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ABSTRACT 
 
CHARACTERIZATION OF THE BIOSYNTHESIS OF KLEBSIELLA PNEUMONIAE O-

ANTIGEN POLYSACCHARIDES AND THE ORIGIN OF RIBOFURANOSE IN 
BACTERIAL POLYSACCHARIDES 

 
 
Steven Kelly                  Advisor: 
University of Guelph, 2022                Chris Whitfield 
 
 Klebsiella pneumoniae is a Gram-negative opportunistic bacteria pathogen of 

global concern due to extensive and growing antibiotic resistance. Cell surface 

polysaccharides can be used to produce glycoconjugate-based immunogens for vaccines 

or production of prophylactic antibodies to combat resistant infections. 

Lipopolysaccharide O-antigen polysaccharides (O-PSs) are candidates but the use of O-

PS in glycoconjugate vaccine production requires a detailed understanding of the 

structures of O-PSs. This research aims to fill some important gaps in current 

understanding. The K. pneumoniae O2a O-PS is prevalent in clinical isolates but is 

diversified by various structural modifications to generate different antigenic forms. In one 

example, the O2c antigen is a structurally and antigenically distinct polysaccharide added 

to the non-reducing terminus of O2a chains. A three gene locus (wbmVWX) is implicated 

in the biosynthesis of the O2c antigen, but the precise biochemical activities encoded by 

these genes are unknown. Here I show that WbmV and WbmW are glycosyltransferase 

enzymes sufficient to produce the O2c disaccharide repeat-unit structure. Together, 

WbmV and WbmW interact to form the active, membrane associated O2c biosynthesis 

complex. This work provides the first comprehensive biochemical insight into an unusual 

form of polysaccharide modification.  The O-PSs of K. pneumoniae O4 and O7 serotypes 

share ribofuranose in their repeat units, but the identity of the activated donor for 



 

 

ribofuranose residues in any bacterial polysaccharide is unknown, as are the 

corresponding ribofuranoslytransferase enzymes. Here I unequivocally show the 

activated donor is 5-phospho-ᴅ-ribosyl--1-diphosphate (PRPP) and characterize the 

first known ribosyltransferase, a bifunctional protein containing a glycan 

phosphoribosyltransferase (gPRT) and a phosphoribose phosphatase (PRP). The crystal 

structure of a thermophilic ortholog of these enzymes revealed a novel 

glycosyltransferase fold shared by a well distributed collection of 

ribofuranoslytransferases.  Using the PRP domain as a probe for bioinformatics, I 

identified four groups of ribofuranosyltransferase enzymes differing in the sequence of 

the gPRT components and enzyme modularity. While 3 groups transfer ribofuranose to 

cytoplasmic O-PS biosynthetic intermediates, one system represented a periplasmic 

based modification system for the addition of α-linked ribofuranose side chains. This has 

established several new and novel prototype systems for further investigation of the 

principles of glycosylation machinery. 
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CHAPTER 1. INTRODUCTION 
 

1.1 Klebsiella pneumoniae and the antibiotic resistance crisis 

One of the most pressing public healthcare concerns is the rise of antibiotic 

resistance. The World Health Organization (World Health Organization, 2017) and the 

Centres for Disease Control and Prevention (Centres for Disease Control and Prevention, 

2013) both have lists of high priority pathogens that are most threatening. K. pneumoniae 

is prevalent on both lists and has received high priority due to resistance against last 

resort carbapenem antibiotics (Lee et al., 2016). K. pneumoniae is a ubiquitous organism 

that lives in soil and water in the environment and is a component of the microbiome in 

humans, colonizing the gut and oropharynx. K. pneumoniae is an opportunistic pathogen 

that typically causes nosocomial infections in immunocompromised individuals or after 

introduction via medical devices, leading to urinary tract infections, septicemia, liver 

abscesses and (in some cases) death. In 2019, K. pneumoniae infections were estimated 

to cause over 600,000 deaths worldwide, the third amongst bacterial infections overall, 

and the second highest cause of resistance-related bacterial infection deaths (Murray et 

al., 2022). K. pneumoniae is naturally resistant to a number of routinely used antibiotics 

including ampicillin and amoxicillin, and acquisition/expression of extended spectrum β-

lactamases results in resistance to even the latest generation of β-lactam antibiotics. One 

of the last resort classes of antibiotics used for the treatment of multidrug resistant K. 

pneumoniae infections is carbapenems, and resistance to these has also been observed 

by expression of carbapenemases (Pitout et al., 2015). In cases where all other antibiotics 

are exhausted, colistin/polymyxin provide the only option and these have nephrotoxic and 

neurotoxic side effects. Resistance to colistin/polymyxin antibiotics by K. pneumoniae has 
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been shown, leaving these pan-drug resistant infections virtually untreatable by antibiotic 

therapeutics (Xu et al., 2020). As time passes, resistance prevalence will inevitably 

increase. Furthermore, K. pneumoniae acts as a reservoir for antibiotic resistance, 

permitting the transfer of antibiotic resistance genes to other bacterial species. 

Clearly, new therapeutic strategies are paramount to avoid a world in which 

infections could potentially run unchecked by therapeutics. While drug design, inhibitor 

screening and vaccine/antibody development are key strategies, they all rely on a 

fundamental understanding of the biology of the process or structure that is being 

exploited in the underlying therapy. The purpose of this thesis research is to advance 

fundamental understanding of the assembly of bacterial lipopolysaccharide (LPS) O-

antigens, with a primary focus on K. pneumoniae. It is hoped that this information will 

support the foundation for future immunotherapeutic development. At the same time it 

provides important new insight into microbial physiology and glycobiology.  

1.2 The bacterial cell surface 

The cell envelope is a crucial component in cell shape and integrity, cell-to-cell 

interactions, host/bacteriophage evasion and symbiotic interactions. The cell surface 

differs in composition among bacteria, and the majority of culturable bacterial species can 

be categorized as either Gram-positive or Gram-negative, depending on the organization 

and composition of the cell wall (Figure 1.1). Gram-positive bacteria have a single 

phospholipid bilayer membrane supported by a thick layer (20-80nm) of peptidoglycan 

(Silhavy et al., 2010). Peptidoglycan consists of β-1,4-linked N-acetylmuramic acid 

(MurNAc) and N-acetylglucosamine (GlcNAc) crosslinked by short peptides surrounding 
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the cell. Cell wall teichoic acids are covalently linked to peptidoglycan, while lipoteichoic 

acids are embedded in the membrane through a lipid anchor.  

 

 
 
Figure 1.1: Cartoon representation of the organization of cell envelopes of Gram-
negative and Gram-positive bacteria. The main characteristic of Gram-negative 
envelope is possession of the outer membrane containing the unique glycolipid, 
lipopolysaccharide (LPS). Gram-positive bacteria possess a more substantial layer of 
peptidoglycan modified with secondary wall-polymers, wall teichoic acids (WTAs) and 
lipoteichoic acid (LTA) glycolipids embedded in the cytoplasmic membrane. Both types 
of envelopes can possess capsular polysaccharides (CPSs) (Whitfield et al., 2020a). One 
common form in Gram-negative bacteria is linked to a phospholipid and superficially 
resembles LTAs, while covalent linkage of other capsules has not been established 
(Whitfield et al., 2020a). In Gram-positive bacteria, CPSs can be covalent linked to 
peptidoglycan like WTAs. Membrane protein components and transenvelope complexes 
(e.g. flagella, protein secretion machinery, and porins) are omitted for simplicity 
(described in text). 
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The prototypical Lipo- and wall- teichoic acids are composed of polyglycerol or polyribitol 

phosphate (Brown et al., 2013). Gram-positive bacteria can also possess capsular 

polysaccharides (CPSs) that form a coat on the cell surface that promotes cell hydration 

and can contribute to virulence (Taylor and Roberts, 2005; Whitfield et al., 2020a).  

In contrast, Gram-negative bacteria including K. pneumoniae have two 

membranes; the typical (inner) cytoplasmic and outer membrane. The intermembrane 

space, known as the periplasm, contains peptidoglycan, but it forms fewer layers than 

Gram-positives (5-10nm) (Silhavy et al., 2010). The inner membrane of Gram-negative 

bacteria generally functions in the same manner as Gram-positive bacteria and is the 

major hub for cell signalling receptors, nutrient transporters and energy production 

machinery. The unique periplasmic space of Gram-negatives must be traversed by all 

molecules being influxed or effluxed from the cell and Gram-negative bacteria have 

specialized machinery to perform these functions. The outer membrane is an 

asymmetrical lipid bilayer; its inner leaflet contains phospholipids, while 

lipopolysaccharide (LPS) covers ~75% of the outer leaflet (Raetz and Whitfield, 2002). 

LPS is essential for viability in almost all Gram-negative bacteria (Whitfield and Trent, 

2014) and the only known exceptions are Neisseria meningitidis (Bos and Tommassen, 

2005; Steeghs et al., 1998), Moraxella catarrhalis (Peng et al., 2005) and Acinetobacter 

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

In addition to LPS and CPS, the outer membrane houses a myriad of outer 

membrane proteins. The properties of LPS creates a permeability barrier that requires 

outer membrane porins to provide passive transport of small (less than 600 Da) 

hydrophilic molecules for bacterial metabolism (Novikova and Solovyeva, 2009). 
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Nutrients that are unable to travel through outer membrane porins (i.e. hydrophobic 

molecules) are imported through dedicated active transport systems (Wiener and 

Horanyi, 2011). 

1.3 Function, structure and biosynthesis of lipopolysaccharide 

Historically, some of the first studies performed on LPS were in relation to its 

toxicity. LPS was originally called endotoxin due to its ability to cause septic shock in 

animals. As the bacterial cell divides, LPS is shed within the host, and lipid A (the lipid 

component of LPS) is a pathogen-associated molecular pattern that is recognized by Toll-

like receptor 4 and myeloid differentiation factor 2, which activates the proinflammatory 

response (Simpson and Trent, 2019). This proinflammatory response includes the 

release of several potent cytokines which contribute to septic shock. Although LPS was 

originally viewed as a toxin intentionally released by bacteria, in reality LPS plays a key 

role in the surface properties of the outer membrane. In addition, some LPS avoid 

triggering this host immune response as a survival tactic to avoid triggering innate 

immunity.  

The structure of typical LPS can be conceptualized as three main portions: a highly 

conserved lipid anchor known as lipid A, a short oligosaccharide linker that is fairly 

conserved within a species, and a highly variable, long chain O-polysaccharide (O-PS). 

The lipid A-core provides basal phosphate groups that promote outer membrane stability 

by coordinating divalent cations to bridge adjacent LPS molecules (Sun et al., 2021). The 

biosynthesis of LPS is completed in two parts. Lipid A biosynthesis is performed in the 

cytoplasm through a series of 9 conserved enzymes defining the Raetz pathway (Figure 

1.2) (Raetz and Whitfield, 2002). The process utilizes UDP-GlcNAc residues and acyl 
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carrier protein (ACP)-linked acyl donors to build the lipid backbone. The classical LPS 

structure contains a bisphosphorylated diglucosamine backbone that is acylated with 

(typically) six acyl chains of varying length (10-16 carbons long) (Raetz and Whitfield, 

2002). Various modifications can be made to this basic lipid A structure as a response to 

different environmental conditions and stressors. In K. pneumoniae, lipid A can be 

modified by addition of phosphoethanolamine (PEtN), 4-aminoarabinose (Ara4N) and 

palmitate, all with the goal of changing the properties of lipid A to evade the hostile host 

environment or provide resistance to antimicrobials such as colistin and polymyxin (Raetz 

et al., 2007). These modifications are largely regulated at the genetic level by a pair of 

two-component systems (PhoPQ and PmrAB) that sense environmental conditions such 

as pH, metal ion concentration, antimicrobial peptides and osmotic pressure. PhoPQ and 

PmrAB and able to directly or indirectly impact the transcription of the genes responsible 

for the modification enzymes. One of the more complex modifications to lipid A is its 

glycosylation via the addition of the core oligosaccharide (core OS). In fact, the addition 

of at least the two 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues of the inner part 

of the core OS is required for survival of E. coli (barring additional mutations). These Kdo 

residues of the core are added during the Raetz pathway onto the incomplete tetra-

acylated lipid IVA. Lipid IVA is a poor substrate for the MsbA LPS transporter, which 

requires the complete Kdo2-lipid A for efficient export (Doerrler and Raetz, 2002). The 

recognition of Kdo2-lipid A by MsbA may act as a quality control mechanism to ensure 

that incomplete lipid A intermediates are not exported prematurely.  
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Figure 1.2: Lipid A structure and the Raetz pathway. Aggregate lipid A structure 
showing all known modifications possible in K. pneumoniae. A series of 9 enzymatic 
steps, called the Raetz pathway, is conserved in producing the basal lipid A-Kdo2 that is 
required in most Gram-negative bacteria. This minimal structure is subsequently modified 
(shown with dotted lines). 
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The core OS can be conceptually divided into the inner and outer core, of which 

the inner core is more conserved, composed of Kdo and ʟ-glycero-ᴅ-manno-heptose 

residues, while the outer core can contain more diverse sugars, sugar configurations and 

linkages (Silipo and Molinaro, 2010). Both the inner and outer core are synthesized by 

the waa* gene cluster (formerly rfa*), which encodes the glycosyltransferases (GTs) 

responsible for synthesizing the core OS that is built sequentially onto the distal Kdo 

residue from Kdo2-lipid A (Raetz and Whitfield, 2002). Different core types can be 

synthesized within the same species, for example, E. coli has five different core OS 

structures, while K. pneumoniae has two types with single isolates containing the genes 

sufficient to produce one core type (Figure 1.3) (Amor et al., 2000). The specificity of 

MsbA for Kdo2-lipid A results in promiscuity that is the reason these different core 

variations are tolerated for export. 

Once complete, the lipid A-core OS (rough LPS) molecule is flipped to the 

periplasm by the MbsA ABC transporter (Raetz and Whitfield, 2002), where additional 

modifications to the LPS molecule can be made. Modification of lipid A with PEtN and 

Ara4N both occur by muti-component periplasmic modification systems (Bishop, 2005; 

Petrou et al., 2016), while modification with palmitate is performed in the outer-membrane 

(Bishop et al., 2000). One of the structurally transformative changes of LPS that can occur 

is the addition of O-polysaccharide (O-PS), resulting in “smooth” LPS. O-PS is 

synthesized in parallel to lipid A-core (discussed below) and is ligated to the lipid A-core 

in the periplasm by a conserved membrane embedded ligase known as WaaL (Whitfield 

and Trent, 2014).  
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Figure 1.3: Core oligosaccharides of K. pneumoniae. K. pneumoniae has 2 different 
characterized core types denoted core 1 and 2. Conservation of the core types is higher 
within the inner core, and more sugar variation occurs within the outer core. Differences 
between the two core types are shown in blue and red.  

 

With, or without ligation of O-PS, LPS must traverse the periplasmic space for its 

final presentation on the cell surface. To do this, the strongly hydrophobic lipid A portion 

of LPS must be extracted from the inner membrane, shielded across the periplasmic 

space, and inserted into the outer leaflet of the outer membrane. The machinery to 

perform all of these functions is encoded by the lpt genes. The work to characterize the 

Lpt transport system has stretched over decades and various research groups. Several 

reviews recount the collective work that will be summarized here (Lundstedt et al., 2021; 

Okuda et al., 2016; Sperandeo et al., 2019). LptBFG form an ABC transporter that 

extracts nascent LPS from the inner membrane. LptB forms a cytoplasmic dimer that 
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performs the ATP hydrolysis to drive the excision and export process. LptG and F have 

transmembrane components that interface with LptB and periplasmic -jellyroll domains 

that form the start of the “protein bridge” that crosses the periplasm. The bridge is 

extended by LptC, LptA and a component of the outer membrane protein LptD which all 

adopt a similar -jellyroll domain. This -jellyroll is believed to enclose the lipid A 

component of LPS in a sandwich structure, while the hydrophilic glycan portion is pushed 

outside the bridge in the aqueous periplasm. Finally, LptD and LptE form the outer 

membrane translocon whereby the lipid A portion is inserted outside of LptD via the same 

-jellyroll fold that is used to traverse the periplasm, and the polysaccharide component 

of LPS is threaded through the lumen of the pore formed by the -barrel structure of LptD. 

LptE forms a plug in LptD that closes the pore when export is not actively occurring. The 

overall model of transport has been thought to proceed conceptually like a “PEZ”, in which 

the ATP-dependent loading of a new LPS molecule to the translocation machinery 

imparts pressure on the previously loaded molecules, contributing to an overall flow of 

LPS from the inner membrane to the outer membrane. 

1.4 Structure, function and applications of O-PS 

The most structurally variable portion of LPS is the O-PS, which is a long 

polysaccharide composed of repeating units. These repeat units give LPS a characteristic 

ladder pattern when analyzed by silver stain (Figure 1.4), and the distribution of this 

laddering pattern differs depending on the O-PS biosynthesis strategy. O-PS plays 

several roles in cell-interactions and survival. Perhaps the most well investigated purpose 

for O-PS is in host evasion.  
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Figure 1.4: Characteristic ladder pattern of LPS in silver stained SDS-PAGE. Lipid 
A-core OS migrates near the dye front in SDS-PAGE and results in a dark thick band at 
the bottom of the gel. The silver stain shown is from K. pneumoniae O7, but the LPS 
cartoon is a fictitious structure used for demonstration purposes. OPS chains possessing 
different numbers of repeat units result in the ladder formation observed, with each slower 
migrating band representing an increment of one additional repeat unit in the chain. The 
ladder pattern of LPS is due to increasing lengths of the polysaccharide, corresponding 
to additional repeat units. Different biosynthetic strategies contain different modalities. 

 

O-PS has been shown to increase survival of Salmonella during host infection by 

sequestering the immune signalling C3 protein, preventing the subsequent complement 

immunity cascade. O-PS also affects macrophage interactions in some bacteria, and an 

increase in “very long” O-PS production has been shown under macrophage simulated 

conditions (reviewed in Whitfield, Williams, et al., 2020). In addition to its roles in human 

pathogenicity, O-PS has been shown to have roles in plant pathogenesis as well as 

commensalism (Lerouge and Vanderleyden, 2002). Another major role of O-PS is as a 
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barrier to prevent bacteriophage infection (Mostowy and Holt, 2018a). O-PS hides 

conserved parts of LPS core and covers other (non-LPS) surface epitopes that could be 

used by phages to attach and infect the cell. It is also evident that phages have an intimate 

relationship with O-PS as there are several examples of temperate phages that modify 

the nascent O-PS structure of its infected host. This modification is proposed to inhibit 

recognition and invasion of competing phages (Mostowy and Holt, 2018b). 

O-PS is one of the major surface epitopes used for serotyping, classically 

performed by antibody reactivity/agglutination to identify O-antigen serotypes. The 

structure of O-PS is hypervariable, with a single species containing numerous different 

O-PS structures. For example, E. coli contains 187 different identified O-PS structures 

(Liu et al., 2020). In contrast, K. pneumoniae has much less, with 12 serotypes, depending 

on how they are divided; denoted O1 (=O8), O2a, O2ac, O2afg, O2aeh (=O9), O3, O3a, 

O3b, O4, O5, O7, and O12 (Figure 1.5) (Follador et al., 2016; Orskov, 1954; Trautmann 

et al., 1997). One structural element that has been largely ignored for simplicity in defining 

the range of serotypes is acetylation. Acetylation is usually non-stoichiometric and has 

the potential to create serologically distinct structures. For example, K. pneumoniae O1 

have identical repeat unit structures, differing only in acetylation in O8 (Kelly et al., 1993) 

while the O9 and O2aeh serotypes also differ only in acetylation in O9 (Kelly et al., 1995). 

The O-antigen cluster for O8 has been sequenced (AB819963.1) and reveals identical 

genes to O1, with an additional gene encoding a predicted acyltransferase (BAN20067.1) 

likely responsible for the seroconversion. BLAST searches against bacterial genomes 

using the predicted O8 acyltransferase do not return many hits in K. pneumoniae isolates, 

suggesting a limited serotype prevalence. It is also possible that acetyltransferases are 
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present in other serotypes and contain low sequence similarity to the putative O8 

acetyltransferase.  

 

 

 
Figure 1.5: Currently known O-PS glycan backbone structures in K. pneumoniae. 
There are currently 12 identified K. pneumoniae structures. The structures are depicted 
here (and throughout this thesis) using the Symbol Nomenclature for Glycomics (Varki et 
al., 2015). O-acetylation of some creates additional antigenic epitopes and further 
serological diversity (not shown).  
 
 

The growth of understanding of the genetic determinants of O-PS biosynthesis has 

allowed for the development of molecular based methods of serotyping K. pneumoniae 

including web-based tools like Kaptive Web (Wick et al., 2018) and Pathogenwatch 
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(Kleborate) (Argimón et al., 2021).  These methods allow for more accurate surveys of 

the clinical isolate landscape and can be used for surveillance to take stock of serotype 

prevalence and to identify novel serotypes. Using isolate sequencing, O-antigen clusters 

synthesizing unknown structures were also identified and denoted OL101, 102, 103, and 

104 (Follador et al., 2016). However, molecular based serotyping can only provide 

probable serotypes. It does not discern cases where mutations in genes affects specificity 

or activity of the gene product. A recent use of molecular serotyping on 573 clinical 

isolates of K. pneumoniae found the collection was composed of 52% O1, 16% O2, 15% 

O3, 6% O5, 5% OL101, 3% O4, 2% O12 and less than 1% OL102 and OL104 each. This 

highlights the use of genetic serotyping as a tool for identifying dominant serotypes in 

clinical isolates that can be used to fine tune therapeutic targets.  

Not only can O-PS be used for identification, it can also be exploited for use in 

vaccine production. Successful polysaccharide vaccines include Hib and Prevnar against 

Haemophilus influenza and Steptococcus pneumoniae respectively (Daniels et al., 2016; 

Gessner and Adegbola, 2008). These vaccines are CPS based, but the principle for O-

PS based vaccines is identical. Independently, polysaccharides are poor long-term 

immunostimulatory antigens due to their typical T-cell independent stimulation. However, 

conjugation of the polysaccharide to a protein scaffold results in more robust reactivity to 

the polysaccharides that are attached, resulting in more long-lasting protection. Vaccines 

against CPS and O-PS also require that several structures be included in the formulation 

in order to produce a useful response against all of the clinically relevant serotypes. Such 

is the case for the Prevnar vaccine which incorporates 13 capsule types of S. 

pneumoniae. Successful immunity against O-PS has also been achieved with monoclonal 
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antibodies shown to be protective against the clinically dominant and globally 

disseminated K. pneumoniae ST258 isolate (Szijártó et al., 2017). 

Traditional glycoconjugate vaccine production requires either the synthesis or 

purification of the polysaccharides followed by ligation to an immunostimulatory protein 

antigen and additional purification after conjugation. This process is labor intensive and 

requires several purification and quality control steps to ensure that the conjugation is 

consistent from batch to batch and the structure of the antigen is not compromised by 

conjugation (Rappuoli et al., 2019). In recent years the field of glycoengineering has 

permitted more efficient production of glycoconjugate vaccines by expression of 

heterologous O-PS structures and ligation to an immunostimulatory protein scaffold, all 

within an E. coli host. The process exploits PglB which is the oligosaccharide transferase 

from the Camplylobacter jejuni N-linked glycosylation system (Feldman et al., 2005). PglB 

catalyzes the transfer of oligosaccharides from lipid-linked intermediates to Asn sites 

within a defined sequon. PglB can also use lipid-linked O-PS intermediates as a substrate 

for glycosylation when expressed in heterologous systems. Utilization of PglB for 

glycoconjugate production requires expression of PglB, a tagged protein scaffold 

containing the PglB recognition sequence, as well as the minimum genes required for O-

PS production. Expression is performed within an E. coli host with a waaL deletion to 

divert the O-PS to PglB rather than the native LPS ligation pathway. This technology has 

been successfully utilized to create glycoconjugates against Shigella dysenteriae 

serotype O1 O-PS, and these elicited protective antibodies and passed phase I clinical 

trials (Martin and Alaimo, 2022). A successful use of glycoengineering for protection 

against K. pneumoniae would require the use of several serotypes to ensure adequate 
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protection against clinically prevalent serotypes. Molecular serotyping studies of K. 

pneumoniae clinical isolates have shown that serotypes O1, O2 and O3 collectively 

account for more than 80% of infections (Choi et al., 2020; Follador et al., 2016), therefore 

inclusion of these three serotypes as a mix of glycoconjugates would in principle provide 

protection against the majority of clinical infections.  

1.5 O-PS biosynthesis 

O-PS biosynthesis is directed by genes located in rfb loci and they contain genes 

more recently labelled wb* by convention (Reeves et al., 1996). Many genes have no 

gene name designation and are generally given orf number designations. O-PS 

biosynthesis occurs through one of three strategies: the Wzx/Wzy dependent pathway 

(Figure 1.6a), the ABC transporter dependent pathway (Figure 1.6b,c), or the synthase 

dependent pathway (Whitfield et al., 2020b). The synthase dependent pathway has only 

been identified in one species and serotype (S. enterica serovar Borreze O:54) 

(Keenleyside et al., 1994) and will not be discussed here. Most O-PS biosynthetic 

systems use either the Wzx/Wzy dependent pathway or the ABC transporter pathways 

and similar pathways are used for other cell surface polysaccharides. For example, most 

CPS and exopolysaccharide use Wzx/Wzy dependent pathways equivalents, while ABC 

transporter dependent pathways are used to produce some CPSs and all identified 

teichoic acids.  All known K. pneumoniae O-PS biosynthesis systems utilize the ABC 

transporter dependent pathway.  

1.5.1 Wzx/Wzy dependent pathway 

O-PS is built on a phosphorylated 55-carbon isoprenoid called undecaprenyl 

phosphate (Und-P). Und-P is also used in a range of other pathways including 
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biosynthesis of some capsular polysaccharides, peptidoglycan, enterobacterial common 

antigen and exopolysaccharides (Whitfield et al., 2020a, 2020b). O-PS biosynthesis 

begins by the action of a membrane embedded phosphoglycosyltransferase (PGT) that 

adds a phospho-sugar to Und-P at the cytoplasmic face of the inner membrane. The 

majority of initiation reactions in Enterobacteraciae (and all K. pneumoniae) are 

performed by WecA (encoded by the Enterobacterial common antigen cluster), which 

performs the addition of GlcNAc-1-P to form Und-PP-GlcNAc (Lehrer et al., 2007). This 

sugar appears at the reducing terminus of repeat units in most O-PS produced by WecA 

containing pathways. Some O-PS contain GalNAc at this position due to epimerization of 

GlcNAc after its addition to Und-P (Rush et al., 2010a). Some Salmonella isolates initiate 

O-PS biosynthesis with a Gal-1-P residue instead of GlcNAc-1-P (Allen and Imperiali, 

2019). The addition of Gal-1-P is performed by an enzyme designated WbaP (Wang et 

al., 1996). 

Following the initiation, serotype specific GTs sequentially add sugar units to build 

the Und-PP-linked repeat unit. GTs impart specificity of linkage location, sugar identity, 

as well as the configuration of the bond ( or ) depending on the mechanistic action of 

the addition and configuration of the activated sugar donor, resulting in the large diversity 

of serotypes observed within a species.  For the majority of cases one GT domain is 

usually responsible for the formation of a single glycosidic bond, although some 

exceptions exist of a single domain performing multiple additions (Greenfield et al., 

2012a; Kremer et al., 2001). Most GTs in O-PS biosynthesis use sugar nucleotide donors 

to catalyze the formation of glycosidic linkages, in which an NDP (ie. uridine-diphosphate, 

guanidine-diphosphate, thymidine-diphosphate) is linked to the C1 (anomeric) carbon of 
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a sugar. NDP sugars have enzymatic pathways responsible for their biosynthesis, a large 

number of which have been characterized.  

 
 

Figure 1.6: Cartoon representation of the primary O-PS-biosynthesis pathways. a, 
Wzx/Wzy-dependent biosynthesis of S. Typhimurium O:4 O-PS as an example. The 
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Wzx/Wzy dependent pathway assembles repeat units at the inner membrane. Lipid linked 
repeats are then flipped to the cytoplasm via Wzx where they are polymerized en bloc by 
Wzy. Chain length is modulated by Wzz. b, ABC transporter-dependent O-PS 
biosynthesis using the polymannose K. pneumoniae O3 antigen as an example. The 
polymerization process is completed in the cytoplasm. After a sufficient chain length, 
engagement with the terminator results in modification of the non-reducing end of the 
growing chain, blocking further polymerization and signalling export through Wzt, which 
requires the terminal residue. c, in K. pneumoniae O2a, no terminator is present, and 
chain length is determined by relative activities of the biosynthetic machinery and 
transport (Kos and Whitfield, 2010; Kos et al., 2009). All three mechanisms are initiated 
by a phosphoglycosyltransferase (PGT) and the lipid-linked glycans are ligated to lipid A 
core in the periplasm by WaaL. 
 

Some of these pathways are present on the bacterial genome outside of serotype specific 

glycan synthesizing clusters, while others can be specifically coded for in the glycan 

cluster that requires its use. In general, if the biosynthetic genes for a glycan are found 

elsewhere on the genome, a particular cluster that requires use of that same sugar will 

not have a duplicate set of genes. For instance, UDP-Glc, UDP-Gal, CMP-Kdo, and UDP-

GlcNAc are all often synthesized outside of the biosynthetic cluster.   

Most GTs used in O-PS biosynthesis have either GT-A or GT-B folds (Lairson et 

al., 2008a; Schmid et al., 2016). GT-B folds contain two Rossmann domains (an 

alternating -- domain) while GT-A folds have a single Rossmann domain (Lairson et 

al., 2008a) (Figure 1.7). In GT-B enzymes, one domain binds the activated sugar donor, 

while the other domain binds the acceptor for sugar addition. In GT-A folds, one half of 

the Rossmann domain is involved in the activated donor, while the other half binds the 

acceptor. GT folds are further divided into families based on sequence similarity in the 

Carbohydrate Active EnZYmes (CAZy) database (http://www.cazy.org/).  There are 

currently 974,179 GTs in the CAZy database, resulting in 115 distinct families. Some GT 

families are quite large, for example the GT2 family has 272 characterized members and 
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298,527 sequence based members. In contrast, some families have as few as a single 

characterized representative. Most GTs have been identified from genome sequencing 

and the specificities and biological roles are yet to be defined.  

After the GTs have built the Und-PP linked repeat unit, these intermediates are 

flipped to the periplasm by the defining transporter of the system called Wzx. Wzx is a 

member of the multidrug/oligosaccharidyllipid/polysaccharide (MOP) exporter 

superfamily, which catalyze transport by a cation antiport mechanism (Whitfield et al., 

2020b). The prototype for this transport mechanism is the MurJ transporter that flips 

peptidoglycan sugar subunits into the periplasm. The structure of MurJ has been solved 

revealing a two-subunit transporter with a cationic lumen (Kumar et al., 2019; Sham et 

al., 2014). The proposed mechanism starts with the substrate entering the lumen via a 

lateral gate during an inward facing state of the transporter. 

 

Figure 1.7: The two main structural folds found in GT enzymes are GT-A and GT-B. 
The GT-B fold has two distinct and separated Rossmann domains, while the GT-A fold is 
more collapsed with a single Rossmann domain. These enzymes typically use nucleotide 
mono- or diphosphosugars in O-PS biosynthesis.  
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The transporter subunits then transition to an outward facing state that results in a 

shrinkage in the lumen, promoting substrate expulsion. 

Once transported to the periplasm, the single repeat units are then used as 

building blocks to polymerize a full-length polysaccharide by a membrane embedded, 

serotype specific polymerase called Wzy. Wzy specifies the linkage made between repeat 

units, and this can result in branched repeat units depending on the position of the sugar 

in the repeat unit that is used to link repeats. Wzy proteins have a transmembrane 

domain, and a C-terminal periplasmic domain composed of loops that perform the 

polymerization. The precise mechanism of Wzy is still speculative, but in vitro reactions 

have demonstrated a “distributive” mechanism (Zhao et al., 2014) indicating that Wzy 

releases the growing glycan between rounds of addition, resulting in a broader range of 

chain lengths. The structure of Wzy has not been solved to date and a structure with 

bound acceptor polysaccharide and Und-PP-linked donor will be pivotal in resolving the 

specificity of Wzy.  

The establishment of chain length distribution for the polysaccharide is mediated 

by a protein called Wzz, a member of the polysaccharide copolymerase family (Morona 

et al., 2009). Wzz forms an octameric barrel-like structure that is anchored to the outer 

leaflet of the inner membrane by transmembrane helices (Collins et al., 2017; Kalynych 

et al., 2015; Larue et al., 2009; Tocilj et al., 2008; Wiseman et al., 2021). Wzz interacts 

with the Wzy polymerase in the periplasm (Nath and Morona, 2015) and regulates the 

relative activities of chain extension and termination to generate modal O-PS chain 

lengths (Whitfield et al., 2020b). One of the hypotheses for the termination process is that 

it operates via sequestering of the polymer inside a luminal space formed by Wzz. Until 
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the polymer becomes sufficiently large that it fills the lumen of Wzz and further additions 

are no longer possible. At which time, the completed polymer leaves the space in an 

undefined mechanism for ligation to the lipid A-core (Collins et al., 2017). In an alternative 

hypothesis, the growing O-antigen interacts with the peripheral surface of Wzz where the 

termination occurs after a specific O-PS length is reached (Morona et al., 1995). The 

precise mechanism for termination is still unknown. Future structural work to determine 

where the polysaccharide resides in the complex is the key to developing a more 

complete model.  

Chain length regulation in the Wzx/Wzy pathway can produce multiple modal 

clusters of chain lengths within a single species. This is accomplished by the activities of 

duplicated Wzz proteins that operate simultaneously, each possessing distinct chain 

length preferences. For example, in Salmonella fepE encodes an additional Wzz protein 

resulting in a bimodal LPS chain length (Murray et al., 2003), while some Pseudomonas 

serotypes have shown as many as 3 different Wzz variants (Huszczynski et al., 2019) 

Following polymerization, the full length Und-PP-linked O-PS is transferred from 

the lipid carrier to the previously synthesized lipid A-core by WaaL. The precise 

mechanism and specificity of WaaL is poorly understood. Some studies have suggested 

that WaaL specificity largely biases the reducing end of the polymer (Han et al., 2012), 

evident by the promiscuity of WaaL in E. coli K-12 that can ligate recombinant O-PS 

structures. Swapping of O-antigen clusters within and between species is facilitated by 

the promiscuity of WaaL, allowing for new O-antigen clusters to be readily expressed. 

Importantly, it is WaaL that confers the linkage point at which the O-PS is attached to the 

core-OS. Recent crystal structures of WaaL in an Und-PP bound state has provided 
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further insight into a potential mechanism of WaaL (Ashraf et al., 2022). The Und-PP 

portion of the O-PS binds in a membrane embedded pocket, while it is proposed that the 

lipid A portion of lipid A-core is accommodated by a second hydrophobic membrane 

embedded pocket, proximal to the Und-PP binding site. The position of these two pockets 

would bring the two molecules in proximity to a conserved histidine that could act as a 

general base, abstracting a proton from the attachment site on the core-OS, resulting in 

a nucleophilic attack of this oxygen to the anomeric carbon of the first sugar of the O-PS 

(GlcNAc in most cases). The Und-PP leaving group can be transported back to the 

cytoplasm and recycled for future use in a process that is not fully understood (Workman 

and Strynadka, 2020). Unfortunately, the published structure of WaaL is not sufficient to 

elucidate the specificity that WaaL has for the linkage position of the outer core, and future 

structures with lipid A-core bound will be the key to resolving this question. 

1.5.2 ABC transporter pathway 

Initiation of O-PS biosynthesis in the ABC transporter pathway employs the same 

strategy as the Wzx/Wzy dependent pathway, and most use the same WecA 

phosphoglycosyltransferase. The two main prototypes for the ABC transporter pathway 

occur in K. pneumoniae, provided by serotypes O3, O5 and O12, and the other by 

serotype O2a. 

