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ABSTRACT 
 

BIOSYNTHESIS OF LIPOPOLYSACCHARIDE O-ANTIGENS IN KLEBSIELLA 
PNEUMONIAE 

Danielle Williams         Advisor:  
University of Guelph, 2022        Dr. Chris Whitfield 
 
 Klebsiella pneumoniae is a leading cause of hospital and community acquired infections. 

Like other Gram-negative bacteria, K. pneumoniae isolates possess a \characteristic cell envelope 

consisting of an inner and an outer membrane, where the outer membrane is an asymmetric lipid 

bilayer; the inner leaflet consists of phospholipids while the outer leaflet consists of 

lipopolysaccharide (LPS). The LPS consists of three structural regions: lipid A, core 

oligosaccharide, and O-antigenic polysaccharide (OPS). The OPS is hypervariable and differs in 

glycose and non-glycose components, linkages, and topology. OPS have been used for 

serological typing for epidemiological tracking and are important candidates for 

immunotherapeutic interventions. 

 Despite their varied structures, all K. pneumoniae OPS are assembled via the same 

overall strategy. They are synthesized in the cytoplasm and exported via an ATP-binding cassette 

(ABC) transporter for ligation to lipid A-core in the periplasm. The focus of this thesis research 

is the biosynthesis of K. pneumoniae serotypes O12, O7, and O4. Using a combination of 

mutation and biochemical investigation of the activities of purified proteins, the essential 

components of the assembly pathways were identified. Central to the O12 and O7 pathways are 

modular proteins that encompass some or all of the activities required for glycan polymerization, 

chain termination, control of chain length, and export. WbbB, from K. pneumoniae O12, 

provides all the necessary activities in a single protein, while K. pneumoniae O7 requires two 

proteins to accomplish these processes. In contrast, K. pneumoniae O4 completes these steps 

using monofunctional proteins. The findings reported here provide new insight into the 



 
 

 
 

versatility of proteins involved in the assembly of bacterial polysaccharides in K. pneumoniae 

and other bacteria, in addition to identifying novel molecular strategies for producing glycan 

diversity.  
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CHAPTER 1. INTRODUCTION 

1.1 Preface 

Parts of this chapter were published in The Journal of Biological Chemistry in a modified form 

(Whitfield et al., 2020b). 

1.2 Klebsiella pneumoniae 

1.2.1 Pathogenesis 

Klebsiella pneumoniae is a Gram-negative, encapsulated, non-motile bacterium from the family 

Enterobacterieceae, that resides in the environment, including in soil and surface waters, on medical 

devices, and is a part of normal human flora. K. pneumoniae is a leading cause of hospital and community 

acquired infections (Russo and Marr, 2019). The hospital acquired infections are opportunistic and 

commonly present as pneumonia, urinary tract, and wound infections which can all progress to bacteraemia 

(Paczosa and Mecsas, 2016). These infections are generally caused by classical K. pneumoniae (cKp) and 

are most common in neonates, the elderly, and the immunocompromised due to a lack of immunological 

control of commensal K. pneumoniae (Russo and Marr, 2019). K. pneumoniae has been found to colonize 

the skin, mouth, gut mucosa, and nasopharynx (Gorrie et al., 2017). Genomic comparisons have found that 

the gut-colonizing strains are the most common source of hospital acquired K. pneumoniae infections 

(Wyres et al., 2020). More recently, derivatives of these cKp strains have been found to have resistance to a 

wide range of antibiotics, which does not increase virulence but does make these infections much more 

difficult to treat. There are two major modes of antibiotic resistance observed in these strains. The first of 

which is the expression of extended-spectrum β-lactamases (ESBLs), which confer resistance to 

cephalosporins and monobactams. The second mechanism is the expression of carbapenemases which confer 

resistance to most β-lactams, including the carbapenems (Paczosa and Mecsas, 2016). As a result, the World 
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Health Organization has labelled the ESBL producing and carbapenem-resistant clones of K. pneumoniae as 

a global health concern (Effah et al., 2020). 

Unlike nosocomial infections, community acquired infections are not opportunistic and occur in 

otherwise healthy individuals and are generally caused by strains of K. pneumoniae which are considered 

hypervirulent (hvKp). Community acquired infections include endophthalmitis, pneumonia, necrotizing 

fasciitis, non-hepatic abscess, meningitis, and pyogenic liver abscess in the absence of biliary tract disease. 

The ability to infect otherwise healthy people, increased invasiveness, and the ability to establish infection in 

the liver are considered characteristic of hvKp (reviewed in (Wyres et al., 2020)). The severe community 

acquired infections caused by hvKp emerged from the acquisition of virulence genes which are present on 

large virulence plasmids and integrated chromosomal elements. These hypervirulence genes are the most 

accurate biomarkers to differentiate hvKp and cKp and they include genes which enhance capsular 

polysaccharide (CPS) production, siderophore production, and heavy metal resistance genes. The increase in 

CPS production can result in a hypermucoid colony phenotype, which is linked to decreased complement-

mediated killing (Lin et al., 2012) and phagocytosis by neutrophils and macrophages (March et al., 2013). 

However, hypermucoviscosity is not always linked to capsule overproduction and, despite initial findings, is 

not present in all hvKp clones however details of hypermucoviscosity are still under investigation (Wyres et 

al., 2020). More recently, K. pneumoniae clones have been found which possess both antimicrobial 

resistance and hypervirulence genes which is of great concern. 

1.2.2 Cell envelope 

Like other Gram-negative bacteria, K. pneumoniae isolates possess a characteristic cell envelope 

structure which consists of an inner and an outer membrane, separated by an extracytoplasmic region called 

the periplasm that contains the peptidoglycan layer (Fig. 1.1). The inner membrane is a phospholipid bilayer 

that contains a wide range of proteins involved in metabolism and macromolecular trafficking. The outer 
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membrane is an asymmetric lipid bilayer where the inner leaflet is mainly composed of phospholipids while 

the outer leaflet consists of the membrane anchoring component of lipopolysaccharide (LPS) (Simpson and 

Trent, 2019). Along with LPS the Gram-negative cell surface is coated with a range of glycoconjugates, 

which are complex sugar containing macromolecules. Some of these glycoconjugates are serotype-specific 

such as the long polysaccharide chains of LPS and CPS. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.1. Cartoon representation of the Gram-negative cell envelope. The Gram-negative cell envelope 
consists of the inner membrane, the periplasmic space which contains the peptidoglycan layer, and the outer 
membrane. The outer membrane is an asymmetric lipid bilayer where the inner leaflet consists of 
phospholipids and the outer leaflet is made up of the lipid A component of lipopolysaccharide. Capsular 
polysaccharides are also present, the process by which it is retained at the cell surface is not fully resolved. 
Retention may occur via ionic interactions, primarily with LPS, and (in some examples) the CPS is linked to 
phosphatidylglycerol. IMP, inner membrane protein, OMP, outer membrane protein. 
 

1.2.3 Lipopolysaccharide  

LPS covers about three quarters of a typical Escherichia coli cell surface and significant cellular 

resources are dedicated to its production due to its importance to cell survival. The LPS glycolipid consists 
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of three structural regions: lipid A, core oligosaccharide, and O-antigenic polysaccharide (OPS) (Fig. 1.1) 

(Raetz and Whitfield, 2002). The highly conserved lipid A is a bisphosphorylated disaccharide of 

glucosamine (GlcNp) typically with four to seven acyl chains, the unmodified structure of K. pneumoniae 

lipid A is shown in Fig. 1.2A. Lipid A not only anchors the LPS in the outer membrane but also contributes 

to the stability and permeability barrier of the outer membrane (Simpson and Trent, 2019). Lipid A is 

essential for viability of almost all LPS producers. Those species (e.g., Neisseria meningitidis, Moraxella 

catarrhalis and Acinetobacter baumannii) which can withstand disruption of the conserved lipid A-

biosynthesis pathway do so at a significant fitness cost (reviewed in (Simpson and Trent, 2019)). Lipid A 

acts as a target for some antimicrobial peptides which can breach the outer membrane permeability barrier. 

Regulated modifications of lipid A, such as alterations in acylation and phosphorylation, reduce charge-

based interactions with cationic peptides of the host immune system, providing a layer of protection to the 

bacterial cell (Simpson and Trent, 2019). In addition, lipid A is released by bacterial cells during lysis where 

it is recognized by the complex of Toll-like receptor 4 and myeloid differentiation-2 to activate a 

proinflammatory response (Simpson and Trent, 2019). 

 

Fig. 1.2. K. pneumoniae lipid A and core oligosaccharide structures. (A) The typical hexa-acylated K. 
pneumoniae lipid A structure. Regulated modification of the lipid A such as the addition of palmitate, 4-
amino-4-deoxy-L-arabinose, phosphoethanolamine, and 2-hydroxymyristate can help protect the cell from 
the host immune system (Bogomolnaya et al., 2008). (B) Two possible core structures of K. pneumoniae 
(Regué et al., 2005; Vinogradov et al., 2001; Vinogradov and Perry, 2001) 
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The core oligosaccharide can be conceptually split into two regions, the inner and outer core, based on 

structural features (Whitfield and Trent, 2014). The inner core (lipid A proximal) region is less variable and 

often characteristic of a genus or family; the inner core consists of α-3-deoxy-D-manno-oct-2-ulosonic acid 

(Kdop) and L-glycero-D-manno-heptopyranose (Hep) residues (Silipo and Molinaro, 2010). This structural 

conservation likely reflects its essential role as a barrier in the outer membrane. In many bacteria, the inner 

core contributes to membrane stability through the presence of negatively charged residues such as 

phosphate, pyrophosphate, pyrophosphoryl-2-amino-ethanol, phospho-arabinosamine, or uronic acids often 

galacturonic acid which is the case for K. pneumoniae (Frirdich et al., 2005; Silipo and Molinaro, 2010). 

These negatively charged residues facilitate cross-linking of adjacent LPS molecules, using divalent cations, 

and promote interactions between LPS and other proteins (Raetz and Whitfield, 2002). The more variable 

outer core region contains the attachment site for the OPS, and often consists of hexose, hexosamine, or 

acetamidohexose residues (Glucose (Glcp), Galactose (Galp), GlcNp, Galactosamine (GalNp), and N-acetyl-

D-glucosamine (GlcpNAc)) whose exact identity and linkage varies between and within species (Silipo and 

Molinaro, 2010). Two core structures have been identified in K. pneumoniae, which share the same inner 

core, but their outer core varies (Fig. 1.2B) (Regué et al., 2005; Vinogradov and Perry, 2001; Vinogradov et 

al., 2001). 

The core oligosaccharide can be further glycosylated by a long chain repeat-unit polysaccharide or OPS 

representing the final component of the classical LPS molecule. LPS molecules carrying OPS are called 

“smooth LPS” (S-LPS) while those lacking OPS are termed “rough” R-LPS, following Salmonella precedent 

describing the colony morphologies of these bacteria grown on solid media. The OPS region is 

hypervariable and differs in glycose and non-glycose components, linkages, and topology; multiple 

structures may be produced by the same species, with the different structures of OPS giving rise to OPS 

serological specificities (i.e., O-antigens). For example, in K. pneumoniae there are 12 O-serotypes (Fig. 1.3) 
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(Guachalla et al., 2017; Mann et al., 2019a; Stojkovic et al., 2017; Kelly et al., 1993; Clarke et al., 2018; 

Vinogradov et al., 2002). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3. The known repeat-unit structures of K. pneumoniae OPS. The sugar residues in the square 
brackets are the repeat-units of the OPS. The O1 and O2c antigens are separate repeat-units attached to the 
non-reducing end of the O2a antigen in the serotypes O1/O8 and O2ac, respectively. Adapted from (Clarke 
et al., 2018). The standard colored symbol nomenclature (www.functionalglycomics.org/static/consortium/ 
Nomenclature. html) is used to describe oligosaccharide structures. 
 

Structural diversity in the OPS repeat-unit can occur through changes to the OPS backbone, addition of 

side chain substituents, addition of new glycans, or addition of different terminal moieties (Kelly et al., 

http://www.functionalglycomics.org/static/consortium/%20Nomenclature
http://www.functionalglycomics.org/static/consortium/%20Nomenclature
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2019). Variation in the OPS backbone results from the use of different glycosyltransferases (GTs) which can 

be acquired through horizontal gene transfer (Heinz et al., 2016). However, mutations in the GTs which 

synthesizes the repeat-unit have been shown to vary the number of sugar residues present in the repeat-unit 

generating new O serotypes, this can be seen in K. pneumoniae O3, O3a, and O3b all which vary by a single 

mannose residue (Guachalla et al., 2017; Kido and Kobayashi, 2000). OPS diversity can also be achieved 

through the addition of glycose side chains such as Galp (O2afg and O2aeh) (Clarke et al., 2018; Kelly et al., 

1995; Stojkovic et al., 2017) and non-glycose side chains such as O-acetyl groups (O8) (Kelly et al., 1993). 

The OPS can also be extended with the addition of a new glycan structure as seen in serotypes O1 and O2c 

which results from the acquisition of new GTs (Kelly et al., 2019; Whitfield et al., 1991). Finally, some K. 

pneumoniae OPS possess a cap consisting of glycose or non-glycose residues, as seen in serotypes O3, O3a, 

O3b, and O7 which possess a terminal methyl-phosphate (Mann et al., 2019a; Kubler-Kielb et al., 2012), O5 

with a methyl group (Vinogradov et al., 2002), and O4 and O12 with α or β-Kdop residues, respectively 

(Vinogradov et al., 2002). 

The application of silver-stained SDS-PAGE displays the heterogeneity in OPS chain lengths within a 

population of bacteria, but there is a preferred range of chain lengths termed the modal chain-length 

distribution (Goldman and Leive, 1980; Hunt, 1985). This results in a ladder-like appearance when the LPS 

is separated by SDS-PAGE, where each rung in the ladder represents an LPS molecule that differs in length 

from the next rung by one OPS repeat unit (Goldman and Leive, 1980). The modal distribution is illustrated 

by a clustering of bands within the ladder. The OPS modal distribution is characteristic for a particular 

isolate and some examples are shown in Fig. 1.4. The classical S. enterica serovar Typhimurium pattern 

reveals a wide range of chain lengths varying in amount (and staining intensity) and includes a higher-

molecular-weight cluster of bands. In this species, modality is eliminated by deletion of genes encoding 

chain-length regulators (Tocilj et al., 2008). The examples shown from E. coli and K. pneumoniae lack 
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similar chain-length regulators but still show modality in chain-length. In K. pneumoniae O2a, the pattern 

shows a relatively wide distribution of OPS size, and the capping of O2a chains with O1 antigen increases 

maximum chain-length and overall size distribution (see below). In contrast E. coli O9a and K. pneumoniae 

O12 show much tighter modality with no appreciable amounts of shorter OPS lengths. 

 

 

 

 

 

 

 

 

Fig. 1.4. Silver-stained SDS-PAGE gel. Examples of the size distribution of LPS molecules from different 
isolates, revealed by the profiles after separation on silver-stained SDS-PAGE gels. Reprinted from 
(Whitfield et al., 2020b). LPS molecules carrying OPS are called “smooth LPS” (S-LPS) while those lacking 
OPS are termed “rough” R-LPS. The location of these species is labelled on the right side of the gel, and this 
is carried through to all the gels presented in this thesis. 

 

Molecular simulations of E. coli LPS illustrate a model where the OPS chains extend from the cell 

surface and their flexibility is constrained by adjacent LPS molecules (Blasco et al., 2017). This offers a 

potential barrier impeding access to the cell surface by some larger molecules, underpinning many of the 

documented and proposed functions of OPS. While OPS functions vary with species and (in some cases) 

specific OPS chemistry, they often contribute to protection against environmental threats including lysozyme 

(Bao et al., 2018), colicins (Tran et al., 2014), oxidative stress (Zheng et al., 2019), and bile (Crawford et al., 
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2012). Some OPS structures can also contribute to the recognition of LPS by the innate immune system, 

including recognition of OPS by soluble CD14 (Védrine et al., 2018), activating cytokine production via a 

non-TLR4 pathway in natural killer cells (Kanevskiy et al., 2019), and recognition of OPS by C-type lectin 2 

(Dectin-2) (Wittmann et al., 2016). However, the most well studied role for OPS is its importance in 

protecting the cell from the human complement system. The protection is conferred through steric hindrance; 

OPS prevents binding of C5b-9, which is a prerequisite for insertion of the membrane attack complex into 

the outer membrane (Joiner, 1988; Lerouge and Vanderleyden, 2002; Heesterbeek et al., 2019). The most 

important feature of the OPS to confer protection from the complement systems is the length of the OPS 

chains; short chains are not protective but overly long chains do not provide any extra protection (Grossman 

et al., 1987; Burns and Hull, 1998). Therefore, the cell employs a mechanism to ensure OPS length is 

controlled, to prevent the expenditure of energy involved in making unnecessarily long chains, or the 

production of chains too short to confer protection. The most detailed investigations have focused on human 

pathogens, but OPS is equally important in plant pathogenesis (reviewed in (Lerouge and Vanderleyden, 

2002) including interactions between plant pathogens such as Xylella fastidiosa and its insect vector 

(Rapicavoli et al., 2015), and cell-cell interactions involving plant symbionts (Russo et al., 2015). In both 

cases, the OPS was found to mediate cell-cell interactions involved in forming biofilm and the removal of 

the OPS region prevented proper adhesion of the bacterium. 

1.2.4 Capsular polysaccharide 

Some bacteria produce a capsule which is a hydrated cell-surface layer composed of high-molecular 

weight CPS. Both the capsule and LPS play critical roles mediating the interaction of the cell with the 

external environment and are important determinants of pathogenesis and antimicrobial resistance (reviewed 

in (Whitfield et al., 2020a)). In E. coli and K. pneumoniae, the CPS is referred to as the K-antigen. There is 

extensive diversity in K-antigen chemical structures including differences in sugar and non-sugar 
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components, linkages, and repeat unit structures, resulting in 79 serotypes to date in K. pneumoniae (Pan et 

al., 2015). A variety of factors influence the high level of structural diversity however the most significant 

selective pressure is thought to be bacteriophages, which use CPS as their receptor (Holt et al., 2020; 

Mostowy and Holt, 2018). Unlike LPS the anchoring of capsule to the cell surface varies between species. 

Some Gram-negative mucosal pathogens use capsular glycolipids including the Vi-antigen of Salmonella 

enterica serovar Typhi  (Liston et al., 2016) and the polysialic acid CPS of extraintestinal pathogenic E. coli 

(ExPEC) K1 and N. meningitidis which use phosphatidylglycerol (Doyle et al., 2019). Currently there is only 

one known example of a linker between the CPS and the terminal lipid, this linker is found in several Gram-

negative pathogens and consists of a conserved β-Kdop oligosaccharide, there is likely other examples 

however identifying terminal structures on long polysaccharide chains can be difficult (Doyle et al., 2019). 

Alternatively, CPS retention in K. pneumoniae has not been fully resolved but it may be retained on the cell 

surface by ionic interactions with the core oligosaccharide of LPS (Fresno et al., 2006) and (in some cases) 

an outer membrane lectin appears to anchor CPS in the membrane (Bushell et al., 2013). The remaining 

component of the CPS is the repeat-unit structure which like OPS is hypervariable and is a long chain of 

sugar residues which is critical to CPS function. 

Capsule is involved in a variety of biological processes including resistance to desiccation (Ophir and 

Gutnick, 1994), interactions with plant symbionts (Müller et al., 2009; Sharypova et al., 2006), and 

protection against bacteriophages (Scholl et al., 2005). In addition to these functions, CPS plays a critical 

role in virulence by acting as a barrier to host immune defenses (Miajlovic and Smith, 2014) such as 

opsonins, complement components, and antibodies (Whitfield et al., 2020b). Some CPS structures mimic 

host glycans, such as the E. coli serotype K1 and Neisseria meningitidis serotype B CPS, which are 

composed of polysialic acid and mimic the glycan structure found on neuronal cell adhesion molecules of 

neurons, glial cells, and natural killer cells making them poor immunogens (Comstock and Kasper, 2006). 
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1.2.5 Therapeutics development 
 
The OPS and CPS moieties are used as the basis for a variety of glycoconjugate vaccines currently in 

development, including vaccines for K. pneumoniae, E. coli, and Shigella flexneri among others (Micoli et 

al., 2018; Feldman et al., 2019; Kay et al., 2019). To date, only three polysaccharide-based vaccines, all of 

which are based on CPS, have made it to market: the pneumococcal, meningococcal, and Haemophillus 

influenzae type B vaccines (Kay et al., 2019). Glycoconjugate vaccines can be manufactured using chemical 

conjugation to covalently link purified polysaccharides to carrier proteins however this process is complex, 

as it requires several purification steps to achieve a homogenous polysaccharide population as well as 

ensuring the correct assembly of the final product (Kay et al., 2019). More recently, the production of 

bioconjugate polysaccharide vaccines using glycoengineered E. coli cells have been reported (Feldman et al., 

2005; Wacker et al., 2002). This process takes advantage of the Campylobacter N-glycosylation system 

(reviewed in (Kay et al., 2019)), which transfers heterologous polysaccharides to protein carriers in a site-

specific manner using a short sequence motif which results in a more homogenous sample with a defined 

number of glycans per protein carrier. The transfer of the polysaccharide from the lipid-linked precursor to 

the carrier protein uses enzymes called oligosaccharyltransferases and this process occurs in the periplasm of 

the Gram-negative bacterial expression system. This process is much more flexible than chemical synthesis 

as the glycan synthesis genes can be easily exchanged and function with the general N-glycosylation system 

allowing for relatively simple production of a wide range of structures. 

The predominant challenge of vaccine-based therapies is the high level of antigenic diversity found 

in surface polysaccharides. There are 79 K. pneumoniae capsule serotypes (Pan et al., 2015), however the K1 

and K2 capsules are the most prevalent in virulent strains (Kay et al., 2019). Recently, Feldman et al., have 

reported the production of a bioconjugate vaccine which targets K1 and K2 (Feldman et al., 2019). This 

vaccine provided protection from two hvKp isolates in the lung in a mouse model, however further 
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investigation is necessary to determine its efficacy against hvKp in the liver and bloodstream. While this 

vaccine does cover many hypervirulent infections it does not provide complete protection, previously a CPS 

based vaccine containing 24 serotypes passed phase 1 in human trials, but the maximum protection coverage 

never exceeded 70% (Granstrom et al., 1988). This indicates a high number of CPS serotypes would be 

necessary to provide a high level of protection. Alternatively, there are only 12 K. pneumoniae OPS 

serotypes, making a multivalent vaccine directed at this moiety much more realistic. A vaccine containing 

the four most common K. pneumoniae OPS serotypes associated with infection (O1, O2, O3, and O5) has 

been developed which showed promising pre-clinical results, generating antibodies which provided 

protection against cKp infection (Hegerle et al., 2018). It has been proposed that CPS especially when 

overproduced by hvKp can mask the OPS making these vaccines less effective in some hvKp infections 

(Williams et al., 1988). However, due to the decreased antigenic diversity, OPS based vaccines are still a 

viable choice for cKp infections and may provide some protection from hvKp infections although further 

study is required. 

An alternative approach to vaccines is the use of monoclonal antibodies to both prevent and treat K. 

pneumoniae infections. Both OPS (Hsieh et al., 2012) and CPS (Diago-Navarro et al., 2017) have been used 

as targets for monoclonal antibodies. Diago-Navarro et al., generated K1 CPS monoclonal antibodies which 

were tested in murine models and showed protective efficacy from sepsis and pulmonary infection as well as 

increased phagocytosis and membrane attack complex deposition. In addition, antibody treatment promoted 

significantly decreased dissemination of hvKp from the gut to lymph nodes and organs. This approach has 

also been used for OPS where monoclonal antibodies directed at K. pneumoniae O1, one of the most 

clinically prevalent O serotypes, was investigated (Hsieh et al., 2012). The K. pneumoniae O1 antigen was 

found to play an important role in cKp infections which caused pyogenic liver abscess by providing 

resistance to serum killing (Hsieh et al., 2012). Immunization of mice with anti-O1 monoclonal antibodies 
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provided protection against O1:K2 K. pneumoniae strains however, it did not protect against O1:K1 strains. 

This indicates that monoclonal antibodies directed at OPS can be effective however, a better understanding 

of the interaction of CPS and OPS, specifically which CPS serotypes can mask OPS is necessary. 

Both vaccines and antibody therapies provide novel avenues for the prevention and treatment of 

infections by K. pneumoniae as well as other deadly pathogens. These strategies are beneficial as they are 

not affected by antimicrobial resistance mechanisms and so can provide protection against antibiotic 

resistant and susceptible strains. These therapies also lower the need for antibiotic use thereby helping to 

combat antibiotic resistance (Hegerle et al., 2018). In order to treat these infections and improve the 

synthesis of bioconjugate vaccines, a detailed understanding of the polysaccharide structures and the 

enzymes which synthesize them is necessary. This thesis research focuses on the OPS component of 

lipopolysaccharide, below is a detailed discussion of LPS biosynthesis. 

1.3 An overview of lipopolysaccharide assembly and export 

The lipid A and core oligosaccharide are synthesized in a sequential process, while OPS is synthesized 

separately and the two parts of the molecule are joined together after export to the periplasm (Fig. 1.5) 

(Whitfield and Trent, 2014). The lipid A component of LPS is synthesized on the cytoplasmic face of the 

inner membrane by a conserved pathway of nine constitutive Lpx enzymes (Simpson and Trent, 2019). The 

core oligosaccharide is then added via GT enzymes which catalyze addition of glycosyl groups from 

nucleotide sugar precursor (Heinrichs et al., 1998). The lipid A-core oligosaccharide is then flipped as a 

single molecule to the periplasmic face of the inner membrane by the adenosine 5'-triphosphate (ATP)-

binding cassette (ABC) transporter, MsbA (Voss and Trent, 2018; Mi et al., 2017). The OPS component is 

synthesized in a separate pathway at the cytoplasmic face of the inner membrane by a membrane associated 

enzyme complex. The OPS is then transported to the periplasmic face of the inner membrane, where it is 

ligated to the completed lipid A-core. The details of these processes differ in the three known assembly 
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processes (discussed below). The completed LPS molecule is then transported across the periplasm and 

inserted into the outer leaflet of the outer membrane by the conserved machinery of the LPS transport (Lpt) 

pathway (Fig. 1.5) (Sperandeo et al., 2017; Li et al., 2019). The Lpt pathway consists of a seven-member 

complex, which forms a bridge spanning the cell envelope. The LPS binding pocket of LptFG, which is the 

TMD of the ABC transporter, is highly hydrophobic with many positively charged residues at the inner 

membrane-periplasm interface, which indicates that only the lipid A component is recognized, while the 

polysaccharide portion of the LPS remains accessible to the periplasm (Luo et al., 2017; Sperandeo et al., 

2017). LptDE form the channel in the outer membrane which releases LPS into the outer leaflet of the outer 

membrane (Sperandeo et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5. LPS assembly and export. LPS assembly occurs in two separate steps.  The lipid A and core 
oligosaccharide are synthesized in a sequential process, while OPS is synthesized separately and then ligated 
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to the lipid A-core by the O-antigen ligase, WaaL. The completed LPS is then transported to the cell surface 
via the Lpt pathway. 
 

1.4 OPS biosynthesis 

OPS biosynthesis can occur via three different pathways: the ABC transporter-dependent pathway, the 

Wzy-dependent pathway, or the synthase-dependent pathway (Fig. 1.6). All three assemble the OPS as 

undecaprenyl-diphosphate (und-PP)-linked intermediates (Whitfield et al., 2020b). Synthesis is initiated at 

the cytoplasmic face of the inner membrane by a phosphoglycosyltransferase (PGT) enzyme that transfers a 

hexose phosphate or acetamidosugar phosphate from the corresponding nucleotide diphosphoglycose donor 

to undecaprenyl-phosphate (und-P) (Allen and Imperiali, 2019). PGT family members initiate all bacterial 

polysaccharides involving und-PP-linked intermediates, including peptidoglycan, teichoic acids, N- and O-

linked glycans in many glycosylated proteins, as well as some classes of capsular and exopolysaccharides. 

WecA is one example of a PGT which initiates both ABC transporter and Wzy-dependent OPS biosynthesis 

in many bacteria including E. coli, Klebsiella, Shigella, and Salmonella by the transfer of N-

acetylglucosamine-1-phosphate (GlcpNAc-1-P) to und-P (Alexander and Valvano, 1994). WecA initiates 

synthesis of all OPS that are investigated in this thesis research which all follow the ABC transporter-

dependent strategy. However, in some cases the Galp-1-P transferase (WbaP) initiates OPS biosynthesis in 

Salmonella using the Wzy-dependent pathway (Patel et al., 2010, 2012). OPS biosynthesis ends with the 

production of an und-PP-linked glycan chain, now located in the periplasm, which provides a donor 

substrate for glycosylation of lipid A-core by the OPS ligase enzyme, WaaL (Raetz and Whitfield, 2002; 

O’Toole et al., 2021). The steps and components that participate in OPS assembly between the activities of 

the PGT and ligase define three different assembly and chain-length regulatory strategies. The Wzy-

dependent and ABC transporter-dependent pathways are most common, whereas the synthase-dependent 

pathway has only one known example. 
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Fig. 1.6. OPS biosynthesis pathways. OPS biosynthesis can occur via three pathways. In the synthase-
dependent pathway, the synthase polymerizes and exports the OPS across the inner membrane. Exact details 
of this pathway remain unknown. The Wzy-dependent pathway involves the assembly of individual repeat-
units at the cytoplasmic face of the inner membrane followed by transport across the inner membrane by the 
Wzx transporter. The ABC-transporter dependent pathway involves the synthesis of the complete OPS chain 
at the cytoplasmic face of the inner membrane. The completed polymer is then exported across the inner 
membrane by the ABC-transporter. Adapted from (Whitfield et al., 2020b). 
 

1.4.1 Synthase-dependent OPS biosynthesis pathway 

The synthase-dependent pathway is confined to a single example, S. enterica serovar Borreze O:54. 

The critical component of this system is an enzyme called a synthase which is responsible for both chain 

extension and translocation of the OPS to the periplasm (Fig. 1.6). Bacterial cellulose synthase from 

Rhodobacter sphaeroides offers the most detailed structural and biochemical understanding of these 

enzymes (McNamara et al., 2015; Morgan et al., 2013). Cellulose synthesis requires a heterocomplex in vivo 

but in vitro BcsAB are sufficient (Omadjela et al., 2013). BcsB is a periplasmic protein which is anchored in 

the inner membrane by a single transmembrane helix while BcsA is an integral membrane protein containing 

a catalytic site situated between four N-terminal and four C-terminal transmembrane helices; the 

transmembrane helices form the channel for cellulose translocation (Morgan et al., 2013). Like cellulose 

synthase, the O:54 synthase contains a single catalytic-site GT module but possesses less transmembrane 
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helices suggesting a topology closer to bacterial chitin and hyaluronan synthases whose structures are not yet 

solved (Wear et al., 2020). The polymerizing O:54 synthase activity requires a disaccharide acceptor 

synthesized by WecA and a dedicated O:54 GT (Keenleyside and Whitfield, 1996). The presence of a PGT 

and WaaL, to initiate and ligate the OPS product, dictate the involvement of und-PP-linked intermediates. 

This distinguishes the O:54 synthase from other known synthases which operate without lipid intermediates. 

It remains unclear how this class of enzymes determines glycan chain-length distribution. 

1.4.2 Wzy-dependent OPS biosynthesis pathway 

The most prevalent OPS biosynthesis pathway is the Wzy-dependent pathway (Whitfield et al., 

2020b). The pathway is initiated by the PGT-mediated addition of a hexose phosphate or acetamidosugar 

phosphate to und-P, this product is then extended through a series of reactions catalyzed by classical sugar-

nucleotide-dependent GTs generating und-PP-linked repeat units at the cytoplasmic face of the inner 

membrane. The pathway is defined by the export of these und-PP-linked repeat units to the periplasm by the 

flippase Wzx, where they are polymerized by Wzy (Fig. 1.6) in a blockwise process by transfer of the 

growing OPS from its lipid carrier to the non-reducing terminus of the incoming und-PP-repeat unit (Islam 

and Lam, 2014). Modality of OPS chain length distribution is established in the polymerization stage, prior 

to ligation (Daniels et al., 2002; Feldman et al., 2005), by Wzz proteins belonging to the polysaccharide 

copolymerase family 1 (Tocilj et al., 2008). The exact mechanism by which these Wzz proteins regulate 

OPS chain length is not known but, the presence of specific Wzz proteins imparts a characteristic OPS 

modality and the deletion of these proteins results in loss of those chain lengths (Islam and Lam, 2014). 

