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Abstract 

Escherichia coli serotype O104:H4 (ECO104) is an intestinal pathogen that causes severe bloody 

diarrhea and hemolytic-uremic syndrome, which can lead to kidney failure and death. 

Lipopolysaccharides (LPS) are important virulence factors in Gram-negative bacteria and our 

goal is to understand the enzymes and mechanisms involved in the assembly of the outer O 

antigenic polysaccharides of the ECO104 LPS. The O antigen repeating unit of ECO104 has the 

structure [4-Galα1-4Neu5,7,9Ac3α2-3Galβ1-3GalNAcβ1-]n, which contains a mimic of the 

human sialyl-T-antigen found on certain types of cancer cells. Each monosaccharide subunit of 

the repeating structure is added sequentially by glycosyltransferases. These enzymes catalyze the 

transfer of a donor sugar from a nucleotide sugar onto a nucleophilic acceptor. Our aim was to 

biochemically characterize the second, third and fourth glycosyltransferases that synthesize the 

repeating unit of ECO104 by expressing the enzymes transgenically in non-pathogenic E. coli 

BL21, by purifying the enzymes and performing enzyme assays to determine substrate 

specificity, co-factor requirements, and enzyme kinetics, as well as creating single point 

mutations in the enzymes to identify key residues.  The second enzyme, WbwC, a β1,3-Gal-

transferase, has an absolute requirement for a diphosphate in the acceptor. Remarkably, the third 

enzyme, α2,3-sialyltransferase WbwA, and the fourth enzyme, α1,4-Gal-transferase WbwB, also 

have this requirement. This finding is unique in that glycosyltransferases further down the O 

antigen synthesis pathway usually do not require a diphosphate in the acceptor substrate. WbwB 

does not require any divalent metal ions for activity and several synthetic bis-imidazolium salts 

could inhibit the enzymes. This work provides insight into the biosynthesis of bacterial 

polysaccharides and identifies potential anti-bacterial targets and a strategy for vaccine synthesis. 
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Lay Abstract 

Escherichia coli serotype O104 (E. coli O104) is a strain of E. coli bacteria which causes severe 

bloody diarrhea and produces the Shiga toxin. The toxin targets human kidney cells and infection 

with Shiga-toxin producing E. coli can lead to haemolytic uremic syndrome and possible kidney 

failure, and death. The May 2011 E. coli O104 outbreak in Germany involved close to 4000 

confirmed cases, causing 18 immediate deaths and many more cases of hemolytic uremic 

syndrome which resulted in 35 deaths at a later time, for a total of 53 deaths due to the outbreak. 

New strategies for fighting E. coli O104 are needed since these bacteria are resistant to several 

types of antibiotics and furthermore, killing of the bacterial cells with antibiotics can release 

more Shiga toxin and worsen the damaging effects to the kidneys. In this research, we aimed to 

study the assembly of sugars on the exterior surface of the bacteria. These sugars are specific to 

this strain and knowledge of how they are assembled can potentially help in future vaccine 

development or other potential specific E. coli O104 antibacterial strategies based on these outer-

surface sugars.  
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 “I am among those who think that science has great beauty. A scientist in his laboratory is not 

only a technician: he is also a child placed before natural phenomena which impress him like a 

fairy tale.” 

-Marie Curie 
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Chapter 1 

Introduction 

1.0 General Introduction 

The cell wall of Gram negative bacteria, including Escherichia coli, is composed of both an 

outer and inner membrane and a thin peptidoglycan layer in the periplasmic space in between the 

two membranes (1). The inner leaflet of the outer membrane is composed of phospholipids, 

whereas one of the major components of the outer leaflet is the lipopolysaccharide (LPS). The 

LPS is composed of lipid A, the core oligosaccharides and the O antigen and contributes to 

bacterial pathogenicity (2-4). The core oligosaccharide and the O antigen are composed of 

polysaccharides, which include a diverse range of glycan structures and linkages, many of which 

are unique to prokaryotes. A large number of the genes involved in the synthesis of these glycan 

structures have been sequenced but very little is known about their enzyme function or how they 

are regulated (5). Gram negative bacteria are often resistant to antibiotics, and with the 

emergence of increasing antibiotic resistance there is a need for new ways to fight infections (6, 

7). An improved understanding of LPS synthesis in bacteria can lead to new therapies and a 

better understanding of the mechanisms of bacterial pathogenicity. Furthermore, it can also lead 

to the development of new methods of biosynthesis for complex carbohydrates, which can have a 

wide range of applications in medicine, research and biotechnology.  

 

1.1 Escherichia coli O104 Infections 

Escherichia coli (E. coli) O104 is a enterohaemorrhagic strain of E. coli bacteria, which causes 

severe diarrhea and produces the Shiga toxin. The toxin targets human kidney cells and infection 

with Shiga-toxin producing E. coli can lead to haemolytic uremic syndrome and possible kidney 
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failure. Since the Shiga toxin is released upon cell death, antibiotic treatment is usually not 

recommended for treating E. coli O104 and furthermore, E. coli has been shown to be resistant to 

multiple different types of antibiotics, including all penicillins and cephalosporins (8,9). The 

May 2011 E. coli O104:H4 outbreak in Germany involved 3,842 confirmed cases, causing 18 

immediate deaths and 855 cases of hemolytic uremic syndrome which resulted in 35 subsequent 

fatalities, for a total of 53 outbreak-related deaths (9). The E. coli O104:H4 strain from the 

German outbreak was found to possess a unique combination of virulence factors from both the 

Shiga-toxin producing E. coli (STEC) and entero-aggregative E. coli (EAEC) strains of E. coli. 

STEC virulence factors found in E. coli O104 include stx2, long polar fimbriae, tellurite 

resistance and the iron uptake system.  EAEC virulence factors found include AAF/I, AggT 

transcription regulator, dispersin Aap, Pic protein and Shigella enterotoxin Set 1(10, 11).  E. coli 

O104 likely acquired the shiga toxin producing genes through horizontal gene transfer (10, 11). 

The STEC virulence factors were thought to be carried on the Stx prophage and the EAEC 

virulence factors, on the pAA plasmid, with the exception of set 1 and pic, which are encoded in 

the bacterial chromosome of EAEC (10). The Stx prophage can convert many E. coli serotypes 

in Shiga-toxin producing E. coli. The shiga toxin binds the Gb3 receptor, which is highly 

expressed on renal epithelial tissue (12). Once inside the cell, the shiga toxin inhibits protein 

synthesis by cleaving the glycosidic bond of the adenine of the 28S rRNA of the 60S subunit 

(13). The EAEC genes are involved in the bacteria’s ability to adhere to host intestinal cells and 

to aggregate with each other, forming the characteristic “stacked brick” phenotype, which is 

visible under a light microscope (14). The EAEC genes contribute to virulence by improving 

penetration of the host cells and facilitating colonization. The ability for an E. coli strain to 

quickly acquire multiple virulence factors through horizontal gene transfer reinforces the need 



 

 3 

for new anti-bacterial strategies, as well as the importance of studying non-pathogenic strains of 

bacteria.  

 

1.2 Lipopolysaccharides (LPS) 

In Gram-negative bacteria, LPS are essential major components of the outer membrane and 

create an amphipathic permeability barrier on the outer membrane, providing resistance to many 

antibiotics. As shown in Figure 1.1, LPS are composed of three main parts: lipid A (endotoxin), 

a core oligosaccharide (outer and inner core) and the O antigen (O-polysaccharide) (15). Lipid A 

is embedded in the membrane and forms the hydrophobic anchor, whereas the core and O 

antigen are both exposed on the cell surface.  The LPS stimulates the innate immune system and 

the host response is determined by the particular structure of lipid A, and certain modifications to 

the structure have been shown to alter the host response (16, 17). Lipid A is a bioactive 

component of the LPS and is recognized by the Toll-like receptor 4 on the cells of the innate 

immune system, e.g. macrophages and neutrophils (18).  The structure of lipid A consists of 

phosphorylated 6-linked glucosamine disaccharides attached to acyl chains and this structure is 

highly conserved.  The core oligosaccharide is also well conserved and consists of both an inner 

and outer core. The base of the inner core attaches directly to lipid A and usually consists of 1-3 

keto-deoxyoctulosonate (KDO) residues (19). To complete the inner core, the KDO base then 

has 2-3 heptoses attached to it. The outer core consists of three or more hexoses, such as glucose, 

mannose or galactose, attached to the last heptose of the inner core, and sometimes contains 

other hexoses branched off from the main chain (20). Both the outer core and especially the inner 

core show little structural diversity among strains. However, the O antigen is extremely variable 

in structure. It is a polysaccharide, composed of a repeating oligosaccharide
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Figure 1.1. Gram negative bacterial membrane (A) and structure of the lipopolysaccharide 
(B). Gram negative bacteria have an inner and outer membrane, separated by the periplasmic 
space, which contains a thin peptidoglycan layer. The lipopolysaccharides (LPS) are attached to 
the outside of the outer membrane by lipid A. The LPS consists of lipid A (red), the inner and 
outer core (blue), and the O antigen (green). The core is mostly made of oligosaccharides but 
sometimes contains non-carbohydrate components such as proteins. The O antigen 
polysaccharide is made up of repeating units of oligosaccharides and is highly variable among 
different strains (15).   

A 

B 
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unit (the O unit), which is made up of two to six sugar residues (15) which attaches to the final 

(usually the third) hexose of the inner core (19). The external position of these oligosaccharide 

molecules permits interactions of the LPS with the environment. O antigens are usually strain 

specific but there are instances of variation within one bacterial strain. O antigens might be a 

contributing factor to disease caused by certain serogroups.  The size or composition of O 

antigens is thought to be a potential indicator of virulence potential since they control the 

bacteria-host interactions (21).  The LPS receptor on host cells, TLR4, recognizes the lipid A 

component and the O antigen is not required for TLR4-mediated immunostimulatory activity of 

the LPS. However, the O antigen is thought to be the major determinant of complement 

resistance and an important virulence factor (22). Bengoeachea et al. showed that in Yersinia O8, 

LPS mutants with attenuated O antigens could not adhere and colonize the spleen and liver 

compared to wild type, demonstrating how the O antigen may be an important factor in bacterial 

virulence (23). 

 

1.2.1 LPS Phase Variation 

Gram negative bacteria exhibit phenotypic variation of certain antigens in a clonal population, 

including the LPS, and the ability to vary expression has been associated with increased 

virulence (24). The ability to change the expression of certain surface proteins is known as phase 

variation and is caused by differences in expression of the enzymes involved in synthesizing and 

modifying the LPS, however mechanisms that regulated their expression are not yet understood. 

For example, in Coxiella burnetii the smooth variant of the LPS, which has a complete full-

length O antigen, activates complement poorly and does not bind C3b, whereas the rough 

variant, which has absent or reduced O antigen repeating units, activates complement via the 
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alternative pathway and binds C3b (24). Duerr et al. have shown that smooth LPS with a 

complete O antigen aids in immune evasion in Salmonella enterica, enhancing bacterial survival 

in vitro compared to bacteria with a rough LPS with a non existent or reduced O antigen (22). 

Since phase variation has been demonstrated in many different types of gram negative bacteria, it 

is likely that E. coli O104 also exhibits phase variation (25).  

 

1.3 O Antigen Synthesis 

The enzymes involved in O antigen biosynthesis are encoded by genes in the O antigen gene 

cluster, which in E. coli is usually found between the galF and gnd genes (26, 27). There are 

three main types of genes within the cluster; the first type encodes enzymes involved in 

nucleotide sugar biosynthesis, the second type encodes glycosyltransferases, which are involved 

in sugar transfer, and the third type encodes O antigen processing enzymes (28, 29). The 

repeating oligosaccharide unit of the O antigen (the O unit), which consists of 2 to 6 sugar 

residues, is synthesized at the inner leaflet of the inner membrane. The first step in O antigen 

synthesis is the transfer of a sugar-phosphate residue to undecaprenol-phosphate (P-Und). The 

remaining sugar residues are then added sequentially by specific glycosyltransferases to form the 

repeating oligosaccharide unit. There are two major possible pathways for further O antigen 

processing, the ATP-binding cassette (ABC)-dependent pathway and the Wzy polymerase-

dependent (Wzx/Wzy) pathway (30). In the ABC-dependent pathway, the complete O antigen 

polysaccharide is synthesized on the inner membrane of the inner leaflet and is then transported 

across the membrane using an ABC transporter (30, 31). In the Wzx/Wzy dependent-pathway, 

flippase Wzx transfers P-Und-linked O-repeating units across the inner membrane (28-30). 

Polymerase Wzy then links the repeating units together in the periplasmic space to form the 

complete O-antigen polysaccharide. Ligase WaaL then attaches the O antigen to the core 
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oligosaccharide which is linked to lipid A (28, 29, 32). The entire LPS molecule is then 

translocated to the cell surface by the Lpt (lipopolysaccharide transport) complex (32-35). In E. 

coli, the Lpt complex is composed of seven proteins: LptA, LptB, LptC, LptD, LptE, LptF and 

LptG (36-38). LptB2CFG are located at the inner membrane and LptDE are located at the outer 

membrane, with LptA forming the periplasmic protein that connects the two groups of proteins 

(36-38). This transport process requires energy and LptB has been found to be an ATPase. The 

Lpt complex is not fully understood but could be a potential target for attenuating LPS export in 

bacteria and therefore decreasing virulence, and for potentially modifying bacterial outer 

membrane permeability to improve membrane permeability to antibiotics.    

 

1.3.1  O Antigen Synthesis in E. coli O104  

The E. coli O104 gene cluster, shown in Figure 1.2, contains several putative 

glycosyltransferase genes (wbwC, wbwA, wbwB), several genes thought to be involved in CMP-

sialic acid synthesis (nnaC, nnaB and nnaA) and the wzx and wzy genes. Therefore, the O104 O 

antigen is thought to follow the Wzx/Wzy dependent pathway (29,39). The O104 antigen 

structure consists of a repeating tetrasaccharide unit of [-4-D-Galα1-4-Neu5Acα2-3-D-Galβ1-3-

D-GalNAcβ-1-] (Figure 1.2) (40). This structure predicts that the O antigen is assembled 

sequentially by GalNAc/GlcNAc-phosphotransferase, thought to be WecA (although its gene is 

not present in the O antigen gene cluster), two different galactosyltransferases (WbwC and 

WbwB), and a sialyltransferase (WbwA) (Figure 1.3). The O antigen gene cluster also contains 

the genes nnaC, nnaB and nnaA, which are thought to be involved in the synthesis of CMP-

Neu5Ac. The Galβ1-3GalNAc linkage is the same as the Thomson Friedenreich antigen or T 

antigen which is expressed on many cancer cells and the Neu5Ac α2-3-D-Galβ1,3-DGalNAc 

structure is the sialyl T antigen (41).  
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Figure 1.2. (A)The O antigen gene cluster (39) and (B) the O antigen structure of E. coli 
O104 (40). WbwC has been shown to be a β-1,3-Galactosyltransferase, WbwA has been shown 
to be an α-2,3-sialyltransferase and WbwB has been shown to be an α-1,4-galactosyltransferase.  
nnaB, nnaC, and nnaA genes are thought to encode enzymes involved in CMP-sialic acid 
synthesis.  wzx and wzy are thought to encode a flippase and a polymerase respectively based on 
sequence homology. gnd’ is predicted to encode an enzyme involved in nucleotide sugar 
synthesis and galF is thought to encode a phosphorylase, both based on sequence homology to 
other O antigen enzymes in different bacteria. 

A 
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Figure 1.3 Proposed pathway in the biosynthesis of the E. coli O104 antigen repeating unit.         
The repeating unit of E. coli O104 (ECO104) is thought to be assembled at the inner face of the 
cytoplasmic membrane on an undecaprenol-phosphate (P-Und) lipid intermediate. The first 
reaction in the pathway of ECO104 synthesis is the transfer of GlcNAc-phosphate from UDP-
GlcNAc to P-Und by GlcNAc-1-P transferase WecA. A 4-epimerase may then convert GlcNAc-
PP-Und to GalNAc-PP-Und which acts as an acceptor substrate for β1,3-Gal-transferase WbwC. 
The α2,3-sialyltransferase WbwA then transfers sialic acid from CMP-sialic acid to Gal.  The 
α1,4-Gal-transferase WbwB then adds galactose to sialic acid. The flippase Wzx translocates the 
repeating unit to the periplasm for further processing of the O antigen-linked lipopolysaccharide 
in the polymerase pathway. It is not yet known at what stage O-acetyltransferase WckD adds the 
7- and 9-acetyl groups to sialic acid. 
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1.4 Future Applications 

1.4.1 Potential in Vaccine and Antibacterial Strategies 

We were interested in biochemically characterizing the glycosyltransferases involved in E. coli 

O104 O antigen synthesis because not only is E. coli O104 a potentially deadly human pathogen 

with known antibiotic resistance, but E. coli O104 is able to synthesize the T antigen and the 

sialyl T antigen structure, which are important cancer markers (41). Therefore, E. coli O104 O 

antigen glycosyltransferases have the potential to aid in the synthesis of both an E. coli O104 

vaccine and an anti-cancer vaccine. Characterizing these enzymes can lead to the development of 

inhibitors that can block O antigen synthesis, possibly leading to the creation of adjuvant 

antibiotics which are important in overcoming antibacterial resistance problems.  

 

1.4.2 Potential Biosynthetic Tools 

Furthermore, these enzymes have the ability to form very unique, specific linkages and can 

efficiently produce complex carbohydrates which would be difficult to produce and isolate 

synthetically. These properties make glycosyltransferases ideal tools for the biosynthesis of 

complex carbohydrates (27,29). Carbohydrates have a wide variety of applications from drug 

design, immunological studies, nanocarriers, carbohydrate-based vaccines and myriad other 

industrial and biomedical applications. 

 

1.4.3 Improved Understanding of the Glycosyltransferase Class of Enzymes 

 Lastly, glycosyltransferases represent a large class of enzymes with over 360 000 known 

glycosyltransferases and continuously more being discovered (Carbohydrate active data base, 

CAZy). In spite of being such a large class of enzymes, only a small portion of 

glycosyltransferases have been characterized to date and as a result, the bioinformatic tools to 



 

 12 

predict the function and structure of new glycosyltransferases are still being refined. By 

characterizing new glycosyltransferases, we can improve our understanding of this vast family of 

enzymes. In this research, we have identified several unique characteristics of the 

glycosyltransferases studied that helps broaden our knowledge of this class of enzymes. For the 

first enzyme studied, the β1,3-galactosyltransferase, WbwC, from the GT2 (Glycosyltransferase 

2) CAZy family, we discovered a novel catalytic DxDD motif that was later found to be in other 

members of GT2 CAZy family. For the third enzyme in the pathway, the α-2,3-sialyltransferase, 

WbwA, the enzyme was reclassified into a new CAZy family, GT100, after publication of our 

characterization and was the first member of this family, after previously being classified into the 

CAZy family GT52. This highlights the limitations of bioinformatic prediction tools and shows 

how biochemical characterization is still crucial in understanding enzyme structure and function. 

Only by characterizing a large number of glycosyltransferases both functionally and structurally, 

can we refine bioinformatic tools and help improve the future prediction of the function, 

structure and mechanisms of novel enzymes, to eventually arrive at the end goal of being able to 

fully predict the structure and function of novel glycosyltransferases based on DNA sequence 

alone.  
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Chapter 2  

Literature Review 

2.1 Glycosyltransferases 

Glycosyltransferases are enzymes that form glycosidic bonds by transferring sugars from an 

activated donor substrate with a phosphate-containing leaving group onto an acceptor substrate 

(1, 2). These key enzymes in O antigen synthesis provide the necessary sugar specificity. 

However, these transferases are not unique to O antigen synthesis; they control the biosynthesis 

of complex glycans and glycoconjugates which participate in a myriad of cellular functions, 

including protein glycosylation, cell-cell interactions, cell signalling, host-pathogen interactions, 

energy storage and cell wall structure (3-5).  Glycosyltransferases are ubiquitous in both 

prokaryotes and eukaryotes and nearly 1% of the open reading frames in all genomes codes for 

enzymes that form glycosidic bonds (6-8). Current computational methods have identified an 

abundance of putative glycosyltransferases, yet only a small fraction has been characterized to 

date (7-9). The carbohydrate products of glycosyltransferase catalysis are diverse and numerous, 

since glycosyltransferases show specificity for both the glycosyl donor and the acceptor 

substrates (7,8). These products cannot currently be predicted based on sequence alone but 

eventually the goal of predicting the function of the genes encoded by the glycosyltransferases 

can be achieved by characterizing and solving the protein structures of a large number of 

glycosyltransferase enzymes.  

 

2.2  Fold Superfamilies 

Glycosyltransferases have an enormous amount of diversity in function, and have many different 

possible substrates. Glycosyltransferase also show great specifity toward both the donor and 
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acceptor substrates (4,7), although occasionally glycosyltransferases can have two separate 

domains with different substrates and functions (4, 10, 11 ).  However, in spite of the great 

diversity in substrates and function, the majority of glycosyltransferases can be classified into 

one of three fold superfamilies: GT-A, GT-B and GT-C. Over 90 % of CAZy families (section 

2.3 CAZy families) with known folds belong to one of the three superfamilies (7-9, 12, 13).  

 

2.2.1 GT-A Fold 

The GT-A fold is characterized by two tightly associated Rossmann-like β/α/β domains and an 

essential DxD motif (12-14). The approximately first 100-120 amino acids of the GT-A fold 

superfamily form a Rossmann-like fold, and bind the donor substrate, a nucleotide sugar (5-7, 

12-16). This part of the GT-A fold is very similar to that of other nucleotide binding enzymes 

and for this reason, the GT-A fold family is sometimes referred to as the NDS, or nucleoside-

disphosphosugar transferase family. The GT-A was first described in the structure for SpsA from 

Bacillus subtilis (17, 18) (pdb 1QG8). The GTA-fold consists of two tightly associated 

Rossmann-like β/α/β domains which form a central continuous seven-stranded β-sheet, in which 

the sixth strand is anti-parallel to the rest and the central β-sheet is surrounded by alpha helices 

on either side of the plane (Figure 2.1 (A)) (5-7, 12-14). Many GT-A enzymes also have 

additional beta strands, forming a beta hairpin or an extra beta sheet at an angle from the main 

beta sheet (5-7, 12-14).  This structure is called the beta lip and is usually close to the catalytic 

residues. Certain GT-A structures also contain additional alpha helices or beta hairpins close to 

the catalytic site which are thought to play a supporting roll in catalysis.  GT-A enzymes require 

both a conserved DxD motif and a divalent metal ion for catalysis (5-7, 12-14). The divalent 

metal ion is usually manganese or magnesium and in solved structures, has been shown to 

contact the acidic residues of the DxD motif and the phosphate of the bound nucleotide in the 



 

 19 

donor substrate (5-7, 12-14). The DxD motif is usually located on a loop connecting one beta 

strand of the beta lip to the main beta sheet of the Rossmann fold (12,13).    

 

2.2.2 GT-B Fold 

 The GT-B fold superfamily is sometimes referred to as the GPGTF (glycogen 

phosphorylase/glycosyl transfer) family since it includes both, glycosyltransferases and glycogen 

phosphorylases (12, 13, 19, 20). The first GT-B structure, and the first solved glycosyltransferase 

structure, was the beta glucosyltransferase from bacteriophage T4 (21, 22) (PDB 1QKJ). GT-B 

enzymes consist of two distinct Rossmann-like α/β/α domains with a deep cleft in between each 

domain, which usually contains the catalytic cleft (5-7, 19). Unlike in the GT-A fold, all 12 beta 

strands are parallel (Figure 2.1 (B)) (19-22) The C-terminal domain is well conserved among 

GT-B enzymes and acts as the nucleotide binding domain (19). The N terminal domain usually 

plays a role in acceptor binding and due to the large variety of enzyme-specific acceptors, is less 

conserved. Unlike GT-A enzymes, GT-B enzymes usually do not require a DxD motif or 

divalent metal ions for catalysis. GT-B enzyme reactions involve significant motion of both 

domains (19, 20).  GT-B enzymes are thought to have evolved independently from GT-A 

enzymes despite both sharing a Rossmann-like fold (23).  

 

2.2.3 GT-C Fold 

The third fold superfamily, GT-C, is composed of integral membrane proteins, which usually use 

lipid phosphate-linked sugar donor substrates (12,13,19). The first solved full GT-C structure 

was the oligosaccharyltransferase from Campylobacter in complex with magnesium and peptide 

substrate (24, 25) (PDB 3RCE). GT-C enzymes have 8-13 transmembrane domains (12, 13). 
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These enzymes have a modified DxD motif in the carboxy terminal end of the first 

transmembrane helix and this motif was first shown to be necessary for activity in GT-C enzyme 

PMT-I (26). In GT-C enzymes, there are several variations of the DxD motif, with DxD, ExD, 

DxE, DDx and DEx all being found (12, 13).  However, there is no evidence of a common 

evolutionary origin of the modified DxD loop in GT-C enzymes and the DxD motif in GT-A 

enzymes (5). The GT-C fold has been found in 12 CAZy families, making it less common than 

the GT-A, with 28 families, and GT-B, with 20 families, but still frequent (8,9). As expected by 

their integral membrane nature and transmembrane domains, GT-C-fold enzymes are found in 

proteins located in the plasma membrane or the endoplasmic reticulum.   

 

2.2.4 Other Folds 

There are several enzyme families that do not quite belong to one of the three superfamilies but 

possess a fold that is similar to one of them. For example, C2GnT-L of the GT14 family is an 

inverting enzyme with a typical GT-A fold but has a modified DxD motif (give Pak et al 

reference). Thus, GT14 family members lacking the DxD motif, are not classified as GT-A in the 

CAZy database (PDB 3OTK Pak). Family GT42 members also have a GT-A like fold (CAZy). 

While two tightly associated Rossmann folds are present, a DxD motif is lacking and instead of 

being antiparallel, strand 6 of the central beta sheet is parallel. The central beta sheet is also 

twisted instead of flat (27, 28) (PDB 2P56) (29)(PDB 2X63). Recently, a completely novel fold 

that does not closely resemble GT-A or GT-B was found in an enzyme referred to as the 

conserved domain of highly unknown function 1792 (30) (PDB 4PFX). This enzyme is a 

glucosyltransferase which is required for glycosylation of serine-rich repeat of streptococcal 

adhesions. It was classified into a new CAZy family GT101. This enzyme has seven beta strands 

in the centre which are all parallel, surrounded by 12 alpha helices (Figure 2.1 (D)) (30). As of 
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now, over a quarter of known CAZy families have yet unknown structures.  As more structures 

are solved, new folds may emerge. 
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Figure 2.1. Representations of the different glycosyltransferase folds GT-A (A), GT-B (B), 
GT-C (C) and DUF1792 (D). Secondary structures are highlighted by different colours; alpha 
helices are shown in red, beta sheets in yellow and loops are shown in green. A) The GT-A fold 
is represented by SpsA from Bacillus subtilis (PDB 1QGS) (17) which is complexed with UDP 
and magnesium (not shown). B) The GT-B fold is represented by structure of the T4 phage β-
glucosyltransferase in complex with UDP (PDB 2BGU) (21). C) The GT-C fold is represented 
by the structure of the oligosaccharyltransferase from Campylobacter in complex with 
magnesium and peptide substrate (PDB code 3RCE) (24). D) DUF1792 is the structure of the 
highly conserved domain of unknown function 1792 with UDP and acetate (PDB 4PFX) (30).  
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2.3  CAZy Glycosyltransferase Families 

The CAZy (Carbohydrate Active Enzymes) database groups enzymes that act on carbohydrates, 

including glycosylhydrolases and glycosyltranferases based on the DNA sequences of the 

enzymes. Enzymes within the same family have the same mechanism of action and the same 3-D 

fold. For glycosyltransferases, CAZy aims to further classify the GTs into distinct sequence-

based families as first described by Campbell et al. and later by Coutinho et al. (9, 31-33). Each 

defined family needs at least one biochemically characterized founding member and other 

members are assigned to the family based on significant sequence similarity to the founding 

member. A defining feature of CAZy is that enzymes are classified based on module (domain), 

so an enzyme that comprises several modules can be classified into several different CAZy 

families at the same time (9, 32, 33). For example, the bifunctional alternating α-1,4-

galactosyltransferase/α-2,6-sialyltransferase Sia-W-135 from Neisseria meningitidis W135 is 

classified into both families GT4 and GT97, with the alpha galactosyltransferase domain 

classified into family GT4 and the alpha sialyltransferase domain in family GT97 (10, 11). As of 

July 2017, there are 339172 enzymes classified into CAZy families and 7387 unclassified 

enzymes (9, 31-33). There are currently more than 100 GT families, with numbers up to GT 103; 

however, families GT 36 and GT 46 have been deleted and family GT 86 has been merged with 

family GT 83 (Table 2.1) (31-33). 

