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Abstract

Post-translational glycosylation of proteins is an extremely complex process, involving
large enzymatic cascades leading to many heterogeneous glycoforms. Performing
glycosylation using chemical, or chemoenzymatic processes to mimic natural
glycoproteins or create synthetic neoglycoproteins, is a challenging synthetic task.
Despite the challenges in their production, homogeneous glycoproteins have many
potential applications from study of glycobiology to potential therapeutics. This work
aims to advance the chemical tools available to produce synthetic homogeneous
glycoproteins, using bioorthogonal chemistry. A bifunctional, biorthogonal linker has
been developed which combines oxime ligation and strain-promoted azide-alkyne
cycloaddition chemistry to functionalise reducing sugars and glycan derivatives for
protein attachment. This linker has been used to produce derivatives of the simple and
complex oligosaccharides lactose and GM1, and in combination with enzymatic synthetic
approaches, the lactose disaccharide has been extended to produce derivatives
trisaccharide Gb3.

GM1 and Gb3 are known ligands of the bacterial enterotoxins, cholera toxin and
verotoxin, produced by Vibrio Cholerae and Escherichia coli respectively. The
chemically reactive derivatives of these ligands have been used to develop
neoglycoprotein inhibitors of these toxins, based upon mutant pentameric protein
scaffolds engineered from the cholera toxin B-subunit; excellent inhibition of the cholera
toxin B-subunit has been observed for the resulting neoglycoprotein decorated with GM 1

ligands with a picomolar ICso, determined by ELLA inhibition studies.
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Chapter 1 An Introduction

The role of glycosylated structures in bacterial toxin infection and

methods of creating synthetic glycoproteins



1.1 Glycosylation

Glycosylation is ubiquitous throughout nature and essential for complex life. Large oligo-
and polysaccharide-decorated structures play major roles in biological systems, with
approximately 700 proteins responsible for synthesis of the mammalian glycan library.!
Glycoconjugates are grouped into three major classifications: N-linked glycoproteins, O-
linked glycoproteins and glycolipids; many examples of these are shown on the cell

surface in figure 1.1.
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Figure 1.1: Representation of a section of cell membrane showing: glycosylated membrane proteins; glycolipids
embedded in the phospholipid bilayer; and the larger mucin and proteoglycans structures, which extend high
above the cell membrane. All of these make up the dense glycosylated extracellular structure known as the
glycocalyx.

Proteins undergo a plethora of different post-translational modifications (PTM), which
lead to greater diversity in the cellular proteome. An analysis of PTM statistics in 2011
quantified data from PTM databases and showed that glycosylation (specifically N-linked
glycosylation) is the third most common experimentally-observed PTM, topping the list
of putative PTMs.? A more recent study by Duan ef al., compiled data on PTMs in the
context of profiling potential protein interactions and their possible functions, concluded
that potentially disease causing proteins or protein that could be of interest for further

research, could be identified based on their protein interaction network.?



1.1.1 N-linked glycoproteins

The process of N-glycosylation begins with the formation of a large lipid-bound donor
glycan GlcsManoGIcNAcy, on the cytosolic surface of the endoplasmic reticulum
membrane, which is then flipped into the ER lumen where it remains lipid-bound on the
luminal membrane (figure 1.2).#° The large donor glycan is transferred to the polypeptide
chain, as it is being translocated through the ER membrane from the ribosome. An
enzyme known as oligosaccharyltransferase is responsible for the transfer of the glycan
donor to asparagine residues within the peptide sequence, at glycosylation sites

characterised by an Asn-X-Ser/Thr sequence.”!*

Ribosome

Oligosaccharyl-
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Figure 1.2: A representation of the mechanism for the production of N-linked glycoproteins showing the transfer
of an oligosaccharide precursor onto the asparagine residue as the protein in translated into the lumen of the
ER.

Once glycosylated, the glycoprotein can fold into its tertiary structure, leaving the glycans
surface-exposed; the addition of such glycans profoundly influences the tertiary structure
and subsequent cellular trafficking of the mature folded protein.!>!'® The glycoprotein
then undergoes a complex sequence of glycan-processing events — this reshaping of the
carbohydrate structure has been extensively studied and reviewed, but is yet to be fully
understood.?%23 A combination of glycosidase and glycosyltransferase enzymes trim and
add different monosaccharides, dependent on the oligosaccharide composition, to create

highly complex and diverse heterogeneous glycoproteins.?% 24-26
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1.1.2 O-glycosylation

The O-glycosylation of proteins occurs through a very different process to N-
glycosylation. O-glycosylation is initiated by the linking of a GalNAc to a Ser/Thr
residue. This first GaINAc monosaccharide is then extended to form common core
structures (figure 1.3) for example by addition of Gal B-1,3 to form core 1, or by addition
of this and GalNAc B1-6, to form core 2.2” These structures are synthesised by sequential
addition of monosaccharides as the polypeptide chain travels through the Golgi.
Attachment of the initial GalNAc residue occurs post-translationally and can be carried
out by at least 21 different N-acetylgalactosaminyltransferases, that have different peptide
recognition sequences.?® Glycosyltransferases within the Golgi then recognise the
terminal saccharide and extend the chain using nucleotide sugar donors, in a process that
is compartmentally regulated within the cell, as different enzymes are found in different
regions of the Golgi. O-glycosylation is abundant in structures that are present on the cell
membrane and structures extending above the membrane that make up the glycocalyx.
Mucins and proteoglycans are the predominant O-glycosylated protein structures on the
cell surface and are vital for maintaining extracellular matrix structure and binding water,

and also play roles in regulating cell adhesion. %

O 09%%%0
Ser/Thr Protein

Figure 1.3: O-glycosylation of a protein backbone showing the starting GalNAc-Ser/Thr undergoing glycan
extension through the golgi, highlighting four core structures and examples of mature extended structures.



1.1.3 Other glycosylated structures

Glycosylation is not limited to intra- and extracellular proteins but also prevalent in
modification of lipids and lipid-linked proteins. Glycolipid structures are built upon either
ceramide or phosphatidylglycerol to create glycosphingolipids and glycophospholipids,

30

respectively, which are embedded within the membrane.”® Glycosphingolipid

biosynthesis is known to begin in the ER, and continue through the Golgi in which glycan
extension occurs before being trafficked to the membrane forming lipid rafts.’!> 32
Alternatively, phosphotidylglycerol is used in the formation of glycosylphosptidylinostol
(GPI) anchors — such structures are responsible for the anchoring of proteins to the lipid

membrane.33 3

1.2 Roles of glycosylation and lectins in disease

As has been outlined, glycosylation is abundant across many structures and the
glycosylated structures are essential for normal cellular function. Changes to glycan
structure and composition through alterations in the glycosylation pathway, can disrupt
normal cellular function. ‘Congenital disorders of glycosylation’ is the term used for
diseases relating to errors in glycosylation, arising from inherited genetic mutations and
cause disease from birth and early development. Developmental diseases of this nature
have been associated with both errors in both N- and O-linked glycoproteins, as well as
glycolipids.?>=37 Other disorders of a similar nature, such as lysosomal storage disorders,
are caused by an inability to degrade glycosylated structures. In such cases, the build-up
of glycosylated molecules has severe degenerative effects leading to disorders such as:
Tay-Sachs, Fabry, Gaucher and Hunter syndrome affecting the breakdown of glycolipids
and glycosaminoglycans (GAGs).’ ¥ Defective glycosylation in adults has also been
linked to cancer, autoimmune disorders, and diseases of the blood, gastrointestinal tract,

liver and kidneys.
1.2.1 Pathogens which exploit cell surface carbohydrates

Beyond diseases related to genetic and acquired mutations, pathogens also exploit the
carbohydrate-containing structures on their host cells, in order to infect and disrupt host
physiology, leading to illness and disease. Bacteria, virus and parasite infection is often
dependent on the recognition of glycoproteins or glycolipids for tissue adhesion and
invasion of the cell. Various pathogenic species and their glycan ligands (figure 1.4)

within the glycocalyx on the host cell surface were reviewed by Imberty ef al..** Such
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interactions are not limited to recognition of human glycans, pathogens can also exploit
lectins (carbohydrate binding proteins) on the cell surface that can recognise bacterial

polysaccharides.
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Figure 1.4: Image representing the strategies employed by pathogens for host glycan recognition and adhesion,

reproduced from Current opinion in structural biology, 18, A. Imberty, A. Varrot, Microbial recognition of the
human cell surface glyconjugates, Pg 567-576., copyright® (2008). Reproduced with permission from Elsevier.*'

Viruses are well known to interact with glycoproteins on the surface of cells through
lectins present on the viral envelope. A well understood example is the influenza virus;
the lectin hemagglutinin is a viral envelope protein which binds sialic acid-containing
glycans on the host cell surface, to initiate membrane fusion.*!-*? In the case of HIV, it is
the viral glycoprotein gp120 which binds to the human lectin DC-SIGN which recognises

4344 and ultimately infects T-cells by binding to CD4 through glycoproteins

mannose,
gp120 and gp41 on the exterior of the virion.* Bacteria have a different mechanism for
adhering to cells and colonising tissues, expressing various adhesins on the cell surface

that allow the bacteria to stick to various tissue types and colonise.*% 47

1.2.2 Bacterial toxins bind cell surface gangliosides

Some bacteria secrete toxins which are often lectins, capable of binding cell surface
carbohydrates in a multivalent manner, due to multiple carbohydrate binding domains
(CBDs). The high avidity binding to their glycan ligands is the first step in endocytosis
of the toxin.*® The ABs family of enterotoxins are comprised of a two subunit structure
with a pentameric lectin B-subunit, and a large A-subunit. The A-subunit has toxic
enzymatic activity, whereas the B-subunit lectin has no toxic activity and is only involved
in receptor recognition and cellular uptake. These types of toxins exploit the host cellular
machinery to release the toxic subunit into the cytosol and elicit their toxic effect on the

cell. Some well-known examples of these toxin-producing bacteria include Escherichia.
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coli, Shigella species and Vibrio. cholerae, which are major causes of diarrhoeal disease.
Data from the World Health Organisation (WHO) in 2016 ranked diarrhoeal disease 9™
in the top 10 causes of deaths globally, and 2" in the top 10 causes of death in low income
countries.* WHO figures show that diarrhoeal disease is a major threat to children with

a total 1.7 billion cases worldwide, killing 525,000 children under five per annum.
1.2.2.1 Cholera toxin from Vibrio cholerae

The bacterium V. cholerae is the responsible for the disease cholera, a major cause of the
gastrointestinal infection in developing countries, leading to diarrhoea, dehydration and
shock, estimated to affect 1.3-4 million people leading to between 21,000 and 143,000
deaths per annum.*® The cholera holotoxin (CT), is a prototypical ABs toxin comprised
of a toxic A-subunit (figure 1.5, CTA, blue and green) and the non-toxic pentameric B-
subunit (CTB, red).>! The five B-subunit binding sites are located on the same face of the
protein,® with each individual structural unit of the pentamer termed protomer,
containing a single binding domain.>® This is a significant structural since each protomer
can bind the cell surface ganglioside GM1 (monosialotetrahexosylganglioside), multiple
binding sites gives rise to multivalent interactions formed through binding a total of five

GM1 structures on the cell surface.>

Figure 1.5: Crystal structures of cholera holotoxin generated from the atomic co-ordinates 1SSE.pdb, and
surface representation of the binding face of the CTB-subunit bound to GM1 pentasaccharide bound, generated
from atomic co-ordinates 3CHB.pdb. The B-subunit (CTB) consists of five identical 11.5 kDa protomers which
assemble to form Bs pentameric subunit, around the A2 polypeptide chain (green).

The binding of GM1 to the B-subunit has been extensively studied through a variety of

biophysical techniques. Detailed isothermal titration calorimetry (ITC) experiments
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determined that GM10s binds with a K4 of 40 nM, making this one of the strongest known
protein-glycan interactions.> Further studies accounting for multivalent interactions to
the native GM1 ganglioside (figure 1.6) using surface plasmon resonance determined the
apparent Kq to lie in the picomolar range.’® The internalisation of the toxin proceeds
through various modes of endocytosis; it is understood that the formation of the

multivalent interaction aids this internalisation.>’
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Figure 1.6: Structure of the GM1 ganglioside, displaying the pentasaccharide binding head. (Galactose (Gal) —
yellow, N-acteyl galactosamine (GalNAc) — yellow, Sialic acid (Sia) — purple, Glucose (Glc)- blue, ceramide —
black.

1.2.2.2 Verotoxin or shiga-like toxin from E. coli

Although cholera is a widely known example of disease caused by toxin-producing
bacteria prevalent in the developing world, ABs toxin-secreting bacteria are not confined
to the poorer countries. The verotoxin (VT), also known as the shiga-like toxin, shown in
figure 1.7, is an ABs toxin produced by E. coli O157:H7 and other various
verotoxin/shiga-like toxin secreting E. coli serotypes (VTEC or STEC), which causes
diarrhoeal disease. 5-10% of infected patients then go on to develop haemolytic uremic
syndrome (HUS), and those who develop HUS face a 10% mortality rate.® STEC highest
incidences of disease in South-East Asia, Europe and American regions, obtained
through the consumption of contaminated, undercooked food. VT has no sequence
homology to the CT; however, a distinctly similar ABs structure is conserved (figure 1.7).
Isoforms VT-1 and 2 share varying amounts of sequence homology to the shiga toxin
produced by Shigella.’® VT-1 is almost completely homologous, whereas the more
virulent VT-2 shares only 50% homology.%° Co-crystallisation of the toxin B-subunit with
its Gb3 ligands, shows 15 copies of the trisaccharide in three different binding sites on
the protomer.%! Interaction of the verotoxin B-subunit (VTB) with the soluble Gbsos

ligand has a Kg, typical of that between protein-carbohydrate interactions determined to



be 1 mM from ITC and MS studies.®* % High avidity binding is observed using the native
glycolipid with a K4 of 4.2 nM, for Stx 1, determined by enzyme-linked immunosorbent
assay (ELISA).%* Stx 2 has been shown to have a lower affinity with reported binding of
Gb3 determined to have a Kq of 370 nM using radiolabelled Stx2, and 1040 nM by SPR,
the K4 using ELISA could not be determined.®* % In depth studies comparing the binding
interaction of Stx1 and Stx2 revealed that the binding of Stx2 was dependent on the
presence of other lipids/glycolipids, such as Gal-ceramide or cholesterol.** These studies
highlight the differences in binding avidity when multivalent interactions occur; the

potential binding of 15 ligands increases affinity from mM to nM Ka.

Figure 1.7: Crystal structure of the VT-1 generated from the atomic co-ordinates of 1R4P.pdb, alongside a
surface representation of the VIB-subunit bound to the Gbs trisaccharide, generated from the atomic co-
ordinates of 1BOS.pdb.

The toxin’s effect on the intestinal tract is thought to result from damage to the absorptive
epithelial cells, resulting in a net secretory effect of ions into the lumen, causing the
diarrhoeal symptoms. Many different mechanisms have been proposed for STEC and
toxin entry into tissues and bloodstream; however, it is not well understood.%® Once in the
bloodstream, tissues with high levels of Gbs ganglioside (figure 1.8) such as renal tissue

are affected.®’- 68



Glc Ceramide

Figure 1.8: Structure of Gb3 ganglioside displaying the trisaccharide binding head. (Galactose (Gal) — yellow,
Glucose (Glc) — blue and the ceramide chain (black).

Much like the cholera toxin, the B-subunit binding leads to internalisation of the A and
B-subunits, but in this case, subsequent release of the toxic A-subunit irreversibly inhibits
ribosomal function, resulting in cell death.® The toxin is highly cytotoxic, requiring very
little of the toxin to bring about fatal disease. A study by Macleod et al. showed in a swine
model, that a dose of 3 ng/kg was enough to kill 50% of the study population.”

1.3 Multivalent inhibitors against bacterial adhesion and infection

Carbohydrate binding sites of proteins are typically shallow in nature, with relatively few
residues in the proteins making contact with the saccharide through hydrogen bonds. The
studying many protein-carbohydrate interactions through isothermal calorimetry (ITC)"!
and surface plasmon resonance (SPR)’? has shown that individual binding interactions
are weak in the mM affinity range.”> 7 Many studies on various carbohydrate-lectin
interactions have shown that it is largely enthalpic contributions that drive the energy of
binding.”" 7> However, despite the weak affinities protein-carbohydrate interactions play
important roles for cellular function. The study of carbohydrate interactions have
provided substantial evidence that many protein-carbohydrate interactions are not
singular, but in fact, the binding generation of multiple interactions and binding multiple
copies of the carbohydrate ligand is what is observed.”® 7’ This phenomenon is known as
multivalent binding, and is responsible for the enhancement of binding affinities to reach
biologically relevant strengths.”® The observed increases in binding affinities can be
rationalises by high avidity (the accumulative binding strength) of multivalent binding
between due to the additive effects of binding each ligand. In many cases of multivalent

interactions the effect of cooperative binding occurs, in which the binding of one ligand
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increases the affinity for the next ligand binding often described as the ‘cluster’ or ‘chelate
effect.” 80 We now understand that multivalent interactions predominate at interfaces
such as the cell membrane, and that an effector response can be very much dependent on
the binding of more than one ligand. Many cell surface polysaccharides are also known
to form clusters, or bundles in the membrane to facilitate multivalent binding. This
explains the evolutionary tendency of bacterial lectins to form multivalent interactions
with cellular surfaces, binding multiple copies of the ligand creates the strong interactions
required for internalisation. Investigation into the thermodynamics of multivalent
interactions have been reported on many of the same lectins that have been used to probe
monovalent interactions using ITC, which has been used to determine the valency and
affinities of binding. Finding affirmed that the increased K, increased proportionally to

71,81 With multivalent interactions it is also

the sum of AH for the individual interactions.
important to consider there is a trade of between the summative enthalpy, and the entropic
contributions to binding which a more profound than in case of monovalent binding. In
contrast to the summative effects AH for multivalent interactions, TAS does not scale
proportionally to the number of binding epitopes resulting in more favourable
interactions.?? The contributions of entropic factors particularly important for the
interaction of synthetic multivalent ligands of lectins, due to the penalty due to the loss in
conformational flexibility of any tethers linker to the ligands being bound and must be
considering when designing such multivalent strucutres.>* 8384

Probing and understanding of multivalent interactions between protein and glycoprotein,
has led to interest in the development of multivalent molecules for pathogenic lectins
inhibition.®> Research into the development of inhibitors towards these types of lectins
have frequently exploited the multiple binding sites, as the traditional medicinal
chemistry approach of small molecule mimetics provides little improvement in affinity
from the natural ligand.®*-* The two approaches in the context of glycomimetics vs
glycoconjugates has been reviewed by Ceconi ef al.,”® and explains why a diverse variety
of structures have been explored in the design of bacterial toxin inhibitors from the
simpler di-, tri- and tetravalent branched structures to larger macromolecular polymers
and dendrimers. These inhibitors based upon multivalent scaffolds have been extensively

90-94

reviewed both for various lectins, pathogenic agents, bacterial toxins, and in detail for

the cholera toxin.*?
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1.3.1 Glycopolymer-based inhibitors of bacterial lectins

Glycopolymers have been utilised to create highly polyvalent glycosylated structures as
inhibitors for CT, LT and ST toxins, using various different polymer templates. Early
reports by Schengrund et al. used simple polylysine chains functionalised with GM 1, for
the inhibition of CTB; other polypeptide structures have also been reported for the
inhibition of toxins for the verotoxin.”’””'% Other polymer-templated multivalent
structures  have been  developed using functionalised polyacrylamide,
polymethacrylamide and dextran backbones.!?'-!% Glycopolymers like the ones shown in
figure 1.9A adopt an extended conformation, and conformation-tuneable polymers like
those in 1.9B, are more potent inhibitors than the monovalent ligands. Many studies have
shown that the backbone composition and conformation,'**!% ligand density®® 1% and

107 are important factors for the inhibitory potential of glycopolymers.

spacing

Figure 1.9: Examples of GM1 coated glycopolymers inhibition of cholera toxin. Glycopolymer inhibition shown
in image A shows linear glycopolymers binding the CTB-subunits. Figure B shows capture of the toxins by
glycopolymers which backbone structure can be tuned.

1.3.2 Glycodendrimer-based inhibitors

Glycodendrimers form complex, branched, tree-like networks, which can be used to

108

create structures with high valencies.'*® Dendrimers have been used to target bacterial

toxins using high valence penta(ethylene glycol) galactose-terminated'® ' and

polyamidoamine (PANAM) GM1-terminated dendrimeric inhibitors,!'!!- 112

reaching low
micromolar and low nanomolar affinities, respectively. Pieters and co-workers reported
the use of octavalent GM1 dendrimers (figure 1.10), which reached picomolar affinities

for the cholera toxin.!!3

12



Figure 1.10: A cartoon representation of a GM1 terminated octavalent glycodendrimer produced by Pieters.’!

A silicon-carbon based dendrimer named SUPER-TWIG which has up to 36 copies of
the Gb3 trisaccharide, has been found to be effective in neutralisation of circulating shiga-
like toxin.!'* !5 Although some very potent dendrimer-based inhibitors of the bacterial
toxins have been produced, which outperform the most potent glycopolymers, the
structures do not exploit the symmetry of the toxin lectin subunit, with the dense ligand

population not optimal for binding.
1.3.3 Cyclic multivalent inhibitors

Cyclic scaffolds have been used to target each of the binding sites upon bacterial toxins,
matching the valency and symmetry of the toxin to give optimal ligand binding. Non-
peptide cyclic cores were first reported by Bundle and co-workers, who created the
decavalent, Gb3 terminated inhibitors STARFISH (linked at 2-postion of Gal) and
DAISY (linked at the reducing terminus, figure 1.11) towards the verotoxin based upon
a functionalised glucose core, showed over 10° fold increase in potency from the
monovalent Gb3.!!6 17 The decavalent structures were originally designed to occupy two
of the three different VTB binding sites. Crystal structures of these inhibitors bound to
the bacterial toxins revealed that the decavalent inhibitors infact bound two different toxin

B-subunit pentamers, as opposed to two different binding sites of the same B-subunit.

13



Pentavalent core
OR' A n H H
1 o 1= . S\)L N ~R2?
R ()R%éS’OR1 Ri= TN~ N N=
] H
OR Y/ N\
O/ \0

OY On"0-2-Gb3

NH
I J/\/H
STARFISH R? = N (o)
MNJLO 3 ~"N0-2-Gb3
H o

ICso = 0.4 nM (Stx 1), 6 nM (Stx 2)

J/ \n/N\/\s/\/\o Gb3
DAISY R? = A/\ /(\%JL

\n’N\/\s/\/\o Gb3

o
ICso = 8 NM (Stx 1), 296 nM (Stx 2)

2’-Gb3 Gb3
OH

HO HO OH~
-0 o “OMe o% v4
> Ho HO

Figure 1.11: Decavalent star-shaped inhibitors of Stx and the relevant ICsy values as reported by Bundle and

co-workers.

At the same time, Fan and co-workers targeted the CT and heat-labile toxin (LT), with

star-shaped inhibitors based upon a pentacyclin core (figure 1.12), to effectively inhibit

both CTB and heat labile toxin B-subunits (LTB).!'® ! A decavalent variation of their

pentacyclin inhibitor was more potent than the pentavalent inhibitor by a factor of ten,

and 10° fold more potent than the monovalent galactose.'?° Similarly to the decavalent

inhibitors described by Bundle, crystal structures of these inhibitors revealed the binding

of two pentameric subunits in a face-to-face dimer arrangement. ''® A number of cyclic

peptides have been reported as scaffolds to create pentavalent structures by Kumar et

al.'?', and decavalent peptides by Zhang et al.'*°
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Figure 1.12: Penta- and decavalent star-shaped galactose terminated inhibitors of the CT and LT and the
corresponding ICs) values reported by Fan and co-workers.

1.3.4 Protein templated inhibitor design

Following on from the success of the penta- and decavalent cyclic inhibitors, both Fan
and Bundle approached new inhibitors using the protein dimerisation strategy (figure
1.13) pioneered by Pepys et al.; employing homodivalent linkers as bridges between two

pentamers. 22

It was shown that serum amyloid P (SAP, represented in figure 1.13 as a
green pentamer) was capable of binding rigid L-carboxyproline derivatives, with an ICso
of 0.9 uM, and the homodivalent carboxyproline in figure 1.13 caused the dimerisation

of SAP in a face-to-face arrangement. Cyclic ketal ligands (formed from the cyclisation
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of pyruvate and glycerol, figure 1.13) were used to construct divalent linkers which are

efficient SAP binders, the increased rigidity and decreased rotation proving beneficial.
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Figure 1.13: Dimerisation of the serum amyloid P protein (SAP, green pentmeric protein) pentamer using
divalent ligands containing L-carboxyproline or cyclic ketals of pyruvate.

This divalent bridge approach (figure 1.14) was used to bring about the inhibition of
bacterial toxins by first prearranging the toxin ligands, in the correct symmetry for toxin
binding using the SAP pentamer. Fan and co-workers combined the carboxyproline motif
with a m-nitrophenyl galactoside, as an inhibition method for the CTB/LTB-subunits. The
preordering of the ligands gave a significant increase in inhibition giving an ICso of 0.98
UM against CTB versus 620 uM for the bivalent ligand with no SAP present..!?* Bundle
independently used the same approach for inhibition of the shiga-like toxin, synthesising
a cyclic ketal derivative of pyruvate terminated with Gb3 ligands, which was shown to
inhibit the adhesion of Stx-1 to Gb3 coated plates with an ICsy of 560 nM'?4, a 50-fold

improvement on a more flexible analogue they had previously tested.!'?’
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Figure 1.14: Protein templated inhibition of bacterial toxins using heterodivalent ligands capable of binding
both SAP (green pentamer) and the bacterial B-subunit (red pentamer) as bridges between template and target
proteins. SAP is used as a protein scaffold to preorder the bacterial toxins ligands to better target the binding
sites on each protomer unit.

Prior to this work a pentameric divalent ligand nicknamed polyBAIT was developed by
Bundle and co-workers.!?¢ The structure was based upon their previous STARFISH core,
however, applied to a different inhibition strategy shown in figure 1.14B. The pentameric
bridging structure was an attempt to combine both the supramolecular and multivalent
effects, to inhibit the Stx toxin, however, this achieved sub-micromolar activity proving
less successful than the short-rigid linkers reported later.!?> 127 This can be explained by
the entropic benefit when using the shorter ligands, with the larger, more flexible ligands

such as polyBAIT experiencing large loss in conformational entropy upon binding.
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1.3.4.1 Proteins as scaffold for multivalent inhibitors

An alternative approach to creating protein-templated design was taken by Branson et
al.’?%, using neoglycoproteins (a glycoprotein with a non-native protein-carbohydrate
linkage'?”) as multivalent inhibitors based upon a protein scaffold. Here, a non-binding
mutant of the CTB pentamer was used as a protein scaffold and derivatised with a GM1
derivative attached via a linker to an oxidised N-terminal threonine. Figure 1.15 shows
the synthesis of the pentavalent neoglycoprotein inhibitor from a non-binding mutant of

CTB-subunit, which showed an ICso against CTB of 104 pM.

Non-binding mutant
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Figure 1.15: Cartoon depiction of novel protein based CTB inhibitor developed mutation of the wild-type CTB-
subunit to form a non-binding mutant, and attachment by oxime ligation of synthetic carbohydrate derivatives
created through chemoenzymatic synthesis to form the first neoglycoprotein inhibitor.

Chemical modification at the N-terminus of each protomer preorders the glycan in a
pentameric arrangement, closely matching the distances between GM1 binding sites. A
1:1 heterodimer between the pentavalent neoglycoprotein and WT CTB, was confirmed
by dynamic light scattering (DLS) and size exclusion chromatography (SEC), suggesting
each glycan is occupying the corresponding toxin binding site. The inhibitors based upon
protein scaffolds clearly show the benefit of prearrangement of the glycan ligands of the

inhibitor into the correct geometric orientation, leading to more potent inhibitors.
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1.4 Synthetic glycoproteins

With evidence supporting neoglycoproteins as potential therapeutics, the ability to access
homogeneous glycosylated proteins through synthetic methods has many potential
applications. The ability to produce glycoproteins as a single glycoform, is not only
beneficial for developing glycoprotein-based therapeutics, but also in the study of
glycobiology. A huge range of chemical methods and tools for building up glycans one
monosaccharide at a time are documented, with some elegant techniques for controlling
anomeric stereochemistry. Recreating the process of glycosylation on proteins poses
many challenges: synthesis of glycans with the correct monosaccharide sequence; stereo-
and regio-chemistry; overall abundance of glycans; and sites of glycosylation, each of

which represent a significant synthetic problem to control in a single pot.
1.4.1 Controlling the glycosylation of macromolecules

The rapidly expanding field of chemical biology is now armed with a vast toolbox of
methods for perturbing biological systems, which has led to greater understanding of
biological processes in vivo. Development of these tools to design and engineer
macromolecules using chemical ligations has crossed over into creating synthetic
macromolecules. While many chemicals ligations are widely adopted for protein
conjugation and modification, there has, however, been growing interest in applying these

methods to the production of synthetic glycoproteins.
1.4.2 Chemical glycosylation exploiting natural amino acid side chains
1.4.2.1 Methods of glycosylation at lysine

Lysine is the most abundant nucleophilic side chain in proteins, with its solvent-exposed
primary amine functionality.!*® Amines are known to react with carbohydrates at the
anomeric centre through the hemiacetal functionality, forming an imine link with the
reducing sugar. Performing a reductive amination in the presence of sodium
cyanoborohydride as a mild reducing agent forms a permanent covalent bond between
oligosaccharide and the peptide/protein (figure 1.16); but this does result in ring opening
of the reducing sugar into the linear chain. This method was first described by Gray in
1974, showing the functionalisation of proteins and amine-functionalised gels with
oligosaccharides by reductive amination.'3! The use of reductive amination for the
production of glycoconjugates was pioneered by Jennings and co-workers, who

developed a wide range conjugate vaccines using meningococcal and streptococcal
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bacterial polysaccharides based on the tetanus-toxoid.'*?13¢ Glycoconjugate vaccines
with known tumour-associated antigens have also been produced by reductive amination,
following the chemical synthesis of allyl-functionalised glycans that can be ozonolysed
to produce an aldehyde.'*”"!3 Advances in the production of such vaccines has been aided
by development of the automated synthesis of such allyl containing glycans.!4

Lee et al. have reported the used of imido thioglycosides to form links to lysine side
chains by amidation.!*! These approaches (figure 1.16) have proved widely applicable
and were frequently used for the synthesis of neoglycoproteins for many years,'*! 142 but
are defective in the fact that it is difficult to control site-selectivity and homogeneity of
the glycoproteins produced.!'#?
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Figure 1.16: Glycosylation at lysine residues by covalent attachment of reducing sugars by reductive amination
(left),"3! or reaction with imido thioglycosides derivatives (right) to create neoglycoproteins.!*!

1.4.2.2 Towards site selectivity by glycosylation of cysteine

Cysteine (Cys) residues have the lowest abundance of any amino acids within a protein

at approximately 2% in mammals,'#*

and are subsequently rarely found on the surface of
proteins, making cysteine particularly useful for site-specific modification. With the aim
of mimicking natural glycosylation, iodoacetamide glycoconjugates (figure 1.17) were
reported by Flitsch and co-workers for the attachment of N-acetylglucosamine to Bovine
serum albumin (BSA).'* Todoacetamides were later adopted for the generation of
glycopeptides with larger oligosaccharide structures.!*® Alternatively, Davis and co-
workers reported a combined site-directed mutagenesis (SDM) and chemical attachment
approach to creating disulfide-linked glycoproteins in a single glycoform.!47-15% A mutant
protein containing a single cysteine was produced, to which thioglycosides were attached
using glycomemethanethiosulfonate (MSH), to form a disulfide bridge following thiol
exchange (figure 1.17). In a similar fashion, Boons and co-workers exploited

dithiopyridyl glycosides to create disulfide-linked glycoproteins.!>! The disulfide link is

a reversible conjugation, and can be vulnerable in reducing environments. An alternative,
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non-reversible conjugation method is to use maleimido-functionalised sugars for covalent

attachment at cysteine.!>?
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Figure 1.17: Examples of glycosylation at cysteine residues on the surface of protein through reaction with
iodoacetamides,'*5 maleimides,'>* and methane thiosulfonates.!'*

Despite cysteine being a very useful target for site-specific glycosylation and proving a
superior method of developing homogenous neoglycoproteins than attachment to lysine
residues, the mutagenesis required to introduce surface exposed cysteines is not
compatible with all proteins. If careful consideration to avoid incorrect disulfide bond
formation is not undertaken, the introduction or removal of cysteines within protein

structures can severely affect protein folding, stability and solubility.

1.4.3 Chemical mutagenesis and non-canonical amino acid targets for

glycosylation

As chemical biology has advanced, so too have the tools available to perturb biological

systems. A variety of techniques, nicely reviewed by Lang and Chin, display the vast
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range of chemical tools presently available to chemical biologists.!>* Not only can
reactive side chains be introduced through expansion of the genetic code, with techniques
such as amber suppression or isosteric replacement of amino acids, there have been
numerous examples of the chemical modification of amino acids to create new reactive
groups termed post-translational or chemical mutagenesis.'>*

One of the most commonly utilised chemical modifications is the generation of a
dehydroalanine (Dha). First developed as a route to convert a serine protease to a cysteine

protease, ! 156

it was then reported by Schultz within proteins as a precursor for chemical
mutagenesis.!>’ From its early reports, dehydroalanine has been generated from a number
of precursors, a few of which are shown in figure 1.18. Two examples illustrated are the
conversion cysteine by oxidative elimination with  O-mesitylenesulfonyl

158, 159

hydroxylamine or elimination of a cyclic sulfonium formed through reaction with

methyl dibromovalerate,'®°

although a number of other methods have also been developed
for the conversion of cysteines to Dha in peptides and proteins, and have been reviewed
by Chalker et al.'®" Alkyl- and arylselenocysteines are capable of undergoing -
elimination upon oxidation to introduce an alkene side chain;!3”- 162 from phosphoserine
the elimination of phosphonate under alkali conditions.!®3 The a,B-unsaturated carbonyl
of Dha has become a tool for protein modification able to undergo Michael addition
reactions with thiols and amines, but also radical addition reactions in the presence of

zinc. 164-166
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Figure 1.18: Natural and unnatural amino acid precursors to dehydroalanine, and their reactions for chemical
mutagenesis to yield dehydroalanine within proteins. Dehydroalanine can then be used as a chemical handle for
site selective glycosylation.

The use of dehydroalanine is not without its drawbacks — it is vulnerable to Michael-
addition reactions with nucleophiles such as thiols like glutathione,!%® and a lack of stereo-

control in conjugation reactions.
1.4.3.1 Expansion of the genetic code and bioorthogonal chemistry

New chemical reactivities can be introduced into biological molecules by global residue
specific incorporation, using isosteric replacement of canonical amino acids,'®’ and by

site specific incorporation through amber suppression.!®8

Residue-specific modification
has been displayed in a simple pictorial representation in figure 1.19. This allows for the
complete replacement of one amino acid at every position it is coded for in the genetic

script, by its non-canonical amino acid (NCAA) analogue.'%° A non-canonical amino acid
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is a synthetic amino acid derivative which have chemical functionalities not found in
nature, for the metabolic labelling of proteins. The desired NCAA must be a substrate for
the natural tRNA synthetase in order to hijack cellular translational machinery, with the
tRNA synthase for methionine being the most commonly used; although other modified
amino acids e.g. fluorinated analogues have been used to mimic natural substrates such

as leucine, tryptophan, phenylalanine and proline. 70172

20 AA

>

Met tRNA

— )

19 AA+ NCAA

‘*'

o w ®

Natural amino acids Non-canonical amino acid Methionine

Figure 1.19: The incorporation of an NCAA methionine analogue which is a substrate for the Met tRNA
synthetase, allowing it to be incorporated into the polypeptide when methionine is not present in the growth
media.

Alternatively, site-specific methods developed by Schultz, employ mutagenic DNA
sequences to allow introduce a NCAA in the response to the recognition of the stop codon
UAG.!'” This technique requires expansion of the genetic code, generating a tRNA

synthetase that will recognise this stop codon, which would naturally result in termination
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of protein synthesis. Mutagenesis techniques can then place this codon at any site within
the global protein structure. This methodology was later applied within E. coli cells via
tRNA/aminoacyl tRNA synthetase pair unrecognised by the bacteria, demonstrating a
generic in vivo methodology for modification.!”* This technique requires great endeavour
in the synthesis of a mutated plasmid and an orthogonal tRNA/tRNA synthetase pair for
the NCAA.!7

Using these techniques, a number of bio-isosteric analogues of natural amino acids have

been used to introduce different chemical handles into proteins, including azides,!’% '’

alkynes’l69, 178-180 aldehydes,m’ 182 among 0thers.153= 183,184-186

1.4.3.2 Chemical glycosylation reactions exploiting non-canonical amino acids

The introduction of non-canonical amino acids opened up the use of new bioorthogonal
chemistries, which were previously inaccessible for use on proteins. The term
bioorthogonal chemistry was first coined by Bertozzi in 2003'%” and is defined as two
reactive groups which selectively react with each other but are inert to any off-target
reactions with biomolecules.'”- 188 Bioorthogonal reactions have emerged as very useful
methods for perturbing biological systems, particularly by incorporating reactive groups
through biosynthetic pathways. Although, certain prerequisites must be fulfilled to be
useful in cellular environs: the reactants must be biologically inert, but the products must
not be chemically reactive; specific reactive partners with no off-target reactivity; and the
kinetics of conjugation must be sufficiently rapid to avoid metabolic clearing.'®

An early example falling into the bioorthogonal category is the Staudinger ligation, a
reaction between phosphines and azides.!”” '°! However, a more commonly known and
widely used reaction is the copper-catalysed azide-alkyne cycloaddition (CuAAC),!?
colloquially known as the ‘click’ reaction, which has been a real impetus for chemical
biology, and protein modification. The CuAAC is in keeping with the prerequisites of a
bioorthogonal reaction, having selective reaction partners, stable products and few off
target reactions. The term ‘click’ introduced by K. B. Sharpless is given due to the
reaction’s fast kinetics, high atom efficiency, high yields and production of a single

stereoisomer.'??

The simple requirements of a terminal alkyne, an azide and a copper
catalyst to carry out the 1,3 dipolar cycloadditon, broadened the scope of substrates,
making bioconjugation more accessible. CuUAAC quickly became a staple reaction for
bioconjugation, and many have used the reaction in the synthesis of neoglycoproteins.
Davis and co-workers reported the CuAAC conjugation as part of the ‘tag and modify’

approach for the synthetic glycosylation of proteins, in which an azide or alkyne is first
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introduced into the protein as a reactive handle, and CuAAC is used to modify the mutant
protein with an azido or alkynyl carbohydrate (figure 1.20).!% Examples of site-selective
CuAAC glycosylation include synthesis of glycoprotein mimetics,'** fluorinated

195

glycoproteins'®® and virus-like glycodendrons.'”® This approach has also been applied for

the synthesis of glycoprotein vaccines to create well defined homogeneous glycoforms. '’
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Figure 1.20: Examples of chemical glycosylation through CuAAC mediated bioconjugation on proteins which
contain unnatural amino acids introduced through expansion of the genetic code.

Berkland and co-workers have reviewed the key considerations when carrying out azide-
alkyne bioconjugation.!”® Particular drawbacks include: metal binding/copper chelation
by the protein; formation of reactive oxygen species leading to oxidation of cysteine,

199 and induced cellular

methionine, histidine and asparagine residues within proteins
toxicity in living systems.

Building upon CuAAC, the development of strain-promoted azide-alkyne cycloaddition
(SPAAC) reaction and the inverse electron demand Diels Alder (IEDDA) removed the
need for the problematic metal catalyst.?®® These reactions have been used in labelling
studies, particularly in vitro, but have seen surprisingly low use in creation of synthetic
biomacromolecules. Machida et al. reported a double ligation strategy using CuAAC to
‘click’ on a tetrazine bioorthogonal handle to glycans, which was then used to append the
glycans to a strained alkyne and alkene-containing amino acid, by IEDDA for in cellulo
ligations.2"!

Oxime ligation is another bioorthogonal method adopted in the synthesis of glycoproteins

and glycopeptides. Oxime ligation has been reported as a method for the modification of

galactose containing glycopeptides with native glycosidic linkages (figure 1.21A), using
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galactose oxidase enzymes to introduce an aldehyde at the 6-position of the
monosaccharide, which can then react with synthetic oligosaccharides.?’? Alternatively,
many similar glycopeptide structures have been made by introducing an oxyamine into
either the oligosaccharide or the peptide sequence, followed by oxime ligation to an

aldehyde/ketone or reducing sugar respectively (figure 1.21 B/C), produced the

glycopeptide mimetics containing oxime linkages. .203-206
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Figure 1.21: Oxime ligation strategies used for the production of glycopeptide mimetics, using chemical and
chemoenzymatic approaches.

