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ABSTRACT 

 
 

Biosynthesis of the Lipopolysaccharide O-antigens of Escherichia coli 
Serotypes O8 and O9a 

 

Laura K. Greenfield      Advisor: 
University of Guelph, 2012     Professor Chris Whitfield 
 

 The Escherichia coli O9a and O8 antigen serotypes represent model systems for 

the ABC transporter-dependent synthesis of bacterial polysaccharides.  Their O-antigens 

are linear mannose homopolymers containing conserved reducing termini (the primer-

adaptor), a variable repeat-unit domain, and a non-glycan terminator.  Synthesis of these 

glycans occurs on the polyisoprenoid lipid acceptor, undecaprenyl pyrophosphoryl-β-

GlcNAc, due to the sequential activities of two conserved mannosyltransferases, WbdC 

and WbdB, and a serotype-specific mannosyltransferase, WbdA.  The work reported in 

this doctoral thesis establishes a model for biosynthesis of the O8 and O9a antigens using 

a combination of in vivo (mutant complementation) experiments and in vitro strategies 

with purified enzymes and synthetic acceptors.  WbdC and WbdB synthesize the adaptor 

region, where they transfer one and two α-(1,3)-linked mannose residues, respectively.  

The WbdA enzymes are solely responsible for forming the repeat-unit domains.  

WbdAO9a polymerizes a tetrasaccharide repeat unit containing two α-(1,3)- and two α-

(1,2)-linked mannose residues, while WbdAO8 polymerizes trisaccharide repeat units 

containing single α-(1,3), α-(1,2), and β-(1,2)-mannoses.  Consistent with the 

multifunctional nature of the WbdA mannosyltransferases, two separable domains were 

identified in WbdAO9a and three in WbdAO8.  Results from mutation of the catalytic site 



motifs of WbdAO9a and in vitro assays with synthetic acceptors demonstrated that the N-

terminal domain of WbdAO9a possesses α-(1,2)-mannosyltransferase activity.  Therefore, 

these studies form a framework to investigate the hypothesis that each domain of WbdA 

is a catalytically active mannosyltransferase module, possessing one of the activities 

associated with the enzyme.  The O8 and O9a systems provide examples where a unique 

combination of single domain mannosyltransferases, one of which is capable of adding 

two mannose residues in succession, and a multidomain polymerizing 

mannosyltransferase is exploited to build a single glycan.  The information gained from 

this project is expected to extend to other bacteria that utilize similar pathways for 

biogenesis of cell surface glycopolymers.   
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Chapter 1: Introduction 
1.1 Structure and assembly of lipopolysaccharides. 

 The cell envelope of Gram-negative bacteria consists of an inner and outer 

membrane (OM), separated by a peptidoglycan-containing compartment called the 

periplasm.  Unlike most biological membranes, the OM is an asymmetrical lipid bilayer.  

In most examples, the inner leaflet is composed predominately of phospholipid and the 

outer leaflet of lipopolysaccharide (LPS)  (Smit et al., 1975; Kamio and Nikaido, 1976; 

Lugtenberg and Van Alphen, 1983).  Exceptions include certain Gram-negative bacteria 

that do not contain LPS as a component of their OM  (Hardy and Levin, 1983; Takayama 

et al., 1987; Meissner et al., 1988; Kawahara et al., 1991; Kawasaki et al., 1994; 

Kawahara et al., 2000; Leone et al., 2006; Yang et al., 2010; Keck et al., 2011).  

 The classical LPS molecule possesses a tripartite structure: the lipid A, core-

oligosaccharide (core-OS) and O-polysaccharide (O-PS)  (Raetz and Whitfield, 2002).  In 

such cases, a complex mixture of LPS molecules can be found in the OM, including 

molecules containing only the lipid A and core-OS (rough LPS), as well as molecules 

capped with O-PS (smooth LPS).  However, some bacteria are unable to produce LPS 

containing O-PS.  Examples include some mucosal pathogens that produce an LPS form 

called lipooligosaccharide  (Preston et al., 1996).  In most LPS-producing bacteria, a 

minimal LPS structure is essential for viability; in Escherichia coli the minimal structure 

consists of the lipid A and 2-keto-3-deoxyoctulosonic acid (Kdo) residues of the inner 

core  (Gronow and Brade, 2001; Raetz and Whitfield, 2002).  However, a viable E. coli 

mutant containing a lipid A derivative devoid of Kdo and full acylation (lipid IVA) has 

been isolated, redefining the minimal LPS requirement for growth in E. coli  (Meredith et 
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al., 2006; Mamat et al., 2008; Reynolds and Raetz, 2009).  Furthermore, LPS-deficient 

mutants (i.e. lacking lipid A) of Neisseria meningitidis  (Steeghs et al., 1998; Bos and 

Tommassen, 2005), Moraxella catarrhalis  (Peng et al., 2005) and Acinetobacter 

baumannii  (Moffatt et al., 2010; Moffatt et al., 2011; Henry et al., 2012) have been 

isolated, providing exceptions to the generalization that some form of LPS is essential. 

The typical lipid-A structure consists of a glucosamine disaccharide, substituted 

with fatty acids (Fig. 1.1) (reviewed in Caroff and Karibian, 2003; Raetz and Whitfield, 

2002;  Raetz et al., 2007).  The core-OS is divided into two conceptual regions, which are 

distinguished by their sugar composition (Fig. 1.2).  The inner core is highly conserved, 

consisting of Kdo and L-glycero-D-manno-heptose residues  (Caroff and Karibian, 2003).  

The outer core displays limited structural diversity, and consists predominately of hexose 

sugars  (Caroff and Karibian, 2003).  The O-PS domain is made up of repeating units of 

one or more sugar residues and displays remarkable structural diversity.  Variations in the 

combination, position and stereochemistry of the monosaccharide sugars, and the 

presence (or lack) of non-carbohydrate substituents make O-PS one of the most variable 

cell components.  In E. coli alone, approximately 180 different O-antigens have been 

identified by serological methods  (Orskov et al., 1977; Orskov et al., 1984; Orskov et 

al., 1991; Scheutz et al., 2004), and many of the corresponding O-PS structures have 

been determined  (Stenutz et al., 2006).  The length of the O-PS domain can vary, but 

most isolates exhibit a preferred range of O-PS chain lengths, and thus LPS preparations 

when resolved by sodium dodecyl (SDS)-polyacrylamide gel electrophoresis  (PAGE) 

display a modal chain length distribution  
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Figure 1.1: Structure of the E. coli lipid A component of LPS.  The structure consists 

of a β-(1,6)-linked glucosamine disaccharide, substituted with fatty acids via ester links at 

positions 3 and 3´, and amide-links at positions 2 and 2´.  In most cases, positions 1 and 

4´of the disaccharide lipid A backbone are monophosphorylated.  Positions 4 and 6´ are 

free, the latter of which serves as the attachment site for the core-oligosaccharide.  
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Figure 1.2: Structures of the five E. coli core-oligosaccharides. The type-specific, 

non-stoichiometric substituents to the inner core are identified by dotted lines.  The 

ligation sites for O-polysaccharides are indicated where known. Adapted from Raetz and 

Whitfield (2002). 
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(Jann et al., 1975; Goldman and Leive, 1980; Palva and Mäkelä, 1980).  Although not 

essential for growth in laboratory culture, O-PS helps the bacterium resist certain 

antimicrobials, the host complement system, and environmental stresses when growing in 

its natural environment  (Nikaido, 1976; Joiner, 1988; Banemann et al., 1998; Najdenski 

et al., 2003).  The specific O-PS chain length (i.e. modality) is important for these 

protective roles  (Weiss et al., 1986; Grossman et al., 1987; Burns and Hull, 1998; 

Murray et al., 2003; Morona et al., 2003; Murray et al., 2005; Murray et al., 2006).  

 Biosynthesis of Kdo2-lipid A occurs partly in the cytoplasm, and partly at the inner 

leaflet of the inner membrane (IM), and requires nine enzymatic steps conserved among 

Gram-negative species  (Raetz and Whitfield, 2002; Trent, 2004; Raetz et al., 2007).  The 

Kdo2-lipid A then serves as the acceptor to which glycosyltransferase enzymes add the 

core-OS by the sequential transfer of residues  (Raetz and Whitfield, 2002).  Once 

complete, the lipid A-core is transported to the periplasmic face of the IM by the ATP-

binding cassette (ABC) transporter, MsbA  (Zhou et al., 1998; Doerrler and Raetz, 2002; 

Ward et al., 2007; Raetz et al., 2007).  Additional environmentally-regulated 

modifications of the base lipid A-core structure can occur at the IM, or following transfer 

to the OM, and these are crucial in the capacity of LPS to provide resistance against 

molecules such as cationic antimicrobial peptides  (Raetz and Whitfield, 2002; Trent, 

2004; Raetz et al., 2007).  

 O-PSs are synthesized by IM-associated enzyme complexes and follow one of three 

possible pathways.  All share a requirement for C55-undecaprenyl phosphate (und-P), a 

polyisoprenoid derivative that serves as an acceptor for O-PS chain assembly.  They all 

result in und-PP-linked O-PS at the periplasmic face of the IM, where the O-PS and lipid 
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A-core biosynthesis pathways converge.  The completed O-PS is transferred from the 

und-PP-linked intermediate and ligated to the lipid A-core.  Ligation occurs by the action 

of the integral membrane protein, WaaL, which forms the glycosidic bond between the 

first sugar of the O-PS and a sugar in the outer core  (Heinrichs et al., 1998b; Raetz and 

Whitfield, 2002).  In all cases examined to date, ligation occurs through a β-linkage with 

inversion of the configuration of the first (reducing end) glycose in the und-PP-linked O-

PS  (Ruan et al., 2011).  Mutants deficient in WaaL activity fail to produce LPS capped 

by O-PS, and consequently accumulate und-PP-linked O-PS within the cell 	  (Mulford and 

Osborn, 1983; MacLachlan et al., 1991; McGrath and Osborn, 1991; Abeyrathne et al., 

2005).  WaaL enzymes share a similar topological organization that includes multiple 

transmembrane segments and a large periplasmic loop located near the C-terminus of the 

protein  (Schild et al., 2005; Pérez et al., 2008; Islam et al., 2010).  Apparently, residues 

contained within this periplasmic loop are important for ligase activity  (Pérez et al., 

2008).  WaaL homologues exhibit no specificity for the O-PS or und-PP components 

during the ligation process  (Raetz and Whitfield, 2002; Han et al., 2012), but have 

precise requirements for the lipid A-core component  (Morona et al., 1991; Klena et al., 

1992; Heinrichs et al., 1998b; Heinrichs et al., 1998c; Heinrichs et al., 1998a; Schild et 

al., 2005).  The mechanism by which WaaL operates has not been resolved, but it has 

been proposed recently to share features with metal-independent inverting 

glycosyltransferases  (Ruan et al., 2011). 

 The mature LPS molecule must be transported across the periplasm and inserted 

into the outer leaflet of the OM where it resides.  The process by which this occurs is 

only now being elucidated, and involves a pathway known as the Lpt (LPS transport) 



	   7	  

pathway (Fig. 1.3)  (Ruiz et al., 2009; Sperandeo et al., 2009).  At least seven proteins, 

LptA-G, are responsible for the final stages of LPS assembly.  The Lpt proteins are 

believed to form a complex that traverses the Gram-negative cell envelope to deliver LPS 

to the OM  (Chng et al., 2010a).  Depletion of any one of these components results in the 

accumulation of LPS on the periplasmic side of the IM  (Ruiz et al., 2008; Sperandeo et 

al., 2008; Ma et al., 2008).  A systems biology initiative using a genetic screen to 

establish interaction maps for proteins involved in cell envelope biosynthesis has recently 

identified additional proteins that may be involved in LPS/OM biogenesis.  These include 

the unannotated proteins, YftN (a putative β-barrel protein), YfgH, YceK and YhjD  

(Babu et al., 2011).  

 LptF and LptG are transmembrane proteins located within the IM.  Together with 

LptB, they form an ABC protein complex that is thought to utilize the energy from ATP 

hydrolysis to extract LPS from the periplasmic face of the IM  (Ruiz et al., 2008; Narita 

and Tokuda, 2009; Gronenberg and Kahne, 2010).  LptC belongs to this complex, but is 

not present in all bacteria and is not required for ATP hydrolysis  (Narita and Tokuda, 

2009).  The newly identified YhjD also interacts with the LptBCFG complex and, like 

LptC, binds the lipid A-core component of LPS in vitro  (Babu et al., 2011).  However, it 

is unknown what role YhjD plays in the extraction of LPS from the IM.  LptC interacts 

with LptA and is proposed to act as a docking site for LptA at the IM  (Sperandeo et al., 

2011).  Consistent with this role, LptC can transfer LPS unidirectionally to LptA, another 

LPS-binding protein  (Tran et al., 2008; Tran et al., 2010).  The crystal structures of LptC 

and LptA have been solved and they showed a common fold, but unfortunately the 

structures shed no light on how these proteins might bind LPS  (Suits et al., 2008; Tran et  
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Figure 1.3: The Lpt pathway for transport of LPS to the bacterial cell surface.  

Export of LPS across the IM and insertion of the molecule into the outer leaflet of the 

OM involves at least seven proteins, LptA-G.  Newly identified proteins predicted to be 

involved in LPS/OM biogenesis, YftN, YfgH, YceK and YhjD, may also be involved.  In 

the model best supported by the available biochemical evidence, LptA proteins form a 

bridge, directly connecting the inner and OMs to facilitate the transfer of LPS across the 

periplasm. Figure from Greenfield and Whitfield (2012).  
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al., 2010).  The spectrum and activities of the Lpt components resemble the Lol pathway 

utilized for lipoprotein export in Gram-negative bacteria  (Narita et al., 2004; Okuda and 

Tokuda, 2009).  In the Lol system, LolA serves as a chaperone to shuttle lipoproteins 

between an ABC protein complex in the IM and an OM receptor.   In contrast, 

biochemical evidence supports a model where the corresponding LptA proteins form a 

bridge, directly connecting the inner and OMs to facilitate the transfer of LPS across the 

periplasm (Fig. 1.3).  This evidence includes: (i) the formation of LptA filaments that 

interact in a head-to-tail fashion when crystallized in the presence of LPS  (Suits et al., 

2008); (ii) the transport of LPS in spheroplasts devoid of most periplasmic constituents  

(Tefsen et al., 2005); and (iii) the presence of the Lpt machinery in both the IM and OM 

fractions  (Chng et al., 2010a).  LptD and LptE form a complex in the OM, and are 

responsible for the correct insertion of LPS in the outer leaflet  (Wu et al., 2006; Chng et 

al., 2010b).  LptE has been shown to bind LPS and may serve as a recognition site for the 

molecule at the OM  (Chng et al., 2010b), but the manner in which LptD and LptE work 

to facilitate orientation of the LPS in the outer leaflet of the OM is not understood.  The 

newly identified YftN, YfgH and YceK proteins associate with the LptDE complex and 

could potentially play a role in this process  (Babu et al., 2011).  

1.2  An overview of O-PS biosynthesis pathways. 

 O-PSs are synthesized and exported by one of three known pathways: synthase-

dependent, Wzy-dependent or ABC-transporter-dependent pathway (Fig. 1.4).  

Regardless of the biosynthetic pathway used, all O-PSs are assembled on the C55-

polyisoprenoid lipid carrier, und-P, and share a similar initiation reaction (reviewed in 

Raetz   and  Whitfield, 2002).   The  Wzy-dependent   and   ABC-transporter-dependent  
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Figure 1.4: Mechanisms of O-PS biosynthesis.  In the ABC transporter-dependent 

pathway, extension of the O-PS chain occurs entirely at the cytoplasmic face of the IM by 

glycosyltransferases (GTs) which add residues to the non-reducing terminus of the 

nascent polymer.  The polymer is then exported across the IM by an ABC transporter.  In 

the Wzy-dependent pathway, individual repeat-units are assembled at the cytoplasmic 

face of the IM by GTs and these are then transported across the IM by the “flippase”, 

Wzx.  Polymerization of the polysaccharide occurs at the periplasmic face of the IM, 

where Wzy catalyzes the addition of new repeat units to the reducing terminus of the 

growing O-PS.  A member of the PCP family of proteins regulates chain length.  In the 

synthase-dependent pathway, a polymerizing GT (the synthase) assembles the O-PS at 

the cytoplasmic face of the IM and is also believed to be involved in export of the O-PS 

across the IM. However, the details of this mechanism remain unknown.  Figure from 

Greenfield and Whitfield (2012). 



	   11	  

 

 
 



	   12	  

pathways are widespread among Gram-negative bacteria, while the O:54 O-PS of 

Salmonella enterica serovar Borreze represents the only known example of an O-PS 

assembled by the synthase-dependent mechanism.  The synthase-dependent pathway is 

the least well characterized of the O-PS biosynthesis mechanisms.  O-PS assembled by 

this pathway requires the participation of a polymerizing glycosyltransferase (the 

synthase), which is also believed to be involved in export of the O-PS across the IM  

(Keenleyside and Whitfield, 1996).  However, mechanistic details of this process remain 

unknown.   

 In the Wzy-dependent pathway, individual repeat-units are synthesized at the 

cytoplasmic face of the IM, and then exported across the IM by the flippase enzyme, 

Wzx  (Liu et al., 1996; Feldman et al., 1999; Alaimo et al., 2006).  Once in the 

periplasm, repeat-units are assembled in a blockwise manner into O-chain by the putative 

polymerase, Wzy  (Bray and Robbins, 1967; Robbins et al., 1967; Collins and Hackett, 

1991; Woodward et al., 2010).  Chain length is controlled by Wzz, a member of the 

polysaccharide copolymerase (PCP) family  (Batchelor et al., 1991; Batchelor et al., 

1992; Bastin et al., 1993; Klee et al., 1997; Franco et al., 1998; Woodward et al., 2010).   

 In the ABC transporter-dependent pathway, the O-PS is synthesized entirely in the 

cytoplasm on a lipid-linked intermediate.  Once assembled, the O-PS is exported across 

the IM by a dedicated ABC transporter composed of two nucleotide-binding domains 

(NBDs) and two transmembrane domains (TMDs)  (Raetz and Whitfield, 2002; 

Cuthbertson et al., 2010).  Chain length is regulated by one of two known mechanisms, 

which will be discussed below in the context of two prototype systems.  Considerable 

progress has been made in elucidating the synthesis and export of these O-PSs across the 
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IM.  Much of our current understanding of ABC transporter-dependent O-PS biosynthesis 

has been established using the prototype polymannose system of E. coli O9a and 

polygalactose system of Klebsiella pneumoniae O2a. 

1.3  Structure and function of glycosyltransferases. 

1.3.1 General information. 

 Glycosyltransferases are ubiquitous enzymes found in all domains of life.  They are 

important for the biosynthesis of oligosaccharides and polysaccharides, including those 

found on glycoproteins, glycolipids and LPS.  Glycosyltransferase enzymes catalyze the 

transfer of an activated sugar donor to a specific acceptor substrate, forming a glycosidic 

bond.  The activated sugar donor is most commonly a nucleoside diphosphate sugar, 

although other forms of activated sugars may also be used, including nucleoside 

monophosphates, lipid phosphates, and unsubtituted phosphates  (Lairson et al., 2008).  

The acceptor substrates are generally other sugars, but lipids, proteins, nucleic acids and 

other small molecules may be used  (Lairson et al., 2008). 

 One of the early dogmas of glycobiology was that a single glycosyltransferase 

enzyme catalyzed the transfer of a single sugar with a specific linkage  (Hagopian and 

Eylar, 1968).  However, several enzymes are now known to possess multifunctional 

glycosyltransferase activity, whereby a single polypeptide chain can form at least two 

different linkages.  Those enzymes that have the ability to transfer more than one sugar 

residue within a given polypeptide have been designated “processive” or “distributive” 

glycosyltransferases  (Saxena et al., 2001).  Processive glycosyltransferases, or 

“synthases”, typically stay attached to the growing end of the polymer chain  (Saxena et 

al., 2001).  Classic examples of processive glycosyltransferases are those involved in 
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biosynthesis of cellulose, chitin and hyaluronic acid  (Saxena et al., 2001; Weigel and 

DeAngelis, 2007).  These enzymes have a clear importance in biology due to the identity 

of their products.  Multifunctional enzymes that do not stay attached to the growing 

polymer are referred to as sequential or “distributive” glycosyltransferases.  

 Glycosyltransferases are classified into families based on amino acid sequence 

similarities in the Carbohydrate Active Enzymes database (CAZy; http://www.cazy.org/)  

(Campbell et al., 1997; Coutinho et al., 2003; Cantarel et al., 2009).  At present, more 

than 90 distinct glycosyltransferase families have been identified and they are listed in 

the CAZy database.  Two large families, family 2 (GT2) and family 4 (GT4), encompass 

almost half of the total number of glycosyltransferases.  These families are the only two 

known to exist in archeal species, indicating they may represent ancestral families, from 

which subsequent groups evolved  (Coutinho et al., 2003). 

 Nucleotide sugar-dependent glycosyltransferases are subdivided as either 

“inverting” or “retaining” enzymes.  During glycosidic bond formation, the anomeric 

configuration of the α-linked nucleotide sugar donor may be either inverted or retained.  

As a result, the two classes of nucleotide sugar-dependent glycosyltransferases utilize 

different reaction mechanisms.  

 The mechanism of inverting glycosyltransferases is believed to resemble inverting 

glycosylhydrolases.  This strategy follows a direct SN2-like mechanism, originally 

proposed for the human α-(1,3)-fucosyltransferase V  (Murray et al., 1996).  Within the 

active site, an acidic amino acid behaves as a base that serves to deprotonate the hydroxyl 

group of the incoming acceptor substrate  (Breton et al., 2006; Lairson et al., 2008).  This 
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facilitates nucleophilic attack by the acceptor and displacement of the activated 

phosphate leaving group.  

 Unlike the inverting group of glycosyltransferases, the mechanism of retaining 

glycosyltransferases is not well understood.  Two mechanistic models have been 

proposed.  The first is based on direct comparison to retaining glycosylhydrolases and 

proposes a double displacement mechanism involving the formation of a covalent 

glycosyl-enzyme intermediate  (Lairson et al., 2008).  In this mechanism, an acidic amino 

acid within the active site attacks the anomeric carbon of the activated sugar.  This 

displaces the phosphate leaving group and covalently attaches the donor sugar.  The 

leaving group then abstracts a proton from the acceptor, facilitating nucleophilic attack at 

the anomeric carbon of the enzyme-linked sugar.  According to this mechanism, a 

nucleophilic residue is expected to be positioned close to the β-face of the donor 

nucleotide sugar.  In support of this model, results from mutagenesis of an α-(1,3)-

galactosyltransferase revealed that replacement of a residue within the active site 

substantially lowered the enzyme’s activity  (Zhang et al., 2003).  However, the majority 

of experimental evidence does not appear to corroborate this model.  For example, using 

a crystal structure as a guide, mutation of all possible catalytic residues in the LgtC 

retaining glycosyltransferase, did not reduce the enzymatic activity sufficiently to 

confirm the identity of a single essential catalytic residue  (Persson et al., 2001).  

Furthermore, attempts to trap a glycosyl-enzyme intermediate have been largely 

unsuccessful, albeit an intermediate species that involved an amino acid far removed 

from the active site  (Lairson et al., 2004).   
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 The inconsistencies of the experimental data with a double displacement 

mechanism have led to the proposal of a second mechanistic model for retaining 

glycosyltransferases.  This model, now proposed for the majority of retaining 

glycosyltransferases, has been termed the SNi-like mechanism  (Lairson et al., 2008).  

Formation of the reaction intermediate facilitates nucleophilic attack at the anomeric 

carbon by the incoming acceptor on the same face of the sugar.  This mechanism has 

been proposed for glycogen phosphorylase  (Klein et al., 1986). 

 Despite the large degree of sequence diversity among glycosyltransferase enzymes, 

only two main structural superfamilies have been described.  The corresponding folds, 

designated GT-A and GT-B (Fig. 1.5)  (Bourne and Henrissat, 2001), were first identified 

in the structures of SpsA from Bacillus subtilis  (Charnock and Davies, 1999) and β-

glucosyltransferase from bacteriophage T4  (Vrielink et al., 1994), respectively.  

Examples of both inverting and retaining glycosyltransferases have been reported for 

both the GT-A and GT-B superfamilies  (Coutinho et al., 2003).  Thus, a particular fold 

does not dictate the stereotypical outcome of the reaction it catalyzes.   A third structural 

glycosyltransferase family, GT-C, has also been proposed  (Fig. 1.5C) (Liu and 

Mushegian, 2003).  This family consists of a collection of integral membrane 

glycosyltransferases predicted to possess 8-13 TMDs.  The first crystal structure from 

this family, STT3 from Pyrococcus furiosus, showed that the active site is located within 

the soluble C-terminal domain of the protein  (Igura et al., 2008).  The location of the 

active site is supported by another GT-C structure, EmbC, from Mycobacterium 

tuberculosis  (Alderwick et al., 2011).  Two conserved motifs (the WWDYG and DK 

motif) are important for the activity of members from the GT-C superfamily, and are 
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Figure 1.5:  The three structural superfamilies of glycosyltransferases. (A) The GT-

A fold represented by the SpsA enzyme from Bacillus subtilis (PDB 1QGQ). (B) The 

GT-B fold is represented by the β-glucosyltransferase from bacteriophage T4 (PDB 

1JG7).  (C) The GT-C fold represented by the C-terminal soluble domain of STT3 from 

Pyrococcus furiosus (PDB 2ZAI). Structures were rendered using the PyMol Molecular 

Graphics System (Schrödinger, LLC). 
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within this C-terminal soluble domain of the protein  (Igura et al., 2008; Alderwick et al., 

2011).  Other glycosyltransferase families do not belong to the GT-A, GT-B or GT-C 

superfamilies and are known as orphan families  (Lairson et al., 2008).  Within the CAZy 

glycosyltransferase database, 18 families adopt the GT-A fold, 19 the GT-B fold, 10 the 

GT-C fold, and 44 are unknown. 

 The GT-A fold is characterized by two tightly associated α/β/α domains with a 

central β-sheet (Fig. 1.5A).  These adjoining domains are reminiscent of Rossmann-like 

folds typical of nucleotide binding proteins  (Lairson et al., 2008).  GT-A 

glycosyltransferases characteristically contain a DXD motif, and require a divalent cation 

for activity  (Wiggins and Munro, 1998; Breton et al., 1998).  The divalent cation enables 

the interaction between the enzyme and the phosphate groups of the nucleotide donor  

(Breton et al., 2006).  Investigation of the catalytic regions of GT-A enzymes has 

revealed that the N-terminal segment consists of the Rossmann-like NBD and DXD 

motif, while the C-terminal segment is more variable and involves recognition of the 

substrate  (Unligil and Rini, 2000; Breton et al., 2006).  The GT-B fold is also 

characterized by two α/β/α Rossmann-like domains but, unlike the GT-A, these domains 

are more loosely associated, and are separated by a linker region that forms an active site 

cleft (Fig. 1.5B).  These two domains are associated with the nucleotide donor and 

acceptor substrate.  The N-terminal domain is involved with binding of the acceptor; the 

C-terminal domain is strictly conserved, and corresponds to the NBD  (Breton et al., 

2006).  The GT-C fold adopts a novel structure, with a central helical domain surrounded 

by three β-sheet domains (Fig. 1.5C)  (Igura et al., 2008; Lairson et al., 2008).  In 

addition, structural variants have been described for both the GT-A and GT-B 
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superfamilies.  The structure of the sialyltransferase CstII from Campylobacter jejuni is a 

variation of the GT-A fold, bearing differences in the connectivity of the β-strands and 

lacks a DXD motif  (Chiu et al., 2004). The Neisseria meningitidis lipooligosaccharide 

sialyltransferase NST is a variation of the GT-B fold where, unlike the canonical fold, a 

4-stranded β-sheet structure extends away from the subunit resulting in a domain swap  

between adjacent subunits to form a functional homodimeric protein  (Lin et al., 2011).  

The human α-fucosyltransferase FUT8 represents another variation of the GT-B fold 

where the catalytic subunit consists of two domains, but only one of which resembles a 

Rossmann-like domain  (Ihara et al., 2007). 

1.3.2. The mycobacterial PimA mannosyltransferase. 

 The mycobacterial PimA mannosyltransferase is a model representative from the 

CAZy GT4 family of retaining glycosyltransferases.  The enzyme plays an essential role 

in the biosynthesis of phosphatidylinositol mannosides, unique glycolipids found in the 

inner and OMs of mycobacteria  (Ortalo-Magné et al., 1996; Pitarque et al., 2008).  PimA 

catalyzes the first step in the biosynthetic pathway, transferring two mannose (Man) 

residues from guanosine diphosphate (GDP)-Man to a phosphatidylinositol lipid acceptor  

(Korduláková et al., 2002). The dimannoside then serves as an acceptor for additional 

Man transfers by other mannosyltransferases belonging to the assembly pathway 

(reviewed in Guerin et al., 2010).  

The crystal structure of PimA and corresponding biochemical data have provided 

insight into the molecular mechanisms of GT4 glycosyltransferases.  Like many members 

of the GT4 family, PimA is peripherally associated with membrane via electrostatic 

interactions and the location of the mannosyltransferase reaction at the lipid-water 
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interface is crucial for efficient catalysis (Guerin et al., 2007).  The mannosyltransferase 

adopts a GT-B fold with a characteristic “closed” conformation in complex with GDP-

Man  (Guerin et al., 2007).  Upon binding of the nucleotide sugar, the enzyme undergoes 

a conformational change, switching from and “open” to a “closed” state, which bring 

together residues in the N- and C-terminal domains of the protein to form a catalytically 

competent active site  (Guerin et al., 2010).  Within the active site, there is a conserved 

EX7E motif involved in binding of the GDP-Man substrate.  The first Glu residue 

interacts with Man of GDP-Man and the second Glu makes contacts with the ribose 

moiety of GDP-Man  (Guerin et al., 2007).  Binding of the phosphatidylinositol acceptor 

initiates the reaction and induces conversion of the enzyme back to the “open” 

conformation, facilitating product release  (Guerin et al., 2010).  Therefore, PimA 

appears to follow an ordered mechanism.   

1.4  Assembly of the E. coli O9a and K. pneumoniae O2a O-PSs; 

prototypes for the ABC transporter-dependent pathway. 

1.4.1  Structure of the O-PSs and organization of the corresponding genetic 

loci. 

 The E. coli O8, O9 and O9a O-PSs are linear homopolymers of Man differing in 

the linkage sequence and the number of Man residues comprising their repeat-unit (Fig. 

1.6)  (Reske and Jann, 1972; Prehm et al., 1976; Jansson et al., 1985; Parolis et al., 

1986).  The E. coli O8 and O9 serotypes produce identical O-PSs to the K. pneumoniae 

O5 and O3 serotypes, respectively  (Saeki et al., 1993).  The O9 O-PS structure is also 

shared by isolates of other bacterial genera, including Citrobacter  (Kocharova et al., 

2001) and Hafnia  (Katzenellenbogen et al., 2001).  Detailed structural analysis of the K. 
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Figure 1.6:  (A) Structures of the E. coli O8, O9 and O9a polymannose O-PSs and 

(B) organization of the corresponding biosynthetic gene clusters.  Figure from 

Greenfield and Whitfield (2012). 
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pneumoniae O5 and O3 O-PSs has identified four conceptual regions in these O-PSs (and 

by extension their E. coli counterparts), referred to as the primer, adaptor, repeat-unit 

domain, and terminal modification (Fig. 1.6)  (Vinogradov et al., 2002).  These regions 

correlate to steps in the biosynthesis pathway.  A methyl group terminates the E. coli O8 

O-PS at the 3-position of the last Man residue  (Jansson et al., 1985; Vinogradov et al., 

2002).  A terminal methyl group was also identified in the E. coli O9 O-PS, but the 

structure of the terminus could not be resolved in these studies  (Lindberg et al., 1972; 

Vinogradov et al., 2002).  Later in vitro studies established that the O9 and O9a O-PSs 

are actually capped by a methyl-phosphate moiety, also at the 3-position of the terminal 

Man  (Clarke et al., 2004; Clarke et al., 2011).  The same structure has now been 

confirmed for authentic O9 O-PS and for the O-PS with the same repeating-unit structure 

from Hafnia alvei  (Kubler-Kielb et al., 2011).    

 The biosynthetic loci from E. coli O8 and O9/O9a and K. pneumoniae O5 and O3 

are nearly identical and all share a common organization (Fig. 1.6), reflecting conserved 

steps in the assembly pathway  (Sugiyama et al., 1994; Sugiyama et al., 1997), and lateral 

gene transfer between the two species  (Sugiyama et al., 1998).  A cluster of 8 genes 

directs synthesis and export of the polymannose O-PSs.  The first two, manC and manB, 

encode products involved exclusively in the synthesis of the nucleotide sugar, GDP-Man 

from Man-6-phosphate (Man-6-P)  (Sugiyama et al., 1994).  Man-6-P is synthesized from 

fructose-6-phosphate by the product of an unlinked gene, ManA  (Gabriel, O, 1987; 

Bachmann, 1990).  Immediately downstream, wzm and wzt encode the TMDs and NBDs 

of the ABC transporter, respectively  (Kido et al., 1995).  The remainder of the cluster 

encodes mannosyltransferases responsible for synthesizing the O-PS molecule, WbdA, 
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WbdB and WbdC  (Kido et al., 1995), and a gene product involved in chain termination, 

WbdD.  WbdB and WbdC are highly conserved between the serotypes, whereas WbdA 

and WbdD exhibit considerable sequence variation.  The E. coli O9/K. pneumoniae O3 

and E. coli O9a O-PSs are closely related, distinguished by the presence of an additional 

α-(1,2)-Man residue in the O9 repeat-unit (Fig. 1.6).  The O9a serotype is proposed to 

have arisen from point mutations in the wbdA O-PS biosynthesis genes acquired after the 

transfer from K. pneumoniae O3  (Sugiyama et al., 1998). 

 The K. pneumoniae O2a O-PS is referred to as D-galactan I and consists of a 

disaccharide repeating-unit structure, containing galactopyranose and galactofuranose 

residues (Fig. 1.7)  (Whitfield et al., 1991; Whitfield et al., 1992; Vinogradov et al., 

2002).  The D-galactan I structure is found as part of multi-domain O-PSs in several other 

K. pneumoniae serotypes  (Kol et al., 1991; Whitfield et al., 1991; Kol et al., 1992; Kelly 

et al., 1993; Kelly and Whitfield, 1996) and in the O-PSs of other bacterial genera such 

as Serratia  (Oxley and Wilkinson, 1989; Szabo et al., 1995).  Like the polymannose O-

PSs of E. coli, the K. pneumoniae O2a O-PS also contains a primer, adaptor and repeat-

unit domain, but it differs in the absence of a non-reducing terminal modification (Fig. 

1.6, 1.7)  (Vinogradov et al., 2002).   

 The gene cluster directing synthesis of D-galactan I shares superficial similarities 

with the polymannose biosynthesis clusters.  Both the D-galactan I and polymannose 

biosynthesis clusters encode ABC transporters at the 5´ end of the cluster and gene 

products involved in polymer synthesis (i.e. glycosyltransferases) towards the 3´ end of 

the cluster.  Synthesis and export of the K. pneumoniae O2a O-PS requires the products 

of 6 genes (Fig. 1.7).  These include the ABC transporter components (Wzm and Wzt) 
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Figure 1.7: (A) Structure of the K. pneumoniae O2a D-galactan I O-PS and (B) 

organization of the corresponding biosynthetic gene cluster.  Figure from Greenfield 

and Whitfield (2012). 
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and three predicted galactosyltransferases (WbbM, WbbN, and WbbO)  (Clarke and 

Whitfield, 1992; Kelly et al., 1993; Bronner et al., 1994; Kelly and Whitfield, 1996).  

The precursors for D-galactan I biosynthesis are uridine diphosphate (UDP)-

galactopyranose (Galp) and UDP-galactofuranose (Galf).  UDP-Galp is produced by the 

housekeeping enzyme, UDP-glucose-4-epimerase (GalE)  (Peng et al., 1992).  UDP-Galf 

is required only for O-PS biosynthesis in K.  pneumoniae and is formed by the action of 

UDP-Galp mutase, encoded by the glf gene in the O-PS biosynthesis locus  (Köplin et al., 

1997).   

1.4.2  Initiation of O-PS biosynthesis. 

 O-PS biosynthesis begins at the cytoplasmic face of the IM using the und-P 

acceptor  (Wright et al., 1967).  Synthesis of the prototype O-PSs is initiated by the same 

reaction; transfer of N-acetylglucosamine (GlcNAc)-1-phosphate, to und-P, forming und-

PP-GlcNAc (the O-PS primer).  This is accomplished by the activity of the GlcNAc-1-

phosphate transferase, WecA (formerly Rfe)  (Jann et al., 1982; Clarke and Whitfield, 

1992; Rick et al., 1994; Kido et al., 1995; Clarke et al., 1995).  WecA is a member of the 

polyisoprenyl-phosphate N-acetylhexosamine-1-phosphate transferase (PNPT) family of 

proteins involved in assembly of bacterial cell-surface glycans  (Lehrman, 1994; 

Anderson et al., 2000).  In E. coli and K. pneumoniae, the wecA gene maps outside of the 

O-PS biosynthesis cluster, as part of the enterobacterial common antigen (ECA) locus  

(Meier-Dieter et al., 1992).  In addition to priming O-PSs synthesized via the ABC 

transporter-dependent pathway, WecA also initiates assembly of ECA  (Meier-Dieter et 

al., 1990; Meier-Dieter et al., 1992) and O-PSs synthesized via the Wzy-dependent  
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(Klena and Schnaitman, 1993; Alexander and Valvano, 1994; Yao and Valvano, 1994) 

and synthase-dependent pathways  (Keenleyside et al., 1994).   

 The importance of WecA in assembly of the E. coli polymannose O-antigens was 

initially discovered by the observation that a mutation in wecA blocked synthesis of the 

O-PSs  (Schmidt et al., 1976; Jann et al., 1979; Sugiyama et al., 1991).  The same is true 

for K. pneumoniae D-galactan I  (Clarke and Whitfield, 1992; Clarke et al., 1995).  

