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ABSTRACT 
 
 
 

FACTORS AFFECTING THE ORGANIZATION OF GROUP 1 CAPSULAR 
POLYSACCHARIDES ON THE SURFACE OF Escherichia coli 

 
 
 
Megan Caroline Massey               Advisor: 
University of Guelph, 2015               Chris Whitfield 
 
 

Many pathogenic isolates of Escherichia coli produce capsular 

polysaccharide (CPS). CPS make up a network of interacting polysaccharide chains 

to create a capsule layer covering the cell surface. Capsules protect E. coli from 

elements of host immune defenses. While some aspects of the E. coli group 1 CPS 

assembly and export are understood, details of their association with the cell surface 

and interplay with other surface structures are unresolved. It has been proposed 

that lipopolysaccharide (another class of surface glycoconjugate) molecules help 

stabilize the attachment of CPS. To test this, deletions in certain lipopolysaccharide-

biosynthesis genes were made in a prototype isolate of E. coli E69 and their effect on 

capsule formation was examined by Western immunoblotting using CPS-specific 

antibodies, and sensitivity to a capsule-specific bacteriophage. An ELISA was 

developed to quantitate CPS production in the wild-type and mutants, leading to 

better understanding of influence of lipopolysaccharide structure on capsule 

organization.   
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Chapter 1. Introduction 
 
1.1. Escherichia coli 
	  

Escherichia coli is a Gram-negative, rod-shaped, facultative anaerobe. Isolates of 

this species are found in the intestinal flora of endotherms, including humans (Sussman, 

1997). While many isolates of E. coli are saprophytes and essential members of the 

healthy gut, some are capable of producing serious intestinal infections and others may 

afflict the bloodstream, urinary tract or meninges, to cause potentially life-threatening 

extraintestinal infections (Bettelheim, 1997). A large range of virulence factors is 

required and these vary according to the type of infection (Jann and Jann, 1997).  

One of the main virulence determinants produced by many E. coli isolates is 

capsular polysaccharide (CPS), which forms a mucoid surface layer known as the 

capsule. Capsules typically allow pathogens to evade phagocytosis by host defenses (Jann 

and Jann, 1997). Understanding the biology and the role these determinants play in the 

virulence of E. coli is potentially important for identifying new avenues for treatment of 

diseases they cause.  

1.2. The Gram-negative outer membrane 

Gram-negative bacteria such as E. coli have a multi-layered cell envelope (Figure 

1.1). The inner (cytoplasmic) membrane serves to contain the cytoplasm. The periplasm 

contains a thin, rigid, stress-bearing peptidoglycan layer, and is located between the inner 

and outer membranes (Beveridge and Graham, 1991). The outer membrane (OM) is an 

asymmetric lipid bilayer containing glycerophospholipids in the inner leaflet (like the 

inner membrane) and predominantly lipid A in the outer leaflet. Lipid A is the highly 

conserved anchoring glycolipid of lipopolysaccharide (LPS). LPS is a marker for the 
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Figure 1.1. Schematic diagram of the Gram-negative cell envelope. The inner 

membrane is a phospholipid bilayer and contains several types of integral membrane 

proteins (IMP). The outer membrane is an asymmetrical bilayer with the inner leaflet 

composed of phospholipids and the outer leaflet primarily composed of lipid A, the 

anchoring component of lipopolysaccharide (LPS). Outer membrane proteins (OMP) and 

lipoproteins (LP) are distributed throughout the outer membrane (Adapted from Silhavy 

et al., 2010).  
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outer membranes of most Gram-negative bacteria and almost all of these bacteria require 

LPS for survival (Whitfield and Trent, 2014; Raetz et al., 2007).   

The OM has a variety of functions, typically related to protecting the cell from 

environmental factors. For example, the OM is able to resist the action of extracellular 

compounds that could disrupt a typical lipid bilayer, such as bile salts and enzymes 

(Nikaido and Nakae, 1979). In fact, E. coli is able to survive and multiply effectively in 

the presence of strong anionic detergents, e.g. 5% sodium dodecyl sulfate (Lugtenberg 

and Alphen, 1983).  This is due to the OM having very low permeability to hydrophobic 

molecules (Nikaido, 1988). To allow the passage of small hydrophilic molecules into the 

cell without breeching the OM, Gram-negative bacteria express channel-forming β-barrel 

porin proteins with narrow pore sizes. Most porins have a channel diameter in the range 

of 6 – 15 Å that allows the entry of sugars, ions, amino acids, and in some cases 

antibiotics, with sizes less than 600 Da into the cell (Nikaido, 1992; Nikaido, 2003; 

Galdiero et al., 2012). In order to facilitate transport of large macromolecules across the 

OM, the cell exploits complex regulated channels. These include the receptor-mediated 

uptake of compounds including iron, and vitamin B12 (Noinaj et al., 2010), secretins 

from various protein secretion systems (Thanassi and Hultgren, 2000; Bayan et al., 2006), 

and large channels are also used for the export of capsular polysaccharides, 

exopolysaccharides (Dong et al., 2006; Cuthbertson et al., 2009) and LPS (Whitfield and 

Trent, 2014; Dong et al., 2014; Qiao et al., 2014). 

1.2.1. LPS lipid A 

The lipid A molecules in a cell population are often heterogeneous due to variations 

in acylation and other modifications (Figure 1.2). The form that constitutes 90% of the 
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Figure 1.2. Phosphoethanolamine (PEtN) and 4-amino-4-deoxy-L-arabinose (L-

Ara4N) covalent modifications to the lipid A structure. PEtN and 4-Ara4N can be 

added at three modification sites, the first on the phosphate at GlcN1 of lipid A, the 

second on the hydroxyl of Kdo2 of the inner core, and lastly on the phosphate of GlcN2 

of lipid A (Adapted from Raetz et al., 2007).   

 

 

 



	   	  

	   5	  

total lipid A in E. coli contains a disaccharide composed of two glucosamine residues 

with positions 1 and 4′ phosphorylated. The 2, 3, 2′ and 3′ positions of the disaccharide 

are acylated and the hydrophobic fatty acid chains occupy the membrane interior and 

interact with the inner leaflet’s acyl chains (Rietschel et al., 1983; Raetz et al., 2007).  

The lipid A structure is generally highly conserved across bacterial genera because it is 

required for OM stability. Lipid A species from many bacteria also exert biological 

activity and LPS is often referred to as an endotoxin. Circulating LPS molecules released 

during bacterial growth, or by lysis (e.g. during antibiotic treatment), interact with Toll-

like receptor 4 (TLR4) and its co-receptor MD2 to stimulate a signal-transduction 

cascade that leads to the release of cytokines and other immunomodulatory molecules 

(Miller et al., 2005; Ramachandran, 2014). This is part of the normal inflammatory 

response to bacterial infection but if uncontrolled, this cascade causes tissue and organ 

damage, leading to the septic shock syndrome and, in many cases, mortality (David, 

2001). Some bacteria can modulate the toxicity of lipid A by modifying its structure, 

allowing the establishment of chronic infections (Raetz et al., 2007). 

LPS also helps protect the E. coli OM from disorganization by polycations (Vaara 

and Vaara, 1983). These compounds include polyamines (such as putrescine, and 

spermine) and polycationic peptides and are part of the host innate immune defenses 

(Soulet and Rivest, 2003). Some polycations have been used as antibiotics. One example 

is polymyxin B, which was first isolated from Bacillus polymyxa, but similar products 

such as polymyxin M (mattacin) and polymyxin E (colistin) are also used for treatment of 

Gram-negative bacterial infections (Martin et al., 2003; Falagas and Kasiakou, 2005). 

These compounds are cationic amphiphilic cyclic decapeptides, which bind lipid A 
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sufficiently well to counteract its toxicity in vitro and in animals with endotoxemia 

(David, 2001). Disruption in the OM permeability barrier by polycations allows free 

diffusion of undesirable molecules such as detergents and antibiotics into the bacterial 

cell (Vaara and Vaara, 1983). 

Exposure to polycations and antimicrobial peptides, and changes in pH or 

magnesium concentration may induce or repress a series of lipid A-modification systems 

(Whitfield and Trent, 2014; Needham and Trent, 2013; Raetz et al., 2007). The enzymes 

responsible for these modifications can alter the virulence of some pathogenic bacteria 

and can lead to resistance to polycations like polymyxin B. In E. coli, newly made Kdo2-

lipid A (a lipid A precursor) can be modified with 4-amino-4-deoxy-L-arabinose (L-

Ara4N) and/or phosphoethanolamine (PEtN) (see Figure 1.2). The addition of positively-

charged L-Ara4N neutralizes the negatively-charged lipid A 4′-phosphate group, making 

the bacterium less sensitive to the action of polymyxin (Raetz et al., 2007). PEtN is 

typically added to lipid A at the 1′- phosphate group, but in the absence of L-Ara4N, an 

additional PEtN can be added to the 4′-phosphate. The function of the L-Ara4N group 

addition is clearly understood, but the exact role of the PEtN additions is still unclear 

(Raetz et al., 2007). Some bacteria modify all of their LPS species in this manner. For 

example, in Burkholderia cenocepacia, L-Ara4N modification is a prerequisite for its 

transport to the periplasm, acting as a quality control process (Whitfield and Trent, 2014; 

Hamad et al., 2012).  

 1.2.2. LPS core oligosaccharide 
	  

Attached to lipid A is a core oligosaccharide (OS), which is reasonably well 

conserved in composition within a genus. In E. coli, the Whitfield lab has previously 
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defined five closely related core oligosaccharide structures (designated K-12 and R1-R4), 

which could make the core a good target for protective antibodies against LPS (Heinrichs 

et al., 1998). When examining a collection of E. coli strains reflecting the diversity of the 

species, 69.4% of strains possess the R1 core, and R1 is the only core type found in all 

major phylogenetic groups. In E. coli strains that cause extraintestinal infections, the R1 

core is the predominant type while most verotoxigenic strains (such as serotypes O157, 

O111, and O26, enterohemorrhagic E. coli strains isolated from humans and cattle) 

possess the R3 core (Amor et al., 2000). The strains examined in this thesis research 

produce the R1 core type. The core oligosaccharide has not been directly implicated in 

virulence (other than providing an attachment site for O antigen). Its conservation is 

likely a result of its role in reinforcing the barrier function of the OM (Heinrichs et al., 

1998). In general, the core OS is comprised of a highly conserved inner core region, 

consisting of three 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues, and three L-

glycero-D-manno-heptose (Hep) residues (Figure 1.3). The more variable outer core 

possesses a tri-hexose backbone, which has various branches of hexoses and 

acetoamidohexoses (Heinrichs et al., 1998). The Hep region is responsible for OM 

stability due to phosphate substitution of the first and second Hep residues. It has been 

suggested that the phosphate residues mediate cross-linking of parallel LPS molecules 

using cations and other positively-charged groups. When Hep residues are absent, or 

phosphorylation is compromised in E. coli, there are significant structural changes to the 

OM. This phenotype is called ‘deep-rough’ and generally confers hypersensitivity of the 

mutant bacteria to hydrophobic compounds, and rendering vulnerable to attack by host 

immune defenses (Heinrichs et al., 1998). In P. aeriginosa strain PAO1, addition of the  
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Figure 1.3. Structures of core oligosaccharides from E. coli R1 and R3. A. The outer 

cores are shown in black, together with one heptose residue of the inner core shown in 

blue. The site of ligation for O polysaccharides (O-PS) is indicated where known in R1. 

B. Conserved base structure of the inner core. Nonstoichiometric additions that are type-

specific to the inner core are shown with the red arrows (Adapted from Pieretti, 2007).  
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phosphates is apparently essential for viability (Walsh et al., 2000); ΔwaaP mutants 

where the Hep groups remain unphosphorylated accumulate truncated LPS in the IM 

fractions, and are unable to transport these molecules to the OM (DeLucia et al., 2011).  

 1.2.3. LPS O antigen 
	  

Distal to the lipid A-core is the O antigen polysaccharide, which is the 

immunodominant and hypervariable portion of LPS.  The O antigen is serotype specific 

and can have a variety of roles, depending on the organism and its habitat. The main role 

of the O antigen is protective, as it acts as the OM’s final barrier between the bacterium 

and the external environment. LPS molecules that only have the lipid A-core (or lipid A 

with a truncated core) are called rough LPS. Strains with rough LPS are often more 

sensitive to antibiotics and hydrophobic compounds than LPS with the full structure 

containing O antigen, called smooth LPS (Decad and Nikaido, 1976). In pathogenic E. 

coli, O antigen is a major factor in resistance to complement-mediated killing (McCallum 

et al., 1989). In E. coli, there are over 180 different O antigens, reflecting differences in 

the component sugars, linkages, and non-sugar substituents (Stenutz et al., 2006). 

The O (somatic) antigen name derives from a classification system, where closely 

related microorganisms are grouped based on serological characteristics. Traditionally, 

these properties were identified by bacterial agglutination methods and may be confirmed 

by double-diffusion or immunoelectrophoresis experiments (Orskov et al., 1977). In E. 

coli, three principle antigens are assessed: O antigens (LPS), K antigens (capsular 

polysaccharide), and H antigens (flagellar) (Orskov et al., 1977). Since serotype-specific 

genes can now be identified for each antigen, molecular methods such as PCR may 

potentially take the place of serological testing, eliminating the expertise needed for 
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carefully prepared serological reagents. For example, Wang et al. sequenced all of the H 

antigens using PCR-amplified fliC (flagellar filament) genes and demonstrated specificity 

by cloning and expressing each of the 54 identified types (Wang et al., 2003). It has been 

predicted that E. coli could have between 50,000 and 100,000 different serotypes, based 

on the potential combinations of the 3 main antigens (Orskov and Orskov, 1992), but in 

practice, the number of combinations seen in successful pathogens and commensals is 

much less. 

