stage. In 2006, Dirksen identified that aniline or p-

methoxyaniline could be used as a catalyst to accelerate the rate of oxime ligation of 

peptides at pH 4.5 and pH 7.0 (respectively).167 Aniline catalysis was later used to 

allow the modification of CTB under neutral conditions (pH 7.0) by Branson et al. in 

2016, discussed in section 1.3.3.2.108 
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1.4.5 Transpeptidases 

Transpeptidase enzymes provide an attractive alternative to the previously discussed 

methodologies to modify proteins. Transpeptidase enzymes are highly selective for a 

peptide recognition sequence and responsible for linking two peptides together via 

amide bond formation. In particular, the use of Sortase A will be discussed in detail 

in this section. 

 

1.4.5.1 Sortase A 

Sortases are a family of transpeptidase enzymes responsible for sorting and reversibly 

catalysing the attachment of virulence factors to the cell walls of Gram-positive 

bacteria.168,169 Sortase A (SrtA) is a type II membrane protein native to 

Staphylococcus aureus that ligates proteins carrying the LPXTGX recognition motif 

(where X is any amino acid) and peptidoglycan substrates carrying an N-terminal 

oligoglycine motif.170,171 The catalytic cysteine (Cys184) in the active site of SrtA 

cleaves the amide bond between the threonine and glycine forming a thioacyl-enzyme 

intermediate, which is subsequently attacked by the oligoglycine substrate to form the 

ligated product (Figure 1-13).169,172  
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Figure 1-13: Reversible mechanism of SortaseA for attachment of virulence factors 

to the cell-wall of Gram-positive bacteria. Step 1: The catalytic cysteine (C184) 

cleaves the amide bond between Thr and Gly within the LPXTG recognition motif. 

Step 2: The thioacyl-sortase intermediate is attacked by an N-terminal glycine of the 

peptidoglycan anchored in the cell wall. Step 3: A new amide bond is formed, 

releasing sortaseA. The virulence factor is covalently attached to the peptidoglycan 

and anchored to the cell wall. Adapted from Guimares et al.172 

Protein labelling reactions utilising the calcium dependent wild type enzyme require 

large excesses of labelling peptide, stochiometric quantity of the SrtA and prolonged 

incubation times in order to obtain acceptable yields. The discovery of five point 

mutations near the LPXTGX binding site (P94R, D160N, D156A, K190E, K196T) 

by directed evolution yielded the pentamutant Srt5M which shows up to 140-fold 

increase in Kcat/KM, allowing for reactions to be performed at low temperature.170,173 

Discovery of a further two mutations (E105K, E108A/Q) yielded a calcium 

independent enzyme.174,175 This variant increases the scope of this technique by 

making it compatible with a wider range of buffers and protein substrates. When 

combined, these seven mutations yield the heptamutant Srt7M capable of site-specific 

labelling of a target protein under mild conditions.170 Reactions utilising Srt7M can 

be performed using catalytic quantities of the enzyme and fewer equivalents labelling 

substrate compared to the wild type making it a much more powerful labelling 

technique for producing well-defined conjugated antigen-adjuvant vaccines.176 
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However due to the increased activity of the enzyme an alternative pathway is 

possible in which the thioacyl intermediate is irreversibly hydrolysed.177,178  

 

1.4.5.2 Irreversible Sortase Labelling 

Multiple groups have developed methods to render sortase labelling reactions 

irreversible; removing the need to use a large excess of labelling reagent which may 

be expensive and/or difficult to synthesise. Two such methods for N-terminal sortase 

labelling of a protein of interest are the use of depsipeptide substrates or the 

intramolecular rearrangement of the by-product to form diketopiperazine (Scheme 

1-7).168,169,179 Williamson et al. found that introduction of an ester bond between 

threonine and glycine of the LPXTGX motif results in formation of hydroxyacetyl as 

by-product which is unable to participate in the reverse reaction, rendering the 

reaction irreversible (Scheme 1-7a). Using this approach, a range of proteins were 

quantitatively labelled using 1.5 equivalents of depsipeptide and 10 mol% SrtA within 

4 hours at 37 °C.168 An alternative approach by Liu et al. uses the formation of 

diketopiperazine (DKP) to drive the equilibrium of the sortase reaction to completion 

(Scheme 1-7b).179 Two peptide substrates were discovered which were suitable 

substrates for sortase, LPETGG-isoacyl-serine and LPETGG-isoacyl-homoserine. 

Following ligation, the by-product undergoes intramolecular rearrangement to form 

diketopiperazine and isoacyl-(homo)serine, neither of which participate in the reverse 

reaction.179 



32 

 

 

Scheme 1-7: Two methods of by-product deactivation to improve the N-terminal 

sortase labelling efficiency. A) The introduction of an ester bond between threonine 

and glycine results in the hydroxyacetyl to be formed as by-product, rendering the 

reaction irreversible. B) Formation of diketopiperazine by-product drives the 

sortase reaction to competition by removing the reverse reaction nucleophile. 

The previous two optimizations only worked for N-terminal labelling of a protein of 

interest as both required the synthesis of peptides containing an ester linkage. Two 

further methods have been developed which can be applied to N- or C-terminal 

labelling of a protein of interest. The first takes advantage of secondary structure to 

conformationally restrict the ligated product from fitting into the active site of SrtA. 

Yamamura et al. used a Trp zipper-derived sequence to form a stable β-hairpin in the 

ligated product.180 Sortase A has a large “L-shaped” groove leading to the active site 

into which the LPXTG motif binds;181 introduction of a rigid secondary structure 

around the LPXTG motif inhibits binding, shifting the equilibrium of the reaction to 

favour formation of the ligated product (Scheme 1-8a).180 This secondary structure 

element significantly increases the length of the linker by at least 10 amino acids, a 

simpler method by the group of John M. Antos enhances the efficiency of sortase 

reaction by reducing the nucleophilicity of the by-product preventing it from 

participating in the reverse reaction.182,183 Extending the LPXTGX motif to 

LPXTGGH, results in the release of GGH as by-product which can bind with high 
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affinity to Ni2+ ions forming a square-planar complex (Scheme 1-8b). Addition of 2 

equivalent of NiSO4 resulted in an increase in labelling of 27% from 58% in the 

absence of NiSO4, when using 1 equivalent of the labelling peptide and 10 mol% 

SrtA.182 

 

Scheme 1-8: Two methods of by-product deactivation to improve the C- or N-

terminal sortase labelling efficiency. A) Introduction of Trp zipper inhibits reverse 

reaction through introduction of secondary structure element which prevents 

recognition of LPXTG motif. B) Formation of a square planar nickel-peptide 

complex reduces the nucleophilicity of the by-product rendering the reaction 

virtually irreversible. 
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1.5 Project Outline 

This work aims to build upon the previous work of the Turnbull and Webb groups 

using sortase-mediated ligation or a combination of strain-promoted azide-alkyne 

cycloaddition and oxime ligation to produce well defined glycoconjugates for use in 

the detection of novel carbohydrate binding proteins or as multivalent inhibitors of 

bacterial enterotoxins, cholera toxin & verotoxin. 

 

1.5.1 Detection of Novel Carbohydrate Binding Proteins 

In recent years lateral flow immunoassays have attracted considerable interest 

because of the potential to provide near-instantaneous diagnosis directly to patients.184 

Their simple, cheap and easy to use design have made them an attractive option for 

mass testing; however, the majority of tests rely on polyclonal antibodies conjugated 

to gold nanoparticles as a method of detection.184,185 Whilst cheap and easy to purify, 

polyclonal antibodies suffer from high heterogeneity within the antibody pool and 

differences in specificity between batches, both of which can lead to chances of cross 

reactivity leading to the production of false positives.186 

In this portion of the project, we aimed to investigate if an Affimer, an engineered 

antibody-like binding protein, could be used as an alternative for polyclonal 

antibodies. Chapter 2 will discuss the optimisation of sortase ligation to conjugate a 

series of MUC1 glycopeptide epitopes displaying specific glycosylation patterns to 

the C-terminus of cholera toxin B-subunit. Then chapter 3 will investigate if the CTB-

glycoconjugates can be used to screen for novel carbohydrate binding proteins. Here 

CTB will be used as a scaffold to preorder the glycopeptides ensuring the correct 

orientation during phage display allowing for well-defined, high-density display of 

the glycopeptides to the Affimer-bacteriophage (Scheme 1-9).  
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Scheme 1-9: Workflow for discovery of Affimer which bind to carbohydrate 

antigens. a) Preparation of series of glycopeptide and peptide epitopes by solid 

phase (glyco)peptide synthesis. b) Sortase-mediated C-terminal labelling of CTB 

scaffold protein. c) Affimer phage display using GM1-coated microtiter plate to 

orient CTB, displaying glycopeptides in optimal orientation for presentation to 

Affimer-bacteriophage. d) Evaluation of Affimer binding affinity and selectivity, 

followed by incorporation into lateral flow devices (LFDs). 
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1.5.2 Multivalent Neoglycoconjugate Inhibitors 

Previously Branson et al.108 reported the generation of neoglycoconjugate inhibitors 

of bacterial toxins. This work illustrated that site-specific glycosylation and 

preordering of the glycan ligands to a scaffold with a similar size and symmetry to 

that of the target is an effective strategy for developing multivalent inhibitors. 

Building on this, Dr Ryan McBerney (University of Leeds) developed a minimal 

length heterodivalent linker that combines a strained alkyne and oxyamine group 

(Scheme 1-10) to examine the effect of linker length and site of glycosylation had on 

inhibitory potential. Changing both linker length and site of glycosylation resulted in 

a 4-fold reduction in inhibiton.187 

Chapter 4 will examine the independent impact changing linker length or site of 

glycosylation has on inhibitory potential, using the same minimal length 

heterodivalent linker. Following attachment of the heterodivalent linker to the N-

terminus via oxime ligation, SPAAC will be employed to attach a variety of glycosyl 

azides (Scheme 1-10). Performing reactions in this order avoids tricky purification 

and characterisation of potential reactive aminooxy-functionalised glycans. This work 

will be expanded to investigate the inhibitory potential of Gb3-neoglycoproteins 

produced using the heterodivalent linker. Finally, chapter 5 will discuss some 

preliminary work to advance neoglycoprotein inhibitors towards a potential 

therapeutic by investigating non-bacterial protein scaffolds. 
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Scheme 1-10: Workflow for preparation of site-specific multivalent glycoconjugate 

inhibitors of bacterial toxins (CTB – Cholera toxin B-subunit (red) & VTB – 

Verotoxin B-subunit (blue)). Non-GM1 binding variant of CTB (orange) labelled 

with BCN group via oxime ligation followed by SPAAC of glycosyl azide.
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Chapter 2: Preparation of tumour-associated MUC1 cholera toxin 

B-subunit conjugates 

The work within this chapter discusses the generation of a series of well-defined 

tumour-associated MUC1 cholera toxin B-subunit glycoconjugates using C-terminal 

sortase 7M-mediated ligation. Using solid phase peptide synthesis, the synthesis of a 

library of MUC1(Tn) glycopeptide fragments will be described demonstrating all 

potential glycosylation patterns. Using sortase-mediated ligation these glycopeptide 

fragments were site-specifically conjugated to the C-terminus of a multimeric scaffold 

(CTB). The effect of changing sortase conditions and linker length will be discussed 

as methods for improving conjugational efficiency.  

 

2.1 Glycopeptide Preparation 

2.1.1 Synthesis of GalNAc-Ser/Thr Amino Acid Building Blocks 

As the essential building blocks for solid phase glycopeptide synthesis, the synthesis 

of the peracetylated α-O-GalNAc-Ser/Thr amino acids (2.11α/2.12α) from D-

galactosamine (2.2) was performed following a literature procedure.188,189 Firstly, the 

2-amino group was azido-protected via copper(II)-mediated diazotransfer using 1H-

imidazole-sulfonyl azide (2.1) (Scheme 2-1). Multi-gram quantities of 2.1 were safely 

isolated via precipitation as the hydrogen sulfate salt using a procedure which avoided 

the isolation or concentration of potentially explosive intermediates such as sulfonyl 

diazide and hydrazoic acid.190,191 Due to the sensitive nature of 2.1, diazotransfer was 

performed immediately in a 5:3 mixture of MeOH/H2O, after which, the hydroxyl 

groups of 2-azido-galactose were protected by acetylation with acetic anhydride in 

pyridine. The protected galactosamine (2.3) was prepared in a 62% yield with an 

anomeric ratio of 1:10 α/β. 
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Scheme 2-1: Protecting group strategy of galactosamine: (a) EtOAc, Imidazole, 

H2SO4 (61%); (b) 2.1, CuSO4, K2CO3, MeOH, H2O; (c) Ac2O, pyridine, α/β=1/10 

(62%, 2 steps). 

An investigation of the literature suggested the alpha anomer of the Fmoc and tert-

butyl protected serine/threonine (2.6/2.7) could be synthesised selectively via a 

galactosyl iodide donor (2.4) (Scheme 2-2).192 Field et al. propose that in the 

glycosylation reaction iodine activates the glycosyl iodide. When the resulting 

triiodide is eliminated, an equilibrium between the alpha and beta forms of the 

glycosyl iodide is established; as the β-anomer is not stabilised by the anomeric effect, 

and hence is more reactive, alpha selectivity is observed.192 By TLC, the reaction of 

the protected galactosamine (2.3) in the presence of iodine and HMDS to produce the 

galactosyl iodide intermediate (2.4) was successful, but attempts to isolate the 

glycosyl iodide (2.4) following the literature procedure were unsuccessful resulting 

in degredation.192 Attempts to use the galactosyl iodide without purification by 

transferring the reaction mixture directly into the glycosylation reaction were also 

unsuccessful. It is possible that the excess HMDS, not removed from the prior step, 

protected the hydroxyl group of the amino acid with a TMS group preventing the 

glycosylation reaction from proceeding.  

  

Scheme 2-2: Attempted alpha-selective glycosylation route via galactosyl iodide.192  

As an alternative approach, glycosylation via a trichloroacetimidate was attempted  

(Scheme 2-3).193 Selective anomeric deacetylation using hydrazine acetate in DMF at 
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60 °C followed by activation of the anomeric hydroxyl using trichloroacetonitrile in 

the presence of DBU yielded the trichloroacetimidate galactosyl donor (2.8) in a yield 

of 56% (10:1 α/β). Glycosylation of the protected serine/threonine acceptor (2.6/2.7) 

with the trichloroacetimidate donor was performed at −30 °C in a 1:1 mixture of 

dichloromethane and diethyl ether to favour formation of the desired α anomer. The 

trichloroacetimidate donor was activated with a catalytic quantity of TMSOTf. At 

completion of the reaction TMSOTf was quenched with excess N,N-

diisopropylethylamine rather than excess triethylamine to avoid removal of the Fmoc 

protecting group.188 

 

Scheme 2-3: Synthesis of GalNAc-α-Serine/Threonine building blocks: (a) 

H4N2·AcOH, DMF; (b) Cl3CCN, DBU, DCM, α/β=10/1 (56%, 2 steps); (c) TMSOTf, 

DCM, Et2O, −30°C, α/β=1/1; (d) Zn, CuSO4, Ac2O, AcOH, THF (2.9α: 39%, 2.10α: 

40%, 2 steps); (e) 95% TFA in H2O (2.11α: 74%, 2.12α: 92%). 
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It was not possible to separate the α/β anomers by flash column chromatography at 

this point and the mixture of anomers was therefore carried through to the one-pot 

reduction of the 2-azido group and concomitant N-acetylation (Scheme 2-3). Zinc dust 

suspended in 2% (w/v) aqueous copper sulfate solution was added to the crude 

glycosylation product (2.6/2.7) dissolved in a 3:2:1 mixture of THF, AcOH and Ac2O. 

Within 2 hours the azido group was reduced, and it was possible to separate the 

anomers by flash column chromatography. Over two steps the alpha glycosylation 

products were isolated in a 39% yield for the serine (2.9α) and 40% yield for the 

threonine derivative (2.10α). The beta anomers were also isolated in a 38% yield for 

the serine derivative (2.9β) and 33% for the threonine derivative (2.10β). 

The tert-butyl ester protecting group was efficiently cleaved with 95% (aq) TFA at 

room temperature to yield the peracetylated and Fmoc protected α-O-GalNAc serine 

(2.11α) and threonine (2.12α) amino acids in a 74% and 92% yield, respectively, 

following a final purification through a short plug of silica. The O-GalNAc amino 

acid building blocks were synthesised on a multi-gram scale over seven steps with an 

overall yield of 10% for the serine derivative (2.11α) and 13% for the threonine 

derivative (2.12α) from D-galactosamine (2.2). The acetyl groups were retained to 

improve the solubility of the amino acid building blocks in DMF and prevent 

undesired side coupling during solid phase peptide synthesis. 

 

2.1.2 Solid Phase Glycopeptide Synthesis of (Tn)MUC1 Fragments 

Standard Fmoc procedures were followed for solid phase glycopeptide synthesis and 

a Rink Amide MBHA resin with a low loading capacity (0.33-0.35 mmol/g) was 

chosen as the solid support to prevent aggregation of the growing glycopeptide chains 

and improve the coupling efficiency of the bulky GalNAc amino acid building blocks 

(2.11α/2.12α). Attempts to synthesise the entire 20 amino acid tandem repeat 

sequence using an CEM Liberty BlueTM automated peptide synthesiser were 

unsuccessful, resulting in a complex mixture of peptides no bigger than 10 amino 

acids in length. The high number of proline residues, and the coupling of two prolines 

in tandem, is hypothesised to have resulted in poor coupling efficiencies.  

A literature search revealed two immunologically relevant regions of the MUC1 

tandem repeat domain where antibodies identified from the sera of breast cancer 
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patients are known to bind to incompletely glycosylated MUC1.194–197 The binding 

domain of these two antibodies (SM3 and H-2DB) were between six and nine amino 

acids in length, and more reasonable to produce by manual SPPS (Figure 2-1). During 

the course of this work, a report by Polonskaya et al. noted that higher titers of high-

affinity anti-glycan antibodies were raised if the glycans/glycopeptide antigens were 

conjugated in a well-defined repeatable manner and with the minimal length linker.65 

To achieve this the peptides (2.13 & 2.15) and glycopeptides (2.14 & 2.16-2.18) were 

all synthesised with a minimal length linker composed of an N-terminal glycine-

valine to allow for C-terminal sortase mediated ligation. 

 

Figure 2-1: 20 amino acid tandem repeat sequence of MUC1 extracellular domain 

with the SM3 recognition sequence circled in red and the H-2DB sequence circled in 

blue. 

The couplings of commercial amino acids were performed using 5 equivalents for 40 

minutes; couplings of the synthetic GalNAc serine (2.11α) and/or threonine (2.12α) 

were performed using 2 equivalents for 12 hours (Scheme 2-4). Couplings were 

repeated to ensure a high coupling efficiency. To reduce off-resin manipulation of the 

glycopeptides, all non-acid labile protecting groups were removed on resin. The acetyl 

groups were efficiently removed in 15 minutes using 70% hydrazine hydrate in 

MeOH followed by Fmoc deprotection using 20% piperidine in DMF, with all the 

excess reagents and waste products removed by filtration. Cleavage of the 
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glycopeptides from the resin and global side chain deprotection was achieved using 

standard TFA cleavage conditions (95% TFA, 2.5% TIS, 2.5% H2O). Cleavage was 

not allowed to continue for more than 2 hours, to reduce acid-catalysed cleavage of 

the glycosidic linkage.  

 

Scheme 2-4: Synthetic route used for all glycopeptides with all deprotection steps 

performed on resin. 

The cleaved glycopeptides were isolated by precipitation with ice-cold ether followed 

by lyophilisation. All the glycopeptides (2.14, 2.16-2.18) were produced in good 

yields and analytical HPLC, LC-MS and HRMS revealed than none of the 

glycopeptides required further purification by prep-HPLC. The non-glycosylated 
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peptides (2.13, 2.15) were also produced via the same procedures (O-acetyl 

deprotection with hydrazine hydrate was not required). 

 

2.2 Preparation of Protein Labelling Stocks 

2.2.1 Preparation of CTB with C-terminal Sortase Sequence 

Cholera toxin B-subunit (CTB) was chosen as the model scaffold protein for 

glycopeptide conjugation. CTB glycoconjugates could have potential applications 

ranging from conjugate vaccines to discovery of antibody-like mimetics by phage 

display. Previous work in the Turnbull lab by Dr Matthew Balmforth demonstrated 

that binding of CTB to a GM1 coated microtiter plate allowed effective binding of 

Affimer phage particles to the top face of the pentamer during phage display (Figure 

1-5).198,199 Furthermore, CTB has been shown to induce a mucosal immune response 

following oral/nasal immunisation leading to enhanced antigen presentation by 

various APCs.80,200 The immune response is significantly improved if the antigen is 

covalently coupled to CTB due to increased uptake across the mucosal barrier and 

presentation by dendritic cells, macrophages and naïve B cells.80,201 CTB is approved 

by the FDA and has shown promise as a mucosal adjuvant.80 

 

2.2.1.1 CTB-LPETGA Prepared by Ammonium Sulfate Precipitation 

A plasmid (pSAB2.2-LPETGA) which encodes cholera toxin B-subunit with a C-

terminal LPETGA sortase recognition motif (CTB-LPETGA) was prepared by Darren 

Machin (University of Leeds). CTB-LPETGA was expressed with a periplasmic 

signalling peptide which directs the protein to the periplasm, where the signal peptide 

is cleaved and the protein folds into its mature pentameric form, before being secreted 

into the media. 

CTB-LPETGA was expressed in E. coli C41. The cells were initially grown in LB 

media at 37 °C. Once an OD = 0.6 was achieved, protein expression was induced 

using isopropyl thiogalactoside (IPTG) and left overnight at 25 °C. The protein was 

isolated from the growth media by ammonium sulfate precipitation and purified by 

Ni-NTA affinity chromatography. Despite the absence of a His-tag on the protein, the 
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surface exposed His13 and His94 residues have been found to promote coordination 

to Ni2+ allowing for immobilisation of the pentameric protein on Ni-NTA resin.202 

Elution of CTB-LPETGA was confirmed by SDS-PAGE (Figure 2-2a); the protein is 

sufficiently stable to remain pentameric under the denaturing conditions of SDS-

PAGE, unless the sample is first boiled at 95 °C to denature the protein into its 

protomer form. Due its compact form, pentameric CTB-LPETGA migrates on the gel 

with an apparent mass lower than its expected MW (~62.8 kDa), however upon 

boiling of the sample the protomer (denatured) form migrates consistent with its MW 

(~12.6 kDa). Any remaining impurities following Ni-NTA affinity chromatography 

were removed by size exclusion chromatography using a Superdex® S200 (16/60) 

column (Figure 2-2b). Approximately 13.5 mg of CTB-LPETGA was isolated per 1 

L of cultured cells. 

Characterisation of the protein by SDS-PAGE and deconvoluted ES-MS revealed a 

truncation present in approximately 10% of the CTB protomer units (Figure 2-2c) 

resulting in eleven amino acids from the C-terminus being absent including the 

LPETGA sortase motif (Figure 2-3). Investigations to eliminate truncation of the 

protein using protease inhibitors in both the resuspension buffer and growth media 

were unsuccessful and so it was concluded that an alternative construct would be 

required for quantitative conjugation to the pentamer. 
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Figure 2-2: Purification of CTB-LPETGA for use in labelling reactions. a) SDS-

PAGE gel of Ni-NTA affinity chromatography flow through, wash and elution 

fractions (E1-3). b) SEC trace for CTB-LPETGA using Superdex® S200 16/60 with 

SDS-PAGE get showing formation of a stable pentamer which dissociates upon 

boiling. Two bands appear for protomeric CTB showing a mixture of full length and 

truncated material. c) Deconvoluted ES-MS of purified CTB-LPETGA protomer 

(12554.4 Da) and the truncated CTB protomer (11528.9 Da). 
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2.2.1.2 Refolding of Cholera Toxin B-subunit 

An alternative plasmid for cytosolic expression of CTB with a C-terminal sortase tag 

was prepared by Dr Gemma Wildsmith (University of Leeds). Through three rounds 

of site directed mutagenesis, the N-terminal periplasmic targeting sequence was 

deleted, and a methionine ‘start’ codon and a His-tag following the LPETGA sortase 

motif were inserted to create the pGW-CTB-LPETGAS-H6 plasmid which encodes 

CTB-LPETGAS-His6 (hereafter termed CTB-His6) (Figure 2-3). As it lacked the 

periplasmic targeting sequence, CTB-His6 encoded by this plasmid would not be 

exported into the periplasm for folding; instead packaged into inclusion bodies 

(insoluble aggregates of stable protein) which require isolation, denaturing and 

refolding in vitro. 

 

Figure 2-3: Sequence alignment of expressed CTB mutants compared to WT CTB 

(El Tor). CTB-LPETGA contains C-terminal (NGGNLPETGA) ten amino acid 

extension. CTB-truncated is absent the eleven amino acid extension, resulting in 

same sequence as WT CTB. CTB-His6 contains N-terminal methionine and C-

terminal SHHHHHH compared to CTB-LPETGA. 

CTB-His6 was expressed in E. coli BL21 in LB media. Cells were initially grown at 

37 °C, and once an OD = 0.6 was achieved, protein expression was induced using 

IPTG, and left overnight at 25 °C. Following cell lysis, the inclusion bodies were 

recovered by centrifugation and resuspended in denaturing buffer (8 M urea, 100 mM 

NaH2PO4, 10 mM Tris, pH 8.0). The inclusion body lysate was purified by Ni-NTA 
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affinity chromatography, and the eluate was reduced with TCEP (Figure 2-4a). After 

2 hours, excess TCEP was removed using a PD-10 desalting column and the eluate 

was concentrated to at least 10 mg/mL before being added slowly to the chilled 

arginine refolding buffer containing cysteine and cystine to assist the formation of the 

intramolecular disulfide bond. CTB-His6 was left to refold at 4 °C for 3-5 days, and 

then dialysed against Tris-buffered saline, and purified by size exclusion 

chromatography using a Superdex® S75 (26/60) column to remove mis-folded protein 

(Figure 2-4b). Characterisation of the refolded CTB-His6 by ES-MS showed a single 

species was present (Figure 2-4c). Approximately 12.3 mg of refolded CTB-His6 was 

isolated per 1 L of cultured cells.  

 

Figure 2-4: Purification of CTB-His6 for use in labelling reactions. a) SDS-PAGE 

gel of Ni-NTA affinity chromatography flow through (F1-2), wash (W1-2) and 

elution fractions (E1-4). b) SEC trace for CTB-His6 using Superdex® S75 26/60 with 

SDS-PAGE get showing formation of a stable pentamer which dissociates upon 

boiling. c) Deconvoluted ES-MS of purified CTB-His6 (13594.8 Da).  

Comparison of the refolded CTB-His6 and ammonium sulfate precipitated CTB-

LPETGA by SDS-PAGE and size exclusion chromatography (Superdex® S200 

16/60) showed CTB-His6 had successfully formed a stable pentamer which, as 
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expected, was slightly larger than CTB-LPETGA due to the addition of the C-terminal 

his tag (Figure 2-5). 

 

Figure 2-5: a) SDS-PAGE comparison of refolded CTB-His6 and CTB-LPETGA 

showing formation of stable pentamers which dissociate upon boiling prior to being 

loaded onto the gel. (UB: Unboiled, B: Boiled). b) Size exclusion (Superdex S200 

16/600) comparison showing shorter retention time of larger CTB-His6 compared to 

CTB-LPETGA. 

 

2.2.2 Preparation of Sortase 7M 

The pET30b-7MSrtA plasmid for the expression of sortase 7M with a C-terminal His-

tag was produced by Dr Tomasz Kaminski (University of Leeds) and transformed into 

E. coli BL21 gold (DE3) competent cells. Sortase 7M was expressed in auto-induction 

media (AIM) by initially incubating at 30 °C for 5 hours before being left at 25 °C 

overnight. Following cell lysis, sortase 7M-His6 was purified first by Ni-NTA affinity 
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chromatography then by size-exclusion chromatography using a Superdex® S75 

(26/60) column isocratically eluted with Tris-buffered saline at pH 7.2 (Figure 2-6).  

 

Figure 2-6: Purification of sortase 7M-His6 for use in labelling reactions. a) SDS-

PAGE gel of Ni-NTA affinity chromatography column flow through (F1), wash (W1-

2) and elution fractions (E1-3). b) SEC trace for sortase 7M-His6 using Superdex® 

S75 26/60. 

 

2.3 Conjugation of Glycopeptides to C-terminus of CTB 

With all conjugation components in hand, the test sortase ligation of CTB-LPETGA 

could be performed using 15 equivalents of peptide/glycopeptide (per protomer) and 

15 mol% sortase 7M. Reactions were followed using SDS-PAGE by taking timepoint 

samples at regular intervals and boiling at 95 °C for 5 minutes in SDS loading buffer 

to stop the ligation reaction and denature the CTB protein. Samples were run on a 

15% Tris-Glycine SDS-PAGE gel, stained with Coomassie blue and the relative 

quantity of conjugated product and unlabelled starting material was quantified using 

densitometry (Bio-Rad image lab software). Although the ammonium precipitated 

CTB contained a truncation, the molecular weight difference upon conjugation of a 

peptide or glycopeptide was sufficient to observe band separation by SDS-PAGE. A 
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larger peptide is released for the refolded version of CTB (GAS-H6) and as a result 

the molecular weight difference upon ligation is too small to result in effective 

separation by SDS-PAGE. 

The initial test ligations were performed using peptide 2.13 and glycopeptide 2.14 

which were based on the immunodominant domain of MUC1 and recognised by the 

mAb SM3 (APDTRP).203 The first reaction using peptide 2.13 showed a band shift 

indicating an increase in mass. The conjugated protomer of CTB accounted for 78% 

of all conjugatable CTB protomers after 2 hours. The reaction involving glycopeptide 

2.14 reached a conjugation level of 53%; approximately 25 percentage points lower 

than that of the non-glycosylated peptide 2.13 (Figure 2-7).  

 

Figure 2-7: a) Time-course of Srt7M-mediated ligation of CTB-LPETGA and 

peptide (2.13) or glycopeptide (2.14). Percentage conversion calculated based on 

relative intensity of conjugated CTB and unlabelled CTB-LPETGA. c) SDS-PAGE 

gel of glycopeptide (2.14) timepoint samples. Data fitted in OriginPro 2019b 

(version 9.6.5) using an exponential function. 

Conjugation of the refolded CTB-His6 to the H-2DB MUC1 peptide & glycopeptides 

(2.15-2.18) was performed using identical conditions. After 2 hours the degree of 

conjugation was determined by ES-MS. The data showed a similar trend to that 
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already seen during time course studies of the SM3 (glyco)peptides (2.13 and 2.14), 

with the highest level of conjugation seen for peptide 2.15 (Table 2-1). Marginally 

poorer conjugation efficiencies were seen for the mono-glycosylated glycopeptides 

2.16 and 2.17. The worst conjugation was seen for the doubly glycosylated 

glycopeptide 2.18. This trend suggested that the presence of the GalNAc moiety had 

a dramatic effect on sortase ligation efficiency. It was hypothesised that the GalNAc 

moiety reinforced an intramolecular hydrogen bond which caused the peptide to adopt 

a conformation that occluded the N-terminus. In this state the peptide/glycopeptide 

would be unable to access the active site and act as the nucleophile making the reverse 

reaction and hydrolysis pathway more favourable. As the number of GalNAc moieties 

increases, the opportunities for hydrogen bonding also increase and as a result the 

glycopeptide may spend more of its time in a state which is unable to participate in 

the ligation reaction resulting in lower level of conjugation. 

Table 2-1: Relative levels of unlabelled, conjugated and hydrolysis for the small-

scale sortase mediated ligation with peptides 2.15 and glycopeptides 2.16-2.18 

after 2 hours (by ES-MS). Peptide 2.15 sequence: H2N-GVAPGSTAPPA. The 

position of the GalNAc moiety is shown in brackets for each glycoconjugate. 

Conjugate Unlabelled (%) Conjugated (%) Hydrolysis (%) 

CTB-2.15 22 50 28 

CTB-2.16 (Thr7) 24 40 36 

CTB-2.17 (Ser6) 27 45 28 

CTB-2.18 (Thr7, Ser6) 0 10 90 

 

2.3.1 Effect of Adding Chaotropic Agent on Conjugational Efficiency 

To overcome putative hydrogen bonding within the peptide & glycopeptide substates, 

the sortase reaction time-courses for peptide 2.13 and glycopeptide 2.14 were repeated 

with 10% (v/v) DMSO added to the buffer. This concentration of DMSO was expected 

to be sufficient to reduce the level intramolecular hydrogen bonding without 

unfolding or significantly reducing the catalytic activity of sortase. The concentration 

of sortase, CTB and the peptide/glycopeptide were kept constant to compare the effect 

of adding DMSO as a chaotropic agent. SDS-PAGE of the timepoints showed 

conjugation with peptide 2.13 in the presence of 10% DMSO resulted in a negligible 
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improvement of three percentage points, from 78% to 81% (Figure 2-8). While this 

small improvement could be the result of breaking hydrogen bonds or due to the 

reduction on concentration of water which would reduce the rate of hydrolysis, this 

small improvement is more likely within the boundaries of experimental error. 

Without performing the experiments in triplicate the significance or cause of an 

improvement this small cannot be predicted. From the SDS-PAGE gels the level of 

hydrolysis cannot be estimated as the difference in molecular weight between CTB-

LPETGA and CTB-LPET is too small to result in two separate bands on an SDS-

PAGE gel.  

The ligation of glycopeptide 2.14 in the presence of 10% DMSO resulted in an 

increase of nineteen percentage points in the levels of glycopeptide conjugation from 

53% to 72% after 2 hours. This reduced the difference in conjugation between peptide 

2.13 and glycopeptide 2.14 from twenty-five percentage points in the absence of 

DMSO to six percentage points in the presence of 10% DMSO. The level of 

glycopeptide conjugation was still below what would be optimal for future 

applications and more work would be required to optimise conjugation to at least 80% 

especially for the double glycosylated glycopeptide 2.18.   
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Figure 2-8: a) Time-course of Srt7M-mediated ligation of CTB-LPETGA and 

peptide (2.13) or glycopeptide (2.14) in buffer spiked with 10% DMSO. Percentage 

conversion calculated based on relative intensity of conjugated CTB and unlabelled 

CTB-LPETGA. b) SDS-PAGE gel of peptide (2.13) timepoint samples. c) SDS-

PAGE gel of glycopeptide (2.11) timepoint samples. Data fitted in OriginPro 2019b 

(version 9.6.5) using an exponential function. 

 

2.3.2 Investigation into Secondary Structure of MUC1 Epitopes 

It was noted that both sequences shared a similar N-terminal motif of GVAPXS/T 

(where X is any amino acid). This led us to hypothesise that Pro4 may induce a β-

hairpin-like structure in the peptides/glycopeptides which may also impair 

conjugation by sterically hindering the nucleophilic glycine and preventing it from 

participating in the reaction. Any secondary structure had to be transient in nature due 

to the levels of peptide and glycopeptide conjugation observed. As already shown, the 

conjugation of glycopeptides can be improved through the addition of a chaotropic 

agent (10% DMSO) further bolstering the idea a transient secondary structure was 

present which in the glycopeptide substrates was reinforced by an intramolecular 

hydrogen bonding. To investigate if the proline residue had an influence on 
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conjugational efficiency, a variant of the SM3 peptide (2.13) and glycopeptide (2.14) 

was synthesised in which Pro4 was changed to Ala (Figure 2-9).  

 

Figure 2-9: Structure of the Pro4Ala peptide (2.19) and glycopeptide (2.20). By 

changing proline to alanine any backbone induced secondary structure should have 

been removed. 

The Pro4Ala peptide (2.19) and glycopeptide (2.20) were tested within the sortase 

ligation reaction using the same conditions as the initial reactions (no DMSO). After 

1.5 hours quantitative conjugation was achieved for peptide 2.19 (Figure 2-10). 

Conjugation of CTB-LPETGA with glycopeptide 2.20 reached a maximum level of 

86% at 1.5 hours (Figure 2-10). Both reactions were a significant improvement over 

that for the natural sequence and confirmed Pro4 had a significant impact on 

conjugational efficiency. It was believed some level of intramolecular hydrogen 

bonding was still taking place within glycopeptide 2.20 and ligation with this 

glycopeptide could be quantitative if the reaction was spiked with 10% DMSO, 

however an experiment to confirm this was not performed. 
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Figure 2-10: a) Time-course of Srt7M-mediated ligation of CTB-LPETGA and P4A 

mutant peptide (2.19) or glycopeptide (2.20). Percentage conversion calculated 

based on relative intensity of conjugated CTB and unlabelled CTB-LPETGA. b) 

SDS-PAGE gel of peptide (2.19) timepoint samples. c) SDS-PAGE gel of 

glycopeptide (2.20) timepoint samples. Data fitted in OriginPro 2019b (version 

9.6.5) using an exponential function. 