WecA was first identified as a GlcNAc-1-P transferase in the formation of GlcNAc-PP-

und, the first lipid-linked intermediate in ECA assembly  (Meier-Dieter et al., 1990; 

Meier-Dieter et al., 1992).  However, early studies on the initiation of O8 and O9 

synthesis suggested that the O-PSs were assembled as lipid-linked polymers with glucose 

(Glu) -PP-und serving as the acceptor for subsequent mannosyltransferase activity  

(Flemming and Jann, 1978b; Flemming and Jann, 1978a; Kanegasaki and Jann, 1979; 

Jann et al., 1982; Weisgerber and Jann, 1982; Weisgerber et al., 1984; Jann et al., 1985).  

This is consistent with the role for WecA in ECA biosynthesis, where GlcNAc-PP-und 

unequivocally serves as the primer for chain extension.  Later studies established the 

same to be true for the O8 antigen, where tunicamycin (which specifically inhibits the 

transfer of GlcNAc-1-P from UDP-GlcNAc to polyprenol monophosphate acceptors  

(Takatsuki, 1975; Tkacz and Lampen, 1975; Mahoney and Duksin, 1979)) inhibited the 

incorporation of Man during synthesis of the O8 O-PS in vitro  (Rick et al., 1994).   

Chemical methods also supported the presence of GlcNAc (rather than Glc) at the 

reducing terminus of the polysaccharide attached to the lipid intermediate  (Rick et al., 

1994).  Later, work on the O9a mannan definitively identified GlcNAc-PP-und as the 

acceptor for O-PS synthesis, by demonstrating that incorporation of Man into GlcNAc-
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pyrophosphorylmoraprenol was favoured over a similar derivative containing Glc  (Kido 

et al., 1995).  Subsequent nuclear magnetic resonance (NMR) studies corroborated the 

biochemical data by identifying GlcNAc in the linkage region between the core-OS and 

the polymannose and polygalactose O-PSs  (Vinogradov et al., 2002).  Thus, it is now 

accepted that WecA primes O-PS biosynthesis through the addition of GlcNAc-1-P to 

und-P.  Synthesis of Glc-PP-und in the original work on the polymannose systems might 

be explained by the reaction conditions used in these studies and the relaxed specificity of 

WecA in vitro; apparently the enzyme is capable of directing the transfer of Glc-1-P with 

low efficiency  (Kido et al., 1995).   

1.4.3 Chain extension. 

 Growth of O-PSs synthesized via the ABC transporter-dependent pathway occurs at 

the non-reducing end of the polysaccharide chain  (Flemming and Jann, 1978b; 

Flemming and Jann, 1978a; Kanegasaki and Jann, 1979).  The polymannose O-PSs are 

extended on und-PP-GlcNAc at the cytoplasmic face of the IM by three 

mannosyltransferases, WbdC, WbdB, and WbdA (formerly MtfC, MtfB and MtfA, 

respectively)  (Kido et al., 1995).  WbdC and WbdB are conserved in the O8 and O9/O9a 

serotypes (>95% identity), but the WbdA enzymes are significantly different.  WbdC and 

WbdB are both single domain mannosyltransferases, whereas the WbdA enzyme contains 

multiple putative glycosyltransferase domains.  Based on searches within the NCBI’s 

Conserved Domain Database, which utilizes BLAST to identify conserved domain 

footprints in proteins sequences  (Marchler-Bauer et al., 2011), the O8 homologue 

contains three putative glycosyltransferase domains, while the O9 and O9a versions 

contain only two.  WbdC, WbdB and each WbdA domain (from all three serotypes) 
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belong to the CAZy GT4 family of glycosyltransferases families.   Commitment of the 

GlcNAc-PP-und to O-PS chain extension occurs by transfer of the first sugar of the O-

PS.  The proposed biosynthesis pathway of the polymannose O-PSs is based on data 

primarily from the E. coli O9a system (initially reported to be O9, but corrected)  (Kido 

et al., 1995; Kido et al., 1997).  WbdC is believed to act first, transferring a single α-Man 

residue to the 3-OH of the GlcNAc in the O-PS primer  (Kido et al., 1995).  This is 

followed by the addition of two α-(1,3)-linked Man residues by WbdB.  Further chain 

extension occurs through the combined activities of WbdB and WbdA  (Kido et al., 

1995).  In this model WbdB is proposed to add Man residues in α-(1,3)-linkages, and 

WbdA in α-(1,2)-linkages to generate the O9a repeating-unit  (Kido et al., 1995).  

However, O-PS structural data raise some questions about this model.  Foremost, the K. 

pneumoniae O3 and O5 O-PSs (and, by extension, their E. coli O9 and O8 counterparts) 

contain a discrete adaptor domain separating the GlcNAc residue from the repeat-unit 

domain  (Vinogradov et al., 2002) (Fig. 1.6A).  An adaptor domain of two or three α-

(1,3)-linked Man residues is consistent with the O8 and O9/O9a O-PS structures.  This 

adaptor is found only once per O-PS chain and is identical in the K. pneumoniae O3 and 

O5 serotypes, consistent with the conservation of the WbdC and WbdB proteins in these 

serotypes.   An alternative possibility for chain extension is that WbdC and WbdB 

synthesize the conserved adaptor domain, and the serotype-specific, multidomain 

mannosyltransferase, WbdA, assembles the repeat-unit domain.  The number of putative 

glycosyltransferase domains in each WbdA homologue correlates with the number of 

different linkage types in the corresponding repeat-unit.  The O8 enzyme contains three 

glycosyltransferase domains (O8 repeat-unit consists of α-(1,2)-, α-(1,3)-, and β-(1,3)- 
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linkages), while the O9 and O9a versions contain only two (O9 and O9a repeat-units 

consist of α-(1,2)- and α-(1,3)- linkages).    

 The existence of separable glycosyltransferase domains in the WbdA 

mannosyltransferase has been confirmed for the O9a homolog  (Kido et al., 1998).  Initial 

studies on the O9a system were carried out in an E. coli K-12 strain harbouring a plasmid 

encoding the O9a biosynthesis genes  (Kido et al., 1995; Kido et al., 1998; Kido and 

Kobayashi, 2000).  In this background, derivatives of the biosynthesis plasmid were 

constructed that contained mutations in the wbdA gene.  While the C-terminal WbdA 

domain was unable to synthesize O-PS in this background, the N-terminal domain was 

able to produce an altered O-PS consisting of only α-(1,2)-Man residues  (Kido et al., 

1998).  Furthermore, experiments involving chimeric O9 and O9a WbdA proteins imply 

that the N-terminal domain directs serospecificity  (Kido and Kobayashi, 2000).  

 Subtle changes to the WbdA enzyme have the potential to alter the serotype 

specificity of the organism.  For example, a single amino acid substitution in the N-

terminal domain of the O9 WbdA homologue converts the product to O9a O-PS  (Kido 

and Kobayashi, 2000).  Interestingly, the reverse mutation in WbdAO9a is not entirely 

sufficient to convert the product to the O9 glycan, but instead results in the production of 

a mixture of O9 and O9a polysaccharides  (Kido and Kobayashi, 2000).  O-antigen 

variation arising from single nucleotide substitutions is rare, but other examples similar to 

the O9 and O9a systems do exist.  For instance, one of the closely related E. coli O107 

and O117 O-PSs is proposed to have arisen from the other via amino acid substitutions in 

the O-PS glycosyltransferases  (Wang et al., 2009). 
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 Synthesis of the polygalactose K. pneumoniae O2a O-PS also occurs on GlcNAc-

PP-und and synthesis involves the participation of three predicted galactosyltransferases, 

WbbO, WbbM, and WbbN  (Clarke et al., 1995; Guan et al., 2001; Kos and Whitfield, 

2010).  WbbO belongs to the CAZy GT4 family of glycosyltransferases, whereas WbbM 

and WbbN belong to the GT8 and GT2 families, respectively  (Kos and Whitfield, 2010).  

Like the polymannose O-PSs, the O2a antigen contains an adaptor region that separates 

the primer and core-OS from the repeat-unit domain  (Vinogradov et al., 2002) (Fig. 1.7).  

Synthesis of the trisaccharide (Galf-Galp-GlcNAc) adaptor is completed by WbbO, 

which commits the und-PP-linked intermediate to synthesis of the O2a antigen  (Clarke et 

al., 1995; Guan et al., 2001).  WbbO is proposed to be a bifunctional 

galactosyltransferase with both α-(1,3)-Galp and β-(1,3)-Galf transferase activity  (Clarke 

et al., 1995).  The WbbO activities were later confirmed by extraction of und-PP-linked 

material from membranes expressing the enzyme, and comparison to standards via thin 

layer chromatography (TLC)  (Guan et al., 2001).  These activities could be distinguished 

by limiting the amount of UDP-Galf available to the enzyme, resulting in the addition of 

just one residue, presumably Galp  (Guan et al., 2001).   

 WbbM acts next to extend the WbbO adaptor  (Guan et al., 2001).  Although the 

exact structure of the WbbM product has not yet been determined, the size increase in the 

und-PP-linked material extracted from membranes is consistent with the transfer of one 

additional Gal residue  (Guan et al., 2001).  If this is correct, WbbM is predicted to be an 

α-(1,3)-Galp transferase.  The role of WbbN is less clear.  In vitro studies suggest that 

WbbM and WbbO are capable of extending the polysaccharide chain independent of 

WbbN  (Guan et al., 2001).  In this model, WbbO and WbbM assemble the repeat-unit 
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domain by acting in an alternating fashion.  WbbO is presumably responsible for the 

addition of Galf residues.  However, this model cannot explain a role for WbbN, which is 

required for D-galactan I biosynthesis in vivo  (Kos and Whitfield, 2010).   Furthermore, 

WbbN has a putative catalytically important DXD motif, common to other 

glycosyltransferases  (Lairson et al., 2008).  Mutation of this motif eliminated the 

synthesis of O-PS, consistent with it being an active glycosyltransferase, although its 

exact role remains to be established  (Kos and Whitfield, 2010).    

1.4.4 Chain termination. 

 The polymannose O-PSs terminate with methyl or methyl-phosphate residues on 

their non-reducing termini (Fig. 1.6).  Modification of the non-reducing terminus in the 

polymannose systems is accomplished by the activity of the WbdD enzyme  (Clarke et 

al., 2004).  In the O8 serotype, WbdD is a methyltransferase, while the O9 and O9a 

homologues are bifunctional kinase-methyltransferases  (Clarke et al., 2004), consistent 

with the O-PS structures (Fig. 1.6.).  Despite the general similarities in the polymannose 

structures, the E. coli O8 and O9a WbdD homologues are specific for their cognate O-

PSs, and not functionally interchangeable  (Clarke et al., 2004).   Modification of the 

non-reducing terminus of the nascent O-PS by WbdD prevents further chain extension by 

the mannosyltransferases  (Clarke et al., 2011).  This achieves a modal distribution of O-

PS chain lengths.  In the O9a serotype, phosphorylation of the terminal Man residue is 

sufficient to terminate chain extension  (Clarke et al., 2004; Clarke et al., 2011).  

Methylation requires prior phosphorylation of the non-reducing terminus, but does not 

itself influence chain length.  In contrast, in the O8 system, where the terminal 

modification consists of a single methyl group addition, methylation alone is sufficient to 
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terminate chain extension  (Clarke et al., 2004).  Reduction in the length of the O8 and 

O9a O-PSs can be achieved by over-expression of WbdD  (Clarke et al., 2004).  

Presumably this increases the frequency of chain termination and implies that a correct 

stoichiometry between WbdD and the other synthesis components is necessary to 

establish correct chain length modality.   

 Termination of the polymannose O-PSs is essential for coupling polymer synthesis 

to export.   WbdDO9a mutants lacking kinase-methyltransferase activity are capable of 

synthesizing polymer, as long as the C-terminal domain of WbdD is present to recruit 

WbdA to the membrane.  However, the mutants are unable to export O-PS across the IM, 

similar to an O-PS ABC-transporter mutant  (Clarke et al., 2004; Cuthbertson et al., 

2005).  In both mutant scenarios, polymer accumulates inside the cell and conditional 

mutations in the GDP-Man synthesis pathway are required to avoid cellular toxicity, or 

the acquisition of secondary mutations in other biosynthesis genes to turn off O-PS 

biosynthesis  (Clarke et al., 2004; Cuthbertson et al., 2005). 

 Terminal capping residues have been identified in a number of other bacterial O-

PSs (Table 1.1).  As more structural and genetic data becomes available, it is apparent 

that the termination mechanism utilized by the E. coli polymannose systems is likely to 

extend to a variety of other O-PS  (Cuthbertson et al., 2010).  

 The K. pneumoniae O2a O-PS lacks a non-reducing terminal modification (Fig. 

1.7), and therefore, termination occurs through a fundamentally different mechanism.  

Unlike the polymannose systems, chain length is governed by a stoichiometry between 

the ABC transporter and the synthesis machinery  (Kos et al., 2009).  Over-expression of 

the O2a ABC transporter leads to a significant reduction in the average chain length of 
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Table 1.1: Examples of ABC transporter-dependent O-PSs known or predicted to follow the E. coli polymannose mechanism of chain 

termination and export. Examples were chosen based on the presence of an extended C-terminal Wzt domain located within a gene 

cluster containing other known/probable O-PS biosynthesis genes. Table from Greenfield and Whitfield (2012). 

 
Species Strain or 

Serotype O-PS repeat-unit structure Non-reducing terminal 
residue b Reference 

Bordetella  
bronchiseptica RB50  

acyl derivatives of 
2,3,4-triamino-2,3,4 

trideoxy-α-
galacturonamide 

 Di Fabio et al., 
1992; Vinogradov 

et al., 2000; Preston 
et al., 2006 

Bordetella 
parapertussis 

BAA-587 
(ATCC 12822)  

acyl derivatives of 
2,3,4-triamino-2,3,4 

trideoxy-α-
galacturonamide 

 Di Fabio et al., 
1992; Preston et al., 

2006 

ATCC 23344 Burkholderia mallei SAVP1 a  unknown  Burtnick et al., 
2002 

Burkholderia 
phytofirmans PsJN 

 

unknown  Silipo et al., 2008 

K96243 

668 
Burkholderia 
pseudomallei 

1106a 

               O-PS I: 

 
               O-PS II: 

 

unknown  Knirel et al., 1992; 
Perry et al., 1995 

!

"

#$%#&'&$&'()

!"#!$%&!"#'()!*+!
,

-./

!
"#$
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Burkholderia 
vietnamiensis G4 a  unknown  Gaur and 

Wilkinson, 1996 

O8  Me-3- 
 Reske and Jann, 
1972; Jansson et 

al., 1985 

O9 
 

 
Me-P-3- 

 Prehm et al., 1976; 
Kubler-Kielb et al., 

2011 

O9a  Me-P-3- 

 Prehm et al., 1976; 
Parolis et al., 1986; 
Clarke et al., 2011; 
Kubler-Kielb et al., 

2011 

Escherichia coli 

O99 

 

unknown  Perepelov et al., 
2009 

Hafnia alvei PCM 1223  Me-P-3- 

 Katzenellenbogen 
et al., 2001; 

Kubler-Kielb et al., 
2011 

O3  Me-P-3- 
 Vinogradov et al., 
2002; Kubler-Kielb 

et al., 2011 

O5  Me-3-  Vinogradov et al., 
2002 

Klebsiella 
pnuemoniae 

O12  βKdo-2-  Vinogradov et al., 
2002 

Pseudomonas 
aerguinosa PAO1  possible Me group(s)  Arsenault et al., 

1991 
F1 a 

KT2440 a 
S16 a Pseudomonas putida 

W619 a 
 unknown  Knirel et al., 2002 

 
Pseudomonas 

 
DC3000a 

  
O-PS I: unknown  Knirel et al., 1998 
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syringae pv. Tomato 

 
 
 
O-PS II: 

 
Raoultella terrigena ATCC 33257  βKdo-2-  Mertens et al., 

2010 

Serratia marcescens O4 

 

unknown  Oxley and 
Wilkinson, 1988 

Xanthomonas 
campestris pv. 
Campestris 

8004 

 

unknown  Molinaro et al., 
2003 

a The structure was obtained from a different strain but is consistent with the contents of O-antigen biosynthesis genetic locus from the identified strain.  
b The terminal residue was no identified or searched for. 
 

 

 

 

!

!



	   	  36	  

the O2a O-PS  (Kos et al., 2009).  In the most plausible explanation, the transporter out-

competes the galactosyltransferases for the lipid-linked oligosaccharide substrate, 

resulting in early chain termination.  An interesting observation is that the modal 

distribution of O-PS chain lengths is broader for the O2a O-PS, which may reflect the 

lack of a more precise chain-terminating reaction (Fig. 1.8). 

1.4.5 Organization and membrane association of the biosynthesis machinery. 

 The glycosyltransferase enzymes involved in synthesis of the polymannose and 

polygalactose O-PSs localize to the membrane fraction of the cell, although none, with 

the exception of WecA, are integral membrane proteins.  This is presumed to create an 

efficient mechanism for chain extension by placing the synthesis machinery in close 

proximity to the und-P acceptor and export apparatus.  In the O9a system, WbdC and 

WbdB target to the membrane independently, but the WbdA mannosyltransferase 

requires a membrane-bound partner for membrane association  (Clarke et al., 2009).  In 

the absence of WbdD, no significant quantities of WbdA are present in the membrane 

fraction and, as a result, the mannosyltransferase activity in membrane preparations is 

drastically reduced  (Clarke et al., 2009).  Activity could be restored by expression of 

only the non-catalytic C-terminal portion of WbdD in a ΔwbdD mutant  (Clarke et al., 

2009).   

 Despite the interaction between WbdD and WbdA, none of the 

mannosyltransferases actually interact with one another  (Clarke et al., 2009).  In 

contrast, in the K. pneumoniae O2a system, all three galactosyltransferases can target 

independently to the membrane and, in addition, show extensive interactions with one 

another  (Kos and Whitfield, 2010).  WbbO contains two separable domains, with only 
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Figure 1.8:  Modal distribution of O-PS chain lengths in E. coli O9a and K. 

pneumoniae O2a.  Silver-stained SDS-PAGE gel of LPS samples from whole-cell 

lysates of E. coli O9a (CWG634) and K. pneumoniae O2a (CWK49).  Figure from 

Greenfield and Whitfield (2012). 
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the C-terminal domain being required for its dual α-(1,3)-Galp and β-(1,3)-Galf 

transferase activity  (Kos and Whitfield, 2010).  The N-terminal domain of WbbO is 

responsible for the interaction of the enzyme with the other O2a galactosyltransferases  

(Kos and Whitfield, 2010).  WbbM also contains two separable domains, but unlike 

WbbO, both are essential for the activity of the enzyme  (Kos and Whitfield, 2010).  The 

differences in interactions within the two assembly systems may reflect differences in 

how they coordinate chain extension, termination and export (discussed below).   

 It is unknown whether any of the synthesis components in either system interact 

with the initiating enzyme, WecA.  Interestingly, no data is currently available to support 

the notion that these enzymes interact with the ABC transporter, although this is assumed 

in all of the models for biosynthesis and export. 

1.4.6  Export of O-PS across the IM by the ABC transporter. 

 The ABC transporter superfamily represents one of the largest groups of membrane 

proteins dedicated to moving substrates across biological membranes.  In bacteria, ABC 

transporters reside within the IM and can act as both importers and exporters of a wide 

variety of molecules, including the export of O-PS  (Davidson and Maloney, 2007; 

Hollenstein et al., 2007; Davidson et al., 2008).  All ABC transporters share a common 

structure consisting of four essential domains: two TMDs and two NBDs.  The TMDs 

and NBDs of some prokaryotic ABC transporters are fused within the same polypeptide 

to generate a “half transporter”  (Hollenstein et al., 2007); the lipid-A-core-OS 

transporter, MsbA, provides a good example of this configuration  (Ward et al., 2007).  

Others, such as those involved in export of O-PS, exist as four separate polypeptides  

(Altenberg, 2003; Cuthbertson et al., 2010).   
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 The TMDs of different transporters exhibit sequence and structural heterogeneity, 

reflected in the diversity of substrates transported within this family of proteins  

(Hollenstein et al., 2007; Davidson et al., 2008; Kos and Ford, 2009).  Nonetheless, all 

TMDs are believed to share a conserved “coupling helix”, which is important for 

interaction with its cognate NBD  (Davidson and Maloney, 2007; Hollenstein et al., 

2007).  In contrast, the NBDs share highly conserved characteristics that define ABC 

proteins.  These include the signature “LSGGQ” motif used to identify members of the 

superfamily  (Higgins, 1992), the Walker A and B motifs found in a variety of ATP- and 

guanosine triphosphate (GTP)- hydrolyzing proteins (Walker et al., 1982), and a number 

of other motifs involved in ATP binding and hydrolysis (e.g. Q, H, D loops)  (Hopfner et 

al., 2000; Chen et al., 2003; Schmitt et al., 2003; Hopfner and Tainer, 2003; Zaitseva et 

al., 2005).  NBD proteins possess an essential two-domain architecture: a RecA-like 

catalytic domain  (Story and Steitz, 1992) and a smaller helical domain.  In the working 

model that couples ATP hydrolysis to transport, ATP binds at the dimerization interface 

of the two NBDs causing a conformational change.  This brings the two NBDs into close 

proximity of one another to generate a characteristic nucleotide sandwich  (Kerr, 2002).  

Three bacterial ABC-transporters provide influential models: the multidrug exporter, 

Sav1866  (Dawson and Locher, 2006), the lipid A flippase, MsbA  (Ward et al., 2007), 

and the maltose transporter MalFGK2E  (Oldham et al., 2007).   

 The ABC transporters responsible for export of the O-PSs are made up two TMDs 

(encoded by the wzm gene) and two NBDs (encoded by the wzt gene).  Two mechanisms 

for coupling export to synthesis have been described for O-PSs.  In E. coli O8/O9/O9a, 

the Wzt components have longer primary sequences than typical NBDs.  They contain an 
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extended C-terminal region that defines the specificity of the transporter (Fig. 1.9).  The 

Wzm components of the polymannose ABC transporters can be exchanged between the 

O8 and O9a serotypes, but the Wzt proteins cannot  (Cuthbertson et al., 2005).  

Examination of chimeric O8 and O9a Wzt proteins established that the NBDs of the 

polymannose O-PS ABC transporters contain two functional domains  (Cuthbertson et 

al., 2005).  These two domains are capable of participating in a functional ABC 

transporter, and of complementing a Δwzt mutant when expressed as separate 

polypeptides  (Cuthbertson et al., 2007).  While both domains are required for export of 

the O-PS, only the C-terminal domain of Wzt confers specificity for the O-PS; the N-

terminal domain contains the motifs characteristic of all NBDs and is interchangeable 

between the O8 and O9a systems  (Cuthbertson et al., 2005).  The crystal structure of the 

C-terminal region from the WztO9a homologue reveals an immunoglobulin-like topology 

with a β-sandwhich fold typical of carbohydrate binding modules (CBMs)  (Cuthbertson 

et al., 2007) (Fig. 1.9B).  The structure also possesses a carbohydrate-binding groove that 

is conserved among O9a-related homologues  (Cuthbertson et al., 2007) (Fig. 1.9C).  The 

groove contains a number of surface exposed aromatic residues that are frequently used 

by CBMs to bind carbohydrates  (Boraston et al., 2004).  Consistent with its role in 

providing serospecificity, the C-terminal domain of Wzt binds O-PS with an absolute 

requirement for the terminal residue(s) added by WbdD  (Cuthbertson et al., 2007).  

However, the mechanism by which the ABC transporter recognizes the terminal 

modification(s) imposed by WbdD has yet to be resolved.  For example, the role of the 

methyl moiety in the O9a O-PS has not yet been determined, and it is unclear whether or 

not both the phosphate and the methyl group are required for recognition by the ABC 
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Figure 1.9:  Structural characteristics of Wzt NBD proteins.  (A) Domain and motif 

organization of the Wzt homologues from E. coli O8, O9 and O9a and K. pneumoniae 

O2a.  The extended C-terminal domain that confers serospecificy is represented in red.  

(B) Cartoon representation of the crystal structure of the C-terminal WztO9a domain.  

Chain A is coloured in green and chain B in blue.  (C) Surface representation of the 

crystal structure of the carbohydrate-binding groove (gray) in the C-terminal domain of 

WztO9a.  Several residues comprising the binding pocket are identified  (Cuthbertson et 

al., 2007).  Structures were rendered using the PyMol Molecular Graphics System 

(Schrödinger, LLC).  Figure from Greenfield and Whitfield (2012).   
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transporter.  Site-directed mutants that inactivate the kinase and/or methyltransferase 

activities of WbdD would aid in determining the purpose of the two modifications.  A 

detailed structure of WbdD will be necessary to design appropriate constructs to address 

this question.   

 The prerequisite for the non-reducing terminal modifications by WbdD serves as a 

quality control process that ensures only terminated O-PS molecules are moved across 

the IM.  A defining feature of the polymannose systems is the ability to temporarily 

uncouple synthesis and export.  This was demonstrated through a series of elegant 

experiments involving the E. coli O9a system.  Different temporal expression of the 

glycosyltransferases and ABC transporter showed that polymer could be exported after 

all synthesis was complete  (Kos et al., 2009).   

 Bacterial polysaccharide assembly complexes that utilize pathways similar to the 

polymannose systems of E. coli have been described.  These include other O-PSs (Table 

1.1) and the glycans of S-layer glycoproteins  (Cuthbertson et al., 2010).  Assembly of 

the S-layer glycoprotein from Geobacillus sterothermophilus represents an example of a 

non-O-PS system with remarkable similarity to the E. coli polymannose biosynthesis 

pathway  (Steiner et al., 2008; Steiner et al., 2010).  

 Not all ABC transporters involved in O-PS biosynthesis possess extended C-

terminal domains and the K. pneumoniae O2a Wzt provides one example (Fig. 1.9A).  To 

the extent that they have been tested, the O-PSs associated with these ABC transporters 

do not contain terminal modifications or stringent substrate specificity  (Cuthbertson et 

al., 2010).  Insight into this export mechanism came from the study that showed that the 

O2a transporter is capable of exporting heterologous O-PSs  (Kos et al., 2009).  For 
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example, when expressed in the E. coli O9a Δwzm Δwzt mutant, the O2a ABC transporter 

was able to restore the production of smooth LPS containing terminated O9a O-PS and 

the LPS showed authentic chain length modality  (Kos et al., 2009).  Unlike the E. coli 

O9a system, synthesis and export of the O2a O-PS are coupled  (Kos et al., 2009).  In the 

absence of the transporter, cells accumulate an aberrantly large und-PP-linked O-PS that 

is not a substrate for export  (Kos et al., 2009).  Termination and export of these O-PSs 

must therefore occur through a specific interaction of the glycosyltransferase enzymes (or 

their product) with the ABC transporter  (Kos et al., 2009), but the precise details have 

not yet been determined.  Assembly pathways that parallel O2a biosynthesis in K. 

pneumoniae are predicted  (Cuthbertson et al., 2010), (Table 1.2).  Group 2 capsular 

polysaccharides (e.g. E. coli K5)  (Rigg et al., 1998; Hodson et al., 2000; Sugiura et al., 

2010) represent one example.  In addition, the relaxed specificity of the O2a transporter is 

common to other ABC transporters involved in the export of und-PP-linked glycans 

across the IM.  Examples include PglK, an ABC transporter involved in N-linked protein 

glycosylation in C. jejuni  (Alaimo et al., 2006) and Wzk, the ABC transporter involved 

in O-PS assembly in Helicobacter pylori  (Hug et al., 2010). 

 The ability of the O2a ABC transporter to export heterologous O-PSs (including the 

O9a O-PS) implies that it could recognize some conserved feature, other than a non-

reducing terminal residue, between the polygalactose and polymannose O-PSs.  A 

conserved element between the two systems is GlcNAc-PP-und.  The transporter could 

recognize the entire GlcNAc-PP-und moiety, or a specific region of the intermediate, 

such as the lipid moiety.  If this is correct, the presence of a recognition element at the 

reducing terminus raises the question of whether or not export of the polymer may be 
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Table 1.2: Examples of ABC transporter-dependent O-PSs known or predicted to follow the K. pneumoniae O2a D-galactan I 

mechanism of chain termination and export. Examples were chosen based on the lack of an extended C-terminal Wzt domain located 

within a gene cluster containing other known/probable O-polysaccharide biosynthesis genes. Table from Greenfield and Whitfield 

(2012). 

Species Strain or serotype O-PS repeat-unit structure Reference 

Actinobacillus 
pleuropneumoniae O1 

 

 Altman et al., 1986 

Aeromonas salmonicida 
subsp. Salmonicidia A449 

 
 

 Shaw et al., 1983; 
Wang et al., 2005 

a 

 

 Perry et al., 1996 Aggregaitbacter 
actinomycetemcomitans 

b 

 

 Perry et al., 1996 
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c 

 

 Perry et al., 1996 

 

f 

 

 Kaplan et al., 2001 

Brucella abortus  9-941a  

 Caroff et al., 1984b; 
Bundle and Perry, 

1985; Meikle et al., 
1989 

Brucella melitenis 16M  
 Bundle et al., 1987a; 
Bundle et al., 1987b; 
Meikle et al., 1989 

Escherichia coli O52 
 

 Feng et al., 2004 

O1 
 

     D-galactan I: 

 

 Whitfield et al., 1991 

O2a 

     D-galactan I: 

 

 Vinogradov et al., 
2002 

Klebsiella pneumoniae 

O8 

 
     D-galactan I: 

 

 Kelly et al., 1993 

Serratia marcescens O16 

     D-galactan I: 

 
     O-PS II:  

 Oxley and 
Wilkinson, 1989 
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Vibrio cholerae O1 
 

 Hisatsune et al., 
1996 

Yersinia enterocolitica O:3 
 

 Hoffman et al., 1980 

 

O:5 

 

 Gorshkova et al., 
1986 

 O:9 
 

 Caroff et al., 1984a 
 a The structure was obtained from a different strain but is consistent with the contents of O-antigen biosynthesis genetic locus from the identified strain.  
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initiated before synthesis is complete.  Another possibility is that the transporter may 

recognize a conserved 3D structure found in polysaccharides.  Similar to proteins and 

nucleic acids, hydrogen bond patterns define a helical secondary structure in a tetramer of 

α-(2,8)-sialic acid  (Battistel et al., 2012).  On this basis, the secondary structure of 

carbohydrates may facilitate enzyme recognition or function by optimizing 

protein/carbohydrate contacts  (Battistel et al., 2012).  Alternatively, transporters similar 

to that of the O2a system may not require a recognition element in the glycan at all.  In 

this scenario, the glycosyltransferases may direct the polysaccharide to the export 

apparatus via an affinity between the glycosyltransferase and the transporter, as has been 

suggested for group 2 capsular polysaccharide assembly  (Vimr and Steenbergen, 2009).   

1.5  Research objectives. 

 This doctoral thesis focused on the investigation of O-PS biosynthesis via an ABC-

transporter-dependent pathway in the E. coli O8/O9/O9a systems.  The objectives of this 

research were to: 

1) determine the number of Man residues and linkages added by each of the 

mannosyltransferases involved in O-PS synthesis.  O-PS structural data raises 

questions about the published model of O8/O9/O9a O-PS assembly.  In the 

original proposal, the activities of the mannosyltransferases were inferred 

exclusively from the structure of the repeat-unit in the O9a system  (Kido et al., 

1995).  However, identification of an adaptor domain at the reducing termini of the 

K. pneumoniae O3 and O5 O-PSs (and, by extension, their E. coli O9 and O8 

counterparts  (Vinogradov et al., 2002)) is inconsistent with the published roles for 

the mannosyltransferases.  My hypothesis was that the conserved 
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mannosyltransferases, WbdC and WbdB, synthesize the conserved adaptor 

domain, while WbdA acts as a polymerase to synthesize the repeat-unit domain.  

2) examine the individual activities of the putative glycosyltransferase domains in the 

O8 and O9a WbdA enzymes.  WbdA from the O8 serotype contains three putative 

glycosyltransferase domains, whereas the O9 and O9a versions contain only two.  

The number of putative domains correlates with the number of different linkage 

types in the corresponding repeat-unit.  My hypothesis was that each putative 

glycosyltransferase domain catalyzes the transfer of a different linkage type within 

the repeat-unit.   

3) investigate residues that may be important for the function of the O9a 

mannosyltransferases.  WbdC, WbdB and WbdA contain EX7E motifs that are 

conserved among members of the GT4 family.  The crystal structures of 

glycosyltransferases from the GT4 family place the location of the EX7E motif 

within the active site of the enzyme  (Martinez-Fleites et al., 2006; Guerin et al., 

2007; Vetting et al., 2008; Batt et al., 2010; Parsonage et al., 2010; Steiner et al., 

2010).  The available structural data suggests that the Glu residues of the motif 

play an important role in coordination of the nucleotide donor sugar.   My 

hypothesis was that these residues will also be important for the activity of the O9a 

WbdC, WbdB and WbdA mannosyltransferases.  
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Chapter 2: Materials and Methods 

2.1 Bacterial strains, plasmids and growth conditions. 

 The bacterial strains and plasmids used in this study are described in Table 2.1.  

Bacteria were grown in Luria-Bertani (LB) medium (Miller, J. H., 1972), or M9 minimal 

medium  (Sambrook, J. and Fritsch, E.F., 1989) supplemented with glycerol (0.4% w/v), 

thiamine-HCl (0.5 µg/mL), niacinamide (0.5 µg/mL), L-histidine (20 µg/mL), and L-

tryptophan (20 µg/mL).  D-glucose (0.4% w/v), D-mannose (0.1% w/v) L-arabinose 

(0.2% w/v), or isopropyl β-D-thiogalactopyranoside (IPTG) (0.5 mM) were added as 

required.  The antibiotics ampicillin (100 µg/mL), chloramphenicol (34 µg/mL), or 

kanamycin (50 µg/mL) were added where appropriate.  

2.2 General molecular biology. 

2.2.1 DNA manipulation. 

 InstaGene Matrix (BioRad) or DNAzol reagent (Invitrogen) was used to purify 

chromosomal DNA.  DNA fragments were PCR-amplified using Pwo DNA polymerase 

(Roche Applied Science), or PfuUltra High Fidelity DNA polymerase (Stratagene), using 

custom oligonucleotide primers (Sigma) containing restriction endonuclease coding 

sequences to facilitate cloning.  The sequences and features of the oligonucleotide 

primers are described in Appendix 1.  The relevant PCR fragments were amplified from 

CWG634 (O9a) or CWG636 (O8).  DNA fragments from PCR reactions and restriction 

digestions, or from agarose gels, were purified with Invitrogen PureLink PCR 

Purification and Quick Gel Extraction Kits, respectively.  Plasmid DNA was purified 

using the PureLink Quick Plasmid Miniprep Kit (Invitrogen), or Qiagen HiSpeed 
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Table 2.1: Bacterial strains and plasmids. 
 
Strain/plasmid Description or genotype Ref. or source 

Strains   
Top10 E. coli F-, mcrA, Δ (mrr-hsdRMS-mcrBC), φ80, 

lacZΔM15, ΔlacX74, deoR, nupG, recA1, araD139, 
Δ(ara-leu)7697, galU, galK, repsL(Strr), endA1 

Invitrogen 

BL21 E. coli B F¯ dcm ompT hsdS(rB¯ mB¯) gal [malB+]K-12(λS) Novagen 
F470 E. coli E. coli R1 core OS prototype, R-LPS derivative 

of O8:K27 
Ref.  Schmidt et 
al., 1969 

CWG286 K-12, lacZ, trp, Δ (sbcB-rfb), upp, rel, rpsL, galE::Tn10 Ref.  Köplin et 
al., 1997 

CWG634 E. coli O9a:K-; trp his lac rpsL cpsK30; manA; Smr; Tcr Ref.  Clarke et 
al., 2004 

CWG636 E. coli O8:K-; ugd::aacC1 manA; Gmr; Tcr Ref.  Clarke et 
al., 2004 

CWG901 CWG634 derivative; ΔwbdA::aacC1; Smr; Tcr; Gmr Ref.  Clarke et 
al., 2009 

CWG1005 E. coli K-12 lacZ trp Δ(sbcB-rfb) upp rel rpsL manA Ref.  Clarke et 
al., 2011 

CWG1006 CWG1005 derivative; waaL::cat; Cmr This study 
CWG1007 CWG636 derivative; ΔwbdB; Gmr; Tcr This study 
CWG1008 CWG636 derivative; ΔwbdC; Gmr; Tcr This study 
CWG1009 CWG634 derivative; ΔwbdB; Smr; Tcr C. Bouwman 
CWG1010 CWG634 derivative; ΔwbdC; Smr; Tcr C. Bouwman 
CWG1104 CWG636 derivative; ΔwbdA; Gmr; Tcr This study 
CWG1105 CWG634 derivative; ΔwbdA; Smr; Tcr This study 

Plasmids   
pMAL-c2X IPTG-inducible plasmid that produces cytoplasmic 

maltose-binding protein fusions; Apr  
New England 
Biolabs 

pBADHisA  L-arabinose-inducible plasmid to express N-terminal 
hexahistidine-tagged constructs; Apr 

Invitrogen 

pBAD24 L-arabinose-inducible plasmid; Apr Ref.  Guzman et 
al., 1995 

pKD3 Source of Cmr resistance cassette Ref.  Datsenko 
and Wanner, 
2000 

pKD46 Helper plasmid encoding the Red recombinase genes, γ, 
β, and exo 

Ref.  Datsenko 
and Wanner, 
2000 

pCP20 Helper plasmid encoding the FLP recombinase Ref.  Datsenko 
and Wanner, 
2000 

pWQ284 pBAD24 derivative containing a Cm resistance cassette; 
Cmr 

Ref.  
Cuthbertson et 
al., 2007 

pWQ492 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding WbdAO9a-His10; Apr 

Ref.  Clarke et 
al., 2009 

pWQ573 pWQ284 derivative; NcoI site in cat gene removed; XbaI 
in MCS replaced by SpeI; Cmr 

J. King 
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pWQ575 pMAL-c2X derivative containing an XmnI/HindIII 
fragment encoding WbdCO9a; Apr 

V. Kos 

pWQ576 pMALc-2X derivative containing an EcoRI/HindIII 
fragment encoding WbdBO9a; Apr 

This study 

pWQ577 pMALc-2X derivative containing an EcoRI/HindIII 
fragment encoding WbdCO8; Apr 

This study 

pWQ578 pMALc-2X derivative containing an EcoRI/HindIII 
fragment encoding WbdBO8; Apr 

This study 

 
pWQ579 

 
pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding WbdCO9a; Apr 

 
This study 

pWQ580 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding WbdCO9a-WbdBO9a; Apr 

This study 

pWQ581 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding WbdCO8; Apr 

This study 

pWQ582 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding WbdCO8-WbdBO8; Apr 

This study 

pWQ583 pWQ575 derivative containing WbdCO9a E275A 
mutation; Apr 

This study	  

pWQ584 pWQ575 derivative containing WbdCO9a E283A 
mutation; Apr 

This study	  

pWQ585 pWQ576 derivative containing WbdBO9a E294A 
mutation; Apr 

This study	  

pWQ586 pWQ576 derivative containing WbdBO9a E302A 
mutation; Apr 

This study	  

pWQ587 pBADHisA derivative containing an XhoI and PvuII 
fragment encoding WbdAO8; Apr 

C. Cuthbertson 

pWQ588 pBAD24 derivative containing an NcoI/XbaI fragment 
encoding His10-WbdAO8; Apr 

This study 

pWQ589 pBAD24 derivative containing a Km resistance cassette; 
Cmr 

B. Clarke 

pWQ590 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding His10-WbdA1-435

O9a; Apr 
This study 

pWQ591 pWQ284 derivative containing an EcoRI/HindIII 
fragment encoding His10-WbdA426-840

O9a; Cmr 
This study 

pWQ592 pBAD24 derivative containing an NcoI/SpeI fragment 
encoding WbdA1-450

O8; Apr 
This study 

pWQ593 pWQ573 derivative containing an NcoI/SpeI fragment 
encoding WbdA1-450

O8; Cmr 
This study	  

pWQ594 pBAD24 derivative containing an NcoI/SpeI fragment 
encoding WbdA615-1213

O8; Apr 
This study	  

pWQ595 pWQ573 derivative containing an NcoI/SpeI fragment 
encoding WbdA1-865

O8; Cmr 
This study	  

pWQ596 pWQ573 derivative containing an NcoI/SpeI fragment 
encoding WbdA411-1213

O8; Cmr 
This study	  

pWQ597 pWQ631 derivative containing WbdA E317A mutation; 
Kmr 

This study	  

pWQ598 pWQ631 derivative containing WbdA E325A mutation; 
Kmr 

This study	  

pWQ599 pWQ631 derivative containing WbdA E750A mutation; 
Kmr 

This study	  
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pWQ630 pWQ631 derivative containing WbdA E758A mutation; 
Kmr 

This study	  

pWQ631 pWQ589 derivative containing WbdD475-708WbdAO9a; 
Kmr 

B. Clarke 

pWQ632 pBAD24 derivative containing an EcoRI/HindIII 
fragment encoding His10-WbdA426-840

O9a; Apr 
This study 

pLG59 pWQ492 derivative containing WbdA E750A mutation; 
Apr 

This study 

pLG60 pWQ492 derivative containing WbdA E758A mutation; 
Apr 

This study 
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Midi Kit (Qiagen).  Restriction endonucleases (Invitrogen and New England Biolabs) and 

T4 DNA ligase (New England Biolabs) were used according to the manufacturer’s 

instructions.  The products of ligation reactions were precipitated by the addition of one-

tenth the reaction volume of 3 M sodium acetate and two reaction volumes of anhydrous 

ethanol.  The mixture was incubated at -20 °C for at least one hour and centrifuged at 16, 

000 × g for 10 min to precipitate the DNA.  The DNA pellet was then washed with 70% 

ethanol, air-dried and resuspended in 10 µL of sterile water.  DNA sequencing was 

performed by the Guelph Molecular Supercentre (University of Guelph, ON) or the 

Advanced Analysis Centre (University of Guelph).   