1.3. Capsules of E. coli 
	  

Like many bacteria, isolates of E. coli often produce extracellular and capsular 

polysaccharides, which are important to their virulence (Whitfield and Paiment, 2003).   

The term “K antigen” was first used by the German scientists Kauffman and Vahlne, 

stemming from the German word kapsel (i.e capsule) (Orskov et al., 1977).  In E. coli, 

approximately 80 unique K antigens have been identified (Orskov and Orskov, 1992). 

The capsule is formed by a dense network of repeating unit CPS that create a viscous 

hydrophilic layer around the cell (Figure 1.4). This structure is responsible for protection 

against innate and acquired host defenses. In some isolates, the capsule prevents binding 

of the complement system to the cell surface in the absence of specific antibodies, 

making phagocytic cells ineffective (Merino and Tomas, 2010; Horwitz and Silverstein, 

1980). Alternatively, capsules may allow complement binding at the cell surface but 

block interaction between the bound complement and a phagocytic cell (Àlvarez et al., 

2000). CPS is often regarded as a poor immunogen and elicits a T lymphocyte-

independent immune response (Weintraub, 2003). Also, host immune systems may not 

identify some CPS as foreign, as they are molecular mimics of naturally occurring  
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Figure 1.4. Electron micrographs of E. coli expressing K30 (left) and K. pneumoniae 

expressing K20 (right).  The cells were labeled using cationized ferritin highlighting the 

(now electron-dense) capsule (Reprinted from Whitfield, 2006). 
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glycans (Jann and Jann, 1997). For example, E. coli K1 CPS is a poly-α 2,8-linked sialic 

acid and has the same structure as the carbohydrate terminus of NCAM, a neural cell 

adhesion molecule, and E. coli K5 CPS resembles an intermediate in heparin biosynthesis 

(Jann and Jann, 1997). This mimicry prevents the host from developing anti-CPS 

antibodies, and limits the range of potentially protective antibodies.  

An initial classification of E. coli CPS was developed following the recognition that 

the physiology of CPS production was not the same in all isolates. It was originally 

proposed that three groups were sufficient to classify all K antigens. Group 1 was 

composed of strains that produced capsule at any growth temperature, while Group 2 

contained strains that only produced capsule at growth temperatures above 25°C. Group 1 

CPS were thermostable (i.e. they still reacted with anti-K antibodies after heating at 

100°C), whereas group 2 CPS were thermolabile.. Group 3 CPS were chemically similar 

to those in Group 2 but differed in their production, lacking temperature regulation (Jann 

and Jann, 1997). Group 1 was later subdivided into subgroups 1A and 1B based on 

chemical composition; 1A CPS lacked acetamido sugars, while those in 1B possessed 

either one or two acetamido sugars per repeat unit (Jann and Jann, 1997).  

The development of a genetic, regulatory, and biochemical understanding led to the 

refinement of four capsule groups (Whitfield, 2006). The new groups 1-4 align with 

groups 1A, 2, 3 and 1B, respectively (Table 1.1).  Also taken into consideration was the 

knowledge that every K antigen is organized into a capsule structure, but some capsules 

are composed of polysaccharides not formally given K antigen designations in 

serological classifications (Whitfield and Roberts, 1999).  The current group 1 CPS is  



	   	  

	   13	  

Table 1.1. Classification of Escherichia coli capsules incorporating features of the 

biosynthesis and assembly systems. (Adapted from Whitfield, 2006). 

Characteristic	   Group	  

	   1	   2	   3	   4	  

Former	  K-‐antigen	  group	   IA	   II	   I/II	  or	  III	   IB	  (O-‐antigen	  capsules)	  

Thermostability	  of	  K	  antigen	   Yes	   No	   No	   Yes	  

Coexpressed	  with	  O	  serogroups	   Limited	  range	  (O8,	  
O9,	  O20,	  O101)	  

Many	   Many	   Often	  O8,	  O9	  but	  
occasionally	  none	  

Coexpressed	  with	  colanic	  acid	   No	   Yes	   Yes	   Yes	  

Genetic	  locus	   cps	  near	  his	  	   kps	  near	  ser	  A	   kps	  near	  ser	  A	   near	  his	  

Thermoregulated	  expression	   No	  	   Yes	   No	   No	  

Elevated	  levels	  of	  CMP-‐Kdo	  synthetase	   No	   Yes	   No	   No	  

Terminal	  lipid	  moiety	   LPS	  lipid	  A	  core	  in	  
KLPS;	  unknown	  for	  
capsular	  K	  antigen	  

α-‐glycerophosphate	   α-‐glycerophosphate?	   LPS	  lipid	  A	  core	  in	  KLPS;	  
unknown	  for	  
capsular	  K	  antigen	  

Polymer	  chain	  grows	  at	   Reducing	  terminus	   Nonreducing	  terminus	   Nonreducing	  terminus?	   Reducing	  terminus	  

Polymerization	  system	   Wzy	  dependent	   Processive	  
glycosyltransferase	  
activity	  

Processive	  
glycosyltransferase	  
activity?	  

Wzy	  dependent	  

PST-‐1	  protein	   Wzx	   None	   None	   Wzx	  

ABC	  transporter	   None	   KpsMT	   KpsMT?	   None	  

PCP-‐2a	  protein	   Wzc	   None	   None	   Wzc	  

PCP-‐3	  protein	   None	   KpsE	   KpsE?	   None	  

OPX	  protein	   Wza	   KpsD?	   KpsD?	   Wza	  

Model	  system(s)	   Serotype	  K30	   Serotypes	  K1,	  K5	   Serotypes	  K10,	  K54	   Serotypes	  K40,	  O111	  

Similar	  to	  capsules	  in	   Klebsiella, Erwinia Neisseria,	  Haemophilus	   Neisseria,	  Haemophilus	   None	  known	  
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made up of polysaccharides containing uronic acids, and these are expressed with a small 

group of neutral O antigens. These are the topics of this thesis research. Group 4 CPS are 

referred to as ‘O antigen capsules’. In these isolates, the capsule and the LPS O antigen 

possess the same structure but the capsular form has no attachment to lipid A-core 

(Whitfield and Roberts, 1999).   

Some E. coli isolates with group 2 and 3 CPS also produce a mostly secreted 

extracellular polysaccharide (EPS) known as colanic acid (M antigen). The structure of 

colanic acid, the functions required for its synthesis, and the organization of the genes 

encoding those functions all resemble Group 1 capsules (Whitfield, 2006). Isolates 

producing group 1 CPS are unable to synthesize colanic acid (Stevenson et al., 1996) 

because the corresponding genes occupy the same locus. The genes involved in 

production of colanic acid are controlled as part of a large regulon (Rcs regulon) 

associated with biofilm formation (Majdalani and Gottesman, 2005) and colanic acid is 

not produced in detectable amounts by planktonic cells at 37°C (Sledjeski and 

Gottesman, 1996). The main role of colanic acid is thought to be survival of the 

bacterium outside of a host and in the prevention of dehydration (Stevenson et al., 1996). 

In most isolates, colanic acid production can be induced under conditions of stress and it 

has no known role in virulence. Due to its broad distribution, colanic acid is not 

considered to be serotype-specific. 

Group 2 and 3 CPS are characterized by their use of an ATP binding cassette (ABC) 

transporter dependent assembly pathway and their thermolability (Whitfield 2006). The 

prototype strain for group 2 CPS is E. coli K1 and an identical CPS structure is found in 

Neisseria meningitidis serogroup b (Jann and Jann, 1997). Group 2 capsules are attached 
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to the OM of the strains that produce them by a novel glycolipid anchor, which is also 

required for export of the CPS from its site of synthesis to the cell surface. The CPS in E. 

coli K1 and K5 and N. meningitidis b are all attached to a phosphatidylglycerol moiety by 

a poly-Kdo linker (Figure 1.5) (Willis et al., 2013).  

 1.3.1. Structure and biosynthesis of group 1 capsules 
	  

The K30 capsule is the prototype for group 1 capsules in E. coli (Whitfield, 2006). 

The K30 CPS chain is made up of repeat units containing a [-2)-α-mannose-(1-3)-β-

galactose-(1-] backbone with a disaccharide branch of β-glucuronic acid-(1-3)-α-

galalactose attached to the 3-position of the main-chain mannose (Chakraborty et al., 

1980) (Figure 1.6). Additionally, it has been revealed that approximately 30% of the α-

galactose in K30 is acetylated (Steiner et al., 2007). In E. coli, there are two forms of 

group 1 K antigens on the cell surface. The first is an oligosaccharide containing only a 

few K antigen repeat units anchored to the cell by lipid A. This is called KLPS, and is 

named to prevent confusion with other LPS molecules in the same cell carrying the 

conventional O antigen (serotype O9a in the prototype strain) (MacLachlan et al., 1993).  

So far, KLPS has only been seen in E. coli isolates and its physiological role is uncertain 

(Whitfield and Paiment, 2003). Interestingly, oligosaccharides of colanic acid can also be 

attached to lipid A-core and they appear under conditions of envelope stress, for example 

when the LPS export system is compromised (Meredith et al., 2007; Ruiz et al., 2008). 

The surface attachment and organization of long chain group 1 CPS is not fully 

understood, but covalent linkage to lipid A-core is not required. The OM protein Wzi is 

proposed to act as a lectin that tethers CPS after it has been exported to the surface, 

nucleating capsule assembly (Rahn et al., 2003; Bushell et al., 2013). The long CPS  
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Figure 1.5. Structure of the glycolipid anchor for group 2 CPS produced by E. coli 

K1. The exact position of the Kdo (3-deoxy-D-manno-octulosonic acid) moieties on the 

glycerol head group has not been determined and is shown here on the second glycerol 

head group as per the current hypothesis. NeuAcn represents a homopolymer chain of α-

2,8-linked polysialic acid. The phospholipid shown is phosphatidylglycerol, but one acyl 

chain is lost, likely before translocation to the cell surface  (Provided by Willis, L.M.). 
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Figure 1.6. Sugar residues of the K30 CPS tetrasaccharide repeat unit. α-D-

mannosyl and β-D-galactosyl make up the main chain backbone with the ridged lines 

indicating where the repeat unit links to other repeat units. The disaccharide side chain is 

an α-D-galactosyl group bound to β-D-glucuronyl group (Adapted from Kong et al., 

2013).  
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chains interact with each other to form a high molecular weight capsule network. 

The components of the group 1 capsule biosynthesis pathway have been identified. 

Mechanistic details are sometimes lacking but it is proposed that a multi-protein complex 

performs most of the essential functions (Figure 1.7). The gene cluster that is responsible 

for group 1 capsule production (the cps gene cluster) is arranged into two main regions 

(Figure 1.8). One region is responsible for CPS repeat-unit synthesis and polymerization 

using undecaprenol pyrophosphate (und-PP)-linked intermediates in a Wzy-dependent 

pathway (Whitfield, 2006). These genes vary according to serotype. The other region is 

conserved across serotypes and encodes proteins Wzi, Wza, Wzb, and Wzc, which are 

required for high-level polymerization and CPS assembly on the cell surface. 

  1.3.1.1. Glycosyltransferases and Wzx 
	  

Synthesis of und-PP linked CPS repeat units occurs on the cytoplasmic side of the 

inner membrane (Figure 1.8) (Dutton and Parolis, 1989). WbaP, an integral membrane 

protein, initiates repeat unit synthesis by performing the reversible transfer of galactose-

1-phosphate to und-P (Drummelsmith and Whitfield, 1999). The WbaP enzyme has been 

extensively studied in Salmonella enterica, where it operates in the context of O antigen 

biosynthesis. This common step illustrates parallels between O antigen and capsule 

biosynthesis in Gram-negative strains as both employ similar Wzy-dependent pathways 

(Whitfield, 2006; Raetz and Whitfield, 2002). The additions of the remaining glycoses in 

the repeat unit are catalyzed by peripheral protein glycosyltransferases (Whitfield, 2006). 

In the K30 system, these are predicted to be the WbaZ, WcaN, and WcaO proteins 

(Drummelsmith and Whitfield, 1999). These latter steps have been predicted by 

bioinformatics studies but have not been verified experimentally. This completes the  
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Figure 1.7. Organization of the cps gene cluster required for production of the 

group 1 K30 capsule. The genes required for high-level polymerization and surface 

assembly are highlighted in blue. The genes highlighted in red represent those conserved 

in colanic acid biosynthesis (Reprinted from Whitfield, 2006).  
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Figure 1.8. Current model for the biosynthesis and assembly of group 1 capsule.     

