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Bacterial capsules are protective layers of high molecular weight polysaccharides that 

surround the cell surfaces of many Gram-negative bacterial pathogens. Capsular polysaccharides 

(CPSs) show remarkable structural diversity and have classically been identified by their distinct 

immunochemistries. In Escherichia coli, this results in approximately 80 K- (capsular) antigen 

serotypes. In many pathogens, CPSs are often essential for cell survival and virulence within the 

host because they allow evasion of immune defenses. The documented attenuation of 

unencapsulated mutants in animal models of infection makes CPS biosynthesis and export proteins 

candidate therapeutic targets. Proof-of principle is provided in the literature by small-molecule 

inhibitors of E. coli capsule assembly, which offer protection in a murine model of sepsis. 

However, such ñantivirulenceò applications require a fundamental understanding of the 

underpinning cellular processes. 

Despite their structural diversity, CPSs are formed by one of two conserved assembly 

strategies. The E. coli ñgroup 1ò capsules are assembled via a Wzy-dependent pathway. The E. 

coli ñgroup 2ò capsule systems are defined by an assembly strategy with polymer export dependent 

on an ATP-binding cassette (ABC) transporter. This system is shared by extraintestinal pathogenic 

E. coli isolates, Neisseria meningitidis, Haemophilus influenzae, and other pathogens featured on 

the World Health Organizationôs global priority list of antibiotic-resistant bacteria. The dedicated 



 

 

proteins involved in the synthesis and export of E. coli group 2 CPSs are encoded by the kps locus, 

and the protein functions are known, to various degrees of detail. In contrast, other supporting 

cellular components involved in CPS expression, and the global connectivity of this pathway with 

the other cellular processes, have not been established. Filling the information gap concerning the 

involvement of other cellular processes in CPS assembly requires a different experimental 

approach than the targeted strategies used to date. Here, I used genome-wide phenotypic screening 

as an unbiased approach to identify ñhousekeepingò genes (genes required for maintenance of 

basal cellular functions) necessary for capsule assembly. Surprisingly, the list of newly discovered 

genes required for group 2 CPS biosynthesis is brief and is often dependent on growth conditions, 

indicating kps functionality is mostly independent of genetic background, and yet is highly 

responsive to environmental cues. This may contribute to the ease of horizontal transfer of capsule 

production to new isolates, as there are few additional genetic requirements for the receiving 

bacterium.  

The conserved requirements of housekeeping elements across the two principle CPS 

assembly strategies has yet to be well studied. The requirement for Braunôs lipoprotein (Lpp; a 

key protein in the maintenance of outer membrane integrity and essential in the assembly of the E. 

coli group 2 CPS export machinery) in capsule assembly by different strategies is investigated in 

this thesis. The results show that the importance of Lpp varies depending on the structure of the 

outer membrane CPS translocon. 

 These studies offer important new insight into CPS assembly in Gram-negative bacteria 

and the relationship between the CPS biosynthesis pathway and other cellular processes.
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CHAPTER 1 ï Introduction  
 

1.1 Preface 

 

A portion of this chapter has been published in a modified form as Sande, C. and Whitfield, C. 

(2021) Capsules and extracellular polysaccharides in Escherichia coli and Salmonella. EcoSal 

Plus. doi: https://doi.org/10.1128/ecosalplus.ESP-0033-2020.  (Sande and Whitfield, 2021) 

1.2 An overview of the Gram-negative cell envelope and surface 

polysaccharides 

 

The Gram-negative bacterial cell envelope consists of two membranes, separated by an 

aqueous compartment called the periplasm that houses a thin layer of peptidoglycan (PG) (Figure 

1.1) (Silhavy et al., 2010; Sun et al., 2022). The cytoplasmic inner membrane (IM) is a typical 

glycerophospholipid bilayer composed of glycerophospholipids and many membrane-associated 

proteins, lipoproteins, and integral membrane proteins (Bos and Tommassen, 2004; Luirink et al., 

2012). Processes such as cellular respiration, nutrient uptake, and synthesis and translocation of 

cellular constituents occur at the IM and are supported by the proton gradient maintained across 

the membrane (Silhavy et al., 2010; Sun et al., 2022).  The lipid bilayer structure allows the 

diffusion of hydrophobic molecules but acts as a barrier to most hydrophilic or charged molecules, 

which can only be taken into the cytoplasm by dedicated transporters. Reflecting the nutritional 

versatility of bacteria, the IM contains many proteins with roles in the transport of nutrients or 

small molecules, as well as others required for the biosynthesis and translocation of other cell 

envelope constituents and extracellularly secreted small molecules and proteins (Luirink et al., 

2012).  
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The periplasm is a compartment containing various important macromolecules in constant flux 

(Beveridge, 1999). This densely packed, viscous space contains degradative enzymes, binding 

proteins, molecular chaperones, secreted molecules, and newly synthesized outer membrane 

components and intermediates (Silhavy et al., 2010). The periplasm also contains a layer of PG 

consisting of glycan strands with a backbone of alternating N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) residues, which are substituted with short peptides (Vollmer et al., 

2008; Vollmer and Seligman, 2010). Cross-links between the peptides help create a rigid mesh-

like structure, are important for cell shape and cell division, protect the cell against osmotic lysis, 

and play a role in anchoring cell envelope components.  

 

Figure 1.1 Simplified Gram-negative bacterial cell envelope. The cartoon depicts the inner 

membrane (IM), peptidoglycan (PG), outer membrane (OM), lipopolysaccharide (LPS), and 

capsular polysaccharide (CPS). The large number of diverse membrane and periplasmic proteins 

are not depicted. 
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The OM is an asymmetric lipid bilayer, where the inner leaflet is enriched in 

glycerophospholipids and the outer leaflet consists mainly of the glycolipid known as 

lipopolysaccharide (LPS) (Sun et al., 2022). LPS is a glycolipid composed of three parts; the 

hydrophobic lipid A domain is linked to the serotype-specific O-antigen polysaccharide via the 

short core oligosaccharide. Most OM proteins are lipoproteins or ɓ-barrel proteins that form 

channels for the diffusion of molecules across the membrane (Bos and Tommassen, 2004). 

However, as discussed below, exporting cell-surface macromolecules such as LPS requires large 

envelope-spanning complexes (Lundstedt et al., 2021). 

OM proteins Lpp (a lipoprotein) and OmpA (a ɓ-barrel protein), and IM protein TolR play 

critical structural roles by helping maintain the relative distances between the PG layer and the 

membranes (Boags et al., 2019). Interactions between proteins and PG are proposed to be mainly 

non-covalent, except for the lipoprotein Lpp, which has an N-terminal acyl chain inserted into the 

OM and a C-terminal lysine that can be covalently bound to the stem peptides of PG (Braun, 1975). 

Maintaining the width of the periplasmic compartment via Lpp tethering is essential for signal 

transduction from the OM to downstream effectors in the cytoplasm (Asmar et al., 2017).  This 

distance is also important for the assembly of trans-envelope protein complexes. For example, Lpp 

positions PG at the interface of TolC and AcrA in the AcrAB-TolC multidrug efflux pump, which 

is proposed to optimize its assembly (Gumbart et al., 2021). Additionally, the linking of the OM 

and PG through Lpp directly contributes to the stiffness and integrity of the cell envelope 

(Mathelié-Guinlet et al., 2020). 

In addition to LPS O antigens, Gram-negative bacteria produce other surface polysaccharides. 

In Escherichia coli, these include capsular polysaccharides (CPSs), enterobacterial common 

antigen (ECA; found in almost all members of the Enterobacteriaceae), as well as colanic acid 



4 

 

(also called M-antigen), a secreted extracellular polysaccharide with a less robust association with 

the cell surface, bacterial cellulose, and poly-ɓ1,6-N-acetyl glucosamine (PNAG) (reviewed in 

Sande and Whitfield, 2021). The OM and its associated glycolipids/polysaccharides act as a 

selective barrier against potentially harmful molecules, particularly hydrophobic ones, while still 

allowing the uptake of required nutrients (Sun et al., 2022). They also protect against 

environmental threats, influence biofilm formation, and can act as virulence factors (Silhavy et al., 

2010; Sande and Whitfield, 2021). The research topic in this thesis is the regulation and 

biosynthesis of E. coli CPSs, and the remainder of this introduction will focus on these cellular 

components. 

1.3 Capsular polysaccharides in E. coli 

 

CPSs are high molecular weight polymers that are tightly attached to the cell surface and form 

a thick, hydrophilic, protective layer called a capsule (Figure 1.2A)  (Sande and Whitfield, 2021). 

CPSs contain repeat-unit structures that vary in the component sugars, the linkages between the 

sugars, and the modifications to the repeat units; some include branched repeat-unit structures and 

non-stoichiometric, non-sugar modifications such as acetylation (Figure 1.2B). This immense 

structural diversity leads to a variety of serotype-specific K (capsular) antigens with more than 80 

recognized examples in E. coli (Ørskov et al., 1977; Kunduru et al., 2016).  

