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 Bacterial capsules are important virulence factors for a number of different pathogens, 

including Escherichia coli, Neisseria meningitidis, Haemophilus influenzae, and Pasteurella 

multocida. Capsular polysaccharides (CPSs) synthesized via the ATP-binding cassette (ABC) 

transporter-dependent pathway protect these bacteria from complement-mediated killing and 

phagocytosis, and consist of long polysaccharide chains attached to the cell surface via a 

phospholipid. CPSs are synthesized on the cytoplasmic face of the inner membrane before 

transport to the cell surface. While the enzymes that synthesize the polysaccharide have been 

studied in detail, very little is known about the structure and biosynthesis of the phospholipid 

terminus. To determine the structure of the reducing terminal glycolipid, CPS from E. coli K1, 

K5, and N. meningitidis group B was purified using a novel strategy and its structure was 

determined by mass spectrometry, nuclear magnetic resonance and chemical methods. All three 

polysaccharides possess terminal lyso-phosphatidylglycerol, which is connected to the CPS 

repeat unit by a linker consisting of multiple 3-deoxy-D-manno-octulosonic acid (Kdo) residues, 

forming an alternating β-2,4/β-2,7-linked structure. In addition to describing its structure, the 

biosynthesis of the glycolipid terminus was also investigated. KpsC and KpsS are conserved 

proteins encoded in the capsule loci from different bacteria with ABC transporter-dependent 

capsule assembly pathways but have no previously assigned function. An in vitro assay was 

developed to characterize KpsSC activities, leading to the finding that they are the Kdo 

transferases responsible for synthesis of the poly-Kdo linker. This research has contributed 

significantly to the understanding of the structure and biosynthesis of capsular polysaccharides. 
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Chapter 1. Introduction 

 This chapter has been published in a slightly modified form as Willis, L.M., Whitfield, C. 

(2013) Structure, biosynthesis and function of bacterial capsular polysaccharides synthesized by 

ABC transporter-dependent pathways. Carbohydrate research. ePUB date May 20, 2013. 

 

1.1. Bacterial capsules 

 Bacterial pathogens have evolved a complex network of physiological adaptations that 

allow them to persist in one of the most challenging environments, i.e. inside a host organism. In 

order to cause disease, they must have a capacity to infect (and sometimes invade) before 

colonizing a particular niche. This requires the ability to compete for nutrients for growth and 

mechanisms for the bacterium to defend itself against the host immune system. Cellular 

components required for one or more of these processes are known as virulence factors. In Gram-

negative pathogens, these include important surface and extracellular components, including 

flagella and associated chemotaxis proteins, fimbrial adhesins, secreted proteins, 

lipopolysaccharides (LPS) and capsules.  

 Capsules are widely distributed and are found in such diverse pathogens as Escherichia 

coli, Neisseria meningitidis, Actinobacillus pleuropneumoniae, as well as in important Gram-

positive pathogens including Staphylococcus aureus and Streptococcus pneumoniae. The 

bacterial capsule is an extracellular structure which can be viewed by microscopy as an extensive 

layer surrounding the cell (Kroncke et al. 1990). It is made up of long polysaccharide chains, 

known as capsular polysaccharides (CPS), which are typically negatively-charged and  therefore 

generate a highly hydrated capsular layer. In some E. coli isolates, this layer can extend from the 

cell surface for approximately 100–400 nm (Kroncke et al. 1990) and it is formed by glycan 

chains more than 200 sugars long (Pelkonen et al. 1988). A single species can produce a range of 

structurally diverse CPSs and these are frequently the basis of serotyping schemes, such as the 84 

K (capsular) antigens in E. coli (Table 1.1) (Orskov et al. 1977). Due to their surface association, 
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capsules are frequently the first bacterial structure encountered by the immune system upon 

infection. Therefore, in many bacteria, the capsule is required for evasion of the host immune 

system and isolates without capsule are non-pathogenic. As a result, CPSs have been exploited to 

great effect in the developed world in vaccines against, for example, N. meningitidis groups A, C, 

W-135, and Y, and Haemophilus influenzae serogroup b (Bottomley et al. 2012, McIntyre et al. 

2012). 

 

Table 1.1 Examples of CPS repeat units from encapsulated bacteria. 

Strain Serotype CPS repeat unit Reference 

Escherichia 

coli 

K1 -8)-NeuAc-α(2- (McGuire and 

Binkley 1964) 

 K2 -4)-Gal-α(1,2)-Gro-3-PO4- (Fischer et al. 1982) 

 K4 -4)-[Fru-β(1,3)-]GlcA-β(1,3)-GalNAc-β(1- (Rodriguez et al. 

1988) 

 K5 -4)-GlcA-β(1,4)-GlcNAc-α(1- (Vann et al. 1981) 

 K12 -3)-Rha-α(1,2)-Rha-α(1,5)-Kdo-β(2- (Schmidt and Jann 

1983) 

 K54 -4)-[threonine-6-]GlcA-β(1,3)-Rha-α(1- (Hofmann et al. 

1985) 

 K92 -8)-NeuAc-α(2,9)-NeuAc-α(2- (Lifely et al. 1985) 

    

Neisseria 

meningitidis 

Serogroup A -6)-ManNAc-α-1-(PO4- (Liu et al. 1971) 

Serogroup B -8)-NeuAc-α(2- (Bhattacharjee et al. 1975) 

 Serogroup C -9)-NeuAc-α(2- (Bhattacharjee et al. 1975) 

 Serogroup W-135 -4)-NeuAc-α(2,6)-Gal-α(1- (Jennings et al. 1977) 

 Serogroup Y -4)-NeuAc-α(2,6)-Glc-α(1- (Jennings et al. 1977) 

 Serogroup X -4)-GlcNAc-α-1-(PO4- (Xie et al. 2012) 

    

Haemophilus 

influenzae 

Serogroup a -4)-Glc-β(1,4)-ribitol-5-(PO4- (Byrd et al. 1987) 

Serogroup b -3)-Ribf-β(1,1)-ribitol-5-(PO4- (Crisel et al. 1975) 

 Serogroup e -3)-GlcNAc-β(1,4)-ManANAc-β(1- (Tsui et al. 1981) 

 Serogroup f -3)-GalNAc-β(1,4)-GalNAc-α-1-(PO4- (Egan et al. 1980) 

    

Pasteurella 

multocida 

Type A -3)-GlcNAc-β(1,4)-GlcA-β(1- (Carter and Annau 1953) 

Type D -4)-GlcNAc-α(1,4)-GlcA-β(1-  (DeAngelis et al. 2002) 

 Type F -3)-GalNAc-β(1,4)-GlcA-β(1- (DeAngelis et al. 2002) 

    

Mannheimia 

haemolytica 

A1 -3)-ManNAcA-β(1,4)-ManNAc-β(1- (Adlam et al. 1984) 

A2 -8)-NeuAc-α(2- (Adlam et al. 1987) 

    

Moraxella nonliquefaciens -8)-NeuAc-α(2- (Adlam et al. 1987) 

    

Actinobacillus 

pleuropneumoniae 

Serotype 5a -6)-GlcNAc-α(1,5)-Kdo-β(2- (Altman et al. 1987) 

Serotype 5b -6)-GlcNAc-α(1,5)-[Glc-β(1,4)-]Kdo-β(2- (Altman et al. 1988) 

    

Sinorhizobium 

meliloti 

KR6 -)-Glc-α(,)-NeuAc-α(- (Reuhs et al. 1998) 

KR7 -)-GlcNAc-β(,)-Kdo-β(- (Reuhs et al. 1998) 
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 Gram-negative bacteria produce CPSs via one of two widespread assembly systems: 

Wzy-dependent or ATP-binding cassette (ABC) transporter-dependent pathways (Cuthbertson et 

al. 2009, Cuthbertson et al. 2010). Capsular K antigens of E. coli have provided influential 

models for each of these pathways. The E. coli capsule systems have been differentiated into four 

groups based on the assembly system, organization of key genes, and regulatory features 

(Whitfield 2006). The Wzy-dependent pathway is used for groups 1 and 4 capsules, which are 

often found in isolates causing gastrointestinal disease (Whitfield 2006). This pathway involves 

the synthesis of polyprenol-linked CPS repeat units in the cytoplasm which are then flipped 

across the inner membrane by a Wzx protein, and polymerized into the full length CPS by a Wzy 

protein. After export via a dedicated pathway, the CPS chains are assembled into a capsule 

structure on the cell surface, but it is not entirely clear how they are retained at the cell surface 

and it is possible that the process is multifactorial (Bushell et al. 2013). Similar pathways exist in 

genera such as Klebsiella and Erwinia. Capsules belonging to groups 2 and 3 require an ABC 

transporter-dependent assembly system. Parallel systems are found in a range of mucosal 

pathogens (Table 1.1), including Campylobacter jejuni, N. meningitidis, H. influenzae, 

Mannheimia haemolytica and Pasteurella multocida, among others. These bacteria cause diseases 

such as septicemia, meningitis, urinary tract infections, gastrointestinal infections and otitis media 

in humans as well as a variety of respiratory infections in livestock (Agrawal and Murphy 2011, 

Halperin et al. 2012, Wilkie et al. 2012). Capsules synthesized via the ABC transporter-

dependent pathway are the subject of this thesis. 

 One of the characteristic features of model CPSs assembled by ABC transporter-

dependent pathways is the presence of a phospholipid at the reducing end of the polysaccharide 

chain. Earlier reports identified diacylglycerophosphate in acid-hydrolyzed CPS samples 

(Gotschlich et al. 1981, Tzeng et al. 2005, Corcoran et al. 2006).  However, there are currently no 

data to distinguish between a process where the lipid serves as an acceptor, and one where the 

CPS chain is modified by addition of the terminal lipid post-synthesis. Over the years, the nature 
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of the acceptor used for chain extension has been a subject of debate. Early studies with E. coli 

K1 led to the proposal that the CPS is first synthesized on an isoprenoid carrier, as is the case for 

many other bacterial polysaccharides (Troy et al. 1975). However, later work with K5 CPS could 

not identify a similar process (Finke et al. 1991). A protein was also suggested as a candidate 

carrier (Weisgerber and Troy 1990). As an added complication, experiments with E. coli K5 CPS 

suggested that a 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residue may exist at the reducing 

end of the polymer but no definitive chemical structures were reported (Finke et al. 1991). E. coli 

wild-type strains require CMP-Kdo as a precursor for the biosynthesis of lipopolysaccharide, 

which is usually essential for viability (Raetz and Whitfield 2002), but the genetic loci encoding 

ABC transporter-dependent CPS assembly pathways in E. coli contain additional copies of genes 

encoding two of the four enzymes in the CMP-Kdo biosynthesis pathway (Figure 1.1). While the 

correlation between the duplicated genes and the proposed terminal Kdo residue has been noted, 

it does not represent a unifying feature for all bacteria containing these CPS assembly systems 

because other examples (e.g. N. meningitidis) lack the duplication. This has raised the possibility 

of subtle variations in reducing terminal structures on different CPSs assembled through a 

common strategy. 

 It has been suggested that the terminal lipid may be involved in the attachment of CPS to 

the cell surface (Fischer et al. 1982, Jann and Jann 1990). The amount of CPS that is cell 

associated compared to CPS that is released is difficult to measure since the linkage between the 

lipid and CPS is inherently unstable, particularly when grown under laboratory conditions 

(Fischer et al. 1982). While the presence of a lipid terminus provides a logical process for the 

surface association of CPSs, other mechanisms may also contribute. For example, Jimenez et al. 

reported ionic interactions between CPS and the core region of LPS and implicated them in CPS 

retention in E. coli K1 (Jimenez et al. 2012). Their approach involved making successive 

truncations to the core region, particularly removal of inner core phosphates. However, such 

mutations also affect outer membrane integrity in general, leading to the pleiotropic ‘deep rough’ 
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phenotype (Raetz and Whitfield 2002). It is therefore impossible to rule out the contribution of a 

potentially indirect effects on CPS association. 

 

A 

 

 

B

 

 

Figure 1.1 A) CPS biosynthesis loci for representative CPSs assembled by an ABC transporter-

dependent pathway. Gene names are based on E. coli nomenclature. The genes involved in CPS 

repeat-unit biosynthesis encode specific glycosyltransferases, and components of sugar nucleotide 

synthesis pathways, and therefore vary according to CPS structure. The colours of the genes 

encoding export proteins are coordinated with the model proposed in Figure 1.3. Figure 

reproduced from Willis and Whitfield 2013. B) Kdo biosynthetic pathway. Enzymes are named 

using E. coli nomenclature, including the redundant copies of KpsF/U found in E. coli CPS 

biosynthetic loci. 
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1.2. Functions of bacterial capsules assembled by ABC transporter-dependent pathways. 