The K. pneumoniae O3 and O5 O-PS biosynthesis pathways were characterized 

in E. coli O9 and O8 systems, but the corresponding gene clusters and O-PS structures 

are identical in these species due to horizontal gene transfer (Sugiyama et al., 1997, 

1998). The O3 and O5 serotypes are homopolymers of mannose (Guachalla et al., 2017a; 

Vinogradov et al., 2002) (Figure 1.6b). Following WecA action, two GTs (WbdB and 
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WbdC) catalyze sequential transfer of α-1→2 and α-1→3 Man residues. This creates a 

sugar adapter that the polymerase of the system can use as a substrate. Rather than the 

en bloc synthesis strategy used in the Wzx/Wzy dependent pathway, ABC transporter 

dependent pathways complete polymerization of the O-PS in the cytoplasm prior to 

export. In K. pneumoniae O3 and O5, a multidomain polymerase known as WbdA is 

responsible for polymerization of the O-PS. In K. pneumoniae O3, WbdA has two GT 

catalytic sites possessing α-1→2 or α-1→3 mannosyltransferase activity, while the K. 

pneumoniae O5 enzyme has three GT catalytic sites possessing α-1→2, α-1→3, and β-

1→2 mannosyltransferase activity (Greenfield et al., 2012a, 2012b). Differences in the 

number of α-1→2 mannose residues in the O3 subtypes (O3a and O3b) is a consequence 

of mutations in the WbdA domain responsible for -1→2 mannose addition (Figure 1.5) 

(Guachalla et al., 2017a; Kido and Kobayashi, 2000). WbdA is a distributive enzyme, 

releasing the product after addition. Interdomain interactions between the GT domains of 

WbdA play an important role in when the product is released, and mutations to WbdA 

likely change these interactions accounting for the different numbers of additions 

observed in the O3 subtypes (Liston et al., 2015). Polymerization is terminated by a 

second protein, WbdD that interacts with WbdA via a C-terminal coiled-coil in serotype 

O3 (Clarke et al., 2004, 2009). The coiled-coil region provides a spatial separation from 

the polymerization domain to allow for sufficient rounds of polymerization to occur before 

the terminating moiety is added to block further polymerization and signal export of the 

mature O-PS (Clarke et al., 2004; Hagelueken et al., 2015; King et al., 2014). The O3 and 

O5 serotypes utilize non-sugar methyl-phosphate and methyl substituents respectively as 

their terminator moieties.  
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In K. pneumoniae O12, a single domain GT (WbbL) is implicated in transferring a 

Rha residue to Und-PP-GlcNAc creating the adapter (Rubires et al., 1997). The 

polymerase, WbbB, possesses two GT domains containing α-1→3 Rha and β-1→4 

GlcNAc transferase activities (Williams et al., 2017). Termination is achieved by the 

addition of a β-2→3 Kdo residue to the non-reducing end of the O12 polymer by an 

additional N-terminal GT domain of WbbB (Ovchinnikova et al., 2016a). WbbB contains 

a coiled-coil that separates the polymerase and terminator catalytic domains and dictates 

a minimum chain length required for termination. As a result, WbbB performs 

polymerization, termination and chain length determination using a single protein, while 

serotypes O3 and O5 require two proteins to fulfill equivalent processes (Williams et al., 

2017).  

O-PS assembly in K. pneumoniae O2a has some notable differences (Figure 

1.6c). The WecA product of Und-PP-GlcNAc is extended by WbbO and WbbN that add 

an α-1→3 Galp and a β-1→3 Galf adapter (Clarke et al., 2020; Kos and Whitfield, 2010).  

The polymerase, WbbM, is a dual domain GT, with α-1→3 Galp and β-1→3 Galf 

transferase activities (Clarke et al., 2020; Kos and Whitfield, 2010). Unlike the O3/O5/O12 

prototypes, the O2a biosynthesis machinery does not possess a coiled-coil chain length 

regulator or a termination enzyme. The decreased control on chain length regulation in 

the O2a system is readily observable upon silver staining, evident when compared to the 

preferred band distribution present in the O12, O3 and O5 systems.  

Following polymerization (and in some cases termination), Und-PP linked O-PS 

from all of these serotypes is exported to the periplasm by the pathway defining ABC 

transporter. This is formed by a transmembrane domain (TMD) protein encoded by wzm 
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and a nucleotide binding domain (NBD) protein encoded by wzt. Together two copies of 

each component contribute to make the functional transporter with the two Wzm subunits 

forming the transporter lumen, and the two Wzt subunits forming ATP hydrolyzing 

domains, responsible for the driving energy of the flippase. In K. pneumoniae O3, O5 and 

O12, Wzt possesses a C-terminal  jellyroll domain forming a carbohydrate binding 

module (CBM) that is not common in ABC transporters (Clarke et al., 2004; Greenfield et 

al., 2012a; Mann et al., 2016; Williams et al., 2017). The CBM recognizes and binds the 

non-reducing terminating modifications in these systems and initiates the export process 

of the O-PS (Clarke et al., 2004; Greenfield et al., 2012a; Mann et al., 2016; Williams et 

al., 2017). This ensures there is no premature export of chains until the proper chain 

length is established. The K. pneumoniae O2a system lacks this C-terminal extension, 

consistent with its lack of terminating moiety. Instead, the stoichiometry of the 

polymerization machinery and Wzm/Wzt apparently dictates the extent of polymerization 

and gives rise to a product with a wide range of lengths (Kos and Whitfield, 2010; Kos et 

al., 2009). The lack of CBM on the O2a Wzt also means that this exporter is more 

promiscuous than in the counterparts binding terminal modifications. Consequently, the 

O2a repeat unit can be modified in a number of ways (discussed below) without any 

detrimental effect on export.  

Recently reported 3D structures of the O-antigen transporter from Aquifex aeolicus 

have contributed greatly to a better understanding of how Wzm/Wzt are oriented during 

different states of export (Figure 1.8) (Bi et al., 2018; Caffalette and Zimmer, 2021; 

Caffalette et al., 2019). In systems containing terminal modifications, the O-PS is bound 

by the CBM at the non-reducing end, tethering the O-PS and engaging it with the entry 
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site of the channel. ATP then binds to Wzt triggering a gate helix to open allowing the 

diphosphate head and attached sugars in the Und-PP-linked intermediate to enter the 

Wzm channel for translocation, while the lipid tail remains in the membrane outside the 

Wzm channel. ATP hydrolysis then drives the extrusion of the polysaccharide through the 

channel by movement of the gate helix and interface helix which creates a pushing force 

to extrude the polymer through the channel. This pushing mechanism gives the Wzm/Wzt 

transporter characteristics that are similar to translocases. Once the polymer has been 

fully transported, Wzm resets to a plugged state with membrane phospholipids closing 

the channel and the gate helix returns to a closed position (Figure 1.8).  

 

Figure 1.8: Structure and proposed mechanism of the Wzm/Wzt ABC transporter. 
a, The structure of Wzm/Wzt is formed by dimers of each protein with Wzm (purple) 
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composing the transmembrane domain and Wzt (green) composing the nucleotide 
binding domain with the CBM component of Wzt in red. The “gate helix” responsible for 
polysaccharide access into the transporter is coloured in pink and the “interface helix” is 
coloured yellow. PDB ID: 6M96. b, cartoon representation of the Wzm/t coordinated 
flipping of Und-P-polysaccharide. ATP hydrolysis drives the motion of the gate helix 
(yellow) and interface helix (magenta). This action is proposed to be responsible for the 
force necessary to translocate the polymer to the periplasm. In the resting state, a 
phospholipid forms a plug in the Wzm pore, and during flipping the group is displaced. By 
the phospho-head group of the Und-PP-glycan. During flipping the lipid portion will move 
through a seam located between the Wzm protomers spanning the membrane, while the 
polysaccharide will be extruded through the middle of Wzm via aromatic residues that line 
the channel. The motion of the gate helix and interface helix tanslocates the polymer a 
few residues at a time, with successive rounds of ATP hydrolysis and nucleotide 
exchange required to fully extrude the polymer. After the polysaccharide is released, a 
lipid plug fills the channel opening again. 
 

1.6 O-antigen modifications 

Post-polymerization modifications can be made to change the structure and 

properties of the polysaccharide either before export occurs, or after export in the 

periplasm. These strategies are found in both the Wzx/Wzy dependent and ABC 

transporter dependent pathways. One strategy involves the addition of non-sugar 

substituents. Examples include acetylation and phosphoethanolamine addition, and the 

addition of both is directed by genes carried on prophage genomes (Knirel et al., 2015). 

These non-sugar modifications often do not change antibody recognition of the sugar 

backbone structures, but they do create new epitopes that can seroconvert an isolate. 

Due to the cross reactivity observed in O-PSs with non-sugar modifications, these 

modifications can be omitted from therapeutic development. Most work on O-antigen 

acetylation has been performed in Shigella flexneri, that (with the exception of serotype 

6) contain a shared O-PS repeat unit, with differing modifications resulting in individual 

serotypes. Acetyl modifications are also present In K. pneumoniae serotypes O8 (=O1), 
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and O2ae/O9 (=O2aeh), but the genetic determinants for the modifications have not been 

investigated (Kelly et al., 1993, 1995).  

O-PSs can also be modified by the addition of side-chain sugar substituents, but 

the process does alter the serotype and antibody reactivity. This modification strategy is 

also employed by lysogenic bacteriophages that encode machinery to perform 

periplasmic glucosylation of the nascent O-PS and is best described in some Shigella 

and Salmonella serotypes (reviewed in Mann et al., 2015). The modification is performed 

by a three component Gtr system. The first two components encoded by the gtr locus are 

conserved and include an Und-P-linked sugar donor synthase and MATE family 

transporter. These synthesize an Und-P-linked glucosylation donor (rather than Und-PP-

linked used in O-PS biosynthesis) and export it to the periplasm. The last component of 

the cluster encodes for a serotype-specific GT-C fold enzyme that utilizes the glucose 

donor to modify the nascent polysaccharide (Figure 1.9). GT-C enzymes share 

characteristic features including an integral membrane domain and an extra-cytoplasmic 

domain that composes the active site. All known GT-C enzymes utilize lipid-linked donor 

sugars instead of the soluble NDP-based sugar donors used by GT-A and GT-B 

enzymes.  

Side chain sugar modifications also occur in K. pneumoniae, where the O2a 

serotype is modified by the addition of α-1→4 Galp or α-1→2 Galp resulting in 

seroconversion from O2a to O2afg or O2aeh, respectively (Kelly et al., 2016). The side 

chain galactosylation observed in O2afg and O2aeh is also directed by a three-

component system gmlABC or gmlABD (O2afg or O2aeh) encoded at the end of the O2a 
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cluster. These genes encode the same three components described above, however it is 

unclear if these modifications are bacteriophage derived (Clarke et al., 2018). 

In a different glycosylation modification strategy, additional polymers can be built 

onto the non-reducing end of the O-PS. This is the case of K. pneumoniae O1 and O2ac, 

which possess different disaccharide repeating polysaccharides to the end of the O2a O-

PS. The O1 and O2c modifications are encoded by genes located outside the O2a cluster 

by wbbYZ and wbmVWX respectively. The mechanism and activities of individual proteins 

driving these modifications are unknown.  

 

 
 

Figure 1.9: Prophage-encoded periplasmic glycosylation modifies serotypes by the 
addition of a side chain glycose. The currently identified side chain glycose addition 
prototypes all require three components: a Und-P-Glycose synthase, a MATE family 
transporter, and a periplasmic GT-C enzyme that uses Und-P-glycose as a substrate to 
decorate the nascent O-PS. The example shown here is from S. Typhimurium O:4. 
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It remains unclear if other modifications of O-PS structures exist given that the 

modifying genes are often located outside the main O-antigen cluster and can be hard to 

detect in genome sequences in the absence of known O-PS structures. The modifications 

described here therefore are unlikely to cover the full range of structural modifications 

that exist within nature. Furthermore, additional care should be taken when new 

carbohydrate structures are determined, as some modifications can be unintentionally 

overlooked in structural analysis due to non-stoichiometric/minor amounts present in the 

sample.  

1.7 Research goals 

 While the biosynthesis pathways for several K. pneumoniae O-antigens have been 

characterized, important gaps remain in knowledge concerning the O1, O2ac, O4 and O7 

systems. These have potential to establish prototypes for new features that are important 

in these serotypes but may also apply to other species. Characterization of O1/O2c 

biosynthesis will describe the first biochemical basis for terminal polysaccharide 

modifications built on the end of an acceptor polysaccharide. The O4 and O7 systems 

share Ribf in their O-PS structures, but the origin of activated Ribf, as well as the GT 

responsible for addition of Ribf have not been identified in any bacterial polysaccharide 

production system.  

Therefore, the goals of this thesis research were:  

i)  to define the roles of wbmVWX in the synthesis of the O2c PS and  

ii) to characterize the addition (and origin) of Ribf in the O4 and O7 systems.  

Specific hypotheses regarding these objectives will be presented in each chapter. Overall, 

these studies will contribute to the fundamental understanding of polysaccharide 
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biosynthesis, and are crucial building blocks for subsequent use in glycoengineering 

strategies for developing immunotherapeutics.  
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CHAPTER 2. MATERIALS & METHODS 
 

2.1 Bacterial strains and growth conditions 

Bacterial strains used and created in this thesis research are listed in Table 2.1. 

All growth was performed at 37C in LB media unless otherwise specified.  

Table 2.1: Bacterial strains 

Strain or 
plasmid 

 
Description 

 
Reference 

E. coli DH5α K-12 F− φ80lacZ çM15 Δ(lacZYA-argF) 
U169 deoR recA1 endA1 hsdR17 (rκ

−, mκ
+) 

gal− phoA supE44 thi− gyrA96 relA1 

(Laboratories, 
1986) 

E. coli 
CWG286 

K-12 lacZ trp Δ(sbc-rfb) upp rel rpsL 
galE::Tn10 

(Köplin et al., 
1997) 

E. coli 
CWG638 

E. coli E69 derivative; trp his lac rpsL 
cpsK30 wbdD::aacC1; Δwzm-wzt::aphA-3; 
Tcr Kmr Smr 

(Clarke et al., 
2004) 

E. coli BTH101 F, cya-854, recA1, endA1, gyrA96, this1, 
hsdR17, spoT1, rfbD1, glnV44(AS); Na1r 

(Karimova et al., 
1998) 

E. coli DY378 W3110 λcI857 Δ(cro-bioA) (Thomason et al., 
2014) 

E. coli Top10 F−, mcrA, Δ(mrr-hsdRMS-mcrBC), φ80, 
lacZΔM15, ΔlacX74, deoR, nupG, recA1, 
araD139, Δ(ara-leu)7697, galU, galK, 
repsL(StrR), endA1 

 

Invitrogen 

K. pneumoniae 
5053 

Serotype O2ac:K- F. Ørskov 

K. pneumoniae 
264(1) 

Serotype O7:K67 F. Ørskov 

E. coli BL21 
(DE3) 

F– ompT hsdSB (rB
–, mB

–) gal dcm (DE3) NEB 

E. coli 26w Serotype O114:H32 F. Scheutz, 
Statens 
Seruminstitut 

C. youngae 
PCM 1492 

Serotype O1 Polish Collection 
of Microorganisms 
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CWG1508 C. youngae O1 with orf15 replaced with 
Kanr cassette from pKD4 

This study 

CWG1509 C. youngae O1 with orf12 replaced with 
Kanr cassette from pKD4 

This study 

C. youngae 
PCM 1507 

Serotype O2 Polish Collection 
of Microorganisms 

CWG1510 C. youngae O2 with orf13 replaced with 
Kanr cassette from pKD4 
 

This study 

 

2.2 Bioinformatic programs 

The programs used for analysis are specified where they are used, but all will be 

referenced here. The Conserved Domain Database (Lu et al., 2020) was used to predict 

protein domains and homolog identification was performed in BLAST (Altschul et al., 

1990). Multiple sequence alignments were performed using PROMALS3D(Pei et al., 

2008), ClustalW (Thompson et al., 1994), MAFFT (Katoh et al., 2019), and TCoffee (di 

Tommaso et al., 2011). Multiple sequence alignments were visualized using ESPript 

(Robert and Gouet, 2014). Secondary structure prediction was performed with JPred 

(Drozdetskiy et al., 2015) and transmembrane helices were predicted in TMHMM 

(Hallgren et al., 2022). Structural models were made in Phyre2 (Kelley et al., 2015) or 

AlphaFold (Jumper et al., 2021; Mirdita et al., 2021) with structural conservation shown 

using ConSurf (Ashkenazy et al., 2010) and Dali (Holm and Rosenstrom, 2010) used to 

find structural homologs and perform 3D alignments.  

2.3 DNA methods 

2.3.1 PCR/plasmid construction 

KOD Hot Start DNA polymerase (Novagen) was used for amplification and site 

directed mutagenesis of target genes. Oligonucleotide primers are listed in Appendix 
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Table 1. Plasmid construction was performed using restriction enzyme digests (enzymes 

from New England Biolabs) or with Gibson assembly (New England Biolabs). Constructs 

were confirmed by DNA sequencing from the Advanced Analysis Centre at the University 

of Guelph. Where applicable, gene synthesis was performed by GeneArt (ThermoFisher). 

Plasmids constructed and used in this thesis research are listed in Appendix Table 2. 

2.3.2 DNA purification 

PCR products were purified using the GeneJET PCR purification kit 

(ThermoScientific), and plasmids were purified using the GeneJET plasmid purification 

kit (ThermoScientific). Genomic DNA was prepared with PureLink Genomic DNA mini kits 

from ThermoFisher (Invitrogen).  

2.3.3 Site directed mutagenesis 

Site-directed mutagenesis was performed using inverse PCR to incorporate the mutation 

of interest, followed by incubation of PCR product with DpnI, T4 DNA ligase, and T4 

polynucleotide kinase (1:1:1:1) and transformation into E. coli DH5α. 

Deletion/replacement of plasmid genomic genes was performed using lambda red as 

described previously (Datsenko and Wanner, 2000; Thomason et al., 2014). 

2.4 SDS-PAGE 

Whole cell lysates were used to visualize LPS by SDS-PAGE (Hitchcock and 

Brown, 1983). One A600nm unit of cells was resuspended in SDS-PAGE loading buffer, 

solubilized at 100C, and treated with proteinase K. Samples (10μL) were separated on 

12% gels using Tris-glycine buffer. LPS was visualized using silver staining. Proteins in 

solubilized whole-cell lysates were analyzed without exposure to proteinase K and 

examined by Coomassie staining using the Pierce Power Stainer using the SeeBlue 
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Plus2 protein ladder as a molecular weight marker (Invitrogen). Core-OS analysis was 

performed by mixing prepared samples with NuPAGE loading buffer and LPS was 

separated using NuPAGE 4–12% Bis-Tris gradient gels and visualized by silver staining. 

2.5 Electrophoretic transfer of LPS and proteins to membranes 

Electrophoretic transfer of LPS and proteins to nitrocellulose membranes was 

accomplished with constant current at 200 mA for 45 minutes (LPS) 350 mA for 60 

minutes (protein) using buffer containing 25 mM Tris, 150 mM glycine, and 20% (v/v) 

methanol, or by using a Pierce FastTransfer Power Blotter (ThermoFisher) at 1.3A for 7 

minutes. Membranes were blocked in 5% skim milk (BD Difco) or 5% BSA (GE Healthcare 

Fraction V) prepared in TBST (10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.005% (v/v) Tween-

20). 

2.5.1 Antibodies and development of western immunoblots 

Primary antibodies used in this thesis research included mouse anti-His5 (Qiagen) 

at 1:1000 dilution, mouse anti-FLAG (Sigma) at 1:1000 dilution, rabbit anti K. pneumoniae 

O2a and O2c (described in (Clarke et al., 2018)) at 1:1000 and 1:3000 dilutions 

respectively, and rabbit anti-K. pneumoniae O7 (this study) at 1:500. Rabbit anti-O7 

antibodies were produced using formalin killed cells from a capsule deficient mutant of K. 

pneumoniae 264(1) as the antigen. Formalin-killed cells were suspended in 0.85% (w/v) 

NaCl at ~108 cfu/ml and mixed 1:1 with Freund’s incomplete adjuvant (Sigma). The 

antigen was injected intramuscularly into a New Zealand while rabbit every two weeks for 

6 weeks. After 6 weeks, blood was collected and antisera stored at -80C. Goat anti-rabbit 

or goat anti-mouse-conjugated alkaline phosphatase (Cedar Lane) were used as 

secondary antibodies at 1:3000 dilution and development was achieved by nitroblue 
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tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche Applied Science). Goat 

anti-mouse-conjugated horseradish peroxidase (ThermoFisher) was used at 1:3000 

dilution developed with Crescendo HRP substrate (Millipore).  

2.6 Protein methods 

2.6.1 Protein expression 

Protein production was accomplished by overexpression from pBAD (in E. coli 

T10) or pET (in E. coli BL21) vectors, using either 0.2% arabinose or 0.5mM isopropyl 1-

thio-β-ᴅ-galactopyranoside (IPTG) respectively to induce expression. Selenomethionine 

incorporation was attempted in derivatives purified from E. coli B834 (DE3) (methionine 

auxotroph) grown in M9 minimal medium. ʟ-selenomethionine-labeled ORF4Tc 1-626 was 

prepared by harvesting overnight cultures grown in LB medium and resuspending in cold 

water. The suspension was used to inoculate 750 ml of M9 with 50 mg/L ʟ-

selenomethionine to achieve a final OD600 of 0.3. All protein overexpression was 

performed at 18C overnight. 

2.6.2 Protein purification 

Overnight cultures were harvested and resuspended in buffer A (50mM Tris pH 

7.5, 500mM NaCl) and disrupted using an Avestin C3 Emulsiflex. Lysates were cleared 

by sequential centrifugation at 12,000 × g for 20 minutes, followed by 100,000 × g for 1h 

to remove membranes. The resulting supernatant was used to purify His6-tagged proteins 

using Ni-NTA agarose, with a 2-ml bed volume. The beads were washed with 10 bed 

volumes of buffer A containing 10 mM imidazole, followed by elution with 10 bed volumes 

of buffer A containing 30 mM imidazole. The elution volumes were concentrated with 

Vivaspin 30,000 molecular weight cut-off filtration units and buffer exchanged into 50 mM 
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Tris-Cl, pH 7.5, 150 mM NaCl (buffer B) using PD-10 Sephadex G-25 columns (Cytiva). 

Purified protein concentrations were estimated using absorbance at 280 nm, using 

molecular weights and extinction coefficient estimations obtained from ProtParam 

(Gasteiger et al., 2005). 

2.6.3 Membrane preparation 

Membranes were prepared from 250 mL overnight cultures. Cells were 

resuspended in buffer C (50 mM HEPES, 150 mM NaCl at pH 7.4) and disrupted by 

sonication. Lysates were cleared by sequential centrifugation at 4,000 × g for 10 minutes 

and 12,000 × g for 20 minutes. Membranes were collected by ultracentrifugation at 

100,000 × g for 1 h, and resuspended in buffer C containing 2 mM dithioreitol. Total 

protein content in the membrane preparations was estimated using the DC protein assay 

kit (Bio-Rad) with samples diluted in 1% (w/v) SDS. Bovine serum albumen was used as 

a protein concentration standard. 

2.6.4 Bacterial two-hybrid analysis 

Overnight cultures of E. coli BTH101 co-expressing variations of two-hybrid 

constructs were subcultured 1:100 into LB containing kanamycin, ampicillin, 0.5 mM 

IPTG, and grown at 30°C to an A660nm of 0.5. β-galactosidase activity was measured using 

the microplate non-stopped protocol of the Yeast beta-Galactosidase Assay Kit 

(ThermoFisher), substituting the Yeast Protein Extraction Reagent (Y-PER) for Bacterial 

Protein Extraction Reagent (B-PER). Absorbance at 420 nm was measured using 

SynergyH1 microplate reader (BioTek).  
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2.6.5 WbmV-W pulldowns 

Complexes involving WbmV and WbmW were identified in copurification 

experiments. E. coli DH5α harbouring pWQ990 (His6-WbmVW-FLAG) was subcultured 

1:100 into 250 mL cultures, grown to A600 of 0.6 and gene expression was induced by 

addition of 0.2% (w/v) of arabinose. The culture was then grown overnight at 18 °C.  Cells 

were collected by centrifugation at 5,000 × g, resuspended in buffer A containing 10 mM 

imidazole, and lysed by sonication. Cell-free lysates were then prepared by successive 

centrifugation at 4,000 × g for 10 minutes followed by 12,000 × g. Membranes were 

removed by centrifugation at 100,000 x g for 1 hour and, the supernatant was subjected 

to affinity chromatography with samples being prepared for SDS-PAGE at each step. Ni-

NTA agarose resin (2 mL bed volume; Qiagen) was washed twice with 10 volumes of 

buffer A containing 10 mM imidazole and collected by centrifugation at 800 × g for 2 

minutes. The resin was mixed with the enzyme-containing lysate and incubated at 4 °C 

with rocking. The resin was washed twice with 10 volumes of buffer A containing 25mM 

imidazole and the slurry was applied to a gravity column. Elution was performed with 10 

volumes of buffer A containing 250mM imidazole. Elution fractions 1 and 2 (1 mL each) 

were combined, buffer exchanged and concentrated into buffer B using a Vivaspin 500 

column with a 30,000 molecular weight cut off (Sartorius). A 50μL aliquot of anti-FLAG 

M2 magnetic beads (Sigma) was collected using a magnet, washed three times with 1 

mL of buffer B and the Ni-NTA eluant (~500μL) was added. FLAG-tagged protein was 

bound with rocking for 1 hour at room temperature. The beads were washed three times 

with 1mL buffer B, resuspended in 40 μL of SDS-PAGE loading buffer and boiled for 5 
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minutes to release the protein fraction. The various fractions were then analyzed by SDS-

PAGE and immunoblots probed with anti-His5 and anti-FLAG antibodies. 

2.6.6 Protein-LPS pulldowns 

One mL reaction volumes of buffer D (25 mM Bis-Tris, pH 7.0, 250 mM NaCl) 

containing 200 g LPS and 200g WztO7-C-His6, WztO9a-C-His6 or ORF15-CBM-His6 were 

incubated on a rotary shaker for 30 min at room temperature. This mixture was added to 

50L of PureProteome Nickel Magnetic Beads (Millipore), which were pre-equilibrated 

with buffer D, and incubated for 30 min at room temperature on a rotary shaker. The 

beads were collected with a magnet and washed three times with 500L of buffer D. 

Protein was eluted stepwise from the beads using three washes with 100L buffer D 

containing 500 mM imidazole.  

2.7 In vitro glycan synthesis on defined acceptors 

The synthetic acceptors 1, 2, 4, 5, and 6 were synthesized by Dr. Todd Lowary 

and his research group. A summary of acceptors used in this thesis research is shown in 

Table 2.2. 
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Table 2.2: Synthetic acceptors for GT reactions 

Acceptor 
Number 

Chemical Structure Cartoon 
Structure 

Description 

1 

 

 K. pneumoniae O2a repeat 
unit mimic with terminal 
Galf.  

2 

 

 K. pneumoniae O2a repeat 
unit mimic with terminal 
Galp. 

3 

 

 Modified K. pneumoniae 
O2a repeat unit mimic with 
terminal GlcNAc. 

4 

 

 
 

 
 

Partial K. pneumoniae O7 
repeat unit mimic with 
terminal Rha.  

5 

 

 K. pneumoniae O4 repeat 
unit mimic with terminal 
Galp.  

6 

 

 
 

 

Partial K. pneumoniae O7 
repeat unit mimic with 
terminal Ribf.  

 

 
Component name 
 

 
Symbol 

ʟ-rhamnose (Rha) 
 

ribofuranose (ᴅ-Ribf) 
 

ᴅ-galactopyranose (Galp)  

ᴅ-galactofuranose (Galf)  

2-acetamido-2-deoxy-ᴅ-glucose (GlcNAc)  

Fluorescein FL 

Methoxybenzamide  

 

HO
O

O
OH

O

H
N

HO
O

HO
OH

O

OCH3

O
HO

HO

HO OH

O

HO

HO O

O
N
H

O

OCH3

β3 α3 α

f

FLf
β3 α

FLf
βα3

βα2

α3 α

FLf
β3β5 α



 

 42 

2.7.1 Enzymatic synthesis of 3 

In vitro synthesis of 3 was accomplished using membranes from E. coli DH5α 

[pWQ987] cells expressing wbmVW. Scaled-up reactions contained 11 μM of 1, 5 mM 

UDP-GlcNAc, 2 mM DTT, 20 mM MgCl2, 50 mM HEPES, pH 7.4 and WbmVW 

membranes (5 μg/μL total protein) in a reaction volume of 300 μL. The reaction mixtures 

were incubated for 12 hours at 30 °C. The membranes were then removed as a pellet 

after centrifugation at 100,000 × g for 1 hour and the supernatant was treated with 

proteinase K (0.5 mg/mL) before the samples were frozen and lyophilized. The dried 

acceptor was dissolved in 15 μL of water to an approximate concentration (assuming full 

conversion and zero loss of product) of 2.2 mM. The presence of a single product 

(GlcNAc-Galf-Galp-Fl) was confirmed by LC-MS analysis. 

2.7.2 GT reactions for Chapter 4 and Appendix 1 

Reactions were performed in 20L reaction volumes containing 50mM HEPES, pH 

7.4, 20mM MgCl2, 100M acceptor (4, 5 or 6), 15M of enzymes and 5 mM dTDP-Rha 

(provided by Danielle Williams) and 5mM PRPP where applicable. The reactions were 

incubated at 30 °C for 15 min unless otherwise specified. Reactions were stopped by 

adding an equal volume of cold acetonitrile followed by centrifugation to remove 

precipitated protein. Reactions were then separated and visualized by HPLC/LC-MS.  

2.7.3 HPLC analysis of in vitro reaction products 

In vitro reactions were separated using normal phase HPLC as described 

previously (Wetter et al., 2012). An Agilent 1260 Infinity II LC system was used. 10L of 

sample was injected and separated with a GLYCOSEP N column (4.6 × 250 mm, 

Prozyme). Solvent A contained 10mM ammonium formate pH 4.4 in 80% acetonitrile, 
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solvent B contained 30 mM ammonium formate pH 4.4 in 40% acetonitrile and solvent C 

contained 0.5% formic acid. Separation was performed using a linear gradient of 100% A 

to 100% B over 160 min (0.4 ml/min), followed by a 2 min gradient of 100% B to 100% C. 

Returning to 100% A over 2 min, holding for 15 min at 100% A (1 ml/min), followed by 

0.4 ml/min for 5 min. The column temperature was 30°C and elution was monitored at 

260nm. All HPLC analysis was performed using OpenLAB revision A.02.16.  

2.7.4 Mass spectrometry of in vitro reaction products 

All mass spectrometry was performed at Advanced Analysis Centre, University of 

Guelph. Mass spectrometer control, data acquisition and data analysis were performed 

with MassHunter Workstation software. 

LC-MS was performed with an Agilent 1260 HPLC liquid chromatograph interfaced 

with an Agilent UHD 6530 Q-TOF mass spectrometer. In vitro reaction mixtures were 

filtered using a Microcon-10 kDa centrifugal filter or extracted with an equal amount of 

chloroform followed by centrifugation. Samples were separated on a C18 column (Agilent 

Poroshell 120, EC-C18 50 mm × 3.0 mm, 2.7 μm) with the following solvents: water with 

0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B). The mobile phase gradient 

was as follows: initial conditions were, 10% B for 1 min; increasing to 100% B in 29 min; 

column wash at 100% B for 5 min; followed by 20 min re-equilibration. The flow rate was 

maintained at 0.4 mL/min. The mass spectrometer electrospray capillary voltage was 

maintained at 4.0 kV, and the drying gas temperature at 250 °C, with a flow rate of 8 

L/min. Nebulizer pressure was 30 psi and the fragmentor was set to 160. Nozzle, 

skimmer, and octapole RF voltages were set at 1000 V, 65 V and 750 V, respectively. 

Nitrogen (purity >98%) was used as nebulizing, drying, and collision gas. The mass-to-
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charge ratio was scanned across the m/z range of 50−1500 m/z in 4 GHz (extended 

dynamic range) positive ion mode. The acquisition rate was set at 2 spectra/s. The mass 

axis was calibrated using the Agilent tuning mix HP0321 (Agilent technologies) prepared 

in acetonitrile. Sample injection volume was 10 µl 

2.7.5 NMR analysis of O2c in vitro product 

O2c polysaccharide was purified from a 0.5 mL in vitro reaction by mixing with 9.5 

mL water, followed by binding to a Sep-Pak plus C18 column (Waters) that had been 

equilibrated in water. The column was washed with 20 mL of water and polysaccharide 

was eluted with 50% (v/v) acetonitrile. The eluate was evaporated to dryness with a 

SpeedVac (ThermoFisher). Fractionation of O2c was deemed unnecessary because 

SDS-PAGE revealed the majority of 1 was converted to high-molecular-weight polymer.  

The O2c in vitro produce was deuterium exchanged by lyophilizing twice with 99.0% D2O. 

All NMR analysis was performed at Advanced Analysis Centre, University of Guelph.  

Spectra were recorded in 99.9% D2O with chemical shifts referenced to a 3-

trimethylsilylpropanoate-2,2,3,3-d4 (δH 0 ppm, δC –1.6 ppm) internal standard. NMR 

spectra were obtained at 30 C. The product was characterized using 1H,13C HSQC with 

comparison to previously published chemical shifts (Clarke et al., 2018). 

2.8 LPS methods 

2.8.1 O-PS purification 

LPS was purified from K. pneumoniae 264(1), C. youngae O1 orf12, C. youngae 

O1 orf15, O2 orf13 mutants and the corresponding complemented strains. 

Complemented genes were expressed in pBAD18-Cm with no ʟ-arabinose added. O-

antigen-substituted LPS was purified using the hot water-phenol method (Westphal and 
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Jann, 1965). After dialysis of the extraction mixture against water to remove the phenol, 

proteins and nucleic acids were precipitated using cold, aqueous trichloroacetic acid, and 

dialyzed until neutral. To separate O7 LPS from and contaminating capsule or 

polysaccharides, LPS was sedimented by ultracentrifugation for 18 h at 100,000 × g in 

20 mM NaOAc, pH 7.0.  

For NMR analysis, O-PS was isolated by acid hydrolysis of LPS at 100 °C in 2% 

(v/v) acetic acid, followed by centrifugation at 13,000 × g to remove the lipid precipitate. 

The carbohydrate-containing supernatant was fractionated on a Sephadex G-50 

superfine column (2.5 cm × 75 cm) in 50 mM pyridinium acetate buffer (pH 4.5) at a flow 

rate of 0.6 ml/min. Elution was monitored with a Smartline 2300 refractive index detector 

and ten-minute fractions were collected (Knauer). Fractions corresponding to the O-PS 

peak were combined and concentrated. 

2.8.2 Core OS purification 

For structural analysis of core-OS in strains lacking O-PS, cells from 3 L overnight 

LB cultures were collected by centrifugation, lyophilized and LPS was extracted using a 

modified phenol:chloroform:petroleum ether (PCP) extraction (Galanos et al., 1969). 

Briefly, dried cells were mixed with 30 mL of PCP (1:2.5:4) for 1 hour at room temperature. 

The extraction mixture was then centrifuged at 4,000 × g for 10 minutes and the 

supernatant was filtered through Whatman paper and retained. The extraction procedure 

was repeated once on the remaining pellet and the supernatants from each extraction 

were combined. The majority of the chloroform and petroleum ether was evaporated 

using a rotary evaporator, and the remaining phenol containing LPS was retained. LPS 

was precipitated by drop-wise addition of water and collected by centrifugation at  
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1,089 × g for 10 minutes. This step was repeated until no more precipitate formed. LPS 

pellets were combined and washed three times with 80% phenol. Finally, the LPS was 

washed four times with acetone, and left to dry.  

Dried LPS was dissolved in water and lyophilized before acid hydrolysis in 2% (v/v) 

acetic acid for approximately 2 h at 100 C. The lipid A precipitate was removed by 

centrifugation at 13,000 × g for 20 min and the supernatant containing the core 

oligosaccharide was loaded onto a Sephadex G-50 superfine column (2.5 cm × 75 cm) 

in 50 mM pyridinium acetate buffer (pH 4.5) at a flow rate of 0.6 ml/min. A Smartline 2300 

refractive index detector (Knauer) was used to monitor elution. Ten-minute fractions were 

collected and fractions corresponding to the core OS peak were combined and 

concentrated. 0.5 mg of dried core OS was dissolved in 300 μL water for MS analysis. 

2.8.3 Mass spectrometry of core OS  

LC-MS was performed on an Agilent 1200 HPLC liquid chromatograph interfaced 

with an Agilent UHD 6530 Q-Tof mass spectrometer. A C18 column (Agilent Rapid 

Resolution HT, 30 mm x 2.1 mm 1.8 µm) at 30 °C was used to trap contaminants. 

Samples were applied in 50% acetonitrile containing 0.1% formic acid for 5 min at 

0.4ml/min. The mass spectrometer electrospray capillary voltage was maintained at 4.0 

kV and the drying gas temperature at 250 °C with a flow rate of 8 L/min. Nebulizer 

pressure was 30 psi and the fragmentor was set to 160. Nitrogen was used as nebulizing, 

drying gas, and collision-induced gas. The mass-to-charge ratio was scanned across the 

m/z range of 100-3000 m/z in 4GHz (extended dynamic range negative-ion MS mode. 

The instrument was internally calibrated with 2 ions from the ESI TuneMix (Agilent) 
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constantly delivered at low flow through the reference sprayer. The sample injection 

volume was 4 µl. 