In general, diversity in CPSs is thought to be generated within a cell through regulation and 

phase variation, and more globally, over a longer time scale, through recombination events, gene 

loss, and/or horizontal gene transfer. This is well documented in E. coli as well as other 

Enterobacteriales. In E. coli, there is evidence of frequent transfers of both entire kps (group 2 CPS 

biosynthesis) loci and individual genes between bacteria at the species and genus levels (Holt et 
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al., 2020). The consistent location of kps in the genome, similar operon architecture, with blocks 

of conserved genes, and commonly found transposable elements flanking kps all help facilitate the 

gene transfer/recombination events that increase diversity. The most likely selective pressure 

driving diversity is bacteriophage infection (Mostowy and Holt, 2018). Phages must overcome 

barriers on the exterior of bacteria, and many have evolved tail fibers specific to CPS and often 

degrade CPS to reach the cell surface. Diversity in CPS is likely also influenced by host immune 

systems over a longer timeframe, as these polysaccharides are often immunogenic (Mostowy and 

Holt, 2018). Pathogens with novel K antigens have a selective advantage in naïve hosts, but as 

hosts build immune memory, different, unrecognized CPS variants gain the advantage. This cycle 

continues and builds antigenic diversity. 

1.3.1 Structure and surface organization of E. coli group 2 CPSs 

 

CPSs were originally sorted into groups (IA/IB or II) based on co-occurrence with particular O 

antigens, chemical composition (Group I CPSs are typically acidic polysaccharides containing 

uronic acids; Figure 1.2B), and serological criteria. K antigens mask O antigens during 

agglutination tests in O antiserum, and the thermostability of this masking effect was a key 

criterion; Group I CPSs are thermostable and remain associated with the cell surface after boiling, 

while Group II CPSs are thermolabile and no longer prevent agglutination in O antiserum after 

boiling (Ørskov et al., 1977). These groups were later revised and renamed groups 1-4 based on 

biochemical and genetic data, like the location of the genetic locus, attachment to the cell surface, 

and the assembly strategy employed (Whitfield and Roberts, 1999). 
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Figure 1.2 Examples of E. coli capsules. (A) CPS forms a thick layer around the outside of the 

cell in this E. coli K1 cell cross-section preserved by high-pressure freezing (EM image by C Sande 

and E Roach). (B) Repeat unit structures for examples of group 1 (Wzy-dependent) and group 2 

(ABC transporter-dependent) CPSs. (C) Phosphatidylglycerol poly-Kdo lipid anchor conserved 

among E. coli group 2 CPSs. 

 

 

All E. coli CPSs are synthesized via one of two conserved pathways: the Wzy-dependent 

pathway (groups 1 and 4) and the ATP-binding cassette (ABC) transporter-dependent pathway 

(groups 2 and 3) (Whitfield, 2006). Both pathways employ large multiprotein complexes that must 
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span the cell envelope to export CPS from the cytoplasmic face of the IM to the cell surface 

(Cuthbertson et al., 2009). The differences between groups 2 and 3 are relatively minor. They 

cannot be distinguished based on carbohydrate structure or characteristic enzymes for biosynthesis 

and export, and no data suggest differences in general biological functions. Currently, the only 

discernible differences lie in the organization of the genetic loci and thermoregulated expression 

(see below). Thus, in a recent review, we suggested that group 3 be considered a ñvariantò 

subgroup of group 2, with previous group 2 CPSs being defined as the ñclassicalò subgroup (Sande 

and Whitfield, 2021). Group 2 CPSs are glycolipids; early studies implicated phospholipids as a 

membrane anchor (Gotschlich et al., 1981) but the actual lipid has since been defined. More 

recently, lyso-phosphatidylglycerol was identified by mass spectrometry as the lipid anchor in 

purified CPS (Willis et al., 2013). However, in vitro synthesis of the glycolipid, the labile nature 

of the bond attaching the second hydrocarbon chain and newer data, as well as the limited quantity 

of lyso-phospholipids in the bacterial membrane, suggests it is an intact phosphatidylglycerol 

anchoring CPS in vivo (Willis et al., 2013; Doyle et al., 2019). The K-antigen structure is linked 

to a phosphatidylglycerol lipid terminus via a conserved oligosaccharide composed of 3-deoxy-D-

manno-oct-2-ulosonic acid (Kdo) residues, with alternating b2,4 and b2,7 linkages (Figure 1.2C; 

Willis et al., 2013; Ovchinnikova et al., 2016; Doyle et al., 2019; Yan et al., 2020). Limited 

structural information, but extensive bioinformatic data, indicate that the same linker structure is 

found in other Gram-negative mucosal pathogens including Neisseria meningitidis, Actinobacillus 

pleuropneumoniae and others (Willis and Whitfield, 2013b; Doyle et al., 2019). At a superficial 

level, these CPSs share structural principles with LPS. In both, a lipid moiety is linked to the 

remaining glycan backbone via one or more Kdo residues (a-linked in LPS and b-linked in CPS) 

in a conserved linker region, which is capped by a hypervariable structure (the O or K antigen). 
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The group 2 CPS lipid moiety is thought to be responsible for anchoring the serotype-specific 

glycan to the outer membrane, but in culture, only 20-50% of purified glycans are thought to be 

lipidated, and this may reflect the lability of the Kdo linkage under those growth conditions (Jann 

and Jann, 1990). How much group 2 CPS is lipid-free and released from the cell is uncertain. 

However, some non-lipidated molecules may still be retained at the cell surface by ionic 

interactions with other surface components, including LPS (Jiménez et al., 2012). Capsule 

synthesis occurs at distinct sites around the cell, generating clusters of CPS molecules which are 

proposed to surround the export machinery in ñcapsular raftsò (Phanphak et al., 2019). These rafts 

expand until they converge and completely coat the cell, but the final capsule is not uniform in 

terms of thickness; super-resolution fluorescence microscopy has been used to measure shorter 

CPSs at the equatorial regions of the cell (approximately 200 nm), compared to longer CPSs in the 

polar regions (250-400 nm).  

1.3.2 Role of E. coli group 2 CPS in virulence 

 

E. coli is a diverse pathogen causing a variety of fundamentally different infections and the 

causative isolates are defined in pathotypes (Riley, 2020). E. coli group 2 capsules are commonly 

associated with extraintestinal pathogenic (ExPEC) isolates, responsible for urinary tract 

infections, meningitis, and other infections outside the digestive tract (Miajlovic and Smith, 2014). 

The capsule is a key virulence factor in these isolates, allowing them to withstand the harsh 

environments encountered in the host. In addition to ExPEC isolates (including carbapenem-

resistant clades), this system is shared by Neisseria meningitidis, Haemophilus influenzae, and 

other pathogens featured on the World Health Organizationôs global priority list of antibiotic-

resistant bacteria (Tacconelli et al., 2017). Removing the capsule in-host, either by degrading it 

with a CPS-depolymerizing enzyme (Mushtaq et al., 2004), or by inhibiting its synthesis with a 
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small molecule (Arshad et al., 2016), was sufficient to attenuate E. coli K1 and allow for immune 

clearance of infection in murine sepsis models. A wealth of data supports the role of group 2 

capsules in immune evasion through prevention of complement activation and blocking 

phagocytosis (Taylor and Roberts, 2005). However, the precise contributions of CPS vary 

according to the combination of O and K antigens; some O or K antigens are sufficient for serum 

resistance alone (e.g., K1/O6), while others are required in combination for survival in serum (e.g., 

K5/O2) (Cross et al., 1986). Key to the success of the complement system is the deposition of 

complement components (specifically C3) on the bacterial cell surface, so the membrane attack 

complex (MAC) can form and lyse the cell (Joiner, 1988). One prominent example of capsule-

based host immune resistance is the ability of some capsules to prevent C3 from binding antigens 

on the bacterial cell surface (van Dijk et al., 1979; Wilson et al., 2011). Monosaccharide 

composition of CPS can play a key role in immunity; CPSs containing sialic acid (such as E. coli 

K1) are thought to bind complement factor H, which initiates a pathway that inhibits complement 

activation and MAC formation (Michalek et al., 1988; Taylor and Roberts, 2005).  

Anti-CPS antibodies can overcome the protective role of capsules, but immune evasion can 

be achieved though molecular mimicry of host glycan structures by CPS in some serotypes (Cress 

et al., 2014). One classical example is the K1 antigen, composed of Ŭ-2,8-linked polysialic acid, 

identical to the N. meningitidis serotype B CPS. The same structure occurs in the polysaccharide 

on neural cell adhesion molecules (NCAMs) in mammals (Colley et al., 2014). Other group 2 CPSs 

mimic mammalian glycosaminoglycans (GAGs) (Cress et al., 2014). For example, the K4 CPS 

backbone is the same as the nonsulfated chondroitin precursor (Rodriguez et al., 1988), resembling 

a GAG that exists primarily as a part of a proteoglycanin the extracellular matrix. The glucuronic 

acid of the K4 repeat unit is decorated with a fructose side chain at C-3, which is easily removed 
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in mild acidic conditions leading to a significant drop in observed serological reactivity in low pH 

environments. The K5 CPS is composed of heparosan (Figure 1.2) (Vann et al., 1981), the 

precursor to the mammalian heparan sulfate and heparin, which exist as part of proteoglycans 

found in the extracellular matrix and cytoplasm and on the cell membrane. Surface polysaccharides 

are likely to mediate the initial interactions between pathogens and host cells, so displaying 

molecules recognized as ñselfò is an effective strategy in avoiding recognition. The potentially 

damaging consequences of overcoming this recognition barrier make CPS-based vaccines 

unsuitable for these isolates, despite very successful anti-CPS vaccine campaigns against other 

bacteria (Berti and Micoli, 2020). 