1.4.3 ABC transporter-dependent OPS biosynthesis pathway 

The focus of this thesis research is the ABC transporter-dependent pathway. This involves the 

synthesis of the completed und-PP-linked OPS at the cytoplasmic face of the inner membrane, followed by 

export to the periplasm by the pathway defining ABC transporter (Fig. 1.6) (Greenfield and Whitfield, 
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2012). In these systems, the PGT enzyme acts once per OPS chain, rather than once per repeat unit as in the 

Wzy systems. OPS chain-length distribution is still established at the polymerization stage, but two 

fundamentally different approaches have been described, with prototypes provided by the K. pneumoniae 

O2a and E. coli O9a. 

Before discussing specific examples of the ABC transporter-dependent pathway it is important to 

understand their shared features. The OPS structure can be subdivided into these regions based on specific 

steps in biosynthesis. As discussed, OPS biosynthesis is initiated via the addition of an acetamidosugar 

phosphate to und-P generating the primer (often und-PP-GlcpNAc) (Alexander and Valvano, 1994). 

Depending on the OPS one or two glycose residues will then be added forming the adapter. The adapter is 

then elongated by the addition of the repeat-unit domain by one or more polymerizing GTs. In some cases, 

this is the final step while in others the repeat unit domain is capped by a terminal modification which can be 

glycose or non-glycose (Mann et al., 2019b). The corresponding features of the K. pneumoniae O2a and E. 

coli O9a OPS prototypes can be seen in Fig. 1.7. 

The core ABC transporter structure possess two transmembrane domains (TMDs) forming the 

membrane channel, and two nucleotide-binding domains (NBDs) that turnover ATP to drive transport 

(reviewed in (Locher, 2016; Ford and Beis, 2019; Thomas et al., 2020)). Most OPS transporters are formed 

from a complex of two TMD proteins (called Wzm) and two NBDs (Wzt) (reviewed in (Liston et al., 2017)). 

One exception to this is found in Helicobacter pylori where Wzk, a flippase normally involved in protein N-

glycosylation, is the candidate for OPS export (Hug et al., 2010). The structure of the Aquifex 

aeolicus Wzm-Wzt ABC transporter including the carbohydrate-binding module (CBM), which will be 

discussed in further detail below, (Fig. 1.8A) was recently reported. Although the natural substrate of this 

transporter is unknown, it shares similarity with E. coli O9a transporter allowing for development and testing 

of a mechanistic model (Fig. 1.8C). The working model proposes that transport begins with the recognition  
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Fig. 1.7. OPS biosynthesis in the prototype ABC transporter-dependent pathways. (A) Structure of the 
und-PP linked OPS intermediate from K. pneumoniae O2a and E. coli O9a, indicating synthesis enzymes 
and structural regions. (B,D) Cartoon representation of the pathways identifying the major protein classes. K. 
pneumoniae O2a and E. coli O9a are used to illustrate the pathway variants with different strategies for 
establishing OPS chain-length distributions. (C) Conceptual model of the trimeric K. pneumoniae O2a 
polymerase (WbbM), based on the crystal structure of the catalytic domain and predicted organization of the 
unstructured linker (yellow) and membrane-tethering amphipathic helices. The catalytic modules with donor 
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specificity for UDP-Galp (GT8) and UDP-Galf (GT111) are shown in orange and blue, respectively. 
Reprinted with permission (Clarke et al., 2020). (E) Cartoon representation of the polymerization and chain 
termination mechanism from E. coli O9a. The model is based on the crystal structures of the termination 
catalytic modules (Hagelueken et al., 2012b, 2015) and the positioning of the polymerase is predicted from 
biochemical data. Adapted from (Whitfield et al., 2020b). 
 

of the terminal residue of the OPS by the CBM, the OPS lipid anchor then interacts with the channel lined 

with aromatic residues to facilitate CH-π stacking interactions with the sugar rings through which the glycan 

traverses the membrane (Bi et al., 2018). The polymer then moves through the channel by ATP binding and 

hydrolysis and ADP and inorganic phosphate release, in a transport cycle similar to a translocase (like 

cellulose synthase) where an open channel is maintained throughout export. Recent cryo-EM structures 

demonstrated that the ABC transporter can undergo ATP hydrolysis and the subsequent conformational 

changes with a lipid molecule sealing the channel (Fig. 1.8D). Recognition of the OPS by the CBM will 

displace the lipid molecule and allow for OPS transfer to continue. Modelling of the E. coli O9a Wzm-Wzt 

transporter suggests a similar model of transport (Caffalette and Zimmer, 2021). 

1.5 Klebsiella pneumoniae O2a 

The K. pneumoniae O2a OPS biosynthesis pathway is a prototype for one of two known variants of 

ABC transporter-dependent OPS biosynthesis characterized to date (Fig. 1.7B). K. pneumoniae O2a OPS 

biosynthesis is initiated by the WecA mediated addition of a GlcpNAc-1-P residue to the und-P acceptor, 

generating the und-PP-GlcpNAc primer (Clarke et al., 1995). Two GTs (WbbO and WbbN) then form the 

adaptor via addition of sequential Galp and Galf residues to the und-PP-GlcpNAc, directing the primer 

molecule into the OPS biosynthesis pathway (Clarke et al., 2020). The WbbM polymerase then extends the 

OPS by addition of the repeat-unit domain. WbbM is a dual-GT domain protein and the X-ray crystal 

structure revealed it forms homotrimers, where the catalytic domains in each protomer are linked via a 

flexible tether to C-terminal membrane-associating amphipathic helices (Fig. 1.7C) (Clarke et al., 2020). 
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Fig. 1.8. Wzm-Wzt structure and model for the OPS export mechanism. (A) A. aeolicus Wzm-Wzt full-
length structure (PDB 7K2T). The two Wzm protomers are coloured in magenta and purple and the two Wzt 
protomers and corresponding CBMs are coloured in cyan and blue. The gate helix is coloured yellow. (B) 
Cartoon representation of E. coli O9a CBM (PDB# 2R5O, green) superimposed with A. aeolicus (PDB# 
6O14, grey). Both structures possess an immunoglobulin-like fold. (C) Model for transport. The OPS is 
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recruited by the CBM, the OPS is then inserted into the channel. The aromatic residues lining the channel 
hold the glycan in place as ATP binding (white star) and hydrolysis (black star) drives translocation. (D) A 
lipid molecule can plug the channel, in this state ATP hydrolysis continues until OPS recognition by the 
CBM displaces the lipid molecule. 
 

The six catalytic sites in the WbbM trimer are positioned on the same surface and oriented towards the 

membrane, where the und-PP-glycan is anchored. WbbONM interact to form a membrane-associated 

heterocomplex based on bacterial two-hybrid and co-purification experiments (Guan et al., 2001; Kos and 

Whitfield, 2010). Polymerization is terminated by export via the ABC-transporter. In the absence of export, 

the K. pneumoniae O2a chains become much longer than wild type OPS, while overexpression of the 

transporter results in chains with a shorter average size distribution. The mechanistic principles dictating this 

type of regulation have not yet been established (Kos et al., 2009). However, the simplest explanation is that 

an increase in the OPS export components outcompete the synthesis enzymes resulting in early termination. 

This model results in far less stringent quality control of OPS chain length and a wide modal distribution 

(Fig. 1.4) in the resulting LPS. This results in both very long and very short chains being made which, if not 

regulated correctly, can impact pathogenesis as OPS chain length is critical to serum resistance (Whitfield et 

al., 1997). 

1.6 Escherichia coli O9a 

The E. coli O9a serotype serves as the prototype for a second ABC transporter-dependent OPS 

biosynthesis strategy (Fig. 1.7D). In comparison to K. pneumoniae O2a, this system incorporates 

components which impose stricter control over OPS chain-length distribution and these processes are the 

main focus of this thesis research. The O9a antigen is part of a group of related OPS structures shared by E. 

coli, K. pneumoniae, and other bacteria due to horizontal transfer of the genetic loci (Kido et al., 1995). The 

E. coli O8, O9, and O9a OPS are linear homopolymers of mannose (Manp) which differ in linkage and 

number of Manp residues in their repeat-unit (Fig. 1.3) (Saeki et al., 1993; Prehm et al., 1976; Parolis et al., 
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1986). K. pneumoniae O5, O3, and O3a possess identical OPS structures and biosynthesis loci to the afore 

mentioned E. coli structures (Jansson et al., 1985; Rollenske et al., 2018). The majority of research efforts 

have focused on the biosynthesis pathways of the E. coli O9a (K. pneumoniae O3a) OPS. 

Initiation of OPS biosynthesis occurs at the cytoplasmic face of the inner membrane by WecA 

creating the primer region. The E. coli O9a OPS is generated by three mannosyltransferase enzymes, 

WbdBCA. WbdB and WbdC add the initial Manp residues to und-PP-GlcpNAc generating the adaptor 

(Greenfield et al., 2012a). The serotype-specific polymerase, WbdA, then builds the disaccharide repeat-unit 

structure of the OPS onto this acceptor (Greenfield et al., 2012b). The OPS chain is then capped by a 

methyl-phosphate residue added by WbdD, a bifunctional kinase methyltransferase. WbdD possesses a 

single kinase domain, methyltransferase domain, and a recruitment site for WbdA (Fig. 1.7E) (Hagelueken 

et al., 2012a). The WbdD terminator exists as a trimer where the catalytic domains are separated from a 

membrane-associated amphipathic helix by an extended coiled-coil structure (Hagelueken et al., 2012b, 

2015; Clarke et al., 2009). The polymerase (WbdA) and the terminator (WbdD) form a membrane-bound 

complex where WbdA interacts with the non-catalytic membrane-associated region of WbdD. In this 

complex, the membrane bound WbdD is essential for the function of the soluble WbdA, because WbdA is 

not properly localized and OPS biosynthesis does not occur without their interaction (Clarke et al., 2009). 

Integral to this system is a component that acts as a molecular ruler to define OPS chain length 

distribution. This is provided by a coiled-coil structure in WbdD, which oligomerizes WbdD into its trimeric 

structure and seperates the catalytic sites of the terminator from the site of polymerase recruitment and 

membrane attachment (Hagelueken et al., 2015). Coiled-coils are widespread structural motifs involved in 

protein-protein interaction (Mason & Ardnt, 2004). A coiled-coil motif typically consists of two to five α-

helices wrapped around one another, forming a left-handed helical supercoil. Each helix is made of heptad 

repeats, where the sequence of amino acids residues is denoted a-b-c-d-e-f-g. Typically, residues a and d are 
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hydrophobic and are found at the interface of the helices, whereas residues e and g must be charged to form 

interhelical electrostatic interactions. This gives specificity to the helical interaction due to the favourable 

electrostatic interactions of certain residues. The residues at the remaining positions (b, c, and f) are all 

hydrophilic as they will be solvent exposed. Disruptions in the heptad repeat patterns are possible and are 

referred to as stutters or stammers. A stutter is the deletion of three residues and causes underwinding of the 

supercoil, while a stammer is the deletion of four residues, which results in overwinding of the supercoil. 

These distortions of the coiled-coil can terminate the structure or create flexibility in long coiled-coil 

domains (Mason & Ardnt, 2004).  

Using this knowledge of the structural format of coiled-coils, the length of the WbdD coiled-coil was 

experimentally varied (Hagelueken et al., 2015). When the coiled-coil was shortened relative to its wild type 

length it caused a decrease in the size of the resulting LPS. In contrast, increasing the size of the coiled-coil 

caused an increase in the average size of the OPS produced. These experiments directly demonstrate the 

critical role of the coiled-coil region of WbdD as the molecular ruler in determining the chain-length of the 

E. coli O9a OPS. The proposed model for extention can be seen in Fig. 1.7E, where as the polymer grows it 

will extend from the site of polymerization at the membrane eventually reaching the kinase active site of 

WbdD where it is terminated (Hagelueken et al., 2015). The coiled-doil region of WbdD seperates WbdA 

from the active sites of WbdD and therefore the variation in length of this region plays a critical role in OPS 

chain-length distribution (Hagelueken et al., 2015). 

Another factor which contributes to E. coli O9a OPS chain-length regulation is the relative amounts 

of WbdD and WbdA. By experimentally changing the ratio of these proteins the modal distribution could be 

increased or decreased (King, et al., 2014). Overexpression of WbdD results in premature chain termination 

resulting in a decrease in OPS chain-length, while overxpression of WbdA results in increased 

polymerization and therefore longer OPS chain lengths. Using mathematical modelling, King et al. proposed 
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that the distribution of E. coli O9a OPS chain lengths was determined by variable geometry in the WbdA-

WbdD complex arising from different stoichiometry’s, rather than a timing mechanism dictated by relative 

rates of extension or chain termination processes (King, et al., 2014). The WbdD trimer can potentially 

recruit three WbdA proteins however, not all recruitment sites are occupied in every complex. Each possible 

stoichiometry produces OPS chains with distinct, geometrically determined, lengths. Therefore, E. coli O9a 

OPS chain-length is determined both by the spatial separation of the polymerization and termination sites by 

the coiled-coil region, but also the variable geometry of the WbdA-WbdD complex which varies based on 

enzyme concentration (King et al., 2014). 

The final step in O9a OPS biosynthesis is export of the completed OPS chain. The WbdD mediated 

addition of the terminal methyl-phosphate is a critical step in both OPS chain length regulation and export. 

The terminal residue prevents further elongation of the OPS chain (Clarke et al., 2004, 2011) and creates a 

quality control measure which prevents OPS outside the preferred range from reaching the cell surface. The 

terminal residue is recognized by a serotype-specific CBM on the NBD (Wzt) which is required for export 

(Cuthbertson et al., 2005, 2007). 

1.7 Carbohydrate-binding modules and terminal residue chemistry 

In K. pneumoniae O2a, the ABC transporter transports und-PP-linked products with no specificity for 

the glycan substrate and so is capable of exporting polymers with diverse repeat-unit structures (ex. E. coli 

O9a) (Kos et al., 2009). In contrast, ABC transporters from systems that use a chain-termination mechanism, 

such as E. coli O9a, possess an additional CBM that recognizes the terminal part of the glycan as a 

prerequisite for export and does not bind other serotypes (Cuthbertson et al., 2007; Mann et al., 2019a). 

Mutants with no CBM do not export OPS and so none is found on the cell surface (Cuthbertson et al., 2007). 

Therefore, the CBM ensures the chain-length determination imparted during assembly is carried through to 

the final product on the cell surface. 
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The E. coli O9a CBM (Fig. 1.8B) possesses an immunoglobulin-like fold and is a type C CBM 

which are involved in terminal unit binding (Cuthbertson et al., 2007). The K. pneumoniae O12 and A. 

aeolicus CBMs have also been structurally characterized and possess similar immunoglobulin-like folds to 

the E. coli O9a prototype, but the mode of binding varies in E. coli O9a and K. pneumoniae O12 (Mann et 

al., 2016; Bi and Zimmer, 2020). Exchange of the CBM can confer new specificity on the transporter 

indicating the CBM is the sole reason for specificity in the ABC transporter (Cuthbertson et al., 2005). The 

CBM is thought to increase the local concentration of substrate near the entrance into the transporter but the 

presence of the CBM also significantly increases the ability of the transporter to turn over ATP in vitro, so 

its functional role is more complex than simple substrate recognition (Bi et al., 2018). 

Currently the majority of known examples of a terminal residue recognized by an ABC transporter 

CBM use a single terminal residue. For example, E. coli O8/K. pneumoniae O5 use only a methyl group 

(Jansson et al., 1985), while K. pneumoniae O12 and O4 use single sugar residues (Vinogradov et al., 2002). 

In the case of E. coli O9/O9a and K. pneumoniae O3/O3a and O7, the terminal residue consists of a 

phosphate and a methyl group (Vinogradov et al., 2002; Clarke et al., 2011). It was found in this case that 

the phosphate was sufficient for chain termination and chain-length regulation, while the methyl group was 

necessary for CBM recognition and initiation of export (Mann et al., 2019a). 

The prototypical terminated glycan pathway consists of a chain terminating enzyme possessing a 

coiled-coil molecular ruler and an ABC transporter with a CBM. Mann et al., took advantage of this 

knowledge to design a bioinformatics strategy to identify candidates with similar biosynthetic strategies. 

They explored sequence databases, by looking for wzt genes encoding NBDs with putative CBMs in close 

proximity to GTs or sugar nucleotide synthesis genes (Mann et al., 2019b). The open reading frames 

surrounding wzt were examined to predict the presence of a coiled-coil-containing protein and tentatively 

assign the putative function of each domain in those proteins. This study by Mann et al., revealed the 
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potential for substantial chemical diversity in glycose and non-glycose chain terminating residues; these 

include methyl groups, sulfate, pyruvate, carbamate, and phosphate, and multiple types of sugar residues 

(Mann et al., 2019b). This suggests that Wzm-Wzt exporters possessing CBMs can accommodate a wide 

range of terminator structures and biosynthesis/chain regulation strategies (Mann et al., 2019b). In addition, 

many multidomain modular proteins were identified. This thesis research will investigate two examples of 

modular proteins with different formats, which may participate in chain polymerization and termination. 

1.8 Hypothesis and aims 

K. pneumoniae infections have emerged as a serious health concern due to the emergence of multi-

drug resistant strains. Immunotherapeutic strategies offer a potential solution to combat such infections 

specifically glycoengineered bioconjugate vaccines or the use of antibodies directed at K. pneumoniae 

lipopolysaccharide OPS (Rollenske et al., 2018; Opoku-Temeng et al., 2019; Pennini et al., 2017). In order 

to further this avenue of treatment a complete understanding of OPS biosynthesis mechanisms is necessary. 

K. pneumoniae provides an ideal candidate for study as a model system for OPS biosynthesis and has 

already contributed critical insights. The K. pneumoniae pathways which will be examined in this thesis 

research possess novel enzymes with varying organizations of catalytic domains, providing avenues for 

further understanding of guiding principles. This thesis research focuses on three previously unstudied O 

serotypes; K. pneumoniae serotype O4, O7, and O12 to address unresolved questions about polymerization 

and regulation of OPS chain-length distribution. My overarching hypothesis is that all three of these O 

serotypes employ a coiled-coil molecular ruler, which is integrated into the synthesis machinery in different 

ways. The aim of this thesis research is therefore to characterize the polymerizing and terminating enzymes 

in all three biosynthesis pathways and expand our understanding of coiled-coils as molecular rulers. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Bacterial strains and growth conditions 
 

The bacterial strains (Table 2.1) used in this study were grown in lysogeny broth (LB) (Invitrogen) at 

37°C. LB was supplemented with L-arabinose (0.02%, w/v), isopropyl-β-D-1-thiogalactoside (IPTG; 1mM 

or 0.3mM, as indicated), ampicillin (100µg/ml), anhydrotetracycline (2.5µg/ml), chloramphenicol 

(34µg/ml), or kanamycin (50µg/ml) as required. 

 

Table 2.1. Bacterial strains 

Strain Description Source or Reference 
E. coli BL21 (DE3) B F- dcm ompT hsdS(rB- mB-) gal 

[malB+]K-12 (λS) 
Novagen 

Top10 F-, mcrA ∆(mrr-hsdRMS-mcrBC) φ80, 
lacZΔM15, ΔlacX74, deoR, nupG, 
recA1, araD139, Δ(ara-leu)7697, 
galU, galK, rpsL(Strr), endA1 

Invitrogen 

CWG1219 Top10 Δwzx-wbbK, ΔgtrA (Mann et al., 2015) 
DW382 CWG1219 GalE+ This study 
DH5α K -12 F – j80lacZDM15 D (lacZYA -

argF) U169 deoR recA1 endA1 
hsdR17 (r k–, m k+) gal– phoA supE44 
thi – gyrA96 relA1 

(Bethesda Research 
Laboratories, 1986) 

Tuc01 W3110 gal490 pglΔ8 λcI857 Δ(cro-
bioA) int<>cat-sacB 

(Thomason et al., 2014) 

G342 E. coli K-12 thr-1 leuB6 D (gpt-
proA)66 hisG4 argE3 thi-1 rfbD1 
lacY1 ara-14 galK2 xyl-5 mtl-1 mgl-51 
rpsL31 kdgK51 supE44 

(Meier-Dieter et al., 1992) 

G343 E. coli K-12 thr-1 leuB6 D (gpt-
proA066 hisG4 argE3 thi-1 rfbD1 
lacY1 ara-14 galK2 xyl-5 mtl-1 mgl-51 
rpsL31 kdgK51 supE44 
rfe(wecA)::Tn10-48 

(Meier-Dieter et al., 1992) 

G464 K. pneumoniae O4:K42- M. Trautmann 
G365 K. pneumoniae O7:K1 M. Trautmann 
R. terrigena Spontaneous K- mutant of an 

environmental isolate 
(Mertens et al., 2010) 
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2.2 DNA Methods 

2.2.1 Cloning 

Oligonucleotide primers were obtained from Sigma or Integrated DNA Technologies. They were 

designed containing restriction sites and sequences encoding epitope tags as necessary, specific features of 

each primer can be found in Table A1.1. Plasmid and chromosomal DNA was obtained using the PureLink 

Plasmid Purification Kit (Invitrogen) or GeneJET Plasmid Purification Kit (ThermoFisher) and PureLink 

Genomic DNA Mini Kits (Invitrogen), respectively. PCR amplification of DNA fragments was performed 

using KOD DNA polymerase (Novagen). DNA fragments were purified using PureLink PCR Purification 

Kit (Invitrogen) or GeneJET PCR Purification Kit (ThermoFisher). Restriction endonucleases (Invitrogen 

and NEB) and T4 DNA ligase (NEB) were used according to manufacturer’s instructions. The DNA 

fragments cloned in all recombinant plasmids (Table 2.2) were sequenced by the Genomics Facility of the 

Advanced Analysis Center and the University of Guelph. 

Recombinant plasmids containing the complete or partial K. pneumoniae O4 or K. pneumoniae O7 

OPS biosynthesis cluster (Table 2.2) were constructed by cloning PCR fragments into pWQ573 and 

PACYC184 vectors by Gibson Assembly (NEB). In summary, pWQ573 or pACYC184 were digested with 

NheI and SpeI or NheI and BamHI (NEB) restriction endonucleases, respectively. The PCR fragments were 

then incorporated downstream of the pBAD promoter for pWQ573 or within the Tcr cassette for pACYC184, 

by homologous recombination, mediated by primer sequences homologous to DNA flanking the restriction 

sites in the vector. Restriction sites were retained in the recombinant plasmid. 

2.2.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed using complimentary oligonucleotide primers containing 

the desired mutation, following the general strategy described by Makarova et al. (Makarova et al., 2000), or 

the Q5 site-directed mutagenesis kit (New England Biolabs). 



 
 

30 
 

Table 2.2. Plasmids used in this study. 

Plasmid Description Source or Reference 
pKM114 a pMBL19 derivative containing the 10.3-kb R. 

terrigena wb* gene cluster 
(Mertens et al., 2010) 

pWQ573 Plasmid vector with L-arabinose-inducible promoter; 
Cmr 

(Greenfield et al., 
2012b) 

pWQ552 Plasmid vector with tetracycline -inducible promoter; 
Ampr 

(Willis and Whitfield, 
2013) 

pET28a(+) Plasmid vector with IPTG-inducible promoter; Kanr Novagen 
pET30a(+) Plasmid vector with IPTG-inducible promoter; Kanr Novagen 
pBAD24 Plasmid vector with L-arabinose-inducible promoter; 

Ampr 
(Guzman et al., 1995) 

pACYC184 Plasmid vector; Cmr, Tcr (Chang and Cohen, 
1978) 

pBAD18-
Kan 

Plasmid vector with L-arabinose-inducible promoter; 
Kanr 

(Guzman et al., 1995) 

pWQ719 pWQ573 derivative encoding WbbB-FLAG from 
Raoultella terrigena; Cmr 

(Williams et al., 2017) 

pWQ673 pWQ552 derivative encoding WbbL-Wzm-Wzt from R. 
terrigena; Ampr 

(Williams et al., 2017) 

pWQ672 pWQ552 derivative encoding WbbL-Wzm-Wzt-WbbB 
from R. terrigena; Ampr 

(Williams et al., 2017) 

pWQ698 pWQ573 derivative encoding His6-WbbB504-1106; Cmr (Williams et al., 2017) 
pWQ701 pWQ573 derivative encoding His6-WbbB402-1106; Cmr (Williams et al., 2017) 
pWQ702 pWQ573 derivative encoding His6-WbbB1-401; Cmr (Williams et al., 2017) 
pWQ676 pWQ552 derivative encoding WbbL-Wzm from R. 

terrigena, Ampr 
(Williams et al., 2017) 

pWQ677 pWQ552 derivative encoding WbbL-Wzm-WbbB from 
R. terrigena, Ampr 

(Williams et al., 2017) 

pRmlB2 pET30a(+) derivative encoding His6-RmlB from 
Salmonella enterica; Kanr 

(Graninger et al., 1999) 

pRmlC3 pET30a(+) derivative encoding His6-RmlC from S. 
enterica; Kanr 

(Graninger et al., 1999) 

pRmlD2 pET30a(+) derivative encoding His6-RmlD from S. 
enterica; Kanr 

(Graninger et al., 1999) 

pWQ867 pET28a(+) derivative encoding His6-WbbB504-1106; Kanr (Williams et al., 2017) 
pWQ868 pWQ719 derivative encoding WbbB-FLAG with native 

coiled-coil domain (6,6) and introduced NotI and KpnI 
restriction sites; Cmr 

(Williams et al., 2017) 

pWQ869 pWQ868 derivative encoding WbbB-FLAG with altered 
coiled-coil domain (2,6); Cmr 

(Williams et al., 2017) 

pWQ870 pWQ868 derivative encoding WbbB-FLAG with altered 
coiled-coil domain (6,2); Cmr 

(Williams et al., 2017) 

pWQ871 pWQ868 derivative encoding WbbB-FLAG with altered (Williams et al., 2017) 
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coiled-coil domain (10,6); Cmr 
pWQ872 pWQ868 derivative encoding WbbB-FLAG with altered 

coiled-coil domain (6,10); Cmr 
(Williams et al., 2017) 

pWQ873 pWQ868 derivative encoding WbbB-FLAG with altered 
coiled-coil domain (2,2); Cmr 

(Williams et al., 2017) 

pWQ874 pWQ719 derivative encoding WbbB-FLAG with altered 
coiled-coil domain (12,0); Cmr 

(Williams et al., 2017) 

pWQ875 pWQ719 derivative encoding WbbB-FLAG (0,0) with 
the region encompassing the entire coiled-coil domain 
(residues 402 to 539) removed; Cmr 

(Williams et al., 2017) 

pWQ677 pWQ552 derivative encoding WbbL-Wzm-WbbB from 
R. terrigena; Ampr 

(Williams et al., 2017) 

pWQ876 pWQ719 derivative encoding WbbB-FLAG with altered 
coiled-coil domain (10,10); Cmr 

(Williams et al., 2017) 

pWQ877 pET28a(+) derivative encoding His6-
WbbBR738AR739AK740A; Kanr 

(Williams et al., 2017) 

pWQ878 pET28a(+) derivative encoding His6-WbbB576-871; Kanr (Williams et al., 2017) 
pDW444 pET28a(+) derivative encoding ORF6O7-766-1415 ; Kanr This Study 
pWQ1069 pBAD24 derivative encoding ORF7O7-His6 ; Ampr (Kelly et al., 2022) 
pDW480 pET28a(+) derivative encoding ORF6O7-AXD ; Kanr This Study 
pDW445 pET28a(+) derivative encoding ORF6O7-AXAA ; Kanr This Study 
pDW431 pET28a(+) derivative encoding His6-ORF6O7- 1-554; Kanr This Study 
pDW447 pET28a(+) derivative encoding His6-ORF6O7- G91AG93A; 

Kanr 
This Study 

pDW514 pET28a(+) derivative encoding His6-ORF6O7-D441A; Kanr This Study 
pDW513 pET28a(+) derivative encoding His6-ORF6O7-N445A; Kanr This Study 
pDW511 pET28a(+) derivative encoding His6-ORF6O7-D459A; Kanr This Study 
pDW528 pET28a(+) derivative encoding His6-ORF6O7-E461A; Kanr This Study 
pDW532 pACYC184 derivative encoding the K. pneumoniae O7 

OPS biosynthesis cluster; Cmr 
This Study 

pDW490 pACYC184 derivative encoding the K. pneumoniae O7 
OPS biosynthesis cluster with a deletion of orf6O7; Cmr 

This Study 

pDW419 pBAD24 derivative encoding ORF6O7-His6; Ampr This Study 
pDW496 pBAD24 derivative encoding ORF6O7-His6 with a 

deletion of amino acids 710-786; Ampr 
This Study 

pDW509 pBAD24 derivative encoding ORF6O7-His6 with a 
deletion of amino acids 734-765; Ampr 

This Study 

pDW540 pACYC184 derivative encoding WztO4; Cmr  This Study 
pDW188 pWQ573 derivative encoding the K. pneumoniae O4 

OPS biosynthesis cluster; Cmr 
This Study 

pDW277 pWQ573 derivative encoding the K. pneumoniae O4 
OPS biosynthesis cluster with a deletion of the CBM of 

This Study 
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WztO4 (amino acids 306-451); Cmr 
pDW329 pWQ552 derivative encoding the WztO4 CBM (amino 

acids 306-451); Ampr 
This Study 

pDW258 pWQ573 derivative encoding the K. pneumoniae O4 
OPS biosynthesis cluster with a deletion of orf10O4; Cmr 

This Study 

pDW251 pWQ573 derivative encoding the K. pneumoniae O4 
OPS biosynthesis cluster with a deletion of orf6O4; Cmr 

This Study 

pDW439 pET28a(+) derivative encoding ORF6O4-His6; Kanr This Study 
pDW221 pET28a(+) derivative encoding ORF5O4-His6; Kanr This Study 
pDW225 pWQ573 derivative encoding the K. pneumoniae O4 

OPS biosynthesis cluster with a deletion of orf7O4; Cmr 
This Study 

pDW330 pWQ552 derivative encoding His6-ORF7O4; Ampr This Study 
pDW306 pET28a(+) derivative encoding His6-ORF7O4; Kanr This Study 
pDW368 pET28a(+) derivative encoding His6-ORF7O4-1-498; Kanr This Study 
pDW326 pET28a(+) derivative encoding His6-ORF7O4-1-405; Kanr This Study 
pDW370 pET28a(+) derivative encoding His6-ORF7O4-1-329; Kanr This Study 
pDW350 pBAD18-Kan derivative encoding His6-ORF7O4-1-692; 

Kanr 
This Study 

pDW351 pBAD18-Kan derivative encoding His6-ORF7O4-1-678; 
Kanr 

This Study 

pDW352 pBAD18-Kan derivative encoding His6-ORF7O4-1-664; 
Kanr 

This Study 

pDW353 pBAD18-Kan derivative encoding His6-ORF7O4-1-636; 
Kanr 

This Study 

pDW354 pBAD18-Kan derivative encoding His6-ORF7O4-1-620; 
Kanr 

This Study 

pKD4 Source of kanamycin resistance cassette; Kanr (Datsenko and Wanner, 
2000) 

pSIM5 λ-red recombinase helper plasmid, temperature sensitive 
replicon; Ampr 

(Datsenko and Wanner, 
2000) 

 

2.2.3 λ-red mutagenesis  

The inactive GalES123F in E. coli CWG1219 was deleted and replaced with active GalE to generate E. 

coli DW382 using a 2-step λ-red recombination approach (Datsenko and Wanner, 2000). The dual-selection 

cassette, cat-sacB, contains the chloramphenicol resistance cassette and encodes SacB, which confers 

sucrose sensitivity (Reyrat et al., 1998). The cassette was amplified from Tuc01 genomic DNA using 

oligonucleotide primers containing 60 nucleotides homologous to sequence flanking GalES123F (Table A1.1). 
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Electrocompetent cells of E. coli CWG1219 containing pSIM5 (Datta et al., 2006) were transformed with 

the linear PCR product and, after recovery for 1.5h at 30°C and 2h at 37°C without aeration, recombinant 

clones were selected by growth on LB agar containing 15µg/ml chloramphenicol and the inability to grow 

on 6% w/v L-sucrose. The cat-sacB cassette was then replaced with the functional GalE using a fragment 

amplified with oligonucleotide primers containing 60 nucleotides of homologous sequence flanking the cat-

sacB cassette. Recombinant clones were selected for loss of cat-sacB by the absence of growth on LB agar 

containing 15µg/ml chloramphenicol and the ability to grow on 6% w/v L-sucrose. Each λ-red step was 

validated using a PCR-based approach to confirm the change in size of the cat-sacB and GalE inserts, PCR 

products were then sequenced to further confirm appropriate insertion. 