WbaP, and a series of glycosyltransferases transfer sugar residues onto und-P to generate 

the capsule repeat unit. The repeat units are then flipped across the inner membrane by 

Wzx and polymerized onto a single und-PP-linked chain by Wzy. High-level 

polymerization is facilitated in an unknown mechanism requiring the tyrosine autokinase, 

Wzc, and the cognate regulatory phosphatase, Wzb. The CPS then exits the cell through a 

channel formed by Wza. The function of Wzi, a protein localized to the outer membrane, 

is still unknown (Reprinted with permission from Dong et al., 2006).  
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initial repeat unit biosynthesis.  

The integral membrane Wzx protein then acts as an inner membrane flippase to 

transfer the nascent und-PP-linked repeat units to the periplasmic space from the 

cytoplasm. Wzx function was confirmed through analysis of wzx deletion strains and 

again O antigen systems provided the lead. S. enterica Typhimurium mutants lacking 

Wzx exhibited build up of und-PP linked O repeat units in the cytoplasm and therefore 

are not translocated to the periplasm where polymerization occurs (Liu et al., 1996).  

Until recently, little was known about the structure of Wzx as membrane proteins and no 

crystal structures are available. However, it has been proposed that Wzx is made up of 12 

transmembrane domains, and that they likely organize in a pore-like structure. Wzx has 

been modeled based on the solved structure of closely related protein, NorM from Vibrio 

cholerae, an inner membrane transporter of drugs and toxic compounds (Islam et al., 

2010; Islam et al., 2012; Singh et al., 2006; Butler et al., 2013).  

  1.3.1.2. Wzy, Wzc, Wzb, and Wza 

The integral inner membrane protein, Wzy is the polymerase that extends the und-PP-

linked glycan to make a chain of the appropriate length for the specific capsule 

(Drummelsmith and Whitfield, 1999). Wzy proteins have been proposed to function 

using a catch-and-release mechanism by which a positively-charged periplasmic loop 

(PL3) recruits (‘catches’) a new und-PP-linked-O-Ag repeat, and transfers it to a 

negatively-charged periplasmic loop (PL5), where it is polymerized to the growing chain 

(Islam et al., 2011). The growing chain is then ‘released’ and the cycle is repeated to 

elongate the O-Ag. In Wzy-dependent pathways, a member of the polysaccharide 

copolymerase protein family (PCP) modulates the activity of the polymerization 
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machinery and is modulated to generate a particular chain length in the product (Morona 

et al., 2009; Cuthbertson et al., 2009). This has been studied in O antigen biosynthesis 

where Wzz is the PCP protein. Wzy is predicted to exist in two different states (Bastin et 

al., 1993). The ‘E-state’ of Wzy is active for polymerization, and the ‘T-state’ favours 

ligation of the O antigen chain to lipid A-core by the ligase enzyme, WaaL (Bastin et al., 

1993). Currently, the exact mechanism of Wzz action is unknown but it is accepted to be 

a ‘chain length regulator’ (Morona et al., 2009; Cuthbertson et al., 2009). Wzz is either a 

molecular timer, regulating the time between each of the Wzy states, or a molecular ruler 

where it alters the state of the polymerase based on the length of the growing 

polysaccharide chain (Bastin et al., 1993; Morona et al., 1995). The structures of the 

periplasmic region of some Wzz homologs have been solved revealing an oligomeric 

cone-like structure assembled from extended α-helices (Tocilj et al., 2008). The number 

of monomers in a functional complex has been the subject of debate (Larue et al., 2009, 

Kalynych et al., 2012). Previous experimentation crystallizing high protein concentration 

samples has shown the formation of Wzz pentamers, octamers, and nonamers, however 

this assembly is non-physiological (Tocilj et al., 2008). Alternatively, electron 

microscopy analysis of three different reconstituted Wzz proteins indicates that they have 

a common quaternary structure (Larue et al., 2009).   

Wzc, an inner membrane protein, is another member of the PCP family and appears 

to provide a comparable regulatory mechanism for group 1 CPS (Cuthbertson et al., 

2009). In E. coli K30 wzc mutants, only KLPS is produced suggesting that repeat-unit 

synthesis and (low level) polymerization can occur (Drummelsmith and Whitfield, 1999). 

Wzc also controls the length of CPS and amount of capsule in colanic acid synthesis 
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(Obadia et al., 2007). All PCP proteins possess 2 transmembrane helices, an α-helical 

periplasmic domain with a putative coiled-coil region, and some areas of conserved 

sequence motifs, such as a proline and glycine-rich area (Morona et al., 2009). Wzc 

proteins also possess an oligomeric periplasmic domain (Collins et al., 2006). However, 

the structure of Wzc is more complex as it possesses a cytoplasmic tyrosine autokinase 

domain and an ATP binding-motif that is necessary for function (Morona et al., 2009). 

High-level CPS polymerization requires autophosphorylation of multiple tyrosines 

located at the cytoplasmic C-terminus of the protein (Vincent et al., 1999; Wugeditsch et 

al., 2001; Bechet et al., 2010). This reaction is reversed by the action of a cognate 

tyrosine phosphatase, Wzb (Vincent et al., 1999). Phosphorylation and 

dephosphorylation are both needed for CPS polymerization, suggesting cycling of the 

phosphorylation state (Wugeditsch et al., 2001; Grangeasse et al., 2002). The crystal 

structure of the entire Wzc protein has yet to be elucidated but some progress has been 

reported. Lee et al. were the first to crystalize the kinase domain of a bacterial protein 

tyrosine kinase (PTK). Their model was Etk, a homolog of Wzc from group 4 capsule 

assembly (Lee et al., 2008). Subsequently, Bechet et al. crystalized the kinase domain of 

the Wzc homolog involved in colanic acid production. The subunits associate into a ring-

shaped octamer, interacting via conserved residues (Bechet et al., 2010). In contrast, a 

previous lower-resolution electron microscopy structure of the entire Wzc protein 

revealed the formation of tetramers (Collins et al., 2006). The reason for the difference 

between the two studies is unknown but could be influenced by the presence/absence of 

the transmembrane domains in the two studies. The true physiological multimeric state of 

Wzc will only be resolved with a high-resolution structure of the full-length protein.    
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The completed CPS is transported through the outer membrane by the translocation 

complex, Wza. This protein forms an octameric complex with most of the protein located 

in the periplasmic space and a novel α-helical channel spanning the OM (Dong et al., 

2006). Wza is a member of a large OPX (outer membrane polysaccharide export) protein 

family that participates in CPS and exopolysaccharide secretion in many bacteria 

(Cuthbertson et al., 2009). Wza acts as the translocon protein for this pathway and its 

periplasmic domain potentially allows the system to overcome the barrier imposed by the 

peptidoglycan layer (Collins et al., 2007). More recently, Nickerson et al. have directly 

shown that Wza acts as a channel with K30 CPS passing through the lumen to traverse 

the OM (Nickerson et al., 2014). This was accomplished via an in vivo crosslinking 

method to capture nascent CPS chains during their transit within the lumen (Nickerson et 

al., 2014).  

Studies with purified proteins have revealed the interaction between Wza-Wzc and 

cryo-electron microscopy studies suggest a significant conformational change in Wza as 

a consequence of complex formation (Figure 1.9). Purified Wza has a closed periplasmic 

domain (Dong et al., 2006), presumably to prevent undesirable molecules from flowing 

through the cell envelope. In complex with Wzc, Wza appears to undergo a 

conformational change that is proposed to open the channel (Collins et al., 2007). Details 

of these changes and their full implication for the export process require further 

investigation. A crystal structure of the Wza-Wzc co-complex would be informative.         

1.3.2. Expression of KLPS and the Lpt pathway 

	   Currently, it is known that low molecular weight K30 oligosaccharide can be 

attached to lipid A-core and expressed on the cell surface as KLPS (MacLachlan et al., 
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Figure 1.9. Proposed configuration of the Wza-Wzc complex in the cell envelope.  

The green mesh represents the co-complex as observed by cryo-electron microscopy 

derived from mixing purified proteins. The structures of octameric Wza (purple; X ray 

crystallography structure, PDB accession; 2J58)(Dong et al., 2006) and tetrameric Wzc 

(yellow; surface representation from Wzc single particle electron microscopy)(Collins et 

al., 2007) were docked into the envelope of the co-complex.  The orange areas are the 

location of the Ni-NTA gold labels bound to the protein (Reprinted with permission from 

Collins et al., 2007).   
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1993). However, high molecular weight K30 CPS chains forming the capsule are 

synthesized and exported through Wza in a LPS-independent mechanism (McLachlan et 

al., 1993). LPS independence was shown by generating R1 core mutants in E. coli K30-

producing mutants lacking the attachment point for the K (or O) antigen. Despite, the 

mutants being unable to produce KLPS, capsule was produced, although the amount was 

not examined in that study.  

 The completed KLPS or LPS structure must be exported to the cell surface and 

recent biochemical evidence has led to a better understanding of the precise mechanism 

involved (reviewed in Whitfield and Trent, 2014). The Lpt (LPS transport) pathway 

involves at least 9 different proteins, Lpt A-G, that shuttle mature LPS molecules from 

the periplasmic side of the IM to the cell surface (Figure 1.10). The first step of LPS 

transport involves an ABC protein complex found in the IM and is comprised of proteins 

LptF, LptG and LptB, the nucleotide-binding (and hydrolysis) protein (Sperandeo et al., 

2007). This complex relocates the mature lipid A-core molecule from the IM to the 

periplasm. LptC is also part of this complex and acts as an LPS binding protein (Tran et 

al., 2010). LptC passes LPS to LptA, a periplasmic LPS binding protein (Tran et al., 

2008; Sperandeo et al., 2011; Kahne et al., 2012). A bridge is formed by a series of LptA 

proteins, which span the entire periplasm to connect the two membranes, and facilitate 

the transfer of LPS molecules.  Once the LPS molecules have reached the OM, a complex 

of LptE, another LPS binding protein, and LptD, an OM protein, facilitate the correct 

insertion of LPS in the extracellular face of the OM. Several other proteins were found to 

associate with Lpt pathway (YftN, YfgH, YhjD, and YceK) through genetic interaction 

networks but their exact function in LPS export is unknown (Babu et al., 2011). Two  
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Figure 1.10. The Lpt pathway for transport of LPS to the bacterial cell surface. The 

export of LPS molecule across the IM and insertion into the outer leaflet of the OM 

requires at least seven proteins, LptA-G. In the current model, supported by biochemical 

evidence, LptA proteins form a bridge connecting the IM and OM to facilitate the 

transfer of LPS across the periplasm (Reprinted with permission from Greenfield and 

Whitfield, 2012). 
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newly discovered heat shock proteins, LapA, and LapB that co-purify with LPS in pull-

down experiments are proposed to balance the synthesis of LPS and phospholipids as 

needed (Klein et al., 2014). 

1.4. Surface association of group 1 capsular polysaccharides 
 
 1.4.1. A capsule-binding lectin, Wzi 
	  

The mechanism of group 1 capsule attachment to the cell surface is not clearly 

understood and this issue provides the central emphasis of this thesis research. The group 

1 capsule systems in E. coli and K. pneumoniae contain a conserved Wzi protein (Rahn et 

al., 2003). Notably, this protein is absent from the otherwise identical colanic acid 

system, where the polysaccharide chains have loose association with the cell and do not 

form an organized capsule structure. The structure of Wzi was recently solved, revealing 

an 18-stranded outer membrane β-barrel (Bushell et al., 2013). The β-barrel structure acts 

as a transmembrane domain and Wzi possesses an α-helical bundle that projects into the 

periplasm (Figure 1.11) (Bushell et al., 2013). There is no evidence that Wzi forms an 

OM channel and it exists as a monomer, unlike classical trimeric E. coli porins. Wzi was 

implicated in capsule attachment to the cell surface based on the phenotype of a wzi 

deletion strain (Rahn et al., 2003). The mutant lacking Wzi had an increased amount of 

extracellular K30 polysaccharide and a decreased amount of cell-associated CPS.  In a 

separate study, a K. pneumoniae mutant with a transposon insertion in wzi exhibited a 

four-fold decrease in CPS, resulting in a three-fold increase in the cell’s capacity for 

binding complement component C3 (Àlvarez et al., 2000). Regions of Wzi responsible 

for function have been identified and the protein has been shown to bind purified CPS,  
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Figure 1.11. Ribbon diagram of Wzi. A, The β-barrel embeds in the outer membrane, 

orienting the extended loops on one side exposed to the cell exterior and the α-helical 

bundle (indicated in blue) on the periplasmic side.  B, View of the outer membrane face 

of Wzi looking down into the barrel.  The extensive crowding of the β-barrel by the 

periplasmic α-helical bundle and the surface exposed loops rules out the possibility of 

Wzi acting as a transmembrane channel, unless there were major structural 

rearrangements (PDB accession: 2YNK).  
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supporting a lectin-like activity (Bushell et al., 2013). From these results, it is reasonable 

to assume that Wzi is responsible in some capacity for attaching the CPS chains that have 

passed through the Wza complex. A model involving nucleation of nascent chains into a 

higher-order mesh-like structure has been proposed (Bushell et al., 2013). This 

hypothesis assumes that the nascent chains lack a terminal lipid anchor analogous to the 

one seen in group 2 CPSs and there is no experimental evidence to support the existence 

of this type of anchor in group 1 capsules. However, there is currently no evidence for 

interactions between Wzi and Wza/Wzc, which might point to a coordinated 

transport/organization function. Given that wzi mutants do not lose all surface association 

of group 1 CPS, it is likely that the process is multifactorial. 