In uropathogenic E. coli (UPEC) isolates, bacteria expressing K1 CPS form biofilm-like 

intracellular bacterial communities promoting persistence in the cytosol of uroepithelium cells 

(Anderson et al., 2003; Goller and Seed, 2010) and serotype K2 CPS (kps) genes are upregulated 

in the presence of urea (Withman et al., 2013). Genes responsible for K1 CPS production are 

upregulated in the presence of human serum (Ma et al., 2018). Furthermore, mutations reducing 

K2 CPS decrease survival in serum (Buckles et al., 2009). The key role of these CPSs in adaptation 

to and survival of harsh environments within the host during infection makes the CPS biosynthetic 

machinery an attractive target for anti-virulence therapeutics, but to exploit this strategy, there are 

knowledge gaps surrounding CPS assembly and regulation that need to be filled. 

1.3.3 Biosynthesis and export 

 

Group 1 CPSs are synthesized via a Wzy-dependent pathway (Figure 1.3B; reviewed in 

Whitfield et al., 2020; Sande and Whitfield, 2021). Briefly, short repeat units are synthesized using 

activated sugar-nucleotide donors by antigen-specific glycosyltransferase enzymes (GTs) at the 
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cytoplasmic face of the IM on undecaprenol phosphate (Und-P). These repeat units are then flipped 

to the periplasmic face of the IM by the Wzx flippase, and then polymerized by the pathway-

defining Wzy polymerase. Following polymerization, the CPS is exported across the periplasm 

and OM to the exterior of the cell by conserved proteins from the Outer membrane Polysaccharide 

Export (OPX) and Polysaccharide Co-polymerase (PCP) families (Cuthbertson et al., 2009). In 

group 1, these proteins are the OM lipoprotein Wza and IM integral protein Wzc, respectively, and 

they are believed to form a multimeric complex that creates an enclosed tunnel from the periplasm 

to the cell surface (Dong et al., 2006; Collins et al., 2007; Nickerson et al., 2014; Yang et al., 

2021). Details of the means of retaining the capsule structure are uncertain, but the OM Wzi protein 

plays a role (Bushell et al., 2013), as does its association with LPS (Fresno et al., 2006). 

In contrast, group 2 CPSs are synthesized via an ABC transporter-dependent pathway, where 

the entire CPS is synthesized at the cytoplasmic face of the IM, before export across the cell 

envelope to the cell surface (Figure 1.3A). This process utilizes the pathway-defining ABC 

transporter, and representatives from the PCP and OPX protein families, akin to the Wzy-

dependent pathway. While synthesis and export are likely coordinated in vivo, they will be 

discussed separately here for clarity. 

The conserved poly ɓ-Kdo oligosaccharide in group 2 CPS is synthesized by two dedicated 

CMP-Kdo-dependent GTs that transfer ɓ-Kdo residues to phosphatidylglycerol (Willis and 

Whitfield, 2013b, 2013a; Doyle et al., 2019; Lanz et al., 2021). KpsS transfers the first ɓ-Kdo 

residue, and the remaining ɓ-Kdo residues are transferred by KpsC, which contains two GT 

modules with ɓ2,4 or ɓ2,7 linkage specificity. The linker provides an acceptor for the 

polymerization of the serotype-specific glycan.  
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Figure 1.3 CPS biosynthesis and export strategies used by E. coli and the corresponding gene 

operons. (A) The ABC transporter-dependent pathway for group 2 CPS. (B) The Wzy-dependent 

pathway for group 1 CPS. Detailed explanations of the proteins and processes are provided in the 

text. 

 

The addition of the serotype-specific CPS chain requires two types of GT activity; an enzyme that 

adds a residue(s) that marks the transition from the ɓ-Kdo linker to the serotype-specific structure 

and GTs that polymerize the serotype-specific glycan. Capsular glycan chains from a single culture 

have variable numbers of Kdo residues in their linker regions; in E. coli K1, all molecules contain 

an odd number (5-9 residues) (Willis et al., 2013) and a recently revised structure suggests the 

same is true in E. coli K5 (Yan et al., 2020).  The specificity of the transition enzymes likely 

dictates this for the acceptor linkage. This reaction also presumably limits the natural propensity 

of KpsC to create unnaturally long linkers (up to 23 Kdo residues have been observed using 

purified KpsC and a synthetic acceptor) (Doyle et al., 2019). While the identities of transition GTs 
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have not been experimentally established, candidates have been proposed in some systems (Willis 

and Whitfield, 2013b). In a natural situation, the terminal glycolipid is presumed to be an obligate 

acceptor for the K antigen but (in E. coli K1 at least), kpsS and kpsC mutants can result in ñoff-

pathwayò polymerization on an unknown non-physiological acceptor. The resulting polymer 

creates a cytoplasmic aggregate polymer, which cannot be exported (Bronner et al., 1993; Willis 

and Whitfield, 2013a; Lanz et al., 2021). 

Polymerization of the structurally variable (K antigen) part of the glycolipid is achieved by 

one or more GT enzymes. The polysialyltransferases (PSTs; NeuS) responsible for the K1/K92 

antigens polymerization are examples of well-characterized single-site polymerizing GTs. K1 

NeuS synthesizes a PSA that contains only Ŭ-2,8 linkages, while the K92 NeuS generates 

alternating Ŭ-2,8, Ŭ-2,9 linkages (Steenbergen and Vimr, 1990; McGowen et al., 2001). A single 

amino acid substitution within the catalytic site of K92-NeuS is sufficient to switch the K92 

enzyme to K1-NeuS specificity, indicating a simple mechanism for serotype diversification (Keys 

et al., 2013). Although PSTs are single-site enzymes, some studies indicate they are not processive 

in the conventional sense i.e., they do not retain the glycan during polymerization and operate in a 

distributive mechanism to generate a range of chain lengths. However, these properties are 

influenced by analysis conditions (Yakovlieva and Walvoort, 2020) so the true situation in vivo is 

still uncertain. In contrast to single-enzyme polymerization, K4 CPS biosynthesis requires two GT 

modules, requiring different sugar-nucleotide precursors, found in a single KfoC protein 

(Ninomiya et al., 2002; Osawa et al., 2009). The K5 CPS backbone also contains two different 

sugars. In this case, synthesis is proposed to be performed by the alternating activity of KfiA and 

KfiC GTs, which have different substrates (Hodson et al., 2000). In addition to the GTs required 

for the synthesis of the CPS backbone, some serotypes have enzymes responsible for the addition 
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of decorating residues such as O-acetylation (e.g. K1;NeuO/NeuD (Deszo et al., 2005; 

Steenbergen et al., 2006; Bergfeld et al., 2007)) or ɓ-fructosylation (K4;KfoE (Liu et al., 2014)).  

Completed group 2 capsular glycolipids are translocated to the cell surface by an ABC (ATP-

binding cassette) exporter (KpsMT) in the inner membrane, together with two accessory proteins 

bridging the periplasm and outer membrane (KpsED). Like KpsSC, the export-translocation 

proteins are conserved across serotypes and in other species that exploit the same CPS assembly 

strategy. Therefore, they operate independently of the structure of the serotype-specific parts of 

the CPS. Recognition of the conserved terminal glycolipid in the CPSs by the ABC transporter 

may explain the ability to exchange these transporters between E. coli serotypes (Roberts et al., 

1986) and even between species (Lo et al., 2001; Silver et al., 2001).  

ABC transporters are ubiquitous and typically participate in importing and exporting many 

substrates, including larger molecules such as capsular glycolipids (Ford and Beis, 2019; Caffalette 

et al., 2020). Each transporter contains two transmembrane domains (TMDs) provided by two 

KpsM polypeptides to form the channel across the membrane, and two nucleotide-binding domains 

(NBDs; KpsT), where ATP is bound and hydrolyzed to drive the pump function. While the number 

of domains is the same for all ABC transporters, the arrangement of these domains in terms of 

protomers and structures can vary (Thomas et al., 2020). Typical ABC transporters of small 

molecules are thought to employ an inward-facing/outward-facing alternating access mechanism 

but it seems unlikely that the entire CPS molecule can be contained within the transporter in a 

single-step export process. Recent structures of ABC transporters exporting undecaprenol 

diphosphate-linked O antigen (Bi et al., 2018; Caffalette and Zimmer, 2021; Spellmon et al., 2022) 

and teichoic acid (Chen et al., 2020) may offer insight into how export of long-chain 

polysaccharides may be achieved. The transporter lumen is lined with aromatic amino acids, 
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allowing ˊ-stacking with the glycan residues, while the lipid component (undecaprenol phosphate 

in examples with solved structures) is recognized for substrate engagement but likely remains in 

the membrane throughout the export process. Binding and hydrolysis of ATP by the NBDs results 

in conformational changes that may exert a push on the substrate, creating a processive translocase 

model driven by iterative rounds of ATP hydrolysis until the long glycans chains are exported (Bi 

et al., 2018; Caffalette and Zimmer, 2021; Spellmon et al., 2022). 