As previously mentioned, aldehydes have been introduced into proteins and have been

exploited for the modification of proteins with glycans. Bertozzi and co-workers
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described the conversion of cysteine residues to formylglycine in proteins containing an
N-terminal extension using formylglycine-generating enzymes (FGE), allowing the
ligation to a variety of tags including amino-oxy glycans to the aldehyde.?’”-2% Using this
post-translational conversion, homogeneous glycoforms of IgG antibody were produced
using amino-oxy GlcNAc followed by enzymatic glycan extension.?”® Bertozzi also
outlined versatile chemical and chemoenzymatic methods for the synthesis of amino-oxy
glycans such as amino-oxy SLe*, using o-bromo and trifluoroacetimidate
oligosaccharides to introduce a protected oxyamine in the form of N-pentenoyl
hydroxamic acid, for attachment to human growth hormone.?'° Furthermore, the genetic
incorporation of aldehydes and ketones has led to the use of oximes and hydrazides for
the modification of proteins. Schultz demonstrated that ketone functions could be
introduced into recombinant proteins in E. coli through p-acetylphenylalanine, the ketone
was then reacted with amino-oxy GIcNAc and a series of transferases used for glycan

extension to yield homogenous synthetic glycoprotein mimetics.?!'! 212

1.4.3.3 Enzymatic synthesis of homogeneous glycoproteins

Homogeneous synthetic glycoproteins have also been produced by enzymatic
remodelling of glycans on the surface of glycoproteins. The endoglycosidase family of
enzymes are responsible for trimming of large glycans off proteins, however, some
endoglycosidases have, or have been engineered to have, transglycosidase activity,
allowing oxazoline analogues of large glycans to be recognised and attached to proteins.
Davis and co-workers reported the use of endoglycosidases with oxazoline disaccharide
donors, to construct S-, S-S and triazole linked trisaccharide containing glycoproteins by
first introducing a GalNAc synthetically, followed by en bloc attachment of the large
glycan.?!® Fairbanks and co-workers used the same EndoA catalysed approach with larger
oxazoline donors that had been chemically synthesised, showing transglycosylation is a
robust method for developing complex homogeneous glycoproteins.?'* Many others have
exploited the native glycosidase activity in conjunction with the transglycosidase activity
of the endoglycosidase family of enzymes, to trim large glycans from isolated
heterogeneous glycoproteins, and remodel the with a single glycan, giving a single
glycoform (figure 1.22).2!1>217 The enzymatic activity of the endoglycosidase family, and
their use in glycoprotein synthesis, has recently been summarised in a review by

Fairbanks.?!8
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Figure 1.22: Enzymatic remodelling of glycoproteins using ENGases and oxazoline donor glycans to create new
homogeneous glycoproteins.

The specificity of glycosyltransferases has also often been exploited for the synthesis of
oligosaccharides, with the control of substrate and stereochemistry often simplifying the
synthesis of complex oligosaccharides. The diversity that can be generated from the use
of glycosyl transferases has been best demonstrated in the synthesis of glycopeptides,
ranging from simple monosaccharides to a variety of very complex cores or large
repeating glycan units that can mimic both N- and O- glycosylation; examples include
such as C34 glycopeptide derived from gp41 known to be involved in HIC invfection,?!”

and MUCT1 synthetic glycopeptide mimetics.?!9-221-222

1.5 Rationale for the project and objectives

This work aims to build upon the generation of neoglycoprotein inhibitors of bacterial
toxins reported by Branson et al.’?®, by expanding the chemical toolbox for the synthetic
glycosylation of proteins. After reviewing many effective methods for the site-selective
synthesis of homogeneous glycoproteins, there is still space for new methods which can
functionalise reducing sugars, removing the need for chemical synthesis of complex
oligosaccharides.

The work of Branson et al.'?® illustrated that site-specific glycosylation of a protein
scaffold matching the size and symmetry of the target lectin, is an effective strategy for
developing inhibitors. This has been supported by a theoretical model rationalising ligand
design for multivalent systems.??> The effectiveness of the neoglycoprotein based
inhibitors then posed further questions surrounding the linker length in the inhibitor
design, the long flexible linker used results in loss of conformational entropy upon

binding — therefore could a shorter, more rigid linker affect binding/ inhibitory potential?
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Secondly, does the site of ligand attachment have an impact on affinity/inhibitory
potential? Could the topography of the protein surface around the site of glycosylation
alter the long-range electrostatic interactions, between neoglycoprotein and target lectin?
Finally, is it possible to develop a method for synthetic glycosylation that can be used to
attach natural underivatized oligosaccharides to specific sites on proteins?

To address these questions, the principal aim of the project was to design a new
bifunctional linker for the attachment of carbohydrates to proteins. This strategy for
development of neoglycoproteins has been represented as a simple cartoon in figure 1.23,
groups A and C signify two different bioorthogonal functional groups. This linker will
contain two different bioorthogonally reactive groups which will be used to derivatise
both unfunctionalised oligosaccharides and chemically modified oligosaccharides, to
produce reactive glycan derivatives. The second bioorthogonal functional group is then

left for the site-selective glycosylation of proteins to produce homogenous glycoproteins.

Figure 1.23: Cartoon representation outlining the project aim in creating a bifunctional linker capable of
functionalising reducing sugars or chemically modified oligosaccharides, and site-selectively attaching glycans
to proteins.

Enzymatic elaboration of simple glycan derivatives will be incorporated to construct
complex functionalised oligosaccharides that can be applied to the preparation of
synthetic glycoproteins. With this new linker, I will then investigate the effects on linker
length and site of glycosylation on the potency of the neoglycoprotein-based inhibitors of

the cholera toxin. I will then be able to apply these methods for the development of
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different neoglycoprotein inhibitors against various clinically relevant lectins and test
their efficacy as inhibitors using enzyme-linked lectin assays. Beyond the development
of neoglycoprotein inhibitors, some of these concepts and tools for the development of
homogeneous glycoproteins have a place outside of this work in other therapeutic areas

such as glycoconjugate vaccines and glycoprotein therapeutics.
1.5.1 Crosslinking agents for protein conjugation

Generally crosslinking reagents consist of two reactive groups, which each undergo
reaction to link two molecules together and are termed bifunctional reagents. Bi-
functional linkers are themselves categorised into two groups, described as homo- or
heterobifunctional having two of the same or two different reactive groups.

It is inherently difficult to control bioconjugate formation when using homobifunctional
linkers, as they react towards the same type of reactive group twice. Intramolecular
crosslinking is a major drawback, with the possibility of intermolecular polymerisation
creating large crosslinked polymeric systems and supramolecular aggregates. This can
somewhat be controlled by using two-step conjugation methods i.e. reaction of one
molecule with excess crosslinker before reaction with the second molecule. While this
offers greater control than single step one-pot conjugation reactions, it requires removal
of excess crosslinking reagent and often extensive chromatographic purification to isolate
the desired homogeneous protein conjugates. Despite difficulties in generating
homogeneous conjugates, homobifunctional reagents are still widely used as a fast and
simple technique for conjugation reactions.

Heterobifunctional linkers, by definition, combine two different reactive groups
described previously to elicit greater control over conjugation. As heterobifunctional
crosslinking reagents cannot react with multiple copies of the same reactive group,
polymerisation of their target biomolecules is limited. Heterobifunctional reagents are
therefore much better options for obtaining homogeneous conjugates.

Naturally occurring reactive groups present in amino acids side chains, such as amines
(Lys), carboxylic acids (Asp, Glu), thiols (Cys) and alcohols (Ser, Thr, Tyr), were used
in early conjugation methodologies, before protein engineering was possible, but are still

routine targets for conjugation.
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1.5.2 Amine reactive linkers

Amines are the most common target for functionalisation due to the high natural
abundance on the surface of biological macromolecules. Aldehydes target amine residues
such as in reductive amination modifications (section 1.4.2.1), have been used to
successfully produce a number of synthetic glycoproteins in the form of glycoconjugate
vaccines. The highly reactive nature of aldehydes makes them useful tools for attaching
lots of glycans, but not for site-specific conjugation. This reactivity results in a loss of
control. Issues surrounding aldehydes as crosslinkers include multiple reductive
alkylation on one amine, and a low risk of linking two protein molecules a risk more
relevant when using simple aldehydes at high concentrations.

In contrast to aldehyde-based linkers, N-hydroxysuccinimide (NHS) ester crosslinking
reagents give greater control in that amide formation can only occur once. The reaction
between NHS esters and amines is known to be fast even at physiological pH, and
although reaction with other nucleophiles like thiols and alcohols is possible, these
(thio)ester products are hydrolysed relatively easily in water. NHS esters can therefore be
thought of as chemoselective for amine side chains. Water soluble sulfated NHS
analogues, pioneered by Stravos and co-workers, allowed these linkers to be used in
buffer without presolubilisation, reflected by the structures of heterobifunctional linkers
in figure 1.24.22* Although NHS esters are powerful chemicals tools that are widely used
within the literature, many of them have limited half-lives in buffer, and offer very little

control in crosslinking except for systems with very few lysine residues.??> 226

1.5.3 Thiol-reactive linkers

As cysteine residues are less abundant on the surface of proteins, targeting cysteine thiols
can give greater selectivity for protein modification at specific sites. The unique
reactivities of sulfur have thus been exploited to elicit control over protein conjugation,
including the propensity of thiols to form disulfides and undergo conjugate addition
reactions.

Mixed disulfide exchange with thiol activating groups such as dithiopyridyl have been
introduced into heterobifunctional linkers.??” This technique is, however, limited by its
sensitivity to reducing environments (such as in the cytosol), or the presence of other thiol
containing molecules. Maleimide structures have been used since the 1950s as non-

cleavable crosslinkers that form stable thioether conjugates.??® Maleimides are recognised
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as powerful crosslinking agents due to rapid reactivity towards thiols, at slightly acidic to

neutral pH.?%°
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Figure 1.24: Structures of heterobifunctional crosslinking agents combining reactive groups targeting lysine
residues (NHS ester) and cysteine residues (thiopyridyl or maleimide) for the crosslinking or labelling of
biomolecules. Linkers SPDP  (succinimidyl  3-(2-pyridyldithio)propionate) ~and SMPT ((4-
succinimidyloxycarbonyl-alpha-methyl-alpha(2-pyridyldithio)toluene) target thiols through disulfide exchange
to create cleavable S-S bonds to a biomolecule or labelling reagent. Linkers GMBS (N-y-maleimidobutyryl-
oxysuccinimde ester), SMCC (Succinimidyl-trans-4-(N-maleimidylmethyl)cyclohexane-1-carboxylate) and
SM(PEG) (PEGylated SMCC) are examples of covalent linkers, permantly crosslinking or labelling
biomolecules.

The combination of amine and thiol reactive targets has become commonplace for protein
conjugation. It is therefore unsurprising that the two most frequently used reactive groups
used in homobifunctional linkers are NHS esters and maleimide, although, alternative
combinations such as NHS ester and thiopyridyl introduce a cleavable heterobifunctional
linker (figure 1.24).2° Many variations of such crosslinkers are commercially available
with wide diversity in spacer structure and length; for example ThermoFisher offers
linkers in the range of 4.4 to 95.2 A. The amalgamation of fast, selective reaction with
the target, and aqueous stability of the covalent conjugates, has made these type of linkers
particularly useful in a variety of applications from modification of surfaces to the

creation of antibody drug conjugates.??!-233
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In the context of affixing glycans to the surface of protein scaffolds, as is the objective of
this project, the heterobifunctional linkers described are unsuitable, amines are not
selective enough and the introduction of additional cysteines is not practical. This
reinforces the need for new methods for glycan functionalisation and the introduction of
new chemical functionalities through modification of existing amino acids or introduction
of unnatural amino acids with bioorthogonal groups. After successful ligation of GM1
ligands to a bacterial scaffold by Branson ef al.'?® using N-terminal oxidation and oxime
ligation, we decided to build on this previous work continuing to use aldehydes. This
bioorthogonal strategy is used sparingly within the literature, despite being highly
efficient. A comprehensive review highlighted the various chemical and enzymatic
methods for introducing aldehydes into proteins®**: including oxidative cleavage of

236

Ser/Thr (Malaprade reaction)?¥; transamination; use of lipoic acid ligase®*¢ or genetic

incorporation of aldehyde tags.?’”- 237 Conjugation methods with aldehydes shown in

238 240

figure 1.25 include oxime/hydrazone ligation?*8, Pictet-Spengler?*® and Wittig?* as a few
examples of reactions performed with aldehyde handles in proteins. Oxime/hydrazine
ligation has been shown to be effective with all reported aldehydes in proteins, as well as
being used extensively for directly functionalising reducing sugars, reacting at the

anomeric centre.
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Figure 1.25: Examples of protein conjugation to aldehyde groups introduced into the protein, here they are
shown as an N-terminal ligation following oxidation of a Ser/Thr.

1.5.4 Oxime and hydrazine ligation of reducing sugars

The reaction of reducing sugars with oximes/hydrazides has been known since reports by
Emil Fischer in 188824, that has been widely adopted owing to its chemoselectivity at
the anomeric position. Oximes and hydrazones are highly stable to hydrolysis at neutral
pH?*2, the stability of the C=N bond is enhanced by presence of the a-heteroatom. On this
point, different arguments have been proposed; that the pKa of the nitrogen is altered due

the charge distribution of the lone pair**

, and is less likely to be protonated, whereas,
Raines et al. proposed that the a-effect of the heteroatom is primarily responsible for
stability.?** Experimental evidence for oximes having greater stability than hydrazones,

are in support of the a-effect argument, with the more electronegative oxygen stabilising
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the C-N-X bond better than an a-nitrogen. The stability of oxime-ligated glycoconjugates
makes them useful for protein conjugation, as they are less susceptible to hydrolysis at
biological pH. The reaction pathway for oxime/hydrazide ligation is illustrated in scheme
1.1, the reaction first requires the formation of the open chain aldehyde intermediate,
which is intercepted by the nucleophile. The formation of the aldehyde has been identified
as the rate-limiting step, as it is dependent on the equilibrium responsible for the
carbohydrate undergoing mutarotation in solution which is highly variable between
different carbohydrates. Reactions are often performed at pH 4-5 representing the optimal
balance between nucleophilic attack, dehydration of the hemiaminal, and ring opening of
reducing sugars.?*> Upon reaction, the products do exist in different conformations with
the oxyamine predominately in the ring-open conformation, whereas the hydrazide/N,O-

alkyl oxyamine favour the ring-closed confirmation as the N-linked glycoside.
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Scheme 1.1: Reaction pathway of D-galactose forming glycosyl oximes and N-glycosides through
oxime/hydrazine ligation.?*°

The rate of this reaction has been enhanced with the use of an organocatalyst, in which
aniline has been the most commonly used organocatalyst for glycan oxime ligation. It

was first reported by Jensen and co-workers to give a 20-fold increase in reaction rate
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when used at a concentration of 100 mM, by increasing the formation rate of glycosyl
imine.?*® Since that report, aniline has been routinely used for the oxime ligations of

128, 247, 248 " and is particularly useful for

reducing sugars, and also oxidised proteins
reactions employing carbohydrates whose reactivity is low because of their rates of
mutarotation.?* The choice of catalysts, reaction media and pH have been analysed
systemically and shown to play an important role in the kinetics of ring opening to the
aldehyde, and resulting oxime formation through the iminium ion intermediate.?>* More
recent research has reported many other substituted anilines (figure 1.26), which differ in
pKa and have different catalytic efficiencies at specific pH’s in the range of 4-7.231-25

NH, NH, NH, NH,

NH, OMe OMe

Aniline PDA PAN PAN-C
4.6 6.1 5.3 5.6

Figure 1.26: Structure of aniline and three substituted anilines reported for the organocatalysis of
oxime/hydrazide ligation of carbohydrate and their corresponding pKa values.

1.6 Combining functional groups for a new bifunctional linker

Oxime/hydrazine ligation is a method capable of functionalising both carbohydrates and
proteins, ideal for the purposes of synthesising glycoproteins, the foundation of this
project. It would not be untoward in thinking bifunctional linkers using this reactivity
would have been used for the synthesis of neoglycoproteins, however, bifunctional
linkers are more common for applications such as surface modification.?>> Commercial
bifunctional crosslinkers available that are reactive towards unmodified carbohydrates, a
few of which are displayed in figure 1.27, all contain a hydrazide in combination with
maleimide, and have not been applied for the purpose of producing neoglycoproteins. The
few linkers available for functionalising carbohydrates combine maleimide and
thiopyridyl for the attachment of cysteine. As discussed in section 1.5.3 engineering and
targeting cysteines in proteins for synthetic purposes is often difficult and requires careful
consideration in cysteine positioning. These examples of heterobifunctional linkers
(figure 1.27) highlights the need for new chemical tools for synthetic glycosylation, with

no linkers currently available which have groups that can react with unfunctionalised
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carbohydrates whilst combining the advantages of highly site specific, bioorthogonal

reactions.
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Figure 1.27: Other heterobifunctional linkers that are reactive towards chemically handles that are natural and
unnatural in biology, useful for highly selective modification of biomacromolecules with chemical probes and
reporters.

After establishing that an oxyamine/hydrazide would be a useful functional group in this
setting, a second bioorthogonal group would be needed to create a heterobifunctional,
bioorthogonal linker. Azide/alkyne containing heterobifunctional crosslinkers (figure
1.27) are also commercially available and frequently used for protein modification. As
discussed azides/alkynes have been routinely introduced into carbohydrates and
biological macromolecules as a chemical handle, for derivatisation or conjugation
reactions. Combining either an azide/alkyne into a heterobifunctional linker gives a
second bioorthogonal handle, proven to have great selectivity in its reactivity. A
heterobifunctional linker which can combine the selectivity of a reaction between
azides/alkyne, have features of a ‘click’ reaction and be able to derivatise unprotected
oligosaccharides would be a very useful chemical tool in the production of synthetic
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glycoproteins. Expanding upon the production of the neoglycoprotein based bacterial
inhibitor by Branson et al.'?® in our group, the CUAAC was used to attach an oxyamine
handle to GM1 azide derivative as is shown in figure 1.15, to allow the glycan derivative
to be appended to the protein. Problems were faced in performing the CuAAC, it was
determined that the CuA AC had to be performed before oxime ligation. Attempts to carry
out oxime ligation of the amino-oxy acetamide followed by CuAAC of the GM1 azide to
the protein was unsuccessful, possibly due to the scaffold ability to sequent copper
species. Considering this and the problems previously outlined in section 1.4.3.2 with
CuAAC, it was decided that use of a strained alkyne in place of a terminal alkyne would
maintain the advantages of ‘click’ reactions discussed in section 1.4.3.2 without the

downfalls of copper catalysis.
1.6.1 Choosing a strained alkyne scaffold

To develop a SPAAC-reactive linker a strained alkyne motif had to be chosen. Figure
1.28 shows a plot of lipophilicity vs reactivity for many of the reported cyclooctyne
structures. It is important to choose a reactive group with an optimal balance of reactivity
and correct physiochemical properties compatible with aqueous and buffered solvents.
ALO (Aryl-lesscyclooctane), NOFO (Non-fluorocyclooctyne), MOFO
(Monofluorinatedcyclooctyne) and DIMAC (Dimethoxyazacyclooctyne) structures were
immediately ruled out due their low reactivity, and although DIFO (Difluorocyclooctane)
and its analogues have greater reactivity, difficult and low yielding syntheses makes them
challenging synthetic targets. The highly strained, benzo-fused structures such as DIBO
(Dibenzoanulatedcyclooctyne), DIBAC (Dibenzoanulatedazacyclooctyne) and BARAC
(Bisarylazacyclooctane) are some of the most reactive strained alkyne structures within
the literature and have been applied in the bioorthogonal labelling of proteins. Similarly,
despite their advantages in reactivity, these highly lipophilic structures have many
disadvantages including off target hydrophobic interactions with macromolecules; poor

aqueous solubility; and long and often low yielding synthesis.
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Figure 1.28: Figure showing SPAAC reactivity with benzyl azide versus lipophilicity of cyclooctynes. Reproduced with
permission by M. F. Debets, S. S. van Berkel, J. Dommerholt, A. J. Dirks, F. P. J. T. Rutjes and F. L. van Delft, Accounts of
Chemical Research, 2011, 44, 805-815, copyright © 2011, American Chemical Society.*"’

Comparing the many possible strained alkyne structures, we determined that the
bicyclononyne (BCN) had superior balance of reactivity and lipophilicity to the rest.
Other attractive properties included: symmetry, removing the potential for regio-isomers,
and free rotation around the C-O bond would allow a limited degree of conformational
freedom for the glycan. The structure of the linker gives rise to a carbohydrate attachment
point, which would present the carbohydrate perpendicular from the scaffold protein
surface and, thus, hopefully more accessible to lectin binding sites. The reported synthetic
route to BCN is short, with only three steps to yield the alcohol, which can be
functionalised in various ways, commonly through activated carbonates such p-
nitrophenol or N-hydroxysuccinimide. The alcohol functional handle within the BCN
structure is a versatile functional group and in addition to forming carbamates?>® 237 it

258

has also been oxidised and undergone reductive aminations=*, and examples of tosylation

to form BCN polymers through cationic ring-opening polymerisation.?’
1.6.2 Target bi-functional linkers

To combine SPAAC and oxime/hydrazone chemistry in one linker using the BCN
scaffold, the objective was to introduce the oxyamine or hydrazide functionality at the
site of the BCN alcohol. Three target linkers were proposed, hydrazide (1.1), oxyamine
(1.2) or N-methyl oxyamine (1.3) shown in figure 1.29. Each of three BCN strained
alkyne derivatives has an eight-atom link between the two reactive groups, therefore, a

nine-atom link between glycan and protein.
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Figure 1.29: Structures of short linker showing three target BCN scaffolds with different attachment
functionality, BCN hydrazone (left), BCN oxyamine (middle) and BCN methyl oxyamine(right).

1.7 Synopsis

After concluding on the bioorthogonal groups suitable to develop this type of bifunctional
linker and identifying three target structures, the different synthetic glycosylation

methods, and the mutant proteins needed to generate the neoglycoproteins are shown in

figure 1.30.

Figure 1.30: A figure showing the desired mutant proteins derived from the WT CTB-subunit, containing an
azide on the non-binding face, or aldehyde at the N-terminus and the different GM1 containing neoglycoprotein
inhibitors to be produced by attachment of glycans these sites.

The remaining chapters are an account of the approach taken to address the proposed
research questions based on neoglycoprotein synthesis, and efforts to develop novel,
useful chemical tools to advance the procurement of synthetic glycoproteins. Chapter two
addresses the synthetic studies into obtaining each of the target linkers proposed in figure
1.30, chapter three will detail application of the linkers for glycan conjugation and their
further enzymatic elaboration. Chapter four outlines the preparation and evaluation of
neoglycoprotein inhibitors against the cholera toxin adhesion, and chapter five will

discuss the expansion of neoglycoprotein-based inhibitors towards the Shiga-like toxin.
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Finally, chapter six will discuss some preliminary efforts to advance neoglycoprotein
inhibitors towards a potential therapeutic, by investigating non-bacterial protein

scaffolds.
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Chapter 2 New tools for synthetic glycosylation

Synthesis of bi-functional, bio-orthogonal linkers for the generation of

reactive glycoconjugates
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This chapter will cover the chemical synthesis of a new heterobifunctional linker
containing two bioorthogonally reactive groups, specifically chosen for their capability
to functionalise both carbohydrates and proteins. Figure 2.1 reiterates the three target
structures combining a strained alkyne, with a hydrazide 1.1, oxyamine 1.2 or N-
alkyloxime 1.3. Alongside the synthesis of these linkers, investigation of a potential novel
synthetic routes to BCN structures to improve yields and determine if the bicyclic alkyne

can be formed under milder reaction conditions, will be discussed.

H ; H H é H H ; H
1
NH I

2 NH2 HN\

11 1.2 1.3

Figure 2.1: Structures of the three target bifunctional linkers based upon the bicyclic strained alkyne BCN.

2.1 Literature synthesis of bicyclononynes

Dommerholt et al. first reported the synthesis (Scheme 2.1) of BCN from cyclooctadiene
in a four-step synthesis.?>® The synthesis proceeds through a rhodium (II) catalysed
cyclopropanation of cycloocta-1,5-diene with ethyl diazoacetate, yielding two separable
bicyclic diasteroisomers 2.1 and 2.2. Isolation of the single isomers is performed by silica
chromatography, followed by a sequential reduction of the ester, and bromination. Double
elimination of the dibromide affords strained alkyne 2.3. The alcohol is then commonly
converted to an activated carbonate, for attachment to specific chemical reporter handles
e.g. dyes, biotin. Commercially, NHS or p-nitrophenyl activated carbonate derivatives of
BCN can be purchased for reaction with amines, however, rising costs have made them
less accessible.?>® Scheme 2.1 shows the yields achieved for the route in our lab, ester 2.1
and 2.2 were isolated with a combined yield of 89% in a ratio of exo and endo isomers
2.2:1, respectively. The reduction and bromination steps were shown to proceed in
quantitative yield, requiring no purification post work-up. The highest yield achieved in
the elimination to produce strained alkyne 2.3 was 36% after column chromatography.
Reproducibility of the elimination reaction was often variable, resulting in low yields and
was not readily scalable, underlining the need for improved methods for synthesis of the

strained alkynes.
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Scheme 2.1: Synthesis of the bicyclonone following the literature synthesis for BCN by Dommerholt et al. a)
Ethyl diazoacetate, Rhy(OAc)s, DCM, 72 hours, 89%. b) 1. LiAlHs, DCM, 0 °C, quantitative. 2. Br,, DCM, 0 °C.
KOtBu, THF, 66 °C, 37%.

Theoretically, the target hydrazide linker 1.1 could be produced from ester 2.1 by a single
step hydrazinolysis with hydrazine hydrate, assuming that the strained alkyne can be
produced in the presence of the ester group. Target oxyamine linkers 1.2 and 1.3 could
be synthesised from alcohol 2.3 by its activation as a leaving group and subsequent

substitution with a protected oxyamine.

2.2 Developing syn-leaving groups towards a novel strained alkyne

synthesis

Bicyclononyne derivatives have been reported to be produced with yields of 61% as a
single endo isomer, despite the pathway for the formation of the strained alkyne being an
energetically unfavourable one. Halogenation of alkenes using X» is known to produce
only an anti-relationship between halides, as a result of the halonium ion intermediate.
This anti-relationship rules out the possibility of the first elimination proceeding through
an E2 mechanism due to the lack of an anti-periplanar proton between the substituted
carbon atoms shown in scheme 2.2. Therefore, an Elc,-like mechanism better explains
the formation of the vinyl bromide intermediate, which in turn explains the potential
formation of a diene side product as the formation of the diene can proceed through an

E2 mechanism.
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Scheme 2.2: Reaction mechanism for double elimination to produce a strained alkyne by E1.,-like elimination
and the machnaism for the E2 elimination of antiperiplanar proton to produce the diene by-product.

2.2.1 Retrosynthetic design of a novel synthesis

A novel synthetic route to introduce a syn-relationship of leaving groups could potentially
lead to more efficient synthesis of strained alkynes under milder conditions. A strategy
was devised for generation of an intermediate with a syn-leaving group (LG) relationship.
In conjunction with changing the stereochemistry of the intermediate compounds, it was
an aim to improve the nature of the LG to promote the formation of the enthalpically
disfavoured alkyne. From a retrosynthetic analysis of strained alkyne synthesis (figure
2.2), it was proposed that by performing syn-dihydroxylation, subsequent conversion to
a ditriflate would introduce a very good leaving group with a syn-stereochemistry setting

the system up to undergo E2 elimination.

Tf0  OTf HO  OH
FGI FGI
H H H H H H H H
0 o7 o 0N 0 o0 0 o0

Figure 2.2: Retrosynthetic analysis for the generation of a bicyclononyne ester through syn-leaving group
intermediate.

2.2.2 Synthesis of syn-ditriflate bicyclic ester

Ester 2.1 was prepared by cyclopropanation of cyclooctadiene according to the literature
in a yield of 89%. With the desire to produce the strained alkyne while retaining the ester

functional group, the isomers were separated and a single isomer was subjected to
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dihydroxylation under Upjohn conditions to yield diol 2.4 in 75% yield (Scheme 2.3).2%
Efforts to avoid the use of OsOs4 by using Woodward catalytic dihydroxylation?¢!
conditions proved to be unsuccessful. Subsequent triflation of the diol yielded 2.5 in good
yield, no evidence of elimination in the presence of pyridine was observed, showing the

ditriflate was stable in the presence of mild base.

HO OH TfO OTf
OsO, Tf,0
NMO Pyridine
Acetone:H,0 DCM
—_— —_—
0”0 0”0 0”7 o
21 24 2.5

Scheme 2.3: Synthetic route to ditriflate BCN by syn-dihyroxylation of 2.1.

2.2.3 Screening for new elimination conditions

With the 1,2 ditriflate 2.5 synthesised, a base screen was performed to determine if milder
conditions could be used to carry out this elimination. With the original protocol using
alkoxide bases for elimination, two were chosen for comparison to the amine bases.
KOtBu was chosen as a non-nucleophilic, strong alkoxide base, and NaOEt as a milder
alkoxide base could be used in the presence of the ester as NaOEt transesterification
would result in no change to the starting material. With a pKa range of 10 to 17 covered,
table 2.1 displays reagents and conditions trialled for the double elimination of 2.5.
However, in each case no alkyne formation was observed. Mild amine bases such as
DBU, TEA and DIPEA showed no reaction, presumably indicating that the pKa of the
methine proton is not altered dramatically by the presence of a triflate over a bromine.
The use of the alkoxide bases led to some reaction as the starting material could no longer
be identified, however, there was no formation of alkyne or unwanted alkene observed

when performed, either at room temperature or under reflux.
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Table 2.1: Screening of organic amine bases and alkoxide bases, their pKa values, reaction conditions, and a
summary of the resulting analysis by crude NMR.

Base and conditions Result pKa
DBU, DMF, rt. No reaction 13.5
DIPEA, DCM, rt. No reaction 10.8
TEA, DMF, rt. No reaction 11.0

NaOEt, EtOH, rt and Reflux | Loss starting material, no alkyne or diene 15.9

KOt-Bu, THF, rt and Reflux | Loss starting material, no alkyne or diene 17.0

Products obtained after a mild acidic work-up, for eliminations with NaOEt and KOt-Bu
could not be fully characterised. NMR spectroscopic analysis of the crude samples
showed no evidence of bromine substitution or transesterification in either case. The
spectra showed only signals that consisted with fully saturated cyclic compounds, and no
distinguishable signals in the aliphatic region. From the data obtained we can only
speculate potential reactions that may have occurred, the data alludes to a possible ring
opening or possible intramolecular substitutions, through possible deprotonation of the
cyclopropane ring proton situated 3 to the ester. If this is more acidic than the proton a to
the bromine, deprotonation could promote: ring opening of the bicyclic system, driven by
the relief of ring strain; further cyclisation from generation of an enolate or carbanion, by

intramolecular displacement of the triflate creating smaller bicyclic ring structures.
2.2.4 Literature synthesis maintaining the ester

To confirm if deprotonation of the ester was indeed preventing elimination of the triflate,
the dibromo analogue 2.6 was synthesised (scheme 2.4) to determine if the same products
were produced from elimination of the bromine atoms in the presence of the ester.
Bromination of the alkene 2.1 was shown to be successful, and formation of dibromo
bicyclic ester 2.6 was confirmed by NMR and MS analysis. When subject to KOtBu, it
was found that no alkyne was produced, with the crude NMR showing the same complex

aliphatic region observed following base treatment of the BCN ditriflate 2.5.
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Scheme 2.4: Bromination of 2.1 to give the dibromo BCN ester structure for trialling elimination reaction to the
synthesise the strained alkyne in the presence of the ethyl ester.

The inability to produce a strained alkyne from 2.6 is proof that the ester does interfere
with the elimination step. With no evidence of any diene, this result supports a hypothesis
that the ester decreases the pKa of the proton on the cyclopropane ring, resulting in a
different reaction pathway that yields none of the expected elimination products.

After determining that the strained alkyne could not be synthesised in the presence of the
ester, hydrazinolysis of 2.1 was attempted to investigate if a change to the ester functional
group would be tolerated. Hydrazinolysis reactions usually require a small excess of
hydrazine, stirred with mild heating in ethanol. However, no conversion of the ester to a
hydrazide was observed under these conditions. Successful hydrazinolysis required 50%
v/v hydrazine hydrate in ethanol, however, this large excess of hydrazine was also found
to reduce the alkene to the fully saturated bicyclononane. NMR spectroscopic analysis of
the product supported this conclusion, as the alkene signals at ca. 5 ppm were no longer
observed. Synthesis of hydrazide linker 1.1 was subsequently discarded from our target

compounds, as neither the hydrazinolysis nor strained alkyne formation were feasible.
2.2.5 Replacement of the ester with a protected alcohol

It was decided to move forward in applying methods for syn-triflation to the primary
alcohol 2.8 obtained by LiAlH4 reduction of 2.1 in quantitative yield. In order to avoid
triflation of the primary alcohol group, the alcohol was protected with a bulky silyl group
to give 2.9.
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Scheme 2.5: Attempted synthesis of the syn-ditriflate with a silyl protected alcohol functionality from the BCN
alkene 2.8, by dihydroxylation and triflation and attempted elimination.

Dihydroxylation and triflation of 2.9 was performed as described previously giving the
silyl protected ditriflate 2.11. As a proof of concept study, intermediate compounds 2.10
and 2.11 were isolated following a mildly acidic aqueous work-up and, following
confirmation of successful reaction by NMR spectroscopy, carried through to the next
step without further purification. The ditriflate was then subjected to elimination with
KOtBu, and the final crude product was analysed for any presence of alkyne by 'H and
13C NMR spectroscopy. The spectra showed only presence of alkene with signals at 5.56
ppm and 130 ppm, with no trace of any alkyne peak at ca. 99 ppm. Introducing a syn-
leaving group stereochemistry proved non-beneficial for elimination to the strained
alkyne. Any favourable gains by setting up the elimination with a syn-leaving group
appeared to be negated by the improvement in leaving group from a bromine to a triflate,
leading to rapid formation of the diene, making the E2 elimination reaction both the
kinetic and thermodynamic product. As treatment of the syn-ditriflate 2.11 with KOtBu
under reflux did not yield any alkyne, elimination with strong bases LDA and BuLi were
investigated at -78 °C, as the strong bases should remove the most acidic proton. In both

cases rapid elimination to the diene was observed, and the diene became the sole product.
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2.3 Functional group interconversion of alcohol to oxyamines

2.3.1 Installing protected oxyamines by Mitsonobu chemistry

With no prospect of improving the elimination chemistry, strained alkynes 2.3 (scheme
2.6) was synthesised following the procedure reported by Dommerholt.?>¢ The literature
protocol was maintained for the synthesis and isolation of strained alkyne 2.3. Yields
were identical for the preparation of exo and endo isomers of 2.3, however, the exo isomer
was prepared in larger quantities due to 2.1 being the major product of the

cyclopropanation (a ratio 2.2:1 exo:endo), the exo isomer was carried forward in the linker

synthesis.
o) 1. LiAlH,
N2 & DCM, 0°C
Rh,(OAc 2.Br; —
fa(cm )4 DCM, 0°C
—_—
89% 3. KOtBu
THF
0°C — reflux H H
37%
o/\o OH
Exo - 86% Endo - 14% Exo
2.1 2.2 2.3

Scheme 2.6: Synthetic route to showing a single exo isomer of BCN alcohol 2.3 of BCN from cyclopentadiene
following the reported synthesis by Dommerholt ef al.2%

After isolating strained alkyne 2.3, the alcohol was then converted to phthalimide 2.13 by
Mitsonobu reaction with N-hydroxyphthalimide in 71% isolated yield (scheme 2.7). The
phthalimide group was used to introduce an oxyamine group as a protected precursor,
allowing the exploration of different deprotection strategies which could be used to

synthesise both 1.2 and 1.3 from 2.13.
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Scheme 2.7: Functional group interconversion from the alcohol 2.13 to phthalimide protected oxyamine using
the Mitsonobu reaction on the single exo isomer of BCN.

The formation of strained alkyne 2.3 was also attempted on the alkene analogue of 2.13
carrying out the Mitsonobu reaction before the formation of the alkyne. The bromination
of the alkene was successful, however, the elimination to give the strained alkyne led to
a complex reaction mixture with only a diene by-product being isolated. This provided
further evidence that having the alcohol functionality is significant when forming the

alkyne, with limited acceptance of other functional groups.
2.3.2 Deprotection to give a primary oxyamine

The deprotection of phthalimides is routinely performed by ring-opening with hydrazine
such as in the Gabriel synthesis of primary alkyl amines. However, it was previously
determined that hydrazine cannot be used on the BCN alkyne structures due to its
propensity to reduce the strained alkyne. An alternative deprotection method was
therefore required for the ring-opening of phthalimide. Aqueous methylamine proved to
be a very efficient reagent for the deprotection of 2.13 (scheme 2.8), with the target linker

1.2 achieved in quantitative yield within minutes at room temperature.
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Scheme 2.8: Methylamine deprotection of of the phthalamide 2.13 protecting to group to give free oxyamine.
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Following work up and purification, compound 1.2 was found to react readily with
acetone in the laboratory atmosphere leading to formation of oxime 2.14. The isolated
product showed the expected signals for 1.2, however, signals for exchangeable amine
protons did not match the expected integration and a further singlet corresponding to the
two CH3 groups of the oxime was present. The formation of the oxime by-product was
further confirmed by !3C NMR spectroscopy with appearance of a peak for the two methyl
groups and imine carbon. The mass spectrum also corroborated the presence of the oxime,
as the most abundant species was +40 Da larger than the expected mass for 1.2.

It was found that the free oxyamine could be regenerated using a nucleophilic alkoxide
such as sodium methoxide: upon neutralisation, the oxyamine displaying the correct mass
for 1.2 was recovered. Alternatively, it was anticipated that a deprotection method
yielding 1.2, which required no further purification, could be used in subsequent oxime
ligation reactions. The by-products of the methylamine deprotection would be inert in the
oxime ligation, and any excess methylamine would not interfere in the ligation reaction
as hydrolysis of the resulting imine would hydrolyse in water. Therefore, the deprotection
strategy was changed to use anhydrous methanolic methylamine, which could then be
used directly in subsequent reaction with oligosaccharides. The deprotection conditions
were shown by LC-MS to give quantitative conversion to 1.2, and the methyl phthalamide
by-product was sparingly soluble in in methanol and precipitated from the crude mixture

upon storage at -20 °C.

2.3.3 An alternative deprotection strategy for production of alkyl

oxyamines

The synthesis of N-methyl linker 1.3 was initially attempted using Mitsonobu chemistry
with Boc-N-methylhydroxylamine, however, this was unsuccessful as no alkyne was
isolated. Spectral analysis of the crude mixture by NMR alluded to a 1,3-dipolar
cycloaddition product, alongside signals indicating partial substitution of the alcohol. MS
data could not be obtained to aid the structure elucidation, due the poor ionisation of these
compounds using electrospray ionisation. 1.3 was instead synthesised using an alternative
deprotection strategy from intermediate 2.13, in which an amide group was formed upon
ring opening of the phthalimide. Treating phthalimide 2.13 with sodium methoxide
(scheme 2.9) resulting in ring opening by attack of methoxide at a single carbonyl to

reveal amide 2.15.
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Scheme 2.9: One-pot synthesis of a Weinreb amide 2.16 from the phthalimide 2.13 as an intermediate in the
route to alkylated oxyamines.

In a one-pot reaction the amide was methylated using methyl iodide in the presence of
excess sodium methoxide as a base. Methylation of the amide was followed by HRMS
and was complete after 2 hours; acidic work-up yielded the Weinreb amide 2.16 in
quantitative yield in a two-step, one-pot reaction.

Weinreb amides are often used for conversion of carboxylic acids or acyl chlorides into
ketones, with use of organometallic alkylating agents. In most cases the alkoxyamine
group is often unwanted and only used to create an intermediate for alkylation. Our
deprotection approach is an unusual use of a Weinreb amide, in which Weinreb amide
intermediate 2.16 was deprotected using Grignard reagents to create an unwanted ketone,
and the desired N-methyl-oxyamine. Isopropyl magnesium chloride was chosen as the
Grignard reagent, and after nucleophilic attack on the amide and collapse of the
tetrahedral intermediate oxyamine 1.3 was isolated upon work-up (scheme 2.10). Further
purification by silica gel chromatography was then required to isolate the secondary

amine 1.3 in 65% yield.
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Scheme 2.10: Grignard deprotection of the Weinreb amide intermediate 2.16 isopropyl magnesium chloride to
yield the N-Methyl oxyamine 1.3.

This novel method could prove useful for future synthesis of complex N-alkyl oxyamines
structures for glycoconjugation. Introducing a phthalimide group is a versatile alternative
to using N-Boc hydroxylamine, as a protected N-alkyl oxyamine. Finding such an
effective deprotection method for the synthesis of 1.3 was important for this work and the
viability of this linker for use in glycoconjugate/glycoprotein synthesis, as a BCN linker

which could maintain the cyclic conformation of glycans is highly desirable.
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2.4 Conclusion

A synthetic route has been developed (scheme 2.11) to give two novel bifunctional linkers
combining two different bioorthogonally reactive groups into a single minimal length
linker. The use of Mitsonobu chemistry offers mild conditions to introduce a protected
oxyamine, forming a single precursor which can then be converted to the free oxyamines
or N-alkyl oxyamines. The divergent deprotection strategy to access N-alkyl and free
oxyamines (scheme 2.11), could be applied to a wide range of molecules for bio-
orthogonal labelling. The use of a phthalimide and conversion to a Weinreb amide for
alkylation of the amine, has not previously been reported. The highly reactive strained
alkyne functional group has been found to be stable to all reaction conditions, purification
methods and storage at -20 °C in the crude deprotection mixture. These linkers have been
designed for the generation of reactive glycoconjugates with different reactivities for the
glycosylation of proteins. These linkers are the first to combine the bioorthogonal strained
alkyne with a carbohydrate/aldehyde-reactive functional group. The subsequent chapters
will describe studies towards their use for glycosylating biomacromolecules in a

bioorthogonal fashion, and their potential to meet a need in the field of neoglycoprotein

MeNH,
MeOH
| 100%
N-hydroxy phthalmide H;
_ DIAD
PPh; —_
DCM
—_— 1. NaOMe
H H —°>
3.iprmgct H
OH Toluene
2.3

synthesis.