Deletion of orf7O4 or wztO4 from K. pneumoniae O4 G464 was also performed using the λ-red 

recombination system. The kanr cassette was amplified from pKD4 using oligonucleotide primers containing 

60 nucleotides of homologous sequence flanking the desired deletion. Recombinant clones were selected by 

growth on LB agar containing 25µg/ml kanamycin. Sensitivity to chloramphenicol indicated loss of the 

pSIM5 plasmid. The correct deletion was confirmed by PCR-amplification reactions using primers with 

sequences located outside the deleted region and subsequent sequencing of these PCR products. 

2.3 Protein methods 

2.3.1 SDS-PAGE 

For protein purity analysis cells were resuspended in SDS-PAGE loading buffer and heated at 100°C 

for 10 min. Samples were then separated by SDS-PAGE using 10% acrylamide resolving gels in Tris-

glycine buffer (Laemmli, 1970). Protein was detected by SimplyBlue SafeStain (Life Technologies). 

2.3.2 Western immunoblotting 

For Western immunoblotting analysis of protein expression, separated proteins were transferred to 

nitrocellulose membranes (Amersham Protran, 0.45µm). Western immunoblots were probed with mouse 
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anti-FLAG (Sigma, diluted 1:3000) or mouse anti-His5 (Qiagen, diluted 1:3000) antibodies. The secondary 

antibody was horseradish peroxidase-conjugated goat anti-mouse antibody (Cedarlane, diluted 1:3000). 

Protein immunoblots were developed using Luminita Crescendo chemiluminescent substrate (EMD 

Millipore) and visualized using a ChemiDoc (Bio-Rad). For protein localization; samples from the whole 

cell lysate, the pellet, and supernatant fractions of the 12,000×g and 100,000×g spins were taken and 

analyzed using Western immunoblotting. 

2.3.3 LPS visualization 

LPS and und-PP-linked OPS profiles were examined by silver-stained SDS-PAGE and Western 

immunoblotting. A 5mL culture of each transformant was grown overnight at 37°C in LB media containing 

the necessary antibiotic(s). The cultures were then diluted 1:100 into 5mL of fresh media and grown at 37°C 

until an A600nm of 0.6-0.7 was reached. Protein expression was then induced where required. The cultures 

were then grown for 4h at 37°C. Cells were collected from a culture volume equivalent to 1 A600 unit by 

centrifugation (12,000×g for 5min) and resuspended in SDS-PAGE loading buffer. Samples were then 

heated to 100°C for 10min and treated with proteinase K (Hitchcock and Brown, 1983). These whole cell 

lysate samples were then separated by SDS-PAGE on a 12% or 15% acrylamide resolving gel and LPS was 

visualized using silver staining (Tsai and Frasch, 1982). Separated LPS molecules were transferred to 

nitrocellulose membranes and probed with rabbit antiserum specific to K. pneumoniae OPS structures 

(Ovchinnikova et al., 2016). Detection was performed using alkaline phosphatase-conjugated goat anti-

rabbit secondary antibody (Cedarlane) and nitrobluetetrazolium with 5-bromo-4-chloro-3-indolyl phosphate. 

2.3.4 Protein overproduction and purification 

All recombinant His6-tagged proteins were transformed into E. coli BL21 (DE3) or Top10 as 

indicated Table 2.3. Overnight cultures of transformants containing the appropriate plasmids (Table 2.2) 

were used to inoculate 0.5-1L of LB medium at a 1:100 dilution. Cultures were grown and recombinant 
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protein expression was induced as indicated in Table 2.3. Cells were collected by centrifugation (5,000×g 

for 10 min), the cell pellet was resuspended in 25mL of resuspension buffer (Table 2.3) with Complete Mini 

EDTA-free protease inhibitor tablets (Roche Applied Science). The cells were lysed as indicated (Table 2.3) 

and subsequent centrifugation steps (5,000×g for 10 min; 12,000×g for 20 min) were used to remove 

unbroken cells, large debris, and inclusion bodies. The resulting cell-free lysate was centrifuged at 

100,000×g for 1h at 4°C to remove membranes. Proteins were detected in these fractions using Western 

immunoblotting. The soluble proteins were purified from the supernatant using a 2mL Ni2+-affinity column, 

with the exception of ORF6O7-1-544 and its site-directed variants, where the supernatant of the 100,000×g spin 

was used. However, for the insoluble ORF7O4, the membranes from the 100,000×g centrifugation step were 

resuspended in 10mL of resuspension buffer (Table 2.3) containing 0.1% N,N-dimethyldodecylamine-1-

amine N-oxide (LDAO) and incubated overnight at 4°C with agitation. Insoluble material was removed by 

centrifugation at 100,000×g for 1h at 4°C. The solubilized proteins were purified from the supernatant using 

a 2mL Ni2+-affinity column. 

The specific conditions for purification of each of the proteins are summarized in Table 2.3. The 

column was conditioned with ten column volumes of resuspension buffer. The sample was then applied to 

the column followed by washes with ten column volumes of the resuspension buffer containing the indicated 

imidazole concentration (Table 2.3). The protein was then eluted using ten column volumes of elution 

buffer. Protein purity was assessed using SDS-PAGE with SimplyBlue SafeStain (Life Technologies). 

Protein-containing fractions were pooled, and the buffer was exchanged using a PD10 desalting column (GE 

Healthcare) into the indicated buffer (Table 2.3). Where necessary, the samples were concentrated using a 

3,000 or 30,000 molecular weight cut-off (MWCO) Vivaspin filtration unit (Sartorius Biolab Products). 

Protein concentrations were estimated from A280nm values using theoretical extinction coefficients predicted 

by the ExPASy ProtParam tool (https://web.expasy.org/protparam/).  
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Table 2.3. Protein purification methods. 

Protein Strain Resuspension 
Buffer 

Growth 
Conditions 

Induction Lysis Method  Membrane 
Solubilization 
Buffer 

Purification 
Washes 

Elution Buffer  
Exchange 

WbbB540-

1106 

(and site 
directed 
variant) 
 

BL21 
(DE3) 

0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

37°C to A600 
of 0.3, 20°C 
to A600 of 
0.6 

1mM 
IPTG 

Ultrasonication - 20mM, 
50mM, 
75mM 
imidazole 

250mM 0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

WbbB576-

871 

 

BL21 
(DE3) 

0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

37°C to A600 
of 0.3, 20°C 
to A600 of 
0.6 

1mM 
IPTG 

Ultrasonication - 20mM, 
50mM, 
75mM 
imidazole 

250mM 0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

ORF6O7-

766-1415 

(and site-
directed 
variants) 
 

BL21 
(DE3) 

0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.3mM 
IPTG 

Ultrasonication - 20mM, 
50mM, 
imidazole 

250mM 0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

ORF5O4 
 
 

BL21 
(DE3) 

0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.3mM 
IPTG 

Ultrasonication - 20mM, 
50mM, 
imidazole 

250mM 0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

ORF6O4 
 

BL21 
(DE3) 

0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.3mM 
IPTG 

Ultrasonication - 20mM, 
50mM, 
imidazole 

250mM 0.1M sodium 
phosphate, 
250mM NaCl, 
pH 7.4 

ORF6O7-1-

544 

(and site- 
directed 
variants) 
 

BL21 
(DE3) 

20mM Tris-
Cl, 500mM 
NaCl, pH 8 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.3mM 
IPTG 

Ultrasonication - - - - 

ORF7O7 
 

Top10 50mM Tris-
Cl 500mM 
NaCl, pH 7.5 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.2% L-
arabinose 

Emulsiflex-C3 - 10mM 
imidazole 

300mM 50mM Tris-Cl 
150mM NaCl, 
pH 7.5 

ORF7O4 BL21 
(DE3) 

20mM Tris-
Cl, 500mM 
NaCl, pH 8 

37°C to A600 
of 0.3, 18°C 
to A600 of 
0.6 

0.3mM 
IPTG 

Ultrasonication 20mM Tris-Cl, 
500mM NaCl, 
pH 8, 0.1% 
LDAO 

20mM, 
40mM, 
imidazole 

250mM 20mM Tris-Cl, 
500mM NaCl, 
pH 8 

2.4 In vitro glycosyltransferase activity reactions 

2.4.1 dTDP-Rhamnose synthesis 

Synthesis of dTDP-L-rhamnose was performed essentially as previously described (Graninger et al., 

1999). Briefly, a 5mL reaction contained 20μmol of dTDP-D-glucopyranose, 1μmol of NAD+, 100μmol of 

ammonium formate, 250µg/mL each of purified RmlB, RmlC and RmlD (Graninger et al., 1999), and 3.5 
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units of formate dehydrogenase from Candida boidinii (Sigma) in buffer E (0.1 M Tris-HCl, pH 7.0). After 

reaction for 2h at 37°C, proteins were removed by ultrafiltration in a 3,000 MWCO Vivaspin filtration unit 

(Sartorius Biolab Products). dTDP-L-Rhap production was confirmed using an Agilent LC-UHD Q-TOF 

instrument, operated in negative mode, in the Mass Spectrometry Facility at the University of Guelph 

Advanced Analysis Centre. The mass spectrum revealed a single major peak at m/z 547.07 (Fig. 2.1), which 

is the expected mass for dTDP-L-Rhap. Since the reaction resulted in essentially quantitative conversion of 

substrate to product, the protein-free reaction mixture was used without further purification in GT assays. 

 

 

 

 

Fig. 2.1. Mass spectrometry of dTDP-Rhap synthesis reaction. 

2.4.2 In vitro WbbB glycosyltransferase activity reactions 

Two synthetic oligosaccharide acceptors (acceptor A and B) carrying a fluorescein moiety for 

detection were used as acceptor substrates to determine GT functions. Acceptor A (α-Rhap-(1 →3)-β-

GlcpNAc-Octyl-Fluorescein) is the acceptor for the N-acetylglucosaminyltransferase, while acceptor B (β-

GlcpNAc-(1→4)-α-Rhap-(1 →3)-β-GlcpNAc-Octyl-Fluorescein) is the acceptor for the 

rhamnosyltransferase. Reactions were performed in 20µl reaction volumes of buffer A (50mM HEPES, 

30mM MgCl2, pH 7.5), containing 10µg enzyme (purified WbbB576-871 or WbbB540-1106), 0.2mM acceptor 
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and 5mM UDP-GlcpNAc and/or dTDP-L-Rhap. Reaction mixtures were incubated at 37°C for 30min. A 1µl 

aliquot from each reaction mixture was then spotted on an aluminum foil silica gel 60 F254 thin-layer 

chromatography (TLC) plate (EDM Millipore). TLC plates were developed with ethyl acetate/water/1-

butanol/acetic acid (5:4:4:2.5) and fluorescent reaction products were detected with a hand-held UV lamp. 

2.4.3 In vitro activities of ORF6O7-766-1415 and ORF7O7 

Two synthetic oligosaccharide acceptors (acceptor C and D) carrying a methoxybenzamide (MB) 

moiety for detection were used as acceptor substrates to determine GT functions. Acceptor C (β-Ribf-

(1 →3)-α-Rhap-(1 →3)-α-Rhap-MB) and acceptor D (α-Rhap-(1 →2)-β-Ribf-(1 →3)-α-Rhap-(1 →3)-α-

Rhap-MB) represent a partial and full repeat-unit of the K. pneumoniae O7 OPS, respectively. They act as 

acceptors for the polymerizing rhamnosyltransferases and phosphoribosyltransferase (ORF6O7-766-1415 and 

ORF7O7). Reactions were performed in 20µl reaction volumes of buffer A, containing 10µg enzyme, 0.2mM 

acceptor C or D and 0.6mM dTDP-Rhap (for single Rhap addition), or 1.6mM dTDP-Rhap (for 

polymerization), and/or 5mM 5′-phospho-D-ribosyl-α-1-diphosphate (PRPP). Reaction mixtures were 

incubated at 30°C for 1h. A 3µl aliquot from each reaction mixture was then spotted on a TLC plate and 

developed with ethyl acetate/water/1-butanol/acetic acid (5:4:8:2.5) and fluorescent substrates and products 

were detected as described previously. The product of GT2-N (ORF6O7-AXD) was purified on a PD-10 

Sephadex G-25 column (Cytiva) and used in further reactions identical to those indicated above. 

2.4.4 In vitro activities of ORF6O7-1-554  

Acceptor E (carrying a MB moiety) was used to analyze GT activities. Acceptor E (α-Rhap-(1 →3)-

α-Rhap-MB) which represent a partial repeat-unit of the K. pneumoniae O7 OPS is the acceptor for the 

terminating kinase and methyltransferase present at the N-terminal of ORF6O7. Reactions were performed in 

20µl reaction volumes of buffer A, 0.2mM acceptor E, 5mM ATP, 5mM S-adenosyl methionine (SAM) and 
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10μg of protein from the supernatant after the 100,000×g spin. The total protein concentration of the 

supernatant fraction was measured using the DC protein assay (Bio-Rad). 

2.4.5 In vitro activities of ORF6O4 and ORF5O4  

Two synthetic oligosaccharide acceptors (acceptor F and G) carrying a MB moiety for detection were 

used to determine GT functions. Acceptor F (α-Galp(1→2)-β-Ribf-MB) is the acceptor for the 

phosphoribosyltransferase (ORF5O4), while Acceptor D (β-Ribf(1→4)-α-Galp-MB) is the acceptor for the 

galactosyltransferase (ORF6O4). Reactions were performed in 20µl reaction volumes of buffer A, containing 

10µg enzyme (ORF6O4 and/or ORF5O4), 0.2mM acceptor and 5mM UDP-Galp and/or PRPP. Reactions were 

incubated at 30°C 1h. Reactions were checked by TLC as previously described for WbbB. 

2.4.6 In vitro activity of ORF7O4 

A single synthetic oligosaccharide acceptor (acceptor F) carrying a MB moiety for detection was 

used to examine GT function. Acceptor F (α-Galp(1→2)-β-Ribf-MB) is the acceptor for ORF7O4. Reactions 

were performed in 20µl reaction volumes of buffer A, 0.2mM acceptor, 2mM Kdo, 2mM CTP, 2µg E. coli 

KdsB and 10μg of protein from the pellet fraction after the 100,000×g spin or detergent extracted ORF7O4 

were added to the reactions. The total protein concentration of the pellet fraction after the 100,000×g spin 

was measured using the DC protein assay (Bio-Rad). Reaction mixtures were incubated at 30°C for 1h. 

Reactions were checked by TLC as previously described for WbbB. 

2.4.7 In vitro activity of ORF7O4 whole cell lysates 

ORF7O4 constructs were expressed in E. coli BL21 (DE3). Overnight cultures were used to inoculate 

5mL of LB medium at a 1:100 dilution. Cultures were grown at 37°C until an A600nm of 0.3, the cultures 

were then transferred to 18°C and grown to an A600nm of 0.6.  Expression of the recombinant protein was 

induced by adding 0.3mM of IPTG. The cultures were grown for a further 16h at 18°C. Cells were harvested 
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by centrifugation at 5,000×g for 5min. The cell pellet was resuspended in 400µL of buffer B (20mM Tris-Cl, 

500mM NaCl, pH 8) supplemented with Complete mini EDTA-free protease inhibitors (Roche Applied 

Science). The cells were lysed by ultrasonication, and in vitro reactions were performed in 20µL volumes at 

30°C for 1h. The reaction contained buffer A, 0.2mM acceptor F, 2mM Kdo, 2mM CTP, 2µg E. coli KdsB 

and 10µl of each ORF7O4-derivative lysate. Reactions were checked by TLC as previously described for 

WbbB. 

2.4.8 Structural analysis of reaction products 

Mass spectra of the reaction products were obtained in the University of Guelph Advanced Analysis 

Centre, using an Agilent LC-UHD Q-TOF instrument operated in positive mode or negative mode for 

methyl phosphate or phosphate addition. For WbbB polymerized product, a Bruker AmaZon SL LC-MSn in 

positive mode, using UV detection at 437 nm was used.  

2.5 Generation of rabbit polyclonal O4 LPS specific antibodies 

A capsule-deficient K. pneumoniae O4 strain (G464) was used. A 5mL culture was grown overnight, 

diluted 1:50 into 100mL of fresh LB medium, and grown at 37°C for 5h. Cells were harvested by 

centrifugation at 5,000×g for 10min. The resulting cell pellet was washed twice in 20mL of 0.85% (w/v) 

NaCl. The final cell pellet was resuspended in 10mL 0.6% (v/v) formaldehyde in 0.85% (w/v) NaCl. The 

cell suspension was then incubated at room temperature for 48h. To ensure no viable cells remained, 100µl 

of cell suspension was plated onto LB agar and 50µl was added to 5mL of LB broth. If no growth was 

observed the cell suspension was centrifuged at 5,000×g for 10min. The resulting pellet was washed twice in 

20mL of 0.85% (w/v) NaCl. The final cell pellet was resuspended in 0.85% (w/v) NaCl to give an OD600 of 

0.85 (~108 cells/mL). The cell suspension was mixed 1:1 with Freund’s Incomplete Adjuvant (Sigma) prior 

to injection into a New Zealand White rabbit by the Animal Care Facility at the University of Guelph. The 

rabbit was injected with 250µl of cell mixture on days 1, 14, and 28. On day 29, the rabbit was terminally 
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bled, and the blood was collected. The blood was rocked for 2h at room temperature to allow clot formation 

and the serum was separated by centrifugation at 3,000×g for 10min. The serum was stored in aliquots at -

80°C. 

2.6 Construction and functional analysis of coiled-coil variants 

WbbB coiled-coil variants were generated using primers to introduce silent NotI and KpnI restriction 

sites flanking the region of the DNA which encodes the coiled-coil of WbbB-FLAG in pWQ719, resulting in 

plasmid pWQ868. These restriction sites allowed for the replacement of the coiled-coil-encoding region with 

synthetically encoded variants from GeneArt (Life Technologies). The synthetic plasmids carrying the 

coiled-coil variants (2,6), (6,2), (10,6), and (10,10) were transformed into Top10. Overnight cultures were 

grown of each transformant, and the plasmid was purified. The plasmids carrying each variant were digested 

with NotI and KpnI, the digestions were run on an agarose gel and the insert was extracted and purified using 

PureLink Gel Extraction Kit (Invitrogen). The inserts were ligated into pWQ868 which had been digested 

with NotI and KpnI and purified. The (12,0), (2,2), (6,10) and (0,0) variants were generated using primers 

which removed the desired regions following methods which have been previously described (Makarova et 

al., 2000). Each coiled-coil variant plasmid encoding WbbB was co-transformed with pWQ673 (wbbL-wzm-

wzt) or pWQ676 (wbbL-wzm) into CWG1219. The ORF6O7 coiled-coil variants were constructed using the 

Q5 site-directed mutagenesis kit (New England Biolabs). Each plasmid encoding the ORF7O4 variants was 

then transformed with pDW490, which contains the K. pneumoniae O4 cluster with a deletion of orf6O7, into 

CWG1219. While the ORF7O4 coiled-coil variants were generated by amplifying successively smaller 

regions of the protein, removing increasing numbers of heptads. The amplified insert was then ligated into 

pBAD24. Each plasmid encoding the ORF6O7 coiled-coil variant was transformed with pDW251, which 

contains the K. pneumoniae O7 cluster with a deletion of orf7O4, into CWG1219. The effects on the resulting 
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OPS chain lengths generated by each variant were then assessed using silver-stained SDS-PAGE and 

Western immunoblotting. 
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CHAPTER 3. SINGLE POLYSACCHARIDE ASSEMBLY PROTEIN THAT INTEGRATES 

POLYMERIZATION, TERMINATION, AND CHAIN-LENGTH QUALITY CONTROL 

 This chapter was published in Proceedings of the National Academy of Sciences of the United States 

of America in a modified form (Williams et al., 2017). 

3.1 Statement of contributions 

This study and accompanying experiments were designed by Dr. Chris Whitfield, Dr. Iain Mainprize, 

and myself. I performed all the experiments concerning purification and in vitro analysis of WbbB domain 

activity, as well as all analysis of coiled-coil function. Dr. Olga G. Ovchinnikova and myself prepared the 

polysaccharide sample for NMR and the spectra were acquired in the Advanced Analysis center. O.G.O 

analyzed the spectra. Dr. Matthew S. Kimber provided important insight into the selection of target residues 

for inactivation of WbbB catalytic domains. The oligosaccharide acceptors used in this study were 

synthesized by Dr. Akihiko Koizumi, under the supervision of Dr. Todd L. Lowry at the University of 

Alberta.  Results were interpreted by O.G.O., M.S.K., T.L.L., I.L.M., C.W., and myself. 

3.2 Rationale 

Here, I describe the biosynthesis of an OPS produced by some isolates of Raoultella terrigena and K. 

pneumoniae (hereafter referred to as O12 after the K. pneumoniae serotype). These bacteria share the same 

OPS repeat unit structure and gene cluster, presumably reflecting lateral transfer (Mertens et al., 2010). The 

K. pneumoniae O12 OPS is synthesized via the ABC transporter-dependent pathway (Mertens et al., 2010) 

and represents a putative second example of a molecular ruler. However, this system incorporates novel 

features not seen in the E. coli O9a prototype. The repeat-unit of the O12 OPS consists of a disaccharide of 

α-(1-3)-linked Rhap and β-(1-4)-linked GlcpNAc which is capped by a single residue of β-3-deoxy-D-

manno-oct-2-ulosonic acid (Kdop) (Fig. 3.1C) (Mertens et al., 2010; Vinogradov et al., 2002). The gene 

cluster responsible for O12 biosynthesis is comprised of eight open reading frames (Fig. 3.1A). Several of 
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the gene products have been investigated by others (Dong et al., 2003; Izquierdo et al., 2003) or can be 

confidently assigned functions from sequence similarities. 

 

 

 

 

 

 

 

 

Fig. 3.1. Structure and biosynthesis of K. pneumoniae O12 OPS. (A) Organization of the K. pneumoniae 
O12 OPS biosynthesis gene cluster. (B) Predicted location of WbbB domains. The N-terminal GT99 
(yellow) identifies the area covered in a validated functional construct (Ovchinnikova et al., 2016). (C) 
Structure of the K. pneumoniae O12 und-PP-linked OPS intermediate predicted from structures of the 
authentic OPS glycans (Mertens et al., 2010; Vinogradov et al., 2002). The basis for the functional 
assignments of the gene products is described in the text. 
 
 

The O12 ABC transporter consists of two TMDs (Wzt) forming the membrane channel and two 

NBDs (Wzm) that hydrolyze ATP to drive transport. Wzt possesses a CBM that has been confirmed to 

recognize the K. pneumoniae O12 terminal modification and initiate export (Mann et al., 2016). The 

rmlBADC genes encode the conserved pathway converting glucopyranose-1-phosphate to dTDP-Rhap 

(Dong et al., 2003). The precursors for GlcpNAc and Kdop are expected to be UDP-GlcpNAc and CMP-

Kdop, respectively, based on a wealth of data for other bacterial polysaccharides. These compounds are 

produced by “housekeeping enzymes”, as they are essential for production of peptidoglycan (Barreteau et 

al., 2008) and the lipid A-core component of LPS (Whitfield and Trent, 2014). In ABC transporter-

dependent OPS assembly, the WecA product (und-PP-GlcpNAc) is modified by one or more NDP-sugar-
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dependent GTs, creating an appropriate acceptor for OPS polymerization. In the O12 OPS pathway, the 

candidate for this transition step is WbbL. This enzyme, also found in E. coli where it is a dTDP-Rhap-

dependent GT forming α-Rhap-(1→3)-β-GlcpNAc disaccharide (Stevenson et al., 1994), the same catalytic 

activity has been reported for the K. pneumoniae O12 homolog from genetic complementation data 

(Izquierdo et al., 2003). O12 OPS polymerization requires only two GT containing proteins (WbbB and 

WbbL) in addition to the initiating WecA (Mann et al., 2016). However, with the presence of both GlcpNAc 

and Rhap in the repeat, it was unknown whether the action of WbbL is confined to a single early step, or if it 

also forms the same linkage during polymerization of repeat units. A previous publication proposed WbbB 

was a UDP-GlcpNAc-dependent GT, with WbbL providing the rhamnosyltransferase activity for 

polymerization (Izquierdo et al., 2003; Mertens et al., 2010) but no biochemical data is available to support 

of refute this hypothesis. The goal of my work was to resolve the requirements for K. pneumoniae O12 

polymerization. 

Using domain/motif search tools, WbbB was predicted to possess three GT modules (Fig. 3.1B), one 

of which, the N-terminal domain β-Kdop GT belonging to GT99 family, was previously characterized 

(Ovchinnikova et al., 2016), however the function of the remaining two C-terminal GTs was unknown. 

BLAST conserved domain assignments (Marchler-Bauer et al., 2014) for the two C-terminal GT domain 

were annotated (in order from the N-terminus) as “GT1” and “GT25”. However, neither shares any 

significant sequence similarity with bona fide GT1 or GT25 proteins in the Carbohydrate-Active enzymes 

(CAZy) database (Lombard et al., 2014) and the putative C-terminal GT domains in WbbB have not been 

formally assigned to a CAZy family in their own right, as there is no data to support their function(s). The 

data reported here establishes the C-terminal GTs as the founding members of two new GT families, GT102 

and GT103, and they will be referred to as such throughout this thesis. A predicted coiled-coil motif was 

detected between the N-terminal Kdop GT and the predicted C-terminal GTs (Fig 3.1B). Here I test the 
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hypothesis that the two putative C-terminal GTs polymerize the O12 OPS and the coiled-coil motif acts to 

regulate the O12 OPS chain length. 

3.3 Results 

3.3.1 WbbB540-1106 is sufficient for polymerization of O12 OPS 

In vitro reactions with purified proteins and synthetic acceptors defined the minimal requirements for 

polymerization of the repeat-unit domain. The activity of WbbB540-1106, possessing both the GT102 and 

GT103 domains (Fig. 3.1B), was examined using synthetic acceptors A and B carrying a fluorescent tag for 

detection (Fig. 3.2A). Initial reactions were performed with a single donor substrate (UDP-GlcpNAc or 

dTDP-Rhap) to isolate specific activities. In these reactions, WbbB540-1106 generated reaction products with 

slower migration than acceptors A and B on TLC (Fig. 3.2B) and their compositions were verified by mass 

spectrometry (Fig. 3.2D,F). TLC also revealed a series of fluorescein-labeled compounds reflecting 

photodegradation products, which were verified in subsequent mass spectrometry analysis. Consistent with 

the authentic O12 OPS structure, modification of each acceptor occurred with only one of the donors 

creating products migrating more slowly than the acceptor substrate on TLC. WbbB540-1106 added a single 

GlcpNAc residue (Δm 203) to acceptor A (m/z 883.32), resulting in a major product in the spectrum with m/z 

1086.39. No activity was evident with dTDP-Rhap donor. Conversely, the mass spectrum of the reaction of 

WbbB540-1106 with acceptor B and dTDP-L-Rhap revealed a major product in the spectrum with m/z 1232.45, 

consistent with the addition of a Rhap residue (Δm 146) to acceptor B (m/z 1086.40). No addition to acceptor 

B was evident with UDP-GlcpNAc. These results indicated that WbbB540-1106 possesses both Rhap and 

GlcpNAc GT activities, contrary to previous work (Izquierdo et al., 2003; Mertens et al., 2010). 
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Fig. 3.2. In vitro activity of the putative polymerase, WbbB540-1106, using single sugar donors. (A) 
Structures of the synthetic acceptors. (B) TLC analysis of the reaction mixtures obtained after incubating the 
enzyme with the identified acceptor (a synthetic di/trisaccharide attached via an aliphatic chain to 
fluorescein) and donor sugar(s). (C–F) Samples from the reactions indicated in B (identified under the 
relevant TLC lane) were analyzed by mass spectrometry and the charge deconvoluted electrospray ionization 
(ESI) mass spectra are presented. 
 
 

The ability of WbbB540-1106 to polymerize O12 OPS was then examined using each acceptor in 

reactions containing both donor substrates. These reactions generated a range of slower moving products on 

TLC (Fig. 3.2B). The mass spectrum of the reaction with acceptor A (Fig. 3.2C) contained a range of 
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products, beginning with m/z 1086.30, which represents a tagged-trisaccharide formed by the addition of a 

single GlcpNAc residue to acceptor A. The larger products are consistent with the extension of the 

trisaccharide by one or two additional disaccharide repeat units (Δm 349), all with terminal GlcpNAc 

residues. The mass spectrum profile of reaction products using acceptor B revealed a series of products with 

additional repeat units (Fig. 3.2E). Interestingly, there was no evidence of any product terminating in Rhap. 

To confirm the authentic O12 structure in the in vitro products, the products generated by WbbB540-1106 using 

acceptor A and both donors were studied by nuclear magnetic resonance (NMR) spectroscopy and the 

structure was confirmed to be that of the authentic O12 repeat-unit (experimental details in Appendix 2). 

 In a two-site polymerase, a distribution of glycan chains ending in either GlcpNAc or Rhap was 

anticipated, so the observation that all of the in vitro polymerization products terminated in GlcpNAc was 

surprising. The initial reactions included equimolar amounts of UDP-GlcpNAc and dTDP-Rhap. To 

determine whether this is a catalytic property of the polymerase, or a by-product of the reaction conditions, a 

series of reactions were performed using acceptor B, 5 mM dTDP-Rhap and a titration series of UDP-

GlcpNAc from 1 to 4 mM (Table 3.1). In these experiments, all of the higher mass peaks in the profile end 

in GlcpNAc, regardless of the dTDP-Rhap:UDP-GlcpNAc ratio. This observation could reflect different 

reaction rates in the two GT domains, where addition of Rhap is less efficient. The native O12 glycan is 

terminated by a β-(2→3)-linked Kdop added to a terminal Rhap and this reaction would potentially be 

complicated by competition with a more rapid GlcpNAc addition and further chain elongation. Interestingly, 

these reactions did not generate products extended by more than three O12 repeat units that was detectable 

by mass spectrometry. Longer-chain products were not observed in reactions with varied NDP-

sugar:acceptor ratios. It is unclear whether these unexpected catalytic properties translate to the full-length 

WbbB protein in its natural (membrane-associated) environment, or if it is an artefact of the in vitro system. 

The results may reflect use of truncated proteins, where the absence of other domains may prevent optimal 



 
 

49 
 

folding and/or acceptor binding. Unfortunately, native WbbB is prone to aggregation and degradation, 

precluding analysis of the GTs in the context of the full protein. 

 

Table 3.1: In vitro product chain-lengths are unaffected by varying UDP-GlcpNAc concentration.  
Mass spectrometry of analysis of reaction mixtures containing Acceptor B, WbbB540-1106, 5mM dTDP -Rhap 
with varying amounts of UDP-GlcpNAc.  