Like the group 1 CPS Wzy-dependent system, the group 2 translocation machinery 

involves proteins belonging to the PCP and OPX families. However, there are important structural 

and (presumably) functional differences between the two methods of CPS assembly. KpsE belongs 

to the PCP-3 sub-family, which forms oligomers with extensive periplasmic domains (Larue et al., 

2011). PCP proteins were initially identified in the Wzy/Wzx O-antigen biosynthesis system, 

where a PCP-1 (Wzz) acts a chain-length regulator and interacts with the polymerase (Wzy) to 

modulate its activity (Woodward et al., 2010). Wzc, the PCP-2a from the Wzy-dependent CPS 

biosynthesis pathway, is also required for correct polymerization, though primarily through the 

cycling of phosphorylation on its additional cytoplasmic kinase domain (Bechet et al., 2010). 

Phosphorylation controls the oligomerization state of Wzc, where dephosphorylated Wzc forms a 

stable octamer and progressive autophosphorylation of the four tyrosines at the C-terminus 

destabilizes the complex (Yang et al., 2021). However, KpsE is not required for polymerization, 

nor does it contain the cytoplasmic kinase domain found in Wzc (Larue et al., 2011). Instead, KpsE 

may act only as a periplasmic adaptor between the ABC transporter and KpsD; a system analogous 

to the proteins bridging membrane pumps to outer membrane channels in tripartite multi-drug 

efflux complexes (Figure 1.4) (Shi et al., 2019). 
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Figure 1.4. Comparison of PCP proteins. Wzz (pdb: 6RBG) is the PCP-1 chain-length regulator form 

O-antigen synthesis. Wzc (pdb: 7NHS) is the PCP-2a protein from the E. coli group 1 CPS biosynthesis 

system. KpsE (alphafold model) is the PCP-3 from the E. coli group 2 CPS biosynthesis system. AcrA is 

the periplasmic adaptor protein from the TolC-AcrAB (pdb: 5V5S) tripartite multidrug export system; AcrA 

is coloured in a gradient (blue to red) from N to C terminus, TolC is depicted in light orange, and AcrB is 

depicted in cyan. 

 

However, this simple model of a contiguous translocation pathway from cytoplasm to the cell 

surface (Figure 1.3A) has been challenged by the observation that the translocation substrates in a 

related capsule export system (involving KpsMT, E, and D) in Salmonella enterica serovar Typhi 

are accessible to periplasmic glycosylhydrolases (Liston et al., 2018). Whether this applies to all 

examples of this export-translocation strategy needs further investigation. The OPX protein in this 

system is encoded by kpsD. Given the interaction of KpsD with a PCP with different 

structure/function properties from the group 1 PCP, some differences in KpsD structure might also 

be anticipated when compared to Wza. However, E. coli KpsD also turns out to be a structural 
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outlier compared to other more Wza-like OPX representatives that participate with many PCP-3 

proteins in ABC transporter-based translocation systems (this will be pursued in Chapter 4). As 

part of the envelope-spanning export complex, KpsD must be anchored to peptidoglycan (PG) for 

efficient export of CPS and Braunôs lipoprotein (Lpp) is important in this tethering (Diao et al., 

2017; Sande et al., 2019). The underlying functional implications of the unique properties of KpsD 

compared to other OPX proteins are unknown and investigating this issue is part of this thesis 

research. 

1.3.4 Genetic organization and regulation of the kps locus 

 

The proteins required for group 2 capsule biosynthesis and export are encoded by genes in the 

kps locus, which is usually located near serA on the E. coli chromosome This locus is divided into 

three regions in the classical group 2 prototypes like K1 and K5 (Figure 1.3A). Central region 2 is 

serotype-specific, and encodes proteins required for the synthesis and polymerization of the 

serotype-specific CPS glycan.  Regions 1 (kpsFEDUCS) and 3 (kpsMT) are conserved across all 

examples of the classic locus and encode the proteins required for synthesizing 

phosphatidylglycerol-poly-Kdo acceptor and the proteins needed for export, which have been 

described above. Region 1 also encodes additional copies of enzymes required to produce CMP-

Kdo; kpsF and kpsU. KpsF is a D-arabinose 5-phosphate isomerase, which converts D-ribulose 5-

phosphate to D-arabinose 5-phophate (Meredith and Woodard, 2006), and KpsU is a CMP-Kdo 

synthetase (Rosenow et al., 1995). Homologs of both KpsF and KpsU are encoded elsewhere in 

the E. coli genome (by kdsD and kdsB, respectively), reflecting the requirement for Kdo in the 

biosynthesis of LPS, so kpsFU are not essential for CPS biosynthesis. However, an increased level 

of this enzymatic activity is characteristic of bacteria producing classical group 2 capsules (Finke 
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et al., 1990). In serotype K15, the region 1 gene content is preserved, but the orientation of kpsC 

and kpsS is flipped (Azurmendi et al., 2020).  

In contrast to the classical organization, region 1 of the group 2 variant kps loci contains 

kpsDMTE and kpsCS and is located downstream of the region 2 biosynthesis genes (Hong et al., 

2019). kpsF and kpsU are absent, and there is no elevation of CMP-Kdo synthetase activity, 

suggesting that the donor requirements of KpsS and KpsC in CPS production are sustained by 

KdsB and KdsD alone (Finke et al., 1990). In contrast to the high level of conservation in the 

common genes shared by most classical group 2 isolates, sequence data for gene loci from a small 

collection of variant serotypes reveal (at least) two divergent forms (Hong et al., 2019). In these 

loci, region 2 still carries genes proposed to be involved in the serotype-specific K antigen. 

However, in most variant loci, region 2 also contains a block of seven conserved genes. The last 

four genes in this block (rmlBDAC) encode enzymes known to produce dTDP-rhamnose 

precursors, and most of the corresponding K-antigen structures contain rhamnose. The first three 

genes encode putative GTs that have been proposed to be involved in synthesizing a variant linker 

(presumably in addition to the ɓ-Kdo oligosaccharide). This would create a complex structure 

unique to the variants, which merits further biochemical and structural investigation to explain the 

conservation of these additional genes. 

To date, experimentally based insight into transcription and regulation of kps genes has been 

confined to classical group 2 loci. In serotypes K1 and K5, kps regions are transcribed as 

polycistronic mRNAs. kpsFEDUCS constitutes one transcript, while the promoter upstream of 

kpsMT allows read-through transcription of regions 3 and 2 (Bliss and Silver, 1996). This 

facilitates independent regulation of region 1 and 3 promoters (PR1/PR3), potentially facilitating 

fine-tuning of this energy-intensive process (Aldawood and Roberts, 2022). Additional layers of 
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regulatory complexity exist, as there are a number of transcription factors that impact kps 

transcription. These act directly and indirectly, from either one or both promoters, and are 

dependent on the interactions between them, which in turn is affected by the relative levels of these 

transcription factors present.  

Two proteins, H-NS and SlyA, are known to influence kps transcription. H-NS is a nucleoid-

associated protein (NAP) that plays a role in chromosome organization and global regulation, 

primarily as a repressor of transcription (Ishihama and Shimada, 2021). SlyA is a transcriptional 

regulator first identified in Salmonella. Little is known about the function of SlyA other than its 

role increasing the expression of hemolysin E through inhibition of H-NS binding, as their binding 

regions overlap and H-NS is displaced as SlyA binds (Wyborn et al., 2004). There is also interplay 

between these two regulators at the kps operon. However, rather than SlyA displacing H-NS to 

derepress the operon, SlyA and H-NS interact and bind together at PR1 and PR3 for optimal kps 

expression (Corbett et al., 2007; Xue et al., 2009). Integration Host Factor (IHF) is another NAP 

with a role in maintaining nucleoid architecture and operating as a global transcriptional regulator. 

IHF has binding sites in PR1 and is required for optimal kps transcription (Rowe et al., 2000).  

The transcription of region 2 depends on a RfaH-dependent antitermination system; a 

JUMPStart (Just Upstream of Many Polysaccharide Starts) sequence is located downstream from 

PR3 and contains the ops (operon polarity suppressor) element (Stevens et al., 1994). RfaH is 

recruited to the RNA polymerase elongation complex at a hairpin formed in the non-coding strand 

of the ops to prevent transcription termination or backtracking of the RNA polymerase complex 

(Kang et al., 2018). RfaH-dependent antitermination allows read-though transcription from region 

3 of the kps operon to the distal region 2 genes; no transcription of region 2 occurs in a rfaH 
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deletion mutant (Stevens et al., 1997). RfaH has broader roles in cell surface systems, also 

regulating the operons for LPS core, F pili, and hemolysin (Bailey et al., 1997).  