Having confirmed that Pro4 influenced conjugational efficiency, a combination of 1D 

and 2D NMR experiments were used in an attempt to characterise the extent of the 

secondary structure. It was hoped that 2D NOESY NMR would provide insight into 

specific interactions between the Gly-Val sortase tag and the rest of the peptide 

allowing the optimal minimal linker length to be predicted. Although significant peak 

broadening was seen in the proton NMR spectrum of peptide 2.13 at 278 K compared 

to at 298 K, suggesting a slowing of the rate of exchange between conformations in 

the peptide at 278 K compared to 298 K; The 2D NOESY NMR spectrum recorded 

at 278 K showed no significant through space interactions between the Gly-Val 

sortase tag and the rest of the peptide. All interactions through space interactions 

observed were within the natural sequence of the immunodominant domain of MUC1 

(Figure 2-11). 
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Figure 2-11: Structure of peptide 2.13 showing the strong through space 

interactions (NOEs) identified at 278 K. 

 

2.3.3 Effect of Increased Linker Length on Conjugational Efficiency 

Previously the aim was to keep the length of linker between the glycopeptide and 

protein to a minimum; however, achieving higher levels of conjugation whilst 

maintaining the secondary structure of the MUC1(Tn) epitopes would be vital in 

developing an effective immune response or antibody-like proteins which were 

capable of distinguishing between healthy MUC1 and under-glycosylated MUC1(Tn) 

seen in epithelial carcinomas. The effect of introducing linkers of various sizes 

between the sortase handle (Gly-Val) and the MUC1 sequence of interest was 

investigated. Increasing the flexibility of the sortase linker was also tested by 

changing the Gly-Val sortase handle to a traditional triglycine. Glycopeptide 2.14 was 

resynthesized with these N-terminal modifications to produce the four glycopeptides 

(Figure 2-12). The PEG linker chosen was 8-amino-3,6-dioxaoctanoic acid (AEEAc-

OH), equivalent to the insertion of PEG3 and is approximately ~12 Å in length and 

commercially available in the Fmoc protected form. 
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Figure 2-12: Structure of the PEGylated glycopeptides (2.21-2.23) and glycopeptide 

with traditional N-terminal triglycine linker (2.24). 

The test sortase ligation of CTB-LPETGA with the PEGylated glycopeptides (2.21-

2.23) and triglycine glycopeptide (2.24) was performed in the presence of 10% 

DMSO. The buffer was spiked with DMSO having previously shown its addition had 

a positive effect on the conjugational efficiency. As previously predicted, increasing 

the flexibility of the N-terminus by adding a flexible linker between the 

immunodominant domain of MUC1 and the N-terminal sortase tag (Gly-Val) resulted 

in an increase in the levels of conjugation. Addition of the PEG3 linker (2.21) resulted 

in an increase in conjugation from 72% to 87% of the available C-terminal sortase 

sites (Figure 2-13b). Addition of two or three PEG units (2.22, 2.23) resulted in an 

increase in conjugation from 72% to 92-93% (Figure 2-13c,d). Although introduction 

of the PEG linker increases the overall level of conjugation, the initial rate of ligation 

is slightly reduced as the length of the PEG linker increases. For glycopeptide 2.24 

with the N-terminal triglycine, the level of conjugation increased from 72% to 84% 

after 2 hours (Figure 2-13e). This improvement in conjugation is most likely due to 
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the increased flexibility of the N-terminus rather than the additional length provided 

by the addition of a single amino acid (glycine).  

 

Figure 2-13: a) Time-course of Srt7M-mediated ligation of CTB-LPETGA and 

PEGylated and triglycine glycopeptide substrates (2.21-2.24). Percentage 

conversion calculated based on relative intensity of conjugated CTB and unlabelled 

CTB-LPETGA. b) SDS-PAGE gel of PEG3 glycopeptide (2.21) timepoint samples. c) 

SDS-PAGE gel of PEG6 glycopeptide (2.22) timepoint samples. d) SDS-PAGE gel of 

PEG9 glycopeptide (2.23) timepoint samples. e) SDS-PAGE gel of triglycine 

glycopeptide (2.24) timepoint samples. Data fitted in OriginPro 2019b (version 

9.6.5) using an exponential function. 

Based on these results, the peptides and glycopeptides based on the mAbs SM3 

(APDTRP, immunodominant domain) and H-2DB (APGSTAPPA) recognition motifs 

were resynthesized with double AEEAc linker, equivalent to PEG6 (~24 Å), between 
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the peptide/glycopeptide and the N-terminal sortase tag (Gly-Val) (Figure 2-14). This 

length of linker showed the highest levels of SM3 glycopeptide conjugation observed 

throughout optimisation whilst retaining the proline residue which may have an 

influence of backbone secondary structure; increasing linker length further, 

equivalent to PEG9, showed no additional improvement in conjugational efficiency. 

 

Figure 2-14: Structure of the optimised PEGylated peptides & glycopeptides (2.22, 

2.25-2.30) contained PEG6 equivalent linker. 
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2.4 Is the Refolded CTB better for C-terminal Ligation with 

Sortase 7M? 

With optimised conditions and peptide/glycopeptide constructs in hand, test ligations 

of CTB-LPETGA using the optimised sortase conditions were performed. All 

peptides (2.25, 2.29, 2.30) and glycopeptides (2.22, 2.26-2.28) showed high levels of 

C-terminal ligation between 79% and 86% (of available sortase sites) (Figure 2-15, 

Table 2-2). As discussed previously approximately 10% of the C-terminal sortase 

extensions in CTB-LPETGA are missing due to a truncation.  

 

Figure 2-15: SDS-PAGE gel showing sortase ligation after 2 hours using PEG6 

peptides (2.23, 2.29, 2.30) and glycopeptides (2.22, 2.26-2.28). Levels of 

conjugation listed in Table 2-2.  

Table 2-2: Percentage of conjugated and unlabelled sortase sites on CTB-LPETGA 

after 2 hours. Densitometry performed by comparing intensity of unlabelled (CTB-

LPETGA) and conjugated CTB bands. CTB without the LPETGA tag (CTB) 

accounts for ~10% of each sample. 

Conjugate Unlabelled (%) Conjugated (%) 

CTB-2.25 19 81 

CTB-2.26 (Thr7) 21 79 

CTB-2.27 (Ser6) 21 79 

CTB-2.28 (Thr7, Ser6) 18 82 

CTB-2.29 (Reverse) 15 85 

CTB-2.30 14 86 

CTB-2.22 (Thr6) 15 85 
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Ligation was repeated using the refolded CTB-His6 which did not have any C-

terminal truncation. Reactions were performed using identical conditions as 

previously used, and conjugational efficiency was determined from the deconvoluted 

ES-MS. Unlike for ligation of the precipitated CTB-LPETGA, little or no consistency 

was seen in the percentage conjugation obtained from the deconvolved ES-MS (Table 

2-3). Deconvoluted ES-MS of all the reactions showed minimal (<5%) or no 

hydrolysis product. Inconsistency in the obtained percentage conjugation could be 

due to the method of analysis. Mass spectrometry is not inherently quantitative and 

differences in the unlabelled, conjugated, and hydrolysed CTB may mean each has a 

different propensity to fly or be ionised within the spectrometer. SDS-PAGE & 

densitometry could not be used to determine level of protein conjugation as a larger 

peptide is released for the refolded version of CTB (GAS-H6); as a result, the 

molecular weight difference between unlabelled and conjugated protein was too 

similar to result in effective separation on an SDS-PAGE gel. 

Table 2-3: Percentage conjugation of CTB-LPETGA-His6 after 2 hours, determined 

from deconvoluted ES-MS.  

Conjugate Conjugation (%) 

CTB-2.25 20 

CTB-2.26 (Thr7) 90 

CTB-2.27 (Ser6) 50 

CTB-2.28 (Thr7, Ser6) 45 

CTB-2.30 55 

CTB-2.22 (Thr6) 65 

Although the conjugation appears inconsistent, compared to the non-PEGylated 

H-2DB glycopeptides (2.16-2.18), an improvement in conjugation between 18 and 66 

percentage points was observed using the optimised linker and conditions. It was 

hoped the additional 10% of available sortase sites in the refolded CTB-His6 would 

make up for the lower level of conjugation.  
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2.5 Chapter Conclusions 

Following literature procedures, two peracetylated O-GalNAc amino acids 

(2.11α/2.12α) were synthesised and incorporated into solid phase peptide synthesis to 

generate a library of Mucin1 glycopeptides based on two known antibody recognition 

sequences. The peptides/glycopeptides synthesised exhibited all potential 

combinations of O-GalNAc glycosylation. Two cholera toxin B-subunit mutants were 

expressed from E. coli both harbouring a C-terminal LPETGA tag for sortase ligation. 

The first expressed into the media via a periplasmic targeting sequence, was found to 

have a C-terminal extension resulting in the absence of the sortase recognition 

sequence on 10% of protomers. An alternative mutant was expressed in the absence 

of the periplasmic targeting sequence and refolded from inclusion bodies. Both 

proteins were shown to form stable pentamers which dissociate upon boiling. 

Sortase ligation was initially found to be poor for glycopeptide substrates, with higher 

numbers of GalNAc moieties having a more negative impact on conjugational 

efficiency. The addition of DMSO as chaotropic agent resulted in an improvement in 

glycopeptide conjugation which, within margin of error, was comparable to the 

conjugation with the equivalent peptide substrate. Furthermore, proline at position 4 

has been shown to induce conformational changes within the peptide/glycopeptide 

which has a negative effect on conjugational efficiency. Addition of a PEG6 

equivalent linker between the Gly-Val sortase handle and the glycopeptide sequence 

was found to improve conjugation whilst retaining the proline residue in the sequence. 

Using the optimised conditions and linker length, high levels of C-terminal 

conjugation of CTB-LPETGA was demonstrated for all the peptides (2.25, 2.29, 2.30) 

and glycopeptides (2.22, 2.26-2.28) substrates with conjugation between 79% and 

86% of the available sortase sites observed by SDS-PAGE and densitometry.
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Chapter 3: Biotinylation of Multivalent Proteins for Phage Display 

Having discussed the optimisation of the C-terminal sortase ligation of CTB with a 

series of biologically relevant MUC1(Tn) glycopeptides in chapter 2; chapter 3 will 

explore if such glycoconjugates can be used to discover novel antibody-like binding 

proteins, Affimers, capable of selectively recognising MUC1(Tn) and distinguishing 

between the different glycosylation patterns. This chapter will also explore 

preliminary work towards detecting antibody-like binding proteins that bind to 

verotoxin B-subunit and could be used for targeted drug delivery. 

 

3.1 Background 

Antibodies are widely used in diagnostic devices for the detection of specific 

biological molecules; however, they can have limited stability. As a result, there has 

been huge interest in development of smaller proteins that mimic antibody function. 

The Affimer scaffold, developed in Leeds, is one of many artificial binding protein 

scaffolds generated through the alignment of 57 phytocystatin sequences.204 The 

Affimer scaffold displays all the desirable characteristics for a peptide presenting 

scaffold; it’s small, monomeric, highly soluble and exhibits high stability with regard 

to temperature and pH.205,206 Affimers consist of a β-sheet composed of four anti-

parallel strands which curve around an α-helix forming a half-closed palm (Figure 

3-1). For the Affimer phage display library, each of the two loops in the parent 

scaffold were replaced with a randomised group of nine amino acids to generate a 

library containing approximately 1.3×1010 different coding sequence variants.205–207 

Manipulation of the triplet codons in the loops ensured no cysteines or stop codons 

were introduced. Affimers are versatile reagents with uses ranging from the detection 

of small molecules or proteins, modulation of protein function in vitro and in vivo, in 

vivo tumour labelling reagents, drug delivery conjugates and co-crystallisation 

chaperones.206,208–210 
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Figure 3-1: Crystal structures of three Affimer, demonstrating common cystatin 

scaffold. Variable residues shown in red. a) Adhiron/Affimer Scaffold (PDB: 

4N6T).205 b) Affimer raised against BCL-2 (PDB: 6ST2).211 c) Affimer raised 

against Alpha-actinin-2 (PDB: 6SWT).212 

The initial plan to identify binders against the (Tn)MUC1 glycopeptide epitopes, was 

to immobilise the CTB-glycoconjugates described in the previous chapter onto GM1-

coated wells of a microtitre plate for phage display screening. Previously this 

approach was used successfully by Dr Matthew Balmforth (University of Leeds) to 

identify a series of Affimers which are capable of binding selectively with the top face 

of cholera toxin B-subunit.199  However, limits on laboratory access as a result of the 

Covid-19 pandemic meant that the glycoconjugates had instead to be biotinylated so 

they could be screened using the standard high-throughput methodology employed 

within the BioScreening Technology Group (BSTG) at the University of Leeds. 

 

3.2 Dual N- and C-terminal Labelling of CTB-LPETGA 

3.2.1 N-terminal Biotinylation 

Random biotinylation using NHS-biotin is often the preferred method of biotinylation 

of proteins for phage display as it enables screening of the protein in an array of 

orientations. For our screening experiments random biotinylation was not preferable; 

CTB has nine lysine residues per protomer distributed across the protein (Figure 3-2), 

and thus random biotinylation would result in a distribution of biotin molecules across 

the two faces, including the top face where the C-terminus was to be conjugated with 

the (Tn)MUC1 glycopeptides. In contrast, the N-termini of the CTB protomers are 
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found in between the GM1 binding sites and point towards the opposite face of the 

protein from the C-termini (Figure 3-2). Site-specific modification of the N-termini 

should place CTB in a favourable orientation on the microtitre plate to present the 

glycopeptides conjugated the C-terminus to the Affimer-phage particles. 

 

Figure 3-2: Surface representation of CTB showing GM1os (black) bound in the 

GM1 binding sites on the bottom face with N-termini (yellow) located between GM1 

binding sites on the bottom face. C-terminus coloured green. Surface exposed lysine 

residues coloured blue. a) Top face. b) Bottom face. (PDB: 3CHB). 

Oxime ligation to the N-terminal of CTB was first described by Rose et al. for the 

construction of well-defined CTB-viral peptide immunogens.166 Matthew Balmforth 

(University of Leeds) previously optimised the oxime-mediated N-terminal 

biotinylation of El Tor CTB with an aminooxy PEG4 biotin (3.1) and showed 

biotinylation of the N-termini with this linker does not lead to aggregation of the 

protein. Furthermore, he demonstrated that the oxime linker was not broken during 

the stringent washing conditions which occur during phage display screening. CTB-

LPETGA was used for dual N- and C-terminal labelling despite 10% of the sample 

containing a C-terminal truncation. Although the refolded CTB could be used instead, 

the N-terminal methionine would first need to be removed using a methionyl 

aminopeptidase to uncover an N-terminal threonine which in turn could be oxidized 

and used for oxime ligation. As shown in chapter 2, it is easier to quantify the progress 

of conjugation reactions using the non-refolded CTB due to the greater increase in 

molecular weight upon conjugation which allows SDS-PAGE and densitometry to be 

used instead of mass spectroscopy.  
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Scheme 3-1: Oxidation of N-terminal Thr of CTB using sodium periodate to form an 

aldehyde which reversibly hydrates in aqueous media. The aldehyde reacts with 

aniline to form an iminium intermediate which is rapidly displaced by the aminooxy 

functionalised PEG4 biotin (3.1) to form an oxime linkage. 

Oxidation of CTB-LPETGA was performed using five equivalents of sodium 

periodate in the presence of ten equivalents of L-methionine. The reaction was 

monitored by ES-MS and typically found to be complete within 10 minutes, with both 

species showing a mass loss of 27 Da (Figure 3-3b). In aqueous solution aldehydes 

are prone to hydration and the 27 Da mass loss can be attributed to its hydrated form 

(Scheme 3-1). It is essential that phosphate-buffered saline is not used for this 

oxidation reaction. During the course of this work, researchers in our lab, and 

collaborators from the University of York, noticed this oxidation reaction would fail 

to reach completion if performed in the presence of potassium ions,163 which are part 

of the standard recipe for phosphate-buffered saline. This is likely due to the poor 

solubility of potassium periodate in water.163 

The oxidised CTB-LPETGA was separated from the excess periodate, L-methionine, 

and the acetaldehyde byproduct using G-25 mini-trap desalting column, during 

simultaneous buffer exchange into sodium phosphate buffer at pH 6.8. The desalted 
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oxidised CTB-LPETGA was combined with the aniline catalyst,108 ten equivalents of 

aminooxy PEG4 biotin (3.1), and left overnight to react at 37°C. Due to the 

immiscibility of aniline with the aqueous buffer, the mixture must be mixed by vortex 

for aniline to become dispersed in solution, mixing by pipette or inverting the tube is 

not sufficient to disperse aniline into solution. Deconvoluted ES-MS confirmed both 

CTB-LPETGA and its truncation had been quantitatively N-terminally biotinylated 

with a mass increase of 398 Da from the oxidised CTB-LPETGA (hydrate) or 

oxidised CTB (hydrate) (Figure 3-3c). The mass of biotin-CTB-LPETGA was 

calculated as 12924.53 Da, and mass of biotin-CTB was calculated as 11900.26 Da. 

The biotinylated CTB-LPETGA was purified by PD-10 desalting column and size-

exclusion chromatography used to ensure the pentameric structure had been retained 

(Figure 3-4). 
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Figure 3-3: Deconvoluted high resolution protein mass spectrometry of: a) CTB-

LPETGA before oxidation with NaIO4. b) CTB-LPETGA oxidation after 10 minutes 

showing quantitative oxidation as hydrate. c) Oxidised-CTB-LPETGA biotinylation 

after 16hrs, showing near quantitative N-terminal biotinylation. A small amount of 

oxidised-CTB-LPETGA that has cyclised to a diketopiperidine is present at 

12508.3086 Da. CTB without the LPETGA tag (CTB) accounts for ~10% of each 

sample. 
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Figure 3-4: Size exclusion chromatography analysis (Superdex 75 10/300GL) of 

biotinylated CTB-LPETGA showing a shift in retention volume of Biotin-CTB-

LPETGA compared to CTB-LPETGA. 

An inert cyclisation product can form if the oxidised protein is not used rapidly in a 

subsequent oxime ligation reaction. The formation of this cyclised product is thought 

to occur due to kinking of the polypeptide backbone induced by the proline preceding 

the oxidised residue.213 The kinking places the terminal aldehyde in close proximity 

to the amide nitrogen of the glutamine promoting the nucleophilic attack and 

cyclisation (Scheme 3-2). This cyclised diketopiperidine product has the same 

molecular weight as the aldehyde and hence any ES-MS peak that appears to 

correspond to the aldehyde is instead assumed to by this inert cyclised product. 

Provided the oxidised protein is used rapidly in subsequent oxime ligation, this 

cyclisation can be minimised if not eliminated. A small quantity of this cyclised 

product for CTB-LPETGA can be observed following biotinylation (Figure 3-3c). 

 

Scheme 3-2: Cyclisation of the oxidised N-terminus of CTB. Kinking of the 

polypeptide chain by Pro2 brings the terminal aldehyde into close proximity with 

amide nitrogen of Gln3, leading to nucleophilic attack and cyclisation. 
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Following successful biotinylation of CTB-LPETGA, the protein was ready to be C-

terminally ligated to the (Tn)MUC1 glycopeptides using the sortase conditions 

optimised in Chapter 2. 

 

3.2.2 C-terminal Sortase Ligation of Biotinylated CTB-LPETGA 

For preparative scale sortase reactions it would be vital to remove the sortase enzyme 

from the ligation reactions efficiently, as prolonged exposure to sortase will 

eventually lead to hydrolysis of the ligated product. The standard methodology for 

removing sortase from ligation reactions by exploiting the affinity of its His-tag for 

Ni-NTA resin was not possible due to the natural affinity of CTB for Ni-NTA resin. 

Attempts to exploit the difference in affinity of these two proteins to the Ni-NTA resin 

were unsuccessful, and further attempts to isolate the ligation product by size-

exclusion chromatography (SEC) led to increased levels of hydrolysis compared to 

before being loaded on the SEC column. As a result, an alternative construct of sortase 

7M was investigated which could be selectively removed from the reaction products. 

 

3.2.2.1 Preparation of Chitin-binding Sortase 7M Variant 

An N-terminal chitin binding domain (CBD) was selected as an alternative affinity 

tag due to its irreversible binding to chitin resin and its small size which was not 

expected to interfere with the sortase enzymatic activity. The synthetic pET28a-CBD-

Srt7M plasmid, designed by Dr Michael Webb (University of Leeds) and ordered 

from Genscript, was transformed into commercial E. coli BL21 gold (DE3) competent 

cells. The protein was expressed in auto-induction media (AIM) initially at 30 °C for 

5 hours before being left at 25 °C overnight. Following cell lysis, chitin binding 

variant of sortase 7M was purified first by Ni-NTA affinity chromatography then by 

size-exclusion chromatography using a Superdex® S75 (26/60) (Figure 3-5). The yield 

of the protein was significantly improved compared to the non-chitin binding variant 

with a yield of 181 mg of pure protein isolated per 1 L of cultured cells. 
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Figure 3-5: Purification of Chitin-binding Sortase 7M for use in preparative scale 

ligation reactions. a) SDS-PAGE gel of Ni-NTA affinity chromatography column 

flow through, wash and elution fractions (E1-8). b) SEC trace for Chitin-binding 

Sortase 7M using Superdex® S75 26/60. 

 

3.2.2.2 Activity and Optimisation of Chitin-binding Sortase 7M Removal 

Protocol 

The activity of this variant was probed to ensure the chitin binding domain was not 

interfering with the activity of the enzyme. The conjugation of CTB-LPETGA with 

glycopeptide 2.22 was repeated using both the regular sortase 7M and the chitin 

binding variant (Figure 3-6). Both constructs were tested side-by-side under identical 

conditions and prepared using the same stock solutions of CTB-LPETGA and 

glycopeptide 2.22. The chitin binding variant of sortase 7M was found to ligate 

slightly faster over the first 30 minutes compared to the non-chitin binding variant. 

After 30 minutes conjugation had reached 68% using chitin binding sortase 7M, 

compared to 55% when using the non-chitin binding variant. However, at timepoints 
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beyond 1 hour the difference in conjugation between the two enzymes was negligible 

with conjugation reaching 90-91% for both enzymes after 2 hours. 

 

Figure 3-6: a) Fitted densitometry data for test sortase ligation using Sortase 7M 

and Chitin-binding domain Sortase 7M (CBD-Srt7M). Both reactions performed 

using CTB-LPETGA and the PEGylated glycopeptide 2.22 in 10% DMSO. b) SDS-

PAGE gel for reaction using sortase 7M. c) SDS-PAGE gel for reaction using CBD-

Sortase 7M. Data fitted in OriginPro 2019b (version 9.6.5) using an exponential 

function. 

Chitin resin from New England Biolabs (NEB) is listed to have a binding capacity of 

47 nmol per 1 mL of resin; it was believed 1.5 equivalents of chitin resin would be 

sufficient to bind and remove the CBD-sortase 7M enzyme. To test this hypothesis 

conjugation of glycopeptide 2.22 or peptide 2.30 to CTB-LPETGA was performed 

using the optimised conditions. After 2 hours, 1.5 equivalents of chitin resin was 

added and the mixture was incubated on ice to minimise any further reaction past the 

deemed endpoint and to improve the binding of the chitin binding domain to the chitin 

resin as recommended by the NEB application notes. After 15 minutes, the chitin resin 

was removed by spin filtration. Analysis of samples before and after the addition of 

the chitin resin showed complete removal of the CBD-Srt7M (Figure 3-7). 
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Densitometry showed no significant difference in the level of conjugation before and 

after removal of chitin resin. 

 

Figure 3-7: SDS-PAGE gel demonstrating removal of CBD-Sortase 7M from 

reaction mixture using 1.5 eq of chitin resin.  

 

3.2.2.3 Production, Purification, and Evaluation of Biotinylated CTB-MUC1 

Conjugates 

Preparative scale sortase ligation of the biotinylated CTB-LPETGA with the PEG6 

peptides & glycopeptides (2.22 & 2.25-2.30) was performed using the optimised 

conditions. After 2 hours each reaction was placed on ice and CBD-Srt7M removed 

using chitin resin. The biotinylated glycoconjugates were further purified by size 

exclusion chromatography (Superdex® 75 10/300 increase) to remove the excess 

labelling substrate. After size-exclusion, the level of conjugation was evaluated by 

SDS-PAGE (Figure 3-8). No significant difference in sortase ligation efficiency was 

observed between CTB-LPETGA with and without the N-terminal biotin tag. 



75 

 

 

Figure 3-8: 15% SDS-PAGE gel of CTB-LPETGA, oxidised-CTB-LPETGA, 

biotinylated CTB-LPETGA and C-terminally conjugated & biotinylated CTB 

constructs 1-7 listed in Table 3-1 after purification by size-exclusion 

chromatography.  

Table 3-1: Percentage C-terminal conjugation calculated using densitometry as a 

comparison of CTB-LPETGA and Conjugated CTB bands. CTB without the 

LPETGA tag (CTB) accounts for ~10% of each sample. 

Construct # Labelling Substrate Conjugation (%) 

1 2.25 - (GV(PEG3)2APGSTAPPA 86 

2 2.27 - (GV(PEG3)2APGS(Tn)TAPPA 85 

3 2.26 - (GV(PEG3)2APGST(Tn)APPA 85 

4 2.28 - (GV(PEG3)2APGS(Tn)T(Tn)APPA 87 

5 2.29 - (GV(PEG3)2APPATSGPA 89 

6 2.30 - (GV(PEG3)2APDTRP 83 

7 2.22 - (GV(PEG)6APDT(Tn)RP 85 

 

Following successful N-terminal oxime biotinylation, C-terminal sortase ligation and 

purification, the biotinylated CTB (Tn)MUC1-glycoconjugates (constructs 2, 3, 4 & 

7) were handed over to BSTG who ran the Affimer phage display screening. 
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3.2.3 Phage Display Screening of Biotinylated CTB-glycoconjugates 

Phage display screening was performed by Anna Tang in the BioScreening 

Technology Group (BSTG) at the University of Leeds with the support of Christian 

Tiede. Commercially available streptavidin-coated 96 well plates and streptavidin 

coated beads were used for immobilisation of the CTB-glycoconjugates.  

After three independent screens, Dr Anna Tang and Dr Christian Tiede (University of 

Leeds) concluded that it was too difficult to selectively amplify Affimers which were 

binding to the glycopeptides. Increasing the stringency of the pre-panning, washing 

and competitive selection conditions facilitated a reduction in background binding to 

CTB significantly, however, it also resulted in Affimers with weak affinity for the 

glycopeptides being stripped from the screen. As a result, no Affimer could be 

amplified or identified that would bind effectively to the glycopeptides. 

 

3.3 Multivalent Biotinylated (Tn)MUC1 Glycopeptides for Phage 

Display 

Using CTB as a multivalent scaffold likely caused a selectivity issue despite the 

majority of Affimer identified in previous screens by Dr Matthew Balmforth 

(University of Leeds) having relatively weak binding affinities.198 To avoid the use of 

a protein as a multivalent scaffold a small simple peptide was designed to which the 

glycopeptides could be easily attached. The peptide scaffold included an N-terminal 

biotin for immobilisation to a streptavidin-coated plate, a short PEG linker to improve 

aqueous solubility of the peptide and provide a flexibility linker between the biotin 

and glycopeptides, and three azidohomoalanine (Aha) residues interspaced with 

glycine (3.5). The azidohomoalanine residues could easily be labelled with the BCN-

functionalised glycopeptides via SPAAC. 

 

3.3.1 Preparation of Biotinylated Scaffold 

The multivalent biotinylated scaffold was synthesised by solid phase peptide 

synthesis (SPPS) using Fmoc-Aha-OH provided by Dr Ryan McBerney (University 

of Leeds).187 Following incorporation of the PEG spacer (Fmoc-AEEAc-OH) and 
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Fmoc deprotection, the N-terminus was capped with biotin on resin using 2 

equivalents of Biotin-N-hydroxysuccinimide ester (3.3, Scheme 3-3). LCMS of a 

small portion of the peptide cleaved from the resin showed complete N-terminal 

biotinylation of the peptide, and the peptide was cleaved from the resin using standard 

TFA cleavage conditions for 2 hours. The biotinylated trivalent azido peptide scaffold 

(3.5) was isolated via ether precipitation and lyophilisation. 

 

Scheme 3-3: Preparation of trivalent biotinylated peptide scaffold prepared via 

SPPS on Rink amide MBHA low loading resin using Fmoc-azidohomoalanine 

(Aha), Fmoc-glycine, Fmoc-AEEAc-OH and biotin-OSu (3.3). Cleaved from resin 

using 95:2.5:2.5 TFA/TIS/H2O.  

 

3.3.1.1 BCN labelling of Glycopeptides and Strain-Promoted Azide-Alkyne 

Cycloaddition 

The four MUC1(Tn) glycopeptides of interest (2.22, 2.26, 2.27 and 2.28) were N-

terminally labelled using 1.2 equivalents of BCN-NHS in DMF overnight (Scheme 

3-4). Once LC-MS confirmed the reactions were complete, the BCN-glycopeptides 
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were purified by size-exclusion using a Biogel P2 column. Four BCN-labelled 

MUC1(Tn) glycopeptides (3.7, 3.8, 3.9, 3.10) were prepared in 62‒81% yields. 

 

Scheme 3-4: BCN functionalisation of the N-terminus of glycopeptides (2.22-2.25) 

using BCN-NHS (3.6). 

Each of the four BCN glycopeptides were attached to the scaffold (3.5) via SPAAC 

using 3.3 equivalents of the BCN labelled glycopeptide (Scheme 3-5). The reactions 

were monitored by MALDI-TOF mass spectrometry; if required, additional BCN-

functionalised glycopeptide was added to ensure all three triazole linkages were 

formed. Once deemed to have reach completion, the biotinylated trimeric 

glycopeptides were purified by size-exclusion chromatography using Superdex 30 

10/300 eluting with 20 mM ammonium formate to remove the excess BCN-labelled 

glycopeptide.  



79 

 

 

Scheme 3-5: SPAAC of BCN functionalised glycopeptides (3.7-3.10) and trivalent 

azido peptide scaffold (3.5). 

 

3.3.1.2 Phage Display Screening of Multivalent Biotinylated (Tn)MUC1 

Glycopeptides 

The four biotinylated trimeric glycopeptides (3.11-3.14) were handed over to BSTG 

who ran the Affimer phage display screening. Phage display screening was performed 

by Dr Christian Tiede (BSTG, University of Leeds) using the standard high 

throughput methodology used previously for the CTB glycoconjugates. Screening 

was repeated three times and no Affimer proteins could be raised against the 

MUC1(Tn) glycopeptides. This may suggest the Affimer is not an appropriate 

scaffold for developing binders against glycans or glycopeptides. Alternative phage 

display libraries should be considered such as those for genetically coded cyclic 

peptides or other antibody-like scaffolds such as Nanobody, Trans-body or 

Affibody.214–216 
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3.4 Identifying VTB-binding Affimers 

While neither of the previous strategies led to Affimers that bound to the 

glycopeptides, the first strategy principally failed because of high background binding 

to the CTB scaffold protein. Previously within our lab, Matthew Balmforth began 

work to develop a method of targeted drug delivery of proteins using Affimers that 

can bind to the cholera toxin B-subunit.199 The Affimer-CTB complex was shown to 

be internalised by GM1-expressing cell line (Vero cells). When injected into the 

tongue of a mouse, the complex was trafficked from the neuromuscular junction to 

the cell bodies of the hypoglossal nerve in the brain stem (Figure 3-9).198,199  

 

Figure 3-9: Internalisation of fluorescently labelled Affimer complexed to CTB and 

trafficking from neuromuscular junction to the cell bodies of hypoglossal nerve. 

Adapted from Balmforth.198 

We postulated that other bacterial toxin B-subunits with different glycan-binding 

specificities could also be used to safely deliver drugs and biologics to other cell types, 

such as verotoxin B-subunit (VTB). Studies have shown 62% of pancreatic and 81% 

of colon adenocarcinomas showed elevated Gb3Cer/CD77 expression, indicating an 

association of this marker with neoplastic transformation.217,218 Therefore, Affimer-

VTB complexes could potentially be used for targeted drug delivery in pancreatic and 

colon cancer. Initially Affimers would be screened against biotinylated VTB. To 

identify Affimers which exclusively bound to the non-Gb3 binding face of VTB a 

plate-based Affimer-lectin binding assay (ALBA) would be used to characterise 

binding specificity and rank the binders. 
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3.4.1 VTB Expression and Purification 

The XL10 and expression cell lines of WT Verotoxin B-subunit was inherited as a 

gift from Prof. Steve Homans (University of Leeds).219,220 Expression of WT VTB 

and purification by periplasmic extraction was previously optimised by Dr Ryan 

McBerney.187 Wild type VTB with a periplasmic targeting sequence was expressed 

recombinantly from E. coli grown in CAYE (casamino acid-yeast extract) growth 

medium modified according to Evans.221 Unlike CTB, following folding in the 

periplasm and cleavage of the signal peptide, the protein is not exported into the 

media. Instead VTB was harvested by periplasmic extraction via osmotic shock. 

Periplasmic extraction involves breaking apart the outer membrane leaving the inner 

membrane intact, allowing for isolation of proteins transported to the periplasm 

without extraction of the whole cellular proteome. Even though the protein contained 

no purification tag, SDS-PAGE analysis showed the periplasmic extraction produced 

a relatively clean lysate and it was possible to use size-exclusion chromatography to 

remove any remaining impurities and isolate the VTB pentamer (Figure 3-10b). 

ES-MS of the protein confirmed successful expression, showing the correct mass for 

the monomeric VTB at 7687.80 Da (Figure 3-10c, theoretical mass = 7688.66 Da). 
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Figure 3-10: Purification of VTB. a) SDS-PAGE gel of periplasmic extraction 

buffer, osmotic shock pellet wash & VTB after purification by size-exclusion 

chromatography. b) Size-exclusion chromatography of VTB using Superdex® S75 

10/300. c) Deconvoluted ES-MS of purified VTB (7687.8 Da). 

 

3.4.2 VTB Biotinylation 

For phage display VTB was biotinylated following the same protocol previously 

employed for CTB-LPETGA. The N-terminal threonine residue of VTB is located on 

the bottom face of the protein close to one of the Gb3 binding sites therefore site-

specific modification of the N-termini should place VTB in a favourable orientation 

to present the non-Gb3 binding face to the Affimer-phage particles, resulting in fewer 

undesired binders to the bottom face. 
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Figure 3-11: Surface representation of pentameric Verotoxin B-subunit showing five 

Gb3 oligosaccharides (black) bound to the binding site of the bottom face of the 

pentamer. N-terminal threonine residue coloured red. Figure prepared using 

PyMOL (version 2.4.0) from Protein Data Bank file 1D1I.pdb 

Oxidation of VTB was performed using five equivalents of sodium periodate in the 

presence of ten equivalents of L-methionine in sodium phosphate buffer (pH 7.4). The 

reaction was monitored by ES-MS and typically found to be complete within 10 

minutes, with an observed mass loss of 27 Da (Figure 3-12b). The oxidised VTB was 

purified by PD-10 desalting column with buffer exchange into sodium phosphate 

buffer at pH 6.8. The oxidised VTB was combined with aniline, ten equivalents of the 

aminooxy PEG4 biotin (3.1) and left overnight to react at 37 °C. Deconvoluted ES-MS 

confirmed VTB had near-quantitatively been N-terminally biotinylated with a mass 

increase of 398 Da from the oxidised VTB (Figure 3-12c).  
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Figure 3-12: Deconvoluted high resolution protein mass spectrometry of: a) VTB 

before oxidation with NaIO4. b) VTB oxidation after 10 minutes showing 

quantitative oxidation as hydrate. c) Oxidised-VTB biotinylation after 16hrs, 

showing near quantitative N-terminal biotinylation. 
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Deconvoluted ES-MS after oxime biotinylation shows a small quantity of inert N-

terminally cyclised VTB could be seen (7642.7 Da), which has the same mass as the 

oxidised VTB aldehyde (Figure 3-12c). As discussed previously, the formation of this 

cyclised product is thought to occur due to kinking of the polypeptide backbone 

induced by the proline preceding the oxidised residue. Backbone kinking places the 

terminal aldehyde in close proximity to the amide nitrogen of the aspartic acid 

promoting the nucleophilic attack and cyclisation. 

The biotinylated VTB was purified by size-exclusion chromatography. Unlike CTB, 

VTB does not run as a pentamer on an SDS-PAGE gel. Using size-exclusion 

chromatography allowed for confirmation the pentameric structure of VTB had been 

retained following biotinylation (Figure 3-13). 

 

Figure 3-13: Size-exclusion chromatography analysis (Superdex 75 10/300GL) of 

biotinylated VTB, showing a slight shift in retention volume of Biotin-VTB compared 

to unlabelled VTB. 