65%

213 AN

Scheme 2.11: A summary of the novel synthetic route to linkers 1.2 and 1.3 from the reported BCN alcohol through a protected
phthalimide and divergent deprotection strategies of a single strained alkyne precursor.



Chapter 3 Bioorthogonally reactive oligosaccharides

Chemical and enzymatic functionalisation of reducing sugars
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Following on from the development of a synthetic route to novel linkers 1.2 and 1.3, our
aim was to derivatise oligosaccharides using one reactive group, leaving the other for
bioconjugation to proteins. Derivatives of GM1 and Gb3 based on both oxime and
SPAAC are targets for the ligation to CTB scaffold, to develop new neoglycoprotein
inhibitors with minimal lengths of linkers between glycan and protein. This chapter will
discuss the chemical/chemoenzymatic methods used for the functionalisation of
unprotected oligosaccharides to BCN linkers 1.2/1.3, through oxime ligation and SPAAC

conjugation.

3.1 SPAAC reactive glycosides from reducing sugars

3.1.1 Optimisation of oxime ligation reactions using disaccharides

With the target novel linkers 1.2 and 1.3 synthesised, reaction with unprotected
oligosaccharides through oxime ligation would produce two different bioorthogonally
reactive oligosaccharides, as described in section 1.5.4. Reaction at the anomeric centre
with 1.2 and 1.3, would produce an oxime or N-linked glycoside respectively, as shown

in scheme 3.1 with the ligation of 1.2/1.3 to galactose as an example.

R=Me
H H
?
NHR

H H
o N OH_ .
HO o HO ® 0
OH " OH y

R=H

OH _OH Y OH_OH | y
OH_ | o
HO Z"%0 HO o
OH .y OH y
4 4
3.1 3.2

Scheme 3.1: Example monosaccharide deriviatives 3.1 and 3.2 formed through oxime ligation at the anomeric
position of a reducing sugar to linker 1.2 (left) and 1.3 (right) respectively.
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Optimisation of the reaction between 1.2 and reducing sugars was developed first, as it is
known that the oxyamines are more reactive than their N-alkyl analogues. Lactose is
found at the core of many biologically relevant glycans including both GM1 and Gb3
structures, making it an appropriate model oligosaccharide for method development.
Development of efficient ligation was essential, before attempting ligation of larger, more
complex and less reactive oligosaccharides, which are often: commercially expensive;
isolated from biological material; and usually available in only small quantities.

The oxime ligation (scheme 3.2) between linker 1.2 and lactose was initially attempted
by combining equimolar quantities at a concentration of 78 mM in 50 mM sodium acetate
buffer at pH 4. No reaction was observed despite the reaction being left for 48 hours,
appearing to be hindered by the rate of mutarotation/ring-opening of the sugar, as

previously outlined as a consequence of an uncatalysed reaction.

HO OH OH OH
1.2 o HO
OH OH
?
NH

2

H
HO _OH OH o
o HO N
3.3 HO%O\%\N H
OH OH

} \

H
HO
(0] HO /O
HO%O\%\ N H
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Scheme 3.2: Oxime ligation of lactose with linker 1.2 to give the glycosyl oxime 3.3 to lactose.

The next step was to investigate the effect of an organocatalyst on this reaction (scheme
3.2). As mentioned, aniline is recognised and widely used as an effective catalyst for
oxime ligation with reducing sugars.246: 262. 265 Following the literature protocol, the
reaction was performed in 100 mM aniline in acetate buffer at pH 4, however, no change

in the reaction was observed by TLC, only showing lactose and 1.2. To ensure the oxime
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product was not hydrolysed on silica TLC plates, LC-MS was used to corroborate the
findings. A hydrophilic interaction liquid chromatography (HILIC) column was used for
LC-MS to analyse the reaction mixture, as it is capable of separating highly polar
molecules, and it was anticipated that the addition of the hydrophobic BCN would lead
to distinct changes in the chromatogram for the product. Mass spectrometry indicated that
in solution, the dominant species was the aniline glycosylamine intermediate. This
finding was unexpected, as one would expect the aniline intermediate to quickly react to
the give the more stable oxime product or be converted back to the reducing sugar. It is
possible that this intermediate was the most ionisable species and therefore, detected as
the abundant species. Nevertheless, this result did confirm that the aniline was reacting
with lactose, but no further reaction with linker 1.2 was observed. It was concluded that
using aniline at such a high concentration of 100 mM was hindering the reaction, with the
intermediate likely to be intercepted by water or another aniline molecule, in preference
to reaction with linker 1.2. Similar findings had been noted in an initial report by Jensen
and co-workers, in which they stated formation of the glycosylamine with aniline can
hinder catalytic efficiency.?*

Next, experiments were performed using different organocatalysts at varying
concentrations to assess the impact of having an organocatalyst present in the reaction.
Aniline and another organocatalyst, S-methoxyanthranilic acid which has been reported

to be very efficient at pH 4-5,%!

were compared after reviewing the study by Jensen which
compared a number of reported catalysts.?>* Reactions with O-methylhydroxylamine and
N, O-dimethylhydroxylamine as simple oxyamine reactants mimicking linkers 1.2 and
1.3, respectively with lactose (figure 3.1) were performed in acetate buffer at pH 4, with
the type of catalyst, catalyst concentration, the number of equivalents of oxyamine
systematically varied; while the concentration of lactose was kept constant at 290 mM.
Conversion to the oxime 3.4/N-glycoside 3.5 was then estimated by calculating the
relative abundance of each species detected from the HILIC chromatogram. The screen

was only performed once, as the intention was to use the data as a guideline to design

further test reactions and be used to quantify the reaction yields.
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Figure 3.1: Investigation of type of organocatalyst and effect of organocatalyst concentration using 1, 3 and 5
equivalents of A) O-methylhydroxylamine in an oxime ligation to lactose (290 mM), Conditions: Catalyst-
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Acetate buffer pH4, 24 hours at room temperature. B) N,0-Dimethylhydroxylamine to lactose (290 mM),
Conditions: Catalyst-Acetate buffer pH4, 24 hours at room temperature.

The organocatalyst does appear to have an effect on the ligation of O-
methylhydroxylamine, giving the highest conversion at 50 mM for both aniline and PAN-
C; a finding which is in accordance with results reported by Jensen and co-workers for
PAN-C.%*

From these model reactions, it was clear that a catalyst of 50 mM outperformed the 100
mM concentration. Following these results, the reaction shown in scheme 3.2 was
repeated using 50 mM PAN-C/NaOAc buffer pH 4, and 50 mM aniline/NaOAc buffer at
pH 4 carrying out the reaction at 290 mM lactose with one equivalent of linker 1.2 (290
mM). Despite the reactions being left for multiple days and monitored periodically by
TLC and HILIC-MS, no formation of the oxime 3.3 was detected. This result was
confounding, as the same reaction conditions which had produced 100% conversion in
model reactions yielded no reaction with linker 1.2. Although the model compounds used
in the screen do not reflect the physiochemical or reactive properties of linker 1.2, it would
be expected that some conversion to 3.3 would be observed.

With the addition of a catalyst having no effect on the oxime ligation of linker 1.2 to
lactose, it was noted that reaction between lactose model hydroxylamine reactants (figure
3.1) was occurring with no catalyst present; with the reactions being performed at a 4-
fold increase in concentration than the reaction in scheme 3.2. Therefore, the reaction
(scheme 3.2) was repeated increasing the concentration of both lactose and 1.2 to by a
factor of 1.5 to 122 mM, without any catalyst present. After 24 hours formation of oxime
3.3 was observed by TLC and isolated in 30% yield. This was a promising result
demonstrating the oxime ligation is heavily concentration dependent, a finding supported
by a study by Nitz and co-workers on the stability of hydrazide/hydroxylamine
derivatives of reducing sugars in aqueous solution, which reported small equilibrium
constants for oxime/N-glycoside formation with three monosaccharides.?%

Although a 30% isolated yield was promising and manageable when the oligosaccharide
is available in sufficient quantities; the reaction with more complex and less reactive
glycans, would probably not be achievable. We searched for other methods to use in
conjunction with increasing concentration to improve the yield, when designing further
reactions between linker 1.2 and lactose. Feizi and co-workers have used oxime ligation
for the generation of glycan arrays, with the oxime ligation performed in
chloroform/methanol mixtures.?> In other works Godula and Bertozzi have reported

examples of high yielding oxime ligation in 1 M NaOAc buffer, with temperatures of up
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to 50 °C used.?%- 27 Jensen and co-workers did acknowledge that some oxime ligations
performed at elevated temperatures, had outperformed reactions catalysed by aniline.?*
Using this information, two different test reactions were performed using a CHCl;:MeOH
(1:1) mixture and 1 M sodium acetate buffer at pH 5 as solvents where both were heated

to 50 °C.
3.1.1.1 Oxime ligation in chloroform:methanol

Performing the reaction in a chloroform:methanol mixture allowed higher concentrations
of linker 1.2 (319 mM) to be achieved, as lactose (364 mM) could be added as a solid
directly to 1.2 in solution (deprotection described in section 2.3.2 can be performed in
CHCI3:MeOH mixture). A caveat to adding solid lactose is the highly hydrophilic
oligosaccharide is only sparingly soluble in this solvent mixture. To prevent evaporation
at 50 °C, reactions were carried out in 200 pl Eppendorf tubes, which could then be heated
in a (PCR) thermocycler with a heated lid; this provided a constant temperature while
preventing evaporation and condensation of the solvent within the lid of the tube. The
reaction in CHCl3:MeOH showed successful reaction between lactose and linker 1.2 with
the oxime product isolated in 68.5%. However, there was notable precipitation of lactose
from the solution particularly on larger scale reactions, impacting the amount of lactose
that could participate in the reaction. Larger oligosaccharides are almost certain to be less
soluble than lactose in the CHCI3:MeOH mixture, increasing the chances of precipitation
of the glycan and difficulties in maintain a homogenous reaction mixture at the
concentrations required for ligation. This method gives the oxime product in good yield,
put there is difficulty in the handling of the reaction and may only be good for small very

small-scale reactions.
3.1.1.2 Oxime ligation

Heating in sodium acetate buffer is a more practical approach for larger oligosaccharides,
and also for larger scale reactions maintaining high concentrations of both reactants and
keeping oligosaccharides in solution. The reaction was also carried out using a (PCR)
thermocycler to hold the reaction at 50 °C, as it was found at such small volumes the
reactions were prone to drying out with the water condensing within the lid of an
Eppendorf tube.

The reaction was set up from the same stock solutions in the reaction in CHCl3:MeOH
(section 3.1.1.1), resulting in lower concentrations of lactose (200 mM) and 1.2 (234 mM)

due to 1/5" the reaction volume being taken by a concentrated stock NaOAc solution
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(5M). This could have been mitigated by increasing the concentration of the stock
solutions, but the concentrations were above that known for successful reaction. After 18
hours at 50 °C, formation of 3.3 was observed by TLC and HILIC-MS analysis
confirming the correct mass of 490.28 Da (expected [M+H] = 490.52 Da) for the product
3.3 (figure 3.2) and this was isolated in a 73% yield upon purification (outlined in section
3.1.2). NMR analysis of 3.3 revealed that in solution, 3.3 exists as three isomers, an E/Z
isomer of the oxime and the ring closed N-glycoside in a ratio of 20:5:14 respectively
(figure 3.4). This result confirmed that carrying out the reaction in buffer makes the
handling of the reagents easier and offers a simpler route to scaling up the reactions,

alongside a moderate increase in yield.
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Figure 3.2: Mass spectrum comparison of lactose (black) and a mass spectrum of the reaction with 1.2in 1 M
NaOAc buffer at 50 °C taken after 18 hours, showing full conversion to the BCN ligated lactose 3.3 (blue).

After achieving good yields for the more reactive linker 1.2 with reducing sugars, the
reaction was repeated using N-Methyl linker 1.3, to create the lactose derivatives with a
ring-closed structure. Under identical reaction conditions to linker 1.2, in 1 M NaOAc at
50 °C, formation of the N-glycoside 3.6 was isolated in a yield of 40% as confirmed by
HRMS [M+H] = 504.2446 Da (expected [M+H] = 504.2445 Da).
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Scheme 3.3: Functionalisation of lactose with linker 1.3 to give the ring closed BCN derivitised N-glycoside 3.6.

3.1.2 Purification of BCN derivatised glycans from aqueous media

The purification of unprotected carbohydrates is often no trivial task. Many common
purification techniques are incapable of purifying unprotected oligosaccharide
derivatives, due to their highly polar nature and lack of solubility in solvents other than
water. Conveniently, conjugation to linker 1.2/1.3 not only offers a reactive handle, but
the hydrophobic properties of the BCN group mean that it can also be exploited as a
purification tag for reverse phase chromatography. Adopting a capture-and-release
approach to the purification of these BCN functionalised oligosaccharides, using
commercial C18 cartridges, allows effective purification from the aqueous reaction
mixture. A typical workflow for purification is displayed in figure 3.3: the aqueous
reaction mixture is directly loaded following equilibration of the column in water;
unreacted carbohydrates and salts are removed during the washing steps, whilst unreacted
BCN and product are retained. The product can then be eluted from the column using 20-

50% aqueous methanol, leaving any unreacted linker 1.2 stuck to the column.
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Figure 3.3: Cartoon representation showing the purification of glycan derivatives containing BCN by reverse
phase chromatography from aqueous reactions mixtures. A) Crude reaction mixture is loaded in water to the
C18 column. B) Unreacted oligosaccharide is washed from the column with aqueous wash. C) BCN
functionalised glycans are selectively eluted from the column in 20% aq. methanol.

NMR analysis of the pure 3.3 showed that any unreacted linker 1.2, did not co-elute with
the product. The purified sample was analysed by NMR, with the integrations for signals
corresponding to the BCN ring protons, matching those expected from the integrations of
the anomeric protons for the three isomers of 3.3 observed in solution confirming the

product 3.3 was 1:1 linker to glycan.
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Figure 3.4: NMR spectra with inset showing a purified sample of oxime 3.3 assigning the BCN ring protons and
the H; and H; protons for glucose and galactose residues. Integrations are shown confirming the linker and
glycan are in 1:1 ratio for the assigned three observed isomers of 3.3.

3.2 Oxime ligation to pentasaccharide GM1os

After optimising conditions for the ligation of 1.2 to the simple disaccharide lactose, the
next objective was to apply these methods to the synthesis of GM1 derivatives, which
would be used to develop neoglycoprotein inhibitors of the cholera toxin B subunit.
Before trialling the oxime ligation conditions on the GM1, the oligosaccharide first had
to be obtained. GM1os is very expensive from commercial sources with 2 mg priced at
£853. In contrast, the GM1-ganglioside is a fraction of the price at £325 for 500 mg.
Therefore, for our applications it was more sensible to obtain the GM1 oligosaccharide
from the ganglioside, through enzymatic cleavage of the glycosphingolipid using the
known glycosyl hydrolase, endoglycosylceramidase (EGCase) Il from Rhodococcus sp.
(M-777).268

3.2.1 Expression of EGCase II and enzymatic hydrolysis of GM1

ceramide

Vaughan ef al. used a codon-optimised gene, for the high yielding expression of EGCase
Il in E. coli.® Following this work, a codon-optimised gene in the pET-28a expression
vector (see appendix, figure 10.4) was purchased from GenScript incorporating an N-
terminal His-tag. The plasmid was transformed into E. coli BL21 (DE3), which were

grown at 37 °C before induction of protein expression at 20 °C by addition of isopropyl-
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B-thiogalactopyranoside (IPTG). Any attempts to express the enzyme by cooling the
culture slowly from 37 to 20 °C either showed no expression or only insoluble protein
found in the cell pellet. Instead, it was found that a cold shock step was essential before
induction of expression to enable expression of soluble protein. This was performed by
rapidly cooling the cultures on ice, before addition of IPTG. The E. coli cold shock
response appears to aid expression of stable and soluble protein — an important point that
is not highlighted in the literature procedure. The enzyme was successfully purified by
Ni-NTA chromatography in a yield of 30 mg/L. and SDS-PAGE analysis (figure 3.5)
confirmed overexpression with the band at 56 kDa corresponding to EGCase II. HRMS
of the combined elution fractions also confirmed the correct mass of 51,942 Da.
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Figure 3.5: SDS-PAGE showing confirming expression of EGCase II, and purification by Ni-NTA column.

Removal of imidazole by dialysis into sodium acetate buffer as outlined in the Withers
report?®, resulted in precipitation of the enzyme, presumably as the buffer did not contain
any salt. It was instead dialysed into a high salt (500 mM NaCl) phosphate buffer before
flash freezing in liquid nitrogen and storage at -80 °C.

GM1-ganglioside purchased from Carbosynth as the disodium salt, was treated with the
recombinant enzyme (scheme 3.4) as reported in the same paper by Vaughan et al.. 2%
Hydrolysis was shown to be complete by TLC after 72 hours. After removal of the
enzyme and ceramide by filtration and reverse phase chromatography, respectively, the
GM1os was desalted using gel filtration giving an isolated yield of 77%. NMR analysis
matched the reported literature values for GM10s.2’% 2! This enzymatic approach was

eventually scaled to produce 200 mg of GMI1os, from EGCase II produced in a 200 ml
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culture. This quantity of GM1os would have a commercial value of £85,000, making this
a much more efficient approach than produce GM1os chemically or enzymatically, which

would require three glycosyltransferases and the relevant nucleotide donors.

EGCasel ll
NaOAc pH 5
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OH HO _OH
O Ho
0 0
OH HOo
GM1os

Scheme 3.4: Enzymatic synthesis of of GM1os from GM1 ganglioside, by cermide cleavage with EGCase II.

The desalted GM1os and 1.2 were combined using the optimised conditions for the oxime
ligation (scheme 3.5): 250 mM GMIlos and 156 mM 1.2 were heated at 50 °C in 1 M
NaOAc buffer, using the PCR thermocycler. After 48 hours the reaction appeared to be
complete as TLC showed no further change, and a crude HRMS confirmed the correct
mass [M+H] = 1,146.4571 Da (expected [M+H] = 1,145.4486 Da) for the GM1 oxime
3.7. The reaction was then diluted and purified by reverse phase chromatography
(outlined in section 3.2.2). The BCN group was sufficiently hydrophobic to ensure 3.7
was retained on the C18 column, with no evidence of 3.7 in the flow-through or wash
fractions taken. After elution, 3.7 was obtained in an isolated yield of 24%. As 3.7 was
produced in 0.28 mg quantities it was not possible to fully assign the NMR spectrum for
the pentasaccharide derivative. Spectral analysis was able to confirm the presence of the
BCN, a shift of the anomeric signal corresponding from o/ hydroxyl signals, to signals
for the E/Z isomers of the oxime, observed at 7.68 and 7.00 ppm respectively in

correspondence with the signals observed for oxime 3.3. The integrals for the £/Z isomers
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of the oxime proton were observed in the same ratio as seen with the oxime product 3.3,
and the integrations of BCN ring protons matched what would be expected for the
presence of three isomers. HRMS was taken for the purified sample to corroborate NMR

spectral data of 3.7 confirming that the correct product was obtained after purification.
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Scheme 3.5: Oxime ligation of linker 1.2 to GM1os to give oxime 3.7.

Isolation of pentasaccharide 3.7 demonstrated the BCN group is suitable as a purification
tag is for glycans up to five saccharide units including those containing sialic acids, by a
catch-and-release on small C18 cartridges. Though there will be a glycan size where the
BCN is no longer capable of retaining the oxime product a study on this is required to
divulge the length of polysaccharide that cannot be retained by C18 cartridge, and by
extension if longer reverse-phase columns or HILIC-HPLC would be better suited for

larger polysaccharides.

3.3 Synthesis of glycosyl azides and functionalisation through SPAAC

Having successfully developed oxime ligation reaction conditions for linkers 1.2 and 1.3,
1.2 was then used to synthesise a second type of glycan derivative through reaction with
a glycosyl azide. Use of the SPAAC reaction as shown could provide a highly efficient

method of making reactive glycan derivatives with a reactive oxyamine functionality for
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oxime ligation to a biological macromolecule (scheme 3.6). This strategy however does
require chemical synthesis of glycosyl azides before they can be used in this type of
reaction.
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Scheme 3.6: Example of a SPAAC reaction between linker 1.2 and p-galactosyl azide to produce a triazole-linked
monosaccharide (3.8) with an oxyamine functional group.

Lactose was once again used as a model oligosaccharide for the development and
optimisation of conditions, and as a proof of principle for employing SPAAC to make
derivatise glycosyl azides using linker 1.2. Azide analogues of lactose and GM1 were

therefore required.
3.3.1 Synthesis of lactosyl azide

For simple, commercially available mono- and disaccharide products, conversion to
glycosyl azides is a straightforward process. One-pot global acetyl protection of the
hydroxyl groups and activation of the anomeric centre as a glycosyl bromide, can then be
converted to an azide by nucleophilic substitution yielding exclusively the B-glycosyl
azide. The synthetic route to azido lactose was therefore undertaken chemically (scheme
3.7) to produce larger scale quantities of B—azidolactose.

Beginning from lactose, a one-pot peracetylation, and bromination was performed with
acetic anhydride and HBr to give the a-bromo lactose in a single step with an 89%
yield.?’? After purification of 3.9, the bromide was displaced by Sn2 substitution using
sodium azide, to give peracetylated lactosyl azide in 85% isolated yield, which was then

deprotected using sodium methoxide to yield the lactosyl azide 3.11.
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Scheme 3.7: Synthesis of of azidolactose from peracteylated a-bromolactose.

SPAAC ligation with 1.2 was attempted on the protected lactosyl azide 3.10 to allow the
reaction to be performed in a single-phase solvent system (scheme 3.8A). Using linker
1.2 which had been stored under an inert atmosphere, the reaction was shown to be

quantitative after stirring overnight.
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Scheme 3.8: Generation of oxyamine-derivatised lactose 3.14 from lactosyl azide and linker 1.2. Conditions: b)
DCM, 3 hours, quantitative. c) NaOMe, MeOH, 1 hr, quantitative.

However, as the reaction was not also performed under an inert atmosphere, the oxyamine
was found to have reacted with acetone, forming oxime 3.13. Upon purification, this by-
product was found to be the major product with the desired oxyamine 3.12 being
converted to 3.13 upon prolonged exposure to the acetone in the laboratory atmosphere.
Although this by-product was no longer useful, it did show that the SPAAC reaction was

a highly efficient method for making oxyamine functionalised oligosaccharides that can



be used in oxime ligations. Upon attempting to remove the acetyl groups of oxime 3.13,
the isopropylidne oxime could also be removed using the deprotection conditions stirring
in sodium methoxide to give 3.14, However, this required unnecessary deprotection steps
and isolation of the free oxyamine still posed a challenge to avoid the purified 3.14
forming the isopropylidene oxime.

Synthesis of the deprotected lactosyl derivative 3.14, was instead carried out from the
crude deprotection mixture of 1.2 vigorously stirred in HoO with 3.11 in equimolar
quantities. After vigorous stirring with a solution of 3.11 in water as shown in scheme
3.8B, reaction was shown by TLC to be complete after three hours, which was
corroborated by HILIC-MS. Figure 3.6 shows the overlaid spectrum of 3.11 before the
reaction, and a spectrum taken after three hours, showing only the mass of 3.14. After
lyophilisation, 3.14 was isolated without any formation of oxime, minimising the
exposure of the product to acetone by carrying out the reactions in the biochemistry
laboratory. This model reaction proved that triazole linked glycosides could be produced

by SPAAC, whilst maintaining the oxyamine, with no need for further purification.
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Figure 3.6: Mass spectrum comparison between lactosyl 3.12 (black) and the SPAAC conjugation reaction
between 3.16 and 1.2 (blue).

3.3.2 Synthesis of GM1-N3

For the synthesis of GM1 azide we did not want to follow the same chemical modification
used for the synthesis of lactosyl azide 3.11; these types of chemical modification are not
always practical for much larger oligosaccharides and complex glycans, as often the
glycans are not available in sufficient quantities to carry through multiple
protection/deprotection and purification. A particularly simple approach for the
production of glycosyl azides from reducing sugars was reported by Shoda and co-

workers, in which the anomeric hydroxyl group was activated using 2-chloro-1,3-
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dimethylimidazolium (DMC).2”® Large oligosaccharides up to decasaccharides have been
shown to be converted to the corresponding B-azides in the presence of DMC and a base.
The simplicity of this reaction to yield a single isomer, makes it an attractive method for
the synthesis of large, complex glycosyl azides.

Following the original protocol?’?, GMlos was added to a solution containing DMC,
sodium azide and 2,6-lutidine as reported as examples of this reaction on sialylated
sugars. This required longer reaction times and required much higher equivalents of the
base. Other examples by Shoda and co-workers used DIPEA and TEA were used as
stronger bases, with TEA being supported by Machida et al.?’’ it was decided to attempt
the conversion of GM1os to GM1-N3 3.15 using nine equivalents of TEA (scheme 3.9)
Due to the sub milligram scale of this reaction, no analytical data could be obtained by
NMR, and common positive and negative ESI-HRMS methods were not capable of
ionising the GM1os or GM1-N3. Monitoring the reaction progression by TLC proved
more convenient, as staining in orcinol (stain specific for carbohydrates), showed a shift
in Rrindicating reaction had occurred, however, after purification by gel filtration, NMR
spectral analysis was not able to determine if the product isolated was indeed 3.15, due

to the poor signal-to-noise in the obtained spectra.

HO OH OH oH
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OH_OH
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NaNs, DMC,
TEA, H,0

Scheme 3.9: One-pot synthesis of GM1-N3 3.15 using Shoda’s reagent and triethylamine in water at room
temperature.
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The publication by Machida et al. used Shoda’s reagent for the synthesis of glycosyl
azides, but adopted a modified purification protocol.?®! They reported high isolated
yields, by acetylating the carbohydrate upon completion of the azidination, followed
reverse phase chromatography, and finally acetyl deprotection in the presence of sodium
methoxide to the desired unprotected upon neutralisation. This is a much more universal
approach, not requiring specific purification equipment and easily purified by the reverse
phase purification outlined in section 1.1.2.

After the large 200 mg batch of GM1os had been produced, this acetylation purification
was to be attempted in the final few weeks of this project using 10-20 mg of the GM10s
for the azidination. An NMR time course could be performed to confirm the formation of
3.15, by change in the anomeric signals for the reducing glucose unit, and further plans
to pair this spectral analysis with MS data was devised using a ‘clickable’ MS tag (see
chapter 5, section 5.2.2.1) to aid detection of the GM1 azide 3.15 after purification from
the reaction mixture. If GM1 azide 3.15 can be obtained with a high purity, the SPAAC
reaction in scheme 3.10 could be carried out with no further purification required before

ligation to a protein scaffold.
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Scheme 3.10: Proposed reaction for the generation GM1 derivative 3.16, by SPAAC reaction between GM1 azide
and linker 1.2.

3.4 Enzymatic extension of un-natural glycan derivatives

Following synthesis of four novel glycan derivatives through oxime ligation and SPAAC
with bifunctional linkers 1.2/1.3, thoughts turned to using enzymatic synthesis to build
more complex structures that already incorporate the tag.

Once again derivatives of small mono- or disaccharides are good models to explore if the
promiscuity of glycosyltransferases towards the unnatural substrates, as with the short
distance between the terminal sugar and the linker, they are least likely to be recognised
as substrates. If unnatural disaccharide substrates could be accepted by wild type
glycosyltransferases, then by analogy larger polysaccharide structures are likely to be
accepted.

Using the lactosyl derivatives 3.3 and 3.14 as substrates, enzymatic synthesis would be

used to create the Gb3 structure, the ligand for the verotoxin B subunit. Synthesis of the
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Gbs structure requires the addition of a galactose to 3.3 with an a-1,4 glycosidic link.
Enzymatically, this requires an a-1,4 galactosyltransferase and UDP-Gal as a glycosyl
donor. Comparatively, chemical synthesis of the glycosyl donors and acceptors to
construct the Gb3os trisaccharide would require 13-17 steps before the oxime ligation

reaction could be performed. 274275

3.4.1 Expression of a-1,4 galactosyltransferase

LgtC is a known a-1,4-galactosyltransferase from Neisseria menningitidis*’®, active WT
LgtC has previously been recombinantly expressed in E. coli by Wakarchuk et al.?”’ A
codon-optimised gene for LgtC with an N-terminal His-tag in a pET-28a expression
plasmid was purchased from GenScript (see appendix, figure 10.5). Using a modified
expression approach to that reported by Wang and co-workers,?”® E. coli BL21 (DE3)
was transformed with the plasmid, and overexpression of the enzyme was carried out in
LB auto-induction media. Figure 3.7 shows successful expression of soluble enzyme
upon cell lysis by sonication, and purification by Ni-NTA affinity chromatography,
yielding LgtC in 46 mg/L quantities. HRMS confirmed that the observed mass within the
isotopic distribution 34,456 Da, was within error at the resolution of the deconvolution of

the theoretical mass calculated using bioinformatics tool protparam of 34,452.96.
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Figure 3.7: Overexpression of LgtC and purification by Ni-NTA chromatography, visualised by SDS-PAGE and
high-resolution mass spectroscopy of the elution fraction showing both the charge state distribution and
deconvolution inset.
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3.4.2 Testing enzymatic activity of LgtC

Enzymatic activity was initially confirmed using the natural substrate lactose (10 mM)
and donor sugar UDP-Gal (10 mM), in the presence of 10 mM MnCl; as reported by
Wang and co-workers.?’8 After 15 hours at 37 °C the reaction was analysed by HILIC-
MS confirming the formation of Gb3os detecting [M+Na] = 527.45 Da (expected
Gb3os+Na = 527.17). After confirming the enzyme was indeed active, initial enzymatic
reactions carried out at 58 uM LgtC for the conversion of 3.3 to Gb3 oxime 3.17 (scheme

3.11) did not show full conversion when using two equivalents of UDP-Gal.

H
3.3 HO _oH OH o
(o] HO N
0SS !
OH OH
LgtC
UDP-Gal
MnCI2
Tris pH 8.0
HO _OH
0 N\
HO
HO H
3.17 O OH OH o
o HO N
HO&/O OH N H
OH OH

Scheme 3.11: Conditions for the enzymatiatic galactosylation of 3.3 using the galactosyltransferase LgtC and
the glactosyl donr UDP-Gal.

Conversion of 3.3 to 3.17 was then tested at various concentrations of LgtC to determine
the optimal conditions for enzyme activity. Table 3.1 shows the percentage conversion of
3.3t03.17 at 10, 50 and 100 uM of LgtC at 37 °C, measured from the relative abundance

observed in the HILIC chromatogram.

Table 3.1: Percentage conversion of a-1,4-galactosylation of lactose in a pH screen for optimal galactosylation
using LgtC and UDP-galactose. Conditions:1 mM 3.3, 2 mM UDP-Gal, 1 mM MnCl, 1 mg/ml BSA, 50 mM Tris,
100 mM NaCl at 37 °C for 18hours.

[LgtC] Conversion to 3.17 (%)
10 uM 0

50 uM 50

100 uM 60
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As would be expected the increase in enzyme concentration leads to an increase in
conversion, as the rate of reaction is proportional to enzyme concentration but full
conversion of 3.3 was not observed. It was proposed that the limited conversion could be
explained by several possible factors: the rate of enzyme-catalysed hydrolysis of the
UDP-galactose being greater than rate of glycosylation of 3.3; poor binding because of
saccharide conformation or steric clash; or that the pH is not optimal for the catalytic
residues within the active site of LgtC.2’® Conversion may be improved by changing
buffer, as it is known that LgtC exhibits optimal activity in HEPES, however, wanting to
combine this enzyme into a catalytic cycle the reactions needed to be carried out in Tris

to be compatible with other enzymes.?7% 280

3.4.3 Enzymatic cycle for continuous glycosyl donor production

In showing that LgtC could turn over the lactosyl BCN derivative 3.3 to yield the Gb3
BCN 3.17, we had also developed a route to the reactive glycan ligands for the verotoxin.
To enable scale-up of the enzymatic synthesis, an enzymatic cycle in which the UDP-
donor sugar is continuously regenerated in situ, is useful to reduce the number of
equivalents of the donor needed for full conversion to the trisaccharide. Such a cycle,
similar to that described by Elling and co-workers,?®! is shown in scheme 3.12 in which
UDP-galactose is generated in situ from cheaper commercially available materials UDP
or UDP-glucose. In combination with a-1,4-galactosyltransferase LgtC, this would be a
viable method for scaling-up the synthesis of Gb3os and Gb3 derivatives without
requiring large amounts of expensive UDP-galactose.

HO OH HO _OH

o %&
HO HO OH “OH
HO

UDP
HO _OH
UDP-GIc4'-epimerase/ o
HO
HOo _oH
Ny
OH OH
- UDP
o OH
HOUDp Fructose Synthase Sucrose

Scheme 3.12: Scheme showing the three-enzyme cycle of Sucrose synthase, UDP-Glc 4’ epimerase and a
galactosyl transfrase for the regeneration of UDP-Gal and o-1,4 galactosylation developed by Elling and co-
workers.?8!
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The enzymatic cycle can begin with UDP, UDP-Glc or UDP-Gal and is driven by the
large excess of sucrose which is digested to UDP-Glc and fructose, by the backward
reaction of the enzyme sucrose synthase. UDP-Glc is then converted to the UDP-Gal
donor by epimerisation of the 4-hydroxyl using a UDP-Glc-4-epimerase. Finally, the
UDP-Gal is recognised by the a-1,4-galactosyltransferase to create Gal-a-1,4-Gal
product.

UDP-glucose purchased from Carbosynth was used as the feed for this cycle, and
enzymes glucose-4-epimerase and sucrose synthase (SuSy) were obtained from Prozomix
as ammonium sulfate precipitates as a part of a BBSRC collaborative project within the
group. The cycle was set up as shown in scheme 3.13 using 10 mM 3.3, 0.2 mol% of the
UDP-Glc, in the presence of a large excess of sucrose (0.5 M), with MnCl, (1 mM) and
1 mg/ml BSA in Tris-buffered saline (TBS, 50 mM Tris 100 mM NaCl). A higher pH
was not used for the enzymatic cycle, although it does improve the activity of LgtC on
the lactosyl BCN 3.3, it is likely not to be optimal for the activity of the other enzymes
(Glc-4-epimerase and SuSy); therefore the reactions were performed at pH 7 adhering to
literature reports. SuSy and the epimerase were collected as precipitates by centrifugation,
resuspended, in ddH>O, and added directly to the buffered reaction mixture. LgtC was
used at 100 uM according to previous findings showing greater conversion, and the high
yield expression meant the enzyme could be produced in sufficient quantities to support

its use at high concentrations.
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Scheme 3.13: A three enzyme cycle for the continuous regeneration of UDP-Gal donor from UDP, and the
galactosylation of oxime 3.3 to trisaccharide 3.17.

After incubation at 37 °C for 18 hours, MS analysis of the enzymatic cycle shown in
figure 3.8 showed complete conversion to 3.17. The continuous regeneration of UDP-Gal
removes the effect of enzyme-catalysed hydrolysis of UDP-Gal, driving the conversion
of unnatural glycosyl acceptor substrates towards completion through constant supply of
the glycosyl donor. Furthermore, the recycling of UDP removes the potential inhibition
of the GalT by UDP occupation of the active site. Investigation into the amount of sucrose
required to drive the cycle, revealed that full conversion can be achieved using as little as
a five-fold excess of sucrose, in conjunction with a 0.1 mol% ratio of the UDP-Glc.
Purification and isolation of Gb3 derivatives by reverse phase chromatography was very
effective, despite the complex composition of the enzymatic cycle. Any precipitated
enzyme was removed by centrifugation, followed by the purification protocol outlined in

section 3.1.2.
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Figure 3.8: Mass spectra of the enzymatic glycosylation of 3.3 to 3.17 with 100 pM LgtC after18 hours run on
HILIC-MS. Black — Compound 3.3. Blue- Compound 3.17.

With the SPAAC reactive Gb3 derivative 3.17 synthesis optimised, the enzymatic cycle
was also used to produce the oxime reactive Gb3 derivatives. With the concern that the
oxyamine could form unintended oximes, the glycosylation reaction was used to first
create f—azidoGb3 from B—azidolactose 3.11. Using the optimised cycle conditions 3.11
was converted to trisaccharide 3.18 as shown in scheme 3.14, before excess sucrose in
the reaction mixture was hydrolysed by the addition of the enzyme invertase purchased
from Sigma-Aldrich. TLC analysis was used to determine that degradation of the sucrose
was complete, after which the 3.17 was isolated by size exclusion chromatography (SEC)
using P2 gel, which was able to separate the trisaccharide from the monosaccharides and
salts. After isolating 3.18, the SPAAC conjugation to 1.2 gave the oxyamine 3.19. HRMS
confirmed the mass of the trisaccharide 3.19 at [M+H] = 695.2956 Da (expected [M+H]
=695.2909 Da).
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Scheme 3.14: Enzymatic cascade for the production of 3.18 from 3.11, using UDP-Glac as the cycle feed at 0.1
mol% and 5-fold excess of sucrose; and reaction of the trisaccharide 3.18 with linker 1.2 to yield 3.19 in

quantitatice yield.

3.5 Conclusion

Linkers 1.2 and 1.3 have demonstrated versatility in conjugation methods, with each

functional group capable of reacting with reducing sugars or glycosyl azides to produce

simple and complex bioorthogonally reactive oligosaccharides. Oxime ligation was used

to obtain lactosyl derivatised 3.3 and the ring closed analogue 3.4 in very good yield after
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optimisation, which were later applied to the larger oligosaccharide GMlisolating 3.7
respectable isolated yields.

The SPAAC reaction proved a very effective method for the synthesis of functionalised
oligosaccharides containing an oxyamine group. The reactions were rapid and required
little purification. Although time constraints did not allow for the isolation of GM1 azide
3.15 in sufficient quantities to be taken forward for the synthesis of GM1 derivative 3.16,
a synthetic plan and purification method from the reports by Machida e al?’! holds
promise for the isolation of 3.16.

Enzymatic carbohydrate synthesis has been a very useful tool in expanding the
complexity from simple, readily available oligosaccharides. These unnatural substrates
can be recognised by glycosyltransferases, and the use of enzymatic cycles also provides
a practical route to larger scale production, if access to the glycosyl donors and
glycosyltransferases is available. Throughout the synthesis we have also exploited the
reactive handle as an effective purification tag, demonstrating the BCN group is a highly
effective for isolation from aqueous reaction mixtures, in a very efficient and reproducible
manner. The combination of direct carbohydrate functionalisation, chemical modification
and enzymatic glycosylation has produced one reactive GM1 derivative and two Gb3
derivatives with different reactivities, which can then be used for generation of

homogeneous synthetic glycoproteins.
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Chapter 4 Bioorthogonal synthetic glycosylation
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Having discussed the use of two different reactive groups of bioorthogonal linkers
outlined in chapter two to derivatise oligosaccharides. This chapter will explore the use
of the same reactive groups to functionalise proteins with the glycan derivatives described
in chapter three, to address the question in how best to design neoglycoprotein inhibitors.
Having previously outlined some approaches devised for engineering protein scaffolds
for use as inhibitors of bacterial toxins section 1.3.3, it is evident that covalent attachment
and prearrangement of the glycan ligands is beneficial for inhibition of the WT cholera
toxin. Figure 1.15 displays the oxime ligation of a GM1 glycoconjugate to the mutated
CTB scaffold to produce a neoglycoprotein inhibitor.!?® As proposed in the project aims
we wanted to explore the effects of linker length and position of the glycans, on the
inhibitory potential of CTB-based neoglycoprotein inhibitors. To investigate this the
short-length BCN linkers 1.2 and 1.3 were synthesised with two different reactive groups,
to carry out glycosylation on the two opposing faces of mutant CTB proteins which can
no longer bind to the native GM1 ligand; therefore, can be used as protein scaffolds which
can be built upon with carbohydrates to target bacterial toxins (figure 4.1). Ligation on
top face (non-binding face) of the protein, involves the introduction of non-canonical
amino acids to introduce an azide capable of reaction with glycan derivatives with a
strained alkyne. The other follows in the footsteps of Branson et al.'?® using the already
established oxidation of B-aminoalcohols with NalOs (Malaprade oxidation) for the

oxidation of followed by oxime ligation.
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Figure 4.1: Proposed methods for the synthesis of two GM1-based neoglycoprotein inhibitors with a minimal-
linker length GM1 derivatives; by top face functionalisation of a non-binding azido-CTB mutant with the 3.3,
and bottom face N-terminal face functionalisation of a non-binding CTB mutant with yet to be synthesised 3.15.
These reactions will demonstrate two methods of bioorthogonally and site-specifically glycosylating the CTB
pentamer, using glycan derivatives from the same heterobifunctional linker.