Other proteins affect regulation by mechanisms that are still unclear, and they may act 

indirectly. For example, MprA is a transcription factor that controls the expression of the efflux 

pumps and virulence factors in several human pathogens. Its inhibition by a small molecule (or 

gene deletion) results in the loss of CPS. (Arshad et al., 2016). However, no direct binding to the 

kps promoters has been observed, so it is proposed to influence CPS transcription indirectly 

through an intermediate. Similarly, BipA (a ribosome-associated GTPase) is required for optimal 

kps transcription but it is proposed to act indirectly through interaction with the kps regulatory 

network (Rowe et al., 2000).  

Group 2 glycolipid production is responsive to environmental cues through regulatory 

pathways that sense changes in the bacteriumôs surroundings. Classical group 2 CPSs are 

characteristically thermoregulated (i.e., only produced above 20 °C) and H-NS and BipA have 

dual roles in this phenotype. Both factors are required for optimal kps expression at 37 °C, as well 

as the repression of the operon at 20 °C (Corbett et al., 2007). The dual role of H-NS may be a 

product of modulation by its interacting partner SlyA. SlyA has temperature-dependent expression 

and is not present at lower temperatures to interact with H-NS at the region 1 promoter to promote 

kps transcription (reviewed in Aldawood and Roberts, 2022). A definitive role for BipA in 

repressing kps at low temperatures has not been uncovered.  

Capsule production is dependent on other growth conditions as well. Expression of capsular 

biosynthetic genes is upregulated during growth in O2-limited serum (Ma et al., 2018). The 

anaerobic growth-responsive transcription factor Fnr has binding sites in both PR1 and PR3 for 

upregulating expression. The master iron regulator Fur has binding sites in PR3 to repress kps 
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expression in replete iron conditions. CPS expression is also temporally regulated, where 

transcription from PR1 is most abundant during early/mid logarithmic growth and is repressed 

during late logarithmic and static growth phases by binding IHF (Jia et al., 2017).  

1.3.5 Genetic screens to investigate CPS biosynthesis and regulation 

 

Unbiased genetic screens can offer new insight into systems. These often utilize transposon 

mutant libraries that span the entire genome, although alternative mutant libraries, or comparative 

transcriptomics, are also methods that evaluate differences at a systems level. Two studies using 

these types of screens have identified CPS as being essential for survival and colonization of E. 

coli in the host. McCarthy et al. (2018) used a Tn5 mutant library to investigate gastrointestinal 

colonization in mice by K1-producing ExPEC and their survival in human serum. Significantly 

reduced numbers of the mutants containing mutations in the kps operon genes were recovered from 

the GI tract compared to the initial pool of mutants. A similar result was obtained with mutants 

surviving treatment with serum, indicating the important role for CPS in host colonization and 

avoidance of complement killing for this pathogen (McCarthy et al., 2018). In a different study, 

Ma et al. (2018) compared the transcriptomes of K1-producing ExPEC grown in either LB or 

serum in a low oxygen environment. Genes upregulated during growth in serum include both kps 

genes and biosynthesis genes for LPS, colanic acid, and ECA (Ma et al., 2018). The effects of 

these conditions on kps transcription were shown to be caused by the oxygen- and iron-dependent 

regulators Fnr and Fur, respectively, as mentioned above. These studies in ExPEC isolates reiterate 

the importance of CPSs/extracellular polysaccharides (EPS) for environmental adaptation, and 

therefore in-host survival. However, they did not identify many of the non-kps genes known from 

the investigations described above to affect CPS production in these bacteria. 
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During the time this thesis research was being performed, genetic screens were also used 

to specifically investigate the genes required for CPS biosynthesis in both uropathogenic E. coli 

K1 (Goh et al., 2017) and K. pneumoniae K1 and K2 (group 1 CPSs) (Dorman et al., 2018). Both 

studies featured Tn5 mutant libraries and identified changes in CPS through resistance to capsule-

specific bacteriophages, or differential distribution in a density gradient centrifugation (a measure 

of encapsulation), respectively. The results from these two screens were significantly different. 

Strikingly, the screens in K. pneumoniae identified a broad range of genes important for CPS 

production, including diverse metabolic genes, cell surface components, and global regulators 

(Table 1.1). Novel genetic determinants were correlated with both increased and decreased CPS 

production. Conversely, the screen in E. coli identified only the kps genes, three previously 

identified transcriptional regulators, and one novel CPS regulator, LrhA (Table 1.1). Notably, this 

screen did not identify SlyA, H-NS, IHF, and Lpp, which are all required for optimal CPS 

production in other E. coli group 2 CPS systems (K2/K5) (Diao et al., 2017; Aldawood and 

Roberts, 2022). Additionally, some of the region 2 kps genes were not identified in the screen, 

including the polysialyltransferase (neuS) required for polymerization of the K1 CPS polysialic 

acid. The authors suggested that the low abundance of Tn-insertions into neuS may explain it being 

missed; neuS has a low GC content, and the mini-Tn5 transposon used most commonly inserts into 

GC-rich regions. The results from these screens suggest that 1) the genetic determinants for CPS 

cell surface assembly may vary based on the specific K-antigen being investigated; and 2) that 

genetic determinants can be missed depending on specific screening strategies. 

1.4 Research Objectives 

 

The vital role CPSs play in the virulence of Gram-negative bacteria makes CPS biosynthesis 

and export pathways and their associated regulatory mechanisms potential targets for vaccines or 
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therapeutics. The focus of my research is E. coli K1. However, my findings apply to other E. coli 

group 2 capsular serotypes, and potentially to other encapsulated bacteria that exploit the same 

CPS assembly strategy. The hypothesis driving the first part of this research is that there is an 

underlying network of genes outside of the kps cluster required for the proper assembly of CPS at 

the cell surface. To investigate this, a genome-wide phenotypic screen was developed that used 

sensitivity to a K1 CPS-specific phage as a read-out for proper CPS assembly. This produced a list 

of genes that could be confirmed as essential to CPS biosynthesis before defining the relationship 

between these genes of interest and the CPS biosynthesis pathway. 

For the second part of this research, I tested the hypothesis that non-kps genes required for 

group 2 CPS assembly are also required for other CPS biosynthesis pathways. One housekeeping 

protein, Braunôs lipoprotein (Lpp) is already known to be required for proper assembly of group 2 

capsules through interaction with KpsD (Diao et al., 2017). I hypothesized that this interaction 

would be important for other CPS pathways, despite variations in the assembly strategies and the 

OPX proteins themselves. By defining and comparing the influence of lpp deletions in a group 1, 

a group 2, and a group 2 variant CPS system, differences in the requirements of these CPS 

assembly systems for housekeeping genes became apparent.
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Table 1.1 Summary of high-throughput screens for identifying CPS genetic determinants. Genetic determinants were evaluated 

by CPS phenotypes for gene deletion mutants grown in shaking culture. Genes previously identified in the literature as required for CPS 

biosynthesis/export in the associated genus are bolded. Genes are categorized by GO term for biological process where available. 

 
Organism  
(K antigen) 

Screen 
Strategy 

Genes Identified ï mutants have decreased CPS Genes Identified ï mutants have 
increased CPS 

UPEC PA45B 
(K1a) 

Tn5 library 
screened with 
K1-specific 
phage 
(Goh et al., 
2017) 

Capsule biogenesis 
operon 

kpsFEDUCS, kpsMT, neuABD GO:0010468 Regulation of 
gene expression 

lrhA 

 GO:0006355 Regulation 
of DNA-templated 
transcription 

mprA, rfaH   

 GO:0042254 Ribosome 
biogenesis 

bipA   

K. pneumoniae 
NTUH-K2044 
(K1a) 

Tn5 library 
screened with 
density 
gradient 
centrifugation 
(Dorman et 
al., 2018) 

Capsule biogenesis 
operon 

manC, galF, gnd, wcaJ, wcaGHI, gmd, 
KP1_3712, KP1_3713, magA, KP1_3715, wzx 
(KP1_3716), wzc (KP1_3718), wzb (KP1_3719), 
orf2 (KP1_3725), wza, wzi, 

GO:0010468 Regulation of 
gene expression 

hns, hha, 
fis 

 GO:0010468 Regulation 
of gene expression 

rfaH, rcsB, rmpA, slyA, seqA, dksA, uvrY, barA, 
arcB, mprA, greA, argR, envZ_2, ompR, crsB 