2.2.2 Preparation of electrocompetent E. coli cells and plasmid 

transformation. 

Electrocompentent E. coli cells were prepared and transformed according to the 

method described by Dower and colleagues  (Dower et al., 1988).  Briefly, overnight 

cultures were diluted at 1:100 into fresh medium and grown at 37 °C to an OD600 of 

approximately 0.5.  The cells were harvested by centrifugation at 5, 000 × g, washed 

twice in ice-cold sterile water and once in 10 % ice-cold sterile glycerol.  The final cell 

pellet was resuspended in a minimal volume of 10% glycerol and aliquots were frozen at 

-80 °C for future use.  Cells were mixed with DNA and transformed using a 

MicroPulserTM electroporator (Bio-Rad).  Growth medium was added to the cell/DNA 

mixture immediately after applying the electric pulse and the transformed cells were 

allowed to recover for approximately 1 h before plating on selective media. 
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2.2.3 Screening of recombinant plasmids. 

Recombinant plasmids were screened using an in-well lysis technique  (Eckhardt, 

1978).  Cells from individual colonies were patched to fresh plates and samples were 

resuspended in 10 µL of TE buffer  (Sambrook, J. et al. 1989).  Ten µL of SRL solution 

(25% w/v sucrose; 2 U/mL RNase; 1 mg/mL lysoyme) was added to each cell suspension 

and the mixture was incubated for 5 min.  A 10 µL portion of the cell suspension was 

loaded into a 0.7% TBE-agarose gel containing 0.2% SDS and the cells were allowed to 

lyse (10 min or until the gel wells contents appeared clear).  The samples were 

electrophoresed in TBE buffer (89 mM Tris; 89 mM boric acid; 2 mM 

ethylenediaminetetraacetic acid (EDTA))  (Sambrook, J. et al. 1989) for 20 min at 20 V, 

then 40 min at 80 V.  Recombinant plasmids were distinguished from vector DNA by 

slower migration through the agarose gel.  Restriction endonuclease digestion and/or 

DNA sequencing was used to confirm constructs identified by the initial screen.  When 

possible, constructs were verified by complementation. 

2.2.4 Construction of chromosomal mutations. 

 The λ-red recombinase system  (Datsenko and Wanner, 2000) was used to generate 

chromosomal mutants.  The chloramphenicol-resistance cassette used to mark the 

mutation was amplified by PCR from pKD3 using oligonucleotide primers containing 50 

nucleotide extensions homologous to sequences upstream or downstream of the target 

gene (Appendix 1). The strategies were designed to generate deletions of the entire open 

reading frames.  The Red helper plasmid, pKD46, was used to facilitate insertion of the 

resistance cassette at the target location in the chromosome.  Briefly, the parental strains 

expressing the λ-red recombinase proteins from pKD46 were transformed by the PCR-
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amplified DNA containing the resistance gene and homology extensions. Colonies 

positive for replacement of the target gene were selected by growing on chloramphenicol-

containing agar.  The FLP recombinase plasmid, pCP20, was then used to remove the 

antibiotic marker from the chromosome.  The exception was CWG1006 (waaL::cat), 

where removal of the marker was unnecessary because any potential polar effects would 

not influence experiments conducted in this study.  All mutants were confirmed to be free 

of second-site mutations by restoration of the wildtype (WT) phenotype by 

complementation with plasmids carrying the deleted gene. 

2.2.5 Construction of site-directed mutants. 

 Mutagenesis was carried out according to the Quikchange method (Stratagene, La 

Jolla, CA). Briefly, mutations were introduced into plasmids via PCR using 

oligonucleotide primers incorporating the desired base change(s) (Appendix 1).  The PCR 

products were digested with DpnI and transformed into E. coli Top10. The desired 

mutation(s) were confirmed by DNA sequencing. 

2.3 In silico methods. 

2.3.1 Secondary structure predictions. 

Secondary structure predictions were carried out using the online programs, JPred 

(http://www.compbio.dundee.ac.uk/www-jpred/)  (Cole et al., 2008), PROF 

(http://www.aber.ac.uk/~phiwww/prof/)  (Ouali and King, 2000), SCRATCH Protein 

Predictor (SSPro; http://scratch.proteomics.ics.uci.edu/)  (Cheng et al., 2005), and the 

PSIPRED Protein Structure Prediction Server (http://bioinf.cs.ucl.ac.uk/psipred/)  (Jones, 

1999; Buchan et al., 2010). 
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2.3.2 Conserved domain predictions. 

 Conserved domain predictions were carried out using the NCBI’s Conserved Domain 

Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)  (Marchler-Bauer and 

Bryant, 2004; Marchler-Bauer et al., 2009; Marchler-Bauer et al., 2011).  

2.3.4 Multiple sequence alignments. 

	   Multiple sequence alignments were generated using the ClustalW2 server available 

at the European Bioinformatics Institute website 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/)  (Larkin et al., 2007; Goujon et al., 2010). 

2.3.5 Structural modeling of the WbdAO9a domains. 

 3D structural models were created using the Phyre2 server available at 

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index  (Kelley and Sternberg, 

2009). 

2.4 Protein manipulation and analysis.  

2.4.1 SDS-PAGE and immunoblotting of proteins. 

 Protein samples were analyzed by SDS-PAGE according to the method described by 

Laemmili and colleagues  (Laemmli, 1970).  SDS-PAGE gels consisted of a 4% (w/v) 

acrylamide stacking layer and a 10 or 12.5% (w/v) acrylamide resolving gel.  Protein 

samples were mixed 1:1 in 2X SDS-PAGE sample buffer (125 mM Tris-HCl, pH 6.8; 4% 

(w/v) SDS; 20% (w/v) glycerol; 5% (v/v) 2-mercaptoethanol; 0.005% (w/v) bromophenol 

blue) and boiled for approximately 3 min prior to gel loading.  The samples were 

subjected to electrophoresis at 150 V – 180 V in a Tris-glycine running buffer (25 mM 

Tris; 200 mM glycine; 0.1% (w/v) SDS; pH 8.3) until the dye front was approximately 

0.5 cm from the bottom of the gel.  Protein was visualized using Simply Blue stain 
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(Invitrogen) and images were captured digitally using a Bio-Rad GS-800 Calibrated 

Densitometer.  The molecular weights of proteins were calculated by generating a 

standard curve of the logarithmic molecular weight of standards (BioRad broad range 

molecular weight marker) versus their retention factor (Rf). 

 Polyhistidine (His10)- and maltose binding protein (MalE)-tagged proteins were 

detected by Western immunoblotting  (Towbin et al., 1992).  Proteins were transferred 

from SDS-PAGE gels to PROTRAN nitrocellulose membranes (PerkinElmer Life 

Science) by electrophoresis at 60 V for 60 min in transfer buffer (25 mM Tris; 200 mM 

glycine; 20% (v/v) methanol; pH 8.3).  The membranes were washed twice with TBST 

(10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.05% (w/v) Tween 20) and stained with 

Ponceau S (0.1% (w/v) Ponceau S; 5% (v/v) acetic acid) to visualize and mark the 

molecular weight ladder.  The Ponceau S stain was removed by repeated washing with 

TBST and the membranes were blocked in 2.5% (w/v) skim milk in TBST for at least 1 

h.  Polyhistidine-tagged proteins were detected using a 1:3,000 dilution of mouse anti-

His5 primary antibody (Qiagen).  MalE-tagged proteins were detected using a 1:10,000 

dilution of mouse anti-MalE (New England Biolabs) primary antibody.  Incubations with 

primary antibodies were carried out for a minimum of 1 h.   Horseradish peroxidase 

(HRP)-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch 

Laboratories) was used at a 1:3,000 dilution for 1 h.  All antibody dilutions were prepared 

in 2.5% (w/v) skim milk in TBST and membranes were washed three times for 5 min 

with TBST after each incubation.  Chemiluminescent detection was carried out using the 

Western Lightening kit (Perkin Elmer Life Sciences), or Luminata Crescendo Western 

HRP substrate (Millipore Corporation) according to the manufacturer’s instructions.  
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2.4.2 Preparation of cell membranes. 

	   Cultures (0.2–1 L) were grown in M9 minimal medium (Section 2.1) at 37 °C until 

an OD600 of ~0.4 was reached.  Recombinant protein expression was induced by the 

addition of 0.2% arabinose or IPTG and the cultures were grown for an additional 3.5 h.  

Cells were collected by centrifugation and resuspended in 20 mL of 20 mM HEPES, (pH 

7.5), prior to lysis by sonication. The lysate was cleared by sequential centrifugation steps 

at 4000 × g for 10 min and 12,000 × g for 20 min. The resulting supernatant was 

centrifuged at 100,000 × g for 60 min to separate the membrane fraction (pellet) from the 

soluble fraction.  Membranes were resuspended in 0.2–1 mL of reaction buffer (20 mM 

HEPES, pH 7.5; 20 mM MgCl2, 1 mM dithiothreitol) and stored at -80 °C.  The total 

membrane protein concentration was determined in 0.1% SDS using the DC Protein 

Assay (BioRad) with bovine serum albumin as the standard.  	  

2.4.3 Preparation of whole-cell lysates enriched for MalE-WbdC and MalE-

WbdB fusion proteins. 

 Cultures (250 mL) of E. coli Top10 expressing the desired MalE-fusion proteins 

were grown in LB medium at 37 °C until optical density at 600 nm (OD600) of ~0.3 was 

reached.  Cultures were then transferred to an incubator set at 20 °C and grown until mid-

exponential phase (OD600 = 0.6).  Recombinant protein expression was then induced 

overnight at 20 °C by the addition of 0.5 mM IPTG.  Cells were collected by 

centrifugation and resuspended in 25 mL of purification buffer A (20 mM Tris, pH 7.5; 

100 mM NaCl; 1 mM EDTA), prior to lysis by sonication with intermittent cooling on 

ice. The cell lysate was cleared by sequential centrifugation steps at 3000 × g for 10 min 

and 27,000 × g for 30 min.  The resulting supernatant was loaded onto a column 
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containing amylose resin (New England Biolabs) and washed extensively with 

purification buffer A. The MalE-fusion proteins were eluted using purification buffer A 

containing 10 mM maltose.  The most concentrated elution fractions (determined 

qualitatively by SDS-PAGE) were stored at -80 °C.  Protein concentrations were 

determined using the DC Protein Assay (BioRad) using bovine serum albumin as the 

standard.	  

2.4.4 Purification of WbdAO9a, WbdAO8, N-WbdAO9a and C-WbdAO9a. 

 Cultures (500 mL) of E. coli BL21 expressing pWQ492 or pWQ588 and of E. coli 

Top10 expressing pWQ590 or pWQ632 were grown in LB medium at 37 °C until an 

OD600 of ~0.3 was reached.  Cultures were transferred to an incubator set at 20 °C and 

grown until mid-exponential phase (OD600 = 0.6).  Recombinant protein expression was 

then induced overnight at 20 °C by the addition of 0.2% arabinose.  Cells were collected 

by centrifugation and resuspended in 25 mL of purification buffer B (20 mM Bis-Tris, 

pH 7.0; 250 mM NaCl; 0.5% (w/v) glycerol), prior to lysis by sonication with 

intermittent cooling on ice.  The cell lysate was cleared by centrifugation at 12,000 × g 

for 20 min.  The resulting supernatant was centrifuged at 100,000 × g for 60 min to 

separate the membrane fraction (pellet) from the soluble fraction.  Purifications were 

performed by fast protein liquid chromatography (FPLC) using an ÄKTA Explorer (GE 

Healthcare).  The resulting supernatant was loaded onto a 5 mL HiTrap chelating HP 

column (GE Healthcare) charged with nickel ions.   

 For full length WbdAO9a, the column was washed with 3 column volumes of 

purification buffer B containing 50 mM imidazole and an additional 3 column volumes of 

purification buffer B containing 75 mM imidazole.  WbdAO9a was eluted in purification 
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buffer B containing 125 mM imidazole.  For WbdAO8, the column was washed with 3 

column volumes of purification buffer B and an additional 3 column volumes of 

purification buffer B containing 50 mM imidazole.  WbdAO8 was eluted in purification 

buffer B containing 75 mM imidazole.  For the N-terminal (N-WbdAO9a) and C-terminal 

(C-WbdAO9a) WbdAO9a domains, the column was washed with purification buffer B and 

an additional 3 column volumes of purification buffer B containing 50 mM and 75 mM 

imidazole.  N-WbdAO9a and C-WbdAO9a
 were eluted in purification buffer B containing 

125 mM imidazole.  

 The protein-containing fractions were pooled and the buffer was exchanged with 

storage buffer (20 mM Bis-Tris, pH 7.0; 50 mM NaCl), using a desalting column (GE 

Healthcare) according to the manufacturer’s instructions.  The samples were then 

concentrated using a 30,000 or 50,000 kDa molecular weight cut-off Vivaspin filtration 

unit (Sartorius Biolab Products) according to the manufacturer’s instructions.  Aliquots of 

pure protein were stored at -80 °C for future use.  The protein concentrations were 

determined using the A280 and theoretical extinction coefficents of WbdAO9a-His10 

(123,230 M-1, cm-1), His10-WbdAO8 (160,420 M-1, cm-1), His10-N-WbdAO9a (42,080 M-1, 

cm-1) and His10-C-WbdAO9a (81,150 M-1, cm-1) predicted by the ProtParam program  

(Gasteiger et al., 2005). 

2.4.5 Circular dichroism (CD) spectroscopy.  

	   Purified protein was exchanged into CD buffer (5 mM sodium phosphate, pH 7) 

using a desalting column (GE Healthcare) according to the manufacturer’s instructions.  

CD spectra were recorded on a JASCO J-815 spectropolarimeter (JASCO Analytical 

Instruments) with protein samples at 0.16 mg/mL.  CD spectra were recorded between 
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190–250 nm using a cell with a 0.1 mm path length.  Six consecutive scans from each 

sample were merged to produce an average spectrum and were corrected using buffer 

baselines measured under identical conditions.  

2.5 In vitro synthesis and analysis of mannosyltransferase products. 

2.5.1 Synthesis and purification of WbdC and WbdB products using a 

synthetic acceptor. 

 The synthetic β-GlcNAc-PP-C13 acceptor (saturated lipid analogue of β-GlcNAc-

PP-und)  (Ginsberg et al., 2006) was synthesized by Mr. E.W. Sewell and was a generous 

gift from Dr. Eric Brown (McMaster University, Hamilton, ON) (Fig. 2.1).  This acceptor 

used as a substrate for the incorporation of Man from GDP-Man by MalE-WbdC and/or 

MalE-WbdB.  Mannosyltransferase assays were carried out for 1 h at 25 °C in 10 µL 

reaction volumes of assay buffer (50 mM HEPES, 20 mM MgCl2, 1 mM dithiothreitol; 

pH 7.5) containing 0.5 mM β-GlcNAc-PP-C13, 0.31 µM GDP-[14C(U)]Man (262 

mCi/mmol; PerkinElmer Life Sciences) and 10 µg of each enzyme.  To generate non-

radiolabeled products for mass spectrometry (MS), reactions were carried out for 3 h at 

25 °C in 50 µL reaction volumes consisting of assay buffer containing 1 mM β-GlcNAc-

PP-C13, 1 mM GDP-Man and 50 µg of each enzyme.  Reactions were terminated by the 

addition of an equal volume of stop solution (50% (v/v) acetonitrile, 1% (w/v) SDS, 10 

mM EDTA).  Non-radiolabeled reaction products were diluted in 1 mL and purified using 

a C18 Sep-Pak cartridge (Waters).  The diluted sample was loaded onto the C18 cartridge 

and washed extensively with water.  The product(s) were eluted in 60% (v/v) acetonitrile 

and concentrated using a Speed VacTm concentrator.   
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Figure 2.1: Structure of the β-GlcNAc-PP-C13 synthetic acceptor  (Ginsberg et al., 

2006).  The acceptor was synthesized by Mr. E.W. Sewell and was a generous gift from 

Dr. Eric Brown (McMaster University, Hamilton, ON). 
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2.5.2 Synthesis and isolation of WbdC and WbdB products using the 

endogenous acceptor in membranes. 

 The endogenous acceptor (und-P) in membranes was used as a substrate for the 

incorporation of Man from GDP-Man by WbdC and/or WbdB.  Mannosyltransferase 

assays were carried out for 2 h at 25 °C in 200 µL reaction volumes of assay buffer 

(section 2.5.1) containing 0.31 µM GDP-[14C(U)]Man and 800 µg of total membrane 

protein.  The und-PP-linked oligosaccharides were extracted from membranes by adding 

an equal volume of 1-butanol and mixing using a vortex mixer.  The organic (upper) 

phase was retained and the extractions were repeated.  The combined organic phases 

were washed once with an equal volume of water and dried to completeness.  200 µL of 

1-propanol: 2 M trifluoroacetic acid (1:1) was added to each of the dried lipid extracts 

and the samples were heated to 50 °C for 15 min to liberate the oligosaccharide 

phosphates from the sugar-pyrophosphoryl-undecaprenyl products.  The samples were 

dried, then treated with 20 U of calf intestinal alkaline phosphatase (2000 units/mg; 

Roche Applied Science) in dephosphorylation buffer (0.5 M Tris-HCl, 1 mM EDTA; pH 

8.5) for ~2 h at 37 °C to remove the phosphate.   

 Oligosaccharides analyzed by TLC were purified further using a Carbograph 

Ultra-Clean column (Grace).  The dephosphorylated reaction mixtures were diluted to 1 

mL with water, and then applied to a column that had been previously washed with 4 mL 

of 80% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid, followed by 5 mL of water.  

The bound oligosaccharides were washed with 5 mL of water, and then eluted in 1 mL of 

20% (v/v) acetonitrile.  The final products were dried and resuspended in 10 µL of 50% 

(v/v) acetonitrile.   
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2.5.3 Synthesis and purification of WbdA products using fluorescein 

isothiocyanate (FITC)-labeled synthetic O9a acceptors. 

 FITC-labeled synthetic acceptors that resemble the O8/O9a O-PS reducing end 

trisaccharide (Liu et al., 2007) and the O9a repeat-unit  (Hou et al., 2008) (Fig. 2.2) were 

used as substrates for the incorporation of Man from GDP-Man by WbdAO8, WbdAO9a
, 

N-WbdAO9a and C-WbdAO9a.  Dr. Todd Lowary at the Unviersity of Alberta generously 

provided these acceptors, which were synthesized by Drs. C. Liu and D. Hou.  WbdA 

assays were carried out for 30 min at 25 °C in 10 µL reaction volumes of assay buffer 

(section 2.6.1) containing 0.5 mM of the synthetic acceptor, 5 mM GDP-Man and 2 µM 

of purified WbdAO9a-His10 or 10 µM of purified His10-WbdAO8, His10-N-WbdAO9a or 

His10-C-WbdAO9a.  Reactions were terminated by the addition of an equal volume of stop 

solution (section 2.5.1).  WbdA products for structural analysis were prepared as 

described above using 250 µL reaction volumes.  After 30 min, the reactions were diluted 

in 1 mL of water and loaded onto a C18 Sep-Pak cartridge (Waters).  After washing 

extensively with water, the products were eluted in 2 mL of 60% (v/v) acetonitrile and 

concentrated using a Speed VacTm concentrator.   

2.5.4 TLC of oligosaccharides and acceptor-linked products. 

For TLC analysis of WbdC and WbdCB radiolabeled products synthesized using β-

GlcNAc-PP-C13, 2-4 µL of the stopped reactions were spotted on AL SIL G TLC plates 

(Whatman) and developed in solvent A (ethyl acetate/methanol/water/acetic acid 

4:2:1:0.1).  Dried TLC plates were set on film (Kodak Biomax MR Film, Amersham 

Biosciences) and developed following a 1-week exposure.  
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Figure 2.2: Structures of the FITC-labeled synthetic acceptors  (Liu et al., 2007; Hou 

et al., 2008).  (A) O8/O9a reducing end trisaccharide acceptor.  (B) O9a repeat-unit 

acceptor.  Dr. Todd Lowary at the Unviersity of Alberta generously provided these 

acceptors, which were synthesized by Drs. C. Liu and D. Hou.   
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 For TLC analysis of the WbdC and WbdCB radiolabled oligosaccharide products 

liberated from the endogenous acceptor in membranes, 2 µL of the concentrated samples 

and 40–50 µg of non-radiolabled oligosaccharide standards (Man, maltose, maltotriose 

and cellotetraose) were spotted on an AL SIL G TLC plate (Whatman) that had been pre-

developed in solvent A.  The TLC was then developed in solvent A to separate the 

oligosaccharides.  The dried TLC plate was set on film (Kodak Biomax MR Film, 

Amersham Biosciences) and developed following a 1-week exposure.  The non-

radiolabled standards were detected by spraying the TLC plate with 5% (v/v) sulfuric 

acid in ethanol and applying heat until the standards were visible as brown spots.  The 

film was overlaid on the charred TLC plate to compare the migration distance of the 

unknown WbdC and WbdCB products to the known standards.  Different exposure times 

for autoradiographs were tested and 1-week was determined to be sufficient for an 

adequate signal.  Rf values were determined according to equation 1. 

 

 

 

 For TLC analysis of the WbdA products synthesized using the FITC-labeled 

synthetic acceptors, the stopped reactions were diluted 1:4 with 50% (v/v) acetonitrile 

and 2 µL of the diluted samples were spotted on AL SIL G TLC plates (Whatman) and 

developed in solvent B (ethyl acetate/water/1-butanol/acetic acid 5:4:4:2.5).  The 

fluorescent reaction products were detected with a hand-held UV lamp (254 nm 

wavelength)   

EQUATION 1: 
 

       Rf     =  Distance traveled by sample (from origin) 
   Distance traveled by solvent (from origin) 
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2.5.5 Gel filtration chromatography of the WbdC and WbdCB 

oligosaccharides. 

The isolated WbdC and WbdCB products synthesized using the endogenous 

acceptor in membranes (section 2.6.2) were separated by gel filtration chromatography 

using a column (75 cm × 2.5 cm) containing Toyopearl HW-40(S) resin (Tosoh 

Bioscience LLC).  One hundred µL of the radiolabeled WbdC or WbdCB products were 

mixed with 25 µL each of Man, maltose, maltotriose and maltotetraose (10 mg/mL).  The 

mixture was loaded onto the column and the oligosaccharides were eluted in 1 mL 

fractions using 0.1 M acetic acid.  The radiolabeled oligosaccharides were detected by 

scintillation counting 0.4 mL of each fraction in Ecolite scintillation fluid (ICN 

Biomedicals).  The non-radiolabeled standards were detected using the colorimetric 

DuBois assay  (DuBois et al., 1956).  Briefly, 15 µL of phenol 80% (w/v) was added to 

0.4–0.5 mL of each fraction.  2.3 mL of concentrated sulfuric acid was added forcefully 

to the mixture and measured at A490.  The void volume of the column was established 

using 2 mg of blue dextran and monitoring the elution location visually.  

2.5.6 Capillary electrophoresis (CE) of WbdA products generated using the 

FITC-labeled O9a repeat-unit acceptor. 

CE analysis of the WbdAO9a products synthesized using the FITC-labeled repeat-

unit acceptor was conducted according to the method described by Wakarchuk and 

Cunningham  (Wakarchuk and Cunningham, 2003).  The stopped reactions were spun at 

10,000 × g for 5 min, and then diluted 1:250 in water (to 1 µM acceptor concentration).  

The samples were pressure injected for 10 s into a bare silica capillary (50 µm × 50 cm) 

and separated in CE buffer (TBE (section 2.3.3); 20 mM SDS; pH 8.27) over 15 min.  
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The samples were resolved at 30 kV using a Beckman-Coulter P/ACE MDQ Capillary 

Electrophoresis System equipped with an argon ion laser induced fluorescence detector 

(excitation wavelength of 488, with emission filter at 520 nm). 

2.5.7 Estimation of substrate Km values for WbdAO9a. 

 The Km values corresponding to the FITC-labeled O9a repeat-unit acceptor and 

GDP-Man were determined using a CE-based assay.  Product conversion was ascertained 

by integration of the peak areas on electropherograms.  The linear range of product 

formation was established by examining conversion of the acceptor into product as a 

function of time at various enzyme concentrations.  Within the linear range, the Km was 

determined by varying the concentration of substrate and measuring the conversion of the 

acceptor into product.  The percent conversion was used to calculate the enzyme activity 

for each substrate concentration as described in equation 2.   

These data were fit to the Michaelis-Menten equation in Graphpad Prism version 4.0 and 

the Km
 values were estimated by the software’s kinetic package.  

2.6 LPS analysis. 

2.6.1 Generation of polyclonal antibodies against an altered O9a 

polysaccharide. 

 Overnight cultures of CWG901 transformed by pWQ599 were diluted at 1:50 into 

fresh LB medium containing 0.1% Man and 0.2% arabinose and grown at 37 °C for 

EQUATION 2: 
 
Enzyme    =   [acceptor]  ×  % conversion  ×  .    1      .  × dilution  × reaction volume  × .  1   . 
Activity            reaction         sample volume      1000 
(U/mL)                          time 
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approximately 5 h.  The cells were harvested by centrifugation for 10 min at 5,000 × g at 

4 °C.  The cells were washed twice in 20 mL of 0.85% (w/v) NaCl and the final pellet 

was resuspended in 10 mL of 0.6% (v/v) formaldehyde (in 0.85% (w/v) NaCl).  The cell 

suspension was incubated at room temperature for 48 h to kill all bacterial cells.  To 

ensure that no viable cells remained, 100 µL of the cell suspension was plated onto LB 

agar and 50 µL added to LB broth.  Free formaldehyde was removed by washing the cells 

twice in 20 mL of 0.85% (w/v) NaCl.  The final cell pellet was resuspended in 0.85% 

(w/v) NaCl to give an approximate OD600 of 0.85 (~ 108 cells/mL) and the cell 

suspension was checked again to ensure no viable cells were present.  The killed whole 

cells were mixed 1:1 with Freund’s Incomplete Adjuvant (Sigma) prior to injection into a 

New Zealand White rabbit by the Animal Care Facility (University of Guelph).   

 The rabbit was injected intramuscularly with 250 µL of the cell mixture on days 1, 

14 and 28.  On day 29, the rabbit was terminally bled and the blood was collected.  The 

blood was rocked for approximately 2 h at room temperature to allow clot formation.  

The clot was then separated from the serum by centrifugation at 3, 000 × g for 10 min. 

The serum was distributed into aliquots and stored at -80 °C.  

2.6.2 Adsorption of polyclonal antisera. 

 All O9a/O9-related sera were adsorbed against whole cells of E. coli F470 and 

CWG286 to remove cross-reactive antibodies to the lipid A-core and O8 antigen.  

Overnight cultures (50 mL) were collected by centrifugation at 5,000 × g for 10 min.  

Each cell pellet was resuspended in 4 mL of phosphate buffered saline (PBS) (137 mM 

NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4; pH 7.4) and 1 mL aliquots 

were placed into 4 microcentrifuge tubes.  The cells were collected in the 4 tubes by 
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centrifugation at 5,000 × g for 3 min.  The supernatant was drawn off and the cell pellets 

were kept on ice until needed.  One of the pellets was resuspended in 1 mL of the 

unadsorbed serum and incubated at 37 °C with intermittent rocking for 2 h.  The cells 

were then collected by centrifugation at 5,000 × g for 3 min and the serum was removed.  

This was repeated sequentially with the remaining cell pellets.  After the serum was 

adsorbed against all of the desired whole cells, sodium azide was added to a final 

concentration of 0.02% (w/v) and the serum was distributed into aliquots and stored at -

20 °C.  

 To obtain antibodies capable of distinguishing between the O9a antigen and the 

altered O9a polysaccharide (produced by specific mutations in WbdAO9a, see section 

4.2.4), serum was adsorbed against whole cells of E. coli CWQ901 transformed by 

pWQ599.  Overnight cultures were diluted 1:100 into fresh medium containing 0.1% 

Man and 0.2% arabinose and grown at 37 °C for 3 h to induce expression of the altered 

polysaccharide.  The cells were then collected by centrifugation at 5,000 × g for 10 min 

and the serum was adsorbed as described above.  

2.6.3 SDS-PAGE and immunoblotting of LPS. 

 LPS was examined using the method described by Hitchcock and Brown  (Hitchcock 

and Brown, 1983).  Overnight cultures were diluted 1:50 into fresh medium (containing 

0.1% Man and 0.2% arabinose where appropriate) and grown at 37 °C for approximately 

3 h.  A culture volume equivalent to an OD600 of 1 was harvested by centrifugation at 

16,000 × g for 1 min, and resuspended in 100 µL of 1 × SDS-PAGE sample buffer (62.5 

mM Tris-HCl, pH 6.8; 2% (w/v) SDS; 10% (w/v) glycerol; 2.5% (v/v) 2-

mercaptoethanol; 0.0025% (w/v) bromophenol blue).  The samples were boiled for 10 
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min and proteinase K was added to a final concentration of 0.5 mg/mL.  The proteinase K 

treated samples were then incubated at 55 °C for at least 1 h.  

 SDS-PAGE gels for LPS analysis consisted of a 4% (w/v) acrylamide stacking layer 

and a 12.5% or 15% (w/v) acrylamide resolving gel.  The samples were electrophoresed 

at 150 V – 180 V in a Tris-glycine running buffer (see section 2.4.1) until the dye front 

was approximately 0.5 cm from the bottom of the gel.  LPS was visualized by silver 

staining according to the method described by Tsai and Frasch  (Tsai and Frasch, 1982).  

Briefly, SDS-PAGE gels were incubated with fix solution  (40% ethanol; 5% acetic acid) 

for a minimum of 1 h.  Next, gels were incubated with oxidizing solution (0.7% (w/v) 

periodic acid in fix solution) for 15 min, and then washed three times for 10 min in 

Millipore water (from a Millipore SuperQ System).  The washed gels were then stained 

for 10 min in silver stain (0.67% (w/v) silver nitrate; 1.3% (v/v) ammonium hydroxide; 

19 mM sodium hydroxide).  The stained gels were washed three times for 5 min with 

Millipore water and the stain was developed using developer solution (0.025% (w/v) 

citric acid; 0.0925% (v/v) formaldehyde).  Staining was stopped by repeatedly washing 

the gel with water.  

 The O-PS component of LPS was detected by Western immunoblotting.  LPS was 

transferred from SDS-PAGE gels to PROTRAN nitrocellulose membranes (PerkinElmer 

Life Science) by electrophoresis at 60 V for 60 min in transfer buffer (see section 2.4.1).  

The membranes were washed twice with TBST (see section 2.4.1) and blocked in 2.5% 

(w/v) skim milk in TBST for at least 1 h.  O-PS was detected by incubation of polyclonal 

antiserum specific for the desired O-PS at a 1:500 dilution in 2.5% milk in TBST for at 

least 1 h.  The membranes were washed three times for 5 min with TBST and incubated 
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with alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (Cedar Lane 

Laboratories) at a dilution of 1:3,000 using 2.5% milk in TBST for 1 h.  The membranes 

were washed three times with TBST and O-PS was detected using a solution of 122 mM 

nitro-blue tetrazolium chloride (Roche) and 115 mM 5-bromo-4-chloro-3-indolyl 

phosphate (Roche) in alkaline phosphatase buffer (100 mM Tris-HCl; 100 mM NaCl; 10 

mM MgCl2; pH 9.5).  Images were captured digitally using a Bio-Rad GS-800 Calibrated 

Densitometer. 

2.6.4 Purification of LPS 

  LPS produced by CWG901 transformed by pWQ599 was purified for NMR 

analysis.  The LPS was purified using the hot aqueous-phenol method described by 

Westphal and Jann (1965).  Eighteen L of culture containing 0.1% Man and 0.2% 

arabinose were grown up in two 9 L batches.  Fresh media was inoculated at a 1:50 

dilution from an overnight culture and grown at 37 °C for approximately 4–5 h until an 

OD600 of approximately 0.8 was reached.  The 18 L of cell culture was harvested by 

centrifugation at 5,000 × g for 10 min to generate 4 cell pellets of approximately equal 

size.  Each pellet was washed with 50 mL of 50 mM Tris-HCl; pH 7.5 and lyophilized.  

The lyophilized cell pellets were resuspended in 50 mL of 50 mM Tris-HCl; 5 mM 

EDTA per 5 g of dry weight and disrupted by sonication (Sonic Dismembrator 500, 

Fisher Scientific) at 30% amplitude for 3 min with intermittent cooling on ice.  Hen egg 

white lysozyme was then added (2 mg/mL) and the suspension was stirred for 16 h at 4 

°C.  The suspension was sonicated again at 30% amplitude for 3 min with intermittent 

cooling.  The suspension volume was adjusted to 100 mL per 5 g of dry cell weight with 

20 mM MgCl2 and incubated at 37 °C for 10 min.  DNase (1 µg/mL) and RNase (1 
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µg/mL) were added and the mixture was incubated at 37 °C for 10 min, followed by 60 

°C for 20 min.  After digestion, the temperature of the mixture was equilibrated to 70 °C.  

An equal volume of 90 % phenol (at 70 °C) was added and the solution was gently mixed 

for 20 min in a 70 °C water bath to avoid separation of the phases.  The mixture was then 

cooled to on ice for approximately 30 min and centrifuged at 10,000 × g for 15 min. The 

(upper) aqueous phase was collected and dialyzed against tap water until no phenol odor 

was detectable before lyophilization.  The crude dried LPS was resuspended in 25 mL of 

20 mM sodium acetate; pH 7.0 and incubated sequentially with RNase (20 µg/mL) for 2 

h, DNase (50 µg/mL) for 2 h, and proteinase K (50 µg/mL) for 2 h, all at 37 °C.  The LPS 

was collected by ultracentrifugation at 105,000 × g for 16 h at 4 °C.   The supernatant 

removed, the LPS pellet was resuspended in 25 mL of Millipore water and the 

ultracentrifugation was repeated.  The LPS pellet was resuspended in 20 mL of Millipore 

water and lyophilized. 
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Chapter 3: Determination of the activities of the 

mannosyltransferases involved in synthesis of the E. coli O8 

and O9/O9a O-PSs 
	  

The data presented in Sections 3.2.1 – 3.2.8 of this chapter are in press: Greenfield, 

L.K., Richards, M.R., Li, J., Lowary, T.L., Wakarchuk, W.W., and Whitfield, C. (2012) 

Biosynthesis of the polymannose lipopolysaccharide O antigens from Escherichia coli 

requires a unique combination of mannosyltransferase modules in single- and multiple-

active site enzymes. J Biol Chem.  DOI: 10.1074/jbc.M112.401000.  The data presented 

in Sections 3.2.9 – 3.2.11 of this chapter are in press: Greenfield, L.K., Richards, M.R., 

Vinogradov, E., Lowary, T.L., Wakarchuk, W.W., and Whitfield, C. (2012) Domain 

organization of the polymerizing mannosyltransferases involved in synthesis of the 

Escherichia coli O8 and O9a lipopolysaccharide O antigens. J Biol Chem.  DOI: 

10.1074/jbc.M112.412577. 