 1.4.2. The possible role of negatively-charged residues in the LPS core in  
 
 attachment of group 1 capsules 
	  

Klebsiella pneumoniae isolates produce group 1 capsule and the structures of CPS 

from some serotypes are identical to those from E. coli.  For example, E. coli K30 CPS 

has the identical structure to the K. pneumoniae K20 antigen (Choy and Dutton, 1973; 

Chakraborty et al., 1980).  In K. pneumoniae, ionic interaction between the LPS core and 

the K2 capsule has been proposed as a means to attach the CPS to the surface (Fresno et 

al., 2007; Fresno et al., 2006). The core OS in K. pneumoniae contains two galacturonic 

acids (GalA) (Severn et al., 1996), which are both required for capsule attachment. A 

deletion mutant (ΔwabO) lacking the GalA transferase lacks the terminal β-GalA and 

exhibits a dramatic decrease in the amount of cell-associated capsule and reduced 

virulence (Fresno et al., 2007). Negatively-charged LPS core residues have been 

proposed to form ionic bridges with neighbouring LPS molecules with the assistance of 
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magnesium ions (Nikaido and Vaara, 1985). This is based on the roles of phosphates in 

E. coli. Therefore, the ionic interactions between LPS GalA residues and CPS, bridged by 

divalent ions such as Mg2+ and/or Ca2+, were speculated (Fresno et al., 2006). However, 

mutations affecting charged residues in the core also compromise OM integrity (Frirdich 

et al., 2005), so other indirect interpretations are possible.  Furthermore, the potential role 

of the comparable phosphate residues in E. coli has not been examined. More research 

needs to be done on the possible role of electrostatic interactions between CPS and LPS 

in attaching E. coli group 1 capsule. This issue, as well as the possible role of KLPS will be 

addressed by the research that follows.   

 1.4.3. The role of phosphates in the LPS core of E. coli  
	  

In E. coli, negative charges in the LPS core are due primarily to phosphates. The 

kinase enzyme, WaaP, is responsible for phosphorylating the first heptose residue found 

in the LPS core (Yethon and Whitfield, 2001).   The other modification proteins in this 

pathway, WaaQ (HepIII transferase) and WaaY (HepIII kinase) are unable to perform 

their functions without WaaP activity (Yethon et al., 1998). WaaP deletion strains exhibit 

a ‘deep-rough’ phenotype even though they are able to produce full-length LPS with O8 

antigen (Yethon et al., 1998; Yethon et al., 2000).  These WaaP mutants were sensitive to 

SDS as well as some antibiotics, showing that the negative charges of the phosphate 

groups added to the core by WaaP are essential to LPS cross-linking and therefore OM 

stability  (Yethon et al., 1998).  

1.5. Objectives of this thesis research 
	  

The central hypothesis of this thesis research is that the successful expression of 

complete LPS and KLPS is required for the production and expression of K30 CPS.  
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Therefore, the objectives of this research were:  

(1) to develop a quantitative method to precisely measure the amount of cell-associated 

and cell-free group 1 capsular polysaccharide, and  

(2) to determine if mutation of specific genes that are essential for assembly and 

expression of LPS and KLPS would alter the amount of capsule being produced or effect 

the association of capsule with the cell surface. 
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Chapter 2. Materials and Methods 
	  
2.1. General Methodology 
	  
 2.1.1. Bacterial strains and growth conditions  
	  
 The bacterial strains used in this study are listed in Table 2.1. E. coli E69 

(O9a:K30:H12) was first isolated from a peritonitis patient (Hungerer et al., 1967). This 

strain provides the prototype for E. coli group 1 capsules. All of the mutations were made 

in this strain.  

 Bacteria were routinely grown at 37°C in lysogeny broth (also commonly called 

Luria-Bertani (LB) medium) (Invitrogen Life Technologies, Burlington, ON) in a shaking 

incubator at 200 rpm. When appropriate, the medium was supplemented with ampicillin 

(100 μg/mL), chloramphenicol (34 μg/mL), or kanamycin (50 μg/mL) (Sigma, St. Louis, 

MO). 

2.2. Molecular Biology Methods 
	  
 2.2.1. Preparation of genomic DNA 
	  

Genomic DNA was extracted from cells using InstaGene matrix (Bio-Rad, 

Hercules, CA). An isolated colony grown from an overnight petri plate culture was 

resuspended in 1 mL of sterile distilled H2O and collected by centrifugation at 16 000 × g 

for 1 min. Fifty μL of InstaGene matrix was added to the pellet and the suspension was 

incubated for 30 min at 55°C before mixing and transfer to a heating block at 100°C for 

10 min. The sample was mixed again and then cell debris was removed by centrifugation 

at 16 000 × g for 3 min.  The supernatant containing chromosomal DNA was stored at  

-20°C.  
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Table 2.1. Strains used in this study. 

Strain Genotype, serotype or description Reference or 

source 

E. coli strains   

E69 Prototroph, serotype O9a:K30:H12  F. Orskov 

CWG44 Serotype O9a-:K30:H12; trp his lac rpsL rfbO9, 

spontaneous O antigen-deficient mutant, producing rough 

LPS 

(McCallum et 

al., 1989) 

CWG57 Serotype O9a-:K30-; trp his lac rpsL rfbO9 cpsK30,  

spontaneous capsule deficient mutant of CWG44 

(Clarke et al., 

1991) 

CWG28 Serotype O9a:K-:H12; trp his lac rpsL cpsK30,  

spontaneous K antigen-deficient mutant derivative of 

strain E69 (O9a:K-) 

(Whitfield et 

al., 1989) 

CWG805 Serotype O9a-:K30; ΔwaaL::cat, E69 derivative (Anne Reid, 

unpublished) 

CWG1214 Serotype O9a:K30;  ΔwaaP::aph3A, E69 derivative This study 

CWG1215 Serotype O9a-:K30; ΔwecA:: aph3A, E69 derivative This study 

CWG1216

  

Serotype O9a-:K30; ΔwaaL::cat, ΔwecA::aph3A,  

CWG805 derivative 

This study 

CWG314 Serotype O9a:K30; wzi::aacC1, E69 derivative (Drummelsmith 

and Whitfield, 

1999) 
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2.2.2. Polymerase Chain Reaction  
	  
 The polymerase chain reaction (PCR) was used to amplify DNA fragments of 

interest using a T100 Thermal Cycler (Bio-Rad, Hercules, CA). Pwo polymerase from 

Pyrococcus woesii (Roche Molecular Biochemicals, Laval, QC) was used for all 

amplification reactions. The standard amplification protocol was the following: denature 

at 94°C for 2 min; denature for 10 cycles at 94°C for 15 s; anneal at the primer pairs’ 

optimal temperature for 30 s and extend for 1 min/kb of target sequence at 72°C; repeat 

for 20 cycles with 5 s increments in extension time per cycle. Nucleotide triphosphates 

were utilized at a concentration of 0.2 mM and primers were used at a concentration of 

0.6 μM. The primers used in this study are listed in Table 2.2 and were purchased from 

Sigma (Oakville, ON). Annealing temperatures and MgCl2
 concentrations for PCR-

amplification reactions were optimized for each primer pair.   

 Analysis of PCR products was performed using (1% w/v) gel electrophoresis in 

TAE running buffer (40 mM Tris-acetate; 1 mM ethylenediaminetetraacetic acid 

(EDTA), pH 8). Amplification products were purified using an Invitrogen PureLink PCR 

Purification Kit. Briefly, DNA fragments were mixed into 4 volumes of Binding Buffer 

with isopropanol and loaded onto the matrix of a PureLink spin column by centrifugation 

at 10 000 × g for 1 min. The silica membrane of the column retains the DNA, where it is 

washed using buffer containing ethanol prior to elution using 50 μL of sterile MilliQ 

H2O. Purified DNA was stored at -20°C.  

 2.2.3. Plasmid purification  
	  
 Plasmids were purified using the Invitrogen PureLink Quick Plasmid DNA 

Miniprep Kit. Overnight bacterial culture (1.5 mL) was collected by centrifugation at 12 
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000 × g for 2 min and resuspended in 250 μL Resuspension Buffer containing RNase A.  

250 μL of Lysis Buffer was added and the mixture was incubated at room temperature for 

5 min. Precipitation Buffer was then added to precipitate cell debris and the microfuge 

tube was centrifuged at 12 000 × g for 10 min to remove the debris. The supernatant was 

loaded onto a PureLink Quick Plasmid DNA Miniprep column by centrifugation at 12 

000 × g for 1 min. The column was washed with Wash Buffer containing ethanol and the 

plasmid DNA was eluted using 75 μL of sterile MilliQ H2O. The plasmid DNA was 

stored at -20°C. 

 2.2.4. Transformation by electroporation 
	  

DNA fragments and plasmids were transformed into recipient E. coli cells by 

electroporation using a Bio-Rad MicroPulser. For transformation of DNA fragments, 

100-300 ng of DNA was used, whereas 40-80 ng of DNA was used for plasmid DNA 

transformations. To prepare electrocompetent cells, bacterial cultures were grown in LB 

broth until the optical density at 600 nm (OD600) reached 0.6-0.8.  The cells were then 

collected by centrifugation at 5 500 × g for 10 min at 4°C, washed 3 times with 20 mL of 

ice cold 10% glycerol, and resuspended in 1 mL of ice cold 10% glycerol.  

Electrocompetent cells were divided into 75 μL aliquots and stored at -80°C.   

 2.2.5. Construction of chromosomal mutations  
	  

For the purpose of generating chromosomal mutants, the λ-red recombination 

system was used to delete the entire open reading frame (Datta et al., 2006). The 

mutation was marked by a kanamycin-resistance cassette (aph3A). The cassettes were 

amplified by PCR from pKD4 (Datsenko and Wanner, 2000), using oligonucleotide 

primers that contained 50 nucleotide extensions identical to the sequences upstream and 
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downstream of the gene of interest. The Red helper plasmid, pSIM6 (Datta et al., 2006), 

contains the genes necessary to facilitate the recombination of the amplified PCR 

fragment into the chromosome at the target location. In brief, pSIM6 was transformed 

into electrocompetent cells of the target strain and recovered at 30°C due to the 

temperature sensitivity of this plasmid. Next, the PCR-amplified DNA containing the 

inserted resistance gene and flanked by homology extensions was transformed into the 

cells. The proteins, Gam, Bet, and Exo, expressed from pSIM6 enable the replacement of 

the target gene. Colonies containing the mutation were selected by growth on plates 

containing kanamycin at 37°C and screened for sensitivity to ampicillin, indicating loss 

of pSIM6. The mutants were confirmed by PCR as described in the Results.  

2.3. Methods for polysaccharide analysis 
	  
 2.3.1. Preparation of whole-cell lysates   
	  

Whole-cell lysate polysaccharide samples were prepared as described by 

Hitchcock and Brown (Hitchcock and Brown, 1983). Briefly, cells equivalent to 1.0 

OD600 unit of culture were resuspended in 2× Laemmli sample buffer (62.5 mM Tris-HCl, 

pH 6.8 containing 2% (w/v) SDS; 10% (v/v) glycerol; bromophenol blue) without β-

mercaptoethanol. The samples were heated at 100°C for 10 min, followed by the addition 

of 0.5 mg/mL proteinase K and incubation at 55°C for 1 h.  The samples were then 

heated again at 100°C for 3 min separation by polyacrylamide gel electrophoresis. 

 2.3.2. SDS-PAGE   
	  

Whole-cell lysates were separated using a 15% acrylamide resolving gel with a 

4% stacking gel. Electrophoresis was performed at 150 V for 1 h, or until the dye front 

reached the bottom of the gel; the electrophoresis buffer was composed of 25 mM Tris  
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Table 2.2. Primers used in this study. 

Primer Sequence Application/Features 

MMwaaPmutfor TTTATACAGTCTGCCAGAGAAAG

CGGCGGATATCATAACGGGTGGT

CTGGgtgtaggctggagctgcttc  

50 bp waaP upstream 

sequence and pKD4 

priming site 1 

MMwaaPmutrev ATCATCTCTTGTGGATTAAAATAG

TGGGCACTCATATTTCTCTCCGGA

AAcatatgaatatcctccttag 

50 bp waaP downstream 

sequence and pKD4 

priming site 2 

MMwaaPseqfor gctggaagcgattactgcagg  Upstream primer for 

confirmation of aph3A 

insertion at waaP 

MMwaaPseqrev gatgatgccactgacgccg  Downstream primer for 

confirmation of aph3A 

insertion at waaP  

LRwecA-f GGTCTTCGTGGTTATACTTCTGCT

AATAATTTTCTCTGAGAGCATGCT

ATTgtgtaggctggagctgcttc 

50 bp wecA upstream 

sequence and pKD4 

priming site 1 

LRwecA-r AGCGTCTTCGGCCGGTTTCCCAGG

CATTGGTTGTGTCATCACATCCTC

ATcatatgaatatcctccttag 

50 bp wecA downstream 

sequence and pKD4 

priming site 2 

ILM215 gtaaaaccatgctgctgcagaacattg Upstream primer for 

confirming aph3A 

insertion at wecA 
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ILM216 cagccccatgccaataatccatag  Downstream primer for 

confirming aph3A 

insertion at wecA 

k1 cagtcatagccgaatagcct Internal reverse primer 

for aph3A  
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pH 7.4, containing 250 mM glycine and 0.1% (w/v) SDS (Laemmli, 1970). 