GO:0071897 DNA 
biosynthetic process 

polA 

 GO:0005975 
Carbohydrate metabolic 
process   

pgm, manA GO:0035556 Intracellular 
signal transduction 

cyaA 

 GO:1901135 
Carbohydrate derivative 
metabolic process  

galU GO:0055085 
Transmembrane transport 

trkH, 
sapABCF, 
ptsN, pitA 

 GO:0009246 ECA 
biosynthetic process 

wzxE, wxyE wecA GO:0072521 Purine-
containing compound 
metabolic process 

purA 
apaH, 
ackA 

 GO:0009103 LPS 
biosynthetic process 

rafZ, waaL, arnDEF, wabN, waaQ, wabH GO:0006096 Glycolytic 
process 

aceE, 
pykF 

 GO:0022900 Electron 
transport chain 

rnfACDE GO:0006808 Regulation of 
nitrogen utilization 

glnD 

 GO:0006457 Protein 
folding 

htpG GO:0016043 Cellular 
component organization 

tolR, tolB 

 GO:0036211 Protein 
modification process 

yjeK, yjeA GO:0005975 Carbohydrate 
metabolic process 

mdoG, 
mdoH 
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 GO:0016043 Cellular 
component organization 

lpp GO:0006508 Proteolysis prc 

 GO:0120010 
Intermembrane 
phospholipid transfer 

mlaD GO:0006083 Acetate 
metabolic process 

ackA, pta 

 GO:0006865 Amino acid 
transport 

arcD GO:0070929 Trans-
translation 

smpB 

 GO:0045454 Cell redox 
homeostasis 

gor GO:0051252 Regulation of 
RNA metabolic process 

csrD 

 GO:0006808 Regulation 
of nitrogen utilization 

glnB   

 GO:0006400 tRNA 
modification process 

miaA   

 GO:0042254 ribosome 
biogenesis  

rluD   

K. pneumoniae 
ATCC 43816 
(K2) 
 

Tn5 library 
screened with 
density 
gradient 
centrifugation 
b 

(Dorman et 
al., 2018) 

Capsule biogenesis 
operon 

 

gnd, wcaJ, wza, wzi, orf2 (VK055_5013), wzb 
(VK055_5016), wzc (VK055_5017), mshA, 
VK055_5019, VK055_5020, VK055_5021, wzxC, 
VK055_5023, VK055_5024 

N/A  

GO:0010468 Regulation 
of gene expression 

rfaH, rmpA_2, seqA   

GO:0005975 
Carbohydrate metabolic 
process  

pgm   

GO:1901135 
Carbohydrate derivative 
metabolic process 

pgi   

GO:0009246 ECA 
biosynthetic process 

wzxE, wxyE   

GO:0009103 LPS 
biosynthetic process 

arnDEF, wabN   

GO:0120010 
Intermembrane 
phospholipid transfer 

mlaD, yrbCEF, mlaA   

GO:0006071 Glycerol 
metabolic process 

glpD   

GO:0045454 Cell redox 
homeostasis 

gor   

GO:0051302 Regulation 
of cell division 

mioC_2   

aK1 CPSs in E. coli and K. pneumoniae are different CPSs with different structures and different assembly mechanisms 

 bThis screen strategy was not conducive to investigating CPS up genes in this strain. 
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CHAPTER 2 - Methods 
 

2.1 Bacterial strains and growth conditions 

 

 The bacterial strains used in this study are listed in Table 2.1. Cultures were grown in 

Lysogeny Broth (LB) medium (Invitrogen) at 37 °C unless otherwise stated. Cells were grown in 

static culture in tubes set in a water bath or grown with aeration in a shaking incubator at 200 rpm. 

For minimal medium, M9 (Difco) plus 0.4% glucose was used. 2,3-dihydroxybenzoic acid (DHB; 

100 µg/mL), chloramphenicol (34 µg/mL), kanamycin (50 µg/mL), streptomycin (100 µg/mL), 

and ampicillin (100 µg/mL) were added as appropriate, with half concentrations of each antibiotic 

being used for strains harbouring genomic copies of antibiotic genes. 

Table 2.1 List of strains used in this study 

 

Strain Description/Relevant genotype Reference/Source 

EV36 E. coli K-12/K1 hybrid created through 

recombination of JL3664 (argA22 gaIP23 rha-

200) and RS1985 (Hfr kps+) 

(Vimr and Troy, 1985) 

EV36 Hfr Hfr kps donor used for conjugation in high-

throughput screen. EV36 containing a 

chloramphenicol resistance cassette upstream of 

kpsF, and the F-conjugation machinery 

downstream of the kps operon. 

This study 

Keio strain 

collection 

Single gene deletion mutants of every non-

essential gene in E. coli K-12 parent BW25113 

(Baba et al., 2006) 

RS218 E. coli O18:K1:H7 (NMEC clinical isolate) (Silver et al., 1980) 

TOP10 F- mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 

lacX74 recA1 ara 139 (ara-leu)7697 galU galK 

rpsL (StrR) endA1 nupG 

 

E69 E. coli O9a:K30:H12 (Ørskov et al., 1977) 

S. enterica serovar 

Typhi Ty2 

Vi -antigen producer (trp cys æaroC1019) K. E. Sanderson, 

Salmonella Genetic 

Stock Centre, 

University of Calgary, 

Canada 

CWG281 E69 wza22min::aadA wzaK30::aacC1 (Nickerson et al., 

2014) 

CWG1235 S. Typhi ævexC (Liston et al., 2016) 

CWG1380 E69 lpp::cat This study 

CWG1381 S. Typhi lppAB::cat This study 

CFT073 E. coli O6:K2:H1 (UPEC) Genentech 
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2.2 DNA methods 

 

2.2.1 Cloning 

 

 Chromosomal DNA was extracted using the Purelink Genomic DNA Mini Kit 

(Invitrogen), according to the suggested guidelines. Oligonucleotide primers were obtained from 

Sigma-Aldrich (Appendix 1). PCR amplification was performed using KOD DNA polymerase 

(Sigma-Aldrich) and products were purified using the Purelink PCR Purification Kit (Invitrogen). 

Restriction digests and DNA ligations were performed according to manufacturerôs instructions 

using restriction enzymes and T4 ligase from NEB. For cloning into the pACYC184 vector, 

Gibson assembly (Thermo Scientific) was used. Plasmids created using these methods are 

described in Table 2.2. Plasmids were purified from overnight cultures of transformed bacteria 

using Purelink Quick Plasmid Purification Kit (Invitrogen). Plasmid insert sequences were 

confirmed at the Genomic Facility at the Advanced Analysis Center at the University of Guelph.  

 

Table 2.2 List of plasmids used in this study 

 

Plasmid Description Reference 

pSIM6 Temperature-sensitive ɚ-Red expression 

vector 

(Datta et al., 2006) 

pKD3 Template plasmid for chloramphenicol-

resistance (cat) gene flanked by FRT sites 

(Datsenko and Wanner, 

2000) 

pKD4 Template plasmid for kanamycin-resistance 

(kan) gene flanked by FRT sites 

(Datsenko and Wanner, 

2000) 

pBAD24/tolC Plasmid encoding TolC from E. coli EV36; 

the DNA fragment was cloned into 

EcoRI/HindIII sites of pBAD24 vector 

This study 

pBAD24/tolC-his Plasmid encoding EV36 TolC with a C-

terminal hexahistidine tag; the DNA fragment 

was cloned into EcoRI/HindIII sites of 

pBAD24 vector 

This study 

pACYC184/tolC Plasmid containing tolC cloned behind the 

constitutive cat promoter in pACYC184, with 

the ribosome-binding sequence (rbs) from 

pBAD24 

This study 

pACYC184/tolC-

his 

Plasmid encoding EV36 TolC with a C-

terminal hexahistidine tag; the gene was 

This study 
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cloned behind the constitutive cat promoter in 

pACYC184, with the rbs from pBAD24 

pBAD24/lppAB lppAB cloned from the S. Typhi genome into 

the pBAD24 vector 

This study 

pMAL-p2 Plasmid encoding periplasmic maltose-

binding protein MalE (ampR) 

NEB 

ASKA-marR Plasmid encoding E. coli K-12 MarR with an 

N-terminal hexahistidine tag; the gene was 

cloned behind the PT5-lac promoter 

(Kitagawa et al., 2005) 

ASKA-cecR Plasmid encoding E. coli K-12 CecR with an 

N-terminal hexahistidine tag; the gene was 

cloned behind the PT5-lac promoter 

(Kitagawa et al., 2005) 

ASKA-glgS Plasmid encoding E. coli K-12 GlgS with an 

N-terminal hexahistidine tag and a C-terminal 

GFP tag; the gene was cloned behind the PT5-

lac promoter 

(Kitagawa et al., 2005) 

pWQ552/baeR Plasmid encoding EV36 BaeR; the DNA 

fragment was cloned into EcoRI/HindIII sites 

of pWQ552 vector, a pBAD24 derivative 

with a Ptet promoter 

This study 

pET-29/his-fis Plasmid encoding EV36 Fis with an N-

terminal hexahistidine tag; the DNA fragment 

was cloned into NdeI/EcoRI sites of pET-29 

vector 

This study 

CIP13 Chromosomal integrative plasmid containing 

the machinery for F-conjugation that 

integrates into the E. coli K-12 genome 

(Mori et al., 2015) 

 

2.2.2 Mutagenesis by lambda red recombination 

 

 The lambda-derived Red recombineering system was utilized to create genomic mutations, 

as described elsewhere (Datsenko and Wanner, 2000). Briefly, cultures of the parent strain 

harbouring a plasmid (pSIM6) encoding the lambda red machinery, were grown at 30 °C to mid-

log (OD600 ~0.4) before activating pSIM6 transcription by incubation at 42 °C for 10 min. Cells 

were made electrocompetent before being transformed with a linear DNA fragment amplified from 

pKD3 or pKD4, containing an antibiotic resistance cassette flanked by regions sharing homology 

with the target for mutagenesis. Outgrowth in LB was performed at 30 °C before plating cells on 

LB agar containing the appropriate antibiotic. Mutations were confirmed by amplifying and 
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sequencing the regions of interest (AAC University of Guelph), or by whole genome sequencing 

(MiGS Center, PA). 