3.1 Research objectives and rationale. 

 Synthesis of the E. coli O8 and O9/O9a O-PSs is carried out by three 

mannosyltransferases (WbdC, WbdB and WbdA) encoded within the O-PS biosynthesis 

cluster  (Kido et al., 1995).  The proposed pathway for the assembly of the O8 and 

O9/O9a O-PSs is based on data primarily from E. coli O9a (initially reported as O9) 

(Kido et al., 1995; Kido et al., 1997).  WbdCO9a has been proposed to add the first α-Man 

residue to the β-GlcNAc-PP-und primer, followed by the addition of two α-(1,3)-Man 

residues by WbdBO9a.  Further chain extension is then proposed to occur through the 

combined (alternating) activities of WbdBO9a
 and WbdAO9a  (Kido et al., 1995).  

However, the steps in this model are not consistent with the conserved sequences of the 
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O8 and O9a WbdB proteins (96% identity) and the structures of the O8 and O9a O-PS 

repeat units.  The O8 repeat-unit cannot accommodate addition of the same disaccharide 

proposed to be synthesized by WbdBO9a, suggesting the enzyme does not act in tandem 

with WbdA.  When the original studies on the biosynthesis of the O9a antigen were 

reported, the precise structures of the reducing end of the O-PSs were unknown, and the 

presence of an adaptor as a discrete structural element was not recognized.  In the 

published model, the residues transferred by the mannosyltransferases were assumed to 

form part of the O9 repeat unit structure  (Kido et al., 1995).  However, it was later 

determined that the O-PS was actually O9a.  Collectively, these observations indicate that 

the precise roles of the three mannosyltransferases in synthesis of the O8 and O9a O-PSs 

are still questionable.   

 An alternative possibility for synthesis of the O8 and O9a O-PSs is that WbdC and 

WbdB assemble the conserved adaptor domain, and WbdA synthesizes the repeat-unit 

domain.  WbdC and WbdB are single domain mannosyltransferases shared by both 

serotypes, while the WbdA mannosyltransferases differ in size and sequence.  In this 

scenario, the sequence variation in the WbdA proteins may reflect their roles as serotype-

specific polymerizing mannosyltransferases.  This possibility is consistent with the 

predicted multi-domain structure of the WbdA proteins and the experimental evidence 

that suggests WbdA is the serotype-defining enzyme  (Kido and Kobayashi, 2000).   

  The objective of the research presented in this chapter was to reinvestigate the 

activities of the three mannosyltransferases in synthesis of the E. coli O8 and O9a O-PSs.  

Here I provide a significantly revised model for the assembly of the O8 and O9a O-PSs 

that is consistent with the structural and genetic data available for these systems.  
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3.2 Results. 

3.2.1 WbdCO9a and WbdCO8
 are functionally interchangeable in vivo. 

Experimental data from E. coli O9a supports the conclusion that WbdCO9a
 performs 

the first committed step in biosynthesis of this polymannose O-PS, by transferring a 

single Man residue to the multifunctional acceptor, β-GlcNAc-pyrophosphoryl-

undecaprenyl  (Kido et al., 1995).  This is consistent with both the structures of the K. 

pneumoniae O3 and O5 O-PSs (and therefore also their E. coli counterparts), which 

contain a conserved α-Man-(1,3)-β-GlcNAc disaccharide at their reducing termini 

(Vinogradov et al., 2002), and the high degree of amino acid sequence identity shared 

between the WbdC homologs (WbdCO9/O9a and WbdCO8 are 96% identical).  A mutant 

complementation strategy confirmed that WbdCO9a and WbdCO8 are functionally 

interchangeable.  SDS-PAGE profiles of LPS, and Western immunobotting using anti-O8 

and anti-O9a sera showed the expected loss of O-PS in the deletion mutants ΔwbdCO9a 

and ΔwbdCO8 (Fig. 3.1).  Restoration of the host O-PS in cross complementation 

experiments indicates that WbdC plays the same essential role in the synthesis of both 

polysaccharides.   In all cases, O-PS production was restored in the absence of the IPTG 

inducer indicating there was basal protein expression from the plasmid-encoded gene.  

MalE-WbdC fusion proteins were used in the experiments presented in Fig. 3.1, but 

identical results were obtained with ‘non-fusion’ derivatives (data not shown).  The N-

terminal MalE fusion partner therefore does not compromise protein folding and 

function.  
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Figure 3.1: Cross complementation of wbdCO8 and wbdCO9a.   (A) Silver-stained SDS-

PAGE gel of LPS samples from whole-cell lysates of CWG1008 (ΔwbdCO8) containing 

pWQ577 (wbdCO8) and pWQ575 (wbdCO9a) and (B) corresponding α-O8 Western 

immunoblot.  (C) Silver-stained SDS-PAGE gel of LPS samples from whole-cell lysates 

of CWG1010 (ΔwbdCO9a) containing pWQ575 (wbdCO9a) and pWQ577 (wbdCO8) and 

(D) corresponding α-O9a Western immunoblot.   
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3.2.2 WbdBO9a and WbdBO8
 are functionally interchangeable in vivo. 

In the published model for O9a O-PS synthesis, WbdB is thought to act after 

WbdC, adding two Man residues to the growing polymer  (Kido et al., 1995).  However, 

the predicted WbdBO8/O9a proteins are almost identical (96% identity) and the O-PS 

repeat unit structures cannot accommodate addition of the same disaccharide in each 

serotype, so the activity of WbdBO8/O9a was reinvestigated.   To resolve the discrepancies, 

I first examined whether WbdBO9a and WbdBO8 were functionally interchangeable.  

 SDS-PAGE profiles and Western immunoblotting of LPS samples from ΔwbdBO9a 

and ΔwbdBO8 established that WbdB also plays an essential role in the synthesis of both 

O-PSs as expected (Fig. 3.2).  Cross-complementation experiments showed that either 

WbdB homolog could perform the essential mannosyltransferase reaction in each genetic 

background, indicating that WbdBO9a and WbdBO8 are also functionally equivalent in 

vivo. 

3.2.3 WbdCB transfers three α-(1,3)-Man residues to the endogenous β-

GlcNAc-PP-und acceptor in membranes. 

To investigate the roles of WbdC and WbdB in biosynthesis of the O8 and O9a O-

PSs, the activities of WbdCO8/O9a and the WbdCBO8/O9a pairs were examined using the 

endogenous (β-GlcNAc-PP-und) acceptor in membrane fractions from cells expressing 

the appropriate enzymes.  The radiolabeled products were released by mild acid 

hydrolysis and separated by TLC, revealing a single co-migrating product from each 

enzyme pair (Fig. 3.3).  The WbdCO9a and WbdCO8 oligosaccharide products (Rf = 0.44) 

co-migrated with the disaccharide standard (Rf = 0.42), suggesting the O9a/O8 WbdC 

product is a disaccharide (α-Man-(1,3)-β-GlcNAc).  The WbdCBO9a and WbdCBO8 
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Figure 3.2: Cross complementation of wbdBO8 and wbdBO9a.   (A) Silver-stained SDS-

PAGE gel of LPS samples from whole-cell lysates of CWG1007 (ΔwbdBO8) containing 

pWQ578 (wbdBO8) and pWQ576 (wbdBO9a) and (B) corresponding α-O8 Western 

immunoblot.  (C) Silver-stained SDS-PAGE gel of LPS samples from whole-cell lysates 

of CWG1009 (ΔwbdBO9a) containing pWQ576 (wbdBO9a) and pWQ578 (wbdBO8) and (D) 

corresponding α-O9a Western immunoblot.   
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Figure 3.3: (A) TLC and (B) gel-filtration chromatography of the WbdC and 

WbdCB oligosaccharide components generated using the endogenous β-GlcNAc-

PP-und acceptor.  TLC standards: Man (1), maltose (2), maltotriose (3) and 

cellotetraose (4).  Gel filtration standards: Man (1), maltose (2), maltotriose (3) and 

maltotetraose (4).  
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reaction products (Rf = 0.3) also co-migrated and were larger than the WbdC 

oligosaccharides.  The WbdCB products migrated in between the trisaccharide (Rf = 

0.34) and tetrasaccharide (Rf = 0.28) standards.  Ultimately, TLC did not unequivocally 

determine the sizes of the WbdCB oligosaccharides, but the data does demonstrate that 

the O8 and O9a WbdC and WbdB homologues perform the same function in vitro using 

the endogenous β-GlcNAc-PP-und intermediate as an acceptor.  This is consistent with 

the in vivo data describe above. 

The oligosaccharide products from WbdCO9a and WbdCBO9a reactions were 

subjected to gel filtration, establishing that WbdC forms α-Man-(1,3)-β-GlcNAc-PP-und, 

while the single detectable WbdCB product is (α-(1,3)-Man)3-β-GlcNAc-PP-und (Fig. 

3.3).  These oligosaccharide sizes are consistent with those obtained in the initial study on 

the O9a mannosyltransferases  (Kido et al., 1995).  The tetrasaccharide WbdCB product 

could be accommodated in the structure of the reducing terminus of the native O-PS (i.e. 

α-Man-(1,3)-α-Man-(1,3)-α-Man-(1,3)-β-GlcNAc)  (Vinogradov et al., 2002), but  

results in a different position of the first Man residue of the repeat unit domain, 

essentially shifting the register of the repeat unit.  This data, however, is not consistent 

with a conserved role for WbdB in synthesis of the O8 and O9a repeat-units. 

3.2.4 WbdC and WbdCB transfer Man residues to a synthetic β-GlcNAc-PP-

C13 acceptor in vitro. 

To confirm the findings obtained using the endogenous acceptor (β-GlcNAc-PP-

und), the activities of the WbdC and WbdCB mannosyltransferases were tested using β-

GlcNAc-PP-C13, a soluble synthetic analogue of the endogenous acceptor.  Reactions 

were performed with the relevant partially purified MalE-fusion protein(s) (Fig. 3.4, 3.5) 
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Figure 3.4: WbdCO8 and WbdCO9a transfer 1 Man residue to the synthetic β-

GlcNAc-PP-C13 acceptor.   (A) Simply-Blue stained SDS-PAGE gel of enriched Top10 

whole-cell lysates containing pMAL-c2X (malE), pWQ575 (wbdCO9a) or pWQ577 

(wbdCO8).  Both MalE-WbdCO8/O9a fusion proteins migrated where expected (on gel - 

81.5 kDa; predicted - 85.5 kDa)  (B) Autoradiogram of TLC separated WbdCO8 and 

WbdCO9a reaction products.  (C) CE-MS spectrum of the reaction products generated by 

WbdCO9a.  MS spectrum was aquired in negative-ion mode. 
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Figure 3.5: WbdBO8 and WbdBO9a transfer multiple Man residues to the synthetic 

β-GlcNAc-PP-C13 acceptor.   (A) Simply-Blue stained SDS-PAGE gel of enriched 

Top10 whole-cell lysates containing pMAL-c2X  (malE), pWQ576 (wbdBO9a) or 

pWQ578 (wbdBO8).  Both MalE-WbdBO8/O9a fusion proteins migrated where expected (on 

gel - 90.0 kDa; predicted - 86.9 kDa)  (B) Autoradiogram of TLC separated WbdCO8, 

WbdCO9a, WbdCBO8 and WbdCBO9a reaction products.  (C) CE-MS spectrum of the 

reaction products generated by the WbdCBO9a pair (region between 1000 m/z and 1300 

m/z has been magnified 10 ×).  MS spectrum was acquired in negative-ion mode. 
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and GDP-[14C]-Man.  The products were separated by TLC and examined by 

autoradiography.  No radioactive products were formed in the absence of WbdC or in 

reactions lacking the synthetic acceptor (Fig. 3.4).  A single, co-migrating product was 

identified in reactions from each WbdC homolog, indicating that WbdCO9a and WbdCO8 

have identical in vitro activities with β-GlcNAc-PP-C13 as the acceptor (Fig. 3.4).  The 

WbdB proteins could not transfer Man residues directly to the β-GlcNAc-PP-C13 

acceptor in the absence of WbdC (data not shown).  Reaction mixtures containing 

partially purified WbdCBO9a
 or WbdCBO8 yielded one major and one minor product (Fig. 

3.5).  The products were identical from each protein pair and they were larger than the α-

Man-(1,3)-β-GlcNAc-PP-C13 product of WbdC (Fig. 3.5).  These results demonstrate that 

the O8 and O9a WbdB homologues also possess the same activity using the α-Man-(1,3)- 

β-GlcNAc-PP-C13 acceptor in vitro. 

The product from a reaction containing WbdCO9a
 was analyzed by CE-MS to 

determine its identity (Fig. 3.4, A2.2). CE-MS was performed by Dr. Jianjun Li at the 

National Research Council of Canada, Ottawa, ON. A novel product peak was obtained 

corresponding to the expected m/z of 724.8 for α-Man-(1,3)-β-GlcNAc-PP-C13 and this 

assignment was confirmed by MS/MS (Fig. A2.2).  Masses corresponding to products 

containing multiple Man residues were not detected, confirming that WbdC is responsible 

for the addition of a single Man residue to β-GlcNAc-PP-C13 in vitro. When products 

from a WbdCBO9a reaction were examined by CE-MS, the spectrum revealed peaks with 

m/z values of 1048.8 (Hex3-β-GlcNAc-PP-C13) and 1210.8 (Hex4-β-GlcNAc-PP-C13)  

(Fig. 3.5, A2.3), the identities of which were confirmed by MS/MS (Fig. A2.3).  A signal 

corresponding to the unmodified acceptor (562 m/z) (Fig. A2.1) was not visible within 
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either spectrum, suggesting complete conversion of the  β-GlcNAc-PP-C13 acceptor into 

product under the reaction conditions.  The identities of the additional peaks in both 

spectra are unknown.  Most of the peaks do not match the contaminant peaks present in 

the spectrum of the β-GlcNAc-PP-C13 starting material (Fig. A2.1) and likely represent 

new contaminants introduced by the addition of reaction components used in the assay.  

Consistent with this premise, many of the unknown peaks were the same in the spectra of 

the WbdC and WbdCB products.  It will be necessary to aquire mass spectra of the 

reaction buffer and protein preparations to confirm this hypothesis.    

The transfer of a single Man residue to β-GlcNAc-PP-C13 by WbdCO8/O9a is 

consistent with the results obtained using the endogenous acceptor, showing the WbdC 

homologues are responsible for the addition of a single Man residue to β-GlcNAc-PP-

und.  WbdCB from both serotypes generated two reaction products by transferring 

varying numbers of Man residues to the α-Man-(1,3)-β-GlcNAc-PP-C13 product of 

WbdC.  This contrasts the results obtained using the endogenous lipid acceptor, where 

WbdCB generated a single product.  This may reflect an inherent problem associated 

with the in vitro conditions and a soluble synthetic substrate, but does confirm that WbdB 

can catalyze the transfer of sequential Man residues. 

3.2.5 WbdAO8 and WbdAO9a are not functionally interchangeable in vivo. 

Deletion of wbdA resulted in the complete loss of O-PS in both the O8 and O9a 

serotypes (Fig. 3.6).  This finding confirms that WbdA is essential for synthesis of O-PS 

in both serotypes, an observation made previously for the O9a system  (Kido et al., 1995; 

Kido et al., 1998).  The WbdA homologues are not functionally interchangeable in the 

corresponding ΔwbdA mutants (Fig. 3.6). Western immunoblotting using the O8-specific 
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Figure 3.6: wbdAO8 and wbdAO9a do not cross complement.   (A) Silver-stained SDS-

PAGE gel of LPS samples from whole-cell lysates of CWG1105 (ΔwbdAO9a) containing 

pWQ492 (wbdAO9a) and pWQ587 (wbdAO8) and of CWG1104 (ΔwbdAO8) containing 

pWQ587 (wbdAO8) and pWQ492 (wbdAO9a).  (B) and (C) Corresponding α-O9a and α-

O8 Western immunoblots, respectively.   
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antibody showed that WbdAO8 produced a minor amount of the O8 polysaccharide in the 

ΔwbdAO9a mutant.  This polysaccharide migrated significantly slower than the O-PS-

linked lipid A-core species, implying the polymer was unusually large.  Previous work in 

our lab has established that non-surface exposed O-PS is visible by Western 

immunoblotting, but not by silver staining  (Kos et al., 2009).  The absence of O-PS on 

the corresponding silver-stained SDS-PAGE gel suggests that this polymer was not 

exported across the IM and ligated to the lipid A-core.  In contrast, the O9a-specific 

antibodies did not reveal any O9a polysaccharide when WbdAO9a
 was expressed in the 

ΔwbdAO8 mutant.   

3.2.6 Purification of the WbdA mannosyltransferases and determination of 

assay conditions. 

	   To characterize the function of the O8 and O9a WbdA mannosyltransferases, both 

enzymes were purified (Fig. 3.7).  WbdAO9a eluted in purification buffer B containing 

125 mM imidazole with no contaminating proteins.  In contrast, WbdAO8 did not bind 

well to the nickel-chelating column.  Initial purifications were performed using an N-

terminal His6-tag, but the protein eluted off the column in purification buffer B 

containing only 50 mM imidazole with numerous contaminants (data not shown).  The 

use of an N-terminal His10-tag helped overcome this issue.  Although His10-WbdAO8 

eluted at a relatively low concentration of imidazole (75 mM), it was purified to 

homogeneity (Fig 3.7B).  The protein also eluted over a broad range of fractions and this 

can be attributed to poor binding to the resin.  

 Previous investigation of the activity of WbdA was limited by the lack of a defined 

acceptor substrate, so functional assignments came from in vitro experiments using 
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Figure 3.7: Purifications of (A) WbdAO9a-His10 and (B) His10-WbdAO8 on Ni-NTA 

resin.  Both proteins migrated in the Simply-Blue stained SDS-PAGE gel where 

expected (WbdAO9a-His10: on gel - 100.8 kDa, predicted - 95.5 kDa; His10-WbdAO8: on 

gel - 127.3 kDa, predicted - 137 kDa). 
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membranes expressing WbdCBA and the endogenous β-GlcNAc-PP-und acceptor  (Kido 

et al., 1995).  To overcome this limitation, 8-azidooctyl glycoside derivatives were 

synthesized by the Lowary lab at the University of Alberta containing the O8/O9a 

reducing terminal trisaccharide [α-Man-(1,3)-α-Man-(1,3)-β-GlcNAc]  (Liu et al., 2007) 

and the O9a repeat-unit [α-Man-(1,2)-α-Man-(1,2)-α-Man-(1,3)-α-Man]  (Hou et al., 

2008).  The O9a repeat-unit derivative has been exploited previously to investigate the 

WbdD-mediated chain-termination reaction  (Clarke et al., 2011).  Initial assay 

conditions were established using WbdAO9a, which was able to incorporate Man using 

both synthetic acceptors (data not shown).  WbdAO9a activity was found to be optimal at 

room temperature (~25-30 °C) and declined rapidly at temperatures above 30 °C (Fig. 

3.9).  The Km values for the acceptor and GDP-Man were determined using a CE-based 

assay.  The percent conversion of the O9a repeat-unit acceptor into product consisting of 

the acceptor plus one additional Man residue was determined by integration of the peak 

areas on electropherograms.  The percent conversion was used to establish reaction 

conditions at which the rate of product formation was linear with time (i.e. the initial 

velocity) and consisted of a 1:50 WbdAO9a enzyme dilution with a reaction time of 3 min 

(Fig. 3.8).  Because WbdAO9a rapidly formed multiple products consisting of multiple 

Man additions, it was impossible to follow the product of just one Man addition.  Hence, 

the peak areas of the major product (acceptor + 1 Man) and any higher order products 

were combined.  Keeping within the linear range, an approximate Km for the O9a repeat-

unit acceptor and GDP-Man were determined in two separate trials.  The percent 

conversion was used to calculate the enzyme activity for each substrate concentration.  

The data were fit to the Michaelis-Menten equation in Graphpad Prism version 4.0 (Fig. 
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Figure 3.8: Determination of the reaction conditions at which the rate of product 

formation was linear with time for WbdAO9a using the O9a repeat-unit acceptor. (A) 

CE separation of products generated at 3, 5, 10 min reaction times using a 1:50 dilution 

of WbdAO9a.  The % conversion of the acceptor into product containing 1 Man residue 

was determine by integration of the peak intensities (labeled on graph).  (B) Progress 

curve for the reaction products generated by WbdAO9a at a 1:50 dilution.  Product 

formation was approximately linear between 0-3 min. 
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Figure 3.9: (A) Temperature test trial and Km estimations for (B) the O9a repeat-

unit acceptor and (C) GDP-Man using WbdAO9a.  Two separate Km trials were done 

for the synthetic acceptor and GDP-Man. 
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3.9). The Km
 values were estimated by the software’s kinetic package for each trial and 

then averaged.  The Km(app)
 values for the O9a repeat-unit acceptor in the independent 

experiments were 1.5 ± 0.2 mM and 1.2 ± 0.3 mM.  The Km(app) values for GDP-Man 

were 0.5 ± 0.05 mM and 0.6 ± 0.08 mM.  The average Km for the O9a repeat-unit 

acceptor and GDP-Man were 1.4 mM and 0.5 mM, respectively.  The Km values for 

GDP-Man were unusually large and unlikely to reflect physiological values (typical 

intracellular nucleotide sugar concentrations are on the micromolar order).  This may be 

an artifact of the in vitro conditions with a soluble synthetic acceptor (in vivo WbdAO9a is 

membrane associated and utilizes a membrane-bound glycosyl-linked lipid acceptor).  A 

different possibility is that there may be a difference in the local concentration of GDP-

Man within the active complex in comparison to the total intracellular pool.  Nonetheless 

these experiments provided important information about the concentrations of the 

substrates to use for the in vitro assays to provide effient catalysis.  Due to limited 

quantities of the FITC-labeled synthetic acceptors, it was impossible to use 10 times the 

Km concentration of the O9a repeat-unit acceptor in the Km determination of GDP-Man.  

An acceptor concentration of 3 mM was used as reasonable compromise, which put the 

acceptor concentration as close to saturation as possible (Fig. 3.9).  Ultimately, detailed 

kinetic analyses could not be performed on the WbdA proteins due to insufficient 

quantities of the FITC-labeled synthetic acceptors.  Unless indicated otherwise, assays 

always contained an excess concentration of GDP-Man of 5 mM (i.e. 10 times the Km 

concentration) and an acceptor concentration of 0.5 mM.   
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3.2.7 WbdAO8 and WbdAO9a
 synthesize polymer using synthetic acceptor 

analogues.  

Purified WbdAO9a was capable of transferring multiple Man residues to both 

acceptors, yielding a broad size range of reaction products on TLC (Fig. 3.10).  At high 

GDP-Man:acceptor ratios, the product was confined to the origin of a TLC plate, whereas 

only a few Man residues were added when the molar concentrations of donor and 

acceptor were 1:1.  The control reactions demonstrated that no synthesis products were 

generated in the absence of GDP-Man. A CE trace of samples taken at various time 

points from a reaction containing the O9a repeat-unit acceptor demonstrated the 

accumulation of larger products over time (Fig. 3.11).  Matrix-assisted laser 

desorption/ionization (MALDI) – Tof (time of flight) MS of the products produced by 

WbdAO9a with the trisaccharide acceptor revealed products with up to 21 added Man 

residues (Fig. 3.12).  Each of the peaks were separated by the mass corresponding to one 

Man residue (162.1).  The ion peak at m/z 1246.5 corresponds to the sodium adduct of 

the acceptor plus one additional Man.  The largest product (m/z 4487.5) corresponds to 

the sodium adduct of the acceptor plus 21 Man residues.  A peak corresponding to the 

unmodified acceptor was not present in the spectrum, indicating that all of the starting 

material was converted into product by the enzyme.  The reaction products obtained with 

O9a repeat-unit acceptor and WbdAO9a were also examined by MALDI-Tof MS and a 

range of products were detected consisting of the acceptor alone (m/z 1182) and acceptor 

plus increasing numbers of Man residues (Fig. 3.12).  The largest product (m/z 4911) 

corresponds to the mass of the acceptor plus 23 Man residues.  Again, each peak was 

separated by the mass of one Man residue (162.1).   
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Figure 3.10: WbdAO9a transfers multiple Man residues to synthetic acceptors. TLC 

separation of the reaction products generated by WbdAO9a with the O8/O9a reducing end 

trisaccharide and the O9a repeat-unit acceptors (inverted UV image). 
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Figure 3.11: CE separation of the WbdAO9a products generated over time with the 

O9a repeat-unit acceptor.  Reactions were stopped at 0, 15, 30 and 60 min time points 

and the products analyzed.  As no reaction products have been formed at the 0 time point, 

the dominant peak in the 0 time point sample represents the unmodified acceptor (as 

labeled).  Minor peaks in the 0 time point sample reflect contaminants in the starting 

material.
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Figure 3.12: MALDI-Tof MS of the reaction products generated by WbdAO9a with 

(A) the O8/O9a reducing end trisaccharide and (B) O9a repeat-unit acceptors.  The 

spectrum of products generated using the reducing end trisaccharide acceptor was 

acquired in positive-ion mode and the spectrum of products generated using the O9a 

repeat-unit acceptor were acquired in negative-ion mode. 
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Interestingly, purified WbdAO8 was only capable of adding Man to the O9a repeat-

unit acceptor and not to the trisaccharide acceptor (Fig. 3.13).  The reaction products 

obtained with repeat-unit acceptor and WbdAO8 were examined by MALDI-Tof MS, and 

a range of products were detected consisting of the acceptor alone (m/z 1183) and the 

acceptor plus increasing numbers of Man residues (Fig. 3.13). The largest product (m/z 

4427) corresponds to the mass of the acceptor plus 20 Man residues.  All peaks were 

separated by the mass corresponding to one Man residue (162.1).  

3.2.8 WbdAO8
 and WbdAO9a are multifunctional mannosyltransferases.  

The MS data indicate that WbdAO8 and WbdAO9a are capable of polymerizing 

sufficient Man residues to encompass multiple repeat units of the O-PSs, but offer no 

insight into the identities of the structure of the products.  To rule out the possibility that 

WbdA may have synthesized an aberrant polymannose product, the reaction products 

generated by WbdAO8 with the repeat-unit acceptor and WbdAO9a with the trisaccharide 

acceptor were examined by NMR with the assistance of Dr. Michele Richards at the 

University of Alberta, Edmonton, AB.    

The 1D 1H spectrum revealed that at least two compounds were produced in the 

WbdAO9a reaction (Fig. 3.14).  Integration of the anomeric signals in the spectrum 

showed that that these compounds were present in an approximate ratio of 3:1.  Four 

signals were obtained in the anomeric region for the major product, indicating that the H1 

(anomeric) protons are present in four distinct chemical environments.  This is consistent 

with the O9a repeat-unit that contains blocks of two α-(1,2)- and two α-(1,3)-linked Man 

residues.  The chemical shifts for the anomeric protons and carbons of the major species 

closely match those published for the native O9a antigen (Table 3.1)  (Parolis et al., 
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Figure 3.13: WbdAO8 transfers multiple Man residues to the O9a repeat-unit 

acceptor. (A) TLC separation of the reaction products generated by WbdAO8 with the 

O9a repeat-unit acceptor (inverted UV image) and (B) corresponding MALDI-Tof MS.  

The MS spectrum was acquired in positive-ion mode.   
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Figure 3.14: 1H NMR spectrum of the reaction products generated by (A) WbdAO9a 

with the O8/O9a reducing end trisaccharide acceptor and (B) WbdAO8 with the O9a 

repeat-unit acceptor.  Anomeric protons of the major species are labeled with an 

asterisk (*).   
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Table 3.1: Comparison of the chemical shifts for the anomeric protons and carbons 

of the major WbdAO9a product generated using the O8/O9a reducing end 

trisaccharide acceptor with those previously published for the O9a O-PS. 

 

 A B C D 

Experimental δH (ppm) 5.04 5.30 5.37 5.12 

Experimental δC (ppm)a 102.7 101.1 101.1 102.7 

Literature δH (ppm)b 5.07 5.28 5.35 5.14 

Literature δC (ppm)b 102.8 101.4 101.4 102.8 

a The chemical shift values were determined from the 1H–13C gHSQC spectrum (Fig. A2.4). 
b Values from Parolis et al. (1986). 

                A                       B                     C                     D 
→3)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-(1 

	  



	   	  105	  

1986).  Additional gradient-enhanced correlation spectroscopy (gCOSY) and transverse 

rotating-frame Overhauser enhancement spectroscopy (tROESY) experiments were 

performed. The gCOSY spectrum was used to establish the through-bond correlations 

between protons of each ring system and this information was used to interpret tROESY 

spectrum, which established the through space correlations between protons of adjacent 

ring systems (see Section A2.2.4).  The data confirmed the linkages of the major product 

and its identity with the O9a repeat unit (Fig. A2.5).  Therefore, WbdAO9a is a 

bifunctional α-(1,2)- and α-(1,3)-mannosyltransferase.  The precise nature of the minor 

product was difficult to fully resolve, but the experimental data and computer predictions 

(Table A2.1) suggest it is a hexasaccharide representing a truncated version of the major 

product with the following structure: [α-Man-(1→3)-α-Man-(1→2)-α-Man-(1→2)-α-

Man-(1→3)-α-Man-(1→3)-β-GlcNAc].   

The anomeric signals of the 1D 1H spectrum showed at least two compounds were 

also present in the reaction mixture generated by WbdAO8 using the repeat-unit acceptor 

(Fig. 3.14). The signals for the three anomeric protons of the major product integrate to 

one proton each and the chemical shifts for the corresponding anomeric protons and 

carbons closely match those published for the O8 antigen (Table 3.2) (Jansson et al., 

1985).  The signals for the minor compound are consistent with the unmodified acceptor.  

Further analysis of the gCOSY and tROESY spectra confirmed the linkages between 

each of the Man residues and confirmed that it was the O8 antigen (Fig. A2.7).  

Therefore, WbdAO8 is a trifunctional α-(1,2)-,  α-(1,3)-, β-(1,2)-mannosyltransferase.  
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Table 3.2: Comparison of the chemical shifts for the anomeric protons and carbons of 

the WbdAO8 product generated using the O9a repeat-unit acceptor with those 

previously published for the O8 O-PS. 

 

	  
	  

 A B C 

Experimental δH (ppm) 4.81 5.16 5.35 

Experimental δC (ppm)a 98.3 99.9 100.7 

Literature δH (ppm)b 4.75 5.12 5.30 

Literature δC (ppm)b 99.1 100.8 101.5 

a The chemical shift values were determined from the 1H–13C gHSQC spectrum (Fig. 
A2.6). 
b Values from Jansson et al. (1985). 

 A                       B                         C 
→3)-β-Man-(1→2)-α-Man-(1→2)-α-Man-(1 
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3.2.9 Domain and motif predictions for the mannosyltransferases. 

The WbdCO8/O9 (42.5 kDa) and WbdBO8/O9a (44 kDa) proteins are approximately the 

same size, containing 371 and 380 amino acids, respectively.  In contrast, WbdAO9a (95.5 

kDa), with 840 amino acids, and WbdAO8 (137 kDa), with 1213 amino acids, are roughly 

two and three times the size of the WbdC and WbdB proteins, respectively.  The large 

sizes of the WbdA proteins suggested the possibility that these enzymes might contain 

more than one domain.  Therefore, the proteins were analyzed using NCBI’s Conserved 

Domain Database, which utilizes BLAST to identify conserved domain footprints in 

sequences of proteins with known function  (Marchler-Bauer et al., 2011).  WbdAO8 was 

found to contain three putative glycosyltransferase domains and WbdAO9a contained two 

(Fig. 3.15).   Consistent with their size, the WbdC and WbdB proteins were predicted to 

contain only one glycosyltransferase domain (Fig. 3.15).  WbdC, WbdB and each WbdA 

domain (from both serotypes) are classified into the CAZy GT4 family of 

glycosyltransferases.  WbdC and WbdB, both WbdAO9a
 domains and two of the WbdAO8 

domains also contain a conserved EX7E motif found in other retaining 

glycosyltransferases of the GT4 family (Fig. 3.15)  (Kido et al., 1995; Geremia et al., 

1996).  Comparison of the two WbdAO9a domains with each other reveals they share only 

16% identity and 35% similarity, but are conserved in the EX7E motif region (Fig. 3.16).  

To help determine whether the multiple domains identified within the WbdA 

homologues resemble true glycosyltransferase modules, the size of each putative domain 

(Table 3.3) was compared to the sizes of representative members from the GT4 family 

(Table 3.4).  Each predicted domain in the WbdA proteins was approximately the size of 

a GT4 glycosyltransferase, confirming they could encompass a catalytic unit.  To provide 
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Figure 3.15 Predicted glycosyltransferase domains and EX7E motifs in the O8/O9a 

mannosyltransferases.  Domain predictions were identified using NCBI’s Conserved 

Domain Database  (Marchler-Bauer et al., 2011). 
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Figure 3.16: Sequence alignment of the two WbdAO9a mannosyltransferase domains.  

Identical residues are highlighted in black and similar residues in gray. The Glu residues 

of the EX7E motifs are highlighted in red.  Alignments were performed using the 

ClustalW2 server  (Larkin et al., 2007; Goujon et al., 2010). 
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Table 3.3: Sizes of the putative WbdA glycosyltransferase domains. 

Protein Putative GT Domain a Size (amino acids) 

WbdAO9a Domain 1 398 

 Domain 2 374 

WbdAO8 Domain 1 398 

 Domain 2 340 

 Domain 3 361 
a Predicted using the NCBI Conserved Domain Database. 
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Table 3.4: Sizes of glycosyltransferase examples from the CAZy GT4 family. 

Protein a Organism  Size 
(amino acids) 

Protein Data 
Bank ID 

BshA Bacillus anthracis str. Ames, Sterne 381 3MBO 

MshA Corynebacterium glutamicum ATCC 13032 418 
3C48, 3C4Q, 

3C4V 
 

PimB Corynebacterium glutamicum ATCC 13032 381 3OKA, 3OKC, 
3OKP 

WaaG Escherichia coli K-12 MG1665 342 2IV7, 2IW1 
 

WsaF Geobacillus stearothermophilus NRS 
2004/3A 413 

2X0D, 2X0E, 
2X0F 

 
SpsA Halothermothrix orenii 496 

2R60, 2R66, 
2R68 

 
CGT Helicobacter pylori 26695 389 3QHP 

PimA Mycobacterium smegmatis str. MC2155 386 2GEJ, 2GEK 
 

AviGT4 Streptomyces viridochromogens TUE57 342 2IUY, 2IV3 
 

 Average size: 394  

 Smallest size: 342  

 Largest size: 496  
a Prokaryotic GT4 glycosyltransferases for which crystal structures have be solved. 
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further insight, a sequence alignment involving the WbdA domains and the mycobacterial 

PimA protein was performed.  PimA was chosen for comparative purposes because it is a 

GT4 retaining mannosyltransferase for which a crystal structure and biochemical data are 

available  (Korduláková et al., 2002; Guerin et al., 2007).  The alignment showed that 

there is low primary sequence similarity between the various domains and PimA (Fig 

3.17).  However, the Glu residues of the EX7E motif are conserved in all cases except for 

the third WbdAO8 domain, in which the EX7E motif is absent.  Glycosyltransferases, in 

general, display low sequence similarity but are conserved structurally, usually adopting 

either the GT-A or GT-B fold  (Breton et al., 2006).  Therefore, the predicted secondary 

structure of each putative WbdA domain was compared to the secondary structure of 

PimA determined from the crystal structure  (Guerin et al., 2007).  The comparison 

showed that all five WbdA domains have similar predicted secondary structures to that of 

PimA (Fig. 3.18, 3.19).  Hence, despite the low degree of senquence similarity, the 

similarities in the predicted secondary structures of the putative domains to PimA support 

the hypothesis that they could represent catalytically active glycosyltransferase modules.  

Ultimately this validated the conserved domain predictions and warranted biochemical 

investigation of the individual domains.  

3.2.10 WbdAO9a contains two separable domains. 

Experimental evidence supports the prediction of two domains within the WbdAO9a 

protein  (Kido et al., 1998).  However, interpretation of this earlier finding is complicated 

by the use of DNA constructs that often included more than a single gene in a transposon 

mutant background where wbdA was not completely deleted.  Residual expression of part 

of WbdA could dramatically change the outcome and interpretation of the experiments.  
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Figure 3.17: Sequence alignment of the O9a and O8 WbdA mannosyltransferase 

domains with each other and with the mycobacterial PimA α-mannosyltransferase.  

Identical residues are highlighted in black and similar residues in gray. The Glu residues 

of the EX7E motifs are highlighted in red.  Alignments were performed using the 

ClustalW2 server  (Larkin et al., 2007; Goujon et al., 2010).  D1 – domain 1; D2 – 

domain 2; D3 – domain 3.  
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Figure 3.18: Alignment of the predicted secondary structures of the WbdAO9a 

mannosyltransferase domains with the secondary structure of the mycobacterial 

PimA α-mannosyltransferase.  α-helices are represented by red bars and β-sheets are 

represented by green arrows. The Glu residues of the EX7E motif are indicated by black 

arrows. 



	   	  115	  

 

 

 

 

 

 

 

 

Figure 3.19: Alignment of the predicted secondary structures of the WbdAO8 

mannosyltransferase domains with the secondary structure of the mycobacterial 

PimA α-mannosyltransferase.  α-helices are represented by red bars and β-sheets are 

represented by green arrows. The Glu residues of the EX7E motif are indicated by black 

arrows. 
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To unequivocally confirm the existence of two domains within the WbdAO9a protein, the 

ability of each domain to complement a precise ΔwbdAO9a mutant in the WT background 

was tested.  Breakpoints for the separating the two domains were based on the original 

study (Kido et al., 1998) and fell within predicted α-helices in the region linking the two 

putative domains (Fig. 3.20).  Neither domain could restore O-PS production when 

expressed alone (Fig. 3.21).  However, when both domains were expressed as separate 

polypeptides in trans, O9a O-PS biosynthesis was regenerated (Fig. 3.21).  Therefore, as 

predicted, WbdAO9a
 contains two separable domains, both of which are required to 

polymerize the O9a O-PS. 

3.2.11 WbdAO8
 contains three separable domains. 

The presence of two domains within the WbdAO9a mannosyltransferase suggested 

that multiple domains could also exist within the O8 homolog.  A similar approach was 

taken to investigate the domain architecture of WbdAO8.   In the absence of one of the 

putative domains, O-PS biosynthesis could not be restored in the ΔwbdAO8
 mutant (Fig. 

3.22).  However, providing all three domains were present, when domain 1 was 

expressed separately from domains 2 and 3, O-PS production was regenerated (Fig. 3.22).  

The same was true when domain 3 was expressed separately from domains 1 and 2 (Fig. 

3.22).   The requirement of all 3 domains for restoration of O-PS synthesis in the 

ΔwbdAO8
 mutant is consistent with the data for the same experiment in the O9a system. 