 

3.4.3 Phage Display Screening of Verotoxin B-subunit 

The biotinylated VTB was handed over to the University of Leeds Bio-Screening 

Technology group (BSTG) for Affimer phage display screening. Firstly the naïve 

library was pre-panned against streptavidin-coated plates to remove Affimer that 

bound to streptavidin or any competent of the plate. The phage library was then 

enriched, screening the biotin-VTB immobilised on both streptavidin-coated plates 

0

200

400

600

800

1,000

0 5 10 15 20

A
2

8
0

 n
m

 (m
A

U
)

Retention Volume (mL)

VTB (Unlabelled) Biotin-VTB



86 

 

and beads, allowing for a change in the mode of presentation. No competitive 

selection was performed using unbiotinylated VTB. Due to the weak binding 

interaction between CTB and the bound Affimer, Matthew Balmforth found 

competitive selection was not possible and when performed no Affimer against CTB 

could be identified.198 From the enriched library, twenty-four randomly picked clones 

were tested by phage ELISA (Figure 3-14) and the eleven positive clones sequenced; 

this gave rise to nine unique Affimer sequences. Further work is underway within the 

Turnbull group to characterise their binding mode, specificity, and affinity for VTB. 

Binders could have potential uses ranging from drug-delivery conjugates, 

development of VTB-inhibitors or fusogenic lectins. 

 

Figure 3-14: Analysis by phage ELISA of Affimers isolated following panning 

against VTB-biotin performed by Dr Christian Tiede (University of Leeds). A single 

species of Affimer is tested against either VTB-biotin bound to streptavidin or 

streptavidin alone. In the event of binding, a chromophore is produced resulting in 

an increase in absorbance at 620 nm. Twenty-four Affimers were tested, with eleven 

producing a large increase in absorbance in the presence of VTB-biotin.  

 

3.5 Chapter Conclusion 

A CTB scaffold has been orthogonally labelled successfully at both the N- and C-

terminus using two orthogonal site-specific methods. The N-terminus of CTB-



87 

 

LPETGA was quantitively labelled with an aminooxy-functionalised biotin (3.1) via 

oxime ligation. Sortase-mediated ligation can be used to ligate a series of MUC1 

peptide and glycopeptide epitopes to the C-terminus of this biotinylated scaffold site-

specifically with a ligation efficiency of 83-89%. Phage display screening of the 

biotinylated CTB-glycoconjugates was unsuccessful. Although there was a chance 

Affimers with affinity for the glycan or glycopeptides were present, eliminating 

undesired binders against the CTB scaffold was not possible. To avoid the use of CTB 

as scaffold, a biotinylated peptide scaffold (3.5) was synthesised containing three 

azidohomoalanine resides. This scaffold was labelled with bicyclononyne 

functionalised glycopeptides via SPAAC. Four examples of trimeric-MUC1(Tn) 

biotinylated glycopeptides (3.11-3.14) were synthesised. Affimer phage display 

screening was unsuccessful in identifying any unique binders. 

Verotoxin B-subunit was successfully overexpressed in E. coli and isolated from the 

periplasm via osmotic shock (periplasmic extraction) followed by purification by 

size-exclusion chromatography. Using oxime ligation, VTB was near-quantitatively 

N-terminally biotinylated with aminooxy-PEG4-Biotin (3.1) and shown to remain 

pentameric following biotinylation. Phage display screening of the biotinylated-VTB 

identified nine unique binders.



 
 

88 

 

Chapter 4: Multivalent Glycoconjugate Inhibitors Based on Non-

binding CTB Scaffold. 

4.1 Background 

As discussed in section 1.3, toxin-secreting bacteria are a major cause of diarrhoeal 

disease, ranked in the top ten causes of death globally. Previously Dr Tom Branson 

(University of Leeds) reported first neoglycoprotein inhibitor against CTB (section 

1.3.3.2).108 As proposed in the project aims, Ryan and I wanted to explore the effects 

of reducing linker length and changing position of the glycans has on inhibitory 

potential of CTB-based neoglycoprotein inhibitors.  

Previously Dr Ryan McBerney (University of Leeds) developed two minimal length, 

bifunctional linkers (Figure 4-1).187 GM1-BCN (4.3) was synthesised by oxime 

ligation using bifunctional linker (4.1) and subsequently ligated to azido-CTB(W88E) 

via SPAAC ligation (Figure 4-2). The azido-CTB(W88E) scaffold is based on the 

previously reported azido-CTB which contains four mutations compared to wild type 

El Tor CTB (M37L, K43M, M68L, M101L) which allows introduction of an 

azidohomoalanine residue at position 43 by isosteric replacement of methionine.130,187 

The W88E mutation was also introduced to remove GM1 binding capability so that 

the protein could be used as a neoglycoprotein scaffold. This inhibitor was found to 

have an IC50 of 457 pM against CTB binding to a GM1-coated microtitre plate.187  

 

Figure 4-1: Structure of two minimal length, bifunctional BCN-linkers developed by 

Ryan McBerney.187 
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Figure 4-2: Cartoon depiction of protein based CTB inhibitor developed using 

minimal length linker. Mutation of wild type azido-CTB to form a non-binding 

variant, and attachment of BCN functionalised glycan (4.3) by SPAAC.187  

This chapter will discuss the development of a second neoglycoprotein-based 

pentavalent inhibitor of CTB prepared via N-terminal oxime ligation of BCN-ONH2 

(4.1) and strain-promoted azide alkyne cycloaddition (SPAAC) of GM1 azide (Figure 

4-3). This approach should overcome issues of undesired side-reactions between the 

aminooxy-BCN compounds (4.1, 4.2) and acetone present within the chemistry lab 

atmosphere, that were encountered previously by Ryan McBerney. Furthermore, this 

approach also presents an advantage of allowing a much smaller quantity of azido-

functionalised glycan to be used in the SPAAC ligation. Given the impact 

neoglycoconjugate inhibitors have shown against cholera toxin, this work will also be 

expanded to produce pentavalent inhibitors against verotoxin, which can cause food 

poisoning and haemolytic uremic syndrome. 

 

Figure 4-3: Cartoon depiction of alternative route to protein based CTB inhibitor. 

N-terminal oxidation and oxime ligation of BCN-ONH2 (4.1) followed by SPAAC of 

GM1 azide. 
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4.2 Preparation of a BCN-functionalised CTB Scaffold 

4.2.1 Expression of Non-binding CTB(W88E) Mutant 

Cholera toxin B-subunit binds GM1 oligosaccharide (GM1os) very tightly with a 

dissociation constant (Kd) of ~40 nM (measured by isothermal titration calorimetry, 

ITC), while simple galactosides have millimolar dissociation constants.82,86 CTB-

GM1 binding can be eliminated by mutation of tryptophan 88 (shown in blue, Figure 

4-4) to glutamate.222,223 As demonstrated in Chapter 3, CTB naturally has a threonine 

residue at the N-terminus (shown in yellow, Figure 4-4), which can easily be oxidised 

to give an aldehyde and then labelled by oxime ligation in the presence of 

aniline.108,166 

 

Figure 4-4: Surface representation of pentameric Cholera Toxin B-subunit showing 

the GM1 binding face. N-terminal threonine residues coloured yellow; Tryptophan 

88 required for GM1 binding coloured blue. GM1 oligosaccharide shown as black 

sticks. Figure prepared using PyMOL (version 2.4.0) from Protein Data Bank file 

3CHB.pdb 

The pTRB-W88E plasmid which encodes CTB(W88E), a non-GM1 binding mutant 

of CTB was prepared by Dr Tom Branson (University of Leeds).108 CTB(W88E) was 

expressed with a periplasmic signalling peptide which directs the protein to the 

periplasm, where the signal peptide is cleaved and the protein folds into its mature 

pentameric form, before being secreted into the media. The protein was harvested 

from the growth media by ammonium sulfate precipitation and purified by Ni-NTA 
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affinity chromatography. Expression and purification was confirmed by SDS-PAGE 

analysis (Figure 4-5a). Any remaining impurities following Ni-NTA affinity 

chromatography were removed by size-exclusion chromatography using a Superdex 

S75 column (Figure 4-5b). ES-MS of the protein confirmed successful expression, 

showing the correct mass for the monomeric CTB(W88E) at 11584.95 Da (Figure 

4-5c, theoretical mass = 11584.27 Da). 

 

Figure 4-5: Purification of CTB(W88E) a non GM1 binding mutant of CTB. a) SDS-

PAGE gel of Ni-affinity chromatography (elution fractions: E1-6). Samples boiled 

prior to loading. b) Size-exclusion chromatography of CTB(W88E) using 

Superdex® S75 10/300. c) Deconvolved ES-MS of purified CTB(W88E) (11584.9 

Da). 

 

4.2.2 Synthesis of Aminooxy BCN-functionalised Linker 

Endo-BCN-OH (4.4) was purchased commercially to avoid its challenging and low 

yielding synthesis.187,224 A protected oxyamine (4.5) was installed via Mitsunobu 

reaction with N-hydroxyphthalimide in 94% yield.187 From this point BCN-ONH2 

(4.1) was synthesised via ring opening of the phthalimide (4.5) using 2M methanolic 

methylamine in an acetone free environment (Scheme 4-1).187  
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Scheme 4-1: Synthetic route to aminooxy-endo-BCN linkers 4.1. 

 

4.2.3 Site-specific BCN-functionalisation of CTB(W88E) by Oxime 

Ligation 

In preliminary work, Ryan McBerney had performed SPAAC ligation between the 

aminooxy-BCN (4.1) and lactosyl azide, before performing oxime ligation to oxidised 

CTB(W88E). Although his lactosyl reaction products were easy to purify using the 

BCN group as a hydrophobic tag for reverse phase chromatography, GM1 azide could 

not be produced in sufficient quantity for him to make the target neoglycoprotein 

inhibitor. Therefore, I chose to investigate an alternative synthetic route that would be 

more amenable to smaller quantities of azido-functionalised glycans. The synthesis 

route was rearranged to functionalise CTB(W88E) with five BCN groups per 

pentamer first, which could then be labelled with any glycosyl azide of interest. This 

would open the route to a more toolbox-style approach allowing, in the future, an 

array of glycans to be displayed on a multivalent scaffold and then screened for 

inhibitory activity. 

Having successfully expressed the non-GM1 binding CTB scaffold (CTB(W88E)) 

and synthesised the aminooxy-BCN (4.1) handle oxime ligation to prepare the BCN-

CTB(W88E) construct could take place. 
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Scheme 4-2: Oxidation of N-terminal Thr of CTB(W88E) using sodium periodate to 

form an aldehyde which becomes hydrated in aqueous media. The aldehyde reacts 

with aniline to form an iminium intermediate which is rapidly displaced by the 

aminooxy functionalised endo-BCN to form an oxime linkage. 

Oxidation of CTB(W88E) was performed as described in section 3.2.1 (Scheme 3-1). 

The reaction was monitored by ES-MS and typically found to be complete within 10 

minutes, with an observed mass loss of 27 Da (Figure 4-7b). The desalted oxidised 

CTB(W88E) was combined with the aniline catalyst (1% w/v), ten equivalents of 

aminooxy functionalised endo-BCN (4.1) and left overnight to react. The BCN-

functionalised CTB(W88E) was purified by PD-10 desalting column and the protein 

characterised by size-exclusion chromatography to ensure the pentameric structure 

had been retained (Figure 4-6). 
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Figure 4-6: Size-exclusion chromatography analysis (Superdex S75 10/300GL) of 

BCN functionalised CTB(W88E), showing a slight shift in retention volume of BCN-

CTB(W88E) compared to CTB(W88E). 

Following purification, ES-MS confirmed CTB(W88E) had been quantitatively N-

terminally functionalised with a mass increase of 129 Da from the oxidised 

CTB(W88E) (hydrate) (Figure 4-7c). The mass of BCN-CTB(W88E) was calculated 

to be 11686.99 Da. Following successful functionalisation of CTB(W88E), the 

protein was ready to be further functionalised with glycosyl azides via strain-

promoted azide-alkyne cycloaddition (SPAAC). 
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Figure 4-7: Deconvolved ES-MS of: a) CTB(W88E) before oxidation with NaIO4. b) 

CTB(W88E) oxidation reaction after 10 minutes showing quantitative oxidation as 

hydrate. c) Oxidised-CTB(W88E) BCN oxime ligation after 16hrs, showing 

quantitative N-terminal labelling with aminooxy-BCN (4.1). 
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4.3 Preparation of Glycosyl Azides and Functionalization of BCN-

CTB(W88E) Through SPAAC 

Following on from the preparation of a site-specifically BCN labelled CTB(W88E), 

a series of glycosyl azides were prepared which could be used for strain-promoted 

azide-alkyne cycloaddition (SPAAC) onto the CTB scaffold. Three carbohydrates 

were chosen: the first lactosyl azide, a simple disaccharide and the core to many 

biologically relevant glycans. The synthetic procedure to prepare lactosyl azide is well 

reported and would be used for testing of SPAAC ligation reaction.225 The second 

was Gb3 azide which could be synthesised enzymatically from lactosyl azide using a 

Galα(1-4)Gal transferase. The third was GM1 azide, which would be prepared via 

enzymatic hydrolysis of GM1 ganglioside followed by Shoda’s DMC-mediated 

glycosyl azide formation.226 

 

4.3.1 Synthesis of Lactosyl azide 

Large quantities of commercially available mono- and disaccharide glycans can be 

simply converted to the corresponding glycosyl azide via a straightforward three step 

process. β-D-Lactosyl azide was synthesised via three steps from D-lactose (Scheme 

4-3). Firstly, a one-pot acetylation and anomeric bromination of lactose using acetic 

anhydride and HBr in acetic acid yielded peracetylated lactosyl bromide (4.6) in a 

single step with a yield of 92%.227 After aqueous workup of 4.6, the bromide was 

displaced via SN2 substitution with sodium azide, yielding peracetylated lactosyl 

azide (4.7) in 74% yield after purification by flash column chromatography. Acetyl 

deprotection using sodium methoxide yielded β-D-lactosyl azide 4.8 in 71% yield 

after purification by size exclusion using a biogel P2 column eluting with ammonium 

formate. This provided material of sufficient purity and quantity to be used for testing 

SPAAC ligation to CTB-BCN(W88E) and for the enzymatic synthesis of β-Gb3 azide 

(4.9) performed by Laia Saltor Nunez (University of Leeds). 
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Scheme 4-3: Synthetic route to β-lactosyl azide (4.8) from lactose monohydrate via 

α-lactosyl bromide (4.6). Enzymatic galactosylation to synthesise Gb3 azide (4.9) 

performed by Laia Saltor Nunez. 

 

4.3.2 Synthesis of GM1 azide 

The three-step preparation of glycosyl azides presented in Section 4.3.1 is typically 

not appropriate for larger and more complex oligosaccharides as the limited quantity 

of these glycans typically available is not amenable to multiple 

protection/deprotection and purification steps. As a result, a simple one step approach 

was chosen for the preparation of GM1 azide (4.10) from GM1 oligosaccharide 

(GM1os) using 2-chloro-1,3-dimethylimidazolium chloride (DMC, 4.9) to activate 

the anomeric hydroxyl group as presented by Shoda and coworkers.226 Although 

literature provides a precedence of this methodology being used on complex sialylated 

glycans, it has not previously been used on ganglioside-derived oligosaccharides. The 
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original protocol by Shoda requires prolonged reaction times and a high number of 

equivalents of 2,6-lutidine (base), sodium azide and DMC (4.10) to get the reaction 

to proceed to completion for sialylated glycans.226 Using alternative conditions (fewer 

equivalents of the stronger base TEA) proposed by Machida et al.,228 Ryan McBerney 

had been able to observe a shift to a higher Rf by TLC which indicated the reaction 

had reached completion within 5 hours.187 However due to the sub-milligram quantity 

of the reaction performed, no analytical data could be obtained to confirm conversion 

of GM1os to GM1 azide. 

A 200 mg batch of crude GM1os was available in the lab which had been produced 

by Dr Ryan McBerney via enzymatic hydrolysis of GM1 ganglioside using 

endoglycosylceramidase (EGCase) II from Rhodococcus Sp. (M-777).229 The GM1os 

was purified in two steps by reverse phase chromatography to remove any unreacted 

GM1 ganglioside, and then desalting by size exclusion chromatography using a 

Biogel P2 column. A milligram scale test reaction was performed following the 

procedure used by Ryan McBerney, and after 5 hours the products were isolated by 

size exclusion chromatography. NMR spectroscopic analysis of the resulting GM1 

azide (4.11) showed the reaction was only ~60% complete based on reduction in 

intensity of GM1os anomeric signals. Doubling the number of equivalents of TEA 

and increasing reaction time from 5 hours to 2 days at 37°C resulted in a ~25% 

increase in conversion (estimated by TLC). Leaving the reaction for more than 2 days 

or adding further equivalents of sodium azide had no effect to the progress of the 

reaction. 
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Scheme 4-4: Synthetic route to β-GM1-N3 (4.11) from GM1os using Shoda’s reagent 

(DMC, 4.10) and sodium azide.  

Following purification by size exclusion chromatography, 1H NMR spectroscopy 

confirmed the reduction in intensity of the GM1os Glc anomeric signals. Using 

variable temperature NMR at 278 K, the residual water signal was shifted to 5.0 ppm 

and eliminated from the spectrum using presaturation. This allowed for measurement 

of the chemical shift and coupling constant of GM1-azide Glc anomeric centre 

confirming the anomeric configuration as beta (J = 8.7 Hz) (Figure 4-8). The level of 

conversion could not be quantified from the VT NMR as presaturation results in 

alteration of the signal intensities for protons which exchange with water or have a 

chemical shift near the residual water signal. TLC and ES-MS suggest the reaction 

had reached ~90% conversion. 
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Figure 4-8: Expansion of the anomeric region of NMR spectra for GM1os (top) and 

GM1 azide (bottom, 4.11). Spectra shown appearance of new peak for Glu N3-H1β 

anomeric centre and overall reduction in signal intensity for peaks corresponding to 

osH1α/β compared to other anomeric centres (H1’, H1’’’, & H1’’’’). 

 

4.3.3 SPAAC of Glycosyl azides onto BCN-CTB(W88E) 

Lactosyl azide (4.8) was used to test the strain-promoted azide-alkyne cycloaddition 

(SPAAC) with the BCN-functionalised CTB(W88E) and optimise the ligation 

conditions. Ten equivalents of lactosyl azide was added to BCN-CTB(W88E) and left 

at room temperature. After 16 hrs, ES-MS showed the absence of the BCN-
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CTB(W88E), with lactose-CTB(W88E) being the major species (Figure 4-9). Two 

other species were present in the spectrum, both of which were believed to be due to 

fragmentation within the mass spectrometer; the first due to the loss of galactose 

giving 11893.08 Da, and the second due to the loss of lactose through breakage of 

anomeric C-N bond to leave CTB-triazole giving a mass of 11730.03 Da.  

 

 
Figure 4-9: Deconvolved ES-MS for SPAAC ligation of lactosyl azide (4.8, 10 eq) to 

BCN-CTB(W88E) after 16 hrs. The lactosyl triazole group fragments within the 

spectrometer to lose terminal galactose (11893.09 Da) and lactose (11730.03 Da).  

The second peak within the spectrum could also be attributed to the BCN group 

reacting with any sodium azide which had not been removed during the size-exclusion 

chromatography/desalting purification or from hydrolysis of the glycosyl azide. To 

test if this was a possibility BCN-CTB(W88E) was incubated with ten equivalents of 

sodium azide and ES-MS timepoints taken at 30 mins, 1 hr, 2 hrs, and 4 hrs. The 

reaction of BCN-CTB(W88E) with lactosyl azide (10 equivalents) was repeated with 

ES-MS timepoints also taken at 30 mins, 1 hr, 2 hrs, and 4 hrs (Figure 4-10a). As 

expected, no reaction was observed when BCN-CTB(W88E) (11687.0 Da) was 

treated with sodium azide (Figure 4-10b). When BCN-CTB(W88E) was treated with 

lactosyl azide (4.8), the appearance of a signal for triazole-CTB (11730.0 Da) and 

target product lactosyl-CTB (12055.1 Da) in Figure 4-10c indicates that the triazole 

species is more likely formed by fragmentation of the expected product within the 

mass spectrometer. 
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Figure 4-10: a) SPAAC labelling reaction progress over 4 hours for sodium azide 

and lactosyl azide (4.8). b) Deconvolved ES-MS of BCN-CTB treated with sodium 

azide (10 eq) for 4 hours. c) Deconvolved ES-MS of BCN-CTB treated with lactosyl 

azide (10 eq) for 4 hours. 

Confident that the triazole-CTB(W88E) was due to fragmentation within the mass 

spectrometer, attention shifted to labelling CTB(W88E) with Gb3 azide (4.9) and 

GM1 azide (4.11). SPAAC ligation was performed in an identical manner to the 

lactosyl azide reaction: BCN-CTB(W88E) was treated with 10 equivalents of the 

glycosyl azide and incubated at room temperature overnight. ES-MS showed both 

Gb3 and GM1 could be ligated quantitatively to the modified N-terminus of BCN-

CTB(W88E). The mass spectrum of Gb3-CTB(W88E) had fragmentation peaks with 
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the loss of the terminal galactose, Gal-α(1,4)-Gal and Gb3 (Figure 4-11). The 

spectrum of GM1-CTB(W88E) showed no fragmentation of the major species, which 

we concluded was due to the additional stability of the glycan imparted by the sialic 

acid. 

 

Figure 4-11: Deconvolved ES-MS for SPAAC ligation of Gb3 azide (4.9, 10eq) to 

BCN-CTB(W88E) after 16 hrs. Gb3 triazole moiety fragments within the 

spectrometer to lose terminal galactose (12055.14 Da), Gal-α(1,4)-Gal (11892.05 

Da) and Gb3 (11731.02 Da).  

 

Figure 4-12: Deconvolved ES-MS for SPAAC ligation of GM1 azide (4.11, 10eq) to 

BCN-CTB(W88E) after 16hrs. 

 

4.4 Inhibition Studies by Enzyme-Linked Lectin Assay (ELLA) 

An enzyme-linked lectin assay (ELLA) was used to test the inhibitory potency of the 

prepared neoglycoconjugates against their respective targets. The ELLA protocol is 

11731.0194

11892.0522 12055.1408

12217.1906

+MS, 1.9-2.5min, Deconvoluted (MaxEnt, 978.43-2495.84, *0.05, 30000)

0.0

0.5

1.0

1.5

2.0

2.5

5x10

Intens.

11500 11600 11700 11800 11900 12000 12100 12200 m/z

12217.1853

12711.3785

+MS, 1.9-2.5min, Deconvoluted (MaxEnt, 1059.95-2169.89, *0.0520833, 30000)

0.00

0.25

0.50

0.75

1.00

1.25

1.50
5x10

Intens.

11600 11800 12000 12200 12400 12600 m/z



104 

 

widely used in the field of glycoconjugate inhibitors for detecting the quantity of 

uninhibited enterotoxins bound to a microtiter plate.105,108,109 Although other methods 

of determining bacterial toxin inhibition using a functional human intestinal organoid 

assay are arguably more realistic, the quantity of toxin required changes from assay 

to assay depending on the cells used.230,231 Horseradish peroxidase conjugates of CTB 

and VTB (CTB-HRP and VTB-HRP) were prepared previously by Dr Ryan 

McBerney using Lightning-Link® horseradish peroxidase kit from Expedeon.187 The 

quantity of CTB-HRP/VTB-HRP bound to the microtiter plate can be determined by 

measuring the fluorescence of resorufin produced from turnover of Amplex Red® by 

HRP in the presence of H2O2 (Figure 4-13). 

 

Figure 4-13: Cartoon representation of the enzyme-linked lectin assay (ELLA) for 

determining inhibition of CTB binding to GM1 coated plates. Addition of inhibitor 

reduces quantity of CTB-HRP bound to GM1 coated plate, resulting in lower 

fluorescence. 

 

4.4.1 Inhibition of CTB Binding to GM1 

The optimal concentration of CTB-HRP for the ELLA was determined by preparing 

a serial dilution of CTB-HRP from 50 ng/mL to 0.1 ng/mL, which was added to the 

wells of a ganglioside GM1-coated plate. After incubating for 30 minutes and 

washing, a solution of Amplex Red® and H2O2 was added, and the fluorescence 

recorded every 30 seconds for 30 minutes (Figure 4-14). The assay showed CTB-HRP 

prepared previously by Dr Ryan McBerney remained active and could be used at 

concentrations much lower than those used in previous studies,108,187 and still produce 

a measurable difference in rate from baseline fluorescence as calculated from the 
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linear trendline. Concentrations higher than 10 ng/mL reach a plateau, indicating a 

depletion of the Amplex Red®/H2O2, within the 30 minutes plate reading. The data 

for experiments with less than 1 ng/mL CTB-HRP could be fitted to a straight line 

(R-squared > 0.9998).  

 
Figure 4-14: Comparing the rate of increase in fluorescence intensity following the 

addition of Amplex Red®/H2O2 to CTB-HRP. CTB-HRP prepared following a 2-fold 

serial dilution from 50 ng/mL. Data points collected at 30 second intervals. 

Excitation 531 nm; Emission 595 nm. 

Having confirmed the CTB-HRP conjugate was capable of binding to ganglioside 

GM1-coated microtiter plates and remained active after long term storage, it was then 

used to study the inhibition of CTB with the GM1 based neoglycoconjugate inhibitor, 

GM1-CTB(W88E). The assay included wells for positive control (containing only 

CTB-HRP) used to measure the maximum expected fluorescence in the absence of 

inhibitors, and wells for negative control (containing no CTB-HRP or inhibitor) used 

to measure the background fluorescence to allow normalisation of the data. CTB-HRP 

was used at a final concentration of 0.5 ng/mL, resulting in a 5-fold increase in 

sensitivity compared to previous assays performed by Ryan McBerney and Tom 

Branson.108,187 A 2-fold serial dilution of the GM1-CTB(W88E) inhibitor was 

premixed with CTB-HRP before being added to a ganglioside GM1-coated plate. 

After washing the plate, Amplex Red and hydrogen peroxide were added, and the rate 

of fluorescence increase was recorded over 5 minutes (10 measurements). 
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Measurements were performed in triplicate and averaged for analysis (three technical 

repeats); in some cases, anomalous data points were removed leaving duplicate 

results. Data was fitted using OriginPro logistic fitting equation and used to determine 

IC50 values (Equation 4-1).  

𝑦 =
𝐴1 − 𝐴2

1 + (𝑥/𝑥0)𝑝
+ 𝐴2 

Equation 4-1: Equation for logistic curve fitting in OriginPro 2019b. A1 is the 

curve’s maximum, A2 is the curve’s minimum, x0 is equal to the log(IC50), x is the 

log(inhibitor concentration), and p is the Hill slope parameter. 

 

Figure 4-15: Enzyme-linked lectin assay (ELLA) indicates inhibitory potential of 

multivalent GM1-CTB(W88E). ELLA inhibition data for CTB(W88E)-GM1 reported 

by Ryan McBerney.187 ELLA inhibition data for GM1os reported by Branson et 

al.108 Error bars indicate the standard error of the percentage binding. No fixing of 

parameters was required for fitting of the curves to reach convergence. 
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Table 4-1: Comparison of the IC50 values for GM1os, GM1(CH2)11CTB(W88E), 

CTB(W88E)-GM1, GM1-CTB(W88E), their valences and relative potency per GM1.  

Inhibitor Valency Log (IC50) IC50 (nM) Relative 

Potency 

(per GM1)a 

 

CTB(W88E)b - - - - 

 

GM1osc 1 -6.27±0.04 530 1 (1) 
 

GM1(CH2)11CTB(W88E)b 5 -9.98±0.08 0.104 5096 (1019) 
 

CTB(GM1, W88E)d 5 -9.34±0.02 0.457 1160 (232) 
 

GM1-CTB(W88E) 5 -9.03±0.07 0.924 574 (115) 
 

a Potency measured relative to monovalent GM1os. b No inhibition detected for CTB(W88E) 

scaffold by Branson et al.108 c Inhibitor reported by Branson et al.108 GM1 ligated to N-

terminus via flexible liner and oxime ligation. d Inhibitor reported by Ryan McBerney; GM1 

ligated to top face of azido CTB(W88E).187  

 

Neoglycoprotein inhibitor GM1-CTB(W88E) was found to be a potent inhibitor of 

CTB adhesion with an IC50 of 924 pM (Figure 4-15, Table 4-1). The inhibitor GM1-

CTB(W88E) has 115-fold greater potency per GM1 when compared to monovalent 

GM1os measured by Branson et al. using an assay of the same design.108 The IC50 

value of 924 pM is a 9-fold loss of potency compared to the inhibitor with a longer 

linker produced by Tom Branson (104 pM), and 2-fold reduction compared to the 

analogous CTB(W88E)-GM1 inhibitor produced by Ryan McBerney (457 pM) where 

the GM1 was attached to the top face of CTB rather than to its N-termini. 

Conclusions drawn from this data shown that reduction in linker length between the 

scaffold and glycan and moving the site of glycosylation has only a small impact on 

potency. Hypothetically one could envisage a decrease in IC50 of GM1-CTB(W88E) 

and CTB(W88E)-GM1 being a result of numerous reasons: an enthalpic penalty upon 

bringing two pentameric proteins into close proximity; increased electrostatic 

repulsions for the same reasons; or that the shorter, more rigid liker results in strained 

conformation for the glycan to reach the binding site. The use of a neoglycoprotein 

approach to toxin inhibition in addition to the development of oxime and SPAAC 

reactive glycoconjugates which do not require extensive chemoenzymatic synthesis, 

making this a more accessible and versatile approach. 
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4.4.2 Inhibition of VTB Binding to Gb3 

Unlike the fairly standardised CTB ELLA where CTB is captured onto GM1-

ganglioside coated plate, there appears to be little constancy for VTB ELLA. Bundle 

et al. utilised two different assays to measure inhibitor potency.104 In the first, the 

inhibitor and Pk trisaccharide-BSA-biotin conjugate compete for VTB adsorbed onto 

a microtiter plate. The quantity of Pk trisaccharide bound is measured using a 

streptavidin-HRP conjugate and 3,3′,5,5′-tetramethylbenzidine (TMB). For the 

second assay, the inhibitor and VTB are mixed and the quantity of uninhibited VTB 

bound to synthetic C16 P
k trisaccharide coated plate measured using rabbit anti-VTB 

antibody and HRP-labelled anti-rabbit antibody. Recently Pieters et al. reported the 

use of a commercially available synthetic glycolipid in an ELLA inhibition assay 

involving VTB.109 FSL-Gb3, 4.12, is composed of Gb3 conjugated to 

dioleoylphosphatidylethanolamine (DOPE) via an O(CH2)3NH linker (Figure 4-16). 

The inclusion of the linker would provide additional flexibility between the glycan 

and the plate which would be helpful in facilitating a favourable conformation for 

binding to VTB. The assay used an HisProbe-HRP conjugate to detect the quantity of 

uninhibited his-tagged VTB bound to FSL-Gb3.109 To try standardise the CTB and 

VTB ELLA protocols used within the Turnbull group, FSL-Gb3 was used to coat 

microtiter plates and a VTB-HRP conjugate used instead of VTB and a secondary 

HRP-antibody conjugate. 

 

Figure 4-16: Structure of FSL-Gb3 (4.12) from Merck. 



109 

 

4.4.2.1 Optimisation of VTB-HRP Capture on Microtiter Plates 

FSL-Gb3 was adsorbed onto microtiter plates as described by Pieters et al.109 using a 

2 µg/mL (1.39 µM) solution of FSL-Gb3 in PBS at room temperature for 3 hours. 

Plates were washed with PBS, blocked with BSA, and washed again. The ability of 

the adsorbed Gb3 to capture VTB was tested by applying a 2-fold serial dilution of 

VTB-HRP (500 ng/mL maximum concentration) to the plate. After incubating for 30 

minutes and washing, a solution of Amplex Red® and H2O2 was added, and the 

fluorescence was recorded every 30 seconds (Figure 4-17). This preliminary assay 

confirmed FSL-Gb3 was successfully adsorbed onto microtiter plates and was capable 

of capturing VTB-HRP on the plate. From plotting and fitting of the data it was 

concluded that a good level of signal-to-noise was obtained in the region of 4-15 

ng/mL of VTB-HRP. A VTB-HRP concentration of 10 ng/mL was adopted for the 

subsequent ELLA inhibition assays. 
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Figure 4-17: Fluorescence intensity for the concentration gradient assay of VTB-

HRP following a 2-fold serial dilution from 500 ng/mL, binding to a plate coated 

with FSL-Gb3 4.12, and the addition of Amplex Red®/H2O2. Data points collected at 

30 second intervals. Excitation 531 nm; Emission 595 nm. 

 

4.4.2.2 Enzyme-Linked Lectin Assay of Pentavalent VTB Inhibitors 

Having confirmed FSL-Gb3 coated microtiter plates could bind VTB-HRP and the 

VTB-HRP prepared by Ryan McBerney remained active after long-term storage, 

measurement of the VTB inhibitor potency was performed using a similar assay 
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protocol previously optimised for CTB inhibitors. The assay included wells for 

positive control (containing only VTB-HRP) used to measure the maximum expected 

fluorescence and wells for negative control (containing no VTB-HRP or inhibitor) 

used to measure the background fluorescence and normalisation of the data. VTB-

HRP was used at a final concentration of 10 ng/mL.  

Three compounds were to be tested for the initial screening, the first was Gb3 

oligosaccharide which was to be used for comparison of inhibitor potency, prepared 

by Laia Saltor Nunez (University of Leeds). The second was Gb3-CTB(W88E) where 

Gb3 azide (4.9) was ligated to the N-terminus of CTB(W88E), as described in section 

4.3.3. The third construct was Gb3-BCN ligated to azido-CTB(W88E), produced by 

Ryan McBerney.187 A 2-fold serial dilution of Gb3os, Gb3-CTB(W88E) and 

CTB(W88E)-Gb3 were premixed with VTB-HRP (10 ng/mL) before being added to 

FSL-Gb3 coated plates. After washing the plate, Amplex Red and hydrogen peroxide 

were added, and the rate of fluorescence increase was recorded over 5 minutes (10 

measurements). Measurements were performed in triplicate and averaged for analysis 

(three technical replicates); in some cases, anomalous data points were removed 

leaving duplicate results. Data were fitted using the OriginPro logistic fitting equation 

(Equation 4-1) and used to determine IC50 values. 
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Figure 4-18: Enzyme-linked lectin assay (ELLA) indicates inhibitory potential of 

multivalent Gb3-CTB(W88E) and CTB(W88E)-Gb3 inhibitors compared to 

monovalent Gb3os. Error bars indicate the standard error of the percentage 

binding. Fitting of the curve for Gb3-CTB(W88E) required fixing of the bottom of 

the asymptote to 0 (zero) for fitting to reach convergence. No parameters required 

fixing for Gb3os or CTB(W88E)-Gb3 to reach convergence. 

Table 4-2: Comparison of the IC50 values for Gb3os, CTB(W88E)-Gb3, Gb3-

CTB(W88E), their valences and relative potency per Gb3. 

Inhibitor Valency Log (IC50) IC50 

(µM) 

Relative 

Potency (per 

Gb3)a 

 

Hill 

coefficient 

(p) 

Gb3osb 1 -2.13±0.04 7340  1 (1) 
 

2.90±0.75 

Gb3-CTB(W88E) 5 -5.57±0.18 2.67 2749 (550) 
 

1.72±0.37 

CTB(W88E)-

Gb3c 

5 -6.38±0.50 0.417 17,602 (3520) 
 

2.56±0.1.22 

a Potency measured relative to monovalent Gb3os. B Gb3os prepared by Laia Saltor Nunez. c 

Inhibitor prepared by Ryan McBerney; Gb3-BCN ligated to top face of azido 

CTB(W88E).187  

 

Gb3 oligosaccharide was found to have an IC50 of 7.34 mM (Figure 4-18, Table 4-2). 

The ELLA assay suggests both the neoglycoprotein inhibitors are potent inhibitors of 
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VTB binding to Gb3. Attachment of Gb3 azide to the N-terminus of CTB (Gb3-

CTB(W88E)) results in an inhibitor with an IC50 of 2.67 µM, a 550-fold greater 

potency per Gb3 compared to monovalent Gb3os. The inhibitor synthesised by Ryan 

McBerney in which Gb3 was attached to the top face of azido-CTB(W88E), 

CTB(W88E)-Gb3 is estimated to have an IC50 of 417 nM; a 3520-fold improvement 

in potency per Gb3os compared to monovalent Gb3. Due to the limited quantity of 

this inhibitor produced, evaluation of inhibition at higher concentrations was not 

possible. Fitting of the curve for the CTB(W88E)-Gb3 did not require fixing of any 

parameters to reach convergence; fitting of the curve for Gb3-CTB(W88E) required 

fixing of the bottom of the asymptote to 0 (zero) for fitting to reach convergence. 

Previously a 2-fold improvement in inhibition was seen if GM1 was attached to the 

top face of CTB compared to the N-terminus. It could therefore be expected that the 

inhibitor where Gb3 was attached to the top-face of azido-CTB might be between 2 

and 10-fold greater compared to Gb3 attached to the N-terminus. In fact, a 6-fold 

improvement in inhibition is seen if Gb3 is attached to the top-face of azido-CTB 

compared to the N-terminus of CTB(W88E). This is likely due to closer spacing of 

Gb3 ligands which better matches the spacing between Gb3 binding sites on the VTB 

pentamer, resulting in a less strained conformation.  

Although the expected improvement in IC50 for CTB(W88E)-Gb3 compared to Gb3-

CTB(W88E) is within the range that could be anticipated in analogy with the CTB 

inhibition data, and both inhibitors show significant improvements in IC50 compared 

to monovalent Gb3os, further work is required before more concrete conclusions can 

be drawn. The production of both pentavalent inhibitors at higher concentration is 

required for evaluation of inhibition at higher concentrations.  

