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Abstract 
Nonulosonic acids (NulOs) nine-carbon Ŭ-keto acids, the most abundant of which is sialic 

acid (Neu5Ac). Neu5Ac is found ubiquitously across mammalian and bacterial cell surfaces 

and is involved, although not exhaustively, in cellular recognition and regula tion, 

intercellular signalling, membrane stabilisation, membrane transport, and cell adhesion. 

A sub-category of NulOs, known as óbacterial NulOsô, are strictly non-mammalian and are 

found on the surface of several pathogenic bacteria. The first bacterial NulO to be 

discovered was pseudaminic acid (Pse5Ac7Ac), which has since been found in the cell-

surface glycoconjugate structures of multiple pathogenic bacteria. The structural analogy 

between Pse5Ac7Ac and Neu5Ac confers a fitness advantage to pathogenic bacteria via an 

immune evasion tactic known as molecular mimicry. Pse5Ac7Ac has been shown to 

interact with sialic-acid-binding immunoglobulin -like lectin 10 (Siglec-10) receptors on 

the surface of leukocytes, triggering an anti-inflammatory cascade which culminates in the 

downregulation of the immune system. As well, knockout of Pse5Ac7Ac biosynthesis genes 

in gastrointestinal pathogens that ordinarily have pseudaminylated flagella results in 

aflagellate, immotile mutant phenotypes. Pse5Ac7Ac is therefore an attractive 

antivirulence drug target. Yet, whilst the Pse5Ac7Ac biosynthetic pathway is well studied, 

no glycosyltransferases that transfer a Pse5Ac7Ac glycosyl moiety 

(pseudaminyltransferases, PseTs) had been characterised in vitro prior to this projec t.  

Earlier work putatively assigned an uncharacterised kpss1 gene from Acinetobacter 

baumannii ACICU as a retaining PseT, and subsequent preliminary in vitro  work 

supported this assignment. This thesis builds upon these observations to describe the 

purification of KpsS1, and the biochemical assays, bioinformatic and structural studies 

carried out thereafter which culminated in the establishment of a previously  unreported 

glycosyltransferase family, GT118.  As well, upscaled chemoenzymatic syntheses of Ŭ-

CMP-Pse5Ac7Ac, CMP-3-F-Pse5Ac7Ac, Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glcp, and Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe are reported.  
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Chapter 1: Introduction  
 

1.1 Glycosyltransferase Enzymes Build Bacterial 

Glycans 

1.1.1 What are glycosyltransferase enzymes? 

Glycosyltransferase (GT) enzymes are a class of enzymes responsible for building 

glycosidic linkages between donor substrates and acceptor substrates through the transfer 

of a glycosyl moiety from the former to the latter. Donor substrates can be classified into 

two categories: Leloir donor substrates, and ónon-Leloirô donor substrates. Leloir donor 

substrates are nucleotide sugar molecules, named after Luis Leloir who first discovered 

nucleotide sugars and realised that activation by a mono- or di -phosphate nucleotide was 

an essential prerequisite for utilisation by many GTs (described as Leloir GTs).2 GTs that 

do not use Leloir donor substrates (described as non-Leloir GTs) use phosphorylated sugar 

donors, for example polyprenol phosphate/pyrophosphate or sugar -1-

phosphate/pyrophosphate ( Figure 1. 1).3 However, GTs that utilise the latter to transfer 

glycosyl moieties can be otherwise known as phosphorylases or pyrophosphorylases and 

are classified into both GT and glycosyl hydrolase (GH) enzyme families.4 

The type of linkage formed between a donor and an acceptor substrate (O-, N-, S-, or C- 

linked) is dictated by the chemical nature of the acceptor substrate. Most commonly, GT 

acceptor substrates are usually other sugars (mono-, di-, or oligo- saccharides) with an 

alcohol functional group that becomes deprotonated for oxygen-initiated nucle ophilic 

attack of the donor substrate, forming an O-linked glycosidic bond. 5 O-linked  lipid 

glycosylation is also ubiquitous across cell surfaces, necessitating GTs that utilise lipids as 

acceptor substrates.6, 7 Nucleic acids in deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) are also acceptor substrates for GTs, amenable to both O- and N-linked 

glycosylation.8, 9  The most variable glycosidic linkages (O-, N-, S-, and C-) are seen in 

protein glycosylation, wherein specific amino acids are the acceptor substrates. For 

example, glycosylation of the hydroxyl side chain of a threonine or serine,10, 11 or the amine 

moiety in an asparagine,12 or the indole C2 of a tryptophan,13 or the thiol of a cysteine,14, 15 

produces O-, N-, C-, and S-linked glycosidic bonds, respectively. The increased complexity 

of amino acid glycosylation is not surprising given the diversity of their structures; this, in 

conjunction with the abundance of proteins, explains why protein glycosylation is the most 
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prevalent post-translational modification in nature. 16 A handful of GTs capable of forming 

C-linked glycosidic bonds have also been identified in antibiotic biosynthesis pathways in 

bacteria, which use aglycone scaffolds (non-glycosyl components of glycosides) as their 

acceptor substrate.17-20 (Figure 1.1 )   

 

Figure 1. 1:  A schematic of glycosyltransferase (GT) enzyme activity and their substrates. GTs 

build a glycosidic linkage between a donor substrate (orange) and an acceptor substrate (blue). 

The donor substrate is either classified as a óLeloirô or ónon-Leloirô substrate, depending on 

whether the sugar molecule is linked to a nucleotide phosphate or a polyprenol lipid phosphate. 

The identity of the acceptor substrate varies from sugars, proteins, lipid, nucleic acids, and small 

molecules such as antibiotics. Glycosidic linkages between the donor and acceptor substrate may 

be O-linked, N-linked, S-linked or C-linked.  

1.1.2  Glycosyltransferase folds 

GTs are classified in two different ways. One way is by protein sequence similarity; GTs 

that share high protein sequence similarity are grouped into families in the Carbohydrate -

Active Enzymes (CAZy) database;21 at the time of writing there are 138 recorded GT 

families. Whilst there is high protein sequence similarity within families, there is very little 

to no similarity between them. 21 Despite low inter -family protein sequence similarities, 

most GTs conform to one of three folds: GT-A, GT-B, and GT-C.5, 7, 22 Though a fourth, less 

explored fold family has recently been reported, a lysozyme-type fold. The differences 

between these folds will be discussed herein.5, 7 
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1.1.2.1 GT-A fold  

The GT-A fold is the most common GT fold of the primary three, 23 yet the way in which it 

is described is inconsistent across the literature. Some sources state that GT-A folds consist 

of one Rossmann fold domain (ȁ-Ŭ-ȁ structure, a known nucleotide binding domain), 24-26 

whilst others state they consist of two, closely abutted Rossmann domains.5, 27 Those that 

stipulate the latter suggest that the two domains abut each other in a way that creates a 

single, continuous central ȁ-sheet packed on either side by Ŭ-helices, which may be 

perceived as a single domain, explaining the differing descriptions of the fold (Figure 

1.2). 

An additional controversy surrounding GT -A folds is their metal -ion dependency. It was 

previously thought that a defining feature of GT -A folds was the presence of a DXD motif 

(Asp-X-Asp), responsible for co-ordinating a divalent metal ion to mediate Lewis -acid-like 

stabilisation of the nucleotide diphosphate moiety in certain Leloir donor substrates. 28 

However, there is now evidence of GT-A GTs that do not possess the DXD motif and are 

not metal-ion dependent.24 One example is a metal-ion-independent sialyltransferase 

(SiaT) from Campylobacter jejuni , CstII (GT 42 CAZy family), which binds cytidine -5ô-

mono-phosphate (CMP) sialic acid.29 The presence of a single Rossman fold domain in 

CstII (and CstI, the other SiaT member of the GT 42 CAZy family)30 has led to its 

description as a modified GT-A fold. Authors postulated that the absence of the DXD motif 

in this family can be attributed to the nucleotide mono -phosphate donor substrate utilised 

by these enzymes, which may not require stabilisation by a divalent metal -ion in the same 

capacity as nucleotide di-phosphate donors.24, 29-32 Whether mono- or di -phosphate 

nucleotide sugars are utilised, GT-As strictly process only Leloir donor substrates and as 

such GTs in this family are referred to as Leloir GTs.5 
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Figure 1. 2: Example of a GT-A fold, SpsA from Bacillus subtilis  (PDB: 1QGS). Secondary 

structural elements are coloured as follows: Ŭ-helices are red, ȁ-strands are yellow, loops are 

green. The divalent metal ion is shown in green. 

1.1.2.2 GT-B fold  

The GT-B fold is universally described as comprising two distinct Rossmann fold domains 

which are separated by a flexible loop, described as a óduplicatedô GT-A fold (Figure 

1.3).28 Upon substrate binding, the two domains undergo substantial conformational re -

configuration to create a discrete binding cleft from the flexible loop. 5 GT-B folds reported 

hitherto do not possess the DXD metal-ion binding motif and are metal -ion independent. 5, 

27 As well, the GT-B fold family is, on the whole, more tolerant of a wider range of substrates 

than the GT-A fold family. Nonetheless, GT-B GTs reported hitherto have a strict 

specificity for nucleotide sugar donor substrates and are thus also referred to as Leloir 

GTs.33 
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Figure 1. 3: Example of a GT-B fold, ȁ-glucosyltransferase encoded for by bacteriophage T4 

(PDB: 2BGU). Secondary structural elements are coloured as follows: Ŭ-helices are red, ȁ-strands 

are yellow, loops are green. 

1.1.2.3 GT-C fold 

GT-C folds are distinct from GT-A and GT-B folds in that they are transmembrane 

proteins, found embedded into the endoplasmic reticulum membrane in eukaryotes and 

cell surface membranes in archaea and bacteria.5, 22 Given their localisation to membranes, 

it is unsurprising that GT -C GTs predominantly transfer glycosyl moieties from lipid -

activated glycosyl donors, though some GT-C enzymes are known to process phosphate-

activated donors and, even more infrequently, Leloir donors. 5, 22 Broadly, the most 

common acceptor substrates for GT-C GTs are membrane-affiliated components, 

primarily lipids, glycolipids, and proteins. 22 

Until recently, GT -C structures were characterised by the conservation of seven N-terminal 

domain transmembrane (TM) helices, and a more variable, membrane-embedded domain 

thought to be responsible for substrate binding. However, the discovery of two GT-C folds 

responsible for peptidoglycan and LPS synthesis, RodA34, 35 and WaaL,36 which had ten TM 

helices instead of the characteristic seven, prompted sub-classification of the family into 

GT-CA and GT-CB families, wherein members of the former have seven N-terminal TM 

helices, and the latter have ten (and have thus far only been observed in bacteria) (Figure 

1.4).22 
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Figure 1. 4: Example of a GT-CA fold, PglB, an oligosaccharyltransferase from Campylobacter 

jejuni  (PDB: 3RCE) and a GT-CB fold, RodA, a peptidoglycan synthase from Escherichia coli  

(PDB: 6PL5). The transmembrane is indicated by black lines and labelled to show where the 

helices embed into the membrane. Secondary structural elements are coloured as follows: Ŭ-

helices are red, ȁ-strands are yellow, loops are green. 

1.1.2.4 Lysozyme-type GT fold 

The least reported, and most recently identified of the four GT-folds, is the lysozyme-type 

fold. GTs with this fold are peptidoglycan polymerases which use a polyprenyl-

diphosphate activated glycosyl donor, and are members of the GT 51 CAZy family.37 In 

order to retrieve its lipid -activated donor substrate, this GT fold harbours a membrane-

binding ójaw domainô, which embeds itself into the cytoplasmic membrane of bacteria 

(Figure 1. 5).7 
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Figure 1. 5: Example of a lysozyme-type GT fold, a peptidoglycan transferase from 

Staphylococcuus aureus. The transmembrane is indicated by black lines to show where the helices 

embed into the membrane. Secondary structural elements are coloured as follows: Ŭ-helices are 

red, ȁ-strands are yellow, loops are green. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

1.1.3  Glycosyltransferase mechanisms 

The stereochemistry of the glycosidic linkage formed by a GT may be inverted or retained 

relative to the donor substrate and defines whether the enzyme is an inverting or retaining 

GT, respectively (Figure 1. 6).  

 

Figure 1. 6: The outcome of inverting and retaining glycosyltransferases. 

1.1.3.1 Inverting mechanisms  

Compared to retaining mechanisms, inverting mechanisms are well understood. The most 

common mechanism is the SN2 displacement mechanism whereby a basic residue in the 

GT active site (typically an Asp, Glu or His) deprotonates the incoming acceptor substrate 

to prime it for nucleophilic attack of the donor substrateôs anomeric centre. An 

oxocarbenium transition stat e results from this, wherein the partial interaction of the 

nucleophilic atom from the acceptor substrate with the anomeric centre initiates partial 

displacement of the activated leaving group, facilitated by a stabilising interaction from a 

Lewis-acid residue or divalent metal ion. 38, 39 These simultaneous partial interactions 

culminate in a direct SN2-like displacement of the activated phosphate leaving group with 

the acceptor moiety (Figure 1. 7(A) ).5, 38   

For the small number of inverting GTs where a catalytic base could not be identified, an 

SN1 mechanism was proposed. In this mechanism, the glycosidic bond between the 

phosphate leaving group and the donor glycosyl moiety is cleaved first intramolecularly, 
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priming the ȁ-phosphate oxygen of the leaving group moiety to act as a base and 

deprotonate the incoming acceptor, facilitating nucleophilic attack of the donor. The 

transition state for GT SN1 mechanisms has been described as an oxocarbenium-phosphate 

ion pair. ( Figure 1. 7(B) ).40, 41  

 

Figure 1. 7: Illustration of the two types of GT inverting mechanisms that have been observed 

hitherto. (A) shows the more common SN2 displacement inversion mechanism, and (B)  shows 

the less common SN1 inverting mechanism. NP represents the nucleotide phosphate leaving 

group. 

1.1.3.2 Retaining mechanisms 

Whilst there is relatively less biochemical evidence to elucidate retaining GT mechanisms, 

there is an abundance of research surrounding retaining GH mechanisms which has 

revealed that they proceed via a Koshland double-displacement SN2-like mechanism.42-45 

In this mechanism, an enzymatic nucleophile attacks the anomeric centre of the substrate 

to form a covalent-intermediate. To achieve this covalent intermediate, the mechanism 

must pass through an oxocarbenium transition state wherein the partial associati on of the 

enzymatic nucleophile with the substrate prompts partial dissociation of the leaving group, 

assisted by stabilisation of an acid/base enzymatic residue. The acid/base residue 

protonates the leaving group such that it cannot re-attack the anomeric centre. Now de-
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protonated, the secondary acid/base residue functions as a base and deprotonates an 

incoming water molecule to prime it for nucleophilic attack of the covalent intermediate. 

The hydroxyl nucleophile attacks the anomeric centre from the back so that the newly 

formed -OH bond retains stereochemistry relative to the original substrate ( Figure 

1.8(A) ). As with the first step, the second half of the reaction also proceeds via an 

oxocarbenium transition state.  

It is proposed that some retaining GTs also proceed via a Koshland double-displacement 

SN2-like mechanism, wherein the first half of the mechanism, the formation of the covalent 

intermediate (also known as the óglycosylationô step, described in 6.1.1 Fluorinated 

Substrate Analogues as Inhibitors of Glycosyltransferases and Glycosyl 

hydrolases ), mirrors retaining GHs, with the only difference being the identity of the 

leaving group (a phosphorylated, activated moiety, as opposed to a glycosyl moiety in GHs) 

and how its departure is stabilised. In the second half of the reaction (the ódeglycosylationô 

step), the secondary catalytic residue in GTs is a base responsible for deprotonating the 

incoming nucleophilic acceptor substrate. The acceptor nucleophile attacks the donor 

anomeric stereo centre from the opposite side to the first enzymatic nucleophile to form a 

glycosidic linkage with retained stereochemistry relative to the donor substrate. The 

dissociation of the glycosyl donor moiety from the covalently bound residue occurs 

simultaneously with the association interaction toward the acceptor nu cleophile through 

the medium of a second oxocarbenium transition state (Figure 1. 8(B) ).  

Earlier mutagenesis studies suggested that mammalian Ŭ-1,3-galactosyltransferase 

(Ŭ3GalT), N-acetylgalactosaminyltransferase and galactosyltransferase use a nucleophilic  

residue to form a covalent intermediate in a double displacement mechanism, although 

this still requires further investigation. 46, 47 Unequivocal evidence for retaining GTs 

employing a double-displacement retaining mechanism was obtained more recently, when 

two retaining ȁ-Kdo transferases, KpsC from Escherichia coli48 and WbbB from Raoultella 

terrigena ,49 were shown to form a covalent intermediate with an Asp residue in a 

conserved QXXXD motif, which was displaced following deprotonation of the acceptor 

nucleophile by a Glu residue in each case.  

Due to the strict criteria for a double displacement retention mechanism in GTs, and the 

fact that there is little biochemical evidence of them, an alternative mechanism has been 

proposed as the most likely mechanism for retaining GTs, termed the SNi-like mechanism 

(substitution internal nucleophilic or internal return mechanism). 50 For this, the incoming 

acceptor nucleophile is deprotonated by the ȁ-phosphate oxygen from the leaving group 

moiety of the donor substrate, in a mechanism that is akin to the SN1 inverting mechanism. 
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The nucleophile subsequently attacks the anomeric centre of the donor substrate from the 

same side as the leaving group in order to retain anomeric configuration (Figure 1. 8(C) ). 

There is more experimental evidence for SNi-like retaining mechanisms for GTs, wherein 

protein X -ray crystallography has captured the nucleophilic acceptor correctly positioned 

to attack the anomeric carbon from the same side as the leaving group.51 

 

Figure 1. 8 :  Illustration of the double displacement retaining mechanism utilised by retaining 

GHs (A)  and some GTs (B) , and a third retaining mechanism, an SNi-like same-side mechanism, 

used by some GTs (C) . 
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1.2 Bacterial Glycans Are Involved in 

Pathogenicity 

1.2.1  Bacterial cell surfaces are decorated with glycans 

Glycans, or carbohydrates, are built from simple monosaccharides, including hexose 

sugars (glucose, galactose, fructose) and pentose sugars (arabinose, xylose, deoxyribose, 

and ribose).52 Through their modifiable carbon atoms and subsequent optical activity, 

these monosaccharides enable vast diversification into highly complex glycans.53 Living 

cells from all domains of life display glycans on their cell surface, which may be anchored 

to the membrane by lipids, proteins, or other sugar molecules. These glycans are essential 

for intra - and inter -species cellular communication, for the structural stability of 

extracellular entities, and as a source of energy.7 Glycans are therefore an essential 

requisite for cellular function, and as such are often implicated in disease,54 an attribute 

that had been overlooked by the scientific community until the turn of the millennium, 

due, in part, to underdeveloped technologies.55 

The way in which glycans are presented on the surface of bacterial cell surfaces is dictated 

by the architecture of their cell envelope; the two main types of architecture being Gram-

positive and Gram-negative. In both cases, the cytoplasm of the cell is enclosed by a 

glycerophospholipid bilayer membrane. In Gram -negative bacteria, this inner membrane 

is protected by a thin layer of peptidoglycan, which provides rigidity to maintain cell shape 

and protect from osmotic stress.56 This layer of peptidoglycan is itself surrounded by a 

second bilayer membrane, known as the outer membrane. The outer membrane is distinct 

from the inner membrane in that, whilst its inner leaflet comprises glycerophospholipids, 

its outer leaflet primaril y constitutes glycolipids, namely lipid A, the membrane anchoring 

moiety of the lipopolysaccharide (LPS). Another extracellular glycan chain found at the 

cell surface is the capsular polysaccharide (CPS).57 As with LPS, the CPS is anchored to the 

outer membrane via a glycolipid, or, alternatively, it is held in place through ionic 

interactions with the LPS. 58 The outer membrane is also densely populated with two major 

classes of proteins: outer membrane proteins (OMPs) (which primarily consist of ȁ-barrel 

folds), and lipoproteins. 59 Combined, the inner and outer membrane of Gram-negative 

species delimit the peptidoglycan in an enclosed subcellular compartment known as the 

periplasm, a multifaceted, oxidising environment important for correct protein folding, 

sequestering of cytotoxic molecules, flagellar formation, and environmental sensing, to 

name a few (Figure 1. 9).60 Gram-positive bacteria, however, have a thicker peptidoglycan 

layer which is not delimited by an outer membrane like that of a Gram negative bacterium. 
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Instead, glycans are hydrophobically anchored through glycolipid moieties in the 

cytoplasmic membrane, and extend through the thick peptidoglycan cell wall, known as 

lipoteichoic acids (LTAs), or are covalently linked directly to the peptidoglycan, known a s 

wall teichoic acids (WTAs) (Figure 1. 9). The defining feature of teichoic acids is their 

main chain, comprised of repeating phosphate and alditol (e.g. glycerol or ribitol) groups, 61 

giving them a polyanionic chemical property which is somewhat neutralised by decoration 

with D-alanine or glycans.62, 63 Gram-positive bacteria may also have CPS on their cell 

surface, ligated to the thick peptidoglycan layer, like WTAs, by LytR-CpsA-Psr (LCP) 

enzymes.64, 65 As with Gram-negative bacteria, the CPS extends above the cell wall to 

encapsulate the cell.57, 62 Listeria monocytogenes is the only Gram-positive bacterium 

known to display LPS.66 

 

Figure 1. 9: Glycosylation typical of Gram-negative (A) , and Gram-positive (B) bacteria cell 

surfaces, and flagellin monomers in the filament of flagellar (C) . Abbreviations: OMP: outer 

membrane protein, IMP: inner membrane protein, MP: membrane protein, CPS: capsular 

polysaccharide, LPS: lipopolysaccharide, LTA: lipoteichoic acid, WTA: wall teichoic acid. 
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Whilst the LPS and CPS are both long cell-surface glycans, they are structurally distinct 

from one another. As aforementioned, the LPS is anchored to the membrane through a 

glycolipid, lipid A, a highly conserved bisphosphorylated disaccharide of glucosamine with 

four to seven acyl chains extending into the membrane.67 Bound to lipid A on the outward 

facing side of the membrane is the next component of LPS, the core oligosaccharide. The 

core oligosaccharide is highly conserved within a genus or family and comprises Ŭ-3-

deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptopyranose (Hep) 

residues. If the structure terminates here, it is often described as rough LPS, or lipo-

oligosaccharide (LOS).68 To build smooth LPS, the core oligosaccharide is further built 

upon by a long chain repeat-unit polysaccharide, known as OPS; the most surface-exposed 

element of LPS. The OPS is hypervariable in its composition and length and is often 

referred to as an O-antigen,69 used for serotyping as discussed in 1.12 Serotype -specific 

surface glycostructures . The OPS is amenable to modification, for example in the 

presence of bacteriophage, bacteria may remove, via horizontal gene transfer, or mutate 

OPS biosynthesis genes to alter or eliminate the OPS moiety such that bacteriophage are 

unable to bind and ini tiate infection. 69, 70  

The CPS structure resembles that of the OPS in that it comprises a long polysaccharide 

repeat unit chain, which may be branched. To effectively encapsulate the cell, CPS 

generally extends beyond the LPS (or LTA and WTA in the case of Gram-positive bacteria) 

and is the outermost layer of the bacterial cell envelope.58 Similarly to OPS, bacteria can 

modify the length of their CPS according to their environment . For example, they may 

decrease CPS length when carbon-rich resources are limited, or they may build upon their 

CPS length in the presence of host immune cells to increase their mucoviscosity and 

prevent being phagocytosed, as is observed in Klebsiella pneumoniae .58, 71, 72  

To summarise, these extracellular glycans mentioned above form thick permeability 

barriers around the cell membrane to prevent harmful compounds from entering the cell 

and to communicate with cells and recognise external entities.59 In pathogenic bacteria, 

these glycans are also highly virulent; their known functions are listed in (Table 1. 1). 
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Table 1. 1: Known functions of extracellular glycans from Gram -negative and Gram-positive 

bacteria. 

Cell Surface Glycan 

Moiety  

Known Functions  References  

Lipopolysaccharide  ¶ Permeability barrier  

¶ The OPS sterically hinders the binding 
of components of the immune 
complement system 

¶ Lipid A is an endotoxin  

¶ The core oligosaccharide maintains 
membrane integrity  

¶ Confer resistance to host immune 
system through molecular mimicry 
(discussed further in 1.3 Pseudaminic 
Acid is a Virulent Bacterial Sugar ) 

73-76 

Capsular 

polysaccharide  

¶ Permeability barrier  

¶ Escape from immune cells by increasing 
mucoviscosity 

¶ Capsule trading of mobile genetic 
elements between bacteria, leading to 
the spread of antibiotic -resistance and 
virulent genes 

¶ Adherence to surfaces and other bacteria 

¶ Important for biofilm formation  

¶ Confer resistance to host immune 
system by concealing antigen-binding 
sites for antibodies and the complement 
system 

¶ Confer resistance to host immune 
system through molecular mimicry 
(discussed further in 1.3 Pseudaminic 
Acid is a Virulent Bacterial Sugar ) 

¶ Interferes with host immune processes 

57, 71, 77-81 

Lipoteichoic acids  ¶ Permeability barrier  

¶ Maintain cell wall structure and integrity  

¶ Unclear the role of LTA in pathogenicity, 
but it has been observed to elicit a 
sickness response in mouse models and 
induces disease 

¶ Believed to share pathogenic traits with 
LPS 

82-84 

Wall teichoic acids  ¶ Permeability barrier  

¶ Maintain cell wall structure and integrity  

¶ Regulate cell morphology and division 

¶ Involved in temperature and osmotic 
stress tolerance 

¶ Important for biofilm formation  

¶ D-alanylation confers protection against 
host immune system 

85-88 

 

Common appendages to the cell surface of Gram-negative and Gram-positive bacteria cells 

are flagella. Flagella are filamentous extensions from the cell membrane, responsible for 
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bacterial locomotion. Structurally, flagellar can be broken down into three primary 

constituents: the basal body, the hook, and the filament. The hook functions as a joint 

between the basal body and the filament and translates the rotary motor function of the 

former to the latter such that the filament can behave as a helical propeller to move the cell 

through its environment. 89 The filament is built from up to 3,000 monomers of a protein 

called flagellin (Figure 1. 9). Flagellin has been identified as one of the most heavily 

glycosylated proteins in bacteria, for example Helicobacter pylori flagellin monomers have 

up to 10 glycosylation sites, whilst flagellin monomers from Campylobacter jejuni  are 

known to have 19 glycosylation sites.90, 91 Precisely why bacteria glycosylate their flagella is 

unclear, and the answer does not appear to be universal across species. For instance, some 

species are unable to assemble their flagella if the flagellin monomers are not post-

translationally glycosylat ed,92-94 whilst for other species, glycosylation knock-out mutants 

do not impact flagellar assembly.95 It is posited, therefore, that flagella glycosylation is a 

virulence factor for pathogenic bacteria, enabling recognition of, and facilitating 

interactions with, host cell receptors, 89, 95-98 and for increasing motility. 91, 97-99   

1.2.2 Serotype-specific surface glycostructures 

The cell-surface antigens of microorganisms (extracellular glycans, proteins, lipids etc) are 

used to define serotypes. Serotypes are varying antigens that are present across all strains 

in a species, but have distinguishable antigenic variation between strains, allowing for 

categorisation into óserogroupsô.100 They are identified with specific immune serological 

agents, meaning that antigens that are bound by the same serological agent, for example a 

monoclonal antibody, are grouped together into a serogroup.101  

As mentioned above (1.1.1  Bacterial cell surfaces are decorated with glycans ), 

the OPS moiety of LPS is often referred to as an O-antigen and is serotyped as such, with 

differences between serogroups arising in part due to differences in specific 

monosaccharide residues and non-glycosyl modifications of these residues.69 Given the 

CPSô role in pathogenicity and its accessibility to antibodies (Table 1. 1), it is unsurprising 

that serotypes are also commonly defined by capsules, known as K-antigens in Escherichia 

coli and Klebsiella pneumoniae .102, 103 Seemingly small differences in the configuration of 

CPSs, for example, linkage position and stereochemistry, and glycosyl and non-glycosyl 

elements in repeat-unit structures, have a profound effect on the pathogenicity of a 

bacteria. Subtle changes to the sugar linkages and O-acetylation positions of 

mannosaminuronic acid residues in the CPS of Staphylococcus aureus results in two 

highly virulent serotypes, serotype 5 and 8, responsible for ~75% of human infections, 

whilst the remaining nine serotypes of S. aureus, without these minor modifications to the 
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CPS, are considerably less so.104 Concertedly, a meta-analysis performed by Weinberger et 

al.105 found that the risk of death from invasive pneumococcal disease was significantly 

heightened when a patient was infected with specific capsular serotypes compared to 

others. It is therefore important to define serotypes for the tracking of infectious dise ases, 

and an important consideration in the design of vaccines, as more morbific serotypes 

should be preferentially targeted for maximal protection.  

1.2.3 Bacterial glycosylation is relevant for 

antimicrobial resistance research 

Often described as the ósilent pandemicô, antimicrobial resistance (AMR) is one of the top 

global public health threats as reported by the World Health Organisation, which directly 

claimed the lives of 1.27 million people in 2019 and indirectly contributed  to a further 4.95 

million deaths. 106 It is projected that, by 2050, AMR casualties will increase to 10 million 

a year if no further prevention strategies are instated, exceeding the annual death rate of 

cancer and diabetes combined.107, 108 Alongside social change to more tightly control the 

distribution of antimicrobials, the strongest weapon in our arsenal is the development of 

new treatments.  

One promising target for candidate antimicrobials are glycoconjugates. Outside of 

extracellular glycans, many other virulence factors employed by bacterial pathogens are 

glycosylated, namely flagella, pili, and membrane proteins, for example cell surface 

adhesin proteins: serine-rich repeat proteins (SSRPs) from streptococci and 

staphylococci,109 and HMW1/2 adhesins from Haemophilus influnzae .110, 111 Drugs that 

target these virulence factors are collectively known as antivirulence drugs, distinct from 

antibiotics in that they are more strain -specific and not directly bactericidal, meaning they 

have a reduced selection pressure for the evolution of resistance, and do not jeopardise the 

commensal bacteria of the microbiome.112 There are a handful of glycosyl-targeting 

antivirulence drugs that are awaiting or undergoing clinical trials. For example, a single -

chain variable fragment (ScFv) that binds Psl, an extracellular polysaccharide (EPS) from 

Pseudomonas aeruginosa involved in biofilm formation and host cell attachment, has 

demonstrated remarkable efficacy against three clinically relevant P. aeruginosa murine 

infection mouse models.113  

An alternative strategy for targeting extracellular glycans is to remove them from bacterial 

surfaces with depolymerases. One such example is a depolymerase from Aeromonas 

punctata  with activity against K2 capsules,114 a serotype associated with high virulence and 

AMR in Klebsiella pneumoniae .115 The K2 capsule in Klebsiella pneumoniae contributes 
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to biofilm formation, which in turn prevents entry of the antibiotic gentamicin. Bansal et 

al. found that the A. punctata derived depolymerase used in conjunction with gentamicin 

successfully reduced biofilm content and permitted entry of the antibiotic, substantially 

increasing its efficacy.114 Bacteriophage-derived depolymerases are also being explored as 

antivirulence drugs, 116 although in this specific example, authors found that the bacteria -

derived depolymerase outperformed the phage derived counterpart.114 

The previous examples have covered methods of targeting extracellular glycans from the 

óoutsideô, however, another viable route is to target them on the óinsideô, i.e. during their 

biosynthesis inside the cell. GTs are an obvious target given their essential role in building 

glycoconjugates. One study knocked out the GT genes involved in the biosynthesis of the 

type B glycan expressed on the flagella of hypervirulent strains of Clostridium difficle .99 

The resulting mutants exhibited decreased motility, biofilm formation and adherence to 

intestinal epithelial cells, making them less aggressive infection instigators. These results 

suggest that glycostructures across the entire bacteria cell, not just the cell membrane, 

should be targeted by antivirulence therapeutics.  

Not just involved in biosynthesis, some GTs are known to have a different role as bacterial 

exotoxins. It is common for protein toxins expelled from bacteria to harbour enzymatic 

activity to modify host proteins and, in -turn, disrupt cellular function. Exo toxins are 

deployed by a wide range of pathogens, including Clostridia , Legionella , Yersinia , 

Bacillus , Photorhabdus , and Escherichia coli .117 An example of a pathogenic bacteria that 

employs this exotoxin pathology is Legionella pneumophila , the aetiological agent of 

Legionnaireôs disease. Legionella as a genus produce approximately 300 protein toxins, all 

of which are injected directly into host cells via bacterial secretion systems.117 One such 

example is a retaining glucosyltranferase enzyme, Lgt1, produced by all known strains of 

Legionella pneumophila , which transfers a glucose moiety from a UDP-activated donor to 

a serine residue of the eukaryotic elongation factor 1A (eEF1a) protein.118 The downstream 

effect of this modification is the inhibition of ribosome translation, halting cell growth and, 

consequently, the cell cycle. It is posited that the purpose of this growth halting mechanism 

is to prevent host cells from entering into the S-phase of their cell cycle, which produces 

an environment that is toxic to replicating Legionella pneumophila  cells.119 These 

exotoxins are therefore attractive antivirulence targets, especially considering that their 

activity persists irrespective of the pathogenôs survival once they are produced, meaning 

that conventional bactericidal antibiotics do not mitigate the ill effects of exotoxins. 

Antibody -based exotoxin targeting drugs are already clinically available, and the 

development of further exotoxin -targeting drugs is a promising  route, as reported in a 

review by Sakari et al.120 Although, the tendency of exotoxins to be protein molecules 
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makes their targeting more complicated due to the vastness of their structural and 

functional diversity.  