[GlcpNAc] Mexperimental Mcalculated Product Identity 
1mM 534.23 

737.31 
1232.42 
1435.57 
1784.58 
2133.69 

534.18 
737.26 
1232.46 
1435.54 
1784.67 
2133.81 

Fluorescein 
Acceptor B minus Rha 
Acceptor B – Rha  
Acceptor B – Rha – GlcNAc 
Acceptor B – [Rha – GlcNAc]2 
Acceptor B – [Rha – GlcNAc]3 

2mM 534.26 
737.33 
1086.39 
1232.45 
1435.56 
1784.62 
2133.68 

534.18 
737.26 
1086.40 
1232.46 
1435.54 
1784.67 
2133.81 

Fluorescein 
Acceptor B minus Rha 
Acceptor B 
Acceptor B + Rha 
Acceptor B + Rha - GlcNAc 
Acceptor B + [Rha – GlcNAc]2 
Acceptor B + [Rha – GlcNAc]3 

3mM 534.24 
737.32 
1086.35 
1232.49 
1435.56 
1784.62 
2133.67 

534.18 
737.26 
1086.40 
1232.46 
1435.54 
1784.67 
2133.81 

Fluorescein 
Acceptor B minus Rha 
Acceptor B 
Acceptor B + Rha 
Acceptor B + Rha – GlcNAc 
Acceptor B + [Rha – GlcNAc]2 
Acceptor B + [Rha – GlcNAc]3 

4mM 534.24 
737.31 
1086.40 
1232.48 
1435.55 
1784.62 
2133.74 

534.18 
737.26 
1086.40 
1232.46 
1435.54 
1784.67 
2133.81 

Fluorescein 
Acceptor B minus Rha 
Acceptor B 
Acceptor B + Rha 
Acceptor B + Rha – GlcNAc 
Acceptor B + [Rha – GlcNAc]2 
Acceptor B + [Rha – GlcNAc]3 

5mM 534.20 
737.22 
1086.30 
1435.38 
1784.42 
2133.50 

534.18 
737.26 
1086.40 
1435.54 
1784.67 
2133.81 

Fluorescein 
Acceptor B minus Rha 
Acceptor B 
Acceptor B + Rha – GlcNAc 
Acceptor B + [Rha – GlcNAc]2 
Acceptor B + [Rha – GlcNAc]3 
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3.3.2 Assignment of catalytic activities to the GT102 and GT103 modules 

The data above establishes WbbB540-1106 as the O12 polymerase but additional experiments were 

required to clarify the identities of the GlcpNAc and Rhap GTs. A domain containing GT102 was expressed 

alone (WbbB576-871) and shown to add a single Rhap residue to acceptor B which was confirmed by TLC and 

mass spectrometry (Fig. 3.3A,C). This construct showed no activity with UDP-GlcpNAc and acceptor A, 

unequivocally identifying GT102 as a dTDP-L-Rhap-dependent GT. In contrast, attempts to generate active 

protein fragments containing only the GT103 domain were unsuccessful. To overcome this, site-directed 

mutagenesis was used to inactivate the GT102 domain, to examine the activity of the GT103 domain in 

isolation. Three basic residues (R738, R739, and K740) were targeted for mutagenesis as the presence of 

basic residues in this region is conserved among those (uncharacterized) proteins showing significant 

similarity to GT102 in BLAST searches (Fig. 3.4). In addition, a role for basic residues in coordinating and 

stabilizing the phosphate leaving-group is well-established in diverse glycosyltransferases e.x. (Pak et al., 

2011; Martinez-Fleites et al., 2006). In the absence of structural information to interpret possible functions, 

all three residues were replaced with alanine in an attempt to maximize the strength of the phenotype; this 

variant eliminated the activity of the GT102 domain (in these conditions) while retaining wildtype levels of 

N-acetylglucosaminyltransferase activity (Fig. 3.3B,D). This result confirms the GT103 domain as the UDP-

GlcpNAc-dependent GlcpNAc GT. 
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Fig. 3.3. In vitro activities of GT102 and GT103. (A) TLC analysis of the reaction mixtures obtained after 
incubating the WbbB576-871 fragment with the identified acceptor and sugar donors. (B) The corresponding 
experiments with WbbBR738A/R739A/K740A, which inactivated the GT102 site and allowed evaluation of GT103. 
As expected, each enzyme showed activity with a single combination of acceptor and NDP-sugar donor. (C 
and D) Charge-deconvoluted ESI mass spectra of the reaction mixtures highlighted in A and B. 
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Fig. 3.4. Multiple sequence alignments of K. pneumoniae O12 WbbB (AAN06494.1) with homologs. 
Alignment was performed using Clustal Omega (Sievers et al., 2011) and represented using ESPript 3.0 
(Robert and Gouet, 2014). Accession numbers Aeromonas hydrophila (AKL88477.1), Serratia marcescens 
(AAC00183.1), Serratia fonticola (ALX94372.1), Vibrio cholerae (WP_222134505.1), Bacillus cereus 
(QEF16898.1), Brucella anthropi (ABS15448.1), Bacillus thuringiensis (QCJ50198.1), Bibersteinia 
trehalose (AHG81049.1), E. coli (APK54672.1). 
 

3.3.3 Chain-length regulation by WbbB 

The chain-length regulating molecular ruler provided by the coiled-coil structure in the E. coli O9a 

terminator component of the WbdD-WbdA complex has been established (Hagelueken et al., 2015). 

Analysis of the WbbB sequence using the program COILS (Lupas et al., 1991), predicted a coiled-coil 

region located between the GT99 and GT102 domains (Fig. 3.1B). Coiled-coils are widespread structural 

motifs and typically consist of two to five α-helices wrapped around one another forming a left-handed 

helical supercoil. The dimerization of the GT99 domain (Ovchinnikova et al., 2016), suggests that two 

helices are involved in WbbB. Each helix is made of heptad repeats (Mason and Arndt, 2004). COILS 

predicted that the WbbB coiled-coil consisted of two blocks of six heptad repeats flanking an 11-residue 

sequence that degenerates from the canonical heptad after 6 residues (Fig. 3.5A). The involvement of the 

WbbB coiled-coil in chain-length regulation was assessed by systematically varying the size of this region in 

WbbB using molecular biology methods to generate the constructs. Silver-stained SDS-PAGE of whole-cell 

lysates identifies OPS species that are exported and linked to lipid A-core (Mann et al., 2016) (Fig. 3.5B). 

The OPS-carrying LPS species generated by wildtype WbbB (designated WbbB 6,6 to indicate the number 

of heptads flanking the 11-residue spacer) formed a tight cluster of molecules, reflecting the native chain 

length. Reducing the number of heptads from either side of the non-heptad region resulted in an overall shift 

to shorter OPS chain lengths, compared to the wildtype construct. Increasing the number of heptad repeats 

resulted in an upward shift in the maximum chain length. Interestingly, the LPS species for the WbbB 2,2 

construct were indistinguishable from those generated by WbbB with the entire coiled-coil domain removed 
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suggesting a minimal length is required to exert any effect. Most of the coiled-coil variants resulted in a 

broadening of the observed size distribution. Removal of the central region, which is not predicted to form a 

canonical heptad, led to a slight reduction in chain length but, unlike the other variants, it did not result in 

any significant broadening of the range of chain lengths. To confirm that these results were not simply due to 

altered expression of the WbbB proteins, their amounts were confirmed using the C-terminal FLAG tag (Fig. 

3.5D). To focus only on the und-PP-linked OPS, the WbbB variants were examined in a background lacking 

the Wzt component of the ABC transporter, with detection performed by Western immunoblots with anti-

O12 antibodies (Fig. 3.5C). The shifts in size distributions were consistent with those seen in completed 

LPS, but the distributions of und-PP-OPS were generally broader with more molecules in the upper size 

ranges. The difference illustrates the imposition of the additional ABC transporter-mediated quality control 

in the LPS molecules, with only terminated chains being transported. In contrast, the longer und-PP-OPS 

chains likely reflect molecules that escaped termination and were never substrates for export and ligation. 

The data are consistent with the WbbB coiled-coil domain acting as a molecular ruler, with a function 

analogous to WbdD in E. coli O9a (Hagelueken et al., 2015). 

 In E. coli O9a, the chain length of the OPS is affected by the stoichiometry of the interacting 

polymerase and terminator proteins, presumably within the context of the known complex (King et al., 

2014). This can be manipulated experimentally (and potentially under natural conditions) because the two 

key activities are contributed by two separate polypeptides. To investigate whether the same principle exists 

in the O12 system, we investigated the size distribution of OPS assembled in vivo by cells overexpressing 

separate polymerase and catalytically active terminating β-Kdop GT99 (WbbB2-401 (Ovchinnikova et al., 

2016)) domains, in the presence of full-length WbbB. These experiments were performed in an export-

deficient background. Two polymerase constructs WbbB401-1106 and WbbB540-1106 were tested and these 

differed in the inclusion (or not) of the coiled-coil domain (Fig. 3.1A). Overexpression of the WbbB2-401 
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terminating GT99 domain caused an overall downward shift in the size distribution and a broadening of the 

modal distribution in the und-PP-OPS (Fig. 3.5E). In contrast, overexpression of the polymerase constructs 

had the opposite effect, with a significant increase in the maximum chain length and a depletion of shorter 

chain lengths. The presence or absence of the coiled-coil domain did not affect the outcome. Together the 

results presented here confirm WbbB combines multiple activities involved in OPS polymerization, 

termination, and chain-length regulation. 

 

 

 

 

 

 

Fig. 3.5. The coiled-coil domain of WbbB is a molecular ruler to determine OPS chain length. (A) The 
architecture of the coiled-coil region identified by COILS (Lupas et al., 1991). The wild-type WbbB coiled-
coil domain (designated 6,6) consists of two identical blocks of six heptads (black/gray boxes) flanking an 
11-residue region that does not correspond to a canonical heptad structure. The series of engineered coiled-
coil regions are shown with their designations. Each variant is named for the number of heptad repeats on 
either side of the non-heptad region. In 12,0, the central non-coiled-coil region was deleted, whereas the 
entire coiled-coil region was removed in 0,0. (B) Silver-stained SDS/PAGE gel of the LPS produced by the 
WbbB variants transformed in transport-proficient E. coli CWG1219 (pWQ673; wbbL-wzm-wzt). (C) 
Western immunoblot with anti-O12 antibodies showing und-PP–linked OPS in an export-deficient 
background provided by CWG1219 (pWQ676; wbbL-wzm). (D) Anti-FLAG Western immunoblots to assess 
amounts of WbbB-variants. The amount of the 0,0 protein was lower, so it was necessary to increase the 
contrast to detect it (hence the separate box). (E) Western immunoblot with anti-O12 antibodies showing the 
effect of overexpressing the GT99 terminator (WbbB2-401) or polymerase (WbbB401-1106; WbbB504-1106) on the 
chain length distribution of und-PP–OPS. 
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CHAPTER 4. A MULTIFUNCTIONAL PROTEIN ACTS AS A POLYMERASE, CHAIN 

TERMINATOR, AND CHAIN-LENGTH REGULATOR IN THE BIOSYNTHESIS OF 

LIPOPOLYSACCHARIDE O-ANTIGEN IN KLEBSIELLA PNEUMONIAE O7 

4.1 Statement of contributions 

 This study and accompanying experiments were designed and interpreted by myself and Dr. Chris 

Whitfield. Steven D. Kelly performed the initial cloning and expression tests of some of the protein 

constructs. I performed all the experiments involving in vitro analysis of the O7 polymerase and terminator 

activity, as well as coiled-coil function, and the experimental data presented here is all my own. The 

oligosaccharide acceptors used in this study were synthesized by Jeremy Nothof, under the supervision of 

Dr. Todd L. Lowry at the University of Alberta. Part of this work involves the identification of a 

ribofuranosyltransferase. My preliminary data was expanded into a much larger investigation of 

ribofuranosyltransferase structure and function, led by Steven D. Kelly (Kelly et al., 2022). 

4.2 Rationale 

The K. pneumoniae O7 OPS biosynthesis pathway (Fig. 4.1A) has not been studied directly at a 

biochemical level but the OPS repeat unit structure and sequence of the biosynthetic gene cluster are known, 

which allows for predictions of gene functions. The O7 repeat unit consists of a tetrasaccharide of three 

Rhap residues and a Ribf residue, and the OPS is terminated with a methyl-phosphate (Fig. 4.1C) 

(Vinogradov et al., 2002; Lindberg et al., 1973). The layout of the O7 gene cluster shares some similarity 

with the O12 cluster. It is comprised of nine open reading frames and several of the gene products can be 

confidently assigned functions from sequence similarities, which will be discussed below. Here, I test the 

hypothesis that ORF6O7 is a multifunctional protein involved in OPS termination, polymerization, and chain-

length regulation. Specifically, the N-terminus of ORF6O7 terminates the O7 OPS while the two C-terminal 

GTs add the three Rhap residues present in the repeat-unit. The ribofuranosyltransferase activity is provided 



 
 

56 
 

by a separate protein, ORF7O7. I also confirm the role of the coiled-coil in chain-length regulation of the O7 

OPS. Study of this system will provide a second example of a large modular protein performing multiple 

functions in OPS biosynthesis as well as further validating the role of a coiled-coil structure in OPS chain-

length regulation. 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Structure and biosynthesis of K. pneumoniae O7 OPS. (A) Organization of the K. pneumoniae 
O12 and O7 OPS biosynthesis gene clusters. Numbering of ORFs in the O7 cluster begins at rmlD to retain 
numbering from Genbank. (B) Predicted location of ORF6O7 domains. (C) Structure of the K. pneumoniae 
O7 und-PP-linked OPS intermediate predicted from structures of the authentic OPS glycans (Mann et al., 
2019b). The basis for the functional assignments of the gene products is described in the text. 
Methyltransferase is abbreviated as MeTase. 
 

4.3 Results 

4.3.1 Bioinformatic analysis of K. pneumoniae O7 OPS biosynthesis pathway 

Like K. pneumoniae O12, the K. pneumoniae O7 cluster contains predicted rmlBADC genes (Fig. 

4.1A) which encode the conserved pathway converting glucopyranose-1-phosphate to dTDP-Rhap (Dong et 

al., 2003). The gene products are similar to the characterized homologs from Salmonella enterica (RmlB 

68%id/79% sim, RmlA 69% id/83% sim, RmlD 65% id/78% sim, RmlC 69% id/83% sim), as well as highly 

similar to the homologs in K. pneumoniae O12 (RmlB 91% id/94% sim, RmlA 93% id/96% sim, RmlD 56% 
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id/61% sim, RmlC 86% id/92% sim). The high level of similarity between the genes, as well as the identical 

layout of the genes in the O12 and O7 clusters support their role in the biosynthesis of dTDP-Rhap. 

Downstream of rmlBADC, the K. pneumoniae O12 cluster contains a gene which encodes a homolog of 

WbbL, an enzyme which catalyzes formation of a α-Rhap-(1→3)-β-GlcpNAc linkage in other bacteria 

(Stevenson et al., 1994; Mann et al., 2016). In the K. pneumoniae O7 cluster there is a predicted 

glycosyltransferase present at this location, but it does not possess any significant sequence similarity with 

O12 WbbL. However, work by Steven D. Kelly confirmed that O7 wbbL gene can complement the deletion 

of the O12 wbbL gene (Appendix 3) and the protein is therefore expected to form a α-Rhap-(1→3)-β-

GlcpNAc disaccharide like other WbbL homologs  (Stevenson et al., 1994; Izquierdo et al., 2003). 

Downstream of wbbL is the ABC transporter components wzm and wzt. ABC transporters consist of 

two transmembrane domains (Wzm) forming the membrane channel, and two nucleotide-binding domains 

(Wzt) that turnover ATP to drive transport (reviewed in (Locher, 2016; Thomas et al., 2020; Ford and Beis, 

2019)). The predicted Wzm shares strong sequence similarity to the K. pneumoniae O12 Wzm (61% id/82% 

sim), supporting its assigned function. Nucleotide binding domains which catalyze the hydrolysis of ATP, 

have high levels of sequence conservation. Many conserved motifs are present in the O7 Wzt; these include 

the Walker A and B motifs, the H, Q, and D loops as well as the signature motif which is used to identify 

ABC transporters (Fig. 4.2). The Wzt protein from K. pneumoniae O7 is extended compared to classical Wzt 

representatives, possessing an extra ~200 amino acids. Based on the prototype E. coli O9a (Cuthbertson et 

al., 2005) and the O12 system (Mann et al., 2016), the presence of a terminal residue indicates the Wzt likely 

possesses a CBM. BLAST predicted that the K. pneumoniae O7 Wzt did possess a CBM, which is indicated 

on the alignment. The O7 Wzt shares strong sequence similarity with the E. coli O9a Wzt and the equivalent 

Wzt from K. pneumoniae O3a (41% id/ 59% sim) (Fig. 4.2). However, the sequence similarity is more 

significant in the nucleotide binding domain (48% id/70% sim) compared to the CBM (34% id/50% sim). 
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This is not unexpected as the nucleotide binding domain is highly similar due to conserved function, but the 

CBM’s differ due to variation in the O-antigen structures recognized, despite similar terminal residues and 

ability to bind methyl-phosphate which has been verified (Mann et al., 2019a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2. Multiple sequence alignment of K. pneumoniae O3a (KY652949.1) and K. pneumoniae O7 
(AAN06493.1) Wzt. Alignment was performed using Clustal Omega (Sievers et al., 2011) and represented 
using ESPript 3.0 (Robert and Gouet, 2014). The K. pneumoniae O3a cluster is the same as the E. coli O9a 
cluster (Guachalla et al., 2017). 
 
 

Downstream of the wzm-wzt is orf6O7. When analyzed using BLAST conserved domain assignments 

(Marchler-Bauer et al., 2014), ORF6O7 was predicted to possess a  methyltransferase domain at the N-

terminus and two C-terminal GTs, belonging to the GT2 family, separated by a predicted coiled-coil (Fig. 

4.1B). These functions will be discussed in detail below. Despite the presence of a terminal methyl-

phosphate in the OPS structure, similar to E. coli O9/O9a and K. pneumoniae O3/O3a/O3b (Guachalla et al., 

2017; Kido and Kobayashi, 2000), sequence encoding a kinase homolog was not identified. By comparison 
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to the E. coli O9a WbdD the prototype for kinase/methyltransferase OPS termination, the kinase was 

expected to be part of the same protein as the methyltransferase. Notably, the predicted ORF6O7 protein has 

a large unannotated region (~500aa) downstream of the methyltransferase and this provided a candidate for 

the kinase domain. From these predictions ORF6O7 is thought to act as the terminator for the O7 antigen but 

does not possess sufficient GT modules to accomplish polymerization on its own.   

When this study began, the precursor for Ribf addition was subject to debate. Some reports indicating 

ADP-ribose (Morona et al., 1999; Aanensen et al., 2007), but this does not provide the correct linkage for the 

product and there are no candidate genes for its synthesis conserved in Ribf containing pathways (Liu et al., 

2019). The lack of identifiable genes for an NDP-Ribf precursor suggested that the enzymes necessary for 

Ribf precursor synthesis were encoded elsewhere in the genome. Recently, it was proposed a 

phosphoribosyltransferase (PRT)-like protein from nucleotide metabolism was necessary for Ribf 

incorporation in some Shigella O-antigens (Senchenkova et al., 2005; Liu et al., 2008). If correct, this 

implicates 5′-phospho-D-ribosyl-α-1-diphosphate (PRPP) as the donor; PRPP is a conserved metabolic 

intermediate in the biosynthesis of nucleotides, cofactors, and some amino acids (Hove-Jensen et al., 2016). 

The participation of PRPP had not been tested experimentally in polysaccharide biosynthesis, but it was a 

verified donor in O-ribosylation of 2-deoxy-D-streptamine (neamine) to form ribostamycin, an intermediate 

in the biosynthesis of aminoglycoside antibiotics in Bacillus circulans (Kudo et al., 2007). This reaction was 

achieved by a two-step reaction catalyzed by a PRPP-dependent PRT and a dedicated phosphatase (Kudo et 

al., 2007). Homologs of these proteins were not found in the O7 OPS cluster. 

The final gene in the O7 OPS cluster is orf7O7, which was initially assigned by BLAST to be a 

haloacid dehalogenase (HAD) family hydrolase, however, similarity was confined to the N-terminus. 

Sequence alignment (Fig. 4.3) to other predicted HAD hydrolases from OPS and CPS pathways which 

contain a Ribf residue showed high levels of sequence similarity. The presence of similar proteins in  
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Fig. 4.3. Multiple sequence alignments of K. pneumoniae O7 HAD family hydrolase (QED89917.1) 
with homologs. Alignment was performed using Clustal Omega (Sievers et al., 2011) and represented using 
ESPript 3.0 (Robert and Gouet, 2014). Accession numbers K. pneumoniae O4 (ALX35076.1), F. pulveris 
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(ANF28856.1), P. aeruginosa O15 (WP_019484931.1), S. pneumoniae cps19br (AAB66523.1). Active-site 
loops in the HAD domain are indicated below the alignment, and an asterisk denotes the catalytic important 
conserved residues from O7 HAD hydrolase (Kelly et al., 2022). 
 
 
pathways which make dissimilar structures (aside from Ribf) indicate these proteins may play some role in 

Ribf addition. Since many HAD proteins are phosphatases (Allen and Dunaway-Mariano, 2004), their 

distribution and the ribostamycin Ribf transfer reaction (Kudo et al., 2007) suggested a shared reaction 

sequence where a PRPP-dependent Ribf-5-P transfer was followed by HAD-mediated dephosphorylation. 

Further investigation of ORF7O7 by Steven D. Kelly in the Whitfield lab confirmed this hypothesis and 

showed that ORF7O7 contains two catalytic domains: an acceptor-specific glycosylphosphoribosyltransferase 

(gPRT), and a phosphoribosyl phosphatase (PRP) belonging to the HAD family (Appendix 4) (Kelly et al., 

2022). 

4.3.2 Bioinformatic analysis of the C-terminal region of ORF6O7 

The C-terminal region of ORF6O7 (amino acids 766-1415) was subjected to bioinformatics analysis 

to provide insight into its domains. Using domain/motif search tools, two GT2 family modules were 

predicted. Module boundaries indicated in Fig. 4.1B were taken from BLAST predictions. GT2 family 

enzymes possess a GTA fold and most possess a DXD/DXDD motif, which is involved in coordinating a 

divalent cation (Lairson et al., 2008). In order to identify possible candidates for the DXD/DXDD motifs in 

each GT2 module, the modules were aligned separately with other known GT2 enzymes from the CAZy 

database (Lombard et al., 2014) (Fig. 4.4). Each GT2 module is aligned with specific CAZy GT2 enzymes 

which are most similar to the individual module and there was no overlap in those enzymes. The alignment 

of the N-terminal GT2 (GT2-N) highlights a DXDD motif, which is completely conserved at the positions of 

the first two aspartate residues and the charge remains conserved at the position for the final aspartate (Fig. 

4.4A). The alignment of the C-terminal GT-2 (GT2-C) shows a canonical DXD motif, where the first 
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aspartate position is completely conserved in the aligned proteins and the charge is conserved for the 

position of the second aspartate in the homologs (Fig. 4.4B). The presence of these well conserved 

DXD/DXDD motifs provided an avenue for inactivation of the individual GT2 enzymes, to allow for 

elucidation of their activities without the need for isolation which had proved impossible for the K. 

pneumoniae O12 pathway (Chapter 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.4. Multiple sequence alignments of ORF6O7 GT2-N (A) and GT2-C (B) with GT2 family 
enzymes from the CAZy database. Alignment was performed using Clustal Omega (Sievers et al., 2011) 
and represented using ESPript 3.0 (Robert and Gouet, 2014). Accession numbers ORF6O7 (QED89916), 
Planktothrix (HAO09885.1), P. aeruginosa (WP_215442788), C. jejuni (WP_002874243), E. coli 
(CAA54709), L. plantarum (ADV57361), M. pneumoniae (WP_010874839), P. multocida 
(WP_101779926), P. mirabilis (WP_004249936), A. pleropneumoniae (WP_005599666), A. 
actinomycetemcomitans (WP_005548147), C. vibrioides (WP_010920285), M. tuberculosis 
(WP_078449116), M. smegmatis (AAF04376). 
 

4.3.3 ORF6O7-766-1415 and ORF7O7 are sufficient for polymerization of O7 OPS 

In vitro reactions with purified proteins and synthetic acceptors were used to establish the minimal 

requirements for polymerization of the O7 repeat-unit domain. The activity of ORF6O7-766-1415 possessing  
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Fig. 4.5. In vitro synthesis of O7 oligosaccharide by ORF6O7-766-1415 and ORF7O7. (A,B) Structures of the 
synthetic acceptors C and D. (C) TLC analysis of the reaction mixtures obtained after incubating the enzyme 
with the identified acceptor and donor substrates (dTDP-Rhap and PRPP). (D,E) The same reaction mixtures 
containing acceptor C or D, both enzymes and donor substrates were analyzed by mass spectrometry and the 
charge deconvoluted ESI mass spectra is presented. The starting acceptor is indicated by a red box. The first 
2 peaks in D (m/z 425.24, 571.30) represent acceptor C with the loss of a Ribf (m/z 571.30) and the 
subsequent loss of Rhap (m/z 425.24), presumably due to fragmentation in the spectrometer. In panel E the 
first 3 peaks (m/z 425.24, 571.30, 703.34) represent breakdown products of acceptor D resulting from the 
loss of Rhap (m/z 703.34), Ribf (m/z 571.30), and finally the loss of Rhap (m/z 425.24). 
 
 
both GT2 family modules (Fig. 4.1B) and the Ribf transferase, ORF7O7, was examined using reactions 

containing synthetic acceptors C or D (Fig. 4.5A,B), together with the two donor substrates (dTDP-Rhap and 

PRPP). The acceptors carry a methoxybenzamide tag for detection. In these reactions, ORF6O7-766-1415 and 

ORF7O7 generated heterogeneous reaction products migrating more slowly than acceptors C and D in TLC 
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(Fig. 4.5C), and their compositions were verified by mass spectrometry. The mass spectrum of the reaction 

mixture with acceptor C (trisaccharide) revealed a range of product [M+H]+ ion peaks with m/z values 

ranging from 849.40 to 1843 (Fig. 4.5D). The first product peak m/z 849.40 represents a tetrasaccharide 

resulting from the addition of a single Rhap (Δm 146) residue to acceptor C. The larger products are 

consistent with the sequential extension of the tetrasaccharide by two additional Rhap residues (m/z 995.45, 

1141.52), and by a single Ribf (Δm 132) residue to form the m/z 1273.55 product corresponding to the 

addition of a single O7 repeat unit. Further sequential sugar additions generated products of m/z 1419.61, 

1565.67, 1711.72, and 1843.77. The largest product (m/z 1843.77) represents the addition of two repeat-units 

to acceptor C. The mass spectrum profile for the reaction containing acceptor D (Fig. 4.5E) revealed peaks 

reflecting the same sequential sugar transfers but with a different starting point due to the tetrasaccharide 

structure of acceptor D. This result suggested ORF6O7-766-1415 and ORF7O7 are sufficient for synthesis of the 

repeat-unit domain of the O7 OPS. Furthermore, all three Rhap residues are added by ORF6O7-766-1415 despite 

possessing only two GT modules. 

4.3.4 ORF6O7-766-1415 is sufficient to add all three Rhap residues in the O7 repeat-unit 

 In vitro reactions were then used to define the minimal requirements for Rhap addition in the O7 

repeat-unit. The activities of the two GT2 modules in ORF6O7-766-1415 were examined using the donor 

substrate dTDP-Rhap and synthetic acceptors C and D (Fig. 4.6). These reactions generated major products 

showing similar migrations when separated by TLC (Fig. 4.6A) despite the different glycose residues in the 

acceptors, as expected from an arrest in synthesis at the point of the next Ribf residue would be added. The 

mass spectrum of the products obtained with acceptor C (Fig. 4.6B) contained a range of products consistent 

with the addition of one (m/z 849.40), two (m/z 995.46) and three (m/z 1141.52) Rhap residues to the 

acceptor. In contrast, the mass spectrum of the reaction containing acceptor D (Fig. 4.6C) revealed products 

with the addition of one (m/z 995.46) or two (m/z 1141.52) Rhap residues. In both cases the major product in 
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the spectrum was m/z 1141.52, corresponding to a compound with three terminal Rhap residues. These 

account for all three Rhap residues present in the O7 repeat-unit, confirming that ORF6O7-766-1415 is sufficient 

for Rhap residue addition in the repeat unit domain, despite possession of only two GTs.  

 
 
Fig. 4.6 In vitro rhamnosyltransferase activity of ORF6O7-766-1415. (A) TLC analysis of aliquots from the 
reaction mixtures obtained after incubating the enzyme with either acceptor C or D and dTDP-Rhap. (B-C) 
Aliquots the reactions indicated in A (identified under the relevant TLC lane) were analyzed by mass 
spectrometry and the charge deconvoluted ESI mass spectra are presented. The starting acceptor is indicated 
by a red box. The first 2 peaks in B (m/z 425.24, 571.30) represent acceptor C with the loss of Ribf (m/z 
571.30) and the subsequent loss of Rhap (m/z 425.24). In panel C the first 3 peaks (m/z 425.24, 571.30, 
703.34) represent breakdown products of acceptor D resulting from the loss of Rhap (m/z 703.34), Ribf (m/z 
571.30), and finally the loss of Rhap (m/z 425.24). The protein cartoon above the TLC represents the two 
active GT modules of ORF6O7-766-1415. 
 

4.3.5 Assignment of rhamnosyltransferase catalytic activities to ORF6O7-766-1415 GT modules 

 Although the data above established that ORF6O7-766-1415 was able to add all three Rhap residues, 

further experiments were necessary to determine which Rhap residue(s) are added by each module. To this 

end, site directed mutagenesis was used to modify the DXD/DXDD motifs in each module to inactivate 
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(under assay conditions) the corresponding GT. Alteration of this conserved motif has been examined in a 

variety of bacterial and eukaryotic examples, all of which resulted in reduction or complete loss of GT 

activity (Shibayama et al., 1998; Malissard et al., 2002; Wiggins and Munro, 1998). 

 A construct of ORF6O7-766-1415 containing an active GT2-N and a GT2-CAXD variant was purified and 

used in reactions with dTDP-Rhap and either acceptor C or D. These reactions generated identical products 

with the same retention on TLC, despite the altered residue sequence in the acceptors (Fig. 4.7A). These 

products were further examined using mass spectrometry. GT2-N was able to sequentially add one (m/z 

849.40) or two (m/z 995.46) Rhap residues to acceptor C (Fig. 4.7B). In reactions with acceptor D, GT2-N 

added a single Rhap residue (m/z 995.46) (Fig. 4.7C). Together these results indicate that the GT2-N is a 

bifunctional rhamnosyltransferase which adds both α1,2-Rhap residues in the O7 repeat-unit.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7. In vitro activity of GT2-N. (A) TLC analysis of aliquots from the reaction mixtures obtained after 
incubating the enzyme with the identified acceptor and dTDP-Rhap. (B-C) Aliquots from the reaction 
mixtures indicated in A (identified under the relevant TLC lane) were analyzed by mass spectrometry and 
the charge deconvoluted ESI mass spectra are presented. The starting acceptor is indicated by a red box. The 
first 2 peaks in B (m/z 425.24, 571.30) represent acceptor C with the loss of Ribf (m/z 571.30) and the 
subsequent loss of Rhap (m/z 425.24). In panel C the first 3 peaks (m/z 425.24, 571.30, 703.34) represent 
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breakdown products of acceptor D resulting from the loss of Rhap (m/z 703.34), Ribf (m/z 571.30), and 
finally the loss of Rhap (m/z 425.24). 
 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 4.8. In vitro activity of GT2-C. (A) TLC analysis of aliquots from the reaction mixtures obtained after 
incubating the enzyme with the identified acceptor and dTDP-Rhap. (B) TLC analysis of reaction mixtures 
after incubating GT2-N with acceptor D and dTDP-Rhap which generated product 1. Product 1 was then 
used in a reaction with GT2-C and dTDP-Rhap to generate product 2. (C) Samples from the reactions 
indicated in B (identified under the relevant TLC lane) were analyzed by mass spectrometry and the charge 
deconvoluted ESI mass spectrum is presented. The starting acceptor is indicated by a red box. In panel C the 
first 3 peaks (m/z 425.24, 571.30, 703.34) represent breakdown products of acceptor D resulting from the 
loss of Rhap (m/z 703.34), Ribf (m/z 571.30), and finally the loss of Rhap (m/z 425.24). 
 