 

2.3.1  CAZy Glycosyltransferase Family Predictions 

Members of the same family are expected to have the same 3-D fold and the same reaction 

mechanism; therefore, it is possible to use CAZy family classification for predictions on 3D 

structure and mechanism of action. Currently, CAZy has 64 GT families which have been shown 

to contain inverting enzymes, and 31 GT families which have been shown to have retaining 
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enzymes (31-33). For families GT52, GT60, GT66, GT91 and GT101 the mechanism is not yet 

known (31-33). GT-A fold has been found in 28 GT families, GT-B fold in 20 and GT-C in 12, 

with almost half of families still having an unknown fold (31-33). Many families have yet 

unknown folds, with 46 families still lacking a solved structure of a family member; but as more 

structures are solved, families will be assigned to a fold superfamily, and it is possible that novel 

folds will emerge (31-33).  

 

2.3.2  CAZy Glycosyltransferase Family Specificity 

While it may be possible to predict the mechanism of action and 3-D fold based on classification 

into a CAZy family, it is common for members of the same family to use different donor and/or 

acceptor substrates, so it is difficult to predict function based on family classification (9). 

Glycosyltransferases need to be specific to perform their biological activity. While it is currently 

not possible to exactly predict the function of enzymes based on classification into a particular 

CAZy family, the CAZy classification system sometimes allows the prediction of a broad 

category of carbohydrate substrates based on assignment to a family (17). If it were possible to 

predict the specificity and therefore function of an enzyme, then eventually the glycobiological 

profile of an organism can be predicted based on sequence alone. One current problem is that 

enzymes acting on different substrates have been classified into the same family. It can be 

possible to overcome this challenge by further dividing families into subfamilies but our current 

knowledge of sequence-specificity relationships is very limited and currently insufficient to 

allow for substrate prediction based on sequence (17, 22). However, automated substrate 

prediction sequence remains the end goal and as more CAZy enzymes are characterized and 

more structures solved, we become closer to realizing this goal.  
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Table 2.1. CAZy families. 
CAZy family GT 1 GT 2 GT 3 GT 4 GT 5 GT 6 GT 7 
Fold 
Superfamily 

GT-B GT-A GT-B GT-B GT-A GT-A GT-A 

Mechanism Inverting Inverting Retaining Retainig Retainig Retaining Inverting 
3D-Structure 1IIR IQGQ 3NB0 5D00 1RZU 1GWW 1NKH 
Number of 
Entries 

12984 106986 798 83013 10123 281 292 

CAZy family GT 8 GT 9 GT 10 GT 11 GT 12 GT 13 GT 14 
Fold 
Superfamily 

GT-A GT-B GT-B Not 
known 

GT-A GT-A GT-A but 
lacking a DxD 
motif 

Mechanism Retaining Inverting  Inverting  Inverting Inverting Inverting Inverting 
3D-Structure 1G9R 2GT1 2NZW N/A N/A 5GGF 2GAK 
Number of 
Entries 

6557 12699 808 655 43 98 743 

CAZy family GT 15 GT 16 GT 17 GT 18 GT 19 GT 20 GT 21 
Fold 
Superfamily 

GT-A GT-A GT-B Not 
known 

GT-B GT-B GT-A 

Mechanism Retaining Inverting Inverting Inverting Inverting Retaining Inverting 
3D-Structure 1S4P N/A N/A N/A N/A 1GZ5 N/A 
Number of 
Entries 

1240 75 190 25 4964 4663 861 

CAZy family GT 22 GT 23 GT 24 GT 25 GT 26 GT 27 GT 28 
Fold 
Superfamily 

GT-C GT-B GT-A GT-A GT-B GT-A GT-B 

Mechanism Inverting Inverting Retaining Inverting Inverting Retaining Inverting 
3D-Structure N/A 2DE0 N/A N/A N/A 5AJN 4X1T 
Number of 
Entries 

911 645 236 2939 4701 318 10674 

CAZy family GT 29 GT 30 GT 31  GT 32 GT 33 GT 34 GT 35 
Fold 
Superfamily 

GT-A like GT-B GT-A GT-B GT-B GT-A GT-B 

Mechanism Inverting Inverting Inverting Retainin
g 

Inverting Retaining Retaining 

3D-Structure 5BO9 2XCU 2J0B N/A N/A N/A 5IKO 
Number of 
Entries 

656 4845 1013 2280 221 447 7571 

CAZy family GT 36 GT 37 GT 38 GT 39 GT 40 GT 41 GT 42 
Fold 
Superfamily 

Deleted  Not known GT-C GT-A GT-B GT-A-like 

Mechanism Inverting Inverting Inverting Inverting Inverting Inverting 
3D-Structure 5KOE N/A N/A N/A 3PE3 2P2V 
Number of 
Entries 

66 71 2011 37 1724 228 

CAZy family GT 43 GT 44 GT 45 GT 46 GT 47 GT 48 GT 49 
Fold 
Superfamily 

GT-A GT-B GT-A Deleted GT-B GT-C GT-A 
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Mechanism Inverting Retainin
g 

Retaining Inverting Inverting Inverting 

3D-Structure 1FGG 4R04 N/A N/A N/A N/A 
Number of 
Entries 

233 499 69 461 739 128 

CAZy family GT 50 GT 51 GT 52 GT 53 GT 54 GT 55 GT 56 
Fold 
Superfamily 

GT-C Not 
known 

GT-B-like GT-C Not 
known 

GT-A GT-B 

Mechanism Inverting Inverting Unknown Inverting Inverting Retaining Inverting 
3D-Structure N/A 5HLA 2YK4 3PTY N/A 2WVL N/A 
Number of 
Entries 

241 23710 335 1054 81 84 1349 

CAZy family GT 57 GT 58 GT 59 GT 60 GT 61 GT 62 GT 63 
Fold 
Superfamily 

GT-C GT-C GT-C GT-A Not 
known 

GT-A GT-B 

Mechanism Inverting Inverting Inverting Unknow
n 

Inverting Retaining Inverting 

3D-Structure N/A N/A N/A N/A N/A 3ZF8 1IXY 
Number of 
Entries 

400 330 191 223 2580 511 18 

CAZy family GT 64 GT 65 GT 66 GT 67 GT 68 GT 69 GT 70 
Fold 
Superfamily 

GT-A GT-B GT-C Not 
known 

GT-B Not 
known 

GT-B 

Mechanism Retaining Inverting Unknown Inverting Inverting Retaining Inverting 
3D-Structure 1ON8 5UXH 3AAG N/A 4AP6 N/A 2HY7 
Number of 
Entries 

135 38 1051 105 57 1787 129 

CAZy family GT 71 GT 72 GT 73 GT 74 GT 75 GT 76 GT 77 
Fold 
Superfamily 

Distantly 
related to 
GT-B 

GT-B Not known Not 
known 

Not 
known  

Not 
known 

Not known 

Mechanism Retaining Retainig Inverting Inverting Inverting Inverting Retaining 
3D-Structure N/A 1Y8Z N/A N/A N/A N/A N/A 
Number of 
Entries 

917 54 861 13 121 293 164 

CAZy family GT 78 GT 79 GT 80 GT 81 GT 82 GT 83 GT 84 
Fold 
Superfamily 

GT-A Not 
known 

GT-B GT-A GT-A GT-C GT-A 

Mechanism Retaining Retainig Inverting Retainin
g 

Retainin
g 

Inverting Inverting 

3D-Structure 2Y4J N/A 2IHZ 5JUC N/A 5F15 N/A 
Number of 
Entries 

5 9 69 1002 258 5199 718 

CAZy family GT 85 GT 86 GT 87 GT 88 GT 89 GT 90 GT 91 
Fold 
Superfamily 

GT-C GT-C GT-A 
like 

Not 
known 

Not 
known 

Not known 
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Mechanism Inverting Merged 
with GT 
83 

Inverting Retainig Retainig Inverting Not known 
3D-Structure N/A N/A 3JSZ N/A 5F84 N/A 

Number of 
Entries 

421  1510 149 462 571 127 

CAZy family GT 92 GT 93 GT 94 GT 95 GT 96 GT 97 GT 98 
Fold 
Superfamily 

Not known Not 
known 

Not known Not 
known 

Not 
known 

Not 
known 

Not known 

Mechanism Inverting Retainig Inverting Retainig Retainig Inverting Inverting 
3D-Structure N/A N/A N/A N/A N/A N/A N/A 
Number of 
Entries 

151 5 170 53 119 86 104 

CAZy family GT 99 GT 100 GT 101 GT 102 GT 103   
Fold 
Superfamily 

GT-B like Not 
known 

New fold Not 
known 

Not 
known 

  

Mechanism Retaining Inverting Not known Inverting Inverting   
3D-Structure N/A N/A 4PFX N/A N/A   
Number of 
Entries 

26 112 116  49 28   
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 2.4  Catalytic Mechanisms of Glycosyltransferases 

Glycosyltransferase reactions can either proceed with inversion or retention of the 

stereochemistry of the C1 position of the donor sugar (1,5, 34). Enzymes that invert the 

stereochemistry (the anomeric configuration) of the C1 donor sugar in the resulting product are 

referred to as inverting enzymes, whereas enzymes that retain the anomeric configuration of the 

C1 donor sugar in the resulting product are referred to as retaining enzymes. 

 

2.4.1  Catalytic Mechanism of Inverting Glycosyltransferases 

 Inverting enzymes follow a sequential bi-bi SN2-like mechanism (Figure 2.2 A), with the 

enzyme binding the metal cofactor and donor substrate (e.g. UDP-sugar) in the first step.  The 

acceptor substrate binds next. The product then leaves followed by the nucleotide (e.g. UDP) 

(35). The mechanism for inverting glycosyltransferases was first proposed by Űnligil et al. for 

GlcNAc-transferase 1 (35, 36). In this proposed mechanism, glutamic or aspartic acid in the 

active site, acts as a catalytic base and deprotonates the hydroxyl of the acceptor (37, 38). The 

resulting nucleophile then attacks the C1 of the donor sugar via an SN2-like reaction. The Mn2+ 

ion stabilizes the negative charge on the phosphates of the UDP-Sugar and is also thought to bind 

the second Asp in the DxD motif (35, 36).  

 

2.4.2    Catalytic Mechanism of Retaining Glycosyltransferases 

Retaining glycosyltransferases retain the stereochemistry of the C1 position of the donor sugar in 

the product (38, 39). The retaining mechanism is less well understood than the inverting 

mechanism and there have been several proposed mechanisms. Retaining enzymes were initially 

thought to proceed via a double displacement reaction similar to that of glycosylhydrolases that 

proceed via this mechanism (Figure 2.2 C). This reaction was first proposed by Koshland and it 
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is well characterized in glycosylhydrolases (40, 41). In the double displacement reaction, a 

nucleophilic residue, usually aspartate or glutamate, covalently binds to the donor substrate while 

the acceptor substrate is being transferred to the donor, forming two different oxocarbenium ion-

like transition states in the process (39, 42-44). However, the majority of retaining 

glycosyltransferases lacked a potential nucleophilic residue that was properly orientated and 

located to act as a nucleophile. Only enzymes from family GT6 of alpha-glycosyltransferases 

were shown to have a nucleophilic residue, suggesting that perhaps another mechanism is taking 

place (45-47). This led to the proposal of a second possible mechanism, known as the front-face 

or SNi-like mechanism (Figure 2.2 B), in which the leaving group and the nucleophile are on the 

same side, since they need to interact because the group is the catalytic base that deprotonates the 

nucleophile (39, 42-44). There is still some debate as to whether the reaction is stepwise or 

concerted (Figure 2.2 D), but quantum chemical/molecular mechanics studies support a stepwise 

reaction (45, 48). The front-face SNi-like mechanism has also recently been engineered in the 

glycosylhydrolase (49). 
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GT Inverting Mechanism 
 

GT Retaining Mechanisms 

 

 

 

 

Figure 2.2. Mechanisms of glycosyltransferase reactions.  
A) The inverting mechanism, first described by Űnligil et al. (35). The possible retaining 
mechanisms: B) the one step front-face mechanism, as first described in glycosylhydrolases (40, 
41), C) the double displacement reaction (42-44) and D) the stepwise front-face reaction (45).  

 
 

 

A)  Inverting GT Single Displacement Reaction 
 

B)  One Step Front-Face Reaction 

C)   Double Displacement Reaction 

D)  Stepwise Front-Face Reaction 
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2.5 Glycosyltransferase summary 

While there are currently over 300 000 known glycosyltransfeases and more will emerge over 

time, the vast majority of glycosyltransfeases adopt one of three known folds, GT-A, GT-B or 

GT-C (31-33). The CAZy database classifies glycosyltransferases into sequence-based families 

with each family member sharing the structure, superfamily and mechanism of action, and there 

are currently over 100 families (31-33). To date, all characterized glycosyltransferases use one of 

two mechanisms, either the bi-bi-SN2-like inverting mechanism, where the orientation of the 

stereochemistry is inversed, or the Sni-like or front face mechanism, where the stereochemistry 

of the anomeric carbon is retained. Glycosyltransferases play so many diverse important roles 

from bacteria-host interactions, to providing post-translational modifications to over half of 

secreted proteins, to cell-to cell interactions, to structural and signaling roles. In order to better 

understand all these diverse functions, it is important to study the enzymes that control these 

functions, notably glycosyltransferases and glycosylhydrolases. While glycosylhydrolases have 

1306 solved structures out of 150 families, glycosyltransferases are behind with 228 solved 

structures of 100 families and yet glycosyltransferases make up over 1 % of the genome. It is 

imperative that the structures and functions of glycosyltransferases continue to be studied to 

improve our understanding of this diverse family of enzymes. By characterizing more enzymes, 

we can improve the databases that list glycosyltransferases such as CAZy and bioinformatics 

tools that can be used predict structure and function solely based on sequence, which is the end 

goal. The ability to predict changes in glycosylation states based on DNA sequence alone can 

have very wide implications in disease prediction and diagnostic tools, as well as targeted 

treatments. Other than improving prediction tools, studying glycosyltransferases has many other 

benefits, including the ability to harness glycosyltransferases for the synthesis of complex 

carbohydrates in biosynthesis and as potential tools in biomedical research to study functions and 
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changes in glycosylation. 

 

2.6 Research Objectives 

In this thesis, I aimed to biochemically characterize the glycosyltransferases involved in E. coli 

O104 O antigen synthesis. I hypothesize that the genes wbwc, wbwA, and wbwB encode a β1,3-

Gal-transferase, an α 2,3-sialyltransferase, and an α1,4-Gal-transferase, respectively, which are 

responsible for synthesizing the E.coli O104 O antigen, [4-Galα1-4Neu5,7,9Ac3α2-3Galβ1-

3GalNAcβ1-]n.    All of these enzymes are novel enzymes which have not been previously 

characterized. The biochemical characterization involved studying acceptor and donor substrate 

specificity and kinetics, identifying necessary cofactor requirements, determining key residues 

through single point mutations and biochemical characterizations of functionally similar 

enzymes. For the first enzyme in the pathway, the Gal-transferase WbwC, the characterization 

involved comparing the E. coli O104 enzyme to the Gal-transferase WbwC from E. coli O5, 

which synthesizes the same Galβ1-3 linkage, finding potential inhibitors and confirming that the 

enzyme synthesizes the T antigen using an immunoblot with T antigen antibodies. The 

characterization of sialyltransferase WbwA involved comparing the enzyme to human α2,3-

sialyltranferase ST3Gal1 that synthesizes the same sialyl α 2-3 linkage, and finding potential 

inhibitors. The last enzyme in the pathway, α1,4-Gal-transferase WbwB, was also characterized. 

The study of putative sialyl-O-actyltransferase WckD that may act as the final enzyme in the 

O104 antigen repeating unit synthesis pathway was also an objective but the characterization of 

WckD remains to be completed. By comparing two bacterial enzymes, WbwC from E. coli O5 

and WbwC from E. coli O104, and a bacterial and mammalian enzyme, ST3Gal1 and WbwA, 

that synthesize the same linkage, we can gain insights into key residues, mechanisms and modes 

of action.  
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3.1 Abstract 

Escherichia coli displays O antigens on the outer membrane that play an important role in 

bacterial interactions with the environment. The O antigens of enterohemorrhagic E. coli O104 

and O5 contain a Gal β1-3GalNAc disaccharide at the reducing end of the repeating unit. Several 

other O antigens contain this disaccharide, which is identical to the mammalian O-glycan core 1 

or the cancer-associated Thomsen-Friedenreich (TF) antigen. We identified the wbwC genes 

responsible for the synthesis of the disaccharide in E. coli serotypes O104 and O5. To 

functionally characterize WbwC, an acceptor substrate analog, GalNAcα-diphosphate-

phenylundecyl, was synthesized. WbwC reaction products were isolated by high-pressure liquid 

chromatography and analyzed by mass spectrometry, nuclear magnetic resonance, galactosidase 

and O-glycanase digestion, and anti-TF antibody. The results clearly showed that the Galβ1-
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3GalNAc linkage was synthesized, confirming WbwCECO104 and WbwCECO5 as UDP-

Gal:GalNAc α -diphosphate-lipid-β1,3-Gal-transferases. Sequence analysis revealed a conserved 

DxDD motif, and mutagenesis showed the importance of these Asp residues in catalysis. The 

purified enzymes require divalent cations (Mn
2+

) for activity and are specific for UDP-Gal and 

GalNAc-diphosphate lipid substrates. WbwC was inhibited by bis-imidazolium salts having 

aliphatic chains of 18 to 22 carbons. This work will help to elucidate mechanisms of 

polysaccharide synthesis in pathogenic bacteria and provide technology for vaccine synthesis.  

 

3.2 Introduction 

The O antigens of lipopolysaccharides (LPS) in Gram-negative bacteria consist of many repeats 

of a specific oligosaccharide unit and are a major contributor to the antigenic variability of the 

bacterial cell surface, conferring defense to the bacteria against host killing mechanisms (1–5).  

The O antigen gene clusters contain the corresponding glycosyltransferase (GT) genes, most of 

which have not yet been biochemically characterized. These GTs are likely to be responsible for 

completing the synthesis of the O antigen repeating unit by adding sugars to the non-reducing 

end of the oligosaccharide (6, 7). The repeating units are thought to be preassembled on the 

cytosolic face of the inner membrane, where the catalytic domains of GTs are directed into the 

cytoplasm with access to the nucleotide sugar donor substrate pools, as well as to the membrane-

bound undecaprenol-phosphate (P-Und)-linked acceptor substrates (8, 9).  

E. coli strains O104 and O5 produce Shiga toxins (10), which are known to cause severe bloody 

diarrhea in humans, sometimes leading to hemolytic uremic syndrome and death (11, 12). Shiga 
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toxin-producing E. coli O104 (STEC) has acquired a second gene encoding a Shiga toxin variant 

(13). Several outbreaks of O104 infections have been reported worldwide (12); for example, an 

outbreak occurred in 2011 in Germany, in which thousands were infected, 53 people died, and 

many still suffer from the consequences of infections. In light of growing worldwide antibiotic 

resistance, alternative therapies such as immune therapies become more important. E. coli O104 

synthesizes an O antigen with a tetrasaccharide repeating-unit structure of (-4-D-Gal α1- 

4Neu5,7,9Ac3 α2-3-D-Gal β1-3-D-GalNAc 1-)n (14), which could be the basis for a vaccine. 

The O5 antigen has the repeating- unit structure (4-D-Quip3NAcβ1-3-D-Ribf β1-4-D-Galpβ1-3-

D- GalNAc 1-)n (15). Thus, the two O antigens share the Gal β1-3GalNAc disaccharide 

sequence, which is identical to O-glycan core 1 of mammalian glycoproteins and the cancer-

associated Thomsen-Friedenreich (TF) antigen (16, 17). The genes of the O104 antigen gene 

cluster include three putative glycosyltransferase genes, wbwA, wbwB, and wbwC, in addition to 

CMP-Neu-NAc synthesis genes, the O antigen polymerase wzy gene, and a flippase wzx gene 

(18). This suggests that O104 antigen synthesis follows the Wzy-dependent pathway. Since the 

wbwC gene from E. coli O104 has 47 % identity to the orf11 gene from E. coli O5, we propose 

that these genes encode orthologous enzymes that synthesize the Galβ1-3GalNAc linkage.  

The assembly of the O104 and O5 antigen repeating units is thought to be initiated by the 

transfer of GalNAcα-phosphate to undecaprenol-phosphate (P-Und) by the membrane-bound 

enzyme GlcNAc/GalNAc-phosphotransferase WecA (Figure 3.1). Alternatively, GlcNAcα-

phosphate may be transferred, followed by 4-epimerization of GlcNAc (19) to form the acceptor 

substrate for WbwC, GalNAcα -PP-Und. Membrane-associated GTs then transfer sugar residues 

from nucleotide sugars to the PP-Und-linked acceptor substrates to complete the synthesis of the 

repeating unit. The lipid-linked saccharide is flipped across the inner membrane, and repeating 
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units are polymerized in the periplasmic space. The completed O antigen is then ligated to the 

lipid A-core moiety to synthesize LPS, which is transported to the outer membrane by the Lpt 

complex (20, 21).  

Most of the bacterial GTs are still putative and require biochemical proof of activity. We have 

characterized several Gal and Glc transferases that catalyze the second step in O antigen 

repeating-unit synthesis (22–25). The synthesis of a natural substrate analog, GlcNAcα -

diphosphate phenylundecyl [GlcNAcα-O- PO3-PO3-(CH2)11-O-Ph, GlcNAc-PP-PhU], numbered 

14 in Figure 3.2, was instrumental in these studies (26). We recently reported that the  
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Figure 3.1. Proposed biosynthesis of the O104 antigen-specific lipopolysaccharide. The 
biosynthesis of the E. coli O104 repeating unit is thought to be initiated at the cytoplasmic side 
of the inner membrane. Undecaprenol phosphate serves as an acceptor for the transfer of 
GlcNAcα-phosphate by sugar- phosphate transferase WecA which needs to be converted by a 4-
epimerase to form the acceptor for WbwC, GalNAc-PP-Und. It may also be possible that WecA 
directly transfers GalNAc-P. The WbwC and two other transferases WbwA and WbwB of which 
genes are found in the O104 antigen gene cluster then complete the repeating unit synthesis. 
Flippase Wzx flips the repeating unit to the periplasm where polymerase Wzy transfers the unit 
to the reducing end of the growing chain. The completed O-polysaccharide is then transferred by 
a ligase to the outer core oligosaccharide-linked to lipid A to form the completed LPS. The Lpt 
complex then extrudes the large O antigen-containing LPS to the outer membrane where the O 
antigen is exposed to the external environment. NeuNAc, Neu5Ac. 
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Figure 3.2. Synthesis of acceptor substrates 8 and 14. Reagents and conditions were as 
follows: PhOH, K2CO3, KI, acetone, reflux temperature (a); POCl3, Et3N, hexanes, 0°C à room 
temperature (b); Ac2O, pyridine, rt (c); CF3SO3Si(CH3)3, 1,2-dichloroethane, 50 to 60°C (d); 
dibenzyl phosphate, 1,2-dichloroethane,  rt (e); H2, Pd/C, MeOH, rt (f); compound 2, 
diisopropylamine, 1,1’-carbonyldiimidazole, THF, rt (g); NaOMe, MeOH, rt, Amberlite IRA-
120 resin (Na+ form) (h).  

 

 

 



 

44 

 

enzyme encoded by orf11 from E. coli O5 was a Gal transferase that utilized GalNAcα-

diphosphate phenylundecyl (GalNAc-PP-PhU [compound 8 in Figure 3.2]) as the acceptor, as 

well as the fluorescent acceptor GalNAcα -diphosphate (anthracen-9-yl-methoxy)undecyl, 

allowing both radioactive and fluorescence-based activity assays (27). However, the enzyme had 

not been fully characterized. In this work, we report the thorough characterization of two WbwC 

Gal-transferases, the second enzymes in the assembly of repeating units from E. coli O104 and 

O5. We improved the syntheses of GalNAc-PP-PhU and GlcNAc-PP-PhU to achieve higher 

yields and showed that WbwC enzymes synthesize the mammalian core 1/TF antigen and can be 

inhibited by imidazolium salts of specific structures. The enzymes are targets for the 

development of antibacterial compounds and are useful for the chemoenzymatic synthesis of 

glycan-based vaccines that may help to prevent tumor growth.  

 

3.3 Materials and Methods  

3.3.1 Materials 

 Reagents and materials were obtained from Sigma-Aldrich unless otherwise stated. GalNAc and 

GlcNAc derivatives were synthesized as described below, in the supplemental material, and in 

previous publications (26, 28–30). The synthesis of the undecyl (U)-containing fluorescent 

substrate P
1
-[11-(anthracen-9-ylmethoxy)undecyl]-P

2
-(2-acetamido-2- deoxy- α-D-

galactopyranosyl) diphosphate (GalNAc-PP-AnthrU) was reported previously (27, 30). 

Glycopeptides and 4-deoxy-GalNAcα-Bn were synthesized by Hans Paulsen, University 

Hamburg, Hamburg, Germany. GalNAcβ1-4GlcNAcβ-Bn was synthesized by Khushi Matta at 
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the Roswell Park Cancer Institute, Buffalo, NY. Inhibitors were synthesized as described 

previously (28, 30, 31).  

 

3.3.2 Chemical synthesis 

 The syntheses of acceptor substrates 8 and 14 are shown in Figure 3.2. The details of synthetic 

procedures have been published (Wang et al., 2014). The ether-alcohol (compound 1) was 

synthesized from 11-bromoundecanol by treatment with phenol-potassium carbonate-potassium 

iodide in acetone, following a similar procedure by Visscher et al. (32). The phosphate 

(compound 2) was synthesized by the treatment of alcohol 1 with phosphorus oxychloride in 

triethylamine-hexanes, by a modification of the procedure by Bernardes et al. (33) for the 

formation of citronellylphosphate. The acetylated compound 3 was synthesized by the treatment 

of D-galactosamine hydrochloride with acetic anhydride in pyridine. Treatment of compound 3 

with trimethylsilyl triflate in 1,2-dichloroethane gave the oxazoline (compound 4), following a 

procedure similar to that published by Nakabayashi et al. (34). The dibenzyl phosphate 

(compound 5) was prepared by the treatment of oxazoline (compound 4) with dibenzyl 

phosphate in 1,2-dichloroethane, following essentially the procedure of Bernardes et al. (33). 

Hydrogenolysis of compound 5 in methanol (MeOH) using Pd/C as a catalyst gave the 

debenzylated sugar- phosphate (compound 6), following essentially the procedure of Montoya-

Peleaz et al. (26). The coupling of the in situ-generated diisopropyl-ammonium salt of phosphate 

2 and sugar-phosphate 6 using 1,1’- carbonyldiimidazole in tetrahydrofuran to form compound 7, 

followed by deprotection of compound 7 using sodium methoxide in MeOH, gave the final 

acceptor substrate 8; the procedure followed was essentially that of Montoya et al. (26), but 
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using the D-galactosamine derivative instead of the D-glucosamine derivative. The purification 

procedure was altered, and the enzyme-substrate reaction product was isolated and characterized 

in the disodium salt form. A similar synthetic strategy starting from D-glucosamine 

hydrochloride was followed to produce the GlcNAc-containing acceptor substrate 14, also 

isolated and characterized in the disodium salt form. All procedures and purification methods 

were modified appropriately from the existing referenced procedures. Further characterizing 

data, and nuclear magnetic resonance (NMR) spectroscopic data obtained in alternative solvent 

systems, have been obtained.  

 

3.3.3 Bacterial growth, plasmids, and protein expression 

 The putative glycosyltransferase genes wbwC from E. coli O104 (strain G1629) and orf11 from 

E. coli O5 (strain G1675) were amplified by PCR, using primer pairs wl-49644/wl-49645 (5-

CGGGATCCATGAAATTTAGCGTTCTGTT-3/5-CCGCTCGAGTT 

ATTTCCGCAATATATT-3) and wl-11103/wl-11104 (5-CGGGATCCAT 

GAATGATAGTTCAAGATCAT-3/5-CCGCTCGAGTTAATTCTTAGT CCTTGAAATAC-3), 

respectively. A total of 30 cycles were performed under the following conditions: denaturation at 

95°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 1 min, in a final volume of 

50 l. The amplified genes were then cloned into expression plasmid vector pET28a (KanR), 

containing a cleavable His tag-encoded sequence at the C terminus, and the presence of the 

inserts was confirmed by sequencing using an ABI 3730 sequencer. Plasmid constructs were 

transformed into E. coli BL21 for protein expression (26). For the induction of plasmid- derived 

enzyme, bacteria were grown overnight at 37°C in 5 ml of Luria broth containing 50 µg/ml of 
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kanamycin with constant shaking at 150 rpm. The bacterial suspension (5 ml) was transferred to 

125 ml of Luria broth containing kanamycin, and the mixture was incubated at 37°C.  Isopropyl 

1-thio-β-D-galactopyranoside (IPTG) was added to a final con- centration of 1 mM when the 

suspension reached an optical density at 600 nm of 0.8. Cells were grown for an additional 4 h at 

37°C and were then harvested by centrifugation for 15 min at 2,200 g. Pellets were washed in 

phosphate-buffered saline (PBS). A total of 10 ml of PBS containing 10% glycerol was added, 

and aliquots of bacteria were stored at -20°C for enzyme assays. E. coli BL21 without the 

plasmid was expressed in parallel as a negative control to be used in enzyme assays where the 

bacterial homogenate was used.  