Perhaps counterintuitively, the absence of natural extracellular glycans from bacteria also 

poses as an enticing therapeutic route. Specifically, certain strains of Acinetobacter 

baumannii are known to lack LPS and, as such, exhibit reduced virulence and increased 

susceptibility to commercially available antibiotics. It has been shown that an inhibitor of 

lipid A biosynthetic enzyme LpxC, LpxC-1, does not affect growth of A. baumannii in vitro , 

and is therefore unlikely to apply a selection pressure, yet still strongly attenuates the 

bacteriaôs virulence in mouse septicaemia models.121, 122 However, the main virulence factor 

of A. baumannii is reported as the CPS, with specific serotypes (KL2, KL10, KL22, and 

KL52) accounting for 84.7% of carbapenem resistant strains identified in medical centres 

in Taiwan between 2015 and 2017.123 The composition of these K-antigens repeat units, 

and other clinically relevant serotypes of A. baumannii , H. pylori , N. meningitidis , P. 

aeruginosa , C. jejuni, E. coli, and others, generally contain at least one monosaccharide 

which is non-mammalian. 110 Whilst non -mammalian monosaccharides can be structurally 

distinct from mammalian monosaccharides (an advantageous property from a drug 

development perspective), they can also mimic human glycans in an immune evasion 

tactic known as ómolecular mimicryô. One such example are bacterial nonulosonic acids 

(NulOs), which share structural analogy with the ubiquitous sialic acid, Neu5Ac, and have 

been identified on the surface of multiple pathogenic, AMR bacteria. 124 Sialic acid and 

bacterial NulOs are discussed in 1.3 Pseudaminic Acid is a Virulent Bacterial 

Sugar . 
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1.3 Pseudaminic Acid is a Virulent Bacterial 

Sugar 

1.3.1  Introducing nonulosonic acids  

Nonulosonic acids (NulOs) represent an ancient family of monosaccharides with nine-

carbon (non-) backbones and Ŭ-keto acid functional groups at their reducing terminus ( -

ulosonic acid) (Figure 1.10 ). The first NulO to be identified was sialic acid in 1939, whose 

name is derived from the Greek word for saliva, ñsalionò, , due to its initially discovery in 

salivary mucins. Independently, sialic acid was ódiscoveredô again a few years later in 1941 

in neurons, giving rise to the name óneuraminic acidô. Both terms were used and embedded 

in the field prior to the realisation that the two monosaccharides were related, resulting in 

ósialic acidô and óneuraminic acidô being used interchangeably today.7 The most ubiquitous 

sialic acid, 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-nonulosonic acid (N-

acetylneuraminic acid, Neu5Ac, 1 in Figure 1. 10), is found across the three domains of 

life and is generally seen as the terminal residue in eukaryotic cell surface glycostructures 

and conjugates,125 and in prokaryotic extracellular polysaccharides (EPSs, discussed in 

1.2.1  Bacterial cell surfaces are decorated with glycans ).126 More than 90 

naturally occurring derivatives have been identified to date, with derivatisation arising 

primarily due to O-acetylation at C4, C7, C8 or C9.125  

Although not exhaustively, Neu5Ac is involved in cellular recognition and regulation, 

intercellular signalling, membrane stabilisation, membrane transport, and cell 

adhesion.127 It also plays a crucial role in pathological events, both as a protective factor in 

the human immune system, and, antithetically, as a virulence factor in infection and 

tumorigenesis.125, 128, 129 Notably, terminal Neu5Ac residues are bound by sialic-acid-

binding immunoglobulin -like lectins (Siglecs), which are membrane proteins and 

receptors found on the surface of leukocyte cells.130 Neu5Ac is recognised as ñselfò by 

inhibitory Siglecs (Siglec families -2, -3, -5, -6, -7, -8, -9, -10, -11, and -12) and by 

components of the complement system, triggering the release of anti-inflammatory 

cytokines and downstream immune downregulation. 131 The reliance of human immune 

surveillance upon the detection of cell-surface Neu5Ac is, arguably, a weakness that is 

exploited by microorganisms in a well -documented immune evasion tactic known as 

ómolecular mimicryô.132 It is postulated that the evolution of bacterial NulOs, which are 

structurally analogous to sialic acid but strictly non -mammalian, is to ómimicô Neu5Ac on 

the surface of human cells and avoid immune detection, conferring a fitness advantage for 

pathogenic bacteria.133 This theory is congruent with evidence that enzymes from bacterial 
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NulO biosynthetic pathways appeared later in the evolutionary process than those 

involved in Neu5Ac biosynthesis.133 Although, this contests  an earlier publication by Lewis 

et al. which used phylogenomic prediction tools to postulate that Neu5Ac biosynthesis 

arose as a result of adaptations to the predating bacterial NulO biosynthesis pathways.134 

Another theory for the evolution of bacterial NulOs is that increased variety in sialic -acid 

like cell-surface structures translates to more diverse cell-surface attachment points, and 

therefore elicits resistance to bacteriophages.135 

The structure of the four known bacterial NulOs are shown in  Figure 1. 10: pseudaminic 

acid (Pse, 2), legionaminic acid (Leg, 3), acinetaminic acid (Aci, 4), and fusaminic acid 

(Fus, 5). Their naming convention reflects the organism in which they were first identified: 

Pseudomonas  aeruginosa (identified in the LPS O -antigen); 136 Legionella pneumophila 

(identified in the LPS O -antigen); 137 Acinetobacter baumannii (identified in the CPS 

repeat unit); 138 and Fusobacterium nucleatum (identified in the LPS O-antigen).139 The 

monosaccharides are stereoisomers of one another, with acetamido groups at position C5 

and C7 (Figure 1. 10), but are named separately for simplicity, as epimers of the 

individual stereoisomers have also been reported, specifically 8-epi-pseudaminic acid,140 

4-epi-legionaminic acid,141 8-epi-legionaminic acid, 142 and 8-epi-acinetaminic acid.143 

Further to this, functional group derivat ives at positions C5 and C7 of 2 and 3 have also 

been identified. 124  
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As well as the LPS O-antigen and CPS, 2 and 3 (and their derivatives) have been identified 

in O-linked  flagellin glycoconjugates of multiple gastrointestinal pathogens, namely 

strains of Campylobacter jejuni (where 2 and 3 are expressed together),144 Campylobacter 

coli,145, 146 Helicobacter pylori ,147 Aeromonas caviae,148 Aeromonas hydrophila , and 

Treponema denticola .149 The flagella of Clostridium botulinim were also found to be 

glycosylated with a derivative of 3.150 It is well known that flagella formation in these 

organisms is dependent upon flagellin glycosylation with NulOs, as multiple knock -out 

mutagenesis studies of the NulO biosynthetic pathways have resulted in abrogation of 

flagella and immotile phenotypes. 98, 147, 151 The same result was seen when an enzyme 

(PseB) in the Pse biosynthetic pathway in H. pylori  was inhibited with a small molecule. 152 

Additionally, treatment of a nonmotile, knockout mutant of C. jejuni with an azide-labelled 

pseudaminic acid precursor molecule reinstated motility, as well as providing a detectable, 

chemical handle.153 

Figure 1. 10: The structure of nonulosonic acids (NulOs) found in prokaryotes. The core 

structural isomers are shown for the 5Ac7Ac derivatives of each bacterial NulO, except for Neu5Ac 

which is only N-acetylated at the C5 position (carbons are numbered in each structure). The 

symbol nomenclature for each NulO is shown. 
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A Pse containing polysaccharide in the CPS of A. baumannii 54149 was shown to be a 

ligand for inhibitory Siglec -10, and demonstrated comparable binding affinity to a Neu5Ac 

containing hetero -trisaccharide, but intriguingly had a 6 -fold higher binding affinity than 

that of a Neu5Ac disaccharide.154 This result is congruent with an earlier observation that 

pseudaminylated flagella of C. jejuni induced Siglec-10 mediated interleukin -10 

production (an anti -inflammatory response), whilst non -pseudaminylated flagella did 

not.155 Similarly, the presence of Pse and Leg in the S-layer (a glycosylated protein barrier 

structure in the cell envelope of certain bacteria) of Tannerella forsythia ATCC 43037 

results in a less aggressive immune response when compared to strains without Pse and 

Leg.156 A knock-out study of the Leg biosynthetic pathway in a different strain of 

Tannerella forsythia UB4 resulted in a mutant phenotype with an attenuated ability to 

produce biofilm on mucin -coated surfaces.157 A homopolymer of 3 in the LPS O-antigen of 

Legionella pneumophila is also proposed to be crucial in the membrane binding of alveolar 

macrophages, another virulence strategy to dampen the hostôs immune response.158  

Further evidence in support of Pse being an important antivirulence target is the 

protection against A. baumannii infections which is conferred to mice that have been 

vaccinated with Pse-based vaccines. For example, the development of a Pse-

glycoconjugate vaccine, comprising the oligosaccharide Ŭ-Pse5Ac7Ac-2,6-ȁ-Glcp-1,6-

[Ą3-ȁ-Galp-1,3-ȁ-GalNAcp-1Ą]2 (the K2 serotype repeat unit in A. baumannii ), 

conjugated to a carrier protein, CRM197 (a nontoxic mutant of diptheria toxin), was shown 

to induce antibodies specific for Pse5Ac7Ac.159 Building on this, another, simpler Pse 

vaccine was designed, which conjugated 2 directly to CRM197. Mice vaccinated with Pse-

CRM197 were protected against A. baumannii infection, whilst control mice, that were 

either non-vaccinated or vaccinated with CRM197 only, exhibited a 100% fatality rate.160 

Complementary to these studies was the discovery of a monoclonal antibody, Pse-MAB1, 

isolated from mice that were immunised with a Pse-KLH (keyhole limpet hemocyanin) 

glycoconjugate.161 Pse-MAB1 elicited bacterial aggregation upon binding to Pse in the CPS 

of A. baumannii Ab-00.191 and neutralised virulence, conferring protection, as 

demonstrated by a 100% survival rate of vaccinated mice versus the 100% fatality rate of 

non-vaccinated, control mice. Authors postulate that bacterial aggregation triggered a 

cascade of metabolic disorders and oxidative injury which led to cell death, and described 

Pse-MAB1 as being ódirectly bactericidalô, the first of its kind.161 

To summarise, evidence from the literature suggests that bacterial NulOs, Pse and Leg, 

play a crucial role in flagella and biofilm formation, and are important for host immune 

evasion, both as a passive ómolecular mimicryô structure and, more actively, as a ligand for 

inhibitory Siglec -10 and for macrophage membrane interaction. Hitherto, there is little 
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information available regarding Aci and Fus due to their more recent discoveries in 2015 

and 2017, respectively. However, it can be tentatively predicted that their biological 

functions are like that of their family members. 138 

1.3.2 Pseudaminic acid derivatives 

Ŭ-5,7-diacetamido-3,5,7,9-tetradeoxyl-L-glycero-L-manno-non-2-ulosonic acid 

(Pse5Ac7Ac) 2 was first reported in the LPS of the O-antigen of Pseudomonas aeruginosa 

O7 and O10, and Shigella boydii  type 7.136 Whilst Pse5Ac7Ac appears to be the most 

common derivative of Pse, other Pse derivatives are commonly seen with modified 

functional groups at position N5 and N7, substituting the acetamido (Ac) groups. To date, 

the most prevalent substituted functional gro ups are: formamido (Fm), 3 -hydroxybutyrate 

(Hb), and acetamidino (Am). 124 Rarer substitutions are glycerate (Gra),145 O-dimethyl -

glycerate (MeGra),144 and 2-methoxy-4,5,6-trihydroxy -hexanoyl (MeHex).149 The 

structures of these functional group substitutions are shown in Figure 1. 11. Of note is 

another, as yet uncharacterised, putative Pse derivative which has been identified on the 

flagella of Aeromonas hydrophila ATCC 7966 with a mass of 422 Da.162  

 

Figure 1. 11: The structures of the functional group substitutions at position N5 and N7 in Pse 

derivatives. 
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Recently, an 8-epimer of Pse5Ac7Ac (8epi-Pse5Ac7Ac) was also discovered in 

Acinetobacter baumannii  strains RES-546 and BAL062.140, 163 This, and the other 

naturally occurring functional group substitution derivatives of Pse, are listed in  Table 

1.2. 

Table 1. 2:  An inexhaustive list of Pse derivatives identified across bacteria. Details about the 

bacteria and the position of the Pse residue in the respective glycan structure are listed. The 

functional group modifications at N5 and N7 are illustrated in  Figure 1. 11. 

Pse Derivative  Species  Gram -
positive 
(+) or 
Gram -

negative 
( -)  

Pathogenic  
(Y or N)  

Structur
e 

Terminal 
or 

internal 
position?  

Ref  

 
Pse5Ac7Ac  2 

Pseudomonas 
aeruginosa O10a, 

O10b 

- Y LPS Internal  136 

Shigella boydii type 
7 

- Y LPS Internal  136 

Escherichia coli 
O136 

- Y LPS Internal  164 

Proteus vulgaris 
O39 

- Y LPS Internal d 165 

Piscirickettsia 
salmonis 

- Y LPS Terminal  166 

Pseudomonas 
atlantica IAM 1465 

- Y LPS Terminal  167 

Enterobacter 
cloacae C5529 

- Y LPS Internal  168 

Cellulophaga 
fucicola NN015860 

- N LPS Internal  169 

Campylobacter 
jejuni 11168 and 81-

176 

- Y Flagellin  N/A  92, 

170 

Campylobacter coli 
VC167 

- Y Flagellin  N/A  145 

Helicobacter pylori 
26695 

- Y Flagellin  N/A  147 

Aeromonas caviae 
UU51 

- Y Flagellin  N/A  148 

Rhizobium spp. 
NGR234 

 N CPS Terminal  171 

Acinetobacter 
baumannii GC2 

- Y CPS Terminal  172 

Acinetobacter 
baumannii ACICU 

- Y CPS Terminal  173 

Acinetobacter 
baumannii RBH4 

- Y CPS Internal  174 

Acinetobacter 
baumannii ST25 

- Y CPS Internal  175 

Acinetobacter 
baumannii 
LUH5553 

- Y CPS Terminal  176 

Acinetobacter 
baumannii 52-249 

- Y CPS Terminal  177 

 
Pse5Ac7Fm  

Pseudoalteromonas 
distincta  KMM 638  

 

- N CPS Internal  178 

Pseudomonas 
aeruginosa O5a, 
O5b, O5c, O5d 

- Y LPS Internal  179 

 
Pse5Ac7Hb  

Actinoplanes 
utahensis VKM Ac-

674 

+ N WTA Internal  180 

Sinorhizobium fredii 
HH103 

- N LPS Terminal  181 

Pseudomonas 
aeruginosa O7 

- Y LPS Internal  179 
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Acinetobacter 
baumannii B11911 

- Y CPS Terminal  182 

Acinetobacter 
baumannii 
LUH5550  

- Y CPS Terminal  183 

Shigella boydii type 
7 

- Y LPS Internal  136 

Pseudomonas 
aeruginosa O9a, 

O9d 

- Y LPS Internal  184 

Plesiomonas 
shigelloides O36 

- Y LPS Internal  185 

 
Pse5Hb 7Ac 

Escherichia coli 
O165 

- Y LPS Internal  186 

 
Pse5Hb 7Fm  

Pseudomonas 
aeruginosa O7 

- Y LPS Internal  136 

 
Pse5Am 7Ac 

Campylobacter 
jejuni  81-176 

- Y Flagellin  N/A  92 

Campylobacter coli 
VC167 

- Y Flagellin  N/A  145 

Vibrio cholerae  - Y LPS Internal  187 

 
Pse5Ac7Gra  

Vibrio vulnificus 
27562 

- Y LPS Terminal  188 

 
Pse5Am 7Gra  

Tannerella forsythia  
ATCC 43037 

- Y S-layer Terminal  157 

 
Pse5MeGra 7Ac 

Campylobacter 
jejuni 11168 

- Y Flagellin  N/A  144 

 
Pse5MeGra 7Am  

Campylobacter 
jejuni 11168 

- Y Flagellin  N/A  144 

 
Pse5Gra 7Gra  

Campylobacter 
jejuni 81-176 

- Y Flagellin  N/A  145 

 
Pse5Ac7MeHex  

Treponema 
pallidum ATCC 

35405 

- Y Flagellin  N/A  149 

 
8-epi Pse5Ac7Ac 

Acinetobacter 
baumannii RES-546 

- Y CPS Terminal  140 

Acinetobacter 
baumanniii BAL062 

- Y CPS Terminal  163 
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Given the virulence factors associated with bacterial NulOs (1.3.1  Introducing 

nonulosonic acids ), it is unsurprising that many of the entries in  Table 1. 2 are from 

pathogenic bacteria. Despite the fact that Table 1. 2 is an inexhaustive list of Pse 

derivatives (that have been assigned with MS and NMR analyses), it illustrates the 

diversity of Pse derivatives expressed by bacteria.124, 189 A far higher number of Pse 

derivatives are expected to exist in nature due to the identification of putative Pse 

biosynthetic genes across many bacteria and archaea from bioinformatic studies.183, 190-192 

Hitherto, only one gut archaea microorganism, Methanobrevibacter smithii , has been 

experimentally validated as containing a Pse residue in its capsule (following identification 

of Pse biosynthesis genes in its genome), the precise structure of which is unknown.134  

1.3.3 Biosynthesis of nucleotide activated 

pseudaminic acids 

As discussed in 1.1.1 What are glycosyltransferase enzymes? , the majority of GTs 

process Leloir donor substrates, i.e. nucleotide activated sugars. Thus, for Pse derivatives 

to be incorporated into glycoconjugates by GTs, they must first be activated by a 

nucleotide. For NulOs, the activating nucleotide is cytidine monophosphate (CMP), 

resulting in Ŭ-CMP-Pse in the case of Pse derivatives. GTs that utilise CMP-Pse donor 

substrates are herein referred to as pseudaminyltransferases (PseTs).  

CMP-Pse biosynthesis pathways have been well characterised in the literature and, despite 

the large diversity of Pse derivatives (1.3.2 Pseudaminic acid derivatives ) and NulOs 

in general (1.3.1  Introducing nonulosonic acids ), CMP-NulO biosynthetic pathways 

are well conserved across species. Simply, the pathways can be divided into three stages:  

1) An activated hexose is converted into a 6-deoxy-hexose sugar via three to five 

enzymatic steps (species dependent). Positions C2 and C4 are modified with 

functional groups that are specific to the respective CMP-NulO derivative being 

synthesised, and the activating nucleotide is hydrolysed.  

2) A synthase enzyme condenses the 6-deoxy-hexose sugar with 

phosphoenolpyruvate (PEP) to produce the nine-carbon backbone and terminal Ŭ-

keto functionality that is characteristic of NulOs.  

3) A synthetase enzyme activates Pse with CMP, using cytidine 5ô-triphosphate (CTP) 

as a co-substrate.  

The first biosynthesis pathway was reported for Ŭ-CMP-Pse5Ac7Ac 11 in Helicobacter 

pylori .147, 193 Orthologous enzymes to those in this pathway have since been reported for 
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multiple bacteria 194-197 suggesting that there is little deviation from this biosynthetic route 

in Pse5Ac7Ac-utilising bacteria. This pathway will henceforth be referred to as the blue  

pathway (illustrated by blue enzyme names in Figure 1. 12) and will be described first.  

As with all CMP-Pse biosynthetic pathways reported to date, the blue  pathway starts with 

UDP-GlcNAc 6 , which is first acted upon by PseB.197-199 PseB dehydrates C6 and epimerises 

C5 to produce UDP-2-acetamido-2,6-dideoxy-ȁ-L-arabino-hexos-4-ulose 7. Next, an L-

glutamate dependent aminotransferase enzyme, PseC,197, 200 transfers an amino group to 

the C4 of 7 to give UDP-2-acetamido-2,6-dideoxy-ȁ-L-arabino-hexos-4-ulose 8 . A third, 

N-acetyltransferase enzyme, PseH,201 then transfers an acetyl group from its co-substrate, 

acetyl-coenzyme A (Ac-CoA), to the amine group of C4 in 8 , generating a second acetamido 

group in the product UDP -2,4-diacetamido-2,4,6-trideoxy -ȁ-L-altopyranose 9 . The UDP 

moiety is next hydrolysed by a nucleotidase enzyme, PseG,202, 203 producing 2,4-

diacetamido-2,4,6-trideoxy -ȁ-L-altopyranose (6-deoxy-L-AltdiNAc) 10 . To generate 

Pse5Ac7Ac 2, C4 of 10 undergoes an aldol condensation reaction with co-substrate PEP, 

catalysed by a Pse synthase enzyme, PseI.204, 205 Finally, a pseudaminic acid synthetase 

enzyme, PseF,206 activates 2 at the anomeric hydroxyl with a CMP-moiety (derived from 

CTP) to yield Ŭ-CMP-Pse5Ac7Ac 11. 

A genomic island in Aeromonas caviae, responsible for flagellin glycosylation and LPS O-

antigen biosynthesis, was found to encode several orthologous genes to pseBCHGIF 

biosynthetic genes, namely flmA , flmB , flmD , neuB, and neuA involved in the biosynthesis 

of 11.207 Intriguingly, A. caviae encodes only five enzymes instead of six, wherein the gene 

product of flmD (FlmD) is a dual -function enzyme that combines the acetyl-transferase 

and UDP-hydrolysis steps performed by PseH and PseG in the blue  pathway, resulting in 

a shorter biosynthetic pathway which is shown as the green  pathway in Figure 1.12 . 

Counter to this shorter biosynthetic pathway in A. caviae is the existence of a seven-

enzyme pathway in the Gram-positive environmental bacteria, Bacillus thuringiensis ,208 

depicted as the red  pathway in Figure 1.12 . PseB in the blue  pathway is replaced by two 

nucleotide dehydratase enzymes in the red  pathway: Pen and Pal.209 The former converts 

UDP-GlcNAc to an unusual, intermediary sugar, UDP-6-deoxy-D-GlcNAc 12, and the 

latter converts 12 to 7. The remainder of the red  biosynthesis follows the same trajectory 

as the blue  pathway with analogous enzymes (Figure 1.12 ). 

Less is known about the biosynthesis of CMP-Pse derivatives outside of 11. There is 

evidence of derivatisation occurring early on in the third step of the biosynthetic pathway 

of Ŭ-CMP-Pse5Ac7Fm 13 in the Gram-positive Anoxybacillus kamchatkensis  (herein 

denoted the pink  pathway, Figure 1.12 ), whereby PseCôs product 8 is converted to UDP-



52 

 

4,6-dideoxy-4-formamido -L-AltNAc 14 by a formyltransferase, PseJ, which uses N10-

formyltetrahydrofolate (N 10-fTHF) as a formyl donor (as opposed to the N-

acetyltransferase PseH which uses Ac-CoA in the blue  pathway).210 14 is then subjected to 

catalysis by analogous PseG/I/F enzymes to those in the blue  pathway, but with the 

formamido ( N-formyl)  substitution at N7 carried through into the final product. 211  

Similarly, the proposed biosynthetic pathway for Ŭ-CMP-Pse5Ac7Hb 15 from the Gram-

negative Sinorzhizobium fredii HH103 diverges from the blue  pathway at the same point 

as the pink  pathway.181 To generate the N7 3-hydroxybutyrate substituent in the final 

product, it is tentatively predicted, due to high protein sequence similarity between PseH 

from H.pylori and C. jejuni and RkpP from S. fredii HH103,  that the latter is responsible 

for transferring a 3 -hydroxybutyryl (Hb) residue from 3 -hydroxy-butyryl -CoA (Hb-CoA) 

to 8  to generate UDP-2,4-acetamido-2,4,6-ȁ-L-altopyranose 16 via the orange  pathway. 

Once more, the remaining biosynthetic pathway is reminiscent of the blue  pathway, with 

the N7 Hb substituent in the final product 15 (Figure 1.12 ).  
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Figure 1. 12: Biosynthesis pathways for CMP-Pse5Ac7Ac 11, CMP-Pse5Ac7Fm 13, CMP-

Pse5Ac7Hb 15. Biosynthetic enzymes from C. jejuni and H. pylori are blue (the blue pathway), A. 

caviae enzymes are green (the green pathway), B. thuringiensis enzymes are red (the red 

pathway), A. kamchatkensis enzymes in pink (the pink pathway), S. fredii HH103 enzymes are 

orange (the orange pathway). 
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Biosynthesis of Pse5Ac7Hb in A. baumannii B11911 (Table 1. 2) is predicted to occur via 

a pathway that is reminiscent of A. kamchatkensis and S. fredii HH103 in its divergence 

from the Pse5Ac7Ac biosynthesis blue  pathway.181, 182, 210 This prediction is based on the 

putative PseAc7Hb biosynthetic gene cluster in A. baumannii B11911 (seen in KL93, KL31 

and KL42 A. baumannii strains),172 psaABCGHF, which comprises two distinct genes, 

psaG and psaH, from the Pse5Ac7Ac biosynthetic gene cluster in KL2 A. baumannii , 

psaABCDEF.172, 174 psaH is a predicited acetyltransferase enzyme, but shares only 36% 

identity with the acetyltransferase psaE in the Pse5Ac7Ac biosynthesis gene cluster, 

suggesting psaHôs gene product introduces a different acylation pattern. Likewise, psaG, 

a predicted nucleotidase enzyme, shares only 33% sequence identity with known 

nucleotidase psaD, suggesting that it has a different substrate specificity as a result of a 

different preceding intermediate produced by psaH.172, 182  

However, this divergence from the blue  pathway is not clear in the O-antigen biosynthesis 

gene cluster of Pse5Hb7Ac-presenting E. coli O165 when compared to the biosynthetic 

gene cluster in Pse5Ac7Ac-presenting E. coli O136.164, 186 The genes in the putative 

Pse5Hb7Ac biosynthetic gene cluster in E. coli 0165, wcnp, wcnq, wcns, wcnt, wcnr , share 

high sequence similarity with the genes in the Pse5Ac7Ac biosynthetic gene cluster in E. 

coli O136. Senchenkova et al. postulate that the biosynthetic enzymes in each bacterium 

are orthologous, and that the pathways likely differ in starting material i.e. the Pse5Hb7Ac 

pathway in E. coli O165 likely utilises UDP-GlcNHb instead of UDP-GlcNAc. Although the 

gene encoding the enzyme required for UDP-GlcNHb biosynthesis is unknown and 

ostensibly resides outside of the LPS O-antigen biosynthesis.186 Equally, it cannot be ruled 

out that a gene responsible for the divergence of the O165 Pse5Hb7Ac pathway from the 

Pse5Ac7Ac pathway in O136 also resides outside of the gene cluster, as six-enzymatic 

pathways are most commonly observed in Gram-negative bacteria (although five -enzyme 

routes do exist e.g. the green pathway from A. caviae).207 

As evidenced by the entries in Table 1. 2, Campylobacter jejuni  heavily glycosylates its 

flagella with multiple derivatives of Pse (and Leg). Of all C. jejuni strains, 11168 is the most 

heterogeneously glycosylated with Pse derivatives, namely Pse5Ac7Ac, Pse5Ac7Am, 

Pse5MeGra7Ac and Pse5MeGra7Am.144 The latter two derivatives were previously 

unreported prior to 2009, and have not been recorded elsewhere since. Although the O-

dimethylglycerate (MeGra) substitutions at N5 are bulkier moieties than those covered so 

far and therefore might be expected to be biosynthesised via an alternative pathway, Logan 

et al. demonstrated that knockout of PseB and PseC genes resulted in the total absence of 

all Pse derivatives, and consequently non-flagellated, immotile bacteria. 144 It is likely, 

therefore, that Pse5MeGra7Ac and PseMeGra7Am modifications are once more a result of 
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a divergence in the Pse5Ac7Ac pathway after the initial two enzymatic steps. Another 

complex Pse derivative, Pse5Am7Gra from Tannerella forsythia , is also predicted to be 

the product of a branched pathway from the blue  Pse5Ac7Ac biosynthesis pathway.157  

In contrast to a single biosynthetic pathway which branches midway for derivatisation, it 

has been shown that entirely separate biosynthetic pathways are implemented in 

Campylobacter coli VC167 to produce Pse5Ac7Ac and Pse5Ac7Am.212 This was proven 

when flagella glycosylation with Pse5Ac7Am was unaffected following knockout of cj1293 

(pseB homologue), but Pse5Ac7Ac was absent. The equivalent knockout in Campylobacter 

jejuni 81-176 resulted in non-flagellated, immotile bacteria, as, in C. jejuni 81-176, CMP-

Pse5Ac7Ac is converted directly to CMP-Pse5Ac7Am at the end of the biosynthetic 

pathway via an enzyme, pseA.92, 98, 194, 213 However, a double knockout of cj1293 and ptmD  

(a putative Pse5Ac7Am biosynthetic gene) in C. coli VC167 hindered both Pse5Ac7Ac and 

Pse5Ac7Am production. A separate paper later reported that knockout of all ptm genes in 

C. coli VC167, ptmABCDEF, prevented not only Pse5Ac7Am biosynthesis, but also Leg 

derivatives.213 This is an interesting result which suggests that NulOs may be enzymatically 

converted between one another, a phenomenon which has also been considered in the 

biosynthesis of Aci in A. baumannii . Genes aciABCD, located immediately downstream 

from Leg biosynthesis genes (legABCDEF) in KL12 and KL13, are anticipated to be 

involved in the conversion of Leg to Aci.138 Likewise, the recent discovery of 8-

epiPse5Ac7Ac (Table 1. 2) in A. baumannii strains is also believed to be the result of the 

direct conversion of Pse5Ac7Ac to its 8-epi derivative by enzymes encoded by epaA and 

epaB.140, 163, 214 It is notable that  that these putative enzyme genes have been identified in 

17 different clades of Caudoviricetes class prophages, and are located approximately 1.4 

Mb away from the KL locus in the A. baumannii genome, suggesting that 8-epiPse5Ac7Ac 

is the product of a more recent, phage-induced, evolution. 214 

The variation in the biosynthesis of Pse derivatives across bacteria explains why 

interspecies PseF orthologues exhibit varying degrees of substrate specificity. For example, 

PseF from T. forsythia was unable to process Pse5Ac7Ac, which is congruent with its 

production of Pse5Am7Gra via a pathway that deviates from the blue Pse5Ac7Ac 

pathway.157 However, the comparatively heightened substrate promiscuity of PseF from A. 

baumannii enabled Guo et al. to chemoenzymatically produce CMP-Pse derivatives.215 

This observation is congruent with A. baumannii expressing orthologous PseF enzymes 

irrespective of the specific CMP-Pse derivative that is manufactured.172, 174 
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1.3.4 Pseudaminic acid glycosyltransferases and 

glycosyl hydrolases are underexplored 

Although the biosynthesis of Pse5Ac7Ac is well understood (1.3.3 Biosynthesis of 

nucleotide activated pseudaminic acids ), there is far less research output 

surrounding the enzymes that process it thereafter; those that transfer it to 

glycoconjugates (pseudaminyltransferases (PseTs)) and those that cleave it from 

glycoconjugates (pseudaminidases). Comparatively, PseTs and pseudaminidases are more 

difficult to study than Pse biosynthesis enzymes due to the requirement for quantifiable 

amounts of 11 and Pse5Ac7Ac-glycosides, which are not commercially available and 

require complex chemical and chemoenzymatic syntheses, and the need, in the case of 

PseTs, to identify a tolerated acceptor substrate. 

PseTs can be sub-categorised into those that glycosylate flagellin (fPseTs - wherein serine 

or threonine residues are the acceptor substrates) and those that glycosylate LPS and CPS 

(wherein an oligosaccharide or a lipid moiety is the acceptor substrate). Genes encoding 

(f)PseTs are often proximal to Pse biosynthesis genes in a gene cluster that encodes for the 

biosynthesis and assembly of the respective glycostructure, leading to the putative 

assignment of many genes as PseTs.172, 174, 177, 207, 216-218 However, experimental validation of 

PseT function is very limited.  

Hitherto, a single structure of a fPseT has been solved to 2.3 Å, Maf from 

Magnetospirillum magneticum  AMB-1 (PDB 5MU5).219 The structure comprises three 

domains: N-terminal domain, central MAF_flag10 domain, and the C -terminal domain 

(Figure 1. 13). The MAF_flag10 domain is common to all putative motility -associated 

factor (Maf) sequences, but its function is unknown. Furthermore, its structure is 

reminiscent of the GT-A fold exhibited by CstI (PDB 2P56 (apo) and 2P2V) and CstII (PDB 

1RO8 (CMP-bound) and 1RO7 (CMP-F-Neu5Ac bound)) from C. jejuni, sialyltransferases 

(SiaTs, CAZy GT42 family) that transfer Neu5Ac from a CMP-Neu5Ac donor.24, 30 

Structural superimposition of the solved structures of CstII and Maf enabled the 

identification of a prospective binding site in the latter. Of note, is that Maf did not have 

an equivalent residue to the known catalytic base, His188, in CstII.31 Instead, sequence 

alignment with MAF_flag10 regions from putative Mafs led to the identification of two 

conserved residues, a glutamate and an aspartate, which, when mutated to alanine 

residues in Maf, resulted in aflagellate bacteria. It was also found that inactive mutants of 

Maf resulted in the accumulation of non -glycosylated flagella in the cytoplasm of the cell, 

suggesting that pseudaminylation is an essential pre-requisite for flagella export and 
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assembly in M. magneticum .219 This evidence aligns with work by Logan et al. who 

extracted free CMP-Pse derivatives from inside the cell of C. jejuni 11168 (1.3.2 

Pseudaminic acid derivatives ).144 Together, these findings paint a picture of 

chronologicity, wherein CMP -Pse derivatives are biosynthesised in their entirety and then 

transferred to flagellin units to facilitate their export and assembly. Naturally, this raises 

the question as to whether the identity of the Pse derivative is a factor in flagella export, or 

whether assembly and export mechanisms are reliant only upon vague NulO structures 

and that derivatisation is more important in intercellular and environmental interactions 

once they are extracellularly situated. 

 

Figure 1. 13: 2.3 Å solved apo structure of Maf from Magnetospirillum magneticum , PDB entry 

5MUD. 219 Structure shown in ribbons, the N -terminal domain (coloured teal) is connected to the 

central domain (burgundy) via an Ŭ-helical embedded loop (light grey) which is in turn connected 

to the C-terminal domain (orange) by another flexible Ŭ-helical embedded loop (light grey). To the 

central domain, a sulfate ion is bound. 

Whilst no other experimentally solved structures are currently available for fPseTs, the 

aforementioned MAF_flag10 sequence (also known as the GT-A domain) is believed to 

confer specificity for Pse,220 and can therefore serve as an indicator of fPseT functionality. 

Working on this premise, Jhp0106 (renamed PseE) from Helicobacter pylori , was 

identified and putatively assigned as a fPseT via in vivo mutagenesis studies.221 Two sets 

of mutants were tested: point mutants and a more deleterious, insertion mutation. Whilst 

both culminated in aflagellate, immotile H. pylori  cells, the amount of intracellular 
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flagellin protein (FlaA) in the point mutants was significantly less than that of the insertion 

mutation. It was confirmed that this difference was the result of protein degradation 

(instead of transcriptional differences between mutants). Yang et al. postulated that the 

reason for this difference was that, whilst the point mutations eradicate enzymatic activity 

of PseE, they do not perturb overall interaction with FlaA, unlike the insertion mutant. A 

PseE bound, non-glycosylated FlaA unit is likely a target for proteolytic degradation by 

chaperone protein, FliS, in a regulatory mechanism to prevent immature flagellin from 

being exported.221 This theory is congruent with a previous study which demonstrated that 

flagellin proteins are bound by both fGTs and secretion chaperone proteins (a requisite for 

the Type III secretion system, T3SS export) to permit proper folding and flagella formation 

during  export. 222 Further in vivo mutagenesis studies have been used to identify putative 

fPseT in Aeromonas caviae Sch3N (maf1)223 and Caulobacter crescentus (FlmG). 211 

Intriguingly, FlmG lacks the characteristic MAF_flag10 sequence. Instead, the substrate 

specificity of FlmG is ostensibly imparted by tetratricopeptide repeats in its N -terminal, 

flagellin -binding domain. 211  

In vivo mutagenesis studies on putative PseTs involved in the pseudaminylation of LPS or 

CPS glycostructures have also been performed,224, 225 but the field lacks in vitro 

biochemical evidence for these enzymes.  

Outside of PseTs, a single pseudaminidase has been identified; PA2794 (PaNA) from 

Pseudomonas aeruginosa.1, 226 The crystal structure of PaNA, solved to 1.9 Å (PDB 2W38) 

revealed a trimer, in which each monomer comprised an N-terminal sialidase ȁ-propeller 

domain and a C-terminal Ig -like fold domain  (Figure 1.14 ).1  
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Figure 1. 14: 1.9 Å solved crystal structure of the putative pseudaminidase, PA2794 (PaNA), from 

Pseudomonas aeruginosa, PDB entry 2W38.1 A monomer is shown, in which the N-terminal 

domain is coloured purple and the C-terminal domain is coloured pink. The structure is rotated 

90° for better visualisation of the sialidase ȁ-propeller domain at the N -terminus.  