This chapter will describe the design strategy for the mutant proteins and recombinant
expression, before presenting studies for the conjugation of glycan derivatives and finally

results of inhibitor binding assays against the adhesion of WT CTB-subunit.
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4.1 Design and Expression of bioorthogonally reactive CTB mutants

4.1.1 Non-binding CTB mutant for oxime ligations

The binding of CTB to GM1 can be removed by mutation of the tryptophan residue 88
(shown in blue, figure 4.2) to a glutamate, which abolishes GM1 binding as reported by
Jobling and Holmes.!> The CTB subunit naturally has an threonine at the N-terminus
(highlighted in green, figure 4.2), which can be oxidised to give an aldehyde using sodium
periodate (Malaprade reaction). It was shown previously'?® that the oxime ligation to the
oxidised N-terminal threonine of CTB gave 100% conjugation to the glycoprotein in the
presence of aniline, making it a highly efficient method of protein conjugation which is

routinely used in the Turnbull group.

Figure 4.2: Surface representation of CTB pentameric subunit showing the GM1 binding face. Specific residues
highlighted: N-terminal threonine residue shown in green; tryptophan 88 within the GM1 binding pocket, the
site of mutation for removing GM1 binding, generated from co-ordinates 1ICHB.pdb

4.1.2 Expression of the non-binding CTB W88E mutant

For the overexpression of CTB W88E a plasmid based on the pMAL-c5x expression
vector containing the sequence for the non-binding mutant of CTB (created by Dr Tom
Branson, University of Leeds, see appendix figure 10.1) was available, and the expression
procedure is well defined within the group.'?® A glycerol stock of E. coli C41 expression
cells (generated by Dr Tom Branson) harbouring the plasmid for CTB WS88E was used
to express the recombinant CTB W88E (procedure found in section 7.4.6) The gene
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coding for CTB WS88E is preceded by a periplasmic targeting sequence which is
responsible for directing export of CTB to the periplasm. Following removal of the
targeting sequence, the protein folds and assembles into the pentamer which is ultimately
secreted from the cell into the media. The protein was harvested from the growth medium
by ammonium sulfate precipitation. After solubilisation the protein was further purified
by Ni-NTA affinity chromatography. Expression of the pentameric subunit was
confirmed by SDS-PAGE analysis (figure 4.3); due to the highly stable nature of the
pentamer, it does not denature in the SDS-loading buffer if the sample is not boiled prior
to loading onto the gel, and can thus be observed in the pentameric state. Due to the large
number of proteins precipitated from the growth medium, nickel affinity chromatography
was insufficient to isolate pure CTB WS88E, and required further purification by size
exclusion chromatography (SEC). HRMS then corroborated the SDS-PAGE results,
showing the correct mass of the monomeric CTB W88E at 11585 kDa (figure 4.3,
theoretical mass = 11587.). The recombinant CTB W88E was expressed in a yield of 9.5
mg/L.
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Figure 4.3: A) SDS-PAGE analysis of the Ni-NTA purification of W88E from the ammonium sulfate
precipitation of the growth medium. W88E (orange pentamer) shown in the elution fraction. B) HRMS of WSSE
following secondary purification by size exclusion chromatography with both the charge state and deconvoluted
spectrums.

4.1.3 Generation of an azido-CTB protein scaffold for use in SPAAC

ligation

With the CTB WS88E protein scaffold successfully expressed, attention turned to the
generation of a non-binding CTB which contained a surface exposed azide for developing

a new chemical glycosylation method using the SPAAC reaction.
4.1.3.1 Positioning of the azide handle

For SPAAC-based glycosylation, the azide group was to be placed on the non-binding

face of CTB, to investigate the effect of the glycosylation site on the inhibitory potential

of resulting neoglycoproteins. The motive was that the non-binding face surface is flatter

than the binding face which has loops protruding down below the N-terminus, as shown

in figure 4.4 in which the crystal structure is viewed from an angle perpendicular to the

binding face. Attaching the GMI1 ligands on the top face may allow their better
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presentation towards the toxin’s binding sites. To exploit the multivalent binding of CTB
and target the five binding sites, five reactive groups were required per pentamer; the sites
must retain symmetry and be equally spaced, the importance of this was shown by the
high-affinity binding and low ICso values of the neoglycoprotein inhibitors produced
through glycosylation of the N-terminus.

With the CTB monomeric sequence only containing three methionine residues, by
performing four mutations the sequence would have a single methionine at a specific site.
Using global residue-specific incorporation (see section 1.4.3.1) could be used in a site-
selective way, to replace the natural amino acid methionine with the bioistoteric NCAA
azidohomoalanine which is recognised by the aminoacyl-tRNA synthetase. The tRNA
synthetase is then able to attach azidohomoalanine to the native methionine tRNA in E.
coli, resulting in the incorporation of azidohomoalainine into proteins produced by the E.
coli which are grown in growth medium which is methionine deficient.

An azido-CTB protein has recently been described in the group, used for the coating of
nanoparticles.?®? This CTB expression mutant was designed to position the azide group
in place of lysine 43, by engineering a single methionine in the sequence at position 43.
The expression vector named pSAB 2.3(azido) was created by Dr Daniel Williamson by
sequential site-directed mutagenesis removing three native methionine residues by
introducing the mutations M37L, M68L, M101L. A fourth mutation K43M introduced
the single methionine at position 43, creating a construct for the expression of an azido-
CTB mutant.?®> This construct was applicable for our purpose of producing
neoglycoprotein inhibitors. Distances between lysine residues at position 43 (figure 4.4,
highlighted in cyan), closely match the distances between the N-terminal threonine
residues (figure 4.4, highlight in green). PyMol was used to compare the distances
between: two terminal galactose bound in GM1 binding site (29 A); two N-terminal
threonine (31 A); and two lysines (30 = 3 A depending on side chain conformation),
introducing a glycosylation site at position 43 would therefore produce a neoglycoprotein
in which the ligand spacing match the distance between binding sites whilst maintaining
pentagonal symmetry. The crystal structure shows these lysine residues are solvent
exposed and the side chain lies perpendicular to the protein surface, which makes it an

ideal location for a SPAAC reactive chemical handle.
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Figure 4.4: Cartoon representation of the CTB pentameric subunit, from a side viewpoint. Specific residues
highlighted: tryptophan 88 in blue; N-terminal threonine in green; and Lysine 43 on the non-binding face, the
site identified for the introduction of azide, shown in Cyan. Image was generated from the co-ordinates
1CHB.pdb.

4.1.3.2 Creating and expression testing a construct for azido-CTB-WS88E

The azido-CTB construct (created by Dr Daniel Williamson) was not completely fit for
purpose for this project, as it still retained the native GM1binding capabilities making it
unsuitable as a protein scaffold. Taking the plasmid pSAB 2.3(azido), another
mutagenesis reaction was performed using primers designed to introduce the W88E
mutation (see appendix, section 10.2) to remove the GM1 binding capability, producing
an expression vector pSAB 2.4 coding for N3-W88E. Successful mutagenesis was
confirmed DNA electrophoreses (see appendix, figure 10.3) with the mutated construct
not digested by the digestion enzyme Dpnl. E. coli BL21 (DE3) were transformed with
the pSAB2.4 plasmid. To confirm CTB over-expression could be achieved using the
mutated plasmid, the CTB-M37L/M68L/M101L/K43M/W88E mutant was expressed
using a methionine rich growth medium, to first determine if the protein needed to be
isolated from the growth medium or from cell lysis.

The E. coli clone harbouring plasmid pSAB 2.4 was grown in Lysogeny Broth (LB) and
over-expression was induced by addition of IPTG. After incubation at 37 °C overnight,
the protein was successfully isolated from the soluble fraction upon lysis of cells. This
was a peculiar discovery for the MET/N3 W88E mutants; previous attempts to express
other CTB mutants’ proteins including W88E considering in E. coli BL21 cells had
yielded no expression. Expression was only successful for other CTB mutants was
observed in the C41 cell expression line, and the CTB subunit was exported into the

growth medium. SDS-PAGE analysis (figure 4.5) confirmed the presence of pentameric
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CTB in the elution fraction, the introduction of five mutations does not perturb the
structure enough to cause dissociation during the running of SDS-PAGE. Melting
temperature studies were not performed to confirm if the stability of the N3-W88E mutant
differed from WT CTB, however, previous work carried out by Dr James Ross
(University of Leeds) confirmed that the ability to maintain a pentameric structures
correlates with melting temperatures of 70 °C. The protein was further purified by SEC
and the correct protomeric mass of 11,535 Da was confirmed by HRMS (figure 4.5).
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Figure 4.5: SDS-PAGE analysis from the expression test of the non-binding MET-CTB mutant in the lysate and
successful purification by Ni-NTA affinity chromatography. HRMS of the elution fraction are shown including
the charge state and deconvoluted spectra.

4.1.3.3 Expression of non-binding azido-CTB

The expression test confirmed the protein could be expressed in the E. coli BL21 cells,
isolated from the periplasm and that the recombinant protein retains its correct pentameric
structure and stability. The next step was to use the pSAB2.4 plasmid to express the CTB
mutant incorporating azidohomoalanine.

Azidohomoalanine was synthesised from L-glutamine following a procedure reported by

Lau et al.?®} which reported the synthesis of Fmoc-protected L-azidohomoalanine in two
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steps. The synthesis proceeds by Hoffmann rearrangement of Fmoc-glutamine to give
4.1, a diazotransfer transfer then gives the azide (4.2). The original reports used the HCI1
salt of sulfonyl azide diazotransfer reagent 4.2, however, the HSOj salt is known to be
more stable and therefore safer.?®* The Fmoc protecting group of 4.3 (synthesised by Dr

Daniel Williamson) was then removed under basic conditions using diethylamine, to yield

azidohomoalanine.
NaN3
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Scheme 4.1: Synthesis of azidohomoalanine from Fmoc-glutamine, by Hoffman rearrangement and diazotransfer with reagent
4.2.

Methionine auxotrophic E. coli B§34 (DE3) was transformed with the pSAB2.4 plasmid.
Cells were then grown in “new minimal media” (NMM) following procedures outlined
by Wiltschi and co-workers.?%* Cells were supplemented with enough methionine to grow
to ‘lag phase’, at which point over-expression was induced by addition of IPTG alongside
supplementation of the media with azidohomoalanine. Upon cell lysis with BugBuster®
the protein was purified by Ni-NTA affinity chromatography. The results of SDS-PAGE
are shown in figure 4.6. Affinity chromatography proved sufficient to purify the N3-
WSBSE, and so SEC was not required. Once again pentameric protein was observed at an
apparent molecular weight of 35 kDa, confirmed to be the pentameric CTB by the

dissociation into the monomeric CTB upon boiling the sample.
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Figure 4.6: SDS-PAGE analysis of the expression of N3-W88E. showing the cell lysate and fractions taking from
Ni-NTA, with the pentameric N3-W88E in the elution fraction and the monomer after boiling. B) shows HRMS
of the elution fraction from Ni-NTA column with the charge state and the deconvoluted spectrums.

4.1.4 SDS-PAGE comparison of CTB mutants

As shown in the expression of WT CTB and each of the mutants, the pentamer is highly
stable and not susceptible to denaturation by SDS at room temperature and can therefore
be visualised by SDS-PAGE. Dissociation of the pentamer requires heating at 95 °C,
before the monomeric CTB can be observed by SDS-PAGE. In each case, the CTB
pentamer strangely migrates faster in SDS-PAGE compared to what would be expected
for an extended chain conformation of a protein with the same mass as the CTB pentamer
(58 kDa). Figure 4.7 shows an SDS-PAGE gel comparing WT CTB to all three CTB
mutants expressed, highlighting the differences in observed mass as an effect of
mutagenesis. The WT CTB subunit is observed approximately 10 kDa from its expected
size, and that the single mutant W88E is similar to the WT. The compact folded shape of
CTB, results in a lower surface exposure to SDS compared to an unfolded protein; and

the pentamer also has a smaller hydrodynamic radius for its molecular weight. This results

96



in the pentamer structures migrating through the porous gel more rapidly and appearing
at a smaller molecular mass than would be expected when compared to protein standards.
The pentamers of MET-WS88E and N3-W88E, however, appear to have an apparent
molecular weight of 37 kDa, a 20 kDa difference from the expected molecular weight.
The removal of three methionine residues within the proteins folded structure is unlikely
to affect the shape, size or interactions with SDS. This exaggerated shift in the observed
mass away from the known mass of the pentamer can be explained by mutation of the
surface lysine residues resulted in a change surface charge on the protein, removing five
positive charges from the protein surface allowing the pentamer to migrate more quickly
through the electric field. In combination with the small size and compact shape of the
pentamer, the protein is able to move through the gel more rapidly than the unfolded
protein would.
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Figure 4.7: Comparison of WT CTB (red, pentamer) to the single mutant, W88E (orange, pentamer), and the 5-
point mutations MET-WS88E and N3;-WS88E alongside the boiled samples to visualise both pentameric and
monomeric B subunit by SDS-PAGE.

4.2 Site-specific glycosylation of CTB-WS88E by oxime ligation

After successful expression of the CTB mutant protein scaffolds which each comprise of
one half of the orthogonal reactive pair to the derivatised glycans 3.3, 3.7 and 3.14
produced in chapter 3. Firstly, the oxime ligation to the W88E scaffold to confirm the
same chemistry used to produce the previous neoglycoprotein inhibitor, could still be

used for glycosylation reactions with oxyamine-derivatised lactose 3.14.
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4.2.1 N-terminal oxidation of W8SE

The oxidation of CTB was first described by Offord and Rose.?%¢ CTB was exposed to
NalOys in the presence of methionine, which was used as a preventative measure to avoid
oxidation of methionine residues within the protein structure. We adapted this procedure
as it was determined that the presence of methionine was not required, as no mass
corresponding to the oxidation of any of the three methionine residues in the protein was
ever observed when only NalOs was added. The addition of methionine in the buffer
appeared to slow the rate of oxidation, as reactions took around 20 minutes to reach
completion; whereas with no methionine the reaction was complete before a sample could
be analysed by mass spectrometry.

Figure 4.8 shows the HRMS of the oxidation reaction following the additions of NalO4
(5 eq, 2.5-3.5 mM), showing two resulting products. The desired W88Eox is not observed
as the aldehyde in solution, but instead as the hydrate at 11,557 Da. A second product at
the mass of 11,540 Da is also observed, which would appear to have the correct mass of
the aldehyde; but instead corresponds to a cyclised by-product in which rotation around
a proline residue at the N-terminus brings the amide into close proximity with the
aldehyde, resulting in cyclisation by intramolecular attack. The formation of this product
is minimised by performing the oxidation at high concentrations of W88E in region of

500-700 uM CTB (protomer concentration).
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Figure 4.8: Charge state and deconvoluted spectra following oxidation W88E, and mechanism showing
cyclisation of the CTB N-terminus following the oxidation of threonine which gives the mass of 11540 Da.

Curiously, on some occasions when performing these oxidation reactions, the conversion
only reached 50%, whereas previous samples from a different expression batch had
achieved full conversion to the oxidised product. After a process of trial and error in
which the number of equivalents of methionine, periodate and the concentration of protein
were tested without any effect on the total conversion, it was noticed that the only
difference between the two reactions was the buffer. Reactions which reached full
oxidation were performed in sodium phosphate buffer, whereas, only limited oxidation
was observed when the protein was in PBS. When the protein in PBS was dialysed into
phosphate buffer and then treated with sodium periodate, full oxidation was once again
achieved. The presence of potassium in the buffer results in counterion exchange of
sodium periodate to give potassium periodate which has poor aqueous solubility. This
lack of solubility, therefore, limits the amount of available periodate to participate in the
oxidation and oxidation of the protein is limited. This important observation has now been
published in collaboration with the Fascione group at University of York.?®’
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4.2.2 Synthesis of lactose neoglycoproteins by N-terminal oxime ligation

to CTB WSSE

With the oxidised protein in hand, the oxime ligation to glycoconjugate 3.14 was used as
a test for the oxime ligation with BCN glycoconjugates. The oxime ligation was carried
out using identical conditions used in the synthesis of the neoglycoprotein by Branson et
al.'?® To W88Eox at 450 puM (monomeric concentration) in phosphate buffer,
glycoconjugate 3.14 was added in excess of 10 eq (4.5 mM), with 100 mM aniline

required for the reaction to proceed at pH 6.8.
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Figure 4.9: Deconvoluted mass spectrum showing the ligation of 3.14 (4.5 mM) to W88E, (450 nM).

The ligation was left agitating overnight at room temperature, and the reaction
progression was examined by HRMS. Figure 4.9 shows the acquired spectrum after
purification using a PD-10 desalting column. The major species detected is the
glycoprotein product W88E(3.14), with two other species relating to fragmentation of the
glycoconjugate within the mass spectrometer determined to be the loss of the galactose
giving 11,893 Da. The areas of the deconvoluted peaks in the mass spectrum indicated
100% ligation and no oxidised W88Eox was detected, however around 3% unoxidized
CTB W8S8E was also present. The successful ligation to 3.14 showed that N-terminal
ligation is still possible with this minimal-linker length between carbohydrate and

reactive oxyamine.
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4.3 SPAAC as a novel method of site-specific glycosylation

4.3.1 Optimisation of SPAAC glycosylation using lactosyl BCN

After successful expression of the N3-WS88E, the SPAAC method for protein
glycosylation could be investigated. To our knowledge synthetic glycosylation using the
SPAAC reaction has not previously been reported, therefore, there is no previous
knowledge of conditions to provide the best reaction conversion. BCN-Lac oxime 3.3
was the easiest to produce synthetically, and having been prepared on a larger scale, it
was used for reaction optimisation. The glycosylation was first trialled at low
concentrations of N3-W88E (50 uM protomer concentration) with 1.25 eq of cyclooctyne
3.3. The reactions were incubated at 37 °C overnight, after which time the deconvoluted
mass spectrum (figure 4.10) showed a 1:1 ratio of N3-W88E and (3.3)WS8S8E indicating
only 50% glycosylation.
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Figure 4.10: Deconvoluted HRMS of the SPAAC glycosylation with N3-W88E (50 nM) and cyclooctyne 3.3 (75
uM, 1.25 eq) at 37 °C overnight.

A number of conditions were investigated to improve overall percentage glycosylation.
Reactions were performed using N3-W88E at concentrations of 50, 100 and 200 uM, and
at each concentration, 1.5, 3 and 5 eq of lactose derivative 3.3 was added. Each reaction
was incubated at 37 °C for 16 hours before evaluation by HRMS. The resulting
deconvoluted spectra presented in figure 4.11 all show that the glycoprotein was

produced.
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Figure 4.11: Stacked deconvoluted mass spectrums for the starting N3;-W88E and results of SPAAC
glycosylation reactions at 100 pM N3;-WS88E varying the excess of 3.3 at 37 °C for 16 hours, and inset stacking
reactions spectrums with the simulated isotope patterns for N3-W88E and MET-WS8SE. A) N3-WS88E starting

protein. B) 100 pM N3;-WS88E and 1.5 eq 3.3. C) 100 pM N3-WS88E and 3 eq 3.3. D) 100 uM N3-WS8S8E and 5 eq
3.3. Simulated deconvoluted mass spectra (‘calc’) are also shown for N3-WS88E (95:5 N3-WS8SE:MET-WSS8E).

At first glance the spectra do not appear to show full conversion to the glycoprotein, with
a peak remaining mass region of azido starting material, first thought to be unreacted N3-
WSS8E. However, close inspection of the overlaid spectra show a shift in the mass of the
peak from 11,530 to 11,535 kDa (figure 4.11 inset), when these peaks were overlaid with
the simulated isotope patterns for both N3-W88E and MET-WS8SE, it became clear that
conditions shown in spectra C and D contained only MET-WS88E concluding that all the
available N3-W88E had been converted to the glycosylated product. The peak at 11,535
Da could not be seen in the starting N3-W88E as the less abundant MET-WS8S8E sits
underneath the isotopic distribution pattern of N3-W88E. The abundance of MET-W88E
was calculated to be approximately 20% after glycosylation, meaning the incorporation
of azidohomoalanine was only 80% successful. This was then confirmed by simulating
the isotopic pattern for an 80:20 mixture of N3-W8SE:MET-WS88E, which then matched

the isotopic distribution for expressed N3-W88E spectrum (figure 4.12)
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Figure 4.12: Comparison between the simulated isotopic distribution pattern for a sample containing 80:20 N;-
WSSE:MET-CTB and the deconvoluted mass spectrum for expressed N3-WS8SE.

The poor degree of methionine replacement prompted re-expression of N3-W88E. Taking
caution to ensure no methionine was carried forward into the expression cultures, cells
were harvested from the LB starter culture by centrifugation at 4500 % g for 25 minutes.
The cells were resuspended in a small volume of NMM media before inoculation of the
larger cultures. Each culture was grown until cell growth reached ‘lag phase’, at which
point expression was induced with IPTG. Following isolation and purification, the
resulting N3-W88E protein was used in time-course reactions to follow the kinetics of the

SPAAC glycosylation reactions.

Following the SPAAC bioconjugation by ESI-HRMS time-courses were performed by
taking samples of the reaction at specific time points during the reaction. Following
dilution of each sample, the reaction progress was halted and the ratio of products to
starting material could be analysed. Taking snapshots of the reaction at specific points
allowed accurate conclusion of reaction completion and could be used determine
differences in the reaction kinetics under different reaction conditions. Each time point
was analysed by comparing determining the abundance of neoglycoproteins products
including fragmented species to the starting N3-W88E, to determine reaction progression.
Deconvolution of the data was performed before the determining the species abundance,
as the mass shift charge states in the ESI spectrum was more difficult to interpret than the
larger mass shift observed for the single charge state products in the deconvoluted
spectrums.

HRMS time courses of three different glycosylation conditions are displayed in figure
4.14. Figure 4.13A shows the reaction with 250 uM N3-W88E and 5 mM cyclooctyne

3.3. The glycosylated product appears within 30 minutes and increases in abundance at
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each subsequent time point but is not complete after 6 hours showing some N3-W88E
remaining, and after 24 hours the low mass species shows a clear shift to being only
MET-WSS8E. When the concentration of cyclooctyne 3.3 was doubled to 10 mM at the
same protein concentration (figure 4.13B), all of the N3-W88E depleted and completion
was reached by the six hour time point but without time points between six and 24 hours
a comment on the extent of the rate increase from 5 mM cannot be made. When the
concentration of N3-W88E was increased to 500 uM, with 10 mM 3.3 a seven-hour time
course showed full SPAAC ligation by the four-hour time point (figure 4.13C). The ratio
of glycosylated product to MET-WS88E was calculated to be 95:5 from the relative
abundance detected in the mass spectrometer. This represents 5% of the CTB monomers
containing a methionine residue, thus azidohomoalanine was incorporated with a 95%

efficiency.
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Figure 4.13: A) Cartoon representation of the SPAAC glycosylation reaction between N3;-WS8SE and
neoglycoconjugate 3.3 B) Deconvoluted HRMS time course following the SPAAC glycosylation at 250 pM N3-
WSSE, 5 mM 3.3 performed in PBS at 37 °C. C) Deconvoluted HRMS time course following the SPAAC
glycosylation with 250 pM N3;-W88E and 10 mM 3.3 performed in PBS at 37 °C. D) Deconvoluted HRMS time
course following the SPAAC glycosylation with 500 pM N3-W88E and 10 mM 3.3 performed in PBS at 37 °C

Further analysis of reaction product by SDS-PAGE (figure 4.14) shows no N3-W88E
pentamer and a shift to higher mass for the glycosylated (3.3)WS88E pentamer. Upon
boiling the sample, the glycosylated pentamer dissociates to give the monomeric

glycoprotein as a single band.
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Figure 4.14: SDS-PAGE comparison of the N;-W88E scaffold before and after the SPAAC glycosylation to

glycoconjugate 3.3. A sample of unboiled and boiled glycoprotein was run to confirm that glycosylation did not
change the pentameric structure or affect the thermal decomposition of the pentamer.

4.4 A novel neoglycoprotein inhibitor of CTB created by SPAAC
glycosylation

With conditions optimised for fast and quantitative SPAAC glycosylation of the N3-
WSSE scaffold to give the lactose neoglycoprotein (3.3) W88E, synthesis of an analogous
GMI1 neoglycoprotein was performed by SPAAC glycosylation using cyclooctyne 3.7.
The glycoconjugate 3.7 was not available in the same quantities as 3.3, therefore, could
not be used at the same concentration of 10 mM which had given such fast SPAAC

ligation. The previous optimisation experiments had determined that such high
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concentrations were only beneficial for the reaction kinetics, and that full conjugation
could still be achieved at 5 mM cyclooctyne.

Figure 4.15 shows the result of the reaction between N3-W88E (500 uM) and GM1-BCN
3.7 (5 mM) performed in PBS at 37 °C. After incubation for five hours, HRMS analysis
determined the reaction to be complete and the product was purified by PD-10 desalting
column. The spectrum shows formation of the glycoprotein (3.7)W88E at 12,675 Da and,
as before, a small amount of the MET-WS8S8E at 11,536 Da, in less than 5% abundance.
Small peaks corresponding to fragmentation products were observed but were not
assigned, due to the complexity of the different fragmentation patterns for the
pentasaccharide. Surprisingly, the abundance of fragment products observed for the GM1
neoglycoprotein was much less than that for the lactose neoglycoprotein, despite the
presence of a sialic acid which would be expected to be more labile. This result suggests
a greater stability of the glycan could be attributed to the stability of the pentasaccharide
on the protein but would require more in-depth mass spectroscopy studies which we do

not have the expertise to perform.
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Figure 4.15: Deconvoluted HRMS following the purification of the product of SPAAC glycosylation between
N3;WS8SE (500 uM) and cyclooctyne 3.7 (5 mM).

The two neoglycoproteins were then compared on a single SDS-PAGE gel (figure 4.16).
A shift in mass from N3-W88E was observed for both GMI1- and lactosyl-
neoglycoproteins consistent with addition of the carbohydrates. Both of the unboiled
neoglycoproteins appeared above 40 kDa as expected for a pentamer, with the GM1
glycoprotein (3.7)W88E appearing more diffuse than the lactosyl glycoprotein
(3.3)WS8SE. Interestingly, when the samples were boiled, the GM1-W88E monomer
appears as two bands, one band with a similar mass to that of the (3.3)W88E which could
correspond to partial hydrolysis of the pentasaccharide, which cleavage of the sialic

would be most likely; and a band at a slightly higher mass which presumably would
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correspond to the GM1 monomeric glycoprotein. The samples were subject to heating at
95 °C for the same length of time (eight minutes), the gel shows some (3.7)WS88E
pentamer remains, whereas, glycoprotein (3.3)WS88E seems to fully dissociate. This
could be a result of poor thermal contact in the heating block, or be a result of greater
thermal stability, but this would need confirmation by performing melting temperature

studies.
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Figure 4.16: SDS-PAGE analysis comparing both (3.3)WS8S8E and (3.7)W88E native and boiled samples with N;-
WSSE.

Here, a novel method of site-specific glycosylation has been developed, to synthesise
neoglycoproteins with simple and complex glycoconjugates. This is a highly efficient and
rapid method of synthetic glycosylation, producing homogeneous glycoproteins, with
quantitative glycosylation of the azido protein. The use of strained alkynes and the
SPAAC reaction has not previously been used for synthesis of neoglycoproteins, has now
been demonstrated in the development two neoglycoproteins based on an azido mutant
of the CTB protein. This method of creating neoglycoproteins in conjugation with the
generation of the glycan derivatives from any reducing sugar using linkers 1.2 and 1.3,
would be an efficient method for the generation of homogeneous glycoproteins, provided

that an azide group can be introduced into the desired protein.
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4.5 Neoglycoprotein inhibition studies by enzyme-linked lectin assay

(ELLA)

Having prepared the desired neoglycoprotein with GM1 attached on the non-binding face
of the CTB-W88E mutant protein, it was tested as an inhibitor of WT CTB binding to
GMI1 coated microtiter plates using an enzyme-linked lectin assay (ELLA; figure 4.17).
This assay detects the amount of CTB adsorbed to a GM1 microtiter plate, by creating a
protein conjugate with horseradish peroxidase (HRP) enzyme; the amount of CTB-HRP
bound can be determined by highly sensitive fluorescence measurement of the peroxidase
activity, using the substrate Amplex Red® which is converted to resorufin in the presence

of H,0s.

CTB-HRP conjugate
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Figure 4.17: Cartoon representation of the ELLA assay for determined inhibition of CTB binding to GM1 coated
plates.

For this assay, a horseradish peroxidase (HRP)-CTB protein conjugate was produced
using Lightning-Link® horseradish peroxidase kit purchased from Expedeon, mixing WT
CTB with the supplied activator solution with the freeze dried HRP. The HRP conjugation
reaction was left for three hours before the addition of the supplied quenching solution.
An assay to determine the optimal concentration of CTB-HRP required was then
performed, carrying out a serial dilution starting at 500 ng/ml CTB-HRP (figure 4.18).
Concentrations above 10 ng/ml reach a plateau saturating the detector limit in just a few
data points. The previous ELLA assays were performed at 2.5 ng/ml for CTB-HRP

purchased commercially from Sigma, however, this assay showed the CTB-HRP
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conjugate produced using the lightning kit could be used at concentrations of 1-2 ng/ml
and produce a measurable difference in rate from baseline fluorescence as calculated from
the gradient of the linear trendline. Reducing the concentration of CTB-HRP allows the
sensitivity of the assay to be increased.
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Figure 4.18: A graph comparing the results of the fluorescent measurement for the concentration gradient assay
of CTB-HRP following a 2-fold serial dilution from 500 ng/ml and the addition of Amplex Red/H,0,.

Once the CTB-HRP conjugate was confirmed to bind to the GM 1-coated microtitre plates
it was then used to study the inhibition of CTB with the three neoglycoprotein inhibitiors
(figure 4.19). Monovalent lactose is known to be a weak inhibitor of CTB and when tested
using the ELLA showed no inhibition even at 500 mM (data not shown). The aim was to
investigate if the same increase in inhibition observed by attachment of GM1 to the CTB-
subunit, could be achieved for lactose. Any inhibition achieved would further highlight
the effect of having the pentavalent scaffold. One the research questions to be addressed
by performing these inhibition assays was to study the effect of linker length between
oligosaccharide and protein scaffold, and attachment point of the oligosaccharides on

inhibitory potential.
WSSE(3.14) (3.3)WSSE (3.7)WSSE

Figure 4.19: Cartoon structures of two lactose decorated and one GM1 decorated neoglycoprotein inhibitors to
be tested for inhibition of CTB-subunit using the established ELLA.
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To prevent any non-specific binding of CTB-HRP and neoglycoprotein inhibitor to the
wells which could produce false positive results, the wells were blocked with BSA, prior
to addition of any CTB:HRP/inhibitor to the wells. The assay included positive control
well (containing CTB:HRP and no inhibitor), and negative control wells (containing no
CTB:HRP or inhibitor) and used to maximum and minimum fluorescent values for each
assay plate. To keep the assay design as close to the previous assay, CTB-HRP (2.5 ng/ml)
and was premixed with inhibitor (3.7)W88E before being added to a GM1-ganglioside
coated plate. After washing the plate, the ICso of the inhibitor was determined by detecting
how much of the CTB-HRP was bound. Each inhibition was performed in triplicate and
the average across each repeated used in analysis; in some cases, anomalous data points
were removed leaving duplicate results, to avoid misrepresentation in inhibition values
and errors. Initial rates were calculated in cases where the data plots deviated from

linearity and data processing was performed as described in section 8.9.3.

Neoglycoprotein inhibitor (3.7)W88E was found to be a potent inhibitor of CTB adhesion
with an ICso of 457 pM (figure 4.19). In contrast, both lactose and ligated
neoglycoproteins (3.3)W88E showed no inhibition of WT CTB (see appendix, figure
10.7 and 10.8), therefore, inhibitor W88E(3.14) was not tested. When compared to the
monovalent ligand GM10s measured by Branson ef al.'?® in an assay of the same design,
the neoglycoprotein inhibitor (3.7)W88E was 231-fold greater in potency per GM1os
than the monovalent ligand. The N3-W88E scaffold was not tested, as the mutation is
known to abolish GM1 binding and the W88E CTB mutant had already been shown not
bind to GM1 coated microtiter plates.'?®

The ICso value of 457 pM is comparable to that reported for the analogous W8SE(GM1)
inhibitor (104 pM) reported by Branson et al.’?® with only 4-fold difference in potency.
The two results could be more comparable if tested by the same person at the same time,
and the discrepancy could be down to nuances when performing the assay. It is also
important to note that the measured values are close to the measurable limit of the assay
using the concentration of CTB-HRP of 2.5 ng/ml. With the assay shown in figure 4.19
showing the CTB-HRP concentration could be reduced to increase the assay sensitivity,
testing the inhibitors with a more sensitive assay would confirm the differences, if any,
in the inhibitory potential of the two neoglycoproteins with greater certainty. Conclusions
drawn from this data show that reduction in linker length between scaffold and glycan,

and moving the site of glycosylation gave little change in potency with as the
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neoglycoprotein (3.7)W88E having an ICso value in the picomolar range. However, from
this result it cannot be determined the individual contributions of the glycosylation site
and linker length. Hypothetically one could envisage a decrease in ICso by (3.7)W8SE
being a result of numerous reasons: an enthalpy penalty upon bringing the two pentameric
proteins together in such close proximity; increased electrostatic repulsions for the same
reasons; or that the shorter, more rigid linker results in strained conformations for the
glycan to reach its binding site.

With the synthesis of GM1 derivative 3.16, attachment of 3.16 to the W88E mutant, and
inhibition data for the resulting neoglycoprotein inhibitor, will produce a more detailed
picture of the effects of linker length, and site of glycosylation. Only with this data can
there be a rational attempt to state the what is the optimal site/position for glycosylation

and linker length when designing future neoglycoprotein inhibitors towards bacterial

toxins.
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Inhibitor Valency Log (ICs0) ICs0 (nM) Relative potency

(per GMI1Y°
WSSE - I - -
GMlos 1 -6.27+0.04 530 1(1)
WSSE(GM1)® 5 -9.98+0.08 0.104 5096 (1019)
(3.7)WSSE 5 -9.34+0.02 0.457 1160 (231)

Figure 4.20: Potency of neoglycoprotein inhibitors determined by ELLA for the inhibition of WT CTB to a GM1
coated 96-well plate by the neoglycoprotein GM1-W88E and GM1os. A table comparing the ICsy values for
GMlos, (3.7)WSSE, W88E(GM1) their valences and relative potency per GM1. a-no inhibition detected for
WSSE scaffold by Branson ef al.'*® b-W88E-GM1 inhibitor reported by Branson et al.'*® (GM1 ligated by N-
terminal oxime ligation). c-Potency measured relative to monovalent GM1os.

A point raised by Branson et al.!?® argued that the use of a neoglycoprotein approach to
toxin inhibitors was advantageous as the synthesis of neoglycoprotein W88E(GM1) was
easier than the octavalent dendrimer reported by the Pieters group which had comparable
potency with an ICsyp of 50 pM.'!3 This point also stands true for the neoglycoprotein
inhibitor (3.7)W88E, and comparatively the synthesis of this neoglycoprotein inhibitor
has been simplified further, as the development of oxime and SPAAC reactive
glycoconjugates does not require the extensive chemoenzymatic synthesis which was
performed to produce the ligand shown in figure 1.15, making this a more accessible and

versatile approach to neoglycoprotein based inhibitors.

4.6 Conclusion

An azide containing, non-binding mutant of CTB with five-point mutations has been used
successfully as a scaffold for making a neoglycoprotein-based inhibitor of CTB adhesion.
Residue-specific incorporation in a methionine auxotrophic E. coli expression strain was
used to replace methionine at position 43 in the CTB sequence with the bioisostere
azidohomoalanine with ca. 95% efficiency. After purification of the recombinant protein,
the azide group was used as a handle to glycosylate the mutant CTB using cyclooctyne
derivatives 3.3 and 3.7, demonstrating the first use of the SPAAC reaction as a method
for synthetic glycosylation. SPAAC proved to be a very efficient and rapid method of
covalently modifying proteins, at concentrations from 50 to 500 uM of the N3- W88E
and as little as three equivalents of the glycan derivative. The low propensity of CTB to
aggregate and its high stability allowed reactions to be performed at high concentrations

for fast conversion to the glycoprotein in a few hours. Quantitative modification was also
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possible at much lower concentrations making this synthetic glycosylation reaction
potentially applicable to a wide variety of proteins, which do not have the same stability
as the CTB pentameric subunit.

The GM1-ligated neoglycoprotein (3.7)WS88E exhibited a very low ICso of 457 pM,
showing a only a 4-fold difference in comparison with the previously reported
WSSE(GM1) which had a longer linker, and different site of glycosylation. The direct
comparison between linker lengths and site of glycosylation is yet to be obtained requiring
the synthesis of minimal length GM1 derivative 3.15 and its attachment to W88E by
oxime ligation analogous to work of Branson et al.!?® in the absence of this data it can be
concluded that this data further supports previous findings that the preordering and
presentation of the GM1 ligands has a great enhancement on potency, with the minimal
length linker still sufficient to present the GM1 groups to the binding site the resulting in
multivalent binding, and inhibition was not perturbed by any penalties resulting bringing

two pentamers in very close proximity.
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Chapter S Multivalent neoglycoproteins inhibitors of the Verotoxin

115



Work in the preceding chapter, and the previous work by Branson ef al.'?®

provides
experimental evidence in support of multivalent neoglycoproteins being effective agents
to combat CTB adhesion. After developing a simplified and generalised approach to the
synthesis of neoglycoproteins, this methodology could be applied to the synthesis of
neoglycoprotein inhibitors of the clinically relevant verotoxin. This chapter will outline
the synthesis of neoglycoproteins towards this therapeutic target which brings the
complex challenge of targeting up to 15 potential ligand binding sites and a lower affinity
interaction as described in section 1.2.2.2. Alongside this, the recombinant expression of

the verotoxin and approaches taken to develop an ELLA inhibition assay by which to test

the neoglycoprotein inhibitors will be discussed.

5.1 Generation of neoglycoprotein inhibitors against the Verotoxin

As a proof of concept of a neoglycoprotein-based inhibitor of the VTB-subunit,
pentavalent neoglycoproteins based on the mutant CTB scaffold were proposed that could
target any of the three observed binding sites from the VTB crystal structure. The
approach to developing neoglycoproteins for VITB shown in figure 5.1 was identical to
that described in the previous chapter, however, the scaffolds would be decorated with
Gb3 ligands. Two synthetic glycosylation methods were established in chapter four
(sections 4.2 and 4.3); expression of the relevant mutant CTB scaffolds were described
in section 4.1; and the oxyamine and strained alkyne-containing Gb3 glycoconjugate

partners to the mutant CTB scaffolds were described in section 3.4.

Site-directed N3N3N§l N,
mutagenesis
—_) —
Site-directed %
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—
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Figure 5.1: Site-selective bioorthogonally glycosylation strategies for pentameric scaffold, for the generation of
pentavalent glycoprotein inhibitors of bacterial toxin B-subunit.
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5.1.1 Generation of CTB-Gb3 neo-glycoproteins by oxime ligation

Having successfully attached the lactose glycoconjugate 3.13 by oxime ligation to the
W8SE scaffold, it was first thought that this could be enzymatically converted to the Gb3
trisaccharide on the protein. The addition of an a-galactosyl residue using the LgtC
galactosyltransferase was attempted but showed no conversion of the lactosyl- to Gb3-
glycoprotein when the experiment was followed by ESMS. It is possible that the LgtC
active site is unable to accommodate the terminal galactosyl residue when it is attached
directly to the protein surface, either because of steric hindrance or if electrostatic
repulsion of the two protein could contribute to the lack of enzymatic activity observed.
Therefore, oxime ligation of the glycoconjugate 3.19 was performed (figure 5.2). The
deconvoluted high-resolution mass spectra are presented for W88E, overlaid with the
spectra after oxidation, and following oxime ligation to 3.19. The formation of W88Eox
was near quantitative showing a small amount of cyclised by-product, with 2%
unoxidised W88E remaining. Upon ligation, all W88Eox is converted to the ligated
WS8E(3.19) corresponding to the mass 12,217 kDa. The major species detected appears
to be the lactose product at 12,055 kDa. Additional experiments confirmed that the sample
of 3.19 was indeed the correct and had not been contaminated with 3.13, therefore we
could conclude that the terminal a-1,4-Gal is more susceptible to fragmentation in the
mass spectrometer than the Gal-a-1,4-Glc core. Summation of the signals for
WS8B8E(3.19) and its corresponding fragments gave a percentage conversion of 95% from

the starting W8SE.
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Figure 5.2: Overlaid deconvoluted HRMS showing the starting W88E protein, the spectrum following oxidation
(392 pM N3-WSSE, 4 mM in phosphate buffer pH 7) and the spectrum after the oxime ligation (636 pM N3-
WSSE, 6.46 mM 3.19, 100 mM aniline in phosphate buffer pH 6.8, 18hours at room temperature).
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5.1.2 Generation of CTB-Gb3 neo-glycoproteins by SPAAC
glycosylation

A neoglycoprotein where Gb3 is ligated to the non-binding face of CTB, was synthesised
to allow comparison of the glycosylation site on the inhibitory potential towards VTB.
The SPAAC glycosylation between the trisaccharide 3.17 and N3-W88E was carried out
using the optimised reaction conditions described in section 4.3. The reaction was

determined to be complete after four hours, following desalting by PD-10 column (figure
5.3).
3.17
—p
PBS

‘ 6 o

11534.0 11856.2 12019.3

A A )

11500 11600 11700 11800 11900 12000 12100 12200

N
N\ ’
Fragment _ \%0:0:\hl -0 N>/
H

_ 0 OH H Y
- OH \ fo)
OH N~
OH H

Figure 5.3: Deconvoluted HRMS showing the results of SPAAC glycosylation between N3;-WS88E and
glycoconjugate 3.17 (500 pM N3-W88E, 10 mM 3.17, 4hours at room temperature).