 In humans and animals, the first line of defense against invading pathogens is the innate 

immune system, including complement components, phagocytes, and secreted cationic 

antimicrobial peptides (CAMPs).  These molecules are found in the blood, in many tissues, and 

on all mucosal surfaces. However, capsules can interfere with the innate immune system at 

several levels, and successful pathogens are frequently encapsulated (Figure 1.2). 

 

 

Figure 1.2 The complement system. Capsules can interfere with the normal activity of the innate 

immune system at several different steps. Red crosses indicate processes in which capsules 

synthesized by ABC transporter-dependent pathways have been shown to prevent phagocytosis 

and complement-mediated killing. Figure reproduced from Willis and Whitfield 2013. 

 

 

1.2.1 Complement and serum killing. 

 The complement system causes bacterial cell lysis either directly, through the formation 

of the membrane attack complex (MAC), or can assist with phagocytosis (Joiner et al. 1984, 

Sarma and Ward 2011). There are three main pathways for complement deposition, the classical, 

lectin and alternative pathways. These differ in initiation mechanisms but they converge at 

cleavage of complement protein C3. The classical pathway is initiated through binding of an 

antibody to the microbial cell surface, leading to proteolysis of proteins in the C1 complex. 
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Activation of the C1 complex results in binding of C4b and C2a to the cell, forming a C3 

convertase that catalyzes the proteolysis of C3 molecules at the cell surface, releasing C3a and 

C3b. The cleavage exposes a thioester in C3b that, in the absence of an appropriate nucleophile, 

is immediately hydrolyzed. However, if C3 cleavage occurs in close proximity to a microbial cell 

surface, the exposed C3b thioester may form a covalent bond with various proteins and 

polysaccharides. The lectin pathway follows the same sequence of proteolytic events as the 

classical pathway, but it is activated by the binding of mannose-binding lectin (instead of an 

antibody) the microbial cell surface. In contrast, the alternative pathway is initiated without a 

specific binding protein and progresses to C3b formation by a different route. In this case, 

constitutive low-level cleavage of C3 results in C3b that can covalently bind to an adjacent cell 

surface. Once bound to the bacterial surface, C3b initiates a cascade of binding/proteolysis events 

culminating in the formation of MAC. MAC contains several proteins that assemble to form a 

membrane-penetrating pore, through which critical cellular molecules can freely escape, leading 

to cell death. 

 The main defense against complement-mediated killing by MAC is usually the O-

antigenic polysaccharide component of LPS. The influence of capsule depends on the organism, 

its other surface components and the CPS structure. In some E. coli isolates, capsule has been 

reported to prevent killing, whereas LPS is the primary determinant in others (Van Dijk et al. 

1979, Burns and Hull 1999, Buckles et al. 2009). However, the nature of genetic defect in 

mutants used in early studies is frequently unknown. Experiments with defined mutants of E. coli 

O75:K5 led to the conclusion that K5 capsule plays only a minor role but it was acknowledged 

that the situation may change in the context of a particular combination of surface glycostructures 

(Burns and Hull 1998). In A. pleuropneumoniae, encapsulated strains are subjected to a 

significantly decreased amount of C9 deposition, so the MAC does not form efficiently (Ward 

and Inzana 1994).
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1.2.2 Evasion of phagocytosis 

 The presence of capsule is a key mechanism used by Gram-negative bacteria to evade 

phagocytosis. Phagocytosis by monocytes, macrophages, neutrophils and dendritic cells, is a 

multi-step process beginning with attachment of the bacterial cell to the phagocyte. This is 

mediated by an opsonin, a molecule that binds to components of the bacterial surface and 

promotes phagocytosis. Protein C3b is an important opsonin and is bound by C receptor 1 (CR1 

or CD35) on phagocytes, inducing internalization of the bacteria into a phagosome. Once inside 

the cell, the phagosome-lysosome fusion can result in degradation of the bacterial cell (Sarantis 

and Grinstein 2012). The E. coli K5 and H. influenzae type b capsules have been shown to 

decrease both attachment of bacteria to phagocytes and subsequent internalization (Noel et al. 

1992, Burns and Hull 1999). N. meningitidis group B isogenic acapsular mutants are 100-fold less 

adherent to HeLa cells (Spinosa et al. 2007). However, the situation is more complicated in P. 

multocida, where some capsules have been shown to increase attachment, while preventing 

internalization, and others seem to prevent both processes (Boyce et al. 2000). In these cases, the 

outcome is dependent on both the precise strain and the type of phagocytic cells used in the 

experiments; the molecular details have not been determined. 

 While LPS and other bacterial surface components readily bind C3b, and the complement 

proteins can penetrate a capsular layer, the presence of a CPS layer effectively masks the 

underlying opsonized cell surface (Horwitz and Silverstein 1980). However, even within a single 

capsular serotype (e.g., E. coli K1), the extent of protection from opsonization may vary (Stevens 

et al. 1978). The structures of some CPSs affect C3b binding to the capsule itself. The polysialic 

acid capsules of E. coli K1 and N. meningitidis groups B and C provide excellent examples, 

where the amount of C3b deposition is reduced, particularly at early time points (Van Dijk et al. 

1979, Ram et al. 2011). Covalent interaction of C3b requires the presence of an available 

nucleophile and with the glycosidic linkages occurring in the glycerol side chain of sialic acid in 

these CPSs, it is likely that the remaining hydroxyls are inaccessible. The observation of reduced 
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C3b binding in N. meningitidis group A capsule, where the hydroxyl at C6 is phosphorylated, is 

consistent with this hypothesis. However, linkages that expose the glycerol side chain may 

actually increase the amount of C3b binding, as has been observed for the N. meningitidis groups 

W-135 and Y capsules (Ram et al. 2011).
 

 Opsonization involving capsule-specific antibody and involvement of the classical 

pathway can potentially overcome this problem. However, some CPSs are also poor 

immunogens. These CPSs are called T lymphocyte-independent antigens due to the fact that they 

cannot stimulate major histocompatibility complex (MHC) presentation on helper T cells and thus 

do not generate immunological memory (Weintraub 2003). In fact, the success of vaccines 

against N. meningitidis group C and H. influenzae group b was largely due to the fact that these 

are conjugate vaccines, where the CPS is fused to a protein that promotes a thymus-dependent 

immune response, such as tetanus or diphtheria toxoid (Jennings and Lugowski 1981, Granoff et 

al. 1993). However, some CPSs, such as N. meningitidis group B, do not elicit an immune 

response even when conjugated to a carrier protein (Weintraub 2003). These CPSs are considered 

to be molecular mimics because they have the same structure as human glycans (Comstock and 

Kasper 2006). For example, the N meningitidis group B and E. coli K1 CPSs consist of α-2,8-

linked polysialic acid which is identical to the polysialic acid found on neuronal and immune 

cells. Glycosaminoglycans (GAGs) consist of long polysaccharides with repeating disaccharide 

units, which are essential for a variety of functions in vertebrates. Strains of P. multocida and E. 

coli make CPSs that are either similar or identical to the non-sulfated backbone of hyaluronan, 

chondroitin, and heparosan. Because of the similarity to human glycans, there is concern about 

using these CPSs as vaccine components for fear of generating an autoimmune response, 

particularly for the N. meningitidis group B CPS. Although there is no direct evidence that α-2,8-

linked polysialic acid generates harmful autoantibodies (Robbins et al. 2011), the severity of 

autoimmune diseases derived from pathogen mimicry, such as Campylobacter jejuni and 



10 

 

Guillain-Barre syndrome (Islam et al. 2012), is of sufficient concern to prevent development of 

vaccines based on these CPSs. 

 Once bacteria are internalized, phagosome-lysosome fusion normally leads to lysis of the 

bacterial cell. However, some bacteria, such as E. coli K1, H. influenzae group b and all of the N. 

meningitidis isolates, can survive and multiply within phagocytic and epithelial cells (Williams et 

al. 1991, Kim et al. 2003, Nikulin et al. 2006, Spinosa et al. 2007). Endosomes containing these 

encapsulated bacteria acquire early and late endosomal markers but do not fuse with lysosomes. 

The mechanism behind this is unknown but is due entirely to the presence of CPS, as isogenic 

acapsular mutants are effectively degraded in lysosomes. These bacteria cause meningitis: E. coli 

K1 is the second most common cause of neonatal meningitis in the developed world 

(Gaschignard et al. 2011) and N. meningitidis remains a leading cause of meningitis in adults 

worldwide (Stephens et al. 2007). Encapsulation is required for the transit of these bacteria 

through the epithelial cells lining the blood brain barrier, an essential step in the disease process 

(Kim et al. 2003, Nikulin et al. 2006), but it is currently unknown how the endosomes are 

redirected to the basal side of the cell to release their bacterial cargoes into the cerebrospinal 

fluid. 

 

1.2.3 Interference with humoral immunity 

 The secretion of cationic antimicrobial peptides (CAMPs) by both immune and epithelial 

cells is an important component of humoral immunity. These peptides exhibit a variety of 

structures and activities but all work to destabilize the membrane, allowing the uncontrolled flow 

of ions across it (Bechinger and Salnikov 2012). Bacteria possess several resistance mechanisms 

to counteract CAMPs, including: (i) efflux pumps, (ii) modification of negatively-charged 

phosphate groups in LPS to decrease potential ionic interactions close to the membrane, and (iii) 

presence of anionic capsules which bind the cationic peptides at a distance from the membrane 
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(Campos et al. 2004, Spinosa et al. 2007). As an example, capsule has been shown to contribute 

to resistance of N. meningitidis group B to CAMPs (Spinosa et al. 2007).
 

 

1.3. CPS biosynthesis 

 In ABC transporter-dependent assembly, CPS is synthesized in the cytoplasm and 

exported across the inner membrane via a pathway-defining ABC transporter, comprising two 

identical nucleotide-binding domain (NBD) polypeptides (KpsT in E. coli nomenclature), and 

two integral membrane polypeptides (KpsM) (Figure 1.3) (Cuthbertson et al. 2010). Completion 

of transport from the periplasm to the cell surface requires two other characteristic components; a  

 

 

Figure 1.3 Model for CPS export via the ABC transporter-dependent pathway. The cartoon 

identifying the four main components of the export complex and the corresponding Kps* protein 

designations from the E. coli system. The terminal phospholipid is identified by the red structure 

attached to a nascent polysaccharide (black and gray hexagons). The colours of the export 

proteins are coordinated with CPS production genetic loci in Figure 1.1. Figure reproduced from 

Willis and Whitfield 2013. 
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member of the polysaccharide co-polymerase (PCP-3) family (KpsE) and an outer membrane 

polysaccharide (OPX) protein (KpsD) (Cuthbertson et al. 2009). These proteins are thought to 

form a protein complex enabling synthesis and translocation from the cytoplasm to the cell 

surface in a coordinated process that has been proposed to be analogous to the action of tripartite 

drug efflux pumps (Whitfield 2006, Cuthbertson et al. 2009, Vimr and Steenbergen 2009). The 

presence of homologs of kpsTMED genes serves as hallmark of genetic loci directing the 

production of ABC transporter-dependent CPSs (Figure 1.1). 