2.8.4 NMR analysis of O-PS 

All NMR analysis was performed at Advanced Analysis Centre, University of 

Guelph. All samples subjected to NMR analysis were deuterium exchanged by 

lyophilizing twice with 99.0% D2O. Spectra were recorded in 99.9% D2O with chemical 

shifts referenced to a 3-trimethylsilylpropanoate-2,2,3,3-d4 (δH 0 ppm, δC –1.6 ppm) 

internal standard. NMR spectra were obtained at 50C. 2D experiments included 1H,13C 

HSQC, 1H, 1H COSY, TOCSY, ROESY, and 1H,13C HMBC. Mixing times of 100ms and 

200ms were used for TOCSY and ROESY experiments. The HMBC experiment was 

optimized for the JH,C coupling constant of 8 Hz. 31P based experiments were performed 

on a Bruker 400-MHz Avance III spectrometer with a 5-mm broadband Prodigy cryoprobe. 

A JH,P coupling constant of 11 Hz was used and mixing times of 100ms and 80ms were 

used for selective TOCSY and 1H,31P HMQC-TOCSY experiments.  

2.9. Protein structure methods 

2.9.1 Crystal production and diffraction 

Crystallization experiments were conducted at room temperature in a sitting drop 

configuration. For crystallization, 5 mg/ml ORF4Tc was buffer exchanged into buffer B 

containing 10mM MgCl2 and then mixed 1:1 with, and equilibrated against, a well solution 

containing 10% PEG 20,000, 100mM Na HEPES pH 7.5. Initial crystals were used to 

microseed larger crystals under the same conditions; these crystals grew to maximal size 

in one week. The protein preparation that yielded the best dataset came from an 

attempted selenomethionine incorporation, but no selenium was detected in the 
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sample. ORF4Tc crystals were coated in mineral oil and then frozen in liquid nitrogen. 

Diffraction data was collected on the CLS08BM beamline at the Canadian Light Source 

at a temperature of 100 K and at a wavelength of 0.9811 Å.  

2.9.2 Data processing and model building 

Data was processed in XDS - XDS-OSX_64 and scaled in XSCALE (Kabsch, 

2010), and proved to be in space group P21212. Examination of the data in Xtriage in 

Phenix (Adams et al., 2002) revealed that the data have a very strong translational non-

crystallographic symmetry peak (51.8 % of the origin peak at 0.5, 0.5, 0.183). The 

structure of ORF4Tc was determined by molecular replacement using Phaser in Phenix 

1.19.-492 (McCoy et al., 2007). The starting model was generated in the Colabfold 

implementation of the AlphaFold algorithm(Jumper et al., 2021; Mirdita et al., 2021); the 

structure was then assembled by searching sequentially with three structurally quasi-

independent domains (the gPRT Rossmann plus base subdomains (residues 255 – 338 

and 415 – 599), the PRP domain (1 – 244), and finally the gPRT hood domain (341 – 

412)). Autobuild in Phenix was then used to modify the model, followed by iterative cycles 

of manual rebuilding in Coot 0.8.2 (Emsley and Cowtan, 2004) and rebuilding in 

Phenix.refine. The final structure contains two molecules per asymmetric unit, and is 

comprised of residues 7–597 with six residues missing from the N-terminus, and 26 

residues from the C-terminus. 95.3% of residues were found in favored regions of the 

Ramachandran plot, while the remaining 4.7% of residues were found in allowed regions. 

DALI alignment of the AlphaFold model with the final structure returns the following 

r.m.s.d. values: 0.8 Å over 234/244 residues in the PRP domain; 0.8 Å for 270/ 270 

residues in the core of the gPRT domain; and 0.6 Å over 72/72 residues in the gPRT cap 
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domain. Statistics for the final model are reported in Table 5.1. Note that strong 

translational non-crystallographic symmetry peaks cause the data to significantly depart 

from Wilson statistics, which in turn significantly impacts the ability of likelihood-based 

methods to refine the structure, resulting in a relatively high Rcryst and Rfree(Read et al., 

2013). However, the structure fits the density well, with good geometry and no significant 

unexplained density. 

2.9.3 Substrate modelling 

Docking was performed manually. Substrates were placed using experimentally 

determined complexes of (distant) homologs as a constraint. Close attention was paid to 

hydrogen bonds, metal-ligand geometry, and protein surfaces (to avoid van der Waal’s 

clashes). Minimization was attempted in Rosetta (in Chapter 5), but the poor 

parameterization of magnesium-phosphate interactions results in molecules being 

pushed out of the active site. All protein structures were visualized in PyMol 2.3.4.  
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CHAPTER 3. KLEBSIELLA PNEUMONIAE O2AC ANTIGEN 
PROVIDES PROTOTYPE FOR AN UNUSUAL STRATEGY FOR 
POLYSACCHARIDE ANTIGEN DIVERSIFICATION  
 
This chapter has been published in a modified form (Kelly, S.D., and Clarke, B.R., 

Ovchinnikova, O.G., Sweeney, R.P., Williamson, M.L., Lowary, T.L., Whitfield, C. 

Klebsiella pneumoniae O1 and O2ac antigens provide prototypes for an unusual strategy 

for polysaccharide antigen diversification. Journal of Biological Chemistry 294(28) 10863-

76 (2019)). This work also included biosynthetic characterization of the K. pneumoniae 

O1 antigen, however this work was performed by B.R.C and was only summarized in this 

thesis for the purpose of comparison. 

3.1 Statement of contributions 

Dr. Chris Whitfield, Dr. Bradley R. Clarke and I conceived the study. I performed the 

experiments (B.R.C performed experiments on K. pneumoniae O1). Dr. Todd L. Lowary 

and Dr. Ryan P. Sweeney synthesized the fluorescent acceptors used in the study. Olga 

G. Ovchinnikova assisted with NMR analysis. C.W, B.R.C and I analyzed the data. 

3.2 Introduction and rationale 

The K. pneumoniae O2 serotype has a core repeat unit of [→3)-α-ᴅ-Galp-(1→3)-

β-ᴅ-Galf-(1→] that is modified to make up a collection of four sub-serotypes that (Figure 

1.5), along with O1, represent different modified versions of the O2a serotype (Figure 

3.1a). As part of this published work, Dr. Bradley Clarke investigated the biosynthesis of 

the O1 antigen in parallel to my studies with O2c (Kelly et al., 2019). To provide a 

contextual foundation and facilitate integration of my own studies, his key findings will be 

summarized: 
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i) Biosynthesis of the O1 antigen requires all of the genes from the O2a-antigen 

locus, as well as an additional unlinked locus containing two genes (wbbYZ) 

first identified by others (Hsieh et al., 2014). In the prototypical O1 isolate, wbbZ 

is disrupted and inactivated by a Tn-insertion, indicating no role of wbbZ in 

synthesizing the reported O1 O-PS structure (Clarke et al., 2018). 

ii) WbbY was shown to be a bifunctional polymerase, capable of polymerizing the 

O1 repeat onto O2a. The C-terminal domain of WbbY adds a β-(1,3)-linked ᴅ-

Galp onto the terminal α-(1,3)-linked ᴅ-Galp of the O2a acceptor, and the N-

terminal domain of WbbY provides α-(1,3)-linked ᴅ-Galp transferase activity to 

extend the O1 antigen and contribute to further polymerization (Figure 3.1b).  

The O2c antigen possesses a [→3)-β-ᴅ-GlcpNAc-(1→5)-β-ᴅ-Galf-(1→] repeat unit 

extended onto O2a. Production of this additional antigen depends on an unlinked genetic 

locus denoted wbmVWX (Clarke et al., 2018), but precise functions for these genes have 

not been resolved. The main purpose of this work was to focus on characterizing the 

enzymes responsible for the unusual O2c modification strategy. Completing the 

characterization of the O2c modification provides a fundamental understanding of the 

minimal genetic and biosynthetic requirements for clinically important glycans. It also 

offers the first enzymatic insight into a novel strategy for diversification of polysaccharide 

antigens.  

In this chapter I test the hypothesis that the WbmV, WbmW and WbmX are 

each glycosyltransferases one catalyzing the addition of an adapter sugar, and the 

other two performing polymerization of O2c.  
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Figure 3.1: K. pneumoniae O1 and O2ac O-PS structures and enzymes. a, O-PS 
structures of K. pneumoniae O2a, O1 and O2ac. Serotypes O1 and O2ac share a 
common repeat unit base (O2a) that is modified at the non-reducing terminus by addition 
of a distinct repeat unit. b, protein organization and associated activities of WbbY (O1) 
and WbmV and WbmW (O2c). The O1 and O2c both require the activities of WbbMNO 
to produce the O2a repeat unit that is subsequently modified 
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3.3 Results 

3.3.1 WbmVW is sufficient for in vivo O2c biosynthesis  

Previously our research reported that three genes (wbmVWX) in a genetic locus 

unlinked to the O2a O-antigen cluster were sufficient for O2c biosynthesis (Clarke et al., 

2018). To investigate the individual GT functions, constructs were made where pairs of 

the genes could be assessed for activity in vivo. Each pair was transformed, together with 

a plasmid containing the O2a antigen locus, into E. coli CWG286, and the LPS products 

were examined by SDS-PAGE and immunoblotting (Figure 3.2). Deletion of either wbmV 

or wbmW abolished O2c antigen production, and replacement of wbmX with the KanR 

cassette had no apparent effect on O2c biosynthesis. This result was unexpected, as our 

previous work suggested all three genes were necessary. The difference is explained by 

a requirement for extended noncoding 5’ DNA missing from the earlier wbmVW construct. 

Thus, it was concluded that only WbmV and W were necessary for producing the O2c 

disaccharide repeat unit. 
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Figure 3.2: WbmV and WbmW are sufficient for biosynthesis of the O2c antigen. E. 
coli CWG286 was transformed with rfb2a (pWQ288) along with constructs with various 
combinations of genes in the wbmVWX locus (i–v, shown in the schematic). LPS profiles 
from whole-cell lysates were visualized using silver staining (a) or immunoblotting using 
anti-O2c (b) or anti-O2a (c) antibodies. WbmV and WbmW are both required for O2c-
antigen production, but WbmX is expendable. Plasmids used were as follows: (i) 
pWQ395; (ii) pWQ896; (iii) pWQ986; (iv) pWQ984; and (v) pWQ985. All silver stain and 
western blots were performed in triplicate with similar results. 
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3.3.2 Assignment of GT activities to WbmV and WbmW 

Protein localization studies (Figure 3.3) revealed that WbmV and WbmW were 

present in the membrane fraction but also form large amounts of inclusion bodies when 

expressed separately. Protein purified from either the soluble or membrane fractions 

was inactive when tested with in vitro acceptors.  

 

 
 
Figure 3.3: Cell fractionation to examine the distribution of WbmV and W. 250mL 
cultures were grown to an A600nm of 0.6 and cloned gene expression was induced with 
0.2% arabinose, followed by growth for a further 18 hours at 18 °C. Cells were collected 
by centrifugation and lysed by sonication in 20mM sodium phosphate buffer containing 
500mM NaCl. Large protein aggregates and cell debris were separated by centrifugation 
at 4000 x g (fractions S4 and P4). Inclusion bodies and remaining debris were then 
removed by centrifugation at 12,000 x g (S12 and P12). A final centrifugation step at 
100,000 x g separated the soluble and membrane fractions (S100 and P100). The 
immunoblots in panel a demonstrate the low levels of His-WbmV (pWQ1011) and His-
WbmW (pWQ1012) in the S100 and P100 fractions when expressed individually in E. coli 
K-12; most of the protein resides in the P4 and P12 fractions. b shows the results obtained 
from co-expression of His-WbmV and WbmW-FLAG from plasmid pWQ990, which results 
in significantly more protein in the S100 and P100 fractions. Localization was performed 
in triplicate with similar results. 
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Because the cells contain sufficient folded protein for O2c antigen biosynthesis in 

vivo, and WbmV and WbmW likely function with association to the membrane, 

membranes from cells expressing WbmVW together were tested for in vitro activity. 

Those membranes showed no activity with 2 but exhibited robust activity with 1, which 

mimics the O2a repeat unit with a terminal Galf residue (Figure 3.4).  

 
 
Figure 3.4: Analysis of the in vitro activities of WbmVW. SDS-PAGE separation of in 
vitro products obtained using E. coli DH5α membranes expressing WbmVW (pWQ987) 
and comparing activity of 1 and 2 as acceptors for polymerization. Reactions were 
incubated for 1 hour at 30˚C using 0.11 µM 1 and 0.075 µM 2. Robust polymerization 
occurs on 1 with no noticeable addition on 2. Reactions with 1 or 2 were tested three 
times with similar results. 

To confirm the identity of the reaction product, scaled-up reactions were performed, and 

the products were analyzed by NMR spectroscopy. The 1H and 13C NMR chemical shifts 

(Table 3.1) obtained from a 1H,13C HSQC experiment (Figure 3.5) were nearly identical 

to those reported for the native O2c antigen (Clarke et al., 2018).  
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Table 3.1: 1H and 13C NMR chemical shifts of the in vitro synthesized O2c polymer 

(, ppm).  

 

Signals for NAc group are at H 2.07, C 23.6 (CH3). 

 
 
 

 
 

Figure 3.5: NMR analysis of the WbmVW in vitro product. Parts of 1H, 13C HSQC 
spectrum of the polysaccharide obtained from an in vitro reaction of E. coli DH5α 
membranes expressing WbmVW (pWQ987) with 1. Numbers refer to directly linked H/C 
pairs in sugars designated by letters as shown in the structure above. The asterisk 

Sugar Residue  H-1 H-2 H-3 H-4 H-5 H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

O2c        

→5)-β-ᴅ-Galf-(1→ A 5.00  
109.5 

4.00 
82.3 

4.26 
77.1 

4.14 
82.5 

3.98 
79.0 

3.70 
62.5 

 
→3)-β-ᴅ-GlcpNAc-(1→ 

 
B 

 
4.72 
101.9 

 
3.82 
56.4  

 
3.63 
82.5 

 
3.49 
69.8 

 
3.48 
76.7 

 
3.77, 3.93 
62.1 
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indicates the signal from contaminating polyethylene glycol ( H 3.72,  C 70.9). The loss 

of anomeric signal at  H 4.72 (B H-1) in 1H NMR spectrum is due to water suppression. 
NMR was performed once. 

Next, to determine the sequence of GT activities in the synthesis of the O2c glycan, 

in vitro reactions were performed in the absence of either UDP-Galf substrate (reactions 

without Glf and UDP-Galp) or UDP-GlcNAc. In the absence of UDP-GlcNAc, no new 

products were formed, indicating that GlcNAc is the first residue transferred to 1. In 

contrast, reactions lacking UDP-Galf produced a single product of m/z 1062.4, consistent 

with the addition of one N-acetyl-hexosamine residue to 1 (Figure 3.6).  

To assign individual activities to WbmV and WbmW, constructs were made to 

express the individual GTs. Membranes from cells expressing each GT expressed alone 

exhibited no activity in reactions with 1. However, polymerization was restored using 

membranes prepared from cells co-transformed with the two constructs, indicating that 

the WbmV and WbmW constructs are both functional. This suggests that both proteins 

must be present to retain activity in these conditions.  

To overcome this problem, a site-directed mutagenesis approach was used to 

eliminate the catalytic activity of either WbmV or WbmW, while retaining the proteins and 

preserving any required structural elements. Initial BLAST searches with WbmV and 

WbmW returned homologs of each protein that are predicted members of the GT-A 

family. GT-A members typically contain a critical DXD motif responsible for metal binding 

during catalysis to stabilize the NDP component of the donor (Lairson et al., 2008a). 
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Figure 3.6: In vitro reactions with WbmV and WbmW reveal the sequence of GT 
action and the dependence on the presence of both proteins for catalytic activity. 
a, Reactions were performed with 1 and various donor substrates, and the acceptor and 
products were separated by SDS-PAGE and detected by fluorescence. Reactions with E. 
coli DH5α membranes expressing WbmVW (pWQ987) and both UDP-GlcNAc and UDP-
Galf show full polymerization of O2c antigen. No activity was observed in reactions 
containing only UDP-Galf, whereas those containing only UDP-GlcNAc yielded a product 
with a single glycose addition (confirmed to be GlcNAc by MS). GlcNAc is therefore the 
first sugar added to the O2a acceptor. Membranes containing WbmV (pWQ989) or 
WbmW (pWQ988) alone lacked significant activity with 1, but membranes co-expressing 
pWQ989 and pWQ988 restored polymerization. Control membranes were prepared from 
cells transformed with the plasmid vectors pBR322 and pACYC184. b, LC-ESI-MS 
analyses of GlcNAc-Gal2-Fl product from in vitro addition of GlcNAc onto 1 using E. coli 
DH5α membranes expressing WbmVW (pWQ987). In vitro SDS-PAGE was performed 
three times with similar results, MS was performed once. 
 

Identification of putative DXD motifs in WbmV and WbmW was accomplished by 

multiple sequence alignment with known GT-A family members sharing sequence 

similarity with WbmV or WbmW, respectively. A potential DXD motif was identified at 

position 100–102 in WbmV by comparison with Staphylococcus aureus TarS, wall 

teichoic acid GlcNAc transferase (PDB code 5TZ8); E. coli KfoC, chondroitin polymerase 
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(PDB code 2Z86); and E. coli BcsA, cellulose synthase (Figure 3.7a) (Morgan et al., 

2013; Osawa et al., 2009; Sobhanifar et al., 2016). In WbmW, a potential DXD motif was 

located at position 272–274 by comparison with E. coli WfgD, O152 antigen GT; 

Streptococcus parasanguinis putative GT (Cgt, PDB code 5HEA), putative 

glycosyltransferase; and Bacillus subtilis SpsA (PDB code 1H7L) (Figure 3.7b) 

(Brockhausen et al., 2008; Tarbouriech et al., 2001). WbmV and WbmW both contained 

an additional aspartate residue after the proposed DXD motif, so all three aspartate 

residues in this motif were initially converted to alanine to ensure inactivation.  

 
 
 
Figure 3.7: Multiple sequence alignment identification of WbmV and WbmW DXD 
motifs. a, K. pneumoniae WbmV was aligned with Staphylococcus aureus wall teichoic 

acid -glycosyltransferase (TarS, PDB ID 5TZ8), Escherichia coli cellulose synthase 
(BcsA), and the Escherichia coli chondroitin polymerase (KfoC, PDB ID 2Z86). b, K. 
pneumoniae WbmW was aligned with Streptococcus parasanguinis putative 
glycosyltransferase (CgT, PDB ID 5HEA), Escherichia coli glucosyltransferase (WfgD), 
and Bacillus subtilis spore coat polysaccharide biosynthesis protein (SpsA, PDB ID 
1H7L). The putative metal binding domains for WbmV and W are annotated with SpsA 
being the only protein deviating from the prototypical DXD motif. The alignment was 
prepared using ESPript. 
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Membranes expressing WbmVD100A/D102A/D103AW generated no reaction products 

with 1 (Figure 3.8). To confirm that WbmW retained activity in this construct, 3 (GlcNAc-

Galf-Galp-Fl) was synthesized by E. coli K-12 membranes containing WbmVW, using 1 

as the acceptor, in the absence of UDP-Galf. Membranes containing 

WbmVD100A/D102A/D103AW generated a single product with 3; its migration in PAGE was 

consistent with addition of a single sugar. This was confirmed by LC-MS, which revealed 

an [M+H]+ ion peak at m/z 1224.4, consistent with a Galf-GlcNAc-Galf-Galp-Fl structure.  

 
 
Figure 3.8: Activities of site-directed mutants of WbmV and WbmW permit 
assignment of their GT specificities. a, GT activities of E. coli DH5α membranes 
containing different enzyme constructs were tested using 1 and 3 (shown) and the 
products were separated by SDS-PAGE and visualized by fluorescence. Both acceptors 
supported polymerization of O2c antigen by WbmVW. b, The structures of each of the 
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new products synthesized in vitro were determined by LC-MS. Shown are overlapped EIC 
traces for 1 (in red), 3 (in blue) and Gal-GlcNAc-Gal2-Fl product (in purple). Shown beside 
each EIC graph is the corresponding ESI mass-spectrum for material at the indicated 
retention time. WbmVWD272/274/275A (pWQ995) showed little to no activity with 1 but robust 
activity was observed with WbmVWD272A (pWQ996), corresponding to the addition of one 
hexosamine residue. It was inactive with 3 as expected. WbmVD100/101/103AW (pWQ994) 
only possessed activity with 3, adding a single hexose. The enzymatically produced 3 
contained an orphan MS peak eluting at 5.9 min (mass-spectrum showed major ion peaks 
at m/z 1062.488, 832.399, 531.748). The origin of this peak is unknown but it is not a 
substrate for O2c addition and does not compromise data interpretation. Control 
membranes were prepared from cells transformed with the plasmid vector pBR322. In 
vitro SDS-PAGE was performed three times with similar results, MS was performed once. 
 

Membranes expressing WbmWD272A/D274A/D275A were predicted to transfer a single 

GlcNAc residue to 1, but only low activity was observed. This was interpreted as a 

consequence of disruption of protein structure from the simultaneous replacement of 

three consecutive aspartate residues. To circumvent this problem, a WbmVWD272A mutant 

derivative was made. Membranes expressing WbmVWD272A retained robust activity and 

generated a product whose migration in PAGE was consistent with the transfer of a single 

GlcNAc residue to 1. A [M+H]+ ion peak at m/z 1062.4 observed in LC-MS analysis 

confirmed GlcNAc-Galf-Galp-Fl.  

3.3.3 WbmV and WbmW form a membrane-associated heterocomplex  

The inability of WbmV or WbmW to retain function when expressed independently 

of its partner suggested the possibility of important protein–protein interactions. A 

bacterial two-hybrid approach (Karimova et al., 1998) was therefore used to assess any 

potential in vivo interactions between WbmV and WbmW. The T25-fragment of adenylate 

cyclase was fused to the N terminus of WbmV and WbmW, whereas the T18-fragment 

was fused to either the C or N terminus of the partners. Plating on LB–X-gal showed 
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strong heterotypic interactions for some combinations, reflected in dark blue colonies 

comparable with the leucine zipper–positive control. Quantitative X-gal assays confirmed 

the interaction between WbmV and WbmW (Table 3.2). Robust X-gal activity was 

observed with T25–WbmV but interaction was weak when the T25 tag was fused to 

WbmW.  

Table 3.2: -Galactosidase assay for quantitative bacterial two-hybrid analysis 

 
 
      a Data obtained from triplicate experiments. 
  

  N-terminal T25 N- or C- terminal 
T-18 derivative 

β-Galactosidase activity (Miller units)a 

C-terminal T18 N-terminal T18 

 
Positive Control 

 
Leucine zipper 

 
Leucine zipper 

 
N/A 

 
1419 ± 247 

 
Negative Control 

   
73 ± 22 

 
N/A 

 
WbmV-W 
Interactions 

 
WbmV 

 
WbmW 

 
940 ± 36 

 
1302 ± 251 

 WbmW WbmV 148 ± 13 158 ± 12 

 
 
Positive Control 

 
 
Leucine Zipper 

 
 
Leucine Zipper 

 
 
N/A 

 
 
638 ± 34 
 

Negative Control   187 ± 11 
 

N/A 

 
WbmVW-WbbM 
Interactions 

 
WbbM 

 
WbmVW 

 
282 ± 52 
 

 
304 ± 17 
 

 WbmVW WbbM 271 ± 18 
 

316 ± 17 
 

 
 
Positive Control 

 
 
Leucine Zipper 

 
 
Leucine Zipper 

 
 
N/A 

 
 
957 ± 90 
 

Negative Control   44 ± 5 N/A 

 
WbbY-WbbM 
Interactions 

 
WbbM 

 
WbbY 

 
105 ± 1 

 
1180 ± 81 

 WbbY WbbM 1212 ± 36 1643 ± 83 
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To confirm the interaction of WbmV and WbmW by a different method, a co-

purification strategy was employed using His6–WbmV and WbmW–FLAG. The proteins 

were expressed under arabinose control from the same plasmid. On Ni-NTA 

chromatography, both His6–WbmV and WbmW–FLAG were retained, as evident by their 

detection in immunoblots with antibodies recognizing His5 or FLAG epitopes (Figure 3.9). 

The proteins eluted with imidazole were combined and purified with anti-FLAG beads. 

Again, both WbmV and WbmW were retained by the affinity resin and detected in the 

eluate by immunoblotting (Figure 3.9). The Coomassie Blue–stained eluates revealed 

approximately equal amounts of WbmV and WbmW, suggesting 1:1 stoichiometry. 

However, as this was not central to the main goal, it was not investigated further. 

 

 
 

Figure 3.9: Co-purification of complexes containing His6-WbmV and WbmW-FLAG. 
Cell and membrane free lysate (S100) from E. coli DH5α (pWQ990), expressing His6-
WbmV and WbmW-FLAG, was bound to Ni-NTA beads and the flowthrough (FT) was 
collected after an hour. Two washes (W1, W2) were completed, and the beads were 
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loaded onto a column for elution; bound proteins were eluted in buffer containing 250mM 
imidazole. Elution fractions 1 and 2 were combined, buffer exchanged, concentrated, and 
mixed with anti-FLAG M2 magnetic beads. The beads were collected the supernatant 
(FT) was collected. Three washes (W1, W2 and W3) were conducted, and bound protein 
was eluted from the beads by boiling the beads in 40μL of Laemmli buffer (E1). Samples 
were separated by SDS-PAGE and visualized with Coomassie stain (a) and western 
blotting with anti-His5 or anti-FLAG antibodies (b). Final elution from either affinity resin 
contained both proteins. Pulldowns were performed twice with similar results. 
 
 

3.3.4 WbmVW and WbbY differ in demonstrable interactions with WbbM  

 
Previously, we reported extensive interactions between WbbMNO in a 

heterocomplex for O2a OPS biosynthesis (Kos and Whitfield, 2010). The WbbM GT was 

a central hub in these interactions. To investigate possible interactions of the O2a and 

O1 or O2c systems, WbbM was selected as bait in two-hybrid experiments (Table 3.2). 

Regardless of the position of the T18- and T25-fragments, no interactions were evident 

from LB-X-Gal plates between WbbM and either WbmV or WbmW alone or in 

combination (data not shown). Quantitative β-galactosidase data were generated for 

constructs where the WbmVW complex was coexpressed to ensure that WbmV and W 

were fully folded/in an active conformation (Table 3.2). As anticipated from the white 

colonies on LB-X-Gal, all combinations of WbmVW with WbbM showed no significant 

increase from the negative control indicating no detectable interaction between WbmVW 

and WbbM under these conditions.  

In contrast, WbbY (responsible for K. pneumoniae O1 biosynthesis in a similar 

manner to WbmVW) exhibited a strong in vivo interaction with WbbM (Table 3.2). Three 

of four two-hybrid combinations produced β-galactosidase activities equivalent to (or 
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greater than) the leucine zipper positive control. Collectively, these data demonstrated 

that polymerization of the O2a and O1 polysaccharides are closely coupled.  

3.4 Discussion 

Diversification of O2a can occur via side-chain modifications with Galp residues 

(Clarke et al., 2018; Kelly et al., 1995; Stojkovic et al., 2017) or O-acetyl groups (Kelly et 

al., 1993). These types of mechanisms of antigenic diversity are seen in other bacteria 

and are not confined to O-PS. In contrast, the addition of a repeat-unit polysaccharide 

with a new structure onto an acceptor based on a different glycan is currently a rare 

strategy. The backbone of Brucella abortus O-PS (also produced in an ABC transporter-

dependent pathway) contains different structural motifs (Kubler-Kielb and Vinogradov, 

2013), but the mechanistic underpinning is unknown. The K. pneumoniae O1 and O2c 

antigens offer the first example where the precise enzymatic activities are established.  

Chain capping mechanisms occur in two different O-PS strategies in K. 

pneumoniae. One involves the addition of a terminating residue (or residues) as part of a 

chain-length regulation strategy. Such is the case in serotypes O3 and O5, which add 

methyl phosphate and methyl groups, respectively, to the non-reducing end of the glycans 

(Clarke et al., 2004; Vinogradov et al., 2002). Additionally, the O12 and O4 serotypes 

possess single terminal Kdo residues on repeat-unit structures that do not contain Kdo 

(Ovchinnikova et al., 2016b; Vinogradov et al., 2002). The terminal modifications studied 

thus far have been shown to be required for export of the polymer, this process rules out 

the kind of diversification of serotypes observed in the O1 and O2c antigens, because a 

change in ABC transporter would be required to accommodate an altered structure of the 
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glycan substrate. In contrast, the O2a ABC transporter shows no specificity for the repeat-

unit structure or any terminal modification of the O-PS substrate (Kos et al., 2009), so the 

generation of the O1 and O2c antigens is simply dependent on acquisition of additional 

GTs.  

Notably, the wbmVWX and the wbbYZ loci are located between transposable 

elements, suggesting they originated from a lateral gene transfer event. Acquisition of the 

modifying genes from another source potentially provides an evolutionary advantage by 

masking the O2a antigen with a second, unrecognizable polymer. The efficacy of this can 

vary; O1 strains report only as O1 (and not O1,2a) in standard serological agglutination 

tests, whereas strains with the O2c antigen must expose both antigens to generate the 

O2ac serotype. This can influence recognition by pre-existing host immune response but 

also may offer resistance against O2a-specific bacteriophages, which are an important 

driver in glycan diversity. However, the glycan-extending modifications may offer 

important functional advantages. For example, a spontaneous O1-deficient mutant of an 

K. pneumoniae O1 isolate resulted in a strain that still produced O2a OPS but was no 

longer resistant to serum killing (McCallum et al., 1989). Similarly, addition of α-1→4–

linked Galp side-chain residues in serotype O2afg (found in the disseminated ST258 

isolates) was correlated with substantially higher survival in normal human serum 

(Szijártó et al., 2016). Further serological complexity is possible through the co-

expression of multiple O2a modifications. One example is the production of the O1 

antigen in strains that also possess O2afg (Stojkovic et al., 2017), and we have also 

reported K. pneumoniae clinical isolates from collections that possess both gml2afg or 

wbbY together with wbmVW (Clarke et al., 2018; Follador et al., 2016). Although the O-
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PS structures of these latter isolates are unknown, the apparent temperature regulation 

of wbmVW (Clarke et al., 2018) suggests the dominant modifications would be O2afg or 

O1 at 37 °C.  

The O1 and O2ac systems offer interesting contrasts in the underlying modification 

strategies. Both create glycans possessing a new disaccharide repeat-unit structure and 

extend off a specific residue in the O2a repeat unit: Galp for O1 and Galf for O2c (Figure 

3.1b). Both systems require the genetic capacity to synthesize full O2a antigen, shown 

previously for O2c (Clarke et al., 2018). However, the length of O2a structure present in 

these dual-domain polymers is uncertain. This question is difficult to resolve chemically, 

because cells producing O1- and O2c-capped glycans also produce and export a variable 

amount of LPS containing unmodified O2a antigen. Indeed, obtaining the original 

definitive data for the tandem arrangement of O2a and O1 glycans was challenging in the 

absence of genetic insight (Kol et al., 1992; Whitfield et al., 1991). 

The O1 and O2c systems also identify different formats for the required GTs. O1 

uses a dual-GT polymerase (WbbY), which is common for these systems. For example, 

multidomain polymerases are recognized for O3, O5 and O12 (Greenfield et al., 2012b; 

Williams et al., 2017). In contrast, O2c requires two independent GTs, which seem to 

require interactions for proper function. Interaction would ensure the enzymes are 

properly coordinated at the site of polymerization. Whether the loss of function when the 

enzymes are expressed individually is due to incorrect localization, exposure to protease 

activity, or reflecting a need for both proteins to be present for adopting proper 

conformations is currently unclear. This question was not central to this study and has not 

been pursued. 
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Previous studies in the O2a system described interactions in a membrane-

associated multienzyme complex (Kos and Whitfield, 2010). WbbY shows strong 

interactions with WbbM, suggesting the possibility that these enzymes, which are 

encoded by unlinked loci, have coexisted (and possibly co-evolved) in the same 

background for a long period. Under the same conditions, no interactions were evident 

between WbmVW and WbbM, indicating a different strategy. 

With the characterization of the O1 and O2c modifications, the process of non-

reducing end polysaccharide extensions now has two prototype systems to support future 

investigation of other similar modification strategies. Furthermore, the characterization of 

the enzymes responsible for O1 and O2c biosynthesis permits the use of the enzymes in 

potential future glycoengineering pursuits.  
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CHAPTER 4. THE BIOSYNTHETIC ORIGIN OF 
RIBOFURANOSE IN BACTERIAL POLYSACCHARIDES 
 
This chapter has been published in a modified form (Kelly, S.D., Williams, D.M., Nothof, 

J.T., Kim, T., Lowary, T.L., Kimber, M.S., Whitfield, C. The biosynthetic origin of 

ribofuranose in bacterial polysaccharides. Nature Chemical Biology 18 530-537 (2022)).  

4.1 Statement of contributions 

Dr. Chris Whitfield, Dr. Danielle Williams and I conceived the study. D.W participated in 

the initial bioinformatic analysis of K. pneumoniae O4. I performed all bioinformatics, 

molecular biology and biochemistry experiments and crystallized ORF4Tc. Jeremy T. 

Nothof and Taeok Kim synthesized the fluorescent acceptors used in the study under the 

supervision of Dr. Todd L. Lowary. Dr. Matthew Kimber collected X-ray crystallography 

data at the Canadian Light Source and solved the crystal structure of ORF4Tc. C.W, M.K 

and I analyzed the data. 

4.2 Introduction and rationale 

 The genes/enzymes required for the biosynthesis and incorporation of the sugars 

most commonly found in polysaccharides have been identified. An exception is 

ribofuranose (Ribf), whose donor was still uncertain. Adenosine diphosphoribofuranose 

(ADP-Ribf) was previously proposed as the donor for biosynthesis of Ribf-containing 

Streptococcus pneumoniae capsular polysaccharides (Aanensen et al., 2007; Morona et 

al., 1999). However, ADP-Ribf is activated at C5 of Ribf, while glycosidic linkages are 

formed by reactions at the anomeric center (C1). Furthermore, the candidate genes linked 

to Ribf incorporation in S. pneumoniae capsules are not conserved in the genetic loci for 

production of E. coli Ribf-containing LPS O-antigens (Liu et al., 2020). This suggests the 
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enzyme(s) for Ribf precursor synthesis might be encoded by unlinked gene(s), consistent 

with an earlier hypothesis proposing an unspecified precursor from central metabolism 

for synthesis of the Ribf-containing Salmonella T1 antigen (Sarvas and Nikaido, 1971). 

Furthermore, a recent study proposed a predicted protein resembling 

phosphoribosyltransferases (PRTs) from nucleotide metabolism was required for Ribf 

incorporation in some Shigella O-antigen serotypes (Liu et al., 2008; Senchenkova et al., 

2005). This implicates 5-phospho-ᴅ-ribosyl--1-diphosphate (PRPP), a conserved 

metabolic intermediate in the biosynthesis of nucleotides, cofactors and some amino 

acids (Hove-Jensen et al., 2017), as a candidate donor. None of these proposals have 

been tested experimentally in polysaccharide biosynthesis. However, transfer of Ribf from 

PRPP to another monosaccharide was definitively demonstrated in O-ribosylation of 2-

deoxy-ᴅ-streptamine (neamine) to form ribostamycin, an intermediate in the biosynthesis 

of aminoglycoside antibiotics in Bacillus circulans (Kudo et al., 2007). This is achieved by 

a two-step reaction catalyzed by a PRPP-dependent PRT and a dedicated phosphatase. 

PRPP also serves as a precursor in the formation of polyprenol-monophosphoarabinose 

donors for extra-cytoplasmic membrane incorporation of arabinose into mycobacterial cell 

envelope glycoconjugates (Wolucka, 2008) and glycosylation of type IV pilin in P. 

aeruginosa (Harvey et al., 2011). In these bacteria, a 5'-phosphoribosyl-

monophosphopolyprenol intermediate is dephosphorylated and epimerized to generate 

the arabinose donor, which is flipped across the membrane for glycosylation of the 

acceptor. The objective of this investigation was to unequivocally resolve the chemistry 

of Ribf-transfer in polysaccharide biosynthesis, using K. pneumoniae O-antigens as 

prototypes.  
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In this chapter I test the hypothesis that the Ribf containing K. pneumoniae 

O4 and O7 O-PS biosynthesis systems share a homologous protein for Ribf 

addition, and that the activated donor for Ribf addition is PRPP.   

4.3 Results 

4.3.1 Comparison of K. pneumoniae O4 and O7 gene clusters identifies 

unassigned proteins containing haloacid dehalogenase (HAD) domains.  

Serotype O4 and O7 LPS O-antigen polysaccharides from K. pneumoniae were 

selected as model systems to investigate the enzymatic origin of Ribf in polysaccharides. 

Ribf is the only shared monosaccharide in the repeat-unit backbones of the O4 and O7 

glycans (Figure 4.1).  

 

Figure 4.1: Repeat-unit structures of K. pneumoniae O4 and O7 antigens and the 
genetic loci directing their biosynthesis. Genes encoding the nucleotide-binding and 
transmembrane domains of the pathway-defining ABC transporter (wzm/wzt) are 
coloured orange and O7 genes encoding terminal steps in production of the dTDP-Rha 
precursor are coloured purple. Genes encoding components with no defined functions, 
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including putative GTs, are labelled in gray. The orf5KpO4 gene (pink) and the orf7KpO7 
gene (cyan) encode the candidate Ribf transferases. 