A second construct of ORF6O7-766-1415 was then produced, this time with a GT2-NAXAA variant and an 

active GT2-C. In reactions with either acceptor C and D, no reaction was seen on TLC (Fig. 4.8A), or mass 

spectrometry (data not shown). This was expected as GT2-C should add the α1,3-Rhap residue and neither 
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acceptor provides the appropriate substrate for this. Therefore, the product from the GT2-CAXD construct 

(product 1 - m/z 995.46) was then purified and used as the acceptor for a subsequent reaction with the GT2-

NAXAA construct. This resulted in a change in migration on TLC (Fig. 4.8B), which was confirmed by mass 

spectrometry to be due to addition of a single Rhap residue (product 2 - m/z 1141.52) (Fig. 4.8C). The 

addition of a single Rhap residue confirms that GT2-C functions as a monofunctional rhamnosyltransferase. 

The precise structure of the acceptors together with the known O7 repeat-unit structure are fully consistent 

with GT2-C adding the sole α1,3-Rhap residue, although mass spectrometry does not inform about linkage 

confirmation. 

4.3.6 Bioinformatic analysis of the N-terminal region of ORF6O7 

The K. pneumoniae O7 OPS possesses a terminal methyl-phosphate, where addition requires both a 

methyltransferase and a kinase. Using domain/motif search tools the N-terminus (amino acids 1-685) was 

predicted to contain an SAM-dependent methyltransferase. Alignment of the N-terminal region of ORF6O7 

with homologs from BLAST searches and E. coli O9a WbdD showed limited overall sequence conservation, 

but some key residues were highly conserved (Fig. 4.9). Conserved residues include those in motifs I and II 

which are found in most methyltransferases and are involved in SAM binding (Kagan and Clarke, 1994; 

Martin and McMillan, 2002), supporting the assignment of this region as a methyltransferase. To further 

investigate ORF6O7, the AlphaFold2 server (Jumper et al., 2021) was used to generate a predicted structure 

of the N-terminal region of ORF6O7 (Fig. 4.10A). This structure showed three distinct domains, one 

accounting for the predicted methyltransferase. The structure of WbdD is shown in Fig. 4.10B, the 

methyltransferase and kinase domains are not oriented in a similar manor to those in the predicted structure 

of ORF6O7 therefore superimposition of the whole protein proved problematic. Therefore, a figure of the 

isolated WbdD methyltransferase domain overlayed with the predicted structure of the ORF6O7 

methyltransferase was generated (Fig. 4.10C), as isolation of the domains allowed proper superimposition. 
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This figure demonstrated that both domains possessed an overall similar structure, including the presence of 

a seven-stranded β-sheet with a reversed β-hairpin (β6-β7) which is characteristic of methyltransferases 

(Woodcock et al., 2020). A magnified part of the protein containing the putative methyltransferase active site 

is superimposed over the WbdD active site as shown in Fig. 4.10D. This reveals a similar organization of the 

active site, including positioning of the conserved glycine residues of the EXGXGXG motif (motif I), which 

are indicated and can be used for future mutagenesis experiments. 

The methyltransferase only accounts for a small portion of the sequence while the remainder 

(~500aa) lacks any predicted domains, based on sequence alone, although the AlphaFold2 model shows two 

additional structural domains. The alignment in Fig. 4.9, shows a variety of conserved residues falling within 

the kinase domain of WbdD including the invariant aspartate (D441, all numbering refers to ORF6O7) and 

asparagine (N446) which are found in the WbdD kinase catalytic loop (motif VIb) and are present and 

absolutely conserved in ORF6O7 and its homologs (Hagelueken et al., 2012a). However, the highly 

conserved DFG motif found in the activation loop (motif VII) of most kinases is poorly conserved in 

ORF6O7 or its homologs (Hagelueken et al., 2012a; Martin and McMillan, 2002). Aspartate (D459) is 

absolutely conserved, but the other two positions are conserved in ORF6O7 and its homologs, but they differ 

from WbdD. Superimposition of the isolated WbdD kinase domain with the predicted structure of the 

ORF6O7 kinase domain (Fig. 4.10C), demonstrates significant structural variation between the overall folds. 

However, comparison of the active sites revealed similar positioning of residues D441, N446, and D459 in the 

active site, all are in close proximity to the two Mg2+ ions and ATP present in the WbdD structure (Fig. 

4.10E). In ORF6O7, a glutamate (E461) replaces the glycine of the DFG motif, and this glutamate is in close 

proximity to one of the active site Mg2+ ions based on the predicted protein structure. WbdD possesses a 

glutamate residue (E274) which coordinates the Mg2+ ion (Hagelueken et al., 2012a) and it occupies a similar 

space as E461 based on the superimposition of the ORF6O7 and WbdD structures (Fig. 4.10E). The 
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conservation of important residues supports the presence of a kinase domain in this unassigned region. The 

functional WbdD kinase domain is only about ~250 amino acid residues in size (Hagelueken et al., 2012b), 

and the significance (if any) of the extra sequence (~150aa) in ORF6O7 is uncertain. 

The final predicted domain in the ORF6O7-1-685 structure appeared to have an immunoglobulin-like 

fold (Fig. 4.10A), which is also observed in the E. coli O9a and K. pneumoniae O12 ABC transporter CBMs 

(Cuthbertson et al., 2007; Mann et al., 2016). Equivalent CBMs are also found in many glycosidic enzymes 

and lectins including some ABC transporters (Boraston et al., 2004; Mann et al., 2019b) and, in some GTs, 

where they are involved in substrate recruitment (Alderwick et al., 2011). The E. coli O9a Wzt CBM was 

superimposed with ORF6O7 showing structural similarity to the third predicted domain despite a lack of 

sequence similarity (Fig. 4.10B). The E. coli O9a Wzt CBM is involved in recognizing the terminal 

methylphosphate of the O9a antigen and promoting export of the O-antigen (Cuthbertson et al., 2005, 2007). 

The predicted CBM present in ORF6O7-1-685, if it is involved in binding the substrate for the 

kinase/methyltransferase enzymes might recognize the Rhap residue which provides the acceptor for the 

terminal methylphosphate. If so, variation in structure and sequence is expected. 

To further examine the connection between WbdD and ORF6O7, homologs of both proteins 

(Appendix 6) were used to generate a phylogenetic tree. This revealed two well-separated clades, one 

containing ORF6O7-related proteins, and the other containing WbdD homologs (Fig. 4.11). These two 

distinct clades suggest separate evolutionary paths for these proteins, despite possessing the same catalytic 

activity. Another interesting aspect revolves around the domain organizations of the ORF6O7 homologs. 

These illustrate three possible layouts; all have a methyltransferase, kinase, and coiled-coil region but some 

(like ORF6O7) also have one or two C-terminal GT modules (Appendix 6). In contrast, WbdD and its 

homologs all have similar layouts; with none possessing additional GTs. 
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Fig. 4.9. Multiple sequence alignment of selected ORF6O7 homologs and WbdD from E. coli O9a. 
Alignment was performed using Clustal Omega (Sievers et al., 2011) and represented using ESPript 3.0 
(Robert and Gouet, 2014). Accession numbers (GenBank/NCBI) are provided in Table A6.1.  
 

 
Fig. 4.10. Structural model of ORF6O7-1-685 and comparison to WbdD. (A) The structural model of K. 
pneumoniae ORF6O7-1-685 generated by the AlphaFold2 server (Jumper et al., 2021). The predicted local 
distance difference test (pLDDT) plot is available in Appendix 5. Each domain is coloured; 
methyltransferase (red), kinase (green), and CBM (blue). (B) Structure of WbdD (PDB 4AZW) with 
methyltransferase domain colored red and kinase domain colored green. (C) Superimposition of E. coli O9a 
WbdD (each domain was superimposed separately); methyltransferase (Z score 11.3, rmsd 2.8) (grey), 
WbdD kinase (Z score 4.7, rmsd 4.6) (grey) and E. coli O9a Wzt CBM (Z score 3.1, rmsd 4.0) (PDB 2R5O) 
(grey) onto ORF6O7-1-685 domain colours remain from panel A. (D) Active site of methyltransferase domain 
ORF6O7-1-685 (red) and WbdD (grey). SAM from the WbdD structure is shown. Candidate residues (G91 and 
G95 in ORF6O7) for mutagenesis are shown as sticks. (E) Active site of kinase domain ORF6O7 (green), 
WbdD (grey). ATP and the two Mg2+ ions from the WbdD structure are shown. Candidate residues (D441, 
N446, D459, and E461 in ORF6O7) for mutagenesis are shown as sticks. 
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Fig. 4.11. Unrooted phylogenetic tree of ORF6O7-1-685, WbdD, and their homologs. Amino acid 
sequences were aligned using MUSCLE (Edgar, 2004), and the maximum-likelihood tree was calculated 
using PhyML 3.0 (Guindon et al., 2010). The protein accession numbers are given in Table A6.1. The 
protype for each clade are highlighted in red. 
 

4.3.7 Biochemical characterization of ORF6O7-1-554 activity  

To test the prediction that ORF6O7-1-554 is indeed a dual kinase-methyltransferase, its activity was 

tested using in vitro reactions using synthetic acceptor E, ATP, and SAM (Fig. 4.12A). The soluble 

100,000×g supernatant from the cell lysate was used as a source of enzyme because purification of the 

protein resulted in a loss of activity. Attempts were made to resolve this through changes to purification and 
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protein storage conditions as well as changing in vitro reaction conditions. To rule out any unanticipated 

activities coming from host proteins, a control lysate from E. coli BL21 was also tested in parallel. The 

reaction products were investigated by mass spectrometry, acceptor E (m/z 571.30) was detected, along with 

an acceptor E derivative modified by addition of formic acid (m/z 617.31) and dimers of both species. As 

expected, the control lysate showed no modification of acceptor E with a methyl-phosphate, in the presence 

of substrates ATP and SAM (Fig. 4.12B). In contrast, two products were detected with the lysate containing 

ORF6O7-1-554 (Fig. 4.12C). The minor product (m/z 651.27) corresponds to the addition of a phosphate 

residue to acceptor E, while the major product in the spectrum (m/z 665.28) reflects the addition of a methyl-

phosphate. A dimer of the methylphosphate product (m/z 1330.56) was also seen. These results confirmed 

that ORF6O7-1-554 is sufficient for O7 OPS termination. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.12. In vitro activity of ORF6O7-1-554. (A) Structure of the synthetic acceptor E. Charge deconvoluted 
ESI mass spectra showing the reaction mixtures using the soluble 100 000×g fraction of E. coli BL21 as a 
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negative control (B), and the corresponding soluble fraction from E. coli BL21 cells expressing ORF6O7 (C). 
The reaction mixture contained both SAM and ATP.  
 

4.3.8 Mutational separation of methyltransferase and kinase activities 

To focus on the kinase reaction, two conserved glycine residues were replaced in the EXGXGXG 

motif (motif I) of the predicted methyltransferase in ORF6O7-1-554, this motif is involved in SAM binding and 

is important for catalysis (Petrossian and Clarke, 2009). The activity of the soluble 100,000×g fraction of E. 

coli BL21 cells expressing ORF6O7-G91A,G93A was examined in an in vitro reaction containing SAM, ATP, 

and acceptor E. This resulted in a major product in the spectrum (m/z 651.27) corresponding to the addition 

of a phosphate residue (Fig. 4.13). Only a trace of product modified with a methylphosphate (m/z 665.28) 

was detected. This confirmed predictions concerning the catalytic site of the methyltransferase and 

confirmed that phosphorylation activity was not dependent on subsequent methylation, as was found for 

WbdD (Mann et al., 2019a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13. In vitro activity of ORF6O7-G91AG93A. Reaction of acceptor E with the soluble 100 000×g fraction 
of E. coli BL21 expressing ORF6O7-G91A,G93A The reaction mixture contained both ATP and SAM and an 
aliquot was analyzed by mass spectrometry; the charge deconvoluted ESI mass spectrum is presented. 
 
 
 The activity of the predicted kinase domain was confirmed by replacing four conserved residues, 

which were identified through the multiple sequence alignment and structural modelling above. Residues 
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D441 and N446 were replaced by alanine in separate constructs. The equivalent residues in WbdD are located 

in the catalytic loop (motif VIb) (Hagelueken et al., 2012a). The residue in WbdD equivalent to ORF6O7 D441 

is involved in substrate binding and coordination of one of two Mg2+ ions found in the WbdD structure, 

while the residue equivalent to N446 is involved in solely Mg2+ coordination. Residues D459 and E461 of 

ORF6O7 were also changed to alanine. D459 in ORF6O7 aligns with the aspartate from the WbdD DFG, motif 

while E461 occupies the location of the glycine in the sequence alignment. E461 is highly conserved in 

ORF6O7 and its homologs but not in WbdD. In WbdD, the aspartate of the DFG motif is involved in Mg2+ 

coordination (Hagelueken et al., 2012a). In WbdD, replacement of the residues equivalent to ORF6O7 D441, 

N445 and D459 resulted in loss of kinase activity (Hagelueken et al., 2012a).  

The soluble 100,000×g fractions from E. coli BL21 cells expressing ORF6O7 variant were used in in 

vitro reactions containing SAM, ATP, and acceptor E. Reactions containing ORF6O7-D441A, ORF6O7-D459A, 

and ORF6O7-E461A showed a loss of kinase activity under these reaction conditions. Acceptor E (m/z 571.30) 

was detected, along with an acceptor E derivative modified by addition of formic acid (m/z 617.31) and 

dimers of both species (Fig. 4.1A-C). Unlike the corresponding mutant in WbdD, ORF6O7-N445A retained a 

level of activity qualitatively comparable to wildtype, based on the signal for the phosphomethyl-modified 

form of acceptor E (m/z 665.28). Smaller amounts of the phosphorylated acceptor E (m/z 651.27) were 

detected, as well as acceptor E with formic acid which is present in the buffer used for mass spectrometry 

(m/z 617.31) (Fig. 4.14D). These results indicate that the ORF6O7 kinase differs from WbdD in not requiring 

the conserved asparagine residue in motif VIb for Mg2+ binding. However, these results highlight another 

candidate for this role, E461, which together with D459 forms a DXE motif which can be found in GTs and is 

involved in Mg2+ binding (Lairson et al., 2008). The structural model (Fig. 4.10) provides some insight, 

because E461 is in close proximity, in the predicted structure of ORF6O7, to the Mg2+ ions and ATP in WbdD 

active site. Furthermore, in WbdD the residue E274 which coordinates Mg2+ fills a similar space in the 
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predicted ORF6O7 structure while the residue which aligns with E274 (D270 in ORF6O7) is not in close 

proximity to the active site. The results indicate that E274 from WbdD and E461 from ORF6O7 could play a 

similar role in catalysis but a solved structure for ORF6O7 is needed for a definitive conclusion. 
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Fig. 4.14. In vitro activity of ORF6O7 kinase mutants. The panels (A-D) show the charge deconvoluted 
ESI mass spectra from reactions with the soluble 100 000×g fractions of lysates from E. coli BL21 lysate 
expressing the designated ORF6 mutant proteins. The reactions contained of acceptor E, ATP, and SAM. 
 

4.3.9 The role of the coiled-coil region of ORF6O7 in regulating the chain-length of K. pneumoniae O7 

OPS 

 E. coli O9a WbdD (Hagelueken et al., 2015) and K. pneumoniae O12 WbbB (Williams et al., 2017) 

provide prototypes describing the role of a coiled-coil molecular ruler in regulation of OPS chain-length. 

Analysis of the ORF6O7 sequence using the program COILS (Lupas et al., 1991)  predicted a coiled-coil 

region located between the kinase and the first of the two rhamnosyltransferase domains (Fig.4.1B). Unlike 

the well-defined coiled-coils of WbdD and WbbB, the ORF6O7 coiled-coil was less clear cut, with only a 

few high scoring heptad repeats together with others possessing lower probability scores (Fig. 4.15A). There 

are two sets of two high scoring heptads (scores >0.9), with a four amino acid space in between. Surrounding 

these are seven lower scoring heptads, three towards the N-terminus and four towards the C-terminus. The 

COILS prediction also assigns the amino acids in the heptads with letters a-g denoting their position in the 

heptad and these assignments can be seen in Fig. 4.15B, further supporting the formation of heptad repeats 

as each position is accounted for in the predicted heptads. As discussed in section 1.6 each position within 

the heptad possesses specific characteristics to promote interactions between the helices to form the coiled-

coil. 

To investigate the role of the ORF6O7coiled-coil region in chain-length regulation, two constructs 

were generated of ORF6O7. One deleted only the higher scoring heptads of ORF6O7 (ORF6O7-∆734-765), while 

the other removed all the predicted heptads (ORF6O7-∆710-786). The coiled-coil variants were expressed in E. 

coli CWG1219, transformed with a plasmid (pDW490) carrying the O7 operon with an orf6O7-deletion, and 

whole cell lysates were examined by silver-stained SDS-PAGE to identify LPS (Mann et al., 2016) (Fig. 

4.15C). The OPS containing LPS species in cells complemented with wildtype ORF6O7 formed a cluster of 
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molecules. Deletion of all of the predicted heptads resulted in a shift to shorter OPS chain lengths, compared 

to the wildtype construct. A similar reduction in chain-length distribution was observed in a deletion of only 

the high scoring heptads, although the effect was less pronounced than the larger deletion. To confirm that 

these results were not due to altered expression of the ORF6O7 proteins, their amounts were assessed using 

the C-terminal His-tag (Fig. 4.15D). The expression levels of the wildtype coiled-coil and its variants were 

similar, slight differences in expression are unlikely to affect chain-length due the inclusion of 

polymerization and termination functions in the same polypeptide. While the shifts in LPS profiles are not as 

dramatic as those seen previously with heptad deletions in WbbB in K. pneumoniae O12 (Chapter 3) the 

phenotype and general principle of the involvement of the coiled-coil region as a putative molecular ruler is 

still evident. The results presented here confirm ORF6O7 is involved in O7 OPS polymerization, termination, 

and chain-length regulation. 
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Fig. 4.15. The coiled-coil region of ORF6O7 is important for determining O7 OPS chain length. (A) The 
architecture of the coiled-coil region identified by COILS (Lupas et al., 1991), heptads are denoted by black 
(high score) and grey (lower score) boxes, white space represents non-heptad regions. The wild-type 
ORF6O7 coiled-coil consists of three heptads separated by a small non-heptad region from two more heptads 
which are separated by a small non-heptad region from a block of 6 heptads. The COILS score is indicated 
underneath each heptad; higher scores indicate more confidence in the predicted heptad. (B) Amino acid 
sequence of predicted coiled-coil in black, the assignment of the heptad positions a-g in red. (C) Silver-
stained SDS/PAGE gel of the LPS produced by the ORF6O7 variants (D) Anti-His5 Western immunoblots to 
assess amounts of hexahistidine-tagged ORF6O7variants.  
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CHAPTER 5. BIOSYNTHESIS OF THE KLEBSIELLA PNEUMONIAE O4 ANTIGEN 

5.1 Statement of contributions 

This study was designed, and data interpreted by myself and Dr. Chris Whitfield. I performed all the 

experiments concerning purification and in vitro analysis of the O4 polymerase, created gene deletion 

mutants, and performed complementation experiments to examine O4 gene function. The oligosaccharide 

acceptors used in this study were synthesized by Jeremy Nothof, under the supervision of Dr. Todd L. 

Lowary at the University of Alberta.  

5.2 Rationale 

 Like the K. pneumoniae O7 system, biosynthesis of the K. pneumoniae O4 OPS has not been studied 

at a biochemical level, although the repeat-unit structure and sequence of the biosynthetic gene cluster are 

known (Fig. 5.1). The O4 repeat unit consists of a disaccharide of α1,2-linked Galp and β1,4-linked Ribf and 

the OPS chain is terminated by a α2,2-linked Kdop residue (Fig. 5.1B) (Vinogradov et al., 2002). The O4 

biosynthesis cluster consists of six open reading frames (Fig. 5.1A), some of which can be assigned 

functions from sequence similarities. The genes encode two putative GTs (ORF6O4 and ORF10O4), the ABC 

transporter components (WzmO4 and WztO4), a protein of no assigned function (ORF7O4), and a Ribf 

transferase (ORF5O4) composed of a gPRT and a PRP module which was characterized in parallel to this 

work (Appendix 4) (Kelly et al., 2022). Presented below are aspects of the biochemical characterization of 

ORF5O4 from my investigations in the context of its function in the K. pneumoniae O4 biosynthesis pathway. 

Here, I test the hypothesis that orf6O4 and orf10O4 encode enzymes which act as 

galactosyltransferases, one of which adds the O4 adaptor to und-PP-GlcpNAc and the other contributes to 

polymerizing the O4 antigen. In addition, I will examine through gene deletion the role of orf7O4 and wztO4 

of the ABC transporter in OPS chain termination and export. The K. pneumoniae O4 pathway is of interest 

due to the presence of a coiled-coil and terminal residue indicating chain-length regulation occurs which 
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would provide support for the E. coli O9a prototype model. However, the OPS has a much broader model 

distribution indicating this pathway may be more complex than it appears promoting the need for further 

study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1. Structure and biosynthesis of K. pneumoniae O4 OPS. (A) Organization of the K. pneumoniae 
O4 OPS biosynthesis gene cluster. (B) Structure of the K. pneumoniae O4 und-PP–linked OPS intermediate 
predicted from the structure of the authentic OPS glycan (Vinogradov et al., 2002). The orf designations 
follow the Genbank accession KU310493.  
 
5.3 Results 

5.3.1 Deletion of wztO4 and wztO4-∆306-451 results in accumulation of intracellular OPS 

The K. pneumoniae O4 antigen is proposed to be exported through an ABC transporter, based on to 

the presence of wzmO4 and wztO4 genes in the cluster. The O4 OPS structure shows a terminal Kdop residue 

(Fig. 5.1B) and, following the precedents from E. coli O9a (Mann et al., 2019a) and K. pneumoniae O12 

(Mann et al., 2016), this residue suggests that WztO4 may posses a CBM. This is supported by the BLAST 

prediction of the K. pneumoniae O4 Wzt protein and the presence of a C-terminal extension sharing strong 

similarity with the K. pneumoniae O12 Wzt (44% id/62% sim). A high level of conservation can be seen in 

the sequence alignment but mainly in the NBD region (amino acids 1-250) as anticipated (Fig. 5.2). There is 

less similarity in the C-terminal region (amino acids 300-440), as the structure recognized is not identical. 

The AlphaFold2 server (Jumper et al., 2021) was used to predict the structure of the putative CBM formed 
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by WztO4-310-452 (Fig. 5.3A). The model reveals an immunoglobulin-like fold and when superimposed with 

the characterized CBM of E. coli WztO9a (Fig. 5.3B) the C-terminal domain of WztO4 possesses a very 

similar overall structure. 

 

 

 

 

 

 

 
Fig. 5.2. Structural model of WztO4-310-451 and comparison to E. coli WztO9a. (A) The structural model of 
K. pneumoniae WztO4-310-451 generated by the AlphaFold2 server (Jumper et al., 2021). The pLDDT plot is 
available in Appendix 5. (B) Structure of E. coli WztO9a (Z score 21.2, rmsd 1.9) (PDB 2R5O) (grey) 
superimposed onto WztO4-310-451.   
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Fig. 5.3. Multiple sequence alignments of K. pneumoniae O12 (AAN06493.1) and K. pneumoniae O4 
(ALX35079.1) Wzt. Alignment was performed using Clustal Omega (Sievers et al., 2011) and represented 
using ESPript 3.0 (Robert and Gouet, 2014).  
 
 

A K. pneumoniae O4 strain with a deletion of the wztO4 gene was generated to examine its affect on 

OPS production. The use of silver-stained SDS-PAGE of whole-cell lysates only identifies OPS species that 

are exported and linked to lipid A-core, while Western immunoblots using anti-O4 antibodies facilitates 

detection of intracellular und-PP linked OPS (Mann et al., 2016). Deletion of wztO4 resulted in loss of export 

and accumulation of higher molecular weight intracellular OPS, which can only be seen in the anti-O4 

immunoblot (Fig. 5.4A), while no OPS-substituted LPS is seen by silver-stained-SDS-PAGE (Fig. 5.4B). 

These surprising results indicate that WztO4 is essential for export but also that it likely plays some role in 

chain length regulation which is consistent with biosynthesis of K. pneumoniae O2a OPS, where there is no 

CBM or coiled-coil for chain length regulation. Partial restoration of WztO4 mediated LPS export was 

observed in cells transformed with a plasmid carrying wztO4 (Kos et al., 2009). However, the LPS profile 

now contained some longer O4 OPS chains (Fig. 5.4B). These results differ from E. coli O9a and K. 

pneumoniae O12 where chain-length is still regulated by the chain terminator in the absence of export 

(Mann et al., 2016; Clarke et al., 2009). These results suggest an assembly-export system that is a hybrid of 

the two existing paradigms. 

To dissect the role of the C-terminal extension of WztO4 in OPS export, the gene encoding WztO4-306-

451 was deleted from the K. pneumoniae O4 OPS biosynthesis cluster which was expressed from plasmid 

pDW277 in DW382. Deletion of wztO4-306-4514 resulted in loss of export and accumulation of intracellular 

OPS, which can be seen by the presence of OPS only on the anti-O4 immunoblot (Fig. 5.5A), while no LPS 

is seen on the silver-stained-SDS-PAGE (Fig. 5.5B). Interestingly the OPS produced by this deletion 

remains the same chain-length distribution as the recombinant O4 antigen. The wztO4-306-451 deletion was 
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complemented by the heterologous expression of WztO4-306-451 which was able to restore OPS export (Fig. 

5.5B), as seen by the LPS present on the silver-stained-SDS-PAGE. These results indicate that WztO4-306-451 

is essential for export but is not necessary for chain-length regulation, this matches the phenotype seen in K. 

pneumoniae O12 (Mann et al., 2016) upon deletion of the CBM. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4. Analysis of a ∆wztO4 mutant phenotype. (A) Western immunoblot with anti-O4 antibodies. (B) 
Silver-stained-SDS-PAGE gel of the LPS. The samples were whole cell lysates from the indicated strains.  
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Fig. 5.5. Analysis of the OPS phenotype of a wztO4-∆305-451 mutant in the recombinant O4 antigen gene 
cluster. (A) Western immunoblot with anti-O4 antibodies. (B) Silver-stained-SDS-PAGE gel of the LPS. 
The indicated samples are from whole cell lysates, and the O4 gene deletion was expressed in DW382. The 
black line indicates a break in the gel, where irrelevant lanes were removed. 

 

5.3.2 Initiation and adaptor addition in O4 OPS biosynthesis 

All K. pneumoniae OPS are expected to require WecA activity based on OPS structures that contain 

GlcpNAc at the reducing terminal of the glycan chains (Vinogradov et al., 2002). This is confirmed by 

mutant phenotypes in serotype O2a (Clarke et al., 1995). In order to confirm that WecA initiates the O4 OPS 

a plasmid containing the recombinant O4 cluster was transformed into the wildtype K-12 strain and the 

corresponding ∆wecA mutant (Meier-Dieter et al., 1990). Western immunoblotting showed O4 OPS was 

only produced in the wildtype strain (Fig. 5.6A), confirming that the O4 antigen is initiated by the WecA 

mediated addition of GlcpNAc-1-P to und-P, as anticipated. 

 A single Galp residue provides an adaptor between the reducing terminal GlcpNAc and the repeat-

unit domain of the OPS (Vinogradov et al., 2002) (Fig. 5.1B). To identify which of the two unassigned GTs 

encoded by the O4 OPS biosynthesis cluster is responsible for this activity. The linkage created by this GT is 

identical to that catalyzed by WbbOO2a in the biosynthesis of the O2a OPS (Clarke et al., 2020). ORF10O4 

shows significant similarity to WbbOO2a (42% id/ 63% sim) while ORF6O4 shows no significant similarity. 

To confirm the identity of the adapter-specific GT, DW382 was transformed with one of two plasmids 

containing the recombinant O4 cluster with a deletion of orf10O4 or orf6O4, together with a plasmid carrying 

wbbOO2a. The wbbOO2a gene restored OPS biosynthesis in the mutant lacking orf10O4 (Fig. 5.6B), but not in 

the mutant lacking orf6O4. This indicates that ORF10O4 acts as a galactosyltransferase which adds the 

adaptor Galp residue to the WecA product. This implicates ORF6O4 acts as the galactosyltransferase 

participating with ORF5O4 (Ribf GT) in polymerization. 
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Fig. 5.6. Initiation and adaptor addition in K. pneumoniae O4 OPS biosynthesis. (A) Western 
immunoblot with O4 antibodies of wildtype K. pneumoniae O4 antigen, other samples are expressed in E 
coli K-12 with and without wecA.  (B) Western immunoblot using O4 antibodies. Indicated samples are 
expressed in DW382. The black line indicates a break in the gel, where irrelevant lanes were removed. (C) 
Western immunoblot using O4 antibodies. Samples were expressed in DW382. The immunoblots were 
probed using polyclonal anti-O4 antibodies and all samples are from whole cell lysates. 

 

5.3.3 ORF5O4 and ORF6O4 are required and sufficient to polymerize the K. pneumoniae O4 antigen 

In vitro reactions with purified proteins and synthetic acceptors were used to define the minimal 

requirements for polymerization of the O4 repeat-unit. The activity of ORF5O4 was confirmed in tandem 

with this work to function as the Ribf GT and my objective here was to confirm the ability of ORF5O4 to 

participate with ORF6O4 in polymerizing the O4 OPS. The activities of ORF5O4 and ORF6O4 were examined 

using synthetic acceptor F (Fig. 5.7A), which carries a methoxybenzamide tag for detection, together with 

the expected donor substrates (UDP-Galp and PRPP). The reaction resulted in a range of products visualized 

by TLC (Fig. 5.7B). The corresponding mass spectrum (Fig. 5.7C) showed a range of products, consistent 

with the addition of one (m/z 867.38) and two (m/z 1293.51) complete repeat-units on acceptor F. Products 
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with high degrees of polymerization were not observed under these conditions. The other products include 

the addition of a single Galp (m/z 705.32) and a trisaccharide ending in Galp (m/z 999.42) which represent 

incomplete repeat-units. The same reaction was also analyzed using HPLC which shows the acceptor (Fig. 

5.7D) and a series of larger products as expected based on the mass spectrum (Fig. 5.7E). While there is 

repeat-unit addition, the major product in the spectrum is the addition to a single Galp residue. The 

trisaccharide which is terminated by Galp is also more abundant in the spectra then either product terminated 

in Ribf, indicating the addition of Ribf occurs more slowly which results in the addition of only two repeat-

units under these reaction conditions. These results are supported by the HPLC data where the largest 

product is the first peak after the acceptor which is expected to be the addition of a single Galp. Despite the 

apparent lack of robust polymerization, these results indicate that only ORF5O4 and ORF6O4 are necessary 

for O4 OPS synthesis, and adds further support to the assignment of ORF6O4 as the polymerizing Galp GT.  
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Fig. 5.7. In vitro polymerization of O4 OPS using ORF5O4 and ORF6O4. (A) Structure of the synthetic 
acceptor F. (B) TLC analysis of the reaction mixtures obtained after incubating the enzyme with the acceptor 
and donor substrates (UDP-Galp and PRPP). The spots represent various stages of polymerization. (C) Mass 
spectrum of an aliquot of the reaction contents indicated in B (identified under the relevant TLC lane) was 
analyzed by mass spectrometry and the charge deconvoluted electrospray ionization mass spectra are 
presented. (D and E) Show HPLC profiles of samples from the reactions indicated in B (identified under the 
relevant TLC lanes). 
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Fig. 5.8. In vitro activity of ORF5O4 and ORF6O4. (A) Structure of the synthetic acceptors F and G. (B) 
TLC analysis of the reaction mixtures obtained after incubating the enzyme with the identified acceptor and 
donor sugars (UDP-Galp and PRPP). (C and D) Samples from the reactions indicated in B (identified under 
the relevant TLC lanes) were analyzed by mass spectrometry and the charge deconvoluted electrospray 
ionization mass spectra are presented.  
 