 

4.4.2.3 Enzyme-Linked Lectin Assay of Cyclic Glycopeptide VTB Inhibitors 

Neoglycoprotein inhibitors described so far have only had five glycans attached, but 

the crystal structure of the VTB-Gb3os complex shows 15 potential binding sites.89 

To investigate if binding affinity could be improved further the number of Gb3 groups 

was increased. Cyclic glycopeptides displaying three Gb3 glycans were designed and 

prepared by Dr Vajinder Kumar (University of Leeds). Attachment to the CTB 

scaffold would result in decapentameric display of Gb3, equating to one Gb3 per VTB 
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pentamer binding site. Two functionalised glycopeptides were provided by Dr 

Vajinder Kumar: one with a BCN group (4.13) for SPAAC to azido-CTB(W88E) and 

a second with an aminooxy functional group (4.14) for oxime ligation to CTB(W88E). 

However, attempts to attach each of the glycopeptides to their respective scaffolds 

was found to result in precipitation of the protein. As a result, the cyclic glycopeptide 

(4.14) was tested without being attached to the CTB scaffold as an inhibitor of VTB 

adhesion. 

 

Figure 4-19: Structure of BCN (4.13) and aminooxy (4.14) functionalised cyclic 

Gb3 glycopeptide inhibitors prepared by Dr Vajinder Kumar. 

Testing of inhibitor 4.14 found it had an IC50 of 3.67 µM, a 667-fold improvement in 

potency per Gb3os compared to monovalent Gb3. The inhibition is equivalent to that 

observed for the pentameric display of Gb3 ligated to the N-terminus of CTB. Further 

work is underway within the Turnbull group to elucidate the binding mode of this 

inhibitor. One potential binding mode which may explain the strong inhibition 

observed may be the glycopeptide bridging two VTB pentamers in a similar fashion 

to the STARFISH inhibitor developed by Bundle et al.104 (section 1.3.3.1). 
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Figure 4-20: Enzyme-linked lectin assay (ELLA) indicates inhibitory potential of 

multivalent Gb3 cyclic glycopeptide inhibitor compared to monovalent Gb3os. 

Error bars indicate the standard error of the percentage binding. No parameters 

required fixing for Gb3os or cyclic glycopeptide inhibtior to reach convergence.  

Table 4-3: Comparison of the IC50 values for Gb3os, Cyclic Gb3 glycopeptide 

(4.14), their valences and relative potency per Gb3. 

Inhibitor Valency Log (IC50) IC50 

(µM) 

Relative 

Potency 

(per Gb3)a 

 

Hill 

coefficient 

(p) 

Gb3os 1 -2.13±0.04 7340  1 (1) 
 

2.90±0.75 

Cyclic Gb3 

glycopeptide (4.14)b 

3 -5.44±0.30 3.67 2000 (667) 
 

0.82±0.08 

a Potency measured relative to monovalent Gb3os. b Inhibitor 4.14 prepared by Vajinder 

Kumar. 

 

4.5 Chapter Conclusions 

A bicyclononyne-functionalised, non-GM1-binding mutant of CTB has been 

successfully synthesised and used to produce a series of multivalent neoglycoprotein 

inhibitors of CTB and VTB adhesion. Following expression and purification of the 
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CTB mutant, the N-terminus was quantitatively labelled with an aminooxy 

functionalised BCN linker (4.2) via oxime ligation. From this common BCN 

functionalised scaffold, SPAAC ligation proved a very efficient and rapid method of 

synthetic glycosylation using a series of glycosyl azides synthesised chemically and 

enzymatically. Quantitative SPAAC modification of the scaffold with each glycosyl 

azide allowed for easy access to well-defined site-specifically labelled 

neoglycoconjugates.  

The GM1-ligated neoglycoprotein (GM1-CTB(W88E)) exhibited sub-nanomolar 

inhibition of CTB adhesion (924 pM), showing only a 2-fold difference in comparison 

to the previously reported CTB(W88E)-GM1 inhibitor produced by Ryan McBerney 

using the same linker but a different site of glycosylation.187 Compared to the inhibitor 

produced by Branson et al.108 which has a longer linker and the same site of 

glycosylation only a 9-fold loss of inhibition was observed. It can be concluded that 

preordering and the location of the GM1 ligands has a modest impact on potency, 

with the minimal length heterodivalent linker devised by Ryan McBerney still 

sufficient to present the GM1 ligands to the binding site. Bringing the two pentamers 

into closer proximity may have greater impact on observed inhibitory potency than 

the site of glycosylation. 

Further pentavalent neoglycoproteins bearing Gb3 ligands have also shown the 

potential to be very potent inhibitors of VTB adhesion. A VTB ELLA protocol 

analogues to the one previously used for CTB to test these neoglycoprotein inhibitors 

has been established, tested and optimised using a commercially available FSL-Gb3. 

The Gb3-ligated neoglycoprotein (Gb3-CTB(W88E)) exhibited micromolar 

inhibition of VTB adhesion (2.67 µM), a 550-fold improvement in inhibition 

compared to monovalent Gb3. The neoglycoprotein inhibitor produced by Ryan 

McBerney (CTB(W88E)-Gb3) was estimated to have sub-micromolar inhibition, a 6-

fold improvement compared to the inhibitor produced using the same linker but a 

different glycosylation site. However, only limited amounts of this inhibitor were 

available for testing, so further work is required to acquire a full inhibition curve with 

datapoints at higher concentrations. Although the cyclic glycopeptide inhibitors 

produced by Vajinder Kumar were found to result in protein precipitation upon 

conjugation, inhibitor 4.14 was found to exhibit micromolar inhibition of VTB 

adhesion of 3.67 µM. This inhibition is comparable to pentameric display of Gb3 
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ligated to the N-terminus of CTB. Depending on the binding mode of this inhibitor, 

this may suggest if the cyclic glycopeptides could be ligated to a pentameric scaffold 

they may prove to be very potent inhibitors of VTB, offering superior inhibition 

compared to the pentameric inhibitors. In their current state, the advantages of the 

pentameric neoglycoproteins over cyclic glycopeptides is clear in terms of ease of 

synthesis and more potent inhibition.
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Chapter 5: Moving Toward Non-bacterial Pentameric Protein 

Scaffolds for Multivalent Neoglycoprotein Inhibitors 

As previously demonstrated, cholera toxin B-subunit is a convenient, easy to 

express/manipulate, highly stable scaffold for pentameric neoglycoconjugate 

inhibitors of bacterial toxins. However due to the risk of invoking a host immune 

response using bacterial toxin proteins, an alternative scaffold would be desirable to 

move this class of neoglycoconjugates to a more viable strategy. This chapter will 

discuss the ongoing work looking at using a class of pentameric human proteins 

known as pentraxins as scaffolds for multivalent neoglycoprotein inhibitors of 

bacterial toxins. 

 

5.1 Background 

Pentraxins are an evolutionary conserved family of proteins involved in acute 

immunological responses.232,233 All members of the family are characterised by 

pentameric radial symmetry, a high degree of sequence homology and calcium-

dependent binding to a wide array of ligands including phosphate esters, 

polysaccharides, and polyelectrolytes.233,234 Initially serum amyloid P (SAP) 

component was investigated as a potential scaffold for synthetic glycosylation. SAP’s 

homopentameric structure and pentagonal symmetry make it an ideal candidate for 

multivalent neoglycoprotein based therapeutics which target AB5 toxins. Models 

produced in silico by Ryan McBerney (University of Leeds) showed insertion of a C-

terminal sortase motif and modification with Gb3-containing glycopeptide would 

allow binding to all three VTB binding sites (Figure 5-1). Further modelling 

confirmed modification of the C-terminus closely match the spacing and symmetry 

of the VTB pentamer and Gb3 binding sites. 
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Figure 5-1: Comparison of size and geometry of serum amyloid P (green) and VTB 

(blue). in silico modelling of SAP-LPET-GGGK-Gb3 binding to each of the three 

VTB binding sites produced by Ryan McBerney in Pymol (version 2.4.0) using 

Protein Data Bank files 1SAC.pdb (SAP) & 1D1I.pdb (VTB). 

 

5.2 Design and Expression of a Serum Amyloid P Scaffold  

The native SAP protein sequence had to be reengineered for use as a protein scaffold 

(Figure 5-2). Firstly, SAP’s propensity to self-aggregate in a calcium-dependent 

manner was eliminated by removal of the calcium binding site through an E167Q 

mutation.234 Secondly, a C-terminal LPETGA sortase recognition sequence and  hexa-

histidine tag was inserted, which would allow a peptide containing an azide or BCN 

to be ligated. Finally, an N-terminal serine residue was introduced into the sequence 

to allow for N-terminal oxime ligation to be performed in the future. 
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Figure 5-2: Sequence alignment of WT SAP and SAP(E167Q)-LPETGAH6. 

A pET11a plasmid encoding SAP(E167Q)-LPETGAH6 was ordered from Genscript 

and transformed into two different E. coli expression cell lines: C41(DE3) and 

BL21(DE3). Expression trials and initial attempts at protein refolding were performed 

with the assistance of Chris Field (undergraduate summer student). Overexpression 

of SAP into inclusion bodies was observed for both cell lines, with more intense bands 

were observed for expression in C41(DE3) compared to BL21(DE3) when analysed 

by SDS-PAGE (data not shown). SAP was expressed in auto-induction media (AIM) 

initially at 30 °C for 5 hours before being left at 25 °C overnight. The inclusion bodies 

were recovered, solubilised in 8M urea and purified by Ni-NTA affinity 

chromatography. SDS-PAGE confirmed high levels of overexpression and 

purification of the denatured protein (Figure 5-3). The protein was refolded following 

two methods, the first using the rapid dilution into arginine refolding buffer and the 

second by stepwise reduction in the concentration of urea by dialysis. Although no 

aggregation was observed using either refolding protocol, the folded protein was 

found to have a propensity to aggregate upon concentration by centrifugal 

ultrafiltration. 
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Figure 5-3: SDS-PAGE gel showing isolation of SAP(E167A)-LPETGASH6 by Ni-

NTA affinity chromatography from solubilised inclusion bodies. 

 

5.2.1 The Issues of Protein Glycosylation 

There are many reasonable explanations for the mutant SAP’s propensity to 

aggregate. Mapping of the surface exposed hydrophilic and hydrophobic residues 

reveals large hydrophobic regions on the top face of SAP (Figure 5-4). Furthermore, 

in humans SAP is modified with a large N-linked glycan on each protomer.235 

Modelling of the location of N-linked glycosylation using the GLYCAM web server 

suggests the glycans covers these regions. In the absence of glycosylation these 

hydrophobic regions remain solvent exposed and upon concentration may lead to 

aggregation. 
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Figure 5-4: Mapping of hydrophobic (red) and hydrophilic (blue) residues on the 

surface of wt SAP (PDB: 3KQR). Energy minimalised model of wt SAP showing N-

glycosylation of Asn32 (modelled using www.glycam.org glycoprotein builder).  

 

5.3 C-Reactive Protein 

C-Reactive protein (CRP) was considered as a potential alternative to serum amyloid 

P component (SAP). CRP shares 51% sequence homology with SAP; is not known to 

be glycosylated in humans; and expression of the wild type protein has been reported 

in E. coli.236,237 Mapping of the surface-exposed hydrophobic and hydrophilic 

residues showed no large solvent-exposed hydrophobic regions (Figure 5-5). 

Together this suggests CRP could be a better candidate for neoglycoprotein synthesis. 
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Figure 5-5: Mapping of hydrophobic (red) and hydrophilic (blue) residues on the 

surface of WT CRP (PDB: 1B09). 

 

5.3.1 Expression Testing & Plasmid Optimisation 

Recombinant expression of soluble wild type CRP into the culture supernatant has 

been reported, providing CRP was periplasmically targeted and co-expressed with a 

downstream Shine Dalgarno sequence and kil gene in E. coli.237 The kil gene encodes 

a colicin E1 release-lysis protein from E. coli.238 In the absence of the kil gene, CRP 

is expressed into periplasmic inclusion bodies.239 The reported plasmid design was 

replicated, using a signal peptide derived from E. coli alkaline phosphatase (PhoA) to 

direct the protein to the periplasm for folding.237 A C-terminal LPETGASHHHHHH 

sortase recognition sequence and hexa-histidine tag was inserted at the end of the gene 

for CRP (Figure 5-6). The resulting pET19b plasmid encoding CRP-LPETGASH6 

with a downstream kil gene was ordered from Twist Bioscience and transformed into 

E. coli C41(DE3) and BL21(DE3)pLysS competent cells. Despite extensive 

expression trails no soluble protein was recovered from either cell line, with protein 

only found in the insoluble fraction as inclusion bodies (Figure 5-7a). Initial cell 

growth was found to be slow, and the resulting pellets were found to be gloopy upon 

resuspension, leading to the conclusion the kil gene was too strongly expressed 

leading to cell lysis. Attempts to reduce kil gene expression through mutation of the 

downstream Shine Dalgarno ribosomal binding site also resulted in insoluble protein 

and suspected cell lysis (Figure 5-7b). Having had some positive results in previous 

attempts to refold SAP, the downstream Shine Dalgarno sequence & kil gene were 
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deleted via site-directed mutagenesis along with the PhoA periplasmic targeting 

sequence (Figure 5-6); this should result in CRP-LPETGASH6 expressed solely into 

cytoplasmic inclusion bodies. 

 

Figure 5-6: Gene construction for the production of CRP-LPETGASH6. The gene 

constructed was composed of T7 promoter & ribosomal binding site, signal peptide 

of E. coli ALP (alkaline phosphatase), CRP gene, C-terminal LPETGAS sortase 

recognition sequence and hexa-histidine tag, SD (Shine-Dalgarno) sequence, and 

kil gene. Two further generations produced first via mutation of downstream SD, 

then mutation of signal peptide and kil gene. 

 

Figure 5-7: SDS-PAGE gels of CRP-LPETGA expression tests showing CRP-

LPETGAS expressed only into inclusion bodies. Expected migration for CRP-

LPETGAS indicated by green circle. a) Shine Dalgarno sequence before kil gene 

expressed from E. coli C41(DE3) and BL21(DE3)pLysS. b) No Shine Dalgarno 

sequence before kil gene expressed from E. coli C41(DE3). M – media precipitate, 

Peri – Periplasmic extract, S – soluble lysate, IB – Inclusion bodies. 
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5.3.2 Refolding C-Reactive Protein 

The pET29b plasmid which encoded CRP-LPETGASH6 (ΔSPΔkil) was transformed 

into BL21(DE3) competent cells and expressed in auto-induction media (AIM) at 30 

°C for 5 hours before being left overnight at 25 °C to maximise cell density whilst 

ensuring overexpression. The inclusion bodies were recovered, solubilised in 8 M 

urea, and purified by Ni-NTA affinity chromatography. SDS-PAGE confirmed high 

levels of overexpression and purification of the denatured protein (Figure 5-8). The 

protein was refolded by sequential dialysis in order to reduce the concentration of urea 

in the buffer until no denaturant remained. No aggregation was observed during the 

refolding protocol until the buffer was changed from Tris-buffered saline containing 

1M urea to Tris-buffered saline containing no urea, suggesting CRP was still partially 

unfolded in 1M urea. The remaining CRP in solution was purified by size exclusion 

chromatography using a Superdex® S200 (16/600) column to remove any aggregates. 

Elution from the SEC column suggest a mixture of folded pentameric protein (125 

kDa) eluting at ~74 mL and protomer (25 kDa) eluting at ~90 mL (Figure 5-9). For 

comparison CTB-LPETGA (62.8 kDa) run on the same column under the same 

conditions is known to elute at ~84 mL (Figure 5-9). Due to the low yield of CRP no 

high-resolution mass spectrum could be obtained. 

 

Figure 5-8: SDS-PAGE gel showing isolation CRP-LPETGASH6 from inclusion 

bodies solubilised in 8 M urea and purification by Ni-NTA affinity chromatography. 
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Figure 5-9: Size exclusion comparison of CTB-LPETGA (62.8 kDa) and CRP-

LPETGA-H6 (124.3 kDa). Both proteins were run on Superdex S200 (16/600) using 

same flow rate at 4 °C. Trace suggests CRP is a mixture of pentamer and protomer, 

both elute in line with the suggested retention volume for their molecular weight as 

reported in the Cytiva Gel filtration calibration application note. 

 

5.4 Chapter Conclusions 

A final aim for this project is to move away from pentameric bacterial protein 

scaffolds to a less immunogenic pentameric scaffold such as SAP or CRP for 

neoglycoprotein-based inhibitors. Initially SAP was chosen as the first scaffold of 

interest, with modelling by Ryan McBerney showing that a neoglycoprotein produced 

from addition of Gb3 ligands to a C-terminal extension of SAP via sortase should be 

capable of binding to each of the three VTB binding sites. The mutant SAP protein 

was successfully overexpressed in E. coli and refolded by stepwise reduction in the 

concentration of urea by dialysis or rapid dilution. However, upon concentration the 

mutant SAP was found to aggregate. Mapping of surface-exposed hydrophobic 

residues and N-glycosylation showed large hydrophobic regions which could be 

covered by the large N-glycan on each protomer. 
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A second member of the pentraxin family, CRP, was proposed as a better alternative. 

Wild type CRP is reported to have been produced recombinantly from E. coli and is 

available commercially. Literature suggested a route to allow expression of CRP into 

the growth media, however attempts to replicate this approach with a CRP construct 

suitable for sortase ligation, resulted in expression into inclusion bodies and cell lysis. 

The inclusion bodies were solubilised in 8 M urea, and no aggregation of the mutant 

CRP was observed during refolding by sequential dialysis until the urea concentration 

was reduced from 1M to no urea, potentially suggesting the protein was misfolded. 

Size-exclusion chromatography of the refolded CRP corroborate this conclusion with 

two peaks being observed; one with an expected retention time for the pentamer and 

a second with the expected retention time for the protomer. To evaluate if the mutant 

CRP is capable of being refolded further optimisation is required with additional steps 

of dialysis required below 1M urea. If refolding is not possible expression of the 

mutant SAP or CRP could be performed in mammalian cells where folding and 

glycosylation would be performed naturally.
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Chapter 6: Conclusions & Future Work 

The primary aims of this project were to develop and evaluate site-specific 

methodologies to prepare glycoconjugates which could be used to detect novel 

carbohydrate binding proteins or as multivalent inhibitors of bacterial enterotoxins, 

cholera toxin and verotoxin. One strategy investigated using enzymatic methods 

sought to prepare a series of well-defined MUC1-glycoconjugates which could be 

used in phage display to detect novel carbohydrate binding proteins. The second 

strategy using a minimal length, bifunctional and bioorthogonal handle sought to 

expand methods for synthetic chemical glycosylation of proteins and investigate the 

impact of linker length and site of glycosylation has on inhibitor potency.  

 

6.1 C-terminal Sortase Mediated Ligation of Glycopeptides 

For the first strategy using enzymatic methods to prepare a series of well-defined 

MUC1-glycoconjugates, a library of MUC1(Tn) glycopeptides based on two known 

antibody recognition sequences were synthesised which displayed all possible 

patterns of α-O-GalNAc (Tn) glycosylation. For C-terminal sortase mediated ligation 

two cholera toxin B-subunit mutants containing a C-terminal LPETGA motif for 

sortase-mediated ligation were expressed recombinantly from E. coli. The first 

construct had a periplasmic targeting sequence and was found to contain a C-terminal 

truncation affecting ~10% of protomers. To combat the truncation problem, an 

alternative construct was expressed which lacked the periplasmic targeting sequence 

and hence had to be isolated and refolded from inclusion bodies. However, as this 

construct also had a C-terminal his-tag, the full length protein could be purified under 

denaturing conditions. 

Sortase-mediated ligation of glycopeptides was initially found to be poor, with 

increasing numbers of GalNAc moieties having a negative impact on conjugational 

efficiency. It was speculated that conformational changes in the labelling substrates 

potentially reduce their nucleophilicity, leading to poor levels of conjugation. The 

addition of a PEG6-equivalent linker was found to be optimal to improve ligation 

efficiency whilst retaining secondary structure. Using the optimised conditions and 

linker length, high levels of C-terminal labelling were demonstrated for all the 
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peptides (2.22, 2.26, 2.27) and glycopeptides (2.19, 2.23-2.25) substrates with 

conjugation between 79% and 86% of the available sortase sites.  

Although multiple groups have investigated CTB with C- and N-terminal peptide 

extensions to evaluate them as potential vaccine candidates, most were produced as 

fusion proteins.240,241 The optimisation described here could provide new methods for 

site-specific glycopeptide conjugation using sortase. As discussed in section 1.3.2.1, 

CTB is a strong candidate for use as a mucosal adjuvant.200 Further the attachment of 

antigens to an adjuvant scaffold in a well-defined repeatable manner with the minimal 

length linker results in higher titers of high-affinity anti-glycan antibodies in vivo.65 

This may suggest well-defined CTB-glycoconjugates have broader applications as 

promising mucosal vaccine candidates. 

 

6.2 Affimer Phage Display 

Previously Matthew Balmforth had shown Affimers with a propensity to bind to the 

top face of CTB could be selected during phage display by orientating CTB on a 

surface using its GM1 binding sites.199 We originally sought to use this methodology 

to discover Affimers with affinity for the glycopeptide attached to the C-terminus of 

CTB (distal to the GM1 binding site). However, due to complications arising from the 

Covid-19 pandemic phage-display screening had to be performed using the standard 

high-throughput methodology routinely used in the Bio-Structure Technology Group 

(BSTG), University of Leeds, which meant the CTB scaffold required biotinylation. 

 

6.2.1 Orthogonal N- & C-terminal Labelling of CTB 

Site-specific N-terminal biotinylation via oxime ligation was selected over random 

NHS-biotin labelling of surface exposed lysine residues to ensure the biotinylation 

did not interfere with accessibility of the glycopeptides. To avoid potential oxidation 

of GalNAc moiety, N-terminal oxime ligation was performed first followed by C-

terminal sortase ligation of the peptide/glycopeptide substrates (Scheme 6-1). To 

allow removal of sortase7M from the reaction once the desired reaction end point was 

reached, a chitin-binding variant of sortase7M was designed and expressed. Testing 
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of this variant showed the addition of the N-terminal chitin binding domain had no 

negative effect on enzyme activity. 

 

Scheme 6-1: Synthetic route to orthogonally N- and C-terminally labelled CTB 

glycoconjugates. 

The N-terminus of CTB-LPETGA was quantitively labelled with the aminooxy-

functionalised biotin (3.1) via oxime ligation. C-Terminal sortase labelling with the 

optimised MUC1 peptide and glycopeptide epitopes resulted in labelling levels of 83-

89% following removal of the chitin binding variant of sortase7M. Dual N- and C-

terminal labelling of a protein is not unprecedented;242 however, the combination of 

sortase-mediated ligation and oxime ligation presented here is unique to the literature. 

Although presented here with a biotin, if used to produce glycoconjugate vaccines 

oxime ligation could be used to introduce other functional peptide/glycopeptides, such 

as universal T-helper epitope PADRE or additional glycopeptides demonstrating an 

alternative glycoform.243  

Phage display screening of the biotinylated CTB-glycoconjugates was unsuccessful. 

Although there was a chance Affimers with affinity for the glycan or glycopeptides 

were present, eliminating undesired binders against the CTB scaffold was not 

possible. Affimers are known to prefer larger regions of secondary/tertiary structure, 

such as grooves or crevices, into which the loops can bind.206 It is therefore 

unsurprising the Affimers preferred to bind to the protein scaffold rather than the 

glycopeptides which lack a defined secondary structure.  
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6.2.2 Multivalent MUC1(Tn) Glycopeptides for Phage Display 

To avoid the use of CTB as scaffold, a biotinylated peptide scaffold (3.5) was 

synthesised by solid phase peptide synthesis and the BCN labelled MUC1(Tn) 

glycopeptides attached by strain-promoted azide-alkyne cycloaddition. This provided 

facile access to four trimeric-MUC1(Tn) biotinylated glycopeptides. As with the 

previous screens, no binders could be identified. This may suggest the Affimer 

scaffold is not an appropriate for developing binders against glycans or glycopeptides. 

This is very likely due to the lack of secondary structure onto which the loops can 

bind.  

Alternative phage display libraries should be considered such as those suggested in 

section 3.3.1. The difficulty with many of these phage display libraries is their focus 

on small, easy to produce scaffolds which do not to take advantage of multivalent 

binding or have large binding interfaces ideally suited for glycan binding.244 

Alternative scaffolds such as DARPins, whose parent protein is known to have glycan 

binding pockets,245 could be a potential future option.246,247 These proteins could be 

ideal for glycan and glycopeptide binding due to their modular design which allows 

for multiple binding faces, taking advantage of multivalent binding leading to a higher 

avidity interaction. 

 

6.2.3 Working Towards developing Affimers against Verotoxin 

Previously Matthew Balmforth developed a method of targeted drug delivery of 

proteins using cholera toxin B-subunit.199 Given its structural similarity and entry 

mechanism into cells, VTB could also be used to safely deliver drugs and biologics 

in pancreatic and colon cancer. Verotoxin B-subunit was successfully expressed and 

isolated from the periplasm via osmotic shock (periplasmic extraction). To control the 

orientation of VTB during phage display, site-specific N-terminal biotinylation was 

performed via oxime ligation. Although this chemistry is well known for 

CTB,108,166,199 it is unclear if this has been performed on VTB. Despite the VTB 

pentamer being less stable than CTB, the protein remains pentameric upon labelling. 

The ability to further functionalise VTB without loss of pentameric structure is an 
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important advancement. Affimer phage display screening of VTB identified nine 

unique binders. 

The binding affinity and specificity for VTB of these hits requires further 

characterisation potentially through the use of a plate-based Affimer-lectin binding 

assay (ALBA) developed by Matthew Balmforth,199 SPR and/or ITC (Figure 6-1). 

Further understanding of the fate of the Affimer-VTB complexes upon immunisation 

is also required before deciding the best use cases of each complex. Previously 

Matthew Balmforth showed his CTB-Affimer complexes had different fates once 

inside the neurone. The first complex was shown to readily dissociate, with the 

Affimer trafficked into lysosomes; the other appeared to remain associated, and after 

a week the complex appeared to be trafficked to lysosomes.199  

 

Figure 6-1: The setup for an Affimer-lectin binding assay. Biotinylated Affimer is 

tested against immobilised glycoconjugate/VTB. Affimer complex is detected 

through the use of streptavidin-HRP conjugate and a solution of Amplex red® and 

hydrogen peroxide.  

As discussed in section 3.1, Affimers are versatile reagents ideally suited as an 

alternative to antibodies in lateral flow devices.206 Depending on the binding site of 

the Affimers, a lateral flow device could be used to detect verotoxin rapidly & 

selectively in blood, urinal or faecal samples, allowing for rapid treatment of the 

underlying infection. Rapid treatment is vital in increasing survivability rates through 

the reduction in the chance of onset haemolytic uremic syndrome. A lateral flow 

device which take advantage of Affimers which bind to SARS-CoV-2 spike protein 

is commercially available and approved by the UK Medicines and Healthcare 

products Regulatory Agency (MHRA).248,249 
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6.3 Neoglycoconjugate Inhibitors of Bacterial Enterotoxins 

Oxime ligation of an aminooxy-functionalised bicyclononyne to the N-terminus of 

CTB followed by strain-promoted azide-alkyne cycloaddition of a series of 

biologically relevant glycosyl azides, provides a simple and rapid method of the 

preparation of site-specific neoglycoconjugates as single glycoforms (Scheme 6-2). 

Although the site-specific incorporation of strained alkynes has been performed using 

genetic code expansion,228 it has not been performed previously via oxime-ligation. 

The simplicity of this method for the site-specific incorporation of BCN provides an 

accessible route to an easily derivatisable scaffold. 

 

Scheme 6-2: Synthetic route to multivalent neoglycoprotein inhibitors of 

enterotoxins, cholera toxin and verotoxin. 

The effect of linker length and site of glycosylation on inhibitory potential of a 

bacterial toxin-derived neoglycoproteins was a primary research question for this 

section of the project. Using the ELLA inhibition assay established for CTB, the 

inhibitory potential of bottom-face modified GM1 neoglycoprotein inhibitor (GM1-

CTB(W88E)) was tested and found to have a very low IC50 of 924 pM, a 115-fold 

increase on monovalent GM1 oligosaccharide. Compared to previous inhibitors 

developed within the group, only a modest decrease in potency is observed. Reduction 

in linker length results in only a 9-fold loss of potency compared to that reported by 

Branson et al.108 and changing the location of glycosylation but using the same linker 

results in only a 2-fold loss of potency.187 Both minimal length linkers observe at least 

a 4-fold decrease in potency suggesting bringing the two pentamers into closer 
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proximity has a greater impact on the loss of inhibition than changing the site of 

glycosylation. This is likely due to a combination of increased electrostatic repulsion 

and an enthalpic penalty encountered as a result of bringing the two pentameric 

proteins into close proximity. The 2-fold improvement in inhibition observed for the 

top-face modified neoglycoconjugate compared to the bottom-face is likely caused by 

closer spacing of the GM1 ligands which better matches the spacing between binding 

sites. The production of neoglycoconjugates with minimal derivatisation from 

complex oligosaccharides, is a much simpler route to neoglycoprotein inhibitors with 

minimal loss of inhibition. 

Given the impact neoglycoconjugate inhibitors have shown against cholera toxin, we 

sought to investigate if the same improvement in inhibitor potency would be observed 

against verotoxin. Using an analogous ELLA inhibition assay for VTB, the inhibitory 

potential of top-face and bottom-face modified Gb3 neoglycoproteins was tested. 

Both pentavalent neoglycoproteins were shown to be very potent inhibitors of VTB 

adhesion, with at least a 550-fold increase in potency compared to monovalent Gb3 

oligosaccharide. Although further work is required to confirm inhibition at higher 

concentrations, this work shows that previous methods applied to CTB can also be 

applied to VTB and Gb3-neoglycoproteins have the potential to be potent inhibitors 

of VTB. Simian virus 40 (SV40), a non-enveloped DNA virus of the polyomavirus 

family, also binds GM1 with a similar pentameric arrangement to CTB.250 Therefore, 

this methodology could be expanded to produce the first neoglycoprotein inhibitors 

of SV40 or other members of that family that infect humans.  

Although attempts to conjugate a Gb3-fuctionalised cyclic glycopeptide to the non-

binding CTB scaffold were unsuccessful; the unconjugated cyclic glycopeptide (4.16) 

was found to exhibit micromolar inhibition of VTB, comparable to pentameric display 

of Gb3 ligated to the N-terminus of CTB. Given Gb3-neoglycoconjugates are easier 

to synthesise and appear to be more potent inhibitors may suggest cyclic 

glycopeptides on their own are not the perfect option. However, further work is 

required to determine the mode of inhibition. If the hypothesis is correct that cyclic 

glycopeptide bridges two VTB pentamers in a similar fashion seen for the STARFISH 

inhibitor developed by Bundle et al.,104 it may suggest a dual sided design may further 

improve inhibition for neoglycoconjugates. In chapter 3, a novel combination of 

orthogonal oxime and sortase-ligation was presented. Combining oxime and sortase-
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ligation could provide an easy route to such glycoconjugates, whilst maintaining the 

benefits obtained from prearranging glycans in the correct spacing and geometric 

orientation. Alternatively, this method could be used to present two different glycans 

on the top and bottom-faces of CTB, resulting in an inhibitor of two different toxins. 

 

6.3.1 Engineering a Non-bacterial Pentameric Protein Scaffold 

Having shown the Gb3-neoglycoprotein targeting verotoxin have the potential to be 

potent inhibitors of VTB adhesion, a final aim of the project was to develop non-

bacterial-based protein scaffold for use in the synthesis of neoglycoproteins. Initial 

attempts to express and refold a mutant serum amyloid P (SAP) proved successful; 

however, it was found to have a propensity to aggregate upon centrifugal 

concentration. Mapping of the surface exposed hydrophobic & hydrophilic residues 

showed large hydrophobic regions; mapping the location of N-glycosylation suggests 

these regions are masked by the N-glycan. 

A second member of the pentraxin family, C-reactive protein (CRP), was proposed as 

a better alternative. Wild type CRP was available commercially recombinantly 

expressed from E. coli and a method reported for the expression of soluble WT CRP 

directly into the expression medium. Attempts to replicate the expression platform 

with the mutant CRP resulted in expression only into inclusion bodies and cell lysis. 

The method of CRP expression and purification requires further optimisation; 

however initial results suggest the protein is capable of being refolded into a pentamer. 

If issues with refolding persist, expression of the mutant SAP or CRP could be 

performed in mammalian cells where folding and glycosylation would be performed 

naturally. If expression in a mammalian system is still not possible the issue maybe 

caused by the C-terminal extension. The location of the C-terminus is close the 

interface between two protomers and the central pore, as a result the addition of the 

C-terminal extension may prevent assembly of the pentamer (Figure 6-2). Given the 

length of the C-terminal extension and its flexibility (Figure 5.1), the addition of a 

similar length extension to the N-terminus should be sufficient to reach all three VTB 

binding sites.  
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Figure 6-2: Surface representations of Serum amyloid P (SAP) and C-Reactive 

Protein (CRP). N-terminus coloured green; c-terminus coloured red. Produced in 

Pymol (version 2.4.0) using Protein Data Bank files 3KQR.pdb (SAP) & 1B09.pdb 

(CRP). 

After determining the most suitable expression protocol, optimisation of sortase 

ligation conditions can be performed allowing the installation of either a terminal 

azide or BCN functional group. Strain-promoted azide-alkyne cycloaddition can be 

used to append Gb3 ligands to the scaffold (Figure 6-3). This will use either the 

glycosyl azides as outlined in chapter four or use the BCN-functionalised Gb3 

described by Ryan McBerney.187 The resulting neoglycoproteins can be tested for 

inhibition of their respective bacterial toxins in vitro, comparing to the CTB-

scaffolded analogues. If successful inhibition is observed, further studies could be 

carried out in vivo to determine the efficacy of the approach as a viable therapeutic 

option for treatment of bacterial toxin infection. Further the neoglycoproteins should 

be subjected to immunogenicity testing to determine the effect, if any, they have on 

the immune system.  
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Figure 6-3: Functionalization of a) CRP-LPETGAS or b) GV-CRP with Gb3 

ligands, first by sortase ligation of either BCN or azido functionalised peptides, 

followed by SPAAC with respective BCN-functionalised Gb3 or Gb3 azide. 
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Chapter 7: Chemistry Experimental 

7.1 Synthesis 

7.1.1 General Reagents and Equipment 

Unless stated otherwise, all starting materials and reagents were purchased from 

commercial suppliers and used without further purification. All solvents used were 

dried prior to use, according to standard methods, unless otherwise stated. Reactions 

were performed under an N2 atmosphere and within glassware which was oven dried. 

Completion of reactions was initially determined by TLC and visualized using 

shortwave ultraviolet light (254 nm) and/or charring with 5% H2SO4/MeOH. TLC 

plates used were Merck Silica-Gel 60 F254 Aluminium backed. Silica chromatography 

columns prepared using Fisher 60Å 43-60 micron silica gel. Lyophilisation carried 

out using Virtis Benchtop K freeze dryer. Centrifugation was performed using an 

Eppendorf Centrifuge 5810. Size exclusion chromatography was performed using a 

Biogel P2 column attached to a GE Pharmacia ÄKTA Prime FPLC system.  

NMR spectroscopy was recorded using Bruker AV3HD-400 (400 MHz, BBO Probe), 

Bruker AV4 NEO (500 MHz, BBO, TXI & TBO Probe) and Bruker AV4 NEO (500 

MHz, C/H cryoprobe) spectrometers. NMR data is reported in parts per million (ppm) 

referenced to residual solvent signal at room temperature.251 The following 

abbreviations are used in 1H NMR analysis: Ar = aromatic, s = singlet, d = doublet, t 

= triplet, q = quartet, m= multiplet, dd = double doublet, dt = doublet of triplets, td = 

triplet of doublets and ddd = double double doublet.  

HRMS was performed using Bruker Daltonics MicroTOF mass spectrometer 

employing electrospray (ES+) ionisation. LC-MS analysis performed on Brucker 

AmaZon X series LC-MS spectrometer. MALDI-TOF performed on Shimadzu 

AXIMA Performance using α-Cyano-4-hydroxycinnamic acid (CHCA) matrix. IR 

spectroscopy was recorded using a Bruker Platinum ATR spectrometer. Optical 

rotations were measured with a Schmidt and Haensch Polartronic H 532 at the sodium 

D-line with the [α]D
20 values given in the units 10-1 deg cm2 g-1. 