 

3.3.4 Enzyme purification 

 WbwCECO104 and WbwCECO5 proteins contained a His6 tag at the C terminus. After IPTG 

induction, bacteria were harvested by centrifugation, washed with PBS (pH 7.4), resuspended 

into the same buffer, and sonicated in four cycles for 30 s with 2-min intervals on ice (30). The 

homogenate was then centrifuged at 8,000 g in a Centronics M-1200 centrifuge (Boehringer-

Mannheim) for 30 min. The WbwC fusion proteins in the supernatant were purified using a 

HisPur Ni2
+ -nitrilotriacetic acid (-NTA) Sepharose column (Thermo). Bound proteins were 

eluted with a gradient of 200 to 400 mM imidazole buffer in PBS. Each fraction was analyzed by 

sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) (12% gel). The desired 

fractions that contained fusion protein were pooled and stored at -80°C. Western blot analysis 

was performed with rabbit antibody against the His6 tag as the primary antibody (Thermo) and 

horseradish peroxidase-conjugated goat anti-rabbit IgG as the secondary antibody (Santa Cruz 
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Biotechnology). Purified enzymes and cell lysates of the wild type or mutants (0.5 to 0.7 g 

protein/ l) were diluted 3:1 in 4 SDS loading buffer consisting of 40 mM Tris-HCl (pH 8.0), 4% 

SDS, 8% glycerol, 4% -mercaptoethanol, and bromophenol blue and run on SDS-PAGE gels 

(12% gel). Proteins were electrophoretically transferred onto nitrocellulose and then probed 

sequentially with rabbit anti-His tag antibody (1:1,000) and anti-rabbit IgG (1:10,000). 

Alternatively, mouse anti-His antibody and goat anti-mouse antibody (1:5,000) (Cell Biolabs 

Inc.) were used. Labeling was visualized with WEST-one spray (iNtRON) or Western lighting 

ECL Pro (Perkin-Elmer) and exposure of fluorescence on film. Prestained protein standards 

(GeneDirex) were used to calibrate the gels. The relative protein amounts were determined by 

densitometric analysis of the Western blot film, performed by using Image J1.43 software. The 

enzyme activities of purified protein were normalized according to the relative amounts of 

protein detected on Western blots. Protein contents were determined by measuring absorbance at 

280 nm in a microvolume spectrophotometer (Nanodrop 2000; Thermo). Purified enzyme 

(Figure 3.3, Figure 3.4) was used for enzyme characterization.  

 

3.3.5 Galactosyltransferase assays 

 For Gal-transferase assays, bacterial homogenates were prepared by sonication as described 

before (23), or purified enzyme was used as indicated. For instances where bacterial 

homogenates were used, bacterial homogenates of E. coli BL21 without the WbwC plasmid were 

used as a negative control to ensure no background activity from the bacterial homogenates. The 

standard assay mixtures contained, in a total of 40 µl, 0.1 mM acceptor substrate GalNAc-PP-

PhU (compound 8 in Figure 3.2), 5 mM MnCl2, 2.5 mM dithiothreitol (DTT), 0.125 M 2-(N-
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morpholino) ethanesulfonic acid (MES) buffer, pH 7, 10 µl purified enzyme preparation (5 to 6 

µg protein), and 0.44 mM UDP- [
3
H]Gal (2,000 to 3,500 cpm/nmol). Control assays lacked the 

acceptor. All assays were carried out in at least duplicate determinations, and results were 

confirmed by repeating the experiments at least  



 

50 

 

Figure 3.3. Expression and purification of WbwCECO104. Expression and purification of 

WbwCECO104. WbwCECO104 eluted from the Ni
2+

- NTA Sepharose Fast Flow column and 
fractions were run on SDS-PAGE gels. (M)-Molecular mass markers; (2)-WbwCECO104 Pellet; 
(3)- Flow-through fraction from NTA Sepharose column; (4)-Wash with 25 mM imidazole; (5-7) 
Fractions eluted with 250 mM imidazole. (A) SDS-PAGE analysis of WbwCECO104 proteins. (B) 
Western blot analysis of purified WbwCECO104. An anti-His6- tag antibody was used to detect the 
WbwCECO104 protein.  
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Figure 3.4. Expression and purification of WbwCECO5. WbwCECO5 eluted from the Ni
2+

- NTA 
Sepharose Fast Flow column and fractions were run on SDS-PAGE gels. (M)-Molecular mass 
markers; (2)-WbwCECO5 Pellet; (3)-Flow-through fraction from NTA Sepharose column; (4)-

Wash with 25 mM imidazole; (5-7) Fractions eluted with 250 mM imidazole. (A) SDS-PAGE 
analysis of WbwCECO5 proteins. (B) Western blot analysis of purified WbwCECO5. An anti-His6 
tag antibody was used to detect the WbwCECO5 protein.  
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once. Mixtures were incubated for 10 min at 37°C, and reactions were quenched by the addition 

of 700 µl of ice-cold water and freezing. Enzyme reaction product was isolated using Sep-Pak 

C18 columns, eluted first in water and then in MeOH, and quantified by scintillation counting as 

described previously (22, 25). High-pressure liquid chromatography (HPLC) separations were 

carried out as described previously (24), using a C18 column and acetonitrile-water as the mobile 

phase. Peaks were monitored by measuring absorbance at 195 nm and scintillation counting of 

fractions. Kinetic parameters were determined using the program GraphPad Prism to perform 

nonlinear regression to determine Km and Vmax. In assays using potential hydrophobic 

inhibitors, mixtures contained 10% MeOH or ethyl alcohol (EtOH) in the assay.  

 

3.3.6 Enzyme reaction product identification by HPLC and MS 

 The enzyme reaction products were prepared in large-scale radioactive and non-radioactive 

forms. The separation of substrates and enzyme reaction products was achieved by HPLC using 

a C18 column at a flow rate of 1 ml/min and acetonitrile-water mixtures (27/73) as the mobile 

phase, monitored by absorbance at 195 nm. Product peaks were dried and analyzed by matrix-

assisted laser desorption ionization–time of flight (MALDI-TOF) mass spectrometry (MS) or 

electrospray ionization (ESI)-MS in the negative-ion mode, as described previously (30).  

 

3.3.7 Identification of enzyme reaction product structure by NMR 

To prepare large amounts of nonradioactive enzyme reaction product for nuclear magnetic 

resonance (NMR), WbwC assays were carried out as follows. The assay mixture (20 ml) 
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contained 4 µmol GalNAc-PP-PhU (compound 8), 30 µmol UDP-Gal, 5 ml bacterial cell 

homogenate in 50 mM sucrose, 0.1 mmol MnCl2, and 2.5 mmol MES buffer, pH 7.0. After 

incubation for 60 min at 37°C, 10 ml of cold water was added to stop the reaction. The reaction 

mixture was then applied in aliquots to 50 C18 Sep-Pak columns, and the reaction products were 

eluted with MeOH. Following flash evaporation and lyophilization of the eluates, the reaction 

product was resuspended in water and further purified by reversed-phase HPLC (24) using 

standard compounds. Pooled fractions containing product were flash evaporated and lyophilized. 

Dried product was dissolved in D2O and analyzed by 600-MHz NMR. Spectra were collected in 

one-dimensional (1D) and 2D experiments using a Bruker spectrometer as described previously 

(22).  

 

3.3.8 Linkage confirmation using galactosidases or O-glycanase 

 The anomeric configuration of the linkage formed in the radioactive WbwC reaction product 

was confirmed by incubation with specific galactosidases: green coffee bean α-galactosidase 

(100 U/ml), E. coli (β1-4-specific) β-galactosidase (100 U/ml), bovine testicular (β 1-3-, -4-, and 

-6-specific) β-galactosidase (100 U/ml), or O-glycanase (Glyko, 1.25 U/ml). Aliquots of 

radioactive reaction product (2,000 cpm) were treated in a total volume of 100 µl with 25 µl 

MacIlvaine buffer (0.1 M citric acid–0.2 M Na- phosphate, pH 4.3), 10 µl 0.1% bovine serum 

albumin, and galactosidase or O-glycanase. The activities of galactosidases were confirmed with 

Galα- and Gal β -p-nitrophenyl as the substrates. Control incubations lacked the enzymes. 

Mixtures were incubated for 30 min at 37°C, diluted with 800 µl of water, and applied to 

columns of 0.4 ml AG1x8 (Cl- form). Released radioactivity was eluted with 2.8 ml water and 
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quantified, while unreacted negatively charged WbwC reaction products stayed bound to the 

AG1x8 columns.  

 

3.3.9 Test for TF antigen cross-reactivity 

To test whether the enzyme reaction products represented the cancer-associated TF antigen, 

JAAFII mouse monoclonal antibody against the TF antigen was used as the primary antibody 

(kindly donated by K. Rittenhouse, Roswell Park Cancer Institute, Buffalo, NY, USA) and 

horseradish peroxidase-conjugated goat anti-mouse IgG as the secondary antibody (Santa Cruz 

Biotechnology). A 50-nmol amount of either WbwCECO104 or WbwCECO5 reaction product 

Galβ1-3GalNAcα-PP-PhU, WbdN reaction product Glcβ1-3GlcNAcα-PP-PhU (23), compound 8 

or its GlcNAc derivative 14, or Galβ1- 3GalNAcα-Bn as the positive TF antigen control was 

incubated with 0.5 ml 1:100 TF antigen-specific antibody (4 mg/ml in Tris-buffered saline) 

overnight at 4°C. This was followed by incubation with 200 ng secondary antibody (goat anti-

mouse IgG, 1:1,000) for 2 h at room temperature (rt). A 2-µl volume was saved as a positive 

control for antibody, and the remainder was slowly loaded onto C18 Sep-Pak columns. Columns 

were washed first with 5 ml water and then with 5 ml MeOH. MeOH fractions were dried by 

rotary evaporation and dissolved in 500 µl H2O. Samples were then transferred to small tubes, 

lyophilized, and dissolved in 10 µl H2O. Samples were spotted onto nitrocellulose membrane and 

dried. Labeling was visualized with WEST-one spray (iNtRON) and exposure of fluorescence on 

film.  
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3.3.10 Effect of amino acid-specific reagents 

 To evaluate the role of amino acids in Gal-transferase activity, the purified enzyme preparations 

were incubated with amino acid-specific reagents prior to the assays for 10 min at rt in reaction 

mixtures lacking UDP-Gal. The reaction was initiated by the addition of UDP-Gal. p-

Hydroxyphenylglyoxal (HPG; reacts with Arg), 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB; 

reacts with Cys), and N-ethylmaleimide (NEM; reacts with Cys) were used at 0.2 mM 

concentration in the assay. Disulfide bond-reducing agent dithiothreitol was used at 0.1 to 4 mM 

in the assay and β-mercaptoethanol (beta-ME) at 1 to 18 mM.  

 

3.3.11 Construction of WbwCECO104 mutants 

 The QuikChange site-directed mutagenesis kit (Agilent, Santa Clara, CA) was used to construct 

mutants D91A and D125A of WbwCECO104. Primers were designed using the Quikchange 

Primer Design program. For the D91A mutant, the forward primer was 

5’CAATGAACTGATTTTTAGGATGGCTACTGATGATATTTGTTTGCCTG3’ and the 

reverse primer was 5’CAGGCAAACAAATATCATCAGTAGCCATCC 

AAAAATCAGTTCATTG3’. For the D125A mutant, the forward primer was 

5’GGGAAGTGTCATTGAAGAATTTGCTAATACAATGAAAATTAGGCAAG3’ and the 

reverse primer was 

5’CTTGCCTAATTTTCATTGTATTAGCAAATTCTTCAATGGCACTTCCC3’. Amplification 

was performed with a DNA thermal cycler (model Eppendorf Mastercycler Gradient) by using a 

single denaturation step at 95°C for 1 min followed by an 18-cycle program consisting of 
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denaturation at 95°C for 1 min, annealing at 55°C for 1.5 min, and extension at 68°C for 6 min. 

A total of 10 µl of each reaction mixture was electrophoresed on a 1% agarose gel in 45 mM 

Tris-borate buffer–1 mM EDTA, pH 8.3, at 150 V for 1 h and stained with ethidium bromide. 

The PCR mixture was transformed into E. coli Top10 cells. Bacterial colonies harboring mutated 

genes were isolated, and plasmids were isolated and sequenced (Robarts Research Institute, 

London, ON, Canada) to confirm the correct mutations. Mutants D45A, D46A, D93A, D94A, 

C21A, C82A, and C96A of WbwCECO104 and mutants D96A, D98A, and D99A of WbwCECO5 

were constructed by Mutagenex (Hillsborough, NJ). Bacterial growth, enzyme activity assays, 

SDS-PAGE, and Western blotting were carried out as described above.  

 

3.4 Results 

3.4.1 Sequence comparisons of WbwCECO104 and WbwCECO5 

 A protein-protein BLAST comparison revealed that the amino acid sequences of WbwCECO104 

and WbwCECO5 have 47% identity (Figure 3.5). WbwC from E. coli O104 shares 42% identity 

with uncharacterized WbwC from E. coli O81, 99% identity with WbwC from Escherichia 

fergusonii (35), and 79% identity with WfaM from E. coli O24 (36). Homologs of WbwC are 

also found in a number of other bacterial strains. None of these enzymes have been 

characterized. The other putative glycosyltransferases (WbwA and WbwB) encoded by genes 

located in the O104 antigen gene cluster (18) share only 13% and 11% identity, respectively, 

with WbwCECO104. WbiP from E. coli O127 (37), which also synthesizes a Galβ1-3GalNAc 

linkage, shows only 22% and 25% sequence identity with WbwCECO104 and WbwCECO5 (Figure  
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Figure 3.5. Multiple sequence alignment of WbwC from E. coli O104 and O5 with other 
bacterial Gal-transferases and human core 1 β1,3-Gal-transferase, C1GalT1. WbbD is from 
E. coli O7: K1; WbiP is from E. coli O127:H6 and WbgO is from E. coli O55:H7. WbiP 
synthesizes a Galβ1-3GalNAc linkage, whereas WbbD and WbgO synthesize a Galβ1-3GlcNAc 
linkage. Using similarity groups, the red colour shows 100% conserved residues, the blue shows 
80% or greater conserved residues and the green shows 60% or greater conserved residues. 
WbwCO104 mutation sites are indicated by an asterisk above the sequence and the conserved 
DxDD motif is shown below the alignment. This alignment was made using ClustalW and was 
reformatted in GeneDoc (http://www.nrbsc.org/gfx/genedoc/index.html/).  
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3.5). WbbD from E. coli O7 (26) and WbgO from E. coli O55 (38) both form a Galβ1-3GlcNAc 

linkage. WbbD shares 37% and 35% sequence identity with WbwCECO104 and WbwCECO5 

respectively, whereas WbgO shares 23% and 20% sequence identity with WbwCECO104 and 

WbwCECO5. Human core 1 Gal-transferase (C1GalT1), which also forms a Galβ1-3GalNAc 

linkage, shows very low sequence identity to WbwCECO104 (12%) and to WbwCECO5 (11%). 

WbwC is predicted to form a GT-A glycosyltransferase fold and has been classified in the CAZy 

GT2 family, which includes many other bacterial mammalian inverting glycosyltransferases (22– 

24, 37–39). All of the WbwC homologs have a DxD sequence that might be involved in catalysis 

(40).  

 

3.4.2 Properties of WbwCECO104 and WbwCECO5. 

Based on the amino acid composition, the molecular masses of His6-tagged WbwCECO104 and 

WbwCECO5 were calculated to be 31.2 and 31.4 kDa, respectively (protein molecular mass 

calculator; Science Gateway, www.sciencegateway.org). The two recombinant proteins from the 

bacterial lysate were induced by 1 mM IPTG in a 4-h incubation at 37°C and showed intense 

bands on SDS-PAGE at an apparent molecular mass of 30 to 32 kDa. Induction at rt, overnight 

or after 6 h at 0.5 or 1 mM IPTG did not improve the level of expression. The His6-tagged 

WbwCECO104 and WbwCECO5 were purified by NTA Sepharose affinity chromatography (Figure 

3.3, Figure 3.4). Western blotting showed a major protein band at 30 kDa for WbwCECO104 for 

both the cell lysate and the purified enzyme at about 90% purity. WbwCECO5  was expressed and 

purified similarly but was slightly larger (32 kDa). A single elution with 150 mM imidazole was 
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optimal for eluting the protein from the NTA column(about 50 % purity). The specific activities 

of purified WbwCECO104 and WbwCECO5 were enriched 49-fold and 14-fold, respectively. The 

final yield of purified WbwCECO104 and WbwCECO5
 proteins obtained from 150 ml starting culture 

was 5 to 7 mg (0.6 mg/ml). Under standard conditions, the transfer of Gal to GalNAcα-O-PO3-

PO3 -(CH2)11-O-Ph was linear for up to 10 min of incubation time and up to 6 µg protein per 

assay for purified WbwCECO104 and WbwCECO5. Gal- transferase activities in the bacterial 

homogenates were stable for several days at rt for at least 2 weeks at 4°C and for at least 4 

months at -20 °C.  

The presence of the conserved DxD motif (DTDD in the WbwCECO104 and DSDD in the 

WbwCECO5 sequence) suggested the involvement of divalent metal cations as cofactors in Gal- 

transferase catalysis (40, 41). No activity was observed in the presence of 5 mM EDTA. At 5 

mM concentration, Mn
2+ was the most efficient cofactor among the divalent metal ions (set to 

100% activity), but Mg
2+ also stimulated the activity (22% for WbwCECO104 and 15% for 

WbwCECO5). The optimal concentration of Mn
2+ in the WbwC assays was between 2.5 and 5 mM 

(data not shown). None of the other metal ions tested at 5 mM concentration (Co
2+ , Pb

2+ , Ca
2+ , 

Zn
2+ , and Cu

2+ ) were effective in stimulating WbwC Gal-transferase activity. Both WbwCECO104 

and WbwCECO5 activities were shown to have a broad pH optimum between 7 and 8 (data not 

shown).  
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3.4.3 Effects of detergents on WbwCECO104 and WbwCECO5 activity 

The hydrophobicity plots of both WbwC enzymes did not reveal any transmembrane domains, 

but in vivo, the enzymes could be loosely associated with the bacterial membrane. Membrane 

components or detergents could also affect the availability of the sugar-diphosphate-lipid 

acceptor substrate. We therefore determined whether the purified WbwCECO104 enzyme activity 

was affected by the presence of 0.125 to 0.5% Triton X-100, NP-40 (nonyl 

phenoxylpolyethoxylethanol), or n-octyl-β -D-glucoside (octylglucoside). There was no effect 

with NP-40 treatment, but the presence of the other detergents reduced WbwCECO104 Gal-

transferase activities to various degrees (data not shown). Interestingly, the effect of detergents 

on WbwCECO5 enzyme activity differed from the effect on WbwCECO104, and WbwCECO5 activity 

was reduced by all detergents tested. SDS at 0.005% in the reaction mixtures completely 

abolished both WbwCECO104 and WbwCECO5 activities.  

 

3.4.4 Acceptor substrate specificities of WbwCECO104 and WbwCECO5 

The acceptor substrate specificities of purified WbwCECO104 and WbwCECO5 were tested with a 

series of synthetic acceptor substrate analogs, including compounds 8 and 14, GalNAcα-

glycopeptides, GalNAc α and β linked to a number of different hydrophobic aglycone groups, 

and GlcNAc derivatives (Table 3.1). The only two compounds in this series that could serve as 

acceptor substrates were GalNAc-PP-PhU (compound 8) and a fluorescent acceptor (GalNAc-

PP-AnthrU), but the corresponding GlcNAc analog GlcNAc-PP-PhU or any other GalNAc or 

GlcNAc derivative could not. This suggested that the presence of a diphosphate bridge in the  
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Table 3.1. Acceptor substrate specificities of WbwCECO104
a and WbwCECO5. 

Compound Concentration 

(mM) 

Relative activity 

WbwCECO104 

 

WbwCECO5 

GalNAcα-PO3-PO3-(CH2)11-OPh (compound 8) 0.1 100 100 

GalNAcα-PO3-PO3-AnthrUb 0.1 49.0 46.1 

GlcNAcα-PO3-PO3-(CH2)11-O-Ph (compound 

14) 

1  <1 <1 

GalNAcα-Bn 1 <1 <1 

4-deoxy GalNAcα-Bn 1 <1 <1 

Ala-(GalNAcα)Thr 1 <1 <1 

Ac-Val-(GalNAcα)Thr-Pro-NH2 1 <1 <1 

GalNAc 1 <1 <1 

AHGVT-(GalNAcα)SAPDTRPAPGSTAPPA 1 <1 <1 

GalNAcb1-4GlcNAcb-Bn 1 <1 <1 
aNeutral compounds were assayed by the AG 1x8 method; compounds 8 and 14 and GalNAcα-
PO3-PO3-AnthrU were assayed by the C18 Sep-Pak method with 0.435 mM UDP-Gal in the 
assay (23,28,29). bThe compound solution contained other minor components. 
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acceptor as well as the axial 4-hydroxyl of the acceptor sugar was required for the activity of 

both WbwCECO104 and WbwCECO5. The kinetic parameters for purified WbwCECO104 and 

WbwCECO5 were similar, with apparent Km values of 0.12 mM and 0.10 mM, respectively, for 

GalNAc-PP-PhU, and apparent maximum rate of metabolism (Vmax) values of 1.57 µmol/h/mg  

for WbwCECO104 and 1.42 µmol/h/mg for WbwCECO5 (Figure 3.6). For UDP-Gal, the apparent 

Km values for WbwCECO104 and WbwCECO5 were 0.73 mM and 1.20 mM, respectively, with 

apparent Vmax values of 0.87 µmol/h/mg and 2.67 µmol/h/mg, respectively. At high acceptor 

concentration, substrate inhibition was observed, where the acceptor substrate inhibits the 

enzyme activity. These values were similar to those obtained with crude enzymes.  

 

3.4.5 Donor specificities of WbwCECO104 and WbwCECO5 

 The donor specificities of purified WbwCECO104 and WbwCECO5 were examined by replacing 

0.435 mM UDP-[3H]Gal with a number of other nucleotide sugars in the assay at the same 

concentration. No activities were observed with UDP-[3H]Glc, UDP-[3H]GalNAc, UDP-

[3H]GlcNAc, CMP-[3H] sialic acid, or GDP-[3H]Man. This was indicative of a strict specificity 

of WbwCECO104 and WbwCECO5 for UDP-Gal as the donor substrate.  
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Figure 3.6. Kinetics of WbwCECO104 and WbwCECO5 reactions. The standard assay as 
described in Materials and Methods was used to measure Gal transfer by purified WbwC 
enzymes. (A) WbwCECO104 reaction with acceptor 8 (0.25 mM) as a function of UDP-Gal 
concentration. The apparent Km for UDP-Gal was 0.73 mM with an apparent Vmax of 0.87 
µmol/h/mg protein. (B) WbwCECO104 reaction as a function of acceptor 8 concentration. UDP-
Gal concentration was 2.2 mM. The apparent Km for 8 was 0.12 mM with an apparent Vmax of 
1.57 µmol/h/mg protein. (C) WbwCECO5 reaction with 0.25 mM acceptor 8 as a function of UDP-
Gal concentration. The apparent Km for UDP-Gal was 1.20 mM with an apparent Vmax of 2.67 
µmol/h/mg protein. (D) WbwCECO5 reaction as a function of acceptor 8. UDP-Gal donor 
concentration was 1.09 mM. The apparent Km for acceptor 8 was 0.10 mM with an apparent 
Vmax of 1.42 µmol/h/mg protein. Substrate inhibition was apparent at high acceptor 
concentration (not shown). All results were analyzed by nonlinear regression analysis with 
GraphPad Prism.  
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3.4.6 Analysis of WbwCECO104 and WbwCECO5 reaction products  

To determine the structures of WbwCECO104 and WbwCECO5 reaction products, aliquots of assay 

mixtures were applied to Sep- Pak C18 columns and enzyme reaction product was eluted with 

MeOH. MALDI-MS analysis of the MeOH eluates showed the presence of substrate (m/z 626) 

and enzyme product (m/z 788) (data not shown). The Sep-Pak step was required for the efficient 

HPLC separation of the reaction product. On reversed-phase HPLC, using 24% acetonitrile–76% 

water as the mobile phase, the product Gal-GalNAc-PP-PhU eluted between 35 and 45 min, well 

separated from substrate. The radioactive product served as a standard for HPLC. Pooled 

fractions containing purified reaction products showed m/z 788 for Gal-GalNAc-PP-PhU by 

MALDI-MS. This demonstrated that one Gal residue (m/z 162) had been added to the substrate 

by both WbwCECO104 and WbwCECO5.  

 

3.4.7 NMR analysis of WbwC reaction products 

 The 1H-NMR spectrum of the WbwCECO104 product showed a new doublet at 4.41 ppm for H-1 

of Gal with a coupling constant of J1,2= 8.3 Hz, which is indicative of Gal in β-linkage (Table 

3.2 and Figure 3.7). By comparison, the spectrum of the enzyme reaction product of β3-GalT 

WbbD (Galβ1-3GlcNAc-PP-PhU) showed a similar chemical shift for Gal H-1 at 4.35 ppm (24). 

To determine whether Gal was β1-3, β1-4, or β1-6 linked to GalNAc, we conducted two- 

dimensional NMR experiments, including rotating-frame nuclear Overhauser effect correlation 

spectroscopy (ROESY) (Figure 3.8) and heteronuclear single quantum coherence (HSQC), 

which identified the carbon and proton chemical shifts of the Gal and GalNAc residues (Table 
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Figure 3.7. One-dimensional 600-MHz 1H-NMR spectra of WbwCECO104 Gal-transferase 
reaction product measured in D2O. WbwCECO104 and WbwCECO5 reaction products have 
virtually identical spectra. Sample preparation is described in Materials and Methods.  
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Figure 3.8. Two-dimensional 600-MHz ROESY spectrum of WbwCECO104 Gal-transferase 
reaction product measured in D2O. Experiments were performed at rt. There is a clear 
correlation between the Gal H-1 and GalNAc H-3 signals indicating the Gal1-3GalNAc linkage.  
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Table 3.2. 
1
H and 

13
C NMR parameters of WbwCECO104 enzyme substrate 8 and 

WbwCECO104 reaction product Galβ1-3GalNAc -PO3- PO3-(CH2)11-O-Phα.  

The substrate for the WbwCECO104 reaction was GalNAc -PO3-PO3-(CH2)11-O-Ph (compound 8 
in Figure 3.2) as described in Materials and Methods. The coupling constants were difficult to 
determine with certainty due to crowding of signals. The spectra for the WbwCECO5 reaction 
product were identical to those shown for the WbwCECO104 reaction product. 

Residue  1
H (ppm) 

13
C (ppm) 

 
WbwC reaction product Galβ1-3GalNAc -PO3-PO3-(CH2)11-O-Ph 
Gal-1 4.41     J1,2 8.3 Hz 104.5 
Gal-2 3.45 70.7 
Gal-3 3.55 72.1 
Gal-4 3.82 68.3 
Gal-5 3.57 74.5 
Gal-6 3.65 60.2 
GalNAc-1 5.45       J1,2 7.2 Hz, 3.7 Hz 94.7 
GalNAc-2 4.32 48.2 
GalNAc-3 4.00 77.1 
GalNAc-4 4.19 68.4 
GalNAc-5 4.13 71.6 
GalNAc-6 3.67 60.6 
GalNAc-N-acetyl 1.97  
 

Substrate 8, GalNAc -PO3-PO3-(CH2)11-O-Ph  

GalNAc-1 5.39   J1,2 7.0 Hz, 3.4 Hz  94.6 

GalNAc-2 4.13 49.8 
GalNAc-3 3.78-3.88 66.9 
GalNAc-4 3.90-3.94 67.3 
GalNAc-5 4.07 72.1 
GalNAc-6 3.58, 3.69 61.1 
GalNAc-N-acetyl 2.00  
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3.2). The GalNAc H-3 signal of substrate 8 (3.78 to 3.88 ppm) shifted to 4.00 in the WbwC 

reaction product. A large difference between substrate and product in the 
13

C signals was also 

seen for the GalNAc C-3 signal, which was 66.9 ppm in the substrate and 77.1 ppm in the 

product. However, the GalNAc H-4 signal also shifted from 3.90 to 3.94 ppm to 4.19 ppm in the 

product, but neither H-6 nor C-4 or C-6 signals showed large differences between substrate and 

product. A strong coupling between Gal H-1 and GalNAc H-3 was seen in the ROESY spectrum 

(Figure 3.8), showing that Gal was indeed linked to position 3 of GalNAc. The NMR spectra of 

WbwCECO5 reaction product (data not shown) were virtually identical to those from 

WbwCECO104. This identifies the product structures as Galβ1-3GalNAc -PP-PhU and proves that 

WbwC is a UDP-Gal:GalNAc-diphosphate-R β1,3-Gal-transferase.  