119



5.2 Expression of recombinant VTB

After the synthesis of two neoglycoproteins towards VTB, the next task was to express
the VTB-subunit to perform inhibition studies. VTB had not previously been expressed
within our group, however, cell stocks of E. coli XL10 and expression cell lines of WT
VTB and various VTB mutants were inherited as a gift from Prof. Steve Homans
(University of Leeds). Although information on the expression vector, promoter system
or expression protocol was not available for these clones, publications from Homans and
co-workers indicated that the gene had been cloned a pUC-18 vector or a derivative of
the pUC-18 vector. A primer designed to anneal in the middle of the VTB gene, was used
to confirm the vector was pUC-18 and that the gene was under the control of the LacZa
promotor system. Knowing the vector, the full gene was then sequenced using the M13
reverse primer, confirming the full VTB sequence and periplasmic target sequence
(appendix, section 10.5). Expression tests of this plasmid were carried out with the

assistance of MChem student Charlie Stevenson.
5.2.1 Expression tests

Expression tests were carried out using the glycerol stocks of the inherited expression E.
coli cell lines. Cultures were grown in LB and LB autoinduction media at temperatures
of 37 °C and 25 °C. For each media and temperature, the growth media, cell lysate and
cell pellet were all examined for the presence of VTB-subunit and no expression of the
VTB subunit was observed (data not shown). Given the age of the glycerol stocks, the
first approach to addressing this problem was to make new glycerol stocks. The VTB
plasmid was isolated by mini-prep from culture of E. coli XL10 cell stocks harbouring
the VIB plasmid. Chemically competent E. coli BL21 expression cells were then
transformed with the VTB plasmid and used in a second round of expression tests.
Disappointingly no expression was observed under any of the conditions (data not
shown).

A literature search of recombinant expression/purification of VTB indicated that high-
yielding expression of bacterial toxins, and particularly VTB, had been observed in E.
coli grown in CAYE (casamino acid-yeast extract) growth medium modified according
to Evans.?8-2°! Another protocol with repeated literature precedent was the extraction of
VTB by periplasmic extraction?®>2%3, as the toxin is targeted to periplasmic space where

it folds. Periplasmic extraction involves the breaking apart the outer membrane isolating
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proteins transported into the periplasm, without extraction of the whole cellular proteome
leaving the inner membrane intact.

Small scale expression of VIB was then attempted in 5 ml cultures with the newly
prepared BL21 glycerol stock. After the cultures were induced by addition of IPTG, the
incubation time was varied from 1.5 hours to 24 hours to determine optimal expression
time. Once the cells had been harvested, the periplasmic extraction was performed, and
rest of the cellular components discarded. The SDS-PAGE gel (figure 5.4) shows the
successful expression of VTB, confirmed by the appearance of monomeric VTB protein
at 7.7 kDa, as the pentamer is not stable in the presence of SDS. This gel highlights the
benefit of a periplasmic extraction leaving the samples are relatively clean, compared to

a whole cell lysis.
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Figure 5.4: SDS-PAGE showing the results of an expression test (5 ml culture) of old and new cell stocks in LB
and CAYE with various times after IPTG induction and following periplasmic extraction of the harvested cells.

Interestingly, the newly prepared cell stock showed expression in both LB and CAYE
media, however, expression was markedly better in CAYE broth (figure 5.4). After
confirming the expression in CAYE broth, larger 1 L cultures were grown and expression
times of 18 and 42 hours were trialled. Figure 5.5 shows the levels of overexpression
loading the same volume of periplasmic extract, from the same volume of cell culture.
Expression overnight showed much higher concentrations of VTB than expression over
two days; longer expression time could result in protein degradation or cell death
releasing the contents of the cell into the growth medium, and decreasing protein yields.
To confirm any possible export/release of the toxin into the growth medium, expression
would have to be revisited and analysis of the growth medium performed by ammonium

sulfate precipitation.
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3400
Figure 5.5: Larger scale growth cultures expressing VIB in CAYE broth in 500 ml, the results of expression

over 18 and 42 hours at 25 °C shown by SDS-PAGE of the crude protein after periplasmic extraction from
harvested cells.

5.2.2 VTB purification

Upon successful expression, a purification method needed to be identified. Even though
no purification tag was encoded in the gene sequence, periplasmic extraction produced a
relatively clean lysis mixture, which made purification a simpler task. Chromatofocusing
was a potential purification method known to be successful,>** 2> however, we did not
have the required equipment available. Some affinity resins have been reported for VITB
affinity purification, such as sepharose resins functionalised with galactose,>”
galabiose,?”¢ or Gb3,% the latter two of which contain the Gal-a-1,4-Gal I ligand. Despite
one report of a commercial resin,?*® we could not find such resin from a commercial
source; therefore, an affinity resin would have to be made from scratch. By generating a
Gbs affinity column, we can exploit the VTB’s native Gbs binding with confidence that
purification can be achieved by strong interaction due to the 15 binding sites of the
protein. No other proteins expressed by E. coli are expected to have any innate binding

to Gbs, therefore, this should act as a one-step purification method.
5.2.2.1 Enzymatic synthesis of chemically reactive Gb3

As scheme 5.1 shows, the optimised enzymatic cycle for Gb3 azide 3.18 was increased
to a 500 mg scale in a 10 ml volume to produce enough of 3.18 to functionalise 5-10 ml
of a resin. The enzymatic cascade was effective on a large scale, maintaining quantitative

conversion of the lactosyl azide 3.11 when left for 16 hours.
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Scheme 5.1: Enzymatic cascade for the large scale synthesis of Gb3-N; 3.18. Conditions: 3.11 (368 mg, 100 mM),
LgtC (100 pM), UDP-Glc (20 mM) in 10 ml.

Full conversion was confirmed by TLC, but in support of this a mass spectroscopy tag
was developed to give a highly sensitive tool to confirm the sole glycosyl azide in the
reaction was the Gb3 product. This tag was based upon the work of Galan and co-workers,
who developed ‘I-tag’ for purification and analysis of carbohydrate reactions.!’! These
structures have a permanent cation, making them useful mass spectroscopy tools for
oligosaccharides which are difficult to detect by electrospray MS. A short length
‘clickable’ I-tag analogue was obtained in two-steps (scheme 5.2), starting from 4-
(bromomethyl)benzyl alcohol. The terminal alkyne of 5.2 was then used for attachment
to glycosyl azides using CuA AC chemistry with a sample of crude reaction mixture. After
five minutes, the sample was examined by LC-MS with the mass of the Itag conjugate
was observed [M]" = 783.18 Da (expected Gb3-Itag [M]" = 783.30 Da), with no mass for
the I-tag conjugate of lactosyl azide 3.11 detected. Having detected only a single glycosyl
azide, the crude reaction mixture could be used to functionalise the resin directly,

following precipitation and removal of the enzymes.
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Scheme 5.2: Synthesis of a novel mass spectrum tag from the 4-(bromomethyl) benzoic acid for monitoring
glycosylations by LC-MS.

5.2.2.2 Functionalisation of sepharose 6b for the creation of a Gb; affinity resin

After producing 3.18 on a scale large enough to functionalise a significant amount of
resin, a resin then needed to be functionalised with the orthogonal reactive handle. A
sepharose 6b resin was decorated with alkyne groups, by activation with divinyl sulfone
following a procedure reported by Portath ef al.*® (scheme 5.3). As it proved challenging
to quantify the degree of modification of the resin and thus determine number of alkynes
present on the resin, instead a fluorescent reporter was used to confirm that alkyne

functionalisation on the resin was successful.
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Scheme 5.3: Preparation of Gb3 affinity resin for the purification by VTB. Hydroxyl groups on the sepharose
6b resin were derivatised withpropargyl groups, through activation with divinyl sulfone and reaction with
propargyl alcohol. The affinity resin is then produced by CuAACreaction of the resin to Gb3-Ni.
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CuAAC-catalysed attachment of TAMRA-N;3 to the resin was performed, mixing the
resin with Cu(SOs), sodium ascorbate and TAMRA-N; was gently agitated for two hours.
The resin was collected by centrifugation and the supernatant removed, followed by
repeated washing steps until the supernatant remained colourless. Figure 5.6 shows an
image of a control (left) reaction in which no Cu(SO)4 was added vs the CuAAC reaction
with TAMRA-N3 (right): only the reaction with Cu(SO4) retained a visible red colour.
The presence of TAMRA was verified by measurement of fluorescence using Bio-rad
Chemidoc exciting at 555 nm and measuring the fluorescence at 580 nm using. Only the
reaction contain Cu(SO)4 showed fluorescence, confirming successful functionalisation

of the resin.

CU(SO)4 N: N
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H0 ~ TAMRA

\ 4

Figure 5.6: Images showing the TAMRA labelling of alkyne functionalised sepharose to confirm the presence of
alkynes on the surface of the resin. Control: Resin, TAMRA-N; Na-ascorbate, H,O (left). TAMRA label:
TAMRA-N3, Resin, Cu(SO4), Sodium ascorbate, H,O (right)

The CuAAC-catalysed attachment of 3.18 to the alkyne-sepharose was carried out using
the crude enzymatic reaction mixture in a large excess, ensuring there was sufficient 3.18

to react with all alkynes on the resin. Following incubation of the reaction at 37 °C the
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resin was purified by sequential centrifugation and washing, removing the reactants from
both enzymatic and CuAAC reactions.

Taking the periplasmic extract from the 42-hr expression, was flowed through the Gb3-
affinity column, before washing the column to remove any unwanted proteins. VIB was
then eluted from the column in 4.5 M MgCl, in PBS, disrupting the interaction of the Gb3
ligand in the VTB binding sites with the high ionic strength solution.?% 2%7- 299, 300
Successful elution of VIB was observed in the elution fractions, the flow-through
following spin concentration was analysed to confirm the VTB pentamer had not
degraded in 4.5 MgCl, as the monomer would pass through the cellulose membrane
(figure 5.7). No VTB was detected in the flow-through, indicating that the pentamer
remained intact during the purification. The affinity resin was a successful method of
purification of the VTB subunit, and similarly in the synthesis of glycoconjugates, the
enzymatic cascades allow large scale synthesis of the Gb3 oligosaccharides required to

make such purification methods possible. Exploiting the affinity of VIB for the Gb3

makes this a highly selective method of purification from the native E. coli periplasmic

proteins.
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Figure 5.7: SDS-PAGE following the purification of VTB expression purified by Gb3 affinity chromatography.

5.2.2.3 Alternative purification methods

Alongside the development of an affinity resin other purification methods were
investigated. The periplasmic extraction was so successful in minimising the amount of
unwanted proteins before purification, and with the VTB-subunit overexpressed, it was
also possible to use SEC on Superdex 75 column (figure 5.8, carried out by MChem
student Charlie Stevenson), to isolate the VTB pentamer directly following periplasmic
lysis with great simplicity. The purified sample of VTB was then analysed by ES-HRMS
confirming the mass of the VITB monomer at 7687.8 Da (expected mass = 7688.6 Da).
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Figure 5.8: SDS-PAGE analysis of fractions showing an absorbance at 280 nm from purification of VITB by size
exclusion on Superdex S75 column and ES-HRMS of the purified sample.

5.2.3 Summary of VITB expression

Although the overexpression of VIB in E. coli is not novel within the literature, it was a
novel task within the Turnbull group. An expression vector inherited from the Homans
lab was sequenced, and CAYE broth was found to greatly improve the expression of
VTB. It was determined that preforming a periplasmic extraction is effective in isolating
the protein without then having to separate the target protein from the rest of the cellular
proteome, which proved vital for detection and purification of the VTB pentamer which
did not contain a purification tag. Two methods were used for successful final purification
of the VTB pentamer, a Gb3 affinity resin and SEC were both effective for isolating pure
VTB protein, although the SEC method was more practical and accessible.
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5.3 Development of ELLA assay for testing of inhibitors against the

Verotoxin

5.3.1 VTB-HRP conjugation

The next component of the ELLA to be prepared was the HRP protein conjugate for the
fluorescent assessment of VIB binding. As with the previous assay for CTB, the protein
conjugation was carried out using the commercial Lightning-link® HRP conjugation kit
from Expedeon. In attempts to control the amount of HRP conjugated per pentamer the
conjugation was performed using a 1:1 stoichiometric amount of VTB pentamer to HRP.
HRMS was used to confirm the formation of the HRP conjugate, and the ratio of VTB
pentamer:HRP that was present after conjugation. Figure 5.9 shows the deconvoluted
mass spectrum following the quenching step of the conjugation protocol. As a wide mass
range to be observed a simple deconvolution was applied which showed a mass of 48,816
Da corresponding to the VTB monomer conjugated to HRP. HRP is a glycoprotein with
eight glycosylation sites, taking the mass of the peptide sequence taken from Uniprot was
calculated at 38,825. The addition of VIB monomer at 7.68 kDa and taking into
consideration the known presence of a haeme group and the commercial linker this data

suggests the conjugation is to a deglycosylated isoform of HRP.
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Figure 5.9: A deconvoluted ES-HRMS spectrum showing the high mass corresponding to a VITB monomer
conjugated a deglycosylated HRP

5.3.2 Synthesis of Gb3 glycolipids

The design of the assay to assess the potency of these inhibitors was to follow that of the
ELLA used for the CT inhibitors. Therefore, a Gb3 glycolipid was required with which
to coat the microtiter plates. For the previous assay, microtiter plates were coated with
the natural ganglioside, which is commercially available at £310 for 500 mg. Purchasing
globotriaoceramide or Gbs ceramide was considered, but was determined to be too
expensive at a cost of £517 per mg.

Two possible routes were investigated to produce a Gb3 glycolipid at a lower cost and in

larger quantities. The first was the enzymatic conversion of the commercial lactosyl
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ceramide using the LgtC enzyme available within the lab. Alternatively, a commercial
phospholipid  1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine(DOPE)  could be
derivatised with an alkyne group, to which the Gb3-N3 3.18 could be attached to create a
synthetic glycolipid.

5.3.2.1 Enzymatic synthesis of Gb3 ceramide

The enzymatic conversion of lactosyl ceramide (Carbosynth) was investigated with
MChem student Charlie Stevenson. Palcic and co-workers had previously reported the
synthesis of Gb3 ceramide analogues, and noted that the solubilisation of the glycolipid
was required for reaction in aqueous solvent.**! Therefore, a cyclodextrin derivative was
required to aid the solubilisation of the lipid, the enzymatic galactosylation was carried
out using a large excess of UDP-Gal to account for any possible hydrolysis of the donor
sugar. In this case the enzymatic cycle (section 3.4.3) was not used as it would complicate
the purification of the glycolipid significantly. The reaction was incubated at 37 °C and
monitored by TLC with further addition of UDP-Gal until the reaction was determined to
be complete. Preparative TLC allowed isolation of three separate compounds, however,
analysis by mass spectrometry and NMR spectroscopy was unsuccessful as all attempts
to get the products into homogenous solution failed. As a functional test for whether the
reaction had been successful, each of the three compounds isolated from the prep-TLC
was dissolved in methanol to a concentration of 1.3 uM and adsorbed onto a microtiter
plate, and the ability of each compound to capture the VITB-HRP conjugate was
determined. After incubation of the VTB-HRP conjugate at room temperature for 1 hour,
the plate was washed and Amplex Red® added, however no fluorescence was detected,

indicating that none of the compounds isolated were capable of binding VTB.
5.3.2.2 Synthesis of a Gb3 phospholipid

The second option was to make a Gb3 neoglycolipid based on DOPE, which bears a free
amine (scheme 5.3), and BCN group for attachment of Gb3-azide 3.18 with the SPAAC
reaction. A commercial NHS-activated BCN (Galchima) reacted efficiently with DOPE
(scheme 5.3). The increased hydrophobicity of the product facilitated purification of the
BCN phospholipid 5.3, which was isolated 87 % yield. SPAAC ligation to 3.18 yielding
the synthetic glycophospholipid in quantitative yield with no purification required.
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Scheme 5.3: Synthesis of of a strained alkyne containing phospholipid from the commerecial lipid DOPE, through
amide coupling of commericial BCN-NHS.

5.4 VTB capture on microtiter plates

The Gb3 phospholipid 5.4, was adsorbed onto the wells of a microtiter plate in an identical
protocol to the ELLA for CTB. A preliminary assay was performed to determine what
concentration of lipid needed to be adsorbed on the surface, to capture VIB on the plate
and what concentration of VT-HRP gave a good level of signal-to-noise with Amplex
Red®. The experiment showed that the synthetic Gb3-phospholipid 5.4 was capable of
binding the VITB-HRP conjugate and the HRP enzyme retained its enzyme activity. From
the raw graphical data (see appendix, figure 10.9) produced by the plate reader it was

clear that the VTB-HRP conjugate has been captured on the plate at all concentrations of
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Gb3-DOPE, the fact that the data is very similar at each concentration shows that the well
is saturated with the glycolipid even lowest concentration tested. Plotting the data
obtained for the 2-fold dilution of the VTB-HRP conjugate at the lowest concentration of
1.25 uM DORPE (figure 5.10) it was concluded that a good signal-to-noise was obtained
in the region of 3-6 ng/ml of VTB-HRP. Therefore 5 ng/ml was adopted for subsequent

assays.
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Figure 5.10: Preliminary assay to determine the concentration of 5.4 (Gb3-DOPE) required to capture VIB-
HRP on microtiter plate and the concentration of VIB-HRP required for good signal-to-noise. The raw
graphical data at each glycolipid concentration is shown and the fluorescence measurements at 1.25 pM 5.4
compared following a 2-fold serial dilution of VTB-HRP from 50 ng/ml.

An inhibition test for Gb30s was carried out following this at the VTB-HRP concentration
of 5ng/ml one month after the preliminary experiment. Surprisingly, the assay produced
no data with even the positive control wells showing no evidence presence of VITB-HRP.
A preliminary assay which produced the data in figure 5.10 was repeated to ensure the
null result was not caused addition of VTB protein, but it was found that data (figure 5.10)
could not be reproduced. With the batch of VTB-HRP conjugate produced a few months
previously, a new kit was purchased and a new sample of VTB-HRP conjugate prepared.
No binding was observed once again leading to the conclusion that there was a problem
with the phospholipid.

The successful binding assay showing VTB capture was obtained immediately after the

dissolution and adsorption of Gb3-DOPE to the microtiter plate. The lipid was then stored
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in methanol at -20 °C for one month, between the successful assay and the failed
inhibition study. Gb3-DOPE was stored under the same conditions as ganglioside GM1,
which was stable for long periods of time even at low concentration. Potential
hydrolysis/methanolysis of the lipid would result in the Gb3 ligands being washed away.
The phospholipid was to be remade but required the synthesis of more Gb3-Nj; 3.18.
However, the final few months of the project were cut short by the coronavirus lockdown
and this could not be carried out. To conclude this work and develop an assay for
assessment of neoglycoprotein-based inhibitors of VTB, Gb3-DOPE must be
resynthesised, and effective adsorption/storage methods are required to produce a
functional assay. Once reproducible, capture and detection of VTB-HRP can be achieved,
the inhibition studies comparing both lactose and Gb3-based neoglycoproteins ligated

through SPAAC and oxime ligation can be assessed along with the natural Gb3os.

5.5 Conclusion

Two pentavalent neoglycoproteins bearing the Gb3 ligand have been prepared using a
combination of the synthetic glycosylation methods described in chapter 4, and the
mutant CTB protein as a scaffold. A protocol for the successful overexpression and
purification of VTB was developed, including a method using a homemade affinity resin
generated through large scale enzymatic synthesis of Gb3-N3 3.18. After purification of
VTB, a protein conjugate with the enzyme HRP was successfully prepared using a
commercial lightning-link conjugation kit. In order to establish an ELLA to test these
neoglycoproteins as inhibitors of VIB adhesion, a method of adsorbing Gb3 to a
microtiter plate surface was required. Attempts to prepare Gb3-ceramide by
galactosylation of lactosyl-ceramide were unsuccessful; instead a synthetic Gb3
neoglycolipid 4.6 was synthesised from the commercial lipid DOPE. A trial assay using
this synthetic glycolipid to capture VITB-HRP onto a microtiter plate gave a successful
result, however, this could not be reproduced after the lipid had been stored in the freezer
for one month. We concluded that the glycolipid is labile and potentially susceptible to
hydrolysis/methanolysis when stored in methanol. To confirm this hypothesis,
neoglycolipid 4.6 needed to be resynthesised, however due to the project being cut short
by the coronavirus lockdown, this could not be done. Without successful reproduction of
the assay, the inhibitory potential of the neoglycoproteins could not be assessed at this
time. Once the capture VITB-HRP conjugate can be validated, the neoglycoprotein and

Gb3os will be tested as inhibitors of the VTB adhesion.
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Chapter 6 Towards non-bacterial pentameric protein scaffolds for

multivalent protein-based therapeutics
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The CTB scaffold is convenient to use as it is easy to express and manipulate; highly
stable; has pentagonal symmetry; it is useful to demonstrate to the potential of
neoglycoprotein inhibitors. However, despite the B subunit having no toxic activity, as a
bacterial toxin there is a risk of evoking a host immune response if used in vivo. Therefore,
to move this class of neoglycoprotein inhibitors towards a viable therapy, the scaffold
protein would ideally need to be changed. One possibility would be to use a class of
pentameric human proteins that are pentameric known as the pentraxin family. Figure 6.1
shows two closely related members of the pentraxrin family; C-reactive protein (CRP)
and serum amyloid-P (SAP). These proteins are homopentamers that share 51% sequence
homology have many different binding partners and functions.’*> CRP is involved in the
innate immune response and has a major role in inflammatory pathways. It is also clinical
diagnostic tool used as a marker for inflammation.>®® SAP, on the other hand, is
responsible for the recruitment of macrophages and is particularly known for its binding

to amyloid and fibrils, to recruit cells responsible for the clearance of cellular debris and

304 305

protein aggregates.

Figure 6.1: Crystal structures showing two members of the pentraxin family CRP (top) and SAP (bottom) in
both cartoon and surface representations with each monomeric unit coloured by chain.
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6.1 Serum amyloid P protein a human protein scaffold

The manipulation of SAP has been thought of as potential targets for therapeutic

305 a5 it is understood from mouse models a lack

treatments as an antifibrotic for example
of SAP results in increased pulmonary fibrosis, but it could be used for glycoconjugate
based therapeutics if exploited as a scaffold for synthetic glycosylation. SAP’s
homopentameric structure and pentagonal symmetry make it an ideal candidate for
creating neoglycoprotein based therapeutics, which target ABs enterotoxins using the
same multivalent inhibition strategy which was so effective against CTB.

Overlaying the structures of the SAP and VTB pentamers and viewing along their
common five-fold symmetry axis (figure 6.2), highlights the difference in size between
the two lectins. The SAP protein was examined for potential glycosylation sites which
would be optimal for presenting Gb3 to each the VTB binding sites. Figure 6.2 also shows
three theoretical models based upon the SAP and VTB crystal structures, but in which a
C-terminal extension has been generated in silico and the linker 1.2 modelled and
connected to the bound Gb3 ligands. This model confirms that the extension is capable
of reaching each of the three VTB binding sites, remaining in a linear conformation. This
also confirmed that modification of the C-terminus would be suitable as the distances

between the C-termini closely match that of the VTB pentamer and the Gb3 binding sites.
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Subunit Overlay Binding Site 1

Figure 6.2: Overlay of the human pentraxin protein SAP (green) and the pentameric verotoxin B subunit (blue),
comparing the size and geometry of the pentameric proteins. Three structures showing an in silico generated
SAP with a LPETGGGK extension connected to Gb3-BCN bound to VTB-subunit in each of the three binding
sites.

6.2 Design of a SAP-based scaffold for neoglycoprotein synthesis

The native SAP had to be reengineered for use as a protein scaffold. Most importantly a
handle had to be introduced which would allow the attachment of the glycoconjugate
ligands. With the unknown stability of the SAP mutants and particularly an unknown
territory of expressing this protein in bacteria rather than the isolation from human serum,
the same manipulations used introduce an azide into the CTB pentamer may be much
more difficult. With this in mind a different method was proposed for ligations using a
recognition sequence for the transpeptidase enzyme sortase.’* Sortase is an enzyme

responsible for the anchoring of proteins to cell wall of gram-negative bacteria, and it has
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been utilised in vitro as a technology for protein modification.?”-3% Sortase has been used
for many applications in our lab3*-312, here we wanted to apply this method to introduce
an C-terminal azide by ligation of a short peptide to a five amino acid C-terminal sortase

recognition sequence containing LPETG (scheme 6.1).3!3
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Scheme 6.1: Proposed modification of the LPETGASHHHHHH C-terminal extension of the mutant SAP protein
using sortase A enzyme. Transpeptidation of the mutant SAP removes the His-tag and adds a short peptide to
leave a C-terminal azidolysine.

When redesigning the protein, we also had to consider the calcium binding and the
proteins propensity to self-aggregate in a calcium-dependent manner.*'* With this is mind
the protein sequence was altered to remove the ability of SAP to bind calcium through a
E167A mutation.>"> A final thought was to introduce an N-terminal threonine residue, to
allowing N-terminal modification to be performed should this be a future requirement.

A pET-11a vector was ordered from Genscript harbouring the gene for the reengineered
SAP, the gene coded for SAP with a C-terminal LPETGASHHHHHH extension giving
a cleavable histidine purification tag and sortase recognition sequence. A mutation was
introduced into the genetic of the Glu 167 residue to Ala, removing the calcium dependent

self-aggregation.

6.3 Expression of recombinant SAP

The Genscript plasmid was transformed into two different E. coli expression cell lines
C41 (DE3) and BL21(DE3). Overexpression of SAP into inclusion bodies was observed
in both cell lines, although C41 showed slightly better expression when the bands were
analysed by densitometry (data not shown). The SAP protein was isolated from the

inclusion bodies®!% 3!7 following a general in vitro refolding protocol for proteins with
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disulfide bonds. The inclusion bodies were solubilised in 8 M urea, prior to purification
by Ni-NTA affinity chromatography exploiting the C-terminal his-tag on each monomer.
SDS-PAGE gel following expression and purification of SAP from a 800 ml culture,

showed a very high levels of overexpression (figure 6.3).
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Figure 6.3: SDS-PAGE gel showing the expression of SAP isolating insoluble protein by solubilisation of
inclusion bodies and purification by Ni-NTA.

The refolding protocol works by breaking the disulfide bonds and allowing them to
reform with the protein refold around the formation of the correct disulfide bridges. With
SAP only having a single disulfide per monomer, it is likely that the disulfide bond forms
upon translation of the protein and aggregation is due to the bacteria not having the correct
cellular machinery to aid in successful folding.

To investigate the need for disulfide exchange in the refolding of SAP, two refolding
methods were trialled concurrently. The first followed the disulfide exchange refolding
protocol and the second involved sequential dialysis in order to gradually decrease the
denaturant concentration. Refolding involving disulfide exchange was a long, intricate
process involving many days stirring in refolding buffer and it was important that the
unfolded protein was rapidly diluted from a very high concentration into the refolding
buffer. This rapid dilution left the refolded protein in a very large volume taking many
hours to concentrate the folded protein back to workable concentrations. Sequential
dialysis slowly removing urea from buffer until no denaturant remained in the buffer,
proved a much simpler method. Despite this being a long process, the smaller volume
made for easier handling of the protein across fewer concentration steps.

Both methods showed no aggregation of the protein during refolding, although the
sequential dialysis required the total volume to be above 20 ml to prevent aggregation.

This was promising as no aggregation of misfolded monomeric SAP shows the
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recombinant protein is capable of refolding, with or without reformation of the disulfide
bridges. One would then expect the pentamer to quickly form upon folding of the
monomer units, with the monomeric proteins not known to be stable in solution. Trouble
arose when concentrating the refolded protein. Despite taking great care it was found the
protein had a propensity to aggregate particularly when concentrated by centrifugal
ultrafiltration.

There are many reasonable explanations for this self-aggregation. In humans, SAP is
modified with a large N-linked glycan on each protomer, however, recombinant
expression in E. coli results in no glycosylation and the lack of these glycans could
significantly alter the solubility of the protein. Figure 6.4 reveals the amino acid
composition of SAP shown as hydrophilic (blue) or hydrophobic (red) residues, the SAP
surface is largely hydrophobic and dimerisation of SAP pentamers would mask these
large hydrophobic regions, improving the protein solubility. After removing the calcium
binding capabilities and therefore the induced dimerisation, these hydrophobic regions
remain solvent exposed and upon concentration self-aggregation maybe favoured. These
two features are disadvantages of expressing mutant and recombinant mammalian

proteins.

Figure 6.4: A comparison between the hydrophilic (blue) and hydrophobic (red) residues on the surface of the
two faces of the SAP pentamer. Images rendered from the atomic co-ordinates 3KQR in the PDB.

This preliminary data for the expression of SAP shows promise with a small of amount
of soluble protein obtained. With further optimisation of the refolding protocol the yield
of soluble protein may be improved, avoiding aggregations at higher concentrations
needed for further modifications with sortase and SPAAC. CRP should also be

investigated as a potential scaffold as expression of WT CRP has been carried out in E.
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coli and the protein is not known to be glycosylated, therefore, could pose a better

candidate for purpose of neoglycoprotein synthesis.

6.4 Conclusion

A final objective for this project, is to move away from pentameric bacterial proteins as
scaffolds for the neoglycoprotein-based inhibitors, to a less immunogenic pentameric
scaffold. As discussed, the pentraxin family of proteins were identified as potential
candidates, with CRP and SAP identified as two scaffolds of interest. SAP was chosen as
the first scaffold to look at, with modelling showing that a C-terminal extension and
sortase ligation the resulting neoglycoproteins are capable of extending the Gb3 ligands
to each of the three binding sites of the VTB-subunit. After designing a plasmid for the
expression of a mutant SAP, we attempted to express the protein recombinantly,
denaturing the protein and following a refolding protocol. The mutant SAP protein was
successfully overexpressing in E. coli and isolated from inclusion bodies denaturing the
protein before purification by affinity chromatography. Refolding of the protein was then
performed using a simple refolding procedure involving the removal of the denaturant by
sequential dialysis. The denaturant was successfully removed without any precipitation
of the SAP, however, upon concentration the protein aggregated and was no longer
soluble. Further investigation into the refolding procedure and in particular the methods

for concentrating the protein without causing aggregation
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Chapter 7 Conclusions and future studies
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The primary aim of project was to expand method of producing synthetic neoglycoprotein
to investigate how the inhibitory potential of multivalent neoglycoprotein-based
inhibitors of bacterial toxins, is affected by changes in linker length and the position of
glycans, Within this aim, a specific objective was to develop new chemicals tools to
expand upon the current methods for synthetic glycosylation in which an unprotected
oligosaccharide can be functionalised, and that glycoconjugate then be used to attach the

glycan to a protein scaffold.

7.1 Bifunctional bioorthogonal linkers

It was proposed that a heterobifunctional linker could be used to achieve this aim, using
one reactive group to derivatise reducing sugars, and the second reactive group for glycan
attachment to the protein. Scheme 7.1 summarises the novel synthetic route that has been
developed, to install a second bioorthogonally reactive functional group into the
bicyclononyne strained alkyne scaffold. After following the literature synthesis to BCN
alcohol 2.16, Mitsonobu chemistry was used to install a protected oxyamine reactive
group in the form of an N-hydroxyphthalimide. Different deprotection strategies were
designed to produce a primary and secondary oxyamine, linkers 1.2 and 1.3 which were

synthesised by complete deprotection or partial deprotection of the imide, respectively.
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Scheme 7.1: A summary of the novel synthetic route to linkers 1.2 and 1.3 from the reported BCN alcohol
through a protected phthalimide and divergent deprotection strategies of a single strained alkyne precursor.
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The heterobifunctional linkers 1.2 and 1.3 have been designed specifically for the
functionalisation of unprotected oligosaccharides and glycosyl azides, leaving a second
reactive group for attachment to a protein. The result combined the benefits of
bioorthogonal chemistry, site-selective protein modification, with fast reaction kinetics
for effective covalent attachment of carbohydrates to proteins. The synthesis of this linker
and its use in glycosylation, is one method of addressing the compounded endeavour in
accessing homogeneous glycoproteins for biological study and practical applications. The
variations of -ONH> and -ONHMe analogues allow for open and closed ring forms.
Extension of the linker length could easily be carried by PEGylation of the BCN alcohol
and conversion to the oxyamine using the same synthetic steps, allowing this linker to be

used in the design of neoglycoproteins of broader applications.

7.2 SPAAC and oxime reactive synthetic glycoconjugates

With linkers 1.2 and 1.3 we addressed the synthesis of reactive glycoconjugates from
unfucntionalised oligosaccharides. Glycoconjugates containing a strained alkyne shown
for reaction with azides (figure 7.2) were produced through oxime ligation to lactose (3.3)
and GM1os (3.7), demonstrating the linkers’ ability to functionalise simple and complex
oligosaccharides. The addition of a BCN to the oligosaccharides, not only introduced a
reactive group, but also acted as a purification tag allowing for efficient purification of
the glycoconjugates using a ‘capture-and-release’ method of reverse phase
chromatography. The versatility of having a second reactive group was shown by the
reaction of linker 1.2 with lactosyl azide 3.11, producing an oxyamine containing
glycoconjugate 3.14. With further optimisation of the methods described by Shoda et
al ?3, this could be applied to GM1os and for other complex glycans, as a direct method
to glycosyl azides to produce oxime reactive glycoconjugates.

Glycoconjugates 3.3 and 3.14 were shown to be suitable substrates for enzymatic
synthesis. Using the galactosyltransferase LgtC, a galactose was added to the lactose core
of 3.3 and 3.14 creating the Gb3 structure. The enzymatic reactions were successful using
the donor sugar UDP-Gal in a single enzyme reaction, and in a one-pot enzymatic cycle
in which UDP-Gal was produced in sifu from sucrose and UDP, presenting an option for
a cheap and scalable synthesis. Both methods gave excellent conversion from the
disaccharide to the trisaccharide product and products were obtained in very high isolated

yields. This is an exciting prospect for the production of reactive glycoconjugates, if the
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unnatural substrates can be used with a variety of glycosyltransferases this method could

be capable of building up large and diverse glycan structures.

H

Figure 7.2: Structures of reactive glycoconjugates by reaction of linker 1.2. Glycoconjugates 3.3 and 3.7

synthesised by oxime ligation (highlighted in blue), 3.14 by SPAAC conjugation to glycosyl azide 3.11 (green)
and 3.17, 3.18 produced by enzymatic extension of 3.3 and 3.14 respectively (brown).
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7.3 Novel synthetic glycosylation of protein scaffolds

A pentameric protein scaffold was created which had five mutations in the WT CTB
protein sequence, generating a mutant protein with no GM1 binding capabilities and a
single methionine residue which became the site of an azide chemical handle. An azide
group was then introduced on the non-binding face of CTB at position 43, by residue-
specific incorporation of azidohomoalanine. The mutant protein was modified with
carbohydrates 3.3, 3.7, and 3.17 using strain-promoted azide-alkyne cycloaddition as a
new method for rapid, efficient and site-specific synthetic glycosylation. Figure 7.3A
shows the synthetic route to three neoglycoproteins using SPAAC glycosylation, to
produce lactose, Gb3 and GM1-based neoglycoproteins, each as a single glycoform. This
method of synthetic glycosylation was unaffected by the complexity of the
oligosaccharide and optimised conditions achieved full glycosylation of the protein in

four hours.
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Figure 7.3: Summary of both synthetic glycosylation methods based upon the mutant CTB scaffolds W88E-N3,
and to produce lactose, Gb3 and GMI1 containing neoglycoproteins through A) SPAAC glycosylation,
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functionalised on the non-binding face of CTB. B) Through oxime ligation of the N-terminus on binding face of
CTB produced lactose and Gb3 containing neoglycoproteins.

A non-binding mutant of CTB produced by a single point mutation as outlined by in the

work of Branson et al.!?8

was also used to attach glycoconjugates 3.14 and 3.19 through
oxime ligation producing lactose and Gb3-based neoglycoproteins appended at the N-

terminus, as single glycoforms (figure 7.3B).

7.4 Bacterial toxin neoglycoprotein inhibitors

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 project. By
combining the minimal length linker 1.2 and two different glycosylation methods, the
carbohydrate ligands could be positioned on the non-binding and binding face of the CTB
scaffold (figure 7.4). The five neoglycoproteins, based upon two different mutant CTB-
subunit scaffolds, were designed as potential neoglycoprotein inhibitors for the CTB and
VTB-subunits.

A functional ELLA inhibition assay was established for CTB, and the inhibitory potential
of top-face modified GM1 neoglycoprotein was tested. (GM1)WS88E was found to have
a very low ICso of 457 pM, which was a 231-fold increase on the monovalent GM1
oligosaccharide. We can only speculate that the modest decrease in potency from the
inhibitor reported by Branson et al.'?® reported inhibitor (114 pM) is due to the much
shorter linker length. Without a direct comparison to the neoglycoprotein with a short
linker length and GM1 attached at the N-terminus, it is difficult to comment on the effect
of the glycosylation site. The production of neoglycoproteins from direct
functionalisation of isolated complex oligosaccharides and SPAAC/oxime synthetic
glycosylation, is a much simpler route to neoglycoprotein inhibitors with little loss in

potency.
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Figure 7.4: Cartoon representations of the lactose, Gb3 and GM1 neoglycoproteins produced as inhibitors for
verotoxin and cholera toxin. Highlighted in red is the GM1 bottom face modified neoglycoprotein, which could
not be synthesised for inhibition studies.

An ELLA inhibition assay for the verotoxin was not operational before the conclusion of
the project, therefore, the four neoglycoprotein inhibitors modified with lactose and Gb3

could not be tested for inhibition of the verotoxin.
7.4.1 Engineering a non-bacterial pentameric protein scaffold

Assuming that the Gb3-neoglycoproteins targeting the verotoxin show successful
inhibition of VTB binding, the final aim of this project was to develop non-bacterial-
based protein scaffolds for use in the synthesis of neoglycoproteins. After identifying
SAP as a potential candidate for a protein scaffold and in silico modelling a
neoglycoprotein inhibitor based on SAP could target the three different Gb3 binding sites
of VTB, a plasmid was engineered for a mutant SAP containing a C-terminal extension
for further modification. Initial attempts to express this recombinantly proved successful,
however, the problems could not be isolated due to problems with aggregation upon
refolding of the protein. Potential explanations for the aggregation have been identified
including the lack of glycosylation, and SAP often existing as a dimer due to its highly
hydrophobic surface. With good overexpression achieved, optimisation of the refolding
and protein concentration steps may yet yield soluble SAP for further protein
modification. However, CRP could prove a more viable candidate in place of SAP, as it
is near identical in size and structure, and more importantly has been expressed

recombinantly.
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7.5 Future studies

7.5.1 Synthesis and attachment of a GM1-oxyamine derivative for

attachment to W8SE

After obtaining inhibition data for one neoglycoprotein inhibitor of the cholera toxin, the
data showed the reduction in linker length and changing the position of the GM1 ligands
does not affect inhibitory potential; a conclusion on the optimal linker length and site of
glycosylation could not be drawn. For this a second neoglycoprotein inhibitor with the
reduced linker length and GM1 attached at the N-terminus is required. For the synthesis
of this neoglycoprotein a reproducible synthesis of GM1-N3 3.15 (scheme 7.2) must be
completed, and upon isolation of 3.15 and reaction with linker 1.2, the GM1 derivative
with a free oxyamine 3.16 can used to glycosylate the W88E scaffold through oxime
ligation. Once the neoglycoprotein is tested for inhibition of CTB adhesion, a direct

comparison to the inhibitor reported by Branson et al.’?

can be drawn; from this data
conclusions on the importance of linker length, and position of the glycan for optimal
inhibition can be made. This will then feedback into the rationale for the design of such
neoglycoprotein-based inhibitors for future targets and if the BCN linkers used in this

project should be extended in length for better inhibition.
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Scheme 7.2: Proposed synthesis of a GM1-oxyamine derivative 3.16 from GM1os, involving the conversion of
GM1os to GM1-N; 3.15, followed by SPAAC reaction with linker 1.2.

151



7.5.2 Inhibition studies of neoglycoprotein-based inhibitors of the

verotoxin.

To assess if the Gb3-neoglycoproteins produced in this project can act as inhibitors of the
verotoxin, the inhibitory potential of the synthesised neoglycoproteins inhibitors (see
section 7.4, figure 7.4) need to be assessed. To be able to test the lactose and Gb3
neoglycoproteins against VIB binding, a working ELLA inhibition has to be produced.
The components of this assay have each been individually produced and although VTB
capture on microtiter plates was confirmed only once, this must become consistently
reproducible. Once this can be achieved the testing of neoglycoprotein inhibitors against
VT can be performed (figure 7.5).

-8 &8
2808

Figure 7.5: Cartoon representation of the four neoglycoproteins to be tested as inhibitors of the verotoxin B-
subunit.