 To unequivocally assign the ORF5O4 and ORF6O4 activities, each enzyme was investigated in 

isolation using acceptor F or G (Fig. 5.8A) and the appropriate donor substrate. The reaction containing 

ORF6O4 with acceptor F and UDP-Galp generated a single product which migrated slower on TLC than the 

acceptor (Fig. 5.8B). The product was confirmed by mass spectrometry to reflect the addition of a single 

Galp residue to the acceptor (m/z 705.32) (Fig. 5.8C). A trace product was also evident with an m/z value 

consistent with a dimer of acceptor F with an additional Galp residue (m/z 1410.64). This result confirms 

that ORF6O4 indeed acts as a galactosyltransferase in the polymerization of the O4 antigen. A reaction 

containing ORF5O4 with acceptor G and PRPP also generated a single major product as seen on TLC (Fig. 

5.8B), which was identified by mass spectrometry (Fig. 5.8D) to be acceptor G modified with a single Ribf 

residue (m/z 735.33).  

5.3.4 Evidence implicating ORF7O4 as a CMP-Kdop-dependent terminating glycosyltransferase 

 The remaining biosynthetic function to be identified was the enzyme that catalyzes the addition of 

the terminal α-Kdop residue. From the preceding work, all open reading frames in the O4 OPS biosynthesis 

cluster were assigned functions with the exception of orf7O4, leading to the hypothesis that ORF7O4 is the α-

Kdop transferase. Unfortunately, BLAST identified no motifs indicative of a catalytic function, although 

there is a predicted coiled-coil at the C-terminus of the protein. Therefore, K. pneumoniae O4 ∆orf7O4 

mutant was generated to examine its affect on OPS production. 

The deletion of terminating enzymes in E. coli O9a and K. pneumoniae O12 prevented export and 

caused intracellular accumulation of long glycan chains due to the loss of chain-length regulation 
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(Cuthbertson et al., 2007, 2005; Mann et al., 2016). The K. pneumoniae ∆orf7O4 possessed a similar 

phenotype with the absence of the O4-substitued LPS in the silver stain profile being the marker of an export 

(and subsequent ligation) defect (Fig. 5.9). These results strongly support the argument that orf7O4 acts as 

the terminating α-Kdop GT. The complementation of the orf7O4 deletion was not possible as transformation 

of the deletion strain with the complementation plasmid containing orf7O4 resulted in very few transformants 

none of which produced any OPS. The plasmid (pDW225) containing the O4 cluster with a deletion of 

orf7O4 was transformed into E. coli CWG1219. This deletion resulted in the same phenotype as the relevant 

chromosomal deletion (Fig. 5.10A). The complementation of this deletion was able to restore export (Fig. 

5.10B). The complementation appears to be less than optimal as significant quantities of high molecular 

weight OPS remain in the Western immunoblot. Why the complementation was not possible in K. 

pneumoniae, and why the complementation in E. coli was not efficient remains unknown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. Deletion analysis of the phenotype of K. pneumoniae O4 ∆orf7O4. (A) Western immunoblot with 
anti-O4 antibodies of the LPS produced by the identified strain. (B) Silver-stained-SDS-PAGE gel of the 
same samples. All samples are whole cell lysates. 
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Fig. 5.10. Deletion and complementation approach to examine the phenotype of the recombinant 
expression of ∆orf7O4 in E. coli CWG1219. (A) Western immunoblot with anti-O4 antibodies of the LPS 
produced by the identified strains. (B) Silver-stained-SDS-PAGE gel of the same samples. All samples are 
whole cell lysates. 

 

Experiments to establish the activity of ORF7O4 in vitro were unsuccessful. ORF7O4 was expressed in 

E. coli BL21 but the majority of the protein was found in the pellet after the 100 000×g centrifugation step 

(Fig. 5.11A). This necessitated the use of detergent extraction in order to purify the protein, LDAO was 

selected after trialing several detergents; LDAO gave the most soluble protein, and this could be obtained in 

a purified state from IMAC chromatography (Fig. 5.11B).  LDAO is a zwitterionic detergent and is 

commonly used in crystallography due to its ability to stabilize membrane proteins, but the charged head 

group means it is considered a relatively harsh detergent (Stetsenko and Guskov, 2017). A reaction was 

performed using the purified ORF7O4 with acceptor F (appropriate acceptor based on NMR structure of O4 

antigen (Vinogradov et al., 2002)). This reaction included the activated sugar donor CMP-β-Kdo, which is 

unstable (Lin et al., 1997) and therefore was generated in situ using CTP, Kdop, and a purified E. coli CMP-
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Kdop synthetase (KdsB); this approach is routinely used in the Whitfield lab (Doyle et al., 2019; 

Ovchinnikova et al., 2016). However, no product was evident on TLC (Fig, 5.12A). A similar reaction was 

performed with the 100 000×g pellet of ORF7O4, but again there was no product evident on TLC (Fig. 

5.12B). The contents of reactions were also analysed using mass spectrometry and in both cases no 

modification of acceptor F was seen (Fig. 5.12C,D). 

 

 

 

 

 

 

 

 

Fig. 5.11. Localization and purification of ORF7O4. (A) Anti-His5 Western immunoblot to assess the 
localization of hexahistidine-tagged ORF7O4. WCL, whole cell lysate; S12, soluble fraction after 12 000×g 
spin; P12, 12 000×g pellet; S100, soluble fraction after 100 000×g centrifugation; P100, 100 000×g pellet. 
(B) His6- ORF7O4 was purified by immobilized metal affinity chromatography. SDS-PAGE of the relevant 
purification fractions are shown: P100, 100 000×g pellet; FT, flow through; W1, 20 mM imidazole wash; 
W2, 50 mM imidazole wash; E1-E3, 250 mM elution. The calculated size of His6-ORF7O4 is 81.8 kDa. The 
Western blot showed full length protein as well as a truncated version of ~40 kDa. 
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Fig. 5.12. In vitro reaction to probe the activity of ORF7O4. TLC analysis of the reaction mixtures 
obtained after incubating detergent extracted ORF7O4 (A) and the P100 fraction from cells producing 
ORF7O4(B) with acceptor F and the necessary components for in situ CMP-Kdop synthesis. (C and D) 
Samples from the reactions indicated in A and B (identified under the relevant TLC lanes) were analyzed by 
mass spectrometry and the charge deconvoluted electrospray ionization mass spectra are presented. 

 

 To provide further insight into the possible function of ORF7O4 a model ORF7O4-1-536 was generated 

(Fig. 5.13) using an AlphaFold2 (Jumper et al., 2021). This predicted structure lacks the coiled-coil as this 
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region is not reliably modelled. This structure showed three domains, the two N-terminal domains resemble 

a GTB fold consisting of two Rossmann-like domains with six or seven β-sheets linked to α-helices, with a 

linker region creating a cleft between the two domains. This would suggest the presence of a GT in this 

region despite the lack of in vitro activity. The third predicted domain consists entirely of α-helices (Fig. 

5.13) and has no clear function, but it could serve as a site for association with other components of the O4 

assembly system or be involved in oligomerizing ORF7O4. To examine whether removal of the C-terminal 

region of ORF7O4, including the coiled-coil and helical region, could produce a more soluble construct with 

activity three successively larger truncations were made. Only the ORF7O4-1-329 produced mainly soluble 

protein (Fig. 5.14B). However, none of the truncations possessed activity with acceptor F (Fig. 5.14C). 

 

 

 

 

 

 

 
 
 
Fig. 5.13. Structural model of ORF7O4-1-536. The structural model of K. pneumoniae ORF7O4-1-536 generated 
by the AlphaFold2 server (Jumper et al., 2021). The pLDDT plot is available in Appendix 5. The region 
resembling a GTB (1-310) is coloured by secondary structure; α-helices (red), β-sheets (yellow) and loops 
(green). The helical region (311-536) is coloured in blue. 
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Fig. 5.14. In vitro reaction to probe the activity of ORF7O4 deletion constructs. (A) Cartoon 
representation of ORF7O4 showing the location of the predicted coiled-coil as well as the predicted α helical 
domain. Above are the truncated constructs of ORF7O4 generated by the deletion of the C-terminus. (B) 
Anti-His5 Western immunoblot to assess the localization of His6-tagged ORF7O4 truncations. WCL, whole 
cell lysate; S12, soluble fraction after 12 000×g spin; P12, 12 000×g pellet; S100, soluble fraction after 100 
000×g centrifugation; P100, 100 000×g pellet. The calculated size of His6-ORF7O4-1-498 is 56.74 kDa, His6-
ORF7O4-1-405 is 46.36 kDa and His6-ORF7O4-1-329 is 37.7 kDa. (C) TLC analysis of the reaction mixtures 
obtained after incubating whole cell lysate of the indicated ORF7O4 truncation with acceptor F and the 
necessary components for in situ CMP-Kdop synthesis.  

 

5.3.5 Investigating the role of the coiled-coil region of ORF7O4 in regulating the chain-length of K. 

pneumoniae O4 OPS 

Truncations removing portions of the coiled-coil were generated to determine whether this part of the 

protein played a role in chain-length regulation. The coiled-coil of ORF7O4 (like the K. pneumoniae ORF6O7 

coiled-coil) is less clear then the WbbB coiled-coil. The ORF7O4 coiled-coil has a total of nine predicted 

heptads varying in score from 0.39 to 1, the first two high scoring heptads are separated from a further four 

high scoring heptads by a small non-heptad region. Following these heptads is second non-heptad region 
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separating the final three lower scoring heptads. Truncations were generated to remove sets of similar 

scoring heptads (Fig. 5.15A). The mutated genes were cloned into pBAD18-Kanr and transformed along 

with a plasmid (pDW225) carrying the orf7O4-deleted O4 operon into CWG1219. Whole cell lysates were 

examined by silver-stained SDS-PAGE and Western immunoblot using anti-O4 antibodies (Fig. 5.15B,C). 

Each sample contained only high molecular weight intracellular OPS, with no LPS observed on the silver-

stained SDS-PAGE. Together these results indicate that these constructs are not capable of complementation 

of the deletion indicating the C-terminus is necessary for either proper localization of ORF7O4 or interaction 

of ORF7O4 with other O4 biosynthesis proteins. The results presented here confirm the identity of the O4 

OPS polymerizing proteins and provide evidence for the role of ORF7O4 in termination of the OPS however, 

the method of chain-length regulation requires further investigation. 
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Fig. 5.15. Attempted investigation of the role of the coiled-coil domain of ORF7O4 O4 OPS chain 
length regulation. (A) Organization of the coiled-coil region identified by COILS (Lupas et al., 1991). The 
wild-type ORF7O4 coiled-coil consists of eight heptads and two non-heptad regions (white). The score for 
each heptad is indicated with the higher scores indicating more confidence in the prediction. (B) Anti-O4 
Western immunoblot of an orf7O4 deletion with the ORF7O4 variants. (C) Corresponding silver-stained SDS-
PAGE gel. Western immunoblot and silver stained SDS-PAGE of ∆orf7O4 can be seen in Fig. 5.10. 
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CHAPTER 6. DISCUSSION 

Parts of this chapter were published in Proceedings of the National Academy of Sciences of the 

United States of America in a modified form (Williams et al., 2017). 

6.1 Modular proteins in OPS biosynthesis 

  The prototype systems for O-antigen termination and non-termination models of chain-length 

regulation are the E. coli O9a (K. pneumoniae O3a) and K. pneumoniae O2a systems (Clarke et al., 2004; 

Hagelueken et al., 2015; Kos et al., 2009), respectively, and both are described in detail in Chapter 1. In an 

attempt to further validate these models, I examined three additional K. pneumoniae serotypes; O12, O7, and 

O4. While these three serotypes do share some similarities with the prototype systems, they also provide 

valuable insights into possible variations. The K. pneumoniae O12 and O7 systems possess clear similarities 

to the E. coli O9a prototype, while preliminary data for the K. pneumoniae O4 system suggests features of 

both the E. coli O9a and K. pneumoniae O2a prototypes. 

The biosynthesis systems for the K. pneumoniae O12 and O7 OPS both involve large multidomain 

proteins. They are responsible for several steps in the assembly of the OPS, including polymerization, 

termination (i.e., the act of adding a non-reducing terminal residue to prevent further extension), and chain-

length regulation (i.e., dictating the length of OPS chains that are candidates for termination). While the 

same essential components are required in the E. coli O9a prototype, and there are clear similarities in 

overall principle, each system offers subtle differences. WbbB, from K. pneumoniae O12, provides all the 

activities necessary for polymerization, termination, and a coiled-coil region for chain-length determination 

in a single protein. On the other hand, the K. pneumoniae O4, O7, and E. coli O9a systems each require 

multiple proteins to accomplish these activities and the distributions of functions between the polypeptides 

vary (Fig. 6.1). K. pneumoniae O7 OPS biosynthesis requires a large multidomain protein (ORF6O7) which 

contains four active sites. It terminates the O7 antigen by the addition of a methylphosphate residue, while  
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Fig. 6.1. Cartoon representation of polymerase and terminator proteins and the resulting OPS 
structure of relevant strains. The proteins involved in the synthesis of the indicated OPS are shown, 
domains and their predicted location are indicated. The OPS structures are shown with the terminal residue 
and the repeat-unit labelled, the proteins which add each residue are indicated below the structure. 
 
 
also catalyzing transfer of the three Rhap residues present in the repeat-unit. Another protein (ORF7O7) 

provides the essential Ribf GT to complete repeat-unit synthesis (Kelly et al., 2022). ORF6O7 also possesses 

a coiled-coil for chain-length determination, like the E. coli O9a prototypes. In contrast, the K. pneumoniae 

O4 system does not possess any large multidomain proteins. Instead, each protein is confined to a single 

activity based on activity assignments (Fig. 6.1). ORF6O4 and ORF5O4 add the Galp and Ribf residue of the 

disaccharide repeat unit, respectively and the terminal α-Kdop is thought to be added by the putative Kdop-

transferase ORF7O4. ORF7O4 does contain a coiled-coil however its function remains unclear, therefore only 

one activity is currently assigned to ORF7O4. The E. coli O9a prototype requires two proteins (WbdA and 

WbdD), where WbdD acts as the terminator and chain-length regulator and WbdA polymerizes the OPS 

repeat-unit (Clarke et al., 2009).  
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Large modular proteins like WbbBO12 and ORF6O7 are predicted in assembly systems for O-antigens 

and other glycans from various bacterial species (Mann et al., 2019b). Bioinformatic analysis identified 6 

other examples of pathways generating OPS with predicted terminal modifications and involving large 

modular proteins (Mann et al., 2019b). All are assembled by ABC transporter-dependent pathways and the 

presence of a Wzt possessing an extended C-terminal domain was used to identify these pathways. The 

enzyme activities contributed by modular proteins vary widely based on the generated glycan structures, but 

K pneumoniae OPS arguably provide the best characterized examples. WbbBO12 includes a GT99 CMP-

Kdop-dependent β-Kdop transferase (terminator) at the N-terminus (Ovchinnikova et al., 2016), while the C-

terminal contains two GTs responsible for polymerizing the repeat-unit domain. These polymerizing GTs 

share no significant sequence similarity with any of the existing families in the CAZy database (Lombard et 

al., 2014) and, with the determination of their catalytic activities presented in this thesis, they provide 

founding members of the new GT102 and GT103 families. No solved structures exist of members of these 

families, but an AlphaFold2 model of WbbBO12-582-1106 modeled the GT102 and GT103 modules as a GT-B 

and GT-A fold, respectively (Fig. 6.2). These GTs operate in a two-site model of polymerization, and they 

employ an inverting mechanism, where the anomeric linkages in the activated donors (dTDP-β-L-Rhap and 

UDP-α-D-GlcpNAc) are inverted in the product [4)-α-Rhap-(1→3)-β-GlcpNAc-(1→].  
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Fig. 6.2. Predicted structures of WbbBO12-582-1106 from AlphaFold2. The structure is coloured based on 
secondary structure and the GT modules are labelled based on the GT family they belong to. The pLDDT 
plot is available in Appendix 5. 
 
 

WbbBO12 and ORF6O7 provide avenues to identify similar proteins for future functional or structural 

analysis. In both cases, the terminator domain was used to identify these homologs. Using the GT99 module, 

the CAZy database was searched to identify several members from the genera Klebsiella, Raoultella, 

Aeromonas, and Serratia which contained proteins possessing a GT99 family module (Table 6.1). Their 

GT99 sequences share ~60% or greater similarity, and are located at the N-terminus, upstream of a predicted 

coiled-coil region. They all possess one or more C-terminal GT candidates with variable predicted identities. 

 

Table 6.1. Features of additional modular proteins related to WbbBO12 from K. pneumoniae O12. 

Bacterial species Protein Coiled-coil 
(Residue 
Numbers) 

C-Terminal GTs Family* 
(Residue Numbers) 

Accession Number 

Aeromonas hydrophila 
AH-1 

WbbB 443-504 GT102 (520-864) 
GT103 (922-1010) 

AKL88477 
 

Aeromonas hydrophila 
AL97-91 

ORF 507-568 GT102 (520-864) 
GT103 (922-1010) 

AID70933 
 

Aeromonas hydrophila 
MN98-04 

ORF 507-568 GT102 (520-864) 
GT103 (922-1010) 

AID71014 
 

Klebsiella pneumoniae ORF 466-515 GT102 (696-832) AAN06494 
Klebsiella pneumoniae 
262 

WbbB 451-500 GT2 (450-668) 
GT4 (799-1040) 

CZQ25253 
 

Klebsiella pneumoniae 
AKPRH094188 

WbbB 449-498 GT102 (696-832) 
GT103 (874-942) 

CZQ25286 
 

Klebsiella pneumoniae 
subspecies pneumoniae 
HKUPOLC 

AKK42-08370 466-508 GT102 (696-832) 
GT103 (874-942) 

ALD55318 
 

Klebsiella pneumoniae 
subspecies pneumoniae 
MGH78578 ATCC 
700721 

KPN-02484 468-517 GT2 (450-558) 
GT4 (724-1040) 

 

ABR77902 
 

Klebsiella 
quasipneumoniae 
subspecies 
similipneumoniae 708 

ORF 491-540 GT102 (785-921) 
GT103 (963-1031) 

 

BAN08508 
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Klebsiella variicola 
HKUPOLC 

AK692-05245 448-490 GT102 (742-878) 
GT103 (895-985) 

ALD04702 
 

Raoultella 
ornithinolytica S12 

TE10_19175 454-549 GT102 (732-856) 
GT103 (892-999) 

AJF74040 
 

Serratia fonticola GS2 AV650_12770 457-498 GT102 (642-878) ALX94372 
Serratia marcescens 
N28b 

WbbK 459-480 GT2 (453-671) 
GT4 (727-1045) 

AAC00183 
 

Serratia plymuthica 
4Rx13 

SOD_C14770 460-551 GT102 (772-907) 
GT103 (948-1033) 

AGO54462 
 

* The assignment of GT102 or GT103 was made based on alignments to the prototypes from K. pneumoniae 
O12 WbbBO12. All other designations are those from the conserved domains provided by BLAST. As 
indicated in the text, the latter is misleading but there is insufficient evidence to provide an appropriate 
alternative here. 

 

Although structures of the polysaccharide repeat units are available for only two other examples from 

Table 6.1 for correlation with potential GT modules (Fig. 6.3), some conserved functional properties 

emerge. The carbohydrate backbones of the OPS from K. pneumoniae O12 and Aeromonas hydrophila AH-

1 are identical, although AH-1 OPS also possesses variable acetylation at the 2 and 3 positions of the Rhap 

residue (Merino et al., 2015). As expected, the OPS-biosynthesis genetic locus of AH-1 contains a putative 

acetyltransferase gene. Terminal residues were not reported for the AH-1 OPS structure but the presence of a 

GT99 domain is a strong indicator that a terminal β-Kdop residue likely exists. Furthermore, the Wzt 

proteins from these bacteria all possess conserved C-terminal sequences, which are predicted to encode a 

CBM similar to that recognizing the terminal β-Kdop in K. pneumoniae O12 (Mann et al., 2016). Both 

bacteria possess similar WbbL homologs, indicating the biosynthesis pathways and principles are conserved. 

The polymerase domains from A. hydrophila and K. pneumoniae share <60% overall similarity and as 

expected from the conserved OPS repeat-unit structure, sequence, and secondary structure alignments reveal 

strong candidates for GT102 (41% id/59% sim) and GT103 (45% id/61% sim) enzyme modules (Fig. 6.4A).   
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Fig. 6.3. Modular proteins related to WbbBO12 in other bacterial genera. Several members of the GT99 
family possess an organization resembling WbbBO12 (Table 6.1) but only two are from organisms with 
known OPS structures. They are WbbB from A. hydrophila AH-1 (AKL88477) and WbbK [formerly WbbA 
(Oxley and Wilkinson, 1988)] from S. marcescens N28b (AAC00183). The resulting repeat-unit structures 
of the glycan backbones are shown. 
 
 

The Serratia marcescens O4 OPS repeat unit differs from K. pneumoniae O12 by possessing a [3)-α-

Rhap-(1→3)-α-Glcp-(1→] disaccharide (Oxley and Wilkinson, 1988). This organism contains genes 

encoding WbbL and the modular protein, WbbK, containing a GT99 β-Kdop GT homologue (Fig. 6.3). 

However, previous work has indicated that the ABC transporters were not exchangeable between S. 

marcescens O4 and K. pneumoniae O12 (Izquierdo et al., 2003), which presumably reflects linkage 

differences in the terminal structure recognized by the corresponding Wzt CBMs. A similar situation has 

been demonstrated from E. coli O9a and K. pneumoniae O7 OPS. Both structures are terminated by a 

methylphosphate residue, but the carbohydrate backbones differ. Pull-down experiments demonstrated that 

each Wzt protein was only able to bind its cognate OPS (Mann et al., 2019a). Further analysis of WbbK 

identified two C-terminal GT modules designated as “GT2” and “GT4”. The former shares 29% id/57% sim 

with GT102, with the alignment being strongest in the predicted C-terminal part of the GT (Fig. 6.4B). The 

“GT4” motif presumably identifies the retaining α-glucosyltransferase, which uses UDP-α-D-Glcp as its 
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donor and this shares no significant similarity with GT103 but some sequence relatedness with GT102 (22% 

id/42% sim) (Fig. 6.4B). 
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Fig. 6.4. Alignments of the polymerase GT domains from WbbB from K. pneumoniae O12 with WbbB 
from Aeromonas hydrophila AH-1 (A) and with WbbK from Serratia marcescens N28-b (B). The 
secondary structure is shown above each sequence with arrows indicating β-strands, rectangles indicating α-
helices, and lines indicting loops. 
 
 

ORF6O7 joins WbdD in providing a second example of a dual kinase-methyltransferase terminator. 

The N-terminal methyltransferase domain in ORF6O7 could be predicted from sequence, but the kinase 

expected from the structure of the terminated glycan was not identified and a large (~500aa) region of 

ORF6O7 sequence located C-terminal to the methyltransferase was left unassigned. Structural modeling 

using AlphaFold2, coupled with biochemical experiments and mutagenesis, identified the kinase domain 

within this sequence and the methyltransferase and kinase activities were both definitively established. The 

C-terminal part of ORF6O7 contains two GT2 modules. Members of this family are inverting enzymes with a 

GT-A fold and are often metal ion dependent, due to a DXD/DXDD motif that binds Mg2+ (Lairson et al., 

2008). Both of these GT modules have been identified as dTDP-Rhap-dependent rhamnosyltransferases, and 

while there is no solved structure available, an AlphaFold2 model of ORF6O7-864-1415 suggests both modules 

possess a GT-A fold (Fig. 6.5). Mutational analysis confirms these enzymes possess a DXD/DXDD motif 

that is required for enzyme function, consistent with their assignment to the GT2 family. The N-terminus of 

ORF6O7 also contains a putative CBM; WbdD lacks a comparable component. The CBM function remains 

untested but could contribute to binding/recognition of the growing OPS chain and aid in termination by the 

kinase and methyltransferase domains. CBM modules improve the efficiency of many CAZy enzymes 

(Alderwick et al., 2011; Reinikainen et al., 1992). 
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Fig. 6.5. Predicted structures of ORF6O7-864-1415. The structure is coloured based on secondary structure 
and the GT modules are labelled based on the GT family they belong to and their position within the protein. 
The pLDDT plot is available in Appendix 5. 
 

The sequence of the ORF6O7 N-terminus was used to identify other proteins which possess a 

methyltransferase and kinase domain from a wide range of genera. Each protein contained a 

methyltransferase domain followed by a large unassigned region, which shares similarity with the ORF6O7 

kinase. The genomes of these organisms were examined, and these proteins were confirmed to be encoded in 

glycan biosynthesis clusters which possessed an ABC transporter possessing a predicted CBM. The gene 

clusters predict different glycans, all terminated with a methylphosphate. Unfortunately, only one homolog 

is associated with a known OPS structure. Franconibacter pulveris G3872 (O1) has an identical OPS to K. 

pneumoniae O7 and the predicted kinase-methyltransferase containing protein is 51% id/67% sim to 

ORF6O7. All the predicted proteins in the F. pulveris OPS biosynthesis pathway are highly similar (>65%) to 

those in K. pneumoniae O7. Three distinct layouts were seen in the ORF6O7 homologs: a WbdD-like layout 

possessing a methyltransferase domain, a probable kinase domain and a coiled-coil, the other two layouts 

were ORF6O7-like with a methyltransferase domain, a probable kinase domain, a coiled-coil, and one or two 

predicted GT domains (Fig. A6.2). WbdD, ORF6O7, and their homologs formed a phylogenetic tree with two 
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well defined clades; one containing ORF6O7-like proteins and the other containing WbdD and its homologs 

(Fig. 4.11). While these proteins perform very similar reactions, their evolution clearly differs. 

Horizontal gene transfer and recombination play key roles in glycan diversity. The acquisition of new 

DNA can generate changes to the O-antigen structures produced by a bacterium. Bacteriophages are 

considered to be one of the main selective pressures driving surface glycan diversity (Mostowy and Holt, 

2018). Bacteriophages interact with the Gram-negative cell surface upon infection, the OPS layer can mask 

receptors on the cell surface (Nobrega et al., 2018; Broeker and Barbirz, 2017). However, OPS can also act 

as a receptor for bacteriophages and the ability to vary the OPS structure would allow the bacteria to evade 

bacteriophages. There are multiple approaches to generating glycan diversity including acquisition and 

recombination of different GT modules behind a more conserved terminator module, acquisition of 

individual genes encoding GT’s which is well documented in Salmonella O-antigens (Liu et al., 2008), or 

mutations that change the activities of GT modules. For example, in E. coli O9a single amino acid 

substitution in WbdA results in the addition of another Manp residue to the repeat-unit generating the O9a 

serotype (Kido and Kobayashi, 2000). 

Initially the organization of WbbBO12 presented the hypothesis that the number of GTs following the 

coiled-coil in these large modular proteins would dictate how many sugars were present in the repeat-unit. 

This was supported by the disaccharide repeat units of K. pneumoniae O12, as well as the two close 

WbbBO12 homologs from A. hydrophila and S. marcescens, which participate in synthesis of similar repeat-

unit structures (Fig. 6.3). However, the situation in ORF6O7 is more complicated. One of the two GT 

modules in ORF6O7 is capable of adding multiple residues; there are other examples of single active sites 

adding multiple residues including in E. coli O9a, where WbdA adds four Manp residues, with each of its 

two GT modules adding two Manp residues (Liston et al., 2015). Also, PglH from Campylobacter jejuni is 

able to add three sequential GalpNAc residues, with the number controlled by the amphipathic “ruler helix” 
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(Ramírez et al., 2018). Another example can be found in Shrigella where a single rhamnosyltransferase is 

necessary to add two Rhap residues to form the repeat-unit (Liu et al., 2008). These examples illustrate the 

difficulty of predicting glycan structures based on the GT modules alone.  

6.2 Oligomerization and anchoring of the terminator in the membrane 

The E. coli O9a terminator, WbdD, exists as a trimer where the catalytic domains are separated from 

a membrane-associated amphipathic helix by an extended coiled-coil structure (Fig. 6.6) (Hagelueken et al., 

2012b, 2015). The polymerase (WbdA) and the terminator (WbdD) form a membrane-bound complex where 

WbdA interacts with the non-catalytic membrane-associated region of WbdD (Clarke et al., 2009). In the 

absence of the interaction with WbdD, WbdA becomes soluble and is no longer active in vivo. The 

oligomeric states of the full-length ORF6O7 and WbbBO12 are unknown, but the GT99 β-Kdop GT from 

WbbBO12 is a dimer in solution and in the solved crystal structure (Ovchinnikova et al., 2016), suggesting 

that full-length WbbBO12 may form dimers (Fig. 6.6). The polymerase region of these proteins is expected to 

be associated with the membrane and proximity to the membrane is necessary for access to the und-PP-

linked intermediates. In the O9a system, the amphipathic helix of WbdD provides anchorage to the 

membrane with defined orientation. The polymerase domains of WbbBO12 and ORF6O7 both possess a 

candidate membrane-interacting helices that may play an analogous role (Fig. 6.7). Both predicted 

amphipathic helices are external facing, in WbbBO12 the helix is on an opposing face to where the coiled-coil 

is be predicted to extend away from the polymerase domain, in ORF6O7 the helix is in GT2-C and therefore 

in the module farther from the coiled-coil, this data further supports the possibility of these amphipathic 

helices being involved in membrane interaction. 
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Fig. 6.6. Cartoon representation of the predicted polymerization and chain termination mechanisms 
from E. coli O9a, and K. pneumoniae serotypes O12 and O7. In E. coli O9a, the polymerase (WbdA) 
interacts with the terminator (WbdD) which anchors the complex in the membrane. In K. pneumoniae O12, 
WbbB provides both polymerase and terminator functions. The positioning of the polymerase is predicted 
based on the model for E. coli O9a and the need to elongate an und-PP–linked glycan anchored in the 
membrane. In K. pneumoniae O7, ORF6O7 is a large multidomain protein which possesses some polymerase 
and terminator functions. Its oligomeric status is unknown, so it is presented as a monomer here. ORF7O7 is 
shown in a hypothetical complex with ORF6O7 to allow for polymerization. The positioning of the 
polymerase is based on the other two models. In each case, the terminator and polymerase activities are 
separated by a coiled-coil structure which regulates chain-length (Hagelueken et al., 2015; Williams et al., 
2017). There is currently insufficient data to predict an equivalent organization of the K. pneumoniae O4 
complex. 
 

The components of the K. pneumoniae O4 system predict a polymerization and termination complex, 

comparable to E. coli O9a (Fig. 6.6). A predicted helical domain in the AlphaFold2 ORF7O4 model is 

consistent with the possibility of a multimer being formed, as the top DALI (Holm and Sander, 1995) results 

belong to histone chaperone proteins, which are involved in binding histone to regulate the formation of 

chromatin, and to a family of proteins called 14-3-3 proteins, which are eukaryotic regulatory proteins 

involved in various protein-protein interactions (Burgess and Zhang, 2013; Fu et al., 2003). There is no  
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Fig. 6.7. Predicted structures and candidate amphipathic helices in WbbBO12 and ORF6O7. (A and C) 
Candidate amphipathic helices from WbbBO12 and ORF6O7, respectively. (B and D) Structural model of 
WbbBO12-582-1106 and ORF6O7-864-1415, respectively. Candidate helices are coloured in blue. Amphipathic 
helices were predicted using the HeliQuest server (Gautier et al., 2008). The hydrophobic moment within 
these helices (indicated by arrows) suggests they may be involved in membrane interaction. 