 

3.4.8. Glycosidase digestions of WbwC enzyme reaction products 

Galactosidase digestions were used to confirm the anomeric linkage between Gal and GalNAc in 

the [3H]Gal-GalNAc- PP-PhU enzyme reaction products synthesized by WbwCECO104 and 

WbwCECO5. The released free [3H]Gal was separated by AG1x8 columns that bound the 

uncleaved reaction product. WbwCECO104 and WbwCECO5 reaction products were resistant to 

green coffee bean α-galactosidase and to Jack bean (β -4-specific) β-galactosidase, indicating 

that Gal was not linked α or in β1-4 linkage (Figure 3.9). In contrast, treatment with bovine 

testicular -galactosidase, which cleaves Gal in β1-3, β1-4, and β1-6 linkages, released 41% and 

36% of the radioactivity from WbwCECO104 and WbwCECO5 reaction products, respectively. O-

glycanase is an enzyme that cleaves O-glycan core 1, Galβ1-3GalNAcα, from glycopeptides and 
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core 1-linked hydrophobic compounds, but it was not known if the enzyme also acts on 

diphosphate-linked core 1 structures. Indeed, O-glycanase released 29% and 32% of the 

radioactivity from the disaccharide reaction products of WbwCECO104 and WbwCECO5. This 

enzyme therefore acts on a variety of core 1-containing glycoconjugates, including those with 

negatively charged diphosphates attached to core 1. These results confirm that the WbwC 

reaction products have the structure Galβ1-3GalNAcα-PP-PhU.  
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Figure 3.9. Glycosidase digestion of WbwC reaction products. Product linkage confirmation 
using glycosidase digestion on WbwC reaction products. The anomeric configuration of the 
linkage formed in the radioactive enzyme product was determined by incubation with specific 
galactosidases or O-glycanase. Mixtures were incubated for 30 min at 37°C and applied to 
AG1x8 columns. Released radioactivity was eluted and quantified. The percentages of release of 
radioactive Gal (or Gal-GalNAc for O-glycanase) are shown relative to the total radioactivity of 
WbwC reaction products in the assay. The bars indicate variations between duplicates.  
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3.4.9 Cross-reactivity of WbwC enzyme reaction products with TF antigen-specific 

antibody 

 To test whether the enzyme reaction products represented the TF antigen in spite of the presence 

of the diphosphate group, aliquots of reaction products (50 nmol) were incubated with TF 

antigen-specific antibody as the primary anti- body and horseradish peroxidase-conjugated anti-

mouse IgG as the secondary antibody. The complexes were then separated by C18 Sep-Pak, 

which binds the hydrophobic phenylundecyl moiety. As a positive control, core 1–benzyl was 

used, and the substrate GalNAc-PP-PhU, the corresponding GlcNAc-PP-PhU, and the WbdN 

reaction product Glcβ1-3GalNAcα-PP-PhU (23) were used as negative controls. After washing 

with water, MeOH elution fractions were concentrated and applied to nitrocellulose membrane 

and stained for peroxidase activity. The results showed that after separation by C18 Sep-Pak, 

only the positive control and WbwCECO104 and WbwCECO5 reaction products stained positively 

for the TF antigen (Figure 3.10). It is interesting that Gal-GalNAc-PP-PhU bound to C18 Sep-

Pak in the presence of antibodies and that the core 1 structure was clearly recognized by the 

antibody as the TF antigen, in spite of being linked to a charged diphosphate-lipid group. This 

confirms that both WbwCECO104 and WbwCECO5 synthesized the TF antigen.  
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Figure 3.10. Test for TF antigen reactivity of WbwC enzyme products. Samples (50 nmol) 
were incubated with TF antigen-specific antibody as the primary antibody and horseradish 
peroxidase-conjugated anti-mouse IgG as the secondary antibody followed by separation on a 
C18 Sep- Pak column. MeOH elution fractions were concentrated, added to small spots on 
Nitrocellulose membrane and visualized with developer. Lanes 1,2: Samples before separation 
on Sep-Pak; lanes 3,4: Samples after elution from Sep-Pak. 8, GalNAc-PP-PhU; 14, GlcNAc-PP-
PhU; WbdN product, Glcβ1- 3GalNAc-PP-PhU; WbwCECO104 and WbwCECO5 products, Galβ1-
3GalNAc-PP-PhU. Galβ1-3GalNAcα- Bn (TF antigen) served as the positive control.  

 



 

73 

 

3.4.10 Role of specific amino acids in WbwCECO104 and WbwCECO5 activities 

 There are many positively charged amino acid residues in WbwCECO104 and WbwCECO5 that may 

possibly be involved in the binding of the negatively charged substrates, and we previously 

identified an essential Lys residue in Gal-transferase WfeD (25). The inclusion of 0.2 mM HPG 

in the assay mixture (without DTT) for purified WbwC enzymes showed 22% inhibition of 

WbwCECO104 activity and minimal inhibition of WbwCECO5 activity (Figure 3.11). This 

suggested a potential role of Arg in the protein structure or catalysis of WbwCECO104. There are a 

number of conserved Cys residues in WbwCECO104. In the absence of DTT, DTNB (0.2 mM), 

which reacts with reduced SH groups, inhibited WbwCECO104 and WbwCECO5 activities by 49% 

and 81%, respectively, while 0.2 mM NEM showed 10% and 45% inhibition, respectively. In 

contrast, DTT (0.2 mM), which reduces disulfide bonds, stimulated WbwCECO104 and WbwCECO5 

activities. Mercaptoethanol (18 mM) also increased the activities of WbwCECO104 and WbwCECO5 

by 30% and 75%, respectively (Figure 3.11). This suggested that enzymes may have formed 

disulfide bonds upon storage that interfered with activity, although these cytosolic enzymes are 

expected to be naturally in the reduced state. All of the Cys mutants of WbwCECO104 (C21A, 

C82A, and C96A) were fully active, indicating that these Cys residues are not required for 

activity. Reagents that covalently bind to Cys-SH groups may thus lead to less active enzyme by 

blocking the access of substrates.  
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Figure 3.11. Effects of amino acid-specific reagents on activity of WbwC. Amino acid-
specific reagents were preincubated with purified enzyme for 10 min, prior to the assays as 
described in Materials and Methods. The activities are shown relative to the positive control set 
to 100 (no addition of amino acid reagent). The bars indicate variations between duplicates. 
HPG, 0.2 mM hydroxyphenylglyoxal; DTNB, 0.2 mM 5,5-dithio-bis-2-nitrobenzoic acid; NEM, 
0.2 mM N-ethylmaleimide; DTT, 0.2 mM dithiothreitol; beta-ME, 18 mM beta-mercaptoethanol.  
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3.4.11 Importance of a novel DxDD motif for WbwCECO104 and WbwCECO5 activity  

Most inverting glycosyltransferases have a DxD motif, which can contain an Asp or Glu residue 

representing a catalytic base (40). The WbwC sequences contain a DxDD motif that had not yet 

been recognized and is conserved mainly in β3-glycosyltransferases within the GT2 family. To 

evaluate the roles of these acidic amino acids, Asp residues were mutated to the neutral Ala in 

WbwCECO104 and WbwCECO5. Mutations of any of the Asp residues within the DTDD sequence 

in WbwCECO104 and the DSDD sequence in WbwCECO5 were found to drastically reduce the 

activities of both WbwCECO104 (residues D91, D93, and D94) and WbwCECO5 (residues D96, 

D98, and D99). No activity was detected with mutants lacking the first Asp residue of the DxDD 

motif (D91A mutant of WbwCECO104 and D96A mutant of WbwCECO5) (Figure 3.12). In 

contrast, none of the other conserved Asp residues in the WbwCECO104 enzyme appeared to 

contribute to catalysis, and D45A, D46A, and D125A mutants had activities comparable to that 

of the wild-type enzyme. All mutants were well expressed, as shown by SDS-PAGE and 

Western blots (data not shown). This suggests that the WbwC enzyme family has a novel DxDD 

motif in which the first Asp residue is essential and the remaining Asp residues are important for 

catalysis.  
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Figure 3.12. Relative activities of site-specific mutants of the DxDD motif of WbwCECO104 
and WbwCECO5. Mutants of WbwCECO104 and WbwCECO5 were produced by replacing Asp with 
Ala as indicated and assayed as described in Materials and Methods. WT, wild type (unaltered 
controls of WbwCECO104 and WbwCECO5 set to 100). Relative activities are shown with error bars 
indicating differences in activities between multiple assays. Western blots showed that all 
mutants were well expressed.  
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3.4.12 Inhibition of WbwCECO104 and WbwCECO5 activity 

 A number of diimidazolium salts, i.e., those having two positively charged imidazolium groups 

linked by aliphatic chains of 20 to 22 carbons, strongly inhibited WbwCECO104 and WbwCECO5 

activities in the absence of DTT in the assay (Table 3.3). The solvents alone, without inhibitors 

(up to 10% in the assay) showed no effect. Especially compound QT 149 [1,22-bis-(3-methyl-

1H- imidazolium-1-yl)docosane dimesylate], having an aliphatic chain of 22 carbons in length, 

effectively inhibited purified WbwCECO104 and WbwCECO5 with 50% inhibitory concentrations 

(IC50s) of 8.0 µM and 17.6 µM, respectively. In contrast, inhibitors of mammalian β 1,4-Gal-

transferase (N-butyryl-glucosamine-β-1-thio-2-naphthyl) (29) and core 1 β1,3-Gal-transferase 

(N-butyryl-galactosamine -Bn) (39) showed no inhibition.  

 

 

 

 

 

 

 

 



 

78 

 

 

Table 3.3. Inhibition of WbwCECO104 and WbwCECO5 activities. 
WbwC assays were performed in duplicate determinations using purified enzymes as described 
in section 3.3 Materials and Methods. The acceptor concentration was 0.1 mM substrate 8. 
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3.5 Discussion 

Two similar enzymes, WbwCECO104 and WbwCECO5, have been identified as UDP-Gal:GalNAcα-

diphosphate-lipid β1,3-D-Gal- transferases that catalyze the second step of the O antigen 

repeating-unit assembly in E. coli serotypes O104 and O5, respectively. The enzymes have the 

same function in synthesizing the Galβ1- 3GalNAc linkage and have very similar properties, 

although the amino acid sequences show only 47% identity.  

Analyses of the structures of the WbwCECO104 and WbwCECO5  enzyme reaction products by 

HPLC, MS, and NMR spectroscopy, by digestions with galactosidases and O-glycanase, and by 

Western blots using TF antigen-specific antibody clearly showed that both WbwC enzymes add 

one Gal residue in β1-3 linkage to Gal- NAc-PP-PhU, an analog of the natural undecaprenyl-

linked substrate. The reaction product structure corresponds to the disaccharide at the reducing 

end of the O104 and O5 antigen repeating unit and establishes WbwCECO104 and WbwCECO5 as 

the second enzymes in the respective O104 and O5 antigen repeating-unit biosynthesis pathways.  

There are several bacterial strains that have the internal Gal β1- 3GalNAc linkage in their O 

antigen structures (14, 15, 42). The β1,3-Gal-transferase WbiP has been characterized from E. 

coli O127, which contains the internal Galβ1-3GalNAc structure in the O antigen (37). WbiP 

synthesizes the Galβ1-3GalNAc linkage but does not have a requirement for the diphosphate 

group in the acceptor and can act on free GalNAc, with a preference for the GalNAcα linkage. 

Thus, a number of simple oligosaccharides serve as the WbiP substrate, and these assays do not 

require extensive chemical synthesis of complex sugar-phosphates. We describe improved 

syntheses of GalNAc-PP-PhU and GlcNAc-PP-PhU in this paper, which should enhance the 

characterization of other bacterial enzymes with yet-unknown function that may require the 
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diphosphate group in the acceptor substrate.  

Like other characterized members of the GT2 family, WbwC enzymes are typical inverting 

transferases, requiring divalent metal ion for activity and having DxD motifs (40, 41). We have 

shown in this study that all three Asp residues of the DxDD motif are required for full activity in 

both WbwCECO104 and WbwCECO5, with the first Asp being essential for activity and likely 

representing the catalytic base, and the other two Asp residues likely contributing to the acidic 

properties of the first Asp residue. Thus, we identified a new DxDD motif that is found in several 

members of the GT2 family. These enzymes have a predicted GT-A fold with the conserved 

DxDD motif in the N-terminal half of the protein (between amino acids 85 and 102). Most of 

these enzymes are inverting β1,3-glycosyltransferases, including β3Gal-transferases WbwC, 

WbbD, WbiP, WbgO, CgtB, LsgF, WbnJ, and Eps6 and the β1,3-Glc-transferases WbdN, WfaP, 

WfgD. In β3Gal-transferase WbiP from E. coli, the first and second Asp residues of the DxDD 

motif (Asp88 and Asp90) were mutated and suggested to be involved in UDP-Gal binding (37). 

Our study is the first to examine all three Asp residues of the DxDD motif. Interestingly, other 

enzymes of the GT2 family that are not β3-glycosyltransferases, e.g., β1,4-Gal- or β1,4-Glc-

transferases, do not possess the DxDD motif. This suggests a functional importance of DxDD in 

the transfer of a Gal or Glc residue to position 3 of either GalNAc- or GlcNAc-containing 

acceptor substrates. We are awaiting the crystal structure of one of these enzymes in order to 

confirm the role of the DxDD motif in catalysis.  

Another class of enzymes, the terpenoid cyclases, also have a conserved DxDD motif (43, 44). In 

these enzymes, the Asp residues are thought to cooperatively act as catalytic acids. The mul- 

tiple Asp residues may thus enhance the ability of the catalytic Asp to protonate and in addition, 
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in the terpenoid cyclases, are involved in binding the inhibitory metal ion Mg2+.  

The TF (or T) antigen has been recognized as an important tumor antigen that can be targeted for 

the clinical development of carbohydrate-based anticancer vaccines (16, 45). Various chemical 

strategies have been developed to synthesize TF antigen-containing glycopeptides (46). CgtB, a 

β1,3-Gal-transferase involved in the synthesis of the ganglioside-like Gal β1-3GalNAc linkage 

found in the lipooligosaccharides of Campylobacter jejuni (47), prefers the β-linkage in the 

GalNAcα-R acceptor but also acts on GalNAcα-R substrates and can synthesize the linkage of 

the TF antigen structure. WbiP also synthesizes the TF antigen, but direct proof using anti TF 

antibody has not been provided, although it is likely that anti-TF antigen antibodies bind the 

disaccharide Gal β1-3GalNAcα linked to a variety of structures, including oligosaccharides, 

peptides, and hydrophobic aglycones. We showed here that the TF antigen can also be linked to a 

diphosphate group. Thus, WbwC can be regarded as a T synthase (16, 17, 39) and may be useful 

for a chemoenzymatic synthesis of the TF antigen. The diphosphate group can easily be removed 

with pyrophosphatases and phosphatases to yield the reducing TF disaccharide that could further 

be linked to an aglycone group suitable for vaccine synthesis.  

Human T synthase (core 1 β1,3-Gal-transferase, classified in the GT31 family of inverting 

glycosyltransferases), which synthesizes the TF antigen in mucin-type O-glycans, has minimal 

sequence identity with WbwC but may have a similar architecture at the catalytic site, which 

remains to be elucidated. In spite of similar properties of mammalian and bacterial Gal-

transferases, it is interesting that human core 1 β1,3-Gal-transferase, which transfers Gal to 

GalNAcα-benzyl, does not accept GalNAcα-PP-PhU as a substrate and prefers peptide aglycones 

(39). In contrast, WbwC uses GalNAcα-PP-PhU as the acceptor but not GalNAcα-benzyl or 
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GalNAc -peptides. Another difference between the human and bacterial enzymes is the 

inhibition by bis-imidazolium salts that inhibit WbwC but not the human enzyme. In contrast, N-

butyryl-galactosamineα-Bn inhibits only human T synthase and not WbwC.  

Both WbwCECO104 and WbwCECO5 are specific for the axial 4-hydroxyl of the GalNAc and the 

diphosphate in the acceptor substrate. The requirement for the diphosphate linked to GalNAc or 

GlcNAc in the acceptors appears to be a characteristic of the second enzymes in the O antigen 

assembly pathways, which include WbwC (22–25, 48, 49). It is not known, however, if the α 

linkage of GalNAc is required and if both phosphate groups are necessary for high activity. 

Based on our experience, we expect that at least one phosphate residue directly linked to GalNAc 

is an absolute requirement for WbwC, but this remains to be shown upon synthesis of the 

appropriate acceptor analogs (26, 50, 51). Previous studies showed that different lipid chains in 

the acceptor were compatible with high activities of Gal- and Glc-transferases (22, 24, 48). In the 

current study, we used two acceptors that differed in the terminal ring structure in the aglycone, 

suggesting that the structure of the lipid moiety may be of minor importance for in vitro activity. 

The acceptors may form micelles where GalNAc-PP is exposed while the lipid moiety is 

enclosed; this may mimic the in vivo Und-linked substrates that are embedded in the inner 

membrane.  

There are two other putative glycosyltransferase genes in the E. coli O104-antigen gene cluster 

(wbwA and wbwB) that may encode the α2,3-Neu5Ac-transferase and α1,4-Gal-transferase nec- 

essary to sequentially complete the assembly of the O104 repeating unit (18). WbwC can be used 

to synthesize the substrate for the next step in O104 antigen synthesis and to determine the 

functions of the enzymes encoded by the wbwA and wbwB genes. The wzx and wzy genes in the 
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O104 gene cluster are expected to encode a flippase and polymerase, respectively (2, 18, 52, 53), 

which indicates that the O104 antigen biosynthesis is governed by the Wzy- polymerase-

dependent pathway (8, 9, 52).  

All of the bacterial enzymes characterized to date that assemble O antigens appeared to lack a 

transmembrane domain and probably reside close to the cytosolic face of the inner membrane 

with access to both the soluble nucleotide sugar pools and the membrane-bound Und substrates. 

Enzymes may be tethered to the membrane by a yet-unknown mechanism, possibly by an 

enzyme complex formation that maintains their high activity. In our in vitro assays of 

recombinant enzymes, this organization is lacking, explaining why these glycosyltransferases 

often show relatively low activity in the purified form. The acceptor substrate has detergent-like 

properties and may form micelles together with added detergents in vitro. The fact that the two 

WbwC enzymes differ in their response to detergents may be due to a characteristic recognition 

of substrates by the enzymes. The amino acid sequences of WbwC ECO104 and WbwC ECO104 differ 

by 47%, and different hydrophobic sequences may be exposed. However, the enzymes have very 

similar characteristics; thus, the amino acids essential for substrate binding and catalysis and the 

dimensions of the active sites may be identical in the two enzymes, which remains to be shown 

by protein structure analyses.  

As the second enzyme in the O104 biosynthesis pathway, WbwC ECO104 is a suitable target for 

blocking O104 antigen synthesis and thus reducing a virulence factor. The bis-imidazolium 

inhibitors are interesting drug candidates. Specific bis-imidazolium salts inhibit selected 

glycosyltransferases (8, 17) with IC50s between 20 and 250 µM, while WbwC showed relatively 

low IC50�of 8 to 18.6 µM. These inhibitors probably bind properly spaced negatively charged 
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and hydrophobic patches on the enzyme and may distort protein structure or block either 

substrate binding or catalysis. Since bis-imidazolium salts inhibit only selected Gal-transferases, 

the mechanism of inhibition may not involve binding to negatively charged donor or acceptor 

substrates. Current investigations are aimed at elucidating the mode of inhibition in vitro and in 

bacteria.  

Our present study shows the thorough characterization of two bacterial enzymes that synthesize a 

human-like antigen. This work provides a possible biotechnology approach for the synthesis of 

functionally important bacterial and mammalian oligosaccharides.  
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4.1 Abstract 

The sialyl-T antigen sialyl α2-3Gal 1-3GalNAc is a common O-glycan structure in human 

glycoproteins and is synthesized by sialyltransferase ST3Gal1. The enterohemorrhagic 

Escherichia coli serotype O104 has the rare ability to synthesize a sialyl-T antigen mimic. We 

showed here that the wbwA gene of the E. coli O104 antigen synthesis gene cluster encodes an 

2,3-sialyltransferase WbwA that transfers sialic acid from CMP-sialic acid to Galb1-

3GalNAca-diphosphate-lipid acceptor. Nuclear magnetic resonance (NMR) analysis of purified 

WbwA enzyme reaction product indicated that the sialyl-T antigen sialylα2-3Galb1- 

3GalNAca-diphosphate-lipid was synthesized. We showed that the conserved His-Pro (HP) 

motif and Glu/Asp residues of two EDG motifs in WbwA are important for the activity. The 

characterization studies showed that WbwA from E. coli O104 is a monofunctional α2,3-
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sialyltransferase and is distinct from human ST3Gal1 as well as all other known 

sialyltransferases due to its unique acceptor specificity. This work contributes to knowledge of 

the biosynthesis of bacterial virulence factors.  

 

 

4.2 Introduction  

Sialic acids are ubiquitous in nature and contribute to the acidity and hydration of a glycoprotein, 

metal ion binding, and epitope exposure. Sialylation affects the adhesive properties of cells and 

has been implicated in the functions of cell surface receptors (1). Sialic acids are also found in O 

antigens of bacterial lipopolysaccharides (LPS) or lipooligosaccharides, for example, in 

Neisseria, Campylobacter, Pasteurella, or Photobacterium spp. (2–5). In Escherichia coli, O 

antigens containing sialic acid linkages are rare and have only been found in serotypes O24, 

O55, O104, O145, and O171 (ECODAB). Specific proteins in the mammalian nervous system as 

well as a number of bacterial capsules carry polysialic acids that regulate adhesive properties of 

the cell. Masking their own antigens with human-like structures derived from glycolipids and 

glycoproteins may help bacteria to escape the host immune system. For example, Campylobacter 

jejuni has lipooligosaccharides resembling human gangliosides (2). However, cross-reactivity in 

infected humans can lead to autoimmune disease affecting the nervous system, for example the 

Guillain-Barré syndrome (GBS) (3). GBS is a post-infection autoimmune disease causing acute 

flaccid paralysis and areflexia following a gastrointestinal or upper respiratory infection. 

Campylobacter jejuni is the most frequent pathogen leading to GBS, and is thought to be caused 
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by molecular mimicry of the terminal tetrasaccharide of the GM1 ganglioside, [Galβ1-3GalNAc 

β1-4(Neu5Acα2-3) Galβ] (3). O-acetylation of sialic acids controls the exposure of sialyl 

epitopes and can help prevent cross-reactivity (1).  

The enterohemorrhagic, Shiga toxin-producing E. coli serotype O104 is the causative agent of 

outbreaks of bloody diarrhea and hemolytic-uremic syndrome with significant mortality (6, 7). 

The E. coli O104 antigen has the unusual repeating unit structure (-4-D- Galα1-

4Neu5,7,9Ac3α2-3-D-Gal β1-3-D-GalNAcb1-)n (ECODAB) (8), which mimics the human 

sialyl-T antigen (sialylα2-3Galb1-3GalNAc-R) found in large amounts on cancer cell and tumor 

glycoproteins. However, the sialic acid residue in the mature E. coli O104 antigen is 7- and 9-O-

acetylated, and the sialyl-T antigen is therefore masked. Although O antigens have a number of 

biological functions in bacterial adhesion, colonization, and interactions with host defenses (4), 

the specific biological role of the mimicry of the sialyl-T antigen structure in E. coli O104 is not 

clear. The enzymes synthesizing the sialyl-T antigen in bacteria could be of interest in the 

synthesis of tumor-selective sialyl-T and T antigens.  

Sialyltransferases (SiaTs) are ubiquitous in higher eukaryotes and in certain bacteria (9). The 

bacterial SiaTs share conserved Asp(Glu)-Asp(Glu)-Gly and His-Pro (HP) motifs which may 

contain the amino acids involved in substrate binding and catalysis (10). These bacterial SiaTs 

are diverse, inverting glycosyltransferases (GTs) classified in either the CAZy GT42 family with 

a GT-A fold or GT52 or GT80 family with a predicted GT-B or unknown fold. 

Polysialyltransferases are in the GT38 and GT4 families, possibly having a GT-B fold. Bacterial 

SiaTs act on terminal Gal or sialic acid residues and can be monofunctional (11). Certain SiaTs 

can be promiscuous with respect to their acceptor substrates or have multiple activities: e.g., 
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α2,3-, α2,6-, or α2,8- SiaT activities, or significant levels of CMP-sialic acid hydrolase, trans-

sialidase, and neuraminidase activities (12).  

All of the known eukaryotic SiaTs are members of the large GT29 family of inverting GTs, 

having predicted variants of the GT-A fold, that transfer sialic acid to oligosaccharides. Four or 

more peptide sequences have been identified as sialyl motifs in eukaryotic SiaTs: a large L motif, 

small S motif, very small VS motif, and motif III (13). The catalytic acid/base residues in α2,3- 

and α2,6-sialyltransferases have been shown to include His residues. The major human SiaT that 

synthesizes the sialyl-T antigen from the T antigen, Galb1-3GalNAc, is the α2,3-

sialyltransferase ST3Gal1. The activity and expression of ST3Gal1 are increased in cancer cells 

and tissues, contributing to high levels of sialyl-T antigens of cancer glycoproteins and mucins, 

which appears to be related to cancer cell survival and tumorigenesis (14). The crystal structure 

of the soluble domain of porcine ST3Gal1 with CMP and Galb1-3GalNAc suggested that 

His319 is the catalytic base in motif III (15), proposed to interact with carbon-2 of the sialic acid 

moiety of CMP-sialic acid. The enzyme was shown to assume a GT-A fold. However, the 

detailed substrate specificity and metal ion dependence of purified human ST3Gal1 have not yet 

been determined.  

The O104 antigen synthesis gene cluster contains genes encoding GTs, those for O-antigen 

processing enzymes, and those involved in nucleotide sugar biosynthesis (16): galF→wckD→ 

nnaB→nnaC→nnaA→wbwA→wzy→wbwB→wzx→wbwC→gnd. The GTs include previously 

characterized b1,3-Gal-transferase WbwC, putative α2,3-sialyltransferase WbwA, and putative 

α1,4-Gal-transferase WbwB. The nnaA, nnaB, and nnaC genes are expected to be involved in the 

synthesis of CMP-Neu5Ac donor substrate. GalF may also be involved in nucleotide sugar 
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synthesis, while gnd encodes a putative 6-phosphogluconate dehydrogenase. The 

acetyltransferase responsible for the acetylation of sialic acid appears to be encoded by the wckD 

gene. The presence of wzx and wzy genes that encode putative translocase and polymerase, 

respectively, suggests that the O104 antigen synthesis follows the Wzy polymerase-dependent 

biosynthesis pathway (4, 16). In this pathway, the natural acceptor substrate upon which the O 

antigen is assembled in the cytoplasmic compartment is membrane-bound undecaprenol-

phosphate (Figure 4.1). The repeating units are initiated in the cytoplasm by the addition of 

sugar phosphate to undecaprenol-phosphate to form sugar-diphosphate-undecaprenol. This 

natural acceptor substrate is then extended by GTs that transfer individual sugar residues to form 

the O-antigen repeating unit. These units are translocated across the membrane by Wzx to the 

periplasm, where they are polymerized by Wzy before being ligated to the outer core structure 

linked to lipid A. The completed LPS molecule is then transported by the Lpt complex to the 

outer membrane, where the O antigen is exposed to the environment. While the LPS is essential 

for maintenance of membrane structure and bacterial growth, O antigens are targets for  

protective immunity by the host and are important virulence factors. 
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Figure 4.1.  Proposed O-antigen repeating unit synthesis pathway of E. coli serotype O104 
involving sialyltransferase WbwA. In the proposed O104 antigen pathway, WecA may transfer 
GalNAc-phosphate from UDP-GalNAc to undecaprenol-phosphate (P-Und). Alternatively, 
GlcNAc-phosphate is transferred and 4-epimerase forms GalNAcα-PP-Und, the substrate for 
WbwC. WbwC then adds a Gal residue in b1-3 linkage to GalNAc-PP-Und. WbwA transfers 
sialic acid from CMP-sialic acid to the Gal residue of Galb1-3GalNAc-PP-Und. Further 
conversion is catalyzed by yet uncharacterized 4-Gal-transferase WbwB and putative sialate O-
acetyltransferase WckD to synthesize the O104 antigen repeating unit D-Galα1-4Neu5,7,9Ac3α 
2-3-D-Galb1-3-D-GalNAc. Flippase Wzx transfers the oligosaccharide to the periplasm, where 
it is polymerized by polymerase Wzy to form the O antigen. Chain-length terminator Wzz may 
help to restrict the number of repeating units assembled by polymerase. The O antigen is then 
ligated to the outer core structure of the growing lipopolysaccharide by ligase WaaL. The Lpt 
complex extrudes LPS to the outer membrane.
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In this article, we identify the biochemical function of the SiaT WbwAO104 encoded by the wbwA 

gene of the O-antigen synthesis gene cluster of the highly pathogenic E. coli strain O104. We 

show that the enzyme is a monofunctional α2,3-SiaT that transfers sialic acid from CMP-sialic 

acid to Galb1-3GalNAcα-diphosphate- phenylundecyl (Galb1-3GalNAc-PP-PhU) to synthesize 

the sialyl-T antigen. WbwA
O104 has a unique acceptor specificity for a diphosphate aglycone 

group not seen in any other SiaT.  