 

1.3.1 Glycan chain extension 

 The repeat-unit polysaccharide structure is assembled through the action of 

glycosyltransferase (GT) enzyme activities. GTs catalyze the transfer of a sugar from an activated 

donor to a substrate, which can be protein, lipid, or another carbohydrate. In the ABC transporter-

dependent pathway, they catalyze the transfer of specific sugars to the non-reducing end of the 

growing CPS glycan (Kundig et al. 1971, Rohr and Troy 1980, DeAngelis 1999). The 

Carbohydrate Active Enzymes (CAZy) database (www.cazy.org) provides a classification system 

for GTs based on sequence similarity and secondary structure (Cantarel et al. 2009). There are 

two structural families of glycosyltransferases: the GT-A fold contains a single Rossmann-like 

domain, while the GT-B fold contains two Rossmann-like domains with the active site located at 

the interface between the two. However, the precise activities are less easy to classify without 

direct experimental evidence because a variety of GT formats are evident in ABC transporter-

dependent systems. Homopolymers are synthesized by a single GT-containing polypeptide but 

heteropolymers can be synthesized by polypeptides comprising one or multiple GT domains, or 

by multiple polypeptides, each containing a single GT domain, depending on the system.  
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1.3.2 Polysialyltransferases 

 Several different polysialic acid (PSA) CPSs are made by bacteria. E. coli K1, N. 

meningitidis group B, Mannheimia haemolytica A2 and Moraxella nonliquefaciens all produce 

poly-α-2,8 NeuAc, while N. meningitidis group C makes poly-α-2,9 NeuAc, and E coli K92 

makes alternating α-2,8/α-2,9 PSA. In each case, the polymer is synthesized by a single-domain 

polysialyltransferase (PST) enzyme, which catalyzes the transfer of NeuAc from CMP-β-NeuAc 

to the growing PSA chain. Consequently all of the enzymes are inverting glycosyltransferases, 

meaning the stereochemistry of the donor is the opposite of the product. These enzymes comprise 

CAZy family GT-38 and are metal-independent, though divalent cations might stabilize the PSA 

product. In vitro, the PST enzyme cannot use free NeuAc as an acceptor and requires a primer of 

at least two NeuAc residues as a minimal substrate for elongation activity (McGowen et al. 2001, 

Steenbergen and Vimr 2003, Willis et al. 2008). PST enzymes display a relaxed acceptor 

specificity, i.e. regardless of what linkage a particular enzyme makes, each can elongate α-2,8-, α-

2,9- or α-2,8/2,9-linked PSA (Steenbergen and Vimr 2003, Peterson et al. 2011). However, like 

all transferases in ABC transporter-dependent CPS biosynthesis pathways, the endogenous 

acceptor is currently unknown. Experiments with chimeric PST enzymes determined that the part 

of the protein which controls the linkage of the product is located within the first 100 amino acids 

and it is thought that small changes in this region lead to subtle changes in the orientation of the 

donor and substrate binding pockets, giving rise to the different PSA linkages (McGowen et al. 

2001, Steenbergen and Vimr 2003, Peterson et al. 2011, Keys et al. 2013). Enzymes that 

synthesize polymers can be either processive or non-processive. Processive enzymes, such as 

DNA polymerase III, remain associated with the polymer during synthesis, and after one round of 

transfer is complete, the product is simply shifted to the substrate binding site to initiate the next 

round of transfer (Breyer and Matthews 2001). Non-processive enzymes dissociate from the 

product after synthesis and must re-bind the polymer for additional elongation. The PSTs 
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investigated to date all appear to be non-processive (Freiberger et al. 2007, Vionnet and Vann 

2007, Peterson et al. 2011). 

 

1.3.3 Mixed sialic acid/hexose CPS synthases 

 N. meningitidis groups W-135 and Y make virtually identical CPSs with the exception of 

the stereochemistry at C4 of the hexose; group W-135 has Gal and group Y has Glc. This small 

difference is enough to provide a differentiating epitope and highly specific antibodies exist for 

each polymer (Moore et al. 2007). Each CPS is polymerized by a single polypeptide and these 

share 97% sequence identity. Unlike the PSTs, these enzymes contain two domains, an N-

terminal hexosyltransferase domain and a C-terminal sialyltransferase domain (Claus et al. 2009, 

Romanow et al. 2013). The sialyltransferase domain does not resemble that of other known 

sialyltransferase domains, but the hexosyltransferase domain is a member of the GT-4 family, 

which is a large family of retaining transferases possessing a GT-B fold. The specificity for Glc 

versus Gal is controlled by a single amino acid in this domain, located at position 310 (Claus et 

al. 2009). Enzymes with proline at this residue have galactosyltransferase activity while those 

with glycine have glucosyltransferase activity. This residue is in the middle of the EX7E motif, a 

conserved feature of many GT-4 enzymes, which coordinates the binding of the UDP-sugar 

donor. The EX7E motif is oriented so that the fourth residue in the motif (e.g. Gly310) is ideally 

placed to interact with the C4 hydroxyl of the donor sugar (Figure 1.4) (Martinez-Fleites et al. 

2006). The fact that the Pro  Gly replacement results in a complete switch in activity suggests a 

specific interaction with the C4 hydroxyl, as opposed to a loss of specificity that might result 

from an increase in the flexibility of the motif when Gly is present. 
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Figure 1.4 The active site of a retaining GT-4 enzyme, WaaG2 in complex with UDP-Glc (PDB 

accession: 2IW1). The EX7E motif is shown in sticks along with the glycine residue 

corresponding to G310 in the group W CPS synthase. Figure reproduced from Willis and 

Whitfield 2013. 

 

1.3.4 Glycosaminoglycan-like synthases. 

 P. multocida types A, D and F, and E. coli K4 and K5, all make CPSs resembling human 

glycosaminoglycans (GAGs). GAGs have been exploited for a number of medical applications, 

such as anti-coagulation and biological scaffolds (Gurzawska et al. 2012, Salbach et al. 2012) and 

there is significant interest in engineering these transferases to make GAGs and derivatives 

(Tracy et al. 2007, DeAngelis 2012). The chain-extending bacterial enzymes are metal-dependent 

GT-A transferases, sharing little or no homology with their eukaryotic counterparts. They all 

contain a DXD motif (Hodson et al. 2000, Jing and DeAngelis 2003, Kane et al. 2006, Osawa et 

al. 2009, Sugiura et al. 2010), commonly found in metal-dependent GT-A enzymes. This motif is 

involved in coordination of the divalent cation and donor sugar (Lairson et al. 2008). Unlike the 

PST enzymes, CPS GAG synthases can synthesize polymer in the absence of an exogenous 
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acceptor; presumably the donor sugar can also act as an acceptor though addition of the first 

residue or two is predicted to be relatively slow (Sismey-Ragatz et al. 2007). The P. multocida 

heparosan synthase, for example, is ~ 150 fold more active with a tetrasaccharide acceptor 

compared to a disaccharide acceptor (Sismey-Ragatz et al. 2007). 

 P. multocida Type A contains a hyaluronan synthase (HAS), making CPS identical to 

hyaluronic acid. HAS is a single polypeptide containing two glycosyltransferase domains, an N-

terminal GlcNAc transferase domain and a C-terminal GlcA transferase domain. The latter is 

followed by a membrane-association region, which presumably anchors the protein to the inner 

membrane where CPS biosynthesis occurs (Jing and DeAngelis 2000, Jing and DeAngelis 2003). 

The activated donors are UDP-α-GlcNAc and UDP-α-GlcA, so this enzyme proceeds with an 

inversion of stereochemistry at the anomeric carbon. Both enzymatic domains belong to the GT-2 

family, whose members are inverting GT-A enzymes. There are three proposed classes of HAS 

which differ in their membrane association, number of GT domains, processivity, and whether or 

not they polymerize from the reducing or non-reducing end of the glycan (Weigel and DeAngelis 

2007). PmHAS, which is a non-processive peripheral membrane protein, is a Class II enzyme. 

 Chondroitin is similar to hyaluronan but contains GalNAc instead of GlcNAc. In P. 

multocida, the chondroitin synthase (CS) from Type F shares 90% identity with the 

corresponding HAS from Type A. The majority of sequence variation occurs within the N-

terminal region, where the N-acetylhexosamine GT domain is found. Experiments with hybrid 

enzymes established that a 44 amino acid region near the middle of this domain is sufficient to 

control the specificity for UDP-GlcNAc versus UDP-GalNAc (Figure 1.5) (Jing and DeAngelis 

2003). E. coli K4 also makes a chondroitin derivative but, in this case, the CPS backbone is 

modified with β-fructose at C3 of GlcA. The KfoC enzyme is responsible for synthesis of the 

chondroitin backbone while a still unidentified enzyme fructosylates the polymer. The E. coli K4 

CS is the only polymerase associated with an ABC transporter-dependent pathway, whose 

structure has been determined (Figure 1.5) (Osawa et al. 2009). It consists of two almost identical  
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Figure 1.5 Crystal structure of the E. coli K4 chondroitin synthase in complex with UDP-

GlcNAc (PDB accession: 2Z87). The dark grey sphere is manganese, the preferred metal for the 

CPS GAG synthases. A) The full protein and B) a close up of the UDP-GalNAc transferase 

domain. Shown in purple is the region of the protein corresponding to the part of the PmCS 

homolog which is thought to control the specificity of the hexosamine sugar. The aspartic acids in 

the DXD motif are represented as sticks. Figure reproduced from Willis and Whitfield 2013. 

 

 

Figure 1.6 Crystal structure of the E. coli K4 chondroitin synthase showing the interaction 

between the N- and C-terminal hexapeptides (shown in sticks). Figure reproduced from Willis 

and Whitfield 2013. 
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GT-A domains; the N-terminal domain contains the GalNAc-transferase activity, while the C-

terminal domain contains the GlcA-transferase activity. The two active sites are on opposite sides 

of the protein and there does not appear to be a channel or binding cleft that might act as a 

conduit for transfer of the polymer directly from one active site to another, suggesting that this 

enzyme is non-processive like the PSTs and HAS from Type A. However, the two domains are 

coordinated such that the activity of the C-terminal GlcA transferase domain is dependent on the 

N-terminal end of the protein (Sobhany et al. 2012). Preceding the N-terminal GlcNAc 

transferase domain is a long and mostly disordered region that wraps around the GlcA domain 

(Figure 1.6) (Osawa et al. 2009). Interaction between two domains is essential for polymerization 

activity (Sobhany et al. 2012). Deletion of 107 amino acids from the N-terminal end decouples 

polymerization, i.e. the resulting protein can transfer single residues of GlcNAc or GlcA to an 

appropriate acceptor in vitro but cannot polymerize. There is a crucial hydrophobic interaction 

between two hexapeptides, one in the N-terminal domain (starting at position 113) and one at the 

extreme C-terminal end of the protein (Sobhany et al. 2012). In the absence of this interaction, 

substrate no longer binds the GlcA active site and polymerization cannot occur, presumably due 

to a conformational change of the substrate-binding pocket. It is thought that this interaction 

somehow coordinates activities of the two transferases but it is not yet clear how that occurs. 

 P. multocida Type D and E. coli K5 both make CPS that consists of heparosan, i.e. non-

sulfated, non-epimerized heparin. In E. coli K5, this polymer is synthesized by two 

glycosyltransferases (KfiA and KfiC), while in P. multocida both enzyme activities are found 

within a single polypeptide containing two domains that share similarity with each of the E. coli 

KfiA and KfiC proteins. P. multocida actually has two heparosan synthases, PmHS1 and PmHS2, 

which share only 65 % identity (Sismey-Ragatz et al. 2007). PmHS1 is found in the capsule locus 

of Type D strains and makes high-molecular-weight polysaccharide, consistent with CPS 

(Sismey-Ragatz et al. 2007). PmHS2 can be found in Types A, D, and F strains but it is not in the 

capsule genetic locus and makes only low-molecular-weight polysaccharide (Sismey-Ragatz et 
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al. 2007). The biological function of PmHS2 is not known but it is not likely to be involved in 

CPS biosynthesis. The orientation of GT domains in PmHS1 is the opposite to that seen in 

PmHAS and PmCS; the GlcA transferase domain is at the N-terminus while the GlcNAc 

transferase activity is in the C-terminus (Martinez-Fleites et al. 2006). This enzyme also lacks the 

membrane-association region found in the other CPS GAG synthases, so it is not known how it 

localizes to the inner membrane. The E. coli KfiC protein is a GlcA transferase similar to the N-

terminal GT domain in PmHS1 (Martinez-Fleites et al. 2006, Sugiura et al. 2010). Both are 

members of the GT-2 family, like the other CPS GAG synthase domains, and proceed with 

inversion of stereochemistry at the anomeric carbon. However, heparin is the only GAG to 

contain an α-linked residue (GlcNAc), which requires a GT with a retaining mechanism. KfiA 

and the C-terminal domain of PmHS1 both possess GlcNAc transferase activity (Hodson et al. 

2000, Kane et al. 2006) and are members of the GT-45 family, which is populated entirely by 

retaining α-N-acetylglucosaminyl transferases. The activity of purified KfiA can be measured and 

the kinetic parameters have been determined (Chen et al. 2006). In contrast, purified KfiC is 

catalytically-inactive in the absence of KfiA (Sugiura et al. 2010). In vitro activity of KfiC can be 

restored by a catalytically-inactive KfiA mutant, suggesting that the two proteins must interact 

and that KfiA confers some conformational change to KfiC, similar to the coordinated activities 

of the two transferase domains in the E. coli K4 CS polymerase. Neither KfiA nor KfiC possesses 

a membrane localization region, but KfiB, another protein in the capsule locus, has been shown to 

be required for the localization of both KfiA and KfiC to the inner membrane (Hodson et al. 