Carbohydrates separated on the gel were fixed for a minimum of 30 min in 40% (v/v)  

EtOH and 5% (v/v) glacial acetic acid. The gel was then soaked in 0.7% (v/v) periodic 

acid in fixing solution for 15 min, to perform the oxidation step. The gel was then washed 

3 times for 10 min each in MilliQ water. Next, the carbohydrates were stained using a 

0.67% (w/v) silver nitrate; 19 mM NaOH; 1.3% ammonium hydroxide solution for 10 

min. The gel was washed twice for 5 min each in MilliQ H2O and developed using an 

aqueous solution containing 0.0185% (v/v) formaldehyde and 0.025% (w/v) citric acid. 

The developing reaction was stopped with five quick rinses with distilled H2O, when the 

bands reached the desired intensity. To ensure the best image quality, the gel was washed 

twice for 5 min with MilliQ H2O before scanning using a Bio-Rad GS-800 Calibrated 

Densitometer.   

 2.3.3. Western immunoblotting 
	  

Polysaccharides were transferred to BioTrace NT nitrocellulose membrane (Pall 

Corporation, East Hills, NY). The transfer buffer consisted of 25 mM Tris pH 7.4, 

containing 250 mM glycine and 20% methanol and was stored at 4°C. The membranes 

were blocked using 5% (w/v) skim milk in Tris-buffered saline with Tween (TBS-T; 25 

mM Tris, pH 7.4 containing 137 mM NaCl; 2.7 mM KCl; 0.05% (v/v) Tween 20). K30 

CPS was detected using a rabbit anti-K30 polyclonal antiserum, derived from inoculating 

a rabbit with CWG44 (O9a-K30+) (Dodgson et al., 1996). The antibody was adsorbed 

with E. coli CWG28 (O9a+K30-) cells to remove cross-reacting antibodies against other 

cell surface antigens, including lipid A-core. The anti-K30 antibody was used at 1:3000 

dilution in blocking solution and incubated overnight with shaking at 4°C. For the 
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detection antibody, a goat anti-rabbit secondary antibody (Jackson Labs) conjugated to 

alkaline phosphatase was used (1:6500; 2 h; room temperature), coupled with 

colorimetric detection using 122 mM p-nitro blue tetrazolium chloride (Roche) and 115 

mM 5-bromo-4-chloro-3-indolyl phosphate (Roche) in alkaline phosphatase buffer (100 

mM Tris-HCl, pH 9.5 containing 100 mM NaCl; 5 mM MgCl2). Membranes were 

washed 3 times for 5 min each after incubation with both primary and secondary 

antibodies in TBS-T.    

 2.3.4. Bacteriophage sensitivity and plaque morphology   
	  

For the purpose of determining the presence of the K30 antigen on the cell 

surface, the sensitivity of strains to lysis by bacteriophage K30 was employed (Whitfield 

and Lam, 1986; Paiment et al., 2002). Cells that express a full, or partial, K30 capsule are 

sensitive to lysis by the bacteriophage, while those that lack the K30 antigen are resistant 

(Whitfield and Lam, 1986). Briefly, 5 mL overnight cultures of the strains of interest 

were grown in LB supplemented with the appropriate antibiotics where necessary. Fifty 

μL of K30 bacteriophage stock (1010 pfu/mL) was spread evenly onto one half of the 

surface of a LB agar plate and allowed to dry for 30 min at 37°C. Next, 8 μL of overnight 

culture of each strain of interest was dropped onto the side of the plate with no 

bacteriophage and the plate was tilted so that culture inoculum spread (as a line) onto the 

side of the plate coated with bacteriophage. The plate was then incubated at 37°C for 4 h 

to allow sufficient growth to visually detect growth (or lysis).   

To investigate plaque morphologies, LB agar (1.5% w/v) plates were used as the 

solid medium to support 3 mL of LB top agar (0.75% agar w/v). After cooling, but while 

still molten, top agar was inoculated with 300 μL of overnight bacterial culture and 100 
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μL of diluted K30 bacteriophage stock (10 pfu/mL). For the best resolution of plaque 

morphology, the plates were incubated for 7 h at 37°C.  

 2.3.5. K30 CPS Purification 
	  

To purify K30 antigen in a large quantity, 8 L of overnight culture of CWG44 

(O9a-K30+) was grown in LB broth. The bacterial cells were collected from the culture by 

centrifugation at 5 000 × g for 10 min. The combined pellets were washed with 50 mM 

Tris-Cl pH 7.5 and then lyophilized. Next, the dried cells were resuspended in 50 mM 

Tris-Cl pH 7.5 containing 5 mM EDTA (50 mL/g of cells). To this suspension, 2 mg/mL 

hen egg white lysozyme (15 500 U/mg, Sigma) was added and the suspension was stirred 

for 16 h at 4°C.  The volume was then adjusted by adding a further 50 mL/5 g cells of 50 

mM Tris-Cl pH 7.5 containing 5 mM EDTA and MgCl2 was added to a final 

concentration of 10 mM. The resulting suspension was incubated at 37°C for 10 min.  To 

remove released DNA and RNA, DNase (Roche) and RNase A (Roche) were each added 

to a final concentration of 1 μg/mL and the suspensions were incubated for 37°C for 10 

min followed by 60°C for 20 min. To extract K30 CPS, the hot phenol extraction was 

used (Westphal and Jann, 1965). Briefly, the volume of the cell suspension was increased 

to 2.5 times its original volume and its temperature was equilibrated to 68°C. An equal 

volume of 91% phenol (pre-equilibrated to 68°C) was added and the mixture was 

incubated in a water bath heated to 68°C for 20 min, with frequent mixing by hand to 

avoid the phases separating. The mixture was then cooled on ice to <15°C and 

centrifuged at 10 000 × g for 15 min. The upper aqueous phase was removed and placed 

in Spectra/Por molecularporous membrane tubing with a molecular weight cut off 

(MWCO) of 3500 (spectrumlabs.com), and dialyzed against deionized water until there 
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was no remaining detectable phenol odour (typically 2 – 3 days). The dialyzed sample 

was centrifuged again at 10 000 × g for 20 min to remove any remaining debris. Lastly, 

the lipid A-core was collected by ultracentrifugation at 100 000 × g for 16 h at 4°C, and 

the supernatant was lyophilized. The resulting cotton-like solid is purified K30 CPS. This 

protocol was adapted from a LPS purification method by Johnson and Perry, 1976.  

 2.3.6. Extraction of cell-free CPS and cell-associated CPS for quantitative analysis 
	  

Cell-free and cell-associated CPS were separated from each other for 

quantification. Cultures (5 mL) of each strain were grown overnight in 15 mL conical 

tubes. Two hundred fifty μL of each culture was removed, mixed with 750 μL of fresh 

LB, and OD600  absorbance values were taken using an Ultrospec 2100 pro UV/Visible 

Spectrophotometer. Cells in 3 mL of the remaining culture were collected by 

centrifugation using a Sorvall Legend RT swinging bucket rotor, at 3 716 × g for 30 min 

at 4°C. The supernatants were removed and saved; these are referred to as the ‘cell-free 

CPS’ samples. This assumes that all of the K30 CPS not attached to the cell surface was 

removed from the cells by the centrifugation step and all the cell-associated CPS 

remained with the cell pellet. The cell pellets were then subjected to a small-scale hot 

phenol extraction method (Westphal and Jann, 1965) to extract the cell-associated CPS. 

The extraction steps were carried out at 68°C with materials pre-equilibrated to this 

temperature. The cell pellets were resuspended in 3 mL of MilliQ water in the same 

conical tubes and placed into a Fisher Scientific IsotempTM Shake Touch. Three mL of 

phenol (91% (v/v) Fisher Chemical) was added and the tube contents were mixed for 15 

min at 800 rpm. The tubes were then placed on ice for 10 min to cool the samples to 

approximately 4°C and the samples were then centrifuged at 3 000 × g for 40 min at 4°C 
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to separate the aqueous phase from non-aqueous phase. The upper aqueous layer 

containing polysaccharides and nucleic acids was removed, taking care to avoid the 

interfacial layer of precipitated proteins and debris. The aqueous fractions were referred 

to as the ‘cell-associated CPS’ samples.   

 2.3.7. CPS quantitation – Indirect enzyme-linked immunosorbent assay (ELISA) 
	  

An indirect ELISA was developed to determine the amount of CPS in the cell-free 

and cell-associated CPS fractions. Purified K20 CPS or K30 CPS was used as the 

standard. For the ELISA, samples were incubated in the wells of a NUNC MaxiSorp 96-

well microtitre plate in 50 μL volumes at 4°C overnight.  The next day, the plate was 

allowed to warm up to room temperature and all liquid in the wells was removed by 

vigorous banging on a dry paper towel. The wells were then washed three times (for 1 

min each) using 200 μL/well phosphate-buffered saline with Tween 20 (PBS-T; 137 mM 

NaCl, pH 7.4; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4; 0.05% (v/v) Tween 20). 

The blocking step consisted of filling the wells completely with 300 μL PBS containing 

2.5% (w/v) BSA, and the plates were incubated at room temperature with shaking for 2 h. 

The blocking solution was removed and primary antibody (polyclonal rabbit anti-K30 

antibody) was added to PBS containing 0.5% (w/v) BSA. One hundred μL of diluted 

(1:1000) antibody solution was added to each well and the plate was incubated at room 

temperature with shaking for 1 h.  The plate was washed again and secondary antibody 

was added. Goat anti-rabbit HRP conjugated (Jackson Labs, Bar Harbor, ME) antibody 

was used at 1:2000 dilution in PBS containing 0.5% (w/v) BSA. One hundred μL was 

added to each well and the plate was incubated at room temperature with shaking for 1 h. 

The plate was washed again, while the detection solution, 1-StepTM Ultra TMB-ELISA 
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(Thermo Scientific, Rockford, IL) was allowed to warm up to room temperature. The 

Ultra TMB solution contains TMB (3,3′,5,5′-tetramethylbenzidine), a chromogen that 

yields a blue color when oxidized, in this case as a result of oxygen radicals produced by 

the hydrolysis of hydrogen peroxide by HRP. A 100 μL aliquot of Ultra TMB was added 

to each well and the blue colour was allowed to develop for precisely 20 min. Colour 

development was stopped using 100 μL of 2 M sulfuric acid and absorbance values were 

measured at 450 nm using a Multiskan FC Plate Reader (Thermo Scientific) with 

accompanying software SkanIt for Multiskan FC 2.5.1.  

 2.3.8. CPS quantitation - Sandwich ELISA 
	  

A sandwich ELISA protocol was developed in an attempt to resolve issues that 

arose with the indirect ELISA. Polyclonal anti-K30 antibody was applied to a NUNC 

MaxiSorp microtitre plate as the capture antibody (100 μL/well) at a 1:1000 dilution in 

carbonate coating buffer (33.6 mM Na2CO3; 100 mM NaHCO3; pH 9.5). The plates were 

incubated overnight at 4°C. The capture antibody was then removed by three washes 

(each for 1 min) using 200 μL/well PBS-T. The plate was then blocked for 1 h using 300 

μL/well PBS containing 2.5% (w/v) BSA.  Fifty μL samples containing varying amounts 

of purified K30 standard in PBS were then added to the wells. After overnight incubation 

at 4°C, the plates were then washed as described above. The detection antibody was 

hybridoma supernatant containing anti-K30 monoclonal antibody. This antibody was 

generated using a mouse hydridoma system where initial selection of CPS-specific 

hydridomas was accomplishing by screening culture supernatants in ELISA with heat-

killed bacteria as the antigen (Homonylo et al., 1988). Detection antibody was applied in 

100 μL/well aliquots as a 1:12500 dilution in PBS containing 0.5% (w/v) BSA and the 
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plate was incubated for 1 h. The plate was washed again and 100 μL/well 1:2000 dilution 

of HRP-conjugated goat anti-mouse secondary antibody in PBS containing 0.5% (w/v) 

BSA was added to each well and incubated for 1 h. After another wash series, 100 

μL/well Ultra TMB was added to detect HRP. After precisely 20 min the reaction was 

terminated with 100 μL 2 M sulfuric acid.  The absorbance values were measured at 450 

nm as described above.   

In addition to the negative control strain, CWG57, O-K-, which was subjected to 

the CPS extraction protocol, the ELISA protocol was performed on three other negative 

controls. Triplicate wells were incubated with 50 μL of 100 μL/mL purified K30 CPS 

(equivalent to 5 μg), and then three separate conditions were tested; (1) no primary 

monoclonal anti-K30 antibody, (2) no secondary goat anti-mouse HRP-conjugated 

antibody, and (3) no Ultra TMB developing reagent. Each of these controls will yield an 

A450 value of 0 or less after subtraction of the blank, to indicate that there is no 

background detection or cross-reaction of antibodies.  
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Chapter 3. Results 
	  
3.1. ELISA Development 
	  

The sandwich ELISA method was chosen as the best protocol for quantitation of 

CPS after a series of indirect ELISA approaches were investigated. Here, the highlights 

of the optimization process are described to give insight into how the final method (as 

described in the Methods) was established.  