The breakpoints chosen to separate the domains were based on the predicted domain 

boundaries and the secondary structures in the regions linking the various domains (Fig. 

3.23).  All breakpoints were made in regions with no predicted secondary structure to 

avoid disruptions in enzyme folding.  Unfortunately it was difficult to establish 
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Figure 3.20: Secondary structure prediction of WbdAO9a.  α-helices are represented 

by red bars and β-sheets are represented by green arrows. Conserved domains are 

indicated by shaded boxes.  Breakpoints are indicated by arrows with an asterisk (*) 

symbol. 
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Figure 3.21: WbdAO9a contains two separable domains.   (A) Schematic representation 

of the constructs used to investigate the WbdAO9a domains.  (B) Silver-stained SDS-

PAGE gel of LPS samples from whole-cell lysates of CWG1105 (ΔwbdAO9a) containing 

D1 (pWQ590), D2 (pWQ591), and D1+D2 (pWQ590 + pWQ591).  Domains 1 and 2 are 

signified as D1 and D2.  
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Figure 3.22: WbdAO8 contains three separable domains.   (A) Schematic 

representation of the constructs used to investigate the WbdAO8 domains.  (B) Silver-

stained SDS-PAGE gel of LPS samples from whole-cell lysates of CWG1104 (ΔwbdAO8) 

containing D1+D2 (pWQ595), D2+D3 (pWQ596), D1+D3 (pWQ593 + pWQ594), 

D1+D2+D3 (pWQ592 + pWQ596 or pWQ594 + pWQ595).  Domains 1-3 are signified 

as D1-D3.  Domains expressed from the same plasmid are indicated in brackets. 
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Figure 3.23: Secondary structure prediction of WbdAO8 .  α-helices are represented 

by red bars and β-sheets are represented by green arrows. Conserved domains are 

indicated by shaded boxes.  Breakpoints are indicated by arrows with an asterisk (*) 

symbol. 
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breakpoints that resulted in functional domains, and this was particularly true for the third 

WbdAO8 domain.  Numerous constructs that did not extend outside of the linker region 

between the predicted domain locations were tested, but were not functional (data not 

shown).  These constructs included those of just the individual domains, as well as those 

involving two adjacent domains on the same plasmid.  This ultimately resulted in the 

strategy involving conservative constructs, some of which extended partway into the 

adjacent domain.  Additional constructs and complementation experiments will be 

necessary to better define the domain boundaries, especially in the case of the third 

domain.  Nonetheless, these experiments demonstrate that WbdAO8 contains three 

separable domains, all of which are essential for synthesis of the O8 O-PS. 

3.3 Discussion. 

 Redefined structures of the K. pneumoniae O3 (E. coli O9a/O9) and O5 (E. coli 

O8) O-PSs (Vinogradov et al., 2002) provided the basis for re-evaluation of the original 

biosynthesis model proposed for E. coli O9a  (Kido et al., 1995).  Identical primer-

adaptor regions connecting the core-OS to the O9a and O8 repeat-unit domains led us to 

hypothesize a scenario in which the conserved mannosyltransferases (WbdC and WbdB) 

were responsible for synthesis of the conserved adaptor domain.  These activities are 

consistent with the earlier study (Kido et al., 1995), but the interpretation of that data was 

compromised because the adaptor region had not been identified.  This led to the 

erroneous proposal that WbdBO9/O9a synthesized part of the repeat-unit structure.  

However, this activity could not occur in the O8 serotype because its repeat unit lacks an 

α-Man-(1,3)-α-Man disaccharide, which is the product of WbdB, yet the WbdB proteins 

are highly conserved.   
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Our conclusions on the function of WbdC and WbdB in the synthesis of the adaptor 

domain are supported by the reciprocal complementation experiments that showed the O8 

and O9a WbdC and WbdB homologs are functionally equivalent in vivo, and the analyses 

of the in vitro synthesis products that proved they generate the same oligosaccharide 

components in vitro.  WbdCB generated a single product using the endogenous acceptor, 

but two products with the β-GlcNAc-PP-C13 acceptor.  One explanation for the difference 

is that reactions using β-GlcNAc-PP-C13 were performed in solution.  In contrast, 

reactions involving the endogenous acceptor were conducted in membranes, a scenario 

that is more likely to resemble in vivo conditions and possibly retain native interaction 

between proteins and acceptors.  While WbdB is not predicted to contain any 

transmembrane helices, WbdBO9a is known to associate with the membrane (Clarke et al., 

2009), and this association may ensure that the mannosyltransferase, as well as the 

acceptor, are oriented in a configuration that allows for only the correct number of Man 

transfers.  The transfer of excess sugar residues, not normally catalyzed by the enzyme, 

has also been observed in the C. jejuni Cst-II sialyltransferase in vitro using synthetic 

acceptors  (Blixt et al., 2005).  Cst-II normally transfers two sequential N-

acetylneuraminic acid (Neu5Ac) residues during biosynthesis of lipooligosaccharide  

(Gilbert et al., 2000), but can add up four sialyl residues to a synthetic acceptor  (Blixt et 

al., 2005).  By identifying the size of the endogenous WbdCB oligosaccharide product, 

we have effectively shown that O8 and O9a adaptor region is composed of three α-(1,3)-

Man residues.  This conclusion agrees with the structural data that showed the reducing 

end of the O8 and O9a O-PSs consists of an identical α-Man-(1,3)-α-Man-(1,3)-α-Man-

(1,3)-β-GlcNAc tetrasaccharide  (Vinogradov et al., 2002). 
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That WbdC and WbdB are confined to synthesis of the adaptor domain is 

confirmed by the fact that WbdA is capable of synthesizing the repeat-unit domain 

independent of the other two mannosyltransferases.  Our data demonstrate that WbdAO9a 

is a bifunctional α-(1,3)- and α-(1,2)-mannosyltransferase and that WbdAO8 is a 

trifunctional α-(1,3)-, α-(1,2)- and β-(1,2)-mannosyltransferase.  WbdAO9a could 

polymerize the authentic O9a mannan using a synthetic acceptor of the O8/O9a O-PS 

reducing end trisaccharide or the O9a tetrasaccharide repeat-unit.  Therefore, WbdAO9a 

can recognize acceptor substrates containing both α-(1,2)- and α-(1,3)-linked terminal 

Man residues.  The production of a truncated version of the O9a polysaccharide was also 

observed in the WbdAO9a reaction.  This presumably reflects loss of some enzyme fidelity 

as a result of the in vitro conditions and the absence of the remaining synthesis and export 

machinery, as there is no evidence for such a product in the native O-PS.  WbdD interacts 

with WbdA  (Clarke et al., 2009), but it has yet to be established whether additional 

interactions exist between the mannosyltransferase and the other biosynthesis 

components.  These interactions may be essential for stabilization and fidelity of the 

synthesis complex involving WbdA. Investigation into potential interactions involving 

the O9a mannosyltransferases has been initiated (Appendix 5).  

 WbdAO8 could only polymerize the authentic O8 mannan using the O9a repeat-unit 

and not the O8/O9a O-PS reducing end trisaccharide acceptor.  This enzyme does see an 

α-(1,2)-linked terminal Man in the biosynthesis of the native glycan, which is present at 

the terminus of the O9a repeat-unit acceptor.  In principle, the enzyme should also be 

able to add to an α-(1,3)-linked terminal Man, but no activity was seen with the O8/O9a 

reducing end trisaccharide acceptor, which contains a terminal α-(1,3)-Man. In the 
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absence of a crystal structure to provide insight on acceptor binding, one explanation is 

that the O8 homologue may require a minimum length in the acceptor substrate and the 

O9a repeat-unit acceptor is a tetrasaccharide, the same length of the endogenous primer-

adaptor.  A minimum acceptor length is known to be necessary for the efficient synthesis 

of glycan chains by other polymerizing glycosyltransferases, including the distributive 

Pasteurella multocida hyaluronan synthase (Williams et al., 2006), the processive the 

Streptococcus pneumoniae capsular polysaccharide type 3  (Forsee et al., 2006) and the 

processive Sacchromyces cerevisiae chitin   (Becker et al., 2011) synthases. The 

polysialyltransferases from E. coli and Neisseria meningitidis represent other examples  

(Willis et al., 2008), but it is unknown whether they follow a distributive or processive 

polymerization mechanism.  Because neither of the available synthetic oligosaccharides 

represented a true physiological acceptor for WbdAO8, the difference in the capacity to 

use these acceptors cannot be readily interpreted.  Nevertheless, the extension of the O9a 

repeat-unit acceptor to generate an O8 glycan does provide clear evidence that WbdAO8, 

like its counterpart from serotype O9a, is sufficient for assembly of the corresponding 

repeat-unit domain. 

The inability of the WbdA mannosyltransferases to cross complement is consistent 

with their roles in synthesis of the serotype specific repeat-unit domains.  Proper 

membrane targeting of the WbdAO9a mannosyltransferase (necessary for chain extension) 

requires the presence of WbdDO9a  (Clarke et al., 2009).  Only a small amount of the O8 

polysaccharide was generated when WbdAO8 was expressed in ΔwbdAO9a and not vice 

versa.  These results suggest that the WbdD enzymes exhibit specificity for their cognate 

WbdA.  However, it is reasonable to expect that, under conditions of over-expression, 
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some WbdAO8 overcome the requirement for WbdD to become localized to membrane 

fraction, enabling a small amount O-PS to be polymerized in ΔwbdAO9a.  Because the O8 

O-PS was not ligated to the lipid A-core, this suggests that the O-PS was not terminated 

by WbdDO9a and not a substrate competent for export by the O9a transporter.  This is 

consistent with different terminating structures in the O8 and O9a O-PS  (Jansson et al., 

1985; Clarke et al., 2004; Kubler-Kielb et al., 2011) and the sequence variation in the 

WbdD homologues.  

The work presented in this chapter identifies the presence of three functionally 

diverse mannosyltransferase enzymes within one biosynthetic system.  WbdC is a single 

domain, monospecific representative of the GT4 family of glycosyltransferases.  

Members of the GT4 family are GT-B retaining glycosyltransferases that contain a 

characteristic EX7E motif.  This motif is found in the active site of most GT4 

glycosyltransferase structures solved to date  (Martinez-Fleites et al., 2006; Guerin et al., 

2007; Chua et al., 2008; Vetting et al., 2008; Batt et al., 2010; Parsonage et al., 2010; 

Lee et al., 2011).  During biosynthesis of the O8 and O9a O-PSs, the enzyme transfers 

the first α-(1,3)-Man residue to the β-GlcNAc-PP-und intermediate.  Like WbdC, many 

members of the GT4 family are monospecific, catalyzing the formation of a single 

glycosidic linkage.  Representative examples can be found in a variety of pathways for 

synthesis of different glycoconjugates.  Some examples include, the E. coli WaaG in LPS 

biosynthesis  (Martinez-Fleites et al., 2006), the Mycobacterium smegmatis PimA and the 

Corynebacterium glutamicum PimB in synthesis of mycobacterial phosphatidylinositol 

mannosides  (Guerin et al., 2007; Batt et al., 2010), and the C. glutamicum MshA in 

mycothiol biosynthesis  (Vetting et al., 2008) (Table 3.4).  The structures for most of 
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these examples have been solved, showing they possess the classic GT-B fold and 

signature EX7E motif. 

 WbdB is also a member of the GT4 family, but represents a different type of 

glycosyltransferase.  This enzyme possesses a single domain, but catalyzes the transfer of 

two sequential α-(1,3)-Man residues to the α-Man-(1,3)-β-GlcNAc-PP-und intermediate.  

Although less common, other single domain glycosyltransferases with sequential 

transferase activity have been reported.  For example, in the GT4 family, PglH transfers 3 

sequential α-(1,4)-N-acetylgalactosamine (GalNAc) residues during assembly of the N-

linked glycan of C. jejuni  (Troutman and Imperiali, 2009).  This phenomenon is also 

observed in biosynthesis of eukaryotic N-linked glycans, where the Saccharomyces 

cerevisiae Alg11 protein catalyzes the transfer of two sequential Man residues during 

assembly of the lipid-linked oligosaccharide donor  (O'Reilly et al., 2006; Absmanner et 

al., 2010).  The E. coli KdtA transfers two Kdo residues to lipid IVA during biogenesis of 

the lipid A-core  (Brozek et al., 1989).  In other examples, the C. jejuni Cst-II 

sialyltransferase involved in lipooligosaccharide biosynthesis transfers two sequential 

Neu5Ac residues  (Gilbert et al., 2000) and GlfT1 transfers two sequential Gal residues 

during biosynthesis of mycobacterial cell wall galactan  (Belánová et al., 2008). 

Sequential glycosyltransferase activity has also been speculated in biosynthesis of other 

O-PSs based on the presence of fewer glycosyltransferases in the O-PS gene cluster than 

sugar residues in the corresponding repeat unit.  RfbG from S. flexneri  (Morona et al., 

1995) and WbwX or WbwY from S. boydii type 18  (Feng et al., 2005) are proposed to 

catalyze two successive rhamnose (Rha) transfers during O-PS synthesis.  As details of 

the biosynthesis of more O-PSs become available, sequential glycosyl transfer by single 



	   	  130	  

domain glycosyltransferases may emerge as a common theme.  These 

glycosyltransferases possess the unique ability to limit the number of sequential glycosyl 

transfers to 2-3 residues, a feature that distinguishes them from single domain 

polymerizing glycosyltransferases.  PglH offers the only insight into how this might 

occur.  It has been proposed that the transfer of a discrete number of residues is 

controlled by the relative binding affinities for the growing acceptor (Troutman and 

Imperiali, 2009).  These increase with size, resulting in a lower kcat.  A counting 

mechanism for PglH is effectively provided by inhibition of enzymatic activity after the 

acceptor has been elongated by three residues. Whether this applies to other examples 

remains to be established. 

WbdA represents a third type of glycosyltransferase found within the O8 and O9a 

systems.  These enzymes are multidomain polymerases that catalyze multiple different 

glycosidic linkages.  The WbdAO8 protein resembles three monofunctional 

glycosyltransferases fused within a single polypeptide, while WbdAO9a appears to be 

similar to two glycosyltransferases with sequential transferase activity linked within a 

single polypeptide. The number of domains present within each WbdA homologue 

correlates with the number different linkage types catalyzed by each enzyme.  It is 

tempting to speculate that each domain is responsible for the transfer of a specific linkage 

type.  This speculation is supported by the presence of a conserved EX7E motif found in 

each domain of the O9a homologue and in two domains of the O8 homologue.  This 

suggests the presence of two distinct active sites within WbdAO9a and at least two within 

WbdAO8.  Based on glycan structure, each domain of WbdAO9a is expected to behave like 

WbdB, capable of adding two Man residues in succession, while each domain of 



	   	  131	  

WbdAO8 is expected to be monofunctional.  All 3 domains from WbdAO8 were predicted 

to belong to the CAZy GT4 family, with the third domain being the most distantly related 

(B. Henrissat, CAZy team member and AFMB research director, personal 

communication).  Members of the GT4 family are retaining glycosyltransferases, but 

WbdAO8
 catalyzes the transfer of a β-(1,2)-linkage, implying one domain should utilize 

an inverting mechanism.  Interestingly, the third WbdAO8
 domain does not contain the 

EX7E motif common to other members of the GT4 family and retaining 

glycosyltransferases.  If the hypothesis that each domain catalyzes a distinct linkage is 

correct, then the third domain provides the most likely candidate for the inverting 

activity.  If proven, the third WbdAO8
 domain would define a novel glycosyltransferase 

family within the CAZy database (B. Henrissat, CAZy team member and AFMB research 

director, personal communication).  However, the lack of activity observed with the 

individual WbdA domains in vivo is not consistent with the above hypothesis and the 

different possibilities are discussed in Section 4.3 of Chapter 4. 

Information on multifunctional, polymerizing glycosyltransferases is expanding, 

and two distinct groups have emerged: those that contain a single active site within a 

single glycosyltransferase domain and those that contain tandem glycosyltransferase 

domains (each with a distinct active site).  The S. pneumoniae type 3 capsule polymerase 

is processive and contains only a single active site to transfer alternating β-(1,3)-Glc and 

β-(1,4)-glucuronic acid (GlcA) residues  (Forsee et al., 2009).  GlfT2 also contains a 

single catalytic site and follows a processive mechanism for the transfer of alternating β-

(1,5)-Galf and β-(1,6)-Galf residues during synthesis of the mycobacterial galactan  

(Levengood et al., 2011; May et al., 2012).  The Paseurella multicida heparosan 
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synthase, PmHS2, transfers β-(1,4)-GlcA and α-(1,4)-GlcNAc residues using two active 

sites and is distributive  (Chavaroche et al., 2011a; Chavaroche et al., 2011b).  The same 

is true for the chondroitin polymerase, KfoC, which transfers β-(1,4)-GalNAc and β-

(1,3)-GlcA residues  (Sobhany et al., 2008).  Interestingly, representatives belonging to 

the first group follow a processive polymerization mechanism, while those belonging to 

the second group follow a distributive mechanism.  The evidence presented here 

demonstrates that WbdAO8 and WbdAO9a
 represent examples of the second group.  Based 

on similarity to other multidomain, distributive glycosyltransferases, WbdAO8 and 

WbdAO9a are predicted to utilize a distributive polymerization mechanism.  Indeed, the 

accumulation of larger products over time by WbdAO9a suggests the enzyme dissociates 

from the growing polymer after each Man transfer.  

In summary, based on the data presented in this study, I was able to construct a 

revised model for the assembly of the O8 and O9a O-PSs.  Biosynthesis of the O8 and 

O9a O-PSs requires the activities of three functionally distict mannosyltransferases.  

WbdC transfers a single Man residue; WbdB, two Man residues in one linkage type; and 

WbdA, multiple Man residues in different linkage types.  From this work, the WbdA 

mannosyltransferases have emerged as interesting enzymes due to their multidomain, 

multifunctional nature.  In particular, WbdAO8 represents a truly novel enzyme, with the 

potential to define an entirely new family of glycosyltransferases within the CAZy 

database.  To our knowledge it is the only characterized example of a tridomain, 

trifunctional glycosyltransferase.  
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Chapter 4: Investigation of the activities of the putative 

WbdAO9a glycosyltransferase domains and identification of 

functionally important residues in the mannosyltransferases  
	  

The data presented in this chapter are in press: Greenfield, L.K., Richards, M.R., 

Vinogradov, E., Lowary, T.L., Wakarchuk, W.W., and Whitfield, C. (2012) Domain 

organization of the polymerizing mannosyltransferases involved in synthesis of the 

Escherichia coli O8 and O9a lipopolysaccharide O antigens. J Biol Chem.  DOI: 

10.1074/jbc.M112.412577. 

4.1 Research objectives and rationale.  

The EX7E motif is common in retaining glycosyltransferases of the GT4 family  

(Geremia et al., 1996).  Crystal structures of glycosyltransferases from this family show 

the motif within the active site of the enzyme where it is involved in binding of the 

nucleotide sugar donor  (Martinez-Fleites et al., 2006; Guerin et al., 2007; Vetting et al., 

2008; Batt et al., 2010; Parsonage et al., 2010).  Mutagenesis of various members of the 

GT4 family confirm the importance of the EX7E motif in enzyme activity, but there is 

contradictory literature concerning the relative importance of each Glu residue  (Abdian 

et al., 2000; Cid et al., 2000; Kostova et al., 2003; Troutman and Imperiali, 2009; 

Absmanner et al., 2010).  In the majority of cases, the first Glu appears to be more 

important for enzyme activity.  My hypothesis is that the same will be true for the O9a 

mannosyltransferases.  

In the O9a system, WbdA is a multifunctional α-(1,2)- and α-(1,3)-polymerizing 

mannosyltransferase that synthesizes the repeat-unit domain of the O-PS (Sections 3.2.7, 

3.2.8).  The number of different activities associated with WbdAO9a can be correlated 
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with the number of different domains present within the enzyme (Sections 3.2.10).  The 

presence of a conserved EX7E motif in each WbdAO9a domain suggests the enzyme may 

contain two separate active sites, each within one domain of the enzyme.  On this basis, I 

propose that one WbdAO9a domain possesses α-(1,2)-mannosyltransferase activity and 

the other, α-(1,3)-mannosyltransferase activity.  The first objective of the research 

presented in this chapter was to examine residues that may be important for the function 

of the O9a WbdC, WbdB, and WbdA enzymes.    The second objective was to investigate 

the potential mannosyltransferase activity associated with each of the WbdAO9a domains.  

Here I establish that the conserved EX7E motif is vital for the activities of all three 

mannosyltransferases from the O9a serotype; WbdCBA.  The first Glu was more 

important for activity in WbdC and WbdB and both were equally important in WbdA. I 

also demonstrate that the N-terminal WbdAO9a domain (N-WbdAO9a) possesses α-(1,2)-

mannosyltransferase activity.   

4.2 Results. 

4.2.1 Structural modeling of the WbdAO9a domains.  

 Each WbdAO9a domain shows features of a catalytically active glycosyltransferase 

module (Section 3.2.9).  To provide additional insight, 3D models of the N-WbdAO9a and 

C-WbdAO9a domains were generated using Phyre2  (Kelley and Sternberg, 2009).  Phyre2 

creates 3D models of proteins based on alignment of the test protein to templates of 

proteins of known structures  (Kelley and Sternberg, 2009).  The highest scoring models 

for N-WbdAO9a (17% sequence identity; 91% sequence coverage; 100% confidence) and 

C-WbdAO9a (17% sequence identity; 86% sequence coverage; 100% confidence) were 

based on the structure of sucrose synthase 1 from Arabidopsis thaliana  (Zheng et al., 
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2011).  Sucrose synthase 1 is also a member of the CAZy GT4 family and is a 

representative retaining GT-B glycosyltransferase.  Overlays of the modeled WbdAO9a 

domains and the GT-B domain (residues 277-776) of sucrose synthase 1 were a close 

match (data not shown).  However, sucrose synthase 1 contains an additional N-terminal 

regulatory domain involved in cellular targeting (Hardin et al., 2011) that is not present in 

either of the modeled WbdAO9a domains.  The structure of the mycobacterial PimA 

protein, a GT4 α-mannosyltransferase that utilizes GDP-Man as the donor sugar, was 

also overlaid onto the modeled structures of the WbdAO9a domains (Fig. 4.1).  The overall 

alignment of the predicted structure of N-WbdAO9a and C-WbdAO9a closely matches 

PimA, adopting the typical GT-B fold, i.e. two loosely associated α/β/α Rossmann-like 

domains, separated by a linker that forms the active site cleft.  The Glu residues of the 

EX7E motifs fall within the putative active sites of N-WbdAO9a and C-WbdAO9a.  In N-

WbdAO9a, the Glu residues are virtually superimposable on the equivalent Glu residues of 

the EX7E motif in PimA (Fig. 4.1).  The Glu residues of the EX7E motif of C-WbdAO9a 

also lie in approximately the same position as the equivalent residues in PimA (Fig. 4.1).  

The structure of PimA was solved in complex with GDP-Man  (Guerin et al., 2007) and 

helps provide insight into the possible binding of the same substrate in the WbdAO9a 

domains.  Like PimA, the carboxylate groups of the first Glu in the EX7E motif of the 

WbdAO9a domains are predicted to form hydrogen bonds with the Man portion of GDP-

Man (Fig. 4.1). The carboxylate groups of the second Glu are in a position to form 

hydrogen bonds with the ribose moiety of GDP-Man.  
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Figure 4.1: Model of N-WbdAO9a and C-WbdAO9a compared to the mycobacterial 

PimA  mannosyltransferase.  Overlay of the (A) N-WbdAO9a model (purple) and (B) C-

WbdAO9a model (magenta) with PimA (gray).  Overlay of the modeled (C) N-WbdAO9a 

active site (Glu residues of the EX7E motif coloured in green; Arg80 involved in the 

WbdO9C80R O9→O9a conversion is in orange) and (D) modeled C-WbdAO9a active site 

(Glu residues of the EX7E motif coloured in green) with the active site of PimA (Glu 

residues of the EX7E motif in black; GDP-Man in cyan).  Structures were rendered using 

the PyMol Molecular Graphics System (Schrödinger, LLC).  
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4.2.2 The first Glu residue of the EX7E motif is crucial for the activity of 

WbdCO9a and WbdBO9a. 

To investigate the importance of the EX7E Glu residues in the activity of WbdCO9a 

and WbdBO9a, four mutant constructs were generated: MalE-WbdCO9aE275A (pWQ583), 

MalE-WbdCO9aE283A (pWQ584), MalE-WbdBO9aE294A (pWQ585), and MalE-

WbdBO9aE302A (pWQ586).  When MalE-WbdCO9aE275A and MalE-WbdBO9aE294A 

were expressed in their corresponding deletion strains, only trace amounts of O-PS were 

produced and detection was only possible in the Western immunoblots in the presence of 

IPTG inducer (Fig. 4.2).  In contrast, when MalE-WbdCO9aE283A and MalE-

WbdBO9aE302A were expressed in their corresponding deletion strains, the LPS profiles 

were indistinguishable from WT (Fig. 4.2).  In all complementation experiments, the 

level of protein expression was comparable to that observed when the deletion strains 

were transformed by constructs encoding the WT gene (Fig. 4.3).  Therefore, the lack of 

O-PS production incurred from MalE-WbdCO9aE275A and MalE-WbdBO9aE294A was 

not a consequence of poor expression or protein degradation.  CD spectra of the MalE-

WbdCO9aE275A and MalE-WbdBO9aE294A proteins were comparable to the WT 

enzymes ruling out major problems with folding (Fig. 4.4).  These results suggest that the 

first Glu residue of the EX7E motif plays an important role in the function of the WbdC 

and WbdB enzymes.  In contrast, the second Glu was not essential for activity (and O-PS 

synthesis), at least under conditions of over-expression.  	  
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Figure 4.2: The first Glu residue of the EX7E motif is more important than the 

second for WbdCO9a and WbdBO9a activity.   (A) Silver-stained SDS-PAGE gel of LPS 

samples from whole-cell lysates of CWG1010 (ΔwbdCO9a) containing pWQ575 

(wbdCO9a), pWQ583 (wbdCO9aE275A) and pWQ584 (wbdCO9aE283A) and (B) 

corresponding α-O9a Western immunoblot.  (C) Silver-stained SDS-PAGE gel of LPS 

samples from whole-cell lysates of CWG1009 (ΔwbdBO9a) containing pWQ576 

(wbdBO9a), pWQ585 (wbdBO9aE294A) and pWQ586 (wbdBO9aE302A) and (D) 

corresponding α-O9a Western immunoblot.  
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Figure 4.3: The WbdCO9a and WbdBO9a EX7E mutants are expressed at levels 

comparable to the wildtype during complementation.  (A) Simply Blue-stained SDS-

PAGE gel of whole-cell lysates of CWG634 (O9a+), CWG1010 (ΔwbdCO9a), and 

CWG1010 containing pWQ575 (malE-wbdCO9a), pWQ583 (malE-wbdCO9aE275A) and 

pWQ584 (malE-wbdCO9aE283A). (B) Simply Blue-stained SDS-PAGE gel of whole-cell 

lysates of CWG634 (O9a+), CWG1009 (ΔwbdBO9a), and CWG1009 containing pWQ576 

(malE-wbdB09a), pWQ585 (malE-wbdBO9aE294A) and pWQ586 (malE-wbdBO9aE302A). 

All proteins migrated in the gel as expected (predicted sizes: MalE-WbdCO9a derivatives, 

85.6 kDa; MalE-WbdBO9a derivatives, 86.9 kDa).  Arrows indicate the location of the 

WbdC and WbdB proteins in the whole-cell lysates.  
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Figure 4.4: CD spectra for the WbdCO9a and WbdBO9a proteins containing 

mutations in the first Glu of the EX7E motif compared to their corresponding WT 

protein.   (A) CD spectrum for the WbdCO9aE275A mutant compared to the WT protein.  

(B) CD spectrum for the WbdBO9aE294A mutant compared to the WT protein.   
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4.2.3 The Glu residues of the EX7E motif in N-WbdAO9a are essential for O-

PS biosynthesis. 

To investigate the importance of the Glu residues in the EX7E motif of the N-

WbdAO9a domain, the mutant constructs WbdAO9aE317A (pWQ597) and WbdAO9aE325A 

(pWQ598) were generated.  The C-terminal portion of WbdDO9a (residues 475-708) is 

responsible for targeting WbdAO9a to the membrane  (Clarke et al., 2009) and was 

included in these constructs to eliminate this as a possible limiting factor.  The difference 

in the amount of O-PS production is visible by comparison to constructs lacking the C-

terminal region of WbdD (Fig. 4.5).  By increasing the efficiency of targeting WbdAO9a to 

the membrane, O-PS synthesis is improved.  Presumably more WbdA is placed in close 

proximity to the und-PP-linked intermediate and other synthesis components.  Both 

E317A and E325A mutant forms of WbdAO9a were unable to support biosynthesis of O-

PS when expressed in ΔwbdAO9a (Fig. 4.5).  The levels of protein expression were 

comparable to that observed when ΔwbdAO9a was transformed by constructs encoding the 

WT gene (Fig. 4.6).  Therefore, the Glu residues of the N-WbdAO9a EX7E motif are both 

essential for the activity of the enzyme.  This finding supports the proposal that it 

represents part of an active site. 	  

4.2.4 Mutation of the Glu residues in the EX7E motif of C-WbdAO9a results in 

synthesis of an α-(1,2)-Man homopolymer. 

To investigate the importance of the Glu residues in the EX7E motif of the C-

WbdAO9a domain, WbdAO9aE750A (pWQ599) and WbdAO9aE758A (pWQ630) were 

generated.  As discussed above, residues 475-708 of WbdDO9a were included in these 

constructs to improve the amount of possible O-PS synthesis.  Both forms of WbdAO9a 
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Figure 4.5: The Glu residues of the EX7E motif of N-WbdAO9a and C-WbdAO9a are 

important for WbdAO9a activity.   (A) Silver stained SDS-PAGE gel of LPS samples 

from whole-cell lysates of CWG1105 (ΔwbdAO9a) containing pWQ597 (wbdAO9aE317A), 

pWQ598 (wbdAO9aE325A), pWQ599 (wbdAO9aE750A) and pWQ630 (wbdAO9aE758A) 

and (B) corresponding α-O9a Western immunoblot.  (C, D) Silver stained SDS-PAGE 

gels of LPS samples comparing the O-PS produced by WbdAO9a mutant constructs 

containing or lacking the C-terminal (amino acids 475-708) of WbdDO9a.  Whole-cell 

lysates of CWG901 (ΔwbdAO9a) containing pLG59 (wbdAO9aE750A) and pLG60 

(wbdAO9aE758A) were compared to whole-cell lysates of CWG901 (ΔwbdAO9a) 

containing pWQ599 (wbdD475-708wbdAO9aE750A) and pWQ630 (wbdD475-

708wbdAO9aE758A).  
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Figure 4.6: The WbdAO9a EX7E mutants are expressed at levels comparable to the 

WT protein during complementation.  Simply Blue-stained SDS-PAGE gel of whole-

cell lysates of CWG1105 (ΔwbdAO9a) and CWG1105 containing pWQ597 

(ΔwbdAO9aE317A), pWQ598 (ΔwbdAO9aE325A), pWQ599 (ΔwbdAO9aE750A) or 

pWQ630 (ΔwbdAO9aE758A) and corresponding α-His blot.  All proteins migrated in the 

gel as expected (predicted size of the WbdAO9a derivatives is 95.5 kDa). Arrows indicate 

the location of the WbdA proteins in the whole-cell lysates.   
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supported the production O-PS when expressed in ΔwbdAO9a (Fig. 4.5) and the levels of 

protein expression were comparable to that of the WT protein (Fig. 4.6).  However, the 

smooth-LPS possessed a peculiar character, lacking the typical “ladder-like” appearance 

on a silver-stained gel SDS-PAGE gel.  Furthermore, this O-PS was not detected by 

Western immunoblotting using antibodies specific for the O9a O-PS (Fig. 4.5), indicating 

altered structure and antigenicity. 

To determine the structure of the unknown O-PS, LPS capped with the altered O-

PS was purified and analyzed by NMR.  The analysis revealed that the structure was a 

Man homopolymer consisting of only α-(1,2)-linkages (1H NMR spectrum is shown in 

Fig. 4.7).  The chemical shifts for the protons and carbons of Man in the homopolymer 

closely match those predicted by the CASPER database (Table 4.1).  This finding is 

consistent with the observed “smearing” pattern on the silver stained SDS-PAGE gel 

(Fig. 4.5).  The typical banding pattern observed for smooth LPS is generated by a 

heterogeneous mixture of LPS molecules on the surface of the cell that differ in length by 

one repeat unit in the O-PS; resolution of LPS species differing by a single Man residue 

would be compromised.  

4.2.5 N-WbdAO9a transfers multiple Man residues to synthetic acceptor 

analogues. 

The synthetic FITC-labeled O8/O9a reducing end trisaccharide and O9a repeat-unit 

acceptors were used as substrates to investigate the potential mannosyltransferase activity 

of each WbdAO9a domain.  The individual WbdAO9a domains were purified (Fig. 4.8) and 

their ability to transfer Man residues from GDP-Man to the synthetic acceptors was 

examined.  Difficulties were encountered purifying C-WbdAO9a.  The protein expressed 
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Figure 4.7: 1H NMR spectrum for purified LPS substituted with O-PS generated by 

WbdAO9aE750A.  LPS was purified from CWG901 (ΔwbdAO9a) expressing 

WbdAO9aE750A from pWQ599. 
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Table 4.1: Comparison of the chemical shifts for the protons and carbons of Man in 

the α-(1→2)-linked polymannose O-PS produced by CWG901 (ΔwbdAO9a) cells 

expressing WbdAO9aE750A with those predicted by the CASPER database.   

	  

 1 2 3 4 5 6 

Experimental δH (ppm) 5.28 4.07 3.93 3.67 3.75 3.74, 
3.88 

 CASPER δH (ppm) 5.27 4.10 3.95 3.70 3.73 3.72, 
3.88 

Experimental δC (ppm)  101.4 79.6 70.6 67.7 73.8 61.8 

 CASPER δC (ppm) 101.2 79.1 70.8 67.8 74.0 61.8 
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Figure 4.8: N-WbdAO9a transfers multiple Man residues to synthetic acceptors.   (A) 

Simply Blue-stained SDS-PAGE gel of purified N-WbdAO9a and C-WbdAO9a.  Both 

proteins migrated in the gel as expected (predicted sizes: His10-N-WbdAO9a, 50.2 kDa; 

His10-C-WbdAO9a, 47.8 kDa).  (B) The activities of N-WbdAO9a and C-WbdAO9a with the 

O8/O9a reducing end trisaccharide and O9a repeat-unit acceptors. (C) MALDI-Tof MS 

of the reaction products generated by N-WbdAO9a with the O8/O9a reducing end 

trisaccharide acceptor.  The MS spectrum was acquired in positive-ion mode.   
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poorly in multiple strains, and could not be purified to homogeneity in spite of using 

various wash procedures and two different nickel-chelating resins.  The purified N-

terminal WbdAO9a domain was able to transfer multiple Man residues to both acceptors 

(Fig. 4.8).  MALDI-Tof MS of the products produced by N-WbdAO9a with the 

trisaccharide acceptor revealed addition of up to 9 Man residues (Fig. 4.8).  The lowest 

m/z peak of 1570.1 corresponds to the sodium adduct of the acceptor plus 3 additional 

Man residues.  The highest m/z peak in the spectrum (2542.3) corresponds to the sodium 

adduct of the acceptor plus 9 Man residues.  Major peaks were separated by a mass 

difference corresponding to one Man residue (162.1).  A peak corresponding to the 

unmodified acceptor (m/z of 1061) was not present in the spectrum, indicating that all of 

the starting material was converted into product by the N-WbdAO9a domain.  

In contrast, C-WbdAO9a was unable to transfer Man residues to either of the 

synthetic acceptors (Fig. 4.8).  It was considered possible that the lack of activity in C-

WbdAO9a might be because N-WbdAO9a provides the suitable substrate for C-WbdAO9a 

by acting first on the synthetic acceptors.  Therefore, to examine whether C-WbdAO9a 

could transfer Man residues to the product of N-WbdAO9a, the N-WbdAO9a and C-

WbdAO9a domains were incubated together as separate polypeptides in reactions with 

each of the synthetic acceptors.  However, unlike the in vivo result, which demonstrated 

the O9a polysaccharide could be synthesized when both domains were expressed 

separately in a ΔwbdAO9a mutant (Section 3.2.10), no differences were observed between 

the number of residues transferred by N-WbdAO9a alone, or in combination with C-

WbdAO9a (Fig. 4.8, Fig. A3.1).  CD analysis of N-WbdAO9a and C-WbdAO9a confirmed 

that both proteins were folded (Fig. 4.9). 
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Figure 4.9: CD spectra for N-WbdAO9a and C-WbdAO9a.    
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4.2.6 N-WbdAO9a possesses α-(1,2)-mannosyltransferase activity.  

Up to 9 Man residues were transferred by N-WbdAO9a, enough to encompass 

multiple repeat-units of the O9a O-PS, while no activity could be demonstrated in C-

WbdAO9a.  This raised the question of whether both α-(1,2)- and α-(1,3)-

mannosyltransferase activities might be confined to N-WbdAO9a.  This would imply that 

the EX7E sequence of C-WbdAO9a is non-catalytic.  The presence of only one catalytic 

EX7E motif within a glycosyltransferase module containing more than one EX7E 

sequence has been reported.  Two examples are PimA, which contains two EX7E 

sequences  (Guerin et al., 2007), and PglH, which contains five  (Troutman and Imperiali, 

2009). In this scenario, C-WbdAO9a might serve to mediate interaction(s) with other 

components of the synthesis machinery.   WbbO, a galactosyltransferase involved in 

ABC transporter dependent synthesis of the K. pneumoniae O2a antigen, also contains 

two domains  (Kos and Whitfield, 2010).  One domain resembles a glycosyltransferase 

module and is thought to possess dual Galp/Galf transferase activity, while the other 

(with no resemblance to a glycosyltransferase module) is involved in interactions with the 

other galactosyltransferases involved in O-PS synthesis  (Kos and Whitfield, 2010).  

However, in the O9a system, such a scenario does not seem likely given that both 

domains resemble a catalytically active glycosyltransferase module containing an EX7E 

motif (Section 4.2.1).   