2000). To summarize, there are many variations in the arrangement of enzymes which synthesize 

these glycans and it is not yet clear what benefit the different combinations confer on the 

biosynthetic process. 
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1.3.5 Modification of the CPS repeat unit 

 Several CPSs are acetylated under certain conditions, with E. coli K1 and N. meningitidis 

group C providing examples (Higa and Varki 1988, Lemercinier and Jones 1996). The gene 

encoding the E. coli K1 acetyltransferase, neuO, is not part of the capsule genetic locus (Deszo et 

al. 2005) and the function of this modification is not fully understood. In E. coli K1, acetylation 

promotes resistance to environmental desiccation (Mordhorst et al. 2009). In strains isolated from 

patients with sepsis, there is a correlation between capacity for CPS acetylation and disease 

severity (Frasa et al. 1993). However, experiments using a rat model of meningitis demonstrated 

the complete loss of CPS acetylation once the bacteria reach the bloodstream (Zelmer et al. 

2008). N. meningitidis groups C, W-135 and Y all have genes encoding acetyltransferases located 

within the capsule loci (Claus et al. 2004) but as an obligate human pathogen, N. meningitidis is 

unlikely to require mechanisms for resistance to desiccation. 

 

1.3.6 CPS Export 

1.3.6.1 Export via the ABC transporter 

 Once the CPS is synthesized, it is transported to the cell surface in a process requiring an 

inner membrane ABC transporter, a PCP protein and an outer membrane OPX protein (Figure 

1.3). These represent the dedicated export machinery but it should be recognized that export 

occurs in the context of an E. coli cell envelope and other ‘housekeeping’ functions may also be 

essential for the process. ABC transporters make up a large class of proteins involved in a variety 

of cellular functions, including uptake of nutrients and export of proteins, drugs and, in the 

current context, polysaccharides (Cuthbertson et al. 2010, George and Jones 2012, Greenfield and 

Whitfield 2012). They consist of two transmembrane domains (TMs) and two NBDs; in this 

system, they represent four separate polypeptides. The NBDs couple ATP hydrolysis to 

translocation of the substrate across the membrane through structural changes in the TMs (George 

and Jones 2012). In E. coli, KpsM is the integral inner membrane transporter and KpsT is the 
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cytoplasmic NBD. Phylogenetic analysis of NBDs from bacterial polysaccharide biosynthesis 

systems reveals two types of NBD (Cuthbertson et al. 2010).
 
Representatives of one form, found 

in some systems making LPS O antigens and S-layer glycans, have extended C-terminal domains. 

The additional domains recognize and bind to ‘capping’ moieties at the non-reducing termini. The 

capping residues prevent further elongation of the glycan and allow the ABC transporter to select 

export-ready substrates of preferred chain length, effectively representing a quality-control 

process (Cuthbertson et al. 2010). However, carbohydrate-binding modules are absent in the 

other class of NBDs, which includes those from the CPS systems described here. The CPS ABC 

transporters do not appear to recognize features in the glycan CPS itself, because KpsMT proteins 

are exchangeable between strains, regardless of the CPS structure (Roberts et al. 1986, Lo et al. 

2001, Silver et al. 2001).
 

 The process(es) by which the polysaccharide ABC exporter engages its substrate is 

unknown. One proposal is that protein-protein interactions promote direct coupling of synthesis 

and export and create a situation where export can begin without recognition of the substrate 

itself (Vimr and Steenbergen 2009). Interactions between synthetic enzymes and KpsTMED have 

been established in E. coli (Rigg et al. 1998, McNulty et al. 2006). Furthermore, KpsC interacts 

with KpsE and the polysialyltransferase, NeuS, suggesting it may couple synthesis and export 

(Steenbergen and Vimr 2008). In E. coli K1, it was shown that KpsCS confer some protection to 

PSA from an intracellularly expressed PSA-specific glycanase (Steenbergen and Vimr 2008), 

leading to the proposal that CPS synthesis occurs in a protected cytoplasmic compartment. 

However, corresponding experiments in the E. coli K5 system were unable to confirm a similar 

situation, despite the conserved export proteins (Hudson et al. 2009). An alternative possibility is 

that the conserved reducing terminal glycolipid provides an export signal. In the absence of the 

glycolipid terminus in mutants lacking KpsCS, non-lipidated CPS accumulates in large electron-

transparent deposits in the cytoplasm (Cieslewicz and Vimr 1996, Vimr and Steenbergen 2009). 

In contrast, CPS accumulating in export deficient mutants (e.g. KpsT) possesses the reducing 
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terminal lipid and accumulates in patches located at the periphery of the cytoplasm in close 

proximity to the membrane (Cieslewicz and Vimr 1996, Willis et al. 2013). The terminal lipid is 

therefore in place before export and the phenotype of the kpsCS mutants is consistent with the 

lipid being essential for export. How might this system regulate chain length? In the absence of 

capping moieties and NBDs containing carbohydrate-binding modules, it is possible that chain 

length regulation is regulated by relative activities of the chain extension enzymes and the ABC 

transporter. This has been proposed for some LPS O-antigen synthesis systems (Kos et al. 2009). 

It then follows that a decoupling of synthesis and export would result in uncontrolled CPS 

synthesis. Consistent with this hypothesis, mutations affecting any of KpsC, KpsS, KpsT or KpsE 

result in higher molecular weight CPS products (Larue et al. 2011).
 

 

1.3.6.2 Final translocation steps via KpsE and KpsD 

 KpsED are thought to facilitate transport of CPS from the periplasmic face of the inner 

membrane to the cell surface. KpsE is a PCP-3 family protein (Cuthbertson et al. 2009, Morona 

et al. 2009). Like all PCP family proteins, KpsE is anchored to the inner membrane with N- and 

C-terminal transmembrane helices. A low-resolution structure of the N. meningitidis PCP-3 

protein (CtrB) reveals large oligomeric (most likely hexameric) structure, possessing a central 

cavity (Larue et al. 2011). The largely α-helical structure of the periplasmic domain extends ~ 

125 Å from the cytoplasmic membrane (Figure 1.3). KpsE interacts with KpsD, the OPX family 

protein (Silver et al. 2001, McNulty et al. 2006), and this interaction is specific for cognate pairs 

of KpsED homologs (Larue et al. 2011). The OPX protein from E. coli group 1 CPS forms an 

octameric outer membrane channel thought to facilitate CPS efflux (Dong et al. 2006). The bulk 

of the group 1 OPX protein is located in the periplasm, where it interacts with the periplasmic 

domain of its cognate PCP-2a protein (Collins et al. 2007). While KpsD and its homologs possess 

a motif shared by all OPX proteins (Cuthbertson et al. 2009), they do not form stable multimers 

in the outer membrane, so their 3-dimensional structures may differ from the group 1 OPX 
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protein. The organization of tripartite efflux pumps has been influential in creating a working 

model for the CPS export system (Figure 1.3). In these, an efflux pump is connected to an outer 

membrane channel such as TolC via an adaptor protein to create a contiguous channel from the 

cytosol to the exterior of the cell (Symmons et al. 2009). Like the ABC transporter, the PCP-OPX 

pairs show no specificity toward the CPS substrate (Rahn et al. 1999, Reid and Whitfield 2005) 

and are perhaps best imagined as a passive conduit to the surface. However, important specific 

interactions do occur between cognate PCP-3/OPX pairs (Larue et al. 2011). 

 

1.4 Function of KpsC and KpsS 

 The last two proteins encoded by the serotype-independent CPS genetic locus are KpsC 

and KpsS (LipA and LipB in N. meningitidis, HcsA and HcsB in H. influenzae, and PhyA and 

PhyB in P. multocida). These proteins are highly conserved but have no assigned function and 

their role has been the subject of some debate. In E. coli K1 and K5 and N. meningitidis group B, 

mutations in either KpsCS (or their homologs) results in intracellular accumulation of CPS 

(Bronner et al. 1993, Cieslewicz and Vimr 1996, Tzeng et al. 2005). This CPS is not lipidated 

(Bronner et al. 1993, Frosch and Muller 1993, Willis et al. 2013), suggesting that KpsCS may be 

involved in synthesizing the phospholipid terminus or transferring the CPS to a phospholipid. In 

E. coli K5, CPSs from ΔkpsCS mutants were also shown to be devoid of Kdo at the reducing end 

(Bronner et al. 1993). However, contradictory reports exist showing that purified CPS contains 

diacylglycerol in the absence of KpsCS and that KpsCS are involved in coupling synthesis and 

export of CPS (Cieslewicz and Vimr 1996, Tzeng et al. 2005). It has also been proposed that 

KpsCS form a protected cytoplasmic compartment in which CPS synthesis occurs (Steenbergen 

and Vimr 2008), though this could not be substantiated in other isolates (Hudson et al. 2009). In 

H. influenzae group b, it has been shown that hcsAB mutants accumulate polymer in the 

periplasm, leading to the suggestion that they facilitate transport through the outer membrane 
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(Sukupolvi-Petty et al. 2006), despite the fact that neither protein contains an signal sequence and 

both have been shown to be cytoplasmic in other strains (Rigg et al. 1998, Whitfield 2006). 

 

1.5 Research objectives 

 The first steps in biosynthesis of capsular polysaccharides synthesized by ABC 

transporter-dependent pathways have been the subject of some debate for the last 50 years. The 

limited amount of the phospholipid terminus (i.e., it represents a very small percentage of the 

intact CPS molecule) and the negatively-charged CPS chain have made this structure intractable 

to existing analytical procedures. The lack of structural information on the phospholipid head 

group and its linkage to the CPS repeat unit prevent elucidation of the synthesis and export of 

these virulence factors. The purpose of this PhD thesis research was therefore twofold: 

 (i) To determine the structure of the glycolipid terminus for capsular polysaccharides 

synthesized by ABC transporter-dependent processes. This required development of new 

methodologies to preserve the linkage between the lipid terminus and CPS repeat unit. The 

hypothesis was that the reducing end of the CPS repeat unit domain is attached  through a Kdo 

residue to a phospholipid terminus. 

 (ii) To determine the initial steps in CPS biosynthesis. The CPS terminus contains a 

phospholipid, so the repeat unit is either synthesized directly on the phospholipid, or on an 

intermediate carrier molecule (such as undecaprenyl phosphate), before being transferred to the 

phospholipid. Since the CPS polymerases use sugars in the repeat unit as substrates, it is likely 

that the endogenous acceptor for these enzymes is a glycolipid containing one or more residues of 

the repeat-unit. KpsC and KpsS are well conserved among isolates containing ABC-transporter-

dependent CPS biosynthesis loci. While they are not predicted to be glycosyltransferases based 

on their sequences, the predicted secondary structure suggests they may contain Rossmann-like 

domains, commonly found in glycosyltransferases.  The hypothesis was that KpsC and KpsS are 
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glycosyltransferases, which participate in synthesis of the glycolipid substrate for the 

polymerases.  



26 

 

Chapter 2. Materials and Methods 

2.1 Bacterial strains and plasmids  

 E. coli EV36 (serotype K1) and N. meningitidis 992B (serogroup B) NRCC4726 were 

gifts from Drs. E. Vimr and W. Wakarchuk, respectively. E. coli Bi8337/41 (O10:K5:H4) was 

obtained from the Statens Serum Institut (Copenhagen).  

 Cloning of KpsCS homologs and their derivatives was performed by PCR amplification 

of genes using primers described in Appendix 1. Purified polymerase chain reaction (PCR) 

products were digested with NdeI and SalI (New England Biolabs) and ligated to pCW 

(Wakarchuk et al. 1994), pCWmalE-thrombin (Bernatchez et al. 2007) or a modified pBAD24 

(Guzman et al. 1995) vector, where the NcoI restriction site in the multiple cloning site was 

removed and replaced with that of NdeI so that the ATG codon within the NdeI restriction site 

provided the start codon. E. coli TOP10 was transformed by electroporation with ligation 

products and then plasmids were used to transform E. coli mutants for complementation and 

expression. Plasmids were verified by sequencing (University of Guelph Laboratory Services) 

and are described in Appendix 1.  

 

2.2 Construction of E. coli ∆kpsC, ∆kpsS, and ∆pldA mutants  

 E. coli K1∆kpsC, ∆kpsS and ∆pldA mutants were made in the E. coli EV36 (K1) 

background using the λ-red recombinase procedure (Datsenko and Wanner 2000, Datta et al. 

2006). Cells were transformed with the helper plasmid pSIM6. PCR products were made 

containing homologous ends and kanamycin resistance derived from the pKD4 plasmid using 

custom primers (obtained from Sigma-Genosys) described in Appendix 1. Cells containing 

pSIM6 were transformed with PCR products and mutants were selected by growth on kanamycin. 