 3.1.1. Establishing an indirect ELISA method  
	  

To begin the process an indirect ELISA experiment was performed to determine 

whether a linear relationship could be established between the mass of CPS bound to a 

96-well microtitre plate and the absorbance values obtained in the detection assay (Figure 

3.1). The initial indirect ELISA experiment was performed as described in the Methods 

Section, except that the antigen was purified K20 CPS isolated from K. pneumoniae, 

whose chemical structure is identical to K30 CPS (Chakraborty et al., 1980). In this case, 

the microtitre plate was NUNC MaxiSorp, which has high affinity for molecules with 

mixed hydrophilic/hydrophobic properties, and therefore is suitable for many different 

biomolecules and primary antibodies (BioLegend Product Data Sheet, 2014). This 

microtitre plate was chosen as K30 and K20 CPS are hydrophilic in nature but the 

possible existence of a hydrophobic anchor was uncertain. This plate is also ideal for 

sandwich ELISA protocols as it binds antibodies strongly. In the initial experiment, 

Triton X-100 was utilized as the detergent in the wash steps, instead of Tween 20 as in 

the final protocol. Triton-X100 was chosen as this ELISA was loosely based on a 

previously developed protocol used to quantitate Salmonella enterica serovar Typhi Vi 

antigen CPS (Wetter et al., 2013). Both detergents are non-ionic is nature, but Triton is 
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Figure 3.1. Initial standard curve for K20 capsule (isolated from K. pneumoniae) 

applied to a NUNC MaxiSorp plate using an indirect ELISA method and Triton X-

100 in the washing buffer. 
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generally thought to be more harsh. The primary antibody utilized for detecting the plate-

bound K20 CPS was a 1:1000 dilution of rabbit anti-K30 raised against CWG44 (O9a-

:K30+) (adsorbed using CWG57). The plate was developed using the substrate, Ultra 

TMB (3,3′,5,5′-tetramethylbenzidine). Development of colour was carried out in darkness 

and was assessed visually. The reaction was quenched using 2 M H2SO4 after 25 min as 

recommended by the manufacturer; at this point, it appeared the colour in the wells of the 

microtitre plate became constant.    

The results of this initial indirect ELISA were plotted (Figure 3.1).  For a standard 

curve to be considered sufficiently reliable and accurate, the R² value should ideally be > 

0.95 while utilizing a minimum of six data points, and have low non-specific binding 

values (the blank) (Kiser and Dolan, 2004; European Medicines Agency, 2011). Over a 

sample range of 0 μg to 5 μg K20 CPS, the R2 value was 0.79 but the blank had an 

unexpectedly high absorbance value of 0.40. It is uncertain to what extent the protocol 

itself contributed to the poor standard curve, since the Ultra TMB detection reagent had 

passed its expiry date.  

 The procedure was modified with the goal of producing a standard curve that 

would fulfill the requirements for reliability, and addressing the high background in 

particular. Tween 20 was used to replace Triton X-100 as the detergent in the washing 

buffer and a new supply of TMB Ultra reagent was obtained. In general, Tween 20 is 

recognized as being more suitable for ELISA applications as it is ideal for minimizing 

non-specific binding of antibodies and removing unbound moieties, but is also considered 

to be a “gentle surfactant” (Johnson, 2013). This change resulted in an almost four-fold 

decrease in the background value of the blank control (no antigen). The standard curve  
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Figure 3.2. Standard curve for purified K20 capsule applied to a NUNC MaxiSorp 

plate using an indirect ELISA method and Tween 20 in the washing buffer.     
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using K20 CPS was markedly improved, with the R2 value increasing to 0.93 using 8 data 

points, over a range of 0 μg to 0.5 μg, and the absorbance value of the blank control 

decreased to 0.073 (Figure 3.2). In this experiment, the substrate development step was 

reduced to 20 min before quenching with 2 M H2SO4 as the reaction progressed more 

quickly, potentially due to the new reagent. Each subsequent ELISA was standardized to 

be developed for 20 min. 

With basic parameters of the ELISA established, two further changes were made. 

The first was that a new stock of absorbed polyclonal anti-K30 antibody was prepared. 

The results from an anti-K30 Western immunoblot using the initial stock of antibody 

detected a cluster of bands migrating to the same position as LPS molecules substituted 

with O9a antigen (Figure 3.3, left panel), suggesting that this antibody stock was not fully 

absorbed to give only K30 specificity. While not an issue with the K. pneumoniae K20 

CPS (this strain does not produce the O9a LPS), it would represent a potential source of 

inaccuracy in the analyses of cell fractions from E. coli E69. To reduce the amount of 

background detection contributed by strains that produce LPS, the adsorption process 

with CWG28 (O9a+:K30-) was repeated and the new antibody stock was retested (Figure 

3.3, right panel). Reactivity with the O9a LPS was eliminated. Therefore, this new 

antibody stock was used for all subsequent experiments in this study.  

The ELISA was then performed using purified E. coli K30 CPS as the standard 

antigen. In theory, using K. pneumoniae K20 CPS as the standard should not have made a 

significant difference in detection since it has the same structure as K30 CPS, however it 

was our goal to make the ELISA as reliable as possible. The result that we have obtained 

reflects these modifications (Figure 3.4). The standard curve has a linear range of 0 μg to  
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Figure 3.3. K30 CPS phenotypes of E. coli E69 and an O-K+ mutant revealed by 

Western immunoblotting. Whole cell lysates were separated by PAGE and Western 

immunoblotting was performed with a rabbit anti-K30 polyclonal antibody adsorbed with 

CWG57 (left panel), and a rabbit anti-K30 polyclonal antibody adsorbed with CWG28 

(right panel). 
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Figure 3.4. Standard curve for purified K30 capsule applied to a NUNC MaxiSorp 

plate using an indirect ELISA method.  This ELISA was performed using the new anti-

K30 antibody and a new purified K30 CPS standard.  
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1.25 μg and within this range the R2 value was 0.96. The absorbance value of the blank 

control was reduced to 0.059. This indirect ELISA was considered to meet the minimum 

requirements for reliability, but one remaining significant issue required attention. The 

sensitivity (absorbance) range was so narrow that it would create problems with 

experimental samples containing a wide range of antigen amounts. While this could be 

addressed by dilution of samples, it represented an unwanted complication for practical 

use of the ELISA.  

 3.1.2. Development of a sandwich ELISA method 
	  

In an attempt to resolve this issue, a new ELISA approach was examined, a 

sandwich ELISA. Instead of relying on the K30 antigen to bind strongly to the MaxiSorp 

plate, polyclonal anti-K30 antibody was applied in the first step. Antibodies are known to 

bind to MaxiSorp plates with high efficiency (BioLegend Product Data Sheet, 2014). 

After applying antigen to the bound polyclonal antibody, antigen was detected using a 

hydridoma supernatant containing mouse monoclonal anti-K30 antibody (Homonylo et 

al., 1988). A standard curve was obtained using the protocol described in the Methods 

section (Figure 3.5). The R2 value of the linear portion of the curve was 0.98 over a range 

of 0.05 μg to 5 μg K30 CPS. The absorbance value of the blank control was 0.26, which 

was significantly higher than the lowest blank absorbance of 0.059 in the indirect ELISA 

but this disadvantage was offset by a dramatic improvement in the sensitivity of the 

assay. The dynamic range was from an A450 value of 0.26 to 2.59, which is much more 

practical for interpolating the concentration of K30 CPS in biological samples. This 

protocol was therefore selected for further experiments. 
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Figure 3.5. Standard curve for purified K30 capsule using a sandwich ELISA 

method. The plate reader used in this experiment cannot read samples with an A450 of 

larger than 4.0. 
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3.2. Generation of and phenotypic characterization of mutants with defects in LPS  
 
assembly  
	  
 3.2.1. Construction of defined insertion- replacement mutants 
	  
  The main objective of this thesis research was to determine whether deletion of 

genes encoding proteins involved in the assembly of LPS and KLPS had any effects on the 

expression of K30 CPS. The selected gene products are each expected to disrupt the 

production of complete LPS and/or KLPS in a different manner. A ΔwaaP mutant was 

made to determine the potential effect of removing the negative charges in the core 

region of LPS. The corresponding protein, WaaP, has been previously shown to be 

important for outer membrane integrity in each K. pneumoniae, S. enterica Typhimurium, 

and a prototype E. coli rough-LPS mutant (E. coli F470, O8-:K-) (Frirdich et al., 2005; 

Yethon et al., 2000, Yethon et al., 1998; Vinogradov et al., 1999). The purpose of 

deleting waaL was to determine if the ligation of both O9a antigen and short-chain K30 

repeats to lipid A-core was important for the successful expression or surface retention of 

K30 CPS. To distinguish between the roles of KLPS and O9a LPS, a ΔwecA mutant was 

used. WecA is the glycosyltransferase that initiates synthesis of the O antigen by 

transferring GlcNAc-1-P to und-P to make und-PP-GlcNAc and its activity is not 

required for biosynthesis of the K30 antigen. Previous studies with the O9a biosynthesis 

system revealed that some mutants accumulating und-PP-linked intermediates were 

compromised for growth, which could select for secondary mutations (Cuthbertson et al., 

2005). While these were primarily associated with accumulation of intracellular 

intermediates in transport defects, rather than the periplasmic intermediates in the case of 

ΔwaaL mutants, a ΔwaaL-ΔwecA double mutant was also constructed.  
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Deletions in waaP and wecA were made in E. coli E69 using λ-Red mutagenesis. 

Additionally, the wecA gene was deleted in CWG805 (ΔwaaL), a mutant constructed 

previously by Anne Reid of the Whitfield lab (unpublished data). The targeted genes 

were replaced with an aph3A resistance cassette conferring resistance to kanamycin. PCR 

was used to generate the DNA fragments to be recombined into the E. coli genome.  

Transformants were screened for the presence of the inserted cassette (Kan-resistance) at 

30°C. The cells were then plated on agar and grown at 37°C which cures the cells of 

the temperature-sensitive helper plasmid pSIM6, indicated by sensitivity to ampicillin.  

Confirmation of the insertion of the aph3A cassette is necessary because 

spontaneous Kan-resistant mutants can arise (Datsenko and Wanner, 2000) and this was 

done by PCR-amplification using the strategies outlined in Figures 3.6 and 3.7. In each 

mutant, the Kan-resistance cassette was left in place since none of the genes downstream 

would influence the LPS phenotypes. For the confirmation of ΔwecA mutations, three 

PCR reactions were run (Fig. 3.6). The primers used were LRwecA-f (annealing 

upstream of wecA) and LRwecA-r (annealing downstream of wecA). As expected from 

the absence of homology between the 3ʹ′-end of the primer and wildtype chromosomal 

DNA, no product was obtained with E69 DNA (Figure 3.6B, lane 1). A fragment of the 

anticipated size (1595 bp from sequence data) was observed in both mutants. The priming 

sites P1 and P2 are also being found flanking the chloramphenicol cassette (cat) inserted 

at waaL, so these primers also detected a band consistent with its predicted size (1132 bp) 

in the double mutant genomic DNA (Figure 3.6B, lane 1). In another sample, primers 

LRwecA-f, and k1 (an internal reverse primer of aph3A), were used to ensure the DNA 

inserted was aph3A (Figure 3.6B, lane 2). As expected, a product consistent with the 
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Figure 3.6. Generation of CWG1215, E. coli E69 ΔwecA, and CWG1216, ΔwaaL-

ΔwecA and confirmation using PCR. Cartoon of the λ-Red strategy used to delete 

wecA via insertion of a Kan-resistance cassette (aph3A) (A). H1 and H2 indicate the 

homologous regions on the PCR fragment and the genomic DNA where recombination 

will occur, and P1 and P2 indicate priming sites 1 and 2 for amplification from pKD4. k1 

is an internal reverse primer in aph3A. Agarose gel electrophoresis (B) was performed on 

the PCR products from genomic DNA using different primer combinations. 1, LRwecA-f 

and LRwecA-r; 2, LRwecA-f and k1; and 3, ILM215 and ILM216.  

2000 
1650 
1000 

3000 

850 
650 
500 

1     2     3      1    2     3       1    2      3 
ΔwecA           E69                 ΔwaaL-ΔwecA    



	   	  

	   59	  

expected 567 bp was produced in each mutant but not in the wild-type (Figure 3.6B, lane 

2). In the third sample of this experiment, the primers used were ILM215 (952 bp 

upstream of wecA) and ILM216 (125 bp downstream of wecA), which should anneal 

outside of the mutated region. The amplification products obtained were consistent with 

the sizes predicted for the wildtype E69 (2181 bp) and the ΔwecA mutants (2575 bp) 

(Figure 3.6B, lane 3). All of the PCR amplification data supported the correct insertion in 

wecA.   

A similar strategy was used to confirm the ΔwaaP mutation (Figure 3.7). The 

primers used were MMwaaPmutfor (annealing upstream of waaP) and MMwaaPmutrev 

(annealing downstream of waaP). No PCR product was generated with E69 DNA as 

there is no homology between the 3ʹ′-end of the primer and wild-type chromosomal DNA 

(Figure 3.7B, lane 1). A PCR product of the anticipated size (1595 bp from sequence 

data) was observed in the mutant (Figure 3.7B, lane 1). In another sample, primers 

MMwaaPmutfor and k1 were used to ensure the DNA inserted was aph3A. As expected, 

a product of 567 bp was produced in the mutant but not in the wild-type (Figure 3.7B, 

lane 2). In the final sample of this experiment, the primers used were MMwaaPseqfor 

(101 bp upstream of waaP) and MMwaaPseqrev (257 bp downstream of waaP), which 

anneal outside of the mutated region. These primers gave amplification products 

consistent with the sizes predicted for the wild-type E69 (1156 bp) and the ΔwaaP 

mutant (1853 bp) (Figure 3.7B, lane 3). The correct insertion of aph3A in waaP was 

supported by all of the PCR amplification data. 