 

Genes encoding GTs (presumably including Ribf-transferases) and enzymes required for 

synthesis of the donor substrates dedicated solely to a particular polysaccharide are 

found within the corresponding gene cluster, while genes for production of precursors that 

are also used in conserved cellular (housekeeping) processes are typically located 

elsewhere. Other than Wzm and Wzt (the components for the ABC transporter), the K. 

pneumoniae O4 and O7 gene clusters encode only one homolog; ORF5KpO4 and 

ORF7KpO7, which share 22% identity and 30% similarity. I hypothesized these proteins 

participate in Ribf incorporation.   

ORF5KpO4 and ORF7KpO7 share no significant similarity with the PRPP-dependent 

PRT (BtrL) and phosphatase (BtrP) from ribostamycin biosynthesis in B. circulans (Kudo 

et al., 2007), or with the polyprenol-phosphoribosyl transferase (Rv3806c) and 

phosphatase (Rv3807c) from M. tuberculosis (Cai et al., 2014; He et al., 2015). The 

Conserved Domain Database (CDD) (Lu et al., 2020) predicts an N-terminal haloacid 

dehalogenase (HAD) domain in both K. pneumoniae proteins (Figure 4.2a). Despite its 

name, the HAD superfamily is dominated by phosphate-manipulating enzymes, including 

phosphatases. HAD domain active sites are composed by 4 loops: loop I contains the 

catalytic Asp for phosphate removal, while loops II, III and IV contain a S/T, a K/R and a 

DXXXD motif all required for metal binding and phosphate coordination (Allen and 

Dunaway-Mariano, 2004a). Motifs consistent with these loops are present in ORF5KpO4 

and ORF7KpO7. The C-termini of ORF5KpO4 and ORF7KpO7 are significantly conserved 
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(Figure 4.2b), but unannotated and they share no detectable similarity to any known GTs, 

or to enzymes involved in activated donor synthesis. 

 

a 
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b 

 
 
Figure 4.2: Alignments of the two domains from ORF5KpO4 and ORF7KpO7. a, Multiple 
sequence alignment including PRPKpO4, PRPKpO7 and a structurally and functionally 
characterized HAD representative, human enolase-phosphatase E1 (PDB ID: 1ZS9). The 
predicted secondary structures of each are shown above the alignment. The PRP (HAD) 
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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 gPRTKpO4 and gPRTKpO7. Secondary structures were predicted with JPred, 
and then aligned using PROMALS3D and ClustalW, respectively. Alignments in a and b 

were visualized with ESPript. Bars and arrows represent -helices and -strands, 
respectively. 
 

4.3.2 ORF5KpO4 and ORF7KpO7 are bifunctional phosphoribosyltransferase-

phosphoribosyl phosphatase enzymes.  

To determine the enzyme functions of ORF5KpO4 and ORF7KpO7, in vitro reactions 

were designed based on acceptor substrates that represent fragments of the O7 (4) and 

O4 (5) repeat units attached to a methoxybenzamide aglycone (Figure 4.3). In the 

absence of genes for synthesis of potential donors within the loci, 5-phospho-ᴅ-ribosyl-

-1-diphosphate (PRPP) was selected as the candidate (Figure 4.3a). It was reasoned 

that the 1-linked pyrophosphate of PRPP might provide an appropriate leaving group and 

Ribf-5-P would be transferred to the acceptor. In this scenario, the terminal 5'-phosphate 

may interfere with transfer of the next sugar to the glycan and its removal offers an 

explanation for the purpose of the HAD domains. 

Products from in vitro reactions containing purified ORF5KpO4 and ORF7KpO7 were 

analyzed by HPLC and mass spectrometry. Each enzyme converted its cognate acceptor 

to a new product (Figure 4.3). The major [M+H]+ ion peak m/z values of 704.34 

(ORF7KpO7) and 722.32 (ORF5KpO4) are consistent with the addition of a pentose (Ribf 

mass = 132) (Figure 4.4a,b). These results implicate ORF5KpO4 and ORF7KpO7 as PRPP-

dependent Ribf-transferases that accomplish both the addition of Ribf-5-P and the 

removal of the 5'-phosphate.  
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Figure 4.3: Biochemical characterization of dual glycan phosphoribosyltransferase 
(gPRT)-phosphoribosylphosphatase (PRP) activities in ORF5KpO4 and ORF7KpO7. a, 
Chemical structure of PRPP labelled with proposed modification steps b, in vitro reactions 
catalyzed by ORF7KpO7. c, equivalent reactions with ORF5KpO4. 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 (Figure 4.4). Note that the retention time of the ORF7KpO7 is only slightly 
shifted from the retention time of unreacted 4. Reactions were performed using PRPP 
donor and 4 or 5 for 15 minutes, unless otherwise specified. All reactions were performed 
in triplicate with the same results 
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Figure 4.4: Mass spectrometry analysis of reaction products from Figure 4.3. a, 
ORF7KpO7 and b, ORF5KpO4. The results confirm the addition of pentose to the cognate 
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acceptors with the wildtype enzymes, and the addition of pentose-phosphate by 
ORF5KpO4 D10A and ORF7KpO7 D28A mutants. Phosphate removal was restored by addition 
of isolated PRP domains to reactions with each mutant. In reactions where the mutants 
were combined with non-native PRP domains, partial conversion was observed after 30 
minutes but conversion was substantially complete after a 3h incubation. The extracted 
ion chromatogram (EIC) traces of m/z 572.303 (acceptor 4), 704.345 (4 + Ribf), 784.311 
(4 + Ribf-P), 574.282 (acceptor 5), 706.324 (5 + Ribf) and 786.290 (5 + Ribf-P) are shown 
on the left column. For reactions containing ORF7KpO7 D28A with ORF5KpO4 1-216 (a) and 
ORF5KpO4 D10A with ORF7KpO7 1-214 b, EICs were obtained for the major species 
(dephosphorylated product) and minor species (residual phosphoribosylated species). 
Shown beside each EIC profile is an expanded region of the corresponding ESI mass-
spectrum at the indicated retention time. ESI-MS was performed with the same crude 
extracts used for the corresponding HPLC analysis is shown in Figure 4.3. Mass 
spectrometry analysis was performed three times with similar results. 
 

To determine the reaction sequence, catalytic residues (D28 in ORF7KpO7 and D10 

in ORF5KpO4, respectively) were identified by combined sequence and predicted 

secondary alignments with established HAD phosphatases (Figure 4.2a) and replaced 

with alanine. Purified ORF7KpO7-D28A or ORF5KpO4-D10A proteins catalyzed conversion of 

the cognate acceptors to products differing from the wildtype enzymes (Figure 4.3). Mass 

spectrometry revealed major [M+H]+ ion peaks with m/z values of 782.31 (ORF7KpO7-D28A) 

and 800.28 (ORF5KpO4-D10A) (Figure 4.4a,b), consistent with addition of Ribf-5-P (mass = 

212) to acceptors 4 and 5, followed (in the wildtype enzymes) by dephosphorylation. 

Furthermore, the data also suggest that Ribf-transferases consist of two catalytic 

domains: an acceptor-specific phosphoribosyltransferase (gPRT, where the g, for 

‘glycan’, distinguishes these enzymes from PRPP-dependent PRTs involved in other 

cellular processes), and a phosphoribosyl phosphatase (PRP) belonging to the HAD 

family. To distinguish orthologs, a superscript is used indicating species and serotype (i.e. 

gPRTKpO7 and PRPKpO7). 
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4.3.3 gPRT and PRP enzymes can act in trans in glycan assembly.  

To investigate the possibility that the gPRT and PRP enzymes are independently 

folding domains, the PRPKpO7 and PRPKpO4 domains were excised at equivalent positions 

within the domain-linking loop (Figure 4.2a). These domains (residues 1–216 and 1–214, 

respectively) were purified, and their activities were investigated in a two-step reaction 

sequence, beginning with transfer of Ribf-5-P residues to compounds 4 and 5, using 

ORF7KpO7-D28A or ORF5KpO4-D10A. Inclusion of the cognate PRP in trans resulted in 

complete dephosphorylation (Figure 4.3b,c). The specificities of the PRPs were then 

investigated. Both enzymes dephosphorylated Ribf-5-P residues on heterologous 

acceptor molecules, although at a reduced rate, relative to the native substrates (Figure 

4.3, Figure 4.4).  

4.3.4 Structure of a Ribf transferase homolog from Thermobacillus composti.  

To better understand the biochemical basis of polysaccharide ribofuranosylation, 

we sought to determine the structure of the K. pneumoniae proteins. Unfortunately, 

neither crystallized despite extensive efforts. However, an ortholog was identified from 

the thermophilic Gram-negative bacterium, T. composti DSM 18247 (ORF4Tc) (Figure 

4.5a). ORF4Tc shares 23%/25% identity and 40%/42% sequence similarity with ORF7KpO7 

and ORF5KpO4 respectively. The three proteins show regions of sequence conservation 

in both the PRP and gPRT domains (Figure 4.6). In the T. composti genome, orf4Tc is 

located adjacent to other polysaccharide synthesis genes (including wzm/wzt) (Figure 

4.5a), but the corresponding polysaccharide structure is unknown.  
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Figure 4.5: Identification of a thermophilic Ribf transferase homolog. a, Organization 
of the glycan biosynthesis gene cluster from Thermobacillus compostii. The pathway 
defining wzm/wzt genes (orange) encode the subunits of the ABC transporter. orf4Tc 
(purple) encodes the dual-domain PRP-gPRT protein. The general functions encoded by 
the remaining orfs (gray) are predicted by BLAST analyses. orf3 encodes a putative 
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methyltransferase, while orf5 and orf6 appear to encode glycosyltransferases belonging 
to the GT4 and GT2 families, respectively. b, Anti-His5 western blot showing cellular 
distribution of ORF4Tc and the truncated derivative, ORF4Tc 1-626. ORF4Tc is mostly 
membrane-associated but removal of the C-terminal region leads to it being 
predominantly soluble. Alphafold predicts residues 622-674 forming a three-helix 
extension to the gPRT domain that is distant from the catalytic site and might interact with 
the membrane through an exposed hydrophobic and basic patch. Residues 683-763 are 

predicted (with low confidence) to form a single long -helix (with generally low 
confidence) and the C-terminal end might act as an amphipathic helix. P, membrane 

pellet and S, soluble fraction after centrifugation at 100,000  g for 1 hr. Localization 
PAGE was performed twice and the soluble fraction was used as source for purification 
multiple times. Note that ORF4Tc 1-626 lanes were rearranged from the unedited blot to 
provide side-by-side comparison indicated by the line break. c, In vitro reactions 
containing ORF5KpO4 D10A and ORF4Tc with 5 demonstrate the ability of ORF4Tc to 
dephosphorylate the ORF5KpO4 D10A product. Products were separated by HPLC, and the 
product structures are shown on chromatograms with a black square representing the 
methoxybenzamide tag in 5. The product identities were established by comparison of 
HPLC retention times to known compounds, authenticated by MS. The analysis was 
performed in triplicate with similar results. 
 
 

Full-length ORF4Tc possesses a ~140 residue C-terminal extension relative to the 

K. pneumoniae enzymes and localized to the membrane when expressed in E. coli K-12 

(Figure 4.5b). The soluble truncated form (ORF4Tc 1-626, referred to as ORF4Tc for 

simplicity) was used in all subsequent experiments. ORF4Tc was inactive on 4 and 5 in 

vitro, presumably reflecting the different acceptor requirement resulting from the unknown 

T. composti glycan. The C-terminal truncation made to ORF4Tc is not expected to affect 

the conserved gPRT active site (Figure 4.6). Nor is it likely that ORF4Tc transfers another 

sugar given the conservation in the fine details of its predicted PRPP binding site and the 

unusual requirements needed to bind this substrate (see below). When ORF5KpO4-D10A 

was used in reactions containing 5, to synthesize a substrate with terminal Ribf-5-P, 

ORF4Tc dephosphorylated the product (Figure 4.5c). The PRP domain of ORF4Tc (at 

least) is therefore folded and active. 
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Figure 4.6: Multiple sequence alignment ORF5KpO4, ORF7KpO7 and ORF4Tc. The 
alignment was assembled by secondary structure alignment using PROMALS3D and 
visualized with ESPript. The most C-terminal part of the alignment was truncated due to 
no sequence conservation or meaningful alignment. All three proteins show similar overall 
conservation levels, and conserved patches between any two proteins are also generally 
conserved in the third. 
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ORF4Tc yielded crystals that diffracted to 2.5 Å resolution (Table 4.1), and the structure 

was determined by molecular replacement, using a search model built by AlphaFold 

(Jumper et al., 2021). Notably, this strategy worked despite moderate resolution and the 

presence of strong translational non-crystallographic symmetry (which complicates 

molecular replacement) (Read et al., 2013). There are two essentially identical molecules 

in the asymmetric unit, but ORF4Tc is monomeric based on size exclusion 

chromatography (Figure 4.7), consistent with PISA (which quantifies protein interactions 

in the structure) (Krissinel and Henrick, 2007).  

 

Table 4.1: Data collection and refinement statistics for apoORF4Tc. 

 
apoORF4Tc 

Data collection  
Space group P 2 21 21 

Cell dimensions    

    a, b, c (Å) 71.74, 82.5, 234.92 

        ()  90, 90 , 90 

Resolution (Å) 44.53-2.5 (2.59-2.5)* 
Rmerge 0.1428 (1.257) 

I / I 8.20 (1.48) 

Completeness (%) 93.48 (94.07) 
Redundancy 8.9 (8.7) 
  
Refinement  
Resolution (Å) 44.53-2.5 
No. reflections 45999 
Rwork / Rfree 0.2515/0.2938 
No. atoms  
    Protein 9835 
    Ligand/ion 5 
    Water 177 
B-factors  

    Protein 62.8 
    Ligand/ion 58.7 
    Water 55.4 
R.m.s. deviations  
    Bond lengths (Å) 0.003 

    Bond angles () 0.51 

A single crystal was used to collect the dataset 
 *Values in parentheses are for highest-resolution shell  
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Figure 4.7: Multidetector size exclusion analysis of ORF4Tc. 100L of 2mg/ml purified 
ORF4Tc was injected. The calculated molecular weight for the run shown was 77,842 Da, 
with the theoretical molecular weight being 76,195 Da for the construct used. Small 
amounts of aggregated protein were detected, but no discrete oligomers were evident. A 
BSA standard was used for standardization to calculate the molecular weight of ORF4Tc. 
SEC was performed using a Malvern OMNISEC equipped with two P3000 columns (300 
x 8.0 mm) in sequence and elution was monitored using a light scattering detector, a 
differential refractive index detector, a viscometer and a UV/VIS spectrophotometer 
measuring absorbance at 280nm. Samples were run at 20°C in 50mM Tris pH 7.5, 
150mM NaCl at a flow rate of 1ml/min for 45 mins. Data collection and analysis were 
performed in the OMNISEC software. Analysis was performed in triplicate. 
 

ORF4Tc can be conceptually divided into two α/β Rossmann fold domains, supplemented 

by three structurally dissimilar α-helical domains (Figure 4.8). 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). These domains bury 1037 Å2 between them but 

the interface is predominantly hydrophilic, explaining our ability to express the PRPKp 

domains as separate polypeptides. 
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Figure 4.8: Structure of ORF4Tc. Two orthogonal views of the overall structure of the 
monomer. The chain is coloured blue to red, N-terminus to C-terminus. Magnesium ion is 
shown as a grey sphere. 
 

4.3.5 The PRP module is a HAD superfamily member.  

The PRP domain resembles other HAD domain structures and is built around a 

Rossmann fold motif with a central five-stranded β-sheet, flanked by two α-helices on 

each face (Figure 4.9a). Four α-helices, inserted between the first /β-strand repeat of 

the Rossmann fold, build a cap subdomain characteristic of type 1 HAD-family proteins 

(Allen and Dunaway-Mariano, 2004b). An additional helix (Nα9) connects the PRP to the 

gPRT domain. A DALI search reveals all structural homologs are members of the HAD-

domain family (Table 4.2). The closest functionally characterized homologs include 

human epoxide hydrolase (PDB ID 5aln) (Öster et al., 2015) and haloacid dehalogenase 

(PDB ID 3vay) (Hou et al., 2013), both with Z-scores of 16.2.  

 

 



 

 88 

 
 
Figure 4.9: Structure of the N-terminal PRP domain of ORF4Tc. a, Organization of the 
PRP module, with secondary structure and domains indicated. The grey square shows 
the area of detail in panels b through e. b, Sequence conservation (among sequences 

with 25% overall identity) projected onto a molecular surface using Consurf. 
Conservation varies from magenta (absolutely conserved) to cyan (most variable). c, 
Details of the PRP active site. d, Details of the active site of the HAD phosphatase 

chronophin (5aes). e, Model of a ribose 5-phosphate-containing disaccharide positioned 
into the active site of ORF4Tc. Dashed lines represent potential hydrogen bonds or metal-
ligand interactions.  

 

The most similar structures with known phosphatase activity include the human enzymes 

enolase phosphatase 1 (PDB ID 1yns) (Wang et al., 2005) and chronophin (which 

dephosphorylates both pyridoxal phosphate and cofilin; PDB ID 2oyc) (Almo et al., 2007), 

with Z-scores of 14.9 and 14.6. In general, the Rossmann domain of ORF4Tc closely 

resembles other HAD domain members, while the cap domain is more divergent (Figure 

4.10). 
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Table 4.2: Select DALI hits for the PRP and gPRT domains of ORF4Tc. 

PDB ID Z-score r.m.s.d. Residues 
aligned 

Total 
residues 

% 
Identity 

Annotated Function 

Phosphatase (PRP) domain 

1x42 17.9 4.1 200 230 19 Hypothetical protein ph0459 

5aln 16.2 4.9 171 546 16 Soluble epoxide hydrolase (SE2) 

3vay 16.2 3 199 230 15 Had-superfamily hydrolase 

2ymm 15.7 5.2 166 224 11 ʟ-haloacid dehalogenase 

1yns 14.9 3.1 175 254 13 Enolase phosphatase 1 

2oyc 14.6 1.8 121 292 21 Chronophin 

5aes 14.0 1.7   121 291 22 Chronophin (PLP complex) 

Phosphotransferase (gPRT) domain 

1dqn 7 3.7 159 230 8 Guanine phosphoribosyltransferase 

4lyy 6.3 3.5 141 171 10 
Hypoxanthine 
phosphoribosyltransferase 

1fsg 6.1 3.9 152 233 13 
Hypoxanthine-guanine 
phosphoribosyltransferase 

1ufr 6 3.3 127 167 9 
Pyr mRNA-binding attenuation 
protein 

1v9s 5.9 3.5 132 208 5 Uracil phosphoribosyltransferase 

4rv4 5.4 3.4 118 211 8 Orotate phosphoribosyltransferase 
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Figure 4.10: Representative structural homologs of the PRP and gPRT domains. All 
structures were superimposed on ORF4Tc. Models are coloured using rainbow (N-
terminus dark blue, C-terminus red). a, PRP domain of ORF4Tc. b, Protein of unknown 
function from Pyrococcus horikoshii (1x42). c, PRP domain of human soluble epoxide 
hydrolase (5aln). d, Pseudomonas syringae haloacid dehalogenase (3vay). e, Human 
enolase phosphatase 1 (1yns). f, Human chronophin (2oyc), a bifunctional pyridoxal 
phosphate and cofilin phosphatase (note that this HAD lacks a helical cap domain, and 
has a second Rossmann domain fused instead). g, The gPRT domain of ORF4Tc h, 
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Giardia lamlia guanine phosphoribosyltransferase (1dqn) i, Shewanella pealeana 
hypoxanthine phosphoribosyltransferase (4lyy). j, Toxoplasma gondii hypoxanthine-
guaninephosphoribosyltransferase (1fsg).  
 
 

The PRP active site sits in an elongated pocket built largely from the Rossmann 

domain, with the cap domain and α9 helix bordering the pocket. Mapping sequence 

conservation onto the structure using Consurf (Figure 4.9) (Ashkenazy et al., 2010) 

shows that almost all residues within this pocket are absolutely conserved. This PRPTc 

active site pocket conserves many features known to be important for phosphate 

recognition and catalysis in well-characterized HAD phosphatases, including chronophin 

(PDB ID 5aes) (Figure 4.10d). In particular, a single magnesium ion is coordinated in 

approximate octahedral geometry by the Asp19 and Asp208 carboxylates, the Phe21 

carbonyl oxygen, and three water molecules (Figure 4.10c). The magnesium ion 

generally plays an essential role in HAD phosphatases, and the PRPKpO7 similarly proved 

to be Mg2+-dependant (Figure 4.11). By analogy with other HAD phosphatases, the 5-

phosphate should coordinate the Mg2+ ion, and also hydrogen bond Lys180 N 

(absolutely conserved among HAD phosphatases), Ser148 OH (conserved as Thr/Ser), 

and amide nitrogen atoms of Asp149, Ile20, and Phe21. HAD phosphatases operate via 

an acyl–enzyme intermediate, and the key determinants of this mechanism also appear 

to be conserved. Asp19 is the predicted nucleophile, attacking the phosphate moiety of 

the substrate, with the ribose saccharide acting as a leaving group. The complete 

inactivity of the equivalent ORF7KpO7-D28A and ORF5KpO4-D10A variants (described above) 

confirms that this residue plays an essential role in the PRPs. The acyl-phosphate 

intermediate is typically hydrolyzed by an aspartate located two residues after the 
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nucleophilic Asp but, in PRPTc, this residue is Phe21. We propose instead that either 

Asp22 or Asp149 (both absolutely conserved) adopt this role. 

 
 

Figure 4.11: Metal ion-dependence of PRP and gPRT activity in ORF7KpO7. In vitro 
reactions demonstrating the Mg2+ requirements for activity of the ORF7KpO7 PRP and 
gPRT domains. To demonstrate the Mg2+ dependent activity of the gPRT, ORF7KpO7 D28A 
was tested in a reaction lacking added Mg2+. For the PRP, initial reactions were conducted 

4
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with ORF7KpO7 D28A in the presence of 25 mM Mg2+ to allow the gPRT to transfer Rib-P, 
and the reactions were then spiked with 50 mM EDTA before PRPO7 was added. HPLC 
analysis detected only a trace amount of dephosphorylated substrate, consistent with 
PRP activity being dependent on Mg2+. All reactions were incubated for 15 mins and 
aliquots of the reaction mixtures were separated by HPLC on a GlycoSep N column eluted 
with a normal phase gradient of water. The structures of donors and products are shown 
on each chromatogram, and the black square in the structure represents the 
methoxybenzamide tag in 4.  The structures were established by comparison to the HPLC 
retention times of products in validated control reactions; ORF7KpO7 and ORF7KpO7 D28A 
transfer of Ribf or Ribf-P to 4, respectively. The analysis was performed in triplicate with 
similar results. 
 
 

The determinants of saccharide binding are less certain, although residue 

conservation suggests the substrate binds along the pocket floor. A line of four surface 

exposed aromatic residues (Phe21, Phe150, Tyr151 and Phe79) (Figure 4.9b,c) are 

conserved (generally as F/Y) and present an extended non-polar surface for interacting 

with non-polar motifs within substrate saccharides. Therefore attempts were made to 

model the O4 disaccharide repeat unit with a terminal Ribf-5-P, into the PRPTc active site 

(Figure 4.9d,e), with the pyridoxal phosphate/chronophin complex serving as a 

reference. Placing the phosphate group within its conserved pocket, the ribose group was 

readily placed stacked on the edge of Phe150, with O3 hydrogen bonding with the 

absolutely conserved Arg27, and O2 with a structured water molecule. The β-(1→4)-

linked Galp stacks C3, C4, C5 and C6 on the Tyr151 ring, with hydrogen bonds to Glu32 

(O2), Lys35 (O1), and Glu78 (O6). While other saccharide substrates might exploit 

different interactions, the disaccharide largely fills the pocket, implying that specificity is 

primarily dictated by the two non-reducing terminal residues. Ribf-5-P appears the more 

important determinant, consistent with the PRP domain’s ability to hydrolyse non-cognate 

substrates.  
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4.3.6 The gPRT domain represents a new GT fold.  

The gPRT domain structure is built around a central five-stranded Rossmann-fold 

domain, flanked by two α-helices packing on opposite faces (Figure 4.12a). This core 

Rossmann motif is supplemented with two additional sub-domains. A six-helix sub-

domain (residues 327—431) is inserted between strands β2 and β3; this is termed here 

as the “hood” domain by analogy with the hood domain that covers the catalytic site in 

other PRT enzymes. On the opposite face of the sheet, two additional N-terminal 

(residues 243–286), and five additional C-terminal α-helices (residues 482–597) together 

form a “base” sub-domain that extends the Rossmann domain. This sub-domain packs 

on the PRP domain and extends a β-ribbon motif that interacts with α9 from the hood 

domain. Searching the PDB using the gPRT domain with DALI shows that all the closest 

structural homologs are nucleotide phosphoribosyl transferases (Table 4.2). However, 

these proteins are very distant homologs: the top hit, Giardia lamblia guanine 

phosphoribosyltransferase (PDB ID 1dqn) (Wuxian Shi et al., 2000) has a Z-score of 7.1, 

shares only 8% sequence identity spanning 157 residues, and superimposes on the core 

of the Rossmann domain with 3.5 Å r.m.s.d. (Figure 4.10). This suggests that the gPRT 

domain shares ancestry with other PRTs but has diverged greatly and acquired unique 

structural features.  

PRT active sites are localized at a notch in the Rossmann domain between the 

ends of β1 and β3. Consurf reveals a strongly conserved extended pocket centered at 

this site, but extending into the proximal parts of both the hood and base subdomains 

(Figure 4.12b,c). 
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Figure 4.12: Structure of the C-terminal gPRT module of ORF4Tc. a, Organization of 
the gPRT module. Secondary structural and domains are indicated. b, Sequence 
conservation projected onto a molecular surface using Consurf. Conservation varies from 
magenta (absolutely conserved) to cyan (most variable). c, Details of the gPRT active 
site, showing key conserved residues. Side chains are colored by the sub-domain they 
reside on. d, Organization of key PRPP binding motifs in the HGPRT active site (1fsg). e, 
Model of a PRPP in the active site of ORF4Tc. Dashed lines represent potential hydrogen 
bonds or metal-ligand interactions. Mg2+ ions are shown as green spheres. A galactose 
residue is shown in sticks, highlighting the potential interactions available to the incoming 
acceptor. 
 
 

The ternary complex of Toxoplasma gondii hypoxanthine-guanine phosphoribosyl 

transferase (HGPRT; PDB ID 1fsg) (Héroux et al., 2000) provides a useful model of how 

the gPRT might recognize PRPP (Figure 4.12d). HGPRT binds a PRPP•Mg2+
2 complex, 

consistent with the finding that ORF7KpO7-D28A is inactive in the absence of Mg2+ (Figure 

4.11). In HGPRT, the magnesium ions bridge the pyrophosphate, with the second ion 

also coordinating the 2 and 3 hydroxyl groups of ribose. Conserved basic residues bind 
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the pyrophosphate and aspartate carboxylates bind the magnesium ions, while the 5-

phosphate makes multiple hydrogen bonds with backbone amide groups at the N-

terminus of G. The main features of the HGPRT active site seem to be recapitulated in 

gPRT, but many key interactors are replaced by similar residues in non-equivalent 

positions. PRPP•Mg2+
2 was placed in the active site by superimposing the HGPRT ternary 

complex on gPRT, and then manually adjusted side chain rotamers (where needed) to 

optimize interactions (Figure 4.12e). This model positions the 5’-phosphate moiety in the 

pocket at the N-terminus of helix α10, with hydrogen bonds from Thr447 N, Ile448 N, and 

Tyr467 OH. The pyrophosphate moiety is flanked at either end by Arg332 and Arg300, 

which provide stabilizing hydrogen bonds and charge–charge interactions. Additional 

hydrogen bonds to the pyrophosphate are made by Arg332 N and Ser516 OH. Arg300 

adopts the rare cis peptide conformation, allowing the amide nitrogen and oxygen to bind 

the pyrophosphate and magnesium ion respectively. Other magnesium coordination sites 

are either occupied by water molecules, a repositioned Glu300, or possibly the incoming 

saccharide. Hydrogen bonds are made to Ribf O2 by the Glu300 amide nitrogen and 

Asp441 carboxylate, and highly conserved Ile445 packs on Ribf C4. This binding mode 

leaves the ribose anomeric carbon exposed to attack by the acceptor hydroxyl group, 

while the Glu300 carboxylate seems well positioned to hydrogen bond to (and activate) 

the attacking oxygen atom as the general base. Absolutely conserved Trp444 and Lys445 

are positioned to potentially stack on and hydrogen bond with the terminal residue of the 

acceptor, respectively. Details of the extended acceptor binding site are not clear, but a 

pattern of conserved (Asn502, Phe268) or semiconserved residues suggests the binding 

site extends into the active site proximal to the base sub-domain (Figure 4.12b). In 
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nucleotide PRTs, a small mobile hood domain closes over the active site during catalysis 

to exclude water (Héroux et al., 2000). The elevated B-factors (Figure 4.13) and loose 

packing of the helical hood domain suggests it may close via a rigid body domain motion, 

bringing a patch of conserved residues including Gln354 and Tyr355 into contact with the 

substrate.  

 
 

Figure 4.13: Atomic displacement parameters (B-factors) mapped onto the 
structure. The most ordered regions of the structure are blue, while those with elevated 
B-factors tend towards more red colours. Note that the hood domain of the gPRT has the 
highest overall B-factors, and that these increase towards the tip. This suggests that the 
hood domain may be mobile enough to close over the active site during catalysis. 
 

 

To test this model, key residues in the binding site of gPRTKpO7 were replaced. 

Residues R284 in ORF7KpO7 (equivalent to ORF4Tc R299), D285 (E300), R311 (R332), 

and D417 (D441) were each changed to alanine; thermal melt curves suggest all variants 

fold (Figure 4.14). R284A (R290) and R311A (R332) mutant proteins were inactive, while 

D285A (E300) and D417A (D441) showed substantially reduced activity (Figure 4.15a,b). 

These results are consistent with the proposed substrate-binding model; Arg299 and 
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Arg332 are important determinants in binding PRPP, and Glu300 is an important 

determinant in binding (and possibly activating) the terminal acceptor residue. In contrast, 

Asp441 seems to play a partly dispensable role in ribose binding, despite being the only 

residue with a direct equivalent in the HGPRT active site. 

 

 
 
Figure 4.14: Thermal melt curves for ORF7KpO7 alanine-replacement mutants.  
Thermal denaturation analysis of the ORF7KpO7 variants was used to confirm protein 

folding. The 20 L mixtures contained 2 g of protein and protein thermal shift dye 
(ThermoFisher) in 100 mM of HEPES pH 7.4. The melt curves were obtained using a 
QuantStudio3 rtPCR machine over 4-95°C. Derivative data is shown. The high initial 
fluorescence is attributed to the tendency of ORF7KpO7 to form aggregates that bind the 
dye. The analysis was performed in triplicate with similar results. 
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Figure 4.15: Activities of gPRTKpO7 site-directed alanine-replacements. a, The 
chromatograms show the profiles of aliquots of reaction mixtures separated by HPLC on 
a GlycoSep N column eluted with a normal phase gradient of water. Each reaction was 
performed with the indicated mutant, PRPP donor and acceptor 4. After 1h (left column) 
or 18h (right column), reactions were stopped by the addition of acetonitrile. R284A and 
R311A mutant proteins were inactive, while D285A and D417A showed substantially 
reduced activity. D285A showed no detectable activity at 1h but retained small amounts 
of activity evident after 18h. D417A converted almost half of the substrate after 1-hour 
reaction and full conversion after 18 hours. The identities of the reaction products are 
shown on each chromatogram. The black box represents the methoxybenzamide tag in 
4. The analysis was performed in triplicate with similar results. b, The identities of the 
reaction products from 18h reactions for the active variants were confirmed by mass 
spectrometry. The extracted ion chromatogram (EIC) traces of m/z 704.345 (1 + Ribf) are 
shown, together with expanded regions of the corresponding ESI mass-spectrum at the 
indicated retention time 
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4.3.7 ORF7KpO4, ORF7KpO7, and ORF4Tc are members of a family of Ribf-transferase 

enzymes.  

Next, I asked whether the activities and structural features of the K. pneumoniae 

and T. composti enzymes were conserved in the production of Ribf-containing 

glycoconjugates in other bacteria. Searches of gene databases were challenged by the 

lack of similarity in the gPRT modules. tBLASTn searches using the gPRT, PRP, or full-

length proteins, all identified hits with low similarity (most under 35%, with e-values 

ranging 10-24–10-4) but most were from uncharacterized systems, so a confident 

correlation with Ribf-containing polysaccharides was not possible. To circumvent this, 

non-redundant Ribf-containing glycans were selected from the Carbohydrate Structure 

Database (Toukach and Egorova, 2016) and (where available) the corresponding 

biosynthetic gene loci from genome data for the specific strains or serotypes were 

examined directly for genes encoding gPRT or PRP proteins. In total, 34 Ribf-containing 

glycans were matched with genomic loci from 17 unique genera. Some glycans were 

found in more than one genus, resulting in a total collection of 41 candidate proteins. All 

of the loci encoded a putative PRP, indicating the two-step reaction is a universal feature 

in biosynthesis of Ribf-containing glycans (Table 4.3).  

Twenty one of the 41 retrieved sequences resembled the K. pneumoniae and T. 

composti prototypes. Homology of the PRPs in these enzymes was clearly discernible 

(BLAST e-values ranging from 1.15x10-39 - 8.65x10-07), with key active site residues being 

strongly conserved (Figure 4.16). Despite their low overall sequence similarity, the 

corresponding gPRTs share blocks of conservation that include the essential catalytic 

residues described for the prototypes (Figure 4.17). 
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Table 4.3: Identification of other Ribf transfer systems. Bacterial species and/or serotypes containing Ribf in their 
polysaccharide repeat units, which also have sequenced genomes.  Associated GenBank accession numbers are given for 
the genome sequence for each representative and the protein accession number for the gene encoding the PRP (HAD) 
domain and the gPRT domain where it is separated. The type of Ribf containing glycan is shown with the pathway used to 
assemble. Gene names or locus annotations for the PRP-encoding genes are given where available. Non-sugar 
substituents have been excluded from the glycan structures for simplicity. Cartoon representations of the domain 
organizations of the PRP and gPRTs are shown.  
 