Knockout of PA2794/PaNA in P. aeruginosa resulted in its inability to establish an 

infection, which was explained by diminished biofilm formation. 226 Originally thought to 

be a sialidase, PaNA did not demonstrate hydrolytic activity against Neu5Ac substrates. 

However, the organisation of its active site is reminiscent of retaining sialidases which 

employ a Tyr/Glu charge relay mechanism.1 First reported in Trypanoma cruzi ,227 a 

Tyr/Glu charge relay mechanism describes a catalytic cycle where the phenolic hydroxyl 

of the Tyr is deprotonated by a proximal Glu upon substrate binding to enable nucleophilic 

attack and subsequent covalent intermediate formation by the Tyr. It is rea soned that a 

direct, carboxylate-containing catalytic nucleophile would imbue electrostatic repulsion 

between itself and the carboxylate moiety of sialic acid. Hence, to mitigate this, the 

negative charge is related to a Tyr.1, 227 The proposed mechanism for PaNA is shown in 

Figure 1. 15. As with aforementioned (f)PseTs, there is no evidence of PaNA bound to Pse 

or a Pse-glycoside due to a lack of access to such probes.  
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Figure 1. 15: The proposed Glu/Tyr charge relay mechanism for PaNA from Pseudomonas 

aeruginosa .1 A Pse5Ac7Ac-glycoside has been drawn as the putative substrate given the context of 

the text, but there is currently no evidence of a Pse5Ac7Ac-glycoside being hydrolysed by PaNA. 
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1.4 Project Background 

Acinetobacter baumannii is an ESKAPE pathogen listed as a critical priority by the World 

Health Organisation due to rapidly emerging multi - and pan-drug resistant strains. 

Predominantly acquired in hospital settings, A. baumannii is particularly known for 

causing urinary tract infections, pneumonia, bacteraemia, and establishing wound 

infections. 228  

The CPS of A. baumannii is an important virulence factor. An online repository (ABSD) of 

Acinetobacter baumannii CPS structures (K-antigens) reports that, of the 237 naturally 

occurring K-antigens, only 64 have been experimentally validated by NMR and Smith 

degradation.229 Of these 64 structures, 19 contain a bacterial NulO: Pse, Leg or Aci 

derivative. Specifically, 9 K-antigens contain a Pse derivative, either Pse5Ac7Ac (in 6), 

Pse5Ac7Hb (in 2) or an unspecified derivative, Pse5Ac7R (in 1). The structures of the six 

K-antigens containing Pse5A7Ac are shown in Figure 1. 16. (Of note is that 8-

epiPse5Ac7Ac residues have also recently been identified in K135 and K58 A. baumannii 

capsules (as discussed in 1.3.2 Pseudaminic acid derivatives  and 1.3.3 

Biosynthesis of nucleotide activated pseudaminic acids ). 

 

Figure 1. 16: The chemical structure of six K-antigens that contain a Pse5Ac7Ac residue. From an 

online repository of Acinetobacter baumannii CPS structures.229 

A gene cluster that contains genes encoding for biosynthesis and assembly of the CPS/K-

antigens is referred to as a K-locus (KL). In A. baumannii , KLs are delimited by conserved 

fkpA and lldP genes in the chromosome. Inside these flanking genes, the locus can be 
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divided into three general regions (Figure 1. 17(A) ).217, 230 Region 1 comprises genes 

involved in CPS export: wza, wzb, and wbc ; region 2 contains a mixture of biosynthetic 

genes and construction genes, for example GT genes (gtr ), required for building the K -

antigen structure; region 3 is flanked by galU and pgm , and contains genes required for 

the biosynthesis of simple sugar precursors, for example D-glucose, D-galactose, and D-N-

acetylglucosamine. Extra genes are often inserted between gpi  and pgm if, for example, 

the K-antigen structure calls for N-acetyl-D-galactosamine, which requires an additional 

gene, gne1.217, 230 This pattern amongst KLs makes the identification of novel genes 

accessible, as gene function can be predicted based off of its positioning relative to known 

genes in the locus. In the context of this project, the KLs associated with Pse5Ac7Ac 

containing K-antigens are useful markers for the assignment of putative PseT genes.  

The structure of the CPS from a highly virulent, multidrug resistant, clinical isolate of A. 

baumannii ACICU was solved in 2014 by Senchenkova et al. and was shown to be a K2 

antigen 17 (Figure 1. 16 and Figure 1. 17(C) ).173 K2 antigens are associated with higher 

incidences of bacteraemia and mortality rates in A. baumannii infections , although the 

precise reason for this remains unclear.231 A closer look at region 2 of the KL2 locus from 

A. baumannii ACICU (Figure 1. 17(B) ) revealed the presence of Pse5Ac7Ac biosynthesis 

genes (psaABCDEF) downstream from conserved gene gna (which encodes a UDP-

GlcNAc dehydrogenase).230 In harmony with the reported CPS structure, the presence of 

psaE, a known acetyltransferase enzyme, confirmed that the Pse variant produced by the 

biosynthetic pathway is Pse5Ac7Ac.172, 174, 182 Downstream from these six genes is the rest 

of region 2 is wzx, a translocase involved in CPS export, followed by an uncharacterised 

kpss1 gene, and five known glycosyltransferase genes (wzy , gtr3 , gtr4 , gtr5 , and itrA2 ). 

Glycosyltransferase genes are known to appear in inverse order to function in A. 

baumannii KLs, as is the case for KL2, evident by itrA2 , an initiating transferase 

responsible for transferring the first Gal pNAc monomer to the lipidated acceptor, 217 being 

last in the order. Next, gtr5  is predicted to catalyse the ȁ-D-Galp-1,3-D-GalpNAc linkage, 

and gtr4  the ȁ-D-Glcp-1,6ðD-Galp linkage.172 The gtr3  gene appears truncated and has 

thus been dubbed as a truncated pseudogene in KL2. Arguably, wzy is out of sequence as 

it is a polymerase, assumed to be responsible for generating the repeating ȁ-D-Galp-1,3-D-

GalpNAc linkage. A final GT is required to facilitate the Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glcp 

linkage, and the only remaining candidate inside the KL2 locus was the uncharacterised 

kpss1 gene, leading to its putative assignment as a PseT (Figure 1. 17(C) ). Further to this, 

the PseT responsible for the final linkage in the K2 repeat unit must proceed via a retention 

mechanism as both the donor substrate, Ŭ-CMP-Pse5Ac7Ac 11, and the Ŭ-linkage of the 

product 17 have the same stereochemistry about the anomeric carbon. Hence, the finding 

that KpsS1 shares 30% protein sequence identity with KpsS, a retaining ȁ-Kdo (3-deoxy-



63 

 

D-manno-oct-2-ulosonic acid) transferase (GT107) from E. coli,232 contributed to 

preliminary evidence of its PseT activity.172, 173 

 

Figure 1. 17: (A) a generalised K locus, split into three regions, to summarise gene patterns seen 

across K loci in A. baumannii . The black genes, fkpA and lldP , are conserved genes that delimit 

the three regions of the K loci. The grey genes are found in every K locus, and the blue genes are 

locus dependent. (B) Regions two and three in the KL2 locus from A. baumannii ACICU. The 

colouring system is the same as (A) . Genes marked with an asterisk are involved in Pse5Ac7Ac 

biosynthesis, and genes which are numbered encode glycosyltransferases, and are numbered 

according to the order in which they function, which is depicted in (C) . The structure of the K2 

repeat unit is shown, and the enzymes that catalyse each linkage are labelled accordingly. 

1.5 Aims 

Preliminary work from Dr. Emily Flackôs thesis demonstrated that KpsS1 acts as a 

dedicated, PseT in vitro .233 Work conducted in this project aimed to build upon Dr. Flackôs 

previous observations (discussed further in subsequent results chapters) using an 

interdisciplinary toolkit to unpick the mechanism and biochemical characteristics of 

KpsS1..234 
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Chapter 2: Experimenta l 
 

2.1 General Methods 

2.1.1 Transformation protocol  

Throughout this project, E. coli BL21 (DE3) and BL21 Gold expression cell lines have been 

used, with BL21 Gold being the preferred cell line as it empirically achieved higher protein 

yields. The following transformation procedure for both cell lines is the same.  

50 µL of chemically competent cells were thawed on ice in a 1.5 mL Eppendorf tube. To 

this, 50 ï 100 ng of plasmid was added and stored on ice for 2 min. The cells were then 

moved to a 42 °C water-bath and heat-shocked for 25 s. The cells were placed immediately 

back on ice for a further 5 min before adding 500 µL of sterile LB or SOC media (pre-

warmed to 37 °C) to the Eppendorf tube and pipetted gently up and down to mix. The cells 

were then incubated at 37 °C for a 1 h outgrow period. Following incubation, a diluted and 

a concentrated lysogeny broth (LB) agar plate was prepared. For the diluted plate, 50 µL 

of cells was taken from the incubated cells and plated. For the concentrated plate, the cells 

were centrifuged at 6,000 xg for 5 min, the supernatant was removed, and the pellet was 

resuspended in 50 µL LB or super optimal broth with catabolite repression (SOC) media 

and plated. Both plates were incubated overnight at 37 °C then stored at 4 °C. 
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2.1.2 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis 

SDS-PAGE analysis was performed using 12% polyacrylamide gels, recipes for gel 

components are shown in Table 2. 1. 

Table 2. 1: Recipes for gel buffers and stains. 

Reagent  Recipe  

SDS Resolving Gel Buffer  SDS 0.4 % (w/v), Tris-HCl 1.5 M pH 8.8, in dH 2O. 

SDS Stacking Gel Buffer  SDS 0.4 % (w/v), Tris-HCl 0.5 M pH 6.8, in dH 2O. 

5x SDS Reducing Sample Buffer  SDS 2 % (w/v), Glycerol 4 % (w/v), Bromophenol 

blue 0.01 % (w/v), Tris -HCl 0.04 M pH 6.8, ȁ-

mercaptoethanol 2 mM, in dH 2O. 

8X SDS Running Buffer  Glycine 0.32 M, Tris 0.2 M, in dH 2O. 

Fixing Solution  40% (v/v) MeOH, 10% AcOH, in dH 2O. 

Coomassie Staining Solution  0.1% Coomassie Brilliant Blue R-250, 50% (v/v) 

MeOH, 10% AcOH, in dH2O. 

Destain Solution  50% (v/v) MeOH, 10% AcOH, in dH 2O. 

10 µL samples were mixed with 5x reducing sample buffer and were heated to 95 °C for 5 

min. 5 µL PageRuler Plus Unstained Protein Ladder (Thermo Scientific) molecular weight 

marker was used per gel. Gels were run at 200 V for 45-75 min. For Coomassie stain 

experiments, the gel was washed with fixing solution, stained with staining solution, and 

repeatedly washed with destain solution. Gels were then imaged with a G:Box imager from 

Syngene. 

2.1.3 Liquid chromatography mass spectrometry (LC-

MS) 

Data collected for High Performance Liquid Chromatography - Electrospray Ionisation 

Mass Spectrometry (HPLC ESI MS) was attained using a Dionex UltiMate® 3000 LC 

system (ThermoScientific) equipped with an UltiMate® 3000 Diode Array Detector 

(probing 250 -400 nm), using Compass 1.3 for esquire HCT Build 581.3, esquireControl 

version 6.2, Build 62.24 software (Bruker Daltonics), and Bruker compass HyStar 3.2-SR2, 

HyStar version 3.2, Build 44 software (Bruker Daltonics) at The University York Centre of 

Excellence in Mass Spectrometry (CoEMS).  

Mass spectrometry was run in negative ion mode unless otherwise stated. Samples were 

analysed using an Accucore HILIC column (2.6 um particle size, 50 x 2.1 mm) with 0.1% 
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Formic acid (v/v) in H 2 O (solvent A) and 0.1% Formic acid (v/v) in acetonitrile (solvent 

B) as the mobile phase. The column temperature was set to 35°C and the flow rate at 0.3 

mL/min. For the 15 min method, a multi -step gradient was programmed as follows: 95 % 

B for 1 min, followed by a linear gradient to 5 % B over 9.5 min, followed by 5 % B for an 

additional 0.5 min. Then a linear gradient to 95 % B over 1 min, followed by holding at 95 

% B for 3 min.  

Compass DataAnalysis, software version 4.1 (Bruker Daltonics) was used to analyse all 

data. 

2.1.4 Mass spectrometry (MS) 

Small molecule high resolution mass spectrometry (HRMS) data were obtained at room 

temperature on a Bruker Daltonics micrOTOF. Data collected at the University of York 

CoEMS. 

2.1.5 Nuclear magnetic resonance spectroscopy (NMR) 

For Ŭ-CMP-Pse5Ac7Ac 11, Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 22 , Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-

1,6-ȁ-D-Gal-OMe 27, and Ŭ-CMP-3-F-Pse5Ac7Ac 28 , 1H and 13C NMR spectra NMR data 

was collected on a Bruker AVIIIHD500 FT -NMR Spectrometer or Bruker Avance Neo 700 

MHz Spectrometer made available at The University of York Centre for Magnetic 

Resonance, using an internal deuterium lock at room temperature. Signals were assigned 

using additional DEPT135, COSY, and HSQC experiments. Chemical shifts are reported in 

ppm according to the following references: D2O: ŭ: 4.79. 

2.1.6. Western immunoblotting  

SDS-PAGE gels were run as described in 2.1.2 Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS -PAGE) analysis . 12 layers of blotting 

paper, pre-soaked in transfer buffer (25 mM Tris -HCl, pH 8.3, 192 mM glycine, 20% 

MeOH). Once run to completion, the unstained gel was soaked in transfer buffer for 1 min 

and then placed on top of 6 layers of pre-soaked blotting paper and a nitrocellulose 

membrane (Amersham Hybond Protran, 0.45 µm). A further 6 layers of pre -soaked 

blotting paper were placed on top of the SDS-PAGE gel, and the protein transfer was 

conducted using a Power Blotter-Semi-dry transfer system from ThermoScientificÊ. The 

membrane was removed and soaked in 5% w/v milk powder and 0.1% v/v Tween ® 20, 

made up with 1X PBS solution, for 1 h at room temperature (RT) on a rocking platform. 

The membrane was then transferred to 1% w/v milk powder and a 1 in 2000 dilution of 

horse radish peroxidase (HRP)-conjugated anti-His antibody, made up with 1X PBS 
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solution, and incubated overnight at 4 °C on a rocking platform. The membrane was 

washed three times, 5 min each on a rocking platform, with 0.1% v/v Tween ® 20, made 

up with 1X PBS solution. Chemiluminescent detection was performed using the Amersham 

ECL Prime Western Blotting Detection Reagent and membranes were imaged on a G:BOX 

imager from Syngene. 

2.2 Molecular Cloning  

2.2.1 Molecular cloning of SHIRT-KpsS1 

The DNA sequence encoding SHIRT-KpsS1 (ordered from GeneBlocks) was cloned into 

pre-linearised pET TFPP_1 (GenScript) using an InFusion® HD Cloning Kit (Takara Bio 

Inc). PCR amplified samples were analysed with a 0.6% DNA agarose gel. The reaction 

product was transformed into XL10 -Gold E. coli cells following a standard heat-shock 

protocol ( 2.1.1 Transformation protocol ), plated onto LBKan agar plates, and 

incubated overnight at 37 °C before being stored at 4 °C. A single colony from the 

transformation plate was used to inoculate 5 mL LBKan and incubated overnight at 37 °C. 

The resulting culture was mini -prepped (QIAGEN), to extract plasmid DNA, and sent for 

sequencing (GATC) using T7 forward and reverse primers. 

2.2.2 Molecular cloning of MBP -KpsS1 

The KpsS1 insert was amplified from the Im9-KpsS1 plasmid using PCR reactions 

containing Phusion DNA Polymerase (New England BioLabs) and MBP-KpsS1 forward 

and reverse primers (IDT) ( Table 2. 2 and Table 2. 3). Six different annealing 

temperatures were tested (Table 2.4 ), and their success was screened by loading 4 ȉL 

from each reaction onto a 0.8% agarose gel where DNA was visualised with SYBR Safe dye. 

Table 2. 2: PCRPrimers for MBP-KpsS1 Fusion Plasmid. 

Primer  Sequence  

MBP -KpsS1 Forward  5ô-TCCAGGGACCAGCAATGAACTTTCTGATCCTGA-3ô 

MBP -KpsS1 Reverse  5ô-TGAGGAGAAGGCCGCGTTACTCAATGTCGGTGTTG-3ô 
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Table 2. 3: Components of Phusion Polymerase Mediated PCR for kpss1 Gene Amplification  

Component  Volume (ȉL) 

Phusion Polymerase  0.5 

5x Phusion Buffer  5 

MBP -KpsS1 Forward Primer (10ȉM) 1 

MBP -KpsS1 Reverse Primer (10ȉM) 1 

dNTPs (2.5mM)  2 

DMSO  0.75 

Template DNA (Im9 -KpsS1 plasmid)  2 

dH 2O 12.75 

 

Table 2. 4: PCR Protocol for kpss1 Gene Amplification  

Step  Temperature (°C)  Time (s)  

Initial Denaturation  98 60 

35 Cycles  98 15 

55/58/60/62/65/68  15 

72 45 

Final Extension  72 120 

Hold  4 /  

 

Once the successful reactions were identified, the remaining reaction volumes were loaded 

onto a 0.8% agarose gel and purified using gel extraction (illustra GFX PCR DNA and Gel 

Band Purification Kit, GE Healthcare). The amplified KpsS1  gene insert was then cloned 

into a pre-linearised pET-TFPP_2 MBP-encoding vector (acquired from the University of 

Yorkôs Technology Facility) using an InFusionÈ HD Cloning Kit (Takara Bio USA) (Table 

2.5). 

Table 2. 5: Components of InFusion Cloning Reaction 

Component  Volume ( ȉL) 

KpsS1 Gene Insert  4 

Linearised MBP pET -TFPP_2 Vector  0.6 

5 x HD InFusion Enzyme  2 

dH 2O 3.4 

 

The InFusion® cloning product was transformed into XL10 -Gold E. coli cells following a 

standard heat-shock protocol (2.1.1 Transformation protocol ), plated on to LBKan 

agar plates and incubated overnight at 37 °C, before being stored at 4 °C. A single colony 
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from the transformation plate was mini -prepped and sent for sequencing (GTAC) using T7 

forward and reverse primers. 

2.2.3 Molecular cloning of Im9 -KpsS1 Point Mutants  

Im9 -KpsS1 was inherited from Dr. Emily Flack for this project. Details of Im9 -KpsS1ôs 

molecular cloning can be found in her thesis.233  

2.3 Expression Trials 

2.3.1 Small scale expression trials for KpsS1 fusion 

proteins  

BL21 (DE3) E. coli cells were transformed with the relevant plasmid (Im9 -, SHIRT-, or 

MBP-KpsS1) using a standard heat-shock protocol (2.1.1 Transformation protocol ).  

For each trial, a 5 mL starter culture of LBKan inoculated with a single colony from the 

respective transformation plate was incubated overnight at 37 °C, 200 r.p.m. The next 

morning, 50 mL LB Kan in a 250 mL Erlenmeyer baffled flask was inoculated with 0.5 mL 

starter culture and grown to the appropriate OD 600  value prior to induction with 0.1 mM 

or 0.5 mM IPTG. Following induction, cells were incubated at 16 °C, 30 °C or 37 °C at 200 

r.p.m, and 2 mL post-induction samples were taken at hourly intervals. Samples were 

centrifuged for 5 min at 6,000 xg , 4 °C. The supernatant was removed, and the remaining 

pellets were stored at -20 °C. 

For analysis by SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS -PAGE) analysis ), frozen cell pellets were thawed on ice and 

lysed with BugBusterÈ. 5 ȉL samples were loaded on to a 12%, 15-well SDS-PAGE gel and 

run at 200 V for 60 min.  

2.3.2 Large scale expression trials for Im9 -KpsS1 

A 2 L growth was performed for each of the following expression conditions: 

A. Induction at OD 600  0.6. Cells harvested 3 h post-induction  

B. Induction at OD 600  0.6. Cells harvested 4 h post-induction.  

C. Induction at OD 600  0.7. Cells harvested 3 h post-induction.  

D. Induction at OD 600  0.8, cells harvested 4 h post-induction  

Cultures A, B, C and D were induced with 0.1 mM IPTG at their respective OD600  values. 

Following their respective incubation periods, 2 mL samples were taken and centrifuged 

for 5 min at 6,000 xg, 4 °C. The supernatant was removed, and the remaining pellets were 
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stored at -20 °C. For analysis by SDS-PAGE (2.1.2 Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS -PAGE) analysis ), frozen cell pellets 

were thawed on ice and lysed with BugBusterÈ. 25 ȉL samples were loaded on to a 12%, 

10-well SDS-PAGE gel and run at 200 V for 60 min. 

Once samples were taken, the remaining cultures for each condition were harvested via 

centrifugation for 15 min at 8,000 r.p.m, 4 °C. The pellets from each growth were stored 

in a 50 mL Falcon tube at -20 °C.  

2.4 Protein Purification Trials  

2.4.1 Protein purification trials for MBP -KpsS1 

2.4.1.1 Nickel affinity purification trials  

2.4.1.1.1 Linear elution gradient 

Following inoculation of 0.6 L LB Kan media with a 1 in 100 dilution of starter culture, cells 

were grown to an OD600 value of 0.8 and then induced with 0.1 mM IPTG. The culture was 

incubated for 18 h at 16 °C. Cells were harvested via centrifugation at 6,000 xg for 15 min, 

4 °C, and subsequent cell pellets were stored at -20 °C. 

For purification, the pellet was thawed on ice and resuspended in 10x BugBuster® diluted 

in buffer A (50 mM Tris pH 7.4, 400 mM NaCl, 10 mM ȁ-mercaptoethanol, 10 mM MgCl2, 

20 mM imidazole). Cells were lysed according to the BugBuster® protocol.  

An AKTA Start was used to apply soluble lysate to a 5 mL His-Trap FF crude column, pre-

equilibrated with buffer A. The column was then washed with 10 C.V. of buffer A prior to 

a linear elution gradient of buffer B (buffer A + 500 mM imidazole) over 15 C.V.  All steps 

were performed at a flow rate of 5 mL/min.  

10 µL samples were taken for each fraction underneath the peak from the UV280 

chromatogram, including samples for the insoluble and soluble fractions, flow through, 

and wash. 2 µL of reducing sample buffer was added to each 10 µL sample. 5 ȉL of each 

sample was analysed by SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS -PAGE) analysis ). 

2.6.1.1.2 Step-up elution gradient  

Following inoculation of 1.2 L LB Kan media with a 1 in 100 dilution of starter culture, cells 

were grown to an OD600 value of 0.8 and then induced with 0.1 mM IPTG. The culture was 



71 

 

incubated for 18 h at 16 °C. Cells were harvested via centrifugation at 6,000 xg for 15 min, 

4 °C, and subsequent cell pellets were stored at -20 °C. 

For purification, the cell pellet was thawed on ice and resuspended in 50 mL lysis buffer 

(buffer A (50 mM Tris pH 7.4, 400 mM NaCl, 10 mM ȁ-mercaptoethanol, 10 mM MgCl2, 

20 mM imidazole) supplemented with Benzonase®, protease inhibitor and lysozyme) and 

sonicated for seven repeats of 30 s on / 30 s off with the medium probe at 22 micron-

amplitude. The lysate was then centrifuged at 38,000 xg for 30 min, 4 °C.  

An AKTA Start was used to apply soluble lysate to a 5 mL His-Trap FF crude column pre-

equilibrated with buffer A. The column was then washed with 10 C.V. of buffer A. For 

elution, the column was washed with 22% buffer B (buffer A + 500 mM imidazole) for 5 

C.V and then washed with 100% buffer B for 10 C.V. All steps were performed at a flow 

rate of 5 mL/min.  

10 µL samples were taken for each fraction underneath the peak from the UV280 

chromatogram, including samples for the insoluble and soluble fractions, flow through, 

and wash. 2 µL of reducing sample buffer was added to each 10 µL sample. 5 ȉL of each 

sample was analysed by SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS -PAGE) analysis ). 

2.4.1.2 Size exclusion chromatography 

A larger scale, 4 L growth of MBP-KpsS1 was conducted by inoculating 4 L LBKan media 

with a 1 in 100 dilution of starter culture. Cells were grown to an OD600 value of 0.8 and 

then induced with 0.1 mM IPTG. The culture was incubated for 18 h at 16 °C. Cells were 

harvested via centrifugation at 6,000 xg  for 15 min, 4 °C, and subsequent cell pellets were 

stored at -20 °C. 

For purification, the cell pellet was thawed on ice and resuspended in 50 mL lysis buffer 

(buffer A (50 mM Tris, 400 mM NaCl, 10 mM ȁ-mercaptoethanol, 10 mM MgCl2, 20 mM 

imidazole, pH 7.4) supplemented with Benzonase®, protease inhibitor and lysozyme) and 

sonicated for 20 repeats of 30 s on / 30 s off with the medium probe at 22 micron -

amplitude. The lysate was then centrifuged at 38,000 xg for 30 min, 4 °C.  

An AKTA Start was used to apply soluble lysate to a 5 mL His-Trap FF crude column, and 

the protocol described in 2.4.1.1.1 Linear elution gradient  was followed here to purify 

MBP-KpsS1. 
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For size exclusion chromatography (SEC), fractions 4-14 were pooled and spin 

concentrated with a 50 kDa molecular weight cut off (MWCO) to 2 mL and loaded on to a 

Cytiva Superdex 200 pg 16/600 column pre-equilibrated with (50 mM Tris pH 7.4, 300 

mM NaCl, 10 mM ȁ-mercaptoethanol and 10 mM MgCl2). The purification was performed 

at a flow rate of 1 mL/min and 2 mL fractions were collected. 10 µL samples were taken for 

each fraction underneath the peak from the UV280 chromatogram and analysed via SDS-

PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS -PAGE) analysis ). 

2.4.1.3 Amylose affinity purification trials  

Following inoculation of 1.2 L LB Kan media with a 1 in 100 dilution of starter culture, cells 

were grown to an OD600 value of 0.8 and then induced with 0.1 mM IPTG. The culture was 

incubated for 18 h at 16 °C. Cells were harvested via centrifugation at 6,000 xg for 15 min, 

4 °C, and subsequent cell pellets were stored at -20 °C. 

For purification, the pellet was thawed on ice and resuspended in 20 mL lysis buffer (buffer 

A (20 mM Tris, 200 mM NaCl, 1 mM DTT, pH 7.4) supplemented with Benzonase®, 

protease inhibitor and lysozyme). The lysate was sonicated for five repeats of 30 s on/ 30 

s off with the medium probe at 22 micron -amplitude prior to centrifugation at 38,000 xg 

for 30 min, 4 °C. 

An AKTA Start was used to apply soluble lysate to a 5 mL MBP-Trap column, pre-

equilibrated with buffer A. The column was washed with 10 C.V of buffer A and then 10 

C.V of 100% buffer B (buffer A + 10 mM maltose). 

10 µL samples were taken for each fraction underneath the peak from the UV280 

chromatogram, including samples for the insoluble, soluble, flow through, and wash and 

analysed with SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS -PAGE) analysis ). 
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2.4.2 Protein purification trials for Im9 -KpsS1 

2.4.2.1 Nickel affinity purification trials  

2.4.2.1.1 Linear elution gradient 

Following inoculation of a 3 L LB Kan culture with a 1 in 100 dilution of starter culture, cells 

were grown to an OD600 value of 0.8 and then induced with 0.1 mM IPTG. The culture was 

incubated for 4 h at 30 °C. Cells were harvested via centrifugation at 8,000 xg for 15 min, 

4 °C, and subsequent cell pellets were stored at -20 °C. 

For purification, the cell pellet was thawed on ice and resuspended in buffer A (50 mM 

Tris, 400 mM NaCl, 10 mM MgCl 2, 10 mM ȁ-mercaptoethanol, 20 mM imidazole, pH 7.7) 

supplemented with protease inhibitor, lysozyme and Benzonase®. Cells were lysed via 

sonication on ice with the medium probe at 22 -micron amplitude for 20 rounds of 30 sec 

on/30 sec off, and then centrifug ed at 38,000 xg for 30 min at 4 °C.  

The soluble lysate (supernatant) was separated from the insoluble lysate (pellet). An AKTA 

start was used to apply the soluble lysate to a 5 mL His-Trap FF column, pre-equilibrated 

with buffer A (flowthrough was collected). The column was washed with 20 C.V of buffer 

A (wash was collected) and protein was eluted with a linear gradient of buffer B (buffer A 

+ 500 mM imidazole) over 7 C.V from 0 to 70%, and then another linear gradient from 70 

to 100% for 3 C.V, and then held at 100% for 1 C.V. 3 mL fractions were collected during 

elution.  

10 ȉL samples were taken from the insoluble fraction, the soluble fraction, flowthrough, 

wash and from each fraction underneath the peak on the UV280 chromatogram. Samples 

were analysed by SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS -PAGE) analysis ). 

2.6.2.1.1 Step up elution gradient 

Following inoculation of a 3 L LB Kan culture with a 1 in 100 dilution of starter culture, cells 

were grown to an OD600 value of 0.8 and then induced with 0.1 mM IPTG. The culture was 

incubated for 4 h at 30 °C. Cells were harvested via centrifugation at 8,000 xg for 15 min, 

4 °C, and subsequent cell pellets were stored at -20 °C. 

For purification, the cell pellet was thawed on ice and resuspended in buffer A (50 mM 

Tris, 400 mM NaCl, 10 mM MgCl 2, 10 mM ȁ-mercaptoethanol, 20 mM imidazole, pH 7.7) 

supplemented with protease inhibitor, lysozyme and Benzonase®. Cells were lysed via 
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sonication on ice with the medium probe at 22-micron amplitude for 20 rounds of 30 sec 

on/30 sec off, and then centrifuged at 38,000 xg for 30 min at 4 °C.  

The soluble lysate (supernatant) was separated from the insoluble lysate (pellet). An AKTA 

start was used to apply the soluble lysate to a 5 mL His-Trap FF column, pre-equilibrated 

with buffer A (flowthrough was collected). The column was washed with 20 C.V of buffer 

A (wash was collected) and protein was eluted with a step-up gradient of buffer B (buffer 

A + 500 mM imidazole) to 22% for 4 C.V, and then a linear gradient to 100% over 4 C.V, 

followed by a final wash with buffer B for 3 C.V. 3 mL fractions were collected during 

elution.  

10 ȉL samples were taken from the insoluble fraction, the soluble fraction, flowthrough, 

wash and from each fraction underneath the peak on the UV280 chromatogram. Samples 

were analysed by SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS -PAGE) analysis ). 

2.4.2.2 Size exclusion chromatography 

As a continuation of 2.4.2.1 Nickel affinity purification trials , fractions that eluted 

underneath the UV280 peak from the nickel affinity chromatography were pooled. The 

protein was loaded on to a Cytiva HiPrep 26/10 desalting column to be buffer exchanged 

into a desalting buffer (50 mM Tris pH 7.7, 25 mM NaCl). Eluted protein was pooled and 

spin concentrated to 10 mg/mL in 1 mL  using a 30 kDa MWCO. This 1 mL sample was 

loaded on to a Cytiva Superdex 200 pg 16/600 column pre-equilibrated with desalting 

buffer (50 mM Tris pH 7.4, 300 mM NaCl, 10 mM ȁ-mercaptoethanol and 10 mM MgCl2). 

The purification was perfo rmed at a flow rate of 1 mL/min and 2 mL fractions were 

collected. 10 µL samples were taken for each fraction underneath the peak from the UV280 

chromatogram and analysed via SDS-PAGE (2.1.2 Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS -PAGE) analysis ). 

2.4.2.3 Testing detergent in lysis buffer 

A starter culture was prepared by inoculating 100 mL of LB Kan with multiple colonies from 

an Im9-KpsS1 transformation plate (produced following the transformation protocol 

described in 2.1.1 Transformation protocol ). 6 x 1 L of LBKan media were inoculated 

with a 1 in 100 dilution of starter culture. Cells were grown to an OD 600  value of 0.8, then 

induced with 0.1 mM IPTG and incubated at 30 °C for 4 h, shaken at 180 r.p.m. Cells were 

harvested via centrifugation at 8,000 xg for 15 min, 4 °C. The cell pellets were combined 
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in thirds, so that one cell pellet equated to 2 L of culture. The 2 L cell pellets were stored at 

-20 °C in a 50 mL falcon tube. 

Each pellet was thawed on ice and resuspended in 50 mL lysis buffer (50 mM sodium 

phosphate pH 7.4, 300 mM NaCl, 10 mM ȁ-mercaptoethanol, 40 mM imidazole, 

supplemented with Benzonase®, protease inhibitor and lysozyme). To the lysis buffer, 

either 0.6% CHAPS, or 1% IGEPAL, or no detergent was added as a control. The lysate of 

each pellet was sonicated for 11 repeats of 30 s on/ 30 s off with the medium probe at 22 

micron -amplitude prior to centrifugation at 38,000 xg for 30 min, 4 °C.  

An AKTA Start was used to apply the soluble lysates (separately) to a 5 mL His-Trap FF 

crude column pre-equilibrated with buffer A. The column was then washed with 10 C.V. of 

buffer A, prior to a step-up increase of buffer B (buffer A + 500 mM imidazole) t o 22% for 

5 C.V and a second step-up to 100% buffer B for 10 C.V. 

10 µL samples were taken for each fraction underneath the peak from the UV280 

chromatogram, including samples for the insoluble fractions, the soluble fraction, flow 

through, and wash. Samples were analysed via SDS-PAGE (2.1.2 Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS -PAGE) analysis ). 

2.5 Optimised Recombinant Overexpression and 

Protein Purification Protocols for Im9 -KpsS1 

2.5.1 Overexpression conditions for Im9-KpsS1 

A starter culture was prepared by inoculating LB Kan media with multiple colonies from a 

freshly prepared, Im9 -KpsS1 transformation plate, and grown overnight at 37 °C at 180 

r.p.m. Following the overnight incubation, fresh LB Kan media was inoculated with a 1 in 

100 dilution of starter culture and incubate d at 37 °C at 180 r.p.m until the cells reached 

an OD600  of 0.8. Protein expression was induced with 0.1 mM IPTG and incubated for a 

further 4 h at 30 °C, 180 r.p.m. To harvest the cells, the culture was centrifuged at 8,000 

xg for 15 min and resulting pellets were stored at -20 °C. 

2.5.2 Nickel -affinity purification protocol for Im9 -

KpsS1 

The pellet was thawed on ice and resuspended in lysis buffer (50 mM sodium phosphate 

pH 7.4, 300 mM NaCl, 10 mM ȁ-mercaptoethanol, supplemented with 0.5% IGEPAL ® 

CA-630, 2X protease inhibitor, lysozyme and Benzonase®).  Once resuspended, the pellet 
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was sonicated on ice with a medium probe for 10 rounds of 30 s on/ 30 s off, and then 

centrifuged at 30,000 xg for 45 min at 4 °C.  