 3.2.2. Phenotypic analysis of mutants  
	  
	   To determine the effect of the mutations on the production of K30 CPS, two  
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Figure 3.7. Generation of CWG1214, E. coli E69 ΔwaaP and confirmation using 

PCR. Cartoon of the λ-Red strategy used to delete wecA via insertion of a Kan-resistance 

cassette (aph3A) (A). H1 and H2 indicate the homologous regions on the PCR fragment 

and the genomic DNA where recombination will occur, and P1 and P2 indicate priming 

sites 1 and 2 for amplification from pKD4. k1 is an internal reverse primer in aph3A. 

Agarose gel electrophoresis (B) was performed on the PCR products of genomic DNA 

using different primer combinations. 1, MMwaaPmutfor and MMwaaPmutrev; 2, 

MMwaaPmutfor and k1; and 3, MMwaaPseqfor and MMwaaPseqrev.   
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different methods of qualitative analysis were employed; the bacteriophage sensitivity 

assay and anti-K30 Western immunoblotting. In addition to the mutants described above, 

a Δwzi mutant was analyzed. This mutant was described previously and it exhibited a 

phenotype of producing more cell-free CPS at the expense of cell-associated capsule 

(Rahn et al., 2003). Two additional control strains derived from E69 were included: 

CWG44, O-:K30 with an undefined mutation eliminating O9a LPS, and CWG57, O-:K- 

with an additional undefined mutation eliminating the K30 antigen and KLPS (McCallum 

et al., 1989; Clarke et al., 1991).  

 Bacteriophage K30 has an obligatory requirement for K30 CPS as a receptor for 

its ability to infect (Whitfield and Lam, 1986). Each of the mutants was sensitive to K30 

bacteriophage, with the exception of CWG57, which served as a negative control (Figure 

3.8). Cell lysis would be indicative of the presence of K30 antigen on the cell surface. 

However, this method was unable to differentiate any changes in the amount of cell 

surface K30 antigen.  

The bacteriophage phage plaque morphology was examined for each mutant 

(Figure 3.9) since this could be sensitive to changes in the amount or organization of a 

phage receptor, in this case, K30 antigen. The wild-type E69 plaque morphology is very 

distinct, with a central area of clearing (referred to as the plaque, or zone of lysis) 

surrounded by an opaque halo. The bacteriophage used in this study is able to lyse E. coli 

cells that possess a K30 capsule and is able to do so because it produces a K30 capsule 

depolymerase, or glycanase enzyme (Whitfield and Lam, 1986). Halo formation is 

attributed to the fact that these glycanase enzymes appear in the form of excess tail spikes 

on the bacteriophage surface (Bessler et al., 1975; Bessler et al., 1973). When these CPS  
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Figure 3.8. Bacteriophage sensitivity assays.  Infection and lysis of the identified E. 

coli E69 strains by the K30 phage are dependent on the surface expression of K30 CPS. 

O-K-and O-K+ are CWG57 and CWG44, respectively. Note that the lysis of bacteria was 

apparent in every sample with the exception of the negative control, CWG57.  
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Figure 3.9. Bacteriophage plaque morphologies obtained with different mutants on 

top agar plates.  O-K- and O-K+ indicate CWG57 and CWG44, respectively.  The wild-

type E69 (WT) plaque morphology is very distinct, with a central area of clearing 

surrounded by an opaque halo.  
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bacteriophage replicate, an excess of enzyme is generated; as it is no longer phage-

associated, it diffuses out from the plaque resulting in halo where the cells in bacterial  

lawn are stripped of CPS but not lysed (Bessler et al., 1975; Stirm and Freund-Molbert, 

1971).  

The plaque morphology obtained with the ΔwaaP mutant was indistinguishable 

from the wild-type (Figure 3.9). In contrast, the plaque morphologies seen in the ΔwecA 

and CWG44 (O-:K30) mutants showed a slight difference; the transparent central region 

of lysis and halo were still evident but the border separating these regions was poorly 

resolved. A similar morphology was obtained with the ΔwaaL mutant and this was 

unchanged in the ΔwaaL-ΔwecA double mutant. In contrast, the Δwzi plaques 

characteristically possessed a smaller central zone of lysis.  As expected, the negative 

control O-K- mutant (CWG57) supported no plaque formation.  

To substantiate the results observed in the bacteriophage sensitivity assay, 

Western immunoblotting was performed using a polyclonal anti-K30 antiserum as the 

primary antibody (Figure 3.10). In the silver-stained gel, E. coli E69 possessed the 

expected LPS phenotype with ladder-like bands reflecting the heterogeneity of the O9a 

antigen (O9a LPS) (Figure 3.10, upper panel). The same profile was seen for the Δwzi 

mutant, as expected since Wzi does not play any role in O antigen biosynthesis (Rahn et 

al., 2003). The ΔwaaP mutant showed a slight reduction in the amount of O9a LPS and 

this is consistent with published findings that showed ΔwaaP mutants have reduced 

efficiency in completing LPS core formation, leading to a reduction in potential ligation 

sites (Yethon et al., 2000) (Figure 3.10, upper panel). As expected, mutants with defects 

in waaL or wecA produced no O9a-LPS. Western immunoblotting revealed both HMW  
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Figure 3.10. LPS and K30 CPS phenotypes of the mutants revealed by silver stained 

PAGE analysis and Western immunoblotting. Whole cell lysates were separated by 

PAGE and stained with silver (upper panel), which detects solely LPS-based 

glycoconjugates and Western immunoblotting with absorbed rabbit anti-K30 polyclonal 

antibody (lower panel). O-K- and O-K+ indicate CWG57 and CWG44, respectively. 
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K30 CPS and KLPS in E69 and the ΔwecA mutant, but no KLPS in the ΔwaaP mutant 

(Figure 3.10, lower panel). The ΔwaaL mutant lost KLPS, while the Δwzi produced only a 

trace of HMW-CPS, as predicted. The Δwzi profile was as published previously (Rahn et 

al., 2003) (Figure 3.10, lower panel). 

 3.2.3. ELISA-based quantitation of cell-free K30 polysaccharide and capsule in the  
 
mutant strains 
	  

To determine the concentration of K30 CPS in the cell-associated and cell-free 

CPS samples, the sandwich ELISA was employed. The results were expressed as the 

amount of K30 polysaccharide present in samples cell density at OD600 of 1.0. While the 

results generally corresponded to those as expected based on phenotypic characterization, 

the ELISA clearly revealed quantitative differences that could not be resolved by other 

approaches (Figure 3.11; Table 3.1). To better understand the amount of expression of 

cell-associated CPS as compared to cell-free CPS, the data obtained from the sandwich 

ELISA was transformed to depict how much each sample contributed to the total CPS 

(Figure 3.11; Table 3.1).  

The data was transformed to represent the distribution of each cell-associated and 

cell-free CPS as a percentage of the total K30 CPS. In general, all strains produced more 

cell-associated CPS than cell-free CPS with the exception of the Δwzi strain, which 

produced only 43.6% cell-associated CPS. This was expected based on the published 

phenotype (Rahn et al., 2003). The strains E. coli E69, ΔwecA, ΔwaaL, and ΔwaaL-

ΔwecA each showed similar distributions with the cell-associated CPS representing 

85.0%, 83.1%, 90.4%, and 89.5% of the total CPS respectively. Lastly, ΔwaaP showed a  
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A. cell-associated K30 CPS 

  
B. cell-free K30 CPS 

 
C. ratio of cell-associated and cell-free K30 CPS as compared to the total K30 CPS 

 
 
Figure 3.11. Sandwich ELISA performed as described in the Methods section for the 

determination of the amount of cell-associated and cell-free K30 CPS in wild-type E. 

coli E69 and the mutants described in this study.  
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Table 3.1. Numerical representation of the data presented in Figure 3.11.  

E. coli Strain Cell-

associated 

CPS * 

Percentage 

of Total  

CPS (%)  

Cell-free 

CPS * 

Percentage 

of Total CPS  

(%) 

Total 

CPS * 

E69 85.5 ± 8.3 85.0 15.1 ± 0.9 15.0 100.6 ± 9.2 

ΔwaaP 48.5 ± 6.4 67.6 23.2 ± 0.6 32.4 71.7 ± 7.0 

ΔwecA 110.6 ± 4.9 83.1 22.5 ± 1.3 16.9 133.1 ± 6.2 

ΔwaaL 209.5 ± 13.0 90.4 22.2 ± 2.3 9.6 231.7 ± 15.3 

ΔwaaL-ΔwecA 161.0 ± 23.8 89.5 18.9 ± 1.5 10.5 179.9 ± 25.3 

Δwzi 21.1 ± 5.1 43.6 27.3 ± 0.9 56.4 48.4 ± 6.0 

O-K- 0 0 0 0 0 

* indicates μg K30 CPS from 1.0 OD600 equivalent cells	  
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different distribution to each of the other strains with its cell-associated CPS contributing 

67.6% of the total CPS.  

In total, E. coli E69 produced 100.6 μg (± 9.2) K30 CPS from 1.0 OD600 

equivalent cells, with 85.5 μg (± 8.3) contributed by cell-associated CPS, and 15.1 μg (± 

0.9) contributed by cell-free CPS. The ΔwaaP deletion strain produced 48.5 μg (± 6.4) of 

cell-associated CPS and 23.2 μg (± 0.6) cell-free CPS for a total of 71.7 μg (± 7.0) K30 

CPS from 1.0 OD600 equivalent cells. Most of the reduction in CPS in the ΔwaaP mutant 

was therefore attributed to a 55% reduction in cell-associated CPS. The ΔwecA deletion 

strain produced 110.6 μg (± 4.9) of cell-associated CPS and 22.5 μg (± 1.3) of cell-free 

CPS for a total of 133.1 μg (± 6.2) K30 CPS from 1.0 OD600 equivalent cells. In this case, 

the increase (relative to E69) was due entirely to elevated amounts of cell-associated 

CPS. Compared to E69, the ΔwaaL and ΔwaaL-ΔwecA strains produced dramatically 

more cell-associated CPS, 209.5 μg (± 13.0) and 161.0 μg (± 23.8) respectively, than the 

wild-type strain, and equivalent amounts of cell-free CPS, 22.2 μg (± 2.3) and 18.9 μg (± 

1.5) respectively, leading to the total CPS to rise to 231.7 μg (± 15.3) K30 CPS from 1.0 

OD600 equivalent cells and 179.9 μg (± 25.3) K30 CPS from 1.0 OD600 equivalent cells. 

The last mutant strain, Δwzi produced the lowest total K30 CPS with 48.4 μg (± 6.0) 

from 1.0 OD600 equivalent cells, with 21.1 μg (± 5.1) contributed by cell-associated CPS 

and 27.3 μg (± 0.9) cell-free CPS. The negative control strain produced no detectable 

K30 CPS. 
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Chapter 4. Discussion and Conclusions 
 

This research examined the importance of specific genes in the expression of K30 

CPS. The main objective was to determine the capsular phenotype of E. coli serotype 

K30 strains that exhibit compromised production or expression of LPS elements 

including O antigen, core oligosaccharide, and/or KLPS. The initial approach was 

qualitative and designed to look for gross effects, and a quantitative ELISA protocol was 

then used to precisely determine how much cell-associated and cell-free CPS the different 

mutants produced.   

In previous studies, a modified carbazole assay (Bitter and Muir, 1962) was used 

for the detection of CPS. This chemical method detects uronic acids, which are common 

components in group 1 CPS but are also found in some other bacterial glycans. There is 

one residue of glucuronic acid in the K30 repeat unit (Chakraborty et al., 1980).  The 

modified carbazole assay has some advantages as it has a well-defined linear range from 

4 to 40 μg/mL, offers a relatively rapid protocol, and has greater reproducibility when 

compared to previous uronic acid detection protocols. It does however have major 

disadvantages. The protocol does not directly detect the amount of CPS, but the amount 

of a component, which may not be unique to CPS depending on the isolate. Also, the 

colour development is sensitive to overheating and dilution by water, and impurities, 

oxidants, and salts in the sample can interfere with the reaction (Bitter and Muir, 1962). 

In addition, the method requires boiling 18 M sulfuric acid, which is dangerous. 

Employing an ELISA protocol as an alternative to the modified carbazole assay would 

eliminate contamination issues, specifically measures K30 CPS, and avoids the safety 

hazard. Through a series of refinements described in the Results, two different methods 
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were developed, an indirect ELISA, and a sandwich ELISA. Initially, the indirect ELISA 

was established in the hope of finding a fast and effective method of precisely 

determining the concentration of K30 CPS in samples. However, the dynamic range of 

the A450 values was somewhat narrow and inadequate, so the sandwich ELISA was 

exclusively employed.  