For ΔkpsC and ΔkpsS, the kanamycin-resistance cassette was subsequently removed using 

pKD46. For ∆pldA, no complicating polarity issues were anticipated, so the cassette was left in 
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place. Mutants were confirmed by PCR amplification across the mutation and resistance-cassette 

and sequencing (Laboratory Services, University of Guelph). 

 

2.3 Construction of N. meningitidis ΔlipAB mutant and complementation with kpsCS  

 Allelic replacement was used to make mutants in N. meningitidis 992B. For the ΔlipAB 

mutant, a plasmid containing 1kb of sequence directly upstream of lipA, a gene encoding ErmC 

(erythromycin resistance), 1kb of sequence directly downstream of lipB, and pUC4 (Vieira and 

Messing 1982) was constructed by amplifying each segment with the appropriate restriction 

markers (Figure 2.1A) and performing a four-way ligation. Plasmid was digested with SphI and 

EcoRI and used to transform N. meningitidis 992B by electroporation. Cells were allowed to 

recover at 37°C for 3h, then plated on GC media supplemented with 1% glucose and 3 μg/mL 

erythromycin and grown overnight at 37° with 5% CO2. The resulting mutant was verified by 

PCR amplification and sequencing. 

 For the N. meningitidis ΔlipAB mutant complemented with E. coli K1 kpsCS genes, the 

kpsCS genes were amplified directly from E. coli K1 with appropriate restriction sites and ligated 

into the ΔlipAB plasmid before the erythromycin resistance gene (Figure 2.1B). N. meningitidis  

 

 

Figure 2.1 Plasmid maps for making mutations in N. meningitidis. ermC encodes the 

erythromycin resistance protein. 
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992B was transformed with this plasmid by electroporation, as described above, and the resulting 

mutant was verified by PCR amplification and sequencing. 

 

2.4 CPS detection 

 Bacteriophage K1F-sensitivity was used to detect exported CPS as previously described 

(Larue et al. 2011). Briefly, 8 μL of overnight culture from appropriate E. coli strains was cross-

streaked on LB plates prepared with 50 μL of K1F bacteriophage at 10
10

 pfu/mL) spread over half 

the surface of the media. Plates were incubated at 37°C for 4 h and photographed.  

 Total cellular CPS was detected using immunoblots as previously described (Larue et al. 

2011). E. coli strains grown overnight on plates were re-plated on luria broth (LB) agar 

supplemented with ampicillin and L-arabinose where appropriate and incubated at 37°C for 2 h. 

Cells were resuspended in dH2O and cells from the equivalent of 1 optical density (OD) were 

collected by centrifugation. The cell pellet was washed with 100 μL 70% then 100% ethanol for 

20 min with cells collected by centrifugation in between washes. The cell pellet was air dried, 

then resuspended in 50 μL 10 μg/mL DNaseI, 10 μg/mL RNaseA, 100 μg/mL lysozyme, 2 mM 

MgCl2 and incubated at room temperature for 1 h. To degrade proteins, 50 μL 2X Laemmeli 

SDS-PAGE buffer was added containing 250 μg/mL proteinase K and the samples were 

incubated at 37°C for 1-2 h. The SDS-PAGE gel and running buffers contained 50 mM Tris, 50 

mM 3(N-morpholino)propanesulfonic acid (MOPS), 0.1% SDS and 1 mM 

ethylenediaminetetraacetic acid (EDTA). Either 3 μL (for transfer to Nylon membrane) or 12 μL 

(for transfer to polyvinylidene (PVDF) membrane) of sample lysates was loaded on 5% gels 

containing 3% stacking gels and then separated by electrophoresis at 200 V for 45 min. Samples 

were then transferred to either positively charged Nylon or PVDF at 60 V for 60 min using 

transfer buffer containing 50 mM Tris, 50 mM MOPS and 20% methanol. Immunoblots were 

probed with the polysialic acid (PSA)-specific mouse monoclonal antibody mAb 2-2B, which 

was a gift from Dr. M Apicella and is available through Millipore (EMD Millipore Corp.). PSA 
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was visualized using an horseradish peroxidase (HRP)-conjugated secondary antibody and 

chemiluminescent detection. 

 

2.5 Purification of CPS 

 For CPS purification, E. coli isolates were grown in LB at 37°C for 5 h before harvesting 

by centrifugation. CPS was purified using a modified Cetavlon-based method (Tzeng et al. 2005), 

followed by gel filtration. Hexadecyltrimethylammonium bromide (Cetavlon) was added to a 

final concentration of 1% to precipitate the CPS and the mixture was incubated at room 

temperature for 20 min. The insoluble material was collected by centrifugation at 11 000 ×g for 

20 min at 15°C and then resuspended in 50 mL dH2O. An equal volume of 2 M CaCl2 was added 

to dissociate the CPS-Cetavlon complexes and the mixture was stirred for 1 h. Ethanol was added 

to a final concentration of 25% and the mixture was stirred for 1 h to precipitate nucleic acids 

before the debris were removed by centrifugation at 25 000 ×g for 20 min. The supernatant was 

brought up to 80% ethanol and CPS was collected by centrifugation at 2000 ×g for 10 min. The 

CPS pellet was washed three times with ethanol and twice with acetone, centrifuging at 13 000 

×g for 10 min between washes. After the final resuspension in acetone, the solvent was removed 

using a rotary evaporator. The dried material was resuspended in 20 mM TrisHCl pH 8 

containing 2 mM MgCl2, 10 μg/mL DNase I and 10 μg/mL RNase A and incubated at 37°C for 2 

h. Proteinase K was then added to 20 μg/mL and the mixture was incubated for another 2 h. 

Following enzyme digestion, an equal volume of Tris-saturated phenol was added and the 

mixture was centrifuged at 300 ×g for 5 min. The upper aqueous phase was removed and dialyzed 

for 48 h against 4 mM NH4OAc using SpectraPor 3500 MWCO membrane, to remove residual 

phenol, then lyophilized. To remove any remaining contaminants, the CPS was subjected to gel 

filtration chromatography on a 120 mL Sephacryl S-200 column (GE Healthcare) eluted in 50 

mM ammonium formate. Absorbance was monitored at 230 nm and the void volume was 

collected and lyophilized. 
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 For N. meningitidis, cells were grown on GC plates supplemented with 1% glucose at 

37°C in 5% CO2 for 18 h. CPS was purified by resuspending cells from 20 plates in 300 mL 4 

mM NH4OAc containing 1% Cetavlon and incubating overnight with agitation, instead of lysing 

with the emulsiflex C5.  

 

2.6 Enzymatic digest of purified CPS 

 Phospholipase A reactions were performed in 25 mM TrisHCl pH 8, containing 0.4 

mg/mL bovine phospholipase A2 (Sigma Aldrich, Oakville, ON) at 37 °C for 16 h. 

 For isolation of the glycolipid terminus, purified CPS was digested with endo-acting CPS 

depolymerases. The expression and purification of the K1-specific endoneuraminidase (EndoN) 

has been described previously (Morley et al. 2009). The gene was cloned using the pCWmalE-

thrombin vector (Bernatchez et al. 2007) and expressed at 30°C overnight after induction with 0.5 

mM IPTG. Cells overexpressing MalE-EndoN were resuspended in 20 mM TrisHCl pH 7.4, 200 

mM NaCl, 2 mM EDTA and lysed using an Emulsiflex C5 (Avestin, Ottawa) in the presence of a 

Protease Inhibitor Cocktail pellet (Roche Diagnostics).  The lysate was centrifuged at 27 000 x g 

for 30 min at 4°C to remove cell debris.  The supernatant was treated with DNaseI (20 µg/mL) 

and RNase A (10 µg/mL) in 10 mM MgCl2 on ice for 30 min then centrifuged at 100 000 x g for 

60 min at 10°C. The supernatant was applied to amylose resin (New England Biolabs) 

equilibrated in 20 mM TrisHCl pH 7.5, 200 mM NaCl, 2 mM EDTA.  MalE-EndoN was eluted 

with 10 mM maltose in 20 mM TrisHCl pH 7.5, 200 mM NaCl, 2 mM EDTA. 

 The gene encoding His6-K5 lyase was ordered from GeneArt (Invitrogen Canada Inc), 

cloned into pCW ori
+
 (Wakarchuk et al. 1994) and the enzyme was expressed and purified as 

described elsewhere (Thompson et al. 2010). 

 Purified CPS was digested with the appropriate depolymerase enzyme (MalE-EndoN or 

His6-K5 lyase) in 4 mM NH4OAc at 37°C for 3-5 h and hydrophobic material was isolated from 
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enzyme digests using a SepPak C8 cartridge (Waters); the bound glycolipid was eluted with 70% 

acetonitrile and dried. 

 

2.7 Mass spectrometry (MS) of the CPS terminus  

 The dried glycolipid was resuspended in 50% ethanol and analyzed by liquid 

chromatography (LC)-MS/MS using an Ultimate3000 high performance liquid chromatography 

(HPLC) system (Thermo Scientific) linked to a 4000 Qtrap mass spectrometer (AB/Sciex) at the 

National Research Council Canada (Ottawa, ON).  Chromatographic separation was performed 

on a Kappa BioBasic C18 column (Thermo Scientific) with dimensions of 150 × 0.32 mm. 

Mobile phase A consisted of 10 mM ammonium acetate in water. Mobile phase B consisted of 10 

mM ammonium acetate in methanol. Gradient elution was performed at a flow rate of 8 µL min
-1

. 

The initial composition of the gradient was 50% B and for 3 minutes before a gradient raised the 

composition to 95% B over 1 minute. The gradient was held at 96% B for 26 minutes. At 30 

minutes, the gradient was returned to 50% B to re-equilibrate the column for 10 minutes. 

 

2.8 Composition analysis 

 The glycosyl composition of the K1 and K5 termini was determined at the Complex 

Carbohydrate Research Centre (CCRC), University of Georgia, by preparing the 

trimethylsilylated (TMS)-methyl glycosides with gas chromatography (GC)-MS (electron impact) 

analysis. Samples were dissolved in 1 M methanolic HCl using brief sonication. The sample was 

hydrolyzed for 16 h at 80 °C, and then subjected to N-acetylation and trimethylsilylation, (Tri-Sil 

reagent, Pierce Chem. Co.). The resulting TMS-methyl glycosides were analyzed by GC-MS 

using a 30 m DB-1 capillary column equipped with mass selective detector. For separation of the 

TMS methyl glycoside derivatives, the DB-1 column was programmed from 80°C to 260°C over 

50 min. 
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2.9 Methylation analysis 

 Linkage (methylation) analysis was also performed at the Complex Carbohydrate 

Research Centre. Dried glycolipid was solubilized in dry dimethyl sulfoxide (DMSO) with 

sonication/vortexing prior to methylation. Methylations reactions were performed using the 

sodium hydroxide-methyl iodide procedure (Ciucanu and Kerek 1984), with modifications 

(Anumula and Taylor 1992, Cointe et al. 1998).  As used here, these modifications consist of 

adding the sodium hydroxide slurry in DMSO to the lyophilized CPS samples and reacting for a 

brief period of time (6-7 min), prior to the addition of excess methyl iodide. Following a one hour 

exposure to methyl iodide, the samples were then processed using modifications designed to 

preserve the labile Kdo and NeuAc ketosidic linkages in the following sequence of steps: (i) 

reduction of the Kdo and NeuAc carboxymethyl groups was performed with lithium 

triethylborodeuteride (Superdeuteride, Aldrich) in THF (2 h at room temperature); (ii) mild 

hydrolysis (0.1 M trifluoroacetic acid, 100°C, 30 min) was used to cleave the Kdo/NeuAc-

ketosidic linkages; (iii) reduction of Kdo/NeuAc residues at C-2 carbonyl group was performed 

using NaBD4 in water/ethanol; (iv) normal hydrolysis conditions (2 M trifluoroacetic acid, 105°C, 

1 h) were used to cleave the remaining uronosyl and neutral sugar linkages (in the case of sample 

K5); (v) the newly formed aldehydo-sugars were reduced with NaBD4 in 50 mM NH4OH; and 

(vi) acetylation of the resulting partially methylated alditols was performed in acetonitrile-

pyridine-acetic anhydride containing 4-N,N′-dimethylaminopyridine as catalyst for 3 h at room 

temperature as described (Anumula and Taylor 1992). The resulting permethylated alditol acetate 

derivatives were analyzed by GC-MS (electron impact) using a 30-m SP-2330 capillary column 

(Supelco) programmed from 80 to 250C.  Chemical ionization GC-MS was performed on a 30-

m DB-1 capillary column, and samples were also run on an equivalent DB-1 column in the 

electron impact mode for comparison. 
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2.10 Nuclear magnetic resonance (NMR) spectroscopy  

 Spectra were acquired in D2O at 27°C on an Agilent VNMRS 700 MHz spectrometer 

equipped with a cryoprobe, at the Department of Chemistry, University of Alberta. The spectra 

were referenced to an external standard of acetone (2.22 ppm for 
1
H, 31.07 for 

13
C). 

1
D–

1
H and 

1
H–

1
H gCOSY spectra were obtained for both samples, and a 

1
H–

1
H gTOCSY spectrum was 

acquired for the K1 sample. For the 1D, gCOSY, and gTOCSY spectra, the intensity of the 

residual HOD peak was decreased using a pre-saturation pulse sequence, irradiating at 4.76 ppm. 