2.3 High-throughput genetic screening 

 

2.3.1 Creation of an Hfr kps donor strain 

 

 For the genome-wide screen, an Hfr donor capable of transferring the kps operon was 

required. Since the final screen (below) involved moving the kps locus into the Keio collection (E. 

coli K-12), E. coli EV36 (the K-12/K1 hybrid) was used as the kps donor to prevent recombination 

problems arising from genome mismatches differing between the donor and recipient strains. To 

monitor kps transfer, a chloramphenicol resistance cassette (cat) was integrated into the genome 

upstream from kpsF, before being transformed with a chromosomal integration plasmid containing 

machinery for conjugation (CIP; Mori et al., 2015) with an integration site upstream of kpsM 

(insertion is targeted between ygiQ and yqhH in E. coli K-12 genome). A schematic of the 

conjugation process is shown in Figure 3.1. 

2.3.2 Hfr -mediated conjugal transfer of the kps locus to the Keio collection 

 

 The high-throughput genetic screen was performed by Dr. JP Côté using pinning robotics 

in the lab of Dr. Brown at McMaster University. The kps operon was transferred by conjugation 

into each strain in the Keio collection (Baba et al., 2006), a strain collection of single gene deletions 

of non-essential genes in E. coli, as previously described (Côté et al., 2016). The EV36 kps Hfr 

donor was arrayed on plates of LB agar containing chloramphenicol in a 1536-colony density 

format using the Singer rotor HAD (Singer Instruments, UK). Likewise, the Keio collection was 

arrayed on LB agar containing kanamycin. After overnight growth, the Hfr donor and the Keio 

collection were co-transferred to LB agar for conjugation. After incubation overnight at 30 °C, 



30 

 

samples of each conjugant were transferred to LB agar containing chloramphenicol and kanamycin 

to select for successful conjugation. To screen for proper CPS assembly on the cell surface, 

conjugants were transferred to LB agar coated with a lawn of bacteriophage ūK1F, specific for 

K1 CPS (Schulz et al., 2010). In this screen, conjugants producing capsule were lysed by phage, 

while those that were acapsular were able to grow. 

 Growth was monitored by colony density as previously described (French et al., 2016). 

Briefly, plates were scanned over time using Epson Perfection V750 transmissive scanners, images 

were analyzed using ImageJ and data was normalized using the method developed in French et al. 

(2016). Those gene deletion mutants showing colony growth 2.4 standard deviations above the 

mean were considered ñhitsò in this screen. 

2.4 Examination of Capsule Phenotypes 

 

2.4.1 Detection of CPS by Western immunoblotting  

 

CPS profiles were examined in whole-cell lysates. Overnight cultures were diluted to an 

OD600 0.02 and grown to mid-log phase (OD600 ~0.5). 1 OD unit equivalents of cells were collected 

by centrifugation (2 min, 16000 ×g) and resuspended in 70% ethanol. Following a 20 min 

incubation, cells were collected by centrifugation, resuspended in 100% ethanol, and incubated for 

a further 20 min. The supernatant was removed by centrifugation and the pellets were air-dried. 

Pellets were then suspended in 10 mM MgCl2 containing 10 ɛg/mL each DNase I/RNase A and 

100 ɛg/mL lysozyme, and incubated for 1 hour at room temperature. Samples were mixed with 

equal volumes SDS-PAGE sample buffer and incubated at 37°C for a minimum of 2 hours, before 

separation by SDS-PAGE (with 10% resolving gels) followed by Western immunoblotting. 

Samples were transferred using the Thermo Scientific Pierce Electrophoretic Blotting system to 
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Biodyne B nylon membranes (Thermo Scientific). The membranes were blocked in 5% skim milk 

made in Tris-buffered saline containing 0.1 % Tween 20 (TBS-T) for 2 hrs and then incubated 

overnight at 4 °C with one of the following primary antibodies: rabbit anti-K30 (1:1000) (Dodgson 

et al., 1996), or rabbit anti-Vi antigen (1:250) (BD). Next, the membranes were washed with TBS-

T and incubated with alkaline phosphatase (AP)-conjugated goat anti-rabbit antibody (1:5000) 

(Cedarlane Laboratories) for 2 hours. For K1 CPS, membranes were blocked and washed before 

incubation with a His6-tagged anti-K1 antibody fragment (1:1000) (a gift from W. Wakarchuk) 

overnight at 4 °C. The membrane was then washed with TBS-T and incubated for 2 hours with 

mouse anti-His5 (1:3000) (Qiagen). Membranes were washed with TBS-T and incubated with AP-

conjugated goat anti-mouse antibody (1:3000) (Jackson ImmunoResearch) for 2 hours. After a 

final wash step, blots were developed using nitro-blue tetrazolium and 5-bromo-4-chloro-

3´indolyphosphate p-toluidine salt substrate. 

2.4.2 Whole-cell ELISA  for quantitation  of CPS on bacterial surfaces 

 

Surface CPS quantitation was performed using a whole-cell ELISA as described previously 

(Diao et al., 2017). Briefly, cells were harvested at mid-log phase by centrifugation, resuspended 

in PBS at 0.2 OD/mL, and incubated on a Nunc MaxisorpÊ 96 well plate at 4 °C overnight. The 

coated wells were incubated with blocking buffer (5% BSA-PBS) for 1 hr at 25 °C, followed by 

rabbit anti-K30 (1:100) or rabbit anti-Vi (1:100) antibodies for 2 hr at 25 °C. After three washes 

with PBS, the wells were incubated with AP-conjugated goat anti-rabbit antibody (1:2000) for 1 

hr at 25 °C. The wells were washed again with PBS, and a detection solution containing p-

nitrophenyl phosphate was added and incubated for 30 min; the absorbance was read at 406 nm. 

Control tests were performed to ensure readings were saturated and within a linear range. A control 

reaction containing no primary antibody was used to subtract the background signal from the 
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sample reads. Capsule-null mutants were included as negative controls, and each sample had three 

technical replicates. Results presented are representative of three independent biological replicates. 

2.4.3 Immunofluorescence microscopy for CPS visualization 

 

Cells were harvested at 5000 ×g for 10 min and resuspended in 4 % paraformaldehyde and 

incubated 16 h at 4 °C. The cells were then washed once and resuspended in phosphate-buffered 

saline (PBS). Cell suspensions were added to a poly-L-lysine-coated slide and incubated for 15 

min at room temperature before removal. Permeabilized-cell samples were generated by treating 

slides with 0.5 mg/mL lysozyme and 10 mM EDTA in 25 mM Tris-HCl pH 8 for 10 min, followed 

by 0.1 % Triton-X in PBS for 10 min. Slides with immobilized cells were washed three times with 

PBS and mouse anti-polysialic acid (1:100, Sigma-Aldrich) was added to samples for 1 h. Wash 

steps were repeated, and the samples were incubated with FITC-conjugated goat-anti-mouse 

(1:200, Sigma-Aldrich). Wash steps were repeated before Vectashield (Vector Laboratories, Inc) 

was added to the samples and a coverslip was then added and sealed with nail polish. Imaging was 

performed using an inverted Leica DMi8 microscope (Molecular and Cellular Imaging Facility, 

AAC, University of Guelph). Images presented are representative of three independent biological 

replicates. 

2.5 RT-PCR 

 

 RNA was isolated from cells using the GeneJet RNA Purification Kit (Thermo Scientific) 

according to manufacturerôs instructions. 1000 ng of RNA was used with the TURBO DNA-Free 

Kit (Invitrogen) to degrade residual genomic DNA, before being reverse transcribed using 

SuperScript IV Reverse Transcriptase (Invitrogen). cDNA was diluted 1:10 before being used in 

RT-PCR using the PowerTrack SYBR Green (Applied Bioscience) and primers obtained from 
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Sigma-Aldrich (Appendix 1). Reactions were amplified using the QuantStudio 3 (Applied 

Biosystems) and analyzed using the Design and Analysis Software (ThermoFisher Connect). cysG 

was used as an endogenous control (Zhou et al., 2011) to normalize transcript levels between 

samples. Three technical replicates were used for each sample, and the results are representative 

of three independent biological replicates. 

2.6 Protein Methods 

 

2.6.1 Release of periplasmic contents 

 

Periplasmic contents were released from cells using a method described elsewhere (Liston 

et al., 2018). Briefly, cells were harvested at late-log phase by centrifugation (5000 ×g for 10 min) 

and 10 OD600 unit-equivalents were resuspended in 0.7 mL 100 mM Tris-HCl pH 8.2 containing 

500 mM sucrose. After incubation on ice for 5 min, lysozyme was added to a final concentration 

of 100 ɛg/mL and EDTA pH 8 was added to a final concentration of 1 mM. The cell suspension 

was incubated for another 20 min on ice, and MgSO4 was added to a final concentration of 20 mM. 