Strain Structure 

Genome 
accession and 
Accession for 
PRP and gPRT-
containing 
proteins 

Glycan Type and 
Assembly Strategy ‡ 

Gene encoding 
PRP module   

Protein Organization 

Group 1 

Klebsiella pneumoniae O7 
 

MN173773.1/ 

QED89917.1 

O-polysaccharide/ 

ABC-transporter 
orf7  

Klebsiella pneumoniae O4 
 

KU310493.1/ 

ALX35076.1 

O-polysaccharide/ 

ABC-transporter 
orf5  

Franconibacter pulveris O1 

 

KX156850.1/ 

ANF28856.1 

O-polysaccharide/ 

ABC-transporter 
orf9  

Pseudomonas aeruginosa 
O15  

LJZI01000136.1/ 

KRV02542.1 

O-polysaccharide/ 

ABC-transporter 
-  

Burkholderia cenocepacia 
IST439  

CP000868.1/ 

ABX16194.1 

O-polysaccharide/ 

ABC-transporter 
-  

Gluconacetobacter 
diazotrophicus PA15 

 

CP001189.1/ 

ACI52728.1 

O-polysaccharide/ 

ABC-transporter 
-  

Proteus mirabilis O36 

  

KY710710.1/ 

AXY99700.1 

O-polysaccharide/ 

Wzx/Wzy 

- 

  

β3 α3 α2 α2
PRP gPRT

β4 α2
PRP gPRT

β3

β4
β2

α3 α2

11
PRP gPRT

β3 α2
PRP gPRT

β6 α2
PRP gPRT

α3 α2 α2

β2

β3

PRP gPRT

α4 β3β4β4 α2
PRP gPRT



 

 102 

Salmonella enterica O52 

 

Escherichia coli O153 

 

JX975338.1/ 

AFW04788.1 

 

KJ755551.1/ 

AJE24462.1 

 

wdbN 

 

 

- 

 

E coli O20  
 

CP062855.1/ 

QPE53151.1 

O-polysaccharide 

ABC-transporter 
  

Haemophilus influenzae 
Type b  

LR134168.1/ 

VEB24833.1 

Capsular polysaccharide 

ABC-transporter 
bcs3  

Escherichia coli K18/22 
 

UGCC01000002.1
/STI11142.1 

Capsular polysaccharide 

ABC-transporter 
-  

Campylobacter jejuni NCTC 
11168 

 

AL111168.1/ 

CAL35541.1 

Capsular polysaccharide 

ABC-transporter 
-  

Escherichia coli K23 

 

Escherichia coli K13 

 

LR134208.1/ 

VEC21054.1 

 

 

LR134237.1/ 

VED05356.1 

Capsular polysaccharide 

ABC-transporter 

- 

 

 

 

- 

 

Streptococcus pneumoniae 
7B 

 

 

 

 

 

 

 

 

CR931641.1/ 

CAI32890.1 

 

 

 

CR931642.1/ 

 

Capsular polysaccharide 

Wzx/Wzy 

rbsF  

β4 α2
PRP gPRT

β1 5,3
o P PRPCDP-Ribitol transferase gPRT

β1 5,2
o P PRPCDP-Ribitol transferase gPRT

β5 β4 α2

α3

f

2

PRPGT4 gPRT

β3β7
PRP gPRTβ-Kdo GT

β4 β4

β4

α2 α2 α6

α3

P

PRP gPRT

https://www.ncbi.nlm.nih.gov/protein/1539645700
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Streptococcus pneumoniae 
7C 

 

CAI32911 

 

Streptococcus pneumoniae 
19B 

 

 

Streptococcus pneumoniae 
19C 

 

 

 

 

 

CR931676.1/ 

CAI33654.1 

 

 

CR931677.1/ 

CAI33677 

 

 

Capsular polysaccharide 

Wzx/Wzy 
rbsF  

Fibrobacter succinogenes 
S85 

  

CP002158.1/ 
ADL25287.1 

Capsular polysaccharide 

Wzx/Wzy 
-  

E. coli K74 
 

LR134246.1 

VED33680.1 
(PRP), 
VED33682.1 
(gPRT) 

Capsular polysaccharide 

ABC-transporter 
-  

Group 2   

Shigella boydii Type 10 

 

Escherichia coli O183  

AY693427.1/ 

AAW29820.1 

 

AB627352.1/ 

BAL03061.1 

O-polysaccharide 

Wzx/Wzy 

wbaM 

 

 

wbaM 

 

β4 β4

β4

α2 α2 α6

α3

P

α4 β4β4 β4

β4
α3

P

α4 β4β4
β6

β4

β4
α3

P

PRP gPRT

α3 α3 β2β4

β6
D D

PRP gPRT

β2 β3β6
f gPRT PRPβ-Kdo GT

β4

α3α2α6 β3

β4 PRPgPRT
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Shigella boydii Type 11 

 

Escherichia coli O105  

AY529126.1/ 

AAS98035.1 

 

EU294171.1/ 

ACA24833.1 

O-polysaccharide 

Wzx/Wzy 

wbsZ 

 

 

wbsZ 

 

Providencia alcalifaciens 
O30   

JQ801294.1/ 

AFV53193.1 

O-polysaccharide 

Wzx/Wzy 
wpaI  

Hafnia alvei PCM 1192 

 

KX117080.1/ 

ANF29915.1 

O-polysaccharide 

Wzx/Wzy 
-  

Other   

Escherichia coli O5 
 

KP710588.1/ 

AJR19358.1 

O-polysaccharide 

Wzx/Wzy 
wbuN  

Escherichia coli O54 
 

AB812085.1/ 

BAQ02119.1 

O-polysaccharide 

Wzx/Wzy 
wbuN  

Escherichia coli O63 
 

EU549862.1/ 

ACD75794.1 

O-polysaccharide 

Wzx/Wzy 
wbuN  

Escherichia coli O114 
 

AY573377.1/ 

AAT77178.1 

O-polysaccharide 

Wzx/Wzy 
wbuN  

Escherichia coli O178 
 

 

KJ778799.1/ 

AIG62751.1 

O-polysaccharide 

Wzx/Wzy 
wbuN  

Escherichia coli O185 
 

AB812081.1/ 

BAQ02046.1 

O-polysaccharide 

Wzx/Wzy 
wbaI  

Proteus mirabilis O9 
 

KY710690.1/ 

AXY99399.1 

O-polysaccharide 

Wzx/Wzy 
orf6  

β3β4

α2
β3

α3 β4

PRPgPRT

β3
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β2α2 β4 β4

PRPgPRT

β3β4

β4
α2

α3 α3

PRPgPRT
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α4β4β3 β3

PRP

β3β4α2α2 β4
PRP

4
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PRP

α4
5
β3 β3β4

PRP

α2α4 β4β3β4 PRP
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PRP
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PRP

https://www.ncbi.nlm.nih.gov/protein/46451860
https://www.ncbi.nlm.nih.gov/protein/410032077
https://www.ncbi.nlm.nih.gov/protein/1029981263
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Proteus vulgaris O25 

 

KY710702.1/ 

AXY99586.1 

O-polysaccharide 

Wzx/Wzy 
orf9  

Proteus penneri O59 
 

KY710727.1/ 

AXY99963.1 

O-polysaccharide 

Wzx/Wzy 
orf13  

Salmonella enterica O45 

 

JX975332.1/ 

AFW04718.1 

O-polysaccharide/ 

Wzx/Wzy 
wdbE  

Salmonella enterica O56 
 

GU445925.1/ 
ADI77007.1 

O-polysaccharide/ 

Wzx/Wzy 
wdbY  

Shigella boydii Type 2 

  

EU296418.1/ 
ACD37127.1 

O-polysaccharide/ 

Wzx/Wzy 
wfdB  

Citrobacter youngae O1 

 

MH325883.1/ 

AWU66546.1 

O-polysaccharide/ 

ABC Transporter 
-  

Stenotrophomonas O16 

 

LS483377.1/ 

SQG09086.1 

O-polysaccharide/ 

ABC Transporter 
-  

 

‡  The main two predominant biosynthesis strategies are distinguished by modes of and cellular location of polymerization. In the ABC transporter-dependent assembly strategy (used by the K. 
pneumoniae O-antigen prototypes), polymerization is completed by sequential sugar transfer in the cytoplasm, prior to export. In Wzx/Wzy-dependent processes, repeat units are synthesized 
on a polyprenol diphosphate carrier, exported across the cytoplasmic membrane (by the transporter, Wzx), and polymerized at the membrane surface by a Wzy polymerase (Whitfield et al., 
2020a, 2020b). Both biosynthetic strategies are exploited for assembly of different types of bacterial glycoconjugates. 
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Sugar name 
 

 
Symbol 

ʟ-rhamnose (Rha)  

ᴅ-rhamnose (ᴅ-Rha)  

ribofuranose (ᴅ-Ribf)  

ribulose (ᴅ-RibOH)  

ᴅ-galactopyranose (Galp)  

ᴅ-galactofuranose (Galf)  

2-acetamido-2-deoxy-ᴅ-galactose (GalNAc)  

2-acetamido-2-deoxy-ᴅ-glucose (GlcNAc)  

2-acetamido-2-deoxy-ᴅ-mannose (ManNAc)  

ᴅ-glucose (Glc)  

ᴅ-mannose (Man)  

3-deoxy-ᴅ-manno-oct-2-ulosonic acid, pyranose form 
(Kdop) 

 

3-deoxy-ᴅ-manno-oct-2-ulosonic acid, furanose form 
(Kdof) 

 

ᴅ-glucuronic acid (GlcA) 
 

ᴅ-galacturonic acid (GalA) 
 

ᴅ-fucose (Fuc)  

4-deoxy-ᴅ-arabino-hexose  

6-O-methyl-ᴅ-glycero-α-L-gluco-heptopyranose  

4-formamido-4,6-dideoxy-ᴅ-glucose  

2-acetamido-4-amino-2,4,6-trideoxy-ᴅ-galactose  

3-acetamido-3,6-dideoxy-ᴅ-glucose  

3-[(2R,3R)-2-acetamido-3-hydroxybutanoylamino]-3,6-
dideoxy-ᴅ-glucose   

3-(N-acetyl-ʟ-seryl)amino-3,6-dideoxy-ᴅ-glucose    

3-(N-acetyl-ᴅ-ala)amino-3,6-dideoxy-ᴅ-glucose  

4-(N-acetyl-ʟ-seryl)amino-4,6-dideoxy-ᴅ-glucose  
 

 

D

o

f

f

1

2

1

2

3

4

5

6

7
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Figure 4.16: Multiple sequence alignment of group 1 PRP homologs. 
Details for the proteins, accession data, their sources, and the corresponding glycans are 
given in Table 4.3. a, To facilitate alignment, endpoints were positioned at the beginning 
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of the loop I (at the catalytic Asp) and the end of loop IV (at the last Asp/Glu). An asterisk 
marks the catalytic Asp. Alignment was performed in ClustalW and visualized with 
ESPript.  
 
A conserved overall architecture was confirmed for some representatives by AlphaFold 

modelling (Figure 4.18). The most noticeable differences involved insertion or deletion of 

helices within the base sub-domain in the region, immediately adjacent to the gPRT active 

site, presumably reflecting recognition of diverse acceptor substrates. These enzymes 

are designated as group 1 Ribf-transferases and they participate in synthesis of diverse 

glycoconjugates from Gram-positive and Gram-negative bacteria reflecting the two 

predominant assembly strategies used for bacterial glycans (Table 4.3).  

Among group 1 enzymes, dual-domain proteins, like the K. pneumoniae 

prototypes, represent the most commonly observed organization. However, some 

proteins involved in the polymerization of capsular polysaccharides assembled by ABC 

transporter-dependent processes (Whitfield et al., 2020a) possess more complex 

modular architectures (Table 4.3). For example, the Haemophilus influenzae serotype b 

glycan has a disaccharide repeat unit consisting of Ribf and ribitol-phosphate and the 

corresponding genetic locus encodes an enzyme that combines an N-terminal CDP-

ribitol-dependent ribitol-phosphate transferase, with C-terminal gPRT/PRP domains. The 

E. coli K13 and K23 capsular polysaccharides are composed of Ribf and -linked 3-

deoxy-ᴅ-manno-oct-2-ulosonic acid (-Kdo) and their capsule clusters encode enzymes 

that have an unannotated N-terminal domain, and a C-terminal gPRT/PRP combination. 

The N-terminal domains potentially represent the Kdo transferases needed to produce 

the polymer, although they share no similarity with known -Kdo transferases 
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(Ovchinnikova et al., 2016c, 2016b). In one case, the PRP and gPRTs are part of separate 

polypeptides. 

 

a 
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Figure 4.17: Multiple sequence alignment of the gPRT domains from the identified 
group 1 enzymes. Residues chosen for alanine variants are indicated with an asterisk. 
Alignment was performed with MAFFT and visualized with ESPript.  

b 
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Figure 4.18: AlphaFold modeling of the gPRT domain of ORF7KpO7, ORF5KpO4 and 
selected orthologs. The source bacterium and the structure of the corresponding Ribf-
containing glycans are shown. For details on accessions and keys to the glycose 
structures see Table 4.3. Models are coloured with rainbow (N-terminus dark blue, C-
terminus red). 



 

 112 

4.3.8 Structurally distinct Ribf-transferases participate in the assembly of some 

Ribf containing bacterial polysaccharides.  

The remaining examples in the catalog (Table 4.3) possessed an identifiable PRP 

ortholog (see below). However, the low level of similarity with other HAD proteins results 

in most lacking annotation or being mis-annotated in genome sequences. The loci for 

these 20 representatives all lacked a gene encoding a gPRT related to the group 1 

prototypes.  

In six cases (designated group 2 Ribf-transferases), the locus encodes a dual 

domain enzyme with a C-terminal PRP and an N-terminal domain clearly homologous to 

conventional type 1 PRTs (Sinha and Smith, 2001), which are well documented in the 

synthesis of nucleotides (Hove-Jensen et al., 2017) (Figure 4.19a,b). All six are 

associated with LPS O-antigens assembled by the Wzx/Wzy-dependent strategy (Table 

4.3). In one group 2 representative, Shigella boydii type 10, genetic and carbohydrate 

structure data support the involvement of the candidate Ribf-transferase (encoded by 

wbaM) in the incorporation of Ribf (Senchenkova et al., 2005).  

Genetic loci from the remaining entries in Table 4.3 possess genes for PRP 

modules but lack genes with homology to either group 1 or 2 gPRTs. These fall into two 

sequence groups, with examples within each group sharing extensive identity/similarity 

but they are sufficiently different in sequence to preclude alignment. Twelve examples 

are involved in O-antigen synthesis by a Wzx/Wzy-dependent mechanism and all transfer 

Ribf to an acceptor Gal, GalNAc or GalA residue (Figure 4.19c). The remaining two 

entries are from ABC transporter-dependent systems (Figure 4.19d). Further 
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investigation is required to identify the components responsible for the initial Ribf-5-P 

transfer in these bacteria (refer to Chapter 5). 
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Figure 4.19: Bioinformatics analysis identifies additional Ribf-associated PRP 
groups. Details for the proteins, accession data, their sources, and the corresponding 
glycans are given in Supplementary Table 3. a, Multiple sequence alignment of the gPRT 
domains from Ribf-transferases possessing group 2 PRPs. The sequence-related E. coli 
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) (PDB ID: 1G9S) (Guddat et 
al., 2002) enzyme provides a structurally and functionally characterized PRT 
representative. E. coli HGPRT secondary structure is shown above the alignment, 
represented by arrows (β-strands) and rectangles (α-helices). The characterized PRPP 
binding site from E. coli HGPRT is labelled. Alignment was performed with ClustalW and 
visualized with ESPript. b, Multiple sequence alignment of the group 2 PRP domains. E. 
coli ᴅ-α,β-ᴅ-heptose-1,7-bisphosphate phosphatase (GmhB) (PDB ID: 2GMW) (Taylor et 
al., 2010) provides a sequence-related HAD representative, which has been structurally 
and functionally characterized. Sequences of the group 2 PRP domains were trimmed to 
start at the beginning of loop I. Alignment was performed using PROMALS3D and 
visualized with ESPript. PROMALS3D was used instead of ClustalW to use secondary 
structure in the alignment to improve uncertainty in alignment of loop IV. c, Multiple 
sequence alignment of 12 PRP enzymes from Wzx/Wzy-dependent assembly systems 
possess no identified gPRT partner. Methanocaldococcus jannaschii phosphoserine 
phosphatase (PDB ID: 1J97) (Cho et al., 2001) provides a structurally and functionally 
characterized HAD representative. Sequences were trimmed to start at the beginning of 
loop I and end at the end of loop IV. An asterisk marks the proposed loop I catalytic Asp. 
d, Multiple sequence alignment of two PRP domains from ABC transporter-dependent 
assembly systems with no identified gPRT partner. Thermococcus onnurineus 
phosphoserine phosphatase (PDB ID: 4B6J) (Jung et al., 2013) provides a structurally 
and functionally characterized HAD representative. PRP domains were trimmed from the 
start of loop I to the end of loop IV, and the proposed loop I catalytic Asp is identified with 
an asterisk. Alignment was performed by ClustalW and visualized with ESPript. 
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4.4 Discussion  

 The identification of PRPP as the activated precursor for Ribf residues in bacterial 

polysaccharides resolves a history of contradictory hypotheses. Ribf-transferases 

therefore provide an exception to the typical use of NDP/NMP- or lipid-linked donors for 

other monosaccharides. The two-step reaction sequence distinguishes these enzymes 

from CDP-ribitol and CDP-glycerol-dependent transferases, which leave the 1-

phosphate in place and incorporates phosphate residues into teichoic acid-like polymer 

backbones (Brown et al., 2013).  

Most GTs use NDP/NMP-sugar donors and possess (or are predicted to possess) 

structures based on Rossmann-like domains organized in one of two folds (GT-A and GT-

B) (Imperiali, 2019). Two additional folds for NDP/NMP-sugar-dependent GTs have 

limited distribution and have been described in the biosynthesis of bacterial O-linked 

glycans (GT-D) (Zhang et al., 2014) and WTAs (GT-E) (Kattke et al., 2019), while GT51 

possess another fold confined to a class of peptidoglycan polymerases found in a range 

of species (Sauvage et al., 2008).  The remaining GT fold (GT-C) is found in extracellular 

domains of integral membrane proteins that catalyze protein glycosylation (Lairson et al., 

2008b) and modification of polysaccharide backbones (Mann and Whitfield, 2016), using 

polyprenol lipid-linked donors. The difference in the leaving group, the pared down core 

topology, and the fact that no GTs are identified in a DALI search with ORF4Tc lend 

additional support to the proposal of a new GT fold for group 1 gPRTs.  

The structure of the PRPP-dependent gPRT module from T. composti, combined 

with substrate-modeling, and mutational analysis of the K. pneumoniae prototypes, reveal 

a common ancestry with PRT enzymes modifying non-glycan substrates. However, they 
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also possess distinguishing structural features that presumably reflect the adaptation to 

glycan-based substrates. These enzymes are unlike existing GT families in the CAZy 

database, which are established and expanded using a sequence-based workflow 

(Lombard et al., 2014). Although the prototypical gPRTs share conserved functional 

residues and similar secondary (and AlphaFold-modeled) structures, the low overall 

conservation in their primary sequences precludes the establishment of a coherent and 

stable new CAZy family using existing workflows. In contrast, and despite low sequence 

similarities, the group 1 PRP modules are recognizable members of the HAD family, a 

relationship confirmed by the structure of the T. composti ortholog.  

A census of bacteria with known Ribf-containing polysaccharides revealed that the 

largest group contains structurally related dual domain group 1 Ribf-transferases. 

Although broader surveys are limited by the small number of defined Ribf-containing 

glycan structures, and the relatively low level of sequence conservation shared by the 

gPRT enzymes, preliminary BLAST searches using ORF7KpO7 do return unconfirmed 

orthologs in and beyond the Bacteria. Numerous examples can be found in presumptive 

polysaccharide clusters from the Archaea; the top hit is from Methanoculleus merisnigri 

(protein accession: ABN56127.1), which shares 43% sequence identity and 51% 

sequence similarity with ORF7KpO7. Others are found in tail fibre assembly loci from 

viruses belonging to the Caudovirales. The strongest hit shows 28% sequence identity 

and 34% sequence similarity with ORF7KpO7 (protein accession: DAV81375.1). More work 

is needed to confirm the biochemical functions in these Ribf-transferase candidates and 

identify the currently unknown glycoconjugates. 
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 Identifying the Ribf donor and understanding the underlying enzymology has 

important implications for glycoengineering. The characterization of the activated Ribf 

donor and the enzymes responsible for addition allows for their use in recombinant E. coli 

systems for in vivo N-linked glycosylation for production of immunotherapeutic 

glycoconjugates. Furthermore, it is evident that that scope Ribf addition supersedes just 

K. pneumoniae, with the identification of several other Ribf containing glycans (and 

associated Ribf-transferases) in several other human pathogens such as Haemophilus 

influenzae, Escherichia coli, Campylobacter jejuni, and Steptococcus pneumoniae. 

Therefore, the characterization of Ribf addition has expanded the toolbox of 

glycoengineering enzymes accelerating the future use of Ribf containing glycans in 

glycoconjugate production. 
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CHAPTER 5. INVESTIGATION OF ADDITIONAL ENZYME 
SYSTEMS FOR RIBOFURANOSE ADDITION 
 

5.1 Statement of contributions 

Dr. Chris Whitfield and I conceived the study. The data in this chapter are unpublished. 

All of the data were collected and analyzed by myself.  

5.2 Introduction and rationale 

During the characterization of the prototypical system for Ribf addition in K. 

pnuemoniae O4 and O7 (Chapter 4), the bioinformatic survey revealed candidate PRP 

proteins that did not align with the characterized prototypes (Table 4.3). These 

uncharacterized systems form two groups based on sequence analysis and genetic 

context, and they are designated here as groups 3 and 4 Ribf transferase systems. 

Group 3 PRP enzymes are found in only two representatives where the glycan 

structures could be correlated with genetic data. They were found in Citrobacter and 

Stenotrophomonas genera, and both are associated with ABC transporter dependent 

pathways (Table 4.3). These bacteria encode a protein with a PRP domain and a region 

with multiple transmembrane helices, suggesting an integral membrane protein. 

However, the protein has no indefinable gPRT partner. 

Group 4 enzymes are found in several E. coli O-antigen serotypes and in isolates 

from other Enterobacteriaceae species (Table 4.3). They were identified exclusively as 

Wzx/Wzy-dependent O-PS assembly systems. All possess a gene (designated wbuN), 

which encodes a candidate PRP protein. Like group 3, Group 4 PRP enzymes are not 

accompanied by a gene whose sequence predicts the corresponding gPRT. However, 
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the loci possess an unannotated wbuO gene encoding a transmembrane protein whose 

role in biosynthesis is unassigned.  

In this chapter I test the hypothesis that the dual domain 

PRP/transmembrane protein in group 3 and the two proteins WbuN (PRP) and 

WbuO (transmembrane protein) in group 4 are involved in Ribf transfer.  

5.3 Results 

5.3.1 Sequence analysis of group 3 Ribf transfer proteins 

Citrobacter youngae O1 was chosen as the prototype to investigate Group 3 Ribf 

addition (Figure 5.1a). orf15 in the C. youngae O1 gene cluster encodes an enzyme (483 

AAs) with a predicted N-terminal PRP domain (AAs 1-193) and a C-terminal 

transmembrane domain (AAs 224-483). Multiple sequence alignment of the PRP domain 

from the two representatives with a characterized HAD representative reveals the 

presence of the four typical HAD active site loops (Figure 4.19) and modelling of the 

protein shows a core Rossmann domain with the four loops at the top of the Rossmann 

fold, and an -helical “cap” domain consistent with the type I HAD family (Figure 5.1b,c). 

The C-terminal part of this protein is predicted by BLAST to be a member of the UbiA 

family of prenyltransferases. TMHMM transmembrane helix prediction and AlphaFold 

modelling predict the C-terminal domain to be an integral membrane domain possessing 

9 transmembrane α-helices (Figure 5.1b) (Hofmann & Stoffel, 1993).  

UbiA members catalyze a variety of reactions involving the use of prenyl-based 

substrates (Li, 2016). The presence of an -linked Ribf in the group 3 repeat-unit 

structures (rather than -linked seen in all other groups) and the predicted UbiA-

prenyltransferase-like domain of the PRP containing enzyme suggests that group 3 Ribf-
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incorporation operates by a different mechanism than the one described in the previous 

chapter. 
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Figure 5.1: Prototype systems for group 3 and 4 Ribf addition enzymes. a, Structures 
and glycan synthesizing gene clusters for the group C. youngae O1 (group 3 prototype) 
and E. coli O114 (group 4 prototype). C. youngae orf12 (purple) encodes a predicted GT-
C, orf14 (magenta) encodes a predicted MATE family transporter, and orf15 (pink) 
encodes a PRP/transmembrane protein. The remaining part of the C. youngae O1 cluster 
is shown in grey, and contains genes encoding for the Wzm/Wzt components of the ABC 
transporter, three GTs, a predicted methyltransferase and components of GDP-Man and 
GDP-ʟ-Rha biosynthesis (see Figure 5.6a for detailed organization). In the E. coli O114 
cluster red coloured genes encode putative GTs, genes encoding Wzx/Wzy machinery 
are coloured purple, and genes for activated sugar donor synthesis are coloured blue 
(light and dark indicating the different sugars). wbuN and wbuO (both in pink) encode a 
PRP and a transmembrane protein respectively. b, AlphaFold models of C. youngae 
ORF15 and E. coli O114 WbuN and WbuO reveals both have a type I HAD-like PRP, and 
a transmembrane domain/protein. The group 3 PRP/TM domains are present within a 
single polypeptide, while the group 4 PRP/TM domains are present as separate proteins. 
Both PRP domains contain an alpha-helical insertions that form candidate cap domains 
of type I HAD domains. Black lines represent the inner membrane with the cytoplasm at 
the bottom. c, active site of the PRP domains shows the four conserved loops from HAD 
proteins, with D18 from Orf15 and D39 from WbuN in position to be the catalytic Asp. 
 

Precedent for PRPP dependent Ribf transfer activity in a UbiA-prenyltransferase 

member exists in M. tuberculosis arabinogalactan biosynthesis. rv3806c encodes a 

decaprenyl-phosphoryl 5’-phosphoribose synthase (DPPRS) that transfers 

phosphoribose from PRPP to decaprenyl-phosphate to form decaprenyl-phosphoryl 5’-

phosphoribose (DPPR). The DPPRS active site is proposed to be composed of 

cytoplasmic loops, and mutagenesis has identified conserved residues in these regions 

that are required for function (Huang et al., 2008). DPPR is proposed to be 

dephosphorylated by Rv3807c (a predicted member of the phosphatidate phosphatase 

(PAP) family)  to form decaprenylphosphoryl-ribofuranose (DPR) and then converted to 

decaprenylphosphoryl-arabinofuranose (DPA) by the two-step epimerization by Rv3790 

(oxidase) and Rv3791 (reductase) (Huang et al., 2005; Mikušová et al., 2005). A MATE 

family transporter encoded by rv3789 then flips DPA to the outer leaflet of the cytoplasmic 
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membrane, where Araf transferases (EmbABC and AftAB) transfer the Araf from DPA to 

build an arabinan polymer on a galactan backbone produced and exported separately 

(Jankute et al., 2015). The structure of the EmbAB complex and the EmbC2 homocomplex 

has been solved, revealing they are GTs possessing a GT-C fold, which utilize polyprenol-

linked sugars as donors for the transfer of sugars outside the cytoplasm (Zhang et al., 

2020a). Notably, homologs of the mycobacterial arabinogalactan enzymes are also found 

in Pseudomonas aeruginosa, which glycosylates type IV pilin proteins with ᴅ-

arabinofuranose (Harvey et al., 2011).  

The C. youngae O1 gene cluster encodes proteins that share similarities with the 

mycobacterial DPA synthesis and transfer. In C. youngae O1 the C-terminal end of the 

PRP-containing protein encoded by orf15 shares a similar topology (9 predicted 

transmembrane helices) and 31% identity and 53% similarity to Mycobacterium 

tuberculosis Rv3806c. In addition, regions of sequence conservation in cytoplasmic loops 

II and IV correspond to the same active site residues previously identified in M. 

tuberculosis (Figure 5.2a) (Huang et al., 2008). These proteins also share similar 

AlphaFold predicted structures (Figure 5.2b). The C. youngae O1 cluster contains two 

additional genes encoding a predicted MATE family transporter (encoded by orf14) and 

a hypothetical protein (encoded by orf12) (Figure 5.1a). AlphaFold modelling of C. 

youngae O1 ORF12 revealed a protein with 11 TM helices, an N-terminal periplasmic 

domain and a C-terminal immunoglobulin-like domain linked to the transmembrane 

domain by a spacer (Figure 5.3).  
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Figure 5.2: Sequence and structural prediction reveals group 3 ORF15 and group 4 
WbuO share similarity to Mycobacteria DPPRS. a, Multiple sequence alignment of C. 
youngae O1 ORF15 (AWU66546.1), M. tuberculosis Rv3806c (DPPRS)(P9WFR5), P. 
aeruginosa PPPRS (WP_003152550.1), and E. coli O114 WbuO (AAT77180.1). 
Alignment was performed with TCoffee with predicted transmembrane helices from 
TCoffee indicated above the alignment (UPRS dark green, Rv3806c light green and 
WbuO orange). Residues shown to be important for function in Rv3806c are indicated 
with an asterisk. b, AlphaFold models of Rv3806c, ORF15 (omitting the PRP domain) 
and WbuO. Structure prediction of the three proteins shows a similar transmembrane fold, 
with regions of conservation present in cytoplasmic loops II and IV. These conserved 
residues magnified below the models are in a similar position in a cytoplasmic facing 
pocket.  
 



 

 125 

The C-terminal immunoglobulin-like domain is a common non-catalytic structural fold 

found in Carbohydrate Binding Modules (CBMs) (Boraston et al., 2004). CBMs are used 

by carbohydrate-active enzymes to bind glycose structures to aid substrate recognition 

(Boraston et al., 2004). EmbA,B and C  and AftD all contain CBM domains. The CBMs 

from EmbC and AftD have been shown to interact with the acceptor polysaccharide, and 

be important for catalysis (Alderwick et al., 2011; Tan et al., 2020; Zhang et al., 2020a). 

The predicted structure of C. youngae O1 ORF12 is consistent with the GT-C family of 

enzymes.  

The similarity of the enzymes in the group 3 system to M. tuberculosis DPA 

biosynthesis and transfer suggests that Ribf transfer is performed by a three-component 

system similar to that used by M. tuberculosis in arabinogalactan synthesis. In this model 

for C. youngae O1, ORF15 performs the transfer of Ribf-5’-phosphate to Und-P to form 

Undecaprenyl-phosphoryl 5’-phosphoribose (UPPR). The PRP domain of ORF15 then 

removes the 5’ phosphate resulting in Undecaprenylphosphoryl-ribofuranose (UPR). In 

this model ORF15 performs the addition of Ribf-5’-phosphate as well as the 5’-phosphate 

removal, and thus should be called UndecaprenylPhosphoryl-Ribofuranose Synthase 

(UPRS) by convention with the mycobacterial system, which is called DPPRS because 

of its use of decaprenol instead of undecaprenol and contains a second “P” to denote the 

5’-phosphorylated product produced in that system. After UPR is produced, it is 

transported to the periplasm by the putative ORF14 MATE transporter where Ribf is 

transferred from UPR by ORF12 to make the ribosylated C. youngae O1 O-PS. To test 

this hypothesis a mutagenesis approach was taken. 
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Figure 5.3: AlphaFold model of C. youngae O1 ORF12. a, The model of ORF12 is 
consistent with the GT-C enzyme fold, with a large transmembrane domain and a 
predicted periplasmic domain. Distinctive domains include the transmembrane domain 

(green) composed of 14  helices which is predicted to span the membrane 11 times, a 

small mixed / periplasmic domain (blue), a predominantly -strand linker domain (light 
blue) with long portions of unstructured loops, and a C-terminal immunoglobulin-like 
carbohydrate binding module (CBM) (orange). b, topological representation of the GT-C 
model with “T” labels for transmembrane domain elements, “P” labels for periplasmic 
domain elements, “L” labels for linker domain elements, and “C” labels for carbohydrate 
binding module elements. 
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5.3.2 Mutant phenotypes are consistent with the periplasmic modification of C. 

youngae O1 O-PS. 

To confirm the involvement of C. youngae O1 orf15 (encoding the putative UPRS) 

and orf12 (encoding the putative GT-C) in the addition of Ribf, the chromosomal genes 

were deleted and the LPS produced by the mutants was examined. SDS-PAGE of whole-

cell lysates of wildtype C. youngae O1 showed a ladder pattern typical of O-PS-

substituted molecules. Both mutations resulted in a shift downward in the modal cluster 

of high molecular weight LPS bands (Figure 5.4). The wildtype pattern was restored by 

transformation of the mutants with a plasmid containing the corresponding gene. The 

precise effect on O-PS was then determined by solving NMR structures of the isolated O-

PSs from the orf15 and orf12 mutant and complemented strains. Chemical shifts from 

one-dimensional two-dimensional 1H, 13C HSQC experiments were compared to the 

published data for C. youngae O1 (Kocharova et al., 2004), where the addition of side-

chain Ribf is non-stoichiometric (as is seen in other examples of periplasmic 

glycosylation) (Figure 5.5a,b).  
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Figure 5.4: Silver stain analysis shows mutant phenotypes of C. youngae O1. a, The 
C. youngae O1 cluster shown for reference. manC and manB (green) encode 
components for GDP-Man biosynthesis while gmd and rmd (green) encode components 
for GDP-ʟ-Rha biosynthesis. wzm and wzt (orange) encode components for the ABC 
transporter. orf5 (yellow) encodes a predicted methyltransferase and orf7, orf10, and 
orf11 encode GTs, with ORF7 predicted to contain 3 GT domains. orf6 (grey) encodes a 
small hypothetical protein. orf13 is a remnant of a predicted epimerase. orf15 (salmon) 
encodes the putative UPRS, orf14 (magenta) encodes the putative MATE transporter and 
orf12 (purple) encodes the putative GT-C. b, SDS-PAGE of LPS from whole-cell lysates 
of C. youngae mutants and the corresponding complemented transformant. Cartoons of 
the structures determined by NMR (Table 5.1, Figure 5.7) are shown above the relevant 
lanes. Samples were analyzed in triplicate with similar results. 
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Figure 5.5: 1H, 13C HSCQ NMR experiments of purified C. youngae O-antigen 

polysaccharides. a, serotype O1 orf15 b, serotype O1 orf15 complementation c, 

serotype O1 orf12 d, serotype O1 orf12 complementation. Sugar residues are labelled 
according to the numbers annotated in the structures above. Residues marked with an 
asterisk are also found in C. youngae O1 Δorf15. The minor signals were consistent with 
unsubstituted β-ᴅ-ManpI residues, attributed to non-stoichiometric addition of Ribf, as 
reported previously (Kocharova et al., 2004). NMR analysis was performed once.  
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The NMR chemical shifts of the mutants were consistent with the published NMR data for 

deribosylated C. youngae O1 O-PS, while the transformant produced authentic O1 LPS 

with Ribf modification (Table 5.1). Some minor peaks were observed in the 

complemented mutant, consistent with the non-stoichiometric modification of Ribf 

addition reported previously, and integration confirmed the ratio of side chain Ribf to main 

chain repeat unit to be 1:2.   

 

Table 5.1: Chemical shifts of O-PS structures produced by mutants and 
complementations 
 
C. youngae O1 Δorf15 

 
 
 
 
 
 
 
 
 
 

 
C. youngae O1 Δorf15 complement 

 
 
 
 
 
 
 
 
 
 
  

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5.05  4.13  3.97 3.65 3.94 1.31 

  103.3 71.0 70.2 83.4 69.0 17.9 

→3)-β-ᴅ-ManpI-(1→ B 4.75 4.10 3.71 3.70 3.47 3.74, 3.94 

  101.2 71.7 82.0 67.2 77.5 62.2 

→4)-β-ᴅ-ManpII-(1→ C 4.79 4.14 3.82 3.83 3.55 3.76, 3.90 

  101.6 71.3 72.8 77.8 76.3 61.8 

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5.05 4.12 3.97 3.65 3.96 1.32 

  103.6 71.0 70.2 83.3 69.0 17.9 

→3,4)-β-ᴅ-ManpI-(1→ B 4.75 4.10 3.89 3.80 3.57 3.76, 3.94 

  101.0 71.7 83.3 73.7 76.1 62.2 

→4)-β-ᴅ-ManpII-(1→ C 4.80 4.14 3.82 3.84 3.55 3.76, 3.90 

  101.6 71.3 72.8 77.4 76.3 61.9 

-α-ᴅ-Ribf-(1→ D 5.31 4.15 4.03 4.11 3.65, 3.71  

  104.6 72.4 71.0 86.1 63.0  
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C. youngae O1 Δorf12 
 
 
 
 
 
 
 
 
 
 

 
C. youngae O1 Δorf12 complement 

 
 
 
 
 
 
 
 
 
 
 
 

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5.07  4.14  3.98 3.67 3.95 1.33 

  103.2 70.9 70.1 83.3 68.8 17.7 

→3)-β-ᴅ-ManpI-(1→ B 4.76 4.12 3.72 3.72 3.48 3.75, 3.95 

  101.1 71.5 81.9 67.0 77.3 62.0 

→4)-β-ᴅ-ManpII-(1→ C 4.81 4.15 3.83 3.85 3.56 3.77, 3.92 

  101.5 71.1 72.7 77.7 76.2 61.7 

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5.06 4.13 3.97 3.66 3.95 1.32 

  103.2 70.9 70.1 83.2 68.8 17.8 

→3,4)-β-ᴅ-ManpI-(1→ B 4.75 4.11 3.89 3.80 3.58 3.78, 3.95 

  101.0 71.6 83.2 73.5 76.0 62.2 

→4)-β-ᴅ-ManpII-(1→ C 4.80 4.14 3.83 3.84 3.55 3.76, 3.91 

  101.4 71.1 72.7 77.7 76.5 61.8 

-α-ᴅ-Ribf-(1→ D 5.31 4.15 4.04 4.11 3.65, 3.72  

  104.4 72.1 70.9 85.9 62.8  
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C. youngae O2 Δorf13 
 
 
 
 
 
 
 
 
 
 
 
 

 
C. youngae O2 Δorf13 complement 

 

 

 

 

 

 

 

To corroborate the involvement of the proposed PRP domain from C. youngae O1 

ORF15, the proposed catalytic Asp (D18) of the PRP domain was changed to alanine. 

Complementation of the orf15 deletion mutant with the mutated gene did not restore the 

wildtype SDS-PAGE pattern (Figure 5.6), consistent with an inability to export the 

phosphorylated species, or inability of the GT-C enzyme to utilize a donor substrate with 

a 5´-phosphate, which would remain without phosphatase activity. 