Following centrifugation, the supernatant was loaded onto a His-Trap FF crude column 

(pre-equilibrated with buffer A - 50 mM sodium phosphate pH 7.4, 300 mM NaCl, 10 mM 

ȁ-mercaptoethanol, 20 mM imidazole) with an AKTA Start or AKTA Go ; the flow through 

was collected. The column was washed with 10 C.V of buffer A; the wash was collected. For 

protein elution, the column was first washed with 15% buffer B (buffer A + 500 mM 

imidazole) for 6 C.V, followed by 100% buffer B for 10 C.V. The resultant fractions were 

analysed by SDS-PAGE.  

Once fractions containing Im9 -KpsS1 (MW: 69 kDa) were identified, they were pooled and 

desalted using a Cytiva HiPrep 26/10 desalting column (pre-equilibrated with desalting 

buffer (same as lysis buffer without supplementation with protease inhibitor, Benzonase® 

and IGEPAL ® CA-630), attached to an AKTA Start or AKTA Go. Pure protein fractions 

were collected according to the UV280 trace, then pooled and spin concentrated with a 50 

kDa MWCO. Pure protein was stored at 4 °C.  

2.5.3 Cleavage of N-terminal histidine  and Im9 tag 

from KpsS1 

To remove the N-terminal His 6 and Im9 tag from KpsS1,Im9-KpsS1 was incubated with 

3C protease (acquired from the University of Yorkôs Technology Facility) in a 1:100 ratio 

of 3C to Im9 -KpsS1 at 4 °C overnight. The N-terminal His 6-Im9 tag was separated from 

KpsS1 via negative-His purification. For small volumes (< 2 mL), a His SpinTrap Ê from 

Cytiva was used, for larger volumes 5 mL His-Trap attached to an AKTA Start or AKTA Go 

was used.  

2.5.4 Size Exclusion Chromatography for Im9-KpsS1 

and KpsS1 

For SEC, two types of columns were used in this project: a Cytiva Superdex 200 pg 16/600 

or 10/300 increase, and a Superoses 6 16/600 and 10/300 GL increase. Columns were 

connected to an AKTA Go or AKTA Pure. 

For 16/600 columns, samples no larger than 2 mL were loaded. Columns were pre-

equilibrated with running buffer (50 mM Na 3PO4, 300 mM NaCl, 10 mM ȁ-

mercaptoethanol) and run at 0.5 mL/min. 2 mL fractions were collected.  
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For 10/300 columns, samples no larger than 0.5 mL were loaded. Columns were pre-

equilibrated with running buffer (50 mM Na 3PO4, 300 mM NaCl, 10 mM ȁ-

mercaptoethanol) and run at 0.5 mL/min. 2 mL fractions were collected.  

10 µL samples of fractions were analysed with SDS-PAGE (2.1.2 Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS -PAGE) analysis ). Fractions 

were pooled based on purity, ascertained from SDS-PAGE analysis. Protein was either 

stored at 4 °C or flash frozen and stored at -80 °C for longer term storage. 

2.6 Overexpression and Purification of 

Pseudaminic Acid Biosynthetic Genes pseBCHGIF 

2.6.1 Overexpression Conditions of PseB/C/H/G/I/F  

Each of the six enzyme-encoding plasmids (pseB, pseC, pseH, pseG, pseI and pseF) were 

transformed into chemically competent BL21 (DE3) Gold E. coli cells with a standard 2.1.1 

Transformation protocol . 50 µL of cells were plated on to lysogeny broth (LB) Kan/Amp  

agar plates and incubated overnight at 37 °C before being stored at 4 °C. 

Starter cultures for each construct were prepared by inoculating 100 mL LBKan/Amp  media 

with a single colony from their respective transformation plates, and incubated overnight 

at 37 °C, 180 r.p.m. For each enzyme, a 3 L growth was performed using either: 3 x 2 L 

baffled Erlenmeyer flasks containing 1 L of LBKan/Amp  media, or 5 x 2 L baffled flasks 

containing 600 mL LB Kan/Amp media. All flasks were inoculated with a 1 in 100 dilution of 

starter culture and grown to OD 600  0.6 prior to induction with isopropyl ȁ-D-1-

thiogalactopyranoside (IPTG) (Table 2. 6). Following the 18 h post-induction incubation, 

cells were harvested via centrifugation for 15 min at 8,000 xg, 4 °C. Cell pellets were 

transferred to 50 mL Falcon tubes and stored at -80 °C. 
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Table 2. 6: Pseudaminic acid biosynthesis enzyme plasmid details and conditions for their 

overexpression in E. coli. 

Enzyme  Vector  Organism 
Gene 

Originated 
From  

Antibiotic 
Resistance 

Marker  

IPTG 
(mM)  

Post -
Induction 

Incubation 
Temperature 

(°C)  

Post -
Induction 

Incubation 
Time (h)  

PseB  pET30 C. jejuni Kan 0.5 16 18 

PseC pET-15b C. jejuni Amp 0.5 16 18 

PseH  pET-15b C. jejuni Amp 0.5 16 18 

PseG pET-15b C. jejuni Amp 0.1 16 18 

PseI  pET-15b C. jejuni Amp 0.5 16 18 

PseF  pET-15b A. caviae Kan 0.1 16 18 

 

2.6.2 Purification of PseB/C/H/G/I/F  

Cell pellets were thawed on ice and resuspended in buffer A (50 mM sodium phosphate, 

300 mM NaCl, 10 mM ȁ-mercaptoethanol, 20 mM imidazole, pH 7.4) supplemented with 

protease inhibitor, lysozyme and Benzonase®. Cells were then lysed via sonication on ice 

for 25 rounds of 30 s on/30 s off at 22-micron amplitude, followed by centrifugation at 

30,000 xg for 40 min. The supernatant was separated from the pellet and applied to a 5 

mL His -Trap FF crude column (pre-equilibrated with buffer A) at a 5 mL/min flow ra te 

(flowthrough was collected). The column was then washed with 20 column volumes (C.V) 

of buffer A (wash was collected) and protein was eluted with a linear gradient of buffer B 

(buffer A + 500 mM imidazole, pH 7.4) over 15 C.V. 3 mL fractions were collected during 

elution. Protein purification was performed on an AKTA start from Cytiva.  

10 ȉL samples were taken from the insoluble fraction, soluble fraction, flowthrough, wash, 

and from each fraction underneath the peak on the UV280 trace. Samples were analysed via 

SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS -PAGE) analysis ). Fractions containing the protein of interest (POI) were pooled 

and applied to a HiPrep 26/10 desalting column to exchange into desalting buffer (50 mM 

sodium phosphate, 25 mM NaCl, pH 7.4). Desalted protein was spin concentrated with a 

30 kDa MWCO. Aliquots of purified protein were flash frozen and stored at -80 °C. 
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2.7 Chemoenzymatic Syntheses 

2.7.1 Ŭ-CMP-Pse5Ac7Ac 

2.7.1.1 One-pot six-enzyme chemoenzymatic synthesis of Ŭ-

CMP-Pse5Ac7Ac 

Starting from 20 mg of UDP -GlcNAc 6 , a 15 mL reaction was prepared in a 50 mL falcon 

tube which included the reagents and their concentrations listed in Table 2. 7, except for 

CTP. Once added, 0.2 mg/mL of PseB, PseH, PseG, PseI and 0.4 mg/mL of PseC were 

added, and the reaction was made up to 15 mL with HPLC grade water. The reaction was 

aliquoted into 15 x 1 mL aliquots, each in a 1.5 mL Eppendorf tube, and incubated at 30 °C 

for 6 h once Ŭ-Pse5Ac7Ac 2 ([M -H] -, m/z 333) was detected by negative ion-mode ESI-LC-

MS analysis). Next, 0.2 mg/mL PseF and 5 mM CTP was added to each 1 mL reaction, 

mixed thoroughly by pipetting, and incubated at 30 ° C for a further 18 h (once full 

conversion to Ŭ-CMP-Pse5Ac7Ac 11 ([M -H] -, m/z 638) was detected by negative ion-mode 

ESI-LC-MS analysis). 

Table 2. 7: Reagent and enzyme concentrations used in the one-pot six-enzyme chemoenzymatic 

synthesis of Ŭ-CMP-Pse5Ac7Ac 11. 

Reagent  Final concentration 
(mM)  

UDP-GlcNAc 2 

PLP 4 

L-glutamic acid 20 

Truncated thioester N,S-
diacetylcysteamine (SNAc) 

20 

Coenzyme A 0.3 

Phosphoenolpyruvate (PEP) 3 

CTP 5 

MgCl2 20 

Na3PO4 50 

Enzyme  Concentration 
(mg/mL)  

PseB 0.2 

PseC 0.4 

PseH 0.2 

PseG 0.2 

PseI 0.2 

PseF 0.2 
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For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  

2.7.1.2 Purification of Ŭ-CMP-Pse5Ac7Ac from a one-pot six-

enzyme chemoenzymatic synthesis 

The lyophilised reaction material was resuspended in 5 mL of HPLC-grade water and 

loaded onto a size exclusion column packed with Bio-Gel® P-2 resin, pre-equilibrated with 

HPLC-grade water. 140 3 mL fractions were collected overnight at a flow rate of 30 mL/h. 

Samples of eluted fractions were taken for ESI-LC-MS analysis to screen for fractions 

containing purified Ŭ-CMP-Pse5Ac7Ac 11 ([M -H] -, m/z 638). Product containing fractions 

were pooled according to purity (ascertained from ESI-LC-MS analysis) and lyophilised. 

For 1H NMR analysis, a sample of product was dissolved in 0.6 mL of D2O and moved into 

a 500 MHz NMR tube.  

2.7.1.3 One-pot two -enzyme chemoenzymatic synthesis of Ŭ-

CMP-Pse5Ac7Ac 

Starting from 20 mg of 6 -deoxy-L-AltdiNAc 6 , a 16 mL reaction was prepared in a 50 mL 

falcon tube which included the reagents and their concentrations listed in Table 2. 8 . 

Then 0.2 mg/mL of PseI and PseF were added, and the reaction was made up to 16 mL 

with HPLC grade water. The reaction was aliquoted into 16 x 1 mL aliquots, each in a 1.5 

mL Eppendorf tube, and incubated at 37 °C for 24 h once Ŭ-CMP-Pse5Ac7Ac 11 was 

detected by negative ion-mode ESI-LC-MS analysis and all Ŭ-Pse5Ac7Ac 2 was depleted.  
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Table 2. 8 :  Reagent and enzyme concentrations used in the one-pot two-enzyme 

chemoenzymatic synthesis of Ŭ-CMP-Pse5Ac7Ac 11. 

Reagent  Final concentration 
(mM)  

6-deoxy-L-AltdiNAc  5 

PEP 10 

CTP 10 

MgCl2 10 

Na3PO4 50 

Enzyme  Concentration 
(mg/mL)  

PseI 0.2 

PseF 0.2 

For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  

2.7.1.4 Purification of Ŭ-CMP-Pse5Ac7Ac from a one-pot two -

enzyme chemoenzymatic synthesis 

Lyophilised reaction material was treated with alkaline phosphatase (FastAP - 

Thermosensitive Alkaline Phosphatase (AP) from ThermoScientificÊ) to remove 

contaminating nucleotide phosphates. To 1-10 mM of dried material (for crude material, 

assume the dried weight corresponds to product), 10 units of FastAP (1 U/µL) was added, 

as well as 10x FastAP reaction buffer (100 mM Tris-HCl pH 8.0, 50 mM MgCl2, 1 M KCl, 

0.2 % Triton X -100 and 1 mg/mL BSA). The reaction was incubated at 37 °C for 10 min. 

To quench the reaction, an equal volume of ice-cold ethanol was added. The enzyme was 

pelleted via centrifugation, and the supernatant was removed and diluted to 5% ethanol 

prior to lyophilisation.  

The lyophilised reaction material was resuspended in 5 mL of HPLC-grade water and 

loaded onto a size exclusion column packed with Bio-Gel® P-2 resin, pre-equilibrated with 

HPLC-grade water. 140 3 mL fractions were collected overnight at a flow rate of 30 mL/h. 

Samples of eluted fractions were taken for ESI-LC-MS analysis to screen for fractions 

containing purified Ŭ-CMP-Pse5Ac7Ac 11 ([M -H] -, m/z 638). Product containing fractions 

were pooled according to purity (ascertained from ESI-LC-MS analysis) and lyophilised. 
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For NMR analysis, a sample of product was dissolved in 0.6 mL of D2O and moved into a 

500 MHz NMR tube.  

2.7.2 Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 

2.7.2.1 One-pot three-enzyme chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 

Starting from 10 mg of 6-deoxy-L-AltdiNAc 10 , an 8 mL reaction was prepared with the 

reagents listed in Table 2. 9  at their respective concentrations. The reaction was made up 

to 8 mL with HPLC -grade water. The 8 mL reaction was aliquoted into 16x 0.5 mL 

reactions in 1.5 mL Eppendorf tubes and incubated at 30 °C. The progress of the reaction 

was monitored with small samples every 24 h submitted to ESI -LC-MS; more substrates 

and/or enzyme were added where needed to push the reaction. The reaction ran for a total 

of 120 h.  

Table 2. 9: Reagent and enzyme concentrations used in the one-pot six-enzyme chemoenzymatic 

synthesis of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 22 . 

Reagent  Final concentration 
(mM)  

6-deoxy-L-AltdiNAc 10 5 

PEP 10 

CTP 10 

Na3PO4 (pH 7.4)  50 

MgCl2 10 

PNP-ȁ-D-Glcp 21 10 

Enzyme  Final concentration 
(mg/mL)  

PseI 0.2 

PseF 0.2 

Im9 -KpsS1 0.2 

 

For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  
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2.7.2.2 Purification of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 

Lyophilised reaction material was treated with alkaline phosphatase (FastAP - 

Thermosensitive Alkaline Phosphatase (AP) from ThermoScientificÊ) to remove 

contaminating nucleotide phosphates. To 1-10 mM of dried material (for crude material, 

assume the dried weight corresponds to product), 10 units of FastAP (1 U/µL) was added, 

as well as 10x FastAP reaction buffer (100 mM Tris-HCl pH 8.0, 50 mM MgCl2, 1 M KCl, 

0.2 % Triton X -100 and 1 mg/mL BSA). The reaction was incubated at 37 °C for 10 min. 

To quench the reaction, an equal volume of ice-cold ethanol was added. The enzyme was 

pelleted via centrifugation, and the supernatant was removed and diluted to 5% ethanol 

prior to lyophilisation.  

The lyophilised reaction material was resuspended in 5 mL of HPLC-grade water and 

loaded onto a size exclusion column packed with Bio-Gel® P-2 resin, pre-equilibrated with 

HPLC-grade water. 140 3 mL fractions were collected overnight at a flow rate of 30 mL/h. 

Samples of eluted fractions were taken for ESI-LC-MS analysis to screen for fractions 

containing purified Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 22 . Product containing fractions were 

pooled according to purity (ascertained from ESI -LC-MS analysis) and lyophilised. For 

NMR analysis, a sample of product was dissolved in 0.6 mL of D2O and moved into a 500 

MHz NMR tube.  

2.7.3 Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 

2.7.3.1 One-pot three-enzyme chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 

Starting from 20 mg of 6 -deoxy-L-AltdiNAc 10 , a 16 mL reaction was prepared with the 

reagents listed in Table 2. 10  at their respective concentrations. The reaction was made 

up to 16 mL with HPLC-grade water. The 16 mL reaction was aliquoted into 16x 1 mL 

reactions in 1.5 mL Eppendorf tubes and incubated at 30 °C. The progress of the reaction 

was monitored with 20 µL samples every 24 h submitted to ESI -LC-MS; more substrates 

and/or enzyme were added where needed to push the reaction. The reaction ran for a total 

of 192 h. 
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Table 2. 10: Reagent and enzyme concentrations used in the one-pot six-enzyme 

chemoenzymatic synthesis of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27. 

Reagent  Final 
concentration 

(mM)  

6-deoxy-L-AltdiNAc 10 5 

PEP 10 

CTP 10 

Na3PO4 (pH 7.4)  50 

MgCl2 10 

ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 26  10 

Enzyme  Final 
concentration 

(mg/mL)  

PseI 0.2 

PseF 0.2 

Im9 -KpsS1 0.2 

For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  

2.7.3.2 Purification of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-

OMe 

Lyophilised reaction material was treated with alkaline phosphatase (FastAP - 

Thermosensitive Alkaline Phosphatase (AP) from ThermoScientificÊ) to remove 

contaminating nucleotide phosphates. To 1-10 mM of dried material (for crude material, 

assume the dried weight corresponds to product), 10 units of FastAP (1 U/µL) was added, 

as well as 10x FastAP reaction buffer (100 mM Tris-HCl pH 8.0, 50 mM MgCl2, 1 M KCl, 

0.2 % Triton X -100 and 1 mg/mL BSA). The reaction was incubated at 37 °C for 10 min. 

To quench the reaction, an equal volume of ice-cold ethanol was added. The enzyme was 

pelleted via centrifugation, and the supernatant was removed and diluted to 5% ethanol 

prior to lyophilisation.  

The lyophilised reaction material was resuspended in 5 mL of HPLC-grade water and 

loaded onto a size exclusion column packed with Bio-Gel® P-2 resin, pre-equilibrated with 

HPLC-grade water. 140 3 mL fractions were collected overnight at a flow rate of 30 mL/h. 

Samples of eluted fractions were taken for ESI-LC-MS analysis to screen for fractions 
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containing purified Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27. Product containing 

fractions were pooled according to purity (ascertained from ESI -LC-MS analysis) and 

lyophilised.  

2.7.4 Ŭ-CMP-3-F-Pse5Ac7Ac 

2.7.4.1 Chemoenzymatic synthesis of Ŭ-CMP-3-F-Pse5Ac7Ac 

Starting from 49 mg of crude Ŭ-3-Feq-Pse5Ac7Ac 29 , a 7 mL reaction was prepared with 

the reagents and enzymes described in Table 2. 11. PseF was produced following the 

protocol described in 2.6 Overexpression and Purification of Pseudaminic Acid 

Biosynthetic Genes pseBCHGIF . The 7 mL reaction was aliquoted into 14x 0.5 mL 

reactions in 1.5 mL Eppendorf tubes and incubated at 37 °C. The progress of the reaction 

was monitored with samples every 24 h submitted to ESI -LC-MS; more substrates and/or 

enzyme were added where needed to push the reaction. The reaction ran for a total of 168 

h. 

Table 2. 11: Reagent and enzyme concentrations used in the one-enzyme chemoenzymatic 

synthesis of Ŭ-CMP-3-F-Pse5Ac7Ac 28  

Reagent  Final 
Concentration 

(mM) (*mg/mL)  

Ŭ-3-F-
Pse5Ac7Ac 29  

20 

CTP 15 

ZnCl2 10 

Na3PO4 pH 7.4 50 

PseF 0.5*  

 

For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  
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2.7.4.2 One-pot two -enzyme chemoenzymatic synthesis of Ŭ-

CMP-3-F-Pse5Ac7Ac 

Starting from 30 mg of 6-deoxy-L-altdiNAc  10, A 24 mL reaction was prepared with the 

reagents and enzymes described in Table 2. 12. PseIǧA127S and PseF were produced 

following the protocol described in 2.6 Overexpression and Purification of 

Pseudaminic Acid Biosynthetic Genes pseBCHGIF . The 24 mL reaction was 

aliquoted into 24x 1 mL reactions in 1.5 mL Eppendorf tubes, and incubated at 37 °C for 

72 h. The reaction was monitored via ESI-LC-MS analysis, and more substrates and/or 

enzyme were added where needed to push the reaction.  

Table 2. 12: Reagent and enzyme concentrations used in the two-enzyme chemoenzymatic 

synthesis of Ŭ-CMP-3-F-Pse5Ac7Ac 29  

Reagent  Final 
Concentration 

(mM)  

6-deoxy-L-
altdiNAc 10 

5 

3-F-PEP 5 

CTP 10 

MnCl 2 10 

Na3PO4 pH 7.4 50 

Enzymes  Reaction 
Concentration 

(mg/mL)  

PseIǧA127S 0.2 

PseF 0.2 

For quenching, the reaction was combined into a 50 mL falcon tube, and an equal volume 

of ice-cold ethanol was added. The reaction was stored on ice for 1 h and then centrifuged 

at 4,000 xg for 10 min to precipitate enzymes. The supernatant was removed from the 

pellet into a separate vessel, and the ethanol was diluted to 5% with HPLC grade water 

prior to lyophilisation.  

2.7.4.3 Purification of Ŭ-CMP-3-F-Pse5Ac7Ac 

Lyophilised reaction material was treated with alkaline phosphatase (FastAP - 

Thermosensitive Alkaline Phosphatase (AP) from ThermoScientificÊ) to remove 

contaminating nucleotide phosphates. To 1-10 mM of dried material (for crude material, 

assume the dried weight corresponds to product), 10 units of FastAP (1 U/µL) was added, 

as well as 10x FastAP reaction buffer (100 mM Tris-HCl pH 8.0, 50 mM MgCl2, 1 M KCl, 

0.2 % Triton X -100 and 1 mg/mL BSA). The reaction was incubated at 37 °C for 10 min. 
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To quench the reaction, an equal volume of ice-cold ethanol was added. The enzyme was 

pelleted via centrifugation, and the supernatant was removed and diluted to 5% ethanol 

prior to lyophilisation.  

The lyophilised reaction material was resuspended in 5 mL of HPLC-grade water and 

loaded onto a size exclusion column packed with Bio-Gel® P-2 resin, pre-equilibrated with 

HPLC-grade water. 140 3 mL fractions were collected overnight at a flow rate of 30 mL/h. 

Samples of eluted fractions were taken for ESI-LC-MS analysis to screen for fractions 

containing purified 28 . Product containing fractions were pooled according to purity 

(ascertained from ESI-LC-MS analysis) and lyophilised. For NMR analysis, a sample of 

product was dissolved in 0.6 mL of D2O and moved into a 500 MHz NMR tube.  

2.8 Im9 -KpsS1 Acceptor Screen 

20 mL reactions were prepared in 0.5 mL Eppendorf tubes. The reaction components and 

their respective concentrations are shown in Table 2. 13. Reaction volumes were made up 

with HPLC -grade water. Reactions were incubated at 37 °C. The following time points were 

measured: 0, 1, 3, 5, 10, 20, 40, 60 min. To quench, an equal volume of ice-cold acetonitrile 

(MeCN) was added. Reactions were stored at -20 °C for 30 min to ensure that reactions 

were quenched before being analysed via ES-LC-MS to detect product turnover. A no-

enzyme negative control for each acceptor was also performed and analysed at the final 

time point. All acceptor substrates, the donor substrate, and products all absorbed at 280 

nm thus the area under the curve from the 280 nm UV trace obtained by ES-LC-MS was 

measured for the donor substrate and products to track reaction progression.  

Table 2. 13: The reaction compositions used in the Im9-KpsS1 acceptor screen. 

Reagent  Final 

concentration 

(mM) (* µM)  

Ŭ-CMP-Pse5Ac7Ac 11 1 

PNP-ȁ-D-Glcp 21 / PNP-ȁ-D-

Galp 23  / PNP-ȁ-D-Manp 24  / 

PNP-ȁ-D-Xylp 25  

10 

Na3PO4 (pH 7.4)  50 

MgCl2 10 

Im9 -KpsS1 50*  
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2.9 CMP-Glo Assay 

Following the protocol from the CMP -GloÊ assay kit from Promega, a CMP-standard 

curve was generated for CMP concentrations ranging from 0.05 µM to 50 µM.  

For the time course assay, 15 µL reactions were prepared in 0.5 mL Eppendorf tubes. The 

reaction components and their respective concentrations are shown in Table 2. 14. No 

enzyme controls were also run for each reaction. All reactions were run in duplicate. 

Reactions were run for 1, 2, 5 and 10 min at 23 °C and were stopped with 15 µL of ice-cold 

ethanol. Reactions were stored at -20 °C for 1 h and then centrifuged to pellet the enzyme. 

The supernatant was removed and diluted to 5% ethanol, flash-frozen, and lyophilised 

overnight. The dried material was then resuspended in 15 µL of reaction buffer and 

transferred to a 96-well, white V-bottomed NUNC plate. An equal volume of nucleotide 

detection reagent (NDR) from the CMP-GloÊ assay was added to each reaction and the 

plate was left at room temperature for 1 h for the luminescence signal to mature before 

being measured on a Victor®NivoTM Plate Reader.  

Table 2. 14:  The reaction composition used in a time assay for Im9-KpsS1.  

Reagent  Final 

concentration 

(mM) (* µM)  

Ŭ-CMP-Pse5Ac7Ac 11 200*  

PNP-ȁ-D-Glcp 21 1 

Na3PO4 (pH 7.4)  50 

NaCl 25 

MgCl2 10 

Im9 -KpsS1 5* 

To obtain Michaelis -Menten kinetic data, 15 µL reactions were set up in 0.5 mL Eppendorf 

tubes. The reaction components and their respective concentrations are shown in Table 

2. 15. Reactions were performed in triplicate at 23 °C for 5 min and quenched with an 

equal volume of NDR provided in the CMP-GloÊ assay kit. Reactions were moved to a 96-

well white V-bottomed NUNC plate and incubated at 23 °C. Luminescence was measured 

on a Victor®NivoTM Plate Reader.  
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Table 2. 15: The reaction composition used in the Michaelis-Menten experiment for Im9 -KpsS1. 

Reagent  Final concentration 

(mM) (* µM)  

Ŭ-CMP-Pse5Ac7Ac 11 4 / 8 / 16 / 32 / 64 / 128 

/ 256 / 512 *  

PNP-ȁ-D-Glcp 21 10 

Na3PO4 (pH 7.4)  50 

NaCl 25 

MgCl2 10 

Im9 -KpsS1 5* 

 

2.10 Im9-KpsS1 Metal Screen 

Prior to the metal screen, nickel-affinity purified Im9 -KpsS1 (2.5.2 Nickel -affinity 

purification protocol for Im9 -KpsS1 ) was buffer exchanged into an EDTA buffer (50 

mM HEPES pH 7.4, 300 mM NaCl, 10 mM EDTA) using a 30 kDa MWCO. Buffer in the 

MWCO cut out was replaced twice to ensure that EDTA was properly introduced to chelate 

any pre-bound metals acquired during protein expression in E. coli from Im9 -KpsS1. Im9-

KpsS1 was next buffer exchanged into a non-EDTA buffer (50 mM HEPES pH 7.4, 300 

mM NaCl, 10 mM ȁ-mercaptoethanol), which was used for the divalent metal ion screen. 

HEPES buffer was used here as some metal chlorides precipitate in Na3PO4. 

50 µL reactions were set up in 0.5 mL Eppendorf tubes, in triplicate, containing the 

reagents at their respective concentrations listed in Table 2.  16. Reactions were incubated 

at 37 °C for 10 min and  were quenched with an equal volume of ice-cold MeCN. Once 

quenched, reactions were stored at -20 °C for 30 min. Reactions were then centrifuged at 

12,000 xg for 5 min to precipitate the enzyme. The supernatant was removed and analysed 

with ESI -LC-MS. 

 

 

 



90 

 

Table 2. 16: Reagents and their concentrations used in the divalent metal-ion screen for purified 

Im9 -KpsS1. 

Reagent  Final concentration 

(mM) (* µM)  

Ŭ-CMP-Pse5Ac7Ac 11 5 

PNP-ȁ-D-Glcp 21 10 

MgCl2 / MnCl 2 / CaCl2 / ZnCl 2  10 

HEPES (pH 7.4) 50 

Im9 -KpsS1 5* 

 

2.11 Im9-KpsS1 Point Mutant Screen 

All Im9 -KpsS1 point mutants were expressed and purified as described in 2.5 Optimised 

Recombinant Overexpression and Protein Purification Protocols for Im9 -

KpsS1  and analysed via SDS-PAGE (2.1.2 Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS -PAGE) analysis ). 50 µL reactions were prepared in PCR 

tubes. Each point mutant was tested at 0.5 mg/mL and in triplicate. Reaction components 

and concentrations are described in Table 2. 17. Reactions were incubated at 37 °C for 4 

h and quenched with an equal volume of ice-cold MeCN. Quenched reactions were stored 

at -20 °C for 30 min, and then centrifuged at 10,000 xg for 5 min. The supernatant was 

removed and analysed with ESI-LC-MS. Relative conversion of each construct was 

calculated using the area under the UV280 trace, which produced a peak for donor 

substrate, Ŭ-CMP-Pse5Ac7Ac (m/z 638 [M-H] -), and product, Ŭ-2,6-Pse5Ac7Ac-PNP-ȁ-D-

Glcp 22 (m/z 616 [M -H] -). 

Table 2. 17: The reaction composition of small -scale reactions used to test the enzymatic activity 

of Im9 -KpsS1 point mutants. 

Reagent  Final concentration 

(mM) (*mg/mL)  

Ŭ-CMP-Pse5Ac7Ac 11 10 

PNP-ȁ-D-Glcp 21 10 

MgCl2  10 

Na3PO4 (pH 7.4)  50 

Im9 -KpsS1 0.5*  
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2.12 Site-Directed Mutagenesis to Produce Im9-

KpsS1 C-terminal Truncation Mutation  

Im9 -KpsS1ǧCTŬ2 was generated using an Agilent Site-Directed Mutagenesis Kit 

QuikChange II. 51 µL PCR reactions were prepared as described in Table 2. 18 using 

forward and reverse primers described in Table 2. 19.  

Table 2. 18: The composition of site-directed mutagenesis PCR reactions to generate Im9-

KpsS1ǧCTŬ2 deletion mutants.  

Component  Volume 
(ȉL) 

PfuUltra High -Fidelity DNA 
polymerase 

1 

10x reaction buffer 5 

Im9 -KpsS1ǧCTŬ2 Forward 
Primer (100ȉM) 

1.25 

Im9 -KpsS1ǧCTŬ2 Reverse 
Primer (100ȉM) 

1.25 

dNTPs (2.5mM) 1 

DMSO 0.75 

Template DNA (Im9 -KpsS1 
plasmid)  

0.5 

dH 2O 41 

 

Table 2. 19: The forward and reverse primers used in the site-directed mutagenesis PCR reaction 

to generate Im9-KpsS1ǧCTŬ2 deletion mutants.  

Primer  Sequence  

Im9 -KpsS1ǧCTŬ2 Forward  5ô-TTAACGACTAACGCGCCTTCTCCTCACA-3ô 

Im9 -KpsS1ǧCTŬ2 Reverse  5ô-CGCGTTAGTCGTTAACACGGTTACCATAATCA -3ô 

 

The PCR reaction conditions are described in Table 2. 20 . Once completed, 1 µL Dpn I 

restriction enzyme (10 U/ µL) was added to the reaction and incubated at 37 °C for 1 h. The 

reaction product was transformed into XL1 -Blue cells following the transformation 

protocol from the kit.  
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Table 2. 20 : The PCR protocol used to perform site-directed mutagenesis PCR reactions to 

generate Im9-KpsS1ǧCTŬ2 deletion mutants.  

Step  Temperature 
(°C)  

Time (s) 
(*min)  

Initial Denaturation  95 30 

18 Cycles 95 30 

55 60 

Final Extension  72 7* 

Hold  4 /  

 

2.13 Single Particle Cryogenic Electron 

Microscopy 

KpsS1 (with the N-terminal His 6-Im9 tag cleaved) was produced following the protocol 

described in 2.5 Optimised Recombinant Overexpression and Protein 

Purification Protocols for Im9 -KpsS1 . Quantifoil Holey Carbon Cu 200 Mesh R 

1.2/11.3 grids were glow discharged (PELCO easiGlow) for 60 s using atmospheric gas 

before mounting in Vitrobot (model IV) tweezers (ThermoScientific Ê). 2 µL of KpsS1 in 

storage buffer (50 mM Na3PO4 pH 7.4, 300 mM NaCl, 10 mM ȁ-mercaptoethanol) was 

pipetted on to the grids, blotted, and plunged into liquid ethane using the Vitrobot. 12 grids 

were prepared, varying blot times in the range of 1 to 5 s, blot forces in the range of -5 to 5, 

and KpsS1 concentration in the range of 0.1 to 5 mg/mL. 

Grids were imaged using the 200 kV ThermoScientificÊ Glacios electron microscope with 

a pixel size of 0.56 Å/pixel. RELION -3.1 was used to analyse data. 

2.14 Stability Screens for Im9-KpsS1 

2.14.1 Durham stability screens 

KpsS1 (with the N-terminal His 6-Im9 tag cleaved) was produced following the protocol 

described in 2.5 Optimised Recombinant Overexpression and Protein 

Purification Protocols for Im9 -KpsS1 . Each Durham stability screen (pH, osmolyte 

and salt) from Molecular Dimensions comprises a 96-well plate of screening conditions. 

10 µL of each screen was moved to a 96-well PCR plate (StarLab) with a P20 Gilson 

multichannel pipette. To this 10 µL, 8 µL of KpsS1 (at a 0.5 mg/mL) and 2 µL of SYPRO 

Orange dye (ThermoScientificÊ - diluted 1 in 50 prior to addition to the wells) was added. 

These 20 µL solutions contained KpsS1 at a final concentration of 0.2 mg/mL. The 96-well 

PCR plates were centrifuged at a low speed to pull the solution to the bottom. The thermal 
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shift assay was performed using a Stratagene Mx30005P Multiplex Quantitative RT-PCR 

System Lab, which recorded fluorescence as proteins unfolded. Data was analysed using 

the following software: https://paulsbond.co.uk/jtsa/#/input .  

2.14.2 Customised stability screens 

KpsS1 (with the N-terminal His 6-Im9 tag cleaved) was produced following the protocol 

described in 2.5 Optimised Recombinant Overexpression and Protein 

Purification Protocols for Im9 -KpsS1 . The conditions that were screened in the 

customised stability screen are described in Table 2. 21. As in 2.14.1 Durham stability 

screens , 10 µL of each screen was moved to a 96-well PCR plate (StarLab) with a P20 

Gilson multichannel pipette. To this 10 µL, 8 µL of KpsS1 (at a 0.5 mg/mL) and 2 µL of 

SYPRO Orange dye (ThermoScientificÊ - diluted 1 in 50 prior to addition to the wells) was 

added. These 20 µL solutions contained KpsS1 at a final concentration of 0.2 mg/mL. The 

96-well PCR plates were centrifuged at a low speed to pull the solution to the bottom. The 

thermal shift assay was performed using a Stratagene Mx30005P Multiplex Quantitative 

RT-PCR System Lab, which recorded fluorescence as proteins unfolded. Data was analysed 

using the following software: https://paulsbond.co.uk/jtsa/#/input . 

Table 2. 21: The composition of the customised stability screen for KpsS1. 

 

 

 

 

 

https://paulsbond.co.uk/jtsa/#/input
https://paulsbond.co.uk/jtsa/#/input
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Chapter 3: 
Chemoenzymatic 
Synthesis of Ŭ-CMP-

Pse5Ac7Ac 
 

3.1 Introduction  

A prerequisite for assaying KpsS1ôs enzymatic activity is the availability of Ŭ-cytidine -5ô-

monophosphate-5,7-diacetyl pseudaminic acid (Ŭ-CMP-Pse5Ac7Ac 11), its donor 

substrate. This chapter describes the in vitro chemoenzymatic syntheses that have been 

attempted in the literature to obtain 11, and how lessons from these previous attempts 

were used to optimise the chemoenzymatic synthesis of 11 in this project.   