The resulting spheroplasts were collected by centrifugation and resuspended in the same volume 

of water and the supernatant containing the periplasmic fraction was removed. Spheroplast and 

periplasmic extract samples were combined with SDS-PAGE sample buffer, heated at 100 °C, and 

examined by SDS-PAGE and Western immunoblotting. The known periplasmic protein maltose 

binding protein (MalE) (Bassford Jr., 1990) was used as a control to ensure full release of the 

periplasm. RNA polymerase was used as a cytoplasmic protein control to assess potential lysis of 

spheroplasts. For E. coli, cultures were grown in 0.2% maltose to induce expression, and for S. 

Typhi, the pMAL-p2 plasmid (NEB) was used for MalE expression. 
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2.6.2 Membrane separation by sucrose gradient centrifugation 

 

Inner and outer membranes were separated by sucrose-density centrifugation, as described 

previously (Osborn et al., 1972). Cells were harvested at late-log phase by centrifugation and 

resuspended in 20 mL 5 mM EDTA pH 8. Cells were then lysed using a French Press and the cell 

debris was removed by centrifugation. Membranes were collected by centrifugation at 100 000 ×g 

for an hour, resuspended in 3 mL 5 mM EDTA pH 8, and layered onto a two-step gradient of 0.3 

mL 65% sucrose and 1 mL 25% sucrose in 5 mM EDTA. The gradients were centrifuged at 117 

000 ×g in a Beckman MLS-50 swinging bucket rotor for 3 hrs to remove any residual soluble 

proteins, and the bottom 0.7 mL, containing the membranes, was collected. This membrane 

fraction was mixed with 1 mL 5 mM EDTA and loaded onto a discontinuous sucrose step gradient 

composed of 0.5 mL 65% sucrose, 1 mL 55% sucrose, and 2 mL each of 50%, 45%, 40%, and 

35% sucrose in 5 mM EDTA. Gradients were centrifuged at 221 000 ×g in a Beckman SW-41 

swinging bucket rotor for 16 hrs and 0.4 mL fractions were collected. Aliquots of each fraction 

were combined with SDS-PAGE sample buffer and examined by SDS-PAGE and Western 

immunoblotting. YidC (Wang and Dalbey, 2011) and OmpA (Park et al., 2012), were used as 

validated markers for IM and OM, respectively. Fractions containing IM or OM were pooled and 

combined with SDS-PAGE sample buffer and incubated at either 100 °C or 25 °C: OPX 

localization was analyzed by SDS-PAGE and Western immunoblotting. 

2.6.3 Examination of PG-associated OPX proteins 

 

PG-associated proteins were examined as described previously (Diao et al., 2017). Cells 

were harvested at mid-log phase by centrifugation, resuspended in 20 mL 10 mM Tris-HCl pH 8, 

and lysed using a French Press, prior to centrifugation to remove unbroken cells and large cell 
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debris. Membranes were collected from the resulting cell-free lysate by centrifugation at 100 000 

×g for an hour and resuspended in 6 mL 10 mM Tris-HCl pH 8, containing 2% SDS and cOmplete 

mini protease inhibitor cocktail. The samples were then centrifuged again at 100 000 ×g for an 

hour and the supernatant containing solubilized cell-envelope proteins (i.e., the SDS-soluble 

fraction) was removed. The pellet (i.e., the SDS-insoluble fraction), containing PG and any 

associated proteins, was washed once in water and resuspended in 0. 3mL 50 mM Tris-HCl pH 8, 

containing 0.4 M NaCl, 5 mM EDTA, and cOmplete mini protease inhibitor cocktail. Samples of 

the SDS-soluble and SDS-insoluble fractions were combined with SDS-PAGE sample buffer and 

examined by SDS-PAGE and Western immunoblotting. 

2.6.4 Analysis of proteins by SDS-PAGE and immunoblotting 

 

Protein samples were separated by SDS-PAGE with 12% resolving gels and transferred to 

membranes using the Thermo Scientific Pierce Electrophoretic Blotting system. Nitrocellulose 

membranes were blocked in TBS-T containing 5% skim milk for 2 hrs and then incubated 

overnight at 4 °C with one of the following primary antibodies: mouse anti-MBP (1:5000) (NEB), 

mouse anti-RNAPol (1:1000) (Santa Cruz Biotechnology), rabbit anti-OmpA (1:50 000) 

(Antibody Research Corp), rabbit anti-YidC (1:20 000) (Diao et al., 2017), rabbit anti-Lpp (1:20 

000) (Diao et al., 2017), rabbit anti-Wza (1:1000) (Drummelsmith and Whitfield, 2000),  rabbit 

anti-VexA (1:3000) (Sande et al., 2019), rabbit anti-KpsD (1:1000) (Diao et al., 2017), or mouse 

anti-His (1:3000) (Qiagen). Following incubation with primary antibodies, membranes were 

washed with TBS-T and incubated with AP-conjugated goat anti-rabbit antibody (1:5000) 

(Cedarlane Laboratories) or AP-conjugated goat anti-mouse antibody (1:3000) (Jackson 

ImmunoResearch) for 2 hours. After another wash step, immunoblots were developed using nitro-

blue tetrazolium and 5-bromo-4-chloro-3'indolyphosphate p-toluidine salt substrate. 
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2.6.5 Purification of hexahistidine-tagged proteins 

 

 Recombinant proteins were produced in E. coli TOP10 with cloned gene expression 

induced using 1 mM IPTG or 0.1 % L-arabinose, as appropriate to the expression vector. Cells 

were collected by centrifugation and resuspended in 50 mM Tris-HCl pH 7.5 containing 500 mM 

NaCl and 20 mM imidazole before lysis by sonication. Cell debris was removed by centrifugation 

at 15 000 ×g, followed by a 1 hour 100 000 ×g centrifugation step to remove membranes. The 

supernatants were applied to a Ni-NTA agarose column (Invitrogen). The column was washed 

with resuspension buffer containing 50 mM imidazole and eluted in 250 mM imidazole. Imidazole 

was removed by buffer exchange using a PD10 column (GE Healthcare). Protein concentrations 

were determined using absorbance at 280 nm before use in downstream applications. 

2.6.6 Whole-cell proteomics  

 

 Whole-cell proteomics analysis was performed using the methods described by Sukumaran 

and Geddes-McAlister (2022). Cells were grown in static culture, harvested by centrifugation and 

resuspended in 100 mM Tris-HCl pH 8.5 with protease inhibitor tablet (Roche) before lysis by 

sonication. SDS and dithiothreitol (DTT) were added to final concentrations of 2 % and 10 mM, 

respectively. Samples were briefly mixed on a vortex mixer, incubated at 95 °C for 10 min with 

shaking at 800 rpm, and then to cooled on ice. Iodoacetamide was added to a final concentration 

of 55 mM, samples were mixed, and then incubated in the dark for 20 min at room temperature. 

Ice-cold acetone was added to a final concentration of 80 % and the mixture was incubated 

overnight at -20 °C; then, samples were centrifuged at 10 000 ×g for 10 min at 4 °C and the 

supernatant was discarded. The residual pellets were washed twice with 80% ice-cold acetone, air-

dried, and then dissolved in 40 mM HEPES containing 8 M urea by sonication for 7 min (1 min 
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on/1 min off) in a water bath sonicator (CPXH, Branson UltrasonicsÊ). Protein concentrations 

were determined by tryptophan absorbance using BSA as a standard and samples were then mixed 

with 300 mM ammonium bicarbonate. 100 µg aliquots of protein samples were digested overnight 

at room temperature with a trypsin/lys-c enzyme mix (A40007, Pierce; 2:50 v/w enzyme:protein). 

Proteolysis reactions were quenched with 1:10 (v/v) 6 % trifluoroacetic acid. A Stop And Go 

Extraction (Stage)Tip protocol using three layers of C18-silica resin (3M2215, 3M Empore) was 

used to prepare dried peptides, as described elsewhere (Rappsilber et al., 2007). 

 Samples resuspended in 80 % acetonitrile with 0.5 % acetic acid and 0.1 % trifluoroacetic 

acid were analyzed by single-shot label-free mass spectrometry (LC-MS/MS), as previously 

described by Ball and Geddes-McAlister (2019), using an Ultimate 3000 LC system (Thermo 

Fisher Scientific) online coupled to Thermo Fusion Lumos mass spectrometer (Thermo Fisher 

Scientific). The mass spectrometry was collected at the SPARC Biocentre for Mass Spectrometry. 

Data analysis and bioinformatics were performed as described elsewhere (Sukumaran et al., 2021). 

MaxQuant (V 1.6.3.4) (Cox and Mann, 2008) and Perseus (V 2.0.7.0) (Tyanova et al., 2016) 

software packages were used to identify peptides. Common contaminants were filtered out, and 

proteins identified in 3 out of 4 biological replicates for at least one sample group were used for 

analysis. Missing values were imputed based on a normal distribution. A two-sample Studentôs t-

test was used to compare sample groups and create a differential protein abundance profile (p-

value < 0.05, False Discovery Rate (FDR) = 0.05, S0 = 1). Analysis utilized protein sequences 

from E. coli K-12 (MG1665), supplemented with sequences for the Kps proteins from E. coli K1 

(APECO1). 

 






















































































































