 

 

 

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5.06 4.12 3.95 3.63 3.97 1.31 

  103.6 71.0 70.3 83.7 68.9 17.7 

→3,4)-β-ᴅ-Manp-(1→ B 4.81 4.11 3.91 3.81 3.58 3.78, 3.96 

  101.3 71.8 83.2 73.7 76.0 62.3 

→4)-β-ᴅ-Rhap-(1→ C 4.76 4.15 3.75 3.60 3.58 1.36 

  101.5 71.3 72.6 83.2 72.2 18.0 

-α-ᴅ-Ribf-(1→ D 5.32 4.16 4.04 4.12 3.66, 3.73  

  104.5 72.2 71.0 86.1 63.0  

Sugar Residue 
 

Chemical shift (ppm) 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 (6a,b) 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→4)-α-ᴅ-Rhap-(1→ A 5,01 4.08 3.95 3.61 3.94 1.30 

  103.6 71.0 69.0 83.7 70.3 17.8 

→3,4)-β-ᴅ-Manp-(1→ B 4.80 4.10 3.88 3.82 3.55 3.75, 3.90 

  101.4 71.8 83.2 73.1 76.2 61.8 

→4)-β-ᴅ-Rhap-(1→ C 4.74 4.14 3.74 3.59 3.56 1.35 

  101.6 71.4 72.7 83.2 72.3 18.0 

-α-ᴅ-Xylf-(1→ D 5.29 4.15 4.33 4.26 3.70, 3.76  

  103.0 77.7 76.2 79.5 61.9  
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Figure 5.6: Identification of functional residues in the C. youngae orf15 encoding 
the proposed UPRS. The catalytic Asp of the PRP domain (D18) was identified by 
multiple sequence alignment with group 3 homologs (Figure 4.20b) and AlphaFold 
modelling (Figure 5.1) and was changed to alanine. Conserved residues in the 
periplasmic domain of ORF15 were identified by multiple sequence alignment and 
AlphaFold modelling (Figure 5.2). Alanine variants of the conserved residues were made 

and used to complement C. youngae O1 orf15. Samples were analyzed twice with 
similar results. 
 

5.3.3 Identification of functional residues in ORF15 

Modelling of ORF15 and Mycobacterium Rv3806c showed a common 

transmembrane topology (Figure 5.2). Sequence alignment also showed conserved 

NDXXDXXXD and RXXE motifs in cytoplasmic loops II and IV, which have been shown 

to be required for phosphoribosyltransferase activity in Rv3806c (Figure 5.2) (Huang et 

al., 2008). Furthermore, the conserved residues are all located in similar positions in a 
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cytoplasmic facing pocket within the models, strengthening the prediction that they are 

involved in substrate binding/catalysis.   

 To confirm the importance of these residues in C. youngae O1, the residues were 

changed to alanine and the effect on Ribf transfer was observed by silver stain (Figure 

5.6). Complementation of C. youngae O1 Δorf15 with orf15 mutants encoding 

ORF15N247A, ORF15D248A, ORF15D251A, and ORF15D255A showed no return to wildtype 

banding profile, indicative of the loss of Ribf addition. Complementation with orf15R366A 

appeared to show partial shifting of the modal cluster to the wildtype pattern, suggesting 

partial activity. In contrast, complementation with ORF15E369A appeared to show full 

restoration of the wildtype banding pattern, consistent with comparable addition of Ribf to 

wildtype.    

5.3.4 Epimerization of Und-P-Ribf to other pentoses 

In Mycobacteria, decaprenyl phosphoribofuranose is converted to decaprenyl 

phosphoarabinofuranose in a two-step epimerization by Rv3790 (oxidase) and Rv3791 

(reductase) (Huang et al., 2005; Mikušová et al., 2005). Therefore, given the similarity of 

the group 4 system to Mycobacteria decaprenyl phosphoarabinofuranose biosynthesis, 

the possibility that other forms of pentoses could be incorporated by related group 4 

systems was investigated. A query of the CSDB was conducted to look for 

polysaccharides containing three epimers of Ribf (-Xylf, -Araf and -Lyxf). Examples 

of Xylf and Araf were found in bacteria where genetic sequences could be correlated with 

structures. 

C. youngae O2 has a repeat unit that is nearly identical to C. youngae O1 but 

differs in the presence of Xylf side chains rather than Ribf. The O-antigen gene clusters 
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of C. youngae O1 and O2 are highly conserved with the notable difference of a gene 

(orf13) encoding a predicted epimerase in C. youngae O2 (Figure 5.7a). Interestingly 

remnants of this gene are also present in C. youngae O1. The presence orf13 in C. 

youngae O2 led to the hypothesis that ORF13 is an epimerase responsible for the 

conversion of Ribf to Xylf.  

 

Figure 5.7: Epimerization of Und-P-Ribf to other pentoses. a, Identified clusters 
associated with structures containing Ribf epimers (Xylf, Araf). C. youngae O2 has a 
nearly identical cluster and O-PS structure to C. youngae O1, but contains Xylf instead of 
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Ribf. C. youngae O2 also has an additional gene denoted orf13 that encodes a predicted 
epimerase. This gene has a premature stop codon in the C. youngae O1 cluster, but non-
coding remnants of the C-terminal end of the gene can be identified. X. maltophilia O19 
has a side chain Araf residue and contains genes encoding a the predicted three-
component modification system of a UPRS (orf1), GT-C (orf5) and MATE transporter 
(orf2). The operon also contains two genes (orf3 and orf4) that encode homologs of the 
DprE1 and DprE2 enzymes used to epimerize decaprenylribofuranose to 
decaprenylarabinofuranose in M. tuberculosis.  b, SDS-PAGE analysis C. youngae O2 

orf13 and orf13 complementation produced no evident change in the band migration 
consistent with the lack of mass change between Ribf and Xylf. Cartoons of the structures 
determined by NMR (Table 5.1, Figure 5.7) are shown above the relevant lanes. 
Samples were analyzed in triplicate with similar results. 
 
 

To confirm the responsibility of the proposed epimerase in C. youngae O2, the 

corresponding chromosomal gene was deleted and the LPS was examined. SDS-PAGE 

of whole-cell lysates resulted in no obvious change in the LPS banding pattern from 

wildtype C. youngae O2 (Figure 5.7b). This was not surprising given the change from 

Xylf to Ribf would not generate an altered mass. 

The precise effect on O-antigen structure was then determined by solving NMR 

structures of the isolated O-PSs from the mutant with and without complementation with 

the deleted gene (Figure 5.8a,b). Chemical shifts from two-dimensional 1H, 13C HSQC 

experiments were compared to the published data for C. youngae O2 (Mieszała et al., 

2003). The NMR chemical shifts of the O-antigen polysaccharides from the mutant LPS 

were consistent with those from ribosylated C. youngae O1 O-PS (Table 5.1). 

Transformation of the mutant with the cloned epimerase gene restored the C. youngae 

O2 structure (Table 5.1), indicating that the gene was required for producing the Xylf 

precursor. Some minor peaks were observed, consistent with the non-stoichiometric 

modification (creating unmodified repeat units) as well as incomplete epimerization of Xylf 

to Ribf resulting in a small amount of Ribf modified glycan chains in the transformant. 
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Notably, Xylf is also present in C. youngae O8 (MH325890.1) (Kocharova et al., 1994),  

and the Spirochete large glycolipid A (LGLA) (DQ832182.1) (Paul et al., 2009), both of 

which contained the three-component glycosylation machinery in addition to an 

epimerase homolog. 

The S. maltophilia NCTC10499 (NCIB9204) O-PS contains -1-6-linked Araf side-

chain residues (Figure 5.7a) (Wilkinson et al., 1983). The proposed S. maltophilia 

NCTC10499 O-PS cluster shows putative UPRS, and MATE transporter encoding genes 

similar to C. youngae O1 and O2. Another gene encoded a predicted GT-C showing 25% 

similarity to the C. youngae O1 and O2 GT-Cs, with the differences presumably indicative 

of the differing polysaccharide substrate. Finally, two genes encoding a predicted oxidase 

and reductase were found in the cluster that contain 38% and 33% identity to 

Mycobacterial Rv3790 (DprE1) and Rv3791 (DprE2). Based on the C. youngae O2 

prototype developed here and the similarity to known mycobacterial genes involved in the 

two-step epimerization of DPR to DPA, it is hypothesized that these genes are 

responsible for the epimerization of undecaprenylribofuranose to 

undecaprenylarabinofuranose in S. maltophilia NCTC10499. 
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Figure 5.8: 1H, 13C HSCQ NMR experiments of purified C. youngae O-antigen 

polysaccharides. a, serotype O2 orf13 b, serotype O2 orf13 complementation. Sugar 
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residues are labelled according to the numbers annotated in the structures above. 
Residues marked with an asterisk are also found in C. youngae O1 Δorf15. The minor 
signals were consistent with unsubstituted β-ᴅ-ManpI residues, attributed to non-
stoichiometric addition of Ribf, as reported previously (Kocharova et al., 2004). NMR 
analysis was performed once.  
 
 

5.3.5 Modelling the GT-C active site and substrate binding. 

The biochemistry of GT-C catalyzed reactions is a challenging question to 

investigate due to the transmembrane localization of GT-C enzymes, as well as the lack 

of broad sequence conservation amongst members of the fold. Multiple sequence 

alignment of GT-C orthologs (Figure 5.9) identified in candidate -pentose addition 

clusters, combined with consurf analysis, revealed conserved residues located in a 

predicted groove formed by the first periplasmic domain and the top of the 

transmembrane domain of the C. youngae O1 GT-C (Figure 5.10). This proposed active 

site location is consistent with other GT-C enzymes that have been structurally 

characterized including AglB, ALG6, ArnT, EmbA, B and C, Pmt1 and 2, OST-A and B, 

PglB and AftD (Bai et al., 2019; Bloch et al., 2020; Matsumoto et al., 2013; Napiórkowska 

et al., 2018; Petrou et al., 2016; Ramírez et al., 2019; Tan et al., 2020; Zhang et al., 

2020b). Several of these structures have been solved in the presence of substrates. For 

example, ArnT performs the addition of aminoarabinose (Ara4N) from Und-P-Ara4N to 

lipid-A in the periplasm. ArnT was crystallized in the presence of Und-P showing the 

phospholipid sticking out of a hydrophobic hole in the enzyme, and a hydrophilic pocket 

making contact with the phosphate head group. Additional residues were positioned to 

bind to the Ara4N portion of the native Und-PP-Ara4N donor (Petrou et al., 2016).  
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Figure 5.9: Multiple sequence alignment of candidate C. youngae ORF12 orthologs. 
Candidate GT-C enzymes were identified by BLAST clusters containing genes encoding 
candidate MATE transporters and candidate UPRSs. Orthologs used in the alignment 
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were C. youngae O1 (AWU66543.1), C. youngae O2 (AWU66558.1), E. coli O99 CI42ET-
1 (CP082773.1). C. freundii RHBSTW-00355 (CP056586.1), C. youngae NCTC13709 
(LR134485.1), B. cenocepacia D5R55_04450 (AZQ50318.1), Klebsiella sp. 
STW0522KLE44_44360 (BBV68048.1), Yersinia sp. FFE93_015980 (QDW34416.1), M. 
soehngenii GP6 (AEB68436.1). Residues marked with an asterisk were targeted for 
mutation to alanine in C. youngae O1 ORF12.  
 

To further investigate the putative active site of C. youngae O1 ORF12, modelling 

was performed using the undecaprenyl phosphate bound ArnT as a starting point. The 

undecaprenyl portion of the donor can be accommodated by a hole formed above 

transmembrane helix 7 (T7) and T12 and below a loop following T9. This hole is 

similar in position to the same feature in ArnT. A large hydrophobic patch located outside 

the hole could accommodate the lipid tail of the donor (Figure 5.10b), in a similar manner 

to ArnT.  In the C. youngae O1 GT-C model, Y350 and H106 are in position to coordinate 

the phosphate of the Und-P-linked Ribf. In addition, Y35, H174, and R349 make contacts 

with the hydroxyls of Ribf (Figure 5.10e). In several solved GT-C structures, the proposed 

catalytic Asp is present after the first transmembrane helix. D31 is consistent with this 

location, proceeding T1. In addition, D31 is in proximity to the C1 of Ribf in the substrate 

model, and could serve as the required catalytic base responsible for deprotonation of 

the incoming C4 hydroxyl of the acceptor Manp (Figure 5.10f). The precise binding mode 

of the incoming polysaccharide is unclear, but is likely mediated by the C-terminal 

periplasmic domain (see below). Modelling of the polysaccharide acceptor shows that the 

binding site is large enough to accommodate the full unmodified trisaccharide repeat unit.   
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Figure 5.10: Active site details of the C. youngae O1 ORF12 model. a, ORF12 shown 
as surface with active site region outlined with a box. b, GT-C surface coloured by 
hydrophobicity with hydrophobic residues coloured orange and hydrophilic coloured 

white. c, Sequence conservation (among sequences with 25% overall identity) projected 
onto a molecular surface using Consurf. Conservation varies from magenta (absolutely 
conserved) to cyan (most variable). d, active site groove coloured according to domain 
with Und-P-Ribf modelled in the groove. Modelling was performed by DALI alignment of 
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the GT-C model with the the Und-P bound form of Cupriavidus metallidurans lipid A Ara4N 
transferase ArnT (5F15). e, active site pocket shown as cartoon with conserved residues 
shown as sticks and Und-P-Ribf modelled. Und-P-Ribf was modelled by DALI alignment 
of the GT-C model with ArnT that contained Und-P bound. Und-P-Ribf was then manually 
overlayed on Und-P and subsequent adjustments were made to avoid van der waals 
clashes and maximize stabilizing interactions. f, modelling of the C. youngae O1 repeat 
unit with the C4 hydroxyl in proximity for nucleophilic attack at the C1 of Und-P-Ribf. D31 
is the proposed catalytic base responsible for deprotonating the acceptor sugar. 
 
 

To test the importance of some of these highlighted conserved residues in 

catalysis, they were changed to alanine and the mutated genes were used for 

complementation of C. youngae O1 orf12. D31A, E34A, Y35A, H106A, H174A and 

R349A all failed to return wildtype LPS banding in silver stain analysis, substantiating 

their role in substrate binding/catalysis (Figure 5.11). Of the variants tested, only E176A 

appeared to retain activity, with some smearing and increase in the band register, 

consistent with successful Ribf addition.  

 
 
Figure 5.11: Functional analysis of C. youngae O1 ORF12 variants. Candidate active 
site residues of C. youngae O1 ORF12 were identified by multiple sequence alignment 
(Figure 5.9) and showed clustering in the AlphaFold model (Figure 5.10). The conserved 
residues were changed to alanine and mutated genes were used to complement C. 

youngae O1 orf12. Analysis was performed twice with similar results.  
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In addition to the proposed GT-C active site domain, the model of ORF12 also 

revealed a C-terminal immunoglobulin domain adopting a CBM fold. The CBM was 

connected to T14 in the periplasm via a domain with mixed / structure and 

unstructured loops, denoted here as the linker (Figure 5.3). The predicted structure of 

the proposed CBM as well as its attachment to a flexible linker suggested that this domain 

could be responsible for substrate binding in the periplasm. CBM binding can be probed 

in vitro by mixing tagged CBM with purified LPS as described in Appendix 1. This strategy 

has been performed to probe the binding of Wzt CBM to K. pneumoniae O12 and E. coli 

O9a LPS (Mann et al., 2016). In this strategy, the CBM is bound to nickel beads and 

washed to release any non-bound LPS. Finally, elution of the CBM is eluted with any 

bound LPS. To perform the pull-down experiment the CBM domain (residues 503-651) 

was expressed as a C-terminal His6 tagged polypeptide and purified. Purified CBM was 

incubated with purified C. youngae orf15 (non-ribosylated) LPS or E. coli O8 LPS as 

bait. E. coli O8 was chosen as a control as the repeat unit has superficial similarity to C. 

youngae O1. Pulldown with the CBM resulted in C. youngae O1 orf15 LPS present in 

the elution fraction while E. coli O8 LPS was found only in the flow through and wash 

(Figure 5.12a), indicating that the CBM is capable of substrate binding. 

To test the necessity of the CBM for ORF12 activity, C-terminal truncations were 

made to delete the CBM (ORF121-502) or both the CBM and linker region (ORF121-392). C. 

youngae O1 orf12 was then complemented with the truncated ORF12 proteins (Figure 

5.12b). ORF121-502 was capable of restoring wildtype banding indicating it retained 

ribosyltransferase activity, however ORF121-392 was unable to complement the deletion 

evident by the lack of banding shift. Together these results indicate that the CBM is not 
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required for ribosyltransferase activity. However the linker region may also play a role in 

active site closing/stabilization that results in abolished activity when missing. These 

alternatives cannot be distinguished at present.   

 

 
 
Figure 5.12: ORF12 CBM domain is involved in substrate binding and recognition. 
a, ORF12503-651-His6 was expressed and purified. ORF12503-651-His6 was incubated with 

purified C. youngae O1 orf12 LPS or E. coli O8 LPS. C. youngae O1 orf12 LPS was 
used as it was reasoned the CBM would recognize unmodified repeat unit to aid in 
substrate binding, while E. coli O8 LPS was used as a control for substrate specificity as 
it contains superficial similarity to the backbone repeat unit of C. youngae O1. Reaction 
mixtures consisting of 200 μg CBM and 200 μg LPS were mixed with magnetic nickel 
beads and collected using a magnet. Unbound supernatant (S) was collected and the 
beads were washed 3 times in the absence (W1-3) or presence (E1-3) of imidazole. 
Aliquots of samples were separated by SDS-PAGE and LPS was visualized by silver stain 
(upper) and protein was analyzed by Coomassie staining (lower). b, C. youngae O1 

orf12 was complemented with C-terminal truncations of ORF12 with ORF121-502 deleting 
the CBM and ORF121-392 deleting the linker domain and CBM. Samples were analyzed 
by silver stain and samples were tested twice with similar results. 
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5.3.6 Sequence analysis of group 4 Ribf transfer proteins 

The remaining set of Ribf containing glycans are denoted Group 4. These systems 

contain a PRP, encoded by a gene denoted wbuN. The WbuN protein contains no 

extensions attributable to a gPRT. E. coli O114 was chosen as the prototype to investigate 

Group 4 Ribf addition (Figure 5.1). AlphaFold modelling of E. coli O114 WbuN and 

multiple sequence alignment of the group 3 WbuN homologs with a characterized HAD 

representative shows the four loop regions and an additional alpha helical “hood” domain 

consistent with the type I HAD family (Figure 4.20, Figure 5.1). With the exception of E. 

coli O63, all of the loci possess an unannotated gene denoted wbuO located immediately 

downstream of wbuN. The role of WbuO in O-PS biosynthesis is also unassigned. E. coli 

O63 contained WbuO further downstream in the cluster. WbuO has no catalytic prediction 

by BLAST but is a predicted integral membrane protein possessing 8 transmembrane α-

helices (according to TMHMM and AlphaFold modelling (Figure 5.2b) (Hofmann & 

Stoffel, 1993)). Multiple sequence alignment of WbuO homologs shows a similar topology 

with some sequence conservation within the (predicted) cytoplasmic N-terminus and in 

cytoplasmic loops II and IV (Figure 5.13). Notably, the AlphaFold structure of the E. coli 

O114 WbuO showed a UbiA-like fold, and multiple sequence alignment of WbuO with the 

Mycobacterial DPPRS and the group 3 UPRS showed regions of conservation in 

predicted active site residues of DPPRS (Figure 5.2). While WbuO shares some similarity 

with UPRS, the group 4 loci showed no predicted MATE transporter (only the native O-

PS transporter Wzx was present) and no predicted GT-C. Furthermore, the group 4 Ribf 

residues are all -linked, indicating that the group 4 addition strategy differs from group 

3. Together this bioinformatic analysis suggests a model for the group 4 systems in which 
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WbuN and WbuO perform Ribf addition, with WbuO providing gPRT activity and WbuN 

providing PRP activity.   

 

 
Figure 5.13: Multiple sequence alignment of WbuO homologs. Group 3 PRP 
homologs identified in Table 4.3 were searched for an associated gPRT, with WbuO as 
the candidate found in all clusters. E. coli O5 (AJR19359.1), E. coli O185 (BAQ02047.1), 
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E. coli O63 (ACD75797.1), E. coli O114 (AAT77179.1), P. vulgeris O25 (AXY99587.1), 
E. coli O178 (AIG62750.1), P. mirabilis O9 (AXY99400.1), P. penneri O59 (AXY99964.1), 
S. enterica O45 (AFW04719.1), S. enterica O56 (ADI77008.1), and S. boydii Type 2 
(ACD37128.1) were used for the alignment and secondary structure prediction of E. coli 
O114 WbuO obtained from TMHMM is shown above the alignment for reference. 
 

5.3.7 Group 4 PRPs systems are associated with a separate integral membrane 

protein gPRT candidate.  

The E. coli O114 antigen was selected as a prototype for investigation of group 4 

Ribf transfer because several activities encoded by the biosynthetic locus are already 

assigned (Figure 5.14a). A strategy for identification of the genes necessary for Ribf 

addition was developed by expression in E. coli K-12 and the LPS structure was 

determined from selected transformants. E. coli K-12 produces no O-antigen due to  

mutations and insertions in its biosynthesis locus (Liu and Reeves, 1994). However, 

partial O-antigen repeat units can still be exported and ligated to the LPS core 

oligosaccharide of E. coli cells expressing heterologous enzymes. In E. coli O114 the first 

sugar in the repeat unit is GlcNAc, which is added by WecA, encoded by a gene located 

outside the O-antigen gene cluster and active in all E. coli O-serotypes (Alexander and 

Valvano, 1994). This activity is evident in E. coli K-12 strains from structural analysis of 

LPS core oligosaccharide, which reveals some molecules capped with a single GlcNAc 

residue in the absence of further O-PS repeat-unit synthesis (Feldman et al., 1999). As 

expected this was detected in the mass spectrum of purified core oligosaccharides of the 

E. coli DH5α host strain transformed with empty vector (Figure 5.14b, 5.15). The core 

OS was further elaborated by transformation with E. coli O114 genes. The galactose 

residue in the E. coli O114 serotype repeat unit is added by WbuP (Zhou et al., 2013) and 

this must be followed sequentially by addition of Ribf and 3,6-dideoxy-3-(N-acetyl-ʟ-seryl)-
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amino-ᴅ-glucose (Qui3Nacyl) to create the known O-PS structure (Dmitriev et al., 1983) 

(Figure 5.14a). 

 

 

Figure 5.14: Biosynthesis of the E. coli O114 antigen provides the prototype for 
Ribf-transferases containing group 4 PRP enzymes. a, Organization of the E. coli 
O114 O-PS biosynthesis gene cluster. Genes encoding the pathway-defining transporter 
(wzx) and polymerase (wzy) are coloured purple. Genes encoding nucleotide sugar 
production are shown in light blue. The genes encoding the group 3 PRP and gPRT 
(wbuN and O, respectively), are indicated in pink. wbuP encodes a galactosyltransferase 
that adds Galp to Und-PP-GlcNAc. wbuM encodes a predicted GT. b, SDS-PAGE of LPS 
molecules modified with partial O114 antigen-repeat units produced in whole-cell lysates 
of E. coli DH5α transformants expressing combinations of WbuN, WbuO, and WbuP. The 
experiment was conducted in triplicate. The identities of the structures were established 
by mass spectrometry (Figure 5.15). c, SDS-PAGE analysis of whole-cell lysates of E. 
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coli DH5α transformants of wbuNOP mutant plasmids expressing variants in the 
proposed active site residues of WbuO. Analysis was performed once. 
 

As predicted, expression of wbuP in E. coli DH5α generated a new LPS species, 

which migrated more slowly in SDS-PAGE (Figure 5.14b). The corresponding mass 

spectrum contained a new peak corresponding to the expected addition a hexose-

hexNAc disaccharide to the core OS (Figure 5.15). Expression of wbuNOP generated a 

larger lipid A-core species seen in SDS-PAGE (Figure 5.14b), and MS analysis of the 

isolated core OS revealed a new species containing the K-12 core extended by 1 hexNAc, 

1 hexose, and 1 pentose, consistent with addition of Ribf-Gal-GlcNAc (Figure 5.15). 

Expression of wbuN and wbuO without wbuP or expression of wbuP and wbuO without 

wbuN, both failed to produce a change in migrating species by SDS-PAGE analysis 

(Figure 5.14b). This is consistent with the requirement of both WbuN and WbuO to be 

present for successful addition of Ribf.   

To further substantiate the proposed PRP activity of WbuN, the putative catalytic 

Asp residue was identified by multiple sequence alignment and AlphaFold modelling 

(Figure 4.20a, Figure 5.1) and changed to alanine. Expression of the PRP mutant 

construct (WbuND39AOP) in E. coli K-12 resulted in lipid A-core species whose SDS-PAGE 

migration was consistent with the addition of only Gal-GlcNAc (Figure 5.14). This was 

confirmed by MS analysis (Figure 5.15). The absence of predicted LPS molecules 

containing terminal Ribf-5-P generated by WbuND39AOP may be attributed either to 

unanticipated adverse effects of the mutation on the WbuO activity, or the inability of the 

Wzx protein to export a polyprenol-linked intermediate with a terminal 5’-phosphate as 

this would not present in a functional system. Nevertheless, the bioinformatic analysis 
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and LPS structural data from transformants is consistent with the assignment of WbuNO 

as the PRP and gPRT components of the Ribf transferase, respectively. 

 
 
Figure 5.15: MS analysis of the LPS core oligosaccharides modified by enzymes 
from E. coli O114. E. coli DH5a was transformed with empty vector (pACYC184) and 
with plasmids expressing WbuP (pWQ1101), WbuNOP (pWQ1105), WbuND39AOP 
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(pWQ1106). The SDS-PAGE LPS profiles of whole cell lysates from these strains is 
shown in Figure 5.14. The core oligosaccharide structures were confirmed by ESI-MS in 
negative mode and are consistent with the expected products from the E. coli O114 
biosynthesis pathway. Analysis was performed in triplicate with similar results. 

Attempts were made to reconstitute the group 3 addition in vitro using a soluble 

acceptor mimicking the O114 substrate possessing a BODIPY tag, but no activity could 

be observed in the conditions tested. This lack of activity was attributed to the membrane-

embedded nature of the authentic Und-PP linked substrate. It is likely that this substrate 

resides within the transmembrane helices of WbuO, an orientation that is not conducive 

with the soluble, bulky BODIPY tag supplied on the O114 substrate mimics. Furthermore, 

some studies have suggested that the first 1-2 GTs involved in Wzx/y dependent 

pathways have specificity towards the reducing end phosphate (Brockhausen et al., 

2008), and this was not present in the synthetic acceptor. Further efforts may require a 

more native-like substrate in order to definitively show the activities of WbuN and WbuO.  

5.3.8 WbuO shares structural and sequence conservation with group 3 UPRS and 

Mycobacterial DPPRS 

Modelling of E. coli O114 WbuO showed a common transmembrane topology with 

the models of C. youngae O1 ORF15 and Mycobacterium Rv3806c (Figure 5.2). 

Furthermore, WbuO showed regions of conservation that shared some similarity to the 

conserved NDXXDXXXD and RXXE motifs of Rv38906c. These residues were also 

present in predicted loop regions in the model and were in similar spatial regions to the 

equivalent positions in ORF15 and Rv3806c models. This similarity suggested a possible 

sequence conservation for PRPP and lipid-phosphate binding.  

 To confirm the importance of some of these residues, alanine variants of WbuO 

were made within the WbuNOP construct. Expression of WbuNON68AP, WbuNOD69AP, 
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WbuNOT72AP or WbuNOE76AP was performed in E. coli K-12 and then evaluated using the 

same SDS-PAGE core-OS analysis described above (Figure 5.14c). WbuNON68AP, 

WbuNOD69AP and WbuNOE76AP all produced LPS species that migrated in the same 

manner as when WbuP was expressed alone, consistent with the inactivity of WbuO in 

these variants. The LPS species produced by expression of WbuNOT72AP migrated in a 

similar manner to the expression of WbuNOP, consistent with the WbuOT72A variant 

remaining active. Variants WbuNOR183P and WbuNOE186P (corresponding to the 

proposed loop IV region) were unable to be made due to suspected poor primer binding 

in this region, however these mutants should be pursued in the future.  

5.4 Discussion 

The use of a PRP domain for the removal of 5’ phosphate and completion of Ribf 

addition has proven (so far) to be a universal requirement in the PRPP-dependent transfer 

of Ribf and other pentafuranoses. It is unclear whether the HAD superfamily PRP domain 

has evolved as a result of convergent or divergent evolution, but nevertheless the PRP 

domains differ markedly between groups 1-4 in sequence identity, structural motifs and 

modularity.  

Conceptually the group 3 Ribf addition system differs from the framework 

established in Chapter 4. Instead of using a gPRT/PRP for the direct transfer of Ribf, the 

dual-domain system is used to build an activated donor that is exported to the periplasm. 

Side-chain glycosylation strategies like the one shown in the group 3 ribosylation system 

have been demonstrated before in the biosynthesis of other O-antigens. Previous work 

in Salmonella, Shigella, E. coli and Klebsiella have shown side-chain glycosylation 

modifications by a similar three component system composed of a Und-P-glycose 
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synthase, a MATE transporter and a GT-C for periplasmic modification (Mann et al., 2015; 

Whitfield et al., 2020b). The best example of this modification is side-chain glucosylation 

which is mediated by a prophage system (Allison and Verma, 2000). Due to the intimate 

relationship of phages with the bacterial surface for recognition and infection, phage 

mediated glucosylation is proposed to be a mechanism of seroconversion to mask 

invasion of competing phages. In principle, addition of a new side-chain sugar to the 

native O-antigen creates a new structure that would not be recognized as easily by 

competing phages. Notably, not all side-chain glycose modifications seem to be phage 

derived. K. pneumoniae serotypes O2afg and O2aeh both modify their native O-PS 

repeat units by the addition of a Galp residue. The three-component system (gmlABC) 

encoding this modification did not show any evidence of phage origin (Clarke et al., 2018). 

tBLASTn analysis of the group 3 side-chain ribosylation genes does not return any 

similarity with phage genomes, making it unclear whether the group 3 system has 

bacteriophage origins. Nevertheless it is possible that the strategy evolved for the same 

purpose of masking the nascent O-PS from infecting phages. 

A unique aspect of the group 3 system is the identification of epimerases that have 

the ability to change the sugar donor identity. This has not been shown before in bacterial 

side-chain modifications, but it has been shown in M. tuberculosis DPA biosynthesis. DPA 

is synthesized from DPR by DprE1 and DprE2 in a two-step epimerization. This 

epimerization occurs on the decaprenyl-phosphate linked precursor rather than on PRPP 

prior to addition, likely because epimerization of PRPP could potentially lead to its 

unintended use in nucleotide biosynthesis. Mutational analysis of orf12 from C. youngae 

O2 has implicated the gene in Xylf precursor formation. In addition, the CDD predicts 
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ORF12 to be a NAD(P)-dependent oxidoreductase, consistent with its proposal as an 

epimerase. Based on the precedent of DPA production in M. tuberculosis, it is likely that 

Und-P-Xylf is synthesized in a similar manner with the UPRS synthesizing Und-P-Ribf 

followed by epimerization to Und-P-Xylf. Similarly, in the case of the Araf side-chain in S. 

maltophilia NCTC10499, the epimerization likely occurs in a similar/identical manner to 

M. tuberculosis DPA biosynthesis, with DprE1 and DprE2 homologs in this system 

performing the same function as in M. tuberculosis. Future in vitro demonstration of 

epimerase activity will be necessary to unequivocally show the activity of these enzymes.   

Group 4 ribose addition uses two separate enzymes: WbuN (PRP) and WbuO 

(gPRT). Group 4 ribosylation shares interesting similarities with the group 3 UPRS. 

However, key differences exist between the two systems reflecting differences in the 

biosynthetic systems they are found in. Group 4 ribose addition systems are found 

exclusively in Wzx/Wzy dependent O-PS biosynthesis pathways in which Und-PP linked 

repeats are built by sequential action of GTs and subsequently exported to the periplasm 

for en bloc polymerization by Wzy. In all identified group 4 systems, Ribf is present within 

the repeat unit and not in a side chain, making the prospect of periplasmic addition of Ribf 

in group 4 impossible. Thus, it is intriguing that WbuO shares the same transmembrane 

topology and some sequence similarity to the C. youngae O1 UPRS. The similarity in 

these regions is presumably due to the lipid nature of both acceptor substrates. UPRS 

utilizes Und-P (to make Und-P-Ribf), while in all identified cases of group 4 Ribf addition, 

Ribf is added as the third sugar in the repeat unit, making its substrate Und-PP-GlcNAc-

glycose (where glycose represents the second sugar in the repeat unit that differs 

amongst group 4 O-PSs). The structural/sequence similarity between the group 3 UPRS 
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and group 4 WbuO is likely due to the proximity of the Und-P portion of both of these 

substrates. Furthermore, PRPP is the proposed Ribf donor in both group 3 and group 4 

systems, providing an additional reason for conservation. It is currently unclear what 

additional components of WbuO may provide specificity for the phosphoGlcNAc-Glycose 

portion of the group 4 substrate.  

To date, three structures have been solved of UbiA family proteins from Aeropyrum 

pernix (ApUbiA) (Cheng and Li, 2014), Archaeoglobus fulgidus (AfUbiA) (Huang et al., 

2014), and Methanocaldococcus jannaschii 2,3-di-O-geranylgeranylglyceryl phosphate 

(DGGGP) synthase (Ren et al., 2020). The precise function of ApUbiA and AfUbiA are 

unknown, but DGGGP was functionally characterized in the transfer of 2,3-di-O-

geranylgeranylglyceryl phosphate. The structure of DGGGP confirms the presence of 

NDXXXDXXD and DXXXD motifs from cytoplasmic loops II and IV in the active site. In 

molecular dynamics substrate bound simulations, these residues play key roles in 

coordinating the phosphate head groups of geranylgeranyl diphosphate and the 

phosphate group of (S)-3-O-geranylgeranylglyceryl phosphate. Variations of these motifs 

appear to be a conserved feature of the UbiA family of proteins and are present ApUbiA 

and AfUbiA as well as in M. tuberculosis DPPRS, C. youngae UPRS and E. coli O114 

WbuO, and the work presented here has substantiated the necessity of several of these 

residues by mutational analysis.  

Together, the mutagenesis and the modelling performed on the C. youngae O1 

GT-C and UPRS as well as E. coli O114 WbuO provides the starting point for future work 

to elucidate the precise mechanisms and structural underpinnings required in these 

enzymes. Future structural studies with substrates bound will certainly be required to 
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elucidate the precise roles that these residues play in substrate binding and catalysis, 

and to also determine the key structural differences that must contribute to the variety of 

substrates used by different GT-C and UbiA family members. Structural investigations of 

the products produced by the mutant enzymes presented here should also be pursued in 

order to confirm the suspected inactivity of the mutant phenotypes observed by SDS-

PAGE.  

Overall, the characterization of group 3 and 4 Ribf transfer systems highlights the 

diversity of enzymes capable of achieving the addition of the same sugar. This work also 

completes the characterization of all of the Ribf containing systems identified in Chapter 

4, providing a set of 4 prototype systems that can be used to compare to newly identified 

clusters synthesizing Ribf containing glycans.  
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
 
 The work presented in this thesis research has contributed to the knowledge of 

O-PS biosynthesis in K. pneumoniae and beyond, and to the glycobiology field as a 

whole. Characterization of the dual protein system WbmV and WbmW from K. 

pneumoniae O2c (along with WbbY in O1) producing a second polysaccharide linked to 

a basal polysaccharide has expanded the view of what is possible for O-PS structural 

organization and diversification. In other studies, the discovery of the enzyme 

responsible for Ribf addition in K. pneumoniae O4 and O7 has answered a long 

unknown question regarding the origin of Ribf in a broad range of bacterial 

polysaccharides and potentially even archaea and viral sugar structures. In addition, the 

identification of alternative Ribf addition systems by bioinformatics has provided further 

insight into additional pathways incorporating Ribf. Collectively, the work presented in 

this thesis research has pushed the boundaries of the glycobiology field to establish 

new systems that can be used for future investigations and potentially applied in 

therapeutic developments.  

6.1 Structural organization of polymerization complexes 

 During the investigation of O2a modifications, I showed that the K. pneumoniae 

O1 polymerase WbbY interacts with the K. pneumoniae O2a polymerase WbbM 

(Chapter 3). The interaction between WbbY and WbbM adds support for the hypothesis 

that O-PS assembly machinery interact in large biosynthetic “hubs”. Previous work has 

shown that WbbM, WbbN and WbbO all interact with one another in a membrane 

associated glycosyltransferase complex (Kos and Whitfield, 2010) and now it is clear 

WbbY also participates in this complex. In multienzyme complexes, substrates can 
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potentially be passed between enzymes more efficiently and be retained within the 

complex until polymerization is complete. Although biosynthetic complexes have not 

been identified in E. coli O9a (K. pneumoniae O3a) (Clarke et al., 2009), and in K. 

pneumoniae O2ac (O2c machinery with O2a) (Kelly et al., 2019), this could be due to 

limitations of the two-hybrid system. More studies are needed to investigate the 

possibility of biosynthetic complexes in other K. pneumoniae O-PS biosynthesis 

systems.  

Due to their large size and membrane association, these complexes would be 

good candidates for structural studies using cryo-EM. Membrane proteins are 

notoriously difficult candidates for crystallography because the purified protein must 

remain stable over the course of the crystallography experiment, while also maintaining 

a uniform conformation to produce crystals. Instead, cryo-EM can use lipid nanodiscs in 

which membrane proteins can be incorporated to mimic their native environment and 

provide better sample stability. In addition, due to the nature of cryo-EM image 

categorization, the method is more amenable to structural heterogeneity.  