 

4.3 Materials and Methods  

4.3.1 Materials 

 Reagents and materials were obtained from Sigma-Aldrich unless otherwise stated. Radioactive 

nucleotide sugars were from American Radiolabeled Chemicals. GalNAc and GlcNAc 

derivatives and inhibitors were synthesized as described previously (17–21). Glycopeptides and 

Galb1-3GalNAcα-Bn derivatives were synthesized and kindly donated by Hans Paulsen, 

University Hamburg, Germany. The WbwA substrate Galb1-3GalNAc-PP-PhU was synthesized 

using WbwC as described previously (20). Briefly, bacterial lysates containing Gal-transferase 

WbwC were obtained by sonication in 50 mM sucrose. Lysates were incubated with 1 mM UDP-

Gal and 0.1 mM GalNAc-PP-PhU, 0.125 M MES (morpholineethanesulfonic) acid buffer, pH 7, 

and 5 mM MnCl2 for 1 h. Product was prepurified by C18 Sep-Pak and purified by high-

performance liquid chromatography (HPLC) using a C18 column and quantified by HPLC in 

comparison to GalNAc-PP-PhU at known concentrations.  
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4.3.2 Expression, purification, and assays of ST3Gal1 

 The ST3Gal1 ectodomain, including a portion of the stem and the entire catalytic domain, was 

expressed as an N-terminally 8xhistidine-tagged product in the baculovirus-insect cell system 

(22). The supernatant from infected cells was harvested at 48 h postinfection, and the secreted 

product was isolated by nickel-affinity chromatography using HisPur Ni-nitrilotriacetic acid 

(NTA) resin (Thermo-Fisher Scientific). After elution with imidazole, the purified enzyme was 

buffer exchanged into 100 mM Tris-HCl (pH 7)– 0.125% Triton X-100 on a Sephadex G25 

column (PD10; GE Healthcare Bio-Sciences Corp.). SDS-PAGE and Western blots were carried 

out as described previously (20). The ST3Gal1 assays were carried out in at least duplicate 

determinations and contained in a total volume of 40 µl 1µl enzyme (40 ng), 20 nmol Galβ1-

3GalNAcα-Bn, 0.1 M Tris, pH 7, 0.8 mM CMP-[3H]sialic acid (2,400 cpm/nmol), and 5 mM 

MnCl2. The mixtures were incubated for 1 h at 37°C. Water was added (700 µl), and mixtures 

were passed through a C18 Sep-Pak column. CMP-sialic acid and sialic acid were eluted with 4 

ml water, and product was eluted with 3 ml MeOH and quantified by scintillation counting as 

described previously (23). The inhibition was tested under the standard assay conditions, having 

inhibitor with 10% MeOH in the assay mixture and 10% MeOH in control assays. ST3Gal1 

product using Galβ1-3GalNAcα-Bn acceptor and nonradioactive CMP-sialic acid was prepared 

as described above, but using nonradioactive CMP-sialic acid, and subjected to analysis by 

hydrophobic and anion-exchange chromatography and mass spectrometry (electrospray 

ionization [ESI] with an Orbitrap Velos Pro in positive- ion mode). To determine the optimal pH 

for the enzyme, Tris buffer was used at pH range 7 to 9 and MES buffer at pH 5 to 7, with 

overlap of both buffers at pH 7.  
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4.3.3 Synthesis of the wbwA gene and expression of the WbwA protein 

 Plasmid pRSETA, having an ampicillin resistance gene and containing the wbwA gene, was 

obtained from GeneArts (Life Technologies). The WbwA protein had 6 His residues at the 

amino terminus. Mutants were prepared similarly by GeneArts.  Plasmid was transformed into 

BL21 bacteria, which were grown overnight for 16 h on a plate containing LB agar with 100 

µg/ml ampicillin. BL21 bactria without the plasmid was grown up in parallel as a negative 

control for enzyme assays. A single colony was picked and grown in 5 ml LB broth with 

ampicillin. Bacteria from a 6-ml overnight culture were grown in 250 ml of LB containing 100 

µg/ml of ampicillin at 37°C with 200 rpm shaking until the optical density at 600 nm was 0.8. 

The expression of His-tagged protein was induced with 1 mM isopropylthiogalactoside for 4 h at 

37°C at 200-rpm shaking and was confirmed by SDS-PAGE and Western blotting as described 

before (20). Bacterial cells were obtained by centrifugation at 3,500 g for 10 min. The pellet was 

resuspended in phosphate-buffered saline (PBS) –20% glycerol and frozen in aliquots at -20°C. 

WbwA was solubilized and purified by affinity chromatography using Ni-NTA resin (20).  

 

4.3.4 Bacterial sialyltransferase assays 

 WbwA-containing bacteria were stored at -20°C in 20% glycerol in PBS, thawed and isolated 

by centrifugation, and then disrupted in either 50 mM sucrose or PBS by sonication for 20 s (3 

times) with 2-min intervals on ice (23). Bacterial homogenates of E. coli BL21 without the 

WbwC plasmid were used as a negative control to ensure no background activity from the 

bacterial homogenatesWbwA was assayed in a total volume of 40 µl containing 10 µl 
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homogenate (3 to 4 mg protein), 5 mM MnCl2, 0.125 M Tris-HCl, pH 7, 0.35 to 1 mM CMP-

[3H]Neu5Ac (1,450 cpm/nmol), and 0.1 mM Galb1-3GalNAcα -PP-PhU (prepared with b1,3-

Gal-transferase WbwC
O104 and GalNAc-PP-PhU acceptor) (20). The incubation time was 30 min 

at 37°C. Controls lacked the acceptor substrate. The mixture was applied to C18 Sep-Pak 

columns in water; the reaction product was eluted with MeOH and quantified by scintillation 

counting as described before (23). Assays were carried out in duplicate determinations with 10% 

difference between assays. To determine the apparent Km and Vmax values for the acceptor, 0.8 

mM CMP-sialic acid was used in the assays, and for the donor substrate, 0.1 mM acceptor 

substrate was used. Kinetic parameters were determined using the program GraphPad Prism to 

perform nonlinear regression analysis. The inhibition of WbwA was tested under the standard 

assay conditions, as described above for ST3Gal1.  

 

4.3.5 Production of large-scale WbwA enzyme product 

 A large-scale production of WbwA product was carried out in a one-pot, two-step reaction using 

WbwC to synthesize Galb1-3GalNAc-PP-PhU from GalNAc- PP-PhU and WbwA to synthesize 

sialyl 2-3Galb1-3GalNAc -PP-PhU. The reaction tube contained 7 ml of WbwC homogenate in 

50 mM sucrose, 7 ml of WbwA homogenate in 50 mM sucrose, 7 µmol GalNAc - PP-PhU, 20 

µmol CMP-sialic acid, 28 µmol UDP-Gal, 0.14 µmol MnCl2, and 3.5 µmol MES buffer, pH 7, 

in a total volume of 28 ml. After incubation for 1 h at 37°C, 30 ml water was added, the mixture 

was centrifuged at 12,000 g, and supernatants were subjected to purification on 60 Sep- Pak C18 

columns. Hydrophilic compounds were eluted from each column with 4 ml water. Fractions (3 
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ml) eluted with MeOH were collected, and MeOH was removed by rotor evaporation followed 

by lyophilization. Three milliliters of water was added, and insoluble residue was removed by 

filtration through 0.45 µm-pore syringe filters. Aliquots were injected into an HPLC 

chromatograph using an analytical C18 column and 9/91 acetonitrile-water as the mobile phase 

at 1 ml/min. Product fractions were pooled, and concentrated by lyophilization. Radioactive 

WbwA reaction product was prepared in parallel, but in a 70 smaller reaction volume and using 

radioactive CMP-[3H]sialic acid as the donor substrate and 8 Sep-Pak C18 columns. Purified 

WbwA product was analyzed for its molecular mass by electrospray ionization mass 

spectrometry (ESI-MS) in the negative-ion mode. To determine the linkage of sialic acid 

synthesized by WbwA, product was analyzed by nuclear magnetic resonance (NMR). Product 

was dissolved and concentrated 3 times in D2O and analyzed as described before by 600-MHz 

NMR using a Bruker spectrometer (20).  

 

4.4 Results 

4.4.1 Sequence comparisons 

 WbwAO104 (Table 4.1) was originally classified in the CAZy data bank as an inverting 

glycosyltransferase within family GT52 with a yet unknown fold. This GT52 family contains a 

number of characterized SiaTs with low sequence identities (between 12.4 to 14.6%) to WbwA 

(3, 5). All of these SiaTs have HP and E(D)E(D)G motifs, which are conserved in bacterial 

SiaTs. WbwA
O104 also has low (13.6%) sequence identity to human ST3Gal1. After this 

characterization paper, WbwA was later reclassified into CAZy family GT100, and remains the  
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Table 4.1. Glycosyltransferases potentially related to WbwA. Glycosyltransferases are listed 
that are encoded by the E. coli O104 gene cluster (WbwC, WbwA, WbwB), as well as other 
bacterial mono- and multi-functional sialyltransferases, possibly related to WbwA, from CAZy 
GT families 42, 52 and 80, as well as a Glc-transferase from the GT52 family. Human sialyl-T 
synthase (ST3Gal1) is also included. Uniprot alignments were used to determine the percentage 
of sequence identity with WbwA from E. coli O104. The UniProt ID numbers are shown. The 
identities of these enzymes with WbwA are low. With the exception of putative Gal-transferase 
WbwB, all of the bacterial enzymes have an HP sequence, and with the exception of Gal-
transferase WbwC, all of the bacterial enzymes have at least one (E(D)-E(D)-G motif.  
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only characterized member of this glycosyltransferase family. In Gram-negative bacteria, the 

GTs involved in O-antigen synthesis appear to be associated with the inner membrane. Thus, 

hydrophobicity plots indicate that WbwA
O104 

has short hydrophobic regions but does not have a 

significant transmembrane domain. As expected, no mammalian sialyl motifs were detected in 

WbwA
O104

, but an HP motif (His236-Pro237) is present near the N terminus (Figure 4.2) (24, 

25). 

An EDG motif (Glu206-Asp207-Gly208) typical of bacterial SiaT is located more centrally in 

WbwA. An additional EDG motif (Glu111-Asp112-Gly113) is found N terminal to this motif. 

The two EDG motifs may potentially include the catalytic base.  

Analyses by PHYRE2 modeling (26) generated a model based on the template c2yk5A with 

98.9% confidence. The model covered 87% of the WbwA sequence (amino acid residues 6 to 

283). The PHYRE 2 model predicted that the structure of WbwA forms a GT-B fold, similar to 

that of Neisseria lipooligosaccharide-specific bifunctional 2,3/ 2,6-SiaT (NST2) in complex with 

CMP, in spite of low (17%) sequence identity (27). The HP and EDG motifs of WbwA are 

within the peptide domains of similarity.  
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Figure 4.2. Sequence comparisons of WbwAO104 and sites of mutations. Alignments of 
sialyltransferases were done using ClustalW2 (35) and were adjusted slightly so that the HP 
motifs were aligned. The alignments were edited using GeneDoc (36) 
(http://www.psc.edu/biomed/genedoc).  WbwA was from E. coli O104, NST from Neisseria 
meningitidis, WaaH from Salmonella enterica, PM0188 from Pasteurella multocida and 
ST3Gal-I was human. HP mutation sites for WbwA are shown in light blue, whereas the HP 
motifs in other sequences are shown in dark blue. The ED mutations for WbwA are shown in 
coral red, whereas the E(D)E(D)G motifs in other sequences are shown in pink. ST3Gal1 has an 
HP sequence but does not have an E(D)E(D)G motif.  
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4.4.2 Development of sialyltransferase assays for WbwA
O104

 

The molecular mass of the His6-tagged WbwA
O104 was calculated to be 38.02 kDa. SDS-PAGE 

and Western blots before and after affinity chromatography on Ni-NTA showed that the enzyme 

indeed was expressed with an approximate molecular mass of 38 kDa (Figure 4.3).  

The sialic acid residue of the O104 repeating unit is triacetylated (8), and it was not clear if the 

sialic acid in the donor substrate had to be triacetylated as well. Known eukaryotic and bacterial 

SiaTs utilize oligosaccharides as acceptor substrates and do not require a diphosphate group in 

the acceptor. Thus, it seemed feasible that the acceptor substrates would be Galβ1-3GalNAcα 

derivatives that served well as substrates for human ST3Gal1. WbwA
O104 is the third enzyme to 

act in the O104 repeating unit pathway.  
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Figure 4.3. Western blot of wild type and mutant WbwA. Lysates of bacteria containing wild 
type WbwA (WT) and six WbwA mutants wer run on SDS-PAGE and visualized on a Western 
blot after treatment with mouse anti-His antibody, goat anti-mouse antibody linked to 
horseradish peroxidase, and Lightning Plus ECL Chemiluminescence Substrate. All proteins 
show only one band at about 38 kDa in mass.  
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Previously studied GTs that act as the third enzyme acted on mono-  or oligosaccharide acceptors 

and did not require the diphosphate-lipid group (28, 29). To establish an assay for SiaT activity 

of WbwA
O104

, we first used CMP-[3H]sialic acid as the donor substrate and Galb1-3GalNAcα-

Bn as the acceptor. To isolate the enzyme product after the incubation, the assay mixture was 

separated using C18 Sep-Pak columns. These assay conditions were appropriate for human 

ST3Gal1. However, no SiaT activity of WbwA was observed with 0.5 to 1 mM Galb1-

3GalNAcα-Bn or -p-nitrophenyl, Galb1-3(6-deoxy) GalNAcα-Bn, glycopeptide AHGVT-

(Galβ1-3GalNAc )SAPDTRPAPGSTAPNA, or other glycopeptides as acceptors in the presence 

or absence of 5 mM MnCl2 or MgCl2 in the assay mixture. It was therefore possible that 

WbwA
O104 required an acceptor having the diphosphate- lipid structure expected in the natural 

acceptor substrate Galb1- 3GalNAcα-PO3-PO3-undecaprenol. To produce the natural WbwA 

acceptor analog Galb1-3GalNAc-PP-PhU, we used Gal-transferase WbwC
O104

, with UDP-Gal 

as the donor and GalNAc-PP-PhU as the acceptor (20), followed by extensive purification. In 

contrast to all other Galb1-3GalNAc derivatives tested, Galb1-3GalNAc-PP-PhU at 0.1 mM 

concentration in the assay was very active as an acceptor for SiaT WbwA. The WbwC substrate 

GalNAc-PP-PhU and its analog GlcNAc-PP-PhU did not serve as substrates for WbwA at 0.1 to 

1 mM concentrations, showing that the addition of sialic acid was dependent on the presence of 

the Gal residue in Galb1-3GalNAc-PP-PhU.  

4.4.3 Characterization of WbwA
O104 activity 

 The SiaT activity in the bacterial lysate was linear up to 1 h of incubation time, and the activity 

was stable for several days at 4°C and for several weeks at -20°C. The apparent Km value for the 
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acceptor substrate Galb1-3GalNAc-PP-PhU was 0.02 mM, with an apparent Vmax of 50 

nmol/h/mg (Figure 4.4B) for the activity in bacterial lysates. After passing the lysate through the 

Ni-NTA affinity column, SDS-PAGE showed a major band at about 38 kDa, and a single band 

was observed by Western blots (Figure 4.3). Although the enzyme did not appear to be degraded 

after the purification procedure, it lost activity, and only 10% of the enzyme appeared to be 

soluble and adhering to the Ni-NTA column. It is possible that the enzyme in the lysate 

aggregated and precipitated or the protein structure was unstable and lacked components of the 

membrane necessary for its activity. Since the purified enzyme showed relatively low activity, 

and only a small amount of purified, soluble enzyme was isolated, we used the bacterial 

homogenate as the enzyme source for WbwA characterization. The apparent Km value for CMP-

sialic acid was 0.013 mM, with an apparent Vmax of 90 nmol/h/mg (Figure 4.4B). UDP-Gal, 

UDP-GalNAc, UDP-GlcNAc, GDP-Fuc, and GDP-Man could not substitute for CMP- sialic acid 

and were ineffective in transferring a sugar residue to Galb1-3GalNAc-PP-PhU. This indicates 

that WbwA has a strict specificity for its donor substrate, CMP-sialic acid.  
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Figure 4.4. Kinetics of WbwAO104. Assays for SiaT WbwA were carried out as described in the 
Methods section.  

A) Kinetics for acceptor Galb1-3GalNAc"-PP-PhU. The CMP-Sia concentration in the 
assays was 0.8 mM. The apparent Km for the acceptor Galb1-3GalNAcα- PP-PhU was 0.02 mM 
and the apparent Vmax was 50 nmol/h/mg.  

B) Kinetics for CMP-sialic acid. The acceptor Galb1-3GalNAcα- PP-PhU concentration in the 
assays was 0.1 mM. The apparent Km value for CMP-sialic acid (CMP-SA) was 0.013 mM and 
the apparent Vmax was 90 nmol/h/mg.  

 

 

 

 

 

 

A) B) 
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To determine the requirement of WbwA for divalent metal ions, assays were carried out without 

metal ion addition, with 5 mM EDTA, or with the addition of various metal ions at a 5 mM 

concentration. Clearly, the activity was not metal ion dependent, but the activities varied, with 

MnCl2 giving the highest activity with 169% of product yield and cobalt acetate giving the 

lowest activity (77%) compared to assays without metal ion addition (Figure 4.5). It is therefore 

possible that the presence of metal ions affected protein structure and activity or, alternatively, 

that metal ions differentially affected the structure of the negatively charged donor and/or 

acceptor substrates. We therefore added MnCl2 in subsequent assays. The optimal pH of the 

buffer used in assays was 7 (Figure 4.6). The CMP-sialic acid hydrolase activity of WbwA was 

determined at pH 5 and 7 with CMP-[3H]sialic acid. CMP- [3H]sialic acid was separated from 

[3H]sialic acid by ascending paper chromatography in Leloir solvent (1 M NH4-acetate [pH 

7.5]–95% EtOH at 3:7). The amount of sialic acid released from CMP-[3H]sialic acid was at 

similar levels in controls and in assays containing WbwA, showing that WbwA is not an active 

CMP-sialic acid hydrolase. Neuraminidase activity of WbwA was tested in assays using 

radioactive WbwA and ST3Gal1 products, [3H]sialylα2- 3Gal lb1-3GalNAc-PP-PhU and 

[3H]sialyl 2-3Galb1-3GalNAc-Bn, respectively, as potential neuraminidase substrates at pH 5 

and 7. The released [3H]sialic acid and uncleaved radioactive SiaT products were separated by 

C18 Sep-Pak columns. No significant release of [3H]sialic acid above background (lacking 

WbwA) was observed.  
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Figure 4.5. Metal ion dependence of WbwAO104 activities. Sialyltransferase assays were 
carried out using CMP-sialic acid donor and Galb1-3GalNAc-PP-PhU acceptor as described in 
the Methods section. Metal ions were added at 5 mM concentration to the assays. Assays with 
EDTA at 5 mM and no addition (None) served as negative controls. CoAc, Cobalt acetate. No 
metal ions were required but Mn2+

 
showed a slight stimulation of activity.  
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Figure 4.6. WbwAO104 activity at different buffer pH values. Sialyltransferase activity of 

WbwA
O104 

was assayed as described in the Methods section at different buffer pH values.  
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Bis-imidazolium chloride or mesylate salts (21) have two positively charged imidazolium groups 

linked by an aliphatic chain. For both enzymes, WbwA
O104 and human ST3Gal1 (hST3Gal1), 

very little or no inhibition was seen, with chloride salts having an aliphatic linker chain of 4 to 14 

carbons, at five times the acceptor concentration. However, compounds with at least 15 carbons 

in the linker chains inhibited WbwA, and those with at least 16 carbons inhibited ST3Gal1. The 

inhibitory activity of compounds increased with the number of carbons in the aliphatic linker 

chains and was highest with compounds having 20 or 22 carbons (Table 4.2). The mesylate salt 

having 22 carbons in the aliphatic linker chain had 50% inhibitory concentrations (IC50) of 0.2 

mM for WbwA and 0.04 mM for ST3Gal1.  
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Table 4.2. Inhibition of ST3Gal1 and WbwA activities by bis-imidazolium salts. 
Sialyltransferase assays using purified ST3Gal1 and described in Material and Methods. 
Inhibitor concentration in the assays was 0.5 mM. All assays contained 10% MeOH. The 
concentration of ST3Gal1 acceptor Galb1-3GalNAcα-Bn was 0.5 mM. For WbwA assays, the 
concentration of the acceptor Galb1-3GalNAcα-PO3-PO3-(CH2)11-O-phenyl was 0.1 mM. The 
percentage of inhibition compared to control activity without inhibitor is shown. Number of 
carbons, the length of the aliphatic carbon chain linking the two imidazolium groups in the 
chloride or mesylate salts.  
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4.4.4 Analysis of WbwA
O104 reaction product 

 To produce several micromoles of WbwA
O104 

reaction product for structural analyses, WbwC 

product Galb1-3GalNAc-PP-PhU was used as an acceptor and CMP-sialic acid as a donor 

substrate. We observed that in a coupled one-pot synthesis of WbwC and WbwA products, using 

both enzymes simultaneously with the initial acceptor GalNAc-PP-PhU, UDP-Gal, and 

radioactive CMP-[3H]sialic acid, about 4 times more WbwA product was obtained, compared to 

the standard WbwA reaction. This highly efficient synthesis was a strong indication that the 

combination of the two enzymes had a stimulatory effect on the conversion of GalNAc-PP-PhU 

to the first reaction product, Galb1- 3GalNAc-PP-PhU, and subsequently to the second reaction 

product, [3H]sialyl-Galb1-3GalNAc-PP-PhU.  

In the nonradioactive large-scale production, a total of 3.6 µmol of WbwA reaction product was 

obtained in 1 h from 7  µmol of GalNAc-PP-PhU (51% conversion of initial acceptor to WbwA 

product). The WbwA product was isolated by C18 Sep-Pak followed by HPLC. With 9/91 

acetonitrile-water as the mobile phase, the sialylated product eluted in a broad peak at 45 min. 

Electrospray ionization-mass spectrometry (ESI-MS [negative-ion mode]) of the reaction 

product sialyl-Gal-GalNAc-PP-PhU showed m/z of 1,079.4 for [M-H]- and 1,101.4 for [M-

H+Na]-, indicating that WbwA had added one residue of sialic acid to Gal-GalNAc-PP-PhU 

(Figure 4.7).  
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Figure 4.7. Mass spectrum for WbwA reaction product sialyl-Galb1-3GalNAcα -PP-PhU. 
The purified WbwAO104 reaction product was analyzed by ESI-MS in the negative-ion mode. 
The ion m/z 1,079.4 indicates the presence of enzyme product sialyl-Gal-GalNAc-PP-PhU [M-
H]-. The monosodium salt is seen as m/z 1,101.4 [M-H+Na]-. 
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4.4.5 NMR analysis of the WbwA
O104 reaction product. To determine the anomeric linkage of 

the newly added sialic acid residue, the WbwA
O104 reaction product was dissolved in D2O and 

subjected to one-dimensional (1D) and 2D nuclear magnetic resonance (NMR) spectral analyses 

(Table 4.3 and Figure 4.8A to C; see Figure 4.1 and 4.2 in the appendix). The proton and 

carbon shifts were obtained from correlation spectroscopy (COSY), total correlated spectroscopy 

(TOCSY), and heteronuclear single quantum coherence (HSQC) spectroscopy. Although the 

spectra indicated the presence of a single compound, not all parameters could be assigned due to 

crowding and overlapping signals. In nuclear Overhauser effect spectroscopy (NOESY) and 

rotating frame Overhauser effect spectroscopy (ROESY) spectra, cross peaks were found 

between the axial H-3 of sialic acid and the equatorial H-3 and between the axial H-3 of sialic 

acid and the axial H-3 of Gal (Figure 4.8 B and C). In addition, the product spectrum, in 

comparison to that of the substrate (20), showed that the chemical shift of Gal H-3 had changed 

most significantly, compared to the other Gal signals, from 3.55 ppm to 3.98 ppm. The 
13

C 

chemical shift of Gal C-3 also showed a large change from 72.1 ppm in the substrate to 75.4 ppm 

in the product. These results strongly suggest that the WbwAO104 reaction product is sialylα2-

3Galb1-3GalNAcα- PP-PhU and that WbwA is an α2,3-SiaT acting on the Gal residue of 

Galb1-3GalNAc-PP-PhU.  
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Figure 4.8. NMR spectra of WbwA
O104 product sialylα2-3Galβ1-3GalNAcα-PO3-PO3-

(CH2)11-O-phenyl. 

A) 600 MHz COSY NMR spectrum of WbwA
O104 product sialylα2-3Galβ1-3GalNAcα-PO3-

PO3-(CH2)11-O-phenyl. WbwA product (structure shown) was isolated by HPLC as described in 
Materials and Methods, dissolved in D2O, and analyzed by 1D and 2D experiments. The axial H-
3 of sialic acid appears to be close in space to the axial H-3 of Gal. 

 (B) 600 MHz NOESY NMR spectrum of WbwA
O104 

product sialylα2-3Galβ1-3GalNAcα-
PO3-PO3-(CH2)11-O-phenyl.  The axial H-3 of sialic acid shows nuclear Overhauser effects 
(NOEs) to the equatorial H-3 of sialic acid and to the H-3 of Gal.  

(C) 600 MHz ROESY NMR spectrum of WbwA
O104 product sialylα2-3Galβ1-3GalNAcα-

PO3-PO3-(CH2)11-O-phenyl. As in the NOESY spectrum, the axial H-3 of sialic acid shows 
NOEs to the equatorial H-3 of sialic acid and to the H-3 of Gal.  
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Table 4.3. 600 MHz NMR parameters of WbwA
O104 reaction product sialylα2-3Galb1-

3GalNAcα-PO3-PO3-phenylundecyl.  

Residue 1H (ppm) 13C (ppm) 
GalNAc-1 5.45     J1,2 3.3, 6.7 Hz 94.7 
GalNAc-2 4.31    J = 11.1 Hz 48.4 
GalNAc-3 3.98 77.1 
GalNAc-4 4.18 68.2 
GalNAc-5 4.13 71.6 
GalNAc-6 ~ 3.66 60.5 
N-Acetyl 1.9         
Gal-1 4.47  J1,2  = 7.8 Hz 104.2 
Gal-2 3.44 68.7 
Gal-3 3.98 75.4 
Gal-4 3.86 66.8 
Sialyl-3ax 1.70  J = 12.5 Hz  
Sialyl-3eq 2.67 J = 12.5, 4.5 Hz  
Sialyl-4 3.58 66.1 
Sialyl-5 3.75 51.4 
Sialyl-6 3.54?  
N-Acetyl 
P-O-CH2 

1.9 
3.85 

 

The chemical shifts of the reaction product were adjusted to match GalNAc H-1 of the acceptor 
substrate Galb1-3GalNAcα-PO3-PO3-phenylundecyl (20).  
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4.4.6 Role of the conserved HP and EDG motifs in WbwA
O104 

mutational analyses 

 Six enzymes with mutations of highly conserved residues with a focus on the HP and the two 

EDG motifs were prepared and compared to the wild-type WbwA
O104 enzyme. All of the mutants 

and wild-type enzyme were well expressed and showed one band on Western blots using anti-

His tag antibody (Figure 4.3). The P237A and the H236A mutants were found to be inactive, 

suggesting that His and Pro of the HP motif may be critical residues, as is the case for NST SiaT 

(27). In WbwA
O104

, there are two conserved D(E)D(E)G motifs (Figure 4.2) (24, 25). Point 

mutations of the acidic residues showed drastic decreases in activity, with E111A and E112A 

having undetectable activity and E206A and D207A having 12% activity (Figure 4.9). This 

suggests that both EDG motifs in WbwA
O104 have an important function, either in SiaT activity 

or in the proper folding of the protein.  
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Figure 4.9. Relative activities of site-specific WbwA mutants of the HP and EDG motifs. 
Mutants of WbwA were produced by replacing the His and Pro residues of the HP motif and Asp 
and Glu residues of the EDG motifs with Ala, as described in Materials and Methods. All 
mutants were then assayed as described in Materials and Methods in duplicate determinations. 
The error bars indicate the variation between duplicates. Western blots confirmed that all 
mutants were expressed (Figure 4.3). The E206A and D207A mutants had residual activities, but 
the H236A and P237A mutants from the HP motif, as well as the E111A and D112A mutants 
from the first EDG motif were inactive. Relative activities are shown.  
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4.4.7 Properties of human ST3Gal1 

 Human ST3Gal1 has a similar activity to WbwA in synthesizing the sialyl-T antigen with a low 

amino acid sequence identity. However, the catalytic sites of these enzymes may have similar 

properties. Human ST3Gal1 has not been carefully characterized before. To compare the 

properties of the human enzyme to those of WbwA, human ST3Gal1 was expressed and purified. 