To determine whether a single mannosyltransferase activity, or both α-(1,2)- and α-

(1,3)-mannosyltransferase activities, belong to N-WbdAO9a, the structure of the N-

WbdAO9a product generated using the trisaccharide acceptor was analyzed by NMR. The 

1D 1H spectra, showed that there are five anomeric resonances that integrate in a 
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1:1:3:1:1 ratio (Fig. 4.10).  The chemical shifts for the anomeric protons and carbons 

closely match those predicted by the CASPER database  (Jansson et al., 2006; Lundborg 

and Widmalm, 2011) for the following octasaccharide: [α-Man-(1→2)-α-Man-(1→2)-α-

Man-(1→2)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-(1→3)-β-GlcNAc] 

(Table 4.2).  Additional gCOSY and tROESY experiments confirmed the identity of the 

product to be an α-(1,2)-Man homopolymer (Fig. A3.3).  Together, these data 

demonstrate that N-WbdAO9a possesses α-(1,2)-mannosyltransferase activity.  Unlike 

full-length WbdAO9a, which transfers α-(1,2)-Man residues in blocks of two, N-WbdAO9a 

was capable of extending the glycan chain in α-(1,2)-linkages under these conditions.  

 When N-WbdAO9a and C-WbdAO9a were combined in the same reaction, there was 

essentially no difference in the number of Man transfers to the trisaccharide acceptor in 

comparison to N-WbdAO9a alone (Fig. 4.8, A3.1).  However, we could not rule out the 

possibility that C-WbdAO9a did incorporate α-(1,3)-linked Man residues into the 

structure.  Therefore, the reaction products generated by combining N-WbdAO9a and C-

WbdAO9a were also subjected to NMR analysis.  The 1D 1H, gCOSY and tROESY 

spectra were identical to the spectra corresponding to the products generated by N-

WbdAO9a alone (Fig. A3.4, A3.5), indicating that introduction of C-WbdAO9a into the 

reaction mixture as a separate polypeptide did not restore α-(1,3)-mannosyltransferase 

activity.  

4.3 Discussion. 

The roles of the O9a mannosyltransferases were determined in Chapter 3, but the 

fine details surrounding their mechanism of action were still unknown.  The O9a 

mannosyltransferases belong to the CAZy GT4 family of glycosyltransferases, of which 
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Figure 4.10: 1H NMR spectrum of the reaction products generated by N-WbdAO9a 

with the O8/O9a reducing end trisaccharide acceptor.  Anomeric protons are labeled 

with an asterisk (*).   
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Table 4.2: Comparison of the chemical shifts for the anomeric protons and carbons 

of the N-WbdAO9a product generated using the O8/O9a reducing end trisaccharide 

acceptor with those predicted by the CASPER database for the octasaccharide 

shown.   

 A B C, D, Ea F G H 

Experimental δH (ppm) 5.05 5.30 5.29 5.34 5.22 –b 

 CASPER δH (ppm) 5.06 5.29 5.27 5.33 5.22 4.74 

Experimental δC
d (ppm)  103.1 101.4 101.4 101.5(8) 101.6(5) 92.6c 

 CASPER δC (ppm) 102.9 101.3 101.2 101.2 101.5 95.7 
a The signals for 1C, 1D, and 1E all overlap and are reported together.  There are no differences in 
the CASPER prediction. 
b The HOD peak at 4.76 ppm is too large to see the anomeric signal for β-D-GlcNAc in the 1D 1H 
spectrum. 
c Weak signal in the 1H–13C gHSQC spectrum. 
d The experimental values for the 13C chemical shifts were determined from the 1H–13C gHSQC 
spectrum (Fig. A3.2).  

           A               B                  C                  D       E               F           G  
α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-(1→3)- 

H 
β-GlcNAc	  
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there is a good foundation of structure-function data available.  Members of this family 

are retaining GT-B glycosyltransferases that generally contain a conserved EX7E motif 

located towards the C-terminus of the glycosyltransferase module.  All but one (WsaF) of 

the 14 GT4 crystal structures, which includes viral, archaeal, prokaryotic and eukaryotic 

representatives, show this motif within the active site of the enzyme where it is known or 

predicted to be involved in binding of the nucleotide sugar donor  (Ruane et al., 2008; 

Martinez-Fleites et al., 2006; Guerin et al., 2007; Chua et al., 2008; Vetting et al., 2008; 

Batt et al., 2010; Parsonage et al., 2010; Woo et al., 2010; Xiang et al., 2010; Lee et al., 

2011; Zheng et al., 2011).  The structures show that the first Glu forms hydrogen bonds 

with the hydroxyl groups of the sugar moiety, while the second Glu forms hydrogen 

bonds with the hydoxyl groups of the ribose moiety.  One exception is WsaF, a 

rhamnosyltransferase from G. stearothermopilus involved in S-layer glycan biosynthesis.  

In this protein, the first Glu of the “EX7E” motif is a Pro residue and, as a whole, the 

motif is uniquely proline-rich  (Steiner et al., 2010).  This gives the active site a different 

orientation from other GT4 glycosyltransferases with known structures.  In WsaF, the 

motif contains a non-conserved central Tyr residue that is positioned towards the likely 

position of the Rha moiety in the nucleotide sugar substrate  (Steiner et al., 2010).  This 

Tyr residue is proposed to be involved in recognition of thymidine triphosphate (TDP)-

Rha, with a role similar to the first Glu residue of the EX7E motif in other GT4 

glycosyltransferases  (Steiner et al., 2010).  The proline-rich motif is conserved among 

top blast hits for WsaF, which includes other rhamnosylransferases  (Steiner et al., 2010), 

but is not conserved in the rhamnosyltransferases involved in the ABC transporter 

dependent synthesis of the E. coli O99  (Perepelov et al., 2009) and P. aeruginosa A-
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band  (Rocchetta et al., 1998) O-PSs, two systems which are similar to the E. coli O8 and 

O9a pathways (discussed in Chapter 5).  

WbdCO9a and WbdBO9a each contain the characteristic EX7E motif found in GT4 

glycosyltransferases.  In both mannosyltransferases, substitution of the first Glu of the 

motif with Ala resulted in a significant reduction in O-PS synthesis.  However the same 

substitution in the second Glu residue had virtually no affect.  There are mixed results 

reported in the literature on the comparative importance of the EX7E Glu residues.  Like 

WbdCO9a and WbdBO9a, mutation of the first Glu residue showed reduced activity in the 

α-mannosyltransferases Alg11 from S. cerevisiae, whereas mutation of the second Glu 

had no affect  (Absmanner et al., 2010).  In other examples, mutation of the first Glu 

residue completely abolished enzyme activity, but mutation of the second Glu residue 

also showed reduced activity  (Abdian et al., 2000; Cid et al., 2000; Troutman and 

Imperiali, 2009).  While these studies generally identify the first Glu residue of the EX7E 

motif as being more important than the second, the opposite was shown for the S. 

cerevisiae Gpi3p glycosyltransferase  (Kostova et al., 2003).  Moreover, neither EX7E 

Glu residue was identified as being important for activity of the S. cerevisiae Alg2 

mannosyltransferase   (Kämpf et al., 2009).  Mutation of the first Glu of the EX7E motif 

in the α-mannosyltransferases PimB from C. glutamecium and PimA from M. smegmatis 

showed severely diminished activity, but mutational studies on the second Glu of the 

motif were not tested for comparative purposes  (Guerin et al., 2007; Batt et al., 2010).   

WbdCO9a and WbdBO9a appear to follow the same general scheme with the first Glu being 

more important than the second.  Several of these examples (Alg2  (O'Reilly et al., 2006; 

Kämpf et al., 2009), Alg11  (O'Reilly et al., 2006; Absmanner et al., 2010) and PglH  
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(Troutman and Imperiali, 2009)) catalyze sequential sugar transfers, but the mutational 

studies on the EX7E motif did not address changes (if any) affecting processivity.  

Mutation of either Glu residue of the EX7E motif in the first WbdAO9a domain 

completely abolished O-PS production, but interestingly, mutation of either Glu residue 

of the motif in the second domain resulted in the production of a polymannose O-PS 

containing only α-(1,2)-linkages.  Unlike WbdCO9a and WbdBO9a, there were no 

detectable differences in the phenotypes generated by mutations made in the first or 

second Glu residue of the motif.  Based on these results, and the data available on the 

EX7E motif, it is tempting to presume that these mutations inactivate the catalytic activity 

of each domain.  The modeled structures of the N- and C-WbdAO9a domains 

superimposed on PimA show that the Glu residues of the EX7E motifs are most likely to 

be involved in the binding/stabilization of GDP-Man through hydrogen bonding and that 

disruption of these interactions could render the domain inactive (Fig. 4.1).  In this 

scenario, inactivation of the second domain, leaving the first domain intact, results in the 

production of O-PS containing only α-(1,2)-linkages.   

In WbdAO9a, the bifunctional α-(1,2)-, α-(1,3)-mannosyltransferase, the number of 

mannosyltransferase activities could be correlated with the number of domains identified 

within the protein.   Here I have established that the N-WbdAO9a domain possesses α-

(1,2)-mannosyltransferase activity independent of the second, C-WbdAO9a, domain.  In 

vitro, N-WbdAO9a transferred α-(1,2)-Man residues to a synthetic substrate and in vivo, 

mutations in the EX7E motif of C-WbdAO9a, presumably inactivating this domain (see 

above), resulted in the production of O-PS containing only α-(1,2)-linkages.  However, it 

was impossible to demonstrate actual mannosyltransferase activity for C-WbdAO9a in 
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vitro.  Alone C-WbdAO9a could not incorporate Man into either of the synthetic acceptors 

and no differences were observed in the reaction products generated by N-WbdAO9a alone 

or by N- and C-WbdAO9a together.  If N-WbdAO9a was required to act first (to provide a 

suitable substrate for C-WbdAO9a), the lack of activity in C-WbdAO9a should have been 

overcome in assays that included both N-WbdAO9a and C-WbdAO9a in the same reaction.  

In vitro, N-WbdAO9a could transfer up to 9 α-(1,2)-Man residues using synthetic acceptor 

analogues, but in vivo WbdAO9a transfers blocks of only two α-(1,2)-Man residues.  The 

extra α-(1,2)-Man residues transferred by N-WbdAO9a in vitro may be a consequence of 

the lack or inability of C-WbdAO9a to actively recruit the polymer away from the N-

WbdAO9a active site in these reactions.  However, it does not preclude the additional 

involvement of other regulatory processes, which are generally poorly understood for the 

enzymes that add a defined number (2 or 3) of glycosyl residues in a biosynthetic 

pathway. For example, PglH transfers three GalNAc residues to a terminal GalNAc in an 

undecaprenol-linked glycan that is used for N-glycosylation of proteins in C. jejuni  

(Glover et al., 2005). It is proposed that the number of residues transferred by PglH is 

controlled by the relative binding affinities of the enzyme for the growing acceptor  

(Troutman and Imperiali, 2009).  

The inability of N-WbdAO9a and C-WbdAO9a to synthesize polymer together in 

vitro was unexpected given that both domains could restore O-PS biosynthesis in a wbdA 

null mutant (Section 3.2.10).  In the O9a background, N-WbdAO9a and C-WbdAO9a may 

form part of a multi-enzyme complex that is structurally stabilized or spatially oriented 

by the other synthesis components not present in the in vitro reaction.  The oligomeric 

state of WbdAO9a is unknown, but given that glycosyltransferases often form higher order 
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oligomers  (Hashimoto et al., 2010), proper oligomerization or multimerization (and thus 

function) of the mannosyltransferase may not occur in the absence of the other synthesis 

components in vitro.  In vivo interactions have been identified between WbdAO9a and 

WbdDO9a and this interaction is essential to bring WbdAO9a to the membrane where it can 

extend the nascent und-PP-linked glycan  (Clarke et al., 2009). WbdDO9a forms a trimeric 

structure (G. Hageleuken, H. Huang, B.R. Clarke, T. Lelbl, C. Whitfield and J.H. 

Naismith, manuscript submitted) so a higher-order association of WbdA is possible. 

Although it has been proven that N-WbdAO9a and C-WbdAO9a can function as separate 

proteins in vivo, evolution of the two domains fused within a single polypeptide could 

provide some functional benefit.  It is interesting to note that biosynthesis of the E. coli 

K5 capsular polysaccharide follows a strategy similar to the O9a O-PS, but requires two 

single domain glycosyltransferases, KfiC and KfiA  (Griffiths et al., 1998; Hodson et al., 

2000; Sugiura et al., 2010).  An interaction between KfiC and KfiA is proposed to cause 

a conformational change in KfiC that triggers glycosyltransferase activity in the enzyme  

(Sugiura et al., 2010).  Conformational changes (usually upon substrate binding) are a 

common feature in the mechanism of glycosyltransferases and can involve the movement 

of flexible loops or the rotation of domains  (Qasba et al., 2005; Breton et al., 2006; 

Vetting et al., 2008).  Preliminary investigation of interactions between N-WbdAO9a and 

C-WbdAO9a indicate that the two domains do not interact with one another (Appendix 5).  

However, if both domains must associate to acquire activity in C-WbdAO9a, as is true for 

KfiC and KifA, this may explain why the two domains have evolved fused together.  In 

contrast to full length WbdAO9a  (Clarke et al., 2009), initial interaction experiments do 

not suggest that either WbdAO9a domain interacts with WbdDO9a by itself (Appendix 5).  
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This implies that it is unlikely that WbdDO9a is responsible for bringing the two domains 

together to acquire activity in C-WbdAO9a when expressed separately.  During 

complementation experiments, over-expression conditions may have allowed sufficient 

quantities of each domain to co-localize to the membrane where they were able to 

associate and initiate activity in C-WbdAO9a.  Ultimately, in the absence of being able to 

demonstrate α-(1,3)-mannosyltransferase activity in C-WbdAO9a directly, the inability of 

N-WbdAO9a to catalyze α-(1,3)-Man transfers supports the hypothesis that C-WbdAO9a is 

responsible for forming this linkage.   

Other multidomain bifunctional polymerases with two active sites have been 

described for biosynthesis of bacterial hyaluronan  (Jing and DeAngelis, 2000; Jing and 

DeAngelis, 2003), chondroitin  (Jing and DeAngelis, 2003; Sobhany et al., 2008) and 

heparosan  (Kane et al., 2006; Chavaroche et al., 2011a; Chavaroche et al., 2011b).  In 

each example, the individual glycosyltransferase activities of the polymerases were 

isolated using an approach similar to that presented here; the active site of one domain 

was inactivated by mutagenesis of a catalytically important DXD motif (the other domain 

retained activity).  In these examples, inactivation of one of the domains did not result in 

the production of a new polysaccharide, whereas mutation of the EX7E motif in C-

WbdAO9a (presumably inactivating it) resulted in the generation of the new, polymannose 

α-(1,2)-linked glycan.  This may be a feature of the putative, partially processive active 

sites of the WbdAO9a enzyme, which are predicted to alternate in the transfer of two α-

(1,2)-Man and two α-(1,3)-Man residues.  The next challenge will be to demonstrate α-

(1,3)-mannosyltransferase activity in C-WbdAO9a directly.  In light of new findings that 

demonstrate it is possible to isolate the individual activities of each WbdAO9a domain 
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through mutagenesis of the essential EX7E motif, constructs encompassing the entire 

protein, but with an inactive N-WbdAO9a domain, may overcome the limitations that 

failed to demonstrate activity in C-WbdAO9a here.  

An earlier study on the O9a system showed that transposon insertions in the wbdA 

gene leaving N-wbdAO9a intact, but containing part of the 5ʹ′ region of C-wbdAO9a, could 

also generate O-PS containing α-(1,2)-linkages  (Kido et al., 1998).  In contrast, the work 

presented in this thesis showed that O-PS production was not restored when N-WbdAO9a 

alone was expressed in ΔwbdAO9a (Section 3.2.10). The earlier observation is 

compromised by the uncertainty of the mutant background and the published mapping 

data suggests that N-WbdAO9a and an N-terminal portion of C-WbdAO9a may still be 

expressed in the mutant.  If correct, the in vivo α-(1→2)- mannosyltransferase activity 

ascribed previously to the N-WbdAO9a module may require a substantial portion of C-

WbdAO9a.  This portion of C-WbdAO9a may not be essential when using a soluble 

synthetic acceptor under in vitro conditions.  In the case where N-WbdAO9a was 

inactivated by mutation of the Glu residues in the first domain, leaving the second 

domain intact, O-PS production was lost.  This implies that during biosynthesis of the 

O9a O-PS, N-WbdAO9a must act first, thereby providing a suitable substrate for C-

WbdAO9a.   

 The E. coli O9 and E. coli O9a O-PSs are closely related, distinguished by the 

presence of an extra α-(1,2)-Man residue in the O9 repeat-unit (Fig. 1.6).  The O9a 

serotype is proposed to have arisen from point mutations in the wbdA O-PS biosynthesis 

genes  (Sugiyama et al., 1998). The O9 and O9a WbdA homologues share 94% identity 

and 97% similarity at the amino acid level (Fig. 4.11).  Mutagenesis evidence suggests 
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Figure 4.11: Sequence alignment of the WbdAO9 and WbdAO9a proteins.  Identical 

residues are highlighted in black.  The Glu residues of the conserved EX7E motifs are 

highlighted in yellow.  WbdAO9 Cys80 and WbdAO9a Arg80 involved in the WbdAO9 C80R 

mutation that converts the O9 polysaccharide to O9a are highlighted in cyan. Alignments 

were performed using the ClustalW2 server  (Larkin et al., 2007; Goujon et al., 2010).
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that a single amino acid substitution in the WbdAO9 homologue (C80R) is responsible for 

the change, but interestingly, the reverse mutation in WbdAO9a is not sufficient to convert 

the product to the O9 glycan  (Kido and Kobayashi, 2000).  The location of the C80R 

substitution in the first WbdAO9/O9a domain, and the change in the number of α-(1,2)-Man 

residues in the O-PS, is consistent with the data presented here that demonstrates N-

WbdAO9a is responsible for transferring α-(1,2)-Man residues during biosynthesis of the 

O9a O-PS.   It appears as if more than a single amino acid change in WbdAO9a may be 

required for strict conversion of the O9a O-PS to O9.  However, mapping of the 

remaining amino acid differences in the first domain of the O9 and O9a homologues onto 

the modeled structure of N-WbdAO9a does not provide any insight; none of the amino 

acids are predicted to fall near the active site of the enzyme.  Nonetheless, there is 

evidence to suggest that changes in residues far removed from the active site can alter the 

active site architecture and activity of an enzyme  (Rod et al., 2003; Clemente et al., 

2004; Wong et al., 2005; García-Torres et al., 2011).  Moreover, glycosyltransferases 

often undergo a conformational change involving the movement of a flexible loop upon 

substrate binding to generate an acceptor binding site.  (Qasba et al., 2005; Breton et al., 

2006). In the possibility that the WbdA domains undergo a similar conformational 

change, differences in amino acids located within these regions may alter the binding site 

for the nascent acceptor.  For example, bulky residues could sterically hinder the 

movement of a loop or constrain the binding site of the acceptor.  

 A number of GT4 retaining glycosyltransferases emphasize the importance of basic 

residues within the active site for stabilization of the nucleotide sugar and/or glycan 

acceptor  (Guerin et al., 2007; Vetting et al., 2008; Batt et al., 2010; Parsonage et al., 
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2010; Steiner et al., 2010).  Mutagenesis studies demonstrated that substitution of a 

conserved Lys residue in the active site of several of these examples reduced or 

eliminated enzyme activity  (Abdian et al., 2000; Kämpf et al., 2009; Absmanner et al., 

2010; Batt et al., 2010).  In PimB, one example for which crystal structure data is 

available, this Lys residue is involved in binding the nucleotide sugar  (Batt et al., 2010).   

Structural modeling of N-WbdAO9a places Arg80 in close proximity to the active site of N-

WbdAO9a (Fig. 4.1).  Based on the model, Arg80 is unlikely to interact with the donor 

sugar (more than 7 Å away), but may be in a position to form hydrogen bonds with the 

hydroxyl groups of the Man residues in the acceptor. This could affect α-(1→2) 

mannosyltransferase processivity if it involves a similar control process to the one 

proposed for PglH  (Troutman and Imperiali, 2009). Stabilization of the nascent glycan 

acceptor in the active site may result in tighter binding of the acceptor and consequently 

fewer (i.e. only two) α-(1,2)-Man transfers in WbdAO9C80R.  Ultimately a crystal 

structure of WbdAO9a will be necessary to assess the validity of this proposal.   

 In summary, I have established the importance of the EX7E motif in the activities of 

all three O9a mannosyltransferases and provided evidence consistent with each domain 

of WbdAO9a possessing a distinct mannosyltransferase activity. The findings reported 

here will provide a foundation to investigate the domain architecture, motifs, and other 

potentially important residues of the mannosyltransferases from the E. coli O8 serotype.  

Ultimately, this will help to establish whether a correlation between the number of 

domains and linkages catalyzed by multidomain, multifunctional enzymes can extend to 

other, similar glycosylation systems. 
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Chapter 5: Conclusions and future directions 
	  

 The E. coli O8 and O9a polymannose O-PSs represent model systems for the 

ABC transporter-dependent assembly of bacterial polysaccharides.  The research in this 

thesis has established the fundamental roles of the mannosyltransferases responsible for 

their syntheses, which differ from the functions originally proposed.  Both biosynthetic 

pathways involve the activities of three mannosyltransferases.  Two are conserved and 

are dedicated to the formation of a discrete adaptor region that occurs only once in the O-

PS structure, while the third serves as a multifunctional polymerase to synthesize the 

serotype-specific repeat-unit domain of the polysaccharide chain.  The availability of 

synthetic acceptor substrates has been instrumental in uncovering the roles of these 

enzymes, and similar substrates have been used as tools to examine the functions of 

glycosyltransferases in the biogenesis of a variety of bacterial glycoconjugates, including 

other O-PSs  (Montoya-Peleaz et al., 2005; Brockhausen et al., 2008; Xu et al., 2011; 

Gao et al., 2012), lipooligosaccharides  (Gilbert et al., 2000), teichoic acids  (Zhang et 

al., 2006; Pereira et al., 2008; Sewell et al., 2009), capsules  (Williams et al., 2006; 

Willis et al., 2008), S-layers  (Steiner et al., 2008) and the mycobacterial cell wall 

galactan  (Kremer et al., 2001; Belánová et al., 2008; May et al., 2009).   

 In light of the observations reported here, other glycan biosynthesis systems 

following the same general theme can be proposed.  One example is the E. coli O99 O-

PS, which has the repeat-unit backbone: [→3)-α-D-Rha-(1→2)-α-D-Rha-(1→2)-α-D-

Rha-(1→3)-α-D-Rha-(1]  (Perepelov et al., 2009).  The structure carries additional α-

(1,2)-linked Glc substituents on the first and fourth Rha residues in the repeat unit  

(Perepelov et al., 2009).  The fine structure of the reducing terminus of the O99 glycan 
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has not been reported, but its biosynthesis involves three glycosyltransferases, WejKJI, 

which are similar to WbdCBA, respectively  (Perepelov et al., 2009).  By comparison to 

the original E. coli O9/O9a assembly model, WejK was proposed to transfer a single Rha 

residue during O-PS biosynthesis to form an adaptor domain.  WejJ and WejI were 

proposed to work in an alternating manner to synthesize the repeat-unit domain, 

catalyzing two α-(1,3)-Rha and two α-(1,2)-Rha transfers, respectively  (Perepelov et al., 

2009).  However, WejK and WejJ are both single domain glycosyltransferases, while 

WejI contains two putative glycosyltransferase domains.  Therefore, assembly of the O99 

O-PS might actually follow a mechanism analogous to that established here for the O8 

and O9a O-PSs.  The multidomain structure of WejI and the presence of two linkage 

types in the O99 repeat unit suggest that WejI might polymerize the O99 repeat-unit 

domain independent of the other two glycosyltransferases. 

Similarities can also be seen in biogenesis of the P. aeruginosa A-band O-PS, 

which consists of a trisaccharide [→2)-α-D-Rha-(1→3)-α-D-Rha-(1→3)-α-D-Rha-(1] 

repeating unit  (Arsenault et al., 1991).  Note that the Rha sugar in this repeat-unit is a D-

Rha enantiomer synthesized from GDP-D-Man by a two-step enzymatic reaction  (King 

et al., 2009). Three rhamnosyltransferases synthesize the A-band polysaccharide, WbpZ, 

WbpY and WbpX  (Rocchetta et al., 1998).  WbpZ is proposed to add the first Rha 

residue of the A-band O-PS, with a role analogous to WbdC (Rocchetta et al., 1998).  

This activity would form a short adaptor region in the O-PS, although the fine structure of 

the reducing terminus is also unknown.  The remaining two rhamnosyltransferases, 

WbpY and WbpX, are proposed to transfer two α-(1,3)-Rha and one α-(1,2)-Rha 

residues, respectively, alternating to generate the A-band repeat-unit domain (Rocchetta 
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et al., 1998).  The proposed functions of the A-band rhamnosyltransferases were also 

based on similarities of the enzymes to the E. coli O9/O9a mannosyltransferases and the 

original (incorrect) biosynthesis model proposed for the O9/O9a O-PS.  It is interesting to 

note that, unlike the E. coli O8, O9a and O99 systems, all three A-band 

rhamnosyltransferases contain a single glycosyltransferase domain based on predictions 

using their primary sequence. Therefore, despite general similarities between the systems, 

synthesis of the repeat-unit domain may entail a different strategy involving the 

alternating activities of single domain glycosyltransferases versus the action of one 

multidomain/multifunctional glycosyltransferase.  Indeed this has been observed in 

biosynthesis of the E. coli K5 capsule (discussed below)  (Griffiths et al., 1998; Hodson 

et al., 2000; Sugiura et al., 2010).  

 The K. pneumoniae O2a O-PS represents an example of a characterized system in 

which an adaptor domain has been identified in the O-PS structure  (Vinogradov et al., 

2002).  Synthesis involves three predicted galactosyltransferases, WbbO, WbbM, and 

WbbN  (Clarke et al., 1995; Guan et al., 2001; Kos and Whitfield, 2010).  Assembly of 

the disaccharide adaptor is accomplished by WbbO, a bifunctional α-(1,3)-Galp, β-(1,3)-

Galf galactosyltransferase  (Clarke et al., 1995; Guan et al., 2001).  WbbM and WbbO 

are proposed to assemble the remainder of the O-PS consisting of a digalactose repeating-

unit, [→3)-β-Galf-(1→3)-α-Galp-(1], while a role for WbbN has yet to be established  

(Guan et al., 2001; Kos and Whitfield, 2010).  Each putative galactosyltransferase 

contains only one glycosyltransferase domain  (Kos and Whitfield, 2010), indicating 

assembly may resemble that proposed for P. aeruginosa A-band biosynthesis involving 

the action of two alternating glycosyltransferases.   



	   	  168	  

 Three glycosyltransferases are also predicted to be involved in the ABC 

transporter-dependent synthesis of the E. coli O52 polymer  (Feng et al., 2004).  WbrV 

and WbrW are single domain glycosyltransferases, while the third, WbrX, is a putative 

multifunctional enzyme containing both a glycosyltransferase domain and a 

methyltransferase domain  (Feng et al., 2004).  The O52 polysaccharide contains a 

disaccharide [→3)-β-Fucf-(1→3)-β-6dmanHepp-(1] repeat unit and is terminated with a 

methyl group  (Feng et al., 2004).  An adaptor domain is presumed to exist, but has yet to 

be identified in the O52 O-PS structure.  The presence of three putative 

glycosyltransferases supports the hypothesis that at least one is dedicated to synthesis of 

an adaptor.  The O52 polysaccharide may represent another variation in the theme, where 

the repeat-unit domain is assembled by the alternating activities of two enzymes, one of 

which is also the chain terminator.  In this case, the methyltransferase domain of WbrX 

resembles the E. coli O8 and O9a WbdD enzymes  (Clarke et al., 2004; Clarke et al., 

2011).  The K. pneumoniae O12 O-PS may be similar to the E. coli O52 system in that 

biogenesis of the O-PS involves a putative single domain rhamnosyltransferase, WbbL, 

and a putative multifunctional enzyme containing a glycosyltransferase domain and a 

domain of an unknown function, WbbB  (Izquierdo et al., 2003).  One possibility is that 

the unknown domain is involved in the addition of a Kdo residue found at the non-

reducing terminus of the O-PS chain  (Vinogradov et al., 2002), therefore also behaving 

like a chain terminator. 

 S-layer glycans and group 2 capsular polysaccharides represent non-O-PS examples 

that resemble the E. coli O9a and O8 assembly pathway.  The O-linked S-layers of G. 

stearothermophilus NRS 2004/3a and P. alvei CCM 2051 have been well characterized.  
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Both require the activities of glycosyltransferases to generate an adaptor domain and two 

glycosyltransferases to assemble a repeat-unit domain, including a multifunctional 

glycosyltransferases similar to WbdA  (Steiner et al., 2008; Ristl et al., 2011).  In 

biosynthesis the G. stearothermophilus S-layer, WsaD transfers the first α-(1,3)-Rha 

residue of the adaptor and WsaC transfers one or two additional α-(1,3)-Rha to generate 

an adaptor of variable length  (Steiner et al., 2008).  These two enzymes resemble WbdC 

and WbdB in the E. coli O8 and O9a systems.  WsaD is monofunctional like WbdC, 

while WsaC is a single domain glycosyltransferases with the ability to transfer sequential 

sugar residues in the same linkage, like WbdB.  Chain extension of the G. 

stearothermophilus S-layer glycan requires the concerted activities of WsaE and WsaF.  

The glycan repeating structure is [→2)-α-L-Rha-(1→3)-β-L-Rha-(1→2)-α-L-Rha-(1] and 

is terminated with a methyl group  (Schäffer et al., 2002).  WsaF forms the β-(1,2)-

linkage and WsaE forms the α-(1,2)- and α-(1,3)-linkages  (Steiner et al., 2008).  

Interestingly, WsaE is a trifunctional enzyme possessing two rhamnosyltransferase 

activities and a third methyltransferase activity, making it similar to WbdA.  In 

biosynthesis of the P. alvei CCM S-layer glycan, WsfG is proposed to transfer a single 

Rha residue (like WbdC) and WsfF two sequential Rha residues (like WbdB) to form an 

adaptor region  (Zarschler et al., 2010).  WsfC contains three putative domains.  It is 

proposed to complete formation of the adaptor, while also forming the repeating-unit 

backbone of the glycan, [→3)-β-Gal-(1→4)-β-ManNAc-(1]  (Zarschler et al., 2010).  

Therefore, WsfC may prove to be remarkably similar to WbdAO8.    

 Biosynthesis of the E. coli K5 capsule, which contains a heparosan backbone 

repeat-unit, [→4)-α-GlcA-(1→4)-β-GlcNAc-(1], requires the concerted activity of two 
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glycosyltransferases, KfiC and KfiA  (Griffiths et al., 1998; Hodson et al., 2000; Sugiura 

et al., 2010). No adaptor domain has been reported in the K5 structure and accordingly, 

there does not appear to be any glycosyltransferase with unassigned functions in the K5 

gene cluster.  Interestingly, a novel anchor composed of Kdo residues has recently been 

identified in the E. coli K1 capsule, which is also synthesized by an ABC transporter 

dependent pathway (Willis, L. M., Stupak, J., Li, J., and Whitfield, C., unpublished data).  

The presence of a defined anchor structure in the K1 capsule bears notable similarity to 

the adaptor domains of the O8 and O9a polysaccharides and could be synthesized by the 

products of two genes with unidentified functions in the K1 gene cluster.  In the K5 

system, KfiC and KfiA are both single domain glycosyltransferases and the two enzymes 

must associate with one another to polymerize the glycan  (Sugiura et al., 2010).  It is 

interesting to note that KfiC and KfiA resemble the two domains of the bifunctional P. 

multocida heparosan synthase.  It has been demonstrated that each domain of the 

heparosan synthase contains an active site with a distinct transferase activity  (Kane et al., 

2006; Chavaroche et al., 2011a; Chavaroche et al., 2011b).  Similar multidomain 

bifunctional glycosyltransferases have also been described for biosynthesis of hyaluronan  

(Jing and DeAngelis, 2000; Jing and DeAngelis, 2003) and chondroitin  (Jing and 

DeAngelis, 2003; Sobhany et al., 2008) glycosaminoglycans, of which have obvious 

similarities to the E. coli O8 and O9a WbdA mannosyltransferases. 

 Biogenesis of Gram-positive wall teichoic acids also involves synthesis of a linker 

region between the primed lipid carrier and the main glycerol or ribitol phosphate chain.  

This has been well studied in B. subtilis, where synthesis of the linker is accomplished by 

the TagA glycosyltransferase  (Ginsberg et al., 2006; Zhang et al., 2006) and polymer 
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extension occurs by TagF, a polymerizing ciditylyl transferase  (Schertzer and Brown, 

2003; Pereira et al., 2008; Schertzer and Brown, 2008).  Synthesis of a linker in the 

mycobacterial galactan polysaccharide involves GlfT1  (Mikusová et al., 1996; Kremer et 

al., 2001; Belánová et al., 2008), after which the chain is extended by a single domain, 

bifunctional polymerizing glycosyltransferase, GlfT2  (Szczepina et al., 2009; Levengood 

et al., 2011; May et al., 2012).   

 Despite these similarities, it is not possible to make a reliable prediction of the 

synthesis strategy based on the glycan structure alone.  Examples in the literature 

describe several mechanisms by which polysaccharide polymerization occurs.  In certain 

cases polymerization involves the action of a multidomain, multifunctional 

glycosyltransferase, while in some instances polymerization requires the concerted 

activity of two single domain glycosyltransferases.   In other examples, polymerization 

requires a single domain, bifunctional polymerase.  The different strategies used by 

glycosyltransferases may represent an example of convergent evolution and this has been 

suggested for the glycosyltransferases involved in synthesis of glycosaminoglycans  

(DeAngelis, 2002).  An interesting and unresolved question is why certain pathways have 

evolved with glycosyltransferases of one type or the other?  Does fusion of multiple 

glycosyltransferase modules within a single polypeptide provide a biosynthetic advantage 

and if so, why would seemingly similar pathways differ in their biosynthetic strategies?  

To provide solutions to these questions, it will be necessary to understand the 

polymerization mechanisms used by the different systems.  To facilitate this 

understanding in the E. coli O8 and O9a O-PS assembly pathway, detailed crystal 

structures of the WbdA polymerases will be critical.  Structures of the WbdA 
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homologues will provide new information about how the nascent polysaccharide acceptor 

is bound within the active site(s).   These structures might also provide insight about how 

the growing polysaccharide navigates between the various domains of the enzyme.  If the 

polymerization mechanism is dissociative, as the data in this thesis suggests, could 

multiple polysaccharide chains be bound by the various active sites at the same time?  Is 

there a hand off a mechanism from one domain to the next?  With the known association 

of WbdAO9a and WbdDO9a, it would also be useful to determine the structure of WbdAO9a 

in complex with WbdDO9a.  This might offer insight into how the nascent glycan is 

passed from WbdAO9a to WbdDO9a for termination of polymerization.  Understanding of 

this process is important because coordination of polymerization and termination is 

critical for generating O-PSs of specific chain length, which is important for virulence in 

certain Gram-negative bacteria  (Joiner, 1988).  Stability and preliminary structural 

characterization of the purified WbdA homologues have been conducted as groundwork 

for initiation of crystal structure trials on the proteins (Appendix 4).   

 Another interesting and unanswered question surrounds the mechanism of 

sequential transfer activity in the WbdB mannosyltransferase (and presumably each 

domain of WbdAO9a).   How does the enzyme limit the number of sequential transfers to 

just two?  Studies of the C. jejuni PglH suggest that the transfer of a discrete number of 

residues is controlled by the relative binding affinities for the growing acceptor  

(Troutman and Imperiali, 2009).  A comprehensive kinetic study on WbdB will help 

address whether the enzyme utilizes a similar mechanism.  It might be possible to 

conduct a similar kinetic study for each domain of WbdAO9a and this information could 

be useful in helping to explain why the similar O9 and O9a WbdA mannosyltransferases 
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transfer a different number of α-(1,2)-linkages during assembly of their respective 

polysaccharides.  Given that a single amino acid substitution in the O9 WbdA homologue 

can convert the O9 polysaccharide to O9a  (Kido and Kobayashi, 2000), crystal 

structures, mutagenesis and kinetic analyses of the enzymes may help in the 

understanding of the molecular mechanisms at work.  However, this thesis has 

demonstrated that N-WbdAO9a in isolation results in loss of control over the processivity 

of mannosyltransfer, which may make kinetic studies impossible.   

 Several modes of action have been proposed for retaining glycosyltransferases, 

including the double displacement mechanism and the “internal return-like” or SNi-like 

mechanism  (Lairson et al., 2008).  The double displacement mechanism involves the 

formation of a covalent intermediate, requiring the presence of a correctly positioned 

nucleophile within the active site  (Lairson et al., 2008).  Most structural data available 

for retaining glycosyltransferases do not identify a suitably positioned amino acid side 

chain to fulfill this role  (Persson et al., 2001; Gibson et al., 2002; Martinez-Fleites et al., 

2006; Vetting et al., 2008; Batt et al., 2010; Steiner et al., 2010; Chaikuad et al., 2011).  

Yet in some cases, as observed for the bovine retaining α3GalT glycosyltransferase, a 

nucleophile is well defined within the active site and the enzyme does appear to follow a 

double displacement mechanism  (Gastinel et al., 2001; Monegal and Planas, 2006; 

Jamaluddin et al., 2007).  In the SNi-like mechanism, which has been proposed for 

numerous glycosyltransferases, a “front side” nucleophilic attack occurs on the same face 

as the leaving group, resulting in an oxocarbenium ion-like transition state  (Lairson et 

al., 2008).  The N. meningitidis LgtC α-(1,4)-galactosyltransferase represents a well-

studied example  (Persson et al., 2001).  Interestingly, overlay of the structures from 
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LgtC and α3GalT show that the substrates are oriented differently and that some 

interactions favouring the SNi-like mechanism in LgtC are absent in α3GalT  (Gómez et 

al., 2012).  It may be possible that both mechanisms are valid and dependent on the 

arrangement of the active site.  In support of this possibility, the active site of sucrose 

phosphorylase, a retaining glycosidase, could be remodeled so that the enzyme switched 

from a double displacement to an SNi-like mechanism  (Goedl and Nidetzky, 2009).  