The spectral window for the 1D spectra was 8446 Hz (from 10.8 to –1.3 ppm), and a Gaussian 

function was applied interactively to improve the signal-to-noise. Sine-bell functions were 

applied interactively to all the 2D spectra to improve signal-to-noise. The spectral windows for 

the gradient selected correlation spectroscopy (gCOSY) and total correlation spectroscopy 

(gTOCSY) of the K1 glycolipid were 4562 Hz (from 6.5 to 0 ppm) in both dimensions, and the 

spectra were acquired with 600 increments in F1 and 16 transients in F2. The spectral window for 

the gCOSY of the K5 capsule anchor was 5952 Hz (from 8.0 to 0.5 ppm) in both dimensions, and 

the spectrum as acquired with 634 increments in F1 and 32 transients in F2. 

 

2.11 Purification of MalE-KpsCNmΔ70N 

 For protein expression, overnight cultures were used at 1/100 dilution to inoculate LB 

media supplemented with 150 μg/mL ampicillin. Cultures were grown at 37°C for 2 h with 

shaking before inducing with IPTG to a final concentration of 0.5 mM. Induced cells were grown 

at 20°C overnight with shaking and then harvested by centrifugation. Cells were resuspended in 

50 mM NaHEPES, 200 mM NaCl pH 8 and lysed using an Emulsiflex C5 homogenizer. Protease 

inhibitor cocktail (Sigma-Aldrich, Oakville, ON) was added and the suspension was cleared by 

centrifugation at 25 000 ×g for 30 min at 4°C. The supernatant was centrifuged at 100 000 ×g for 

1 h and MalE-KpsCNmΔ70N was purified from the supernatant over 2 mL amylose resin (New 

England Biolabs, Whitby, ON). The column was washed with 20 mL buffer and eluted with 20 
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mL buffer containing 10 mM maltose with collection of 1 mL fractions. Protein purity was 

assessed by SDS-PAGE analysis and the concentration was measured using A280. 

 

2.12 Purification of MalE-KpsSNmΔ10C 

 Cells were resuspended, lysed and centrifuged as described for MalE-KpsCNmΔ70N but the 

MalE-KpsSNmΔ10C protein was in the 100 000 ×g pellet. This pellet was solubilized with 20 mL 

buffer containing 2% n-dodecyl-β-D-maltoside (DDM) (Sigma-Aldrich, Oakville, ON) at 4 °C for 

1-2 h and re-centrifuged at 100 000 ×g for 30 min to pellet insoluble material. The supernatant 

was loaded onto 2 mL amylose resin and washed extensively with buffer containing 0.005% n-

dodecylmaltoside (DDM). MalE-KpsSNmΔ10C was eluted with 20 mL buffer containing 0.005% 

DDM and 10 mM maltose with collection of 1 mL fractions. Protein purity was assessed by SDS-

PAGE analysis and concentration was measured using A280. 

 

2.13 Enzyme assays 

 A coupled reaction was developed using the CMP-Kdo synthetase, KdsB, and the 

acceptor 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

[phospho-rac-(1-glycerol)] (NBD-PG) (Avanti Polar Lipids, Alabaster, AL). The CMP-Kdo 

synthetase, KdsB, was expressed and purified as previously described (Vinogradov et al. 2002). 

Optimized reactions contained 2 mM Kdo, 5 mM cytidine triphosphate (CTP), 0.5 μg KdsB, 0.25 

mM NBD-PG, 50 mM NaHEPES pH 8, 10 mM MgCl2, 0.01% DDM and 4 μg 

KpsCNmΔ70N/KpsSNmΔ10C. The amount of MalE-KpsCNmΔ70N and MalE-KpsSNmΔ10C added was 

calculated such that the KpsCNmΔ70N/KpsSNmΔ10C portions of the fusion proteins were equivalent to 

4 μg. Reactions were incubated at 25°C then stopped with the addition of an equal amount of 

50% acetonitrile, 1% SDS, 10 mM EDTA. Reactions (1 μL) were spotted on Silica gel TLC 

plates and developed with 25:15:4:2 chloroform:methanol:water:acetic acid. Fluorescent substrate 

and products were detected using a hand-held UV lamp. 
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2.14 Assay optimization 

 Because it was possible to observe the intensity of the MalE-KpsSNmΔ10C product by thin 

layer chromatography (TLC), reaction conditions were optimized for this enzyme. The pH of the 

reaction was constrained by the optimum of the KdsB enzyme at pH 9 (Ray et al. 1981) and the 

half-life of CMP-Kdo, which is ~30 min at pH 8 and decreases with increasing pH (Sugai et al. 

1995, Lin et al. 1997). Optimal concentrations of 5 mM CTP and 2 mM Kdo were consistent with 

previous reports (Frirdich et al. 2004). KdsB has a requirement for Mg
2+

 (Ray et al. 1981) and 

addition of Ca
2+

, Co
2+

, Ni
2+

 or Zn
2+

 did not enhance the productivity of the reaction. The amount 

of product did not vary over a large range of KdsB concentrations, suggesting that synthesis of 

CMP-Kdo was not limiting. Indeed, the amount of reaction product did increase with increasing 

MalE-KpsSNmΔ10C concentrations, suggesting that this was one rate-limiting step. Several 

additives were incorporated in an attempt to increase solubility of the NBD-PG substrate to push 

the reaction further. Phosphatidylethanolamine, phosphatidylglycerol and β-octylglucoside had 

no effect on the reaction but DDM increased the amount of product with an optimum of 0.01% 

(w/v). 

 

2.15 Mass spectrometry of in vitro reactions  

 Reactions were partially purified using C18 SepPak cartridge using 70% acetonitrile to 

elute. The samples were dried using a SpeedVac and analysed by LC-MS. Analyses were 

performed on a Dionex UHPLC UltiMate 3000 liquid chromatograph interfaced to anamaZon SL 

ion trap mass spectrometer (Bruker Daltonics, Billerica, MA. A C18 column (Phenomenex 

Kinetix 2.6 micron particle size, 150 mm × 4.6 mm) was used for chromatographic separation. 

The mobile phase gradient was as follows: initial conditions were 80 % methanol in 30 mM 

ammonium acetate hold for 5 min then increase to 100% methanol in 30 min and remain there for 

10 min before returning to initial conditions in 2 minutes, where the flow rate was maintained at 

0.4 mL/min. The mass spectrometer electrospray capillary voltage was maintained at 4.5 kV and 
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the drying temperature at 220°C with a flow rate of 10 L/min. Nebulizer pressure was 40psi. 

Nitrogen was used as both nebulizing and drying gas, helium was used as collision gas at 60 psi. 

The mass-to-charge ratio was scanned across the m/z range 300–3000 in enhanced resolution 

negative-ion auto MS/MS mode. The Smart Parameter Setting (SPS) was used to automatically 

optimize the trap drive level for precursor ions. The instrument was externally calibrated with the 

ESI TuneMix (Agilent). The sample injection volume was 50 µl. 

 

2.16 Electron microscopy 

 E. coli cells from LB agar plates grown overnight were spread on LB agar supplemented 

with appropriate antibiotics and incubated at 37°C for 2 h. Cells were resuspended in 2% 

gluteraldehyde in 0.1 M cacodylate buffer and then washed 4 times in 0.1 M cacodylate buffer. 

The post-fix was done in 1% cacodylate-buffered osmium for 45 min at room temperature, before 

washing in dH2O. The cells were dehydrated using a graded ethanol series, then infiltrated with 

50:50 ethanol:LR White embedding resin (Sigma), and washed twice with 100% LR White.  

Samples were placed in labeled gelatin capsules and polymerized at 60°C before sectioning. 

Sections were placed on copper grids, stained with 1% uranyl acetate (aqueous) then lead citrate. 

Images were taken using a Philips CM 10 electron microscope at 80 kV in the Advanced Analysis 

Facility at the University of Guelph. 

 

2.17 Bioinformatic analysis of Kdo transferases 

 Secondary structure predictions for KpsCNm and KpsSNm were generated using the 

SOPMA secondary prediction method (Geourjon and Deleage 1995). Sequences of hypothetical 

β-Kdo transferases were obtained from NCBI. KpsS was used in a BLAST search 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against genomes from isolates known to contain β-Kdo in 

CPS and LPS. Sequences obtained from NCBI were involved in synthesis of the poly-Kdo linker 

(N-terminal half of KpsC (residues 1-325) from N. meningitidis, AEQ62064.1; N. meningitidis 
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KpsS, YP_854344.1), CPS repeat unit (Actinobacillus pleuropneumoniae Cps5B, 

YP_001054269.1), O antigen repeat unit (Providencia alcalifaciens WpaB, AEB61517.1) and O 

antigen capping residues (Raoultella terrigena WbbB, AAQ82931.1). Using KpsS in an 

unfiltered BLAST search yielded the many homologs of KpsS and KpsC involved in synthesis of 

the poly-Kdo linker so the search was narrowed to genomes from isolates known to contain β-

Kdo in their CPS  and LPS structures. The resulting hits were encoded in CPS and O antigen 

biosynthetic clusters. Alignments were performed using Clustal Omega from EBI; 

www.ebi.ac.uk/Tools/msa/clustalo/.  
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Chapter 3. Conserved glycolipid termini in capsular polysaccharides synthesized by ATP-

binding cassette transporter-dependent pathways in Gram-negative pathogens 

 

3.1 Rationale 

 In order to advance our understanding of the biosynthesis of CPS, it was first necessary to 

determine the precise structure of the lipid terminus and its linkage to the CPS glycan. Mass 

spectrometry analysis of acid-hydrolyzed PSA from E. coli K1 and K92, as well as N. 

meningitidis group B, identified dipalmitoylglycerol as a component but direct covalent linkage 

between the CPS and this lipid has not been established (Gotschlich et al. 1981, Fischer et al. 

1982, Tzeng et al. 2005, Corcoran et al. 2006). Also, from analyses in the literature, there appear 

to be subtle differences between isolates. For example, the E. coli K5 CPS was suggested to have 

a Kdo residue at the reducing end of the polymer but no definitive chemical structures were 

reported (Fischer et al. 1982, Finke et al. 1991). The genetic loci encoding ABC transporter-

dependent CPS assembly pathways in E. coli contain additional copies of genes encoding two of 

the four enzymes in the CMP-Kdo biosynthesis pathway, but the correlation between the 

duplicated genes and the proposed terminal Kdo residue does not represent a unifying feature for 

all bacteria containing these CPS assembly systems because other examples (e.g. N. meningitidis) 

lack the duplication (Whitfield 2006).  

 To fully understand the assembly pathway, it is critical to know the precise nature of the 

lipid terminus and its linkage to the CPS glycan. To that end, the structure of the reducing 

terminus of CPSs from E. coli K1, K5 and N. meningitidis group B was determined, to ask 

whether they possess identical lipid termini.  
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 Mass spectrometry was performed by J. Stupak (National Research Council Canada) and 

the data were analyzed by J. Stupak, J. Li and L.M. Willis. All NMR experiments were performed 

and analyzed by M.R. Richards and T.L. Lowary at the University of Alberta.  Methylation 

analysis was performed at the Complex Carbohydrate Research Center in Athens, Georgia. 

 

3.2 Results 

3.2.1 Identification of a conserved lipid terminus 

 Structural characterization of a lipid terminus and its linkage region is not feasible with 

heterogeneous preparations containing high-molecular-mass CPS glycans. As a result, prior 

studies have investigated material released from CPS preparations treated with acid. Although 

acid hydrolysates yield information on individual components, they provide no insight into the 

linkage. Therefore, we developed a new strategy, which generated highly purified CPS and then 

reduced the contribution of the CPS with specific endo-acting CPS depolymerases. These 

glycanases are tail-spike proteins from E. coli K1 and K5 CPS-specific bacteriophages (Morley et 

al. 2009, Thompson et al. 2010). They rapidly depolymerize purified CPS (Figure 3.1), but leave 

the terminal lipid (and any linker domain) intact and connected to the first few residues of the 

CPS repeat unit. The hydrophobic products from these enzyme digests were purified and analysed 

by MS.  
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Figure 3.1 Alcian blue/silver stained TBE gel of E. coli K1 (A) and K5 (B) CPS treated with the 

K1 endosialidase and K5 lyase respectively. The – and + signs refer to without and with enzyme. 