Purified His-tagged ST3Gal1 showed a single band at 37 kDa by SDS-PAGE. The activity of 

ST3Gal1 was stable for several days at 4 °C and for several weeks at 20 °C. No metal ions were 

required for activity, and the enzyme was fully active in the presence of EDTA. The buffer pH 

optimum for ST3Gal1 activity was between 6 and 6.5.  An evaluation of the acceptor substrate 

specificity of ST3Gal1 showed that the enzyme is specific for the Galb1-3GalNAc structure of 

O-glycan core 1 (Galb1-3GalNAc) and core 2 (GlcNAcb1-6 [Galb1-3]GalNAc). The 

exception was Galβ1-3GalNAc-PP-PhU, the acceptor substrate for WbwA, which has the core 1 

structure but was not a substrate for ST3Gal1 (Table 4.4), probably due to the negative charge of 

the diphosphate group. All other compounds having different aglycone groups, including benzyl, 

p-nitrophenyl, allyl, or peptides were ST3Gal1 acceptors to various degrees. Using glycopeptide 

acceptors, Galb1-3GalNAc in both α- and b-linkages to Thr and in α-linkage to Ser were 

similarly active, indicating that the anomeric configuration of the GalNAc-residues or the O-

glycosylated amino acid was not important for ST3Gal1 activity. However, glycopeptides having 

the core 1 structure linked to Ser or Thr were generally not as effective as Galb1-3GalNAc-Bn, 

suggesting that ST3Gal1 preferred the hydrophobic character of the aglycone group in the 

acceptor. The apparent Km value for the standard acceptor Galb1-3GalNAcα-Bn was 0.05 mM,  
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Table 4.4. ST3Gal1 has a broad acceptor substrate specificity  

Sialyltransferase assays were carried out as described in Materials and Methods using purified 
ST3Gal1 and the C18 Sep-Pak method. 100 % activity was 0.9 µmol/min/mg.  pnp, p-
nitrophenyl; T, glycosylated Thr residue.     

 

Compound	(0.5	mM)	 				 							 	 	 	 									Activity	(%)																																																																	
GalβGalNAcα-Bn	 	 	 	 	 	 	 100 
GalβGalNAcα-pnp	 	 	 	 	 	 	 99-100 
Galβ1-3GalNAcα-O-allyl	 	 	 	 	 	 10 
Galβ1-3GalNAcα-PO

3
-PO

3
-(CH

2
)
11
-O-phenyl	 	 	 	 <1 

3-deoxyGalβ3GalNAcβ-allyl	 	 	 	 	 	 <1 
3-deoxyGalβ3GalNAcα-Bn	 	 	 	 	 	 <1 
4-deoxy-Galβ3GalNAcα-Bn	 	 	 	 	 	 <1 
6-deoxy-Galβ3GalNAcα-Bn	 	 	 	 	 	 <1 
Galβ3(4-deoxy-)GalNAcα-Bn	 	 	 	 	 	 106 
Galβ3(6-deoxy-)GalNAcα-Bn	 	 	 	 	 	 88 
Galβ3(2-deoxy-)Galα-Bn	 	 	 	 	 	 <1 
GalNAcβ3GalNAcα-Bn	 	 	 	 	 	 <1 
Galβ6GalNAcα-Bn	 	 	 	 	 	 	 <1 
GlcNAcβ3GalNAcα-pnp	 	 	 	 	 	 <1 
Galβ1-3Galβ-allyl	 	 	 	 	 	 	 <1 
Galα1-3Galβ-O-allyl	 	 	 	 	 	 	 <1 
Galβ3GlcNAcβ-Bn	 	 	 	 	 	 	 <1 
Galβ4GlcNAcβ-Bn	 	 	 	 	 	 	 <1 
Galβ3GlcNAcα-Bn	 	 	 	 	 	 	 23 
Galβ3GlcNAcβ3Gal-β3GalNAcα-Bn	 	 	 	 	 <1 
AHGVT-(Galβ3GalNAcα)SAPESRPAPGSTAPNA	 	 	 64 
AHGVT-(Galβ3GalNAcα)SAPDTRPAPGSTAPTA	 	 	 48 
AHGVT-(Galβ3GalNAcα)SAPETRPAPGSTAPTA		 	 	 71 
AHGVT-(Galβ3GalNAcα)SAPDTRPAPGSTAPNA	 	 	 91 
AHGVT-(Galβ3GalNAcα)SAPDTRPAPGSTAP-(Galβ3GalNAcα)TA		 92 
TTTVTP-(Galβ3GalNAcα)TPTG	 	 	 	 	 20 
TT-(Galβ3GalNAcα)TVTPTPTG		 	 	 	 	 16 
Ac-P-(GalNAcα)T-(Galβ3GalNAcα)T-(GalNAcα)TPISTNH

2
			 	 45 

TT-(GlcNAcβ6[Galβ3]GalNAcα)TVTPTPTG	 	 	 	 46 
T-(GlcNAcβ6[Galβ3]GalNAcα)TTVTPTPTG	 	 	 	 55	
Ac-G-(Galβ3GalNAcβ)TTTPISTNH

2
	 	 	 	 	 65 

Ac-PTT-(Galβ3GalNAcβ)TPISTNH
2
	 	 	 	 	 40 

Ac-PT-(Galβ3GalNAcβ)TTPISTNH
2
	 	 	 	 	 33 

Ac-GT-(Galβ3GalNAcβ)TTPISTNH 	 	 	 	 	 46 
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with an apparent Vmax value of 0.9 µmol/min/mg, while the glycopeptide AHGVT-(Gal 

3GalNAc )APDTRPAPGSTAPTA had a higher apparent Km value of 0.2 mM,with an apparent 

Vmax value of 3 µmol/min/mg. For the acceptor Galb1-3(4-deoxy-)GalNAcα-Bn, the apparent 

Km value was 0.09 m mM, with an apparent Vmax value of 1 µmol/min/mg, whereas the acceptor 

Galb1-3(6-deoxy-)GalNAc -Bn had an apparent Km value of 0.07 mM and an apparent Vmax 

value of 0.97 µmol/min/mg, which was similar to the values obtained for the standard acceptor 

Galb1- 3GalNAcα-Bn. Replacement of the Gal moiety of the acceptor with GlcNAc or GalNAc 

or changing the Gal linkage to b1-6 drastically reduced activity. However, Galb1-6GalNAcα-

Bn served as an acceptor substrate for porcine ST3Gal1 (15). This is probably due to the fact that 

the human and porcine enzymes are different proteins, having about 15% identity difference in 

their amino acid sequences and possibly having different properties of their acceptor binding 

sites. The 4-hydroxyl of the GalNAc residue was also important since Galb1- 3GlcNAcα-Bn 

and Galb1-3GlcNAcα-Bn had undetectable activity. Since Galb1-3(6-deoxy-)GalNAcα-Bn and 

core 2-containing glycopeptides were good substrates, the 6-hydroxyl of GalNAc was apparently 

not recognized by the enzyme and could even be substituted for with a large GlcNAc residue. 

These studies show significant differences between the acceptor specificities of WbwA and 

ST3Gal1.  

 

4.5 Discussion 

This article reports the first biochemical study of WbwA
O104

, a SiaT encoded by the O-antigen 

synthesis gene cluster of the pathogenic E. coli serotype O104. This work contributes to the 
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detailed understanding of the biosynthesis of an important virulence factor in an intestinal 

pathogen. We have clearly shown that the WbwA enzyme transfers one sialic acid residue from 

CMP-sialic acid to the terminal Gal residue of Galb1-3GalNAcα-PP-PhU, forming a sialylα2-3 

linkage. The sialylα2-3Galb1-3GalNAc structure of the reaction product is identical to the 

human sialyl-T antigen and is consistent with the structure of the O104 antigen (8). The 

diphosphate group can easily be removed with pyrophosphatases and phosphatases, thus creating 

a reducing end of the sialyl-T antigen with a potential for further derivatization. For example, 

tumor-selective epitopes could be created with the sialyl-T antigen linked to a specific mucin 

peptide, which could increase its immunogenicity (30). Therefore, recombinant WbwA
O104 could 

be used to synthesize stereo- and linkage- specific bacterial structures as well as the human 

sialyl-T antigen for functional studies or development of a tumor-selective vaccine targeting the 

sialyl-T epitope. Given the abundance of sialyl-T on cancer glycoproteins, the benefit of 

immunogenicity toward sialyl-T might outweigh potential cross-reactions toward normal 

glycoproteins.  

In the repeating unit synthesized on PP-Und, the GalNAc residue at the nonreducing end is 

present in an α-linkage (8). However, in the polymerized O antigen, GalNAc is found in b 

linkage. It is likely that polymerase Wzy links GalNAc of the oligosaccharide to the Gal residue 

at the nonreducing end of another unit with inversion of configuration. This suggests that Wzy 

from E. coli O104 is an inverting oligosaccharyltransferase.  

WbwC
O104 is the second enzyme in the pathway of O104 antigen synthesis and requires the 

diphosphate in the acceptor (GalNAc–PP-PhU). Thus far, the second enzymes in the repeating 

unit assembly sequence have all been shown to have an absolute requirement for at least one 
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phosphate group in the acceptor (20, 23, 31–34). WbwA
O104 is the first example of the third 

enzyme in the pathway and of a eukaryotic or bacterial SiaT that has a requirement for 

diphosphate in the acceptor. Future mutational and structural studies may identify the amino 

acids responsible for the unique acceptor specificity of WbwA.  

Similar to the sialic acid residue in the O antigen of E. coli serotype O171, the sialic acid moiety 

of the O104 antigen is 7- and 9-O-acetylated. The gene responsible for O-acetylation in E. coli 

O104 is likely to be wckD, which is found in the O104 antigen synthesis gene cluster (16) and 

encodes a putative sialate O- acetyltransferase. O-acetyltransferases, including WckD
O104

, are 

thought to transfer O-acetyl groups from acetyl coenzyme A to CMP-sialic acid. Acetylated 

CMP-sialic acid would then be the donor substrate for WbwA to create a 7,9-di-O-acetyl-sialic 

acid- containing oligosaccharide. Since CMP-sialic acid served as a donor substrate for WbwA, 

the enzyme may have a relaxed specificity toward the structure of sialic acid in the donor 

substrate and utilizes both CMP-sialic acid and CMP-7,9-di-O-acetyl-sialic acid. Our preliminary 

data showed that the next GT in the pathway, 4-Gal-transferase WbwB, acts on sialyl-

oligosaccharides. Thus, WbwB may also have a relaxed specificity toward sialyl- and acetylated 

sialyl-oligosaccharides. However, the detailed substrate specificities of these enzymes and 

biosynthetic pathways remain to be examined.  

In SiaTs, His residues appear to complex the nucleotide sugar phosphate groups instead of 

divalent metal ions that are used by many other GTs having a DXD motif (35). Indeed, 

WbwA
O104 has a critically important His236 residue within the HP sequence that is conserved in 

bacterial SiaTs (10). The His236 residue could be a general acid (27) or could be involved in 

binding the donor substrate CMP-sialic acid. The Pro237 residue, due to its unique properties in 
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affecting protein structure, may serve to ensure the function of the His236 residue. Glu111, 

Glu112, and Asp206 residues in two of the conserved EDG motifs possibly play a role in 

substrate binding and catalysis or by ensuring the proper protein conformation. Future protein 

structure and modeling studies could confirm the roles of acidic residues in WbwA
O104

.  

In spite of the similarities, the analysis of amino acid sequences suggests that human ST3Gal1 

and WbwA
O104 do not have a common evolutionary origin. The overall protein structure and the 

biochemical roles of critically important His, Asp, Glu, and other residues that are responsible 

for the unique acceptor specificity to WbwA remain to be determined. This may confirm the 

hypothesis that bacterial enzymes and their mammalian counterparts can have similar but 

characteristic geometries and functions of amino acids in the substrate binding and catalytic sites 

in spite of different overall sequences and folds.  

ST3Gal1 has an α2,3-SiaT activity that is similar to that of WbwA, and both enzymes synthesize 

the common sialyl-T antigen, are monofunctional, and do not require divalent metal ions for 

activity. Both enzymes are inverting GTs (albeit of different GT families and having different 

overall folds), bind to CMP-sialic acid donor substrate and Galb1-3GalNAc acceptor substrates 

(17, 36), and are effectively inhibited by bis-imidazolium salts having at least 16 carbons in the 

aliphatic linker chain between positively charged groups. The mechanism by which these 

inhibitors selectively block GT activities is under investigation and may involve binding to 

anionic and hydrophobic pockets of the enzyme proteins. This knowledge may be used in the 

development of antibacterial strategies.  
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Chapter 5 

Identification and biochemical characterization of WbwB, a novel UDP-Gal: Neu5Ac-R 

α1,4-galactosyltransferase from the intestinal pathogen Escherichia coli serotype O104 

Diana Czuchry,a Walter A. Szarek,b Inka Brockhausena  Identification and biochemical 
characterization of WbwB, a novel UDP-Gal: Neu5Ac-R α1,4-galactosyltransferase from 
the intestinal pathogen Escherichia coli serotype O104. Glycoconj J. 35(1): 65-76, 2017.  
 
Department of Biomedical and Molecular Sciences, Queen’s University, Kingston, Ontario, 
Canadaa; Department of Molecular Biology, Department of Chemistry, Queen’s University, 
Kingston, Ontario, Canadab 

 

5.1 Abstract  

The intestinal pathogen Escherichia coli serotype O104:H4 (ECO104) can cause bloody diarrhea 

and haemolytic uremic syndrome. The ECO104 O antigen has the unique repeating unit structure 

[4Galα1-4Neu5,7,9Ac3α2-3Galβ1-3GalNAcβ1-] which includes the mammalian sialyl-T antigen 

as an internal structure. Previously, we identified WbwC from ECO104 as the β3Gal-transferase 

that synthesizes the T antigen, and showed that α2,3-sialyl-transferase WbwA transfers sialic 

acid to the T antigen. Here we identify the wbwB gene product as a unique α1,4-Gal-transferase 

WbwB that transfers Gal from UDP-Gal to the terminal sialic acid residue of Neu5Acα2-3Galβ1-

3GalNAcα-diphosphate-lipid acceptor. NMR analysis of the WbwB enzyme reaction product 

indicated that Galα1-4Neu5Acα2-3Galβ1-3GalNAcα-diphosphate-lipid was synthesized. WbwB 

from ECO104 has a unique acceptor specificity for terminal sialic acid as well as the diphosphate 

group in the acceptor. The characterization studies showed that WbwB that does not require 

divalent metal ion as a cofactor. Mutagenesis identified Lys243 within an RKR motif and both 

Glu315 and Glu323 of the fourth EX7E motif as essential for the activity. WbwB is the final 
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glycosyltransferase in the biosynthesis pathway of the ECO104 antigen repeating unit. This work 

contributes to knowledge of the biosynthesis of bacterial virulence factors. 

 

5.2 Introduction 

  

The human pathogen Escherichia coli (E. coli) O104:H4 (ECO104) is a Shiga toxin-producing 

E. coli (STEC) or enterohaemorrhagic E. coli (EHEC) that can cause bloody diarrhea and lead to 

hemolytic uremic syndrome and kidney failure. A massive outbreak of food-borne illness caused 

by E. coli O104:H4 in Germany in 2011 resulted in more than 3000 people infected and more 

than 50 deaths (1-3). The pathogenic, potentially fatal and multi-antibiotic resistant nature of E. 

coli O104:H4 and other STECs requires specific prevention and treatment methods. Vaccines are 

not yet available for this pathogen but could be based on the structure of the serotype-specific 

O104 antigen.  

 

O antigens of Gram negative bacteria are involved in interactions with the environment and are 

considered to be virulence factors (4). It is thus important to understand their biosynthesis and to 

identify new targets for treatment and technology to synthesize vaccines. The biosynthesis of O 

antigens is still poorly understood due to the difficulty in finding appropriate substrates for the 

enzymes involved. The ECO104 antigen has the repeating unit [4Galα1-4Neu5,7,9Ac3α2-

3Galβ1-3GalNAcβ1-]n (5) which includes mimics of the human T and sialyl-T antigens. The 

repeating units are thought to be assembled on an undecyl-phosphate (P-Und) lipid carrier by 

sequentially acting specific glycosyltransferases (GTs) (6) encoded by genes in the O antigen 

biosynthesis gene cluster (7).  
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The ECO104 antigen biosynthesis gene cluster (7) contains the GT genes wbwC, wbwA and 

wbwB, as well as wckD that has sequence similarity to the gene encoding sialate O-

acetyltransferase NeuD and may be responsible for the 7-, 9-O-acetylation of sialic acid. In 

addition, nnaB, nnaC and nnaA genes are thought to be involved in the synthesis of CMP-

Neu5Ac. The presence of a translocase gene wzx and polymerase gene wxy suggests that the 

synthesis of the ECO104 antigen follows the polymerase-dependent pathway. In this pathway 

(Figure 5.1), the O antigen repeating unit is synthesized by the sequential action of GTs on the 

inner leaflet of the inner membrane, utilizing the membrane-bound lipid carrier P-Und (8). The 

nucleotide donor substrates required for these reactions are synthesized in the cytosolic 

compartment. The first reaction of the ECO104 repeating unit synthesis is the reversible transfer 

of GlcNAc-phosphate from UDP-GlcNAc to P-Und by an analog of WecA (9) to form GlcNAc-

PP-Und. In ECO104 and several related strains, GlcNAc-PP-Und may be converted to GalNAc-

PP-Und by a 4-epimerase that is identical to the enzyme identified in E. coli O157 and does not 

act on UDP-GlcNAc (10). The repeating unit of ECO104 is then assembled on GalNAc-PP-Und. 

We have previously synthesized a GalNAc-PP-Und analog, GalNAcα-PO3-PO3-(CH2)11-O-

phenyl (GalNAc-PP-PhU) that was used as the acceptor substrate for β1,3-Gal-transferase 

WbwC (11) to form the mammalian cancer-associated T antigen. Subsequently, sialic acid 

(Neu5Ac) is transferred by α2,3-sialyltransferase WbwA to form the sialyl-T antigen, 

Neu5Acα2-3Galβ1-3GalNAcα-R (12). WbwC and WbwA have distinct specificities for the  
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Figure 5.1. Proposed pathway in the biosynthesis of the ECO104 antigen repeating unit. 
The repeating unit of E. coli O104 (ECO104) is assembled at the inner face of the cytoplasmic 
membrane on an undecaprenol-phosphate (P-Und) lipid intermediate. The first reaction in the 
pathway of ECO104 synthesis is the transfer of GlcNAc-phosphate from UDP-GlcNAc to P-Und 
by GlcNAc-1-P transferase WecA. ECO104 has a 4-epimerase identical to that of E. coli O157 
(10) that converts GlcNAc-PP-Und to GalNAc-PP-Und which is the acceptor substrate for β1,3-
Gal-transferase WbwC that synthesizes the T antigen (11). The α2,3-sialyltransferase WbwA 
then transfers sialic acid from CMP-sialic acid to Gal to form the sialyl-T antigen (12). Finally, 
α1,4-Gal-transferase WbwB (this work) adds a Gal residue to sialic acid. All of these 
glycosyltransferases require the presence of phosphate(s) in the acceptor intermediates. The 
flippase Wzx translocates the repeating unit to the periplasm for further processing of the O 
antigen-linked lipopolysaccharide in the polymerase pathway. It is not yet known at what stage 
O-acetyltransferase WckD adds the 7- and 9-acetyl groups to sialic acid. 
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nucleotide donors and sugar moieties of the acceptor substrates and were both shown to require 

the pyrophosphate group in the acceptor substrate. According to the structure of the O antigen 

(5), the final GT in the ECO104 pathway is expected to synthesize the unusual linkage of Galα1-

4Neu5Ac; therefore, due to sequence similarity to other retaining GTs, WbwB had been 

proposed to be the final α1,4-Gal-transferase (7) but had not been biochemically characterized. 

 

After the repeating unit has been synthesized, the oligosaccharide-PP-Und is translocated to the 

periplasmic leaflet by Wzx (Figure 5.1) (13) where the multiple membrane-spanning polymerase 

Wzy inserts the new repeating unit at the reducing end of the growing O antigen chain (8). Wzy 

polymerases appear to be O antigen-specific and often invert the anomeric linkage of the 

reducing end sugar moiety of the repeating unit (13,14). Thus, in the polymerized ECO104 

antigen the original α-linkage of GalNAcα-PP-Und is inverted to form the GalNAcβ-linkage. 

Finally, the O antigen polymer is ligated to the core oligosaccharide linked to lipid A by ligase 

WaaL (15) to complete the lipopolysaccharide (LPS) which is then transported by the Lpt 

complex to the outer surface of the cell (16), exposing the O antigen to the environment. 

  

In this paper we describe the biochemical function of WbwB as an α1,4-Gal-transferase that adds 

a single Gal residue to sialic acid termini. WbwB has a unique specificity for UDP-Gal, for a 

terminal sialic acid residue and the diphosphate-lipid moiety of the acceptor substrate. This work 

confirms that WbwB is the final GT to add the fourth and last sugar in the ECO104 repeating 

unit biosynthesis pathway.  
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5.3 Materials and methods 

 

5.3.1 Materials  

 

All reagents were purchased from Sigma-Aldrich-Millipore unless stated otherwise. Radioactive 

nucleotide sugars were obtained from American Radiolabeled Chemicals.  

CMP-Neu5Ac was from EMD Millipore, and UDP-Gal was a kind gift from Beat Ernst, 

University of Basel, Switzerland. Antibiotics, premixed Lennox-Luria Broth and 

isopropylthiogalactoside were obtained from Bioshop. Ni2+-NTA Sepharose was from Qiagen. 

C18 Sep-Pak (short) cartridges were from Waters. The synthesis of GalNAcα-PP-PhU was 

described before (11) and Galβ1-3GalNAcα-PP-PhU was synthesized from GalNAcα-PP-PhU 

with WbwC (11). Neu5Acα2-3Galβ1-3GalNAcα-Bn was synthesized from Galβ1-3GalNAcα-Bn 

with human ST3Gal1, and the WbwB acceptor Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU was 

synthesized with WbwA as described (12). Other sialyl-oligosaccharides were kindly donated by 

K.L. Matta (State University of New York). Neu5Acα2-(4-methyl)umbelliferyl was from Sigma.  

 

5.3.2 Synthesis of the wbwB gene and expression of the WbwB protein  

 

A pRSETA plasmid containing the wbwB gene and ampicillin resistance gene was obtained from 

GeneArts (Life Technologies). The WbwB protein has a His6 tag at the amino terminus. The 

sequence of the WbwB protein without the His6 tag is shown in Figure 5.2. The plasmid was 

transformed into BL21-DE3-Codon Plus bacteria containing a chloramphenicol resistance gene, 

grown for 16 h on a plate containing LB agar with 100 µg/ml ampicillin and 50 µg/ml 
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chloramphenicol. BL21 bacteria without the plasmid were grown in parallel as a negative for 

glycosyltransferase assays. A single colony was picked and grown in 5 ml LB broth with 100 

µg/ml ampicillin and 50 µg/ml chloramphenicol. Bacteria were transferred to 500 ml of LB 

containing 100 µg/ml of ampicillin and 50 µg/ml chloramphenicol at 37°C with 200 rpm shaking 

until the optical density at 600 nm was 0.6. The expression of His-tagged protein was induced 

with 1 mM isopropylthiogalactoside for 12 h at 25°C at 200 rpm shaking and was confirmed by 

SDS-PAGE and Western blotting. Bacterial cells were harvested by centrifugation at 3,500 × g 

for 10 min. The pellet was resuspended in 10 ml phosphate-buffered saline pH 7.4 (PBS) with 

20% glycerol and frozen in aliquots at −20°C for activity assays.  
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1   mknilfinna lsgtggarvi lnlakslrnr ghkvallldr vdnihykidd gieiyvrdkf 
61  kikkvnpsti nkndsqafft nqsnsvffnf iklyakklks ffyflkapce myafkkfint 
121 kkfdaiinnn vyvnvdriyf esklsnnyyv nfhnspieif srrefstllp lskifrnvkl 
181 lsvskgiade lltlkgfndk eiitiynpfn ftelegnsri qcegniplpk efivtvstlt 
241 drkrvdrtik ampkiireyg eidlliigeg qlrndlqnlv kelniekyvh flgfqtnpyy 
301 finkaqllil ssdseglptv iieslilgtp vlstdcptgp neilvnwgde slvsltktsd 
361 ennicnelae kairllckky dkkyvkhksd lqrfdekkis tsweilf 
 

Figure 5.2. WbwB amino acid sequence without the polyhistidine tag. The major 
Glycosyltransferase (GT) domain spans from amino acids 225 to 351 (bold). Five EX7E motifs 
are within the GT domain and are underlined; the fourth EX7E domain is conserved. Potentially 
important and mutated amino acids within the GT domain are shown in red. Mutants R242A, 
K243A, R244A, D313A, E315A and E323A were studied. 
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5.3.3 Expression of SiaD constructs 

 

The polymerizing sialyltransferase SiaD derived from Neisseria meningitides NmW-135 is the 

only known enzyme other than WbwB that adds Gal to sialic acid. Three plasmids containing 

SiaD constructs with C-terminal His-tags provided by R. Gerardy-Schahn, Medizinische 

Hochschule, Hannover, Germany. These plasmids included genes of a) the full length enzyme 

with Sialyl-transferase domain at the C-terminus and Gal-transferase domain at the N-terminus, 

b) Gal-transferase domain (amino acids 1 to 398), and c) full length enzyme with a S972A 

mutation that inactivates the Sialyltransferase activity as described (17,18). The plasmids were 

transformed into BL21-DE3-Codon Plus bacteria containing a chloramphenicol resistance gene, 

grown for 16 h on a plate containing LB agar with 100 µg/ml ampicillin and 50 µg/ml 

chloramphenicol. A single colony was picked and grown in 5 ml LB broth with 100 µg/ml 

ampicillin and 50 µg/ml chloramphenicol. Bacteria were transferred to 500 ml of LB containing 

100 µg/ml of ampicillin and 50 µg/ml chloramphenicol at 37°C with 200 rpm shaking until the 

optical density at 600 nm was 0.6. The expression of SiaD proteins was induced with 1 mM 

isopropylthiogalactoside for 12 h at 25°C at 200 rpm shaking and was confirmed by SDS-PAGE 

and Western blotting. 

 

5.3.4 Mutations 

 

Six single point mutations of WbwB were performed by Mutagenex Inc. Single amino acids 

were replaced by alanine: R242A, K243A, R244A, D313A, E315A and E323A (Figure 5.2). 

The pRSETA plasmids containing the mutated genes and wild type WbwB plasmid were each 
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transformed into competent BL21 bacteria cells, and grown overnight and expressed as described 

above. Mutant proteins were purified and monitored as described below. 

 

5.3.5 Purification, SDS-PAGE and Western Blot 

 

Proteins were isolated using Ni2+-NTA Sepharose affinity chromatography and identified as 

follows. The bacterial pellet was resuspended in 10 ml of lysis buffer (50 mM sodium phosphate, 

5 % glycerol, 300 mM NaCl) and was lysed by sonication 3 times for 15 s with 1 min on ice in 

between. Lysates were centrifuged at 48,000xg for 20 min at 4oC to precipitate membrane 

components. The soluble cellular components were applied to a column of 5 ml pre-equilibrated 

Ni2+-NTA Sepharose. The column was washed with 10 column volumes of wash buffer (50 mM 

sodium phosphate, 300 mM NaCl). WbwB was eluted with 10 ml of elution buffer (150 mM 

imidazole, 50 mM sodium phosphate, 300 mM NaCl). Expression and purification was 

monitored by 12 % SDS PAGE at 120 V and measuring enzyme activity. The eluted fractions 

containing WbwB were pooled and dialyzed overnight with 50 mM of sodium phosphate and 

1mM dithiothreitol (DTT). For western blots, proteins were transferred overnight to a 

nitrocellulose membrane at 4oC and 30 V.  Blocking was performed by placing the membrane in 

5% skim milk powder in TBST (Tris-buffered saline, 0.1% Tween 20) for 1 h with shaking. The 

membrane was washed 3 times with TBST for 10 min each and then incubated overnight at 4oC 

with the primary antibody monoclonal mouse anti-His (Cell Biolabs) in a 1:5000 dilution in 5% 

milk in TBST with shaking. The membrane was washed 3 times with TBST for 10 min and 

incubated for 1 h at rt with secondary antibody, 1:10000 goat anti-mouse (Santa Cruz 

Biotechnologies) in TBST with 5% milk. The membrane was washed 3 times with TBST for 10 
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min. One ml of each of the two Clarity ECL Substrates (Bio-Rad) was added to the membrane 

for 5 min. The film was exposed to the membrane for 1 min, developed and bands were 

visualized using an imager. Purified enzymes were stored at -80oC. 