 

sequence similarity shared between the helical region of ORF7O4 and either of these types of proteins 

however they do share highly helical structures. α-helices are known to mediate a variety of protein 

interactions and therefore may be involved in oligomerizing ORF7O4 (Jochim and Arora, 2009). An 

alternative function for this helical domain could be in the formation of a polymerization complex with the 

other K. pneumoniae O4 biosynthesis machinery. Since the structure of ORF7O4 and role of the coiled-coil 

structure is unknown, the orientation of ORF7O4 relative to the membrane as well as the other K. 

pneumoniae O4 machinery is speculative. There are two possible amphipathic helices in ORF7O4, both are 

found in the helical domain (Fig. 6.8). The placement of these helices suggests a different orientation for the 
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predicted biosynthesis complex compared to the predicted E. coli O9a prototype complex, as these helices 

would result in the terminator domain being in close proximity to the membrane. This does not preclude the 

predicted function of the coiled-coil in separating the O4 terminator and polymerase activities but it does 

suggest a different orientation of a the predicted complex. Support for the importance of the predicted 

amphipathic helix (Fig. 6.8A) comes from the observation that removal of the most N-terminal helix in 

ORF7O4-1-329 results in a soluble protein, whereas removal of only the most C-terminal amphipathic helix 

(Fig. 6.8B) does not have the same affect (Fig. 5.14B). These findings provide some insight into the possible 

orientation of ORF7O4, however the exact orientation and hypothesized formation of the K. pneumoniae O4 

biosynthesis complex requires further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8. Predicted structure and candidate amphipathic helices for ORF7O4. (A and B) The two 
candidate amphipathic helices from ORF7O4. (C) Structural model of ORF7O4-1-536. Candidate helices are 
coloured in orange and indicated with A and B. Amphipathic helices were predicted using the HeliQuest 
server (Gautier et al., 2008). The hydrophobic moment within these helices (indicated by arrows) suggests 
they may be involved in membrane interaction. 
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6.3 OPS chain-length determination 

One of the key functions of OPS lies in protecting the cell from the human complement system. The 

protection is conferred through steric hindrance; OPS prevents binding of C5b-9, which is a prerequisite for 

insertion of the membrane attack complex into the outer membrane (Cress et al., 2014; Heesterbeek et al., 

2019; Joiner et al., 1984; Joiner, 1988; Lerouge and Vanderleyden, 2002). The exact structure of the OPS 

can play a role in evading the host immune system but, the ability to confer protection comes primarily from 

the length of the OPS chains (McCallum et al., 1989). Short OPS chains are not protective but overly long 

chains do not provide any extra protection (Grossman et al., 1987; Burns and Hull, 1998). Therefore, the cell 

employs a mechanism to ensure the distribution of OPS chain-lengths is controlled, presumably to prevent 

the expenditure of energy involved in making unnecessarily long chains, or the production of chains too 

short to confer protection. In the Wzy-dependent pathway this occurs through Wzz proteins (Whitfield et al., 

2020b). In K. pneumoniae O12, O7, and (possibly) O4 this occurs via chain-termination and a molecular 

ruler. In WbbBO12 and ORF6O7 the termination and polymerization activities are separated by a predicted 

coiled-coil. The role of a coiled-coil structure as a molecular ruler to determine OPS chain length 

distribution was first demonstrated in E. coli O9a (Hagelueken et al., 2015; King et al., 2014). The 

specificity of the ABC transporter for terminated O9a OPS chains precludes the premature export of 

unterminated shorter chains (Cuthbertson et al., 2007). These general principles appear to be conserved in K. 

pneumoniae O12 and O7 pathways. In both systems the ABC transporter possesses a CBM that recognizes 

the terminated glycans (Mann et al., 2019a, 2016). In E. coli O9a, a coiled-coil structure with an estimated 

size of ~200Å gives rise to a modal chain length distribution with an average of fourteen tetrasaccharide 

repeat-units.  

Based on the parameters established for WbdD (Hagelueken et al., 2015), the length of the coiled-

coil in other proteins can be estimated, although, WbbBO12 and ORF6O7 also contain non-canonical heptad 
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sequences, which may affect the accuracy of these estimates. Units of six heptads have an estimated length 

of ~ 60Å. For WbbBO12, this would give rise to an average OPS chain length of ~7 disaccharide repeats, 

each contributing ~9Å in chain length (calculated using the GLYCAM server; www.glycam.org). In 

ORF6O7, assuming all the predicted heptads (regardless of score) are true heptads (Fig 4.15A), the coiled-

coil structure has an estimated size of ~ 100Å. This coiled-coil structure would potentially span the size of 

~6 tetrasaccharide repeats each spanning ~16Å (calculated using the GLYCAM server). The coiled-coil 

structures in these systems are fused to the polymerase domain, whose physical bulk may provide a further 

extension to the ruler. Only the physical distance between catalytic sites matters, not the specific structural 

elements creating that distance. The LPS products seen on SDS-PAGE shows a laddering pattern in the K. 

pneumoniae O7, O12 and E. coli O9a lanes (Fig. 6.9). The number of bands as well as their migration on the 

gel indicate more repeat-units then those predicted by the coiled-coil alone, supporting the proposal that 

more than the coiled-coil dictates OPS chain-length. This proposal is also consistent with our findings that 

O7 and O12 OPS polymerization is retained even in the variants where the coiled-coil region is completely 

removed. The difference in the importance of the coiled-coil region in K. pneumoniae O12 and O7 systems, 

presumably reflects the different architectures of the enzyme complexes. Notably, ORF6O7 is a much larger 

protein but structures of WbbBO12 or ORF6O7 are needed to definitively address this question.  

In, E. coli O9a the stoichiometry and architecture of the complex can influence chain-length 

distribution when WbdA and WbdD expression is experimentally modulated (King et al., 2014). This is 

enabled by the terminator and polymerase being separate proteins. Whether this has relevance in vivo 

(without forcing differential expression) is unknown. While the K. pneumoniae O12 system could be 

manipulated by separately expressing polymerase and terminator domains to mimic the E. coli O9a 

phenotype, the deployment of the key activities in a single protein (WbbBO12) means this likely has no 

influence in vivo. The K. pneumoniae O7 system differs from both K. pneumoniae O12 and E. coli O9a in 

http://www.glycam.org/
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the distribution of polymerase catalytic sites between two proteins (ORF6O7 and ORF7O7). However, the 

presence of both polymerase components and terminator activities in ORF6O7 precludes the differential 

expression of these two components in vivo. 

 

 

 

 

 

 

 

 

Fig. 6.9. Prototype OPS size distributions. Examples of the size distribution of LPS molecules from 
different isolates, revealed by the profiles after separation on silver-stained SDS-polyacrylamide gels. 

 

The K. pneumoniae O4 system possesses similar features and overall layout to the E. coli O9a 

prototype including the presence of a coiled-coil, a terminal residue, and a predicted CBM on WztO4. In 

principle, this suggests that both systems may use the same mode of chain-length regulation. However, a role 

for the ORF7O4 coiled-coil structure could mot be established, as all constructs with a shortened coiled-coil 

were unable to restore activity in complementation experiments using a recombinant deletion of orf7O4. In 

the terminated K. pneumoniae O12 and E. coli O9a OPS, the length of the OPS is established during 

synthesis prior to export. In contrast, the increase in chain length seen with the deletion of wztO4 is similar to 

the phenotype reported in K. pneumoniae O2a which does not possess a CBM, terminal residue, or a coiled-

coil structure (Kos et al., 2009). Instead, chain-length is determined by relative activities of polymerization 

and transport (Kos et al., 2009), so a deletion of the K. pneumoniae O2a transporter results in longer OPS 

chains. OPS biosynthesis systems which use a coiled-coil to establish chain length, generally have much 
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tighter control of OPS chain-length distribution than what is seen in the K. pneumoniae O2a and O4 systems. 

This is evident in SDS-PAGE profiles, through the tighter modal distributions of the K. pneumoniae O12, 

O7, and E. coli O9a OPS compared to the K. pneumoniae O2a and O4 OPS (Fig. 6.9). These apparent 

similarities to the K. pneumoniae O2a system in a system that does possess a non-reducing terminal 

modification is intriguing and merits further study. 

6.4 Future Directions 

6.4.1 Structural studies of modular proteins 

To advance our understanding of modular proteins like WbbBO12 and ORF6O7 further structural 

characterization is necessary. Structures of WbbBO12 and ORF6O7 would provide insight into how active 

sites within these proteins are oriented in relation to one another and afford the possibility of further 

examination of the active sites. The structure of the dual-GT polymerase, WbbM from K. pneumoniae O2a, 

revealed a trimer where each monomer is linked through a C-terminal amphipathic helix. The two catalytic 

sites in each monomer are all positioned along the same plane (Clarke et al., 2020). WbbM, could provide 

some idea as to how the modules of other polymerizing enzymes could be oriented. Currently, models of 

WbbBO12 and ORF6O7/ORF7O7 are based on our understanding of the WbdA-WbdD complex in the E. coli 

O9a prototype (Hagelueken et al., 2012a). Both WbbBO12 and ORF6O7 possess novel enzyme modules, or 

modules which were unrecognised by sequence alone. Elucidating the structure of WbbBO12 would provide 

insight into the spatial organization of the active sites as well as opening avenues for substrate and acceptor 

binding analysis and providing insight into possible new features of these enzyme modules. The most 

interesting feature which could be examined through a structure of ORF6O7 would be to confirm the presence 

of the predicted CBM as well as its structural relationship with the rest of the protein. Experimental evidence 

of the function of the CBM in binding of the acceptor could also be achieved through structural studies. 

While there are representatives of CBM structures, the incorporation of this domain within a large modular 
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protein involved in OPS biosynthesis is of interest. In addition, obtaining a structure of either WbbBO12 or 

ORF6O7 would also test the hypothesized mode of chain-length regulation and further elucidate the function 

of the coiled-coil. 

X-ray crystallography would be the first choice for obtaining the structure of WbbBO12 or ORF6O7 as 

it has the potential to provide a high-resolution structure (<3Å), compared to other methods (Benjin and 

Ling, 2020). However, all attempts to crystallize full length WbbBO12 (or any truncated versions) were 

unsuccessful. An alternative approach could be the use of cryo-electron microscopy (cryo-EM). This method 

requires the protein sample to be highly homogenous, as many images are collected and combined in order 

to generate the complete 3D image. In addition, proteins larger then 150kDa are typically more amenable to 

cryo-EM (Benjin and Ling, 2020). WbbBO12 is ~125kDa and ORF6O7 is ~158kDa; both values are at the 

lower end of amenable size for cryo-EM. However, both proteins are expected to form multimers, which 

would increase the size. Recent developments in cryo-EM have enabled structural determination of protein 

complexes with sizes ≥200kDa at near atomic resolution (Merk et al., 2016). Additionally, cryo-EM 

structural determination of smaller proteins has also greatly improved in recent years. For example, a 3.2 Å 

resolution structure for a 52kDa streptavidin protein has been recently reported (Fan et al., 2019). Flexibility 

could affect the ability to acquire a structure through cryo-EM and coiled-coil domains are inherently 

flexible. However, a low-resolution structure of the myosin II coiled-coil has been obtained, indicating this 

approach is not impossible (Rahmani et al., 2021). In the absence of a high-resolution structure of the full 

proteins, structures of the individual domains or modules could be docked into lower resolution structure of 

the full-length protein. For example, small angle X-ray scattering experiments were used to acquire a lower 

resolution structure of WbdD and the X-ray structure of the kinase, methyltransferase, and a model of the 

coiled-coil were then docked (Hagelueken et al., 2012a). 
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6.2.2 Organization of K. pneumoniae biosynthesis complexes  

 The exact organization of any OPS biosynthesis complexes is currently unknown, but there are data 

for the prototype systems providing some insight into their possible layout. In the E. coli O9a system we 

know that WbdA and WbdD interact in a complex to polymerize and terminate the O9a OPS (Clarke et al., 

2009), but further interactions with the ABC transporter components or adaptor GTs is unknown. In the K. 

pneumoniae O2a system the coupling of polymerization and export necessitates interaction between the 

polymerizing proteins and the ABC transporter (Kos et al., 2009). In addition, there are confirmed 

interactions (from bacterial two-hybrid experiments) between WbbO, WbbN, and WbbM which are involved 

in O2a antigen synthesis (Kos and Whitfield, 2010; Clarke et al., 2020). To advance our understanding of 

OPS biosynthesis multienzyme complexes comparable studies are needed with a wider range of systems.  

The K. pneumoniae O4 pathway possesses similarities to the E. coli O9a protype based on protein 

identity. However, unlike WbdD, there is no obvious C-terminal amphipathic helix to anchor ORF7O4 to the 

membrane. Based on localization, ORF7O4 is anchored in the membrane but the anchoring likely does not 

occur at the C-terminus but instead uses the predicted amphipathic helices discussed above. This suggest a 

different orientation for the terminator protein in relation to the membrane then what is predicted for WbdD. 

It also remains unclear whether ORF7O4 interacts with other proteins in the pathway such as the 

polymerising enzymes (ORF6O4 or ORF5O4). This further complicates the role of the coiled-coil in chain-

length regulation as its unclear how the coiled-coil is involved in separating the active sites of the 

polymerase and terminator enzymes. Understanding of the interactions between the O4 proteins could 

provide some insight into if and how this regulation could take place. The K. pneumoniae O7 and O12 

systems share similarity in terms of layout of the biosynthesis cluster and could form similar complexes, 

however the separation of polymerase activities into two proteins the O7 system does provide an avenue for 

variation. The most important interactions to examine would be the interaction between the terminator and 
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polymerase domains, in the case of K. pneumoniae O4 this would include ORF5O4, ORF6O4, and ORF7O4 

and in K. pneumoniae O7 the interactions of ORF6O7 and ORF7O7 would be of the most interest. In all three 

K. pneumoniae systems an understanding of whether the polymerization and termination machinery interact 

with the ABC transporter would also be of particular importance to begin to understand the coordination of 

synthesis and export. 

In order to examine the protein-protein interactions there are a variety of techniques possible one 

option being the bacterial two-hybrid (BACTH) system. The BACTH system takes advantage of the split 

enzyme activity of the Bordetella pertussis adenylate cyclase enzyme (CyaA) (Karimova et al., 1998). The 

T18 and T25 fragments of this enzyme can be added (by cloning) to the N- or C-termini of the enzymes of 

interest, with protein-protein interactions indicated by restored adenylate cyclase activity. However, the 

BACTH system has the possibility to detect high numbers of false positives. Also, overexpression of the 

fusion proteins may cause unnatural protein concentrations and therefore, non-specific interactions. In 

addition, truncations of the proteins could result in improper folding potentially giving a false negative result 

(Karimova et al., 1998). Therefore, acquiring a full understanding of the protein-protein interactions may 

require the corroboration of multiple experiments. Additional approaches to determine whether these 

systems form biosynthesis complexes could be the use of affinity chromatography using pull down 

experiments to isolate complexes. An example of this approach is provided by the cellulose secretion 

system, where immunoprecipitation, affinity chromatography, and BACTH experiments were used in 

parallel to confirm the interactions in the complex. The complex was then subject to cryo-EM which was 

able to generate a 16.7Å resolution structure of the macrocomplex (Krasteva et al., 2017).  

6.2.3 Characterization of the biochemical activity of ORF7O4 

 The K. pneumoniae O4 antigen is terminated by an α-Kdop residue based on NMR analysis 

(Vinogradov et al., 2002). The putative α-Kdop transferase (ORF7O4) is of significant interest as it would be 
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the first example of a characterized α-Kdop transferase in OPS biosynthesis. In addition, bioinformatic 

approaches have not predicted any GT module in the protein which suggests this enzyme may have some 

novel features. No similarity in primary or secondary structure was seen between ORF7O4 and WaaA, the 

only other structurally and functionally characterized α-Kdop transferase. Unfortunately, definitive 

biochemical characterization of ORF7O4 has been unsuccessful so far. Definitive biochemical proof is 

necessary to confirm the function of ORF7O4 in the K. pneumoniae O4 system. 

 The standard strategy to examine in vitro GT activity using purified enzymes and synthetic acceptors 

has so far been unsuccessful with ORF7O4, so modifications to the usual approach are needed. The acceptor 

for ORF7O4 is known and therefore this component is not likely to be the cause of the lack of ORF7O4 

activity. The most probable issue is the state of the protein and alternatives that might be considered include 

adjusting the protein environment or investigating the possibility that an essential protein partner is 

necessary for ORF7O4 activity. Varying purification and reaction conditions such as buffer pH, and the use of 

additives must also be pursued. However, the possibility of ORF7O4 requiring interaction with another 

protein to be active is a much more straightforward approach. It is unlikely that the interaction would be with 

a protein unrelated to the K. pneumoniae O4 pathway, therefore trying to co-express ORF7O4 with the other 

proteins involved in O4 OPS biosynthesis could prove beneficial. There is precedence for the activity of a 

GT relying on interaction with another protein as seen in the biosynthesis of multiple antibiotics including 

erythromycin D. The GT EryCIII is inactive in vitro in the absence of EryCII (Moncrieffe et al., 2012). The 

most likely candidates to interact with ORF7O4 would be the polymerizing enzymes ORF6O4 and ORF5O4. 

Alternatively, interactions between ORF7O4 and the ABC transporter components are a possibility as the 

predicted sequence of synthesis and export implies those two activities could be closely linked. The BACTH 

experiments proposed above could guide these experiments. If successful, co-purification of the necessary 

protein complexes could be performed, and the protein complexes could be used in in vitro reactions 
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identical to those described for previous Kdop reactions. If ORF7O4 activity is confirmed, structural studies 

would provide a logical next step to establish mechanistic details. 

6.5 Conclusions 

The findings reported here provide new insight into the assembly of bacterial polysaccharides via the 

ABC transporter-dependent pathway, and novel molecular strategies for producing glycan diversity. The 

inclusion of polymerization, termination, and chain-length regulation in a single protein in the O7 and O12 

systems extends our understanding of the range of organizational possibilities for mechanisms that operate 

via a defined chain terminator mechanism. This work further reinforces the principle of coiled-coil rulers in 

establishing glycan chain lengths in these systems but the varied contributions in the O4 system suggests 

other physical features of the complex may contribute in some systems. Parallels between WbbBO12 and 

ORF6O7 and the proteins involved in the biosynthesis of polyketides are apparent. Polyketide synthases are 

also single polypeptides containing multiple domains with distinct functions in the assembly of natural 

products (Weissman, 2015). The fascinating integration of activities in a single protein also points to a 

potential avenue for glycoengineering to produce therapeutic proteins and vaccines. The inclusion of 

selected GT modules in a recombinant protein would afford development of a glycosylation cassette that 

modifies appropriate acceptors, such as proteins and lipids, with a glycan of defined structure and chain 

length for biotechnological and biomedical products. Such glycosylation cassettes could be used for in vivo 

or in vitro glycoengineering strategies (Kightlinger et al., 2019; Yates et al., 2019). In this regard, there has 

been considerable success in engineering polyketide synthases to produce novel structures with a host of 

biological functions (Williams, 2013). Such applications will be dependent on understanding the 

architectural principles from structures of prototypes where this thesis research lays a foundation. 
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APPENDIX 1. OLIGONUCLEOTIDE PRIMERS 
 
Table A1.1 Sequences and applications of oligonucleotide primers used in this study. Restriction sites 
are underlined in the sequences, regions of non-chromosomal sequence are identified by lowercase and 
codons changed for site-directed mutations are marked in bold. 
Number Primer Sequence (5′→3′) Features Ref 
1 
 

NMT CTCAGCCACGGTCAATGCGGC
CGCGTTTTACCTGTTCTCG 

Forward primer used 
to introduce NotI 
restriction site. 

(Williams et 
al., 2017) 

2 NMB AACAGGTAAAACGCGGCCGC
ATTGACCGTGGCTGAGGCTC 

Reverse primer used 
to introduce NotI 
restriction site. 

(Williams et 
al., 2017) 

3 KMT CAACCTCGGGTAACGGTACC
CTATCGCGCTTCCTGCTTTCC
GG 

Forward primer used 
to introduce KpnI 
restriction site. 

(Williams et 
al., 2017) 

4 KMB AAGCAGGAAGCGCGATAGGG
TACCGTTACCCGAGGTTGCAT
GATAGC 

Reverse primer used 
to introduce KpnI 
restriction site. 

(Williams et 
al., 2017) 

5 ILM264 GAAGCTCGCGGCTACCCGTGA
AAAACTCACCACCACCCTCG 

Forward primer used 
to remove the non-
coiled-coil region of 
WbbB. 

(Williams et 
al., 2017) 

6 ILM265 TGGTGGTGAGTTTTTCACGGG
TAGCCGCGAGCTTCTCACGTT
C 

Reverse primer used 
to remove the non-
coiled-coil region of 
WbbB. 

(Williams et 
al., 2017) 

7 DW01 TCCCAAGACAAAGCGATGCG
TGAGAAGCTCGCGGCTACC 

Forward primer used 
to remove 4 heptads 
from the WbbB 

coiled-coil (amino 
acids 401–434). 

(Williams et 
al., 2017) 

8 DW02 CGCGAGCTTCTCACGCATCGC
TTTGTCTTGGGAAATGGC 

Reverse primer used 
to remove 4 heptads 
from the WbbB 
coiled-coil (amino 
acids 401–434). 

(Williams et 
al., 2017) 

9 DW10 gatcgctagcATGCACCATCACCAT
CACCATGTGAAGATACTTATT
ACTGGCGGG 

Forward primer for 
amplification of 
rmlB and cloning 
into pET28a(+); His-
tag and NheI 
restriction site. 

(Williams et 
al., 2017) 

10 DW11 gatcaagcttTTACTGGCGTCCTTC
ATAGTTCTG 

Reverse primer for 
the amplification of 
rmlB and cloning 
into pET28a(+); 

(Williams et 
al., 2017) 
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HindIII restriction 
site. 

11 DW12 gatcgctagcATGCACCATCACCAT
CACCATGTGATGATTGTGATT
AAAACAGCAATACC 

Forward primer for 
amplification of 
rmlC and cloning 
into pET28a(+); His-
tag and NheI 
restriction site. 

(Williams et 
al., 2017) 

12 DW13 gatcaagcttTTACTCTGTTAACAA
GGCTTGATCCAG 

Reverse primer for 
the amplification of 
rmlC and cloning 
into pET28a(+); 
HindIII restriction 
site. 

(Williams et 
al., 2017) 

13 DW14 gatcgctagcATGCACCATCACCAT
CACCATATGAATATCTTACTT
TTTGGTAAGACAG 

Forward primer for 
amplification of 
rmlD and cloning 
into pET28a(+); His-
tag and NheI 
restriction site. 

(Williams et 
al., 2017) 

14 DW15 gatcgaattcTTAGATGGTTGTCGT
CGTAAACATTTC 

Reverse primer for 
the amplification of 
rmlD and cloning 
into pET28a(+); 
EcoRI restriction 
site. 

(Williams et 
al., 2017) 

15 DW4 gatcgctagcATGGATTCCGCGCC
GGCAGCGGCG 
 
 

Forward primer for 
the amplification of 
WbbB-576-871 

(isolation of GT1 
domain) and cloning 
in pET28a(+); NheI 
restriction site 

(Williams et 
al., 2017) 

16 DW5 gatcaagctttaagtgatgtgtatggtgatgCT
GAAAATACAGGTTTTCATCAA
TCGACAGCAAATAACGCTTCA
G 
 

Reverse primer for 
the amplification of 
WbbB571-876 

(isolation of GT1 
domain), 
introduction of a 
His6-tag and cloning 
in pET28a(+); 
HindIII restriction 
site 

(Williams et 
al., 2017) 

17 OL1028 gatcccatggGCCTGCTGTCAAAAT
CGAAG 

Forward primer for 
the amplification of 
WbbB540-1106 and 

(Williams et 
al., 2017) 



 
 

142 
 

cloning into 
pET28a(+); NcoI 
restriction site 

18 OL1030 gatcctcgaggCGGTTGCGCTTAAA
CTCCG 

Reverse primer for 
the amplification of 
WbbB540-1106 and 
cloning into 
pET28a(+); XhoI 
restriction site 

(Williams et 
al., 2017) 

19 Bo/l-C-
For 

TAAccatggaggaggtatctcatATGTC
GGGCCGAATTTGC 

Forward primer used 
to introduce NcoI 
and NdeI restriction 
sites into the wbbB 
gene between amino 
acids 504 and 505. 

(Williams et 
al., 2017) 

20 Bo/l-C-
Rev 

catatgagatacctcctccatggttaGGTCA
GCTTCCATGACAGGC 

Reverse primer used 
to introduce NcoI 
and NdeI restriction 
sites into the wbbB 
gene between amino 
acids 504 and 505. 

(Williams et 
al., 2017) 

21 Bo/l-D-
For 

TAAccatggaggaggtacttcatATGCA
AGACAAAGCGATGAGAAAGA
TTTTAG 

Forward primer used 
to introduce a NcoI 
and NdeI restriction 
sites into the wbbB 
gene between amino 
acids 401 and 402. 

(Williams et 
al., 2017) 

22 Bo/l-D-
Rev 

catatgaagtacctcctccatggTTAGGAA
ATGGCTTCATTTATCAATGAT
G 

Reverse primer used 
to introduce a NcoI 
and NdeI restriction 
sites into the wbbB 
gene between amino 
acids 401 and 402. 

(Williams et 
al., 2017) 

23 DW57 GATCCCATGGATGCTGGCTGT
ATTTTTACCTCCC 

Forward primer for 
the amplification of 
WbbBΔ402-539 (coiled-
coil region), 
introduction a NcoI 
restriction site 

(Williams et 
al., 2017) 

24 DW58 gatcaagcttttacttgtcatcgtcatccttataatc
GCGGTTGCGCTTAAACTCCG 

Reverse primer for 
the amplification of 
WbbBΔ402-539 (coiled-
coil region), 
introduction of a 
FLAG tag and a 
HindIII restriction 

(Williams et 
al., 2017) 
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site 
25 DW73 ATTCTACGGCGATCCTAATTG

CGAAGCAGCCGCGGCGTATC
TGCAGGAGC 

Forward primer for 
the mutation of 
WbbB R738, R739, 
K740 to alanine. 

(Williams et 
al., 2017) 

26 DW74 GCTTCTTCAGCTCCTGCAGAT
ACGCCGCGGCTGCTTCGCAA
TTAGGATCGCCG 

Reverse primer for 
the mutation of 
WbbB R738, R739, 
K740 to alanine. 

(Williams et 
al., 2017) 

27 2505-
DW 

gatcgctagcATGACAAGCTGGAA
AGTGTCTCAG 

Forward primer for 
the amplification of 
ORF6O7-766-1415 and 
cloning into 
pET28a(+);NheI 
restriction site 

This Study 

28 2140-SK gatcctcgagGGCCGTCAGATCAA
AGTTAATTCC 

Reverse primer for 
the amplification of 
ORF6O7-766-1415 and 
cloning into 
pET28a(+);XhoI 
restriction site 

This Study 

29 1885-SK gatcgctagcaggaggaattcaccATGGA
CGAAATTTCTATGGAACAGTT
TG  

Forward primer for 
the amplification of 
orf7O7 and cloning 
into pBAD24; NheI 
restriction site 

(Kelly et al., 
2022) 

30 1886-SK gatcccatggttagtgatggtgatggtgatgTA
AATAATCTGTCGCAACCAGC 

Reverse primer for 
the amplification of 
orf7O7 and cloning 
into pBAD24; NcoI 
restriction site 

(Kelly et al., 
2022) 

31 2418-SK GCCTACAACGCTGTCGATTTG Forward primer for 
the mutation of 
orf7O7 D1336 to 
alanine 

This Study 

32 2419-SK ATCGAATTCAGAGCGCAG Reverse primer for 
the mutation of 
orf7O7 D1059 to 
alanine 

This Study 

33 2654-
DW 

GCGGCGAAAGGTGATTTTATT
ATTTTTGCCGCTCATGCCGCT
GAGTTAACCGTTGACTGC 

Forward primer for 
the mutation of 
orf7O7 D975, D977 
and D978 to alanine 

This Study 

34 2655-
DW 

CATTTCATACAAGCAGTCAAC
GGTTAACTCAGCGGCATGAG
CGGCAAAATAATAAAATCAC

Reverse primer for 
the mutation of 
orf7O7 D975, D977 

This Study 
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CTTTC and D978 to alanine 
35 2317-SK gatcccatgggccatcaccatcaccatcacTT

TCATCTCGAAGAAAGTGGGTA
TAAG 

Forward primer for 
the amplification of 
ORF6O7-1-554 with N-
terminal His tag and 
cloning into 
pET28a(+); NcoI 
restriction site 

This Study 

36 2504-
DW 

gatcgctagcTCACTCTCCACCGGC
AAGGAGTTC 

Reverse primer for 
the amplification of 
ORF6O7-1-554 into 
pET28a(+); NheI 
restriction site 

This Study 

37 2705-
DW 

GGCAGGGTGCTGGAAATCGC
TGCCGCCTGCGGTGCGATTAC
CCGTTTTCTCGG 

Forward primer for 
the mutation of 
ORF6O7-1-554 G91 
and G93 to alanine 

This Study 

38 2706-
DW 

CGGGTAATCGCACCGCAGGC
GGCAGCGATTTCCAGCACCCT
GCCTTTTAGCTTATC 

Reverse primer for 
the mutation of 
ORF6O7-1-554 G91 
and G93 to alanine 

This Study 

39 2820-
DW 

AAATTCATCGCTGCAGTGCCT
C 

Forward primer for 
the mutation of 
ORF6O7-1-554 D441 to 
alanine 

This Study 

40 2821-
DW 

CCCAGGGATAGTCTGATTAAT
C 

Reverse primer for 
the mutation of 
ORF6O7-1-554 D441 to 
alanine 

This Study 

41 2922-
DW 

AGTGCCTCAAGCTATAATTCT
TGATGCTG 

Forward primer for 
the mutation of 
ORF6O7-1-554 N445 to 
alanine 

This Study 

42 2823-
DW 

GCATCGATGAATTTCCCAG Reverse primer for 
the mutation of 
ORF6O7-1-554 N445 to 
alanine 

This Study 

43 2824-
DW 

AATTTATTTGCTTGCGAATGG
TGCGC 

Forward primer for 
the mutation of 
ORF6O7-1-554 D459 to 
alanine 

This Study 

44 2825-
DW 

TGCGTGGCCTTCAGCATC Reverse primer for 
the mutation of 
ORF6O7-1-554 D459 to 
alanine 

This Study 

45 2906- TTTGATTGCGCATGGTGCGCT Forward primer for This Study 
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DW the mutation of 
ORF6O7-1-554 E461 to 
alanine 

46 2907-
DW 

TAAATTTGCGTGGCCTTC Reverse primer for 
the mutation of 
ORF6O7-1-554 E461 to 
alanine 

This Study 

47 1554-SK cgccagtcactatggcgtgctgctagcCGAT
GCTGAAGTATATAATTAATTC
ATG 

Forward primer 1 to 
amplify the K. 
pneumoniae O7 
cluster adding 
homologous 
pACYC184 region 
for Gibson 
assembly; NheI 
restriction site 

This Study 

48 1555-SK cctgacatatctggttgtacttTCCAAATT
ATTTATCAACCGAACTAC 

Reverse primer 1 to 
amplify the K. 
pneumoniae O7 
cluster for Gibson 
assembly 

This Study 

49 1556-SK aagtacaaccagatatgtcaggTGAGTAT
ATCTGCGTTAAATATTGCA 

Forward primer 2 to 
amplify the K. 
pneumoniae O7 
cluster for Gibson 
assembly 

This Study 

50 1557-SK ggctgctgctgctcgatGCACAATGCC
ATTTCATACAAGCAG 

Reverse primer 2 to 
amplify the K. 
pneumoniae O7 
cluster for Gibson 
assembly 

This Study 

51 1558-SK atcgagcagcagcagccTGATTTTATT
TACAGTGATGAAGATAAG 

Reverse primer 3 to 
amplify the K. 
pneumoniae O7 
cluster for Gibson 
assembly 

This Study 

52 1559-SK gatgcgtccggcgtagaggatccAATTAT
AAATAATCTGTCGCAACCAGC 

Reverse primer 3 to 
amplify the K. 
pneumoniae O7 
cluster adding 
homologous 
pACYC184 region 
for Gibson 
assembly; BamHI 
restriction site 