If these neoglycoproteins show inhibition of VTB binding to Gb3 coated plates, a further
extension to this part of the project would be to target all potential Gb3 binding sites of
the VTB-subunit by increasing the valency of a neoglycoprotein-based inhibitor to 15
Gb3 ligands on the pentameric scaffold (figure 7.6). This work has been ongoing within
the group by developing trivalent glycopeptides which has been carried out by Dr
Vajinder Kumar, a post-doctoral researcher within the lab. These trivalent glycopeptides
have recently been appended to produce CTB-based neoglycoprotein through oxime
ligation at the N-terminus. A derivative of the trivalent glycoconjugates containing a BCN
has been produced and is awaiting attachment to N3-W88E CTB scaffold using the
SPAAC glycosylation method.
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Figure 7.6: Cartoon representation showing the synthesis of two multivalent neoglycoprotein inhibitors with 15
copies of the Gb3 trisaccharide to target all potential binding sites of the verotoxin B-subunit.

These neoglycoproteins will then be tested as inhibitors of the verotoxin, with the
intention of targeting all known Gb3 binding sites on the VTB subunit. Inhibition data for
neoglycoprotein inhibitors would be interesting to observe, if the pre-ordered design
combined with high valency boosts inhibitory potential against the verotoxin. It is
possible that a more sensitive assay may be required to obtain gain good inhibition data
for such inhibitors, if the inhibitors show dramatic increases in potency, the likes of which

have been observed for the neoglycoprotein-based inhibitors of the cholera toxin.
7.5.3 Expression of a mutant human pentameric scaffold

To move towards a human pentameric scaffold for neoglycoprotein-based inhibitors as
discussed in chapter six, further investigation is needed to determine which pentraxin,
CRP or SAP, is the most suitable for expression in E. coli and furthermore, which of these
proteins is the easiest to handle for further reactions with sortase. This will involve
attempts to optimise the refolding procedure currently used in the SAP expression, with
strict control over the concentration process to prevent aggregation. With CRP having
already been expressed in E. coli and available from some commercial sources, a gene
for a mutant CRP with the same C-terminal extension as SAP will be purchased and
following known procedures for CRP expression, the mutant CRP will then be expressed
in E. coli.

After determining the most suitable protein for modification with glycan derivatives,

optimisation of the sortase ligation reactions will occur. During this the optimal
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concentration of pentameric scaffold and peptide will be determined, to avoid large
amount of hydrolysis products which arise from nucleophilic attack of water on the
thioester intermediate generated when the protein is attached to the enzyme. This reaction
will then be used to attach an azide to the protein by addition of a short peptide containing
azidolysine.

Finally, once a human pentameric scaffold bearing a C-terminal azide is in hand, SPAAC
can then be used to append Gb3 ligands to the scaffold as outlined in chapters four and
five. The resulting neoglycoproteins can be tested for inhibition of the verotoxin both in
vivo, then compared to the bacterial protein-based analogues. If successful inhibition is
observed, then further studies could be carried out in vitro to determine the efficacy and
if this approach is a viable therapeutic option for treatment of verotoxin infection. The
neoglycoproteins both bacterial- and non-bacterial-based should be subjected to
immunogenicity testing, and any effect these neoglycoproteins would have on the
immune system, and if moving to a non-bacterial protein scaffold could be used a

therapeutic option.
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Chapter 8 Experimental
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Chemicals were purchased from commercial suppliers Sigma Aldrich, Merck, Alfa
Aecaser, Fisher, Fluorochem. All solvents were HPLC grade purchased from Fisher
scientific or Sigma Aldrich. Anhydrous solvents were obtained using an Innovative
technology solvent purification system. Distilled water was purified by ELGA PURLAB
classic. InertSep® SLIM C18-C reverse SPE phase cartridges were purchased from BGB
analytik. NMR analysis was performed using Bruker Avance 500 MHz or 500 MHz
cryoprobe. LC-MS analysis was performed on Bruker AmaZon X series LC-MS
spectrometer. HILIC-LC-MS was performed on the same spectrometer using a Kinetex®
2.6 um HILIC 100 A, LC column 30 x 2.1 mm purchased from Phenomenex. HRMS was
performed on a Bruker maXisimpact spectrometer.

NMR assignment abbreviations: s — singlet, d — doublet, t — triplet, q — quartet, m —
multiplet, dd — doublet of doublets, dt — doublet of triplets, b — broad.

8.1 Linker synthesis

Compound 2.1/2.2: Ethyl (Z)-bicyclo[6.1.0]non-4-ene-9-carboxvylate

1 1
2 2
3 3
7 H 7
0% o\,

oé\o/\ 8
Exo Endo
21 2.2

1,5-cyclooctadiene (19.6 ml, 160 mmol, 8 eq) and rhodium (II) acetate (380 mg, 0.86
mmol, 0.043 eq) were dissolved in DCM (10 ml) and stirred under nitrogen for 15
minutes. A solution of ethyl diazoacetate (2.4 ml, 20 mmol, 1 eq) in DCM (10 ml) was
added dropwise, over the course 3 hours. The mixture was allowed to stir for three days,
after which the mixture was concentrated in vacuo to yield a blue oil. The oil was passed
through a silica plug eluting in neat hexane, followed by 10% ethyl acetate to yield a
mixture of diasteroisomers as a colourless oil. The two stereoisomers were separated by
flash column chromatography eluting in neat toluene to give the exo isomer (1.95 g) and
endo isomer (0.71 g) in a ratio of 2.2:1, respectively and an overall combined yield of

2.266 g, 89%. 256

Exo
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R¢=0.06 (1% Ethyl acetate in hexane).

'H NMR (500 MHz; CDCls) &: 1.18 (1H, Hs t, J = 4.6 Hz), 1.25 (3H, t, J = 7.2 Hz, Hs),
1.44-1.52 (2H, m, H3), 1.54-1.59 (2H, m, Hy ), 2.05-2.12 (2H, m, Ha-3"), 2.16-2.23 (2H,
m, Ha), 2.27-2.34 (2H, m, Hr3), 4.04 (2H, q, J= 7.2 Hz, , Hy), 5.64 (2H, bdt, J = 4.12,
H)).

13C NMR (125 MHz; CDCl3) 8 14.40 (Cs), 26.81 (C2), 27.89 (Cs), 28.04 (Cs), 28.42
(C3), 60.3 (C7), 129.9 (Cy), 174.5 (Ce).
Endo

R¢=0.24 (1% Ethyl acetate in hexane).

'H NMR (500MHz; CDCLs) § 1.26 (3H, t, J= 7.2 Hz, Hs)), 1.39 (2H, m, H3), 1.71 (1H,
t, J = 8.8 Hz, Hs), 1.83 (2H, m, Hy), 2.06 (2H, m, Hz), 2.20 (2H, m, Hz), 2.51 (2H, m,
H,), 4.12 (2H, q, J= 7.2 Hz, Hy), 5.61 (2H, bdt, J = 4.3 Hz, Hy).

13C NMR (125 MHz; CDCls) § 14.2 (Cs), 21.26 (Cs), 22.67 (C3), 24.19 (Cs), 27.09 (C3),
59.7 (C7), 129.5 (C1), 172.1 (Cé).

HRMS - C2H30>+Na requires 217.1204 Da. Measured m/z [M+Na]" =217.1198 Da.
err = 0.3 ppm.

IR (Vimax/cm™) — 1151 (C-0), 1181 (C=C, bend), 1718 (C=0), 2979 (C-H).

Compound 2.4: Ethyl (1R.4R.5S5.85.97)-4.5-dihvdroxybicyclo[6.1.0]nonane-9-

carboxylate

HO OH
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Compound 2.1 (500 mg, 2.58 mmol, 1 eq) was dissolved in 8:1 acetone/water mixture
(4.6 m1:0.57 ml, 0.5 M), to which N-methylmorpholine,N-oxide (NMO) (604 mg, 5.16
mmol, 2 eq) was added. Once NMO was completely suspended, OsO4 in H>O (0.82 ml,
0.129 mmol, 0.05 eq) was added slowly to the reaction vessel. The reaction was followed
by TLC and was shown to be complete after 3 hours, showing the starting material had
dissipated. The reaction was then quenched with saturated aq. sodium metabisulphite, and
the resulting precipitate was removed by filtration. The pH of the filtrate was then
adjusted to pH 5 using 1 M HCI, and the product extracted with ethyl acetate (3x20 ml).
The combined organic layers were concentrated in vacuo to yield a white solid (439 mg,

75%). The mixture of diastereoisomers could not be separated.

R¢=0.06 (10% EtOAc in hexane).

"H NMR (500 MHz; DMSO-ds) 5 1.02-1.07 (2H, m, Hs5), 1.17 (3H, t, J =7.1 Hz, Hs),
1.23-1.33 (1H, m, Hy), 1.33-1.38 (2H, m, Hz3), 1.53-1.61 (2H, m Ha3), 1.66-1.72 (2H,
m, Hy), 1.73-1.83 (3H, m, H»3"), 1.88 (1H, dd, J = 14.49, 3.29, H3z), 3.68 (1H, b dd,
major isomer, Hi), 3.87 (1H, br dd, minor isomer, Hy), 4.01 (2H, H7, q, /= 7.2 Hz), 4.31
(1H, br dd, major isomer, Hy), 4.39 (1H, br dd, minor isomer, Hy).

13C NMR (125 MHz, DMSO-d¢) & 14.3 (Cs), 21.6 (Cs minor isomer), 23.4 (C4 major
isomer), 26.8 (Cz minor isomer), 27.0 (C2 major isomer), 27.9 (Cs), 32.9 (C3 major
isomer), 33.5 (C3 minor isomer), 60.5 (C7), 75.5 (Ci minor isomer), 76.4 (C1 major
isomer), 172.6 (Ce).

HRMS - C2H2004+Na requires 229.1434 Da. Measured m/z [M+Na]" = 229.1433 Da.
err = 0.5 ppm.

Compound 2.5: Ethyl (1R.4R.5S5.85.9r)-4.5-

bis(((trifluoromethvDsulfonyl)oxv)bicyclo[6.1.0]nonane-9-carboxylate
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Compound 2.1 (100 mg, 0.515 mmol, 1 eq) and pyridine (0.1 ml, 1.545 mmol, 3 eq) were
dissolved in DCM (5 ml, 0.1 M), placed under a nitrogen atmosphere and cooled to 0 °C.
Distilled triflic anhydride (0.17 ml, 1.03 mmol, 2 eq) was then added slowly to the
solution an instant colour change from colourless to yellow was observed. The reaction
was left to stir for 10 minutes and monitored by TLC and the product was extracted with
EtOAc (3 x 10 ml) and concentrated in vacuo to yield a yellow oil (209 mg, 83%).
Rf=0.36 and 0.24 (10% EtOAc in hexane).

'H NMR (500MHz; CDCL) 5 0.98-1.10 (2H, m, Hz), 1.20 (1H, t, J = 4.4 Hz, Hs), 1.25
(4H, t, J=7.3 Hz, Ha,5), 1.35-1.59 (2H, m, Hz-4), 1.93-2.06 (1H, m, Hz), 2.06-2.16 (2H,
m, Ha3), 2.16-2.30 (3H, m, Ha2), 4.11 (2H, q,J=7.2 Hz, Hy), 5.21 (2H, br dd, Hy), 5.42
(2H, dd, J = 8.56, 4.1 Hz, Hy).

13C NMR (125 MHz; CDCL3) & 14.22 (Cs), 25.43 (Ca), 26.53 (Cs), 27.44 (C2), 29.70
(C3), 60.66 (C7), 89.85 (C1), 117.16 (Co) (q, J = 319.1Hz), 172. 60 (Cé).

HRMS - CI14H19F608S2+Na requires 515.0240 Da. Measured m/z [M+Na]" =
515.02408 Da. err = 1.2 ppm.

IR - (Vimax / cm™)-890 (S-O-C), 1138 (S=0), 1200 (S=0), 1242 (C-0) 1412 (C-F) , 1718
(C=0), 2935 (C-H).

Compound 2.6: Ethyl (1R.4R.5R.85.9R)-4.5-dibromobicyclo[6.1.0]nonane-9-

carboxylate

2.6
Compound 2.1 (600 mg, 3.13 mmol, 1 eq) in anhydrous DCM (11.6 ml) was added to a

flask under a nitrogen atmosphere, and cooled to 0 °C. A solution of bromine (575 mg,
3.76 mmol, 1.2 eq) in DCM (4 ml) was added slowly, resulting in the solution becoming

brown. The reaction was then left to stir for 10 minutes and reaction progress was
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observed by TLC. The reaction was then quenched with saturated aq. sodium thiosulfate
(50 ml), and the product was extracted into DCM (3x20 ml). The combined organic layers
were washed with distilled H>O, dried over MgSO4 and concentrated in vacuo to yield a
white solid (804 mg, 73% yield).
R¢=0.09 (5% EtOAc in hexane).

'H NMR (500MHz; CDCl3) 5 1.20 (1H, t, J= 4.2 Hz, Hs), 1.26 (3H, t, J= 6.9 Hz, Hs),
1.37-1.53 (2H, m, Ha) 1.62-1.68 (2H, m, Ha), 1.69-1.76 (2H, m Ha,), 2.07-2.15 (3H, m,
Ha,3), 2.26-2.34 (1H, m, Hy), 2.60-2.67 (1H, m, Hs), 2.69-2.77 (1H, m, Hy"), 4.12 (2H,
q,J=7.2 Hz, Hy), 4.76-4.85 (2H, m, Hy).

13C NMR (125 MHz; CDCl3) § minor diastereoisomer :14.3 (Cs), 23.78 (Cs), 22.98
(Ca), 25.66 (Cs), 27.75 (C3), 27.99 (Cx), 34.30 (Ca), 34.80 (Cz), 52.24 (C1), 55.7 (Cr),
60.38 (C7), 173.79 (Cé).

HRMS - C2HsBr202+NH4 requires 370.0011 Da. Measured m/z [M+NH4]*" = 370.0005
Da. err = 0.6 ppm

Compound 2.8: ((1R.85.9r.Z)-bicyclo[6.1.0]non-4-en-9-y)methanol

Exo

2.8

Compound 2.1 (1.094 g, 5.63 mmol, 1 eq) was placed in a round bottom flask with
anhydrous DCM (28 ml, 0.2 M) under a nitrogen atmosphere. The solution was cooled to
0 °C and 1 M lithium aluminium hydride (LiAlH4) in THF (11.3 ml, 11.3 mmol, 2 eq)
was added dropwise to the solution. The reaction was monitored by TLC until completion
(=1 hour) and the reaction was then quenched with sodium sulphate decahydrate. The
mixture was acidified with 1 M HCI, and the product was extracted with DCM (3 x 20
ml), and the combined organic layers were dried over MgSOs4 and concentrated in vacuo

to yield a clear oil (857 mg, quantitative). 23
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Rf=0.71 in 20% EtOAc in hexane.

Endo

'H NMR (500MHz; CDCls) § 0.97-1.05 (2H, m, Hy), 1.09-116 (1H, m, Hs), 1.31 (1H,
bs, OH), 1.37-1.45 (2H, m, Hs), 1.94-2.02 (2H, m, H3), 2.06-2.14 (2H, m, Hz), 2.32-2.40
(2H, m, Hz), 3.73 (2H, d, He, J = 7.6 Hz), 5.63 (2H, t, Hy, J = 4.0 Hz).

13C NMR (125 MHz; CDCl) § 19.15 (Cs), 20.93 (Cs), 24.03 (C3), 27.81 (C2), 60.45
(Ce), 129.88 (C»).

HRMS - Could not be obtained.

IR (Vmax/ cmt) - 1015 (C-O), 1094 (C=C, bend), 2911 (C-H), 3316 (O-H).

The endo isomer was prepared using the same procedure from ethyl (1R,8S,9s,7)-

bicyclo[6.1.0]non-4-ene-9-carboxylate (compound 2.2) in quantitative yield.

1

Endo

Endo

'H NMR (500MHz; CDCls) § 0.97-1.05 (2H, m, Hs), 1.09-116 (1H, m, Hs), 1.31 (1H,
bs, OH), 1.37-1.45 (2H, m, Hs), 1.94-2.02 (2H, m, H3), 2.06-2.14 (2H, m, Hz), 2.32-2.40
(2H, m, Hz), 3.73 (2H, d, J = 7.6 Hz, Hy), 5.63 (2H, t, J = 4.0 Hz, Hy). 2%

13C NMR (125 MHz; CDCl) § 19.15 (Cs), 20.93 (Cs), 24.03 (C3), 27.81 (C2), 60.45
(Ce), 129.88 (C»).

HRMS - Could not be obtained.

IR (Vmax/ cmt) - 1015 (C-O), 1094 (C=C, bend), 2911 (C-H), 3316 (O-H).
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Compound 2.3: ((1R.85.9r)-bicyclo][6.1.0]non-4-yn-9-yDmethanol

Exo

23
Compound 2.8 (500 mg, 3.28 mmol, 1 eq) was dissolved in anhydrous DCM (16 ml, 0.2

M) under a nitrogen atmosphere. The solution was cooled to 0 °C and bromine (0.2 ml,
3.94 mmol 1.2 eq) was added dropwise until a brown colour persisted. The reaction was
then allowed to stir at room temperature for 30 minutes. After this time the reaction was
quenched with sat. aq. Na>S>03 (30 ml) and the organics extracted with DCM (3x20 ml).
The combined organic layers were washed with H>O (25 ml) and brine (25 ml), dried
over MgSQ4 and concentrated in vacuo to yield an oil. The oil was then dissolved in
anhydrous THF (33 ml) under nitrogen and cooled to 0 °C before adding 1 M KOt-Bu in
THF (9.84 ml, 9.84 mmol, 3 eq). The solution was then heated to reflux for five hours.
After this time the reaction was quenched with sat. ag. NH4Cl (50 ml) and the organics
extracted with DCM (3 x 50 ml). The combined organic layers were concentrated in vacuo
to yield a brown oil. The crude product was purified by flash column chromatography
eluting in 10% EtOAc in hexane to 20% EtOAc in hexane, to yield a clear oil (181 mg,
37%). 3¢

R¢- 0.24 (30% EtOAc in hexane).

Exo

'H NMR (500 MHz; CDCL3) & 0.59-0.65 (1H, m, Hs), 0.72-79 (2H, m, Ha), 1.35-1.43
(2H, m, H3), 1.61 (1H, bs, Hon), 2.00-2.08 (2H, m, Hz), 2.11-2.19 (2H, m, Hy'), 2.23-
2.32 (2H, m, Hs), 3.45 (2H, d, J = 7.0 Hz, Hg).

13C NMR (125 MHz; CDCl) § 21.47 (Cs), 22.59 (C3), 27.32 (Cs), 33.43 (C3), 67.15
(Cé), 98.80 (C).

HRMS - Could not be obtained
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The endo isomer of 2.3 was prepared using the same procedure from ((1R,8S,9s,72)-

bicyclo[6.1.0]non-4-en-9-yl)methanol (endo isomer of compound 2.8) in 37% yield. 2°¢

1

Endo

Endo
TH NMR (500 MHz; CDCl3) § 0.81-0.91 (2H, m, Hs), 1.22-1.31 (1H, m, Hs), 0.44 (1H,

bs, OH), 1.48-1.58 (2H, m, Ha), 2.10-2.28 (3H, m, Ha23), 3.65 (2H, d, J = 7.8, H).

13C NMR (125 MHz; CDCl3) § 20.00 (Cs), 21.37 (Cs), 21.50 (C3), 29.03 (C2) 59.88
(Ce), 98.89 (Cy).
HRMS - Could not be obtained.

Compound 2.13: 2-(((1R.8S5.9r)-bicyclo[6.1.0]non-4-yn-9-yl)methoxy)isoindoline-

1,3-dione

10

Exo
213

Compound 2.3 (80 mg, 1.6 mmol, leq), triphenylphosphine (154 mg, 0.59 mmol, 1.1 eq)
and N-hydroxyphthalamide (96 mg, 0.59 mmol, 1.1 eq) were dissolved in anhydrous
DCM (5 ml, reaction concentration 0.1 M) and placed under a nitrogen atmosphere. The

mixture was cooled to 0 °C, at which point DIAD (0.11 ml, 0.59mmol, 1.1 eq) was added.
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The reaction was left stirring and allowed to warm to room temperature. After four hours
the mixture was concentrated in vacuo to yield a crude residue, which was purified by
flash column chromatography eluting in 10% EtOAc in hexane to 20% EtOAc in hexane
to yield a white crystalline solid (111 mg, 71% yield).

Rt - 0.42 (30% EtOAc in hexane).

Exo

TH NMR (500 MHz; CDCls) § 0.78-0.88 (3H, m, Hys), 1.38-1.45 (2H, m , H3), 2.14-
2.20 (2H, m, Hy), 2.26-2.30 (2H, m, Hy), 2.39-2.42 (2H, dd, Hz, J=13.8 ,2.19 Hz), 4.15
(2H, d, He, J = 7.0), 7.73-7.78 (2H, m, Hyo) 7.82-7.87 (2H, m, Hp).

13C NMR (125 MHz, CDCl3) § 21.28 (C3), 22.66 (Cs), 23.03 (Cs), 33.15 (C3), 82.34
(Ce), 98.73 (Cy), 123.46 (C10), 128.98 (Cs), 134.46 (Co), 163.74 (C»).

HRMS - CisH7NOs+Na requires 318.1101 Da. Measured m/z [M+Na]"=318.1101 Da.
err = -0.2 ppm.

IR - (Vma/om'!) — 1124 (C-O), 1720 (C=0).
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The endo isomer of 2.13 was prepared from ((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

yl)methanol using the same procedure in
_1
2
. 3
RavAl
6 \0
|
N

7

o o

Endo
2.13

Endo

H NMR (500MHz; CDCl3) §0.76-0.89 (2H, m, Hy), 1.25 (1H, t, Hs, J = 7.0) 1.34-1.42
(2H, m, H3) 2.09-2.17 (2H, m, H3 ") 2.35 (6H, m, Hz,2-,Hs"), 4.31 (2H, d, He, J = 8.0 Hz),
7.73-7.77 (2H, m, Hio) 7.82-7.86 (2H, m, H).

13C NMR (125 MHz, CDCL;) § 16.79 (Cs), 19.87 (C4), 24.14 (C3), 27.64 (C2), 77.73
(Cé), 99.04 (Cy), 123.55 (C1o), 129.14 (Cs), 134.39 (Co), 163.81 (C»).

HRMS - Ci3Hi7NOs+Na requires 318.1101 Da. Measured m/z [M+Na]" = 318.1101
Da. err =-0.2 ppm.

IR - (vmaiemn— 1124 (C-0O), 1720 (C=0).

Compound 1.2: O-(((1R.85.9r)-bicvclo][6.1.0]non-4-yn-9-yl)methyl)hydroxylamine

1.2
Compound 2.13 (exo) (100 mg, 0.34 mmol, 1 eq) was added to a anhydrous 2 M

methanolic methylamine (0.15 ml, 1.7 mmol, 5 eq) was added. The reaction was shown
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to be complete by TLC within 2 minutes, the product was used without further
purification. (65 mg, quantitative).

Rf=0.64 (50% EtOAc in hexane).

Exo

H NMR (500 MHz; CDCI3) § 0.50-0.70 (3H, m, Has), 1.27-1.43 (2H, m, Hz), 2.07-2.43
(6H, m, H2.2.3), 3.56 (2H, d, J = 7.0, Hs), 5.22 (2H, bs, NH>).

13C NMR (125 MHz, CDCL3) § 21.45 (Cs), 22.78 (C3), 23.03 (Cs), 23.43 (Cs), 33.35
(C2), 80.08 (Ce), 98.82 (Cy).

HRMS - CioHisNO+H requires 166.1223 Da. Measured m/z [M+H]" = 166.1226 Da. err
= 1.6 ppm.
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Compound 2.16: Methyl 2-((((1R.8S.9r)-bicyclo[6.1.0]non-4-yn-9-

yDmethoxvy)carbamovl)benzoate

1

1415

12 vy
216 16

Compound 2.13 (111 mg, 0.38 mmol, leq) was dissolved in MeOH (1 ml). To the solution
NaOMe (41 mg, 1.14 mmol, 3 eq) was added and the reaction was stirred for 30 minutes
at room temperature until all starting material was consumed when observed by TLC
(30% EtOAc in hexane). Methyl iodide (100 pl, 1.52 mmol, 4 eq) was added to the
solution, and the reaction was monitored by HRMS. Once the methylation reaction was
deemed to be complete (=1 hour) the reaction was quenched with HO (5 ml) and the
product was extracted with EtOAc (3 x 10 ml). The combined organic layers were dried

over MgSOs4 and concentrated in vacuo to yield a yellow residue (129 mg, 100%).

Exo

'TH NMR (500 MHz; CDCI3) & 0.74 (2H, bt, Hy), 0.89-1.09 (3H, m, H3;), 1.81 (2H, bd,
Hs), 2.000-2.07 (2H, m, Hz), 2.10-2.20 (2H, m, H»’), 3.37 (3H, bs, H7), 3.60 (2H, bd, J
= 7.8 Hz, Hs), 3.90 (3H, s, Hi¢), 7.40-7.47 (2H, m, Hi1,12), 7.57 (1H, dt, /= 7.6, 1.0 Hz,
Ho), 7.97 (1H, d, J = 7.6 Hz, Hi3).

13C NMR (125 MHz; CDCL3) § 17.05 (Cs), 20.42 (Ca), 21.82 (C3), 28.98 (Cs), 34.65
(C7), 52.97 (Ci6), 71.74 (Cs), 99.05 (Cy), 127.85 (C11), 128.76 (Cs), 129.26 (C10), 130.13

(C13), 132.68 (C12), 137.93 (C1s), 166.62 (Cs), 172.10 (C1s).

HRMS - Cy0H23NO4+H requires 342.1699 Da. Measured m/z [M+H]" = 342.1697 Da.
err = 0.8 ppm.
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Compound 1.3: O-(bicvclo][6.1.0]non-4-yn-9-ylmethvhvdroxvlamine

1

1.3

Compound 2.16 (50 mg, 0.17 mmol, 1 eq) was dissolved in anhydrous toluene (1 ml) into
an oven dried flask under a nitrogen atmosphere. The solution was cooled to -78 °C and
a solution of 3M isopropyl magnesium bromide in diethyl ether (0.057 ml, 0.18 mmol, 3
eq) was added dropwise. The reaction was left to stir for 2 hours and allowed to warm to
room temperature. The reaction was quenched with H>O (10 ml) and the product extracted
with EtOAc (3x10 ml). The combined organic layers were dried over MgSO4 and
concentrated in vacuo to yield a crude oil. The crude oil was purified by flash column

chromatography eluting in 10% EtOAc in hexane to yield a clear residue (18 mg, 60%).

R¢- 0.15 (20% EtOAc in hexane).

Endo

'H NMR (500 MHz; CDCI3) § 0.75-0.89 (2H, m, Hy), 1.14-1.28 (1H, m, Hs), 1.43-1.63
(2H, m, Hs), 2.08-2.30 (6H, m, Hz23), 2.67 (3H, s, Hy), 3.56 (2H, d, J = 7.6 Hz, H,).

13C NMR (125 MHz; CDCL) & 17.65 (Cs), 19.84 (Cs), 21.50 (C3), 29.18 (C2), 39.34
(C7), 70.35 (Cs), 98.94 (Cy).

HRMS - Ci1Hi7NO-+H requires 180.1382 Da. [M+H]" measured m/z =180.1388 Da. err
=-3.0 ppm.
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8.2 Synthesis of glycan derivatives

Compound 3.3: Lac-BCN

Oxime E isomer

HO o OH
& o HO
HO 5 o
2 1 4
3 OH
HO . _oH
s (o] HO
Hg 5 - o) Oxime Z isomer
1
3 OH
HO ¢ _OH Ring closed
& 7 Y HO
HO\.2 o
3 OH 46

3.3

Method 1: Oxime ligation in CHCl;:MeOH

Lactose (20 pl of 1.5 M stock in H>O, final concentration1 50 mM) was added to 180 pl
of 390 mM 1.2 in 1:1 CHCI3:MeOH (final concentration351 mM) in a PCR tube. The
reaction was heated at 50 °C using a lid heated PCR machine and held at 50 °C for 24
hours. The organic solvent was allowed to evaporate and the crude product was then
diluted to 2 ml pl in ddH>O and loaded onto a C18 reverse phase cartridge, the cartridge
was then washed with ddH2O until no carbohydrate derivatives were detected by TLC
staining in orcinol. 3.3 was then eluted from the cartridge in 20% aq. methanol until there
was no product observed by TLC staining in orcinol. Fractions in which 3.3 was observed
were combined and concentrated by lyophilisation to yield 3.3 as a white solid. (10 mg,

69%)

Method 2: Oxime ligation in 1 M NaOAc pH 5

Lactose (80 ul of 1.5M stock in H>O, final concentration300 mM) was added to 80 pl of
5 M NaOAc pH 5 in a PCR tube, to the solution 240 ul of 390 mM 1.2 in 1:1
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CHCI3:MeOH was added. The reaction was heated at 50 °C using a lid heated PCR
machine and held at 50 °C for 24 hours. The crude mixture was then diluted to 2 ml in
ddH>O and loaded onto a C18 reverse phase cartridge, the cartridge was then washed with
ddH>O until no carbohydrate derivatives were detected by TLC staining in orcinol. 3.3
was then eluted from the cartridge in 20% aq. methanol until there was no product
observed by TLC staining in orcinol. Fractions in which 3.3 was observed were combined
and concentrated by lyophilisation to yield 3.3 as a white solid. (42.9 mg, 69%) in a ratio
0f 20:5:14 Oxime E:Oxime Z:Ring closed.

TH NMR (500 MHz; D,0) Oxime E isomer - & 0.84-0.96 (3H, m, Hsyo), 1.48-1.60 (2H,
m, Hyo), 2.32 (2H, bd, Hn1), 2.43 (2H, bt, Hir), 2.57 (2H, bd, Hio’), 3.52-4.13(12H, m,
Hz 33 4455.66.,7),4.50 (1H, d, ,J=7.8 Hz, Hy’), 4.59 (1H, t, /= 6.4 Hz, Hz), 7.66 (1H,
d, J=5.8 Hz, Hy).

Oxime Z isomer - 8 0.84-0.96 (3H, m, Hsy), 1.48-1.60 (2H, m, Hio), 2.28-2.35 (2H, bd,
Hi1), 2.43 (2H, bt, Hir), 2.56 (2H, bd, Hie), 3.52-4.13(12H, m, Hx» 3,3 44°55,6,6,7), 4.55
(1H, d, J=7.8 Hz, Hy) 4.99 (1H, dd, /= 5.3, 1.3 Hz, H3,), 6.99 (1H, d, /= 5.4 Hz, Hy,).
Ring closed - 6 0.84-0.96 (3H, m, Hgyo), 1.48-1.60 (2H, m, Hyo), 2.28-2.35 (2H, bd, H11),
2.43 (2H, bt, Hir), 2.56 (2H, bd, Hio’), 3.53 (1H, t, J = 9.0 Hz, H3), 3.52-4.13 (12H, m,
Hy 33 4455.66.,7),4.46 (1H, d,J=9.2 Hz, Hr), 4.60 (1H, d, /= 7.8 Hz, Hy).

I3C NMR (125 MHz; D20) & 20.69, 22.35, 22.48, 22.53, 22.58, 22.57,23.15, (Ci1,10,9.8)
32.73 (Cy), 57.83, 60.86, 61.04, 62.09, 68.48, 68.48, 68.57, 69.31, 69.34, 70.97, 71.05,
71.16. 72.53, 72.56, 75.07, 75.36, 75.39, 75.95, 78.10, 78.27, 78.38, 79.33
(C22334455.66) 90.06 (Cic), 103.8 (Ci2), 102.89 (Cra)), 130.00 (Cre,c)), 151.70
(Cia,p)).

HRMS - C»H3sNO1+H requires 490.2282 Da. Measured m/z [M+H]" = 490.2282 Da.
err = 0.1 ppm.
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Compound 3.6: Lac-NMeBCN

3.6

Lactose (20 pul of a 1 M stock in H>O, final concentration400 mM) was added to 10 pl of
5 M NaOAc buffer pH 5 in a PCR tube, followed by 20 ul of a 1M solution of 1.3 in
CHCI; (final concentration400 mM). The reaction was heated at 50 °C using a lid heated
PCR machine and held at 50 °C for 48 hours. The crude mixture was then diluted to 500
pl in ddH>O and loaded onto a C18 reverse phase cartridge, the cartridge was then washed
with ddH>O until no carbohydrate derivatives were detected by TLC staining in orcinol.
3.3 was then eluted from the cartridge in 50% aqg. methanol until there was no product
observed by TLC staining in orcinol. Fractions in which 3.6 was observed were combined

and concentrated by lyophilisation to yield 3.6 as a white solid. (1.6 mg, 40%).

HRMS - C»3H37NO11+H requires 504.2445 Da. Measured m/z [M+H]" = 504.2446 Da.
err =0.19 ppm.

GMl1os

GM1-ceramide (5 mg, 5.01 umol), and dissolved in 450 ul 50 mM NaOAc buffer, 0.2%
v/v Triton X-100 pH 5 in an Eppendorf tube. To the solution EGCase II (50 pl of 68 uM)

the reaction was left incubating at 37 °C for between 3-5 days until the no GM1-ceramide

was observed by TLC (3:2:1 CHCI3:MeOH:H;0). Once the reaction was complete the
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solution was washed with diethyl ether (3 x 30 ml). The aqueous layer was then filtered
through 0.22 um filter, the filtrate was then loaded onto a C18 reverse phase cartridge,
GM1os was obtained by eluting in H>O. Fractions containing GM10s were combined and
concentrated by lyophilisation to obtain a white solid. Further purification was by gel
filtration (LH20 or P2 bio-gel) was required to remove any salts. Fractions containing
GM1os were once again combined and concentrated by lyophilisation to yield GM1os as
white solid (3.85 mg, 77%).

Rr=0.06 (60:40:8 CHCl3:MeOH:H-0).

THNMR (D;0) § 2.02 (3H, s, Ac), 2.05 (3H, s, Ac), 2.65-2.70 (1H, m, H3»equatoriat), 3.27-
3.31 (1H, m, H»), 3.35-3.41 (2H, m, Hz»4), 3.49-3.99 (46H, m, not assigned), 4.03-4.08
(2H, m, Hz»»), 4.12-4.19 (5H, m, H3',4:4>), 4.53 (1H, d, /= 7.9 Hz, Hy»»), 4.56 (1H, d, J
=7.9Hz, Hy’), 4.69 (1H, d, /=8 .0 Hz, Hip), 4.79 (Hy», lies under DO peak) 5.23 (1H,
d, J=5.2 Hz, Hiq).

270,271

Signals conformed with reported literature values.

Compound 3.7 - GM1-BCN

Oxime ligation in CHCl;:MeOH

GMlos (I mg, 1 umol, 1 eq) was suspended in 2 pl of 1:1 CHCI;:MeOH to a
concentration of 250 mM in a PCR tube. To the suspension 3 ul of 390 mM solution of
linker 3 (234 mM) was added and the reaction was heated to 50 °C using a lid heated PCR
machine and held at 50 °C for 48 hours. Completion of the reaction was confirmed by
TLC (2:2:1 BuOH:MeOH:H>0). The crude mixture was then diluted to 100 ul in ddH>O

and loaded onto a C18 reverse phase cartridge, and the cartridge was then washed with
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ddH>O until no carbohydrate derivatives were detected by TLC staining in orcinol.
Compound 11 was then eluted from the cartridge in 20% aq. methanol until there was no
product observed by TLC staining in orcinol. Fractions in which 11 was observed were
combined and concentrated by lyophilisation to yield compound 11 as a white solid. (0.38

mg, 33%)

Oxime ligation in 1 M NaOAc pH 5

GMlos (1 mg, 1 umol, 1 eq) was dissolved in 2 pl to a concentration of 250 mM in a
PCR tube to which 1 pl of 5SM NaOAc buffer pH 5 (final concentration 1 M) was added.
To the solution, 2 pl of 390 mM linker 3 was added and the reaction was heated to 50 °C
using a lid heated PCR machine and held at 50 °C for 48 hours. Completion of the reaction
was confirmed by TLC (2:2:1 BuOH:MeOH:H;0). The crude mixture was diluted to 100
pl in ddH>O and loaded onto a C18 reverse phase cartridge, the cartridge was then washed
with ddH>O until no carbohydrate derivatives were detected by TLC staining in orcinol.
Compound 11 was eluted from the cartridge in 20% aq. methanol until there was no
product observed by TLC staining in orcinol. Fractions in which compound 11 was
observed were combined and concentrated by lyophilisation to yield 11 as a white solid.

(0.28 mg, 24%).

Re- 0.63 (2:2:1 BuOH:MeOH:H,0)

'"H NMR (500 MHz; D>0) 6 0.76-0.82 (3H, m, Hsp), 1.36-1.46 (2H, m, H3), 2.00-2.5
(6H, m, Ac), 2.12-2.21 (2H, m, H3), 2.25-2.35 (2H, m, H»’), 2.40-2.47 (2H, m, H3), 3.29-
4.19 (70 H, not assigned, integration corresponds to signals for all three isomers), 4.30-

4.32 (IH, 1’1’1, H] ring closed), 4.50 (lH, t, H2 Oxime), 4.54 (2H, m, Hl” ]”’), 7.49 (1H, d, H]

oxime)-

13C NMR - Poor resolution could not be assigned.
HRMS - C47H75N3020+H requires 1456.4564 Da. Measured m/z [M+H]" = 1456.4571
Da. err. 0.4 ppm

Compound 3.9: Hepta-O-acetyl-a-D-lactosyl bromide

Br
AcO & OAc 3 AcO
y o 6Ac0 3 z 1
3
AcO AT y [o)
¥ OAc 6 ~OAc

3.9
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Lactose (15g, 43.8 mmol, 1 eq) was added to acetic anhydride (50 ml, 528 mmol, 12 eq)
under N2, followed by 10 ml HBr in AcOH and stirred at room temperature for 1 hour. A
further 50 ml of HBr in AcOH was added and the reaction stirred for another 3 hours. The
reaction was concentrated in vacuo heating below 30 °C, to yield and orange solid. The
product was redissolved in DCM (250 ml), and washed with H>O (100ml), then sat. aq.
NaHCO; (100ml) and H>O (100 ml). The organic layer was dried over MgSO4 and
concentrated in vacuo, co-evaporating with toluene, yielding a white solid (25.17 g, 82%)

R¢= 0.7 (30% EtOAc in DCM).2”

H NMR (500 MHz; CDCL) § 1.97, 2.06, 2.07, 2.08, 2.10, 2.14, 2.16 (3H, s, Ac), 3.81
(2H, m, Hagp), 4.04 (4H, m, Hs, eb.sa6b), 4.48 (1H, d, J= 9.7, Hs), 4.50 (1H, d, J = 7.8,
Hy), 4.74 (1H, dd, J = 9.8, 4.0, Hy), 4.95 (1H, dd, J = 10.4, 3.5, H3), 5.11 (1H, dd, J =
10.4, 8.0, Hy), 5.34 (1H, d, J = 3.0, Hs), 5.53 (1H, t, J = 9.8, H3), 6.51 (1H, d, J = 4.0,
Hi).

13C NMR (125 MHz; CDCl) § 20.51, 20.56, 20.66, 20.68, 20.69, 20.81, 20.82 (Ac),
60.92 (Cs), 61.10 (Cs'), 66.66 (Cx°), 69.09 (C2), 69.66 (C3), 70.85 (Cs), 70.91 (Cz), 71.05
(C3), 73.02 (Cs), 75.01 (Cs), 86.41 (Cy), 100.84 (Cyr), 168.9,169.25,170.01, 170.10,
170.17, 170.21, 170.37 (Ac).

HMRS - Cy6H35BrOi7+Na requires 721.0949 Da. Measured m/z [M+Na]" = 721.0949
Da. err =0.1 ppm.

IR (Vma/em!) - 1014 (C-0), 1369 (C-O, ester), 1743 (C=0).

Compound 3.10: Hepta-O-acetyl-B-D-lactosyl azide

AcO . _OAc OAc

3 1
‘X o AcO7 2 N
AcO 7 o o 3
3 1 4

OAc 6 ~OAc

3.10
Compound 3.9 (1g, 1.43 mmol, 1 eq) was dissolved in DMF (14 ml, 0.1 M). To the
solution sodium azide (102 mg, 1.57 mmol, 1.1 eq) was added, and the reaction was left
to stir overnight at room temperature. After this time the reaction was diluted in DCM
(40 ml) and washed with NaHCO3 (3%x50 ml), H>O (50 ml) and brine (50 ml). The organic
layer was dried over MgSO4 and concentrated in vacuo and placed on high vacuum to

yield a white crystalline solid (801 mg, 85%).3!8
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R¢ = 0.57 (30% EtOAc in DCM).

'H NMR (500 MHz; CDCL) § 1.96 (3H, s, Ac), 2.04 (6H, s, Ac), 2.06 (3H, s, Ac), 2.07
(3H, s, Ac), 2.13 3H, s, Ac), 2.15 3H, s, Ac), 3.66-3.72 (1H, m, Hs), 3.77-3.89 (2H, m,
Haga), 4.04-4.19 (3H, m, Heaps) 4.50 (2H, d, J = 7.9 Hz, Hy,¢),4.62 (1H, d, Hy, J =
8.8), 4.86 (1H, t, Ha, J = 9.2 Hz), 4.95 (1H, dd, Hy, J = 10.4, 3.4 Hz), 5.10 (1H, dd, H,
J=10.4,2.4 Hz), 5.20 (1H, t, H3, J= 9.2 Hz), 5.35 (1H, d, Hy, J = 2.7 Hz).