Ultimately, the catalytic mechanism of retaining glycosyltransferases is still not well 

understood and the information gained from mutagenesis studies might assist in our 

understanding of this mechanism.  Accordingly, it would be interesting to substitute 

residues that might alter the specificity or activity of the O8 and O9a 

mannosyltransferases, as was observed by the WbdAO9 C80R substitution  (Kido and 

Kobayashi, 2000).  In several examples of GT4 glycosyltransferases, a Lys residue is 

known to be importance for enzyme activity  (Abdian et al., 2000; Kämpf et al., 2009; 

Absmanner et al., 2010; Batt et al., 2010).  The recent study on LgtC also identified 

important substrate interactions that facilitate the front side SNi-like mechanism, where a 

Lys residue was implicated as having the largest effect  (Gómez et al., 2012). The 

positively charged Lys residue interacts with the negative α and β phosphates of the 

nucleotide sugar donor and is located in a loop that folds over the donor substrate  

(Persson et al., 2001; Gómez et al., 2012).  Ultimately this residue helps stabilize the 

oxocarbenium ion-like transition state  (Gómez et al., 2012).  Therefore, substitution of 

the conserved Lys residue in the O8 and O9a mannosyltransferases represents a good 

initial mutagenesis target.  
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Having established the roles of the individual O8 and O9a mannosyltransferases, it 

is now necessary to investigate the interplay of these enzymes with the other components 

of the O-PS assembly pathway.  The synthesis machinery in this, and in other comparable 

systems, is predicted to form part of a membrane-localized multi-enzyme complex  

(Raetz and Whitfield, 2002), but direct interaction has only been established between 

WbdAO9a and WbdDO9a  (Clarke et al., 2009).  This interaction is essential for targeting 

WbdAO9a to the membrane where it can polymerize the O-PS  (Clarke et al., 2009).  It is 

currently unknown whether WbdAO9a-WbdAO9a interactions exists, but WbdDO9a forms a 

trimer (G. Hageleuken, H. Huang, B.R. Clarke, T. Lelbl, C. Whitfield and J.H. Naismith, 

manuscript submitted) and it would be interesting to establish whether the oligomeric 

state of WbdAO9a matches that of WbdDO9a.   Evidence for a multi-enzyme complex is 

supported by the existence of an interaction network between the various 

galactosyltransferases involved in biogenesis of the K. pneumoniae O2a D-galactan I 

polymer  (Kos and Whitfield, 2010).  However, preliminary investigations of interactions 

involving the O9a mannosyltransferases (Appendix 5) do not indicate the same is true for 

the O9a system.  These differences may be reflected by the different strategies used to 

coordinate synthesis, termination and export of the O-PSs in these two systems  (Clarke 

et al., 2004; Cuthbertson et al., 2005; Cuthbertson et al., 2007; Kos et al., 2009; Clarke et 

al., 2009).  Completion of a full interaction study, which has already been initiated 

(Appendix 5), will help provide useful insight into how the O-PS components work 

together to assemble this O-PS.  Extension of these studies to the O8 system will help 

establish whether all O-PSs containing terminal modifications follow a similar 

biosynthesis mechanism.  For example, WbdD and WbdA are considerably different in 
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the O8 and O9a serotypes and it is unknown whether, like in the O9a system, WbdDO8 

interacts with WbdAO8 to target the enzyme to the membrane. 

The WbdC and WbdB proteins localize to the membrane independently (Appendix 

5), indicating that targeting by another synthesis component is unlikely.  This is 

consistent with the lack of interactions detected between these proteins and other 

members of the O-PS assembly pathway (Appendix 5).  The nature of the membrane 

association of WbdC and WbdB is largely unknown.  Both mannosyltransferases are not 

predicted to contain any transmembrane helices.  However, based on the DAS 

transmembrane prediction server (http://www.sbc.su.se/~miklos/DAS/tmdas.cgi;  (Cserzö 

et al., 1997), there are two small segments in WbdC (amino acids 195-199 and 221-225) 

and one in the C-terminus of WbdB (amino acids 307-312) which could potentially 

intercalate into or associate with the IM.  Other prokaryotic glycosyltransferases, 

including those involved in synthesis of LPS, are known to associate with the membrane, 

without containing any transmembrane helices.  Examples include, WbbO and WbbM 

involved in O-PS synthesis in K. pneumoniae O2a  (Kos and Whitfield, 2010), WfaP and 

WfgD involved in O-PS synthesis in E. coli O56 and O152, respectively  (Brockhausen et 

al., 2008), WaaJ involved in synthesis of the E. coli core-OS  (Leipold et al., 2007) and 

WaaA, involved in synthesis of lipid A  (Schmidt et al., 2012).  These 

glycosyltransferases are predicted to associate with the membrane through hydrophobic 

and/or electrostatic interactions.  In one example, WaaA, the recently solved crystal 

structure shows that the enzyme adopts the GT-B fold with a hydrophobic, surface 

exposed patch in the N-terminal domain  (Schmidt et al., 2012).  This hydrophobic 

domain is predicted to insert into the membrane, placing the acceptor binding site in a 
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good position to interact with the membrane embedded lipid A precursor  (Schmidt et al., 

2012).  Other membrane-associated glycosyltransferases involved in O-PS biosynthesis, 

such as the E. coli WecA  (Amer and Valvano, 2000; Lehrer et al., 2007) and S. flexerni 

GtrII  (Lehane et al., 2005), are integral membrane proteins, indicating there is diversity 

in the interactions of O-PS glycosyltransferases with membranes.  Ultimately, membrane-

association of glycosyltransferases involved in synthesis of LPS may enable efficient 

glycosyl transfer by allowing these enzymes to be close to their natural, membrane bound 

acceptor, while still having access to the nucleotide sugar pool in the cytoplasm. 

 The O8 and O9a WbdA polymerases have undoubtedly emerged as interesting 

glycosyltransferases due to their multidomain, multifunctional nature.  However, the 

hypothesis proposed in this thesis, that each domain possesses a distinct 

glycosyltransferase activity, has yet to be unequivocally resolved.  Investigation of this 

proposal was initiated in the O9a system, but a single catalytic activity could only been 

demonstrated in N-WbdAO9a.  The alternative possibility is that C-WbdAO9a serves as a 

regulatory domain that alters the specificity of N-WbdAO9a (enabling it to switch from the 

transfer of Man in α-(1,2)- to α-(1,3)-linkages).  In this scenario, only N-WbdAO9a would 

be catalytically active.  A similar phenomenon has been observed in the synthesis of 

lactose, where interaction of β4GT-1, the catalytic subunit of lactose synthase, with the 

regulatory protein α-lactalbumin, alters the specificity for the acceptor substrate  (Brew et 

al., 1968; Schanbacher and Ebner, 1970).  However, a parallel situation in WbdAO9a 

seems unlikely given the high similarity shared between C-WbdAO9a and active GT4 

enzymes and the functional requirement for residues in the EX7E motif that are typically 
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associated with substrate binding in systems with solved protein-substrate co-crystal 

structures (e.g. PimA  (Guerin et al., 2007)). 

Isolation and demonstration of glycosyltransferase activity in C-WbdAO9a 

represents the next step towards proving (or disproving) that each domain catalyzes the 

formation of one linkage type in the O9a repeat-unit.  C-WbdAO9a possesses all of the 

features of a catalytically active glycosyltransferase module, however activity in this 

domain could not be shown in vitro, regardless of the fact that the protein was folded and 

the domain was active in vivo.  One possibility for the lack of activity in C-WbdAO9a is 

that there may be a structural requirement for the first domain.  A construct containing 

mutations in the first EX7E motif, rendering the first glycosyltransferase domain inactive, 

may generate a full-length WbdAO9a variant containing only C-WbdAO9a activity.  This 

construct may satisfy a structural requirement essential for C-WbdAO9a activity and, 

hopefully, allow the activity of the C-WbdAO9a domain to be tested using the synthetic 

FITC-labeled acceptors.  A structural requirement for the first domain to obtain activity 

in the second could provide an explanation for why the two domains have evolved fused 

within a single polypeptide. Supporting this contention, attempts to separate and show 

activity in the glycosyltransferase modules of the bifunctional P. multocida heparosan 

synthase have also been unsuccessful  (Otto et al., 2012).  Synthesis of the E. coli K5 

capsular polysaccharide (discussed above) requires KfiC and KfiA, two single domain 

interacting glycosyltransferases that alternate activities to assemble the polysaccharide 

chain  (Griffiths et al., 1998; Hodson et al., 2000; Sugiura et al., 2010).  This interaction 

is essential for KfiC activity and it is proposed to cause a conformational change in KfiC 

allowing it to acquire glycosyltransferase activity  (Sugiura et al., 2010).  A similar 
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phenomenon could take place in the O9a system.  It is interesting to note that preliminary 

investigation of interactions involving the WbdAO9a domains do not show interactions 

between N-WbdAO9a and C-WbdAO9a expressed as separate polypeptides (Section 

A5.3.2).  Both domains appear to be active as separate proteins in vivo, but this could be 

a consequence of over-expression conditions.  In this scenario, sufficient quantities of 

both domains may co-localize to the membrane and come in close proximity to induce 

activity in C-WbdAO9a.  Given that WbdDO9a and WbdAO9a interact  (Clarke et al., 2009), 

a different possibility is that WbdDO9a may bring the two domains of WbdAO9a together 

in vivo.  If true, the absence of WbdDO9a in vitro may compromise the activity of the C-

WbdAO9a domain.  To overcome this obstacle, membranes from a ΔwbdA mutant 

(containing all other synthesis components) expressing C-WbdAO9a or the full-length 

variant containing mutations in the EX7E motif of the first domain (i.e. containing an 

inactive N-WbdAO9a domain) could be used as the enzyme source for in vitro assays. 

 Extending the hypothesis further, the next logical step (providing activity can be 

demonstrated in C-WbdAO9a) will be to investigate whether each domain of WbdAO8 also 

possesses a single glycosyltransferase activity corresponding to one of the linkage types 

in the O8 repeat-unit.  The same methods used to investigate the domain activities of 

WbdAO9a could be used to accomplish this task.  However, in the O8 system only two of 

the WbdA domains contain EX7E motifs, which could make demonstration of activity in 

each domain more difficult using constructs with mutations that leave just one domain 

active.  By comparison to other retaining glycosyltransferases, domains 1 and 2 of 

WbdAO8 are likely to be responsible for formation of the α-linkages because they contain 

EX7E motifs; inactivation of these domains should be relatively straightforward.  The 
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third domain, which does not contain the motif, is a candidate for formation of the β-

linkage (i.e. an inverting glycosyltransferase).  The mechanism of inverting 

glycosyltransferases follows a direct SN2-like displacement strategy where the side chain 

of an active site residue serves as a catalytic base  (Lairson et al., 2008).  Modeling of the 

third WbdAO8 domain, followed by mutation of candidate catalytic residues, will be 

necessary to obtain constructs with this domain inactive.   

 The research presented in this thesis has helped generate an accurate model of 

ABC-transporter-dependent O-PS biosynthesis (Fig. 5.1) and provide a better 

understanding of the mechanisms of multifunctional glycosyltransferase activity.  The O8 

and O9a systems provide examples where a combination of single domain 

mannosyltransferases, one of which can add two Man residues in succession, and 

multidomain polymerizing mannosyltransferases is exploited to build a single glycan.  

The information gained from this project will extend to other bacteria that utilize similar 

pathways for biogenesis of cell surface glycopolymers.  There is the potential for this 

research to provide insight into the development of new vaccines because LPS is a 

critical virulence determinant, and an ABC-transporter-dependent pathway is responsible 

for the synthesis of O-PSs from a number of pathogenic bacteria.  The lipid A component 

of LPS is poorly immunogenic, but the O-PS elicits a vigorous immune response and 

many vaccine approaches exploiting or manipulating the O-PS have been published  

(Nagy and Pál, 2008).  Several examples demonstrate that synthetic O-PS of defined 

(non-WT) length can be effective at eliciting a robust immune response  (Svenson and 

Lindberg, 1981; Pozsgay et al., 1999; Phalipon et al., 2006).  Therefore, by 

understanding the mechanisms of O-PS polymerization and the factors that regulate chain 
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Figure 5.1: Model for the ABC transporter-dependent biosynthesis of the E. coli O8 

and O9a O-PSs. WecA initiates polymer synthesis through the transfer of GlcNAc-1-

phosphate to und-P.  Mannosyltransferase enzymes, WbdC, WbdB, and WbdA, extend 

the O-PS at the non-reducing terminus of the growing polymer. WbdC and WbdB 

synthesize the adaptor domain, while WbdA synthesizes the repeat-unit domain. Chain 

extension is terminated by WbdD, through the addition of a non-reducing terminal 

modification.  The ABC transporter, composed of the Wzm-Wzt proteins, recognizes the 

terminal modification and exports the O-PS across the IM.  Once exported, the O-PS is 

transferred to the lipid A-core by the ligase enzyme, WaaL. Figure from Greenfield and 

Whitfield (2012). 
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length (for example, the interplay between WbdD and WbdA) it may be possible to 

manipulate these systems for the development of novel, highly immunogenic O-PS based 

vaccines.  In addition, mechanistic information for monofunctional glycosyltransferases 

is expanding, but comparable insight into multifunctional or processive 

glycosyltransferases is limited.  A better understanding of glycosyltransferase function 

offers the potential use of these enzymes in the chemo-enzymatic synthesis of precise 

glycoconjugates for industrial and medical applications.  Sugar components are found in 

a number of natural antimicrobial and anticancer products; synthesis of these compounds 

by enzymatic methods is preferred because chemical methods can be tedious and involve 

multiple purification steps  (Palcic, 2011).  Moreover, understanding multidomain, 

multifunctional glycosyltransferases could lead to the engineering of chimeric enzymes 

with defined glycosyltransferase modules for the creation of custom 

oligosaccharides/polysaccharides with widespread applications.    
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Appendix 1: Primer sequences used for the production of 

recombinant plasmids and chromosomal mutations 

Table A1: Primer sequences used for the production of recombinant plasmids and 

chromosomal mutants. 
 
Primer	   Sequence	  a,b,c	  (5’3’)	   Features	  
WaaLK12a GCAGTTTTGGAAAAGTTATCA

TCATTATAAAGGTAAAACATgt
gtaggctggagctgcttcg 

Forward primer used for the 
amplification of waaLK-12 in the 
creation of CWG1006  

WaaLK12b AGTGAGTTTTAACTCACTTCT
TAAACTTGTTTATTCTTAAcatat
gaatatcctccttag 

Reverse primer used for the 
amplification of waaLK-12 in the 
creation of CWG1006 

O8WbdBLRFw AAGAGGGGTTAGATAATGTG
TCATTTATTATGAAAATTATT
TTTGCTACTgtgtaggctggagctgcttc 

Forward primer used for the 
amplification of wbdBO8 in the 
creation of CWG1007 

CB53 ACTGCGGTGGCCCTTGTGATG
AGTTCGTTATGAAAATTATTT
TTGCTACTgtgtaggctggagctgcttc 

Forward primer used for the 
amplification of wbdBO9a in the 
creation of CWG1009 

CB54 TTAGAGTAATTTATAGGCGTT
AATGGTCTGGGTCGTACAGTT
CTCCCACGAcatatgaatatcctcctta 

Reverse primer used for the 
amplification of wbdBO8

 and wbdBO9a 
in the creation of CWG1007 and 
CWG1009 

CB55 ACGCCTATAAATTACTCTAAG
GGTGTCAGTTGAGAGTTCTAC
ACGTCTATgtgtaggctggagctgcttc 

Forward primer used for the 
amplification of wbdCO8 and wbdCO9a 
in the creation of CWG1008 and 
CWG1010 

CB56 TCAGGATTTGCTTTCCAGCAA
TGTAGTGTAGAGATTGACATA
GGCGTCAATcatatgaatatcctcctta 

Reverse primer used for the 
amplification of wbdCO8

 and wbdCO9a 
in the creation of CWG1008 and 
CWG1010 

LG75 GGTTTATGAAATTTATCTCAA
ACTAACGAAAAATAAATAAG
GAGATTAACgtgtaggctggagctgctt
c 

Forward primer used for the 
amplification of wbdAO9a in the 
creation of CWG1105 

LG93 TCATAACGAACTCATCACAAG
GGCCACCGCAGTAGCCCTGTT
GATAGCGAcatatgaatatcctcctta 

Reverse primer used for the 
amplification of wbdAO9a in the 
creation of CWG1105 

LG76 GCGATGAGTATTTATAACGAA
TTAAAAAATAAAAATACGGA
GAAATAACGgtgtaggctggagctgctt
c 

Forward primer used for the 
amplification of wbdAO8 in the 
creation of CWG1104 

LG77 TTATCTAACCCCTCTTGTATTC
AAAGGCAAAAAATACAAGAG
AGATATTTcatatgaatatcctcctta 

Reverse primer used for the 
amplification of wbdAO8 in the 
creation of CWG1104 
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CB57 tgtgatgaattcaccATGAAAATTATT
TTTGCTACTGAGCCAATTAAA
TAC 
 

Forward primer used for the 
amplification of wbdBO9a/O8 in the 
creation of pWQ576, pWQ578, 
pWQ580 and pWQ582; EcoRI 
restriction site 

CB59 ctctaagaattcaccATGAGAGTTCTA
CACGTCTATAAGACCTA 
 

Forward primer used for the 
amplification of wbdCO9a in the 
creation of pWQ579; EcoRI 
restriction site 

WbdCR1 gatcaagcttTCAGGATTTGCTTTC
CAGCAATGTAGTG 

Reverse primer used for the 
amplification of wbdCO9a/O8 in the 
creation of pWQ575, pWQ577, 
pWQ579, pWQ580, pWQ581, and 
pWQ582; HindIII restriction site 

WbdCMalE TTGAGAGTTCTACACGTCTAT
AAGACC 

FForward primer used for the 
amplification of wbdCO9a in the 
creation of pWQ575 

LG8 gatcaagcttTTAGAGTAATTTATA
GGCGTTAATGG 

Reverse primer used for the 
amplification of wbdBO9a/O8 in the 
creation of pWQ576 and pWQ578; 
HindIII restriction site 

LG45 ctctaagaattcaccTTGAGAGTTCTA
CACGTCTATAAGACTTAC 

Forward primer used for the 
amplification of wbdCO8 in the 
creation of pWQ577; EcoRI 
restriction site 

LG68 ctctaagaattcaccATGAGAGTTCTA
CACGTCTATAAGACTTACTAT
CCCG 

Forward primer used for the 
amplification of wbdCO8 in the 
creation of pWQ581; EcoRI 
restriction site 

LG104 gatcgatctagaTTATTTAAAATATT
TAGCTTTAGCTAAGCC 

Reverse primer used for the 
amplification of wbdAO8 in the 
creation of pWQ588; XbaI restriction 
site 

LG108 gatcgaccatggtacatcatcatcatcatcatcat
catcatcatCGTATTGTCATAGATT
TACAAGGCG 

Forward primer used for the 
amplification of wbdAO8 in the 
creation of pWQ588; NcoI restriction 
site 

LCWbdAF1 
ccgctcgagATGCGTATTGTCATA
GATTTAC 

Forward primer used for the 
amplification of wbdAO8 in the 
creation of pWQ587; XhoI restriction 
site 

LCWbdAR2 
ccgcagctgAACCCCTCTTGTATT
CAAAGGC 

Reverse primer used for the 
amplification of wbdAO8 in the 
creation of pWQ587; PvuII 
restriction site 

WbdCE275AFw
d 

CGCATCTGCGCTCTGCGGCGT
TTGGC 

Forward primer used to generate the 
E275A mutation of WbdCO9a in the 
creation of pWQ583 

WbdCE275ARe
v 

CGTAATGCCAAACGCCGCAG
AGCGCAG 

Reverse primer used to generate the 
E275A mutation of WbdCO9a in the 
creation of pWQ583 
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WbdCE283AFw
d 

GGCATTACGTTATTGGCAGGC
GCACGC 

Forward primer used to generate the 
E283A mutation of WbdCO9a in the 
creation of pWQ584 

WbdCE283ARe
v 

CTTGCAAAGCGTGCGCCTGCC
AATAACG 

Reverse primer used to generate the 
E283A mutation of WbdCO9a in the 
creation of pWQ584 

WbdBE294AFw
d GTTTATCCCTCCTTCTATGCG

GGATTCGGTTTACC 

Forward primer used to generate the 
E294A mutation of WbdBO9a in the 
creation of pWQ585 

WbdBE294ARe
v CAAGAATAGGTAAACCGAAT

CCCGCATAGAAGGAGGG 

Reverse primer used to generate the 
E294A mutation of WbdBO9a in the 
creation of pWQ585 

WbdBE302AFw
d GATTCGGTTTACCTATTCTTG

CAGCGATGTCTTGC 

Forward primer used to generate the 
E302A mutation of WbdBO9a in the 
creation of pWQ586 

WbdBE302ARe
v CACACCGCAAGACATCGCTG

CAAGAATAGG 

Reverse primer used to generate the 
E302A mutation of WbdBO9a in the 
creation of pWQ586 

LG33 gatcgaattcaccatgcatcatcatcatcatcatc
atcatcatCATATTTTGATTGATGT
CCAGGG  

Forward primer used for the 
amplification of wbdA1-1305

O9a in the 
creation of pWQ590; EcoRI 
restriction site 

LG34 
gatcaagcttTTATTCGCTCAGCGC
ATCGATTTTCTGC 

Reverse primer used for the 
amplification of wbdA1-1305

O9a in the 
creation of pWQ590; HindIII 
restriction site 

LG35 gatcgaattcaccatgcatcatcatcatcatcatc
atcatcatcatCAGAAAATCGATGC
GCTGAGCG 

Forward primer used for the 
amplification of wbdA1279-2520

O9a in 
the creation of pWQ591 and 
pWQ632; EcoRI restriction site 

LG10 
gatcaagcttTTATTGCTTCGCGGC
TGGCGCG 

Reverse primer used for the 
amplification of wbdA1279-2520

O9a in 
the creation of pWQ591 and 
pWQ632; HindIII restriction site 

LG101 
gatcgaccATGgtaCGTATTGTCAT
AGATTTACAAGGCG 

Forward primer used for the 
amplification of wbdAO8 in the 
creation of pWQ592, pWQ593 and 
pWQ595; NcoI restriction site 

LG105 
gatcgatctagaTTATGCCGTTTTCA
GATTGTAATC 

Reverse primer used for the 
amplification of wbdA1-1350

O8 in the 
creation of pWQ592 and pQW593; 
XbaI restriction site 

LG110 
gatcgaccATGgtaGCCGAGACGA
CAAAAGATGTGG 

Forward primer used for the 
amplification of wbdA1848-3642

O8 in the 
creation of pWQ594; NcoI restriction 
site 

LG104 
gatcgatctagaTTATTTAAAATATT
TAGCTTTAGCTAAGCC 

Reverse primer used for the 
amplification of wbdAO8 in the 
creation of pWQ594 and pWQ596; 
XbaI restriction site 
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LG102 
gatcgatctagaTTAGCCATGAGGT
GCGCTTTC 

Reverse primer used for the 
amplification of wbdA1-2595

O8 in the 
creation of pWQ595; XbaI restriction 
site 

LG103 
gatcgaccATGgtaGCGCAGGTTTT
GCCTGAAGCTTTG 

Forward primer used for the 
amplification of wbdA1234-3642

O8 in the 
creation of pWQ596; NcoI restriction 
site 

WbdAE317AF
wd 

GTGTTCCCGTCGCTGCATGCA
GGTTTCGGCC 

Forward primer used to generate the 
E317A mutation of WbdAO9a in the 
creation of pWQ597 

WbdAE317ARe
v 

GCGGCAGGCCGAAACCTGCA
TGCAGCGACG 

Reverse primer used to generate the 
E317A mutation of WbdAO9a in the 
creation of pWQ597 

WbdAE325AF
wd 

GCCTGCCGCCGCTGGCAGCG
ATGCGCTG 

Forward primer used to generate the 
E325A mutation of WbdAO9a in the 
creation of pWQ598 

WbdAE325ARe
v 

CCCGCAGCGCATCGCTGCCAG
CGGCGGC 

Reverse primer used to generate the 
E325A mutation of WbdAO9a in the 
creation of pWQ598 

WbdAE750AF
wd 

CTTTGCCTCGCAGGGAGCAGG
CTTTGGC 

Forward primer used to generate the 
E750A mutation of WbdAO9a in the 
creation of pWQ599 and pLG59 

WbdAE750ARe
v 

CGGCAGGCCAAAGCCTGCTC
CCTGCGAG 

Reverse primer used to generate the 
E750A mutation of WbdAO9a in the 
creation of pWQ599 and pLG59 

WbdAE758AF
wd 

GGCCTGCCGTTGATTGCAGCG
GCGCAG 

Forward primer used to generate the 
E759A mutation of WbdAO9a in the 
creation of pWQ630 and pLG60 

WbdAE758ARe
v 

GGCAGCTTTTTCTGCGCCGCT
GCAATCAACGGC 

Reverse primer used to generate the 
E759A mutation of WbdAO9a in the 
creation of pWQ630 and pLG60 

a Restriction sites are underlined. 
b Non-chromosomal sequence is shown in lower-case letters.  
c Point mutations are bolded. 
	   	   	   	  
	  
 

 

 

 

 

 



	   	  213	  

Appendix 2: Supplemental material pertaining to Chapter 3 

A2.1 Materials and methods.  

A2.1.1 MS of the mannosyltransferase products generated using the β-

GlcNAc-PP-C13 acceptor. 

 CE-MS was performed by Dr. Jianjun Li at the National Research Council of 

Canada, Ottawa, ON. CE–MS of these products was conducted on a Prince CE system 

(Prince Technologies, Netherlands) coupled to a 4000Qtrap mass spectrometer 

(AB/Sciex, Concord, ON, CA) via a Microionspray interface.  Survey scan spectra of the 

products were obtained in negative-ion mode.  Sheath solution (isopropanol–methanol, 

2:1) was delivered at a flow rate of 2.0 µL/min. Separations were obtained on a ca. 90 cm 

length bare fused-silica capillary using 10 mM ammonium acetate in chloroform–

methanol (2:1). Separations were performed by applying a voltage of 30 kV together with 

500 mbar of pressure. MS/MS experiments performed in positive-ion mode.  The 

instrument was operated with low (0.7 amu, peak width at half-height) resolution on 

quadrupole 1, and typical collision energy of 50 eV was applied to induce fragmentation 

of ions selected for collision-induced dissociation.   Nitrogen was used as the collision 

gas with peak width at half-height.    

A2.1.2 MS of the products generated by WbdA using FITC-labeled synthetic 

acceptors. 

 MS was performed by the MS Facility in the Department of Chemistry at the 

University of Alberta, Edmonton, AB.  The MALDI-Tof mass spectra of the WbdA 

reaction products were obtained on a Bruker Ultraflextreme MALDI Tof/Tof using 2,5-
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dihydroxybenzoic acid (DHB) as the matrix.  The spectra of the reaction products of 

WbdAO9a with the O8/O9a reducing end trisaccharide acceptor were obtained in positive-

ion mode, while the reaction products of WbdAO8 or WbdAO9a with the O9a repeat-unit 

acceptor were obtained in negative-ion mode.  

A2.1.3 NMR of the products generated by WbdA using FITC-labeled 

synthetic acceptors. 

 NMR was performed by Dr. Michele Richards at the University of Alberta, 

Edmonton, AB.  NMR spectra for the O8 and O9a WbdA products were acquired in D2O 

at 27 ºC on a 700 MHz spectrometer equipped with a cryoprobe. The spectra were 

referenced to an external standard of acetone (2.22 ppm for 1H, 31.07 for 13C). 1D, 

gCOSY, tROESY 1H and 1H–13C heteronuclear single quantum correlation (gHSQC) 

spectra were obtained. For all of the 1H spectra, the intensity of the residual HOD peak 

was decreased using a presaturation pulse sequence, irradiating at 4.76 ppm. The spectral 

window for the 1D 1H spectra was 8446 Hz (from 10.8 to –1.3 ppm), and a line 

broadening function of 0.5 Hz was applied to improve the signal-to-noise.  For all of the 

2D spectra, sine-bell functions were applied interactively to improve signal-to-noise, but 

no line-broadening was used.  For the 1H–13C gHSQC spectra, proton signals were 

decoupled during acquisition, and the 1JC,H value was set to 140 Hz to determine the 

appropriate delays. Additional gTOCSY spectra were also acquired to facilitate 

interpretation (data not shown). 

For the WbdAO9a products, the spectral window for the gCOSY was 8446 Hz (from 

10.8 to –1.3 ppm) in both dimensions, with 512 increments in F1 and 64 transients in F2. 

The tROESY was acquired with a spectral window of 5605 Hz (8.0 to 0.0 ppm) in both 
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dimensions, 299 increments in the F1 dimension, 64 transients in the F2 dimension, and a 

mixing time of 0.4 s. The spectral window for the 1H–13C gHSQC was 4223 Hz (from 6.0 

to 0.0 ppm) in F2 (1H dimension, 64 transients) and 24.6 kHz (from 130 to –10 ppm) in 

F1 (13C dimension, 128 increments).     

 To investigate the structure of the WbdAO8 products, the spectral windows for the 

gCOSY and tROESY were 5605 Hz (from 9.0 to 1.0 ppm) in both dimensions.  The 

gCOSY was acquired with 600 increments in F1 and 16 transients in F2, and the tROESY 

was acquired with 550 increments in F1, 16 transients in F2, and a mixing time of 0.4 s.  

The spectral window for the 1H–13C gHSQC was 5605 Hz (from 9.0 to 1.0 ppm) in F2 

(1H dimension, 16 transients) and 28.2 kHz (from 160 to 0 ppm) in F1 (13C dimension, 

432 increments). 

A2.2 Results. 

A2.2.1 CE-MS of β-GlcNAC-PP-C13 acceptor. 

The CE-MS spectrum corresponding to the β-GlcNAC-PP-C13 acceptor is shown in 

Fig. A2.1.  A signal corresponding to unmodified acceptor (562.2 m/z) and its 

corresponding sodiated species (584.4 m/z) were visible within the spectrum.  Peaks 

corresponding to a dimer (plus the corresponding single and double sodiated species - 

1125.6, 1147.8, 1169.4 m/z) and a trimer (plus the corresponding single and double 

sodiated species - 1688.7, 1710.6, 1732.8 m/z) were also visible in the spectrum.  With 

the exception of the 341.1 m/z peak (a breakdown product, PP-C13), the additional peaks 

in the spectrum could not be identified.  It is likely that these unknown peaks represent 

contaminants or other breakdown products in the sample.  
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Figure A2.1: CE-MS of the synthetic β-GlcNAc-PP-C13 acceptor.  The top panel 

represents the total ion trace and the shaded area (3.342 - 3.609 min) is the region 

analyzed by MS.  MS spectrum was acquired in positive-ion mode.  
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A2.2.2 CE and MS/MS of the reaction products generated by WbdCO9a with 

the β-GlcNAc-PP-C13 acceptor. 

The CE trace and MS/MS spectrum for the 724.8 m/z peak corresponding to Fig. 

3.4 are shown in Fig. A2.2.  The MS spectrum in Fig 3.4 corresponds to compounds 

present between 3.1 – 3.341 min of the CE separation, but higher order products and the 

β-GlcNAc-PP-C13 acceptor were searched for over the entire CE separation.  In the 

MS/MS spectrum of peak 724.8 m/z, masses corresponding to the α-Man-(1,3)-β-

GlcNAc-PP-C13 WbdCO9a product (726.5 m/z), α-Man-(1,3)-GlcNAc (366 m/z) and 

GlcNAc (204 m/z) were all visible after fragmentation, confirming the identity of this 

peak.  Dehydration of GlcNAc results in peaks 186 m/z (204-18) and 168 m/z (186-18).  

The 138 m/z peak corresponds to the further neutral loss of CH2OH (168-30). 

A2.2.3 CE and MS/MS of the reaction products generated by WbdCBO9a with 

the β-GlcNAc-PP-C13 acceptor. 

The CE trace and MS/MS spectra for the 1048.8 m/z and 1210.8 m/z peaks 

corresponding to Fig. 3.5 are shown in Fig. A2.3.  The MS spectrum in Fig. 3.5 

corresponds to the compounds present between 3.07 – 3.371 min of the CE separation, 

but entire CE separation was analyzed for additional products and the α-Man-(1,3)-β-

GlcNAc-PP-C13 starting material. In the MS/MS spectra, masses corresponding to the (α-

(1,3)-Man)4-β-GlcNAc-PP-C13 (1212.5 m/z), (α-(1,3)-Man)4-GlcNAc (852 m/z), (α-

(1,3)-Man)3-GlcNAc (690 m/z), (α-(1,3)-Man)2-GlcNAc (528 m/z), α-Man-(1,3)-

GlcNAc (366 m/z) and GlcNAc (204 m/z) were visible after fragmentation of the 1210 

m/z product identified in the CE-MS spectrum, confirming the identity of this peak as (α-

(1,3)-Man)4-GlcNAc-PP-C13.  The same peaks were visible in the MS/MS spectrum of



	   	  218	  

 

Figure A2.2: (A) CE separation of the reaction components generated by WbdCO9a 

with the synthetic β-GlcNAc-PP-C13 acceptor and (B) MS/MS of the 724.8 m/z peak 

in Fig 3.4.  The shaded area of the total ion trace (3.1 - 3.341 min) in (A) represents the 

region analyzed by MS in Fig. 3.4. MS spectrum was acquired in positive-ion mode.  
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Figure A2.3: (A) CE separation of the reaction components generated by WbdCBO9a 

with the synthetic β-GlcNAc-PP-C13 and (B) MS/MS of the 1210.8 m/z peak and (C) 

1048.8 m/z peak in Fig. 3.5.  The shaded area of the total ion trace (3.07 - 3.371 min) in 

(A) represents the region analyzed by MS corresponding to Fig. 3.5.  MS spectrum was 

acquired in positive-ion mode.  
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the 1048.8 m/z product with the exception of 1212.5 m/z and 852 m/z, thus confirming 

the identity of the 1048.8 m/z peak as (α-(1,3)-Man)3-GlcNAc-PP-C13.  Dehydration of 

GlcNAc results in peaks 186 m/z (204-18) and 168 m/z (186-18).   

A2.2.4 Structure of the products generated by WbdA using the FITC-labeled 

synthetic acceptors. 

The 1H-13C gHSQC spectrum (Fig. A2.4) was used to determine the 13C chemical 

shifts (Table 3.1) for the products generated by WbdAO9a using the O8/O9a reducing end 

trisaccharide acceptor.  gCOSY and tROESY experiments were performed to confirmed 

the linkages of the major product generated in the reaction.  The gCOSY spectrum was 

used to establish through-bond correlations between the protons of each ring system (Fig. 

A2.5).  The H2 and H3 resonances of each Man residue were correlated to the anomeric 

signals in the spectrum.  This information was used to interpret the tROESY spectrum 

(Fig. A2.5), which established the through space correlations between protons of adjacent 

ring systems.  tROESY showed a correlation between the anomeric signal at 5.37 ppm 

and a signal at 3.99 ppm, which was assigned as the H3 proton in the same Man residue 

as the anomeric signal at 5.12 ppm.  Thus, the Man residues corresponding to the H1 at 

5.37 ppm and 5.12 ppm are linked via (1→3).  Similarly, there is a correlation between 

the anomeric signal at 5.12 ppm and the peak at 3.93 ppm, which was assigned as the H3 

in the same residue as the anomeric signal at 5.04 ppm.  Therefore, the Man residues 

corresponding to the H1 at 5.12 ppm and 5.04 ppm are also linked via (1→3).  The 

anomeric signal at 5.04 ppm was correlated to 4.11 ppm, which was assigned as H2 in the 

residue corresponding to the remaining anomeric peak at 5.30 ppm.  This indicated that 

the Man residues of the H1 at 5.04 ppm and 5.30 ppm are linked via (1→2).  The final  
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Figure A2.4: 1H-13C gHSQC spectrum for the products synthesized by WbdAO9a 

using the O8/O9a reducing end trisaccharide acceptor.   
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Figure A2.5: (A) gCOSY and (B) tROESY spectra for the products synthesized by 

WbdAO9a using the O8/O9a reducing end trisaccharide acceptor.   
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important correlation was between the anomeric signal at 5.30 ppm and a resonance at 

4.09 ppm, which was assigned as the H2 in the Man with an anomeric peak at 5.37 ppm.  

Thus, the last linkage between the residues of the H1 at 5.30 ppm and 5.37 ppm is also 

via (1→2).  Key correlations from the tROESY spectrum are labeled in figure A2.5.   

The structure of the minor reaction product was more difficult to determine.  

Resonances for five anomeric protons were visible in the 1D 1H spectrum (Fig. 3.14), but 

many of the correlations in the 2D spectra were similar in intensity to the noise.  

Therefore, to aid in the interpretation of the data, the computer program CASPER  

(Jansson et al., 2006; Lundborg and Widmalm, 2011) was used.  This software predicts 

1H and 13C chemical shifts from a database built from mono-, di-, and trisaccharides.  

Sequences of several penta- and hexasaccharides of various linkages with [α-Man-

(1→3)-α-Man-(1→3)-β-GlcNAc] (i.e. the sequence of the reducing end trisaccharide) 

were entered into the program.  The best match between the anomeric shifts of the minor 

reaction product and the chemical shifts predicted by CASPER occurred for the 

hexasaccharide, [α-Man-(1→3)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-

(1→3)-β-GlcNAc] (Table A2.1). For comparison, the sequence of a dodecasaccharide 

containing three repeating units of the major structure was entered into CASPER.  The 

experimental and predicted chemical shifts agreed remarkably well (Table A2.1).  

Therefore, it is proposed that the minor reaction product is a truncated version of the 

major product with the structure of the hexasaccharide above.  

 The 1H-13C gHSQC spectrum (Fig. A2.6) was used to determine the 13C chemical 

shifts (Table 3.2) for the products generated by WbdAO8 using the O9a repeat-unit 

acceptor.  gCOSY and tROESY spectra were also acquired to confirmed the linkages of  
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Table A2.1: Comparison of experimental 1H chemical shifts (ppm) with those 

predicted by CASPER for the anomeric protons of the major WbdAO9a product (1) 

and predicted minor WbdAO9a product (2) generated using the O8/O9a reducing 

end trisaccharide acceptor.   

	  
	  
 

 

 	  

	  
	  

 A B C D E F 

1, Experimental 5.04 5.30 5.37 5.12 – – 

1, CASPER 5.02 5.29 5.33 5.09 – – 
1, Difference 0.02 0.01 0.04 0.03   

2, Experimental 5.14 5.04 5.34 5.38 5.22 –a 

2, CASPER 5.11 5.02 5.29 5.33 5.22 4.74 

2, Difference 0.03 0.02 0.05 0.05 0.00 – 
a The HOD peak at 4.76 ppm is too large to determine if the anomeric signal for the 
βGlcNAc residue is present. 
	  