Standard numbering conventions for carbohydrates in pyranoside and furanoside 

systems is followed (i.e numbering starts from the anomeric centre). Numbering 

schemes of more complex structures will be demonstrated on the structure provided. 
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7.1.2 Small Molecule Synthesis 

7.1.2.1 Fmoc-Thr(Tn)-OH & Fmoc-Ser(Tn)-OH Synthesis 

Imidazole-1-sulfonyl azide hydrogen sulfate salt (2.1)190 

 

Imidazole-1-sulfonyl azide is highly explosive in its neutral form. Reaction should 

only be performed behind Perspex blast shield and no attempt to concentrate solutions 

of imidazole-1-sulfonyl azide should be made. Sodium azide and imidazole were 

dried overnight (12-14 hrs) in a vacuum desiccator over phosphorous pentoxide prior 

to use. Extra dry EtOAc over molecular sieves was purchased from Acros Organics; 

a fresh bottle was used for each reaction.  

Sodium azide (5.00 g, 77 mmol, 1.0 eq) was placed in a dry 500 mL three neck RBF 

with a dry stirrer bead. Extra dry EtOAc (77 mL) was added to the flask and the 

resulting suspension cooled to 0 °C. Sulfuryl chloride (6.2 mL, 77 mmol, 1.0 eq) was 

added dropwise over 5 minutes and the mixture allowed to warm to room temperature 

and stirred for 24 hrs. The suspension was recooled to 0 °C and imidazole (10.00 g, 

146 mmol, 1.9 eq) was added continuously over 5 minutes. The suspension was stirred 

at RT for 3 hrs. The mixture was basified by the addition of sat. aq. NaHCO3 solution 

(150 mL). Once bubbling had ceased, the mixture was separated, the organic portion 

washed with water (150 mL), dried over MgSO4 and filtered. Filtrate was recooled to 

0 °C and placed under N2 atmosphere. Conc. H2SO4 (4.1 mL, 77 mmol, 1.0 eq) was 

added dropwise over the course of 5 minutes and gradually warmed to room 

temperature with vigorous stirring. Over the course of 30 minutes, a colourless 

precipitate formed and was collected by vacuum filtration. Precipitate was washed 

with a small amount of ice-cold EtOAc and the crystals were dried under high vacuum 

to yield imidazole-1-sulfonyl azide hydrogen sulfate salt, 2.1 (12.71 g, 46.8 mmol, 

61%). 

NMR data is in agreement with reported data.190 

1H NMR (400 MHz, DMSO): δ 14.29 (1 H, br S, NH+), 12.09 (1 H, br S, HSO4
-), 

9.07 (1 H, s, H1), 7.67 (2 H, s, H2, H3); 13C NMR (100 MHz, DMSO): δ 134.5 (C1), 

119.4 (C2, C3); IR (νmax/cm-1); 3083 (C-H stretch), 2860 (C-H stretch), 2177 (N=N=N 
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stretch), 1586 (N-H bend), 1460 (S=O stretch); HRMS [ES+] found [M-HSO4
-]+ 

174.0077, C3H6N5O6S requires 174.0080. 

 

1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-D-galactopyranose (2.3)252,253 

 

D-Galactosamine hydrochloride (1.00 g, 5.58 mmol, 1.0 eq). K2CO3 (2.16 g, 15.62 

mmol, 2.8 eq) and CuSO4·5H2O (14 mg, 56 µmol, 1 mol%) were dissolved 

MeOH/H2O (5:3, 29 mL). To this mixture imidazole-1-sulfonyl azide hydrogen 

sulfate, 2.1, (1.817 g, 6.70 mmol, 1.2 eq) was slowly added and left to stir at room 

temperature. After 3.5 hrs, the mixture was filtered through a pad of celite and co-

evaporated with toluene. The water bath was not allowed to exceed 20 °C. Acetic 

anhydride (2.7 mL, 28.56 mmol, 5.1 eq) was added dropwise to the crude azido-

galactose dissolved in pyridine (30 mL) and stirred overnight. Pyridine was removed 

in vacuo, co-evaporating with toluene twice. The residue dissolved in EtOAc (50 mL) 

and washed with sat. aq. NaHCO3 solution (3 × 25 mL) and brine (1 × 25 mL). The 

organic extract was dried over MgSO4, filtered, and concentrated to dryness. Crude 

product was purified using flash column chromatography (2:1 Hexane–EtOAc), to 

yield 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-galactose, 2.3 (1.30 g, 3.48 mmol, 

62%, 1:10 α/β) as a colourless oil. 

NMR data is in agreement with reported data.252,253 

Rf 0.41 (2:1 Hexane–EtOAc); 1H NMR (300 MHz, CDCl3): δ 6.29 (1 H, d, J = 3.5 

Hz, H1α), 5.54 (1 H, d, J = 8.5 Hz, H1β), 5.44 (1 H, d, J = 2.4 Hz, H4α), 5.35 (1 H, d, 

J = 3.1 Hz, H4β), 5.29 (1 H, dd, J = 11.0, 2.9 Hz, H3α), 4.89 (1 H, dd, J = 10.8, 3.3 Hz, 

H3β), 4.13–3.95 (3 H, m, H5, H6a, H6b), 3.91 (1 H, dd, J = 11.0, 3.6 Hz, H2α), 3.81 (1 

H, dd, J = 10.3, 9.0 Hz, H2β), 2.17 (3 H, s, Me), 2.13 (3 H, s, Me), 2.03 (3 H, s, Me), 

2.00 (3 H, s, Me); 13C NMR (75 MHz, CDCl3): δ 170.2 (C=O), 169.8 (C=O), 169.5 

(C=O), 168.4 (C=O), 92.7 (C1β), 90.3 (C1α), 71.6 (C6), 71.2 (C3β), 68.6 (C3α), 66.8 

(C4α), 66.1 (C4β), 61.0 (C5α), 60.9 (C5β), 59.6 (C2β), 56.7 (C2α), 20.9 (Me), 20.7 (Me), 

20.5 (Me), 20.5 (Me); IR (νmax/cm-1): 2939 (C-H stretch), 2112 (N=N=N stretch) and 
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1743 (C=O stretch); HRMS [ES+] found [M+NH4]
+ 391.1458, C14H23N4O9 requires 

391.1460. 

 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-D-galactopyranosyl trichloroacetimidate (2.8)188 

 

1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-galactopyranose, 2.3 (1.299 g, 3.48 mmol, 

1.0 eq) and hydrazine acetate (385 mg, 4.18 mmol, 1.2 eq) were stirred in dry DMF 

(6 mL) and heated to 60 °C. After 1 hour, TLC showed reaction had reached 

completion and reaction was cooled to room temperature. Reaction was diluted with 

EtOAc (50 mL) and washed with water (2 × 50 mL) and brine (1 × 50 mL). Organic 

portion was dried over MgSO4 and concentrated to dryness to yield the crude 

hemiacetal. Crude hemiacetal was dissolved in dry DCM (12 mL) and cooled to 0 °C. 

Trichloroacetonitrile (7.00 mL, 69.81 mmol, 20.0 eq) and DBU (260 µL, 1.74 mmol, 

0.5 eq) were added and mixture stirred at 0 °C. After 2 hours, TLC showed no further 

reaction and reaction was diluted with DCM (40 mL) and washed with sat. aq. NH4Cl 

solution (3 × 50 mL) and brine (1 × 50 mL), dried over MgSO4, filtered and 

concentrated in vacuo. Crude trichloroacetimidate was purified by flash column 

chromatography (2:3 EtOAc–Hexane) to yield pure 3,4,6-tri-O-acetyl-2-azido-2-

deoxy-D-galactopyranosyl trichloroacetimidate, 2.8 (927 mg, 1.95 mmol, 56%, 10:1 

α/β) as a yellow foam. 

NMR data is in agreement with reported data for the α-anomer.188 

Rf 0.38 (2:3 EtOAc–Hexane); 1H NMR (400 MHz, CDCl3): δ 8.79 (1 H, br. s, NH), 

6.78 (1 H, d, J = 3.6 Hz, H1), 5.50 (1 H, d, J = 2.3 Hz, H4), 5.34 (1 H, dd, J = 3.2, 11.1 

Hz, H3), 4.38 (1 H, t, J = 6.7, 6.7 Hz, H5), 4.15–3.98 (3 H, m, H2, H6a, H6b), 2.13 (3 

H, s, Me), 2.04 (3 H, s, Me), 1.97 (3 H, s, Me); 13C NMR (100 MHz, CDCl3): δ 170.3 

(C=O), 170.0 (C=O), 170.0 (C=O), 160.7 (C=N), 94.5 (C1), 90.7 (CCl3), 69.2 (C5), 

68.7 (C3), 67.0 (C4), 61.2 (C6), 57.1 (C2), 20.7 (Me), 20.6 (Me), 20.6 (Me); IR 

(νmax/cm-1): 3337 (C-H stretch), 3136 (C-H stretch), 2968 (N-H stretch), 2112 

(N=N=N stretch), 1744 (C=O stretch) and 1676 (C=N stretch); HRMS [ES+] found 

[M+Na]+ 497.0012, C14H17Cl3N4O8Na requires 497.0004. 
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N-Fmoc-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-α/β-D-galactopyranosyl)-L-serine 
(2.6) and threonine tert-butyl ester (2.7)  

 

Trichloroacetimidate, 2.8, (927 mg, 1.95 mmol, 1.1 eq) and Fmoc-Ser-OtBu, 2.5a, 

(679 mg, 1.77 mmol, 1.0 eq) or Fmoc-Thr-OtBu threonine derivative 2.5b (704 mg, 

1.77 mmol, 1.0 eq) were combined and dried overnight under vacuum, then dissolved 

in a mixture of dry DCM:Et2O (1:1, 10 mL). After cooling to –30 °C, TMSOTf (42 

µL, 0.23 mmol, 0.13 eq) was added dropwise. The mixture was stirred at –30 °C for 

3 hours. The reaction mixture was quenched with DIPEA (53 µL, 0.30 mmol, 0.17 

eq). The reaction mixture was diluted with DCM (40 mL) and washed with water (2 

× 50 mL) and brine (1 × 50 mL), the organic portion was dried over MgSO4, filtered 

and concentrated in vacuo to yield N-Fmoc-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-α-

D-galactopyranosyl)-L-serine tert-butyl ester, 2.6 (1.564 g, 1:1 α/β) or threonine 

derivative, 2.7 (1.537 g, 1:1 α/β), both as yellow oils. Both 2.6 and 2.7 were carried 

through to the next step without further purification.  

NMR data is in agreement with reported data.188 

2.6:  

Rf: 0.26 (3:7 EtOAc–Hexane); 1H NMR (400 MHz, CDCl3): δ 7.70 (4 H, d, J = 7.6 

Hz, ArH), 7.52 (4 H, d, J = 7.2 Hz, ArH), 7.34 (4 H, t, J = 7.5 Hz, ArH), 7.25 (4 H, t, 

J = 7.5 Hz, ArH), 5.60 (2 H, d, J = 6.3 Hz, NH(Thr)), 5.47 (1 H, d, J = 8.5 Hz, H1), 

5.31 (1 H, d, J = 3.4 Hz, H4), 4.82 (1 H, dd, J = 10.7, 4.1 Hz, H3), 4.35 (4 H, d, J =7.3 

Hz, H6), 4.29–4.22 (2 H, m, H9), 4.16 (2 H, t, J = 7.3 Hz, H5), 4.11–4.00 (4 H, m, 

H10), 3.93 (1 H, t, J = 6.6 Hz, H11), 3.90–3.82 (4 H, m, H7), 3.77 (1 H, dd, J = 11.6, 

8.1 Hz, H2), 2.29 (6 H, s, Me), 2.12 (6 H, s, Me), 1.99 (6 H, s, Me), 1.42 (18 H, s, 

Me); HRMS [ES+] found [M+H]+ 697.2712, C35H43N4O12 requires 697.2715. 
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2.7:  

Rf 0.51 (2:3 EtOAc–Hexane); 1H NMR (400 MHz, CDCl3): δ 7.69 (4 H, dd, J = 7.7, 

3.9 Hz, ArH), 7.55 (4 H, dt, J = 8.0, 2.7 Hz, ArH), 7.31 (4 H, dt, J = 7.2, 2.4 Hz, 

ArH), 7.10 (4 H, dd, J = 7.7, 3.2 Hz, ArH), 5.61 (1 H, d, J = 9.8 Hz, NH(Thr)α), 5.50 

(1 H, d, J = 9.8 Hz, NH(Thr)β), 5.40 (1 H, d, J = 3.0 Hz, H4α), 5.27 (1 H, dd, J = 10.4, 

3.3 Hz, H3α), 5.24 (1 H, d, J = 3.0, H4β), 5.04 (1 H, d, J = 3.8 Hz, H1α), 4.69 (1 H, dd, 

J = 10.7, 3.3 Hz, H3β), 4.51 (1 H, qd, J = 12.4, 5.9, 2.1 Hz, H7α), 4.41 (1 H, d, J = 8.0, 

H1β), 4.38 (1 H, dd, J = 6.8, 1.4 Hz, H7β), 4.34 (1 H, dd, J = 7.7, 2.7 Hz, H9β), 4.34–

4.27 (3 H, m, H5α, H5β), 4.27–4.13 (5 H, m, H9α, H6α, H6β), 4.04 (4 H, dd, J = 6.6, 2.7 

Hz, H10α, H10β), 3.78 (1 H, t, J = 6.8 Hz, H11), 3.57 (2 H, dd, J = 11.1, 3.4 Hz, H2α, 

H2β), 2.28 (6 H, s, Me), 2.08 (6 H, s, Me), 2.00 (6 H, s, Me), 1.43 (18 H, s, t-Bu(Me)), 

1.27 (6 H, dd, J = 12.8, 6.2 Hz, Me-8); IR (νmax/cm-1): 3354 (C-H stretch), 2979 (N-

H stretch), 2111 (N=N=N stretch), 1721 (C=O stretch); HRMS [ES+] found [M+Na]+ 

733.2704, C35H42N4O12Na requires 733.2691. 

 

N-Fmoc-O-(2-acetimido-2-deoxy-3,4,6-Tri-O-acetyl-α-D-galactopyranosyl)-L-serine 
(2.9α) and threonine tert-butyl ester (2.10α)188 & N-Fmoc-O-(2-acetimido-2-deoxy-
3,4,6-Tri-O-acetyl-β-D-galactopyranosyl)-L-serine (2.9β) and threonine tert-butyl 
ester (2.10β) 

                               

Zinc dust (15.3 g, 234 mmol, 17.5 eq) was activated in 2% aq. CuSO4 (120 mL). After 

10 minutes, the zinc/copper mixture was added to crude 2.6 (9.34 g, 13.4 mmol, 1.0 

eq) or crude 2.7 (9.51 g, 13.4 mmol, 1.0 eq) dissolved in a mixture of 

THF/AcOH/Ac2O (3:2:1, 180 ml). The mixture was stirred at room temperature for 4 

hours. Once evolution of gas had ceased and TLC showed the reaction had reached 

completion; the mixture was filtered through celite and the pad was washed with THF 

(60 mL). The filtrate was concentrated in vacuo and residue dissolved in DCM (300 
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mL) and washed with 0.1 M HCl (2 × 400 mL). The organic portion was dried over 

MgSO4, filtered and concentrated in vacuo. Crude acetamide was purified by flash 

column chromatography (1% MeOH in DCM) to yield pure 2.9α (2.626 g, 3.68 mmol, 

39%) and 2.9β (2.098 g, 2.94 mmol, 31%) or 2.10α (3.113 g, 4.28 mmol, 40%) and 

2.10β (2.537 g, 3.49 mmol, 33%) as glassy white foams. 

NMR data is in agreement with reported data.188 

2.9α: 

[α]D
25 +59 (c 1, chloroform); Rf 0.65 (15:1 DCM–MeOH); 1H NMR (400 MHz, 

DMSO-d6): δ 7.76 (2 H, d, J = 7.5 Hz, ArH), 7.61 (2 H, d, J = 7.1 Hz, ArH), 7.40 (2 

H, t, J = 7.4 Hz, ArH), 7.32 (2 H, t, J = 7.4 Hz, ArH), 5.80 (2 H, d, J = 7.9 Hz, NHAc, 

NH(Ser)), 5.37 (1 H, d, J = 2.8 Hz, H4), 5.12 (1 H, dd, J = 11.2, 2.1 Hz, H3), 4.83 (1 

H, d, J = 3.3 Hz, H1), 4.59 (1 H, td, J = 11.1, 3.3 Hz, H2), 4.46–4.39 (3 H, m, H9, 

H10), 4.24 (1 H, t, J = 6.9 Hz, H11), 4.15–3.99 (3 H, m, H5, H6), 3.96 (1 H, d, J = 9.5 

Hz, H7a), 3.84 (1 H, d, J = 8.5 Hz, H7b), 2.15 (3 H, s, Me), 1.99 (3 H, s, Me), 1.99 (3 

H, s, Me), 1.93 (3 H, s, Me), 1.48 (9 H, s, t-Bu(Me)); 13C NMR (100 MHz, DMSO-

d6): δ 170.9 (C=O),170.4 (C=O), 170.3 (C=O), 170.1 (C=O), 169.0 (C=O), 155.9 

(C=O), 143.8 (Ar), 141.3 (Ar), 127.8 (Ar), 127.1 (Ar), 125.1 (Ar), 120.1 (Ar), 98.8 

(C1), 83.1 (tBu(quat. C)), 69.3 (C7), 68.4 (C3), 67.3 (C4), 67.3 (C5), 62.0 (C6), 54.8 

(C9), 53.5 (C10), 47.6 (C2), 47.1 (C11), 28.1 (tBu(Me)), 23.2 (Me), 20.8 (Me), 20.8 

(Me), 20.6 (Me); HRMS [ES+] found [M+H]+ 713.2925, C36H45N2O13 requires 

713.2916. 

2.10α:  

[α]D
25 +62 (c 1, chloroform); Rf 0.83 (15:1 DCM–MeOH); 1H NMR (400 MHz, 

CDCl3): δ 7.70 (2 H, d, J = 7.1 Hz, ArH), 7.56 (2 H, d, J = 7.2 Hz, ArH), 7.33 (2 H, 

t, J = 6.5, 6.5 Hz, ArH), 7.25 (2 H, t, J = 7.2, 7.2 Hz, ArH), 6.01 (1 H, d, J = 9.9 Hz, 

NH(Thr)), 5.62 (1 H, d, J = 9.4 Hz, NHAc), 5.31 (1 H, d, J = 2.5 Hz, H4), 5.02 (1 H, 

dd, J = 11.3, 2.5 Hz, H3), 4.82 (1 H, d, J = 3.1 Hz, H1), 4.55 (1 H, td, J = 10.5, 10.5, 

3.1 Hz, H2), 4.45–4.31 (2 H, m, H6a, H6b), 4.22–4.12 (4 H, m, H11, H9, H7, H5), 4.04-

3.97 (2 H, m, H10), 2.08 (3 H, s, Me), 1.96 (3 H, s, Me), 1.92 (6 H, s, Me), 1.32 (9 H, 

s, OtBu), 1.24 (3 H, d, J = 6.1 Hz, H8); 13C NMR (100 MHz, CDCl3): 170.8 (C=O), 

170.3 (C=O), 170.2 (C=O), 169.9 (C=O), 156.4 (C=O), 143.6 (Ar), 141.2 (Ar), 127.7 

(Ar), 127.0 (Ar), 125.0 (Ar), 119.9 (Ar), 99.8 (C1), 83.1 (tBu(quat. C)), 76.8 (C11), 
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68.6 (C3), 67.3 (C4), 67.2 (C5), 67.1 (C6), 62.1 (C10), 58.9 (C9), 47.2 (C2), 47.1 (C7), 

28.0 (tBu(Me)), 23.1 (Me), 20.6 (Me), 20.5 (Me), 18.5 (C8); IR (νmax/cm-1): 3256 (s, 

C-H stretch), 2980 (s, C-H stretch), 1748 (s, C=O (ester) stretch), 1651 (s, C=O 

(amide) stretch); HRMS [ES+] found [M+H]+ 727.3072, C37H47N2O13 requires 

727.3073). 

2.9β: 

[α]D
25 +4 (c 1, chloroform); Rf 0.57 (15:1 DCM–MeOH); 1H NMR (400 MHz, 

CDCl3): δ 7.76 (2 H, d, J = 7.4 Hz, ArH), 7.65 (2 H, d, J = 7.3 Hz, ArH), 7.39 (2 H, 

t, J = 7.4 Hz, ArH), 7.32 (2 H, t, J = 7.3 Hz, ArH), 5.77 (1 H, d, J = 7.9 Hz, NH(Thr)), 

5.51 (1 H, d, J = 8.3 Hz, NHAc), 5.34 (1 H, d, J = 3.1 Hz, H4), 5.22 (1 H, dd, J = 

11.2, 3.1 Hz, H3), 4.65 (1 H, d, J = 8.3 Hz, H1), 4.49–4.32 (3 H, m, H9, H10), 4.26–

4.15 (2 H, m, H11, H7a), 4.11 (2 H, d, J = 6.6 Hz, H6), 3.96–3.80 (3 H, m, H2, H5, 

H7b), 2.12 (3 H, s, Me), 2.02 (3 H, s, Me), 1.99 (3 H, s, Me), 1.79 (3 H, s, Me), 1.46 

(2 H, s, tBu(Me)); 13C NMR (100 MHz, CDCl3): δ 170.6 (C=O), 170.4 (C=O), 170.3 

(C=O), 170.1 (C=O), 168.5 (C=O), 156.0 (C=O), 143.8 (Ar), 143.7 (Ar), 141.3 (Ar), 

141.2 (Ar), 127.7 (Ar), 127.1 (Ar), 125.1 (Ar), 119.9 (Ar), 100.8 (C1), 82.6 

(tBu(quat.C)), 70.7 (C2), 69.8 (C3), 69.1 (C7), 66.7 (C10), 66.6 (C4), 61.4 (C6), 54.7 

(C9), 51.4 (C5), 47.2 (C11), 27.8 (tBu(Me)), 23.3 (Me), 20.6 (Me); HRMS [ES+] found 

[M+H]+ 713.2927, C36H45N2O13 requires 713.2916. 

2.10β:  

[α]D
25 –2 (c 1, chloroform); Rf 0.76 (15:1 DCM–MeOH); 1H NMR (400 MHz, 

CDCl3): δ 7.69 (2 H, d, J = 7.6 Hz, ArH), 7.60 (2 H, t, J = 7.8 Hz, ArH), 7.32 (2 H, t, 

J = 7.4 Hz, ArH), 7.24 (2 H, t, J = 7.3 Hz, ArH), 5.70 (1 H, d, J = 9.1 Hz, NH(Thr)), 

5.64 (1 H, d, J = 8.3 Hz, NHAc), 5.34–5.21 (2 H, m, H3, H4), 4.67 (1 H, d, J = 8.3 

Hz, H1), 4.36 (2 H, dd, J = 10.0, 7.3 Hz, H6a, H7), 4.30 (1 H, dd, J = 10.5, 7.3 Hz, 

H6b), 4.19 (2 H, dd, J = 6.0, 3.5 Hz, H9, H5), 4.03 (2 H, d, J = 6.1 Hz, H10), 3.84 (1 H, 

t, J = 6.6 Hz, H11), 3.74 (1 H, dt, J = 14.8, 6.1 Hz, H2), 2.02 (3 H, s, Me), 1.97 (3 H, 

s, Me), 1.93 (3 H, s, Me), 1.87 (3 H, s, Me), 1.42 (9 H, s, t-Bu(Me)), 1.10 (1 H, d, J = 

6.1 Hz, H8); 13C NMR (100 MHz, CDCl3): δ 170.6 (C=O), 170.5 (C=O), 170.4 

(C=O), 170.2 (C=O), 169.1 (C=O), 156.9 (C=O), 143.8 (Ar), 141.3 (Ar), 127.7 (Ar), 

127.1 (Ar), 125.3 (Ar), 119.9 (Ar), 97.5 (C1), 82.2 (tBu(quat. C)), 73.2 (C7), 70.5 

(C11), 69.5 (C4), 67.0 (C6), 66.7 (C3), 61.4 (C10), 59.0 (C9), 52.0 (C2), 47.2 (C5), 27.9 
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(tBu(Me)), 23.5 (Me), 20.7 (Me), 20.6 (Me), 16.0 (C8); IR (νmax/cm-1): 3305 (s, C-H 

stretch), 2977 (s, C-H stretch), 1742 (s, C=O (ester) stretch), 1666 (s, C=O (amide) 

stretch); HRMS [ES+] found [M+H]+ 727.3071, C37H47N2O13 requires 727.3073. 

 

N-Fmoc-O-(2-acetimido-2-deoxy-3,4,6-Tri-O-acetyl-α-D-galactopyranosyl)-L-serine 
(2.11α) and threonine (2.12α)188 or N-Fmoc-O-(2-acetimido-2-deoxy-3,4,6-Tri-O-
acetyl-β-D-galactopyranosyl)-L-serine (2.11β) and threonine (2.12β) 

                                                     

2.9α (1.00 g, 1.38 mmol, 1.0 eq), 2.10α (1.00 g, 1.40 mmol, 1.0 eq), 2.9β (1.00 g, 1.38 

mmol, 1.0 eq) or 2.10β (1.00 g, 1.40 mmol, 1.0 eq) was dissolved in 95% TFA (3.0 

mL) and stirred at room temperature for 1 hour. Solvent was removed in vacuo and 

co-evaporated with toluene. The crude product purified by flash column 

chromatography (5:1 Toluene–EtOH) to yield 2.11α (671 mg, 1.02 mmol, 74%), 

2.12α (854 mg, 1.27 mmol, 92%), 2.11β (662 mg, 1.01 mmol, 73%) or 2.12β (901 

mg, 1.34 mmol, 96%) as a glassy off-white foams. 

NMR data is in agreement with reported data.188 

2.11α: 

[α]D
25 +88 (c 1, chloroform); Rf 0.47 (5:1 Toluene–EtOH); 1H NMR (500 MHz, 

DMSO-d6): δ 7.90 (2 H, d, J = 7.5 Hz, ArH), 7.81 (1 H, d, J = 8.4 Hz, NHAc), 7.73 

(1 H, d, J = 8.4 Hz, NH(Ser)), 7.72 (2 H, d, J = 7.1, ArH), 7.42 (2 H, t, J = 7.7 Hz, 

ArH), 7.33 (2 H, t, J = 7.8 Hz, ArH), 5.31 (1 H, d, J = 2.6 Hz, H4), 5.07 (1 H, dd, J = 

11.6, 3.2 Hz, H3), 4.86 (1 H, d, J = 3.6 Hz, H1), 4.38 (2 H, dd, J = 7.4, 3.6 Hz, H6), 

4.31–4.23 (3 H, m, H5, H9, H11), 4.20 (1 H, ddd, J = 11.7, 8.4, 3.6 Hz, H2), 4.05 (1 H, 

dd, J = 11.3, 5.8 Hz, H10a), 3.98 (1 H, dd, J = 10.6, 7.0 Hz, H10b), 3.83 (1 H, dd, J = 

10.9, 4.1 Hz, H7a), 3.77 (1 H, dd, J = 10.9, 4.8 Hz, H7b), 2.10 (3H, s, Me), 1.95 (3H, 

s, Me), 1.90 (3H, s, Me), 1.81 (3H, s, Me); 13C NMR (125 MHz, DMSO-d6): δ 171.5 

(C=O), 170.1 (C=O), 169.9 (C=O), 169.8 (C=O), 169.7 (C=O), 156.2 (C=O), 143.9 
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(Ar), 143.8 (Ar), 140.8 (Ar), 137.4 (Ar), 128.9 (Ar), 128.2 (Ar), 125.3 (Ar), 125.2 , 

120.2 (Ar), 97.9 (C1), 67.6 (C7), 67.5 (C3), 67.1 (C4), 66.3 (C5), 65.7 (C6), 61.6 (C10), 

54.3 (C9), 47.1 (C2), 46.7 (C11), 22.5 (Me), 21.1 (Me), 20.6 (Me), 20.5 (Me); HRMS 

[ES+] found [M+H]+ 657.2291, C32H37N2O13 requires 657.2290. 

2.12α:  

[α]D
25 +72 (c 1, chloroform); Rf 0.31 (5:1 Toluene–EtOH); 1H NMR (400 MHz, 

DMSO-d6): δ 7.30 (2 H, d, J = 7.5 Hz, ArH), 7.74 (2 H, dd, J = 7.2, 3.6 Hz, ArH), 

7.67 (1 H, d, J = 9.4 Hz, NHAc), 7.59 (1 H, d, J = 9.8 Hz, NH(Thr)), 7.42 (2 H, t, J = 

7.4 Hz, ArH), 7.33 (2 H, t, J = 7.2 Hz, ArH), 5.32 (1 H, d, J = 2.8 Hz, H4), 5.05 (1 H, 

dd, J = 11.6, 3.2 Hz, H3), 4.81 (1 H, d, J = 3.8 Hz, H1), 4.45 (2 H, ddd, J = 25.8, 10.8, 

7.0 Hz, H6), 4.34–4.27 (2 H, m, H7, H5), 4.26–4.19 (2 H, m, H11, H2), 4.15 (1 H, dd, 

J = 9.9, 1.2 Hz, H9), 4.03 (2 H, d, J = 6.1 Hz, H10), 2.11 (3H, s, Me), 1.99 (3H, s, Me), 

1.91 (3H, s, Me), 1.84 (3H, s, Me), 1.18 (3 H, d, J = 6.4 Hz, H8); 13C NMR (100 MHz, 

DMSO-d6): δ 170.7 (C=O), 170.1 (C=O), 170.0 (C=O), 169.9 (C=O), 169.5 (C=O), 

156.9 (C=O), 143.8 (Ar), 140.8 (Ar), 127.7 (Ar), 127.1 (Ar), 125.2 (Ar), 120.2 (Ar), 

98.8 (C1), 74.9 (C7), 67.6 (C3), 67.2 (C4), 66.4 (C11), 65.6 (C6), 62.0 (C10), 58.4 (C9), 

46.8 (C5), 46.6 (C2), 22.7 (Me), 20.5 (Me), 18.6 (C8); IR (νmax/cm-1): 3329 (s, C-H 

stretch), 2941 (s, C-H stretch), 1744 (s, C=O (ester) stretch), 1657 (s, C=O (amide) 

stretch); HRMS [ES+] found [M+H]+ 671.2450, C33H39N2O13 requires 671.2447. 

2.11β: 

[α]D
20 +2 (c 1, chloroform); Rf 0.37 (5:1 Toluene–EtOH); 1H NMR (500 MHz, 

DMSO-d6): δ 7.89 (2 H, d, J = 7.7 Hz, ArH), 7.84 (1 H, d, J = 9.5 Hz, NHAc), 7.74 

(2 H, t, J = 6.8 Hz, ArH), 7.42 (2 H, t, J = 7.7 Hz, ArH), 7.34 (2 H, dd, J = 13.2, 5.5 

Hz, ArH), 7.24 (1 H, d, J = 7.7 Hz, NH(Ser)), 5.23 (1 H, d, J = 3.6 Hz, H4), 5.00 (1 

H, dd, J = 11.4, 3.6 Hz, H3), 4.59 (1 H, d, J = 8.7 Hz, H1), 4.31 (2 H, d, J = 6.8 Hz, 

H10), 4.26–4.19 (3 H, m, H5, H9, H11), 4.04 (2 H, s, H6), 4.01 (1 H, dd, J = 10.9, 5.0 

Hz, H7a), 3.88 (1 H, dt, J = 19.5, 9.1 Hz, H2), 3.77 (1 H, dd, J = 10.4, 4.1 Hz, H7b), 

2.10 (3 H, s, Me), 1.99 (3 H, s, Me), 1.90 (3 H, s, Me), 1.75 (3 H, s, Me); 13C NMR 

(125 MHz, DMSO-d6): δ 171.4 (C=O), 170.0 (C=O), 169.9 (C=O), 169.8 (C=O), 

169.6 (C=O), 156.0 (C=O), 143.8 (Ar), 143.7 (Ar), 140.8 (Ar), 140.7 (Ar), 137.4 (Ar), 

128.9 (Ar), 128.2 (Ar), 127.7 (Ar), 127.1 (Ar), 125.3 (Ar), 120.1 (Ar), 101.0 (C1), 

70.4 (C3), 70.0 (C5), 68.5 (C7), 66.6 (C4), 65.9 (C10), 61.4 (C6), 54.0 (C9), 49.3 (C2), 
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46.6 (C11), 22.8 (Me), 21.1 (Me), 20.5 (Me), 20.5 (Me); HRMS [ES+] found [M+H]+ 

657.2290, C32H37N2O13 requires 657.2290. 

2.12β: 

[α]D
20 –4 (c 1, chloroform); Rf 0.34 (5:1 Toluene–EtOH); 1H NMR (400 MHz, 

DMSO-d6): δ 7.94 (1 H, d, J = 8.8 Hz, NHAc), 7.88 (2 H, d, J = 7.3 Hz, ArH), 7.77 

(2 H, dd, J = 7.3, 3.4 Hz, ArH), 7.41 (2 H, t, J = 7.3 Hz, ArH), 7.33 (2 H, t, J = 7.3 

Hz, ArH), 6.46 (1 H, d, J = 8.8 Hz, NH(Thr)), 5.25 (1 H, d, J = 3.2 Hz, H4), 5.04 (1 

H, dd, J = 11.3, 3.2 Hz, H3), 4.61 (1 H, d, J = 8.6 Hz, H1), 4.32–4.21 (4 H, m, H5, H6, 

H11), 4.09 (1 H, d, J = 8.8, 2.9 Hz, H9), 4.06–4.00 (3 H, m, H7, H10), 3.85 (1 H, dt, J 

= 11.3, 8.6 Hz, H2), 2.09 (3 H, s, Me), 1.98 (3 H, s, Me), 1.91 (3 H, s, Me), 1.82 (3 H, 

s, Me), 1.15 (3 H, d, J = 6.4 Hz, H8); 13C NMR (100 MHz, DMSO-d6): δ 171.5 (C=O), 

170.1 (C=O), 170.0 (C=O), 169.7 (C=O), 156.3 (C=O), 143.8 (Ar), 140.8 (Ar), 137.4 

(Ar), 127.7 (Ar), 127.2 (Ar), 125.4 (Ar), 120.1 (Ar), 99.3 (C1), 74.2(C11), 70.2 (C3), 

69.8 (C7), 66.4 (C4), 66.2 (C6), 61.1 (C10), 58.5 (C9), 49.7 (C2), 46.7 (C5), 21.1 (Me), 

20.5 (Me), 16.7 (C8); HRMS [ES+] found [M+H]+ 671.2460, C33H39N2O13 requires 

671.2447. 

 

7.1.2.2 Multivalent Inhibitors of Bacterial Toxins 

2-(((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methoxy)isoindoline-1,3-dione (4.5) 

 

Endo-BCN-OHa (20 mg, 0.13 mmol, 1.0 eq), triphenylphosphine (38 mg, 0.15 mmol, 

1.1 eq) and N-hydroxyphthalimide (24 mg. 0.15 mmol, 1.1 eq) were dissolved in 

 

a Purchased from Merck 
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anhydrous DCM (1.2 mL) under a N2 atmosphere and chilled to 0 °C. DIAD (29 µL, 

0.15 mmol, 1.1 eq) was added dropwise and the reaction left stirring at 0 °C for 10 

minutes, after which the reaction was allowed to warm to room temperature. After 4 

hours the mixture was concentrated in vacuo to yield a crude yellow residue and 

purified by flash column chromatography (1:9 EtOAc/Hexane) to yield 4.5 as a white 

crystalline solid (37 mg, 94%). 

Rf 0.58 (3:7 EtOAc/Hexane); 1H NMR (500 MHz; CDCl3) δ 7.83 (2 H, dd, J = 5.4, 

3.1, Hz, H9), 7.75 (2 H, dd, J = 5.4, 3.1 Hz, H10), 4.31 (2 H, d, J = 8.0 Hz, H6), 2.34–

2.26 (4 H, m, H2), 2.25–2.18 (2 H, m, H3’), 1.69–1.60 (2 H, m, H3), 1.60-1.52 (2 H, 

m, H5), 1.09–1.02 (2 H, m, H4); 13C NMR (125 MHz; CDCl3) δ 163.8 (C7), 134.6 

(C9), 129.1 (C8), 123.6 (C10), 99.0 (C1), 76.4 (C6), 29.3 (C2), 21.5 (C3), 20.8 (C4), 17.3 

(C5); HRMS [ES+] found [M+Na]+ 318.1099, C18H17NO3Na requires 318.1101. 

 

O-(((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl)hydroxylamine (4.1) 

 

This reaction and purification was performed using oven dried, nitrogen flushed 

glassware in an acetone free atmosphere. The target compound has been previously 

found to sequester acetone from the atmosphere.187 

Compound 4.5 (20 mg, 68 µmol, 1.0 eq) was added to anhydrous 2 M methanolic 

methylamine (169 µL, 339 µmol, 5.0 eq). The reaction was shown to be complete 

within 2 minutes. The product was diluted in 1:9 EtOAc/Hexane and purified by flash 

column chromatography to yield 4.1 as a colourless residue (7.2 mg, 64%). 