13C NMR (125 MHz; CDCL) § 20.49 (Ac), 20.63 (4xAc), 20.73 (Ac), 20.80 (Ac), 61.87
(Cé), 61.82 (C), 66.68 (Cs), 69.19 (Cz), 70.88 (Cs), 71.02 (C2), 71.12 (Cs), 72.64 (C3),
74.92 (Cs), 75.86 (C4), 87.79 (C1), 101.19 (Cr), 169.05 (Ac), 169.47 (Ac), 169.61 (Ac),
170.03 (Ac), 170.09 (Ac), 170.29 (Ac).

HMRS - C26H39NO17+NH4 requires 679.2305 Da. Measured m/z [M+Na]" = 679.2295
Da err = 1.4 ppm.
IR (Vmax/cm™) - 1040 (C-0), 1209 (C-O, ester), 1376 (C-0), 1738 (C=0), 2118 (N=N=N).

Compound 3.11: B-D-lactosyl azide

OH ¢ _oH OH
3 2 1
N —© HO 75 N
HO 5 - o o 3
¥ oH * 6 ~~0H
3.1

Compound 3.10 (801 mg, 1.21 mmol, 1 eq) was dissolved in MeOH (5 ml); to the solution
excess NaOMe was added. The reaction was left to stir for 30 minutes. To the mixture
DOWEX-50 H" was added until neutral. The resin was removed by vacuum filtration,
and the solution was concentrated in vacuo. The resulting oil was redissolved in H>O (1
ml) and lyophilised to yield a white solid (44 mg, quantitative yield). '

Rr=0.2 (60:40:8 CHCl3:MeOH:H20).

TH NMR (500 MHz; D,0) & 3.20-3.26 (1H, m, H>), 3.42-3.46 (1H, dd, /= 7.8, 1.9 Hz,
Hy), 3.55-3.76 (8H, m, H3345566), 3.82-3.84 (1H, d J = 3.4 Hz, Hy), 3.87-3.90 (1H,
dd, J=12.0. 1.5 Hz, Hs,), 4.34-4.37 (1H, d, J = 7.8 Hz, Hy’), 4.68 (1H, lies under D,O
peak, Hy).

3C NMR (125 MHz; D20) 6 59.95 (Ce), 61.12 (Cs), 68.84 (Cy), 71.03 (C3), 72.59 (Cy),
72.60 (C2), 74.44,75.44,76.79,77.83 (C43°,55), 90.01 (C1), 102.97 (Cy).
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HMRS - Ci2H21N3010 +Na requires 390.1119 Da. Measured m/z [M+Na]" = 390.1125
Da. err =-1.7 ppm.
IR (Vmax/cm') - 3287 (broad, OH), 2117 (N=N=N), 1354 (C-O).

Compound 3.14 — Lac-BCN-ONH;

o HO ~N
N \
HO%O fo) A N
OH HO )
3.14
H
H

A solution of linker 1.2 (390 mM in CHCl3:MeOH, 15 ul, 0.585 mmol, 1 eq) was added
to a solution of lactosyl azide 3.11 (100 mM in H>O, 0.5 ml, 10 eq). The reaction was
stirred vigorously for eight hours, before being determined to be complete by HILIC-MS.
The reaction mixture was then diluted in H>O (0.5 ml) loaded to C18 reverse phase
cartridge and the excess 3.11 was washed off cartridge with H>O (2 ml). The product was
then eluted from the column in 30% aq. MeOH. The solvent was removed in vacuo
followed by lyophilisation to yield a white powder (3.11 mg, 100%).

HRMS — Cx»H36N4O11+H requires 533.2459. Measured m/z [M+H]" = 533.2454. err =
0.94 ppm.

8.2.1 Enzymatic synthesis

General procedures for the enzymatic galactosylation of oligosaccharides and

oligosaccharide derivatives using LgtC.
8.2.1.1 General procedure for enzymatic a 1-4 galactosylation with UDP-Gal

To an Eppendorf tube the lactosyl substrate (final concentration 1 mM), UDP-Gal (final
concentration 2 mM), MgCl (final concentration 1 mM), LgtC (final concentration 100
uM) and NaCl (final concentration 100 m) were added to 50 mM Tris at pH 8.0 and the
reaction was incubated at 37 °C overnight. The reaction was monitored by LC-MS on

analytical HILIC column.
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8.2.1.2 Synthesis of glycan derivatives using enzymatic cycle

Compound 3.3: Gb3-BCN

HO 6’ OH

i A
HO 1
3” z
HOOB’ OH s
@ -0 HO
HO ~Al-0
3 z 4
OH Ho—
3.17

To an Eppendorf tube the following were added together: 1 pl of 100 mM compound 3.3
(final concentration 10 mM), 0.2 ul of 100 mM UDP-Glc (final concentration 2 mM) 0.1
pl of 2.5 M sucrose (final concentration250 mM), 0.1 ul of 100 mM MnCl, (final
concentration 1 mM), 0.1 pl of 100 mg/ml BSA (final concentration 1 mg/ml) and 0.1 pl
of 5 M NaCl (final concentration 50 mM) was added to 1 pl of 500 mM Tris pH 7,
followed by 0.9 ul of ddH>O. 10 pl of SuSy and epimerase were taken from an ammonium
sulfate precipitate and pelleted in separate tubes by centrifugation at 17,000 x g. The
supernatant was removed, and each pellet resuspended in 10 pul ddH>O. 3 pl of SuSy (final
concentration235 ng/ml) and 3 pl of Glc-epimerase (final concentration 3.87 mg/ml) was
then added to the reaction tube, along with 1.8 pl of 572 uM LgtC (final concentration
100 uM). The reaction was incubated at 37 °C for 18 hours.! The reaction was monitored
by LC-MS on analytical HILIC column. Once the mass of trisaccharide 3.17 was the sole
species detected, any precipitated enzyme was removed by centrifugation at 17,000 x g
for 10 minutes and the supernatant was removed. The crude mixture was then diluted to
100 ul in ddH>O and loaded onto a C18 reverse phase cartridge, the cartridge was then
washed with ddH>O until no carbohydrate derivatives were detected by TLC staining in
orcinol. Trisaccharide 3.17 was then eluted from the cartridge in 20% aq. methanol until
there was no product observed by TLC staining in orcinol. Fractions in which 3.17 was
observed were combined and concentrated by lyophilisation to yield 3.17 as a white solid.
(65 ng, 100%).

'"H NMR (500 MHz; D,0) 6 0.71-0.86 (3H, m, Hsyo), 1.36-1.46 (2H, m, H3), 2.14-2.20
(2H, m, Hz), 2.25-2.34 (2H, m, Hy’), 2.39-2.45 (2H, m, H3), 3.36-3.45 (1H, m, Hy’), 3.54-
4.15 (not assigned)

178



3.29-4.19 (not assigned), 4.30-4.32 (1H, m, Hi ring closed), 4.28-4.35 (not assigned) (1H, t,
H2 oxime), 4.54-4.56 (2H, m, Hr>), 4.94-5.05 (1H, m, Hy»), 6.91-6.98 (1H, m, H1 oxime z
isomer), 7.64 (IH, d, J=59 HZ, Hi oximeEisomer)-

13C NMR - Poor resolution could not be assigned.
HRMS — C2sH4sNOi6+H requires 652.2817 Da. Measured m/z [M+H]" = 652.2815 Da.

err. = -0.3 ppm.

Note 1 — Reaction was scaled by a factor of 200 keeping the same final concentrations.

Compound 3.18 - 3-D-azido Gb3

HO ¢, _OH

6
»l s 0
HO x
\—7
HO
O¢ _oH , OH
#QE-0, HO 724X
HO o 3 N3
¥ 2N 1 4 0
OH 6 ~OH

3.18
To an Eppendorf the following were added together: 500 ul of 250 mM 3.11 (final
concentration 125 mM), 50 ul of 500 mM UDP-Glc (final concentration 25 mM), 100 ul
of 2.5 mM sucrose (final concentration 250 mM), 10 pl of 100 mM MnCl; (final
concentration 1 mM), 10 pul of 100 mg/ml BSA (final concentration 1 mg/ml) and 10 ul
of 5 M NaCl (final concentration 50 mM) were added to 100 pul of 500 mM Tris pH 7
(final concentration 50 mM). 100 pl of SuSy and epimerase were taken from an
ammonium sulfate precipitate and pelleted in separate tubes by centrifugation at 17,000
x g. The supernatant was removed, and the pellet resuspended in 100 pl ddH>O. 100 pl
of SuSy (final concentration 470 ng/ml) and 100 ul of Glc-epimerase (final concentration
1.2 mg/ml)was then added to the reaction tube, along with 100 ul of LgtC (final
concentration 100 uM). The reaction was incubated at 37 °C for 18 hours. To confirm
completion of the reaction 10 pl of the reaction was taken and added to an Eppendorf
containing 1 pl of 1M 5.2 (final concentration 10 mM), 0.5 pl of 1M CuSOys (final
concentration 5 mM), 1.5 pl of IM sodium ascorbate (final concentration 15 mM) in 90
pl of ddH20. This reaction was left for five minutes before being analysed by HILIC-MS.

Once only trisaccharide Itag conjugate product was detected, any precipitated enzyme
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from the mother reaction was removed by centrifugation at 17,000 x g for 10 minutes. To
the supernatant Invertase from baker’s yeast (purchased from sigma) was added and the
reaction was incubated at 37 °C for 18 hours. The digestion of sucrose was monitored by
TLC until all sucrose was digested. The reaction was then dry-loaded onto silica and the
nucleotide donors and UDP by-products were removed by flash column chromatography
eluting in 1:1 EtOAc:MeOH. Fractions containing carbohydrate derivatives as observed
by TLC (1:1 EtOAc:MeOH) were combined any concentrated in vacuo to yield a white
residue. The crude product was then further purified by gel filtration on P2 bio-gel eluting
in H>O.

Rr=0.1 (60:40:8 CHCl3:MeOH:H0).

'H NMR (500 MHz; D,0) § 3.23-3.27 (1H, dd, Ha, J= 8.0, 1.2 Hz), 3.56-3.61 (1H, dd,
Ha, J=10.2,2.5 Hz), 3.63-4.05 (H, m, Ha333, 4,4.5.5.6.667), 4.13 (1H, d, Hy), 4.36
(1H, t.J = 6.6 Hz, Hs»), 4.53 (1H, d, J = 7.9 Hz, Hy'), 4.77-4.79 (1H, Hy, lies under D,0
peak), 5.23 (1H, d, J = 3.8 Hz, Hy-).

13C NMR (125 MHz; D:0) 5 60.35, 60.48, 62.58 (Cs. ¢, ), 68.84 (Cs), 68.54, 70.79
70.91,71.14, 72.59 , 72.53, 74.03, 74.37, 75.42, 76.72,77.95 (Ca, 27,3, 3 3" 44, 5, 5. 5),
89.92 (C1), 100.23 (C1+) 102.97 (Cxv).

LC-MS - 3.18-Itag conjugate C33H47N6O16" requires 783.30 Da. Measured m/z [M]" =
783.18 Da. err =153.2 ppm.
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Compound 3.19 — Gb3-BCN-ONH:
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¥  oH “ 6 ~0H
3.19

To a solution of trisaccharide 3.18 (0.5 ml, 0.17 M) in H>O, 22 pl of 390 mM 1.2 in
CHCIl3:MeOH was added, the reaction was stirred vigorously for 18 hours. The crude
mixture was then loaded onto a C18 reverse phase cartridge, the cartridge was then
washed with ddH>O until no carbohydrate derivatives were detected by TLC staining in
orcinol. Compound 3.19 was then eluted from the cartridge in 50% aq. methanol until
there was no product observed by TLC staining in orcinol. Fractions in which compound

3.19 was observed were combined and concentrated by lyophilisation to yield 3.19 as a

white solid. (3 mg, 100%).

HRMS - C23H46N4O16+H requires 695.2987 Da. Measured m/z [M+H]" = 695.2987 Da.
err = -0.7 ppm.
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8.3 Synthesis of non-canonical amino acid azidohomoalanine

Fmoc-azidohomoalanine

Fmoc-Dab-OH (300 mg, 0.88 mmol, 1 eq), imidazole-1-sulfonyl azide - H>SO4 (662 mg,
2.45 mmol, 2.8 eq) and CuSO4 hydrate (1.31 mg, 5 umol) were dissolved in a solution of
MeOH:DCM:H>O (10:8:5, 23 mL). The pH of the solution was adjusted to pH 9 with the
addition of sat. K2COs3 and the reaction was stirred at r.t. overnight. The reaction mixture
was diluted with DCM (50 mL) and extracted with HO (30 mL), followed by sat
NaHCOs (2 x 50 mL). The combined aqueous extracts were washed with Et,O (2x 50
mL), acidified to pH 2 with 1M HCI and extracted with Et;O (3 x 100 mL). The organic
extracts were dried over MgSO4 and concentrated to leave as an amorphous white solid
(268 mg, 84%).2%3

'"H NMR (500 MHz; MeOD-ds) 5 1.95-1.84 (1H, m, H3), 2.17-2.06 (1H, m, H3), 3.40-
3.32 (1H, m, Hy), 3.47-3.40 (1H, m, Hy), 4.29-4.21 (1H, m, Hi), 4.29-4.21 (1H, m, Hy),
439 (2H, t,J = 6.9 Hz, He), 7.31 (2H, td, J-7.5,1.2 Hz, Hy), 7.39 (2H, t, J = 7.5 Hz,
Hu), 7.68 (2H, t, J = 6.8 Hz, Hy), 7.80 (2H, d, J-7.6 Hz, H12).

13C NMR (125 MHz; MeOD-d4): & 31.9 (C3), 52.8 (C1), 67.90 (Cs), 129.09, 126.30,
128.20, 128.80, 142.60, 145.20, 145.40 (Car), 158.70 (Cs), 175.20 (Cz). C4 and Ce hidden
by NMR solvent signal.

NMR assignments matched literature values.?®3

HRMS - Ci9HisN4O4+Na requires 389.1220 Da. Measured m/z [M+Na]" = 389.1223
Da. err = 0.8 ppm.
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Azidohomoalanine

44
Fmoc-Azidohomoalanine (600 mg, 1.64 mmol, 1 eq) was dissolved in EtOH (2 ml), to
the solution excess diethylamine (1 ml) was added. The reaction was left to stir at room
temperature overnight. The reaction was observed to be complete by MS and the reaction
was diluted in H>O (20 ml), the aqueous layer was subsequently was washed with Et,O
(5%20 ml) and concentrated by lyophilisation to yield a white solid. The product contained
~25% diethylamine.?%3

'H NMR (500 MHz; D;0) § 1.93-2.14 (1H, m, Hz), 3.48 (2H, dt, J = 6.4, 2.3, Hy), 3.73
(1H, t, J = 6.4, Hy).
13C NMR (125 MHz; D;0) 5 29.50 (C3), 47.57 (C4), 52.89 (C1), 173.80 (C2).

NMR assignments matched literature values.?®3

HMRS — C4HgN4O>+H requires 145.1420 Da. Measured m/z [M+H]" = 145.0708 Da. err
= 1.4 ppm.

IR (Vma/om) — 1409 (C-N, amine), 1557 (C-O, acid), 1584 (C=0), 2091 (N=N=N),
2948 (0-H, acid), 3197 (N-H).
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8.4 Synthesis of clickable I-tag

3-methyl-1-(4-(prop-2-yn-1-vlcarbamovlbenzyl)-1 H-imidazol-3-ium

® N/\\ 1

N—
\Q/
3

2

5.1

4-(bromomethyl) benzoic acid (500 mg, 2.33 mmol, 1 eq) was added to MeCN (5ml, 0.5
M), to which 1-Methyl imidazole (1.5 ml, 18.64 mmol, 8 eq). A white precipitate formed
after 15 minutes. The white precipitate was collected by filtration washing with MeCN
(393 mg, 78%).

'H NMR (500 MHz; MeOD-ds) § 3.94 (3H, s, H1), 5.49 (2H, Hs, s), 7.45 (2H, d, J = 8.5
Hz, H), 7.63 (2H, dt, J=21.7, 1.89 Hz, Ha3), 8.00 (2H, d, J = 8.5 Hz, Hz,), 9.09 (1H, s,
Hy).

13C NMR (125 MHz; MeOD-ds) & 36.66 (Cy), 53.64 Cs, 123.79 (Cs), 125.36 (C3),
129.27 (C7),131.35 (Cs), 136.48 (Cs), 138.24 (Cs), 138.56 (C2), 171.57 (Cho).

HRMS- CioH13N20;" requires 217.0972 Da. Measured m/z [M] = 217.0982 Da. err =
4.6 ppm.
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3-methyl-1-(4-(prop-2-yn-1-vlcarbamovl)benzyl)-1H-imidazol-3-ium

1
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2 N\ 4
&7 7 8 13
3 N o
6

"

5.2

Compound 5.1 (100mg, 0.46 mmol, 1 eq) was dissolved in DMF (2 ml, 0.2 M) with
HCTU (248 mg, 0.58 mmol, 1.3 eq) and DIPEA (0.16 ml, 0.92 mmol, 2.5 eq). The
reaction mixture was stirred for 30 minutes; propargylamine was added to the reaction
dropwise. The reaction was stirred for 18 hours. The product was then purified by cation
exchange chromatography eluting in a gradient of 0.1-1M (NH4)HCOs, the fractions
between 0.1 M and 0.5 M were combined and the product was isolated by lyophilisation
to yield an off white solid (60%).

'H NMR (500 MHz; MeOD-ds) 5 3.01 (1H, s, Hi3), 3.93 (3H, s, Hy), 4.15 (2H, s, Hi1),
5.49 (2H, Hs, s), 7.48 (2H, d, J = 8.4, Hy), 7.63 (2H, dd, J = 14.86, 2.0, Hs4), 7.90 (2H,
d,J= 8.4, Hs).

13C NMR (125 MHz; MeOD-ds) 5 29.95 (C1), 36.52 (C12), 36.56 (Ci1), 40.05 (Ci3),
52.07 (Cs), 123.78 (Ca), 125.39 (C3), 129.39 (C7), 129.65 (Cs), 135.97 (Cs), 138.92 (Cy),
161.47 (C2), 168.78 (C1o).

HRMS - Ci5HisN3O" requires 254.1288 Da. Measured m/z [M]" =254.1302 Da. err = 5.5
ppm.

8.5 Generation of Gb3 affinity resin

Chemical activation of sepharose 6b

30 ml of sepharose 6b resin (Sigma) was washed on a sinter under vacuum with H>O (3
x 30 ml). The resin was resuspended in 0.5 M aq. NaHCO3 pH 11. To the suspension 3
ml of divinyl sulfone was added, and the suspension left on a Stuart rotor for 70 minutes.
The resin was then washed with H>O (3 x 30 ml) on a sinter under vacuum. The activated

resin was then resuspended in 0.5 M aq. NaHCO3 pH 10 with 20% w/v propargyl alcohol.
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The suspension was then left on Stuart rotor for 24 hours. After this time the resin was
washed with H>2O (3 x 30 ml) on a sinter under vacuum and resuspended in 0.5 M aq
NaHCOs pH 8.5 with 600 pl B-mercaptoethanol. The suspension was left on Stuart rotor
for 2 hours, then washed with H,O (5 x 30 ml) on a sinter under vacuum. The resin was

then stored in 50% EtOH in water.

Attachment of 3.18 to alkyne resin

Sepharose resin (6.35 ml) functionalised with alkyne residues and suspended in 50%
EtOH was concentrated by centrifugation at 4500 rpm for 10 minutes. The 50% EtOH
was removed and the resin washed with 7 x ddH>O (4 ml). In a Falcon tube, Gb3-N3 (100
mg), sodium ascorbate (381 ul of 1 M stock, 20 mmol) and ddH>O (5.84 ml) were added
to the resin and finally, CuSO4 (127 pl of 1 M stock, 20 mmol) was added. The resin was
agitated at RT, 600 rpm for 1.5 hours. The resin was added to a Bio-rad Econo-Pac®
chromatography column and the water it was suspended in was allowed to run through.
The resin was washed with 3 x ddH>O (10 ml) to remove residual reagents from the 1,3-

dipolar cycloaddition.

8.6 Synthesis of Gb3 phospholipids

Compound 5.3-DOPE-BCN
22 o 21 19

30/ H
29 O 24 H\/\ 11 20
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5.3
DOPE (50 mg, 71 umol, 1 eq) was dissolved in CHCl3 (2.5 ml), to the solution DIPEA
(60 ul, 168 umol, 2.5 eq) was added and the solution was stirred for 15 minutes. To the
solution BCN-NHS (21.5 mg, 73.9 umol, 1.1 eq) was added and the solution was stirred
for 18 hours at room temperature. After this time the reaction was shown to be complete
by TLC, the reaction was diluted in CHCI3 (20 ml) and washed with 0.1 M HCI (30 ml),
followed by H>O (30 ml). The organic layer was dried over MgSO4 and concentrated in

vacuo to yield a yellow residue. The crude product was then purified by flash column
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chromatography eluting in 10 % MeOH in CHCIs, after concentration in vacuo the
purified product 5.3 was obtained as a clear solid (54 mg, 87%).
Rr=0.62 (30% EtOAc in CHCI3).

"H NMR (500 MHz; CDCl3) (Spectrum is very broad in comparison to DOPE, not all
protons could be assigned). Many assignments based upon assignments obtained from
DOPE and BCN starting material NMR spectra) 6 0.72-0.88 (9H, m), 1.11-1.31 (58 H,
bm, not assigned), 1.45-1.55 (7H, bm, His, 28), 1.89-1.97 (8H, bm, Hs 11), 2.09-2.27 (12H,
bm, Hi7, 28,29, 20°), 3.30-3.38 (2H, bs, H22), 3.76-3.94 (5H, bs, His, 25), 3.99-4.16 (3H, bs,
Hz1,23), 4.27-4.37 (1H, bs, Hz1), 5.08-5.18 (1H, bs, H20), 5.21-5.31 (4H, m, Ho 10).

13C NMR (125 MHz; CDCly) 3 14.13 (Cy), 21.45, 22.70, 24.68, 24.95. 27.25, 29.26,
29.34, 29.36, 29.40, 29.58, 29.72, 29.79, 29.62, 32.06, 34.21, 34.49, 63.20, 6363.89,
70.82, (could not be assigned) 98.77 (C3zo), 129.65, 130.04 (Co,10).

Compound 5.4 — Gb3-DOPE
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Compound 5.3 (18 mg, 19.6 umol, 1 eq) was dissolved in a 1:1 CHCl3:MeOH (250 pl)
mixture to which 3.18 (10.35 mg, 19.6 umol, 1 eq) was added in H>O (250 pl) the biphasic
mixture was stirred vigorously for 18 hours. The reaction was confirmed to be complete
by TLC, after which the CHCI3 was removed in vacuo, and the remaining solvent
removed by lyophilisation to yield the product 5.4 as a white solid (28 mg, 100%%*)

*Yield quoted is based upon isolated material in relation to theoretical yield, no spectral

data could be obtained to ascertain if there were any solvent or other impurities present.
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Reaction completion was based upon the shift from two species to one as observed by
TLC.
Rr=5.3 (30% EtOAc in CHCI).

NMR data could not be obtained as sample dissolution was not obtained to gain sufficient
signal-to-noise in which the trisaccharide signals could be assigned in relation to the lipid,
there is potential of the glycophospholipids forming micelle structures in solution so

further investigation would be required to gain good NMR spectral data.

HRMS — Could not be obtained using ESI-HRMS, mass data could be obtained in future
using a MALDI spectrometer.

Attachment of the Gb3 trisaccharide to the lipid was determined by capture of VTB on
microtiter plates (see chapter 5, section 5.4, figure 5.10 and figure 10.9).
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8.7 Molecular Biology

8.7.1 General methods and instrumentation

All reagents were supplied by commercial sources Sigma-Merck, Fisher, Novogen, NEB,
Thermo. Commercial competent cells were obtained from Agiliant Technologies. Growth
media were purchased from Fisher Scientific and Formamedium.

All SDS-PAGE gels were run using Bio-rad electrophoresis chambers and were stained
in Coomassie Blue or InstantBlue™ and imaged on Bio-rad Chemidoc Protein molecular
weight markers used for SDS-PAGE were obtained from New England BioLabs or
Thermofisher. Protein and DNA concentration were analysed using a Nanodrop 2000

spectrophotmeter (Thermoscientific).
8.7.2 Buffer list and recipes

All solutions were made 15 mQ water (ELGA PURLAB classic), adjusting pH with SM
NaOH and/or 5SM HCL.

PBS buffer (pH 7.4)-10 mM Na,HPOj4, 1.8 mM KH>POy4, 137 mM NacCl, 2.7 mM KCI.
PBS-T (pH 7.4)-10 mM Na,HPO4, 1.8 mM KH>PO4, 137 mM NaCl, 2.7 mM KCl, 0.1%
(v/v) Tween-20, 0.1% (v/v) Bovine serum album.

Phosphate buffer (pH 7.2) — 100 mM Sodium phosphate, 100 mM NaCl

Phosphate buffer high-salt (pH 7.2) — 50 mM Sodium phosphate, 500 mM NaCl

Tris buffer (pH 7.0) — 50 mM Tris base, 150 mM NaCl.

8.7.2.1 Protein unfolding and refolding buffers

Cell resuspension buffer — 50 mM sodium phosphate, 300 mM NaCl pH 8.0.
Inclusion body solubilisation buffer — 0.1 M sodium phosphate, 0.1 M Tris-base, 8 M
urea pH 8.0.

Ni-NTA column wash buffer — 0.1 M sodium phosphate, 0.1 M Tri-base, 25 mM
imidazole, 8 M urea pH 8.0.

Refolding dialysis buffer — 100 mM Tris, 300 mM NaCl pH 8.5.

8.7.2.2 Protein and DNA analysis buffers

6x DNA loading buffer - 5 mM Tris-HCI pH 8.0, 0.15% w/v orange G (sigma), 2.5%
w/v Ficoll 400 (sigma), 10 mM EDTA, dissolved in sterile H>O.

TAE buffer - 40 mM Tris base, 20 mM acetic acid, 1 mM EDTA.

SDS-PAGE running buffer - 25 mM Tris base, 192 mM Glycine. 0.1% SDS.
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5x SDS-PAGE loading buffer - 250 mM Tris-HCI, 1M B-mercaptoethanol, 50% w/v

glycerol, 10 w/v SDS, 0.01% w/v Bromophenol blue.

8.7.3 Bacterial Growth Media

Lysogeny broth (LB) — 1% w/v tryptone, 0.5 w/v yeast extract, 1% w/v NaCl.
LB agar — 25g LB/L, 15g agar/L.

LB autoinduction (formamedium) — 34.85 g/L.

2TY — 1.6% w/v tryptone, 1.0% w/v yeast extract, 0.5% w/v NaCl.
TYP broth-1.6 g/L tryptone, 1.6 g/L yeast, 5 g/L. NaCl, 2.5 g/LL K;HPOg4

CAYE broth modified acc. to Evans (purchased from Merck) — 39.5 g/L

Table 8.1 — NMM recipe to make 0.4 L culture. All stocks were stored at r.t in the dark with the exception of

amino acid solution — 4 °C.

NMM (New Minimal Media)?% —

Component Final Volume | Stock Sterilisation
Concentration Concentration

(NH4)SO4 7.5 mM 20 ml 150 mM Autoclave

NaCl 8.5 mM 170 mM

K>HPO, 22 mM 440 mM

KH2PO4 50 mM IM

MgSOg4 1 mM 400 pl M

CaCl, 1 mg/L 400 pl 1 mg/ml 0.22 um Filter
sterilised

FeCl, 1 mg/L 400 pl 1 mg/ml 0.22 um Filter
sterilised

Canonical amino acids | 50 mg/L each | 40 ml 0.5 g/L each 0.22 um Filter

(excluding methionine) — sterilised

note 1

Glucose 20 mM 8 ml IM Autoclave

Methionine 70 uM 280 ul 100 mM 0.22 um Filter

sterilised
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Trace elements 10 pg/L 400 pl 10 mg/L each | Autoclave
(CUSO4, ZnClz, MnClz,
(NH4)Mo0O4)
Thiamine 10 mg/L 400 pl 10 mg/ml 0.22 um Filter
sterilised
Biotin (note 2) 10 mg/L 400 pl 10 mg/ml 0.22 um Filter

sterilised

Note: 1 — To solubilise all amino acids, the solution was warmed to 40 °C. 2 — To solubilise the biotin, the pH
was increased with 1M NaOH until dissolved. 2%° 3 - Methionine, Biotin and Thiamine were stored at -20 °C

8.7.4 General DNA manipulation procedures

8.7.4.1 Site-directed Mutagenesis PCR

Novogen enzymes and buffers were used, and all products were analysed by nucleic acid

electrophoresis). Standard PCR conditions were set up in 50 pl reactions on ice,

containing the following:
1 x KOD hot start buffer
140 nM forward primer
140 nM reverse primer
200 uM dNTPs

50 ng DNA template

1 unit KOD polymerase
1.5 uM MgSOq4
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The solutions were made up to 50 pl with dd H>O and using in the following program
cycles:

2 minutes — 95 °C

20 seconds — 95 °

20 seconds — 55 °C 20 cycles

2.5 minutes — 70 °C

10 minutes — 72 °C

Restriction digests were carried out using Dpnl restriction enzymes from New England
Biolabs (NEB) and manufacturer buffer. Digests for DNA analysis were set up to a final
volume of 20 pl, with approximately 1 unit of enzyme per pg of DNA. The digests were
analysed by nucleic acid electrophoresis, following incubation for two hours at 37 °C.
The DNA product was then transformed (7.7.4.3) into chemically competent XL10 E.

coli cells.
8.7.4.2 Nucleic acid electrophoresis

DNA separation by size was carried using 1% w/v agarose gels for DNA greater than 500
bp. The gels were prepared by dissolution of 0.5 g agarose in 50 ml TAE buffer by heating
in a microwave until fully dissolved, the solution was allowed to cool slightly before the
addition of SYBAsafe (0.5 pl) for visualisation of the DNA by UV exposure. The solution
was poured into mould and allowed to cool until set. DNA samples were added to 6x
loading buffer to a total volume of 10 pl and loaded onto the gel. Gels were

electrophoresed at 80 V for 30 minutes in TAE buffer in Bio-rad mini sub-cell gel tanks.
8.7.4.3 Heat shock transformation into chemically competent E. coli

The plasmid (2-5 pl) of interest was added to chemically competent cells (20-50 ul)
freshly thawed in an Eppendorf tube and placed on ice for 15 minutes. The solution was
heat shocked for 30 seconds at 42 °C before being placed back on ice for 2 minutes. LB
or 2TY (500 ul) was then added, and the cells were incubated at 37 °C for 45 minutes.
The cells were then concentrated by centrifugation 5000 x g for 2 minutes, the supernatant
was discarded, and the pellet was resuspended in 100-200 pl of LB and all the cells were

plated onto LB agar containing an appropriate antibiotic.
8.7.4.4 Small scale plasmid DNA purification

XL10 colonies were chosen from LB-agar plates and used to inoculate 5 ml 2TY media.
5 ul of an appropriate antibiotic was added to selectively grow cells containing the desired

plasmid. The mini culture was shaken at 160 rpm for 18 hours, at 37 °C.
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8.7.5 General protein manipulation

All antibiotics used were used from a 1000x concentrated stock. Plasmid coding for the
desired protein was transformed (7.5.3) into an E. coli expression cell line. Induction of
protein expression was done with 2000x IPTG (240 mg/ml, 1 M) to a concentration of
0.1 mM. Cell lysis was performed by sonication, cell disruption or chemical lysis using
BugBuster (Novagen). Centrifugation of cultures and cell lysis was carried out on

Beckman Coulter Avanti J30-I centrifuge.
8.7.5.1 Purification of proteins with His-tag

Ni-NTA resin slurry was transferred to a Bio-rad Econo-Pac® chromatography column
and equilibrated with 5x resin volume of lysis buffer. The cell lysate was flowed through
the Ni-NTA resin two times, to ensure complete protein binding. The resin was then
washed with 4x resin volume of wash buffer, then the desired protein eluted off with

elution buffer until no protein is observed when added to Bradford Reagent®.
8.7.5.2 Purification of proteins by size exclusion chromatography

Proteins that required further purification post-affinity chromatography were purified by
gel filtration. Gel filtration separates proteins based upon shape and size, by flowing them
through porous resins usually dextran or agarose based. Small molecules have longer
retention times as they are trapped within the pores, whereas, as larger molecules elute
faster as they take shorter paths through the resin. Proteins are then detected by UV
absorbance, plotted against the retention time and can be used for to identify collected
fractions which contain protein.

Large scale purification was carried out on a HiLoad ™ 16/60 Superdex™ 75 prep-grade
column (GE Healthcare) was attached to Akta purifier FPLC system flowed at a rate of 1
ml min™!. This column was used for sample sizes of 500 ul to 5 ml, of proteins above 10
kDa.

Analytical purification was carried out on Superdex™ 75 10/300 attached to the FPLC
system and flowed at a rate of 0.5 ml min™!. This was used for volumes of 50 ul to 1 ml,
for proteins above 10 kDa. All columns were stored in 20% EtOH, and any solutions
applied to column were first filtered through 0.22 pm Sartorius Ministart filters. Columns

were initially equilibrated with H>O, followed by 1.5 column volumes of elution buffer.
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8.7.5.3 Protein concentration and concentration analysis

Following purification, protein samples were concentrated using Amicon Ultra-15
centrifugal filtration unit with a cut off range of 10 kDa. Fractions were transferred to the

filtration units and centrifuged at 3,500 rpm, until the appropriate volume was achieved.

Protein concentrations were measured using UV absorption at 280 nm. The concentration

was determined using the Beer-Lambert law (Equation 8.2).

A= ecl

Equation 7.1: Equation for the Beer-Lambert law where: A is the absorbance; € is the extinction coefficient in
mol dm cm; ¢ is the concentration in mol dm™ and | is the pathlength in cm.

8.7.5.4 SDS Polyacrylamide Gel Electrophoresis

Analysis of proteins by separation by molecular weight was carried out by loading 10 pl
of protein in SDS loading buffer; protein samples may have been boiled depending on the
stability of the protein in SDS. A resolving polyacrylamide gel was cast in Bio-Rad 1 mm
spacer plates using the recipe shown in Table 7.2 following the addition of TEMED. The
gel was left to set with a surface layer of isopropyl alcohol (IPA) to ensure the gel was
level and prevent dehydration. Once set the IPA was removed and a stacking gel cast with
a BioRad 1 mm comb. After the gel had set the comb was carefully removed and the gel
transferred to a Bio-Rad electrophoresis tank. The tank was filled with 0.75 L of SDS-
PAGE running buffer ensuring there was no leaking by first filling the gel tank before the
surrounding area of the tank. 10 pl of the protein samples was loaded onto the gel, and

the gel was electrophoresed at 180 V for an appropriate time.
Table 8.2 — Recipes for SDS-PAGE gel.

12% 15% Resolving Stacking Gel
ddH>O 2.5ml 3.76 ml 3.13ml
1.5 M Tris pH 8.8 1.25 ml 2.5 ml -

1 M Tris pH 6.8 - - 1.25 ml
10% SDS 50 pul 50 pl 50 pl
10% APS 50 pul 50 pl 50 pl

40% Acrylamide sol 1.25 ml 1.24 ml 0.62 ml
TEMED 5ul Sul S5ul
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8.7.5.5 Protein mass spectrometry

Purified protein samples were diluted to 20 — 40 uM in a 500 pl glass tapered MS vial in
appropriate buffer. The protein was ionised on by electrospray on a Bruker MaXis impact
instrument. The fragment pattern was analysed and using maximum entropy
deconvolution using Bruker DataAnalysis software the correct mass of the protein was

acquired.
8.7.6 [Expression and purification of non-binding mutant CTB WS8SE

A glycerol stock of BL21 Gold (DE3) cells containing the CTB W88E mutant plasmid
(gifted from Dr Matt Balmforth), were used to inoculate 2 x 5 ml of LB media containing
100 pg/ml ampicillin. The cultures were incubated at 30 °C overnight with shaking at 160
rpm and then used inoculate 4 x 1 L of LB media containing 100 pg/ml of ampicillin. The
culture was then grown at 37 °C until an ODsoo 0.6-0.8 was reached. Protein expression
was induced by the addition of IPTG (final concentration 0.5 mM), and the cells were
incubated for a further 20 hours at 30 °C. Cells were pelleted by centrifugation 13,000 xg
for 20 minutes, after which the supernatant was retained, and the pellet discarded.

Proteins from the supernatant were isolated by precipitation by the addition of solid
ammonium sulfate to saturation (57% w/v), the saturated solution was stirred for a further
3 hours at room temperature. The solution was then centrifuged at 13,000 x g for 30
minutes, the supernatant was then discarded, and the pellet was re-suspended in PBS pH
7.2. The suspension was centrifuged at 13,000 xg for 10 minutes, and sequentially filtered
through 0.8 and 0.22 um filters. The protein was purified by Ni-NTA affinity
chromatography (8.7.5.1) washing with PBS (no imidazole). CTB has native surface
histidine residue meaning the pentamer is able to bind to Ni-NTA resin without the
presence of a His-tag. The protein was then eluted off the column by washing with PBS
(200 mM imidazole), then further purified by size exclusion chromatography on Superdex

s75 16/60 in PBS (8.7.5.2).
8.7.7 Expression of MET-WSSE

The W88E mutation was introduced to pSAB2.3-Nj3 derived from pMAL-p5X (provided
by Dr Daniel Williamson)?? by a single round of site directed mutagenesis (8.7.4.2) to
generate the plasmid pSAB2.4-N3 . E.coli BL21 (DE3) cells were then transformed
(8.7.4.3) with the plasmid pSAB2.4 containing the gene for N3-W88E, and were used to
inoculate 2 x 5 ml LB containing 100 pg/ml ampicillin, the starter cultures were incubated

at 37 °C with shaking at 200 rpm overnight. The starter cultures were then used to
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inoculate 2 x 100 ml of LB media containing 100 png/ml of ampicillin. The cultures were
incubated at 37 °C until an ODeoo of 0.6 was reached (approximately 2 hours). Expression
was induced by addition of IPTG (final concentration 0.5 mM), and the cultures were left
at 30 °C overnight. The cells were harvested by centrifugation at 13,000 x g for 30
minutes. The cells were resuspended in 4 ml PBS pH 7.2 and lysed using 0.4 ml
BugBuster (10x lysis reagent). The suspension was agitated on rocker at room
temperature for 40 minutes. The cell fragments were pelleted by centrifugation at 13,000
x g for 10 minutes, and the pellet discarded. The supernatant was purified using Ni-NTA
chromatography (8.7.5.1), washing in PBS pH 7.2 and eluting in PBS pH 7.2 containing
200 mM imidazole. The protein was further purified by size exclusion chromatography

on a Superdex s75 16/60 column (8.7.5.2).
8.7.8 Expression of N3-WS88SE

Methionine auxotrophic E.coli B834 Gold (DE3) cells were transformed (8.7.4.3) with
the plasmid pSAB2.4 was then used to inoculate 2 x 5 ml LB starter culture containing
100 pg/ml ampicillin, these starter cultures were incubated at 37 °C with shaking at 200
rpm overnight. The cells of the starter culture were harvested by centrifugation at 4500 x
g for 10 minutes, and the supernatant was discarded. The pellet was then resuspended in
NMM media (5 ml) and 1 ml of the starter culture was used to inoculate 4 x 400 ml of
NMM media containing 100 pg/ml of ampicillin. The cultures were incubated at 37 °C
until the ODgoo had stabilised and cell growth had halted (due to depletion of methionine
in NMM) which was reached at around 3 hours. The medium was supplemented with
azidohomoalanine (final concentration 0.6 mM) and protein expression was induced by
addition of IPTG (final concentration 0.5 mM), and the cultures were left at 30 °C
overnight. The cells were harvested by centrifugation at 13,000 x g for 30 minutes. The
cells were resuspended in PBS pH 7.2 (10 ml) and lysed by addition of 1 ml BugBuster
(10x lysis reagent). The suspension was agitated on rocker at room temperature for 40
minutes. The cell fragments were pelleted by centrifugation at 13,000 x g for 10 minutes,
and the pellet discarded. The supernatant was purified using Ni-NTA chromatography
(8.7.5.1), washing in PBS pH 7.2 and eluting in PBS pH 7.2 containing 200 mM
imidazole. The protein was further purified by gel filtration of Superdex s75 16/60 in PBS
(8.7.5.2).