One of the first objectives would be to identify purification conditions that allow for 

a stable, intact complex. The best starting point would be to attempt copurification of 

WbbN, WbbO and WbbM, leveraging the two-hybrid data. Due to the membrane 

association of the complex, detergents will be required to extract the complex from the 

membrane. Several detergents may need to be screened in order to maintain maximum 

yield while also preserving protein interactions. Of course, if suitable conditions are met 

for the WbbMNO complex, attempts to include WbbY could also be made. Following 
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successful purification, the quality of the complex would need to be assessed by 

negative staining before proceeding to cryo-EM sample preparation optimization.  

Structural investigation of these large biosynthetic complexes would expand the 

understanding of how coordination of different machinery components is achieved. In 

addition, if the structure of the polymerization complex proved to be obtainable, future 

studies could attempt to include the Wzm/Wzt transporter in the complex. This could be 

accomplished using the same workflow as above. Solving a structure of the 

polymerization and export complex could unlock unknown questions about how 

polymerization interfaces with export, especially in systems where Wzt lacks a CBM for 

O-PS binding.  

6.2 Remaining questions concerning Ribf transfer 

 Investigation of Ribf addition presented in this thesis research has provided four 

new prototype systems that will aid in the categorization of enzymes within Ribf 

containing glycan biosynthesis clusters. Among these prototypes, several questions 

remain for future investigations. 

6.2.1 Specificity of group 1 gPRTs 

 An intriguing aspect of the group 1 gPRTs is the low sequence similarity 

observed between orthologs. The group 1 gPRTs all contain a central Rossmann fold 

domain, a ‘base’ domain, and a ‘hood’ domain. Most of the sequence conservation 

showed by gPRT orthologs maps to the predicted active site in the Rossmann domain. 

In contrast, significant variability in the ‘base’ and ‘hood’ domains is observed in 

AlphaFold models of diverse orthologs. This variability is evident in the low global 

sequence similarity and precludes their formation of a coherent CAZy GT family. It is 
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still unclear how the ‘hood’ and ‘base’ domains contribute to substrate specificity and 

catalysis. To investigate these questions, future experiments should be performed to co-

crystalize ORF4Tc in the presence of substrate mimics. This can be achieved either with 

catalytically inert versions of PRPP with an acceptor, or by using mutant ORF4Tc 

constructs that have little or no substrate turnover. Trapping the substrates in the active 

site would provide a better understanding of the function and specificity of the ‘hood’ 

and ‘base’ domains, providing a better correlation of sequence to glycan specificity. 

Currently the polysaccharide structure synthesized by the T. compostii cluster 

containing ORF4Tc is unknown. Therefore, the cluster should be reconstituted in E. coli 

K-12 (if it can be produced) in order to assign the native structure. Synthetic acceptors 

can then be made to mimic this structure to be used in crystallization experiments. 

6.2.2 In vitro demonstration of group 3 Ribf addition 

 In Chapter 5 I proposed ORF12 from C. youngae O1 as the GT-C that uses 

Und-P-Ribf to add Ribf side-chains to the O-PS in the periplasm. This was based on 

mutant phenotypes. However, a more detailed investigation needs to be performed in 

order to unequivocally show the precise activity of ORF12. To accomplish this, defined 

donor and acceptor compounds must be synthesized to investigate ORF12 activity in 

vitro. Farnesyl-P-Ribf (FPR) provides the donor mimic (Table 6.1). Farnesyl has better 

stability and solubility than the native undecaprenyl, making it a good substitute. In 

addition, farnesyl-based donors have been made and used successfully for in vitro 

investigations of M. tuberculosis arabinofuranosyltransferases (Angala et al., 2021). In 

addition to the donor mimic, a synthetic acceptor containing a mimic of the C. youngae 

O1 repeat unit attached to a fluorescent BODIPY tag (7) can be synthesized (Table 
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6.1). Reactions using C. youngae O1 ORF12 and FPR with 7 could be used to monitor 

for Ribf addition. Furthermore, the ORF12 variants already assessed by silver staining 

should be reassessed in the more sensitive and quantitative in vitro assay to confirm the 

potentially catalytically important residues identified by silver stain phenotypes. In vitro 

investigations are more sensitive due to a more easily assessable change of a single 

chemical species, rather than a population of O-PSs with a varying degree of 

substitution. In vitro validation of ORF12 activity would contribute a new prototype to the 

GT-C family, and mutant investigations may provide further insight to the potential 

mechanisms of GT-C enzymes.  

 The synthetic FPR developed for investigation of ORF12 could also be used to 

unequivocally demonstrate the epimerase activity of ORF13 from C. youngae O2. Orf13 

deletion was linked to the loss of Xylf (and presence of Ribf), however the direct 

substrate of ORF13 was not investigated. In vitro reactions containing ORF13 can be 

monitored for the conversion of Farnesyl-P-Ribf to Farnesyl-P-Xylf via NMR. Multiple 

prototypes currently exist in the epimerization of lipid-linked sugars. As described 

previously, DprE1 and DprE2 from M. tuberculosis convert decaprenyl-P-Ribf to 

decaprenyl-P-Araf (Mikušová et al., 2005). Another prototype in some E. coli O-PS 

biosynthesis systems converts the WecA initiation product of Und-PP-GlcNAc to Und-

PP-GalNAc (Rush et al., 2010b). Both of these systems act on the lipid-linked sugar and 

not the activated precursor. Demonstrating ORF13 activity would provide an additional 

characterized example of an epimerase of this nature, establishing a prototype with a 

new activity in the process. 
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Table 6.1: Proposed synthetic substrate mimics for group 3 investigations 

Name Chemical Structure Cartoon 
Structure 

Description 

FPR 

 

 ORF12 and ORF13 
synthetic substrate mimic. 

7 

 

 ORF12 synthetic acceptor 
mimic. 

 

 
Component name 
 

 
Symbol 

ᴅ-mannose  

ᴅ-rhamnose  

ribofuranose (ᴅ-Ribf) 
 

BODIPY 
 

Farnesyl  

 

6.2.3 Establishing enzyme activity of group 4 WbuN and WbuO 

 In Chapter 5 I also showed that Group 4 Ribf addition required the presence of 

WbuN and WbuO, but the activities of the PRP and gPRT could not be uncoupled in 

vivo. Although I made attempts to perform in vitro reactions, the bulky, soluble BODIPY 

tag that was used on the acceptor was likely too large and hydrophilic to fit in the native 

binding site which binds Und-PP-GlcNAc-Gal. Instead, a new acceptor should be 

designed in a similar manner to the farnesyl substrates that will be used for group 3 in 

vitro investigations. The use of a farnesyl lipid attached to the appropriate PP-GlcNAc-

Gal sugar component is anticipated to provide a close mimic to the authentic Und-PP-

GlcNAc-Gal. In vitro activity would unequivocally prove the requirement of PRPP in 
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group 4 Ribf transfer, and also allow separation of the activities of the proposed gPRT 

(WbuO) and PRP (WbuN). Group 3 Ribf addition systems are found in a number of 

Enterobactericiae including Shigella and Salmonella. Therefore, establishing the roles of 

WbuN and WbuO will also have applicability to other pathogens outside of the E. coli 

O114 prototype developed here.  

6.3 Redefining K. pneumoniae serotypes 

At its core, the work presented here has shed light on several different K. 

pneumoniae O-antigen biosynthesis pathways, including serotypes O1, O2ac, O4 and 

O7. In light of the work presented here, as well as parallel research that has been 

performed by others during the same time period, the K. pneumoniae serotypes can be 

redefined. At the same time, online databases and algorithm-based genetic serotyping 

initiatives like Kleborate (Lam et al., 2021) can provide a broader overview of the 

prevalence of different serotypes as well as the incidence of antibiotic resistance within 

individual serotypes. Analysis of 11,659 global K. pneumoniae isolates in the Kleborate 

database reveals that the collection was made up of 34% O1 (21% O1 v1 and 13% O1 

v2 discussed below), 12% O2a, 26% O2afg, 2% O3/O3a collectively, 10% O3b, and 

less than 0.01% O12 (Figure 6.1). Currently the database has not identified any O2ac 

isolates. The database also lists novel serotypes identified in a recent K. pneumoniae 

genome sequencing study (Follador et al., 2016). OL101 is the most prevalent of the 

newly identified serotypes, accounting for 4% of the global isolates in Kleborate, 

followed by OL102 (1%), and OL103 and OL104 (0.003% each) (Figure 6.1).  The most 

prevalent serotypes also have the highest incidence of antibiotic resistance with 79% of 

O2afg, 40% of O1v1, 16% of O1v2, 60% of O2a, and 15% of O3b showing multidrug 
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resistance. The high pervasiveness of multidrug resistance in these already highly 

prevalent serotypes underlines the impact that protection against even these few 

serotypes might have. 

 

 

Figure 6.1: Distribution of K. pneumoniae O-serotypes amongst the global dataset 
curated in the Kleborate database. The dataset includes a total of 11,659 global K. 
pneumoniae isolates (Lam et al., 2021). O1v1 is defined by the presence of the O2a 
biosynthesis cluster and wbbY. O1v2 has the same components as O1v1, in addition to 
gmlABC. 

 

Many K. pneumoniae isolates modify the O2a repeat unit to generate serotypes 

O1, O2a, O2afg, O2aeh and O2ac. Serotypes O8 and O9 are O-acetylated variants but 

the genes responsible for acetylation have not been identified or validated. In addition, 

as a result of cross-reactivity between acetylated and non-acetylated O-PSs the 

modification is unlikely to have a significant clinical impact. As a result, I will not discuss 

them further. 

The minimal dedicated gene set required for O2a production consists of 

wzm/wzt, wbbN, wbbO, wbbM and glf (Figure 6.2) (Kos et al., 2009). The O2a locus 

contains an additional putative glycosyltransferase gene usually designated orf7. 

However, orf7 plays no known role and is not required for production of O2a. The O1, 

O2afg, O2aeh and O2ac serotypes all must contain the O2a cluster in addition to genes 
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for biosynthesis of the modifications. The O1 modification requires wbbY, located 

between transposable elements and distant from the O2a gene cluster (Figure 6.2) 

(Clarke et al., 2018; Kelly et al., 2019). WbbY is the O1 polymerase. An additional gene 

adjacent to wbbY (wbbZ) encodes a predicted pyruvyltransferase but WbbZ is not 

required to polymerize O1 (Kelly et al., 2019). Serotypes O2afg and O2aeh are defined 

by three-gene blocks; gmlABC and gmlABD, respectively. gmlABC is located adjacent 

to the O2a locus, while gmlABD is distant from the O2a cluster (Clarke et al., 2018). 

Finally, as shown here, wbmVW is sufficient for production of O2c, and (like wbbY), 

these genes are located between transposable elements unlinked to the O2a cluster. 

An additional wbmX gene is present with wbmVW and encodes a predicted 

pyruvyltransferase with no obvious role in O2ac glycan production (Figure 6.2).  

Genetic and structural investigations have shown that combinations of O2a 

modifications can exist together, where multiple sets of modification genes are present 

simultaneously (Follador et al., 2016; Stojkovic et al., 2017). For instance, wbbY can be 

present with gmlABC to produce a hybrid of O1 and O2afg called O1 v2 (with O1 v1 

built on unmodified O2a) (Figure 6.2). In these cases, it has been suggested that O1 is 

the immunodominant antigen (Hsieh et al., 2014; Szijártó et al., 2016). This is consistent 

with the abundance of O1 vs O2a signals in NMR spectra (Kol et al., 1992).  
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Figure 6.2: Structures of the currently identified K. pneumoniae O-PSs and the 
gene clusters responsible for their production. The O-PS structures shown omit 
acetylation, including omission of serotypes O8 and O9. Genes are coloured according 
the legend provided and are not drawn to scale. GenBank accessions are listed on the 
right side. The O2a cluster accession is omitted from all of its modified forms, and only 
accessions for the modifying genes are given.  
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Recent analysis of K. pneumoniae O3 isolates has revealed a more complex 

group of sub-serotypes than previously thought (Guachalla et al., 2017b). Together, 

these O3 sub-types as well as the genetically related O5 serotype can be differentiated 

using variations in the wbdA and wbdD genes. The prototype O3 clusters and the O5 

cluster all contain wzm/wzt, wbdB, wbdC, wbdA and wbdD genes (Figure 6.2) and 

share various degrees of similarity. Furthermore, they all contain manB and manC, 

encoding enzymes for GDP-mannose biosynthesis. Differentiation of O5 from the O3 

serotypes is fairly straightforward given the more substantial sequence diversity 

between the WbdDO5 and WbdDO3 terminators, related to the lack of a kinase domain in 

WbdDO5. The WbdAO5 polymerase also contains an additional GT domain not seen in 

WbdAO3. In contrast, distinguishing the O3 sub-groups is more complicated, although it 

still involves the WbdA and WbdD sequences. While WbdDO3 and WbdDO3a are closely 

related (~94% identity), WbdDO3b is more distantly related (~56% identity) (Figure 6.3). 

WbdDO3b is also missing a small segment of protein sequence located in the coiled-coil 

domain. Differentiation of O3 from O3a is slightly more difficult because of the 

relatedness of both WbdA and WbdA (97% identity) proteins. Minor sequence 

differences in WbdAO3 and WbdAO3a are responsible for the differing repeat unit 

between the two serotypes. For example, a C80R point mutation in WbdAO3a was 

shown previously to contribute to the conversion of E. coli O9 to O9a (identical to O3 

and O3a) (Kido and Kobayashi, 2000). However, the mechanistic consequences of 

single residue changes in WbdA are poorly understood, so confidently identifying a 

serotype as O3 or O3a based on WbdA sequences alone is not possible. Therefore, a 

comparison of WbdA and WbdD sequences together must be used to differentiate these  
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Figure 6.3: Multiple sequence alignment of WbdA and WbdD sequences from K. 
pneumoniae O3, O3a, O3b and OL104. a, WbdAO3 (BAN08490.1), WbdAO3a 
(AQZ41256.1), WbdAO3b (AQZ41264.1), and WbdAOL104 (CZQ25276.1) were aligned in 

b 
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ClustalW and visualized in Espript. b, WbdDO3 (BAN08489.1), WbdDO3a (AQZ41255.1), 
WbdDO3b (AQZ41263.1), and WbdDOL104 (CZQ25275.1) were aligned in ClustalW and 
visualized in Espript. 

 

serotypes. Like the differentiation of serotypes by acetylation, distinguishing subtypes of 

O3 may not be very important in a clinical sense, given that cross reactivity between the 

sub types has been shown (Guachalla et al., 2017b). 

The K. pneumoniae O4 serotype has not been investigated before. In this thesis 

research ORF5KpO4 was identified as the ribofuranosyltransferase and sequence 

similarity is sufficient to confidently assign wzm and wzt. Additional genes in the cluster 

include orf10 encoding a predicted GT, and orf7 encoding a hypothetical protein (Figure 

6.2). Further investigation is needed to confirm whether these genes represent the 

minimum requirement for O4 production. Given the lack of similarity between 

ribofuranosyltransferases from other serotypes and species, an ORF5KpO4 sequence 

should provide definitive identification of O4 isolates. 

 This thesis research established the minimal gene requirements for O7 production 

being wzm/wzt, orf3 encoding a WbbL homolog, orf6 encoding the trifunctional 

rhamnosyltransferase/methyl-phosphate terminator, and orf7 encoding the 

ribosyltransferase (Figure 6.2). rmlD and rmlC are also present, and the gene products 

are responsible for production of dTDP-Rha. However, these are not required if 

orthologous genes are present elsewhere on the genome and rml genes tend to be 

conserved in other species. Currently the O7 cluster is not included in the Kleborate 

genetic serotyping algorithm, and this should be added in future updates to monitor 

emergence of clinical isolates from this serotype. 
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The last of the historically identified serotypes is O12, which was characterized 

previously, and minimally requires wzm/wzt, wbbL, wbbB, (and rmlBADC with the 

caveats described for O7) (Figure 6.2) (Williams et al., 2017).  

Genome sequencing has also identified several potentially novel serotypes, all of 

which show some similarities to currently established serotypes. These contain features 

that may result in new O-PS structures, but there is currently no data to indicate that 

these loci are active and that the isolates actually produce O-PS. 

The OL101 serotype contains some of the same genes as O12 (and O7), 

including rmlBADC and wbbL. The Wzm and Wzt components encoded by the OL101 

cluster also share 86% identity and 67% identity with O12 Wzm and Wzt respectively. 

orf8OL101 is labelled as wbbB and encodes a large protein with a predicted N-terminal 

Kdo transferase with similarity to the O12 WbbB terminator, despite the C-terminus 

sharing no similarity with WbbBO12. The C-terminal end of ORF8OL101 has two predicted 

GT domains that are likely involved in O-PS polymerization, but their sequences 

suggest different activities than WbbBO12. Finally, orf9 encodes a predicted member of 

the α-amylase glycosylhydrolase family. ORF9 has a putative signal sequence that 

would target this protein for export. It is unclear how, (or if) this hydrolase could affect 

the structure of the polysaccharide. Future studies of this serotype should first aim to 

elucidate the structure of the wildtype O-PS. In addition, the function of the putative 

ORF9 glycoside hydrolase should be investigated because there is no precedent for 

such activity. If ORF9 produces a unique epitope that masks the nascent OL101 O-PS, 

then this needs to be considered in immunotherapeutic strategies to ensure adequate 
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protection is achieved. Investigation of the function of ORF9 can be performed by 

mutagenesis of orf9 and determination of the O-PS produced by this mutant.   

OL102 shares rmlBADC and wbbL with O12 (and O7), but the rest of the cluster 

is unique from other K. pneumoniae serotypes. OL102 contains wzm/wzt, and the 

corresponding Wzt protein has no predicted CBM domain (like O2a) hinting at a lack of 

termination moiety. The only other gene in the cluster is orf6 encoding a predicted 

rhamnosyltransferase. Based on these protein predictions alone, the OL102 likely 

represents a distinct serotype with a new structure, most likely including or composed 

entirely of rhamnose. In fact a K. pneumoniae isolate producing a rhamnose 

homopolymer has been isolated before (Ansaruzzaman et al., 1996), but no genome 

sequencing of this strain exists that can be compared to OL102.  

OL103 shares similarity with O7 and O12, with similar genes encoding Wzm and 

Wzt with 48% and 38% identity (67% and 58% similarity) to O7 Wzm and Wzt. In 

addition, a gene encoding a predicted WbbL homolog shares 46% identity with O12 

WbbL. The cluster also contains rmlC. The remaining two genes orf4OL103 and orf5OL103 

encode proteins that have little similarity to proteins encoded by any of the other 

Klebsiella O-antigen clusters. orf5 is a predicted GT and orf4 has a predicted N-terminal 

methyltransferase domain, a predicted central coiled-coil and a predicted C-terminal 

rhamnosyltransferase and ribofuranosyltransferase domains. Based on the predicted 

functions of the proteins encoded in this cluster, the anticipated structure may have 

similar components to O7 (rhamnose and ribose). Notably, older K. pneumoniae 

serotyping had originally included a serotype denoted O10 (Maresz-Babczyszyn, 1962), 

which has a reported repeat unit composed of α-1-3-Rhap and β-1-4-Ribf (Björndal et 
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al., 1970). These sugar components are similar to the α-1-3-Rhap and β-1-3-Ribf 

present within the repeat unit of K. pneumoniae O7. The O10 serotype was 

subsequently removed from the list of K. pneumoniae serotypes because the prototype 

(strain 337 – O10:K73) was later identified as a member of Enterobacter aerogenes 

(now Klebsiella aerogenes) (Orskov and Fife-Asbury, 1977). OL103 could potentially be 

what was originally denoted O10, however no genome sequencing of the original O10 

prototype exists for comparison.  

The final serotype identified from sequence data is OL104. This shares 

significant similarity with the O3 serotype, possessing homologs to all of the genes 

present in O3. At the time that OL104 was established, the O3a and O3b sub-types had 

not been established. Evaluation of WbdDOL104 and WbdAOL104 shows high similarity 

with the O3b counterparts (91% and 90% respectively) (Figure 6.3). In addition, 

WbdDOL104 contains the same truncation in the coiled-coil domain of WbdDO3b. 

Therefore, it is likely that OL104 is O3b, but determination of the O-PS structure in this 

serotype will need to be performed to validate this and ensure the mutations accrued in 

OL104 do not impact the O-PS structure.  

Together, the clusters presented in Figure 6.2 and described here present an 

updated view on the current scheme of K. pneumoniae O-serotypes.  As time proceeds, 

new and novel serotypes may emerge, and these too should be added to the scheme 

as they are discovered and characterized.  
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6.4 K. pneumoniae glycoconjugate production 

 With a more complete understanding of the genetic determinants for K. 

pneumoniae O-PS biosynthesis, a more informed and targeted approach to K. 

pneumoniae glycoconjugate production can be taken for the development of vaccines or 

therapeutic antibodies. Clinical isolates are dominated by the O1, O2 and O3 serotypes. 

Collectively O2afg, O2a, O1v1, O1v2 and O3b make up 81% of the isolates present in 

the Kleborate global database to date. In addition, since the O1 antigen is likely 

immunodominant in O1 v1 and v2, these can be viewed as one, together making up 

34%.  In order to minimize the number of serotypes used, while maximizing clinical 

coverage, glycoconjugates producing protection against O1, O2afg, O2a, and O3b, 

would be appropriate.   

 To accomplish the production of these glycoconjugates by in vivo glycosylation, 

expression of three components is required: i) the minimal genes for O-PS production, 

ii) the gene encoding a His6-tagged immunostimulatory protein carrier, and iii) pglB 

encoding the C. jejuni oligosaccharyltransferase (Feldman et al., 2005). These three 

components can be expressed on plasmids within an E. coli K-12 host that has a waaL 

deletion strain to divert all Und-PP-linked O-PS to PglB (Figure 6.4). Different plasmids 

encoding the genes required for each of the O1, O2a, O2afg and O3b O-PSs can be 

swapped into the system to produce glycoconjugates against each of the serotypes. 

Ligation of the O-PS molecules is mediated by PglB, and the glycoconjugates can then 

be purified using the His6-tag present on the immunostimulatory protein. This 

glycoengineering strategy has been successfully employed for the production of 

glycoconjugates for protection against Shigella dysenteriae serotype O1 O-PS. 
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After glycoconjugates are successfully produced, further progression into 

immune response measurements would be required. The end goal would be to produce 

a vaccine that could be used to raise monoclonal antibodies that would be scaled-up for 

production and given to individuals who are fighting antibiotic resistant infections. This 

would be more productive than providing prophylactic vaccination given that K. 

pneumoniae is not typically disseminated in healthy individuals.  

 

 

Figure 6.4: Cartoon representation of in vivo glycoconjugate production. 
Expression of the O-PS biosynthesis cluster of interest alongside a tagged carrier 
protein and the bacterial oligosaccharyltransferase (PglB) in a waaL deficient E. coli K-
12 strain diverts O-PS to be ligated to the carrier protein with engineered N-linked 
glycan sites. The glycoconjugate can then be purified using the hexahistidine tag 
present on the protein. 
 
   

 The research presented in this thesis has identified the minimum requirements 

for O2ac and O7 production permitting their use in glycoconjugates, and plasmids have 

been generated with these minimally required genes that can be used for recombinant 
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expression. Furthermore, expression of these generated plasmids in E. coli K-12 has 

proved to produce authentic O-PSs, indistinguishable from those produced in the native 

K. pneumoniae systems. This is important to ensure that immunity generated against 

the glycoconjugates produced is directly translatable to the native K. pneumoniae O-

PSs. The characterization of the GTs in O2c and O7 biosynthesis provides an additional 

level of quality assurance, ensuring that the function of the proteins being expressed to 

produce the glycoconjugates are fully understood. This fundamental knowledge of the 

function of the component parts of the system producing the glycoconjugates is 

important from a pharmaceutical regulation standpoint, where product fidelity and 

quality control is essential.   

Although serotypes O7 and O2ac are not currently prevalent in clinical isolates, 

based on genomic sequencing, this could change in the future. In addition, clades of 

multidrug resistant strains presenting these antigens could also arise. This is especially 

true if therapeutics against the more prevalent serotypes like O1 are launched, as this 

may create a void that could be filled by other, currently less prevalent serotypes. The 

development in understanding O2ac and O7 biosynthesis presented in this thesis 

research provides the necessary tools needed to produce glycoconjugates against 

these serotypes in the future. 
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APPENDIX 1. STRUCTURAL AND GENETIC DETERMINATION 
OF KLEBSIELLA PNEUMONIAE O7 ANTIGEN 
 
This chapter has been published as a part of a paper in a modified form (Mann, E., and 

Kelly, S.D., Al-Abdul-Wahid M.S., Clarke, B.R., Ovchinnikova, O.G., Whitfield, C., 

Substrate recognition by a carbohydrate-binding module in the prototypical ABC 

transporter for lipopolysaccharide O-antigen from Escherichia coli O9a. Journal of 

Biological Chemistry 294(41) 14978-90 (2019)). This paper also included additional 

characterization of the E. coli O9a transporter, but this work was performed by E.M and 

is not presented in detail here. 

 

A1.1 Statement of contributions 

Dr. Chris Whitfield, Dr. Evan E. Mann, Dr. Bradley R. Clarke and I conceived the study. 

B.R.C performed the sequencing of K. pneumoniae O7. I performed the experiments. Dr. 

Todd L. Lowary and Jeremy T. Nothof and Taeok Kim synthesized the acceptors used in 

the study (unpublished results added to this section). C.W, E.E.M, B.R.C and I analyzed 

the data. 

A1.2 Introduction and Rationale 

Prior to this work, the biosynthesis of K. pneumoniae O7 O-PS had not been 

investigated. Furthermore, the O7 antigen structure was based only on methylation data 

and required validation. During the structural determination a methyl-phosphate 

modification was identified at the non-reducing terminus. This modification has been 

shown before in E. coli O9 and O9a (structurally and genetically equivalent to K. 

pneumoniae O3 and O3a) and H. alvei PCM 1223 (identical to E. coli O9) (Kubler-Kielb 
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et al., 2012) all of which have a shared repeat unit different only in the number of mannose 

residues. E. coli O9a has been used as the prototype for investigation of the O-PS 

polymerization and termination process. In the O9a prototype a dual domain polymerase 

(WbdA) builds the PS with of mannose residues with alternating pairs of α1-2 and α 1-3-

linkages. The length of the O9a O-PS is dictated by WbdD, which adds the methyl-

phosphate modification. In O9a and other chain length-regulating systems, a C-terminal 

carbohydrate binding module (CBM) on Wzt is required for binding of terminated O-PS, 

permitting export of the completed polysaccharide. As part of this published work, Dr. 

Evan Mann investigated the binding requirements of the CBMO9a. His key findings were 

as follows: 

i) Addition of a phosphate residue without the subsequent addition of the 

methyl in E. coli O9a was sufficient to terminate Und-PP-linked 

intermediates (as expected since it blocks the position for further 

polymerization). 

ii) Phosphorylation without the subsequent methylation was insufficient for 

export of the Und-PP-linked intermediates, and the full methylphosphate 

modification was required for interaction with CBMO9a. 

iii) Saturation Transfer Difference (STD) NMR showed direct interaction 

between the CBMO9a and the terminal methylphosphate. 

My identification of another system with an identical terminal modification but 

different repeat-unit structure allowed for the testing of CBM specificity to investigate 

whether the terminal modification is sufficient for binding/export, or if the sugar 

components play any role in this process.  
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 In this chapter I test the hypothesis that identical non-reducing terminal 

modifications on the different K. pneumoniae O7 and E. coli O9a backbones are 

sufficient for Wzt CBM binding of non-nascent O-PS and subsequent export. 

A1.3 Results 

A1.3.1 Genetic identification of the K. pneumoniae O7 antigen cluster 

The structure of the O7 O-PS was previously reported as a tetrasaccharide repeat 

unit [→2-α-L-Rhap-(1→2)-β-D-Ribf-(1→3)-α-L-Rhap-(1→3)-α-L-Rhap-(1→] (Lindberg et 

al., 1973a). However, the sequence of the O7 antigen cluster was unknown. To identify 

the O7 gene cluster, the reference K. pneumoniae O7 strain 264(1) was used to perform 

genomic sequencing. The genome possessed a ~10kb cluster between gnd and hisI (the 

typical location of K. pneumoniae O-antigen gene clusters). Assignment using BLAST 

identified genes encoding components for dTDP-rhamnose biosynthesis rmlDC, orf3KpO7 

encoding a predicted GT2 enzyme, components of the ABC transporter (wzm/wzt), 

ORF6KpO7 a large protein with predicted methyltransferase and GT2 functionalities, and 

orf7KpO7, a predicted member of the haloacid dehalogenase superfamily (ORF7KpO7 

investigated in Chapter 4). Expression of orf3KpO7-orf7KpO7 in E. coli K-12 was sufficient 

for the production of O-PS, evident by silver stain, and the identity of this O-PS was 

confirmed to be O7 by reactivity to antibody raised against wildtype K. pneumoniae O7:K- 

264(1) (Figure A1.1).   
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Figure A1.1: Identification of the K. pneumoniae O7 gene cluster. The K. pneumoniae 
O7 antigen gene cluster was identified between gnd and hisI. rmlCD encode proteins 
involved in dTDP-Rha biosynthesis. wzm and wzt encode components for the ABC 
transporter. orf3 encodes a predicted GT2 enzyme, orf6 encodes a protein with predicted 
methlytansferase and GT2 functionalities and orf7 encodes a predicted haloacid 
dehalogenase family protein. Expression of ORF3-ORF7 was sufficient to produce K. 
pneumoniae O7 antigen evident by silver stain and reactivity to antibody raised agains K. 
pneumoniae O7:K- 264(1). Silver stain and western blotting were performed in triplicate 
with similar results. 
 

A1.3.2 Identification of a terminal methylphosphate moiety in the K. pneumoniae 

O7 O-PS  

In the previously reported structural study of the O7 O-PS, analysis was performed 

without use of NMR spectroscopy and did not exclude the possibility that the anomeric 

configuration of one of the sugar residues could be reversed. Additionally, the possibility 

of terminal modification of the O-PS chain was not investigated. I used a combination of 
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1H, 13C and 31P NMR spectroscopy, including 2D 1H,1H correlation spectroscopy (COSY), 

total correlation spectroscopy (TOCSY), nuclear Overhauser effect spectroscopy 

(NOESY),  heteronuclear single-quantum coherence (HSQC), heteronuclear multiple 

bond correlation (HMBC) and HMQC-TOCSY experiments to unequivocally determine 

the structure of the repeat unit and the non-reducing terminus of the O-PS. NMR spectra 

of O-PS contained the signals for four major spin systems, which were assigned to Ribf 

residue (A) and three Rhap residues (B, C, D) (Table A1.1, Figure A1.2).  

 

Table A1: 1H and 13C NMR chemical shifts of K. pneumoniae 264(1) O-PS* 

 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
*31P chemical shift for MeP is 1.75 

 

The -anomeric configuration of Rib was confirmed by position of Rib C-1 signal 

at  108.2 (Bock and Pedersen, 1983). The α-configurations of all three Rha residues 

were inferred from the H-5 and C-5 chemical shifts at H 3.76–3.90 and C 70.4–70.4 

(Jansson et al., 1987). These data, together with the sequence of the sugar residues 

determined by HMBC and NOESY experiments, confirmed the structure of O7 O-PS 

Sugar Residue 
 

 H-1 H-2 H-3 H-4 H-5 (5a,b) H-6 

 C-1 C-2 C-3 C-4 C-5 C-6 

Repeat Unit        

→2)-β-ᴅ-Ribf-(1→ A 5.35 4.22 4.44 4.07 3.87, 3.71  
  108.2 81.9 71.0 83.8 63.0  

→3)-α-ᴅ-Rhap-(1→ B 5.06 4.24 3.91 3.53 3.90 1.31 

  103.3 71.1 79.9 72.3 70.4 18.0 

→3)-α-ᴅ-Rhap-(1→ C 4.98 4.18 3.85 3.57 3.80 1.29 

  103.2 71.1 79.4 72.5 70.7 17.9 

→2)-α-ᴅ-Rhap-(1→ D 5.15 4.10 3.93 3.53 3.76 1.32 

  100.9 79.3 71.0 73.4 70.7 18.0 

        

Non-reducing End 

→3)-α-ᴅ-Rhap-(1→ 

 
B´ 5.09 4.27 4.29    
 103.2 70.7 76.7    
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reported in the literature. However, when the initial structure was published, the concept 

of chain termination was not fully established and the presence of a gene encoding a 

methyltransferase in the K. pneumoniae O7 gene cluster suggested an additional 

component. 

 

Figure A1.2: Parts of 1H, 13C-HSQC and 1H, 1H-NOESY spectra of purified O7 O-PS. 
The letters indicate the sugar residues denoted as shown in the structure (above). The 
anomeric region of HSQC spectrum (upper-left) demonstrates the tetrasaccharide repeat 
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unit. The two lower panels show the same region of HSQC spectrum: the high-level cut 
(left) contains the signals of the internal repeat units, whereas the low-level cut (right) also 
shows the minor signals belonging to terminal residues. The signals for the terminal Rha 
residue at the non-reducing end (B`) are indicated. The NOESY spectrum (upper-right 
panel) demonstrates inter-residue correlations between anomeric protons and protons at 
linkage carbons, which were used to determine the sequence of the sugars in the repeat 
unit. NMR experiments were performed once. 

In addition to the signals for sugar residues, the NMR spectra contained a 

characteristic sharp signal at δH/δC
 3.63/54.3 with JH,P = 10.9 Hz, which was previously 

assigned to a methylphosphate group at the non-reducing terminus of K. pneumoniae O3, 

E. coli O9/O9a and H. alvei PCM1223 O-PS (Kubler-Kielb et al., 2012). The presence of 

a methylphosphate group was confirmed by correlation between methyl protons and 

phosphate at δH/δP 3.64/1.75 observed in the 1H,31P HMBC spectrum (Figure A1.3). 

Furthermore, a 1H,31P HMQC-TOCSY experiment showed correlation between 

phosphate and H-1 – H-5 of a minor α-Rhap spin system denoted as B′. The selective 1D 

TOCSY (Figure A1.2) and NOESY experiments (not shown) confirmed the assignment 

of B′ H-1 – H-6 signals. A relatively low-field position of the signal for B′ C-3, together with 

strong HMBC correlation between phosphate and B′ H-3 demonstrate that 

methylphosphate group is attached at position O3 of B′. The linkage between B′ and the 

next sugar residue could not determined unambiguously, although the HMBC correlation 

at δH/δC 5.09/79.3 indicates that B′ is linked to another Rha residue. Thus, the NMR 

spectroscopic analysis confirmed the structure of the O7 repeat unit reported earlier 

(Lindberg et al., 1973b), and established a new example of a methylphosphate O-PS 

terminal modification.  
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Figure A1.3: K. pneumoniae O7 O-PS is terminated with a methylphosphate group 
on C3 of the non-reducing terminal rhamnose residue. a, The determined repeat unit 
and non- reducing terminal structure of the O7 O-PS.  Part of the 1D selective TOCSY 

spectrum obtained after irradiation of B′ H-1 at  5.09. 1H,31P HMQC-TOCSY (c) and 
1H,31P HMBC (d) spectra demonstrate correlations between phosphate and methyl 

protons, as well as protons within B′ spin system. The corresponding part of the 1H NMR 
spectrum is shown along the horizontal axis. NMR experiments were performed once. 

 

A1.3.3 The methylphosphate group is necessary but not sufficient for CBM-

binding and transport 

Consistent with the terminal modification found in the K. pneumoniae O7 repeat 

unit, WztKpO7 possesses a candidate CBM domain sharing 34%/50% identity/similarity 

(E=7e-26) with the CBM of WztEcO9a (Figure A1.4a). A tertiary structure prediction of 

WztKpO7-C using Phyre2 (Kelley et al., 2015) indicates structural homology between the 

C-terminal domains (Figure A1.4b). Furthermore, equivalent residues to those essential 
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for WztO9a-C O-PS-binding, W286, G333, N348, G387, R402, Y404 and 

D405(Cuthbertson et al., 2007), are found in WztKpO7-C. CBMEcO9a was shown to directly 

interact with the methylphosphate modification of the E. coli O9a O-PS, but it was unclear 

if the methylphosphate was the only determinant of CBM binding.  

 

 

Figure A1.4: Alignment of WztEcO9a-C (residues 270-423) to WztKpO7-C (residues 303-
455). a, Pairwise sequence alignment was performed by BLAST. The indicated 
secondary structure elements are from the WztEcO9a-C crystal structure (PDB id 2R5O) 
and a Phyre2 model of WztKpO7-C. The asterisks identify residues important for O-PS 

binding by WztEcO9a-C (Cuthbertson et al., 2007). b, cartoon representation overlay of 
WztKpO7-C model (orange) with WztEcO9a-C crystal structure (blue). The structural overlay 
was generated using PyMOL.  