Relative to chemical synthesis approaches, chemoenzymatic synthesis of 11 is more 

efficient and affords higher yields. 235 One-pot multi -enzyme syntheses have undergone 

extensive optimisation to generate accessible routes to both 5,7-diacetyl pseudaminic acid 

(Ŭ-Pse5Ac7Ac 2) and 11. This chapter briefly discusses the Pse biosynthetic enzymes 

involved in this pathway and how, through co -factor manipulation and the introduction of 

chemical shunts from an interdisciplinary chemical biology toolkit, we have increased the 

in vitro accessibility of 11. 

Building from preliminary in vivo  mutagenesis147, 200, 212, 236, 237 and metabolomics 

studies194, which identified genes responsible for the biosynthesis of 11, the first complete 

in vitro biosynthesis starting from UDP -N-acetylglucosamine (UDP-GlcNAc 6), was 

reported in 2006 using biosynthetic enzymes from Camploybacter jejuni and 

Helicobacter pylori .193 The first two steps of the biosynthesis are catalysed by a 

dehydratase/aminotransferase pair, as is common for the conversion of 6  to downstream 

complex bacterial deoxyhexoses: PseB (a UDP-N-acetylglucosamine 5-inverting 4,6 

dehydratase) and PseC (an aminotransferase).197 PseB firstly dehydrates 6  at C6 and 

epimerises at C5 to produce ketone UDP-2-acetamido-2,6-dideoxy-ȁ-L-arabino -4-

hexulose 7.198, 199, 238 The second enzyme in the pathway, PseC, undergoes a pyridoxal 

phosphate (PLP)- and L-glutamate-(amino donor) -dependent trans -aminase mechanism 

wherein an amino group is transferred axially to C4 of 7 to produce UDP-4-amino-4,6-
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dideoxy-ȁ-L-AltNAc 8 .200 The third step is catalysed by PseH, a member of the GCN5-

related N-acetyltransferase (GNAT) superfamily, responsible for transferring an acetyl 

group from its co-factor acetyl-CoA (Ac-CoA) to the C4 amino group of 8 to produce UDP-

2,4-diacetamido-2,4,6-trideoxy -ȁ-L-altrose (UDP-6-deoxy-AltdiNAc 9).201 Removal of the 

UDP nucleotide is catalysed by PseG, a UDP-6-deoxy-AltdiNAc hydrolase, to produce 2,4-

diacetamido-2,4,6-trideoxy -L-altrose (6-deoxy-AltdiNAc 10). Interestingly, and perhaps 

counterintuitively, PseG is a member of the GT-B glycosyltransferase (GT) superfamily due 

to its structural homology with MurG, a GlcNAc GT from Escherichia coli . 202 Structural 

and kinetic studies have demonstrated that PseGôs mechanism proceeds via a hydrolysis 

mechanism at C1, whereby the nucleophilic water is activated by a His.203  

The fifth step in the pathway entails condensation of the six-carbon backbone of 10  with 

the three-carbon backbone of phosphoenolpyruvate (PEP) to form 2, catalysed by the 

pseudaminic acid synthase, PseI.204, 205 The final enzymatic step involves activation of 2 

with cytidine -5ô-triphosphate (CTP) to afford 11, performed by the Ŭ-CMP-Pse5Ac7Ac 

synthetase, PseF.206, 215 However, in the case of the latter, PseF from H. pylori and C. jejuni 

has proven difficult to solubilise, 239 thus PseF from Aeromonas caviae and Acinetobacter 

baumannii strains are typically employed in the one-pot six-enzyme biosynthesis of 11 

(Figure 3. 1).206, 215, 240  

Further optimisation of the in vitro biosynthesis of 11 includes mitigation of PseBôs 

secondary epimerisation function. As well as PseBôs coupled dehydratase/epimerisation 

reaction to produce 7, it exhibits a reversible epimerisation reaction at C5 to yield the Ŭ-D-

xylo intermediate, UDP -4-keto-6-deoxy-GlcNAc 18 (Figure 3. 1(i) ). This additional 

epimerisation capacity is likely a mechanism to shunt superfluous intermediate 7 into Pgl 

pathways within the cell, for example, the Bac pathway in C. jejuni to produce UDP-

diNAcBac for N-linked protein glycosylation. 197, 240 Importantly, the newly epimerised 

product 18 is unusable by PseC, diminishing yields of 11. Therefore, to discourage PseBôs 

secondary epimerisation capacity, an excess of PseC is added to the one-pot in vitro 

reaction to prevent accumulation of 7 and to increase flux through the Pse pathway.240 

Chemoenzymatic synthesis of 11 is also made inaccessible due to exorbitantly priced 

reagents. The starting material, 6, is priced at Ã276 per 100 mg, whilst PseHôs co-factor, 

Ac-CoA, is £1,470 per 100 mg (prices from Sigma-Aldrich at the time of this report). The 

non-trivial synthesis of the latter, owing to its complex structure, presents a further 

bottleneck,241 making large scale synthesis of 11 unfeasible for many. To combat this, 

members of the Fascione lab demonstrated that in situ  co-factor regeneration193, 242 of Ac-

CoA was achievable when excess thioester acetyl thiocholine iodide 19 was added to a one-
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pot reaction mixture containing sub -stoichiometric amounts of Ac -CoA (Figure 

3.1(ii) ).240  

Further work from the Fascione lab bypassed the need for the presence of Ac-CoA 

altogether, and instead replaced it with truncated thioester N,S-diacetylcysteamine (SNAc 

20 ).243 This work built upon the idea that N -acetyltransferasesô reactivity is reliant 

primarily upon the panthetheine arm moiety of acetyl -CoA, evidenced by the substrate 

bound structure of PseH which shows significant hydrogen bonding between active site 

residues and the panthetheine arm,201, 244 forsaking the need for the complexity of the 

remaining molecule and instead replacing it with CoA in a method designated ñco-factor 

prosthesisò (Figure 3. 1(iii) ). Promisingly, 20  is considerably easier to modify chemically 

than the native substrate, and thus opens up avenues for the production of unnatural 

pseudaminic acid derivatives, which have uses as probes for pseudaminyltransferases 

(PseTs) and trapping mechanism intermediates.243  

Another yield -limiting step that was observed in the one-pot multi -enzyme synthesis was 

the inhibition effect that the final product, 11, exerted on PseB (Ki of 18.7 µM) ( Figure 

3.1(iv) ).193 This observation confirms that the Ŭ-CMP-Pse5Ac7Ac biosynthesis pathway is 

regulated by a negative feedback loop.245 In light of this information, PseF is added to the 

one-pot reaction once the PseB reaction has gone to completion to ensure maximal final 

yields.193, 240 

An alternative chemoenzymatic route to 11 was described later by the Fascione lab in 2020, 

a one-pot two-enzyme synthesis. Instead of starting with PseB and 6 , this comparatively 

shunted pathway commences with chemically synthesised 10, the PseG product (Figure 

3.1(v) ).246 The chemical synthesis of 10  has been described previously, either as a 

necessary intermediate for chemists to attain pseudaminic acid synthetically,235, 247 or for 

researchers investigating the N-acetyltransferase (PseH) who require the substrate to test 

enzymatic activity. 204, 205 To 10  to 11, only the final two enzymes of the biosynthetic 

pathway are required. The authors incubated 10  with PseI from C. jejuni and PseF from A. 

caviae, and their respective co-factors, at 37 °C for 4 h and successfully produced 11. This 

route offers a more direct chemoenzymatic synthesis compared to the one-pot six-enzyme 

route described above, although does require a preliminary synthesis of 10. 
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Figure 3. 1: The multi -step in vitro chemoenzymatic synthesis of 11. Optimised steps are 

highlighted  (i -v). Enzymes listed in blue are orthologues from C. jejuni and H. pylori . PseF (red)  

is from A. caviae. (i)  The secondary C5 epimerisation function of PseB is highlighted in a green-

dashed box, showing its product 18. (ii)  Ac-CoA co-factor regeneration with 19. (iii)  Use of 20 as 

a mimic of the panthetheine arm moiety in Ac -CoA in conjunction with CoA to generate co-factor 

prosthesis. (iv)  The inhibition feedback loop that 11 exerts on PseB. (v)  A box highlighting the 

intermediates and enzymes used in the one-pot two-enzyme synthesis of 11. 
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3.1.1 Chapter Aims 

In this chapter, the in vitro chemoenzymatic synthesis of Ŭ-CMP-Pse5Ac7Ac was 

conducted by both a one-pot six-enzyme reaction and a one-pot two-enzyme reaction. The 

downstream purification of 11 was also optimised. The yields of the two reactions are 

compared in 3.4 Discussion . 

3.2 Overexpression and Purification of 

Pseudaminic Acid Biosynthesis Enzymes 

Escherichia coli (E. coli) BL21 (DE3) competent cells were transformed with one of the six 

plasmids encoding for the Pse biosynthetic enzymes, and proteins were expressed 

following the previously optimised overexpression conditions. 240 Cell pellets were 

harvested and stored at -20 °C. For purification, the 4 L pellets were thawed and lysed. All 

constructs were histidine-tagged and were thus purified via nickel affinity chromatography 

with final yields of the following: PseB; 9 mg/L, PseC; 11 mg/L; PseH; 21 mg/L; PseG; 13 

mg/L, PseI; 31 mg/L, PseF; 30 mg/L (Figure 3. 2). Enzymes were aliquoted, flash frozen 

and stored at -80 °C for storage.  

 

Figure 3. 2:  12% SDS-PAGE analysis of the Ŭ-CMP-Pse5Ac7Ac biosynthesis enzymes following 

nickel affinity purification. PseBCHGI are enzymes from C. jejuni and PseF is from A. caviae. 
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3.3 Chemoenzymatic synthesis of CMP-

Pse5Ac7Ac 

3.3.1 One-pot six-enzyme synthesis and purification of 

CMP-Pse5Ac7Ac 

Following on from previous work 240, a large scale chemoenzymatic synthesis of 11 was 

prepared, starting from 20 mg of  UDP-GlcNAc 6. Whilst all confined to óone potô, the 

reaction was divided into two halves wherein C. jejuni enzymes PseB-I and their necessary 

cofactors and substrates were incubated at 30 °C in 1 mL aliquots for 6 h to drive 

production of 2. Once full conversion to 2 ([M -H] -, m/z 333) was observed via ESI-LC-MS 

analysis, A. caviae PseF and CTP were added to the reaction to afford 11. The reaction ran 

for a further 18 h and was quenched once 2 was depleted and a new peak corresponding 

to 11 ([M -H] -, m/z 638) was observed in ESI-LC-MS analysis.  

The reaction material was purified using size exclusion chromatography (SEC) and eluent 

was analysed once more with ESI-LC-MS analysis. 11 eluted closely with a compound with 

a m/z of 402 [M -H] -
, the expected weight of cytidine diphosphate (CDP). Fractions with 

very low levels of CDP were pooled whilst those with higher contaminating levels were 

pooled as pure and impure samples, respectively (Figure 3. 3).  



100 

 

 

Figure 3. 3: ESI-LC-MS analysis of purified fractions containing 11 following a one-pot six-

enzyme chemoenzymatic synthesis. (A)  Overlaid base peak chromatograms (BPCs) of pooled 

purer fractions (red) and contaminated fractions (blue). (B)  and (C)  are the line chromatograms 

of the BPCs shown in (A). 

1H NMR analysis corroborated that the higher purity sample contained CDP. Therefore, to 

remove contaminating CDP, the purification process was repeated for each set of pooled 

fractions, which saw a small decrease of CDP in the final sample and a purer product. The 

NMR spectrum also revealed that the chemical shift between the H3 ax and the H3eq (ǧppm 

of H3eqïH3 ax = 0.62 ppm) confirmed an axially oriented O-CMP moiety (Figure 3. 4). A 

final yield of 2.5 mg of pure CMP-Pse5Ac7Ac was obtained, equating to a 13% yield.    
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Figure 3. 4: 700 MHz 1H NMR of Ŭ-CMP-Pse5Ac7Ac 11 following a one-pot six-enzyme 

chemoenzymatic synthesis and two rounds of size exclusion chromatography (SEC). 

3.3.2 One-pot two -enzyme synthesis and purification of 

Ŭ-CMP-Pse5Ac7Ac 

Previous work from the Fascione lab has established a chemical route to 6-deoxy-L-

AltdiNAc  10 ,i the PseG product in the biosynthesis of 11.246 Starting from 20 mg of  10 , a 

reaction pot was prepared containing PEP, CTP, PseI and PseF. The reaction was aliquoted 

into 1 mL reactions and incubated at 37 °C. ESI-LC-MS was used to monitor the reaction 

and, where necessary, more enzyme was added to push it towards completion. The reaction 

went to completion after 24 h and was quenched and lyophilised.

 

i 6-deoxy-L-AltdiNAc used in this project was synthesised in-house by Dr Hatton and Bartosz Kowalski. 
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To remove contaminating CDP that was seen previously (3.3.1 One -pot six -enzyme 

synthesis and purification of CMP -Pse5Ac7Ac ), the crude lyophilised reaction material 

was treated with alkaline phosphatase (AP). 1 U of enzyme was added to the resuspended 

reaction mixture and incubated at 37 °C for 10 min, after which the reaction was quenched 

and lyophilised.  

The alkaline phosphatase treated reaction material was purified via SEC, and eluent was 

analysed once more with ESI-LC-MS analysis. Pleasingly, no CDP nor CTP contamination was 

observed in the eluted fractions. Instead, 2 was present as a contaminant in some fractions 

containing 11 (Figure 3. 5). It was expected that 2 may present as a contaminant, hence 

additional PseI and PseF was added to the reaction as it proceeded to mitigate this. However, 

the likely propensity of 11 to degrade in solution meant that elongating the reaction time to 

deplete 2 with the aforementioned additional quantities of PseI and PseF increased the 

likelihood of degradation of 11. To preserve a higher overall yield of 11, the decision was taken 

to quench the reaction despite remaining unreacted 2, with the aim of separating the two 

during purification. Fortunately, we were able to recover fractions of 11 that omitted 2. 

Fractions of the highest purity (ascertained by ESI-LC-MS) were pooled and analysed by 1H 

NMR, which revealed that no contaminating CDP nor 2 were present (Figure 3. 6). A final 

yield of 25% was achieved, which translated to 13 mg of pure 11. Calculation of the difference 

in the chemical shift between the H3ax and the H3eq (ǧppm of H3eqïH3 ax = 0.62 ppm) was 

indicative of the axially orientated  O-CMP group. 
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Figure 3. 5: LC-MS analysis of purified fractions containing 11 following a one-pot two-enzyme 

chemoenzymatic synthesis and alkaline phosphatase treatment. (A)  Overlaid base peak 

chromatograms (BPCs) of pooled purer fractions (red) and contaminated fractions (blue). (B)  and 

(C)  are the line chromatograms of the BPCs shown in (A). 

 

Figure 3. 6: 700 MHz 1H NMR of Ŭ-CMP-Pse5Ac7Ac 11 following a one-pot two-enzyme 

chemoenzymatic synthesis, alkaline phosphatase treatment and one round of SEC. 
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3.4 Discussion 

Two large scale preparative chemoenzymatic routes to 11 were performed, both one-pot 

reactions but one contained all six of the Pse biosynthetic enzymes (3.3.1 One -pot six -

enzyme synthesis and purification of CMP -Pse5Ac7Ac ) whilst the other comprised 

the chemical shunt, 6-deoxy-AltiNAc, and the final two enzymes (3.3.2 One -pot two -

enzyme synthesis and purification of Ŭ-CMP -Pse5Ac7Ac ). 

For the one-pot six-enzyme synthesis, each of the elegant adaptations described in 3.1 

Introduction  were considered and incorporated to ensure maximal yield.193, 240 A 2:1 ratio of 

PseC:PseB was implemented to ensure flux through to PseC and the remaining Ŭ-CMP-

Pse5Ac7Ac pathway, and importantly to prevent accumulation of PseBôs product, 7, and 

consequential secondary C5 epimerisation by PseB to produce 18.193, 197, 199, 240 For the PseH 

co-factor, SNAc 20  was chosen over co-factor regeneration of Ac-CoA, as the former required 

less overall material and was predicted to make for an easier downstream purification of the 

final product. 240, 243 The final adaptation was to add PseF to the one-pot reaction 6 h later than 

the other Pse enzymes to ensure that the PseB reaction had gone to completion beforehand. 

This is due to previous observations that 11 is a natural inhibitor of PseB in a self-regulatory, 

negative feedback mechanism employed by bacterial cells.245  

None of these adaptations were relevant for the latter, one-pot two-enzyme synthesis as PseB 

and PseH were absent. Fewer enzymatic considerations and reagents made for a simpler 

reaction as all native reagents and enzymes were added simultaneously, and a yield of 25% 

was achieved, above that of the 13% yield for the six-enzyme reaction.246 

The relative complexity of the one-pot six-enzyme reaction compared to the one-pot two-

enzyme reaction made for longer preparation time due to multiple enzyme expressions and 

purifications, and a difficult purification. Despite two rounds of SEC, in the fi nal sample there 

remained low levels of contaminating CDP and CTP. Ideally, these should be absent as they 

are known to be potent inhibitor of sialyltransferases (SiaTs) that utilise CMP -activated 

donors248, hence it is possible that CDP may also elicit an inhibitory effect on KpsS1. We also 

found that the CMP-GloÊ assay, used to acquire kinetic data, was sensitive to background 

CTP and CDP levels (5.3 Kinetic data reveal KpsS1ôs binding affinity for Ŭ-CMP -

Pse5Ac7Ac ). Moghaddam et al. observed a similar interference with their equivalent assay 

when measuring GT activity of the capsule polymerase from N. meningitidis , namely N. 

meningitidis serogroup W (NmW). NmW is a bifunctional enzyme that processes two donor 

substrates: CMP-Neu5Ac and UDP-Gal. To mitigate CDP contamination of their CMP-Neu5Ac 

substrate, authors implemented an alkaline phosphatase treatment step into their purification 

protocol which successfully reduced background noise of their kinetic data.249 Based off of this, 
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this additional AP step was integrated into the purification protocol for 11 as the step 

preceding SEC and, pleasingly, was found to deplete contaminating CDP and CTP from the 

product.  

The multi -step nature of the six-enzyme reaction relative to the two-enzyme reaction meant 

that the overall yield was lower in the former, 2.5 mg versus 13 mg, respectively, despite the 

same amount of starting material used in each instance. Hence, the two-enzyme reaction is 

the preferred route to 11. Future optimisations of the latter reaction should focus on improving 

the product purification, for example anion exchange chromatography (AEC) has been 

successful in the case of CMP-Neu5Ac and derivatives thereof,250 and is employed more 

generally for the purification of capsule sugars common to Gram-negative pathogens.251, 252 A 

multi -phase purification protocol that entails AP treatment, AEC, SEC and desalting, such as 

that described for UDP-GlcNAc,253, 254 should be trialled for 11 in future work.  

Hitherto, limited research progress into PseTs can be attributed in part to the difficulty of 

obtaining pure 11, as it is the donor substrate utilised by these enzymes. Prohibitively 

expensive starting materials and co-factors, in conjunction with a multi -step enzymatic 

synthesis in which enzymes are liable to precipitation and inactivation, makes production and 

downstream purification of 11 difficult . Through this one-pot two-enzyme synthesis described 

herein, and previous work on the Pse pathway,240, 246 the Fascione lab have heightened the 

feasibility of the in -house production of 11. 
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Chapter 4: Optimising 
Recombinant Expression 
and Purification of KpsS1  

 

4.1 Introduction  

Glycosyltransferases (GTs) are found within the cytosol, secreted outside the cell, or tethered 

to membranes.255, 256 When working with GTs in vitro , the latter pose a challenge with respect 

to obtaining soluble, pure protein, often due to the presence of dense hydrophobic regions on 

the protein surface, or membrane-anchoring secondary structural elements.27, 257-260  

More than 30% of all recombinantly expressed proteins in E. coli expression systems are 

insoluble, prompting great efforts within the protein biochemistry community to address this 

insolubility issue. 261-263 Herein, a brief  review will introduce fundamental concepts and 

techniques commonly used to yield recalcitrant proteins in a soluble, usable manner from E. 

coli expression systems, the most popular expression host for recombinant protein 

production.  

4.1.1 Fusion Tags 

Starting with the initial stage in the protein production process, the protein of interest (POI) 

may undergo molecular cloning to generate a protein fusion to another region that can act as 

a solubility tag. These fusion tags are in themselves highly soluble and stable peptides or 

proteins, and are widely considered to be the most valuable tool in the face of recalcitrant 

proteins due to their variety, versatility, and the utilities of their secondary functions. 264 For 

example, maltose-binding protein (MBP) and glutathione -S-transferase (GST) tags are proven 

to enhance the solubility of the POI whilst also functioning as affinity handles for downstream 

purification steps. An affinity purification handle is not necessary for fusion tags given that 

they are typically partnered with histidine -tags, making them amenable to Ni 2+-affinity 

chromatography, however suitability for a secondary purification step may prove beneficial 

for difficult to purify protein targets. Fusi on tags may also be employed to mitigate protein 

degradation during the expression stage, for instance, the small ubiquitin -modifier (SUMO) 

tag and MBP tag both initiate translocation of the POI away from protease-rich regions within 
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the cell to the nucleus and across the cytoplasmic membrane in E. coli, respectively.262, 265, 266 

For disulfide -bond containing POIs, fusion to a DsbA or DsbC proteins triggers migration to 

the oxidising conditions of the periplasm and enables correct folding and disulfide bond 

formation. 267 Alternatively, for cytosolic formation of disulfide bonds, the intrinsic 

oxidoreductase activity of a thioredoxin (TRX) creates micro -oxidative environments for 

protein folding, negating the need for translocation to the periplasm. 268 

Outside of full -length protein tags, shorter peptide fusion tags have been demonstrated to 

behave as ñentropic bristlesò to enhance solubility of select POIs.269 For example, it was found 

that the unusual, disordered N-terminal extension of a halotolerant carbonic anhydrase 

enzyme from Hydrogenovibrio marinus was solely responsible for the enzymeôs high 

solubility. 270 Building from this observation, Hoon Jo isolated this 53 amino acid N -terminal 

extension and utilised it as a solubility fusion tag (NEXT tag). The NEXT tag exerted a strong 

hydrophilicity affect upon otherwise insoluble POIs, with as much as an 8 -fold im provement 

in some cases.271 More recently in 2024, Tang and colleagues reported the de novo design and 

synthesis of three synthetic, intrinsically disordered proteins (SynIDPs) which were proven to 

rescue the soluble expression of inclusion body (IB) forming proteins. 272 The engineering of 

SynIDPs comes from the notion that the larger size of traditional fusion tags, such as MBP and 

GST, may interfere with protein folding and/or protein activity, necessitating the need for 

fusion tag cleavage and thus risking IB formation. Although, there is evidence to suggest that 

POIs that are expressed with a fusion tag exhibit enhanced solubility post fusion tag cleavage 

relative to those expressed without a fusion tag.273 Larger tags also pose a greater metabolic 

burden during expression in the host cell, increasing the likelihood of poor expression and 

misfolding. 261 However, not all full -length fusion tags are as large as MBP and GST, for 

example SUMO, TRX, Galectin-1, Gb-1 domain etc are <15 kDa, similar to the molecular 

weight of SynIDPs (Table 4. 1).  

Overall, there are multiple factors to consider when choosing a fusion tag: size, affinity handle 

properties, folding assistance, translocation qualities etc. Although fusion tag conjugation to 

protein targets is not a 'one size fits all' solution, it rema ins a widely adopted initial strategy 

for handling recalcitrant proteins.  Table 4. 1 lists commonly used fusion tags and their 

respective properties. 
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Table 4. 1: Commonly used solubility -enhancing fusion tags. 

Tag  Protein Name & Native 
Function  

Molecular 
Weight 
(kDa)  

Affinity Handle?  Source 
Organism  

MBP  Maltose-binding protein.  

Substrate binding protein 
for the 

maltose/maltodextrin ABC 
transporter system.266 

43 Yes. Binds to amylose 
resin, eluted with 

maltose. 

Escherichia coli  

GST Glutathione -S-transferase. 

Conjugates reduced 
glutathione with various 

substrates.274 

27 Yes. Binds to glutathione-
Sepharose, eluted with 
reduced glutathione.275 

Schistosoma 
japonicum  

SUMO  Small ubiquitin -modifier.  

A ubiquitin -like 
polypeptide that covalently 
modifies protein targets to 

alter their downstream 
purpose.276 

12 No. Homo sapien 

TRX  Thioredoxin.  

 A thiol -disulfide 
oxidoreductase that 

primarily maintains redox 
homeostasis.268 

14 Yes. Binds to 
phenylarasine oxide-
modified (ThioBond) 
resin, eluted with  ȁ-
mercaptoethanol.277 

Escherichia coli  

NusA  N-utilisation substance.  

A transcription elongation 
factor that binds both RNA 
and RNA polymerase.278, 279 

58 No. Escherichia coli  

DsbC  Disulfide -forming protein.  

Catalyses isomerisation and 
rearrangement of protein 

disulfide bonds.280  

24 No. Escherichia coli  

Galectin -
1 

Galectin-1. 

A carbohydrate binding 
protein with high affinity 

for N-acetyllactosamine.281 

15 Yes. Binds to Ŭ-lactose 
resin, eluted with a high 

concentration of 
lactose.281 

Homo sapien 

Gb1-
domain  

Protein G B1 domain.  

IgG Fc-binding protein. 282 

6 Yes. Binds to IgG-
sepharose columns, 

eluted with an acidic pH 
of ~ 3. 

Streptococcus sp. 

ZZ  ZZ repeat domain from 
domain B of protein A.  

IgG Fc-binding protein. 283 

22 Yes. Binds to IgG-
sepharose columns, 

eluted with an acidic pH 
of ~3.  

Staphylococcus 
aureus 

SynIDPs  Synthetic intrinsically 
disordered proteins 

Synthetic.272 

10-20 No. N/A  

 

An interesting counter perspective to solubility fusion tags is the proposal of a purposeful, IB 

forming tag. Jong et al. (2017) reported a 39 amino acid signal sequence from E. coli TorA 

which directed proteins, even highly soluble ones (e.g. MBP), into IBs.284 IBs offer benefits in 

protein production as they are comprised almost entirely of the POI, they protect the protein 
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from proteolytic activity within the host cell, as well as protecting the host cell from toxic over -

expression, and are easily isolated during lysis due to their size. Typically, the negatives of IB 

formation in recombinant protein expression is that they form non -uniformly and 

unpredictably, and sequestered protein is generally in an unfolded and/or inactive state. 

However, if one can homogenise inclusion body formation and reliably rescue the protein via 

refolding steps, then this is a viable technique for producing recalcitrant proteins. 285  

4.1.2 Optimising Expression Systems and Conditions for 

Recalcitrant Proteins  

Once a fusion tag has (or has not) been selected, the gene encoding the POI is cloned into an 

expression vector which comprises the machinery necessary for synergistic expression in a 

complementary expression system. The preeminent expression system choice is E. coli due to 

ease of use, efficacy, scalability, and cost factors. Other expression systems, namely yeast, 

mammalian cells, and insect cells, may be preferable if, for example, the POI requires 

extensive, eukaryotic-specific post-translational modifi cations.286 Generally, however, these 

expression systems are explored only if initial expression attempts in E. coli are unsuccessful.  

In the case of recalcitrant proteins, there are derivatives of the standard BL21 (DE3) E. coli 

cells which have been optimised for their expression.287 For disulfide -bond forming proteins, 

the BL21 (DE3) Origami B strain has a more oxidising cytosolic environment which is 

conducive to disulfide-bond formation. Maltooligosyl trehalose trehalohydrolase (MTH) from 

Sulfolobus acidocaldarius is a disulfide bond comprising enzyme which demonstrated a 5.3-

fold increase in activity when expressed in BL21 (DE3) Origami B versus when it was expressed 

in a BL21 (DE3) strain with fusion tags.288 Conversely, disulfide-bond-rich defensins exhibited 

a higher aggregation propensity in the BL21 (DE3) Origami B strain relative to BL21 (DE3),289 

reinforcing the notion that the answer to recalcitrant protein expression is not a óone size fits 

allô solution.  

To better accommodate the expression of eukaryotic proteins in E. coli, the Rosetta and Codon 

Bias/CodonPlus (DE3) strains are imbued with a plasmid that encodes for tRNAs which are 

common in eukaryotes but less so in prokaryotes (denoted órareô tRNAs); this ensures that 

expression is not hindered by the depletion of translational requisites in a phenomenon called 

the ócodon biasô. A plant chimeric allergen protein from Chenopodium album  was shown to 

exhibit an improved expression profile in both Rosetta (D E3) and CodonPlus (DE3) RIL 

strains when compared to standard BL21 (DE3). 290 Yet, another study found that a group of 

eight plant proteins were sequestered more so into the insoluble fraction when expressed in 

different codon bias mitigation strains relative to a standard BL21 (DE3) strain. 291 More 

recently, a new commercial strain has been introduced: SixPack, which incorporates the rare 
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tRNA genes endogenously into a ribosomal operon in the chromosome of E. coli BL21 (DE3), 

relinquishing the need for two plasmid types and therefore two antibiotic -selection markers. 

This lightened metabolic burden was shown to improve protein solubility and overall 

production above that of its predecessor strains and the standard BL21 (DE3) strain for some 

protein targets. 292 Rosetta-Gami is another derivative which combines the attributes of the 

Rosetta (DE3) and Origami-B (DE3) strains; it has had success expressing soluble human 

interleukin -15.293  

One of the biggest causes of protein insolubility during expression is misfolding, which arises 

due to the quick build -up of proteins in the cytoplasm that surpasses the cellôs capacity to both 

fold and store them without the formation of IBs. The ArcticEx press BL21 (DE3) strain 

combats this by supplementing the cell with additional chaperone proteins to aid folding and, 

as the name suggests, enables cell growth and protein synthesis at a lower temperature, 4-12 

°C, to slow the accumulation of protein withi n the cell.294-297 A negative of this derivative is the 

propensity of the supplemented chaperone proteins to co-elute with the POI during protein 

purification. However, Belval et  al. (2015) reported that an additional wash step with a sub-

denaturing concentration of urea successfully removes the contaminating chaperone protein, 

Cpn60.298  

A popular expression condition for proteins in standard BL21 (DE3) cells is an overnight 

incubation at a low temperature of 16-18 °C, with varying inducer concentrations. However, 

perhaps counterintuitively, some recalcitrant proteins benefit from a higher temperature 

incubation for a shorter period, as longer incubation times increase the likelihood of protein 

degradation. For example, Gutiérrez-González et al. found that lower inducer concentrations 

(0.1 mM to 0.5 mM) combined with a shorter incubation ti me (2-5 h) at a higher temperature 

was the most efficacious in the case of three insoluble E. coli proteins.299  

As with lower temperatures, lower inducer concentrations also slow down protein production. 

In DE3 T7 expression E. coli hosts, the most popular inducer is a synthetic, non-metabolizable 

analogue of allolactose, isopropyl-ȁ-D-thiogalactopyranoside (IPTG). IPTG is a gratuitous 

inducer, meaning it displaces the lac repressor, LacI, from the operator (lacO) by binding to it 

irreversibly, allowing continual expression from the promoter region by T7 RNA polymerase.  

IPTG permeates into the cell in two ways: a) freely through the cell membrane and b) via a lac-

permease (LacY) transport protein. The heterologous expression of LacY in BL21 cells means 

that protein induction by IPTG occurs non -uniformly, resulting in high er accumulation of the 

POI in some cells whilst relatively little in others. 300 Higher accumulation within cells may lead 

to the formation of IBs, as mentioned previously, or in the case of toxic proteins, cytotoxicity 

and cell death. Hence, BL21 (DE3) E. coli mutants that lacked LacY (lacY-) exhibited a more 
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uniform induction by IPTG than wild type cells, as IPTG entry was permitted only via diffusion 

through the cell membrane, a rate-limiting step that was ubiquitous across all of the 

mutants. 301 These lacY- mutants are now commercially available as BL21 (DE3) Tuner cells.  

An alternative mechanism for controlling protein expression is to introduce an additional, 

low-copy number plasmid harbouring a T7 lysozyme (pLysS or pLysE), which inhibits the T7 

RNA polymerase in the initial phases of protein expression until the number of RNA 

polymerases exceeds the inhibition capacity of the lysozyme. This RNA polymerase inhibition 

has the added advantage of preventing leaky expression during the growth stages pre-

induction. 302 

Overall, there are many different options one may consider when attempting to express 

recalcitrant proteins successfully in the soluble fraction. Once expression is optimised, 

isolation of the POI through lysis and purification steps presents a secondary, significant 

challenge. 

4.1.3 Cell Lysis Additives to Liberate Recalcitrant 

Proteins in the Soluble Fraction  

In a report by Leibly et al. (2012), authors hypothesised that protein insolubility arises 

predominantly during cell lysis, instead of during expression; a promising theory that suggests 

insolubility can be negated altogether in the correct buffer conditions. 263  

A high-throughput screening process tested 144 different lysis buffer conditions on 41 

recombinant proteins and found that 80% of the targets exhibited heightened solubility. 45% 

of these 80% were subjected to an upscaled expression and purification, in which 86% were 

recovered in the soluble fraction. The additives with the most hits were trehalose, glycine 

betaine, mannitol, potassium citrate, trimethylamine N -oxide, proline, 

dimethylethylammoniumpropane sulfonate, L-arginine, xylitol, sodium selenite, 3 -(1-

pyridino) -1-propane sulfonate, dipotassium phosphate, CuCl2, and cetyltrimethylammonium 

bromide (CTAB). Of this list, a large proportion are osmolytes (trehalose, glycine betaine, 

proline, mannitol), known to be natural stabilisers and chaperones in nature. 303 Osmolytes 

can be categorised into kosmotropes (e.g. MgSO4, NaCl), which stabilise hydrogen bonding 

networks, and chaotropes (e.g. CaCl2, urea), which destabilise them.  