Rf 0.25 (3:7 EtOAc/Hexane); 1H NMR (500 MHz; CDCl3) δ 5.41 (2 H, br. s, NH2), 

3.75 (2 H, d, J = 7.7 Hz, H6), 2.34–2.16 (6 H, m, H2, H3’), 1.62–1.52 (2 H, m, H3), 

1.35–1.25 (1 H, m, H5), 0.96–0.86 (2 H, m, H4); 13C NMR (100 MHz; CDCl3) δ 99.1 

(C1), 73.2 (C6), 29.4 (C3), 21.6 (C2), 20.0 (C4), 17.6 (C5); HRMS [ES+] found [M+H]+ 

166.1225, C10H16NO requires 166.1226. 
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2,3,6-Tri-O-acetyl-4-(tetra-O-acetyl--D-galactopyranosyl)--D-glucopyranosyl 
bromide (4.6) 

 

Lactose (5.00 g, 14.6 mmol, 1.0 eq) was added to acetic anhydride (17.0 mL, 175 

mmol, 12.0 eq) under N2, followed by 33% (w/v) HBr in AcOH (3.3 mL, 18.4 mmol, 

1.2 eq) and stirred at room temperature. After 1 hours, HBr in AcOH (17.0 mL, 94.8 

mmol, 6.2 eq) was added and the reaction stirred at room temperature for a further 3 

hours. The solvent was removed in vacuo whilst ensuring the mixture did not exceed 

30 °C. The resulting orange solid was redissolved in DCM (100 mL) and washed with 

H2O (50 mL), sat. aq. NaHCO3 (50 mL) and brine (50 mL). The organic layer was 

dried over MgSO4, filtered and concentrated in vacuo to yield crude 4.6 as a white 

solid (9.39 g, 92%). 

NMR data is in agreement with reported data.227  

Rf 0.70 (3:7 EtOAc/DCM); 1H NMR (500 MHz; CDCl3) δ 6.51 (1 H, d, J = 4.1 Hz, 

H1), 5.54 (1 H, t, J = 9.7 Hz, H3), 5.34 (1 H, dd, J = 3.5, 0.9 Hz, H4’), 5.11 (1 H, dd, 

J = 10.4, 8.0 Hz, H2’), 4.94 (1 H, dd, J = 10.4, 3.5 Hz, H3’), 4.74 (1 H, dd, J = 9.9, 

4.1 Hz, H2), 4.50 (1 H, d, J = 7.9 Hz, H1’), 4.48 (1 H, d, J = 10.0 Hz, H6a), 4.21–4.04 

(4 H, m, H5, H6b, H6a’b’), 3.90–3.82 (2 H, m, H4, H5’), 2.15 (3 H, s, Me), 2.12 (3 H, s, 

Me), 2.08 (3 H, s, Me), 2.05 (3 H, s, Me), 2.05 (3 H, s, Me), 2.04 (3 H, s, Me), 1.94 

(3 H, s, Me); 13C NMR (125 MHz; CDCl3) δ 170.5 (C=O), 170.3 (C=O), 170.3 (C=O), 

170.2 (C=O), 170.1 (C=O), 169.3 (C=O), 169.1 (C=O), 100.9 (C1’), 86.5 (C1), 75.1 

(C4), 73.1 (C5), 71.1 (C3’), 71.0 (C2), 70.9 (C5’), 69.7 (C3), 69.1 (C2’), 66.7 (C4’), 61.2 

(C6), 61.0 (C6’), 20.9 (Me), 20.9 (Me), 20.8 (Me), 20.8 (Me), 20.8 (Me), 20.8 (Me), 

20.6 (Me); HRMS [ES+] found [M+Na]+ 721.0958, C26H35BrO17Na requires 

721.0950. 
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2,3,6-Tri-O-acetyl-4-(tetra-O-acetyl--D-galactopyranosyl)--D-glucopyranosyl azide 
(4.7) 

 

Peracetylated lactosyl bromide 4.6 (9.2 g, 13.2 mmol, 1.0 eq) was dissolved in 

anhydrous DMF (120 mL). To the solution NaN3 (0.94 g, 14.5 mmol, 1.1 eq) was 

added and the reaction stirred at room temperature for 16 hours. The reaction was 

diluted with DCM (400 mL) and washed with NaHCO3 (3 × 200 mL), H2O (200 mL), 

then brine (200 mL). The organic layer was dried over MgSO4, filtered, concentrated 

in vacuo and purified by flash column chromatography (1:1 EtOAc/Hexane) to yield 

4.7 as a white crystalline solid (6.42 g, 74%). 

NMR data is in agreement with reported data.254  

Rf 0.24 (1:1 EtOAc/Hex); 1H NMR (500 MHz; CDCl3) δ 5.32 (1 H, dd, J = 3.5, 1.1 

Hz, H4’), 5.17 (1 H, t, J = 9.4 Hz, H3), 5.06 (1 H, dd, J = 10.4, 7.9 Hz, H3’), 4.93 (1 

H, dd, J = 10.4, 3.5 Hz, H2’), 4.82 (1 H, t, J = 9.0 Hz, H2), 4.61 (1 H, d, J = 8.8 Hz, 

H1), 4.47 (1 H, dd, J = 12.1, 2.1 Hz, H6a’), 4.46 (1 H, d, J = 8.0 Hz, H1’), 4.12–4.02 

(3 H, m, H6ab, H6b’), 3.85 (1 H, td, J = 6.5, 1.0 Hz, H5’), 3.79 (1 H, t, J = 9.5 Hz, H4), 

3.68 (1 H, ddd, J = 10.0, 5.0, 2.0 Hz, H5), 2.12 (3H, s, Me), 2.10 (3H, s, Me), 2.04 

(3H, s, Me), 2.03 (3H, s, Me), 2.01 (3H, s, Me), 2.01 (3H, s, Me), 1.93 (3H, s, Me); 

13C NMR (125 MHz; CDCl3) δ 170.4 (C=O), 170.4 (C=O), 170.2 (C=O), 170.1 

(C=O), 169.7 (C=O), 169.6 (C=O), 169.1 (C=O), 101.2 (C1’), 87.7 (C1), 75.8 (C4), 

74.9 (C5), 72.6 (C3), 71.0 (C2’), 71.0 (C2), 70.8 (C5’), 69.1 (C3’), 66.7 (C4’), 61.8 (C6’), 

60.9 (C6), 20.9 (Me), 20.8 (Me), 20.7 (Me), 20.7 (Me), 20.7 (Me), 20.7 (Me), 20.6 

(Me); HRMS [ES+] found [M+Na]+ 684.1879, C26H35N3O17Na requires 684.1859. 

 

−(-D-galactopyranosyl)--D-glucopyranosyl azide (4.8) 

 

Peracetylated lactosyl azide 4.7 (5.82 g, 8.8 mmol, 1.0 eq) was dissolved in MeOH 

(40 mL) and NaOMe (3.8 g, 70.4 mmol, 8.0 eq) was added. Once TLC confirmed the 
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reaction had reached completion (~ 1 hour), washed DOWEX-50 H+ was added until 

the reaction was neutral. The resin was removed by vacuum filtration through celite 

and the solution concentrated in vacuo. The resulting oil was redissolved in H2O (20 

mL) and lyophilised to yield crude 4.8. The crude lactosyl azide 4.8 was purified by 

size exclusion chromatography using Biogel P2 column equilibrated with 20 mM 

ammonium formate. β-lactosyl azide 4.8 was obtained as a white foam (2.29 g, 71%). 

NMR data is in agreement with reported data.254  

Rf 0.20 (6:4:0.8 CHCl3/MeOH/H2O); 1H NMR (500 MHz; CDCl3) δ 4.77 (1 H, d, J 

= 9.2 Hz, H1), 4.45 (1 H, d, J = 7.7 Hz, H1’), 4.00 (1 H, dd, J = 12.4, 1.6 Hz, H6a), 

3.92 (1 H, dd, J = 3.4, 0.6 Hz, H4’), 3.86–3.64 (8 H, m, H3, H3’, H4, H5, H5’, H6b, 

H6a’b’), 3.54 (1 H, dd, J = 10.0, 7.7 Hz, H2’), 3.35–3.29 (1 H, m, H2); 13C NMR (125 

MHz; CDCl3) δ 102.9 (C1’), 89.9 (C1), 77.7 (C4), 76.7 (C5), 75.3 (C5’), 74.3 (C3), 72.5 

(C2), 72.5 (C3’), 70.9 (C2’), 68.5 (C4’), 61.0 (C6), 59.8 (C6’); HRMS [ES+] found 

[M+Na]+ 390.1123, C12H21N3O10Na requires 390.1119. 

 

β-GM1 azide (4.11) 

 

GM1os82 (9 mg, 9 µmol, 1 eq), 2-Chloro-1,3-dimethylimidazolinium chloride (DMC, 15 mg, 

90 µmol, 10 eq) and NaN3 (25 mg, 400 µmol, 44 eq) were dissolved in H2O (0.1 mL) in an 

Eppendorf tube. TEA (22.5 µL, 161 µmol, 18 eq) was added and mixed by vortex and left at 

37 °C for 48 hours. The reaction mixture was purified by size exclusion chromatography using 

Biogel P2 column equilibrated with 20 mM ammonium formate to yield β-GM1 azide 4.11 

as a white foam (8.6 mg, 93%). 

Rf 0.58 (2:2:1 n-BuOH/MeOH/H2O); 1H NMR (500 MHz; D2O; 275K) δ 4.78 (1 H, 

d, J = 8.8 Hz, H1β), 4.75 (1 H, d, J = 8.8 Hz, H1’’’), 4.53 (1 H, d, J = 7.7 Hz, H1’), 
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4.52 (1 H, d, J = 7.8 Hz, H1’’’’), 4.19–4.11 (3 H, m, H4’, H2’’’, H4’’’), 4.01 (1 H, dd, J = 

10.8, 8.7 Hz, H3’), 3.99–3.54 (24 H, m, not assigned), 3.53-3.45 (2 H, m, H3’’, H4), 

3.34 (1 H, dd, J = 9.3, 8.2 Hz, H2), 2.63 (1 H, dd, J = 12.3, 4.5 Hz, H3’’equatorial), 2.01 

(3H, s, Ac), 1.99 (3 H, s, Ac), 1.94 (1 H, t, J = 12.3 Hz, H3’’axial); HRMS [ES+] found 

[M+Na]+ 1046.3417, C37H61N5O28Na requires 1046.3401. 

 

7.2 Solid Phase Peptide Synthesis 

7.2.1 General Reagents and Equipment 

All amino acids, resins and coupling reagents were purchased from Novabiochem and 

used without further purification. Fritted polypropylene tubes (2.5 mL) were 

purchased from Supelco (Merck) and were used for all solid phase reactions. Agitation 

of solid phase reaction mixture was achieved by rotation on a Stuart blood rotator at 

room temperature. Peptides and glycopeptides were synthesised as C-terminal amides 

using Rink Amide MBHA LL resin (50 µM, loading 0.35 mmol/g).  

Peptides were analysed by HPLC using an Agilent 1290 affinity LC system equipped 

with an Ascentis Express 10 cm × 2.1 mm, 2.7 µm ES-C18 peptide column (0.5 ml 

min-1) and ultraviolet (UV) detection at 220-280 nm. The peptide column was run 

with a gradient from 0.1% TFA/5% MeCN (v/v) in H2O to 0.1% TFA/95% MeCN 

(v/v) in H2O over 10 minutes. 

 

7.2.2 Standard Procedures for Solid Phase Peptide Synthesis 

7.2.2.1 Preparation of resin 

The resin was added to fritted polypropylene tube and swollen in DMF (2 mL) for 1 

hour. Resin was washed with DMF (2 × 2 mL × 2 min spins). Swollen resin was Fmoc 

protected and required Fmoc deprotection prior to use. 

 

7.2.2.2 Fmoc deprotection and peptide elongation 

After DMF wash, resin was treated with piperidine solution (20% (v/v) in DMF) (3 × 

2 mL × 3 min spins). Resin was washed with DMF (3 × 2 mL × 3 min spins). Peptide 
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elongation was carried out using Fmoc-amino acid (5 equiv), HCTU (4.9 equiv) 

dissolved in DMF (2 mL); Mixture transferred to swollen resin and DIPEA (10 equiv) 

added. Mixture left to spin for 40 minutes. Resin isolated by through filtration and 

washed with DMF (3 × 2 mL × 3 min spins).  

For the glycosylated amino acids, Fmoc-(GalNAc)-amino acids (2.11α & 2.12α, 2 

equiv), HCTU (4.9 eqiv) were dissolved in DMF (2 mL) and added to the swollen 

resin. DIPEA (10 equiv) were added and spin for 12 hours. Resin was isolated by 

filtration and washed with DMF (3 × 2 mL × 3 min spins).  

 

7.2.2.3 Coupling reaction analysis 

A small number of resin beads were isolated prior to Fmoc-deprotection and exposed 

to TFA (100 µL) for 2 mins before quenching with methanol (1 mL). The solution 

was filtered and analysed by LCMS. If any starting material was seen, the coupling 

was repeated. 

 

7.2.2.4 Deprotection of O-acetyl groups 

Following the coupling of the final amino acid, the resin was washed with DMF (2 × 

2 mL × 3 min spins), DCM (2 × 2 mL × 3 min spins) and methanol (2 × 2 mL × 3 min 

spins). The resin was treated with 70% hydrazine hydrate in MeOH (3 × 2 mL × 5 

min spins). Resin was washed with methanol (2 × 2 mL × 3 min spins). The efficiency 

of the O-acetyl deprotection was checked following the methodology set out in section 

7.2.2.3. If required a further treatment with hydrazine was performed until all O-acetyl 

groups had been removed. Once all O-acetyl groups had been removed, the resin was 

washed with methanol (2 × 2 mL × 3 min spins), DCM (2 × 2 mL × 3 min spins) and 

DMF (2 × 2 mL × 3 min spins).  

 

7.2.2.5 Cleavage and isolation of peptide 

Following the O-Acetyl and/or Fmoc deprotection, the amino acid-resin was washed 

with DMF (2 × 2 mL × 3 min spins), DCM (2 × 2 mL × 3 min spins) and methanol (2 

× 2 mL × 3 min spins). The resin was isolated by filtration before drying on high 
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vacuum for 3 hours. A cleavage cocktail of TFA (95%), H2O (2.5%) and TIS (2.5%) 

(total 2 mL) was added to the resin and the mixture was left to spin for 2 hours. The 

resin was filtered into falcon tube and washed with TFA (3 × 1 mL × 1 min spins). 

The volume of TFA solution was reduced under a stream of N2 to approx. 1 mL. The 

peptide was precipitated with ice cold Et2O (10 mL) and pelleted by centrifugation at 

3150 x g for 10 mins. The Et2O was decanted and peptide pellet washed with ice cold 

Et2O (10 mL) and re-pelleted as previously. Et2O was decanted, the pellet was dried 

under stream of nitrogen and dissolved in the minimum volume of water before being 

lyophilised overnight. 

 

7.2.3 Synthesised Peptides & Glycopeptides 

H2N-GVAPDTRP-CONH2 (2.13) 

 

Peptide was synthesised using methodology described in section 7.2.2.1 to 7.2.2.5. 

Yield: 30 mg, 58%.  

HRMS [ES+] found [M+H]+ 811.4433, C34H59N12O11 requires 811.4421; LCMS 

[ES+] found [M+H]+ 811.55, C34H59N12O11 requires 811.44. 
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H2N-GVAPDT(GalNAc)RP-CONH2 (2.14) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 28 mg, 41%.  

HRMS [ES+] found [M+H]+ 1014.5224, C40H71N13O16 requires 1014.5214; LCMS 

[ES+] found [M+H]+ 1014.63, C40H71N13O16 requires 1014.52. 

 

H2N-GVAPGSTAPPA-CONH2 (2.15) 

 

Peptide was synthesised using methodology described in sections 7.2.2.1 to 7.2.2.5. 

Yield: 30 mg, 65%.  

HRMS [ES+] found [M+H]+ 923.4960, C40H66N12O13 requires 923.4945; LCMS 

[ES+] found [M+H]+ 923.61, C40H66N12O13 requires 923.49. 
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H2N-GVAPGST(GalNAc)APPA-CONH2 (2.16) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 45 mg, 80%.  

HRMS [ES+] found [M+H]+ 1126.5759, C48H79N13O18 requires 1126.5739; LCMS 

[ES+] found [M+H]+ 1126.69, C48H79N13O18 requires 1126.57. 

 

H2N-GVAPGS(GalNAc)TAPPA-CONH2 (2.17) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 47 mg, 75%.  

HRMS [ES+] found [M+H]+ 1126.5765, C48H79N13O18 requires 1126.5739; LCMS 

[ES+] found [M+H]+ 1126.70, C48H79N13O18 requires 1126.57. 

 

 

 

 

 



 

158 

 

 

H2N-GVAPGS(GalNAc)T(GalNAc)APPA-CONH2 (2.18) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 40 mg, 55%.  

HRMS [ES+] found [M+H]+ 1329.6536, C56H92N14O23 requires 1329.6533; LCMS 

[ES+] found [M+H]+ 1329.78, C56H92N14O23 requires 1329.65. 

 

H2N-GVAADTRP-CONH2 (2.19) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 32 mg, 82%.  

HRMS [ES+] found [M+H]+ 785.4274, C32H57N12O11 requires 785.4264; LCMS 

[ES+] found [M+H]+ 785.41, C32H57N12O11 requires 785.43. 
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H2N-GVAADT(GalNAc)RP-CONH2 (2.20) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 58 mg, 77%.  

HRMS [ES+] found [M+H]+ 988.5061, C40H70N13O16 requires 988.5058; LCMS 

[ES+] found [M+H]+ 988.50, C40H70N13O16 requires 988.51. 

 

H2N-GV(AEEAc)APDT(GalNAc)RP-CONH2 (2.21) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 41 mg, 71%.  

HRMS [ES+] found [M+H]+ 1159.5946, C48H83N14O19 requires 1159.5953; LCMS 

[ES+] found [M+H]+ 1160.12, C48H83N14O19 requires 1159.60. 
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H2N-GV(AEEAc)2APDT(GalNAc)RP-CONH2 (2.22) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 42 mg, 64%.  

HRMS [ES+] found [M+H]+ 1304.6702, C54H94N15O22 requires 1304.6692; LCMS 

[ES+] found [M+H]+ 1305.24, C54H94N15O22 requires 1304.67. 

 

H2N-GV(AEEAc)3APDT(GalNAc)RP-CONH2 (2.23) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 50 mg, 69%.  

HRMS [ES+] found [M+2H]2+ 725.3766, C60H106N16O25 requires 1450.7504; LCMS 

[ES+] found [M+2H]2+ 725.76, C60H106N16O25 requires 1450.75. 
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H2N-GGGAPDT(GalNAc)RP-CONH2 (2.24) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 48 mg, 93%.  

HRMS [ES+] found [M+H]+ 1029.4956, C41H69N14O17 requires 1029.4960; LCMS 

[ES+] found [M+H]+ 1030.04, C41H69N14O17 requires 1029.50. 

 

H2N-GV(PEG)6APGSTAPPA-CONH2 (2.25) 

 

Peptide was synthesised using methodology described in sections 7.2.2.1 to 7.2.2.5. 

Yield: 42 mg, 84%.  

HRMS [ES+] found [M+H]+ 1213.6423, C52H89N14O19 requires 1213.6423; LCMS 

[ES+] found [M+H]+ 1214.29, C52H89N14O19 requires 1213.64. 
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H2N-GV(PEG)6APGST(GalNAc)APPA-CONH2 (2.26) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 48 mg, 76%.  

HRMS [ES+] found [M+H]+ 1416.7214, C60H102N15O24 requires 1416.7217; LCMS 

[ES+] found [M+H]+ 1417.40, C60H102N15O24 requires 1416.72. 

 

H2N-GV(PEG)6APGS(GalNAc)TAPPA-CONH2 (2.27) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 43 mg, 68%.  

HRMS [ES+] found [M+H]+ 1416.7222, C60H102N15O24 requires 1416.7217; LCMS 

[ES+] found [M+H]+ 1417.42, C60H102N15O24 requires 1416.72. 
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H2N-GV(PEG)6APGS(GalNAc)T(GalNAc)APPA-CONH2 (2.28) 

 

Glycopeptide was synthesised using methodology described in sections 7.2.2.1 to 

7.2.2.5. Yield: 55 mg, 75%.  

HRMS [ES+] found [M+2H]2+ 810.4036, C68H116N16O29 requires 1620.8094; LCMS 

[ES+] found [M+H]+ 1620.57, C68H115N16O29 requires 1619.80. 

 

H2N-GV(PEG)6APPATSGPA-CONH2 (2.29) 

 

Peptide was synthesised using methodology described in sections 7.2.2.1 to 7.2.2.5. 

Yield: 41 mg, 77%.  

HRMS [ES+] found [M+H]+ 1213.6418, C52H89N14O19 requires 1213.6423; LCMS 

[ES+] found [M+H]+ 1214.31, C52H89N14O19 requires 1213.64. 
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H2N-GV(PEG)6APDTRP-CONH2 (2.30) 

 

Peptide was synthesised using methodology described in sections 7.2.2.1 to 7.2.2.5. 

Yield: 37 mg, 77%.  

HRMS [ES+] found [M+H]+ 1101.5903, C46H81N14O17 requires 1101.5899; LCMS 

[ES+] found [M+H]+ 1102.20, C46H81N14O17 requires 1101.59. 

 

Biotin-PEG3-Aha-Gly-Aha-Gly-Aha-CONH2 (3.5) 

 

Peptide synthesised on 100 µM scale. Once the peptide had been synthesised using 

methodology described in sections 7.2.2.1 to 7.2.2.3, the peptide was treated with 

Biotin-OSu (2 equiv.) and DIPEA (10 equiv.) in DMF. The resin was spun overnight, 

then washed with DMF (3 × 5 mL) before the methodology described in section 

7.2.2.5 was carried out.  Yield: 78 mg, 89%.  

HRMS [ES+] found [M+NH4]
+ 897.3873, C32H56N19O10S requires 898.4173; LCMS 

[ES+] found [M+NH4]
+ 897.29, C32H56N19O10S requires 898.42. 
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BCN-GV(PEG)6APDT(GalNAc)RP-CONH2 (3.7) 

 

Glycopeptide 2.22 (20 mg, 15 µmol, 1.0 eq) and BCN-NHS (5.4 mg, 18 µmol, 1.2 eq) 

were dissolved in dry DMF (1 mL). TEA (6.4 µL, 46 µmol, 3.0 eq) was added and 

the mixture stirred overnight at room temperature. Reaction concentrated in vacuo and 

residue dissolved in ddH2O (1 mL) and lyophilised to dryness. Residue purified by 

size-exclusion using Biogel P2 column eluting in 20 mM ammonium formate. Yield: 

15.7 mg, 70%. 

HRMS [ES+] found [M+H+Na]2+ 751.8718, C65H106N15NaO24 requires 1503.7422; 

LCMS [ES+] found [M+2H]2+ 740.80, C65H107N15O24 requires 1481.76. 

 

BCN-GV(PEG)6APGST(GalNAc)APPA-CONH2 (3.8) 

 

Glycopeptide 2.26 (20 mg, 16 µmol, 1.0 eq) and BCN-NHS (5.5 mg, 19 µmol, 1.2 eq) 

were dissolved in dry DMF (1 mL). TEA (6.6 µL, 47 µmol, 3.0 eq) was added and 

the mixture stirred overnight at room temperature. Reaction concentrated in vacuo and 

residue dissolved in ddH2O (1 mL) and lyophilised to dryness. Residue purified by 

size-exclusion using Biogel P2 column eluting in 20 mM ammonium formate. Yield: 

20.6 mg, 81%. 
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HRMS [ES+] found [M+2Na]2+ 818.8889, C71H113N15O26Na2 requires 1637.7766; 

LCMS [ES+] found [M+2H]2+ 796.92, C71H115N15O26 requires 1593.81. 

 

BCN-GV(PEG)6APGS(GalNAc)TAPPA-CONH2 (3.9) 

 

Glycopeptide 2.27 (20 mg, 16 µmol, 1.0 eq) and BCN-NHS (5.5 mg, 19 µmol, 1.2 eq) 

were dissolved in dry DMF (1 mL). TEA (6.6 µL, 47 µmol, 3.0 eq) was added and 

the mixture stirred overnight at room temperature. Reaction concentrated in vacuo and 

residue dissolved in ddH2O (1 mL) and lyophilised to dryness. Residue purified by 

size-exclusion using Biogel P2 column eluting in 20 mM ammonium formate. Yield: 

18.9 mg, 74%. 

HRMS [ES+] found [M+2Na]2+ 818.8897, C71H113N15O26Na2 requires 1637.7766; 

LCMS [ES+] found [M+2H]2+ 796.82, C71H115N15O26 requires 1593.81. 

 

BCN-GV(PEG)6APGS(GalNAc)T(GalNAc)APPA-CONH2 (3.10) 

 

Glycopeptide 2.28 (20 mg, 14 µmol, 1.0 eq) and BCN-NHS (4.7 mg, 16 µmol, 1.2 eq) 

were dissolved in dry DMF (1 mL). TEA (5.7 µL, 41 µmol, 3.0 eq) was added and 

the mixture stirred overnight at room temperature. Reaction concentrated in vacuo and 

residue dissolved in ddH2O (1 mL) and lyophilised to dryness. Residue purified by 
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size-exclusion using Biogel P2 column eluting in 20 mM ammonium formate. Yield: 

15.7 mg, 62%. 

HRMS [ES+] found [M+2Na]2+ 920.4289, C79H126N16O31Na2 requires 1840.8559; 

LCMS [ES+] found [M+2H]2+ 898.37, C79H128N16O31 requires 1796.89. 

 

Biotin-PEG3-Aha(BCN-GV-PEG6-APDT(GalNAc)RP)-Gly-Aha(BCN-GV-PEG6-
APDT(GalNAc)RP)-Gly-Aha(BCN-GV-PEG6-APDT(GalNAc)RP)-CONH2 (3.11) 

 

Biotin scaffold peptide 3.5 (0.9 mg, 1.0 µmol, 1.0 eq) and glycopeptide 3.7 (5.0 mg, 

3.3 µmol, 3.3 eq) dissolved in ddH2O (200 µL) and mixture shaken overnight at room 

temperature. Reaction mixture purified by size-exclusion using Superdex S30 

(10/300) column eluting in 20 mM ammonium formate. Yield: 4.5 mg, 83%. 

HRMS [MALDI+] found [M+H]+ 5306.4243, C227H370N63O81S requires 5306.6485. 
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Biotin-PEG3-Aha(BCN-GV-PEG6-APGST(GalNAc)APPA)-Gly-Aha(BCN-GV-PEG6-
APGST(GalNAc)APPA)-Gly-Aha(BCN-GV-PEG6-APGST(GalNAc)APPA)-CONH2 (3.12) 

 

Biotin scaffold peptide 3.5 (0.8 mg, 0.9 µmol, 1.0 eq) and glycopeptide 3.8 (5.1 mg, 

3.2 µmol, 3.5 eq) dissolved in ddH2O (200 µL) and mixture shaken overnight at room 

temperature. Reaction mixture purified by size-exclusion using Superdex S30 

(10/300) column eluting in 20 mM ammonium formate. Yield: 4.6 mg, 90%. 

HRMS [MALDI+] found [M+H]+ 5643.3186, C245H394N63O87S requires 5642.8058. 

 

Biotin-PEG3-Aha(BCN-GV-PEG6-APGS(GalNAc)TAPPA)-Gly-Aha(BCN-GV-PEG6-
APGS(GalNAc)TAPPA)-Gly-Aha(BCN-GV-PEG6-APGS(GalNAc)TAPPA)-CONH2 (3.13) 

 

Biotin scaffold peptide 3.5 (0.8 mg, 0.9 µmol, 1.0 eq) and glycopeptide 3.9 (5.1 mg, 

3.2 µmol, 3.5 eq) dissolved in ddH2O (200 µL) and mixture shaken overnight at room 

temperature. Reaction mixture purified by size-exclusion using Superdex S30 

(10/300) column eluting in 20 mM ammonium formate. Yield: 4.7 mg, 91%. 

HRMS [MALDI+] found [M+H]+ 5643.0763, C245H394N63O87S requires 5642.8058. 
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Biotin-PEG3-Aha(BCN-GV-PEG6-APGS(GalNAc)T(GalNAc)APPA)-Gly-Aha(BCN-GV-
PEG6-APGS(GalNAc)T(GalNAc)APPA)-Gly-Aha(BCN-GV-PEG6-
APGS(GalNAc)T(GalNAc)APPA)-CONH2 (3.14) 

 

Biotin scaffold peptide 3.5 (0.7 mg, 0.8 µmol, 1.0 eq) and glycopeptide 3.10 (4.7 mg, 

2.6 µmol, 3.3 eq) dissolved in ddH2O (200 µL) and mixture shaken overnight at room 

temperature. Reaction mixture purified by size-exclusion using Superdex S30 

(10/300) column eluting in 20 mM ammonium formate. Yield: 3.9 mg, 79%. 

HRMS [MALDI+] found [M+H]+ 6252.8049,  C269H433N66O102S requires 6252.0439.
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Chapter 8: Biochemical Experimental 

8.1 General Methods and Equipment 

Sterilisation of media and equipment was carried out in either a Prestige Medical 

bench top autoclave or a LTE Touchclave-R autoclave at 121 ºC for 15 minutes. 

Thermo Electron Corporation SAFE 2010 Class II laminar flow cabinet or bench top 

bunsen burner were using to maintain a sterile environment. Bacterial cultures were 

incubated in a Kuhner ShakerX ISF1-X or Stuart Orbital incubator. LB-agar plates 

and enzymatic reactions were incubated in a Binder BD23 incubator. 

Centrifugation was performed using either a Beckman CoulterTM AvantiTM JXN-30 

centrifuge, Heraeus mutifuge 3S-R centrifuge or Heraeus pico centrifuge. Gel 

filtration chromatography was achieved using a GE Pharmacia ÄKTA FPLC system 

or BioRad NGC FPLC system. Spectrophotometric reading were using a 

Thermoscientific Nanodrop 2000. SDS-PAGE was carried out using Bio-Rad mini 

protean 3 apparatus, and a Bio-Rad imager Gel DocTM XR was used to visualise 

polyacrylamide gels. Proteins were concentrated either using 10k or 30k MWCO 

Amicon® Ultra-15 centrifugal filter device or Amicon® Stirred Ultrafiltration Cell 

(10k MWCO membrane). High resolution mass spectrometry of protein samples was 

performed using a Bruker Daltonics MicroTOF mass spectrometer. Protein samples 

were loaded at a concentration of 20-40 µM (made up with H2O) into the instrument 

before being automatically diluted into 0.1% TFA/50% MeCN (v/v) in H2O prior to 

analysis. Analytical grade reagents were supplied by commercial suppliers.  

 

8.2 Media and Buffers 

Buffers and media were made in-house unless otherwise stated using analytical grade 

reagents supplied by commercial suppliers. All common buffers and media were 

prepared with 18.2 MΩ water to the required volume. The pH of the solutions was 

adjusted using 5 M NaOH or 5 M HCl. Gel filtration buffers were filtered through a 

0.22 µm membrane under reduced pressure. Media was sterilised by autoclave at 121 

°C for 20 minutes. 
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8.2.1 Growth Media 

Millers lysogeny broth (LB) medium: 1.0% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 

1.0% (w/v) NaCl.  

Millers lysogeny broth (LB) agar: 1.0% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 

1.0% (w/v) NaCl, 1.5% (w/v) Agar. 

2TY medium: 1.6% (w/v) Tryptone, 1.0% (w/v) Yeast Extract, 0.5% (w/v) NaCl. 

TYP medium: 1.6% (w/v) Tryptone, 1.6% (w/v) Yeast Extract, 0.5% (w/v) NaCl, 

0.25% (w/v) K2HPO4. 

CAYE broth modified acc. to Evans (purchased from Merck): 39.5 g/L  

Super Optimal Culture (SOC): 2.0% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4. Solution autoclaved at 120 

°C for 20 mins before addition of 20 mL L-1 1 M glucose. 

Auto induction medium: 1.0% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 4% (v/v) 25 

× salts, 1% (v/v) 1000 × metals, 4.3 mM MgCl2. Solution autoclaved at 120 °C for 20 

mins before addition of 1 mL L-1 50% (w/v) glucose, 10 mL L-1 20% (w/v) lactose 

and 10 mL L-1 50% (v/v) glycerol by filter sterilisation (0.2 µm Sartorius Minisart). 

25 × salts: 1.25 mM Na2HPO4, 1.25 mM KH2PO4, 2.5 mM NH4Cl, 250 mM Na2SO4 

1000 × metals: 50 mM FeCl3·6H2O, 20 mM CaCl2·6H2O, 100 mM MnCl2·4H2O, 100 

mM ZnSO4·7H2O, 1.7 mM CoCl2·6H2O, 2 mM CuCl2·2H2O, 4.1 mM 

Na2MoO4·2H2O, 2 mM Na2SeO3, 2 mM H3BO4, 2 mM NiSO4·6H2O, 50% (v/v) 0.1 

M HCl. 

 

8.2.2 General Buffers for Working with Proteins 

Cholera Toxin B-subunit (CTB) Buffers (Ammonium Sulfate Precipitated) 

Sodium Phosphate Buffered Saline: 50 mM NaH2PO4, 100 mM NaCl, pH 7.4. 

CTB Ni-NTA wash buffer: 25 mM Imidazole, made up with Sodium Phosphate 

Buffered Saline. 

CTB Ni-NTA elution buffer: 250 mM Imidazole, made up with Sodium Phosphate 

Buffered Saline. 
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CTB SEC buffer: Sodium Phosphate Buffered Saline 0.22 µm filtered. 

Insoluble His-Tagged Protein Buffers 

Phosphate lysis buffer: 50 mM NaH2PO4, 300 mM NaCl, pH 8.0. 

Denaturing buffer: 8 M Urea, 0.1 M NaH2PO4, 0.01 M Tris, pH 8.0. 

Ni-NTA urea wash buffer: 25 mM Imidazole, made up with denaturing buffer. 

Ni-NTA urea elution buffer: 250 mM Imidazole, made up with denaturing buffer. 

In-vitro folding buffer: 0.1 M Tris, 0.6 M Arginine Hydrochloride, 5 mM Cysteine, 

0.5 mM Cystine, pH 8.5 (Degassed with Nitrogen). 

Tris dialysis buffer: 50 mM Tris, 200 mM NaCl, pH 7.5. 

Refolded protein SEC buffer: Tris dialysis buffer 0.22 µm filtered. 

Sortase Buffers 

Sortase 7M lysis buffer: 50 mM Tris, 150 mM NaCl, pH 7.2. 

Sortase 7M Ni-NTA wash buffer: 25 mM Imidazole, made up Sortase 7M lysis buffer. 

Sortase 7M Ni-NTA elution buffer: 250 mM Imidazole, made up Sortase 7M lysis 

buffer. 

Sortase 7M SEC buffer: Sortase 7M lysis buffer, 0.22 µm filtered. 

Verotoxin (VTB) & Oxime Ligation Buffers 

Periplasmic extraction buffer: 30 mM Tris, 20% (w/v) Sucrose, 1 mM EDTA, pH 8.0. 

Sodium Phosphate Buffered Saline: 50 mM NaH2PO4, 100 mM NaCl, pH7.4 

VTB SEC buffer: Sodium Phosphate Buffered Saline buffer, 0.22 µm filtered. 

SDS-PAGE Buffers 

5× SDS-PAGE loading buffer: 250 mM Tris, 10% (w/v) SDS, 1.0 M DTT, 50% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue. 

SDS-PAGE running buffer: 25 mM Tris-base, 192 mM Glycine, 0.1% (w/v) SDS. 

Coomassie stain: Coomassie G250 (0.625% (w/v), 40% (v/v) methanol, 10% (v/v) 

acetic acid. 

Coomassie destain: 40% (v/v) methanol, 10% (v/v) acetic acid. 
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8.2.3 General Buffers for Working with DNA 

6 × DNA loading buffer, purple (no SDS, from NEB): 15% (w/v) Ficoll® -400, 60 mM 

EDTA, 140 mM Tris-HCl, 0.12% (w/v) Dye 1, 0.006% (w/v) Dye 2, pH 8.0. 

TAE buffer: 40 mM Tris base, 20 mM acetic acid, 1 mM EDTA. 