 

 

 

 

Figure 3.2 Identification of the terminal glycolipid structure isolated from E. coli K1 CPS by 

mass spectrometry. LC-MS data for E. coli K1 CPS terminus shown is representative of three 

separate experiments. All indicated ions correspond to lyso-phosphatidylglycerol attached to a 

poly-Kdo linker and one or more NeuAc residues. The composition of the acyl chain is in 

brackets and the number of Kdo and NeuAc residues in each ion is indicated. The charge of the 

ion is shown next to the letter identifying it. 

 

 

 The LC-MS spectrum of the E. coli K1 terminus showed six major species and several 

minor ones (Figure 3.2). Lyso-phosphatidylglycerol was detected together with an unanticipated 

poly-Kdo linker. As expected, each species contained one or more NeuAc residues from the CPS. 

Ions A/B and C/D corresponded to the calculated masses of lyso-phosphatidylglycerol (lyso-PG) 
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linked to seven Kdo sugars and either two or one NeuAc residue(s), respectively. MS/MS was 

performed on these ions to confirm the assignments (Figure 3.3). The spectrum for ion A revealed 

characteristic ions corresponding to Kdo and NeuAc, in addition to a major ion at m/z 483, 

corresponding to the mass of lyso-PG containing palmitate as the acyl chain. MS/MS/MS of the 

m/z 483 ion confirmed that it was indeed palmitoyl-phosphatidylglycerol, based on the 

characteristic fragment ions: glycerol2-PO4 (m/z 227) and palmitate (m/z 255) (Figure 3.4). Also 

detected in the MS/MS spectrum of ion A were ions corresponding to lyso-PG linked to multiple 

Kdo residues, as well as multiple Kdo residues linked to NeuAc, identifying a poly-Kdo linker 

between the PSA glycan and the lipid moiety. The difference between ions A and B lies in the 

 

 

 

Figure 3.3 LC-MS/MS of key ions from the isolated E. coli K1 CPS. A) LC-MS/MS data for the 

m/z 868.5 ion andB)LC-MS/MS for the m/z 877.5 ion from E. coli K1 PSA CPS (spectrum in 

Figure 3.2). Glycerol and phosphate are designated Gro and P, respectively. 
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Figure 3.4 Identification of lyso-phosphatidylglycerol from the E. coli K1 CPS. LC-MS/MS/MS 

of m/z 483 ion from the E. coli K1 PSA CPS spectrum in Figure 3.3A. Glycerol and phosphate 

are designated Gro and P, respectively. Lyso-phosphatidylglycerol is designated lyso-PG with the 

acyl chain in brackets. 

 

 

identity of the acyl chain; ion A contained C16:0 while B contained C18:1 (Figure 3.3). The same 

was true for ions C and D. In addition to the molecular species containing seven Kdo residues, the 

spectrum also contained ions corresponding to lyso-PG-Kdo5-NeuAcn (labeled E, F, G, and H) 

and lyso-PG-Kdo9-NeuAcn (I and J), where n is one or two NeuAc residues (Figure 3.2). In terms 

of both intensity and number of ions found, the predominant species contained five and seven 

Kdo residues, while nine was less abundant. Interestingly, there were no ions present 

corresponding to two, four, six, or eight Kdo residues. These experiments were repeated with two 

additional independent batches of E. coli K1 CPS. The number of Kdo residues was consistent, 

but one batch contained both lyso-PG and the diacyl PG anticipated from previous reports 

(Fischer et al. 1982, Tzeng et al. 2005) (Figure 3.5).  

 To determine whether the terminal structure is conserved in different genera, CPS was 

purified from N. meningitidis 992B and the lipid terminus was analysed by LC-MS (Figure 3.6, 

Table 3.1). The overall features of the terminus were the same, but subtle differences were seen. 

For example, the acyl chain was more homogeneous (mostly C16:0), and the Kdo5 species was  



43 

 

 

Figure 3.5 LC-MS of diacylated CPS from E. coli K1. A) LC trace of E. coli K1 PSA CPS from 

the only batch of CPS to contain both monoacyl and diacyl species. B) LC-MS of 26-30 min 

(diacylated species). LC-MS of 22-25 min (monoacylated) is the same as Figure 3.2. The 

composition of the acyl chain is in brackets and the number of Kdo and NeuAc residues in each 

ion is indicated. The charge of the ion is shown next to the letter identifying it. 

 

 

 

Figure 3.6 LC-MS of N. meningitidis 992B glycolipid. The composition of the acyl chain is in 

brackets and the number of Kdo and NeuAc residues in each ion is indicated. The charge of the 

ion is shown next to the letter identifying it. Spectrum shown is representative of two separate 

experiments. 
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Table 3.1 Identification of ions in the LC-MS spectra for the terminal glycolipids from E. coli 

K1, N. meningitidis group B, E. coli K5 and E. coli K1 ∆kpsT CPS. 

 

Linker Expected 

m/z 

Observed 

m/z 

Species 

E. coli K1    

Kdo5 937.4 
2- 

937.3 
2- 

l-PG(C16:0)-Kdo5-NeuAc1 

 624.6 
3- 

624.8 
3- 

 

 950.4 
2- 

950.4 
2- 

l-PG(C18:1)-Kdo5-NeuAc1 

 633.3 
3-

  633.8 
3- 

 

 721.7 
3- 

721.7 
3- 

l-PG(C16:0)-Kdo5-NeuAc2 

 1083.0 
2- 

1083.1 
2- 

 

 730.3 
3- 

730.6 
3- 

l-PG(C18:1)-Kdo5-NeuAc2 

 1096.0 
2- 

1096.3 
2- 

 

 818.7 
3- 

818.5 
3- 

l-PG(C16:0)-Kdo5-NeuAc3 
    

Kdo7 771.4 
3- 

771.4 
3- 

l-PG(C16:0)-Kdo7-NeuAc1 

 1157.5 
2- 

1157.5 
2- 

 

 780.0 
3- 

780.2 
3-

 l-PG(C18:1)-Kdo7-NeuAc1 

 1170.5 
2- 

1170.8 
2- 

 

 868.4 
3- 

868.5 
3- 

l-PG(C16:0)-Kdo7-NeuAc2 

 1303.2 
2- 

1303.1 
2- 

 

 877.1 
3- 

877.5 
3- 

l-PG(C18:1)-Kdo7-NeuAc2 

 1316.2 
2- 

1316.6 
2- 

 
    

Kdo9 1015.2 
3- 

1015.4 
3- 

l-PG(C16:0)-Kdo9-NeuAc2 

 761.1 
4- 

762.3 
4- 

 

 1023.9 
3- 

1024.4 
3- 

l-PG(C18:1)-Kdo9-NeuAc2 

 767.7 
4- 

767.0 
4- 

 

    

N. meningitidis serogroup B  

Kdo5 721.7 
3- 

  721.4 
3- 

l-PG(C16:0)-Kdo5-NeuAc2 

 1083.0 
2- 

1082.6 
2- 

 

 730.3 
3- 

730.7 
3- 

l-PG(C18:1)-Kdo5-NeuAc2 

 1096.0 
2- 

1096.4 
2- 

 

 818.7 
3- 

818.4 
3- 

l-PG(C16:0)-Kdo5-NeuAc3 

 915.8 
3- 

915.4 
3- 

l-PG(C16:0)-Kdo5-NeuAc4 
    

Kdo7 868.4 
3- 

  867.9 
3- 

l-PG(C16:0)-Kdo7-NeuAc2 

    

E. coli K5   

Kdo6 853.8 
3- 

853.2 
3- 

l-PG(C16:0)-Kdo6-(GlcNAc-GlcA)2 

 862.4 
3- 

862.1 
3- 

l-PG(C18:1)-Kdo6-(GlcNAc-GlcA)2 

 980.2 
3- 

979.6 
3- 

l-PG(C16:0)-Kdo6-(GlcNAc-GlcA)3 

 988.9 
3- 

988.9 
3- 

l-PG(C18:1)-Kdo6-(GlcNAc-GlcA)3 

 829.5 
4- 

829.3 
4- 

l-PG(C16:0)-Kdo6-(GlcNAc-GlcA)4 

 1106.6 
3- 

1106.0 
3- 

 

 1115.3 
3- 

1115.2 
3- 

l-PG(C18:1)-Kdo6-(GlcNAc-GlcA)4 
    

Kdo8 1000.5 
3- 

1000.2 
3- 

l-PG(C16:0)-Kdo8-(GlcNAc-GlcA)2 

 1127.0 
3- 

1126.7 
3- 

l-PG(C16:0)-Kdo8-(GlcNAc-GlcA)3 

 1135.7 
3- 

1135.7 
3- 

l-PG(C18:1)-Kdo8-(GlcNAc-GlcA)3 

 939.6 
4- 

939.6 
4- 

l-PG(C16:0)-Kdo8-(GlcNAc-GlcA)4 

 1253.4 
3- 

1252.9 
3- 
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Table 3.1 Continued. 

Linker Expected 

m/z 

Observed 

m/z 

Species 

E. coli K1 ∆kpsT   

Kdo5 937.4 
2- 

936.6 
2- 

l-PG(C16:0)-Kdo5-NeuAc1 

 950.4 
2- 

950.2 
2- 

l-PG(C18:1)-Kdo5-NeuAc1 

 721.7 
3- 

721.6 
3- 

l-PG(C16:0)-Kdo5-NeuAc2 

 1083.0 
2- 

1083.0 
2- 

 

 730.3 
3- 

730.7 
3- 

l-PG(C18:1)-Kdo5-NeuAc2 

 1096.0 
2- 

1095.9 
2- 

 

 818.7 
3- 

818.9 
3- 

l-PG(C16:0)-Kdo5-NeuAc3 
    

Kdo7 771.4 
3- 

771.5 
3- 

l-PG(C16:0)-Kdo7-NeuAc1 

 1157.5 
2- 

1158.0 
2- 

 

 1170.5 
2- 

1171.1 
2- 

l-PG(C18:1)-Kdo7-NeuAc1 

 868.4 
3- 

868.0 
3- 

l-PG(C16:0)-Kdo7-NeuAc2 

 877.1 
3- 

877.3 
3- 

l-PG(C18:1)-Kdo7-NeuAc2 
    

Kdo9 1015.2 
3- 

1015.3 
3- 

l-PG(C16:0)-Kdo9-NeuAc2 

 

 

 

 

Figure 3.7 LC-MS of E. coli K5 glycolipid. The composition of the acyl chain is in brackets and 

the number of Kdo and NeuAc residues in each ion is indicated. The charge of the ion is shown 

next to the letter identifying it. Spectrum shown is representative of two separate experiments. 

 

 

predominant in the spectrum. In addition, endosialidase digestion was not as effective in 

comparison to K1 CPS (i.e., all ions contained at least two NeuAc residues). 

 E. coli K5 CPS was investigated to test whether the linker was specific to PSA CPS or a 

more general feature of CPSs synthesized via the ABC transporter-dependent pathway (Figure 
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3.7, Table 3.1). LC-MS revealed the terminal structure was also conserved in this strain but the 

predominant ions corresponded to a Kdo6 species, with minor ions corresponding to a Kdo8 

species. No ions corresponding to an odd number of Kdo residues were found. 

 

3.2.2 Structural analysis of the K1 and K5 glycolipid termini  

 Compositional analysis of trimethylsilylated (TMS)-derivatized hydrophobic moieties in 

the E. coli K1 sample confirmed the presence of C16:0 fatty acids, glycerol, Kdo and NeuAc. To 

identify the linkage of the Kdo residues, methylation analysis of the K1 hydrophobic moiety was 

performed using the Ciucanu and Kerek method with modifications to preserve the linkages of 

NeuAc and Kdo (Ciucanu and Kerek 1984, Anumula and Taylor 1992, Cointe et al. 1998). 

Roughly equal amounts of 1,2,4,6-tetra-O-acetyl-3-deoxy-5,7,8-tri-O-methyl-octitol and 1,2,6,7-

tetra-O-acetyl-3-deoxy-4,5,8-tri-O-methyl-octitol were observed (ratio of 1:1.38), suggestive of 

an alternating polymer of 2,4- and 2,7-linked Kdo (Figure 3.8). A small amount of terminal Kdo 

was also detected, indicative of some hydrolysis in the sample. The presence of characteristic 

fragment ions in electron impact MS confirmed the assignment of 4-, 7- and terminal Kdo species 

and chemical ionization MS confirmed that all molecular ions were consistent with mono-linked 

Kdo. 