Intriguingly, none of the 11 additives that proved most efficacious in Leiblyôs study were 

detergents, a surprising result given the general use of detergents to stabilise membrane 

affiliated proteins, the group most commonly associated with insolubility i ssues.304 Typically, 

non-denaturing, non -ionic detergents like Tween, Nonidet P-40, n-dodecyl-ȁ-D-maltoside 

(DDM), Triton X -100 and IGEPAL ® CA-630 are used at low concentrations to extract 
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insoluble and membrane proteins during lysis, 305 and also employed in storage buffers to 

improve protein stability, as is the case for the galactosyltransferase 

monoglucosyldiacylglycerol synthase from E. coli, which is stored in DDM. 257   

At the other end of the scale from non-ionic detergents is ionic detergents. For example, 

sodium dodecyl sulfate (SDS) is used to efficiently extract insoluble protein from lysate.306 The 

undesirable property of SDS is that it is a denaturant and therefore necessitates that proteins 

are re-folded, risking a loss of biological activity. However, an anionic analogue of SDS, sodium 

lauroylglutamate (SLG), has been shown to be highly effective at isolating and solubilising 

proteins from IBs whilst exhibiting limited binding to the native fold of the protein and 

therefore more readily dissociating during buffer exchange.307 In fact, when compared to 

Triton X -100 and SDS, SLG proved more efficacious in recovering cornea, required for corneal 

transplantation, in a soluble state whilst preserving the ultrastructure of corneal stroma, a feat 

which Triton X -100 and SDS were unable to achieve.308  

The third category of detergents is zwitterionic detergents, such as 3-[(3 -cholamidopropyl) -

dimethylammonio] -1-propanesulfonate (CHAPS) or SB12. Like non-ionic detergents, 

zwitterionic detergents are non-denaturing, however they are able to disrupt intermo lecular 

protein -protein interactions whilst maintaining the native state of individual proteins. 309 

There is an established correlation between the charge state of detergents and their impact on 

protein folding, but there is ambiguity with regards to how detergent structure and 

concentration affect protein solubility.  For example, Klammt et al. (2005) demonstrated that 

in a cell-free expression system, the concentration and linker length of detergents was an 

important factor for soluble expression of membrane proteins, as well as their charge state.310  

The stages of protein production which may be optimised for recalcitrant proteins, that have 

been discussed herein, are illustrated in Figure 4. 1. 
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Figure 4. 1: The stages of optimising recalcitrant protein expression. At each stage, there is a brief 

illustration of the factors one may consider when attempting to solubilise an insoluble protein target.  
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4.1.4 Chapter Aims 

Previous work completed by Dr. Emily Flack for her PhD demonstrated that KpsS1 is a 

recalcitrant GT, and preliminary trials to solubilise KpsS1 involved testing a GST fusion tag 

and an Im9 fusion tag. Whilst GST tags are commonly used in the literature, the 86-amino 

acid Im9 tag is unique to the University of York, and prior to this project no proteins in the 

literature have been reported as Im9-fusions. Im9 is a colicin E9 immunity protein produced 

by E. coli. Colicins are toxins produced by Enterobacteria cae to kill other bacteria and are 

grouped according to the cell surface receptor that they bind. Specifically, the E9 colicins bind 

to the btuB transporter on the cell surface to gain entry to the cytosol. Once inside, they digest 

host DNA with DNase activity. To protect themselves from their own colicins, bacteria express 

an immunity protein on the same plasmid which folds quickly to inhibit the colicin and prevent 

self-damage.311 

The GST and Im9 tag demonstrated limited solubilisation of KpsS1, with Im9 appearing to 

marginally out -perform GST. Parallel to these fusion tag trials, detergents were also tested, 

namely SDS, Triton X-100, Tween20, DDM, and CHAPS. Unfortunately, these detergents did 

not improve solubility either. 233 The conclusion from Dr. Flackôs thesis was that Im9 was the 

best solubility tag for KpsS1, but pure, soluble Im9-KpsS1 was not obtained before the end of 

the project. Thus, the aim of this chapter was to achieve soluble KpsS1 at a yield high enough 

for downstream applications, the results of which are described in this chapter.  
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4.2 Expression Trials for SHIRT -KpsS1  

The B region of SGO0707 protein from Streptococcus gordonii  consists of SGO0707 high 

identity repeat tandem (SHIRT) domains. 312 Preliminary work from Dr. Michael Plevinôs lab 

at the University of York, UK, has suggested that the SHIRT domain may have utility as a 

solubility tag. To test this, it was trialled with KpsS1.  

The SHIRT-KpsS1 gene was provided by GeneBlocks and cloned into a pET_TFPP1 vector 

(GenScript) with an InFusion® HD cloning kit (Takara Bio Inc); successful cloning was 

confirmed by sequencing data.  

Small scale expression trials were conducted in E. coli BL21 (DE3) Gold cells. Specifically, 

expression was induced at different OD600 values of 0.6, 0.7 and 0.8, and incubated at 

temperatures of 37 °C, 30 °C, 16 °C for 4 h, 4 h, and 18 h, respectively. All conditions were 

induced with 0.1 mM IPTG. 2 mL samples were taken for non-induced and induced samples 

at the relative timepoints.  

Samples were analysed via SDS-PAGE, which revealed low-level expression of SHIRT-KpsS1 

(MW 69 kDa) across all conditions tested, and primarily in the insoluble fraction ( Figure 

4. 2). Given KpsS1ôs tendency towards insolubility, it was expected that intense protein bands 

would be prominent in the insoluble fractions, hence it was surprising to see low -intensity 

bands in the insoluble fraction. It was postulated that this was a result  of poor expression due 

to a low IPTG concentration. To check this, the expression trials were repeated following the 

same protocol except for the use of 0.5 mM IPTG instead of 0.1 mM. However, the results were 

identical to those presented in Figure 4. 2 (data not shown) in that there was no indication 

of enhanced solubility of KpsS1 with the SHIRT tag. 
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Figure 4. 2: SDS-PAGE analysis of small-scale expression trials for SHIRT-KpsS1 (MW: 69 kDa). 

Three gels are shown that represent a post-induction incubation temperature of 37 °C (A) , 30 °C (B) , 

and 16 °C (C) . The first four lanes of each gel are samples that were induced at OD600 value of 0.6, the 

next four were induced at 0.7, and the final four at 0.8. The insoluble (IS) and soluble (S) fractions of 

the non-induced (NI) and induced (I) samples (indicated by a timepoint at which the sample was 

taken) are shown in each case. Red boxes outline bands that correspond to SHIRT-KpsS1. 
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4.3 Expression and Purification Trials for MBP -

KpsS1  

4.3.1 Expression trials for MBP-KpsS1 

The failure of the SHIRT tag prompted investigation into the efficacy of the MBP tag due to its 

wide usage (4.1.1 Fusion Tags ). KpsS1ôs gene sequence was amplified and cloned into a pre-

linearised MBP vector pET-TFPP_2, provided by the University of Yorkôs Technology Facility. 

using an InFusion® HD cloning kit (Takara Bio USA). Sequencing data confirmed successful 

cloning of MBP-KpsS1. 

To determine MBP-KpsS1ôs expression profile in E. coli BL21 (DE3) Gold cells, the following 

expression conditions were tested: induction at different OD 600  values 0.6, 0.7 and 0.8, and 

three different post -induction incubation temperatures, 37 °C, 30 °C, and 16 °C, incubated for 

4 h, 4 h, and 18 h, respectively. All conditions were induced with 0.1 mM IPTG. 2 mL samples 

were taken for non-induced and induced samples at the relative timepoints. 

SDS-PAGE analysis showed a protein band at the expected molecular weight of MBP-KpsS1 

(MW: 100 kDa) in all the induced samples (Figure 4. 3), confirming that MBP -KpsS1 

expresses well in E. coli BL21 (DE3) Gold cells. The protein bands were observed with higher 

intensity in the insoluble fractions, however a non-insignificant level of soluble MBP -KpsS1 

was also present at all the different OD600  induction values. Whilst the ratio of insoluble to 

soluble MBP-KpsS1 was approximately 3:1 for the post-induction samples incubated at 30 and 

37 °C, the ratio appeared to shift in favour of soluble protein when incubated overnight at 16 

°C, as indicated by more intense protein bands (Figure 4. 3). It was therefore concluded that 

the optimal condition to yield soluble MBP -KpsS1 was induction at OD600 0.8 with 0.1 mM 

IPTG, followed by an 18-h incubation at 16 °C.  
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Figure 4. 3: SDS-PAGE analysis of small-scale MBP-KpsS1 (MW: 100 kDa) expression trials. Three 

gels are shown that represent a post-induction incubation temperature of 37 °C (A) , 30 °C (B) , and 16 

°C (C) . The first four lanes of each gel are samples that were induced at OD600 value of 0.6, the next 

four were induced at 0.7, and the final four at 0.8. The insoluble (IS) and soluble (S) fractions of the 

non-induced (NI) and induced (I) samples (indicated by a timepoint at which the sample was taken) 

are shown in each case. Red boxes outline bands that correspond to MBP-KpsS1. 
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4.3.2 Nickel affinity purification trials for MBP -KpsS1  

Once the optimum expression condition for MBP -KpsS1 was deduced (4.3.1 Expression 

trials for MBP -KpsS1 ), the next aim was to purify it. Due to the dual functionality of MBP 

as an affinity purification handle and a solubility tag ( 4.1.1 Fusion Tags ), and the presence 

of an N-terminal His 6-tag of the MBP-KpsS1 construct, there were two viable affinity 

chromatography methods: Ni 2+-affinity chromatography for the His 6-tag, and amylose affinity 

chromatography for the MBP -tag. Firstly, Ni 2+-affinity chromatography was attempted.  

In the first instance, a long linear elution gradient of elution buffer, from 0 to 100% over 15 

column volumes (C.V), was trialled to elute purified MBP -KpsS1. SDS-PAGE analysis of the 

resultant fractions revealed that MBP-KpsS1 eluted from the column predominantly in the 

later fractions at a higher imidazole concentration ( Figure 4. 4(A) ). To better separate MBP-

KpsS1 from contaminating E. coli proteins, a step-up elution gradient was trialled wherein the 

column was washed initially with 22% of buffer B for 5 C.V and then increased to 100% for 10 

C.V. SDS-PAGE analysis of the resultant fractions confirmed that MBP-KpsS1 elutes at higher 

imidazole concentrations at high purity following a step -up elution gradient. However, the 

majority of MBP -KpsS1 was seemingly lost during the previous, 22% buffer B elution step 

(Figure 4. 4(B) ).  

 

Figure 4. 4: SDS-PAGE analysis of Ni2+ affinity chromatography fractions for MBP -KpsS1 following a 

linear elution gradient (A) and a step-up isocratic elution gradient (B) . Both analyses follow the same 

layout from left to right: MW marker, insoluble (IS), soluble (S), flowthrough from the column (FT), 

wash step (W), and the numbered eluted fractions. Red boxes outline bands that correspond to MBP-

KpsS1. 

These results suggested that a linear elution gradient produced a higher yield of purified MBP-

KpsS1 than the step-up elution gradient. An initial ESI -LC-MS assay confirmed that pooled 

fractions from these purifications exhibited pseudaminyltransferase (PseT) activity and were 
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able to catalyse the formation of Ŭ-Pse5Ac7Ac-2,6-pNP-ȁ-D-Glc when incubated with Ŭ-CMP-

Pse5Ac7Ac 11 and PNP-ȁ-D-Glcp (data not shown). Hence, at this stage, MBP-KpsS1 seemed 

a viable replacement for Im9-KpsS1 as a solubilising fusion construct. 

To increase overall yield of pure MBP-KpsS1 for further activity assays, a larger scale growth 

was conducted, and a linear elution method was employed during Ni2+ affinity 

chromatography. Unfortunately, a larger scale growth of MBP-KpsS1 resulted in reduced 

purity of eluted fractions ( Figure 4. 5(A) ). To further purify the fractions, fractions 4 -14 were 

pooled and taken forward for size exclusion chromatography (SEC). Fractions from 

underneath the UV280 peaks reported in the chromatogram were analysed by SDS-PAGE 

(Figure 4. 5(B -C)). It was unclear which protein band corresponded to MBP-KpsS1, and so 

fractions from underneath peak 1, peak 2 and peak 3 (those which contained protein bands 

that were consistent with a MW of ~ 100 kDa) were pooled, respectively. On these three sets 

of fractions, an anti -His Western Blot was performed to identify which peak corresponded to 

His6-tagged MBP-KpsS1. Unfortunately, the Western Blot was unsuccessful, despite multiple 

attempts. Instead, the protein bands were cut out and sent for protein identification by MS at 

the University of Yorkôs CooEMS, which confirmed that MBP-KpsS1 was present underneath 

peak 1 and peak 2 and that SEC had been unsuccessful in uniformly separating MBP-KpsS1 

from contaminating proteins.  
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Figure 4. 5: (A) SDS-PAGE analysis of eluted fractions following Ni2+-affinity purification of a large -

scale expression MBP-KpsS1. The gel layout from left to right: MW marker, insoluble (IS), soluble (S), 

flowthrough from the column (FT), wash step (W), and the numbered eluted fractions. (B) The size 

exclusion chromatogram of MBP-KpsS1. Peaks from the UV280 chromatogram are numbered and their 

subsequent SDS-PAGE analysis is shown in (C) . The gel layout of (C) from left to right is: MW 

marker, and then the lanes are numbered according to the corresponding peak that they are from (B) . 

4.3.3 Amylose affinity purification trial for MBP -KpsS1 

The MBP tag is an affinity purification handle which binds to amylose -coated resin. To 

investigate its efficacy, an amylose affinity purification was conducted for MBP -KpsS1.  

Lysate from a small-scale protein prep was loaded onto a pre-equilibrated 5 mL MBP -Trap 

column and eluent was eluted with a linear gradient of buffer B (containing 10 mM maltose). 

Fractions were analysed via SDS-PAGE, which revealed that an indiscernable amount of MBP-

KpsS1 was present in the eluted fractions. However, a protein band at the expected location 

was observed in the flow through (Figure 4. 6(A) ), suggesting that MBP-KpsS1 had not 

bound to the column. After confirmation from the Technology Facility at the University of 

York that the MBP tag is active and therefore should exhibit binding to the MBP -Trap column, 

the flow through and wash from the f irst attempted amylose affinity purification were pooled 

and re-applied to the MBP-Trap column. Fresh buffers were prepared to account for 

potentially incorrectly prepared buffers in the first instance. Eluent from this second round of 

purification produce d a faint band at the expected location (MW 100 kDa) in fractions 3 and 

4, alongside smaller contaminating E. coli proteins (Figure 4. 6(B) ).  
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Figure 4. 6: SDS-PAGE analysis of amylose affinity purification techniques used for MBP-KpsS1. (A) 

illustrates the first attempt. The gel layout from left to right: MW marker, insoluble (IS), soluble (S), 

flowthrough (FT), wash (W), and the numbered eluted fractions. (B)  illustrates the second attempt, 

wherein FT and W from (A) were pooled and re-applied to the column.  

Due to the disappointing yield of MBP -KpsS1 following two rounds of amylose affinity 

chromatography, as well as difficulties yielding pure, quantitative amounts from nickel affinity 

chromatography and SEC, the MBP-tag was not explored any further for improving KpsS1ôs 

solubility.  

4.4 Expression and Purification Trials for Im9 -

KpsS1  

4.4.1 Expression trials for Im9 -KpsS1 

Preliminary work from Dr. Flack concluded that the optimum expression conditions for Im9 -

KpsS1 were induction at OD600  0.8 with 0.1 mM IPTG and incubated at 30 °C for 4 h. However, 

a closer look at the soluble fractions from the SDS-PAGE analysis in Dr. Flackôs thesis (Figure 

4. 7(A) ) shows that the difference between induction at OD600  0.6 and 0.8 is almost 

indiscernible, and perhaps suggestive of more soluble protein in the former condition. 233 To 

investigate this, a small-scale expression trial was conducted for Im9-KpsS1 whereby 

inductions at OD 600  0.5, 0.6, and 0.7 were tested for comparison (Figure 4. 7(B -C)). The 

same concentration of IPTG (0.1 mM) and the incubation temperature (30 °C) was kept the 

same throughout. 



123 

 

 

Figure 4. 7:  SDS-PAGE analysis of small-scale Im9-KpsS1 (MW: 68.9 kDa) expression trials. (A) is 

taken from Dr. Flackôs thesis and shows soluble (S) and insoluble (IS) fractions that resulted from 

induction at three different OD 600 values: 0.4, 0.6 and 0.8. (B) , (C) , and (D) show the S and IS 

fractions that resulted at different time points following induction at OD 600 values of 0.5 (B) , 0.6 (C) , 

and 0.7 (D) . A non-induced (NI) sample is shown in each case. 

As observed previously, these SDS-PAGE analyses confirmed that Im9-KpsS1 (MW: 69 kDa) 

expresses predominantly in the insoluble fraction. Very faint protein bands corresponding to 

Im9 -KpsS1 were seen in the soluble fraction, with the highest intensity in the following three 

conditions:  

(A)  Induction at OD 600  0.6. Cells harvested 3 h post-induction.  

(B) Induction at OD 600  0.6. Cells harvested 4 h post-induction.  

(C) Induction at OD 600  0.7. Cells harvested 3 h post-induction.  

To clarify which of these conditions produced the most soluble protein, a larger scale 

expression trial was conducted for each, including the original condition described in Dr. 

Flackôs thesis: induction at OD600  0.8, cells harvested 4 h post-induction (herein described as 

condition (D)) ( Figure 4. 8 ). 



124 

 

 

Figure 4. 8 :  SDS-PAGE analysis of large-scale Im9-KpsS1 (MW: 69 kDa) expression trials; soluble 

fractions only. Non -induced (NI) samples are shown for each OD600  value. The soluble fractions of the 

four conditions identified as optimal in Figure 4.4 are shown. Condition (A) : induction at OD 600 0.6 

and cells harvested 3 h post-induction. Condition (B) : induction at OD 600 0.6 and cells harvested 4 h 

post-induction. Condition (C) : induction at OD 600 0.7 and cells harvested 3 hr post-induction. 

Condition (D) : induction at OD 600 0.8 and cells harvested 4 h post-induction.  

A second look at the soluble fractions produced by conditions A-D suggested that condition D, 

the original condition described by Dr. Flack, produced the darkest protein band, indicative of 

the highest amount of soluble Im9 -KpsS1 relative to the other conditions. This condition was 

therefore taken forward as the optimal expression condition.  

4.4.2 Purification trials for Im9 -KpsS1 

4.4.2.1 Linear elution  

Previously, Dr. Flack had used crude Im9-KpsS1 to perform activity assays, but for 

downstream biochemical characterisation, pure enzyme is essential. Hence, once the optimum 

expression conditions for Im9 -KpsS1 were confirmed (4.4.1 Expression trials for Im9 -

KpsS1 ), the next aim was to produce purified Im9 -KpsS1 in a yield high enough for 

downstream applications.  

Im9 -KpsS1 has an N-terminal His 6-tag and is therefore amenable to Ni2+ affinity 

chromatography. Initial purification trials commenced with a standard, linear elution gradient 

of buffer B (500 mM imidazole) over 7 C.V. The UV280 trace showed a single, broad peak that 

eluted over numerous fractions (Figure 4. 9(A) ). These fractions were analysed by SDS-

PAGE, which revealed that four protein bands eluted very closely together around 66 kDa, 

according to the MW marker ( Figure 4. 9(B) ). Given that Im9 -KpsS1ôs MW is 68.9 kDa, the 

clustering of these bands made its identity ambiguous. 
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Figure 4. 9: (A) The UV280 trace from the linear gradient elution, Ni 2+ affinity purification of Im9 -

KpsS1. In blue, and along the y-axis is the UV280 trace (mAU), in pink is the concentration of buffer B, 

and fractions are marked out in red with the accumulated volume along the x-axis. (B)  SDS-PAGE 

analysis of (A) . From left to right the gel layout is: MW marker, insoluble lysate (IS), soluble (S), 

flowthrough (FT), wash (W), and the numbered fractions underneath the UV 280 peak. 

4.4.2.2 Size exclusion chromatography 

To discern the identity of Im9 -KpsS1 from the four bands that eluted together in 4.4.2.1 

Linear elution , the fractions were pooled and taken forward for SEC. The UV280 trace 

produced nine peaks (Figure 4. 10(A) ), each of which was sampled for SDS-PAGE analysis. 

The SDS-PAGE gel showed successful separation of the four protein bands (Figure 4. 10(B) ). 

Of these four protein bands, only protein from underneath peak 1 produced a signal on an 

anti -His Western Blot (Figure 4. 10(C) ), yet the protein ID service from the University of 

Yorkôs Technology Facility matched protein from underneath peaks 1 and peak 2 with Im9-

KpsS1. Peaks 3 and 4 were assigned as ArnA and GlmS E. coli proteins, respectively. 

The absent signal from the anti-His Western blot for protein underneath peak 2 suggests that 

Im9 -KpsS1 had its N-terminal His 6 tag cleaved between purification steps. To combat this, 

subsequent protein purifications were performed using double the concentration of protease 

inhibitor. Combined, the anti -His Western blot and protein ID service clarified that of the four 

protein bands around 66 kDa, the third smallest molecular weight band was full -length, His 6-

Im9 -KpsS1. 
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Figure 4. 10: Size exclusion chromatography of Im9-KpsS1 and subsequent analyses. (A) Size 

exclusion chromatogram UV280 trace of Im9-KpsS1. (B) SDS-PAGE analysis of the fractions eluted 

during (A) . The gel layout from left to right is MW marker, followed by the eluted fractions, numbered 

according to which peak in (A) that they correspond to. (C) An anti -His western blot of different 

stages of the purification procedure. The contents of the lanes are described to the right. The red box 

indicates the band that corresponds to Im9-KpsS1. 

4.4.2.3 Step-up elution  

As shown in 4.4.2.2 Size exclusion chromatography , Im9-KpsS1 co-eluted with ArnA 

and GlmS, two histidine -rich E. coli proteins. We postulated that ArnA and GlmS would elute 

from the His -Trap column at lower imidazole concentrations than His 6-Im9 -KpsS1. To test 

this, a step-up elution gradient was trialled in place of a linear gradient elution.  
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The precise percentage of buffer B that was to be used in the step-up elution gradient was 

calculated through close inspection of the chromatogram and SDS-PAGE analysis in Figure 

4.9 , which showed that Im9-KpsS1 elutes predominantly in the later fractions, at an imidazole 

concentration of 132 mM. With this information, a new purification protocol was developed 

which washed the His-Trap column with 22% buffer B (equating to 113 mM imidazole) t o 

remove histidine -rich E. coli proteins. Next, the percentage of buffer B was increased steeply 

to 100% over 4 C.V. The resulting UV280 chromatogram showed two peaks, one that emerged 

at 22% buffer B, and one that emerged during the steep linear gradient (Figure 4. 11(A) ). 

SDS-PAGE analysis revealed that Im9-KpsS1 eluted underneath the later peak and was 

successfully separated from the contaminants, negating the need for a secondary SEC step 

(Figure 4. 11(B) ). To improve the sharpness of elution of Im9-KpsS1 underneath the second 

elution gradient, the steep linear gradient step was changed to a step-up elution gradient going 

forward.  

 

Figure 4. 11:  The elution profile of Im9 -KpsS1 when eluted with a step-up gradient. (A) The UV280 

chromatogram. In blue, and along the y-axis is the UV280 trace (mAU), in pink is the concentration of 

buffer B, and fractions are marked out in red with the accumulated volume along the x-axis. The red 

box highlights the second peak underneath the steep-linear gradient which corresponds to Im9 -

KpsS1. (B) SDS-PAGE analysis of (A) . The red box highlights protein bands which correspond to 

Im9 -KpsS1. Gel layout from left to right: MW marker, insoluble (IS), soluble (S), flowthrough (FT), 

wash (W), and the numbered fractions underneath the UV280 peak. 

4.4.3 Detergent screen for Im9-KpsS1 

4.4.3.1 Comparison of IGEPAL ® CA-630 and CHAPS detergents 

Although Im9 -KpsS1 was successfully purified in 4.4.2 Purification trials for Im9 -

KpsS1 , the reported yield was 1 mg/L, necessitating large scale expression cultures which, 

often, did not afford enough protein to enable downstream experiments. It was clear from 

SDS-PAGE analyses that Im9-KpsS1 was expressing very well but was sequestered almost 

entirely in the insoluble fraction. Dr. Flack had tested the effect of detergents on untagged 
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KpsS1ôs solubility previously and observed no improvement in the quantity of soluble protein. 

However, the combined effect of detergents and the N-terminal Im9 tag had not been tested 

prior to this project. Herein, the results of a detergent screen, which tested IGEPAL ® CA-630 

and CHAPS detergents, are presented. 

Im9 -KpsS1 was expressed in 6 L of culture. The cells were harvested in thirds and kept 

separately. All three pellets were lysed identically with the variable being the percentage of 

detergent used in the lysis buffer: 0% in the control, 0.6% w/v CHAPS, and 1% v/v IGEPAL ® 

CA-630, respectively. Following centrifugation, the lysate of each pellet was applied to a 5 mL 

His-Trap column using the optimised step-up protocol described in 4.4.2.3 Step -up 

elution . The resultant chromatograms and SDS-PAGE analyses revealed that both CHAPS 

and IGEPAL ® CA-630 increased the UV280 absorption of the initial peak at the first step -up 

(22% buffer B) relative to the control, with a marginal increase in intensity of the second peak 

at 100% buffer B (Figure 4. 12). SDS-PAGE analysis confirmed that the higher intensity 

UV280 peaks corresponded to larger amounts of Im9-KpsS1 and suggested that IGEPAL ® CA-

630 may be a better solubilising detergent given the smaller band in the insoluble fraction and 

the larger, higher intensity bands in the eluted fractions. However, in both i nstances, a large 

proportion of Im9 -KpsS1 appears to come off in the earlier fractions at the first step, 22% 

buffer B (Figure 4. 12).  
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Figure 4. 12: Ni 2+ affinity purification following lysis with (A) no detergent, (B) 0.6% CHAPS, (C) 

1% IGEPAL ® CA-630. UV280 chromatograms and SDS-PAGE analyses are shown for each. For the 

chromatograms, in blue, and along the y-axis is the UV280 trace (mAU), in pink is the concentration of 

buffer B, and fractions are marked out in red with the accumulated volume along the x-axis. The gels 

have the following layout: MW marker, insoluble (IS), soluble (S), flowthrough (FT), wash (W), and 

numbered fractions from underne ath the respective UV280 peaks. 

To better optimise the step-up elution gradient, fractions from underneath both peaks were 

pooled for the CHAPS and IGEPAL ® CA-360 tests, respectively, and re-applied to the His -

Trap column, except this time a long linear elution of 0 to 100% buffer B over 15 C.V was 

trialled to clarify at what precise percentage of buffer B Im9 -KpsS1 began to elute (Figure 

4. 13).  

The SDS-PAGE gels for each experiment showed that, once again, IGEPAL ® CA-630 

produced higher intensity bands that corresponded to Im9 -KpsS1. For this reason, the UV 

chromatogram for the IGEPAL ® CA -630 linear purification was preferentially analysed and 

showed that Im9-KpsS1 began to elute at 18% buffer B. To accommodate this, the method was 

modified to decrease the initial step-up to 15% buffer B instead of 22%. Another modification 

that was implemented was to decrease the imidazole concentration in buffer A from 40 mM 

to 20 mM to prevent loss of Im9 -KpsS1 in the flow through. 
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Figure 4. 13: SDS-PAGE analyses of repeated Ni2+ affinity purification for Im9 -KpsS1 when either 

(A) 0.6% CHAPS was used in the lysis buffer or (B)  1% IGEPAL ® CA-630. Gel layouts are as follows: 

MW marker, precipitate from the first round of Ni 2+ affinity purified fractions (P), soluble (S), 

flowthrough (FT), wash (W), and numbered fractions from underneath the corresponding 

chromatograms (not shown).  

4.4.3.2 Large Scale Purification of Im9-KpsS1 with IGEPAL ® 

CA-630 

To test whether the optimisations discussed in 4.4.3.1 Comparison of IGEPAL ® CA -630 

and CHAPS detergents  were effective, a fresh, 4 L Im9-KpsS1 expressing pellet was 

prepared and lysed with lysis buffer containing 1% IGEPAL ® CA-630. Pleasingly, the large 

peak on the UV280 chromatogram following the second step-up, and the corresponding, 

intense protein bands in the SDS-PAGE analysis revealed that these modifications to the 

protocol were highly efficacious, increasing the yield of pure, soluble Im9-KpsS1 from 1 mg/L 

to 15 mg/L ( Figure 4. 14).  
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Figure 4. 14:  Ni 2+ affinity purification of Im9 -KpsS1 following optimisation of protocol with 

detergent and decreased imidazole concentration in buffer A. (A) The UV280 trace of eluent from the 

His-Trap column. (B) SDS-PAGE analysis of (A). In blue, and along the y-axis is the UV trace (mAU), 

in pink is the concentration of buffer B, and fractions are marked out in red with the accumulated 

volume along the x-axis. 

4.5 Discussion 

This chapter describes the method development to achieve soluble KpsS1, entailing expression 

trials with different fusion tags, a detergent screen, and optimisation of protein purification 

elution profiles.  

It was confirmed that, of the three fusion tags trialled, Im9 yielded the most soluble protein 

according to SDS-PAGE analysis. There was no evidence that the SHIRT tag improved KpsS1ôs 

solubility, as demonstrated by the absence of a corresponding molecular weight in the soluble 

fraction ( 4.2 Expression Trials for SHIRT -KpsS1 ). The native function of the SHIRT 

domain to form rod extensions from the bacterial cell surface into extracellular space 

necessitates a highly soluble fold, hence it is plausible that its fold may confer solubility to an 

insoluble protein target, 312 a theory being tested in the Plevin lab at the University of York, UK. 

However, hitherto, there are no published SHIRT fusion proteins.  

Given that MBP is a potent solubility tag and affinity purification handle ( 4.1.1 Fusion Tags ) 

it was expected to supersede Im9, however it proved difficult to yield pure, quantifiable protein 

product, although enzymatic activity was retained nonetheless. Future studies of MBP-KpsS1 

may consider the use of a smaller, 1 mL MBP-Trap column, as opposed to the 5 mL column 

used here, to increase competition for binding to the amylose-resin and thereby preventing 

non-specific binding from contaminating E. coli proteins. Alternatively, the purification could 

be re-designed to include both Ni2+-affinity and amylose-affinity chromatography steps. This 

dual-step method was not feasible in this case due to the small amount of protein recovered 

from each step individually. To have combined the two would likely have reduced protein yield 
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further, thus this method calls for a larger expression culture (> 4 L). It is also possible that 

the expression of MBP-KpsS1 and SHIRT-KpsS1 may have benefited from expression in a 

different E. coli strain, such as those mentioned in 4.1.2 Optimising Expression Systems 

and Conditions for Recalcitrant Proteins . Whilst Dr. Flack reported unsuccessful 

expression of untagged KpsS1 in BL21 TunerÊ cells, it may be pertinent to repeat these 

expression trials with the fusion -tagged constructs. In the meantime, BL21 (DE3) Gold cells 

were used to express Im9-KpsS1 due to empirical evidence that higher protein yields were 

obtained in Gold cells versus standard BL21 cells. BL21 (DE3) Gold cells differ from standard 

BL21 in that they have the Hte phenotype to improve transformation efficiency, and 

inactivation of endA, to prevent the digestion of plasmid DNA by endonuclease I.  

Relatively few fusion tags have been tested for KpsS1 thus there is a strong likelihood that an 

alternative tag may yield better results. In the interest of time, Im9 -KpsS1 was taken forward 

as the preferred candidate in this project, however it may be worth revisiting to trial other 

popular tags (4.1.1 Fusion Tags ). A promising contender could be Galectin-1 given its ability 

to solubilise another recalcitrant glycosyltransferase, human ȁ-1,4-galactosyltransferase, in an 

E. coli expression system.313 

Notably, all expression trials were performed with 0.1 mM IPTG, as lower concentrations of 

inducer equate to a slower, steadier protein synthesis which is beneficial in the case of 

recalcitrant proteins to prevent rapid build -up within cells and subsequent misfolding and 

aggregation. The same IPTG concentration was shown to be a factor responsible for the 

improved expression of a recalcitrant acetyltransferase from Mycobacterium tuberculosis .314 

Whilst the Im9 -KpsS1 fusion prevailed above MBP and SHIRT, large expression cultures were 

nonetheless still required to yield low amounts of pure protein. Pleasingly, the addition of 

IGEPAL ® CA-630 or CHAPS detergent to the lysis buffer saw a vast improvement in the 

amount of soluble Im9 -KpsS1 from smaller expression cultures. Intriguingly, detergent 

screens previously performed by Dr. Flack did not improve the solubility of untagged KpsS1, 

hence it is clear that both the Im9 fusion tag and detergent are required, as opposed to one or 

the other. The observation that detergent improves the solubility of KpsS1 suggests that the 

enzyme natively associates with the membrane in some capacity. It is not atypical of GTs to 

harbour membrane anchoring secondary structures, as seen in KpsC, a ȁ-Kdo 

glycosyltransferase from E. coli which has a C-terminal amphipathic helix. 315 Solubility of 

KpsC was improved following the cleavage of this helix, an idea that is explored for KpsS1 in 

Chapter 6 (6.4.1 C -terminal Truncation of KpsS1 Doesnôt Improve Crystallisation 

Propensity ). 
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Following sufficient solubilisation of Im9 -KpsS1, the Ni2+ affinity chromatography 

purification step was optimised via a óstep-upô elution gradient that successfully separated 

histidine -rich E. coli proteins from Im9 -KpsS1, a method that has been used previously.306 

There are a handful of E. coli proteins that are known to co-elute with low -level expressing 

recombinant proteins during Ni 2+-affinity chromatography, namely: ArnA, SlyD, Can and 

GlmS.316, 317 ArnA and GlmS were the primary contaminants of Im9 -KpsS1 and caused 

confusion with regards to protein band identity in the early stages of Im9 -KpsS1ôs purification 

optimisation due to their similarity in molecular weight ( 4.4.2.2 Size exclusion 

chromatography ). E. coli BL21 (DE3) derivatives have been developed which 

endogenously express these contaminant proteins with a C-terminal chitin binding domain, 

eliminating their affinity for immobilised metal affinity chromatography (IMAC) columns. 

These strains, NiCo21 (DE3), NiCo22 (DE3) and low background strain (LOBSTR) may be 

more suitable expression hosts for Im9-KpsS1 and should be considered for future studies. 

Figure 4. 15 provides a visual summary of the optimisations made to KpsS1ôs expression and 

lysis. Further adaptations made to storage buffers for KpsS1 are described in 6.4.5 

Improving KpsS1ôs Stability with Buffer Additives, and builds upon ideas discussed 

in 4.1.3 Cell Lysis Additives to Liberate Recalcitrant Proteins in the Soluble 

Fraction . 
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Figure 4. 15:  A simple visual representation of the optimised stages to produce soluble KpsS1, as 

confirmed by these results. 
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Chapter 5: KpsS1 is a 
Dedicated, Retaining 

Pseudaminyltransferase  
 

5.1.1 Introduction  

Prior to this project, a dedicated pseudaminyltransferase (PseT) had not been identified in the 

literature. Instead, promiscuous sialyltransferases (SiaTs) (from CaZY families GT42, GT52, 

and GT80) that tolerate Ŭ-CMP-Pse5Ac7Ac 11 as a pseudo donor-substrate had been used to 

build pseudaminic acid glycosides.246 However, to inhibit in vivo production of pseudaminic 

acid (Pse), it is important to identify and characterise native PseTs. 

Acinetobacter baumannii is a Gram-negative, opportunistic bacteri um that is listed as a 

critical -priority pathogen by the World Health Organisation due to the emergence of strains 

that are resistant to all commercially available antibiotics. 318 The capsular polysaccharide 

(CPS), also known as the K-antigen, of A. baumannii is a major virulence factor,319 and a 

number of strains have been shown to incorporate Pse into their capsule.173, 183, 225 NMR 

characterisation of the CPS of a multidrug resistant, highly virulent A. baumannii  ACICU 

strain revealed the presence of a terminal Pse5Ac7Ac residue bound to a glucopyranoside 

(Glcp) through an Ŭ-(2,6) linkage in a K2 serotype tetrasaccharide repeat unit 17 (Figure 

5.1).172, 173 This axial Ŭ-Pse5Ac7Ac glycosidic linkage is in contrast to the presentation of 

Neu5Ac in nature, which exists exclusively linked to other glycans through an equatorial Ŭ-

linkage (note for Pse5Ac7Ac glycosidic linkages: Ŭ=axial and ȁ=equatorial, whilst for Neu5Ac 

glycosides: Ŭ=equatorial and ȁ=axial).320 The enzymatic construction of this Ŭ-Pse5Ac7Ac 

linkage would therefore require a PseT that proceeds with a retention of anomeric 

configuration if using Ŭ-CMP-Pse5Ac7Ac as a donor substrate. As discussed in 1.1.3  

Glycosyltransferase mechanisms , retaining glycosyltransferase (GT) mechanisms are 

less common and more highly disputed than inverting GTs. 
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Figure 5. 1: The K2 serotype tetrasaccharide repeat unit 17 of Acinetobacter baumannii ACICU.  