Buffer P1 (Qiagen): 50 mM Tris, 10 mM EDTA, 0.01% (w/v) RNase A, 0.1% (v/v) 

LyseBlue, pH 8.0 

Buffer P2 (Qiagen): 200 mM NaOH, 1% (w/v) SDS 

Buffer N3 (Qiagen): 4.2 M Guanidine HCl, 0.9 M potassium acetate, pH 4.8 

Buffer PE (Qiagen): 10 mM Tris, 80% (v/v) ethanol, pH 7.5 

 

8.3 Standard Protocols 

8.3.1 Cell Growth and Protein Overexpression 

8.3.1.1 Transformation of Chemically-Competent E. coli cells 

10 µL of E. coli competent cells and 1 µL of plasmid were mixed together in a sterile 

Eppendorf tube on ice. The cells were incubated for 10 minutes to allow diffusion of 

the plasmid, followed by a heat shock for 45 seconds at 42 °C and another incubation 

on ice for 10 minutes to allow plasmid uptake. SOC media (1 mL) was added to the 

cells and they were incubated at 37°C with shaking (200 rpm) for 1 hour. A 20 µL 

and concentrated cell aliquots were used to inoculate sterilised agar plates containing 

either ampicillin (100 µg mL-1) or kanamycin (50 µg mL-1). Concentrated cell aliquots 

were taken from the remaining cell culture which was centrifuged (13,000 × g, 30 

seconds). 800 µL of supernatant was removed and the pelleted cells resuspended in 

the remaining media, a 20 µL aliquot of this concentrate was used inoculate a 

sterilised agar selection plate. The plates were incubated at 37 °C overnight and 

removed in the morning to stop growth. Plates were stored at 4 °C until use, maximum 

of 1 week. 
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8.3.1.2 Preparation of Mini-culture 

A single colony from the transformed E. coli cells grown on the sterilised agar plates 

overnight or glycerol stock stab was picked and incubated with shaking (200 rpm) in 

~5 mL of LB media containing the necessary antibiotic (ampicillin (100 µg mL-1) or 

kanamycin (50 µg mL-1)) at 37 °C overnight. This mini-culture was used to inoculate 

1 L of overexpression media and/or glycerol stocks were made using a 1:1 mixture of 

the cells and 80% sterilised glycerol (in water). Glycerol stocks were left at room 

temperature for 15 minutes then flash frozen in liquid nitrogen and stored at -80°C 

for future use. 

 

8.3.1.3 Overexpression in LB media 

1 L of sterilised LB media containing the desired antibiotic (ampicillin (100 µg mL-

1) or kanamycin (50 µg mL-1)) in a 2 L flask was inoculated with 2 mL of cells from 

the overnight culture. The culture was incubated at 37°C with shaking (200 rpm) and 

overexpression by the addition of IPTG (0.5 mM) when OD600 = 0.6-0.8 was reached. 

The cells were incubated overnight at a 25 °C before being collected by centrifugation 

(10,000 × g, 20 minutes, 4 °C). Cells were either used immediately or stored at -80 

°C for future lysis and purification.  

 

8.3.1.4 Overexpression in Auto-induction media 

1 L of sterilised auto-induction media containing the desired antibiotic (ampicillin 

(100 µg mL-1) or kanamycin (50 µg mL-1)) in a 2 L flask was inoculated with 2 mL 

of cells from the overnight culture. The culture was incubated at 30 °C with shaking 

(200 rpm) for 5 hours then the incubator temperature was reduced to 25 °C. The cells 

were incubated overnight before being collected by centrifugation (10,000 × g, 20 

minutes, 4 °C). Cells were either used immediately or stored at -80 °C for future lysis 

and purification. 
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8.3.1.5 Overexpression of Proteins Extracted from Growth Media 

1 L of sterilised LB media containing the desired antibiotic (ampicillin (100 µg mL-

1) or kanamycin (50 µg mL-1)) in a 2 L flask was inoculated with 2 mL of cells from 

the overnight culture. The culture was incubated at 37 °C with shaking (200 rpm) and 

overexpression by the addition of IPTG (0.5 mM) when OD600 = 0.6-0.8 was reached. 

The cells were incubated overnight at a 25 °C before being collected by centrifugation 

(10,000 × g, 20 minutes, 4 °C). The E. coli cells are discarded and media retained. 

Solid ammonium sulfate was added and dissolved to a final concentration of 57% 

(w/v) to precipitate the protein of interest. The saturated solution was stirred overnight 

at 4 °C. The solution was centrifuged (17,600 × g, 1 hour, 4 °C), and the supernatant 

discarded. The protein pellet was resuspended in Sodium Phosphate Buffered Saline 

(10 mL per 1 L LB media) and centrifuged (17,600 × g, 10 minutes, 4 °C) to remove 

insoluble material and to allow the suspension to be filtered through a 0.8 µm 

Sartorius Minisart filter. The filtered suspension was purified by Ni-NTA affinity 

column. 

 

8.3.2 Protein Purification 

8.3.2.1 Lysis of E. coli containing soluble proteins 

E.coli cells were resuspended in the corresponding lysis buffer at 4 °C. The cell 

mixture was lysed mechanically using a Constant Systems cell disruptor (20 kpsi). 

The cell debris was pelleted by centrifugation (30,000 × g, 45 mins, 4 °C) and the cell 

lysate was decanted off and treated with DNase. Purification of the clarified lysate 

performed by Ni-NTA affinity chromatography. 

 

8.3.2.2 Purification of His6-tagged proteins using Ni-NTA chromatography 

Ni-NTA agarose resin (Qiagen, 10 mL) was transferred to a Bio-Rad Econo-Pac® 

chromatography column and equilibrated with 5 column volumes of lysis buffer. The 

solution containing the His-tagged protein was applied to the column, and flow-

through reloaded. The resin was washed with 5 column volumes of Ni-NTA wash 

buffer. The protein was eluted in 10 mL fractions using 5 column volumes of Ni-NTA 



 

176 

 

elution buffer. The protein eluates were monitored using Bradford reagent. The 

protein size, expression level and purity were assessed by SDS-PAGE. 

 

8.3.2.3 Regeneration of Ni-NTA column 

After being used for protein purification, the Ni-NTA agarose resin was regenerated 

for future use. Firstly, the resin was washed with 0.1% (w/v) sodium dodecyl sulphate 

(SDS, 3 column volumes), then 0.1 M NaOH (3 column volumes). The Ni2+ was 

removed by chelation with 10 mM ethylenediaminetetraacetic acid (EDTA, 3 column 

volumes), the resin was washed with water (10 column volumes) and regenerated with 

500 mM NiSO4 (2 column volumes). A final wash with H2O was done to remove any 

excess Ni2+ and the column was flushed and stored in 20% EtOH. 

 

8.3.2.4 Size-exclusion chromatography 

For large scale purification of proteins a Superdex® 75 or 200 prep grade column 

(HiLoad® 16/60 or 26/60, GE Healthcare Life Sciences) was attached to a 

ÄKTApurifier FPLC system (GE Healthcare Life Sciences) or Bio-Rad NGC FPLC 

system. The column was stored in 20% ethanol and prior to use initially equilibrated 

with 1.5 column volumes of water (0.22 µm filtered) at a flow rate of 0.5 mL min-1, 

followed by 1.5 column volumes of the appropriate ÄKTA buffer at a flow rate of 1 

mL min-1.  

Concentrated protein samples following affinity column purification were 

concentrated to 500 µL to 5 mL. Once an appropriate volume for the injection loop in 

use was reached, the sample was manually injected into the injection loop of the FPLC 

system. The automated system pumps the injection loop with buffer (1.5 × the loop 

volume) to apply the sample to the resin. The column was run isocratically in the 

appropriate SEC buffer. Once the void volume of the column had been reached, 5 mL 

fractions were collected and the protein eluate was monitored using absorption at 280 

nm. 
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8.3.2.5 Purification and refolding of insoluble proteins 

Rapid Dilution Method 

The bacterial cell pellet was resuspended on ice in phosphate lysis buffer (10 mL per 

1 L media). The cell suspension was mechanically lysed using a constant systems cell 

disruptor and treated with DNase. Cell debris pelleted by centrifugation (30,000 × g, 

40 minutes, 4 °C). The supernatant was discarded and the cell debris was resuspended 

and homogenised on ice in denaturing buffer (15 mL per 1 L media). Suspension was 

left at 4 °C overnight then sonicated on ice (output 50%, 50% time pulses, 1 minute), 

and the remaining debris was pelleted by centrifugation (40 minutes at 30,000 × g, 4 

°C). The cell debris was discarded, whilst the supernatant retained and sonicated on 

ice (output 60%, 50% time pulses, 1 minute) to reduce the viscosity. 

Ni-NTA agarose resin (Qiagen, 3 mL per 1 L LB media) was transferred to a Bio-Rad 

Econo-Pac® chromatography column and equilibrated with 5 column volumes of 

denaturing buffer. The supernatant containing the denatured His-tagged protein was 

applied to the column, and flow-through reloaded. The resin was washed with 5 

column volumes of Ni-NTA urea wash buffer. The protein was eluted in 5 mL 

fractions using 6 column volumes of Ni-NTA urea elution buffer. The protein 

elution’s were monitored using Bradford reagent. The protein size, expression level 

and purity were assessed by SDS-PAGE. Fractions containing unfolded protein were 

combined and concentrated to ~2 mL (per 1 L media) using an Amicon® Stirred 

Ultrafiltration Cell fitted with a Ultracel 10K MWCO ultrafiltration membrane. 

0.5 M TCEP was added to the concentrated fractions to a final concentration of 50 

mM and the mixture incubated at room temperature for 2 hours. TCEP was removed 

using a PD-10 desalting column (GE Scientific) equilibrated with denaturing buffer 

and eluted following the manufacturers recommended protocol. The reduced PD-10 

eluate was concentrated as much as possible with a 10k MWCO Amicon® Ultra-15 

centrifugal filter device to at least 10 mg/mL and less than 1 mL (per 1 L media).  

The in vitro folding buffer (100 mL per 1 L media) was freshly prepared, degassed 

with nitrogen and equilibrated to 4 °C. With gently stirring, 200 µL aliquots of the 

concentrated reduced unfolded protein were added every minute. The bottle was 

sealed inbetween additions to minimize the introduction of air. If the solution began 

to turn cloudy a fresh batch of in vitro folding buffer was prepared. The mixture was 
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incubated at 4 °C with gentle stirring for 3-5 days to allow the protein to refold. After 

refolding at 4 °C, any precipitate was removed first by centrifugation (4600 × g) and 

then by filtration through a 0.8 µm Sartorius Minisart filter. The folded protein was 

concentrated to ~10 mL (per 1 L media) and dialysed overnight against Tris buffered 

saline (pH 7.2) at 4 °C. Once dialysed into Tris buffer, the protein was further 

concentrated using 10k MWCO Amicon® Ultra-15 centrifugal filter device and 

purified by size exclusion chromatography. 

 

Sequential Dialysis Method 

The bacterial cell pellet was resuspended on ice in phosphate lysis buffer (10 mL per 

1 L media). The cell suspension was mechanically lysed using a constant systems cell 

disruptor and treated with DNase. Cell debris pelleted by centrifugation (30,000 × g, 

40 minutes, 4 °C). The supernatant was discarded and the cell debris was resuspended 

and homogenised on ice in denaturing buffer (15 mL per 1 L media). Suspension was 

left at 4 °C overnight then sonicated on ice (output 50%, 50% time pulses, 1 minute), 

and the remaining debris was pelleted by centrifugation (40 minutes at 30,000 × g, 4 

°C). The cell debris was discarded, whilst the supernatant retained and sonicated on 

ice (output 60%, 50% time pulses, 1 minute) to reduce the viscosity. 

Ni-NTA agarose resin (Qiagen, 3 mL per 1 L LB media) was transferred to a Bio-Rad 

Econo-Pac® chromatography column and equilibrated with 5 column volumes of 

denaturing buffer. The supernatant containing the denatured His-tagged protein was 

applied to the column, and flow-through reloaded. The resin was washed with 5 

column volumes of Ni-NTA urea wash buffer. The protein was eluted in 5 mL 

fractions using 6 column volumes of Ni-NTA urea elution buffer. The protein eluates 

were monitored using Bradford reagent. The protein size, expression level and purity 

were assessed by SDS-PAGE. Fractions containing unfolded protein were combined 

and placed in dialysis tubing. Protein dialysed against denaturing buffer overnight. 

The concentration of urea was slowly reduced by dialysing into Tris Buffer containing 

4 M, 2 M, 1 M urea and finally Tris Buffer containing no urea. Each dialysis step was 

performed at 4 °C overnight. After refolding any precipitate was removed first by 

centrifugation (4600 × g) and then by filtration through a 0.8 µm Sartorius Minisart 
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filter. The folded protein was concentrated using 10k MWCO Amicon® Ultra-15 

centrifugal filter device and purified by size exclusion chromatography. 

 

8.3.2.6 Expression & Purification of Verotoxin (VTB) 

1 mL of VTB starter culture (in LB) was used to inoculate 400 mL of sterilised CAYE 

media containing ampicillin (100 µg mL-1) in a 2 L baffled flask. The culture was 

incubated at 37°C with shaking (200 rpm) and overexpression induced through the 

addition of IPTG (0.5 mM) when OD600 = 0.6-0.8 was reached. The cells were 

incubated overnight at 37 °C before being collected by centrifugation (10,000 × g, 20 

minutes, 4 °C). 

The bacterial cell pellet was resuspended on ice in periplasmic extraction buffer (2 

mL per 400 mL media) and incubated with shaking at 37 °C (200 rpm) for 10 minutes. 

The cell pellet was recovered by centrifugation (4500 × g, 20 mins, 4 °C). The 

supernatant was decanted, and the cell pellet resuspended in ice cold 15 MΩ H2O (2 

mL per 300 mL media). The suspension was shaken on ice for 10 minutes, before the 

cell debris was harvested by centrifugation (4500 x g, 20 mins, 4 °C). The supernatant 

was retained and 20 × NaH2PO4 buffered saline (0.1 mL) was added to buffer the 

solution. The supernatant was purified by size-exclusion chromatography using 

Superdex S75 16/60 column on a Biorad FPLC system. 

 

8.3.2.7 Concentration of protein samples 

Protein containing fractions from Ni-NTA column were combined and concentrated 

to an appropriate volume either using the 10k or 30k MWCO Amicon® Ultra-15 

centrifugal filter device (4000 × g) or Amicon® Stirred Ultrafiltration Cell. A P200 

Gilson pipette was used to resuspend the protein every 15 minutes, if required, as the 

protein collects on the centrifugal filter. 

 

8.3.2.8 Dialysis 

Dialysis was frequently used to remove small molecules such as imidazole from 

protein samples.  
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An appropriate length of Spectrum Laboratories Spectra/Por® molecularporous 

membrane tubing (3500 MWCO) was placed in buffer and left for 10 mins to hydrate. 

One end of the tubing was folded over and sealed with a tubing clip. To protein 

solution to be dialysed was placed within the tubing, and the tubing was sealed with 

a second clip ensuring no air bubbles were present. The tubing was placed within 2 to 

4 L of buffer, with a magnetic follower, and left stirring at 4 °C overnight. 

 

8.3.3 Protein Analysis 

8.3.3.1 SDS Polyacrylamide Gel Electrophoresis 

To separate the protein on the basis of their mass, 20 µL of the protein samples were 

added to 5 µL of 5 × SDS-PAGE loading buffer. If required, the samples were boiled 

for 5 mins at 95 °C to denature the protein. DTT reduces any potential disulfide bonds 

within the protein and SDS coats the protein in a negative charge. 

The resolving gel was prepared using the recipe in Table 8-1 (adding TEMED last), 

the solution was poured immediately into a fixed Bio-Rad 1.00 mm gel cast, and left 

to set with a layer isopropanol was added to the surface of resolving gel to produce a 

flat surface. Once the gel had set the isopropanol was removed and top of the gel 

washed with water. Once the water was removed, the stacking gel was added followed 

by a 1.00 mm Bio-Rad comb to create wells. Once the gel had set, the comb was 

carefully removed and gel transferred to a Bio-Rad electrophoresis tank. The inside 

of the tank, were the gel was fixed, was filled with SDS-PAGE running buffer to 

ensure no leaked and finally the surrounding section was half filled with running 

buffer. 10 µL aliquots of each sample was loaded into the sample wells and gel 

electrophoresis was run at 180 V in SDS loading buffer for 45 minutes, or until the 

protein bands can be seen to have reached the bottom of the gel.  
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Table 8-1: Materials and quantities for preparing SDS-PAGE gels 

 15% Resolving 

Gel 

12% Resolving 

Gel 

Stacking Gel 

H2O 3.50 mL 4.25 mL 3.32 mL 

1.5 M Tris pH 8.8 2.53 mL 2.53 mL - 

0.5 M Tris pH 6.8 - - 94.5 µL 

40% (w/v) 

Acrylamide 

3.75 mL 3.00 mL 625 µL 

10% (w/v) SDS 100 µL 100 µL 50 µL 

10% (w/v) APS 150 µL 150 µL 50 µL 

TEMED 10 µL 10 µL 5 µL 

 

8.3.3.2 Gel imaging 

Once electrophoresis had finished, the gels were removed from the casts and stained 

with either InstantBlue (Expedeon) or Coomassie Blue G-250. Gels were stained with 

InstantBlue (Expedeon) for 1.5 hrs in the dark on a rocker at room temperature. Once 

bands became visible, the InstantBlue was decanted and the gel washed with water 

for 30 minutes. Gels stained in Coomassie Blue G-250 were stained for 12 hours on 

a rocker at room temperature. The stain was decanted and replaced with Coomassie 

destain and incubated for a further 3 hours with rocking, then washed with water. Gels 

were photographed using Bio-Rad Gel Doc XR system. 

 

8.3.3.3 Protein Quantification 

Protein concentration (M) were measured using a Thermo Scientific NanoDrop 2000 

spectrophotometer. The instrument was blanked with the flow through of either the 

stirred ultrafiltration cell, centrifugal filter unit or dialysis buffer. Absorbance at 280 

nm of a 5 µL sample of protein was measured and using the molar extinction 

coefficient (ε) provided by ProtParam sequence analysis (ExPASy; 

http://web.expasy.org/protparam/), the protein concentration was calculated. Protein 

concentration was calculated using the following equation. 



 

182 

 

[Protein] =  
A280

ε
 

Equation 8-1: Beer-Lambert Law: Abs = absorbance, ε = molar extinction 

coefficient (M-1 cm-1), c = concentration (M) and l = pathlength (cm) 

 

Table 8-2: Extinction coefficients for proteins at λ = 280 nm 

Protein Extinction Coefficient, ε280 

Sortase7M-His6 14440 M-1 cm-1 

CBD-Sortase7M 35535 M-1 cm-1 

CTB-LPETGA 11585 M-1 cm-1 

CTB-LPETGAS-His6 11585 M-1 cm-1 

CTB(W88E) 6085 M-1 cm-1 

VTB 8605 M-1 cm-1 

SAP-LPETGA-His6 (E167Q) 45505 M-1 cm-1 

CRP-LPETGA-His6 45045 M-1 cm-1 

 

8.3.4 Protein Modification 

8.3.4.1 Typical sortase A 7M mediated labelling (analytical scale) 

For a total volume of 100 µL, the protein to be labelled (200 µM) and 

peptide/glycopeptide (3000 µM, 15 eq.) were mixed and the reaction mixture was 

made up to volume with the appropriate buffer before the addition of sortase A 7M 

(30 µM, 15 mol%). The reaction mixture was incubated for 2 hours at 25 °C and 

product formation followed by mass spectrometry or SDS-PAGE. For time point 

studies by SDS-PAGE, samples (5 µL) were taken and diluted with the appropriate 

buffer (15 µL) and mixed with 5 × SDS loading buffer (5 µL). Samples were heated 

to 95 °C for 5 minutes before being frozen and stored at –20 °C for future analysis by 

SDS-PAGE. 
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8.3.4.2 Typical His6-CBD-Srt7M mediated labelling (preparative scale) 

For a total volume of 200 µL, the protein to be labelled (200 µM) and 

peptide/glycopeptide (3000 µM, 15 eq.) were mixed and the reaction mixture was 

made up to volume with the appropriate buffer before the addition of His6-CBD-

Srt7M (30 µM, 15 mol%). The reaction mixture was incubated for 2 hours at 25°C. 

Once the reaction has reached completion by mass spectrometry, 200 µL of chitin 

resin (50% slurry in TBS (pH 7.5)) was added and the mixture incubated on ice for 

15 mins. The solution was filtered through a centrifugal cellulose acetate filter (4000 

x g, 1 minute). The excess labelling substrate was removed by either diafiltration, 

dialysis or size-exclusion chromatography (Superdex 75 10/300, Tris Buffered Saline 

(pH7.5)). 

 

8.3.4.3 General procedure for Thr/Ser Oxidation and Oxime Ligation 

Protein to be labelled was buffer exchanged into sodium phosphate buffer (pH 7.4); 

it is very important the buffer does not contain potassium. Performing reactions in the 

presence of K+ ions will result in oxidation failing to reach completion.  

The protein to be labelled (500 µL, 200 µM) in sodium phosphate buffer was mixed 

with L-methionine (4 µL of 250 mM stock, final concentration 2.0 mM, 10 eq) and 

NaIO4 (2 µL of 250 mM stock, final concentration 1.0 mM, 5 eq). Reaction was 

followed by ES-MS and typically complete within 10 minutes. The protein was 

purified using G-25 mini-trap desalting column equilibrated and eluted with sodium 

phosphate buffer (pH 6.8). 

To the oxidised protein from G25-minitrap desalting column (1 mL, ~100 µM) was 

added aniline (18 µL, final concentration 200 mM, 1000 equiv.), and the oxyamine 

substrate (8 µL of 250 mM stock in DMSO, final concentration 2.0 mM, 10 equiv.). 

The mixture was mixed by vortex and incubated at 37 °C for 8-16 hrs. The oxime 

labelled protein was purified using PD-10 desalting column equilibrated and eluted 

with sodium phosphate buffer (pH 6.8). 
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8.3.4.4 General procedure for SPAAC ligation 

To the BCN labelled protein in sodium phosphate buffer (50 µL, 138 µM) was added 

the azido functionalised glycan (0.67 µL of 20 mM stock, final concentration 276 

mM, 2 eq). The reaction was incubated at 16 °C until reaction was observed to be 

complete by ES-MS (typically 4-8 hours). The SPAAC labelled protein was purified 

using G-25 mini-trap desalting column equilibrated and eluted with sodium phosphate 

buffer (pH 6.8). 

 

8.3.5 DNA Manipulation, Purification and Analysis 

8.3.5.1 Small scale DNA isolation and sequence analysis (mini-prep) 

XL10 E.coli cells, harbouring the desired plasmid, were collected under sterile 

conditions from a glycerol stock or LB-agar plate, and added to a falcon tube with 5 

mL of LB media which had been inoculated with the appropriate antibiotic, ampicillin 

(100 µg/mL) or kanamycin (50 µg/mL). The culture was incubated at 37 °C with 

shaking (200 rpm) for 18hrs. The bacterial cell pellet was isolated from the mini 

cultures by centrifugation (4500 × g, 15 minutes) at room temperature and the DNA 

was extracted using a QIAprep Spin Mini Prep Kit following the manufacturers 

recommended protocol. All centrifugation steps were carried out at 17,000 × g in a 

microfuge at room temperature. 

The cell pellet was resuspended in buffer P1 (250 µL) and mixed thoroughly with 

buffer P2 (250 µL) until the solution had turned blue (maximum of 4 minutes). Buffer 

N3 (350 µL) was added and the Eppendorf tube inverted until the solution turned 

colourless. Insoluble debris was pelleted by centrifugation for 10 minutes. The 

supernatant was applied to a QIAprep Spin column and centrifuged for 1 minute to 

bind the DNA to the column. The flow through was discarded and column washed 

with buffer PE (750 µL) and centrifuged for 2 × 1 minute. The flow through was 

discarded and spin filter transferred to a sterile Eppendorf tube. The DNA sample was 

eluted with H2O (50 µL) and centrifuged for 1 minute.  

Sequencing was performed by GATC Biotech (Eurofins) and the results were 

analysed using BioEdit sequence alignment editor or SnapGene® viewer version 5.. 
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8.3.5.2 Medium scale DNA isolation 

XL10 E. coli cells, harbouring the desired plasmid, were collected under sterile 

conditions from a glycerol stock or LB-agar plate, and added to a falcon tube with 35 

mL of LB media which had been inoculated with the appropriate antibiotic, ampicillin 

(100 µg/mL) or kanamycin (50 µg/mL). The culture was incubated at 37 °C with 

shaking (200 rpm) for 18 hrs. The bacterial cell pellet was isolated from the mini 

cultures by centrifugation (4500 × g, 15 minutes) at room temperature and the DNA 

was extracted using a QIAGEN Plasmid Plus Midi Kit following the manufacturers 

high-yield protocol. All centrifugation steps were carried out at 17,000 × g in a 

microfuge at room temperature for 1 minute. 

The cell pellet was resuspended in buffer P1 (4 mL) before buffer P2 was added (4 

mL) and the mixture was incubated for 3 minutes at room temperature. Buffer S3 (4 

mL) was added to the lysate, and mixture transferred to a QIA filter cartridge and 

incubated at room temperature for 10 mins. Precipitate was removed by filtration and 

buffer BB (2 mL) was added to the cleared lysate. The mixture was passed through 

the QUIAGEN plasmid plus midi spin column using a vacuum manifold, binding the 

DNA to the silica. The column was washed (by centrifugation) with buffer ETR (700 

µL), followed by buffer PE (700 µL). Residual buffer was removed by centrifugation 

for 1 minute and spin filter transferred to a sterile Eppendorf tube. The DNA sample 

was eluted with H2O (200 µL) and centrifuged for 1 minute. 

 

8.3.5.3 DNA quantification 

DNA concentrations were measured using a Thermo Scientific NanoDrop 2000 

spectrophotometer. The instrument was blanked with H2O and absorbance at 260 nm 

of a 2 µL sample was measured. Concentration was estimated using Equation 8-2.  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔 𝑚𝐿−1) = 𝐴260 × 50 𝜇𝑔 𝑚𝐿−1 

Equation 8-2: DNA concentration calculation 

 

 

 



 

186 

 

8.3.5.4 Site-directed mutagenesis 

Protocol used was based on the NEB Q5 hot start protocol. Forward and reverse 

primers were designed with the help of NEBaseChanger. The PCR reaction mixture 

(50 µL) was made up of 20 ng of the template DNA plasmid, 500 nM of the forward 

and reverse primers and Q5 Hot Start High-Fidelity 2 × Master Mix (25 µL). The final 

concentration of Q5 Master Mix contains 200 µM dNTPs, 2 mM Mg2+ and 1 unit of 

Q5 hot start DNA polymerase in a proprietary buffer. The thermocycler program used 

is described in Table 8-3. Once completed, a DpnI digestion was performed by adding 

1 µL DpnI (20 U µL-1) and incubating at 37 °C for 1 hour, followed by heat 

inactivation at 80 °C for 20 mins. Following this 16.5 µL of the PCR reaction mixture 

was taken and combined with T4 PNK (0.5 µL, 10 U µL-1) in T4 ligase buffer (2 µL) 

and incubated at 37 °C for 1 hour. To this T4 DNA ligase (1 µL, 400 U µL-1) was 

added and incubated at room temperature for 30 mins before being transformed into 

fresh E. coli XL10-gold ultra-competent cells. 

Table 8-3: Q5 Hot Start polymerase PCR program for site-directed mutagenesis 

Step Temperature Time 

Initial Denature 98 °C 30 secs 

30 Cycles 

Denature 98 °C 10 secs 

Anneal *50 ̶ 72 °C  30 secs 

Elongation 72 °C 2.5 ̶ 3.0 mins 

Final Elongation 72 °C 2.0 mins 

Hold 4 ̶ 10 °C -- 

* Annealing temperature predicted using the NEB Tm Calculator  

 

8.3.5.5 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to analyse DNA following reactions. A 1% 

agarose gel was prepared by dissolving agarose (0.4 g) in TAE buffer (40 mL) using 

a microwave for 1 minute. The solution was allowed to cool for a few minutes before 

SYBR®Safe (2 uL of 10,000 × in DMSO) was added and the mixture was poured 

into a mould with a comb and left to set. The DNA samples to be loaded were prepared 

by mixing the DNA sample (5 µL) with 6 × gel loading Dye, purple, no SDS (1 µL). 
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Once set, the gel was placed into the tank and filled with TAE buffer.  The samples 

were loaded into the well and gel was run at 80 V for 35 minutes. The gels were 

imaged using BioRad Gel Doc XR system. 

 

8.3.6 ELLA protocols 

8.3.6.1 Preparation of ganglioside GM1-coated microtiter plates 

96-well flat bottomed, high binding, polystyrene microtiter plates (Grenier 655077) 

were coated with ganglioside GM1 (100 µl, 1.3 M in methanol) and the solvent was 

allowed to evaporate at room temperature. The plate was washed with PBS (3 x 200 

µl) to remove any remaining unbound GM1, and any remaining binding sites on the 

well were blocked with BSA by incubating with a PBS solution containing 1% (w/v) 

bovine serum albumin (BSA, 100 µl) for 30 minutes at 37 °C. The wells were then 

washed again with PBS (3 x 200 µl).  

 

8.3.6.2 Preparation FSL-Gb3 coated microtiter plates 

96-well flat bottomed, high binding, polystyrene microtiter plates (Grenier 655077) 

were coated with FSL-Gb3 (100 µl, 2 µg/mL, 1.4 µM) and incubated at room 

temperature for 3 hours. The plate was washed with PBS (3 x 200 µl) to remove any 

remaining unbound FSL-Gb3, and any remaining binding sites on the well were 

blocked with BSA by incubating with a PBS solution containing 1% (w/v) bovine 

serum albumin (BSA, 100 µl) for 30 minutes at 37 °C. The wells were then washed 

again with PBS (3 x 200 µl). 

 

8.3.6.3 ELLA Assay 

Inhibitor samples were prepared performing a 2-fold serial dilution in PBS containing 

0.1% (w/v) BSA, 0.05% (v/v) Tween-20 (PBS-T) in V-bottomed propylene 96-well 

plates (Grenier 651201) using a program developed on the Hamilton microlab STAR 

liquid handling system analysing each sample in triplicate. The samples were mixed 

with CTB-HRP (final conc: 0.5 ng/mL) or VTB-HRP (final conc: 10 ng/mL) in the 

same buffer. The mixture of inhibitor and toxin were incubated for 2 hours at room 
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temperature before 100 µl was transferred to the GM1 or Gb3 coated well by the 

Hamilton microlab STAR liquid handling system. The limits of detection were 

analysed by control samples containing just CTB-HRP or VTB-HRP and no inhibitor, 

and a sample containing just buffer, used to obtain the maximum and minimum optical 

density values for CTB-HRP binding to the GM1 coated wells or VTB-HRP binding 

to the Gb3 coated wells. The inhibitor toxin mixture was incubated for 30 minutes at 

room temperature before the plate was washed with PBS-T (3 x 200 µl) to remove 

any unbound CTB/VTB-HRP-inhibitor complex. After washing the plate, a solution 

of Amplex red® (100 µl, 5 µM Amplex Red®, 5 µM H2O2 in PBS) was added and 

fluorescence was measured at 25 °C for 30 minutes in a Perkin Elmer EnVision plate 

reader (excitation 531 nM; emission 595 nm). Initial rates were calculated if the data 

plots deviated from linearity.  

 

8.3.6.4 Data processing  

All samples were analysed in triplicate. The error of each sample was calculated as 

standard error (Equation 8-3) where n equals the samples size, x is the observed initial 

rate value for each sample and x̃ is the mean rate value for each sample.  

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =  
√

∑(𝑥 − �̅�)2

(𝑛 − 1)

√𝑛
 

Equation 8-3: Standard error in initial rate obtained for each sample 

The fluorescence was then converted to percentage binding by comparison with the 

maximum and minimum values obtained from the positive and negative controls and 

errors were propagated accordingly. This data was then plotted against log (inhibitor 

concentration) for each sample in origin and the curve fitting was performed using the 

non-linear curve fit, using the Origin logistic function (Equation 8-4), where A1 is the 

curve’s maximum, A2 is the curve’s minimum, x0 is equal to the IC50, x is the log 

(inhibitor concentration), and p is the Hill slope parameter. 

𝑦 =
𝐴1 − 𝐴2

1 + (𝑥/𝑥0)𝑝
+ 𝐴2 

Equation 8-4: Equation for logistic curve fitting.
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Chapter 10: Appendix 

10.1 Peptide & Glycopeptide HPLC Traces 

H2N-GVAPDTRP-CONH2 (2.13) 

 

 

H2N-GVAPDT(GalNAc)RP-CONH2 (2.14) 
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H2N-GVAPGSTAPPA-CONH2 (2.15) 

 

 

H2N-GVAPGST(GalNAc)APPA-CONH2 (2.16) 
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H2N-GVAPGS(GalNAc)TAPPA-CONH2 (2.17) 

 

 

H2N-GVAPGS(GalNAc)T(GalNAc)APPA-CONH2 (2.18) 
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H2N-GVAADTRP-CONH2 (2.19) 

 

 

H2N-GVAADT(GalNAc)RP-CONH2 (2.20) 
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H2N-GV(AEEAc)2APDT(GalNAc)RP-CONH2 (2.22) 

 

 

H2N-GV(PEG)6APGSTAPPA-CONH2 (2.25) 
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H2N-GV(PEG)6APGST(GalNAc)APPA-CONH2 (2.26) 

 

 

H2N-GV(PEG)6APGS(GalNAc)TAPPA-CONH2 (2.27) 
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H2N-GV(PEG)6APGS(GalNAc)T(GalNAc)APPA-CONH2 (2.28) 

 

 

H2N-GV(PEG)6APPATSGPA-CONH2 (2.29) 
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H2N-GV(PEG)6APDTRP-CONH2 (2.30) 

 

 

BCN-GV(PEG)6APDT(GalNAc)RP-CONH2 (3.7) 
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BCN-GV(PEG)6APGST(GalNAc)APPA-CONH2 (3.8) 

 

 

BCN-GV(PEG)6APGS(GalNAc)TAPPA-CONH2 (3.9) 
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BCN-GV(PEG)6APGS(GalNAc)T(GalNAc)APPA-CONH2 (3.10) 
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10.2 Plasmid Sequences 

pSAB2.2-LPETGA 
The pSAB2.2-LPETGA plasmid containing CTB-LPETGA was derived from pMAL-

p5X plasmid available from NEB. This plasmid was used to express CTB-LPETGA 

as prepared by Darren Machin (University of Leeds). CTB-LPETGA is shown in red 

text, the periplasmic targeting sequence purple text, and the SphI and PstI restriction 

sites used for sub-cloning by green and blue highlighting respectively. 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAG

AGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGC

CGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAA

AACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG

GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGC

CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTG

CCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGT

GCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA

GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTC

TGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCG

TGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGT

TCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATT

CAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCAT

GCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGG

CGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTTCG

GTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCAT

CAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTC

AGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAAC

CACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA

GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTA

AGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCACGGT

GCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGCTGTGCAGGTCG

TAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTTTTTG

CGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATC

GGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCCAGT

CCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAGGACCATAGATTATGAGCTTTAAG

AAAATTATCAAGGCATTTGTTATCATGGCTGCTTTGGTATCTGTTCAGGCGCATGCAACT

CCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATACGCTAAA

TGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATGGCTATCATTA

CTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATAGATTCAC

AAAAAAAGGCAATCGAACGTATGAAGGATACCCTGAGGATTGCATATCTTACTGAAGCT

AAAGTCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATCGCCGCAATTAG

TATGGCAAACAATGGCGGTAACCTGCCGGAAACCGGTGCGTAAGTTTTCCCTGCAGGTA

ATTAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTA

TCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGA

ACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAG

GCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCT

TTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAA

CCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCG

TGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACG

CTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACT

GGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTCCCAATGA

TGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAG

AGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCA

CAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACC

ATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCT
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AACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGA

GCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCA

ACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTA

ATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGC

TGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGC

AGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTC

AGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAG

CATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTCCTTAGGACT

GAGCGTCAACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT

AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATC

AAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAAT

ACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCT

ACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGT

CTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAAC

GGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACC

TACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTA

TCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAAC

GCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGT

GATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGG

TTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGT

GGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCG

AGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTT

ACGCATCTGTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGC

GCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCAT

CCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGT

CATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGAT

TCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAAT

GTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGAT

GCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAG

GATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGG

GTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATG

CCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGA

TGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAA

ACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCA

GTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCG

CCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACC

CAACGCTGCCCGAAATT 

 

pGW-CTB-LPETGAS-H6 
The pGW-CTB-LPETGAS-H6 plasmid containing CTB-LPETGAS-His6 was derived 

from the pSAB2.2-LPETGA plasmid containing CTB-LPETGA made by Darren 

Machin (University of Leeds). This plasmid was used to express CTB-LPETGAS-

His6 as prepared by Gemma Wildsmith (University of Leeds) by first removing the 

periplasmic targeting sequence then inserting a His6 tag and reintroducing 

Methionine(1). CTB-LPETGAS-His6 is shown in red text and the MfeI and PstI 

restriction sites used for sub-cloning by green and blue highlighting respectively. 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAG

AGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGC

CGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAA

AACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG

GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGC

CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTG
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CCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGT

GCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA

GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTC

TGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCG

TGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGT

TCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATT

CAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCAT

GCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGG

CGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTTCG

GTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCAT

CAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTC

AGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAAC

CACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA

GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTA

AGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCACGGT

GCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGCTGTGCAGGTCG

TAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTTTTTG

CGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATC

GGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCCAGT

CCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAGGACCATAGATGACTCCTCAAAAT

ATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATACGCTAAATGATAAGAT

CTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATGGCTATCATTACTTTTAAGA

ATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATAGATTCACAAAAAAAG

GCAATCGAACGTATGAAGGATACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGA

AAAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAA

ACAATGGCGGTAACCTGCCGGAAACCGGTGCGAGCCACCATCATCATCATCATTAATAA

GTTTTCCCTGCAGGTAATTAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAAAGAC

TGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCG

CCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGCGGGCAGGACGCC

CGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGACGGATGGCCTTTTT

GCGTTTCTACAAACTCTTTCGGTCCGTTGTTTATTTTTCTAAATACATTCAAATATGTATC

CGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATG

AGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTT

TGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAG

TGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAA

GAACGTTTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGT

GTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGT

TGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTAT

GCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATC

GGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT

TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACG

ATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCT

AGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTC

TGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTG

GGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTA

TCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGAT

AGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA

GATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAAGGATCTTCTTGA

GATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCG

GTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGC

AGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAA

GAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGC

CAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGG

CGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGAC

CTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAG

GGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA

GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCT

GACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCC

AGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTC

CTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCG
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CTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCG

CCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATAAGGTGC

ACTGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGA

CGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGC

ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTC

ATCAGCGTGGTCGTGCAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTT

GAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGG

TTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAAT

GATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCC

GGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAG

AAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGG

GTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTC

CGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTC

GCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGC

TAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCAT

GCGCACCCGTGGCCAGGACCCAACGCTGCCCGAAATT 

 

pET30b (including Sortase7M-His6) 
The pET30b plasmid containing Sortase7M with a C-terminal His tag was produced 

by Tomasz Kaminski (University of Leeds).  Sortase7M-His6 is shown with red text 

and the NdeI and XhoI restriction sites used for sub-cloning by green and blue 

highlighting respectively.  

TGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCA

GCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTC

AGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT

CAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGC

TGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATA

AGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAAC

GACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCG

AAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCA

CGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACC

TCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAAC

GCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCT

TTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATA

CCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA

GCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCAATGGTGC

ACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGC

TACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGA

CGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGC

ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTC

ATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTT

GAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGG

TTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAAT

GATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCC

GGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAG

AAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGG

GTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTC

CGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTC

GCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGC

TAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCAT

GCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGG

TGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAG

CGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGA

GCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCG
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ACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGG

CATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTC

ACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC

GCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGA

GACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGT

CCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATA

TAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATGTCCGCACCAACGCGC

AGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAG

CATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACAT

GGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTT

ATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGC

GCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCA

TGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGG

AACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAA

TGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCG

ACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGA

TTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGC

CAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCA

GCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGT

TCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAAC

GTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATA

CCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGA

CTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAA

GGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACC

ATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATC

GGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCA

CGATGCGTCCGGCGTAGAGGATCGAGATCGATCTCGATCCCGCGAAATTAATACGACTC

ACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTT

AAGAAGGAGATATACATATGCAAGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGT

GGCAGGCTATATTGAAATTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAG

CAACACGCGAACAATTAAATAGAGGTGTAAGCTTTGCAAAAGAAAATCAATCACTAGAT

GATCAAAATATTTCTATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTACA

AATCTTAAAGCAGCCAAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACG

TAAGTATAAAATGACAAGTATAAGAAACGTTAAGCCAACAGCTGTAGAAGTTCTGGATG

AACAAAAAGGTAAAGATAAACAATTAACATTAATTACTTGTGATGATTACAATGAAGAG

ACAGGCGTTTGGGAAACACGTAAAATCTTTGTAGCTACAGAAGTCAAACTCGAGCACCA

CCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTG

CTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGG

GGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGC

GGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAG

CGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTT

CCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCAC

CTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATA

GACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAA

ACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCG

ATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAAC

AAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCT

ATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAA

AACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATAT

TTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGAT

GGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTAA

TTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAAT

CCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCAT

TACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCT

GAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATG

CAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATT

CTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCAT

CAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTT

AGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAAC

AACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACA
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TTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGC

CTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATG

TAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTG

AGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCT 

 

pET28a (including CBD-Sortase7M) 
The pET28a plasmid containing Sortase7M with a N-terminal His6-Chitin binding 

domain was designed by Michael Webb (University of Leeds) and ordered 

from/synthesised by genscript. This plasmid was used to express CBD-Sortase7M. 

Sortase7M is shown with red text, the chitin binding domain is shown in blue text and 

the XbaI and NdeI restriction sites used for sub-cloning by green and blue highlighting 

respectively. 

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGC

GCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTC

CTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGG

GTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC

ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTT

CTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTC

TTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTA

ACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTT

TCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTA

TCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTAT

TCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAA

ACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACT

CGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAG

AAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTT

CCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAACCA

AACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAA

GGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAA

CAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGA

TCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGA

AGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCA

ACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGA

TAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCA

GCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTC

ATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAAT

CCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGAT

CTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGC

TACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTG

GCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCAC

CACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTG

GCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACC

GGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAG

CGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCT

TCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAG

CGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCG

CCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAA

AAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACAT

GTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCT

GATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGG

AAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATAT

ATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCG
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CTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGC

GCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGG

GAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGT

AAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCA

GCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAA

GGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGG

GGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGA

ACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGG

ACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTT

CCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGC

TGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGC

TCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTC

ATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCA

CGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAA

CGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATAC

CGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGA

CCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT

GCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCT

CAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGT

TGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCG

GCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACC

AGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAA

GCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCG

GGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAA

CGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCA

ACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACC

GGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAG

ATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTA

ACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCG

TCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAA

CGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGAT

AGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAG

GCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCG

CGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGC

AACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGT

AATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGG

CCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCG

TATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCAT

GCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTT

ATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCG

CCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCC

TGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTT

CCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATG

CCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGA

CTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAAC

TTTAAGAAGGAGATATACCATGCAACATCACCATCACCATCACGGCGAATTCACGACAA

ATCCTGGTGTATCCGCTTGGCAGGTCAACACAGCTTATACTGCGGGACAGTTGGTCACAT

ATAACGGCAAGACGTATAAATGTTTGCAGCCCCACACCTCCTTGGCAGGATGGGAACCA

TCCAACGTTCCTGCCTTGTGGCAGCTTGGTTCTCAATTGTCTCAGGCTAAACCTCAAATT

CCGAAAGATAAATCAAAAGTGGCAGGCTATATTGAAATTCCAGATGCTGATATTAAAGA

ACCAGTATATCCAGGACCAGCAACACGCGAACAATTAAATAGAGGTGTAAGCTTTGCAA

AAGAAAATCAATCACTAGATGATCAAAATATTTCTATTGCAGGACACACTTTCATTGACC

GTCCGAACTATCAATTTACAAATCTTAAAGCAGCCAAAAAAGGTAGTATGGTGTACTTT

AAAGTTGGTAATGAAACACGTAAGTATAAAATGACAAGTATAAGAAACGTTAAGCCAA

CAGCTGTAGAAGTTCTGGATGAACAAAAAGGTAAAGATAAACAATTAACATTAATTACT

TGTGATGATTACAATGAAGAGACAGGCGTTTGGGAAACACGTAAAATCTTTGTAGCTAC

AGAAGTCAAAGGATCTGGTTCACATATGGCTATCCATGGTGGATCCTGACTCGAGCACC

ACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCT

GCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAG

GGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT 
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pTRB-W88E (including CTB(W88E)) 
The pTRB-W88E plasmid containing CTB(W88E) was derived from pSAB2.2 

plasmid available produced by Dr James Ross (University of Leeds). This plasmid 

was used to express CTB(W88E) as prepared by Thomas Branson (University of 

Leeds). CTB(W88E) is shown in red text, the periplasmic targeting sequence purple 

text, and the SphI and PstI restriction sites used for sub-cloning by green and blue 

highlighting respectively. 

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAG

AGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGC

CGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAA

AACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG

GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGC

CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTG

CCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGT

GCACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA

GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTC

TGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCG

TGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGT

TCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATT

CAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCAT

GCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGG

CGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTTCG

GTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCAT

CAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTC

AGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAAC

CACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA

GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTA

AGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCACGGT

GCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGCTGTGCAGGTCG

TAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTTTTTG

CGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATC

GGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCCAGT

CCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAGGACCATAGATTATGAGCTTTAAG

AAAATTATCAAGGCATTTGTTATCATGGCTGCTTTGGTATCTGTTCAGGCGCATGCAACT

CCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATACGCTAAA

TGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATGGCTATCATTA

CTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATAGATTCAC

AAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAGGATTGCATATCTTACTGAAGCT

AAAGTCGAAAAGTTATGTGTAGAGAATAATAAAACGCCTCATGCGATCGCCGCAATTAG

TATGGCAAACTAAGTTTTCCCTGCAGGTAATTAAATAAGCTTCAAATAAAACGAAAGGC

TCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGT

AGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGGAGGGTGGC

GGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCATCCTGAC

GGATGGCCTTTTTGCGTTTCTACAAACTCTTTCGGTCCGTTGTTTATTTTTCTAAATACAT

TCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAA

AAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTT

TGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCA

GTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGA

GTTTTCGCCCCGAAGAACGTTTCCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCG

CGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTC

AGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACA

GTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACT

TCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATC

ATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAG
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CGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGA

ACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTG

CAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAG

CCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCC

CGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACA

GATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTC

ATATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCCGTAGAAAAGATCAAA

GGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCA

CCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTA

ACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGG

CCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACC

AGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT

TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTG

GAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCA

CGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGG

AGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGT

TTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTAT

GGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTC

ACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTG

AGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAA

GCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGC

ATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTG

ACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCT

CCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTG

CGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACAGATGTCTGCCTGTTCATCCGCG

TCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATG

TTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCA

TGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGAT

GAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCG

GGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTG

TTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGC

GCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTT

GCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGAT

TCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAG

CACGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGAAATT 

 

pET11a (including SAP-LPETGA (E167Q)) 
The pET11a plasmid containing SAP-LPETGA (E167Q) was designed by Bruce 

Turnbull (University of Leeds) and ordered from/synthesised by genscript. SAP-

LPETGA (E167Q) is shown in red text and the NdeI and BamHI restriction sites used 

for sub-cloning by green and blue highlighting respectively. 

TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAAT

AATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTG

TTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAAT

GCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTAT

TCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTA

AAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAG

CGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAA

AGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTC

GCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCAT

CTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAA

CACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTT

TGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAA

GCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGCAACAACGTTGCG
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CAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGAT

GGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTAT

TGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGC

CAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATG

GATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACT

GTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAA

AGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTT

TCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTT

TTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGT

TTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCA

GATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGT

AGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGA

TAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGT

CGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGA

ACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAG

GCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTC

CAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGC

GTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCG

GCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC

CCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAG

CCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGG

TATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTAC

AATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGG

GTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCT

GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGA

GGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGG

TCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCC

AGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGT

TTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATG

AAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGA

ACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACT

CAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCA

GCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCA

GACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTT

TTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTA

AGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCG

TGGCCAGGACCCAACGCTGCCCGAGATGCGCCGCGTGCGGCTGCTGGAGATGGCGGACG

CGATGGATATGTTCTGCCAAGGGTTGGTTTGCGCATTCACAGTTCTCCGCAAGAATTGAT

TGGCTCCAATTCTTGGAGTGGTGAATCCGTTAGCGAGGTGCCGCCGGCTTCCATTCAGGT

CGAGGTGGCCCGGCTCCATGCACCGCGACGCAACGCGGGGAGGCAGACAAGGTATAGG

GCGGCGCCTACAATCCATGCCAACCCGTTCCATGTGCTCGCCGAGGCGGCATAAATCGC

CGTGACGATCAGCGGTCCAGTGATCGAAGTTAGGCTGGTAAGAGCCGCGAGCGATCCTT

GAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTGGACAGCATGGCCTGCAACGCGGGC

ATCCCGATGCCGCCGGAAGCGAGAAGAATCATAATGGGGAAGGCCATCCAGCCTCGCGT

CGCGAACGCCAGCAAGACGTAGCCCAGCGCGTCGGCCGCCATGCCGGCGATAATGGCCT

GCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGC

AAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTC

CTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGA

AGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACT

GGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACT

TACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCT

GCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTG

GTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGA

GAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGAT

GGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGA

GATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCA

TCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGG

TTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTT

GATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTT

AATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCC
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CAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGA

CATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGG

TCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCAC

CGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACC

CAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCA

GACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACG

CGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCA

GAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATA

CTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCC

GGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCG

ACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTT

GAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCG

GCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCG

AGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGG

CGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGA

AATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATA

ATTTTGTTTAACTTTAAGAAGGAGATATACATATGAGCCACACCGACCTGAGCGGTAAA

GTGTTCGTTTTTCCGCGTGAGAGCGTGACCGATCACGTTAACCTGATCACCCCGCTGGAA

AAGCCGCTGCAGAACTTCACCCTGTGCTTTCGTGCGTACAGCGACCTGAGCCGTGCGTAC

AGCCTGTTCAGCTATAACACCCAAGGCCGTGATAACGAGCTGCTGGTGTATAAAGAGCG

TGTTGGTGAATACAGCCTGTATATTGGCCGTCACAAGGTGACCAGCAAAGTTATCGAAA

AGTTTCCGGCGCCGGTGCACATTTGCGTTAGCTGGGAGAGCAGCAGCGGTATCGCGGAA

TTCTGGATTAACGGCACCCCGCTGGTGAAGAAAGGTCTGCGTCAGGGCTACTTTGTGGA

GGCGCAACCGAAAATCGTTCTGGGTCAGGAACAAGACAGCTATGGTGGCAAGTTCGATC

GTAGCCAGAGCTTTGTGGGCGAGATCGGCGACCTGTACATGTGGGATAGCGTTCTGCCG

CCGCAGAACATTCTGAGCGCGTATCAAGGTACCCCGCTGCCGGCGAACATCCTGGACTG

GCAAGCGCTGAACTACGAGATTCGTGGTTATGTTATCATTAAACCGCTGGTGTGGGTTGG

TAGCGGTCTGCCGGAAACCGGTGCGCACCACCACCACCACCACTAAGGATCCGGCTGCT

AACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATA

ACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATC

CGGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAACCAAGCCTATGCCTACAGCATC

CAGGGTGACGGTGCCGAGGATGACGATGAGCGCATTGTTAGATTTCATACACGGTGCCT

GACTGCGTTAGCAATTTAACTGTGATAAACTACCGCATTAAAGCTTATCGATGATAAGCT

GTCAAACATGAGAA 

 

pET-29b (including CRP-LPETGAS & downstream kil peptide) 
The pET-29b plasmid containing CRP-LPETGA was designed by Jonathan Dolan 

(University of Leeds) and ordered from/synthesised by Twist Bioscience. CRP-

LPETGA is shown in red text, E.coli alkaline phosphatase signal peptide is shown in 

purple text. The NdeI and EcoRI restriction sites used for sub-cloning is highlighted 

in green and blue respectively. The sequence for the downstream kil peptide is shown 

in blue text. The Shine-Dalgarno sequence for the kil peptide is highlighted in yellow. 

The PstI and HindIII restriction sites used for sub-cloning is highlighted in pink and 

red respectively. The kil peptide was not isolated/purified and only used for the export 

of CRP-LPETGA from the periplasm to the media. 

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATT

TTGTTTAACTTTAAGAAGGAGATATACATATGAAGCAGTCAACCATCGCGTTAGCTTTAT

TGCCTCTGCTTTTCACTCCCGTAACCAAGGCTCAAACCGATATGTCTCGCAAAGCCTTCG

TTTTCCCGAAGGAATCAGACACCAGTTACGTCAGTCTTAAGGCCCCTCTGACCAAACCAT

TAAAGGCATTTACGGTTTGTTTACATTTCTATACAGAGCTCAGCAGCACACGCGGATATT
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CGATCTTTAGCTACGCGACTAAACGCCAGGATAACGAAATCTTGATCTTCTGGTCCAAA

GACATCGGCTATTCGTTCACGGTAGGCGGCAGTGAGATTCTTTTCGAAGTCCCAGAGGTT

ACGGTTGCGCCGGTGCATATCTGCACTAGTTGGGAATCTGCTTCTGGCATTGTTGAATTT

TGGGTTGACGGCAAACCGCGTGTACGCAAATCACTTAAGAAAGGTTATACCGTTGGCGC

CGAGGCGAGTATTATTTTAGGTCAAGAACAAGACAGTTTTGGCGGCAATTTCGAGGGCT

CACAGAGCTTAGTCGGTGATATCGGGAACGTAAATATGTGGGATTTCGTATTGAGTCCG

GACGAAATCAATACGATTTACTTGGGTGGTCCGTTTTCTCCAAACGTGTTGAATTGGCGT

GCCTTGAAATACGAGGTTCAGGGCGAGGTGTTTACAAAGCCGCAATTATGGCCGGGCAG

TGGCTTGCCAGAGACAGGAGCCTCTCATCACCACCACCACCACTAAGAATTCTGAAGGT

TACGACTGCAGAGGAGGTTATACGTATGCGTAAGCGTTTCTTCGTTGGCATCTTTGCTAT

CAATCTGCTGGTAGGGTGCCAAGCCAATTACATCCCGGACGTGCAAGGCGGCACTATTG

CGCCGAGTAGCAGTTCGAAACTTACCGGCATTGCAGTCCAATAGAAGCTTCTCGAGCAC

CACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGC

TGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGA

GGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTA

GCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCC

AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCT

TTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGC

ACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGA

TAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCC

AAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGC

CGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTA

ACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCC

CTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGA

AAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCAT

ATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGG

ATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATT

AATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGA

ATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCC

ATTACGCTCGTCATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGC

CTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAA

TGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATA

TTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATC

ATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGT

TTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAA

ACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGA

CATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCG

GCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTA

TGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC

TGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGC

GTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGA

TCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAA

ATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGC

CTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGT

GTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGA

ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATA

CCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGG

TATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAA

ACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTT

GTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTAC

GGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCT

GTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGAC

CGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCC

TTACGCATCTGTGCGGTATTTCACACCGCAATGGTGCACTCTCAGTACAATCTGCTCTGA

TGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCG

CCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCC

GCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCA

TCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTC

ACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGT

CTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGC
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CTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGA

TGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGT

AAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCC

AGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATG

CAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAAC

ACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGT

CGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCC

AGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATG

CCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGC

TTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGC

TCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACG

AGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCA

CCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCT

AATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAA

ACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGT

ATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTT

CACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGC

GAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGT

CGTATCCCACTACCGAGATGTCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGC

ATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTC

ATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTC

CGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGAC

GCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCG

ACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGAT

GGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCA

CAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGC

GCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGAC

ACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGA

CGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCG

CCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTT

TTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGAT

AAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCC

TGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGA

TGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGT

AGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGG

CGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTC

ATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCC

AGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCG

AGATCGATCTCGATCCCGCGAAAT 

 

pET-29b (CRP-LPETGAS) 
The pET-29b plasmid described in section 5.3.1 containing CRP-LPETGA was 

modified through 2 rounds of mutagenesis. The first round removed the downstream 

Shine Dalgarno ribosomal binding site and kil gene; the second removed the E.coli 

alkaline phosphatase periplasmic signal peptide. CRP-LPETGA is shown in red text, 

the NdeI and EcoRI restriction sites used for sub-cloning is highlighted in green and 

blue respectively. 

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATT

TTGTTTAACTTTAAGAAGGAGATATACATATGCAAACCGATATGTCTCGCAAAGCCTTCG

TTTTCCCGAAGGAATCAGACACCAGTTACGTCAGTCTTAAGGCCCCTCTGACCAAACCAT

TAAAGGCATTTACGGTTTGTTTACATTTCTATACAGAGCTCAGCAGCACACGCGGATATT

CGATCTTTAGCTACGCGACTAAACGCCAGGATAACGAAATCTTGATCTTCTGGTCCAAA

GACATCGGCTATTCGTTCACGGTAGGCGGCAGTGAGATTCTTTTCGAAGTCCCAGAGGTT
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ACGGTTGCGCCGGTGCATATCTGCACTAGTTGGGAATCTGCTTCTGGCATTGTTGAATTT

TGGGTTGACGGCAAACCGCGTGTACGCAAATCACTTAAGAAAGGTTATACCGTTGGCGC

CGAGGCGAGTATTATTTTAGGTCAAGAACAAGACAGTTTTGGCGGCAATTTCGAGGGCT

CACAGAGCTTAGTCGGTGATATCGGGAACGTAAATATGTGGGATTTCGTATTGAGTCCG

GACGAAATCAATACGATTTACTTGGGTGGTCCGTTTTCTCCAAACGTGTTGAATTGGCGT

GCCTTGAAATACGAGGTTCAGGGCGAGGTGTTTACAAAGCCGCAATTATGGCCGGGCAG

TGGCTTGCCAGAGACAGGAGCCTCTCATCACCACCACCACCACTAAGAATTCTGAAGGT

TACGACTGCAGAAGCTTCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAAC

AAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACC

CCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG

GATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTA

CGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCC

CTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTT

AGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG

GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCA

CGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCT

ATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGA

TTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCAC

TTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATAT

GTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATT

TATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAG

AAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCG

ACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGT

GAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTATGCATTTC

TTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAAC

CAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAA

AAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATC

AACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGG

GATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCG

GAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGG

CAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATC

GATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAAT

CAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAATATGGC

TCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAA

ATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGG

ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACC

GCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAAC

TGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCC

ACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAG

TGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTA

CCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGG

AGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCAC

GCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGA

GAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTT

TCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATG

GAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCA

CATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGA

GCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAG

CGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA

ATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCG

CTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGC

GCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGG

GAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGT

AAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCA

GCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAA

GGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGG

GGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGA

ACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGG

ACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTT

CCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGC
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TGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGC

TCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTC

ATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCA

CGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAA

CGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATAC

CGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGA

CCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT

GCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCT

CAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGT

TGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCG

GCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACC

AGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAA

GCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCG

GGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATGTCCGCACCAA

CGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCA

ACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACC

GGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAG

ATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTA

ACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCG

TCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAA

CGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGAT

AGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAG

GCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCG

CGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGC

AACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGT

AATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGG

CCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCG

TATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCAT

GCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTT

ATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCG

CCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCC

TGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTT

CCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATG

CCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCGATCTCGATCCCGCGAAAT
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10.3 Protein Sequences 

All DNA sequences are given in the 5’ - 3’ direction, beginning with the 5’ restriction 

site and ending with the 3’ restriction site. The coding sequence for the protein is 

shown with red text. All amino acid sequences are given in the N-terminal to C-

terminal direction showing the expressed protein sequence without the periplasmic 

signal peptide (if appropriate). 

 

CTB-LPETGA 
DNA insert sequence 
GCATGCAACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATAT

ATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATG

GCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACAT

ATAGATTCACAAAAAAAGGCAATCGAACGTATGAAGGATACCCTGAGGATTGCATATCT

TACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATCG

CCGCAATTAGTATGGCAAACAATGGCGGTAACCTGCCGGAAACCGGTGCGTAAGTTTTC

CCTGCAG 

Expressed amino acid sequence 
TPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHIDSQKKA

IERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANNGGNLPETGA 

 

CTB-His6 
DNA insert sequence 
CAATTGACCAACAAGGACCATAGATGACTCCTCAAAATATTACTGATTTGTGCGCAGAA

TACCACAACACACAAATATATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCT

AGCGGGAAAAAGAGAGATGGCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAG

AGGTACCAGGTAGTCAACATATAGATTCACAAAAAAAGGCAATCGAACGTATGAAGGA

TACCCTGAGGATTGCATATCTTACTGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATA

ATAAAACGCCTCATGCGATCGCCGCAATTAGTATGGCAAACAATGGCGGTAACCTGCCG

GAAACCGGTGCGAGCCACCATCATCATCATCATTAATAAGTTTTCCCTGCAG 

Expressed amino acid sequence 
MTPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHIDSQKK

AIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANNGGNLPETGASHHHHHH 

 

Sortase7M-His6 
DNA insert sequence 
CATATGCAAGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGTGGCAGGCTATATTGA

AATTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACACGCGAACAAT

TAAATAGAGGTGTAAGCTTTGCAAAAGAAAATCAATCACTAGATGATCAAAATATTTCT

ATTGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTACAAATCTTAAAGCAGCC

AAAAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACGTAAGTATAAAATGAC

AAGTATAAGAAACGTTAAGCCAACAGCTGTAGAAGTTCTGGATGAACAAAAAGGTAAA

GATAAACAATTAACATTAATTACTTGTGATGATTACAATGAAGAGACAGGCGTTTGGGA

AACACGTAAAATCTTTGTAGCTACAGAAGTCAAACTCGAGCACCACCACCACCACCAC 
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Expressed amino acid sequence 
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAKENQSLDDQNISIAGHT

FIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQKGKDKQLTLI

TCDDYNEETGVWETRKIFVATEVKLEHHHHHH 

 

CBD-Sortase7M 
DNA insert sequence 
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGCAACATCACCATCACC

ATCACGGCGAATTCACGACAAATCCTGGTGTATCCGCTTGGCAGGTCAACACAGCTTAT

ACTGCGGGACAGTTGGTCACATATAACGGCAAGACGTATAAATGTTTGCAGCCCCACAC

CTCCTTGGCAGGATGGGAACCATCCAACGTTCCTGCCTTGTGGCAGCTTGGTTCTCAATT

GTCTCAGGCTAAACCTCAAATTCCGAAAGATAAATCAAAAGTGGCAGGCTATATTGAAA

TTCCAGATGCTGATATTAAAGAACCAGTATATCCAGGACCAGCAACACGCGAACAATTA

AATAGAGGTGTAAGCTTTGCAAAAGAAAATCAATCACTAGATGATCAAAATATTTCTAT

TGCAGGACACACTTTCATTGACCGTCCGAACTATCAATTTACAAATCTTAAAGCAGCCAA

AAAAGGTAGTATGGTGTACTTTAAAGTTGGTAATGAAACACGTAAGTATAAAATGACAA

GTATAAGAAACGTTAAGCCAACAGCTGTAGAAGTTCTGGATGAACAAAAAGGTAAAGA

TAAACAATTAACATTAATTACTTGTGATGATTACAATGAAGAGACAGGCGTTTGGGAAA

CACGTAAAATCTTTGTAGCTACAGAAGTCAAAGGATCTGGTTCACATATGGCTATCCATG

GTGGATCC 

Expressed amino acid sequence 
MQHHHHHHGEFTTNPGVSAWQVNTAYTAGQLVTYNGKTYKCLQPHTSLAGWEPSNVPAL

WQLGSQLSQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAKENQSLDDQ

NISIAGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQKG

KDKQLTLITCDDYNEETGVWETRKIFVATEVKGSGSHMAIHGGS 

 

Verotoxin (VTB) 
DNA insert sequence 
ATGAAAAAACATTTATTAATAGCTGCATCGCTTTCATTTTTTTCAGCAAGTGCGCTGGCG

ACGCCTGATTGTGTAACTGGAAAGGTGGAGTATACAAAATATAATGATGACGATACCTT

TACAGTTAAAGTGGGTGATAAAGAATTATTTACCAACAGATGGAATCTTCAGTCTCTTCT

TCTCAGTGCGCAAATTACGGGGATGACTGTAACCATTAAAACTAATGCCTGTCATAATG

GAGGGGGATTCAGCGAAGTTATTTTTCGTTGA 

Expressed amino acid sequence 
TPDCVTGKVEYTKYNDDDTFTVKVGDKELFTNRWNLQSLLLSAQITGMTVTIKTNACHNGG

GFSEVIFR 

 

CTB(W88E) 
DNA insert sequence 
GCATGCAACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATAT

ATACGCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATG

GCTATCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACAT

ATAGATTCACAAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAGGATTGCATATCT

TACTGAAGCTAAAGTCGAAAAGTTATGTGTAGAGAATAATAAAACGCCTCATGCGATCG

CCGCAATTAGTATGGCAAACTAAGTTTTCCCTGCAG 

Expressed amino acid sequence 
TPQNITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMAIITFKNGAIFQVEVPGSQHIDSQKKA

IERMKDTLRIAYLTEAKVEKLCVENNKTPHAIAAISMAN 
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SAP-LPETGA (E167Q) 
DNA insert sequence 
CATATGAGCCACACCGACCTGAGCGGTAAAGTGTTCGTTTTTCCGCGTGAGAGCGTGAC

CGATCACGTTAACCTGATCACCCCGCTGGAAAAGCCGCTGCAGAACTTCACCCTGTGCTT

TCGTGCGTACAGCGACCTGAGCCGTGCGTACAGCCTGTTCAGCTATAACACCCAAGGCC

GTGATAACGAGCTGCTGGTGTATAAAGAGCGTGTTGGTGAATACAGCCTGTATATTGGC

CGTCACAAGGTGACCAGCAAAGTTATCGAAAAGTTTCCGGCGCCGGTGCACATTTGCGT

TAGCTGGGAGAGCAGCAGCGGTATCGCGGAATTCTGGATTAACGGCACCCCGCTGGTGA

AGAAAGGTCTGCGTCAGGGCTACTTTGTGGAGGCGCAACCGAAAATCGTTCTGGGTCAG

GAACAAGACAGCTATGGTGGCAAGTTCGATCGTAGCCAGAGCTTTGTGGGCGAGATCGG

CGACCTGTACATGTGGGATAGCGTTCTGCCGCCGCAGAACATTCTGAGCGCGTATCAAG

GTACCCCGCTGCCGGCGAACATCCTGGACTGGCAAGCGCTGAACTACGAGATTCGTGGT

TATGTTATCATTAAACCGCTGGTGTGGGTTGGTAGCGGTCTGCCGGAAACCGGTGCGCA

CCACCACCACCACCACTAAGGATCC 

Expressed amino acid sequence 
MSHTDLSGKVFVFPRESVTDHVNLITPLEKPLQNFTLCFRAYSDLSRAYSLFSYNTQGRDNEL

LVYKERVGEYSLYIGRHKVTSKVIEKFPAPVHICVSWESSSGIAEFWINGTPLVKKGLRQGYF

VEAQPKIVLGQEQDSYGGKFDRSQSFVGEIGDLYMWDSVLPPQNILSAYQGTPLPANILDWQ

ALNYEIRGYVIIKPLVWVGSGLPETGAHHHHHH 

 

CRP-LPETGAS (with PhoA periplasmic signal peptide) 
DNA insert sequence 
CATATGAAGCAGTCAACCATCGCGTTAGCTTTATTGCCTCTGCTTTTCACTCCCGTAACC

AAGGCTCAAACCGATATGTCTCGCAAAGCCTTCGTTTTCCCGAAGGAATCAGACACCAG

TTACGTCAGTCTTAAGGCCCCTCTGACCAAACCATTAAAGGCATTTACGGTTTGTTTACA

TTTCTATACAGAGCTCAGCAGCACACGCGGATATTCGATCTTTAGCTACGCGACTAAACG

CCAGGATAACGAAATCTTGATCTTCTGGTCCAAAGACATCGGCTATTCGTTCACGGTAGG

CGGCAGTGAGATTCTTTTCGAAGTCCCAGAGGTTACGGTTGCGCCGGTGCATATCTGCAC

TAGTTGGGAATCTGCTTCTGGCATTGTTGAATTTTGGGTTGACGGCAAACCGCGTGTACG

CAAATCACTTAAGAAAGGTTATACCGTTGGCGCCGAGGCGAGTATTATTTTAGGTCAAG

AACAAGACAGTTTTGGCGGCAATTTCGAGGGCTCACAGAGCTTAGTCGGTGATATCGGG

AACGTAAATATGTGGGATTTCGTATTGAGTCCGGACGAAATCAATACGATTTACTTGGGT

GGTCCGTTTTCTCCAAACGTGTTGAATTGGCGTGCCTTGAAATACGAGGTTCAGGGCGAG

GTGTTTACAAAGCCGCAATTATGGCCGGGCAGTGGCTTGCCAGAGACAGGAGCCTCTCA

TCACCACCACCACCACTAAGAATTC 

Expressed amino acid sequence 
QTDMSRKAFVFPKESDTSYVSLKAPLTKPLKAFTVCLHFYTELSSTRGYSIFSYATK

RQDNEILIFWSKDIGYSFTVGGSEILFEVPEVTVAPVHICTSWESASGIVEFWVDGKP

RVRKSLKKGYTVGAEASIILGQEQDSFGGNFEGSQSLVGDIGNVNMWDFVLSPDEI

NTIYLGGPFSPNVLNWRALKYEVQGEVFTKPQLWPGSGLPETGASHHHHHH 

 

ColE1 release-lysis protein (Kil gene)  
The ColE1 was not isolated/purified and only used for the export of CRP-LPETGA 

from the periplasm to the media. This was deleted from the plasmid used to express 

CRP-LPETGAS as it resulted in cell lysis and no soluble protein was recovered during 

its use. Its DNA and amino acid sequences are included here for future reference. 
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DNA insert sequence 
CTGCAGAGGAGGTTATACGTATGCGTAAGCGTTTCTTCGTTGGCATCTTTGCTATCAATC

TGCTGGTAGGGTGCCAAGCCAATTACATCCCGGACGTGCAAGGCGGCACTATTGCGCCG

AGTAGCAGTTCGAAACTTACCGGCATTGCAGTCCAATAGAAGCTT 

Expressed amino acid sequence 
MRKRFFVGIFAINLLVGCQANYIPDVQGGTIAPSSSSKLTGIAVQ 

 

CRP-LPETGAS (without PhoA periplasmic signal peptide) 
DNA insert sequence 
CATATGCAAACCGATATGTCTCGCAAAGCCTTCGTTTTCCCGAAGGAATCAGACACCAG

TTACGTCAGTCTTAAGGCCCCTCTGACCAAACCATTAAAGGCATTTACGGTTTGTTTACA

TTTCTATACAGAGCTCAGCAGCACACGCGGATATTCGATCTTTAGCTACGCGACTAAACG

CCAGGATAACGAAATCTTGATCTTCTGGTCCAAAGACATCGGCTATTCGTTCACGGTAGG

CGGCAGTGAGATTCTTTTCGAAGTCCCAGAGGTTACGGTTGCGCCGGTGCATATCTGCAC

TAGTTGGGAATCTGCTTCTGGCATTGTTGAATTTTGGGTTGACGGCAAACCGCGTGTACG

CAAATCACTTAAGAAAGGTTATACCGTTGGCGCCGAGGCGAGTATTATTTTAGGTCAAG

AACAAGACAGTTTTGGCGGCAATTTCGAGGGCTCACAGAGCTTAGTCGGTGATATCGGG

AACGTAAATATGTGGGATTTCGTATTGAGTCCGGACGAAATCAATACGATTTACTTGGGT

GGTCCGTTTTCTCCAAACGTGTTGAATTGGCGTGCCTTGAAATACGAGGTTCAGGGCGAG

GTGTTTACAAAGCCGCAATTATGGCCGGGCAGTGGCTTGCCAGAGACAGGAGCCTCTCA

TCACCACCACCACCACTAAGAATTC 

Expressed amino acid sequence 
MQTDMSRKAFVFPKESDTSYVSLKAPLTKPLKAFTVCLHFYTELSSTRGYSIFSYATKRQDN

EILIFWSKDIGYSFTVGGSEILFEVPEVTVAPVHICTSWESASGIVEFWVDGKPRVRKSLKKGY

TVGAEASIILGQEQDSFGGNFEGSQSLVGDIGNVNMWDFVLSPDEINTIYLGGPFSPNVLNWR

ALKYEVQGEVFTKPQLWPGSGLPETGASHHHHHH
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10.4 Protein Purification 

CTB-LPETGA 

 

CTB-LPETGA Superdex S200 (26/60) 
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CTB-His6 

 

CTB-His6 Superdex S75 (26/60) 
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Sortase7M-His6 

 

Sortase7M-His6 Superdex S75 (26/60) 
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CBD-Sortase7M 

 

CBD-Sortase7M Superdex S75 (26/60) 
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Verotoxin (VTB) 
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CTB(W88E) 
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SAP-LPETGA (E167Q) 

 

*It was not possible to refold Serum amyloid P (SAP)-LPETGAS in the course of this 

project. 

 

CRP-LPETGAS  

 

CRP-LPETGAS Superdex S200 (26/60) 
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10.5 Primers 

Deletion of downstream Shine Dalgarno from CRP-LPETGAS 
 
Primer Name Sequence Annealing 

Temperature 

pet29b  

Del-SD-F1 

5' - TTA TAC GTA TGC GTA AGC G - 3' 60 °C 

pet29b 

Del-SD/Kil-R1 

5' - CTG CAG TCG TAA CCT TCA G - 3' 

 

Deletion of downstream Shine Dalgarno & Kil gene from CRP-LPETGAS 
 
Primer Name Sequence Annealing 

Temperature 

pet29b  

Del-Kil-F1 

5' - AAG CTT CTC GAG CAC CAC - 3' 64 °C 

pet29b  

Del-SD/Kil-R1 

5' - CTG CAG TCG TAA CCT TCA G - 3' 

 

Deletion of E.Coli alkaline phosphatase periplasmic signal sequence 
from CRP-LPETGAS  
 
Primer Name Sequence Annealing 

Temperature 

pet29b  

Del-PeriSignal-F 

5' - CAA ACC GAT ATG TCT CGC - 3' 56 °C 

pet29b  

Del-PeriSignal-R 

5' - CAT ATG TAT ATC TCC TTC TTA 

AAG - 3' 

 