	  
	  
	  
	  
	  
	  
	  

(1) O9a repeat-unit: 
                                  1A                   1B                     1C                   1D 

→3)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-(1 
 

(2) Hexasaccharide (truncated O9a product): 
 
      2A                   2B                    2C                   2D                   2E                      2F 
α-Man-(1→3)-α-Man-(1→2)-α-Man-(1→2)-α-Man-(1→3)-α-Man-(1→3)-β-GlcNAc 
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Figure A2.6: 1H-13C gHSQC spectrum for the products synthesized by WbdAO8 

using the acceptor.   
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the product generated by WbdAO8 using the O9a repeat-unit acceptor (Fig. A2.7).  As 

with the major WbdAO9a product, the resonances for H2 and H3 for each of the residues 

in O8 product could be correlated to each anomeric signal from the gCOSY spectrum. 

This information was used to interpret the tROESY spectrum and assign the linkages. 

Key correlations from the tROESY are labeled in Fig. A2.7.  The anomeric signal at 5.35 

ppm correlated to a signal at 3.75 ppm, which was assigned as the H3 proton in the same 

residue as the signal at 4.81 ppm. Thus, the resonance at 5.35 ppm is indicative of a 

(1→3) linked moiety. The anomeric signal at 5.16 ppm had correlations to protons on 

different residues, one to the anomeric proton at 4.81 ppm and a second to the signal at 

4.13 ppm. This signal was assigned to H2 on the same residue as the anomeric proton at 

5.35 ppm, and the correlation is consistent with a (1→2) linked residue. The anomeric 

signal at 4.81 correlated to a signal at 4.30 ppm, which is proton H2 on the same ring as 

the signal at 5.16 ppm. This resonance indicates another (1→2) linkage.  From these data, 

the major compound in the NMR spectrum is the O8 antigen. 

A2.3 References. 

Jansson, P.E., Stenutz, R., and Widmalm, G. (2006) Sequence determination of 
oligosaccharides and regular polysaccharides using NMR spectroscopy and a novel 
Web-based version of the computer program CASPER. Carbohydr Res 341: 1003-
1010. 

Lundborg, M., and Widmalm, G. (2011) Structural Analysis of Glycans by NMR 
Chemical Shift Prediction. Anal Chem 83: 1514-1517. 
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Figure A2.7: (A) gCOSY and (B) tROESY spectra for the products synthesized by 

WbdAO8 using the O9a repeat-unit acceptor. 

 

!

"

!"#$%%&'
()*()+*)"*),-).-)*

!/
$%%&'
().
()"
()*
(),
()+
*).
*)"
*)*
*),
*)+
-).
-)"
-)*
-),

!"#$%%&'
()"()*(),()+*).*)"*)**),*)+-).-)"-)*

!/
$%%&'
().

()-

*).

*)-

-).

-)-

,).



	   	  229	  

Appendix 3: Supplemental material pertaining to Chapter 4 

	  
A3.1 Materials and methods.  

A3.1.1 NMR of purified LPS substituted with O-PS generated by 

WbdAO9aE750A.  

NMR was performed by Dr. Evgeny Vinogradov at the National Research Council 

of Canada, Ottawa, ON.  The polysaccharide was released from LPS by mild acid 

hydrolysis (2% acetic acid 100 °C, 3 h), isolated by gel-filtration chromatography as 

described elsewhere  (Vinogradov et al., 2002) and analyzed by NMR. Spectra for double 

quantum filtered COSY, TOCSY (mixing time 120 ms), NOESY (400 ms delay), and 

gHSQC experiments were obtained on Varian Unity 500 NMR spectrometer in D2O at 25 

°C. Standard pulse sequences were applied with reference to internal acetone (H 2.23, C 

31.45 ppm).  The aquisition time was maintained at 0.8 sec for H-H correlations and 0.25 

sec for HSQC. 256 data series were collected for all spectra. 

A3.1.2 MS of the mannosyltransferase products generated using the FITC-

labeled O9a acceptors. 

MS was performed by the MS Facility in the Department of Chemistry at the 

University of Alberta, Edmonton, AB.  MALDI-Tof mass spectra were obtained on a 

Bruker Ultraflextreme MALDI Tof/Tof in positive ion mode with DHB as the matrix.   
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A3.1.3 NMR of the mannosyltransferase products generated using the FITC-

labeled O9a acceptors. 

NMR was performed by Dr. Michele Richards at the University of Alberta, 

Edmonton, AB.  All NMR spectra were acquired in D2O at 27 °C on a 700 MHz 

spectrometer equipped with a cryoprobe.  The spectra were referenced to an external 

standard of acetone (2.22 ppm for 1H, 31.07 for 13C).  1D, gCOSY, gTOCSY, and 

tROESY 1H spectra were obtained for the products generated by N-WbdAO9a alone and 

N-WbdAO9a and C-WbdAO9a together. Additionally, a 1H–13C gHSQC spectrum was 

obtained for the products generated by N-WbdAO9a alone.  For all of the 1H spectra, the 

intensity of the residual HOD peak was decreased using a presaturation pulse sequence, 

irradiating at 4.76 ppm.  The spectral window for the 1D 1H spectra was 8446 Hz (from 

10.8 to –1.3 ppm), and a Gaussian function was applied interactively to improve the 

signal-to-noise.   

The spectral windows for the gCOSY, gTOCSY, and tROESY were 6313 Hz (from 

9.5 to 0.5 ppm) in both dimensions. Both the gCOSY and gTOCSY were acquired with 

674 increments in F1 and 8 transients in F2, and the tROESY was acquired with 600 

increments in F1 and 16 transients in F2.  A mixing time of 0.1 s was used for the 

gTOCSY, and a mixing time of 0.4 s was used for the tROESY.  The spectral window for 

the 1H–13C gHSQC was 5605 Hz (from 9.0 to 1.0 ppm) in F2 (1H dimension, 16 

transients) and 28.2 kHz (from 160 to 0 ppm) in F1 (13C dimension, 432 increments).  

The proton signals were decoupled during acquisition, and the 1JC,H value was set to 140 

Hz to determine the appropriate delays.   For all of the 2D spectra, sine-bell functions 

were applied interactively to improve signal-to-noise. 
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A3.2 Results. 

A3.2.1 Structure of the O-PS generated by WbdAO9aE750A.  

The O-PS consisted of a single monosaccharide, which was identified by NMR 

based on the characteristic TOCSY pattern as α-Manp (data not shown). The major 

signals from the repeat-unit domain of the glycan were indicative of a Man homopolymer 

containing only α-(1→2)-linkages (Fig. 4.7). The α-(1→2)-linkages could not be 

definitively proven by NOE because intra-ring H-1:H-2 NOEs are always present, so the 

substitution position was deduced from the low-field chemical shift of C-2. The proposed 

structure is consistent with the prediction of the CASPER program  (Jansson et al., 2006; 

Lundborg and Widmalm, 2011) (Table 4.1).  The 1H NMR spectrum of the 

polysaccharide also contained many small signals of Man-type, which were not 

identified. 

A3.2.2 MALDI-Tof MS of the reaction products generated by N- and C-

WbdAO9a together with the O8/O9a trisaccharide acceptor. 

MALDI-Tof MS of the products produced by N- and C-WbdAO9a together with the 

trisaccharide acceptor revealed addition of up to 9 Man residues (Fig. A3.1).  The lowest 

m/z peak of 1408.4 corresponds to the sodium adduct of the acceptor plus 2 additional 

Man residues.  The highest m/z peak in the spectrum (2542.8) corresponds to the sodium 

adduct of the acceptor plus 9 Man residues.  Major peaks were separated by a mass 

difference corresponding to one Man residue (162.1).  A peak corresponding to the 

unmodified acceptor was not present in the spectrum, indicating that all of the starting 

material was converted into product.  
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Figure A3.1: MALDI-Tof MS spectrum of the reaction products generated by N-

WbdAO9a and C-WbdAO9a combined in the same reaction using the synthetic 

O8/O9a reducing end trisaccharide.  Spectrum was acquired in positive-ion mode.   
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A3.2.3 Structure of the products generated by N-WbdAO9a alone using the 

FITC-labeled synthetic acceptors. 

The 1H-13C gHSQC spectrum (Fig. A3.2) was used to determine the 13C chemical 

shifts (Table 4.2).  The gCOSY and tROESY spectra were used to confirm the linkages 

between each of the residues in the products generated by N-WbdAO9a using the O8/O9a 

reducing end trisaccharide acceptor.  The resonances for H2 and H3 for each of the 

residues could be correlated to each anomeric signal from the gCOSY spectrum (Fig. 

A3.3). This information was used to interpret the tROESY spectrum and assign the 

linkages.  Key correlations from the tROESY are labeled in (Fig. A3.3).  The anomeric 

signal at 5.34 ppm correlated to a signal at 3.84 ppm, which was assigned as the H3 

proton in the same residue as the signal at 5.22 ppm.  This correlation is indicative of a 

(1→3) linked moiety.  The anomeric signal at 5.30 ppm had an NOE correlation to a 

resonance at 4.08 ppm.  This signal was assigned to H2 on one of the residues with the 

anomeric proton at 5.29 ppm, and the correlation is consistent with a (1→2) linked 

residue.  The anomeric signal at 5.29 ppm correlated to a signal at 4.07 ppm, which is 

proton H2 on the same ring as the signal at 5.34 ppm.  This NOE correlation indicates 

another (1→2) linkage.  The final key correlation is seen between the anomeric proton at 

5.05 ppm and a resonance at 4.11 ppm.  This signal was assigned to H2 on the same 

residue as the anomeric proton at 5.30 ppm and is also consistent with a (1→2) linkage.  

From these data, along with the CASPER predictions (Table 4.2), the product generated 

by N-WbdAO9a is an α-(1,2)-linked Man homopolymer.  
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Figure A3.2: 1H-13C gHSQC spectrum for the products synthesized by N-WbdAO9a 

using the O8/O9a reducing end trisaccharide acceptor.   
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Figure A3.3: (A) gCOSY and (B) tROESY spectra of the products generated by N-

WbdAO9a using the O8/O9a reducing end trisaccharide acceptor.   Key correlations 

are labeled. 
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A3.2.4 Structure of the products generated by N-WbdAO9a and C-WbdAO9a 

combined in the same reaction using the FITC-labeled synthetic acceptors. 

The 1D 1H, gCOSY and tROESY spectra for the products generated by N-WbdAO9a 

and C-WbdAO9a combined in the same reaction (Fig. A3.4, A3.5) and N-WbdAO9a alone 

(Fig. 4.10, A3.3) were virtually identical.  These data indicate that N-WbdAO9a and C-

WbdAO9a combined in the same reaction also synthesize an α-(1,2)-linked Man 

homopolymer.  

A3.3 References. 

Jansson, P.E., Stenutz, R., and Widmalm, G. (2006) Sequence determination of 
oligosaccharides and regular polysaccharides using NMR spectroscopy and a novel 
Web-based version of the computer program CASPER. Carbohydr Res 341: 1003-
1010. 

Lundborg, M., and Widmalm, G. (2011) Structural Analysis of Glycans by NMR 
Chemical Shift Prediction. Anal Chem 83: 1514-1517.	  

Vinogradov, E., Frirdich, E., MacLean, L.L., Perry, M.B., Petersen, B.O., Duus, J.Ø., and 
Whitfield, C. (2002) Structures of lipopolysaccharides from Klebsiella pneumoniae. 
Eluicidation of the structure of the linkage region between core and polysaccharide 
O chain and identification of the residues at the non-reducing termini of the O 
chains. J Biol Chem 277: 25070-25081. 
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Figure A3.4: 1H NMR spectrum of the reaction products generated by N-WbdAO9a 

and C-WbdAO9a combined in the same reaction using the synthetic O8/O9a reducing 

end trisaccharide.  Anomeric protons are labeled with an asterisk (*).   
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Figure A3.5: (A) gCOSY and (B) tROESY spectra of the products generated by N-

WbdAO9a and C-WbdAO9a combined in the same reaction using the synthetic 

O8/O9a reducing end trisaccharide.  Key correlations are labeled. 
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Appendix 4: Stability and preliminary structural 

characterization of the WbdA proteins 

	  
A4.1 Introduction. 

 The work presented in this thesis demonstrates that the E. coli O8 and O9a WbdA 

homologues are multifunctional, multidomain mannosyltransferases.  Based on the sizes 

and domain architecture of the WbdA proteins, they are envisaged as three (in the case of 

WbdAO8) or two (in the case of WbdAO9a) single active site glycosyltransferases fused 

within a single polypeptide chain.  Members of the CAZy GT4 family adopt the GT-B 

fold and given that each domain of the WbdA proteins is currently classified as a GT4 

glycosyltransferase, it is unclear how multiple GT-B modules might structurally be linked 

together.  Crystal structures of the multidomain WbdA mannosyltransferases will provide 

essential information on the enzyme mechanisms and potentially offer critical insight into 

how the acceptor might be moved through the various catalytic domains.  Evolution of 

multiple glycosyltransferase domains within a single polypeptide presumably confers 

some sort of advantage on the enzyme; crystal structures may illuminate the 

advantage(s).   

Both WbdA proteins have been purified to homogeneity (Fig. 3.7).  Initial 

characterization of the proteins in preparation for crystal structure trials is presented in 

this appendix.  This includes stability trials at different temperatures and secondary 

structure predictions using CD.  
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A4.2 Stability trials of WbdAO8 and WbdAO9a. 

	   Purified His10-WbdAO8 and WbdAO9a-His10 were exchanged into storage buffer 

(Section 2.4.4) and concentrated to 50 mg/mL and 30 mg/mL, respectively. Stability 

trials on the mannosyltransferases were carried out over 7 days at 4 °C or room 

temperature.  Samples were examined for precipitation on days 0, 1, 3, 5 and 7.   At each 

time point, an aliquot was centrifuged for 10 min at 13,000 × g to remove any precipitant, 

and the resulting pellet and supernatant were examined by SDS-PAGE.  An aliquot was 

also frozen at -80 °C to determine if the protein could withstand freeze-thawing.  

 WbdAO8 and WbdAO9a showed minimal precipitation and were stable over 7 days 

at 4 °C, but after 3 days both showed degradation at room temperature (Fig. A4.1, A4.2). 

Noteworthy is the fact that the pellet obtained on day 5 of the 4 °C WbdAO8 stability trial 

showed considerable degradation (Fig. A4.1). As the same phenomenon was not 

observed on day 7 of the corresponding trial, this anomaly could be the result of a 

protease contaminant in the centrifuge tube, and is likely not significant.  Freeze-thawing 

of WbdAO8 and WbdAO9a at -80 °C resulted in minimal precipitation (Fig. A4.1, A4.2).  

These results indicate that WbdAO8 and WbdAO9a can be stored for at least 7 days at 4 °C 

or at -80 °C until needed.    

A4.3 CD spectroscopy of WbdAO8 and WbdAO9a. 

 CD spectra were acquired for His10-WbdAO8 and WbdAO9a-His10 according to the 

method described in Section 2.4.5.  The relative α-helical and β-sheet contents were 

estimated for the WbdA proteins from the CD spectra using the CONTIN/LL routine  

(Provencher and Gloeckner, 1981; van Stokkum et al., 1990) of the DICROWEB server  

(Lobley et al., 2002; Whitmore and Wallace, 2004; Whitmore and Wallace, 2008).  The  
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Figure A4.1: Stability trials of WbdAO8 at (A) room temperature, (B) 4 °C and (C)  

-80 °C.  Supernatants (S) and pellets (P) were examined at each time point by SDS-

PAGE after centrifugation to remove precipitants.  One-tenth of the total protein was 

loaded for the day 0 and supernatant samples. 
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Figure A4.2: Stability trials of WbdAO9a at (A) room temperature, (B) 4 °C and (C)  

-80 °C.  Supernatants (S) and pellets (P) were examined at each time point by SDS-

PAGE after centrifugation to remove precipitants.  One-tenth of the total protein was 

loaded for the day 0 and supernatant samples. 
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CONTIN/LL routine was run on the reference database 7 containing 48 proteins  

(Sreerama and Woody, 2000; Whitmore and Wallace, 2008) for WbdAO8 and on the 

SP175 dataset containing 72 proteins  (Lees et al., 2006; Whitmore and Wallace, 2008) 

for WbdAO9a.  The CONTIN/LL routine and datasets were chosen because they produced 

the best fit between the experimental and reconstructed data (using the particular dataset).  

Secondary structure predictions based on the primary amino acid sequences were also 

obtained (Table A4.1) according to the method described in Section 2.3.1. 

 The CD spectra for WbdAO8 and WbdAO9a showed that both proteins were 

structured (Fig. A4.3).  Based on CD, WbdAO8 was predicted to contain 22.3% α-helix 

and 24.7% β-sheet, while WbdAO9a was predicted to contain 37.7% α-helix and 22.1% β-

sheet.  The averaged secondary structure prediction generated using the primary sequence 

for WbdAO8 (40.4% α-helix; 15.5% β-sheet) did not closely match that predicted by CD.  

While somewhat better, the same was true WbdAO9a (40.9% α-helix; 15.6% β-sheet).  

These differences can be most likely attributed to the fact that CD analysis algorithms 

attempt to estimate secondary structure by matching the experimental data to reference 

spectra obtained from proteins of known structure.  Algorithms assume linear 

independence and additivity of the different components in producing a net best-fit 

spectrum  (Whitmore and Wallace, 2008).  The accuracy of secondary structure 

prediction is based largely on the nature of the reference dataset and how similar the 

reference proteins are to the protein in question. The CONTIN/LL algorithm with the 

datasets mention above produced the best-fit spectra for the WbdA proteins, but were not 

a precise match.  At best, they represent a rough estimate of the secondary structure 

content of these proteins.  Ultimately, these results demonstrate that both WbdA proteins  
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Table A4.1: Secondary structure predictions of the WbdAO8 and WbdAO9a proteins 

based on the primary amino acid sequence.  

Protein Server % α-helix % β-sheet 
WbdAO8 Prof 39.4 17.7 

 Psipred 39.7 12.4 

 SSPro 44.7 15.5 

 JPRED 37.9 16.5 

 Average 40.4 15.5 

WbdAO9a Prof 43.8 15.4 

 Psipred 40.7 12.3 

 SSPro 43.2 16.8 

 JPRED 35.9 17.9 

 Average 40.9 15.6 

.  
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Figure A4.3: CD spectrum for (A) WbdAO8 and (B) WbdAO9a.   The spectra 

demonstrate that both WbdA proteins are structured. 
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are structured and suited for crystal structure screens.  The difference in the secondary 

structure predictions made using the CD and primary amino acid sequence emphasize the 

need for the crystal structures of the two mannosyltransferases.  

A4.4 References. 
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circular dichroism spectroscopy covering fold and secondary structure space. 
Bioinformatics 22: 1955-1962. 
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Appendix 5: Preliminary investigation into the formation of a 

multi-enzyme complex at the cytoplasmic face of the IM during 

biosynthesis of the E. coli O9a O-PS 

	  
A5.1 Introduction. 

The assembly of O-PSs typically involves the participation of several 

glycosyltransferases and other enzymes involved in chain length regulation and export of 

the polymer across the IM.  It is proposed that these enzymes work within a multi-

enzyme complex  (Raetz and Whitfield, 2002) and evidence to support this notion has 

been demonstrated for biosynthesis of the K. pneumoniae O2a D-galactan I polymer  

(Kos and Whitfield, 2010).  Formation of a multi-enzyme complex at the cytoplasmic 

face of the IM potentially places the synthesis components and und-P in close proximity 

to one another, which may increase the efficiency of the pathway.  In the E. coli O9a 

system, there is a strong interaction between WbdA and WbdD, and this interaction is 

fundamental for targeting WbdA to the membrane (and O-PS biosynthesis)  (Clarke et 

al., 2009).  However, it is unknown if (and how) the other mannosyltransferases (WbdC 

and WbdB) target to the IM, or whether they form part of a higher order complex 

involving WbdA and WbdD.  To begin to address these questions, N- and C-terminally-

tagged versions of WbdC and WbdB were generated and their localization was examined 

in different backgrounds.  In addition, preliminary interactions between the 

mannosyltransferases of the O9a synthesis pathway were examined using a bacterial two-

hybrid system.  
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Some of the data presented in this appendix has been published in Clarke, B.R., 

Greenfield, L.K., Bouwman, C., and Whitfield, C. (2009) Coordination of 

Polymerization, Chain Termination, and Export in Assembly of the Escherichia coli 

Lipopolysaccharide O9a Antigen in an ATP-binding Cassette Transporter-dependent 

Pathway. J Biol Chem. 284: 30662-30672.  The results presented here are those 

performed by the author.  

A5.2 Materials and methods specific to Appendix 5. 

A5.2.1 Strains and plasmids pertaining to Appendix 5. 

 The bacterial strains and plasmids used to generate the data presented in Appendix 

5 are listed in Table A5.1. 

A5.2.1 Localization of WbdC and WbdB in various backgrounds. 

 Cultures (250 mL) of E. coli with various backgrounds containing pWQ473 (WbdC-

FLAG), pWQ474 (WbdB-FLAG), pLG32 (FLAG-WbdB), or pLG34 (FLAG-WbdC) 

were grown in LB medium at 37 °C until an OD600 of ~0.6 was reached.  Recombinant 

protein expression was induced by the addition of 0.01–0.2% arabinose and the cultures 

were grown for an additional 2.5 h.  Cells were collected by centrifugation and 

resuspended in 25 mL of localization buffer (20 mM sodium phosphate, 500 mM NaCl; 

pH 7.0), prior to lysis by passage through a French pressure cell.  The lysate was cleared 

by sequential centrifugation steps at 4,000 × g for 10 min and 12,000 × g for 20 min. The 

resulting supernatant was centrifuged at 100,000 × g for 60 min to separate the membrane 

fraction (pellet) from the soluble fraction.  Samples from each fraction were analyzed by 

SDS-PAGE and Western immunoblotting, where loading was standardized to enable 

direct comparison between the fractions.  
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Table A5.1: Bacterial strains and plasmids pertaining to Appendix 5. 
 

Strain/plasmid Description or genotype Ref. or 
source 

Strains   
BTH101 F- cya-854, recA1, endA1, gyrA96, thi1, hsdR17, spoT1, 

rfbD1, glnV44(AS); Nalr 
Ref. 
Karimova et 
al., 1998 

2667 E. coli O9:K9 B. Jann 
CWG293 2667 derivative wecA::Gm; O–:K–; Gmr   Ref.  Amor 

and 
Whitfield, 
1997 

CWG634 E. coli O9a:K-; trp his lac rpsL cpsK30; manA; Smr; Tcr Ref. Clarke 
et al., 2004 

CWG900 CWG634 derivative; ΔwbdD; Smr; Tcr Ref. Clarke 
et al., 2009 

CWG1009 CWG634 derivative; ΔwbdB; Smr; Tcr C. Bouwman 
CWG1010 CWG634 derivative; ΔwbdC; Smr; Tcr C. Bouwman 

Plasmids   
pBAD24 L-arabinose-inducible plasmid; Apr Ref. 

Guzman et 
al., 1995 

pKT25 Bacterial two-hybrid vector that encodes the T25 fragment 
of B. pertussis anenylate cyclase 5ʹ′ to a multiple cloning 
site; Kmr 

Ref. 
Karimova et 
al., 1998 

pUT18C Bacterial two-hybrid vector that encodes the T18 fragment 
of B. pertussis anenylate cyclase 5ʹ′ to a multiple cloning 
site; Apr 

Ref. 
Karimova et 
al., 1998 

pKT25-Zip pKT25 derivative encoding the CyaA T25 fragment fused 
to the leucine zipper from the yeast GCN4 protein; Kmr 

Ref. 
Karimova et 
al., 1998 

pUT18C-Zip UT18C derivative encoding the CyaA T18 fragment fused 
to the leucine zipper from the yeast GCN4 protein; Apr 

Ref. 
Karimova et 
al., 1998 

pWQ473 pBAD24 derivative; containing an EcoRI/HindIII fragment 
encoding WbdCO9a with a C-terminal FLAG epitope; Apr 

This study 

pWQ474 pBAD24 derivative; containing an EcoRI/HindIII fragment 
encoding WbdBO9a with a C-terminal FLAG epitope; Apr 

This study 

pWQ486 pKT25 derivative encoding T25-WbdDO9a; Kmr Ref. Clarke 
et al., 2009 

pWQ487 pUT18C derivative encoding T18-WbdAO9a; Apr Ref. Clarke 
et al., 2009 

pKT25:WbdC pKT25 derivative encoding T25-WbdCO9a; Kmr B. Clarke 
pKT25:WbdB pKT25 derivative encoding T25-WbdBO9a; Kmr B. Clarke	  
pUT18C:WbdC pUT18C derivative encoding T18-WbdCO9a; Apr B. Clarke	  
pUT18C:WbdB pUT18C derivative encoding T18-WbdBO9a; Apr B. Clarke	  
pLG32 pBAD24 derivative; containing an EcoRI/HindIII fragment 

encoding WbdBO9a with an N-terminal FLAG epitope; Apr 
This study	  

pLG34 pBAD24 derivative; containing an EcoRI/HindIII fragment 
encoding WbdCO9a with an N-terminal FLAG epitope; Apr 

This study	  
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pLG94 pKT25 derivative encoding T25-WbdA1-435
O9a; Kmr This study 

pLG95 pKT25 derivative encoding T25-WbdA426-840
O9a; Kmr This study	  

pLG96 pUT18C derivative encoding T18-WbdA1-435
O9a; Apr This study	  

pLG97 pUT18C derivative encoding T18-WbdA426-840
O9a; Apr This study	  

 



	   	  251	  

A5.2.2 Bacterial two-hybrid analysis. 

 Plasmid constructs expressing WbdD, WbdC, WbdB, WbdA, N-WbdA and C-

WbdA fused to the catalytic domain of adenylate cyclase from B. pertussis (Table A5.1) 

were transformed into BTH101 cells.  Potential interactions involving the 

mannosyltransferases with each other and with WbdD were investigated using a β-

galactosidase assay kit (Pierce).  Cultures (5 mL) were inoculated at a 1:50 dilution from 

an overnight culture and grown for ~4.5 h at 30 °C until the cells reached an OD600 of 

0.4-0.8.  Culture samples (70 µL) were assayed for β-galactosidase activity using the 

stopped microplate assay protocol as described by the manufacturer.  The results were 

reported in Miller units according to equation 3  (Miller, 1972). 

 

  

 Preliminary interactions involving N-WbdA and C-WbdA were investigated by 

plating cells on LB media containing ampicillin, kanamycin, IPTG (0.5 mM) and bromo-

chloro-indolyl-galactopyranoside (X-Gal; 40 µg/mL).  The cells were grown at 30 °C for 

40 h and the colonies on the plates corresponding to potentially interacting proteins were 

examined for blue colonies to signify a positive interaction. After 40 h colonies 

expressing the leucine-zipper positive control became dark blue. 

EQUATION 3: 

 
 

t = time (min); v = volume of culture assayed (mL); A600 = optical density of culture 

!-galactosidase activity  =   1000  "  A420   

t  "  v  "  A600   
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A5.3 Results and discussion. 

A5.3.1 WbdC and WbdB localize to the membrane fraction independently. 

 WbdC and WbdB both localized to the membrane fractions in the O9a native 

background, irrespective of whether the flag epitope was located at the N- or C-terminal 

end of the protein (Fig. A5.1, A5.2).  Since it is known that the O9a mannosyltransferases 

function in a specific order (WbdC first, WbdB second, and WbdA third) (Chapter 3 and  

(Kido et al., 1995)) the subcellular location of WbdB was also examined in the ΔwbdC 

background.  Again, WbdB localized to the membrane fraction (Fig. A5.3), indicating 

that WbdC (the first mannosyltransferase in the assembly pathway) does not direct the 

assembly of WbdB at the membrane.  WbdC and WbdB also localized to the membrane 

in the absence of WecA indicating that this essential priming enzyme does not direct the 

assembly of WbdC and WbdB at the membrane (Fig. A5.4).   

 Given that WbdD is responsible for targeting WbdA to the membrane  (Clarke et 

al., 2009), the subcellular localizations of WbdC and WbdB were also examined in the 

ΔwbdD background.  However, unlike WbdA  (Clarke et al., 2009), WbdC and WbdB 

were still confined to the membrane fractions (Fig. A5.5).  This confirms that neither of 

WbdD or WbdA are essential for membrane targeting of WbdC and WbdB.  However, it 

is interesting to note that there is roughly an equal distribution of WbdC and WbdB 

between the soluble and membrane fractions in the ΔwbdD background.  This was not 

observed for any of the other localization experiments, where the majority of the protein 

was confined to the membrane fraction.  It is important to note that caution must be taken 

interpreting the results from this experiment because over-expression of the tagged 

proteins from a multicopy plasmid may have resulted in a higher than normal localization  
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Figure A5.1: WbdC localizes to the membrane fraction in the O9a background. (A) 

α-FLAG Western blots corresponding to the localization of (A) FLAG-WbdC (pLG34) 

and (B) WbdC-FLAG (pWQ473) when expressed in CWG1010 (ΔwbdCO9a). 

Abbreviations: S4: 4,000 × g supernatant; P4: 4,000 × g pellet; S12: 12,000 × g 

supernatant; P12: 12,000 × g pellet; S100: 100,000 × g supernatant; P100: 100,000 × g 

pellet. 
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Figure A5.2: WbdB localizes to the membrane fraction in the O9a background. (A) 

α-FLAG Western blots corresponding to the localization of (A) FLAG-WbdB (pLG32) 

and (B) WbdB-FLAG (pWQ474) when expressed in CWG1009 (ΔwbdBO9a). 

Abbreviations: S4: 4,000 × g supernatant; P4: 4,000 × g pellet; S12: 12,000 × g 

supernatant; P12: 12,000 × g pellet; S100: 100,000 × g supernatant; P100: 100,000 × g 

pellet. 
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Figure A5.3: WbdB still localizes to the membrane fraction in the ΔwbdC 

background. (A) α-FLAG Western blots corresponding to the localization of (A) FLAG-

WbdB (pLG32) and (B) WbdB-FLAG (pWQ474) when expressed in CWG1010 

(ΔwbdCO9a). Abbreviations: S4: 4,000 × g supernatant; P4: 4,000 × g pellet; S12: 12,000 

× g supernatant; P12: 12,000 × g pellet; S100: 100,000 × g supernatant; P100: 100,000 × 

g pellet. 
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Figure A5.4: WbdC and WbdB localize to the membrane fraction in the ΔwecA 

background. (A) α-FLAG Western blots corresponding to the localization of (A) WbdC-

FLAG (pWQ473) and (B) WbdB-FLAG (pWQ474) when expressed in CWG293 

(ΔwecA). Abbreviations: S4: 4,000 × g supernatant; P4: 4,000 × g pellet; S12: 12,000 × g 

supernatant; P12: 12,000 × g pellet; S100: 100,000 × g supernatant; P100: 100,000 × g 

pellet. 
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Figure A5.5: WbdC and WbdB localize to the membrane fraction in the ΔwbdD 

background. (A) α-FLAG Western blots corresponding to the localization of (A) WbdC-

FLAG (pWQ473) and (B) WbdB-FLAG (pWQ474) when expressed in CWG900 

(ΔwbdD). Abbreviations: S12: 12,000 × g supernatant; S100: 100,000 × g supernatant; 

P100: 100,000 × g pellet. 
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of the two proteins to the membrane fraction.  Although preliminary investigations of 

interactions involving WbdC and WbdB with other proteins from the O9a assembly 

pathway show no associations (Section 5.3.2), an equal distribution of WbdC and WbdB 

between the soluble and membrane fractions could indicate that WbdD and/or WbdA 

somehow help facilitate membrane localization or formation a stable complex involving 

WbdC and WbdB at the membrane.   

 Based on visual inspection, the observed proteins migrated as expected for FLAG-

tagged WbdC (predicted size of 43.5 kDa) and FLAG-tagged WbdB (predicted size of 

44.8 kDa) on the various Western immunoblots.  For unknown reasons, Western blots 

involving WbdC with the C-terminal FLAG tag often generated a doublet, with a second, 

minor band running slightly higher than expected.  Side-by-side comparisons on a gel 

showed that the bottom band of the doublet aligned with the single band from the N-

terminally FLAG-tagged version of WbdC (data not shown).  Because there are few 

differences between the N- and C-terminally tagged versions of WbdC, it is hard to 

rationalize why such a doublet occurs in the C-terminally tagged construct and not the N-

terminally tagged version.  There should be no differences in the isoelectric points of the 

N- and C-terminally tagged constructs that would account for the presence of a second 

species with a slower mobility.   Interaction with some component that withstands SDS 

and boiling is also unlikely.  One explanation is that the C-terminally tagged version 

undergoes some form of unexpected post-translational modification that the N-terminally 

tagged version does not.  Degradation was only observed for WbdB in the ΔwecA mutant 

(Fig. A5.4), which was created in a K-12 background.  All others were generated in the 
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O9a background and this difference might explain why degradation was only observed in 

this particular localization experiment.  

 Taken together, these results support the conclusion that WbdC and WbdB 

assemble at the membrane independent of the other O9a biosynthesis components. 

Association of glycosyltransferases with the membrane is a common phenomenon in LPS 

biosynthesis (discussed in Chapter 5).  To confirm this conclusion it will also be 

necessary to check the localization of WbdC and WbdB in the absence of the ABC 

transporter.   

A5.3.2 Preliminary investigation of interactions involving the O9a 

mannosyltransferases using a bacterial two-hybrid system. 

  In the context of membrane targeting, there appears to be no protein-protein 

interaction requirement for WbdC and WbdB.  Nevertheless, it has been assumed that the 

mannosyltransferases form part of a membrane-associated multi-enzyme complex during 

biosynthesis of the O9a O-PS  (Raetz and Whitfield, 2002).  Beyond the WbdA-WbdD 

pair, interactions involving WbdC, WbdB and WbdA have not been tested.  Therefore, 

potential protein-protein interactions involving the mannosyltransferases were examined 

using a bacterial two-hybrid system  (Karimova et al., 1998).  The bacterial two-hybrid 

system exploits the properties of the B. pertussis adenylate cyclase protein, which 

contains two fragments, T25 and T18 that are not active when separated.   When the two 

catalytic domains (fused to two interacting proteins) are brought into close proximity, the 

enzyme activity is restored and cyclic AMP (cAMP) is produced.  cAMP regulates the 

expression of β-galactosidase, which hydrolyzes the chromogenic substrate, X-gal.    
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 Fusions of the O9a mannosyltransferases to the C-terminus of the T25 and T18 

catalytic domains of the B. pertussis adenylate cyclase were utilized to investigate 

potential interactions involving these proteins.  The N-terminally tagged WbdC and 

WbdA proteins were functional based on their ability to complement corresponding 

deletion mutants, however, the WbdB constructs were not (data not shown).  This could 

indicate that WbdB was not properly folded, or that some essential interaction was 

disturbed.  Therefore, caution must be taken when interpreting interaction results 

involving WbdB.  Using β-galactosidase assays, no interactions were detected between 

WbdC, WbdB and WbdA in any of the various combinations tested (Table A5.2).  In 

light of the negative results, it will be necessary to test constructs of the 

mannosyltransferases and WbdD with fusions of the T25 and T18 fragments to the C-

terminus of the proteins.  This will rule out false negatives due to the inability of the 

proteins to interact because of the location of the tag.  This will be especially important 

for WbdB.  

 Experiments were also initiated to begin examination of interactions involving the 

WbdAO9a mannosyltransferase domains.  The N-terminus of WbdD (amino acids 475-

708) has been identified as the region that interacts with WbdA  (Clarke et al., 2009).  

However, it is unclear whether one or both of the WbdA mannosyltransferase domains 

interact with WbdD.  In the WbdA-WbdD interaction study, the T18 fragment was fused 

to the N-terminus of the WbdA protein  (Clarke et al., 2009).  This could have interfered 

with interactions occurring through the N-terminus of the WbdAO9a protein, while the C-

terminal mannosyltransferase domain was left unperturbed.  A positive interaction was 

detected in this experiment  (Clarke et al., 2009), suggesting the interaction might occur  
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Table A5.2 In vivo interactions involving the O9a mannosyltransferases. 

pKT25 pUT18C 
β-Galactosidase 

Activity a 
(Miller Units) 

Leucine zipper 
(positive control) 

Leucine zipper 
(negative control) 662 ± 357 

Empty vector 
(negative control) 

Empty vector 
(negative control) 98 ± 21 

WbdB WbdC 67 ± 27 

WbdB WbdA 50 ± 17 

WbdC WbdB 44 ± 24 

WbdC WbdA 65 ± 37 

WbdD WbdB 61 ± 41 

WbdD WbdC 71 ± 48 

a Data obtained from triplicate samples. 
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through the unperturbed C-terminal mannosyltransferase domain of WbdAO9a.  To 

examine potential interactions involving the WbdA mannosyltransferase domains, 

fusions to the T25 and T18 fragments were generated.  The N-terminally tagged N-

WbdAO9a and C-WbdAO9a domains were all functional based on complementation assays 

(data not shown).  Preliminary screens examined cells expressing two of the potentially 

interacting proteins on plates containing X-gal, and observing whether a blue colour 

change took place.  Positive interactions were detected between the leucine-zipper and 

WbdD-WbdA controls (Fig. A5.6).  Combinations that examined interactions between 

the two domains with themselves and between WbdD did not yield colour changes 

sufficient to suggest a positive interaction (Fig. A5.6). Ultimately a quantitative analysis 

of the β-galactosidase activity will be necessary to establish whether true protein-protein 

interactions take place between the WbdA domains with themselves and with WbdD.  It 

is entirely possible that weak interactions may not produce a strong enough colour 

change to report a significant positive interaction by visual inspection.  As with the full-

length protein, it will also be necessary to test constructs of the WbdA 

mannosyltransferase domains and WbdD with fusions of the T25 and T18 fragments to 

the C-terminus of the proteins.  The implications of this data are discussed in Chapter 5.  
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Figure A5.6: Interactions involving the WbdAO9a mannosyltransferase domains.  

Potential interactions examined between the following plasmid pairs: (A) pKT25-Zip & 

pUT18C-Zip, (B) pKT25 & pUT18C, (C) pWQ486 (wbdD) & pWQ487 (wbdA), (D) 

pLG94 (N-wbdA) & pLG97 (C-wbdA), (E) pLG95 (C-wbdA) & pLG96 (N-wbdA), (F) 

pWQ486 (wbdD) & pLG96 (N-wbdA) and (G) pWQ486 (wbdD) & pLG97 (C-wbdA). 
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