To identify the gene that encodes the retaining PseT in A. baumannii ACICU, the well-

characterised Pse5Ac7Ac biosynthetic gene cluster (pseBCFGHI - named according to their 

analogous Pse biosynthesis genes in C. jejuni and H. pylori (discussed in 1.3.3 Biosynthesis 

of nucleotide activated pseudaminic acids ) was first located in the KL2 biosynthetic 

locus. Downstream from there are several genes encoding GTs likely responsible for assembly 

of the CPS trisaccharide core in the tetrasaccharide repeat unit (Figure 5. 1), and an 

uncharacterised kpss1 gene (Figure 5. 2).172, 173 

 

Figure 5. 2: Genetic islands encoding A. baumannii ACICU KL2 capsular polysaccharide (CPS) 

biosynthesis and assembly genes. CPS repeat unit assembly and export genes are green, virulence 

genes are red, and glycosyltransferase genes are blue, the gene corresponding to kpss1 is labelled. 

Although no retaining SiaTs that utilise Neu5Ac have been characterised to date, sequence 

alignment of the uncharacterised kpss1 gene with a kpss gene in E. coli that  encodes for a ȁ-

retaining Kdo (3 -deoxy-D-manno-oct-2-ulosonic acid) transferase (GT 107), named KpsS, 

reported a 30% sequence identity between the two.217, 321 It was therefore predicted that kpss1 

encoded the retaining PseT responsible for forming the Ŭ-(2,6) glycosidic linkage between 

Pse5Ac7Ac and Glcp.172, 217 To test this, kpss1 was cloned into a plasmid encoding an N-

terminal, histidine -tagged, 86-amino acid colicin E9 immunity protein (Im9) fusion tag. 322 

Very limited soluble protein was observed following recombinant expression of the fusion 

protein, thus preliminary activity assays were performed with crude enzyme lysate. A 

commonly cited difficulty of characterising GTs is the requisite to identify two substrates that 

will be tolerated by the enzyme: the donor substrate and the acceptor substrate. Using in-

house chemoenzymatically synthesised Ŭ-CMP-Pse5Ac7Ac (produced via a one-pot six-

enzyme reaction 3.3 Chemoenzymatic synthesis of CMP -Pse5Ac7Ac ), firstly Me -ȁ-D-

Glcp was tested as a pseudo-acceptor substrate as Ŭ-Pse5Ac7Ac is linked to a glucopyranoside 
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residue in the native CPS structure of A. baumannii ACICU (Figure 5. 1).172 However, no 

turnover was observed by LC-MS. It has been reported that GTs in A. baumannii gene clusters 

are often distributed in inverse order to function, 217 thus it is likely that, since kpss1 is 

upstream of the other GTs in the KL2 cluster, its acceptor substrate is a di or trisaccharide in 

vivo . Working on this assumption, Dr. Emily Flack next tested p-nitrophenyl -ȁ-D-

glucopyranoside (PNP-ȁ-D-Glcp 21) as a pseudo-acceptor in the hope that the aryl aglycone 

would occupy the region of the enzyme active site reserved for binding to a bulkier acceptor. 

Pleasingly, following an 18-h incubation, formation of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 22 was 

detected. Once it was confirmed that the bulky PNP moiety was tolerated by KpsS1, an 

alternative PNP acceptor, p-nitrophenyl -ȁ-D-xylopyranoside (PNP-ȁ-D-Xylp), was tested to 

investigate the linkage specificity of KpsS1, , as PNP-ȁ-D-Xylp lacks a hydroxyl group at the 6ô 

position. No turnover was reported with this acceptor, confirming that KpsS1 strictly catalyses 

the formation of an Ŭ-(2,6) glycosidic linkage. Using 21, an additional reaction was set up with 

ȁ-CMP-Neu5Ac to test whether KpsS1 tolerated Neu5Ac in the same way that certain SiaTs 

tolerate Pse5Ac7Ac. No turnover to product was detected with ȁ-CMP-Neu5Ac, confirming 

that KpsS1 is a dedicated PseT.234 

Dr. Emily Flack next sought to upscale the production of 22  so that the stereochemistry of the 

glycosidic linkage could be assigned by NMR to confirm whether KpsS1 is indeed a retaining 

PseT. For this, a one-pot five-enzyme chemoenzymatic synthesis was prepared in vitro  

(Figure 5. 3). Starting from 30 mg of UDP -GlcNAc 6 , using the five biosynthetic enzymes 

from  C. jejuni , PseB, C, H, G and I and required co-factors, formation of Ŭ-Pse5Ac7Ac 2 was 

confirmed by LC-MS after a 6 h incubation. This reaction was then quenched and re-activated 

with the addition of PseF from A. caviae and its cofactors CTP and MgCl2 to generate Ŭ-CMP-

Pse5Ac7Ac 11. Once 11 was detected by LC-MS, pseudo-acceptor substrate 21 was added to 

the reaction and incubated for a further 72 h until 22  was formed and 11 was depleted. This 

chemoenzymatic, one-pot five-enzyme synthesis and secondary one-pot two-enzyme 

synthesis afforded a 16% yield of 22  and analysis by 700 MHz 1H  NMR confirmed that the 

stereochemistry of the newly formed glycosidic bond was axial, and thus its stereochemistry 

had been retained relative to the donor substrate, Ŭ-CMP-Pse5Ac7Ac 11.234 However, due to a 

low yield, full characterisation by NMR was not possible.  
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5.1.2 Chapter Aims 

Preliminary work by Dr. Emily Flack had shown precedent for KpsS1 behaving as a dedicated, 

retaining PseT. With purified Im9 -KpsS1 (4.4 Expression and Purification Trials for 

Im9 -KpsS1 ) and 11 (3.3 Chemoenzymatic synthesis of CMP -Pse5Ac7Ac ), work 

performed herein set out to investigate Im9 -KpsS1ôs acceptor substrate promiscuity, its 

binding affinity for its donor substrate, 11 and how different divalent metals affect enzyme 

activity. Purified Im9 -KpsS1 was also used as the third enzyme in a one-pot, three-enzyme 

chemoenzymatic synthesis of 22 , as opposed to the one-pot five-enzyme and subsequent one-

pot two-enzyme reactions performed previously. It was also used as the third enzyme in a one-

pot three-enzyme chemoenzymatic synthesis to produce a trisaccharide product, Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27, designed to mimic the K2 serotype antigen. 

Figure 5. 3: Enzymatic synthesis of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 22 starting from UDP -GlcNAc 6 , 

using a tandem five enzymes one-pot (PseBCHGI) to synthesise Ŭ-Pse5Ac7Ac 2, followed by a one-pot 

two-enzyme (PseF and crude Im9-KpsS1 lysate) synthesise of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 22 

starting from Ŭ-Pse5Ac7Ac 2. 
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5.2 KpsS1 displays promiscuity for acceptor 

substrates 

As described in 5.1.1 Introduction , previous work performed by Dr. Emily Flack had 

demonstrated enzymatic activity of crude Im9 -KpsS1 when incubated with Ŭ-CMP-Pse5Ac7Ac 

11 and p-nitrophenyl -ȁ-D-glucopyranoside (PNP-ȁ-D-Glcp 21). To corroborate these results, 

an acceptor screen was performed herein to qualify the in vitro activity of purified Im9 -KpsS1 

(4.4 Expression and Purification Trials for Im9 -KpsS1 ) with Ŭ-CMP-Pse5Ac7Ac 11 

(3.3 Chemoenzymatic synthesis of CMP -Pse5Ac7Ac ) and a range of commercially 

available p-nitrophenyl (PNP)  pseudo-acceptor substrates: p-nitrophenyl -ȁ-D-

glucopyranoside (PNP-ȁ-D-Glcp 21), p-nitrophenyl -ȁ-D-galactopyranoside (PNP-ȁ-D-Galp 

23 ), p-nitrophenyl -ȁ-D-mannopyranoside (PNP-ȁ-D-Manp 24 ), and p-nitrophenyl -ȁ-D-

xylopyranoside (PNP-ȁ-D-Xylp 25 ) (Figure 5. 4).  

 

Figure 5. 4:  Structures of the PNP acceptor substrates used to test Im9-KpsS1 in vitro enzymatic 

activity.  

A time course-assay was performed over 120 min, and turnover of product was monitored by 

the area under the UV280 peaks from ESI-LC-MS data which correspond to 11 (638 m/z [M -

H] -) and the respective pseudaminylated glycoside products (expected 616 m/z [M-H] - for 

products generated with 21, 23 , and 24  acceptors) (Figure 5. 5(A) ). The percentage 

conversions were plotted to compare the turnover of each acceptor (Figure 5. 5(B) ). As 

expected, no turnover with 25  was detected, which is consistent with evidence that KpsS1 

facilitates the formation of a 2,6 glycosidic bond, thus the absence of a 6-OH moiety in 25  

precludes this. KpsS1 did show turnover with 24 , 21, and 23  with final conversion rates of 

6.8%, 14.7% and 18.4%, respectively. Given that Glcp and Galp are present in the native 
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acceptor substrate 17, the relatively higher turnover with these two pseudo -acceptors was 

expected. The lower turnover with 24  may be explained by the axial 2ô OH moiety sterically 

interfering with glycosidic bond formation at the 6ô OH position.   

 

Figure 5. 5: Acceptor screen data for purified Im9 -KpsS1. (A) shows the UV280 traces produced by Ŭ-

CMP-Pse5Ac7Ac and the pseudaminylated products. Where product was detected, the line MS is 

shown to confirm the mass of the expected product as 616 m/z [M-H] -. (B) shows the percentage 

conversion to product exhibited by each of the PNP-acceptor substrates. 
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Overall, these results confirmed in vitro enzymatic activity of purified Im9 -KpsS1, and that 

the enzyme shows some promiscuity with respect to 21 and 22  which were turned over with 

comparable efficiency. 

5.3 Kinetic data reveal KpsS1ôs binding affinity for 

Ŭ-CMP-Pse5Ac7Ac 

Once enzymatic activity of the purified Im9 -KpsS1 fusion was confirmed, we sought to 

determine a Km value for KpsS1 with respect to Ŭ-CMP-Pse5Ac7Ac 11. For this, the CMP-GloÊ 

assay from Promega was used, a bioluminescence kinetic assay which reports on CMP release 

by conversion of CMP to ATP, and then ATP to light by a luciferase enzyme. The relative light 

units (RLU) reported are then correlated back to CMP concentration.  

Firstly, a standard-curve for CMP was generated following the kitôs instructions (Figure 

5.6(A) ). Subsequent experiments with purified Im9 -KpsS1 and chemoenzymatically 

synthesised 11 proved challenging due to the high sensitivity of the kit. We observed that the 

maximum detection limit of the kit was exceeded by no enzyme controls due to contaminating 

levels of nucleotide-phosphates in 11. This problem was overcome by introducing an alkaline 

phosphatase (AP) treatment step into the purification protocol for 11 (3.3.2 One -pot two -

enzyme synthesis and purification of Ŭ-CMP -Pse5Ac7Ac ). Whilst this approach 

reduced the signal of the assay into the detectable limit, further issues were encountered with 

respect to generating reproducible data. The CMP-GloÊ protocol instructs that the user 

should add the nucleotide-detection reagent (NDR) to simultaneously quench the enzyme 

reaction and produce an RLU signal, the latter is matured over a 1 h incubation at room 

temperature (RT ï 23 °C). However, it was repeatedly seen that, when trying to obtain an 

initial velocity curve for Im9 -KpsS1, the data produced plateaued curves, suggesting that the 

quenching property of the kit was insufficient. Instead, an additional quenching step was 

introduced to the protocol, specifically, an equal volume of ice-cold ethanol was added to 

actively stop the reaction, followed by a 30 min incubation on ice. The ethanol was next 

removed from the reaction by lyophilisation overnight. The dried reaction material was then 

resuspended in the same volume of reaction buffer and mixed with the NDR. Pleasingly, 

following a 1 h incubation at RT, the time course assay confirmed that the RLU signal increased 

linearly for 5 min ( Figure 5. 6(B) ), confirming that Im9 -KpsS1 was still in its initial velocity 

phase. 

Once we had confirmed that Im9-KpsS1 was active for the first 5 min, the CMP-GloÊ assay 

was used to obtain a Michaelis-Menten plot ( Figure 5. 6(C) ). 15 µL reactions were set up 

which contained 10 mM PNP-ȁ-D-Glcp 21, 50 mM Na3PO4 (pH 7.4), 10 mM MgCl2, 11 ranging 
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from 4 µM to 512 µM, and lastly 5 µM Im9 -KpsS1. Reactions were performed in triplicate and 

incubated at RT for 5 min. RLU was measured by the addition of the NDR from the CMP-GloÊ 

assay. The Michaelis-Menten plot produced a Km value of 104.8 µM ± 15.98. 

 

Figure 5. 6:  Kinetic data for Im9 -KpsS1 generated with the CMP-GloÊ assay from Promega. (A) 

CMP standard curve, run in triplicate. (B) Initial velocity curve for Im9 -KpsS1, run in duplicate. (C) 

Michaelis-Menten plot for Im9 -KpsS1 with varying concentrations of Ŭ-CMP-Pse5Ac7Ac, run in 

triplicate.  
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5.4 Mg2+ is the preferred divalent cation for KpsS1 

KpsS1ôs protein sequence contains a DXD motif, which is known to co-ordinate a divalent 

metal ion in other glycosyltransferases, thus it was expected that KpsS1ôs reactivity would be 

dependent upon the presence of a divalent metal ion. Up to this point, Mg2+ had been used in 

reactions to demonstrate PseT activity. To investigate whether KpsS1ôs enzymatic activity was 

indeed metal-ion dependent, or whether its activity was influenced by alternative metal ions, 

a divalent metal ion assay was performed.  

For this, Im9 -KpsS1 was first buffer exchanged into an ethylenediaminetetraacetic acid 

(EDTA) buffer to remove any metals that had bound during expression in E. coli BL21 (DE3) 

cells and then buffer exchanged back into its storage buffer (without EDTA). 50 µL reactions 

were set up in triplicate with 5 mM Ŭ-CMP-Pse5Ac7Ac and 10 mM PNP-ȁ-D-Glcp, 50 mM 

HEPES (pH 7.4), and 10 mM of one of the following metal chlorides: MgCl2, MnCl2, CaCl2, 

ZnCl2, or no metal. Lastly, Im9 -KpsS1 was added at a final concentration of 5 µM and reactions 

were incubated at 37 ęC for 10 min. Results were analysed by ESI-LC-MS and the area of the 

product peak in each instance was recorded (Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 22 616 m/z [M -

H] -). The largest product peaks were observed when reactions were incubated with MgCl2, 

followed by Mn 2+, Zn2+, Ca2+, then no metal (Figure 5.7 ), suggesting that KpsS1ôs activity is 

heightened by, instead of dependent upon, the presence of metal ions 
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Figure 5. 7: Divalent metal ion test for KpsS1. Results were analysed by LC-MS; the y-axis shows the 

area underneath the product peak of 616 m/z [M-H] - corresponding to Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 

22 . 
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5.5 Chemoenzymatic Synthesis of Pse5Ac7Ac 

Glycosides using KpsS1 

Arguably, one of the reasons that the biology surrounding pseudaminic acid is underexplored 

is due to the complex chemoenzymatic synthesis of the nucleotide activated sugar and 

pseudaminylated glycosides. The latter are especially pertinent as activity probes to identify 

pseudaminidases, and to investigate the interaction of pseudaminic acid with Siglecs and other 

host receptors.  

The established, dedicated PseT activity of KpsS1 makes it a useful tool for synthesising 

pseudaminic glycosides. Herein, the chemoenzymatic syntheses of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-

D-Glc 21 and Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe are described, using Im9-KpsS1 as 

the final biosynthetic enzyme in one-pot three-enzyme reactions. 

5.5.1 Chemoenzymatic synthesis of Ŭ-Pse5Ac7Ac-2,6-

PNP-ȁ-D-Glc 

As described in 5.1.1 Introduction , crude Im9-KpsS1 was shown to produce Ŭ-Pse5Ac7Ac-

2,6-PNP-ȁ-D-Glc 22 with a retention of glycosidic linkage, proven by 1H NMR analysis of the 

product. However, low yields of 22  meant that full NMR characterisation was not achieved. 

To increase the yield of pure 22 , 6-deoxy-alt-L-diNAc ii  10 was used as the starting material in 

a one-pot three-enzyme chemoenzymatic synthesis, as opposed to the one-pot five-enzyme 

and subsequent one-pot two-enzyme chemoenzymatic synthesis previously attempted by Dr. 

Emily Flack. In theory, fewer reaction steps and reagents should reduce product loss at each 

step and make for a simpler purification. Additionally, purified Im9 -KpsS1 meant that enzyme 

could be added to the reaction at a known concentration, enabling tighter control.  

5.5.1.2 One-pot three-enzyme chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc  

Starting with 10 mg of 10, a large scale chemoenzymatic synthesis of 22 was prepared. Purified 

enzymes (PseI, PseF, and Im9-KpsS1) were added to the one-pot reaction alongside their co-

factors (Figure 5. 8 ). The reaction was aliquoted into 0.5 mL aliquots and incubated at 30 ęC. 

Over the course of 5 days, the reaction was monitored by ESI-LC-MS, and more reagents and 

enzyme were added where necessary. Once the product was detected by ESI-LC-MS (616 m/z 

 

ii All 6-deoxy-alt-L-diNAc 10 used in this project was synthesised by Dr. Hatton and Bartosz Kowalski. 
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[M -H] -), and all starting material and intermediate material was depleted ( Figure 5. 9), the 

reaction was quenched with a 1:1 volume of ice-cold ethanol. Following centrifugation and 

dilution to 5% ethanol, the crude reaction mixture was lyophilised prior to purification.  

 

 

Figure 5. 8 : One-pot three-enzyme chemoenzymatic synthesis reaction of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-

D-Glc 22 . 
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Figure 5. 9:  EIC of the primary reagents and products from the chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-PNP-ȁ-D-Glc 22 . 

5.5.1.3 Purification of Ŭ-Pse5Ac7Ac-2,6-PNP-ȁ-D-Glciii  

The dried reaction material from  5.5.1.2 One -pot three -enzyme chemoenzymatic 

synthesis of Ŭ-Pse5Ac7Ac -2,6 -PNP -ȁ-d-Glc  was first treated with alkaline phosphatase 

(AP), to remove contaminating CDP and CTP. The AP enzyme was removed with a 1:1 volume 

of ethanol, diluted and lyophilised. The treated dried reaction material was then resuspended 

in HPLC-grade water and loaded on to a size exclusion column packed with P-2 Bio-Gel® 

resin. Eluted fractions were analysed by ESI-LC-MS to identify pure fractions containing 22  

(616 m/z [M -H] -) (Figure 5. 10).  

 

iii Purification of Ŭ-Pse5Ac7Ac-2,6-PNP-ɓ-D-Glc was completed by Dr. Natasha Hatton. 
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Figure 5. 10:  ESI-LC-MS base peak chromatogram of a Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc 22 containing  

fraction eluted from size exclusion chromatography.  

Pure fractions identified by ESI -LC-MS were pooled and taken forward for 700 MHz 1H NMR 

analysis, which revealed that 22  was pure and, importantly, assigned the stereochemistry of 

the glycosidic linkage as axial, confirming that the anomeric stereochemistry of the donor is 

retained in the product ( Figure 5. 11). 
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Figure 5. 11: 700 MHz 1H NMR analysis of purified Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc. 

The final mass of purified 22  amounted to 24 mg, equating to a 96% percentage yield from the 

one-pot, three-enzyme reaction, enabling full characterisation by NMR analysis. 

5.5.2 Chemoenzymatic synthesis of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-

Glc-1,6-ȁ-D-Gal-OMe 

An established chemoenzymatic route to 22  (described in 5.5.1 Chemoenzymatic 

synthesis of Ŭ-Pse5Ac7Ac -2,6 -PNP -ȁ-d-Glc ) led to the development of the second 

chemoenzymatic synthesis that utilised the PseT activity of Im9-KpsS1. The native structure 

of the CPS from A. baumannii ACICU 17 reveals that 2 is the terminal residue attached to a 

Glc residue, which branches from a Galp-GalNAcp repeating disaccharide (Figure 5. 1). 

Based off this observation, ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 26 iv was tested as a putative acceptor 

substrate for KpsS1 to generate Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27.  

 

 

 

iv Chemical synthesis of ɓ-D-Glc-1,6-ɓ-D-Gal-OMe used in this project was performed by Dr. Natasha 
Hatton, Dr. Darshita Budhadev, and Millie Curran. 
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5.5.2.1 One-pot three-enzyme chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 

Starting from 20 mg of 6 -deoxy-alt-L-diNAc 10 , a large scale chemoenzymatic synthesis of Ŭ-

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27 was prepared. Purified enzymes (PseI, PseF, and 

Im9 -KpsS1) were added to the one-pot reaction alongside their co-factors (Figure 5. 12). The 

reaction was aliquoted into 1 mL aliquots and incubated at 37 ęC. Over the course of 8 days, 

the reaction was monitored by ESI-LC-MS and more reagents and enzyme were added where 

necessary. 

 

Figure 5. 12:  One-pot three-enzyme chemoenzymatic synthesis reaction of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-

1,6-ȁ-D-Gal-OMe 27. 

Despite traces of 2 (333 m/z [M -H] -) remaining, all of the starting material, 10  (245 m/z [M -

H] -) and 11 (638 m/z [M -H] -) had been depleted and a small dip in the intensity of the product, 

27, (671 m/z [M -H] -) was detected, so it was decided to quench the reaction in its incomplete 

state to prevent product degradation (Figure 5. 13). 
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Figure 5. 13:  EIC of the primary reagents and products from the chemoenzymatic synthesis of 

Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 27. 

5.5.2.3 Purification of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-ȁ-D-Gal-

OM e 

Firstly, the crude reaction mixture was treated with AP to remove contaminating CTP and 

CDP. The AP enzyme was removed via precipitation with an equal volume of ice-cold ethanol. 

The ethanol was diluted to 5% prior to lyophilisation. Once dried, the reacti on material was 

resuspended in HPLC-grade water and loaded on to a size exclusion column packed with P-2 

Bio-Gel® resin. Eluted fractions were screened with ESI-LC-MS. Disappointingly, 27 co-

eluted with 2 in all fractions except for one, which was kept separately from the others moving 

forward. The single, purest fraction of 27 amounted to too small a mass that characterisation 

by NMR was not feasible. Work to improve this purification is underway in the Fascione lab.  
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5.6 Discussion 

Work described in this chapter puts forward unequivocal evidence that KpsS1 is a dedicated, 

retaining PseT) the first of its kind to be characterised in vitro . KpsS1ôs inability to turn over 

ȁ-CMP-Neu5Ac distinguishes it from more promiscuous sialyltransferases (SiaTs) which can 

turn over CMP activated Neu5Ac, Leg5Ac7Ac 3, Kdo, and Pse5Ac7Ac 2.246, 323-325 Whilst KpsS1 

has demonstrated strict preference for Ŭ-CMP-Pse5Ac7Ac 11 over ȁ-CMP-Neu5Ac, future 

work may consider testing CMP-Leg5Ac7Ac to explore its tolerance for an isomeric 

nonulosonic acid to 2.  

KpsS1 demonstrated acceptor substrate promiscuity, showing higher turnover with PNP-ȁ-D-

Glcp (14.7%) and PNP-ȁ-D-Galp (18.4%) and lower turnover with PNP-ȁ-D-Manp (6.8%) over 

2 h. Preliminary work by Dr . Emily Flack had shown precedent for KpsS1 behaving as a 

dedicated, retaining PseT. With purified Im9 -KpsS1 (4.4 Expression and Purification 

Trials for Im9 -KpsS1 ) and 11 (3.3 Chemoenzymatic synthesis of CMP -Pse5Ac7Ac ), 

work performed herein set out to investigate Im9 -KpsS1ôs acceptor substrate promiscuity, its 

binding affinity for its donor substrate, 11 and how different divalent metals affect enzyme 

activity. Purified Im9 -KpsS1 was also used as the third enzyme in a one-pot, three-enzyme 

chemoenzymatic synthesis of 22 , as opposed to the one-pot five-enzyme and subsequent one-

pot two-enzyme reactions performed previously. It was also used as the third enzyme in a one-

pot three-enzyme chemoenzymatic synthesis to produce a trisaccharide product, Ŭ-

Pse5Ac7Ac-2,6-ȁ-d-Glc-1,6-ȁ-d-Gal-OMe 23 , designed to mimic the K2 serotype antigen. 

KpsS1ôs inactivity with PNP-ȁ-D-Xylp 25 confirms that it forms a 2,6 glycosidic linkage with 

the 6ô hydroxyl group of the acceptor substrate, as is observed in the native CPS structure from 

A. baumannii ACICU. It is more common for carbohydrate synthetic enzymes to be more 

tolerant of pseudo-acceptor substrates than donor substrates, albeit with reduced turnover 

rates relative to native acceptor substrates.326-328 It was interesting, therefore, that KpsS1 

exhibited slower turnover with acceptor substrate ȁ-D-Glc-1,6-ȁ-D-Gal-OMe 26 than PNP-ȁ-

D-Glcp 21 during large scale chemoenzymatic syntheses (8 day reaction with 26  that didnôt go 

to completion, versus the 6 day reaction with 21 that went to completion) , as 26 more closely 

resembles the native acceptor substate, 17, than 21. Given that the syntheses were monitored 

via ESI-LC-MS, it is likely that 26 and the subsequent product, Ŭ-Pse5Ac7Ac-2,6-ȁ-D-Glc-1,6-

ȁ-D-Gal-OMe 27, do not ionise as well as the PNP sugars,329 and that the lower intensity 

product peaks were due to a limitation in the technique as opposed to a true reflection of the 

biochemical outcome. Instead, future chemoenzymatic syntheses should monitor the reaction 

with thin -layer chromatography (TLC) for a simpler visualisation of product turnover which 

may more accurately convey reaction progression.  
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For the large scale chemoenzymatic synthesis of Ŭ-Pse5Ac7Ac-2,6-ȁ-D-PNP-Glc 22 , the 

stereochemistry of the newly formed glycosidic bond was unambiguously assigned as Ŭ based 

on the 0.54 ppm difference between the ŭ values of the Pse5Ac7Ac H3ax and H3eq protons in 

700 MHz 1H  NMR analysis (reported as 0.55 ppm in the characterisation of repeating unit  17 

at 600  MHz), 172 confirming that KpsS1 proceeds with retention of anomeric stereochemistry 

relative to the donor substrate (5.5.1 Chemoenzymatic synthesis of Ŭ-Pse5Ac7Ac -2,6 -

PNP -ȁ-d-Glc ). Pleasingly, this large-scale, one-pot three-enzyme reaction afforded a 96% 

percentage yield, a vast improvement on the 16% yield recorded previously for the combined 

one-pot five-enzyme and one-pot two-enzyme reactions.234 

The Km of bacterial SiaTs for CMP-Neu5Ac ranges from 13 µM to 6 mM, depending on the 

nature of the acceptor substrate.32, 324, 328, 330-338 The apparent Km of 104.8 µM for Im9 -KpsS1 

falls at the lower end of this range, as reported by the CMP-GloÊ assay (5.3 Kinetic data 

reveal KpsS1ôs binding affinity for Ŭ-CMP -Pse5Ac7Ac ). The CMP-GloÊ assay reports 

on CMP release; given that it is unclear whether CMP is released by KpsS1 upon donor-

substrate binding or following acceptor -substrate binding and product release, the kit could 

not be used to generate kcat values and was only used to provide insight into KpsS1ôs binding 

affinity for 11. KpsS1ôs relatively high binding affinity for 11 is congruent with its inability to 

turnover ȁ-CMP-Neu5Ac, demonstrating high substrate selectivity and providing further 

evidence that KpsS1 is a dedicated PseT. Future work should use the CMP-GloÊ assay to 

ascertain whether CMP is released in the presence of 11 but in the absence of an acceptor 

substrate. If CMP is released in the absence of an acceptor substrate, this would be suggestive 

of a double displacement retention mechanism wherein a covalent intermediate holds Ŭ-

Pse5Ac7Ac in place until the arrival of an acceptor substrate.  

The divalent metal ion assay showed that higher intensity product peaks are observed when a 

divalent metal chloride is included in the reaction mixture. MgCl 2 produced the highest 

intensity product peaks, followed by MnCl 2, ZnCl2, then CaCl2, although the latter two were 

somewhat indistinguishable from the no metal control. The, albeit small, product peak 

produced by the no metal control suggests that KpsS1ôs activity is enhanced by the presence of 

divalent metal ions but is not dependent upon them. This is an interesting observation given 

that KpsS1ôs protein sequence harbours a DXD motif, which is a divalent metal-ion co-

ordinating motif found in metal ion -dependent GTs, and is shown to be critical for function.339-

341 The most common divalent cations that are co-ordinated by the DXD motif are Mg 2+ and 

Mn 2+,28 which is congruent with the data presented in 5.4 Mg 2+  is the preferred divalent 

cation for KpsS1 , suggesting that the DXD motif in KpsS1 is responsible for co-ordinating 

these metal ions and eliciting improved enzyme activity . Typically, the DXD motif in GTs is 

found in members of the GT-A fold family, 5 but, as is discussed in Chapter 6 and Chapter 7 
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(6.3.1 Introducing KpsS1ôs AlphaFold Model and 7.4 Closing Remarks ), the 

AlphaFold (AF) model of KpsS1 suggests that KpsS1 has a classical GT-B fold. These 

contrasting features have also been observed in a SiaT, CstII (GT42) from Campylobacter 

jejuni . The solved structure of CstII has a GT-A fold, yet there is no DXD motif present in the 

primary structure, and CstII, like KpsS1, does not display metal-ion dependency but does 

exhibit enhanced performance in the presence of Mg2+ and Mn2+ ions.24 Both KpsS1 and CstII 

utilise a mono-phosphate nucleoside activated donor substrate, whilst the DXD motif co-

ordinates metal ions such that they can stabilise binding of di -phosphate nucleoside donor 

substrates, thus Chiu et al. posited the DXD motif is not required to facilitate stabilisation of 

nucleoside monophosphate substrates, such as CMP-Neu5Ac (the donor substrate for CstII), 24 

it is plausible that the same is true of KpsS1. The evolution of GTs into different families, GT-

A, GT-B, and GT-C (and others) is poorly understood.23 Thus, the presence of a DXD motif in 

KpsS1 may be the result of divergent evolution in which the enzyme has preserved the motif 

superfluously, or convergent evolution wherein the improved activity elicited by the DXD 

motif prompted itôs inclusion in the primary sequence. We should not lose sight of the fact that 

these observations are from a predicted AF model, however, and may therefore be inaccurate. 
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Chapter 6: Distinguishing 
Between Alternative 
Glycosyltransferase 

Retaining Mechanisms in 
KpsS1 

 

6.1 Introduction  

6.1.1 Fluorinated Substrate Analogues as Inhibitors of 

Glycosyltransferases and Glycosyl hydrolases 

Arguably the most useful tool at an enzymologistôs disposable is structural biology for solving 

the mechanism of a glycosyltransferase (GT), or any enzyme for that matter. Solving the 

structure of a ligand bound enzyme elucidates residues responsible for catalysis and paves the 

way for mechanistic hypotheses. However, the recalcitrant nature of many GTs makes 

structure determination difficult ( 4.1 Introduction ), and the transiency of ligand-binding 

can make capturing reaction intermediates near impossible. However, the latter is not an issue 

unique to GTs.  

As discussed in 1.1.3.2 Retaining mechanisms , the Koshland double-displacement 

mechanism is utilised by retaining glycosyl hydrolases (GHs) and some retaining GTs. These 

retaining mechanisms can be described in two steps: glycosylation (formation of a covalent 

intermediate), and deglycosylation (hyd rolysis of the covalent intermediate) ( Figure 6. 1).342, 

343 The glycosylation step in both GHs and GTs entails nucleophilic attack of the anomeric 

stereo centre of the substrate, usually by a glutamate or aspartate residue.44, 45, 343 An acid/base 

residue, or a divalent metal ion acting as a Lewis acid (in the case of some GTs), stabilises the 

leaving group, either by protonation or electrostatically, respectively. The glycosylation step 

proceeds through a trigonal planar oxocarbenium transition state, wherein the substrate is 

simultaneously partially associated with the enzymatic nucleophile and partially dissociated 

from its leaving group, the end result of which is a covalently bound intermediate. 344 
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Hydrolysis of this intermediate arises due to the presence of a water molecule in the case of 

GHs, or an acceptor substrate in the case of GTs, initiating the deglycosylation step. In GHs, 

the incoming water molecule is deprotonated by the acid/base residue that protonated the 

leaving group in the glycosylation step, producing a nucleophilic hydroxyl moiety which 

attacks the anomeric centre of the covalent intermediate from the back, forming a C-OH bond 

with retained anomeric stereochemistry relative to the  initial substrate. 42, 345 For GTs, the 

deglycosylation process is identical except for a nucleophilic base residue deprotonating the 

incoming acceptor substrate, priming it for nucleophilic substitution of the covalent 

intermediate and the formation of a C -O-R bond (where R represents the acceptor 

substrate).48, 49, 346 As with the glycosylation step, the deglycosylation step proceeds through a 

trigonal planar oxocarbenium transition state to achieve the final product.  
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Figure 6. 1: The glycosylation and deglycosylation steps of retaining GHs and GTs that proceed 

through a double displacement mechanism. The R group in (1) represents either a sugar moiety in the 

case of GHs or a nucleotide phosphate moiety in the case of GTs. The acid/base residue (A/B) can also 

be a divalent metal-ion in GTs. 
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A well-practised technique for capture of the covalent intermediate in retaining GHs is to 

introduce a fluorine substituent into the enzymeôs substrate, creating a óslowô substrate.43-45, 

343, 347, 348 The strong electron withdrawing presence of a fluorine atom destabilises the 

formation of the oxocarbenium transition state, thereby ótrappingô the substrate in its covalent 

intermediate with the enzyme, 349 allowing for holo -structures to be solved. However, the 

destabilising presence of a fluorine atom increases the energy barrier of the initial 

glycosylation step due to its inductive quality. To overcome this, a good leaving group must be 

employed to make formation of the oxocarbenium transition state, enroute to the covalent 

intermediate, accessible even in the presence of a fluorine atom. Therefore, through changing 

the chemical nature of the leaving group one may ótuneô the Ki of a fluorinated inhibitor by 

striking a delicate balance between enabling the glycosylation step whilst simultaneously 

destabilising the deglycosylation step.350 Another consideration in the design of fluorinated 

GH inhibitors is the positioning of the fluorine atom on the ring and its effect on the rate of 

hydrolysis of the glycoside. Through methodical substitution of a fluorine atom on to different 

positions wi thin a carbohydrate ring by Namchuk et al, it was shown that fluorination at the 

2-position elicited the slowest hydrolysis rate, followed by position 4, then 3, then 6. 351 Hence 

it is unsurprising that a vast number of fluorinated GH inhibitors are fluorinated at the 2 -

position to prolong bioavailability. 352 Of note is that fluorinated analogues have a slower 

hydrolysis rate than non-fluorinated de -oxy sugars, demonstrating that fluorine enhances the 

stability of carbohydrate molecules.353, 354  

Fluorine is a suitable substitution/addition on to a carbohydrate ring given its comparable van 

der Waals radius to oxygen, 1.35 Å versus 1.4 Å,355 respectively, preventing steric hindrance. 