In a previous study, Rahn et al. (Rahn et al., 2003) employed the carbazole assay 

to compare the amount of uronic acid in E. coli B44 strains (another O9:K30 strain; 

Orskov et al., 1975). Colonies of B44 are noticeably more mucoid on plates and the 

amount of total CPS was determined to be 134.8 µg CPS from 1.0 OD600 equivalent cells 

(assuming there are 5.5 × 108 E. coli cells in 1 mL of 1.0 OD600 of culture; Brad Clarke, 

unpublished data) using the carbazole reaction compared to 100.6 µg CPS from 1.0 OD600 

equivalent cells for E69 in ELISA. Direct comparison of absolute amounts of CPS in the 

two studies is not important but the distribution of CPS is. When comparing the 

distribution of CPS in the Rahn et al. study, 80% of the CPS was cell-associated and 20% 

was cell-free. In the B44 Δwzi strain, the corresponding values were 45% and 55%, 

respectively. These distributions are quite similar to the distributions found in E. coli 

using the sandwich ELISA; E69, 85.0% and 15.0%; E69 Δwzi, 43.6% and 56.4%. This 

lends confidence that the critical results are not dependent on a particular method of CPS 

quantitation. 

4.1. Analysis of the E69 ΔwaaP K30 CPS phenotype 
	  

The protective role of cell-associated CPS is well understood in K. pneumoniae, 

and in E. coli and it is suspected that the distribution of cell-associated and cell-free CPS 

may also be important to its pathogenesis (Rahn et al., 2003). The rationale for 
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examining the ΔwaaP mutation was based on previous studies in K. pneumoniae, which 

demonstrated that negatively-charged (GalA) residues in the LPS-core (added by enzyme 

WabO) were important for retention of group 1 K2 CPS at the cell surface. The authors 

proposed that this was due to ionic interactions between CPS and LPS (Fresno et al., 

2006). The role played by GalA as negatively-charged residues in K. pneumoniae is 

performed by phosphates in E. coli. WaaP is the enzyme required for phosphorylation of 

HepI and the subsequent phosphorylation of HepII by WaaY only occurs after WaaP 

(Yethon et al., 1998). Mutations in the waa gene cluster in an E. coli K1 strain that 

eliminated phosphorylation of the HepI (ΔwaaP) and HepII (ΔwaaY) residues abolished 

cell-associated group 2 CPS (Jiménez et al., 2012). However, cell-free CPS was still 

detected in the culture supernatants. These results were interpreted as indicating that the 

K1 polysaccharide is also associated with the cell surface through interaction with 

negative charges in the core LPS, as seen in K. pneumoniae (Jiménez et al., 2012). 

Therefore, it was our prediction that a similar effect would be observed in group 1 E. coli 

strains, following elimination of negatively-charged phosphate residues on the core. 

The ΔwaaP strain was sensitive to K30-specific bacteriophage, leading to the 

conclusion that this strain possesses K30 CPS on the cell surface (Figure 3.8; Figure 3.9). 

The bacteriophage used in this study is able to lyse E. coli cells that possess a K30 

capsule and is able to do so as it produces a K30 capsule depolymerase, or glycanase 

enzyme (Whitfield and Lam, 1986). The ΔwaaP mutant strain showed the distinct plaque 

morphology characteristic of the wild-type phenotype, the transparent plaque surrounded 

by the opaque halo (Figure 3.9), so the bacteriophage data offered no suggestion of 

substantial differences between the wild-type and ΔwaaP mutant.  
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The CPS and LPS phenotypes were investigated further by SDS-PAGE of whole-

cell lysates, followed by silver staining for LPS and immunoblotting for K30 CPS. The 

silver-stained gel only displays the molecules containing lipid A-core, while the 

immunoblot identifies the presence of both K30 CPS and KLPS. The ΔwaaP mutant 

showed a reduction in the amount of LPS molecules substituted with O antigen and the 

KLPS band was absent. Previous work with S. enterica serovar Typhimurium revealed that 

ΔwaaP mutants possessed a characteristic deep-rough phenotype that makes them 

sensitive to the action of polymyxins and hydrophobic compounds but they are still able 

to make full-length O antigen cap on the lipid A-core (Yethon et al., 2000). However, the 

efficiency of completion of the core region was reduced, leading to an increased 

proportion of the truncated LPS molecules that were not capped with the O antigen. This 

is consistent with our findings in E. coli E69. Despite these changes the ΔwaaP mutant 

appears to produce an amount of high molecular weight K30 CPS equivalent to that of 

the wild-type strain, but this method could not distinguish between cell-associated and 

cell-free CPS. For that, the ELISA was used.  

The ELISA results show that the ΔwaaP mutant produced a lower total amount of 

CPS compared to the wild-type. There is a small transition from cell-associated to cell-

free CPS but not the dramatic effect reported in K. pneumoniae or with E. coli group 2 

CPS (Fresno et al., 2007; Fresno et al., 2006; Jiménez et al., 2012). In contrast, the Δwzi 

mutant is known to have enhanced amounts of cell-free CPS (Rahn et al., 2003) and my 

results showed a substantially higher amount of cell-free CPS than that of the ΔwaaP 

mutant.  
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The data presented here suggest that the ΔwaaP mutation only has a modest 

effect on CPS synthesis and distribution in E. coli K30. It is difficult to directly compare 

this mutant phenotype here with those published in previous studies. Although the K. 

pneumoniae work (Fresno et al., 2007; Fresno et al., 2006) involves a group 1 CPS 

whose synthesis and export is essentially identical to the K30 CPS (and both systems 

involve Wzi) (Rahn et al., 1999), the LPS structures in these species are different and 

there may be other differences in outer membrane architecture. More recent study of the 

E. coli group 2 CPS has identified a unique glycolipid anchor composed of a lyso-

phosphatidylglycerol moiety with a β-linked poly-Kdo linker which is located at the 

reducing terminus of the CPS (Willis et al., 2013). This glycolipid is required for CPS 

export but is also is implicated in attaching CPS to the cell surface (Jann and Jann, 1990; 

Fischer et al., 1982). It would be challenging to determine the proportion of CPS 

covalently linked to the cell surface due to the acid lability of the Kdo linkages in the 

glycolipid anchor. In a laboratory setting, this may lead to the release of material into the 

culture during cell growth (Willis et al., 2013). The presence of a lipid terminus doesn’t 

preclude other factors, such as ionic interaction of CPS with the LPS core (Willis et al., 

2013; Jiménez et al., 2012), from being involved in surface association. However, the 

pleiotropic effects of ΔwaaP mutants are attributed to overall changes in outer membrane 

structure and these could influence CPS association with no direct involvement of 

phosphorylation per se.   

4.2. Analysis of the E69 ΔwecA, ΔwaaL, and ΔwaaL-ΔwecA K30 CPS phenotypes 
	  

The ΔwecA and ΔwaaL deletion strains were generated to determine the effect on 

K30 CPS production arising from elimination of the O antigen, or the O antigen and KLPS, 
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respectively. This approach was taken because the LPS molecules potentially compete for 

space on the cell surface and the O9a and K30 antigens share a common need for 

undecaprenol diphosphate carrier lipid. The role of KLPS is currently unknown but it has 

been speculated that it could aid in the assembly or organization of CPS on the cell 

surface. Previous work with E. coli K30/K-12 hybrid strains with mutations in the E. coli 

K-12 core oligosaccharide-biosynthesis locus, demonstrated the elimination of KLPS but 

the K30 CPS was still produced (MacLachlan et al., 1993). This observation has led to 

the conclusion that full-length LPS core is essential for K30 CPS expression, and it is not 

anchored to the cell surface via the lipid A-core like KLPS. However, the amount and 

distribution of CPS was not investigated.  

Another purpose for studying the ΔwaaL mutant was that it had the potential to 

perform an unresolved step in K30 biosynthesis. Following polymerization, K30 CPS 

must be released from the und-PP-linked carrier to allow translocation through Wza to 

the cell surface (Dong et al., 2006; Nickerson et al., 2014) and its organization into a cell-

associated layer by Wzi (Bushell et al., 2013). Only two enzymes are known to interact 

with und-PP-linked K30 intermediates. Theses are the ligase (WaaL) required to transfer 

K30 oligosaccharides from und-PP to the lipid A-core acceptor, creating KLPS, and the 

polymerase (Wzy) which transfers the growing glycan from one und-PP carrier onto a 

single und-PP repeat unit acceptor to elongate the chain. An abortive reaction involving 

either enzyme could release CPS for export without completing the glycosyltransfer that 

forms the natural activity for these enzymes. The involvement of Wzy in this step cannot 

be tested experimentally since it is essential for polymerization, but the effect of WaaL 

could be examined directly through the ΔwaaL mutant phenotype. The double mutant, 
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ΔwaaL-ΔwecA was generated for the purpose of stabilizing the ΔwaaL mutant, which 

had the potential to experience growth defects due to the stress of accumulating und-PP 

intermediates, which could lead to secondary site mutations. This defect was seen in 

mutants of E. coli O9a defective in either the chain terminator or the ABC transporter, 

which accumulated und-PP linked intermediates in the cytoplasm (Cuthbertson et al., 

2005). Although a waaL mutation seems to be tolerated in this background no systematic 

analysis has been done on the stability of these mutants and their susceptibility to second-

site suppressor mutations. The ΔwecA mutation prevented the formation of und-PP-

linked O9a intermediates (Whitfield, 1995) and was a precautionary measure.  

The phage sensitivity assay revealed that K30 CPS was successfully expressed on 

the cell surface in each the ΔwecA, ΔwaaL, and ΔwaaL-ΔwecA mutants, consistent with 

the published observation (McCallum et al., 1989; MacLachlan et al., 1993) that the O 

antigen and KLPS are not required for its expression in E. coli E69. These mutants, as well 

as the control CWG44, O-K+, all produced plaques with phenotypes similar to that of 

wild-type, with the transparent plaque and a large surrounding halo (Figure 3.9). 

However, the halos of the mutants exhibited a different opacity than the wild-type. The 

haloes are translucent, as opposed to opaque, and the border between the plaque and the 

halo is much less distinct (Figure 3.9). These strains all share one thing in common, the 

complete lack of O antigen on the cell surface. The halo reflects diffusion of the 

glycanase and removal of CPS from the bacterial lawn in the zone of diffusion. In 

principle the bacteriophage yield and amount of glycanase produced should be similar in 

each mutant. While the precise mechanism underlying the difference is unknown, it is 

conceivable that the halo is reduced due to some effect the O antigen and LPS structure 
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have on the assembly, organization, and stability of K30 CPS and its accessibility to the 

enzyme. Alternatively, it could reflect the difference in the appearance of O9a+ versus 

O9a- lawns but this is less likely because when examined in the absence of K30 CPS 

O9a+ and O9a- colonies are hard to distinguish. The results from the ELISA revealed that 

the mutants (ΔwecA, ΔwaaL, and ΔwaaL-ΔwecA) all produced higher total amounts of 

K30 CPS than wild-type. The distribution of cell-associated and cell-free CPS in the 

ΔwecA mutant was comparable to that seen in the wild-type, and the difference in 

distribution between the samples was not statistically significant. In contrast, the mutants 

harboring ΔwaaL mutations had marginally more cell-associated CPS (89.5 and 90.4% 

compared to 85.0% in the wild-type). The difference in distribution of CPS between the 

ΔwaaL mutants, and between the wild-type and the ΔwaaL-ΔwecA mutant was not 

statistically significant. However the distribution of the ΔwaaL strain was significantly 

different than the wild-type. If WaaL indeed played a role in the release of K30 CPS into 

the export pathway, one might expect a phenotype with increased cell-free CPS but the 

effect of the mutation was only a slight increase. It is conceivable that Wzy is the critical 

release factor but this cannot be tested directly due to its essential role in polymerization 

as described above. A less likely speculation is that a completely unknown housekeeping 

protein is able to release K30 CPS.  

The observation of increased cell-associated CPS in the ΔwecA and ΔwaaL-

ΔwecA mutants is congruent with what we know about polysaccharide biosynthesis. In 

these two mutants, WecA will not initiate O antigen synthesis, and since the system isn’t 

utilizing und-P for this purpose, more lipid carrier is potentially available for use in the 

synthesis of K30 CPS. This assumes that different biosynthesis systems access a common 
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pool of und-P rather than a scenario where und-P remains sequestered within individual 

complexes. This issue has not been resolved in the literature. However, the phenotype of 

increased cell-associated CPS in the ΔwaaL mutant was not anticipated. One would 

expect the und-PP-linked intermediates would accumulate in the periplasm as WaaL isn’t 

available to ligate the O9a antigen and short-chain K30 to lipid A-core, which should 

cause a reduction of available und-P due to the lack of recycling, as seen in S. enterica 

serovar Typhimurium (Mulford and Osborn, 1983).  

4.3. Concluding remarks 
	  

In conclusion, in this study I was able to assess the production of cell-associated 

and cell-free CPS in group 1 prototype isolate E. coli E69, as well as a series of deletion 

strains strategically made to introduce mutations in the production and/or expression of 

LPS and KLPS. I was able to attain the goal of developing an ELISA method that could be 

used to quantitate CPS production in strains producing the K30 antigen. The ELISA 

method can be used in future experimentation with any potential mutant of interest. 

While the combination of all the methods utilized in this thesis was able to provide a 

clear K30 CPS phenotype for the strains examined, more specific experimentation is 

required to understand the molecular mechanisms underlying the phenotypes. 
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