 

5.3.6 Glycosyltransferase assays 

 

To prepare bacterial homogenates for glycosyltransferase assays, BL21 bacteria containing 

WbwB in 20% glycerol / PBS were thawed and isolated by centrifugation. Bacteria were 

disrupted by sonication in 50 mM sucrose for 15 s (3 times) with 1 min intervals on ice. Initial 

WbwB Gal-transferase assays were carried out with homogenates. Bacterial homogenates of E. 

coli BL21 without the WbwC plasmid were used as a negative control to ensure no background 

activity from the bacterial homogenatesStandard Gal-transferase assay mixtures contained in a 

total volume of 40 µl: 10 µl bacterial homogenate (2 mg protein/ml), 5 mM MnCl2, 0.125 M 

Tris-HCl, pH 7, 1 mM UDP-[6-3H]Gal (2900 cpm/nmol), and 0.01 mM Neu5Acα2-3Galβ1-

3GalNAcα-PP-PhU prepared as described below (11,12). Mixtures were incubated for 20 min at 

37°C. Negative controls lacked the acceptor substrate. The assay mixtures were applied to short 

C18 Sep-Pak columns (Waters) equilibrated in water. The reaction product was eluted with 3 ml 

MeOH and quantified by scintillation counting. Enzyme product was also separated by HPLC 

using a C18 column and acetonitrile-water mixtures as the mobile phase. Assays were carried out 

in at least duplicate determinations with <10% difference between assays. Sialyl-transferase 

assays using WbwA and ST3Gal1, and WbwC Gal-transferase assays were carried out as 

described before (11,12). SiaD constructs (17,18) were assayed for Sialyl- and Gal-transferase 

activities using Galα1-4Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU and Neu5Acα2-3Galβ1-
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3GalNAcα-PP-PhU, respectively, as acceptors. 

 

5.3.7 Production of large-scale WbwB enzyme product 

 

The non-radioactive enzyme product for WbwB was prepared from GalNAcα-PP-PhU in a one-

pot reaction with WbwC, WbwA and WbwB. WbwC synthesized Galβ1-3GalNAcα-PP-PhU 

which was converted to Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU by WbwA. WbwB then 

synthesized Galα1-4Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU. The reaction mixture contained in a 

total volume of 28 ml: 7 ml of WbwC homogenate (28 mg protein) in 50 mM sucrose, 7 ml of 

WbwA homogenate (28 mg protein) in 50 mM sucrose, 7 ml WbwB in 50 mM sucrose (28 mg 

protein), 7 µmol GalNAcα-PP-PhU (the relatively low amount ensured total conversion), 20 

µmol CMP-Neu5Ac, 28 µmol UDP-Gal, 0.14 µmol MnCl2 and 3.5 µmol MES buffer, pH 7. 

After incubation for 1 h at 37°C, 30 ml water were added, the mixture was centrifuged at 12000 

× g and the supernatant was subjected to purification on 60 C18 Sep-Pak columns. Hydrophilic 

compounds were eluted from each column with 4 ml water. Fractions (3 ml) eluted with MeOH 

were pooled, and MeOH was removed by rotor evaporation followed by lyophilization. One ml 

of water was added, and insoluble residue was removed by centrifugation in a microcentrifuge at 

10500 x g. Parallel small scale radioactive WbwB assays that utilized non-radioactive WbwA 

product Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU and radioactive UDP-Gal served to quantify the 

amount of WbwB product, to obtain a standard compound for HPLC and to obtain substrate for 

galactosidase digestion.  
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5.3.8 Analysis of WbwB reaction product 

 

Non-radioactive WbwB reaction product was analyzed for its molecular mass and purity by 

electrospray ionization mass spectrometry (ESI-MS) in the negative-ion mode (12). For linkage 

analysis by NMR, WbwB product was dissolved and evaporated 3 times in D2O and analyzed by 

NMR using a 600-MHz Avance-600 Bruker spectrometer using XWINNMR software (11). To 

determine the anomeric Gal linkage synthesized by WbwB, radioactive WbwB product was 

subjected to digestion by green coffee bean and Aspergillus niger α-galactosidases and Jack bean 

and bovine testicular β-galactosidase as described before (11). After galactosidase treatment for 

30 min, mixtures were separated by C18 Sep-Pak columns and the ratios of undigested WbwB 

reaction product (eluted with MeOH) and free cleaved Gal (eluted with water) were determined 

by scintillation counting.  

 

To test if the repeating unit made by WbwB had the antigenicity of ECO104, polyclonal goat 

antibody to ECO104 extract (KPL) was used according to the manufacturer’s instructions. Fifty 

nmoles of reaction products of WbwB, WbwA and WbwC, as well as standards with related 

structures and heat-killed ECO104 cells (KPL) as a positive control were treated with anti-

ECO104 antibody at rt overnight, followed by treatment with Horse radish peroxidase-labeled 

secondary anti-goat IgG (KPL) for 2 h. Ten % of the mixtures (50 m l) were spotted directly onto 

nitrocellulose. The remainder of compounds was applied to C18 Sep-Pak, eluted with MeOH, 

dried, resuspended in 50 m l water and spotted onto nitrocellulose membrane. Spots were 

visualized with West-one (iNtRON Biotechnology) and exposure on x-ray film. 
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5.4 Results 

 

5.4.1 Sequence analysis and structure prediction of WbwB 

 

WbwB has been classified into the large CAZy GT4 family of more than 80,000 retaining GTs 

predicted to have a GT-B fold consisting of two βαβ Rossmann-like domains connected by a 

linker region. In contrast to inverting enzymes, the characterized GT4 enzymes do not require a 

divalent metal ion for activity and do not have conserved DxD motifs (19). Uniprot has identified 

two GT-like domains in WbwB. Amino acids 15 to 210 of WbwB comprise the first GT-like 

domain and amino acids 225 to 351 comprise the second GT domain, which has a much higher 

homology to other, mostly uncharacterized GTs and may contain the nucleotide sugar binding 

binding domain. 

 

WbwB has five EX7E motifs in the carboxy-terminal domain with yet unknown function. PglJ, 

an α1,4-GalNAc-transferase involved in the assembly of the N-linked oligosaccharide in 

Campylobacter jejuni, has 54 % sequence identity with the domain of WbwB comprising amino 

acids 225 to 351 (Uniprot). This PglJ was shown to transfer GalNAc from UDP-GalNAc in α1-4 

linkage to another GalNAc residue linked to Bacillosamine-PP-Und (20). PglJ from Hafnia alvei 

with 54 % sequence identity with amino acids 225 to 351 of WbwB is thought to add a GalNAc 

residue in α1-4 linkage directly to bacillosamine-PP-Und. This enzyme also has an RKR motif 

and a DXEX7E sequence in a similar position to that of WbwB. This suggests that the RKR 

motif may possibly be involved in binding the diphosphate of the acceptor.  
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WbwB shares up to 28 % sequence identity with other GT4 enzymes (Table 5.1) that have been 

shown to have retaining activity. The Gal-transferase domain (residues 1 to 398) of the 

bifunctional, alternating α1,4-Gal-transferase / α2,6-sialyltransferase SiaD NmW-135, shown to 

have α4-Gal-transferase activity (17), has only 20 % sequence identity with WbwB but has also 

conserved Lys and EX7E domains. It is striking that many of the GT4 enzymes contain a 

conserved EX7E motif in the C-terminal domain as well as a Lys residue preceding this motif. 

 

In order to estimate the overall fold and structure of WbwB, the sequence was analyzed by 

PHYRE2 homology modeling tool (21). The program chose sucrose-P-synthase SpsA (Ho) from 

Halothermothrix orenii as the major template with 100 % confidence and 99 % coverage (22). In 

SpsA (Ho), Arg270 and Lys275 appear to be involved in binding UDP-Glc. Lys 275 corresponds 

to Lys243 of WbwB which could thus bind phosphates of UDP-Gal (23). The second PHYRE2 

homology match was the crystal structure of MshA from Corynebacterium glutamicum with 

UDP and UDP-GlcNAc and this structure provided information of key residues in the donor 

binding site. In the MshA structure complexed with UDP solved by Vetting et al. (24) the 

Glu324 binds the ribose moiety of UDP and Arg231 and Lys236 interact with the UDP 

pyrophosphate. Sequence alignment showed that Arg236 and Glu324 of MshA aligned with 

Lys243 and Glu323 of WbwB. Thus, according to PHYRE2, one or more of the three residues 

Arg242, Lys243 and Glu323 in WbwB may be involved in UDP-Gal binding. 
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Table 5.1. Comparison of amino acid sequences of GT4 family enzymes. 

Sequences of CAZy GT4 enzymes were compared using UniProt. As, Aeromonas salmonicida; 
Ba, Bacillus anthracis; Bf, Bacteroides fragilis; Cg, Corynebacterium glutamicum; Cj, 
Campylobacter jejuni; Ea, Erwinia amylovora; EC, E. coli; Gs, Geobacillus stearothermophilus; 
Ha, Hafnia alvei; Ho, Halothermothrix orenii; Ms., Mycobacterium smegmatis; Nm, Neisseria 
meningitides; Np, Nautilia profundicola; Sa, Staphylococcus aureus; −T, −transferase.  
a
Sequence was compared to the GT domain of WbwB (amino acids 225 to 351). All of these 

glycosyltransferases are retaining enzymes and have EX7E sequences.  
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5.4.2 Enzyme Characterization 

 

WbwB was highly active in the bacterial homogenate in 50 mM sucrose up to 500 nmol/h/mg 

with 0.01 mM Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU acceptor. WbwB was also purified on 

Ni2+-NTA Sepharose and eluted with 150 mM imidazole. The SDS PAGE analysis showed a 

prominent band at 48 kDa in the eluted fractions. The total activity of the purified WbwB 

enzyme fractions was about 25% of the total activity in the cell lysate.  

 

The addition of 5 mM EDTA, MnCl2, MgCl2 or Co-acetate to the assay mixtures using purified 

WbwB gave similar activities showing that metal ion cofactors were not required for activity as 

expected. However, the addition of 5 mM Zn-acetate abolished the enzyme activity, suggesting 

that Zn may interfere with the enzyme protein structure and activity. A broad pH optimum of 

WbwB activity was found between pH 6 and 7.  

 

5.4.3 Substrate specificity of WbwB 

 

The nucleotide donor specificity of purified WbwB was tested by replacing 1 mM UDP-Gal with 

UDP-Glc, UDP-GalNAc, UDP-GlcNAc or CMP-Neu5Ac in the standard assay. Only UDP-Gal 

served as a donor substrate with an apparent KM of 0.24 mM, with all other nucleotide sugars 

yielding <5 % of the activity with UDP-Gal. This shows a distinct specificity of WbwB for 

UDP-Gal.  

 

The acceptor substrate specificity of purified WbwB was determined with a number of sialic 

acid-terminating synthetic compounds as well as with the precursor compounds for the WbwA 
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product, GalNAc-PP-PhU and Galβ1-3GalNAc-PP-PhU (Table 5.2). The compounds contained 

a hydrophobic aglycone group (benzyl, umbelliferyl or phenyl-undecyl) that can bind to C18-Sep-

Pak in spite of the charge of sialic acid or phosphates (12). The only effective substrate was 

Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU. The apparent KM value for this acceptor was 25 µM 

with an apparent Vmax value of 6,170 nmol/h/mg. . The activities with other α2-3- or α2-6-linked 

sialyl-oligosaccharides, up to 200 times the concentration of the WbwA product (Table 5.2), 

were less than 5% of the activity of the positive control. Using these sialyl-containing 

compounds in the assays, mass spectrometry analyses of the assay mixtures in the ESI-negative 

ion mode showed the presence of acceptors but did not reveal Gal-transferase products. This 

suggests that WbwB is specific not only for the terminal sialic acid but also for the diphosphate 

in the acceptor. The SiaD constructs containing the Gal-transferase domain were expressed and 

bacterial homogenates tested for the specificity towards 0.1 mM WbwA product as acceptor in 

standard WbwB Gal-transferase assays. In contrast to WbwB, the Gal-transferase activities of 

SiaD constructs were not able to add Gal to Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU, having <1 

% of the activity of WbwB. This indicates that the two α1,4-Gal-transferases (SiaD and WbwB) 

have distinct acceptor specificities. No sialyltransferase activity of full length SiaD towards the 

WbwB product Galα1-4Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU was detected suggesting that the 

SiaD sialyltransferase is specific for its acceptor substrate (17,18). 
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Table 5.2. WbwB acceptor specificity. 

WbwB assays were carried as described in the Methods section, using different oligosaccharide 
derivatives as acceptor substrate. Product was isolated using the C18 Sep-Pak method.  
 

Acceptor substrate     Concentration (mM)   Activity (%) 
Siaα2-3Galβ1-3GalNAcα-PP-PhU (WbwA product)  0.01   100 
Galβ1-3GalNAcα-PP-PhU     0.1   <1 
GalNAcα-PP-PhU      0.1    <1 
Siaα2-3Galβ1-3GalNAcα-Bn     0.125    <1 
Siaα2-3Galβ1-3GlcNAcβ-Bn     2    <1 
Siaα2-3Galβ1-4GlcNAcβ-Bn     0.75    <1 
Siaα2-6Galβ1-3GlcNAcβ-Bn     2     <1 
Siaα2-(4-methyl)umbelliferyl     2     <5  
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5.4.4 Analysis of WbwB reaction product 

 

The WbwB reaction product was analyzed by ESI-MS in the negative ion mode which revealed a 

peak at m/z 1241.4 for [M-H]- and peaks at m/z 1263.4 for [M-H+Na]-, and m/z 1285.4 for [M-

H+2Na]- (Figure 5.3). This showed that one Gal residue was added to Neu5Acα2-3Galβ1-

3GalNAc-PP-PhU.  

 

Galactosidase digestions of radioactive WbwB reaction product were carried out in order to 

determine the anomeric linkage of the newly added Gal residue. The positive control substrates,  

Galβ- p-nitrophenyl for β-galactosidase and Galα- p-nitrophenyl for α-galactosidase yielded high 

activities with the respective enzymes. However, WbwB product was not a suitable substrate for 

either β– or α-galactosidases, possibly because α-galactosidases do not efficiently cleave the 

Galα1-4-linked residue when it is linked to sialic acid.  

 

Previously, we showed by dot blots that anti-T antibodies bound Galβ1-3GalNAcα-PP-PhU (11). 

Here, we used a similar procedure with anti-ECO104 antibodies in a dot blot to test for reactivity 

with the newly synthesized WbwB reaction product. Spots of GalNAc-PP-PhU, WbwA product 

and WbwB product and ECO104 positive control showed intense staining before C18 Sep-Pak 

separation. After Sep-Pak extraction, only the positive control showed staining. Thus WbwB 

product was not recognized by the anti-ECO104 antibody. This could mean that the O104 single 

repeating unit is too small or the structure inappropriate as an antigen, or that the 7-, 9-O-acetyl 

groups of sialic acid were required for binding. 
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Figure 5.3. Analysis of WbwB reaction product by electrospray ionization (ESI) mass 
spectrometry in the negative ion mode, confirming the structure Gal- sialyl -Gal -GalNAc -
PO3-PO3-(CH2)11-O-phenyl. The peak at m/z 1241 is for [M-H]- and peaks at m/z 1263 for [M-
H+Na]-, and at m/z 1285 for [M-H+2Na] -.  
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In order to determine the structure of the WbwB reaction product and the sugar linkage of the 

newly added Gal residue, about 1 m mole of WbwB product was dissolved in D2O and subjected 

to 1D and 2D NMR spectral analysis. The Proton chemical shifts were obtained from total 

correlated spectroscopy (TOCSY) and correlation spectroscopy (COSY) and from the 

comparison to the spectra of WbwC product Galβ1-3GalNAcα-PP-PhU (11) and WbwA product 

Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU (12) (Table 5.3, Figure 5.4).  

 

Heteronuclear single quantum coherence spectroscopy (HSQC) was used to determine 13C shifts 

but no significant differences were found between |WbwA and WbwB products. The H-1 of the 

newly added Gal1 residue of WbwB product showed a chemical shift of 5.01 ppm with a 

coupling constant of 3.1 Hz, indicative of Gal1 in α–linkage (Figure 5.4). The proton shifts of the 

Galβ1-3GalNAcα residues, and alkyl and phenyl residues in the WbwB product did not change 

significantly compared to the substrate [12]. However, the chemical shift of the equatorial proton 

H-3e of sialic acid changed significantly from 2.67 ppm in the substrate to 2.81 ppm in the 

reaction product, while the H-4 shift changed from 3.58 to 3.64 ppm and H-5 from 3.75 to 3.96 

ppm. This indicated that Gal1 was linked to sialic acid. Nuclear Overhauser effect spectroscopy 

(NOESY) showed cross peaks between H-1 of the newly added Gal1 (5.01 ppm) and the 

equatorial H-3e of Neu5Ac (2.81 ppm). Other NOEs were seem between Gal1 H-1 and Gal1 H-2 

(3.70 ppm), between equatorial Neu5Ac H-3a (2.81 ppm) and axial Neu5Ac H-3a (1.66 ppm), 

and between GalNAc H-1 (5.43 ppm) and H-2 (4.31 ppm). The H-1 proton of Gal1 is therefore 

close in space to the equatorial H-3 proton of Neu5Ac indicating the Gal1-4Neu5Ac linkage. 

This confirms the structure of the WbwB reaction product as Galα1-4Neu5Acα2-3Galβ1-

3GalNAcα-PP-PhU.  
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Table 5.3. 600 MHz NMR, chemical shifts (ppm) and coupling constants J (Hz) for the 
WbwB reaction product.  The structure of the WbwB reaction product (WbwB) was 
determined by COSY, TOCSY, HSQC, ROESY and NOESY as Gal"1-4Neu5Ac"2-3Gal#1-
3GalNAc"-PO3-PO3-(CH2)11-O-phenyl. The chemical shifts of the acceptor substrate (WbwA) 
Neu5Ac"2-3Gal#1-3GalNAc"-PO3-PO3-(CH2)11-O-phenyl (12) and the precursor substrate 
Gal#1-3GalNAc"-PO3-PO3-(CH2)11-O-phenyl (WbwC) are also shown (11). Major proton 
chemical shifts are seen at H-3eq, H-4 and H-5 of Neu5Ac in the WbwB product. 
 

__________________________________________________________________________ 

Residue  Chemical shift in ppm (Coupling constants in Hz)  

   of WbwB, WbwA, WbwC reaction products   

   WbwB   WbwA   WbwC  

__________________________________________________________________________ 

GalNAc"  
    H-1   5.43   5,45 (3.3,6.7)  5.45 (3.7, 7.2) 
    H-2   4.31   4.31   4.32 
    H-3   3.99   3.98   4.00 
    H-4e q  4.18   4.18   4.19 
 
Gal2#1-3    
    H-1   4.47 (6.7)  4.47 (7.8)  4.41 (8.3) 
    H-2   3.44   3.44   3.45 
    H-3   4.00   3.98   3.55 
    H-4   3.87   3.86   3.82 
 
Neu5Ac"2-3 
    H-3a x  1.66   1.70 (12.5)  - 
    H-3e q  2.81 (12.5, 3.0)  2.67 (4.5, 12.5) - 
    H-4   3.64   3.58   - 
    H-5   3.96   3.75   - 
 
Gal1"1-4 
    H-1   5.01 (3.1)  -   - 
    H-2   3.70   -   - 
    H-3   3.62   -   - 
    H-4   3.88   -   - 
 
P-O-CH2  3.85   3.85   3.85 
__________________________________________________________________________ 
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Figure 5.4. Analysis of WbwB reaction product by 600 MHz Proton-NMR. WbwB product 
Galα1-4 sialylα2-3Galβ1-3GalNAcα-PO3-PO3-(CH2)11-O-Phenyl was synthesized as described 
in the Methods section, dissolved in D2O, and analyzed by 1D and 2D experiments. The structure 
is shown at the top. The NOESY spectrum at the bottom shows an NOE between H-1 of Gal1 
and Sia H-3e that indicates the addition of Gal1 to the 4-OH of sialic acid in α1-4 linkage by 
WbwB. 
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5.4.5 Analysis of mutant WbwB proteins 

 

The DXEX7E sequence of WbwB includes possibly a DxD motif and a conserved EX7E motif. 

The structure modeling analysis also suggested that the fourth EX7E motif as well as Asp313, 

Glu315 and Glu323 residues are possibly near the substrate binding site. The RKR sequence 

could possibly be involved in binding the phosphates of UDP-Gal or the acceptor substrate [24]. 

We therefore analyzed 6 mutants: R242A, K243A, R244A, D313A, E315A and E323A. All 

mutants were expressed as seen by SDS-PAGE and Western blots (data not shown). Both the 

total cell lysates and the purified enzymes eluted from the Ni-NTA column were assayed. 

Compared with activity of wild type WbwB, the D313A mutant was fully active in the total cell 

lysate and in the purified form (Figure 5.5). This rules out that D313-X-E315 represents an 

essential DXD motif variant. Mutants of the first and last Glu residues of the fourth EX7E motif, 

E315A and E323A, were inactive, although a low residual activity was seen in the E323A 

mutant. This suggests that both Glu residues are essential for activity and possibly represent a 

catalytic base. The RKR sequence was also shown to be important. Mutation of the central 

Lys243 residue eliminated Gal-transferase activity, suggesting that Lys243 is an essential residue 

in WbwB. Mutation of the adjacent Arg242 residue to Ala reduced the activity by 75 to 84%. 

The R244A mutant was active in the total cell lysate but not after purification which may 

indicate that the protein was unstable.  These Arg residues, therefore, may contribute to the 

activity by maintenance of the protein structure. 
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Figure 5. 5. WbwB single point mutations. Relative activities of site-specific WbwB mutants 
of the positive conserved residues and potential DxE and Ex7E motif are shown. Mutants were 
produced by replacing the conserved Arg and Lys residues and the Asp and Glu residues of the 
potential DxE and Ex7E motif, as described in the Materials and Methods. All mutants were then 
assayed as described in Materials and Methods in duplicate determinations. Black bars, activities 
in total cell lysates; grey bars, activities of purified enzymes. Western blots confirmed that all 
mutants were expressed. Mutants K243A and E315A were inactive. R242A, R244A and E323A 
had residual activity. D313A had comparable activity to the wild type. The error bars indicate the 
variation between duplicates.  
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5.5 Discussion 

 

This work has clearly demonstrated for the first time that WbwB, encoded in the ECO104 O 

antigen biosynthesis gene cluster, is a UDP-Gal: Neu5Acα2-3Galβ1-3GalNAcα-diphosphate-

lipid α1,4-Gal-transferase. WbwB functions in transferring the last sugar residue in the synthesis 

pathway of the ECO104 O antigen repeating unit that is assembled on a diphosphate-lipid 

intermediate anchored in the inner cytoplasmic membrane of ECO104. This enzyme is a 

retaining GT4 Gal-transferase with a unique specificity for Neu5Ac and the diphosphate in the 

acceptor substrate. The catalytic and substrate binding site is expected to be situated between the 

two Rossmann folds of WbwB and the substrate binding site must comprise amino acids that 

bind to a sialic acid-terminating trisaccharide and a diphosphate linked to a hydrophobic chain. 

The conformation of this trisaccharide-PP-R substrate is not known but it is possible that the 

negatively charged diphosphate and sialic acid are close in the binding site, bridged by positively 

charged amino acid(s). The RKR motif of WbwB would be a candidate for forming a bridge to 

accommodate the WbwB acceptor. However, it has been suggested that essential Lys residues 

may bind to the nucleotide sugar donor (23). In WbwB, this remains to be established.  

Only three types of GTs are known to add a sugar to terminal sialic acids: the monofunctional 

α1,4-Gal-transferase WbwB, the bi-functional α1,4-Gal-transferase / α2,6-sialyltransferase SiaD 

and other polymerizing sialyltransferases. These enzymes utilize CMP-Neu5Ac as a donor 

substrate, and also have a binding site to accommodate the negatively charged sialic acid of the 

acceptor substrate. In addition, WbwB must also bind the diphosphate group of the acceptor.  
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The lipid moiety in the natural acceptor in bacteria is undecaprenol that anchors the intermediate 

in the membrane in vivo. Phenyl-undecyl and other related lipids (25-28,32,33) serve as an 

appropriate lipid moiety in in vitro assays of bacterial GTs, and the structure and length of the 

hydrophobic chain can be variable. Several GTs have been characterized involved in bacterial 

polysaccharide synthesis that add the second sugar residue to GlcNAc/GalNAc-diphosphate-lipid 

and all of these require the diphosphate in the acceptor substrate (20,25, 28-34). Other GTs that 

add the second and subsequent sugars are active with oligosaccharide substrates that do not 

contain phosphates (26,27, 35-38). It is therefore surprising that all of the GTs that extend the 

O104 repeating unit require the diphosphate in the substrate. WbwB has relatively high activity 

at very low acceptor substrate concentrations. In bacteria, this high activity can ensure the 

completion of the repeating unit before translocation to the periplasm where the polymerase acts, 

presumably with high specificity for the completed unit.  

 

The importance of the EX7E motifs found in many retaining GTs has been studied [39-44] but 

structural analysis and mutations of these retaining GTs have not yet provided a consistent role 

for the first or the second Glu residue. The function of the Glu residues may vary in the 

individual proteins from structural roles to binding of the nucleotide sugar.  In WbwB, clearly 

both Glu residues of the conserved, fourth EX7E motif within the C-terminal GT domain are 

essential for the activity of the enzyme, and at least one of them may provide a catalytic base. At 

least one of the Glu residues may provide a catalytic base that could deprotonate the 4-hydroxyl 

of sialic acid which then becomes a nucleophile resulting in cleavage of Gal from UDP-Gal. 

However, the mechanism of this retaining GT and the roles of the other four EX7E motifs remain 

to be determined.  
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This work establishes the sequence of sugar addition to form the repeating unit of ECO104. 

Work is in progress to characterize the putative O-acetyltransferase WckD that may be 

responsible for the conversion of Neu5Ac to the 7- and 9-O-acetylated form. This final reaction 

in the assembly pathway of the repeating unit may take place in the cytoplasm where acetyl-CoA 

is used as the donor substrate. This transfer of the acetyl groups may be required for the 

polymerization by a structure-specific Wzy polymerase in ECO104, and for the recognition by 

anti-ECO104 antibodies. 