This Study 

53 1880-SK GTCATTTTTTGATTTTATATTT Forward primer for This Study 
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GGAG the deletion of orf6O7 

from the K. 
pneumoniae O7 
cluster in 
pACYC184 

54 1881-SK ATATTCAACCTATGCAATATT
TAAC 

Reverse primer for 
the deletion of orf6O7 

from the K. 
pneumoniae O7 
cluster in 
pACYC184 

This Study 

55 1890-SK gatcgctagcaggaggaattcaccATGTTT
CATCTCGAAGAAAGTGGG 

Forward primer for 
the amplification of 
ORF6O7 and cloning 
into pBAD24; NheI 
restriction site 

This Study 

56 1891-SK gatcccatggtcagtgatggtgatggtgatgGG
CCGTCAGATCAAAGTTAATTC
C 

Reverse primer for 
the amplification of 
ORF6O7 with a C-
terminal His tag and 
cloning into 
pBAD24; NcoI 
restriction site 

This Study 

57 2712-
DW 

ACAAGCTGGAAAGTGTCTCA
G 

Forward primer for 
the deletion of 
ORF6O7 coiled-coil 
(amino acids 710-
786) 

This Study 

58 2713-
DW 

AGTGCTCGAGCTCACCAG Reverse primer for 
the deletion of 
ORF6O7 coiled-coil 
(amino acids 710-
786) 

This Study 

59 2714-
DW 

CTGGCCAACTATGCTGGT Forward primer for 
the deletion of 
ORF6O7 coiled-coil 
(amino acids 734-
765) 

This Study 

60 2715-
DW 

CTGCTGATAAGTCCAGGC Reverse primer for 
the deletion of 
ORF6O7 coiled-coil 
(amino acids 734-
765) 

This Study 

61 2834-
DW 

tttgctgcaggttttttatttttccaaaaaacaaaaa
aaggatttgccgatgtcatctgaGCGATTG
TGTAGGCTGGAGC 

λ-red forward primer 
for the amplification 
of the kanr cassette 

This Study 
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for the deletion of 
wztO4 from G464 

62 2835-
DW 

ttttgtaataaatacaccccaggcccgagataatca
gttattgaaatatcattcatcaacCATGGTCCAT
ATGAATATCCTCC 
 

λ-red reverse primer 
for the amplification 
of the kanr cassette 
for the deletion of 
wztO4 from G464 

This Study 

63 3005-
DW 

gactacgcgatcatggcgaccacacccgtcctg
tggatccAGGAGGAATTCACCAT
GTCATCTGATAACATTGCAAT
TAG 

Forward primer for 
the amplification of 
wztO4 with a 
ribosomal binding 
site and cloning into 
pACYC184; BamHI 
restriction site 

This Study 

64 3008-
DW 

gagctgactgggttgaaggctctcaagggcatc
ggtcgacTTACCACTCTGCAGTC
ATCTTGAG 

Reverse primer for 
the amplification of 
wztO4 and cloning 
into pACYC184; 
SalI restriction site 

This Study 

65 1133-
DW 

actctctactgtttctccatacccgtttttttgggcta
gccCGCTGGATTATCGCTCGCC 

Forward primer 1 to 
amplify the K. 
pneumoniae O4 
cluster adding 
homologous 
pWQ573 region for 
Gibson assembly; 
NheI restriction site 

This Study 

66 1363-
DW 

caaaacagccaagcttgcatgcctgcaggtcga
cactagtCTCTGATTTTATCACCA
GGGTTAAAG 

Reverse primer 1 to 
amplify the K. 
pneumoniae O4 
cluster adding 
homologous 
pWQ573 region for 
Gibson assembly; 
SpeI restriction site 

This Study 

67 1364-
DW 

ggtgaacgcagcaatgcctttaaccctggtgata
aaatcagagTTCGTGTTAATTGCA
AAGTAAATAAAGATATAAAC
C 

Forward primer 2 to 
amplify the K. 
pneumoniae O4 
cluster for Gibson 
assembly 

This Study 

68 1365-
DW 

caaaacagccaagcttgcatgcctgcaggtcga
cactagtGGATGGCAATCACGAC
GCAG 

Reverse primer 2 to 
amplify the K. 
pneumoniae O4 
cluster adding 
homologous 
pWQ573 region for 

This Study 
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Gibson assembly; 
SpeI restriction site 

69 1366-
DW 

gttgatgtatgggatacaattctgcgtcgtgattgc
catcCAGACTTCATAAAGCGGT
CAACTGCATA 

Forward primer 3 to 
amplify the K. 
pneumoniae O4 
cluster for Gibson 
assembly 

This Study 

70 1134-
DW 

caaaacagccaagcttgcatgcctgcaggtcga
cactagtTGTCTTTTAAATAAGAA
ATTAAAAAATAAACGG 

Reverse primer 3 to 
amplify the K. 
pneumoniae O4 
cluster adding 
homologous 
pWQ573 region for 
Gibson assembly; 
SpeI restriction site 

This Study 

71 2121-
DW 

acttttcgcatctttgttatgctatggttatttcatacc
ataagcctaatggagcgaattTGTGACGG
AAGATCACTTCG 

λ-red forward primer 
for the amplification 
of the cat-sacB 
cassette for the 
deletion of 
galES123F from 
CWG1219 

This study 

72 2122-
DW 

gagcgggttgtagcggcgatgtggatgatcaac
gggattaaattgcgtcatggtcgttccATCAA
AGGGAAAACTGTCCATA 

λ-red reverse primer 
for the amplification 
of the cat-sacB 
cassette for the 
deletion of 
galES123F from 
CWG1219 

This study 

73 2123-
DW 

acttttcgcatctttgttatgctatggttatttcatacc
ataagcctaatggagcgaattATGAGAGT
TCTGGTTACCGGTGG 

λ-red forward primer 
for the amplification 
of galE for deletion 
of the cat-sacB 
cassette from 
CWG1219 

This study 

74 2124-
DW 

gagcgggttgtagcggcgatgtggatgatcaac
gggattaaattgcgtcatggtcgttccTTAAT
CGGGATATCCCTGTGGATG 

λ-red reverse primer 
for the amplification 
of galE for deletion 
of the cat-sacB 
cassette from 
CWG1219 

This study 

75 1792-
DW 

ctgtagaggaaacctcgccctctcgtacaTAAGTT
GATGAATGATATTTCAATAACTG 

Forward primer 2 to 
amplify the K. 
pneumoniae O4 
cluster with a 
deletion of WztO4 

This Study 
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amino acids 306-451 
for Gibson assembly 

76 1791-
DW 

ctgtagaggaaacctcgccctctcgtacaTAA
GTTGATGAATGATATTTCAAT
AACTG 

Reverse primer 1 to 
amplify the K. 
pneumoniae O4 
cluster with a 
deletion of WztO4 

amino acids 306-451 
adding homologous 
pWQ573 region for 
Gibson assembly; 
SpeI restriction site 

This Study 

77 2031-
DW 

gatctctagaatgACAGATAAACTAT
CGTTCGGTGAAGG 

Forward primer for 
the amplification of 
the WztO4 CBM 
(amino acids 306 to 
451) and cloning 
into pWQ552; XbaI 
restriction site 

This Study 

78 2031-
DW 

gatcaagcttTTACCACTCTGCAGT
CATCTTGAGATCC 

Reverse primer for 
the amplification of 
the WztO4 CBM 
(amino acids 306 to 
451) and cloning 
into pWQ552; 
HindIII restriction 
site 

This Study 

79 1785-
DW 

caaaacagccaagcttgcatgcctgcaggtcga
cactagtACCATTCCTCAACAACC
CGCGAG 

Reverse primer 1 to 
amplify the K. 
pneumoniae O4 with 
a deletion of orf10O4 

adding homologous 
pWQ573 region for 
Gibson assembly; 
SpeI restriction site 

This Study 

80 1786-
DW 

gattgaccatctcgcgggttgttgaggaatggta
AAATAATGATTGGAACTTTAG
TAAATATTTCG 

Forward primer 2 to 
amplify the K. 
pneumoniae O4 
cluster with a 
deletion of orf10O4 

for Gibson assembly  

This Study 

81 1787-
DW 

caaaacagccaagcttgcatgcctgcaggtcga
cactagtTATAACCTTTCACAATA
GAATTATTTTATATTTAGC 

Reverse primer 2 to 
amplify the K. 
pneumoniae O4 with 
a deletion of orf6O4 

adding homologous 

This Study 
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pWQ573 region for 
Gibson assembly; 
SpeI restriction site 

82 1788-
DW 

ctacgcatgctaaatataaaataattctattgtgaa
aggttataTCCAGATGAATAAATT
TAAACTCAAAACTGTTGATG 

Forward primer 3 to 
amplify the K. 
pneumoniae O4 
cluster with a 
deletion of orf6O4 for 
Gibson assembly 

This Study 

83 1674-
DW 

gatcccatgggaGCTAATATTGCTT
GGTTTATACC 

Forward primer for 
the amplification of 
ORF6O4 and cloning 
into pET28a(+); 
NcoI restriction site 

This Study 

84 2319-
DW 

gatcgcggccgcttagtgatggtgatggtgatg
ATTCTTCAACTTAAAATAAAG
CGCG 

Reverse primer for 
the amplification of 
ORF6O4with a C-
terminal His tag and 
cloning into 
pET28a(+); NotI 
restriction site 

This Study 

85 1571-
DW 

gatcgctagcATGCTTCAATGGGTA
GAAAACTATATC 

Forward primer for 
the amplification of 
ORF5O4 and cloning 
into pET28a(+); 
NheI restriction site 

This Study 

86 1618-
DW 

gatcaagcttttagtgatggtgatggtgatgAT
ACTTGCGATAGAATTTTCTTT
TATAAAAAACC 

Reverse primer for 
the amplification of 
ORF5O4 with a C-
terminal His tag and 
cloning into 
pET28a(+);HindIII 
restriction site 

This Study 

87 2773-
DW 

gtgatgaatatttctttggtggcattctggatctcaa
gatgactgcagagtggtaagttgGCGATT
GTGTAGGCTGGAGC 

λ-red forward primer 
for the amplification 
of the kanr cassette 
for the deletion of 
orf7O4 from G464 

This Study 

88 2774-
DW 

cttcaatgagttgaggtataaaccaagcaatatta
gccattataacctttcacaatagaaCATGGT
CCATATGAATATCCTCC 

λ-red reverse primer 
for the amplification 
of the kanr cassette 
for the deletion of 
orf7O4 from G464 

This Study 

89 1607-
DW 

TTCTATTGTGAAAGGTTATAA
TGGCTAATATTG 

Forward primer for 
the deletion of orf7O4 
with 5’ Phosphate 

This Study 
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90 1606-
DW 

CAACTTACCACTCTGCAGTCA
TC  

Reverse primer for 
the deletion of orf7O4 
with 5’ Phosphate 

This Study 

91 2153-
DW 

gatcccatgggacaccatcaccatcaccatAA
TGATATTTCAATAACTGATTA
TCTCG 

Forward primer for 
the amplification of 
ORF7O4 with N-
terminal His tag and 
cloning into 
pWQ552; NcoI 
restriction site  

This Study 

92 2034-
DW 

gatcgtcgacTTATTTTATATTTAG
CATGCGTAGTAGATGC 

Reverse primer for 
the amplification of 
ORF7O4 with a C-
terminal His tag and 
cloning into 
pWQ552; SalI 
restriction site 

This Study 

93 1919-
DW 

gatcgctagcatgcaccatcaccatcaccatAA
TGATATTTCAATAACTGATTA
TCTC 

Forward primer for 
the amplification of 
ORF7O4 with an N-
terminal His tag and 
cloning into 
pET28a(+); NheI 
restriction site  

This Study 

94 2034-
DW 

gatcgtcgacTTATTTTATATTTAG
CATGCGTAGTAGATGC 

Reverse primer for 
the amplification of 
ORF7O4 and cloning 
into pET28a(+); SalI 
restriction site  

This Study 

95 2154-
DW 

gatcgtcgacttaGTCAGGATGTTGA
TAAAGTAGC 

Reverse primer for 
the amplification of 
ORF7O4-1-498 and 
cloning into 
pET28a(+); SalI 
restriction site  

This Study 

96 2155-
DW 

gatcgtcgacttaCTGCGACACATTT
GAGCAGTAATC 

Reverse primer for 
the amplification of 
ORF7O4-1-405 and 
cloning into 
pET28a(+); SalI 
restriction site 

This Study 

97 2156-
DW 

gatcgtcgacttaATCTCTGGCAAAA
GCTAATAGGTTTTTTG 

Reverse primer for 
the amplification of 
ORF7O4-1-329 and 
cloning into 
pET28a(+); SalI 

This Study 
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restriction site 
98 2065-

DW 
gatcgagctcttaCGTGCTATTAATC
TTACGCAGTATGG 

Reverse primer for 
the amplification of 
ORF7O4-1-692 and 
cloning into 
pBAD18- Kanr; SacI 
restriction site 

This Study 

99 2066-
DW 

gatcgagctcttaATCTGCAGAGAGC
TGGGC 

Reverse primer for 
the amplification of 
ORF7O4-1-678 and 
cloning into 
pBAD18- Kanr; SacI 
restriction site 

This Study 

100 2067-
DW 

gatcgagctcttaTAATGAAATTAAT
TTTATGTTTTGATTCTGTAATT
C 

Reverse primer for 
the amplification of 
ORF7O4-1-664 and 
cloning into 
pBAD18- Kanr; SacI 
restriction site 

This Study 

101 2068-
DW 

gatcgagctcttaATTTTGGATTTGCT
GCTGAATAGTTTTATTATTC 

Reverse primer for 
the amplification of 
ORF7O4-1-636 and 
cloning into 
pBAD18- Kanr; SacI 
restriction site 

This Study 

102 2069-
DW 

gatcgagctcttaTTGCTGAGCAGAG
ACCAGGTC 

Reverse primer for 
the amplification of 
ORF7O4-1-620 and 
cloning into 
pBAD18-Kanr; SacI 
restriction site 

This Study 
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APPENDIX 2. KLEBSIELLA PNEUMONIAE O12 IN VITRO PRODUCT STRUCTURAL 

CHARACTERIZATION 

A2.1 Methods 

To generate sufficient product for NMR analysis, reaction volumes were scaled up to 500μl. After 

1h, the reaction mixture was diluted in 10mL of distilled H2O and loaded into a Sep-Pak Cartridge (Waters). 

The cartridge was washed with water, and the products were eluted in 6 mL of 60% (v/v) aqueous 

acetonitrile and then concentrated using a SpeedVac. The polymerized product was dried twice in a 

SpeedVac from a 99.9% D2O solution and dissolved in 99.96% D2O. NMR spectra were recorded at 35°C 

on a Bruker AvanceII 600 MHz spectrometer equipped with a cryoprobe in the NMR Facility at the 

University of Guelph Advanced Analysis Center. Internal sodium 3-trimethylsilylpropanoate-2,2,3,3-d4 (δH 

0, δC –1.6) was used as a reference. Two-dimensional experiments were performed using standard Bruker 

software, and the Bruker TopSpin 2.1 program was used to acquire and process the NMR data. Mixing times 

of 100 and 200 ms were used in total correlation spectroscopy (TOCSY) and rotating-frame nuclear 

Overhauser effect spectroscopy (ROESY) experiments, respectively. The heteronuclear multiple-bond 

correlation spectroscopy (HMBC) experiment was optimized for the JH,C coupling constant 8 Hz. 

A2.2 Results 

The 1H and 13C NMR chemical shifts were assigned using a set of 2D experiments, including 1H,1H 

COSY, TOCSY, ROESY, 1H,13C HSQC, and HMBC (Table A2.1). The anomeric region of the 1H NMR 

spectrum contained four signals of different intensities in the region δ 4.77‒4.85, and a broad, low intensity 

signal at δ 4.46 (Fig. A2.1A). Analysis of the COSY and TOCSY spectra revealed spin systems for five 

sugar residues, including three β-GlcpNAc (labelled as A, A` and A``) and two α-Rhap residues (B and B`). 

The major series of signals belong to residues A and B, whereas the integral intensities of the signals 

belonging to residues A`, A`` and B` are ~ 4-5 times lower. The positions of glycosylation were defined by 
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the significant downfield displacement of the signals for residue A C-3 and residue B C-4 by 8.0 and 8.2 

ppm, respectively, compared to their positions in the non-substituted monosaccharides (Jansson et al., 1991). 

The sequence of sugar residues was determined using HMBC and ROESY experiments. The HMBC 

spectrum demonstrated inter-residue correlations A H-1/B C-4 and B H-1/A C-3 at δ 4.81/81.4 and 

4.85/82.8, respectively (Fig. A2.3B). The major series of signals in the NMR spectra corresponds to the 

internal disaccharide repeat units [4)-α-Rhap-(1→3)-β-GlcpNAc-(1→], which are identical to the native 

O12 repeat unit (Vinogradov et al., 2002). Consistent with the MS data, no minor signals were observed that 

would correspond to terminal Rhap residues. Collectively, this data establishes that the WbbB fragment 

containing GT102 and GT103 is sufficient for polymerization and rules out WbbL as an obligatory 

participant in chain extension. 

 

Table A2.1. 1H and 13C NMR chemical shifts (δ, ppm) for the carbohydrate moiety of the product 
generated by WbbB540-1106 using Acceptor A. Residues marked with prime belong to the reducing-end 
repeat unit, a residue marked with double prime is a terminal non-reducing residue.  

aChemical shifts for NAc groups are at δH 2.03‒2.07, δC 23.6 (CH3) and 175.0‒175.8 (CO). 
b Rha B` H-1 is at δH 4.82 
 
 
 
 
 
 

Sugar residue  C-1, H-1 C-2, H-2 C-3, H-3 C-4, H-4 C-5, H-5 C-6, H-6 (6a, 6b) 

→3)-β-D-GlcpNAc-

(1→a 

A 102.3, 4.81 57.0, 3.78 82.8, 3.61 69.7, 3.50 77.0, 3.43 61.9, 3.75, 3.92 

→4)-α-L-Rhap-

(1→b 

B 102.4, 4.85 72.1, 3.74 71.6, 3.82 81.4, 3.60 68.5, 4.00 18.2, 1.27 

→3)-β-D-GlcpNAc-

(1→ 

A` 101.7, 4.46 56.8, 3.71 82.8, 3.56 69.7, 3.43 77.1, 3.39 62.0, 3.70, 3.87 

β-D-GlcpNAc-(1→ A`` 102.7, 4.77 57.1, 3.68 75.2, 3.56 71.3, 3.46 77.0, 3.43 61.9, 3.75, 3.92 
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Fig. A2.1. NMR spectroscopy analysis of the polymeric product generated by WbbB540-1106 
using acceptor A. (A) Parts of the 1H,13C HSQC spectrum. The corresponding parts of the 1H NMR 
spectrum are shown along the axis. The numbers refer to H/C pairs in sugar residues designated by letters as 
shown in C. The O-CH2-C, C-CH2-N and C-CH2-C signals belong to an eight-carbon methylene linker. 
Stars indicate the signals from a polyethyleneglycol impurity whose source was not resolved. (B) Part of the 
1H, 13C HMBC spectrum. The underlined interresidue correlations between anomeric protons and the linkage 
carbon atoms demonstrate A(1→4)B and B(1→3)A linkages. (C) Structure of the enzymatic product. 
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APPENDIX 3. COMPLEMENTATION OF KLEBSIELLA PNEUMONIAE O7 AND O12 WBBL 

DELETIONS 

A3.1 Statement of contributions 
 

Steven D. Kelly performed the experiment described below. 
 
A3.2 Rationale and results 
 
 K. pneumoniae O7 OPS synthesis onto und-pp-GlcpNAc requires the addition of a single α-(1-3)-

linked-Rhap residue which acts as an adaptor between the conserved und-pp-GlcpNAc and the O7 repeat-

unit. This same linkage is seen in the K. pneumoniae O12 pathway where WbbL adds this residue (Izquierdo 

et al., 2003). WbbL from O7 shows no significant similarity to the O12 WbbL. In order to determine 

whether these two proteins share the same function wbbL was deleted from a recombinant plasmid 

containing the O12 OPS biosynthesis cluster which resulted in a loss of OPS (Fig. A3.1). The deletion was 

then complemented with the O12 and O7 wbbL both of which restored OPS production (Fig. A3.1). This 

confirms that the O12 WbbL and O7 WbbL perform the same function in both biosynthesis clusters. 

 

 

 

 

 

  
 
 
 
 
 
 
Fig. A3.1. Complementation of a wbbL deletion in recombinant K. pneumoniae O12 biosynthesis 
cluster. Silver-stained SDS-PAGE gel of the recombinant K. pneumoniae O12 wbbL deletion and 
subsequent complementation with wbbL from K. pneumoniae O12 and O7.
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APPENDIX 4. ACTIVITIES OF KLEBSIELLA PNEUMONIAE ORF5O4 AND ORF7O7 

 
The following has been published in Nature Chemical Biology in a modified form (Kelly et al., 

2022). This appendix includes experimental contribution by Steven D Kelly and is provided only for context. 

See paper for full details. 

A4.1 Statement of contributions 

Dr. Chris Whitfield, Dr. Matthew Kimber and Steven D. Kelly conceived the study. I performed the 

initial cloning and in vitro reactions with the K. pneumoniae O4 ribofuranosyltransferase. Steven D. Kelly 

performed all other experiments. C.W., M.K. and S.D.K. analyzed and interpreted the data. 

A4.2 Rationale and results 

Bacterial surface polysaccharides are assembled by GT(s), the majority of which use mono- or 

diphosphate sugar donors (Lairson et al., 2008). Characterized representatives exist for many GTs involved 

in adding a variety of monosaccharides, but neither the donor or the corresponding GT have been identified 

for the Ribf residues found in some polysaccharides. Two K. pneumoniae O-antigens both possess a Ribf 

residue, while sharing no other similar residues in their respective repeat-units (Fig. A4.1). In order to 

examine the chemistry behind Ribf-transfer, these two systems were used as prototypes. Aside from the 

ABC transporter components (Wzm and Wzt), the only homolog found in the K. pneumoniae O4 and O7 

biosynthesis cluster was ORF7O4 and ORF7O7, which are 22% identical and 30% similar. These proteins 

were hypothesized to be involved in Ribf addition. 

The BLAST conserved domain database (Marchler-Bauer et al., 2014) predicted an N-terminal 

haloacid dehalogenase (HAD) domain in both ORF5O4 and ORF7O7; the HAD domain in these two proteins 

are 41% similar and 22% identical (Fig. A4.2A). The HAD superfamily includes a variety of phosphate-

manipulating enzymes such as phosphatases along with dehalogenases (Allen and Dunaway-Mariano, 2004). 

The C-terminal region of ORF5O4 and ORF7O7 had no assigned function, however they were 38% similar 
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and 21% identical (Fig. A4.2B). The secondary structure predictions of both the N- and C-terminal domains 

are shown above the sequence in Fig. A4.2. Along with the sequence similarity, similarity in the secondary 

structure of both regions is evident further suggesting a common function. The available data indicated a 

non-NDP-derivative donor and a new reaction process. The data below confirms this. 

 

  

 

 

 

 

 

 

Fig. A4.1. Repeat-unit structures of K. pneumoniae O4 and O7 antigens and the corresponding genetic 
loci. The ABC transporter components (wzm/wzt) are coloured orange and the O7 genes encoding proteins 
involved in the synthesis of the dTDP-Rhap precursor are coloured purple. Genes encoding components with 
no defined functions, including putative GTs, are labelled in grey. The orf5O4 gene (pink) and the orf7O7 
gene (cyan) encode the putative Ribf transferases.  
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Fig. A4.2. Alignment of the two domains from ORFO4 and ORF7O7. (A) Multiple sequence alignment 
including the HAD domain of ORF5O4, ORF7O7, and a structurally and functionally characterized HAD 
representative, human enolase-phosphatase E1 (PDB ID: 1ZS9) (Wang et al., 2005). The predicted 
secondary structures of each are shown above the alignment. The PRP (HAD) domains in the O4 and O7 
enzymes are provided by residues 1-214 and 1-216, respectively, and the breakpoint for creating the 
separated PRP-domain constructs is indicated by a vertical arrow. Active-site loops are indicated above the 
alignment, and an asterisk denotes the catalytic Asp residue. (B) Multiple sequence alignment and secondary 
structures of gPRTO4 and gPRTO7. Secondary structures were predicted with JPred (Drozdetskiy et al., 
2015), and then aligned using PROMALS3D (Pei et al., 2008) and ClustalW (Thompson et al., 1994), 
respectively. Alignments in A and B were visualized with ESPript (Robert and Gouet, 2014). Bars and 
arrows represent α-helices and β-strands, respectively.
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In vitro reactions were used to define the minimal requirements for Ribf addition in the 

O7 and O4 repeat-unit. To determine the activities of ORF7O7 and ORF5O4 acceptors E and G 

(Fig. A4.3) were designed which represent fragments of the O7 and O4 repeat units, 

respectively. With no obvious candidate donor sugar or synthesis genes present in the cluster. 

PRPP was selected as the donor because the 1-linked pyrophosphate of PRPP could act as a 

leaving group and Ribf-5-P would be transferred to the acceptor. The resulting terminal 5'-

phosphate may interfere with transfer of the next sugar to the glycan, necessitating its removal 

and providing a possible explanation for the presence of the HAD domains.  

In vitro reactions containing the purified ORF5O4 or ORF7O7, along with the appropriate 

acceptor, and the suspected donor PRPP, were performed. Products from these reactions were 

analyzed using high-performance liquid chromatography (HPLC) and mass spectrometry (data 

not shown). Both enzymes were able to generate a new product on the appropriate acceptor (Fig. 

A4.3). The major peak was m/z 704.34 (ORF7O7) and 722.32 (ORF5O4) which are consistent 

with the addition of a Ribf (m/z 132). These results indicate that ORF5O4 and ORF7O7 are PRPP-

dependent Ribf-transferases that are involved in Ribf-5-P transfer and subsequent removal of the 

5'-phosphate. 

To determine the reaction sequence, catalytic residues (D28 in ORF9O7 and D10 in ORFO4, 

respectively) in the HAD domain were identified using alignments with characterized HAD 

phosphatases (Fig. A4.2A) and replaced with alanine. Purified ORF9O7-D28A or ORF5O4-D10A 

proteins were used in similar in vitro reactions and were able to generate novel products (Fig. 

A4.3) corresponding to the addition of Ribf-5-P (m/z 782.31 (ORF9O7-D28A) and 800.28 (ORF5O4-

D10A)). The addition of the wildtype N-terminal domain resulted in the removal of the phosphate 
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residue. The collective data indicates that ORF5O4 and ORF7O7 have two domains; an acceptor-

specific gPRT, and a PRP belonging to the HAD family. 
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Fig. A4.3. Biochemical characterization of dual glycan gPRT and PRP activities in ORF5O4 
and ORF9O7. (A) In vitro reactions catalyzed by ORF7O7. (B) equivalent reactions with ORF5O4. 
The constructs used in each reaction are illustrated in the cartoon at the top and are identified on 
each HPLC chromatogram. The product structures are shown on chromatograms with a black 
square representing the methoxybenzamide tag; these structures were determined by mass 
spectrometry (Fig. A4.4). The peaks were identified by mass spectrometry (data not shown). 
 

 To improve our understanding of the biochemistry behind Ribf transfer, the structure of 

an ortholog from Thermobacillus composti DSM 18247 (ORF4Tc) was determined; neither 

Klebsiella protein would crystalize. ORF4Tc is 25% similar and 23% identical to ORF7O7 and 

42% similar and 40% identical to ORF5O4 and is found adjacent to other polysaccharide 

synthesis genes. ORF4Tc was larger then either Klebsiella protein, due to a ~140 amino acid C-

terminal extension, and it was insoluble. The C-terminal extension was removed generate a 

soluble construct, ORF4Tc-1-626. The crystal structure of this construct was obtained at a 

resolution of 2.5Å. The structure of ORF4Tc-1-626 can be conceptually divided into two α/β 

Rossmann fold domains, supplemented by three structurally dissimilar α-helical domains (Fig. 

A4.4). The N-terminal region (residues 7–242) forms the PRP domain, while the C-terminal 

region forms the much larger gPRT domain (residue 243–597). 
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Fig. A4.4. Structure of ORF4Tc monomer. The chain is colored blue to red for the N-terminus 
to C-terminus. 
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APPENDIX 5. PREDICTED LOCAL DISTANCE DIFFERENCE TEST PLOTS 

 

Fig. A5.1. Predicted local distance difference test plots of each AlphaFold2 model. The 
pLDDT is a superposition-free metric indicating to what extent the protein model reproduces the 
reference structure indicating the confidence in the predicted structure. 
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APPENDIX 6. ORF6O7 AND WBDD HOMOLOGS 

Table A6.1. ORF6O7 and WbdD homologs used for alignment and phylogenetic tree. 
Domain organization was determined through BLAST and COILS predictions. (CC-coiled-coil, 
MeTase-methyltransferase) 

Organism Terminator (gene or 
sequence ID) 

Terminator 
length 

Domain organization 

ORF6O7 Homologs 

Klebsiella pneumoniae 
O7 

ORF6O7 QED89916.1 1415 MeTase-Kinase-CC-
GT2-GT2 

Pseudomonas 
chlororaphis 

WP_052178279 1536 MeTase –Kinase-CC- 
Glycosyl hydrolase 
family 99-like-RgpF 
(Rhap GT) 

Pseudomonas viridiflava WP_122433064.1 1579 MeTase-Kinase-CC-
GT2-GT2 

Franconibacter pulveris  
G3872 (O1) 

ANF28855.1 1467 MeTase-Kinase-CC-
GT2-GT2 

Caballaronia humi SAL59052.1 1601 MeTase-Kinase-CC-
GT4-RgpF (Rhap GT) 

Candidatus 
accumulibacter 

KFB74469.1 594 MeTase-Kinase-CC 

SAR324 cluster 
bacterium 

MBF0280749.1 1032 MeTase-Kinas-CC-GT4 

Symploca sp. SIO1C2 NER19725.1 702 MeTase-Kinase-CC 

Burkholderia 
cenocepacia 

RQU31576.1 648 MeTase-Kinase-CC 

Luteibacter anthropi WP_166951654.1 1575 MeTase-Kinase-CC-
GT2-GT4 

Serratia marcescens WP_075206134.1 633 MeTase-Kinase-CC 

Serratia fonticola WP_074028876.1 654 MeTase-Kinase-CC 

Vibrio cholerae WP_002050791.1 637 MeTase-Kinase-CC 
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Citrobacter braakii WP_191220987.1 1446 MeTase-Kinase-CC-
GT2-GT2 

Nitrosomonas ureae WP_107786765.1 663 MeTase-Kinas-CC 

Legionella sainthelensi WP_058390711.1 1036 MeTase-Kinas-CC 

Yersinia intermedia WP_145550197.1 654 MeTase-Kinas-CC 

Xanthomonas arboricola WP_104555224.1 705 MeTase-Kinas-CC 

Nitrosospira multiformis WP_011381689.1 996 MeTase-Kinase-CC-
GT4 

WbdD Homologs 

Escherichia coli O9a WbdD J7I4B7 708 MeTase-Kinase-CC 

Cronobacater sakazakii EGT5195938.1 708 MeTase-Kinase-CC 

Pluralibacter gergoviae WP_071198496.1 729 MeTase-Kinase-CC 

Salmonella enterica EAP9950241.1 716 MeTase-Kinase-CC 

Tatumella citrea WP_087488996.1 688 MeTase-Kinase-CC 

Shigella sonnei WP_077513739 726 MeTase-Kinase-CC 

Lonsdalea iberica WP_176222613 774 MeTase-Kinase-CC 

Escherichia coli O99 WejH ACV53837 726 MeTase-Kinase-CC 

Xanthomonas 
campestris pv. 
Campestris 8004 

AAK53480 762 MeTase-Kinase-CC 
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Fig. A6.2. Cartoon representation of ORF6O7 homolog layouts. Three distinct layouts were 
seen in the ORF6O7 homologs: a WbdD-like layout possessing a methyltransferase domain, a 
probable kinase domain and a coiled-coil, the other two layouts were ORF6O7-like with a 
methyltransferase domain, a probable kinase domain, a coiled-coil, and one or two predicted GT 
domains. 
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