However, C-F bonds are unable to donate, and have a reduced capacity to accept, hydrogen 

bonds meaning they are more hydrophobic than C-O bonds.356 This hydrophobicity can lower 

binding affinity for the protein target due to the formation of fewer hydrogen bonding 

interactions in the binding site. However, a counter point to this is that, whilst the bound state 

of a fluorinated analogue may exhibit weaker binding interactions, it may be easier for a 

fluorinated analogue to bind to a protein in the first place due to its lower desolvation 

energy.357, 358  

In the case of GTs, the effect of fluorinating the donor substrate versus the acceptor substrate 

is significant. For example, Hartman et al. demonstrated that UDP-5-Fax-GlcNAc functioned 

as a competitive inhibitor of an inverting N-acetylglucosaminyltransferase (which proceeds 

through an oxocarbenium transition state but not a covalent intermediate, as is the case for all 

inverting GTs), whilst the 5 -Fax-GlcNAc ȁ-octyl was an óexcellent [acceptor] substrateô with a 

greater kcat value than the native substrate, which afforded fluorinated glycosides with useful 

downstream applications as mechanistic probes for GHs.359 
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Pertinent to this project is evidence that fluorinated substrate analogues have demonstrable 

inhibition activity against inverting sialyltransferases (SiaTs). 360-362 The structural analogy of 

sialic acid (Neu) and pseudaminic acid (Pse) means that observations made regarding Neu 

processing enzymes may transpire to be true of Pse processing enzymes. Chiu et al. reported 

the first SiaT structure in 2004, CstII from C. jejuni, a member of the GT-A fold family (GT 

42). Attempted co-crystallisation with CMP -Neu5Ac resulted in a CMP-bound structure, 

suggesting that Neu5Ac was hydrolysed. To combat this, CstII was instead co-crystallised with 

CMP-3-Fax-Neu5Ac, which exhibited a Ki value of 657 µM, comparable to the Km of 460 µM for 

its natural substrate, CMP-Neu5Ac.24 Binding of CMP-3-Fax-Neu5Ac induced conformational 

changes within the active site that ostensibly primed the enzyme to binds its acceptor 

substrate. Shortly thereafter, Ni et al. reported the structure of PmST1, a GT-B fold SiaT from 

Pasteurella multocida (GT 80). PmST1ôs structure was solved with CMP (once more because 

of CMP-Neu5Ac hydrolysis),363  CMP-3-Fax-Neu5Ac and CMP-3-Feq-Neu5Ac, and the absence 

or presence of the lactose acceptor substrate.33 Both the C3 axial and equatorial linked fluorine 

analogues inhibited PmST by acting as slow substrates, although the latter was more readily 

turned over to yield a fluorinated glycoside, an observation that may be explained by the 

anomeric carbon of the Neu5Ac moiety in CMP-3-Fax-Neu5Ac being contorted more strongly 

into a coplanar arrangement than that of CMP-3-Feq-Neu5Ac.33 It is known that inhibitors 

which mimic the oxocarbenium transition state (e.g. those with coplanar O6, C1, C2, C3 and 

C4 bonds and thus sp2 oxocarbenium character) are more effective inhibitors, 364 hence it is 

possible that CMP-3-Fax-Neu5Ac is a more accurate oxocarbenium transition-state analogue, 

due to its stronger coplanar arrangement than CMP-3-Feq-Neu5Ac, and is therefore a stronger 

inhibitor. There are multiple examples where the stereochemistry of the fluorine substituent 

affects a moleculeôs inhibition parameters.365-367 Precisely why there is this selectivity for one 

stereoisomer over the other is not clear, however a review by Pedersen et al. found that 

pyranose conformers with more axial electronegative groups than equatorial were more 

amenable to oxocarbenium formation at the anomeric centre.368, 369  

Given that only inverting SiaTs exist, no SiaTs have been trapped during a transition state that 

is informative for retaining mechanisms and, thus, KpsS1. However, fluorinated substrate 

analogues have been shown to capture covalent intermediates of retaining sialidases,350, 370, 371 

meaning they are a viable strategy for distinguishing whether a glycosyl-enzyme intermediate 

forms (i.e. a SN2-like double displacement retention mechanism) or not (i.e. a SNi-like same-

side retaining mechanism) in KpsS1ôs mechanism. One commonly cited example is a retaining 

sialidase from Trypanosoma cruzi , TcTS (GH 33).227 When incubated with a 2,3-difluoro 

derivative of Neu5Ac, TcTSô mass increased by 304 ± 12 Da, consistent with the covalent 

attachment of a 3ax-fluorosialyl moiety to the side chain of a tyrosine. The absence of the C2 

fluoro substituent confirmed its role as a leaving group. 227 A tyrosine acting as the catalytic 
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nucleophile was an unusual observation which was explained by the electrostatic repulsion 

that would otherwise occur between the carboxylate moiety of sialic acid and the carboxylate 

side chain of a glutamate or aspartate enzymatic nucleophile (Figure 6. 2). Instead, the 

tyrosine is coupled to a proximal glutamate residue which transfers the negative charge to the 

phenolic oxygen during the transition state, precluding electrostatic repulsion from interfering 

with substrate binding. This proton -relay mechanism between a Glu and Tyr has been 

observed in other retaining sialidases,345, 371-373 and, intriguingly, in a putative pseudaminidase 

(PA2794) from Pseudomonas aeruginosa (1.3.4 Pseudaminic acid 

glycosyltransferases and glycosyl hydrolases are underexplored ).1 If indeed a 

charge relay to a phenolic oxygen is implemented to better accommodate Neu and Pse, one 

may expect that a similar electrostatic repulsion prevention mechanism may be implemented 

in KpsS1. 

 

Figure 6. 2: Mechanism of a trans-sialidase enzyme from Trypanosoma cruzi , TcTS, which proceeds 

through a covalent intermediate wherein a tyrosine residue is the catalytic nucleophile following 

deprotonation by a nearby glutamate. This covalent intermediate was trapped using a 2,3-difluoro 

derivative of Neu5Ac. Figure taken from Watts et al., (2003). 227 

Outside of SiaTs and retaining sialidases, a retaining galactosyltransferase, LgtC from 

Neiisseria meniingitidis (GT 8) had its structure solved with a fluorinated donor analogue, 

UDP-2-deoxy-2-fluoro -Ŭ-D-galactopyranose (UDP-2-F-Gal).374 UDP-2-F-Gal has a Ki value of 

2 µM, lower than the K m value of 18 µM for its native substrate, UDP-Gal. LgtC follows a 

sequential bi-bi mechanism in which donor binding elicits a conformational change that 

enables acceptor substrate binding. Once the transferase reaction is complete, the 

trisaccharide product is released first, followed by the UDP leaving group. Interestingly, the 

absence of a nucleophile responsible for forming a covalent adduct led to authors concluding 

that an SNi-like mechanism was more likely (1.1.3.2 Retaining mechanisms ). Another 

retaining GT is trehalose-6-phosphate synthase from E. coli, OtsA, which was incubated with 

UDP-2-F-Glc donor analogue. Once again, the structure of OtsA bound to the fluorinated 

substrate did not elucidate the precise nature of the retention mechanism.375 Later quantum 

mechanisms/molecular mechanics (QM/MM) studies, in conjunction with kinetic isotope 
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effects studies and further inhibitor experiments, indicated that OstA exhibited a short -lived 

oxocarbenium ion transition state which supports an S Ni-like mechanism.376-378 

6.1.2 Site Directed Mutagenesis to Prove Double 

Displacement Retention Mechanisms in 

Glycosyltransferases 

An alternative method for studying GT retention mechanisms is the use of site-directed 

mutagenesis. With this approach, two retaining ȁ-Kdo GTs, KpsC from E. coli (GT 107)315 and 

WbbB from Raoultella terrigena (GT 99)379 have been shown to proceed via a covalent-

intermediate -forming SN2-like double displacement mechanism. Despite the enzymes only 

sharing 16% sequence identity, they share an indispensable catalytic motif: QXXXD. Site 

directed mutagenesis of the aspartate residue in this motif revealed that it is the nucleophile 

responsible for forming a covalent adduct in both enzymes. In the case of KpsC, mutation of 

Asp160 to a glutamine or cysteine resulted in a mass addition of 220 Da upon incubation with 

substrate, which is consistent with the expected mass of a Kdo-covalent adduct.48 On the other 

hand, the covalent adduct of WbbB was captured bound to Asp232 via mutation of Glu158 to 

a glutamine, the second nucleophile responsible for deprotonating the incoming acceptor 

substrate to initiate the deglycosylation step. Once more, a mass addition of 220 Da confirmed 

the formation of Kdo -covalent adduct with Asp232.49 Figure 6. 3 illustrates how the covalent 

intermediate is proposed to form in KpsC and WbbB. The deglycosylation step in KpsC is also 

catalysed by a glutamate residue, Glu66.48  

There are strict criteria that need to be met to facilitate a double displacement retention 

mechanism. Two, totally conserved, nucleophilic residues must be positioned within 4 Å from 

the reaction centres of the donor and acceptor substrate, respectively, whilst being ~ 7 Å from 

each other.48 These precise requirements may explain why double displacement retention 

mechanism are seen less commonly relative to SNi-like retention mechanisms for GTs. 

Similarly to Withers, 227 Forrester et al. posit whether the carboxylate group on the anomeric 

carbon of Kdo would impart steric hindrance in an S Ni-like retention mechanism, thus the 

rarer double displacement retention mechanism is favourable in the case of KpsC and WbbB.49 

This line of thinking supports the hypothesis that KpsS1 proceeds with a double displacement 

retention mechanism due to the equivalent carboxylate group on the anomeric carbon of 

Pse5Ac7Ac. 
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Figure 6. 3: The first stage of the proposed double displacement retention mechanism employed by 

the ȁ-Kdo retaining glycosyltransferases, KpsC (GT 107) and WbbB (GT 99). 

Retaining enzymes from the GT-6 family, namely mammalian Ŭ-1,3-galactosyltransferase (Ŭ-

1,3-GalT) and the human blood-group forming GTs Ŭ-1,3-N-acetylgalactosaminyltransferase 

(GTA) and Ŭ-1,3-galactosyltransferase (GTB), have a glutamate residue which, when mutated 

to alanine, inactivates the enzymes, leading researchers to postulate that they are covalent-

adduct forming nucleophiles in each inst ance.46, 380 Jamaluddin et al. were able to solve the 

structure of an Arg365Lys mutant of Ŭ-1,3-GalT bound to UDP-2-F-Gal, but the structure did 

not reveal a covalent intermediate,381 despite mass spectrometry experiments reporting a mass 

addition consistent with the formation of a covalent adduct. 46 Instead, in the absence of 

structural data, Rojas-Cervellera et al. have conducted a QM/MM study which concludes that 

a double displacement mechanism is the only feasible mechanism for these enzymes due to 

the proximity of the putative nucleophiles to the anomeric carbon of the donor substrate (3.45 

Å).346 QM/MM methods are valuable for high accuracy mechanistic predictions, which are 

especially useful for ascertaining the feasibility of double displacement mechanisms versus SNi 

single displacement mechanisms.382, 383 
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6.1.3 Truncating Glycosyltransferases to Remove 

Membrane Associated Secondary Structural Elements 

Another factor that contributes to the difficulty of determining retaining GT mechanisms is 

that they are notoriously recalcitrant proteins, making structure determination challenging. 

As discussed briefly in 4.1 Introduction , GTs are commonly membrane associated, 

necessitating a hydrophobic, membrane anchoring structural component. Typically, these 

structural components are located at the C-terminus, and their cleavage can help to achieve 

stable protein with an increased likelihood of producing protein crystals. For example, some 

of the aforementioned bacterial GTs have had their X-ray crystallography structure solved 

following a C-terminal truncation, for example: CstII ǧ32 had 32 residues deleted from its C-

terminus, 24 ǧ24Pmst had 24 residues deleted from its N-terminus, 363 LgtCǧ25 had 25 deleted 

from its C-terminus, 374 and KpsC had a unspecified truncation of its C-terminal Ŭ-helix.48  

6.1.4 Chapter Aims  

As discussed, deciphering the mechanism of a retaining GT is not trivial. This chapter 

describes the efforts that have been made towards elucidating KpsS1ôs mechanism, including 

analysis of KpsS1ôs AlphaFold model in the context of its closest structural homologues and 

putative pseudaminyltransferases (PseTs), and the design of site-directed mutagenesis 

experiments based on this, chemoenzymatic synthesis of a fluorinated donor analogue, and 

stability screens to improve KpsS1ôs propensity to crystallise and improve cryoEM data quality.  
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6.2 Chemoenzymatic Synthesis of Ŭ-CMP-3-F-

Pse5Ac7Ac 

As described in 6.1.1 Fluorinated Substrate Analogues as Inhibitors of 

Glycosyltransferases and Glycosyl hydrolases , fluorinated substrate analogues are 

potent inhibitors of GTs and GHs, and more relevantly demonstrate efficacy against 

sialyltransferases and retaining GTs. We therefore thought it pertinent to test the inhibitory 

effect of a fluorinated Ŭ-CMP-Pse5Ac7Ac donor analogue against KpsS1. For this, 

chemoenzymatic synthesis of Ŭ-CMP-3-Feq-Pse5Ac7Ac 28 (Figure 6. 4) was optimised in 

collaboration with James Jeffries, a fellow PhD student within the Fascione lab.  

 

Figure 6. 4: Structure of Ŭ-CMP-3-Feq-Pse5Ac7Ac 28  

6.2.1 Optimisation of Ŭ-CMP-3-F-Pse5Ac7Ac 

Chemoenzymatic Synthesis 

6.2.1.1 One-pot one -enzyme chemoenzymatic synthesis of Ŭ-

CMP-3-Feq-Pse5Ac7Ac 

3-F-PEP was chemically synthesised in-house by James Jeffries, wherein he also investigated 

C. jejuni PseIôs ability to turnover the fluorinated co-factor. Pleasingly, his work demonstrated 

that incubation of PseI with 3 -F-PEP yielded Ŭ-3-Feq-Pse5Ac7Ac 29 . A crude sample of 29  was 

provided for this project to react with A. caviae PseF to investigate the feasibility of 

chemoenzymatically synthesising 28 .  
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Figure 6. 5:  One-pot one-enzyme chemoenzymatic synthesis of Ŭ-CMP-3-Feq-Pse5Ac7Ac 28 from Ŭ-

3-Feq-Pse5Ac7Ac 29 . 

Starting with 49 mg of crude 29 , PseF, CTP and ZnCl2 were reacted at 37 ęC for one week. The 

reaction was monitored by ESI-LC-MS and additional CTP and PseF was added where 

necessary to push the reaction forward. The reaction was quenched with ice-cold ethanol once 

the peak corresponding to 29  (352 m/z [M -H] -) had depleted (Figure 6. 6). A substantial 

amount of CDP (402 m/z [M -H] -) and CTP (482 m/z [M -H] -) was also detected in the reaction, 

necessitating treatment of the crude product with alkaline phosphatase (AP) to remove 

contaminating nucleotide -phosphates. From here, the reaction mixture was purified by SEC 

using the P-2 Bio-Gel® resin. Eluted fractio ns were analysed by ESI-LC-MS, which revealed 

that only one fraction displayed partial purity of 28 . Once lyophilised, the dried material 

weighed a disappointing 0.2 mg, and therefore verification by NMR was not possible. 
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Figure 6. 6: ESI-LC-MS EIC showing depletion of Ŭ-3-Feq-Pse5Ac7Ac (light blue, 352 m/z [M-H] -) 

and production of Ŭ-CMP-3-Feq-Pse5Ac7Ac (red, 656 m/z [M-H] -) using PseF. 

6.2.1.2 One-pot two -enzyme chemoenzymatic synthesis of Ŭ-

CMP-3-Feq-Pse5Ac7Ac with mutant PseI A127S 

The low yield of 28  obtained in 6.2.1.1 One -pot one -enzyme  chemoenzymatic 

synthesis of Ŭ-CMP -3-Feq-Pse5Ac7Ac  can be attributed in part to the enzymatic step 

before PseF, the pseudaminic acid synthase, PseI. When incubated with 3-F-PEP, PseI was 

still preferentially producing non -fluorinated Ŭ-Pse5Ac7Ac 2 despite no non-fluorinated PEP 

being added to the reaction mixture, decreasing yields of 29  and consequently 28 .  
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A rationally designed PseI mutant, PseI A127S, exhibited a higher affinity for 3-F-PEP over 

PEP. v  It was posited that yields of 28  may be improved via a one-pot two-enzyme 

chemoenzymatic synthesis where PseI A127S replaced wild type PseI.  

To test this, small-scale reactions were set up which either contained wildtype PseI or PseI 

A127S, and PseF. In both instances, two ratios of 3-F-PEP to starting material 6-deoxy-L-

AltdiNAc 10 were tested, 1:1 and 2:1, to see if the concentration of fluorinated co-factor 

available influenced the amount of fluorinated product generated. Reactions were run for 24 

h at 37 ęC, quenched with ice-cold MeCN, and then analysed by ESI-LC-MS. The results 

revealed that replacement of wild type PseI with PseI A127S vastly increased the area of the 

EIC for the expected mass of 28 , 656 m/z [M -H] - (Figure 6. 7). 28  was also preferentially 

produced relative to Ŭ-CMP-Pse5Ac7Ac 11 when PseI A127S was used. A 1:1 ratio of 3-F-PEP 

to 10 resulted in a larger peak corresponding to 28  in the PseI A127S reaction. 

 

Figure 6. 7: The area of the EICs of different products from a one-pot two-enzyme chemoenzymatic 

synthesis of Ŭ-CMP-3-Feq-Pse5Ac7Ac 28 , comparing the effect of PseI A127S on turnover versus wild 

type PseI. Two ratios of 3-F-PEP to 6-deoxy-L-AltdiNAc 10 were also tested. 

 

 

 

 

 

v Work conducted by James Jeffries 
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6.2.2 Large Scale Optimised One-Pot Two-Enzyme 

Chemoenzymatic Synthesis of Ŭ-CMP-3-F-Pse5Ac7Ac 

Following optimisation of the chemoenzymatic synthesis of 28  with a one-pot two-enzyme 

reaction that incorporated a rationally designed PseI mutant, PseI  A127S (6.2.1.2 One -pot 

two -enzyme  chemoenzymatic synthesis of Ŭ-CMP -3-Feq-Pse5Ac7Ac  with 

mutant PseI  A127S), a large scale chemoenzymatic synthesis of 28  was conducted. Starting 

from 30 mg 6-deoxy-L-AltdiNAc, the reaction contained 5 mM 3 -F-PEP, 10 mM CTP, and 10 

mM MnCl 2, and was incubated at 37 °C for 72 h. The reaction was monitored via ESI-LC-MS 

(Figure 6. 8 ) and was quenched once starting material was depleted and further PseF 

addition to the reaction was failing to turn -over remaining 29 , as empirical evidence (not 

shown) shows that prolonged reactions increase the likelihood of product hydrolysis.  
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Figure 6. 8 : The stacked, negative ion-mode, EICs of the primary reagents and products from the 

large-scale chemoenzymatic synthesis of Ŭ-CMP-3-F-Pse5Ac7Ac 28 after 72 h incubation. The 

starting material, 6 -deoxy-L-altdiNAc 10 245 m/z [M -H] -, trace is shown in purple, Ŭ-Pse5Ac7Ac 2 

333 m/z [M -H] - trace is shown in dark green, Ŭ-3-F-Pse5Ac7Ac 29 351 m/z [M -H] - is shown in light 

blue, the Ŭ-CMP-Pse5Ac7Ac 11 638 m/z [M -H] - trace is shown in black, and the desired product Ŭ-

CMP-3-F-Pse5Ac7Ac 28 656 m/z [M -H] - is shown in red. 

Pleasingly, 28  was preferentially produced, although contaminating levels of 11 and unreacted 

29  were present (Figure 6.8 ), as well as CTP/CDP. To remove these, a subsequent 

purification step was performed.  

 

 

 

 

 



169 

 

6.2.3 Purification of Ŭ-CMP-3-F-Pse5Ac7Ac 

As shown in Figure 6. 8 , the large scale chemoenzymatic synthesis of 28  was successful. To 

purify the final product, the crude reaction mixture was treated firstly with alkaline 

phosphatase (AP) to remove contaminating cytidine -phosphates. AP-treated, crude product 

was then resuspended in HPLC-grade water and loaded onto Bio-Gel® P-2 resin for size 

exclusion chromatography (SEC). Fractions were analysed with ESI-LC-MS, which showed 

that AP treatment was successful (due to the absence of CDP and CTP), and that 28 was 

separated from its other contaminants ( Figure 6. 9). Fractions containing purified 28  were 

pooled and analysed by 1H NMR, which revealed that trace amounts of 11 were present, 

confirmed by the presence of a proton signal at 2.2 ppm, which is consistent with H3eq observed 

in 11. In the fluorinated product this proton is replaced by a fluorine atom, hence, a proton 

signal would not be expected at this position (Figure 6. 10). 28 was characterised with 

further NMR analyses.  The total mass of purified product was 45 mg, equating to an overall 

yield of 56% from the large scale chemoenzymatic synthesis of 28 . 
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Figure 6. 9:  The BPC from ESI-LC-MS analysis of a fraction eluted from SEC that contains pure Ŭ-

CMP-3-F-Pse5Ac7Ac 28 . The line MS is also shown, confirming that 656 m/z [M -H] - is the primary 

ion (the expected mass for 28 ). 
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Figure 6. 10:  700 MHz  1H NMR analysis of SEC purified Ŭ-CMP-3-F-Pse5Ac7Ac 28 . 

6.3 Identifying Residues Important for KpsS1ôs 

Enzymatic Activity  

In the absence of a solved structure for KpsS1, AlphaFold2 (AF2) was used to produce a 3D 

predictive model. 384 The AF model formed the basis of predictions regarding putative catalytic 

residues, as well as informing decisions regarding deletion mutations and providing evidence 

regarding KpsS1ôs oligomeric state. 

6.3.1 Introducing KpsS1ôs AlphaFold Model 

The confidence scores, produced by the predicted local-distance difference test (pLDDT), have 

been shown to reliably predict how accurately residues are positioned in the model according 

to the CŬ local-distance difference test (IDDT-CŬ).384 Figure 6. 11 shows KpsS1ôs AF model 

coloured by pLDDT values. Reassuringly, the model is predominantly dark blue, indicative of 

a high-confidence model. Amino acid residues which score higher than 70 are considered to 

have good back-bone prediction. The lower pLDDT scores fall predominantly on an Ŭ-helix-

embedded loop located in between two Rossman-fold domains, illustrated by yellow and 

orange colours, which may be suggestive of a disordered or flexible region within the enzyme, 

or inaccuracy. 
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Figure 6. 11:  AlphaFold model for KpsS1 coloured by pLDDT values. The colour key along the bottom 

indicates that darker blue is associated with higher pLDDT values, and lighter blue/orange is 

associated with lower pLDDT values. Figure generated with Chimera. 

As mentioned in the 1.1  Glycosyltransferase  folds , GTs that process nucleotide-activated 

donor substrates are characterised by one of two folds, the GT-A fold or the GT-B fold. Whilst 

there is discrepancy in the literature as to the exact definition of these two folds, the consensus 

is that GT-A folds comprise a continuous, central ȁ-sheet (either the product of a single 

Rossman-fold domain, or two closely abutted ones) and GT-B folds comprise two distinct 

Rossman-fold domains. The AF model displays the latter, suggesting that KpsS1 is a GT-B 

enzyme. To further qualify this, and to vi ew the structure through an alternative lens, a 2D 

topological diagram was drawn for this model, which highlighted the presence of an N-

terminal Rossman-fold domain, followed by an extensively Ŭ-helical embedded loop that 

connects to the C-terminal Rossman-fold domain, which terminates with a long connecting 

loop and two C-terminal Ŭ-helices (Figure 6. 12). 
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Figure 6. 12: A 2D topological diagram for the AF model of KpsS1, colour coded by domain. These 

colours are imposed on to the 3D AF model of KpsS1 below, with the ófrontô and óbackô of the enzyme 

shown via a 180° rotation about the y axis.  
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6.3.2 Putative Catalytic Glu in KpsS1ôs AlphaFold Model 

Structurally Aligns with Catalytic Asp in Homologues  

The next question to address was whether KpsS1ôs AF model shared structural homology with 

protein data bank (PDB) structures. To test this, a distance matrix alignment (Dali) search was 

conducted to search for structures in the PDB with similarities to the  inputted KpsS1 AF3 

model.385-387 The output of this search was a list of PDB structures, ranked by root mean square 

deviation (RMSD, Å) values and Z-score. The latter is defined as the ósum of equivalent 

residue-wise CŬ-CŬ distances among two proteinsô thus higher scores equate to higher 

similarity between two structures. 387, 388 The top hits for KpsS1 AF model are shown in Table 

6. 1.  

The first five PDB structure with the highest Z -score were variants of KpsC and WbbB, 

retaining ȁ-Kdo transferases described in 6.1.2 Site Directed Mutagenesis to Prove 

Double Displacement Retention Mechanisms in Glycosyltransferases . 

Specifically, KpsC, a ȁ-Kdo-2,7-transferase from T. dismutans (PDB: 6MGD), 315 followed by 

WbbBôs (R. terrigena ) apo (PDB: 5FA0) and CMP-bound (PDB: 5FA1) structure,379 

respectively, and then the CMP-bound KpsC N-terminal ȁ-Kdo-2,4-transferase domain from 

E. coli (PDB: 6MGC), and its T. dismutans KpsC homologue ȁ-Kdo-2,4-transferase, also CMP-

bound (PDB: 6MGB).315   

KpsC and WbbB were superimposed with KpsS1ôs AF model to highlight shared structure and 

residues. To reduce the number of variables, KpsS1 was superimposed with the CMP-bound 

structures of KpsCN-Ec (the N-terminal from E. coli, PDB: 6MGC) and WbbB (PDB: 5FA1) 

(Figure 6.13 ). 
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CMP was built into the putative binding site of KpsS1ôs AF model, on top of the CMP in the 

CMP-bound structure of KpsCN-Ec. To improve the alignment of residues surrounding the 

binding pocket, a least-squares superposition (LSQ superpose) was performed on COOT to 

align residues 336-338 and 192-194 from KpsS1 and KpsCN-Ec, respectively.vi According to this 

docking simulation and structural alignment, KpsS1 ostensibly shares more binding residues 

with KpsCN-Ec than WbbB (Figure 6.13 ). For instance, KpsS1ôs AF model shares a lysine 

residue (Lys336) with KpsCN-Ec (Lys192), the backbone carbonyl oxygen and side chain amine 

of which have been shown to form hydrogen bonds with the N4 and N3 amines of the cytosine 

ring, respectively, in the latter. In WbbB, it is the backbone carbonyl oxygen and amines of the 

guanidin ium side chain of an arginine residue (Arg263) that elicit this equivalent stabilising 

interaction. Hydrogen bonding of the ribose O3ô in CMP is achieved by the carboxylate group 

of Glu244 in KpsCN-Ec, which superimposes nicely with Glu388 in KpsS1ôs model. The cytosine 

 

vi Docking of CMP into KpsS1ôs AlphaFold model was performed by Reyme Herman at the University 
of York. 

PDB Entry  Name/Function  Species  Z-
score  

RMSD 
(Å)  

Sequence 
Identity 

(%)  

6MGD  

(apo) 

KpsC ï ȁ-Kdo 2,7 
transferase 

Thermosulfurimon
as dismutans 

16.8 3.3 
across 
242 
residues 
(/296)  

13 

5FA0  WbbB ï ȁ-Kdo 
transferase 

Raoultella 
terrigena  

16.3 3.7 
across 
283 
residues 
(/388)  

14 

5FA1  

(bound to 
CMP) 

WbbB ï ȁ-Kdo 
transferase  

Raoultella 
terrigena  

16.2 4.1 
across 
291 
residues 
(/390)  

14 

6MGC 
(bound to 
CMP) 

KpsC- N terminal 
domain,  ȁ-Kdo 2,4 
transferase 

Escherichia coli  16.1 3.9 for 
244 
residues 
(/319)  

16 

6MGB  

(apo) 

KpsC - ȁ-Kdo 2,4 
transferase 

Thermosulfurimon
as dismutans 

15.9 3.8 for 
284 
residues 
(/321)  

16 

Table 6. 1: The top hits from a Dali search against KpsS1ôs AF3 model. 
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N4 is also shown to hydrogen bond with the backbone carbonyl oxygen of Asp155 in KpsCN-Ec, 

which aligns structurally with the backbone carbonyl oxygen of Ile298 in KpsS1ôs model.  

The HP motif, an invariable motif found in GTs that binds CMP -activated donor substrates,389 

is shown to sandwich the cytosine ring of the CMP ligand in KpsCN-Ec (His194 and Pro195) and 

WbbB (His265 and Pro266). Intriguingly, the HP motif in KpsS1ôs model (His301 and Pro302) 

is too distal from the docked CMP moiety to mirror these interactions in KpsC N-Ec and WbbB. 

Instead, the non-sequential H338 and P297 are situated such that they may stabilise the 

cytosine ring instead (Figure 6. 13). If true, this would be the first example of a óHPô motif 

where the histidine and proline residues are not sequentially adjacent to one another.  

 

Figure 6. 13:  Superimposition of KpsS1ôs AF model (pink cartoon) with KpsC (PDB 6MGC, cyan 

cartoon) and WbbB (PDB 5FA1, green cartoon). The known binding residues of KpsC and WbbB are 

highlighted, and those from KpsS1ôs AF model that superimpose well with these are shown too. CMP 

in KpsS1ôs AF model (yellow) was built on top of the CMP ligand from KpsCôs structure (orange). Stick 

residues are coloured in accordance with their respective cartoon structure. 

As described in 6.1.2 Site Directed Mutagenesis to Prove Double Displacement 

Retention Mechanisms in Glycosyltransferases , the covalent intermediate formation 

in KpsC and WbbB is facilitated by an aspartate residue from a QXXXD motif, Asp160 and 

Asp232, respectively. Whilst KpsS1 does harbour a QXXXD motif, neither the Gln nor Asp 

residues superimpose well with the respective residues in KpsC and WbbB and are too distal 
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from the active site to be included in Figure 6. 13. Meanwhile, the glutamine residues in the 

QXXXD motif from KpsC N-Ec (Gln156) and WbbB (Gln228) are shown to line the binding 

pockets and structurally align well with one another; no equivalent residue is identified in 

KpsS1ôs AF model. Although KpsS1 does not share a spatially conserved Gln or Asp from this 

QXXXD motif, i t does have a glutamate residue, Glu303, which superimposes closely with 

Asp160 and Asp232 from KpsCN-Ec and WbbB (Figure 6. 13). The shared carboxylate side 

chain moiety between glutamate and aspartate means it is possible that Glu303 is the covalent-

intermediate -forming nucleophile in KpsS1ôs mechanism. Although, as discussed in 6.1.2 Site 

Directed Mutagenesis to Prove Double Displacement Retention Mechanisms in 

Glycosyltransferases , a double displacement mechanism requires two nucleophiles, one 

to form the covalent intermediate in the glycosylation step, and a second to deprotonate the 

incoming acceptor substrate to facilitate hydrolysis of the covalent intermediate in the 

deglycosylation step. The second nucleophile in KpsCN-Ec is Glu66,48 and Glu158 in WbbB,49 

but an equivalent residue is not clearly identifiable in KpsS1ôs AF model. 390 

Notably, the docked CMP ligand in KpsS1ôs AF model is located within a cavity of the enzyme, 

a feasible substrate binding pocket. Further to this, there is an adjacent solvent exposed hole, 

which may enable exit of CMP following its cleavage (Figure 6. 14). A closer look at the 

residues lining this cavity reveals alternative catalytic residues. Outside of stabilising hydrogen 

bonding interactions seen in Figure 6. 13, a phenolic oxygen from a tyrosine residue, Tyr209, 

is positioned such that it would be proximal to the anomeric centre of the full substrate, Ŭ-

CMP-Pse5Ac7Ac. The observation of Tyr/Glu catalytic pairs in sialidases which operate via a 

proton -relay mechanism (described in 6.1.1 Fluorinated Substrate Analogues as 

Inhibitors of Glycosyltransferases and Glycosyl hydrolases ) means it is plausible 

that a tyrosine residue is the catalytic nucleophile in KpsS1. Of course, for this mechanism to 

work a nearby carboxylate group must be available to deprotonate the phenolic oxygen. GTs 

are known to undergo substantial conformationa l adjustment during substrate binding thus it 

is difficult to speculate as to the identity of a possible deprotonating counterpart. Arguably, 

Asp208, which sits just behind Tyr209, is a candidate. The carboxylate side chain of Asp208 

is pointing away from the putative binding site in the AF3 model, meaning that considerable 

rotation about the ה and ȑ bonds of Asp208ôs backbone, in conjunction with considerable 
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conformational changes during substrate binding, would be necessary to bring the carboxylate 

moiety within deprotonating distance of Tyr209ôs phenolic oxygen. 

 

Figure 6. 14:  KpsS1ôs AF model cartoon structure (pink) with cavities highlighted (grey). The stick of 

the docked CMP is shown (yellow) to be bound inside the cavity of the model. A closer look at the 

putative binding residue (pink sticks) that surround the docked CMP l igand, and those further down 

the cavity that may be pertinent for binding to a Pse5Ac7Ac moiety. 

6.3.3 Putative Pseudaminyltransferases Sequences Reveal 

Conserved Motifs 

Superimposition of KpsS1ôs AF model with KpsCN-Ec and WbbB suggested two candidate 

nucleophiles: Glu303 and a Tyr209/Asp208 proton -relay pair. Given that catalytic residues 

are typically conserved across enzyme families, a webFlaGs search391 was conducted against 

KpsS1ôs gene sequence to identify putative PseTs, followed by a multiple sequence alignment 

(MSA) to highlight residues and motifs which were conserved. The output from the webFlaGs 

search is shown in Figure 6. 15, and Table 6. 2 and Table 6. 3 explains the colour key system 

for the results. 

The criteria for a gene to be described as a putative PseT in other bacterial species was for the 

gene to be in a cluster with Pse biosynthesis genes, as is the case for KpsS1 from Acinetobacter 

baumannii ACICU (ACICU_RS00450 ) (Figure 6. 15) (1.4 Project Background ). Nine 

putative PseT genes were chosen from the outputted 200 genes from webFlaGs (coloured solid 

orange), as well as an additional putative inverting PseT gene, gtr16 , which was included as a 

control. Many of the outputted genes from webFlaGs were redundant sequences, or access to 

their chromosomal data was not possible via the National Center for Biotechnology 






















































































