8.7.9 Expression and purification of LgtC
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A pET 28 plasmid harbouring the gene for LgtC (Uniprot — Q93EK7) was obtained from
GenScript was transformed (8.7.4.3) into BL21 DE3 cells, the cells were grown overnight
on LB-agar plates containing Kanamycin. A single colony was used to inoculate 5 ml of
LB media containing 50 pg/ml Kanamycin and the culture was grown for 18 hours. The
starter culture was shaken at 160 rpm for 18 hours, at 30 °C. The culture was used to
inoculate 2 x 500 ml of sterile auto-induction LB media containing kanamycin The
cultures were incubated at 37 °C for 2 hours, then 25 °C overnight. The cells were
harvested by centrifugation at 13,000 x g for 40 minutes. The pellet was then resuspended
in PBS and the cells were lysed by sonication. Cell fragments were pelleted by
centrifugation at 13,000 x g for 30 minutes, and the pellet discarded. The supernatant was
then purified by Ni-NTA chromatography (8.7.5.1), washing with Tris buffer containing
20 mM imidazole and eluting in Tris buffer containing 200 mM imidazole. The protein
was then dialysed with Tris pH 8.0. The enzyme was concentrated and stored as a 40%

glycerol stock, to prevent degradation.
8.7.10 Expression of EGCase 11

A pET-28a plasmid purchased from Genscript containing the gene for EGCase II (Uniprot
- 033853)2% 319 was transformed (8.7.4.3) into E. coli BL21 Gold cells, and a single
colony was used to inoculate 5 ml LB containing 50 pg/ml kanamycin (5 pl of 50 mg/ml
stock). The culture was incubated at 37 °C with shaking at 200 rpm overnight and used
to prepare a glycerol cell stock. The glycerol cell stock was then used to inoculate 2 x 100
ml TYP broth containing 50 pg/ml kanamycin (100 pl of 50 mg/ml stock). The culture
was incubated at 37 °C with shaking at 200 rpm until saturation was reached, at which
point the cultures were removed from the incubator and placed in ice for 10 minutes. The
incubator was cooled to 20 °C, and protein expression was induced by addition of IPTG
(final concentration 0.1 mM) and the culture was left incubating at 20 °C with shaking at
200 rpm for 8 hours. The cells were then harvested by centrifugation at 17000 x g, and
the cell pellet was stored at -20 °C. The pellet was then resuspended in 2 ml phosphate
buffer (50 mM NaH>PO4, 500 mM NacCl, pH 7) and the cells were lysed by addition of
BugBuster. The cell debris was removed by centrifugation at 30,000 x g, and the
supernatant was retained, the cell debris was resuspended in the same buffer to ensure the
protein had been solubilised. The supernatants were combined (totalling 5 ml) and flowed
through a Ni-NTA affinity column (8.7.5.1) which had been equilibrated in the same
buffer. The column was washed with phosphate buffer (50 mM NaH,PO4, 500 mM NaCl,

pH 7) containing 20 mM imidazole (3 x CV) and the protein was eluted from the column
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using an elution gradient of imidazole of 50, 100, 200, 300, 400, 500 mM (2 x CV)

fractions of each elution.
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8.7.11 Expression of VIB

A stab of an XL10 glycerol stock harbouring the plasmid for VTB (Uniprot —
Q8X4M7)*3 was used to inoculate 5 ml of LB containing 100 pg/ml ampicillin (5 pl of
100 mg/ml stock). The culture was grown at 37 °C with shaking at 200 rpm overnight.
The DNA was harvested from the cells using QIAprep® spin Miniprep Kit following the
high yield protocol provided by manufacturer. The plasmid was then transformed into
BL21 expression cell line, and a single colony was used to generate a glycerol stock. A
stab of BL21 glycerol stock harbouring the plasmid for VTB was used to inoculate 5 ml
of LB media containing 100 pg/ml ampicillin (5 pl of 100 mg/ml stock). The starter
culture was grown at 37 °C overnight with shaking at 200 rpm. 1 ml of the culture was
used to inoculate 400 ml CAYE media containing 100 pg/ml ampicillin (400 pl of 100
mg/ml stock), the culture was then incubated at 37 °C with shaking at 200 rpm until an
ODsoo of 06-0.8 was reached. Protein expression was then induced by addition of IPTG
(final concentration 0.5 mM the cultures were then incubated at 37 °C with shaking at
200 rpm overnight. After this time the cells were harvested by centrifugation at 17,000 x
g for 25 minutes. The pellet was then resuspended in periplasmic extraction buffer and
incubated at 37 °C with shaking at 200 rpm for 10 minutes. The cells were then pelleted
by centrifugation at 4500 x g for 20 minutes. The supernatant was discarded, and the
pellet was resuspended in ice cold ddH>O. The suspension was shaken on ice for 10
minutes, before the cell debris was harvested by centrifugation at 4500 x g for 20 minutes.
The supernatant was retained to which concentrated PBS was added to buffer the solution.
The supernatant was then purified by size exclusion chromatography on Superdex s75

16/60 column (8.7.5.2).
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8.7.12 Expression of Serum Amyloid P

A pET-11a plasmid containing the gene for mutant SAP component (based upon the
Uniprot — P02743, containing mutations E167Q, N-terminal serine, C-terminal LPETG
extension, figure 10.6)3** purchased from Genscript was transformed (8.7.4.3) into C41
(DE3) expression cell line. A single colony was used to inoculate 5 ml of LB containing
100 pg/ml ampicillin (5 pl of 100 mg/ml stock). The starter culture was incubated at 37
°C with shaking at 200 rpm overnight, 1 ml of the starter culture was then used to
inoculate 400 ml of LB media containing 100 pg/ml ampicillin (400 ul of 100 mg/ml
stock). The cultures were then incubated at 37 °C with shaking at 200 rpm until an ODseoo
of 0.6-0.8 was reached, expression was then induced by addition of IPTG (final
concentration 0.5 M) and the culture was then incubated at 25 °C with shaking at 200 rpm
overnight. The cells were then harvested by centrifugation at 17000 x g for 25 minutes,
the supernatant was discarded, and the cell pellet was resuspended in phosphate buffer
pH 8.0 (50 mM phosphate, 300 mM NaCl) and the cells were lysed by cell high pressure
cell disruption. The cell debris was harvested, and the supernatant was discarded. The
pellet was then resuspended in an inclusion body resolubilisation buffer (0.1M Tris, 0.1
M NaH,PO4 with 8M urea). The suspension was then centrifuged at 4500 x g for 20
minutes to remove any insoluble cellular components. The suspension was then flowed
through a Ni-NTA chromatography (8.7.5.1) which had been equilibrated in the same
buffer, then column was then washed in 50 ml Tris buffer pH 8.0 (50 mM Tris, 300 mM
NaCl 20 mM imidazole, 0.1% Triton-X100) The protein was then eluted from the column
in Tris buffer pH 8.0 (50 mM Tris, 300 mM NaCl 200 mM imidazole) taking 10 ml
fractions until no more protein was detected by Braford assay. The protein was
concentrated to a 10 ml volume using Amicon® ultra spin concentrator with a 10,000 kDa
at 4500 x g, the urea was then removed incrementally dialysing into Tris buffer containing
4 M, 2 M, 1 M and finally just Tris buffer. Each dialysis step was performed at 4 °C

leaving the dialysis overnight.

8.8 Protein modification

8.8.1 General procedure for oxidation of W8SE

To a solution of W8SE CTB (100 pl of 703 uM stock, final concentration) in phosphate
buffer pH 7.2, NalO4 (7 pl of 50 mM stock, final concetration 4.68 mM, 5 eq) was added

and the reaction made up 150 pl with sodium phosphate buffer pH 7.2 (note 1). The
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reaction was observed to be complete after 15 minutes. The protein was purified using a
PD-G25 desalting column eluting in PBS pH 6.8.
Note 1 — It is important that the buffer does not contain potassium, reactions do not reach

completion in PBS or potassium containing buffers.?®’
8.8.2 General procedure of oxime ligation to W88E

W88Eox from the elution of PD-G25 column using Amicon spin concentrator (MW =
10,000 Da cut off) to a concentration above 400 uM and then used directly in ligation by
adding 100 mM aniline, and oxyamine substrate (10 eq per protomer). The reaction was
left agitating at room temperature until HRMS showed completion of reaction generally
between 8-16 hours. The reaction was then purified using a PD-G25 desalting column,

eluting the glycoprotein in which had been eluting in sodium phosphate buffer pH 7.2.
8.8.3 General procedure for SPAAC ligation to N3-W88E

N3-W8S8E in PBS pH 7.0 was concentrated to 500 uM (protomeric concentration). In an
Eppendorf tube BCN glycan substrate (1-20 eq) in H2O, to which concentrated PBS (20
x) was added. The concentrated protein solution was then added to the reaction tube and
the reaction was incubated at 37 °C for between 4-8 hours, until the reaction was observed
to be complete by HRMS. Once SPAAC conjugate was complete the reaction was
purified using a PD-G25 desalting column eluting the protein in PBS pH 7.2.

8.8.4 Lightning-Link® HRP conjugation to CTB

Using a 10-40 pg vial of the Lightning-Link® HRP conjugation kit, 10 pl of WT CTB
(461 uM, protomeric concentration, 1:1 pentamer:HRP) was added to the supplied vial
and the solution was mixed with to resuspend the lyophilised HRP. 1 ul of the LL-
modifier reagent was added, and the reaction was left for 3 hours at room temperature.
The reaction was then quenched with 1 pl of LL-quencher reagent, the quenching step
was left for 30 minutes before use or storage. CTB-HRP was stored as 1 ml aliquots at 90

ng/ml in PBS which were flash frozen and stored at -20 °C.
8.8.1 Lightning-Link® HRP conjugation to VTB

Using a 100-400 pg vial of the Lightning-Link® HRP conjugation kit, 100 pul of WT VTB-
1 (411 pM, protomeric concentration, 1:1 pentamer:HRP) was added to the supplied vial
with 10 ul of LL-modifier reagent. The solution was mixed to resuspend the lyophilised

HRP. The reaction was left for 3 hours at room temperature before the reaction was
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quenched by addition of 10 ul LL-quencher reagent. VTB-HRP was then stored in 1 ml
aliquots of 1 pg/ml in PBS with 50% glycerol. The aliquots were then flash frozen before
being stored at -20 °C.

8.9 ELLA protocols

CTB-HRP and VTB-HRP prepared using Expedeon Lightning-Link HRP conjugation kit
were used in the ELLA inhibition assays. Assays were performed using Amplex red® to
detect the presence of HRP conjugates. A preliminary assay was performed to determine
a suitable concentration of toxin-HRP conjugates to produce linear data plots when bound

to glycolipid coated microtiter plates.
8.9.1 CTB inhibition assay

96-well flat bottomed, high binding, polystyrene microtiter plates (Grenier 655077) were
coated with ganglioside GM1 (100 pl, 1.3 M in methanol) and the solvent was allowed
to evaporate at room temperature. The plate was washed with PBS (3 x 200 pl) removing
any remaining GM1, any remaining binding sites on the well were blocked with BSA by
incubating with a PBS solution containing 1% (w/v) BSA (100 pl) for 30 minutes at 37
°C. The wells were then washed again with PBS (3 x 200 pul). 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 in the same buffer to
give a final concentration of 2.5 ng/ml. The mixture of inhibitor and toxin were incubated
for 2 hours at room temperature before 100 pl was transferred to the GM1 coated well by
the Hamilton microlab STAR liquid handling system. The limits of detection were
analysed by control samples containing just CTB-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. The inhibitor toxin mixture was
incubated for 30 minutes at room temperature before the plate was washed with PBS-T
(3 x 200 pl) to remove any unbound CTB-HRP- inhibitor complex. After washing the
plate, a solution of Amplex red® (100 ul, 5 uM Amplex Red®, 5 uM H,0O> 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.
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8.9.2 VTB inhibition assay

The ELLA was performed as described above with plates being coated synthetic
glycophosolipid 5.4 (100 pl, 1.3 pl in methanol). Inhibitors were premixed with VTB-

HRP conjugate to a final concentration of 5 ng/ml).
8.9.3 Data processing

All samples were analysed in triplicate. The error of each sample was calculated as
standard error (equation 1) where n equals the samples size, x is the observed initial rate

value for each sample and X is the mean rate value for each sample.

2(x —x)?
(n—1)
standard error = ————
N

Equation 1: 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 2), where A; is the
curve’s maximum, 4> is the curve’s minimum, xo is equal to the ICso, x is the log (inhibitor

concentration), and p is the Hill slope parameter.
A — Ay

=1 "2 44
Y= TH Gojxgr

Equation 2: Equation for logistic curve fitting.
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10.1 CTB WSSE plasmid map and protein sequence
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Figure 10.1 — Plasmid map for CTB W8S8E in the pMAL-p5x expression vector.

The pSAB2.2%2° (figure 10.1) plasmid for expression of CTB-subunit in E. coli. It is
derived from the pMAL-p5X obtained from Genescript. The plasmid is derived from the
plasmid pSAB2.1A3! containing the gene for MBP-CTA?2 fusion as well as the gene for
CTB-subunit (for expressing MBP-CTB), by removal of the gene for MBP-CTA?2 fusion

protein.

Derivates of this plasmid include pSAB2.2-W88E.!?8
10.1.1 Vector sequence

LTIIb periplasmic targeting sequence

CTB
CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAG
AGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGC
CGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGA
AAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG
GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGC
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CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTG
CCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTG
CACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA
GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCT
CTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGC
GTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAG
TTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAA
TTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACC
ATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGAT
GGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTT
CGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACC
ATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTC
TCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAARAA
CCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATG
CAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATG
TAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCAC
GGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGCTGTGCAGG
TCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTT
TTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAA
TCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CCAGTCCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAGGACCATAGATTATGAGCT
TTAAGAAAATTATCAAGGCATTTGTTATCATGGCTGCTTTGGTATCTGTTCAGGCGCAT
GCAGCTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATAC
GCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGATGGCTA
TCATTACTTTTAAGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATA
GATTCACAAAAAAAAGCGATTGAAAGGATGAAGGATACCCTGAGGATTGCATATCTTAC
TGAAGCTAAAGTCGAAAAGTTATGTGTATGGAATAATAAAACGCCTCATGCGATCGCCG
CAATTAGTATGGCAAACTAAGTTTTCCCTGCAGGTAATTAAATAAGCTTCAAATAAAAC
GAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCT
CTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGG
AGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCA
TCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTCGGTCCGTTGTTTATTTTTC
TAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATA
ATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTT
TTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGAT
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GCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAA
GATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTCCCAATGATGAGCACTTTTAAAGTTC
TGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGC
ATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTAC
GGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTG
CGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCAC
AACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCAT
ACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAAC
TATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAG
GCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGC
TGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAG
ATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGAT
GAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTC
AGACCAAGTTTACTCATATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTT
GCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGC
TCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGT
TGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCG
TGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCG
GCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTT
TATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTC
AGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCT
TTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAAC
CGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATC
TGTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCG
ACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTT
ACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCA
CCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACA
GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCT
GGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCC
TCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGAT
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GCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
AACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAG
CGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCA
GATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACAC
GGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCG
CTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCA
GCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAA
CGCTGCCCGAAATT

10.1.2 Primer sequences for the introduction of W88E to pSAB 2.2

5’ - GTCGAAAAGTTATGTGTAGAGAATAATAAAACGCCTCATGCGATTGCCG -3’
3’—- CAGCTTTTCAATACACATCTCTTATTATTTTGCGGAGTACGCTAACGGC -5’

10.1.3 CTB WSSE protein sequence

TPONITDLCAEYHNTQIYTLNDKIFSYTESLAGKREMATITFKNGATIFQVEVPGSQHID
SQKKATERMKDTLRIAYLTEAKVEKLCVENNKTPHATAATISMAN
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10.2 pSAB2.3 azido plasmid map and primers for W88E, for the
expression of mutant CTB MET/N3;-W8SE

(4827) MscI* PfIMI (13)

(4822) Btgl
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(4151) Pfol Apal - BanII (642)

(4052) PfIFI - Tth111l
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4852 bp

Figure 10.2 — Plasmid map for pSAB2.3(azido) based upon the pMAL-pSx expression vector

The CTB plasmid for expression in E. coli named pSAB2.3 (figure 10.2). The plasmid is
based upon the pMAL-p5X obtained from Genescript. This plasmid is derived from the
plasmid pSAB2.2%2° (prepared by Dr James Ross, University of Leeds) for the expression
of CTB and CTB mutants by introducing the mutations M37L, M68L, M101L, K43M
(performed by Dr Daniel Williamson, University of Leeds)?2.

pSAB2.4 is a derivative of this plasmid which includes the W88E mutation to remove
GM1 binding capabilities.

10.2.1 Vector sequence

CCGACACCATCGAATGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCCCGGAAGAG
AGTCAATTCAGGGTGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGC
CGGTGTCTCTTATCAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGA
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AAACGCGGGAAAAAGTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTG
GCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGC
CCTGCACGCGCCGTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTG
CCAGCGTGGTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTG
CACAATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA
GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCT
CTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGC
GTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAG
TTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAA
TTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACC
ATGCAAATGCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGAT
GGCGCTGGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATTT
CGGTAGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACC
ATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTC
TCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAARAA
CCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATG
CAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATG
TAAGTTAGCTCACTCATTAGGCACAATTCTCATGTTTGACAGCTTATCATCGACTGCAC
GGTGCACCAATGCTTCTGGCGTCAGGCAGCCATCGGAAGCTGTGGTATGGCTGTGCAGG
TCGTAAATCACTGCATAATTCGTGTCGCTCAAGGCGCACTCCCGTTCTGGATAATGTTT
TTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAA
TCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAG
CCAGTCCGTTTAGGTGTTTTCACGAGCAATTGACCAACAAGGACCATAGATTATGAGCT
TTAAGAAAATTATCAAGGCATTTGTTATCATGGCTGCTTTGGTATCTGTTCAGGCGCAT
GCAACTCCTCAAAATATTACTGATTTGTGCGCAGAATACCACAACACACAAATATATAC
GCTAAATGATAAGATCTTTTCGTATACAGAATCGCTAGCGGGAAAAAGAGAGCTGGCTA
TCATTACTTTTATGAATGGTGCAATTTTTCAAGTAGAGGTACCAGGTAGTCAACATATA
GATTCACAAAAAAAAGCGATTGAAAGGCTGAAGGATACCCTGAGGATTGCATATCTTAC
TGAAGCTAAAGTCGAAAAGTTATGTGTAGAGAATAATAAAACGCCTCATGCGATTGCCG
CAATTAGTCTGGCAAACTAAGTTTTCCCTGCAGGTAATTAAATAAGCTTCAAATAAAAC
GAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCT
CTCCTGAGTAGGACAAATCCGCCGGGAGCGGATTTGAACGTTGCGAAGCAACGGCCCGG
AGGGTGGCGGGCAGGACGCCCGCCATAAACTGCCAGGCATCAAATTAAGCAGAAGGCCA
TCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTCTTTCGGTCCGTTGTTTATTTTTC
TAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATA
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ATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTT
TTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGAT
GCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAA
GATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTCCCAATGATGAGCACTTTTAAAGTTC
TGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGC
ATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTAC
GGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTG
CGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCAC
AACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCAT
ACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAAC
TATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAG
GCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGC
TGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAG
ATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGAT
GAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTC
AGACCAAGTTTACTCATATATACTTTAGATTGATTTCCTTAGGACTGAGCGTCAACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTT
GCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGC
TCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGT
TGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCG
TGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGA
GCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCG
GCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTT
TATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTC
AGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCT
TTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAAC
CGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATC
TGTGCGGTATTTCACACCGCATATAAGGTGCACTGTGACTGGGTCATGGCTGCGCCCCG
ACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTT
ACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCA
CCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGCAGCGATTCACA
GATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCT
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GGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCC
TCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGAT
GCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTA
AACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAG
CGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCA
GATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACAC
GGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCG
CTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCA
GCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAA
CGCTGCCCGAAATT

10.2.1 Primer sequences for the introduction of W88SE to pSAB
2.3(azido)

5’ - GTCGAAAAGTTATGTGTAGAGAATAATAAAACGCCTCATGCGATTGCCG —3'

3"— CAGCTTTTCAATACACATCTCTTATTATTTTGCGGAGTACGCTAACGGC -5
Pre Dpn 1 Post Dpn 1

1 - Original plasmid
2 - Mutant plasmid

Figure 10.3: Nucleic acid PAGE gel confirming the successful mutagenesis of the pSAB2.3(azido) plasmid to
introduce the W88E mutation giving pSAB2.4

10.2.2 Protein sequence

TPONITDLCAEYHNTQIYTLNDKIFSYTESLAGKRELATITFMNGATIFQVEVPGSQHID
SQKKATERLKDTLRIAYLTEAKVEKLCVENNKTPHATAATISLAN
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10.3 EGCase II expression vector and protein sequence

EGCase-pET28a (6679 bp)

Pfol,EcoNI, Sphl Sgral BglIl Xbal
Nael Barl Ncol, PshAI Nhel Bmtl +3
BmgBI,Bpll,Bpll Mfel
BssHII

Mlul
NmeAlIl BstEll Pstl
Bael Mfel,+4
EcoRY

BssHII
EcoRY
Hpal

Mlul
Acch51,+1
ALWNI, +2
Accb51
Kpnl
Pstl

BsaXxl

~—_

|

+1
+4
Blpl

PshAl

[

e

Bgll
Fspl
+1
PpuMI

EGCase-pET28a S e “l
6679 bp

Y

+1

Xmnl
Pfol
BsaAl, PFIFI, +1

Tatl, Accl,BstZ171 Ajul,Bpul®l, AsiSI +1

BspQl, Sapl BsmI, Sspl,EcoNI
Peil Bsml
BssSI BsssSal BspDI,Clal,Nrul
AlwNI Acul

Figure 10.4: Plasmid map EGCase II in the pET-28a expression vector.

pET28a expression vector harbouring the gene for EGCase II (figure 10.3, Uniprot -
033853 (033853 RHOSO). The gene was based upon the works of Withers and co-

269, 319

workers and purchased commercially from GenScript.

10.3.1 Vector sequence

CGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCC
CTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCA
TCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAGTGGTTCTGGTT
CTGGTAGTGGTACGGCCCTGACCCCGAGTTATCTGAAAGATGACGATGGTCGCTCTCTG
ATTCTGCGTGGTTTTAACACCGCTAGCTCTGCGAAATCCGCACCGGATGGTATGCCGCA
GTTCACCGAAGCAGATCTGGCTCGTGAATATGCAGACATGGGTACGAATTTTGTGCGTT
TCCTGATCAGCTGGCGCTCTGTGGAACCGGCCCCGGGTGTTTATGATCAGCAATACCTG
GATCGTGTCGAAGACCGCGTGGGCTGGTATGCGGAACGCGGTTACAAAGTCATGCTGGA
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TATGCATCAGGACGTGTATAGTGGCGCCATCACCCCGGAGGGTAACTCCGGCAATGGTG
CCGGTGCAATTGGTAATGGTGCACCGGCTTGGGCGACCTACATGGATGGTCTGCCGGTG
GAACCGCAGCCGCGTTGGGAACTGTATTACATTCAACCGGGCGTTATGCGCGCCTTTGA
TAACTTCTGGAATACCACGGGTAAACATCCGGAACTGGTTGAACACTATGCCAAAGCAT
GGCGTGCTGTCGCGGATCGCTTTGCAGATAACGACGCGGTGGTTGCCTACGACCTGATG
AATGAACCGTTTGGCGGTTCTCTGCAGGGTCCGGCATTTGAAGCTGGTCCGCTGGCGGC
CATGTATCAACGTACCACGGATGCGATCCGCCAGGTGGATCAAGATACCTGGGTTTGTG
TTGCGCCGCAGGCAATTGGTGTTAACCAAGGCCTGCCGTCAGGTCTGACGAAAATCGAT
GATCCGCGTGCGGGTCAGCAACGTATTGCATATTGTCCGCATCTGTACCCGCTGCCGCT
GGATATCGGTGACGGCCACGAAGGTCTGGCGCGTACCCTGACGGATGTGACCATTGACG
CATGGCGTGCTAATACCGCCCATACCGCCCGCGTTCTGGGTGATGTCCCGATTATCCTG
GGTGAATTTGGTCTGGATACCACCCTGCCGGGTGCCCGTGACTATATCGAACGCGTGTA
CGGTACCGCACGCGAAATGGGTGCTGGCGTTTCATATTGGAGCAGCGATCCGGGTCCGT
GGGGTCCGTACCTGCCGGATGGCACCCAGACGCTGCTGGTCGACACCCTGAATAAACCG
TATCCGCGTGCCGTTGCAGGTACCCCGACGGAATGGTCATCGACCTCGGATCGCCTGCA
GCTGACGATTGAACCGGACGCAGCTATCACCGCACCGACGGAAATTTACCTGCCGGAAG
CTGGTTTCCCGGGCGATGTGCACGTTGAAGGCGCCGATGTCGTGGGTTGGGACCGTCAG
AGCCGCCTGCTGACGGTTCGCACCCCGGCTGATAGCGGTAATGTCACGGTCACGGTCAC
CCCGGCGGCATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAG
CCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTT
GGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATT
GGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCG
CAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTT
CCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTA
GGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG
TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCA
CGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTC
TATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCT
GATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTG
GCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCA
AATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACT
GCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAAT
GAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGC
GATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGT
TATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTA
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TGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACT
CGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGAT
CGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCC
AGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGT
TTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCT
TGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTA
ACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTT
CCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTAT
ACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCC
CGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTAT
TGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA
GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCA
AACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTC
TTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTG
TAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCT
GCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGG
ACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGC
ACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCT
ATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCA
GGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTAT
AGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGG
GGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTT
GCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGT
ATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGA
GTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGT
GCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCAT
AGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGAC
ACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTAC
AGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACC
GAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGA
TGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGG
CTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTC
CGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGC
TCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAA
CAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCG
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CTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGA
TCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGG
AAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCT
TCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGC
CTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCG
GCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTG
AGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGLCTCC
AGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGT
TGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCG
GAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAAT
GAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAAC
CTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTAT
TGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTC
ACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCG
AAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGT
CGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGLCGL
ATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTC
ATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTT
CCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGA
CGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGC
GACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGA
TGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCC
ACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTG
CGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCG
ACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGC
GACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCC
CGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCA
CTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTC
TGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCAC
CACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCC
ATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCA
GCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGG
AGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAA
GCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATA
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GGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGA
GGATCGAGATCT

10.3.2 Protein sequence

MGSSHHHHHHSSGLVPRGSHMSGSGSGSGTALTPSYLKDDDGRSLILRGEFNTASSAKSA
PDGMPQFTEADLAREYADMGTNEVREFLISWRSVEPAPGVYDQQYLDRVEDRVGWYAERG
YKVMLDMHQDVYSGATITPEGNSGNGAGAIGNGAPAWATYMDGLPVEPQPRWELYYIQPG
VMRAFDNFWNTTGKHPELVEHYAKAWRAVADRFADNDAVVAYDLMNEPFGGSLOGPAFE
AGPLAAMYQRTTDATIRQVDODTWVCVAPQATIGVNQGLPSGLTKIDDPRAGOQRIAYCPH
LYPLPLDIGDGHEGLARTLTDVTIDAWRANTAHTARVLGDVPIILGEFGLDTTLPGARD
YIERVYGTAREMGAGVSYWSSDPGPWGPYLPDGTQTLLVDTLNKPYPRAVAGTPTEWSS
TSDRLOQLTIEPDAATITAPTEIYLPEAGFPGDVHVEGADVVGWDRQSRLLTVRTPADSGN
VITVTVTPAA
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10.4 LgtC in pET-28a plasmid map and protein sequence

LgtC in pET28a (6197 bp)

BaeI,NmeAIII,Acc65I,KpnI,BamHI, EcoRI,+16 BsaAI,Dralll
Ajul,RsrII BsaXI,AloI,Psil
Dral SspI
EcoRV XmnI
SphI
BseRI

BmgBI
BstAPI

gp— ~

[r7 term;
) 6xHis

Ajul,Bpul@l, +2
BsmI
SspI,EcoNI
BsmI
Aval
BsoBI, +3
BspDI, +1
Nrul

Nato,. ~N

NdeI
BarI,+1
Xbal
BglII
SgrAl

f1 ory

LgtC in pET28a

6197 bp Acul

ALwNI

Mlul
Af1III
BclI
BsrDI

BssSI
BssSal

Af1III
Pcil
BspQI
SapIl
Tatl
AccI,BstZ171,+3
Pfol
XmnI

BstEII
PspOMI, +2
BsrDI
BssHII
EcoRV
HincII,Hpal

BsaXI
FspAL, FspI,BglI, PshAI
PpuML BspEI

Bpul@I

Figure 10.5: Plasmid map for LgtC the pET-28a expression vector

The gene for LgtC (Uniprot — Q93EK7) was purchased from GenScript in the pET-28a

expression vector including an N-terminal His-tag.
10.4.1 Vector sequence

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGC
GCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCT
TCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTT
AGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCC
ACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGT
CTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGC
TGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGT
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GGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTC
AAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAAAC
TGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAA
TGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTG
CGATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGG
TTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTT
ATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCAC
TCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGA
TCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGC
CAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTG
TTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGC
TTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGT
AACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCT
TCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTA
TACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTC
CCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTA
TTGTTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGT
AGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGC
AAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACT
CTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGT
GTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTC
TGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTG
GACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTG
CACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGC
TATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGC
AGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTA
TAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAG
GGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTT
TGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCG
TATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCG
AGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTG
TGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCA
TAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGA
CACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTA
CAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCAC
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CGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAG
ATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTG
GCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCT
CCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATG
CTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAA
ACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGC
GCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAG
ATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACG
GAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGC
TTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAG
CCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCC
GGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTT
GAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGLCGLCTC
CAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAG
TTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACC
GGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAA
TGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAA
CCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTA
TTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTT
CACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGC
GAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCG
TCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCG
CATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCT
CATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGT
TCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAG
ACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATG
CGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTG
ATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTC
CACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTT
GCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATC
GACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTG
CGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGC
CCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCC
ACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGT
CTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCA
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CCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGC
CATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGC
AGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAG
GAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACA
AGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATAT
AGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAG
AGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCG
GATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGG
GCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATG
ATGGACATCGTGTTTGCCGCAGATGATAACTATGCGGCTTACCTCTGTGTTGCCGCGAA
ATCCGTCGAAGCGGCGCACCCGGACACGGAAATTCGTTTTCATGTTTTGGACGCGGGCA
TCTCAGAAGCGAACCGTGCAGCGGTTGCAGCGAACTTGCGTGGCGGTGGCGGTAATATC
CGCTTCATTGACGTGAACCCGGAGGATTTTGCTGGTTTCCCCCTGAACATTCGTCATAT
CTCGATTACGACGTATGCCCGCCTTAAACTGGGCGAATATATTGCGGATTGCGATAAAG
TGCTGTATTTGGATATTGATGTTCTGGTCCGTGATTCTTTGACTCCTCTGTGGGACACG
GACTTGGGCGATAACTGGCTGGGCGCATGCATTGATTTGTTTGTTGAGCGACAGGAAGG
GTACAAACAGAAAATCGGTATGGCCGACGGTGAATACTACTTTAATGCAGGCGTCCTGC
TGATTAATTTGAAAAAATGGCGGCGTCACGATATCTTTAAAATGAGCTGCGAGTGGGTA
GAGCAGTATAAAGACGTAATGCAATATCAAGATCAGGATATTCTCAATGGTTTATTCAA
AGGCGGAGTTTGCTACGCGAATAGTCGTTTCAACTTCATGCCTACCAATTACGCTTTCA
TGGCTAACCGTTTCGCATCGCGTCATACCGACCCGCTGTACCGCGACCGCACTAACACG
GTGATGCCGGTTGCAGTGTCACACTATTGCGGTCCGGCTAAACCTTGGCATCGTGACTG
TACGGCCTGGGGCGCCGAGCGCTTTACTGAGCTGGCCGGAAGTCTGACCACGGTACCCG
AAGAGTGGCGCGGCAAACTGGCTGTTCCACACTAAGGATCCGAATTCGAGCTCCGTCGA
CAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACA
AAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCC
CTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGG
AT
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10.4.2 Protein sequence

GSSHHHHHHSSGLVPRGSHMMDIVFAADDNYAAYLCVAAKSVEAAHPDTEIRFHVLDAG
ISEANRAAVAANLRGGGGNIRFIDVNPEDFAGFPLNIRHISITTYARLKLGEY IADCDK
VLYLDIDVLVRDSLTPLWDTDLGDNWLGACIDLFVERQEGYKQKIGMADGEYYFEFNAGVL
LINLKKWRRHDIFKMSCEWVEQYKDVMQOYQDODILNGLFKGGVCYANSRENFMPTNYAF
MANRFASRHTDPLYRDRTNTVMPVAVSHYCGPAKPWHRDCTAWGAERFTELAGSLTTVP
EEWRGKLAVP

10.5 VTB protein sequence

From sequencing data obtained the plasmid was determined to be in the commercially
available PUC-18 vector (full plasmid was not sequenced) cloned into the M 13 restriction
sites. The M-13R primer was used to sequence the full VITB gene (Uniprot — Q8X4M?7)
within the plasmid.

10.5.1 Reverse compliment of VTB with signalling peptide

TCAACGAAAAATAACTTCGCTGAATCCCCCTCCATTATGACAGGCATTAGTTTTAATGG
TTACAGTCATCCCCGTAATTTGCGCACTGAGAAGAAGAGACTGAAGATTCCATCTGTTG
GTAAATAATTCTTTATCACCCACTTTAACTGTAAAGGTATCGTCATCATTATATTTTGT
ATACTCCACCTTTCCAGTTACACAATCAGGCGTCGCCAGCGCACTTGCTGAAAAAAATG
AAAGCGATGCAGCTATTAATAAATGTTTTTTTCAT

10.5.2 Forward compliment of VTB with signalling peptide

ATGAAAAAACATTTATTAATAGCTGCATCGCTTTCATTTTTTTCAGCAAGTGCGCTGGC
GACGCCTGATTGTGTAACTGGAAAGGTGGAGTATACAAAATATAATGATGACGATACCT
TTACAGTTAAAGTGGGTGATAAAGAATTATTTACCAACAGATGGAATCTTCAGTCTCTT
CTTCTCAGTGCGCAAATTACGGGGATGACTGTAACCATTAAAACTAATGCCTGTCATAA
TGGAGGGGGATTCAGCGAAGTTATTTTTCGTTGA

10.5.3 Protein sequence

Periplasmic targeting sequence
MKKTLLIAASLSEFESASALATPDCVTGKVEYTKYNDDDTFTVKVGDKELEFTNRWNLOSL
LLSAQITGMTVTIKTNACHNGGGEFSEVIFR
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10.6 Serum Amyloid P (E167Q) LPETG in pET11a in protein

sequence
(6281) BspDI - Clal
(6274) HindIII Zral (75)
(6037) Blpl \ / Aatll (77)
(5984) BamHI | \ / Sspl (191)
6xHis \\\ \ \ / /
(5954) Agel / Scal (515)

(5850) KpnI /
(5846) Acc65I

(5793) BsrGI— /

(SerumAmyloidP(E167Q)-LPETGAl _

mp,
tet promoter R

Bsal (930)

5316) Ndel
( ) e AhdI (996)

(5276) Xbal
T7 promoteri_
(5210) BgIII-

(5021) SphI-__
(4956) ECONI—

L AlwWNI (1475)

pET11a- SAP-LPETGASHis

6307 bp
(4488) Mlul ™~
S
(4285) Apal " BspQI - SapI (2001)
(4281) PspOMI — Accl (2116)
Bstz171 (2117)
\ BsaAI (2136)
PfIFI - Tth111I (2142)
(4077) BssHII
7
/ / [ 1 \\
(3647) PshAI / ] ‘\
/ / / \ Msel* (2917)
(3420) Eagl / | \ Aval - BsoBI (2934)
(3389) Nrul f BmeT110I (2935)
(3305) BfuAI - BspMI BsmlI (3006)

Figure 10.6: Plasmid map for SAP-LPETGAHis in the pET11a expression vector

The gene for SAP (Uniprot — P02743) was engineered to prevent calcium induced
aggregation using introducing E167Q mutation based on reports by Pepys et al.3*, a C-
terminal extension was introduced to include sortase recognition sequence with His-tag,
and the N-terminus was redesigned to contain an terminal serine. pET-11a expression

vector harbouring the gene for mutant SAP was purchased from GenScript.
10.6.1 Vector Sequence

TTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAA
TAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATT
TGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATA
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AATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCC
TTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTG
AAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCT
CAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCA
CTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAA
CTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGA
AAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGA
GTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACC
GCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCT
GAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGCAACAA
CGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATA
GACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGG
CTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAG
CACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAG
GCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCA
TTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATT
TTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCT
TAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTC
TTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTAC
CAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGC
TTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCA
CTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGG
CTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCG
GATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG
AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTC
CCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGLCGC
ACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCA
CCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAA
ACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATG
TTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGC
TGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGG
AAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATA
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTC
CGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGLCTGAC
GCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTC
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CGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGC
GGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCG
TCCAGCTCGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCAT
GTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGT
TCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGAT
GATGAACATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCG
GCGGGACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAG
GTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAG
GGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGT
TGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCG
GTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGAC
AGGAGCACGATCATGCGCACCCGTGGCCAGGACCCAACGCTGCCCGAGATGCGCCGCGT
GCGGCTGCTGGAGATGGCGGACGCGATGGATATGTTCTGCCAAGGGTTGGTTTGCGCAT
TCACAGTTCTCCGCAAGAATTGATTGGCTCCAATTCTTGGAGTGGTGAATCCGTTAGCG
AGGTGCCGCCGGCTTCCATTCAGGTCGAGGTGGCCCGGCTCCATGCACCGCGACGCAAC
GCGGGGAGGCAGACAAGGTATAGGGCGGCGCCTACAATCCATGCCAACCCGTTCCATGT
GCTCGCCGAGGCGGCATAAATCGCCGTGACGATCAGCGGTCCAGTGATCGAAGTTAGGC
TGGTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTG
GACAGCATGGCCTGCAACGCGGGCATCCCGATGCCGCCGGAAGCGAGAAGAATCATAAT
GGGGAAGGCCATCCAGCCTCGCGTCGCGAACGCCAGCAAGACGTAGCCCAGCGCGTCGG
CCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTG
ACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCAT
CGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCT
GTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCC
CGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCC
CGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCC
AGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGC
GGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCT
GATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGC
CCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTC
TTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGG
TAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGA
ACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTC
GCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAG
CCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGG
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TGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAAT
AATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGC
AGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCA
CTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCG
TTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCG
CGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAAC
GACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCAT
CGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGC
GGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGT
TTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAA
GGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGC
ATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGG
TGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCA
CGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATG
TCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCG
TCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGA
ATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
TATACATATGAGCCACACCGACCTGAGCGGTAAAGTGTTCGTTTTTCCGCGTGAGAGCG
TGACCGATCACGTTAACCTGATCACCCCGCTGGAAAAGCCGCTGCAGAACTTCACCCTG
TGCTTTCGTGCGTACAGCGACCTGAGCCGTGCGTACAGCCTGTTCAGCTATAACACCCA
AGGCCGTGATAACGAGCTGCTGGTGTATAAAGAGCGTGTTGGTGAATACAGCCTGTATA
TTGGCCGTCACAAGGTGACCAGCAAAGTTATCGAAAAGTTTCCGGCGCCGGTGCACATT
TGCGTTAGCTGGGAGAGCAGCAGCGGTATCGCGGAATTCTGGATTAACGGCACCCCGCT
GGTGAAGAAAGGTCTGCGTCAGGGCTACTTTGTGGAGGCGCAACCGAAAATCGTTCTGG
GTCAGGAACAAGACAGCTATGGTGGCAAGTTCGATCGTAGCCAGAGCTTTGTGGGCGAG
ATCGGCGACCTGTACATGTGGGATAGCGTTCTGCCGCCGCAGAACATTCTGAGCGCGTA
TCAAGGTACCCCGCTGCCGGCGAACATCCTGGACTGGCAAGCGCTGAACTACGAGATTC
GTGGTTATGTTATCATTAAACCGCTGGTGTGGGTTGGTAGCGGTCTGCCGGAAACCGGT
GCGCACCACCACCACCACCACTAAGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTG
AGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGG
GTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCCGCAAGAGGCCC
GGCAGTACCGGCATAACCAAGCCTATGCCTACAGCATCCAGGGTGACGGTGCCGAGGAT
GACGATGAGCGCATTGTTAGATTTCATACACGGTGCCTGACTGCGTTAGCAATTTAACT
GTGATAAACTACCGCATTAAAGCTTATCGATGATAAGCTGTCAAACATGAGAA
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10.6.2 SAP-LPETG Protein Sequence

MSHTDLSGKVEFVFPRESVTDHVNLITPLEKPLONFTLCFRAYSDLSRAYSLESYNTQGR
DNELLVYKERVGEYSLYTIGRHKVTSKVIEKFPAPVHICVSWESSSGIAEFWINGTPLVK
KGLROGYFVEAQPKIVLGQEQDSYGGKFDRSQSFVGEIGDLYMWDSVLPPONILSAYQG

TPLPANILDWQALNYEIRGYVIIKPLVWVGSGLPETGAHHHHHH

10.7 Supplementary Figures

10.7.1 Results for the inhibition assay of lactose and 3.3(W88E) on CTB-
HRP
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Figure 10.7: Results for the ELLA inhibition assay of monovalent lactose against CTB-HRP adhesion to GM1
coated microtiter plates.
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Figure 10.8: Results for the ELLA inhibition assay of pentavalent neoglycoprotein (3.3)W88E against CTB-HRP
adhesion to GM1 coated microtiter plates.

10.7.2 Raw graphical data for VTB-HRP capture on Gb3 microtiter
plates at three concentrations of synthetic glycolipid Gb3-DOPE

[VTB-HRP] (ng/ml)
50 25 125 625 3.125 156 0.78 0.39 0.195
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Figure 10.9: Raw graphical data showing capture of VTB-HRP on Gb3 coated microtiter plates. The data shows
serial 2-fold dilution of VTB-HRP at three concentrations of Gb3-DOPE to determine the optimal concentration

of VITB-HRP that gave good signal-to-noise.

[Gb3-DOPE]
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