 

Using the bacterial enzymes in the ECO104 pathway we can provide the technology basis for the 

chemo-enzymatic synthesis of the O104 antigen that may be developed into a vaccine. The 

polymerization of the repeating unit by polymerase Wzy may be required to synthesize a vaccine 

candidate. It is hoped that this knowledge provides options for anti-bacterial targets for this 

dangerous food pathogen.
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Chapter 6 

General Discussion and Future Perspectives 

 
6.1.1 Summary of Key Findings 

In this thesis, we present the first characterization of three novel enzymes involved in the 

synthesis of the repeating unit of the O antigen in E. coli O104. By studying these enzymes for 

the first time, we open up the possibility of designing an E. coli O104 specific carbohydrate 

based vaccine or adjuvant. In characterizing these enzymes, we also have discovered three 

enzymes that can perform very specific linkages for biosynthesis purposes, one of which 

performs the linkage necessary to create the T antigen and another which performs the linkage 

necessary to produce the sialyl T antigen. The T (TF) antigen is a tumour-associated antigen 

which is found to be overtly expressed on breast, lung, colon and pancreatic cancer early during 

malignant transformation and is a possible anti-cancer vaccine target or to target immune cells 

against tumour cells in immunotherapy (1). The sialyl T antigen has been shown to be 

overexpressed in breast cancer, ovarian caner, pancreatic cancer, prostate cancer and is another 

possible target of an anti-cancer vaccine (1,2). By forming very specific linkages, the three 

enzymes we have characterized also have other uses in biotechnology where carboydrates are 

needed for various purposes including as enzyme substrates, as we have shown by 

biosynthetically synthesizing the necessary acceptor substrate for WbwA from the previous 

enzyme in the pathway, WbwC, and the necessary acceptor for WbwB from the previous enzyme 

in the pathway, WbwA. The product of WbwB could be the necessary acceptor for sialate O-

actyltransferase WckD. 
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Figure 6.1. Proposed pathway in the biosynthesis of the ECO104 antigen repeating unit 
(reproduced from figure 3.1). The repeating unit of E. coli O104 (ECO104) is assembled at the 
inner face of the cytoplasmic membrane on an undecaprenol-phosphate (P-Und, UndP) lipid 
intermediate. The first reaction in the pathway of ECO104 synthesis is the transfer of GlcNAc-
phosphate from UDP-GlcNAc to P-Und by GlcNAc-1-P transferase WecA. ECO104 has a 4-
epimerase identical to that of E. coli O157 (10) that converts GlcNAc-PP-Und to GalNAc-PP-
Und which is the acceptor substrate for β1,3-Gal-transferase WbwC that synthesizes the T 
antigen (11). The α2,3-sialyltransferase WbwA then transfers sialic acid from CMP-sialic acid to 
Gal to form the sialyl-T antigen (12). Finally, α1,4-Gal-transferase WbwB adds a Gal residue to 
sialic acid. All of these glycosyltransferases require the presence of phosphate(s) in the acceptor 
intermediates. The flippase Wzx translocates the repeating unit to the periplasm for further 
processing of the O antigen-linked lipopolysaccharide in the polymerase pathway. It is not yet 
known at what stage O-acetyltransferase WckD adds the 7- and 9-acetyl groups to sialic acid. 
NeuNAc, Neu5Ac. 
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6.1.2 Summary of the β-Galactosyltransferase WbwC Characterization 

We have confirmed that the galactosyltransferase WbwC from E. coli O104 catalyzes the second 

step of O-antigen synthesis and is an UDP-Gal: GalNAcα-diphosphate-lipidβ1,3-D-Gal-

transferase. The enzyme product has the structure Galβ1-3GalNAcα-O-PO3-PO3-(CH2)11-O-Ph, 

which contains the structure of the mammalian cancer-associated T antigen (O-glycan core 1, 

Galβ1-3GalNAcα-). The WbwC enzyme product was recognized by an anti-T antigen antibody, 

therefore WbwC could potentially be used for the enzymatic synthesis of an anti-cancer vaccine. 

WbwC was found to require manganese ions for activity but could also be activated by 

magnesium ions and has an essential DxDD motif for activity. This motif is novel because 

usually a DxD motif, however this enzyme requires a third aspartate. Later, other 

glycosyltransferases in the same CAZy family GT2 were found to also require the third 

aspartate.  WbwC is specific for both, its donor substrate UDP-Gal and its acceptor substrate 

GalNAcα-O-PO3-PO3-(CH2)11-O-Ph, with an absolute requirement for the diphosphate. WbwC 

can be inhibited by bis-imidazolium salts with aliphatic chains of 18-22 carbons. We also studied 

another Gal-transferase from E. coli O5, WbwCECO5 which also adds galactose to GalNAcα-O-

PO3-PO3-(CH2)11-O-Ph in a Galβ1-3 linkage and found the WbwCECO5 to have similar 

characteristics to WbwCECO104 even though they only share 47 % sequence identity. Shared 

characteristics include an essential DxDD motif, a requirement for either manganese or 

magnesium ions for activity, and specificity for UDP-Gal as a donor substrate and GalNAcα-O-

PO3-PO3-(CH2)11-O-Ph as an acceptor. Future work will test if inhibitors decrease survival of 

pathogenic bacteria.  
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6.1.3 Summary of the α-Sialyltransferase WbwA Characterization 

We show here that the wbwA gene of the O104 antigen gene cluster encodes a novel 

sialyltransferase. This enzyme synthesizes the sialyl-T antigen, sialylα2-3Galβ1-3GalNAc-R, 

which is a core 1 based structure commonly found in O-glycans of glycoproteins and mucins. 

This structure is synthesized by ST3Gal1 in humans, which has been shown to be overexpressed 

in breast cancer and has been shown to play a role in the survival of cancer cells in vivo. WbwA 

transfers sialic acid from CMP-sialic acid to the core 1-containing Galβ1-3GalNAcα-diphosphate 

acceptor creating the same sialylα2-3Galβ1-3GalNAc- linkage as human ST3Gal1. However, 

WbwA was inactive with ST3Gal1 acceptor substrates and has only 13.6% sequence identity 

with human ST3Gal1. Nonetheless, other properties of the two enzymes were found to be 

similar. For example, both enzymes were inhibited by bis-imidazolium salts with aliphatic chains 

of 20 or more carbons and both enzymes were specific for CMP-sialic acid as a donor substrate. 

WbwA has an essential HP motif at and requires E111 and D112 for activity. This work shows 

that human and bacterial sialyltransferases have common features in spite of low sequence 

identity, and that the bacterial enzyme can synthesize a human-like glycan. 

 

6.1.4 Summary of the α-Galactosyltransferase WbwB Characterization 

Here we identified the wbwB gene product as a unique α1,4-Gal-transferase WbwB that transfers 

Gal from UDP-Gal to the terminal sialic acid residue of Neu5Acα2-3Galβ1-3GalNAcα-

diphosphate-lipid acceptor. NMR analysis of the WbwB enzyme reaction product indicated that 

Galα1,4-Neu5Acα2-3Galβ1-3GalNAcα-diphosphate-lipid was synthesized. WbwB from E. coli 

O104 has a unique acceptor specificity for terminal sialic acid as well as the diphosphate group 
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in the acceptor. The characterization studies showed that WbwB that does not require divalent 

metal ion as a cofactor. Mutagenesis identified Lys243 within an RKR motif and both Glu315 

and Glu323 of the fourth EX7E motif as essential for the activity. WbwB is the final 

glycosyltransferase in the biosynthesis pathway of the ECO104 antigen repeating unit. This work 

contributes to knowledge of the biosynthesis of bacterial virulence factors. WbwB is the first 

enzyme shown to add a hexose to terminal sialic acid to synthesize a structure not found in 

humans. However, the enzyme could be useful for functional studies in the human immune 

system where sialic acid plays an important role.  

 

6.1.5 WckD 

We have started a preliminary characterization of the E. coli O104 acetyltransferase WckD 

which is predicted to acetylate the sialic acid in the O antigen repeating unit at positions 7, 9. 

WckD was successfully cloned and expressed.  However, we were unsuccessful in acetylating 

either WbwB product (Galα1-4Neu5Acα2-3-Galβ1-3GalNAcα-O-PO3-PO3-(CH2)11-O-Ph) or 

WbwA product (Neu5Acα2-3-Galβ1-3GalNAcα-O-PO3-PO3-(CH2)11-O-Ph) that contain sialic 

acid. Further work needs to be done to find appropriate acceptor and donor substrates, and to 

accomplish WckD characterization. This will then allow the chemo-enzymatic synthesis of a 

complete O104 O antigen repeating unit with proper acetylation of the sialic acid.  
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6.3 General Conclusions 

Biochemical characterization studies are essential to identify the functions of gene products. We 

have shown that the E. coli O104 repeating unit can be enzymatically synthesized in vitro, based 

on a natural sugar-diphosphate lipid analog that was chemically synthesized.  

This technology may be used for functional studies, by using the enzyme product as a substrate 

or inhibitor for other bacterial glycosyltransferases, or using the techniques and knowledge 

gained to assay other bacterial glycosyltransferases, or development of vaccines for bacterial 

infections or human cancer. Bacterial enzymes may have the same activity and amino acids 

critical for activity as human enzymes but the sequences do not seem to be related; thus they 

have evolved differently. Mixing WbwC, WbwA and WbwB increases the reaction product 

yield, suggesting that the enzymes may work in an efficient protein complex.  

6.3.1 The T and Sialyl-T Antigen 

The T or TF antigen (Galβ1-3GalNAcα-) is highly expressed by over 90 % of all human cancers 

(3). The Galβ1-3GalNAcα1-Ser/Thr structure is the human core 1 structure which is normally 

expressed on cells but is concealed by sugar chains, sialic acids or sulphates to form branched 

and complex O-glycans (2,3). Overexpression of the T antigen may contribute to the progression 

of cancer cells by increasing cell communication and interaction through binding of cells with 

the carbohydrate-binding proteins lectins. The mechanism of increased T antigen expression in 

cancer is possibly complex and not yet fully understood. The increased availability of UDP-

galactose for the core 1 β1,3 Gal-transferase in the Golgi apparatus due to increased expression 

of the UDP-Gal tasnporter is one possibly contributing factor, since increased Gal-transferase 

expression in has been found in human colon cancer (3). Increased pH in the Golgi has been 
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found in both breast and colon cancer cells and may be responsible for increased T antigen 

expression (3). Another possiblility is that cell surface T antigen expression is controlled by the 

core 1 β1,3 Gal-transferase chaperone, Cosmc, which controls the expression of the core 1 β1,3 

Gal-transferase by promoting its stability and proper folding and preventing degradation by the 

proteasome. However, changes in Cosmc expression in cancer cells have not yet been 

demonstrated. The molecular mechanisms contributing to the incease in T and sialyl T 

expression are not yet fully understood, and may be a combination of diverse and complex 

factors. Further understanding of the mechanisms that lead to increased T and sialyl T expression 

can lead potential anti-cancer strategies by eliminating the T and sialyl T that contributes to 

cancer progression through enzyme inhibitors of over-expressed enzymes or gene editing of 

mutations leading to increased expression. In spite of not yet knowing the exact mechanism of 

increased T and sialyl T expression, anti-T antigen vaccination has demonstrated complement-

mediated cytotoxity of cancer cells in clinical trials (3). Therefore, the ability to easily synthesize 

the T antigen and sialyl T antigen using the bacterial enzymes WbwC and WbwA can be part of 

an anti-T and anti-sialyl T antigen vaccine development.  

 

6.4 Future Directions 

6.4.1 Characterizing Other Enzymes in the E. coli O104 Synthesis Pathway 

The next step would be to characterize the other enzymes in the LPS biosynthetic pathway in 

order to synthesize the completed O antigen. The remaining enzymes to characterize in the 

Wzx/Wzy dependent-pathway are Wzx, Wzy, Wzz and WaaL. The flippase, Wzx, transfers P-

Und-linked O-repeating units across the membrane (4). Polymerase Wzy links the repeating 
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units together in the periplasmic space to form the complete O-antigen polysaccharide. Wzz 

determines the length of the complete O-antigen (4). Ligase WaaL then attaches the O antigen to 

the core oligosaccharide which is linked to lipid A (4). The entire LPS molecule is then 

translocated to the cell surface by the Lpt complex (5). All of these enzymes have yet to be 

characterized in E. coli O104 and in other gram negative bacteria. Characterizing these enzymes 

would give further insight into LPS synthesis and O antigen regulation.  

 

 

6.4.2 E. coli O104 O Antigen-Based Vaccine Development  

Characterization of the polymerase Wzy would allow to link multiple repeating units of the E. 

coli O104 O antigen which would be necessary for the development of a glycoconjugate vaccine.  

In order to make a vaccine, at least 3-4 repeating units are needed (6,7). Also, it usually needs to 

be conjugated to a carrier protein such as endotoxin A (7,8). Antibodies can recognize epitopes 

as small as a hexasaccharide, however a single unit of the O104 O antigen is only a 

tetrasaccharide so there would need to be at least two units linked together. They would also 

need to be linked to a carrier protein. There are two ways by which this can be accomplished. 

The first would be chemically which has the inherent difficulty of synthesizing the correct 

linkage. The second would be enzymatically since bacterial glycosyltransferases have distinct 

specificities and can synthesize glycans with the natural stereochemistry. In addition, they can be 

engineered to synthesize glycans or glycoconjugates with a great variety of different structures 

(6).  
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6.4.3 Structural Studies on the Enzymes Studied  

Further work needs to be done on the enzymes characterized in this work to determine the roles 

of key residues. We have succesfully identified important residues; however, we do not know the 

exact function of these residues. Structural studies such as STD NMR and X ray crystallography 

can help determine if they are catalytic residues or play a role in binding substrate or if they have 

a structural role. Structural studies can also provide insight into how the inhibitors work and can 

allow for rational design to be used to improve or redesign inhibitors based on the structures of 

the enzyme, how the substrates bind and key catalytic residues.  

 

6.5 Significance 

Current advances in DNA sequencing has allowed for hundreds of thousands of putative 

glycosyltransferases to be discovered but to date few have been characterized. Therefore, only a 

few key motifs and residues are known and it is usually impossible to predict glycosyltransferase 

function based on sequence alone. By characterizing novel enzymes, key residues or motifs 

emerge which can allow for the prediction of the function and structure of novel enzymes. This 

will in turn allow for the development of improved bioinformatics tools to predict structure and 

function of novel enzymes.  

 

6.6 Concluding Remarks 

In this work, I successfully characterized the glycosyltransferases involved in E. coli O104 O 

antigen synthesis. All of these enzymes are novel enzymes which have not been previously 

characterized. We are interested in studying these enzymes because not only is E coli O104 a 
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potentially deadly human pathogen with known antibiotic resistance, but E. coli O104 is able to 

synthesize the T antigen and the sialyl T antigen structure, which are important cancer markers. 

Therefore, E. coli O104 O antigen glycosyltransferases have the potential to aid in the synthesis 

of both an E. coli O104 vaccine and an anti-cancer vaccine. Glycosyltransferases are also a large 

class of enzymes that still requires much further study. By characterizing novel 

glycosyltransferases, we are improving the understanding of this family of enzymes, which can 

help in achieving the end goal of predicting enzyme structure and function from gene sequence 

alone. As novel human pathogens emerge, as in the case with E. coli O104 and increased 

antibiotic resistance, the ability to quickly identify bacteria and design novel antibiotic strategies 

is essential.   
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Appendix 

Section A - Chapter 4 Supplemental Figures 

Figure A4.1.  600 MHz TOCSY NMR spectrum of WbwAO104 product Sialylα2-3Galβ1- 
3GalNAcα- PO3-PO3-(CH2)11-O-Phenyl.  
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Figure A4.2. 600 MHz HSQC NMR spectrum of WbwA

O104 product Sialylα2-3Galβ1- 
3GalNAcα-PO3-PO3-(CH2)11-O-Phenyl.  
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Section B  

O-acetylation of the sialic acid moiety of the Escherichia coli O104 antigen by O-

acetyltransferase WckD 

B.1 Abstract 

Acetylation can modify the chemical and physical properties of sialic acid and change the 

biological functional, such as masking acetylated sialic acid in bacteria from host immune cells 

or modifiying receptor recognition. The repeating unit of the O104 is N-acetylated on the sialic 

acid at position 5 and O-acetylated on the sialic acid at positions 7 and 9.  The enzyme thought to 

acetylate the sialic acid is WckD. The gene has been successfully cloned and protein has been 

expressed and purified. However, we have not yet successfully determined the O-

acetyltransferase activity of WckD, and the enzyme remains to be characterized. Further work 

needs to confirm that WckD is a sialate 7 (or 9) O-acetyltransferase. 

 

B.2 Introduction 

Sialic acid is the general name given to various N- or O- substituted variants of the nine carbon 

sugar neuraminic acid.  There are over 40 different types of sialic acid and they are usually 

classified based on the substitutions on carbon five, which can be an amino (neuraminic acid), an 

acetamido (N-acetylneuraminic acid), a glycolyl (N-glycolylneuraminic acid) or a hydroxyl 

group (ketodeoxynonulosonic acid (1).  Sialic acids can also be substituted at the hydroxyl 
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groups situated at positions C-4, C-7, C-8 and C-9 by O-acetyl, O-methyl, O-sulfate, O-lactyl or 

phosphate groups (2). Each of these modifications can change the polarity, hydrophilicity and 

other chemical properties of the sialic acid. The possibility for so many different substitutions 

sialic acids creates a huge diversity in types of sialic acids. There is a wide variety of roles sialic 

acid can play from binding selectins in humans to forming bacterial capsules. The E. coli O104 

O antigen pentasaccharide repeating unit contains one sialic acid which is N-acetylated on 

position 5 and O-acetylated on positions 7 and 9 (Figure 1) (3). The E. coli O104 O antigen gene 

cluster contains the acetyltransferase gene wckD, which is thought to O-acetylate the sialic acid 

in the repeating unit at positions 7 and 9 (4). The acetylation at position 5 is also found in the 

donor substrate CMP-sialic acid. Spontaneuous migration of acetyl groups from position 7 to 

position 9 has been observed, therefore, it is possible that WckD acetylates at position 7 and that 

the acetylation at position 9 is due to migration (5). The 7-acetyltransferase from bovine 

submandibular glands was shown to exclusively O-acetylate position 7, with migration of acetyl 

groups to position 9 and evidence was given to support the fact that this migration was aided 

enzymatically by a migrase (6). 
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Figure B.1. The structure of sialic acid showing the N-acetylation at position 5 and the O-
acetylation at positions 7 and 9, as shown to be in the O104 O antigen.  
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B.3 Materials and Methods  

B.3.1 Materials  

All reagents were purchased from Sigma-Aldrich-Millipore unless stated otherwise. Radioactive 

nucleotide sugars were obtained from American Radiolabeled Chemicals. Premixed Lennox-

Luria Broth, antibiotics and isopropylthiogalactoside were obtained from Bioshop. Ni2+-NTA 

Sepharose was obtained from Qiagen. C18 Sep-Pak (short) cartridges were from Waters. The 

synthesis of GalNAcα-PP-PhU was described before and Galβ1-3GalNAcα-PP-PhU was 

synthesized from GalNAcα-PP-PhU with WbwC as described (7). Neu5Acα2-3Galβ1-

3GalNAcα-Bn was synthesized from Galβ1-3GalNAcα-Bn with human ST3Gal1, and the 

WbwB acceptor Neu5Acα2-3Galβ1-3GalNAcα-PP-PhU was synthesized with WbwA as 

described (8). 

 

B.3.2 Synthesis of the wckD gene and expression of the WckD protein 

 A pUC57 plasmid containing the wckD gene encoding a protein with a six histidine tag at the 

amino terminus, and an ampicillin resistance gene, was obtained from GenScript. The plasmid 

was transformed into BL21 bacteria containing chloramphenicol resistance, which were grown 

overnight for 16 h on a plate containing LB agar with 100 µg/ml ampicillin and 50 ug/ml 

chloramphenicol. A single colony was picked and grown in 5 ml LB broth with ampicillin. 

Bacteria from a 5-ml overnight culture were grown in 500 ml of LB containing 100 µg/ml of 

ampicillin at 37°C with 200 rpm shaking until the optical density at 600 nm was 0.6. The 

expression of His-tagged protein was induced with 1 mM isopropylthiogalactoside for 12 h at 
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25°C at 200-rpm shaking and was confirmed by SDS-PAGE and Western blotting as described 

previously (7). Bacterial cells were harvested by centrifugation at 3,500 × g for 10 min. The 

pellet was resuspended in 10 ml phosphate-buffered saline pH 7.4 (PBS) with 30% glycerol and 

frozen in aliquots at −20°C. WckD protein was purified by Ni2+ affinity chromatography as 

described (7). 

 

B.3.3 WckD enzyme assays 

Bacterial homogenates were prepared by first thawing and isolating by centrifugation BL21 

bacteria containing WckD in 20% glycerol / PBS. Bacteria were then disrupted by sonication in 

50 mM sucrose for 15 s (3 times) with 1 min intervals on ice. Assays were performed in 

duplicate with 1-2 mg/ml total protein in WckD homogenate or 2 µg purified protein, and either 

0.1 mM of WbwA product or 0.1 mM of WbwB product as acceptor, 0.025 M of MES pH 7, and 

either 0.025 mM acetyl-p-nitrophenyl, 0.024 methylumbelliferyl or 1 mM Acetyl CoA as an 

acetyl group donor in 40 ul total volume. Reaction mixtures were incubated for 20 min at 37 C. 

Reactions were then stopped with 700 µl of cold water. The reaction mixture was filtered 

through C18 Sep Pak columns by first adding the reaction mixture to the columns, then washing 

the column with 3 ml of water. The product and acceptor substrates were eluted from the 

columns with 3 ml of methanol.  

 

B.3.4 Mass spectrometry 

The methanol was removed using a roto-evaporator and subsequently the water was removed 

using the lyophilizer. The sample was resuspended in 100 ul of water and analyzed by mass 

spectrometry by electrospray ionization mass spectrometry (ESI-MS) in the negative-ion mode.  
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B.3.5 Ascending Paper chromatography 

Ascending chromatography was performed to separate the acetylated from the non-acetylated 

WbwB product as a variation on the method described by Robinson (1963) to separate galactose 

from galactose-1-phosphate (9). The assays were performed as described above with WbwB 

product (167 cpm/nmol) as an acceptor substrate and Acetyl-p-nitrophenyl as a donor substrate. 

The reactions were stopped by freezing or by placing them on ice and immediately blotting them 

on a prepared Whatman paper. The paper chromatogram consisted of twelve columns that were 

each an inch in thickness. The columns were then further divided by lines that were 1.5 inches 

apart in order to create a grid. At the origin, one inch from the the bottom of the page, the total 

40 µl of the reaction mixture was spotted in the centre of each column. The second column 

contained the reaction mixture for the endogenous reaction with no aceceptor susbtrate. The 

fourth column contained the reaction mixture from the assay with the WbwB acceptor substrate. 

The sixth column contained the duplicate reaction mixture from the assay with the WbwB 

acceptor substrate. Other columns contained 0.03 mmol radioactive acetyl-p-nitrophenyl (4595 

cpm/nmol) or radioactive WbwB product (167 cpm/nmol). Space was left between the different 

columns to avoid overlap. Both edges of the paper chromatogram were stapled together to form a 

cylinder, and the chromatogram was placed in a cylindrical solvent tank with the origin line 

above the solvent at the bottom (Leloir’s solvent, 7 parts 95 % ethanol and 3 parts 1 M sodium 

acetate pH 7.5). The solvent was allowed to progress up the paper chromatogram for eight hours, 

after which point the solvent front was about an inch from the top. The paper was then removed 
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from the solvent, dried and the individual squares from the chromatogram were cut out for 

quantification of radioactivity by scintillation counting. 

 

B.4 Results 

B.4.1 Sequence alignment and homology modelling 

WckD was shown to have between 20 and 30 % sequence identity with other bacterial 

acetyltransferases using ClustalOmega (Table 6.1) (10). PHYRE2 homology modelling 

generated a model of WckD using PglB as a template and yielded a structure with 100 % 

confidence and 97 % coverage, including WckD residues 2-203 (11). PgiB is a member of the 

hexapeptide repeat family, The structure of PgiB is a homotrimer of three left-handed-helix 

folds, as is typical for a member of the hexapeptide repeat family, a class of acyltransferases that 

adopt a left-handed -helix fold and assemble into catalytic trimers (12) . The hexapeptide repeat 

is characterized by a periodicity repeating of the conserved motif [(I,V,L)GXXXX(I,V,L)] where 

every sixth residue is either an isoleucine, leucine, or valine and glycine usually follows the 

(I,V,L) (13).  The sequence of WckD shows this repeating motif (Figure 6.2). Thus, it is likely 

that WckD is a member of the hexapeptide repeat family and adopts a left-handed-helix fold and 

forms trimers.  
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Table B.1. Sequences of different acetyltransferases were compared using ClustalOmega.  
PgiB is a bifunctional enzyme and only the acetyltransferase domain was used for comparison. 
Abbreviations: AB: Acinetobacter baumanii, CC: Caulobacter crescentus, EC: E. coli; NG: 
Neisseria gonorrhea.  
 

Protein   Species                Activity                     Sequence ID 

(%)  UniProt 

LacA   ECO104  O-Acetyltransferase 22 

 EGT70538.1(GenBank) 

LacA   ECOF11  O-Acetyltransferase 24  P07464 

PerB   CC  N-Acetyltransferase 31  O85353 

PgiB   NG  O-Acetyltransferase 30  Q5FAE1 

Weel   AB  O-Acetyltransferase 20  B0V6J7 
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MKKKLIIIGAGGFAKAVIDSLDHNEYALEGFVDSLKSGMHQGYPIVGHSLSDISLPTEYY

YFIAIGDPDDRALWLSQIRDLKLETINVIDKTAIVSTRSSIGTCIYIGKMAIVNCDSQLEDG

VVINTRALIEHGNHISYCTNISTNVVLNGDVYVGEKSFIGSCTVVNGQIKIGSSTIVGSGSV

VIRNIPNNVVVAGTPTRLIRER 

 

Figure B.2.  Sequence of WckD. In red, the hexapeptide repeat residues are shown (either 
Isoleucine, Valine or Leucine). The glycine which usually follows the conserved hydrophobic 
residue is shown in blue.  
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B.4.2 Expression 

WckD expression was confirmed by SDS-PAGE and Western Blot. WckD has a molecular mass 

of 22.77 kDa according to the ExPASy - ProtParam program. SDS-PAGEs showed at band at 

approximately 28 kDa which is consistent with WckD with a 6 histidine tag. Western blot 

directed at the his-tag showed that WckD was successfully expressed.  

 

B.4.3 Mass spectrometry 

The mass spectrometry results for the assays containing WbwB product as an acceptor did not 

show acetylated WbwB product at the expected m/z of 1283 for mono-acetylated WbwB product 

or m/z 1325 for di-acetylated WbwB product. However, the peaks for the WbwB product were 

present at m/z 1241 in addition to mass ions with one and two Na+ ions. The assays containing 

WbwA product as an acceptor did not show any acetylation as there was no peak present at m/z 

1121 for the acetylated WbwA product or 1163 for the di-acetylated product. However, there 

were peaks present for the WbwA product at m/z 1163 and for the WbwA product with one and 

two Na+ ions.  

 

B.4.4 Ascending Paper chromatograpy  
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Since acetylation of sialic acid is known to drecrease the polarity and hydrophilicity, it was 

expected that that the acetylated WbwB product would migrate further in Leloir solvent. The 

results did not show any acetyltransferase product. 

 

 

 

B.5 Discussion 

Initial assays to attempt to characterize the E. coli O104 acetyltransferase WckD were 

unsuccessful since the acetylated sialic acid was not detected. This could be due to several 

factors. Perhaps the necessary conditions for the enzyme reaction have not yet been established. 

Acetyl CoA was expected to act as a donor substrate and provide the acetyl groups since Acetyl 

CoA is located in the cytoplasm of bacteria; so it is available where the majority of the O antigen 

repeating unit synthesis takes place on the inner leaflet of the inner membrane. Acetyl-p-

nitrophenyl was also tested as a potential acetyl group donor but it is possible that neither Acetyl 

CoA or Acetyl-p-nitrophenyl are appropriate donor substrates used by the enzyme WckD in 

vitro. It is not yet determined at what stage in the O antigen synthesis pathway sialic acid is 

acetylated. WbwA product, which contains sialic acid and WbwB product, which contains a 

substituted sialic acid were both tested as acceptors and it is most likely that acetylation occurs in 

the cytoplasm along the inner leaflet of the inner membrane where the pentasaccharide unit is 

synthesized. It is possible that the reaction requires a different pH or a cofactor. When using the 

bacterial lysate, it is possible that deacetylases degrade the enzyme product. Thus, the enzyme 

has to be re-tested in the purified form. Acetyltransferases may also have deacetylase activities. 

The time and temperature of the incubation may have to be adjusted to avoid product 
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degradation. Since WckD is expected to form a trimer, while the enzyme expression was 

confirmed by Western blot, it is possible that the enzyme is not folded properly, or that the trimer 

is not properly assembled, and therefore the enzyme is not in an active form. A native gel can 

help determine if the enzyme is in trimeric form. Circular dichroism can also be used to 

determine whether or not WckD is forming a trimer upon further purification to increase the 

purity and yield. 

 

The O-acetylation of the sialic acid of the ECO104 antigen repeating unit at positions 7 and 9 

would allow us to achieve the chemo-enzymatic synthesis of the complete E. coli O104 O 

antigen repeating unit. Since the anti-O104 antibody did not recognize the unacetylated E. coli 

O104 O antigen repeating unit, it is possible that the O acetylation is necessary for antibody 

recognition since acetylation has been shown to modify antibody and receptor recognition. A 

complete O acetylated O104 O antigen repeating unit would be an ideal basis for vaccine 

synthesis. The complete O antigen repeating units could be chemically linked or enzymatically 

polymerized to form larger fragments of the O antigen which then can be conjugated to a protein 

carrier to generate a glycoconjugate vaccine.  

 

Few bacterial O antigen repeating units in bacteria contain sialic acid and therefore few bacterial 

O antigen repeating unit gene clusters contain acetyltransferases. To date, no acetyltransferases 

involved in O antigen synthesis have been characterized. However, sialic acid plays an important 

role in cell-cell recognition, modification of immune cell function, and various other important 

functions in mammalian cells and bacterial and viral/host interactions. Changes in sialic 

expression have been shown in several types of cancer and sialic acid has important biological 
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functions. By characterizing a bacterial enzyme capable of acetylating sialic acid, we improve 

our understanding of sialic acid modifications and their functions.  
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