 

The identification of a different O-PS backbone structure with the same terminal 

methylphosphate modification provided an opportunity to examine whether the non-

reducing terminal modification is the sole contributor to WztEcO9a-C O-PS recognition. To 

investigate this, a pull-down experiment was performed using the E. coli O9a CBM with 
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K. pneumoniae O7 LPS (Figure A1.5). No K. pneumoniae O7 LPS was detected in elution 

fractions, indicating that the CBM did not bind K. pneumoniae O7 LPS. To validate these 

results, the reciprocal experiments were done using purified WztKpO7-C. Evident from the 

silver stain, CBMKpO7 was only able to bind its cognate LPS (Figure A1.5).  

 

Figure A1.5: WztO9a-C and WztO7-C can only bind LPS from the native serotype. 
Purified WztEcO9a-C (O9a CBM; a, b) and WztKpO7-C (CBMO7; c, d) were incubated with 
the O9a and O7 LPSs. Reaction mixtures consisting of 200 μg CBM and 200 μg LPS 
were mixed with magnetic nickel beads and collected using a magnet. The samples are 
unbound material in the supernatant (S), and material released by sequential washes of 
the beads in the absence (W1-W3) or presence of imidazole (E1-E3). Aliquots of the 
collected samples were subjected to SDS-PAGE. LPS was detected by silver staining 
(upper panels) and protein was detected by simply blue staining (lower panels). Pulldown 
experiments were performed in triplicate with similar results. 
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Finally, in vivo mutant complementation experiments were performed in an E. coli O9a 

mutant lacking a functional O-PS ABC transporter (manA wzm-wzt::aphA-3) (Figure 

A1.6). Expression of the K. pneumoniae O7 ABC transporter in this mutant could not 

restore translocation of the O-PS across the inner membrane, as evidenced by the 

absence of banding on silver-stained SDS-PAGE gels, consistent with results from in vitro 

pull-down experiments. Since the K. pneumoniae O7 and E. coli O9a LPS structures 

contain the same non-reducing terminal modification, the lack of O-PS binding and export 

must be due to differences in the main-chain polymer.  

 

 
 

Figure A1.6: The K. pneumoniae O7 ABC transporter is unable to export the E. coli 
O9a O-PS. Overnight cultures of E. coli manA (CWG634; O9a O-PS control) and E. coli 

manA wzm-wzt::aph3-A (CWG638) transformed with plasmids encoding either the O9a 



 

 214 

or O7 transporter were subcultured for 3 h in medium supplemented with 0.1% D-
mannose and 0.1% L-arabinose to induce O-PS biosynthesis and transporter expression, 
respectively. LPS profiles were examined in proteinase K treated whole cell lysates using 
silver-stained SDS-PAGE gels (upper panel). Anti-His5 Western blots of whole cell lysates 
were used to confirm transporter expression (lower panel).  O-PS present in lanes 2 and 
4 of the western blot is a result of non-exported O-PS, evident from its lack of silver 
staining. Silver stain and western blots were performed twice with similar results. 
 

A1.3.4 Identification of the O7 polymerase/terminator 

To identify the gene/protein responsible for the non-reducing methyphosphate in 

K. pneumoniae O7, bioinformatic analysis was performed for the predicted proteins 

encoded by the O7 cluster. The hallmark of the polymerase/terminators in the ABC 

transporter dependent pathway prototypes is the presence of a large, multidomain 

protein, with a coiled-coil creating spatial separation between the terminator and 

polymerase domains. ORF6KpO7 fulfilled these features. ORF6KpO7 is 1414 amino acids 

long and contains two predicted C-terminal GT domains, a coiled-coil and a predicted 

methyltransferase domain at the N-terminal portion of ORF6KpO7 (distal to the coiled-coil) 

and an unannotated 414 residue domain proceeding the methyltransferase (proximal to 

the coiled-coil). This protein is reminiscent of the prototypical WbbB and WbdA/D 

enzymes with a GT domain, and a physical spacer from a terminator. To test the activity 

of ORF6KpO7, defined synthetic acceptors 4 and 6 were used to mimic the O7 repeat unit. 

Inclusion of ORF6KpO7 689-1425 with 6 resulted in the addition of 3 rhamnose residues 

evident by a new species in MS analysis (major [M+H]+ ion peak with m/z  of 1142.52) 

(Figure A1.7b). Inclusion of purified ORF6KpO7 1-711 with 4 resulted in the addition of 

methyl-phosphate evident by a new MS species (major [M+H]+ ion peak with m/z  of 

664.28) (Figure A1.7c). The combined results implicated ORF6KpO7 as a bifunctional 

glycosyltransferase/terminator that performs the addition of rhamnose in the O7 repeat 
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unit and also performs the termination via a methyl-phosphate modification to rhamnose. 

In addition, ORF6KpO7 contains kinase and methyltransferase activity, indicating that the 

unannotated portion of ORF6KpO7 1-711 constitutes the kinase domain. Further 

characterization of ORF6KpO7 was completed by Danielle Williams in her PhD research. 

 

Figure A1.7: ORF6KpO7 is a bifunctional glycosyltransferase-terminator. a, CDD 
assignment of the domains of ORF6KpO7. ORF6KpO7 contains two N-terminal GT-2 
domains and a C-terminal methyltransferase domain. An additional domain is present 
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after the methyltransferase domain that has no predicted function, hypothesized to be 
responsible for kinase activity. The COILS server predicts a coiled-coil that separates the 
GT domains from the predicted terminator domains. b, ORF6KpO7 689-1425 was purified and 
tested in reactions containing dTDP-Rha (a gift from Danielle Williams) and an O7 repeat 
unit mimic 6; the black square on the acceptor represents the methoxybenzamide tag. 
MS analysis of the reaction was performed with extracted ion chromatogram (EIC) traces 
of m/z 704.345 (6), and 1142.517 (6 + 3 Rha) are shown on the left. Shown beside each 
EIC profile is an expanded region of the corresponding ESI mass-spectrum at the 
indicated retention time. c, ORF6KpO7 1-702 was purified and tested in reactions containing 
ATP and SAM with 4. MS analysis of the reaction was performed with extracted ion 
chromatogram (EIC) traces of m/z 572.304 (4), and 664.280 (4 + MeP) are shown on the 
left. Shown beside each EIC profile is an expanded region of the corresponding ESI mass-
spectrum at the indicated retention time. In vitro reactions and MS analysis were 
performed in triplicate with similar results. 

 

A1.4 Discussion 

The ultimate goal of this research and related studies is to recapitulate the export 

process with purified proteins and substrates in proteoliposomes and, in this context, 

resolution of the chemical determinants for export is a critical step towards this objective. 

The E. coli O9a and K. pneumoniae O7 O-PS structures contain identical termination 

groups on the C-3 position of the non-reducing terminal sugar of their polysaccharides. 

Since WztEcO9a-C did not interact with K. pneumoniae O7 LPS in pull-down experiments, 

I conclude that one or more monosaccharide units provide functional groups that 

contribute to direct interactions with the CBM. Although Dr. Evan Mann showed that there 

is a direct interaction between CBMEcO9a and the E. coli O9a methylphosphate 

modification, due to the nature of STD NMR, hydrophilic interactions between the E. coli 

O9a sugar component and CBMEcO9a are not able to be detected. Cocrystal structures 

with terminated O-PS analogues will be essential to conclusively verify structural features 

related to O-PS specificity. Unfortunately, to date, we have been unable to obtain 

structures of CBM:O-PS complexes for a detailed view of the interactions. Here, I focus 
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solely on the role of the terminal modification in the substrate recognition process. Until 

recently, all of the solved structures of ABC transporters had been in the absence of the 

CBM. A recent structure of the full Wzm-Wzt with the CBM has been solved for an A. 

aeolicus O-PS transporter, providing insight into how the CBM affects the transport 

process (Caffalette and Zimmer, 2021). The first notable observation is the proximity of 

the CBM terminal cap binding site to the channel opening of Wzm, bringing the polymer 

close to the transport entrance. The CBM also shows interconnectivity to the nucleotide 

binding domain of Wzt and a disordered-to-ordered transition of one of the Beta strands 

of the CBM may modulate ATP hydrolysis. Finally, while the transporter is made of two 

Wzm and Wzt protomers, the CBM sits at an asymmetric angle to the membrane resulting 

in a tilt that allows only one CBM site to be accessible to binding at a time. This asymmetry 

may help drive the translocation process in an asynchronous manner resulting in 

staggered uses of ATP driven power. Despite the structural advances made, polymer 

bound structures are still required to fully understand the complete export process, and 

how the other components of the O-PS play a role in this binding.  

Until now, O7 was the only K. pneumoniae serotype with unknown genetic 

determinants and the data here complete the catalogue. The identification of the K. 

pneumoniae O7 cluster completes the understanding of the minimum genetic 

requirements for all currently identified K. pneumoniae serotypes, allowing for its use in 

in silico serotyping. In addition, our in vitro work implicates ORF6KpO7 as a bifunctional 

GT/terminator. With this initial characterization, several questions remain to be answered. 

First, the precise roles of each GT domain in the C-terminal portion of ORF6KpO7 needs 

to be investigated via site directed mutagenesis to identify the functionality of each 
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domain. Secondly, the individual domains of the N-terminal ORF6KpO7 terminator need to 

be further pursued to complete the characterization of the individual domains. 

Furthermore the lack of sequence similarity of the proposed kinase domain of ORF6KpO7 

to characterized kinases alludes to the possibility of a new fold that should be pursued for 

structural studies. These objectives have been pursued by another PhD student Danielle 

Williams in her thesis research.  
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Appendix Table 1: Oligonucleotide primers. 

Plasmid/Strain 
Generated 

Primer Sequence Forward/ 
Reversea-d 

Description 

pWQ984 5′-tgaatattatggtttttatttgtgctcaatctttttttaaggcagagataTGTGTAGGCTGGAGCTGCTTC-3′ 
 
5′-aatgaaaacttcatttcttccattagagcttcgaaagactccattcttaaCATATGAATATCCTCCTTAG-3′ 
 

Lambda red 
replacement of 
wbmV with kanR  

pWQ985 5′-ataagcgttcaatttcatctctcattaataaaatttttaaaggataagatTGTGTAGGCTGGAGCTGCTTC-3′ 
 
5′-tgcattagcagtaatcaataaatttattaccaaataaccactatgaaaccCATATGAATATCCTCCTTAG-3′ 
 

Lambda red 
replacement of 
wbmW with kanR 

pWQ986 5′-ttagcggctggccagcttaagtctatctagccagccatcatctaactcatatgggaATTAGCCATGGTCC-3′ 
 
5′-atgttaagaatggagtctttcgaagctctaatggaagaaatgaagttttcGTGTAGGCTGGAGCTGCTTC-3′ 

Lambda red 
replacement of 
wbmX with kanR 

pWQ987 5′-aaggctctcaagggcatcggtcgacGGGATGAGCTCCGGATGAATATGATG-3′ 
 
 

Gibson assembly of 
wbmVW in pBR322  

pWQ988 5′-gcgaccacacccgtcctgtggatccCGACGCCATTCATGGCCATATCAATG-3′ 
 
5′-gcgaccacacccgtcctgtggatccTTATCCTTTAAAAATTTTATTAATGAGAGATG-3′ 

Gibson assembly of 
wbmV in pBR322 

pWQ989 5′-gcgaccacacccgtcctgtggatccTTAGCGGCTGGCCAGCTTAAGTC-3′ 
 
5′-aaggctctcaagggcatcggtcgacaggagaattcaccATGTTAAGAATGGAGTCTTTCGAAGC-3′ 

Gibson assembly of 
wbmW in pBR322 

pWQ994 
 

5′-GCTGgCAAAAAACGTCACCAACTC-3′ 
 
5′-GcaGcaATTGCACTATCATATCTATAC-3′ 

SDM primers to 
generate 
WbmVD100A, D102A, 

D103A 

pWQ995 
 

5′-ACCAgCAATGAATGCGACATACTCG-3′ 
 
5′-GcTGcCTGGGTTGAGCAACCAATG-3′ 
 

SDM primers to 
generate 
WbmWD272A, D274A, 

D275A 

 
pWQ990 

5′-cccgtttttttgggctagcaggaggaattcaccatgcatcaccatcaccatcacGAATGGTTTTCTGATATAAAAAATTCG-
3′ 
 
5′-ctcatccgccaaaacagccaagcttttacttgtcatcgtcatccttataatcGCGGCTGGCCAGCTTAAGTC-3′ 
 

Gibson assembly 
primers to generate 
pBAD24 derivative 
encoding His6-
WbmVW-FLAG  

pWQ996 5′-GcTGACTGGGTTGAGCAACCAATG-3′ 
 
5′-GATGACTGGGTTGAGCAACCA-3′ 
 

SDM primers to 
generate 
WbmWD272A 

pWQ1001, 
pWQ1002, 
pWQ1003,  

5′-gatcggatccaggaggaattcaccATGGAATGGTTTTCTGATATAAAAAATTC-3′ 
 
5′-gatcggtaccTCCTTTAAAAATTTTATTAATGAGA-3′ 
 

Clone wbmV into 
pKT25, pUT18 and 
pUT18C 

pWQ1004, 
pWQ1005, 
pWQ1006,  

5′-gatcggatccaggaggaattcaccATGTTAAGAATGGAGTCTTTCGAAGC-3′ 
 
5′-gatcggtaccGCGGCTGGCCAGCTTAAG-3′ 

Clone wbmW into 
pKT25, pUT18 and 
pUT18C 

pWQ1007, 
pWQ1008, 
pWQ1009 

5′-gatcggatccaggaggaattcaccATGGAATGGTTTTCTGATATAAAAAATTC-3′ 
 
5′-gatcggtaccGCGGCTGGCCAGCTTAAG-3′ 

Clone wbmVW into 
pKT25, pUT18 and 
pUT18C 

pWQ1011 5′-cccgtttttttgggctagcaggaggaattcaccatgcatcaccatcaccatcacGAATGGTTTTCTGATATAAAAAATTCG-
3′ 
 
5′-ctcatccgccaaaacagccaagcttTTATCCTTTAAAAATTTTATTAATGAGAGATG-3′ 
 

Gibson assembly 
primers to generate 
pBAD24 derivative 
encoding His6-
WbmV 

pWQ1012 5′-cccgtttttttgggctagcaggaggaattcaccatgcaccatcaccatcaccatTTAAGAATGGAGTCTTTCGAAGC-3′ 
 
5′-ctcatccgccaaaacagccaagcttTTAGCGGCTGGCCAGCTTAAGTC-3′ 
 
 

Gibson assembly 
primers to generate 
pBAD24 derivative 
encoding His6-
WbmW 

pWQ1013 5′-gatcgctagcaggaggaattcaccATGGCCTCAATCGAACAGGCG-3′ 
 
5′-gatcccatggttagtgatggtgatggtgatgCATCGGCGTACAATTCATTTTCACG-3′ 
 
 

Generation of 
plasmid for 
expression of K. 
pneumoniae O7 
His6-Wzt-C 

pWQ1014 5′-gatcgctagcaggaggaattcaccATGGGATTGTTCTGGTCATTTATTAACC-3′ 
 

Generation of 
pBAD24 derivative 
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5′-gatcccatggttagtgatggtgatggtgatgCATCGGCGTACAATTCATTTTCACG-3′ 
 

for expression of K. 
pneumoniae O7 
Wzm-Wzt-His6   

pWQ1069 5′-gatcgctagcaggaggaattcaccATGGACGAAATTTCTATGGAACAGTTTG-3′ 
 
5′-gatcccatggttagtgatggtgatggtgatgTAAATAATCTGTCGCAACCAGC-3′ 

Generation of 
pBAD24 derivative 
for expression of 
ORF7KpO7-His6 

pWQ1070 5′-GTTTCATTCGcTTTTTTTGATACTTTATATC-3′ 
 
5′-AACCTCGGCCATATCAAT-3′ 
 

Mutagenesis 
primers to generate 
ORF7KpO7 D28A-His6 

pWQ1071 5′-gatcgctagcaggaggaattcaccATGGACGAAATTTCTATGGAACAGTTTG-3′ 
 
5′-gatcccatggttagtgatggtgatggtgatgCGCCACATAATGGTAACTCAGC-3′ 

Generation of 
pBAD24 derivative 
for expression of  
ORF7KpO7 1-214-His6 

pWQ1072 5′-gatctctagaaggaggaattcaccATGAATAAATTTAAACTCAAAACTGTTGATGTATG-3′ 
 
5′-gatcctcgagATACTTGCGATAGAATTTTCTTTTATAAAAAACCG-3′ 

Generation of 
pET28a(+) 
derivative for 
expression of 
ORF5KpO4-His6 

pWQ1073 5′-AAAACTGTTGcTGTATGGGATAC-3′ 
 
5′-GAGTTTAAATTTATTCATGGTGAATTCC-3′ 

Mutagenesis 
primers to generate 
ORF5KpO4 D10A-His6 

pWQ1074 5′-gatctctagaaggaggaattcaccATGAATAAATTTAAACTCAAAACTGTTGATGTATG-3′ 
 
5′-gatcctcgagTGGGAGATACCGAATACTTTTTATACCTTTTG-3′ 

Generation of 
pET28a(+) 
derivative for 
expression of 
ORF5KpO4 1-216-His6  

pWQ1076 5′-CAATGAACGGtgaTCCAATGCAATAC-3′ 
 
5′-ATTCCTACATTTTTCTTGGTTTG-3′ 

Generation of 
pET28a(+) 
derivative for 
expression of  
ORF4Tc His6-1-626 

pWQ1077 5′-ATTTTTCGCTgcTGATGGTTATGTATTAACC-3′ 
 
5′-AGAATATGATCAATACCATCATC-3′ 

Mutagenesis 
primers to generate 
ORF7KpO7 R284A-His6

 

pWQ1078 5′-TTCGCTCGTGcTGGTTATGTATTAAC-3′ 
 
5′-AAATAGAATATGATCAATACCATCATC-3′ 

Mutagenesis 
primers to generate 
ORF7KpO7 D285A-His6 

pWQ1079 5′-CTACGGTTCGgcTACAACATTCACTTTGGCGG-3′ 
 
5′-AAATAGCCGAACGGCGGT-3′ 

Mutagenesis 
primers to generate 
ORF7KpO7 R311A-His6 

pWQ1080 5′-GCTGTGGTTGcTGTCGGTTGG-3′ 
 
5′-AATTTTCTGACCGCTTTGG-3′ 

Mutagenesis 
primers to generate 
ORF7KpO7 D417A-His6  

C. youngae 
O1 Δorf15 

5′-tacttctcgattgagaatcgatgtagattctgcttagccaaggaatgtaaTGTGTAGGCTGGAGCTGCTTC-3′ 
 
5′-cgcttgttaacgctagtaatagaacgatcaaactcatttttcaccacgacCATATGAATATCCTCCTTAG-3′ 
 

Lamba red 
replacement of C. 
youngae O1 orf15 
with kanR 

C. youngae 
O1 Δorf12 

5′-atcattcataactattctcataaaatattttaaatttctaaggttgaataTGTGTAGGCTGGAGCTGCTTC-3′ 
 
5′-ctgctagatcctatcctctaatgatttgtcagaattatatttaactaactCATATGAATATCCTCCTTAG-3′ 

Lamba red 
replacement of C. 
youngae O1 orf12 
with kanR 

C. youngae 
O2 Δorf13 

5′-ggcttgtctctaatttgcgtcggaattgtatttatctctaggagtgcataaTGTGTAGGCTGGAGCTGCTTC-3′ 
 
5′-gaaaaatcattagaggataggatctagcagatcctatcctttttttatgcCATATGAATATCCTCCTTAG-3′ 
 

Lamba red 
replacement of C. 
youngae O2 orf13 
with kanR 

pWQ1081 5′-gatcgctagcaggaggaattcaccatgcatcaccatcaccatcacTCCACCAAGCCATTTGATGC-3′ 
 
5′-gatcaagcttTTATAGATAACTTGCTATCATAAAACCAGCG-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
C. youngae O1 
ORF15-His6 

pWQ1082 5′-gatcgctagcaggaggaattcaccATGGTCAATAGGTTTAGTTCTCTATTGTTTATTG-3′ 
 
5′-gatcaagcttttagtgatggtgatggtgatgCTGCCAATAAAACTGAATCAATCCCAG-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
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C. youngae O1 
ORF12-His6 

pWQ1083 5′-gatcgctagcaggaggaattcaccatgcatcaccatcaccatcacCGTCATATTATTACTGGCGGAAGTG-3′ 
 
5′-gatcaagcttTTACTTTCTTATGAATGAATCGTATGCTTCAC-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
C. youngae O2 
ORF13-His6 

pWQ1084 5′-CTTGTTGTTGcTTTAGACGGC-3′ 
 
5′-AGGCACATTTATGTCGATAG-3′ 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15D18A-His6 

pWQ1085 5′-CTATATTATTgcCGATCTAGCAGACCTTG-3′ 
 
5′-GTTGCGGAGGCAATTAAG-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15N247A-His6 

pWQ1086 5′-ATTATTAACGcTCTAGCAGACCTTG-3′ 
 
5′-ATAGGTTGCGGAGGCAAT-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15D248A-His6 

pWQ1087 5′-GTTAATAATATAGGTTGCGG-3′ 
 
5′-CTTGAAGCCGcTCGTAGACATAAG-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15D251A-His6 

pWQ1088 5′-CTTGAAGCCGcTCGTAGACATAAG-3′ 
 
5′-GTCTGCTAGATCGTTAATAATATAG-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15D255A-His6 

pWQ1089 5′-TCTGGCAAAAgcGCATGTTGAGATTC-3′ 
 
5′-GCCAGTGAGAAAAATAGC-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15R366A-His6 

pWQ1090 5′-CGGCATGTTGcGATTCTCAAATC-3′ 
 
5′-TTTTGCCAGAGCCAGTGA-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF15E369A-His6 

pWQ1091 5′-CAACTTGGCGcTGGACATGAG-3′ 
 
5′-TACTGGCTTACTTGTTAATC-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12D31A-His6 

pWQ1092 5′-GATGGACATGcGTATTCACTCATAAC-3′ 
 
5′-GCCAAGTTGTACTGGCTT-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12E34A-His6 

pWQ1093 5′-TGGACATGAGgcTTCACTCATAACAAAAGCATTTTTAAATAATC-3′ 
 
5′-TCGCCAAGTTGTACTGGC-3′ 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12Y35A-His6 

pWQ1094 5′-CTATGGATACgcCTTTTGGTTCTATCC-3′ 
 
5′-TATTCATTAGTTTTAGATTTATATATACC-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12H106A-His6 

pWQ1095 5′-TAAATGGTCGgcTCCAGAAGTAATGATATATTC-3′ 
 
5′-AGATAGAATATGACTCCAC-3′ 
 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12H174A-His6 

pWQ1096 5′-TCGCATCCAGctGTAATGATATATTC-3′ 
 
5′-CCATTTAAGATAGAATATGACTC-3′ 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12E176A-His6 

pWQ1097 5′-TGTCTTTCAAgcATATGCCTTGTATTCTGTTG-3′ 
 
5′-TTCTGCCCTGAGTTCATATTG-3′ 

Mutagenesis 
primers to generate 
C. youngae O1 
ORF12R349A-His6 

pWQ1098 5′-gatcgctagcaggaggaattcaccATGGTCAATAGGTTTAGTTCTCTATTGTTTATTG-3′ 
 
5′-gatcaagcttttagtgatggtgatggtgatgGCAATACATCGCCCCTGTAATATAG-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
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C. youngae O1 
ORF121-502-His6 

pWQ1099 5′-gatcgctagcaggaggaattcaccATGGTCAATAGGTTTAGTTCTCTATTGTTTATTG-3′ 
 
5′-gatcaagcttttagtgatggtgatggtgatgCGTTTCATATCCATTGCTAAATATTATATACATGAAC-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
C. youngae O1 
ORF121-392-His6 

pWQ1100 5′-gatcgctagcaggaggaattcaccATGGACGATTTTGCTCCAGCGTAC-3′ 
 
5′-gatcaagcttttagtgatggtgatggtgatgCTGCCAATAAAACTGAATCAATCCCAG-3′ 

Generation of 
pBAD18-Cm 
derivative for 
expression of  
C. youngae O1 
ORF12503-651-His6 

pWQ1101 5′-gatcggatccaggaggaattcaccATGCGCTGTAAACATGCTGTC-3′ 
 
5′-gatcgtcgacTTATCTAAGTTTCTTGTACATTATTTTTGT-3′ 

Clone E. coli O114 
wbuP in pACYC184 

pWQ1102 5′-gatcggatccaggaggaattcaccATGCTTGTTAGTGCTTGTGCTG-3′ 
 
5′-gatcgtcgacTCATTTACAGTTATTTTCATTTAAATCGGCAAG-3′ 
 

Clone E. coli O114 
wbuN in pBR322 

pWQ1103 5′-gatcggatccaggaggaattcaccATGTTTATGTTTTATCTTCCATTTGTTTATTATTATAAAACAAG-3′ 
 
5′-ctctcaagggcatcggtcgacTACCTATTAATCTTGTAAAAAAGAACTGAAAAAAAATATATTG-3′ 
 

Clone E. coli O114 
wbuO in pBR322 

pWQ1104 5′-gatcggatccaggaggaattcaccATGCTTGTTAGTGCTTGTGCTG-3′ 
 
5′-ctctcaagggcatcggtcgacTACCTATTAATCTTGTAAAAAAGAACTGAAAAAAAATATATTG-3′ 
 

Clone E. coli O114 
wbuNO in pBR322 

pWQ1105 5′-ccacacccgtcctgtggatcaggaggaattcaccATGCTTGTTAGTGCTTGTGC-3′ 
 
5′-ctctcaagggcatcggtcgaTTATCTAAGTTTCTTGTACATTATTTTTGT-3′ 

Gibson assembly of 
E. coli O114 
wbuNOP in 
pACYC184 

pWQ1106 5′-GCTGCATTTGcTTTATGCGATAC-3′ 
 
5′-AATTGTATTTTTCACCCCAC-3′ 

Mutagenesis 
primers to generate 
E. coli O114 
WbuND39AOP 

pWQ1107 5′-TTATATTCAAgcTGATTGCGAGACGATAAAAAAAG-3′ 
 
5′-CCTACTTCATATAAACTTTGAAC-3′ 

Mutagenesis 
primers to generate 
E. coli O114 
WbuNON68AP 

pWQ1108 5′-ATTCAAAATGcTTGCGAGACG-3′ 
 
5′-ATAACCTACTTCATATAAACTTTG-3′ 

Mutagenesis 
primers to generate 
E. coli O114 
WbuNOD69AP 

pWQ1109 5′-TGATTGCGAGgCGATAAAAAAAG-3′ 
 
5′-TTTTGAATATAACCTACTTCATATAAAC-3′ 

Mutagenesis 
primers to generate 
E. coli O114 
WbuNOT72AP 

pWQ1110 5′-ATAAAAAAAGcAGATAGTCCAACTC-3′ 
 
5′-CGTCTCGCAATCATTTTG-3′ 

Mutagenesis 
primers to generate 
E. coli O114 
WbuNOE76AP 

 

a Sequence complimentary to the template is in upper case 
b Mutations introduced by mutagenesis primers are shown in lower case 
c Sequence encoding protein tags are italicized 
d Restriction enzyme cut sites are underlined 
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Appendix Table 2: Plasmids. 

Plasmid Description Reference 

pBR322 Cloning vector Apr (Bolivar et al., 
1977) 

pACYC184 Cloning vector Cmr, Tcr (Chang and 
Cohen, 1978) 

pBAD24 Cloning vector with ʟ-arabinose-inducible 
promoter; Apr  

(Guzman et al., 
1995) 

 

pBADHisA Cloning vector with ʟ-arabinose-inducible 
promoter; Apr; contains His6 tag in frame 
with multiple cloning site 

 

Invitrogen 

pET28a(+) Cloning vector with Isopropyl β-ᴅ-1-
thiogalactopyranoside-inducible 
promoter; Kanr 

Novagen 

pBAD18-Cm Cloning vector with ʟ-arabinose-inducible 
promoter; Cmr 

(Guzman et al., 
1995) 

 

pKD46 Temperature sensitive, encodes lambda 
Red genes (exo, bet, gam); arabinose-
inducible promoter; Apr 
 

(Datsenko and 
Wanner, 2000) 

pKD4 Source of kanamycin resistance cassette; 
Kanr 

(Datsenko and 
Wanner, 2000) 

pWQ288 pACYC184 derivative containing the rfb2a 
gene cluster (wzm, wzt, wbbM, glf, wbbN, 
wbbO) 

(Kos et al., 2009) 

pWQ289 pWQ288 derivative with wzm and wzt 
removed 

(Kos et al., 2009) 

pWQ516 pWQ288 derivative with a deletion in wbbO (Kos and 
Whitfield, 2010) 

pWQ517 pWQ288 derivative with a deletion in wbbM (Kos and 
Whitfield, 2010) 

pWQ548 pWQ288 derivative with a frame-shift 
mutation in wbbN (encodes only the first 79 
amino acids) 

(Kos and 
Whitfield, 2010) 

pWQ633 pWQ288 derivative with a deletion in glf (Clarke et al., 
2018) 
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pWQ395 pBR322 derivative containing wbmVWX, 
from K. pneumoniae 5053 

(Clarke et al., 
2018) 

pWQ896 pWQ395 derivative containing wbmVW 
from K. pneumoniae 5053 without any of 
the 3′ or 5′ non-coding regions from 
pWQ395 

This study 

pWQ984 pWQ395 derivative replacing wbmV with a 
Kanr cassette  

This study 

pWQ985 pWQ395 derivative replacing wbmW with a 
Kanr cassette  

This study 

pWQ986 pWQ395 derivative replacing wbmX with a 
Kanr cassette  

This study 

pWQ987 pBR322 derivative containing wbmVW with 
extended non-coding 5′ upstream region.  

This study 

pWQ988 pACYC184 derivative containing wbmW 
with extended (non-coding) 5′ upstream 
region and wbmV replaced by short FRT 
scar from lambda red recombination 

This study 

pWQ989 pBR322 derivative containing wbmV with 
extended (non-coding) 5′ upstream region 

This study 

pWQ990 pBAD24 derivative encoding coexpression 
of His6-WbmV and WbmW-FLAG 

This study 

pWQ994 pWQ988 derivative encoding WbmVD100A, 

D102A, D103A  
This study 

pWQ995 pWQ988 derivative encoding WbmWD272A, 

D274A, D275A 
This study 

pWQ996 pWQ988 encoding WbmWD272A  This study 

pKT25 pACYC184 derivative for N-terminal fusion 
of the T25 fragment of adenylate cyclase 
from B. pertussis. 

(Karimova et al., 
1998) 

pUT18 pBluescript II KS derivative for C-terminal 
fusion of the T18 fragment of adenylate 
cyclase from B. pertussis 

(Karimova et al., 
1998) 

pUT18C pBluescript II KS derivative for N-terminal 
fusion of the T18 fragment of adenylate 
cyclase from B. pertussis 

(Karimova et al., 
1998) 

pKT25-ZIP pKT25 derivative containing a 35-residue 
leucine zipper for positive control in two-
hybrid experiments 

(Karimova et al., 
1998) 

pUT18C-ZIP pUT18C derivative containing a 35-residue 
leucine zipper for positive control in two-
hybrid experiments 

(Karimova et al., 
1998) 

pWQ534 pKT25 derivative encoding T25-WbbM (Kos and 
Whitfield, 2010) 
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pWQ540 pUT18C derivative encoding T18-WbbM (Karimova et al., 
1998) 

pWQ544 pUT18 derivative encoding WbbM-T18 (Karimova et al., 
1998) 

pWQ997 pKT25 derivative encoding T25-WbbY This study 

pWQ998 pUT18C derivative encoding T18-WbbY This study 

pWQ999 pUT18 derivative encoding WbbY-T18 This study 

pWQ1001 pKT25 derivative encoding T25-WbmV This study 

pWQ1002 pUT18C derivative encoding T18-WbmV This study 

pWQ1003 pUT18 derivative encoding WbmV-T18 This study 

pWQ1004 pKT25 derivative encoding T25-WbmW This study 

pWQ1005 pUT18C derivative encoding T18-WbmW This study 

pWQ1006 pUT18 derivative encoding WbmW-T18 This study 

pWQ1007 pKT25 derivative encoding T25-WbmVW This study 

pWQ1008 pUT18C derivative encoding T18-WbmVW This study 

pWQ1009 pUT18 derivative encoding WbmVW-T18 This study 

pWQ1011 pBAD24 derivative encoding His6-WbmV This study 

pWQ1012 pBAD24 derivative encoding His6-WbmW This study 

pWQ1013 pBAD24 derivative encoding His6-Wzt-C 
(residues 268-464) from K. pneumoniae 
O7. 

This study 

pWQ1014 pBAD24 derivative encoding Wzm-Wzt-His6  
from K. pneumoniae O7. 

This study 

pWQ1069 pBAD24 derivative encoding ORF7KpO7-
His6 

This study 

pWQ1070 pBAD24 derivative encoding ORF7KpO7 

D28A-His6 
This study 

pWQ1071 pBAD24 derivative encoding ORF7KpO7 1-

214-His6 mutant 
This study 

pWQ1072 pET28a(+) derivative encoding ORF5KpO4-
His6 

This study 

pWQ1073 pET28a(+) derivative encoding ORF5KpO4 
D10A-His6 

This study 

pWQ1074 pET28a(+) derivative encoding ORF5KpO4 1-

216-His6 mutant 
This study 

pWQ1075 pET28a(+) derivative encoding His6-
ORF4Tc 

This study 

pWQ1076 pET28a(+) derivative encoding ORF4Tc 1-

626-His6 
This study 
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pWQ1077 pBAD24 derivative encoding ORF7KpO7 
R284A-His6 mutant 

This study 

pWQ1078 pBAD24 derivative encoding ORF7KpO7 
D285A-His6 mutant 

This study 

pWQ1079 pBAD24 derivative encoding ORF7KpO7 
R311A-His6 mutant 

This study 

pWQ1080 pBAD24 derivative encoding ORF7KpO7 
D417A-His6 mutant 

This study 

pWQ1081 
 

pBAD18-Cm derivative encoding C. 
youngae O1 ORF15-His6 

This study 

pWQ1082 
 

pBAD18-Cm derivative encoding C. 
youngae O1 ORF12-His6 

This study 

pWQ1083 pBAD18-Cm derivative encoding C. 
youngae O2 ORF13-His6 

This study 

pWQ1084 
 

pBAD18-Cm derivative encoding C. 
youngae O1 ORF15D18A-His6 

This study 

pWQ1085 
 

pBAD18-Cm derivative encoding C. 
youngae O1 ORF15N247A-His6 

This study 

pWQ1086 pBAD18-Cm derivative encoding C. 
youngae O1 ORF15D248A-His6 

This study 

pWQ1087 pBAD18-Cm derivative encoding C. 
youngae O1 ORF15D251A-His6 

This study 

pWQ1088 pBAD18-Cm derivative encoding C. 
youngae O1 ORF15D255A-His6 

This study 

pWQ1089 pBAD18-Cm derivative encoding C. 
youngae O1 ORF15R66A-His6 

This study 

pWQ1090 pBAD18-Cm derivative encoding C. 
youngae O1 ORF15E369A-His6 

This study 

pWQ1091 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12D31A-His6 

This study 

pWQ1092 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12E34A-His6 

This study 

pWQ1093 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12Y35A-His6 

This study 

pWQ1094 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12H106A-His6 

This study 

pWQ1095 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12H174A-His6 

This study 

pWQ1096 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12E176A-His6 

This study 

pWQ1097 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12R349A-His6 

This study 

pWQ1098 pBAD18-Cm derivative encoding C. 
youngae O1 ORF121-502-His6 

This study 

pWQ1099 pBAD18-Cm derivative encoding C. 
youngae O1 ORF121-392-His6 

This study 
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pWQ1100 pBAD18-Cm derivative encoding C. 
youngae O1 ORF12503-651-His6 

This study 

pWQ1101 pACYC184 derivative encoding E. coli 
O114 WbuP 

This study 

pWQ1102 pBR322 derivative encoding E. coli O114 
WbuN 

This study 

pWQ1103 pBR322 derivative encoding E. coli O114 
WbuO 

This study 

pWQ1104 pBR322 derivative encoding E. coli O114 
WbuNO 

This study 

pWQ1105 pACYC184 derivative encoding E. coli 
O114 WbuNOP 

This study 

pWQ1106 pACYC184 derivative encoding E. coli 
O114 WbuND39AOP 

This study 

pWQ1107 pACYC184 derivative encoding E. coli 
O114 WbuNON68AP 

This study 

pWQ1108 pACYC184 derivative encoding E. coli 
O114 WbuNOD69AP 

This study 

pWQ1109 pACYC184 derivative encoding E. coli 
O114 WbuNOT72AP 

This study 

pWQ1110 pACYC184 derivative encoding E. coli 
O114 WbuNOE76AP 

This study 
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