 To determine the anomeric configuration of the Kdo residues, the K1 and K5 termini 

were further analyzed by NMR spectroscopy. In the E. coli K1 CPS spectrum (Figure 3.9), the 

NeuAc signals are distinct from the Kdo, with the H3 protons from NeuAc at 1.72 (H3 axial) and 

2.76 ppm (H3 equatorial) (Vliegenthart et al. 1982). Based on the region of the 
1
H–

1
H gCOSY 

and gTOCSY spectra from 1.81–1.92 ppm, there are two species in solution that contain signals 

consistent with Kdo methylene protons (Table 3.2). Both have a difference of >0.5 ppm between 

the axial and equatorial H3 protons, consistent with β-linkages (Fraysse et al. 2005). 

Unfortunately, the ratio between the major and minor signals could not be determined, due to 

spectral overlap inherent in the heterogeneous samples. This also prevented assignment of 
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linkages via NMR. Analysis of the E. coli K5 glycolipid indicated that there are at least five 

species in solution that contain signals consistent with Kdo methylene protons, and these are also 

consistent with β-linkages (Figure 3.10, Table 3.2).  

 

 

 

Figure 3.8 Methylation analysis of E. coli K1 poly-Kdo linker. A) GC-MS spectrum of 

permethylated alditol acetate derivatives. Top (black) line shows total ions and red (bottom) line 

shows selected ion extractions for Kdo derivatives (m/z 206). B) Electron impact MS of terminal, 

4-linked and 7-linked Kdo species showing the fragment ions. 
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Table 3.2 
1
H chemical shifts (ppm) of the two Kdo species in the terminal glycolipid from  

E. coli K1 CPS. 

 

 H3 

axial 

H3 

equatorial 

H4 H5 

E. coli K1    

 1.83
a 

2.44
a 

 3.75
a 

3.99
a 

 1.88
 

2.46
 

 3.71
 

N.D.
b 

     

E. coli K5    

 1.81 2.43 3.74  

 1.85
a 

2.46
a 

3.71
a 

 

 1.89 2.46 3.71  

 1.89 2.55 3.82  

 1.92 2.55 3.81  

     

 1.78
c 

2.41
c 

3.70
c 

3.96
c 

a
Major species 

b
Not determined  

 

c
From (Fraysse et al. 2005) 
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Figure 3.9 NMR spectra of the E. coli K1 CPS terminus in D2O at 700 MHz. 1H NMR spectrum 

(A), expanded 
1
H NMR spectrum (B), 

1
H-

1
H gCOSY spectrum (C), and 

1
H-

1
H gTOCSY 

spectrum (D) of the CPS terminus. 
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Figure 3.10 NMR spectra of the E. coli K5 CPS terminus in D2O at 700 MHz. 
1
H NMR spectrum 

(A), expanded 
1
H NMR spectrum (B), and 

1
H-

1
H gCOSY spectrum (C) of the CPS terminus. 

 

3.2.3 Analysis of the terminal structure in an E. coli K1 ΔpldA mutant  

 The experiments above were performed three times with independent batches of E. coli 

K1 CPS. The number of Kdo residues was consistent, but one batch contained both monoacyl and 

diacyl PG (Figure 3.5). As phospholipids in E. coli are made with two acyl chains, the possibility 

that the lyso-derivatives might result from the action of phospholipase A (PLA) was considered. 

E. coli has two known PLAs, a detergent-sensitive cytoplasmic PLA which acts preferentially on 

PG, and a detergent-resistant outer membrane PLA (OMPLA) (Raetz 1978). Although the gene 

for the cytoplasmic form has not been identified, OMPLA has been well characterized. The 

OMPLA gene (pldA) was therefore deleted in E. coli K1. Initially, only CPS-deficient ΔpldA  
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Figure 3.11 OMPLA is not responsible for generating the lyso-PG moiety. A) Sensitivities of E. 

coli K1 and the ΔkpsS and ΔpldA mutants to bacteriophage K1F. Overnight cultures were spotted 

onto plates which had PSA-specific K1F phage streaked over half the plate. The plates were 

tipped to allow the culture to flow into the phage and then were incubated until streaks appeared. 

Cells that are positive for extracellular PSA do not grow on the side of the plate containing phage. 

B) Overlay of the LC traces showing that CPS from the ∆pldA mutant is monoacylated. The K1 

LC trace from the only batch of CPS which contained diacyl-PG in addition to monoacyl-PG is 

shown as a dotted line and the LC trace for the complemented ∆kpsS ∆pldA mutant is shown as a 

solid line. C) LC-MS of the CPS terminus from the kpsS complemented ∆pldA ∆kpsS mutant. MS 

was performed on the material which eluted at 22-25 min. The composition of the acyl chain is 

identified in brackets and the number of Kdo and NeuAc residues in each ion is indicated. The 

charge of the ion is shown next to the letter identifying it 

 

 

mutants were obtained but their transformation with a plasmid carrying pldA did not restore 

surface capsule assembly (Figure 3.11A), suggesting a second-site mutation. The nature of the 

second site mutation(s) was not pursued. Instead, the pldA mutant was constructed in a ∆kpsS 

background, where CPS is synthesized but not exported to the cell surface (Cieslewicz and Vimr 

1996). Introduction of a plasmid carrying kpsS into the ∆kpsS ∆pldA strain restored surface 

expression of CPS (Figure 3.11A), indicating that PldA is not essential for CPS assembly. The 

LC trace of the lipid terminus in this mutant contained no material at the elution time of the diacyl 

species seen in the K1 parent and MS of the material from 22-25 min revealed only monoacylated 
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PG, indicating that OMPLA is not required for forming the lyso-PG moiety (Figure 3.11B,C). 

The cytoplasmic PLA remains a candidate but we are unable to test this hypothesis without the 

corresponding gene being identified. 

 

3.2.4 Examination of the glycolipid terminus in CPS from mutants with defects in the 

biosynthesis and export pathway 

 To provide insight into the structure of the glycolipid terminus pre-export, we examined 

intracellular CPS accumulated in an E. coli K1 ΔkpsT mutant. KpsT is the polypeptide containing 

the nucleotide-binding domain for the ABC transporter and ∆kpsT mutants produce CPS which 

remains trapped inside the cell (Pavelka et al. 1994). The glycolipid terminus of CPS from the 

∆kpsT mutant is also monoacylated (Table 3.1). 

 KpsC and KpsS are highly conserved proteins in ABC transporter-dependent CPS 

assembly systems. They have been implicated in lipidation of CPS in E. coli, but their exact 

function is unknown (Finke et al. 1991, Frosch and Muller 1993). To determine whether they 

were required for synthesizing the glycolipid terminus, ∆kpsC and ∆kpsS mutants were 

constructed in E. coli K1. The mutants were resistant to K1-specific bacteriophage due to a CPS 

export defect, and each mutant could be complemented in trans, to restore surface CPS (and 

bacteriophage sensitivity), indicating that the deletions are non-polar (Figure 3.12). CPS from 

these mutants was first analyzed by immunoblotting with whole cell extracts and probing with a 

PSA-specific monoclonal antibody. Initial analyses with immunoblots on polyvinylidine 

difluoride (PVDF) membranes yielded a strong signal for the parent CPS but no signal for either 

mutant (Figure 3.13), differing from the established phenotype (Cieslewicz and Vimr 1996). In 

contrast, signal was obtained for all samples when transferred to a positively-charged nylon 

membrane, though the apparent molecular mass of the CPSs from the ∆kpsC and ∆kpsS mutants 
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Figure 3.12 Complementation of E. coli K1 ΔkpsC (ΔC) and ΔkpsS (ΔS) mutants. Cloned genes 

were expressed from an arabinose-inducible pBAD24 vector. Immunoblots are of whole cell 

lysates on either PVDF or positively-charged nylon membranes. Phage sensitivity indicates 

whether the CPS is on the surface of the cells. Immunoblots shown are representative of three 

separate experiments. 

 

 

 

were significantly higher than that of the parent (Figure 3.13A). The higher apparent molecular 

masses are consistent with previous reports for the corresponding mutants (lipA and lipB) in N. 

meningitidis (Frosch and Muller 1993). Similar effects have also been seen in E. coli strains with 

mutations affecting later stages of CPS export (kpsE) (Larue et al. 2011). The reason for this is 

unknown, but it could reflect unregulated chain extension when synthesis and export are 

uncoupled. When purified CPS from the ∆kpsC mutant was processed, no lipid moiety was 

isolated, suggesting the difference in behavior on PVDF-immunoblot reflected a change in 

physical properties (i.e., a decrease in hydrophobicity of CPS in the mutants). The same 

behaviour was obtained when parental K1 CPS was pre-treated with commercial phospholipase A 

(PLA), the enzyme that catalyzes the removal of acyl chains from phospholipids (Figure 3.13B). 

Removal of the acyl chain is apparently sufficient to abrogate binding to PVDF, consistent with 

the conclusion that PSA from ∆kpsC and ∆kpsS mutants lacks the lipid terminus.  
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Figure 3.13 Determination of the lipidation state of E. coli K1 CPS in ∆kpsC and ∆kpsS mutants. 

(A) Immunoblots of whole-cell lysates on PVDF or positively-charged nylon membranes. These 

were probed with the monoclonal α-PSA antibody, mAb 2-2B. While CPS from the parent (K1) 

binds to both membranes, CPSs from the mutants (∆C and ∆S) do not bind to PVDF. (B) PLA 

treatment of purified K1 CPS is sufficient to eliminate binding to PVDF. 

 

3.3 Discussion 

 The E. coli K1 and K5 and N. meningitidis B CPSs were demonstrated to be attached to a 

(predominantly) lyso-phosphatidylglycerol moiety via a unique poly-Kdo linker. Central to this 

discovery was the development of a technical approach to isolate the intact glycolipid without 

resorting to treatment with extreme pH or complicated chemical derivatization. The lipid moiety 

was identical in all three bacteria, but considerable variation was observed in the number of Kdo 

residues both within and between species.  

 PG is the second most common glycerophospholipid in E. coli, accounting for 

approximately 25% and 10% of the inner and outer membrane phospholipids, respectively 

(Ishinaga et al. 1979). The biosynthesis of E. coli glycerophospholipids proceeds through CDP-

diacylglycerol and lysophospholipids, which are comparatively rare, are made from the 

diacylated species through the action of PLA (Raetz 1978). E. coli possesses two PLA activities. 

The known outer membrane OMPLA enzyme (Raetz 1978) was ruled out by the identification of 

lyso-PG in the terminal glycolipid of CPS isolated from the corresponding pldA mutant. 

Detection of lyso-PG at the terminus of intracellular CPS in the kpsT mutant suggests removal of 

an acyl chain prior to export, implicating a currently unidentified cytoplasmic PLA. Earlier 

studies predicted that the terminus of PSA CPS was diacylated, but the parent ion for the intact 
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PG structure was not detected (Gotschlich et al. 1981). A subsequent report clearly shows a 

diacylated phospholipid in N. meningitidis group B CPS (Tzeng et al. 2005). The varying results 

could be explained by the use of different isolates with variation in PLA activities in these 

studies. Collectively, the data suggest that lyso-PG predominates, but CPS export can apparently 

occur with either lyso- or diacyl-PG at the terminus. 

 The lipid terminus has been implicated in mediating attachment of CPS to the cell surface 

to form the capsule (Fischer et al. 1982, Jann and Jann 1990) but the reported acid lability of the 

linkage between the lipid and the CPS (Fischer et al. 1982) may lead to release of material into 

the culture during growth in laboratory conditions, making it difficult to determine the proportion 

of CPS covalently linked to the cell surface in vivo. The presence of a terminal lipid does not 

preclude other factors from participating in surface association of CPSs. For example, one report 

has suggested that E. coli K1 CPS associates by ionic interactions with the lipopolysaccharide 

(LPS) core region (Jimenez et al. 2012). Sequential truncations of the LPS core structure were 

used to define the minimal requirement for CPS binding. However, the effect of these truncations 

on outer membrane integrity was not examined, so it is currently not possible to rule out a 

potentially indirect influence on CPS association. 

 Several reports have suggested that Kdo biosynthesis plays a role in formation of CPS 

synthesized in the ABC transporter-dependent pathway, but the molecular basis has not been 

established (Finke et al. 1991, Cieslewicz and Vimr 1996, Tzeng et al. 2002).  Establishing the 

requirement in E. coli is complicated by CMP-Kdo being essential for LPS biosynthesis and 

viability in wild-type bacteria (Meredith et al. 2006), and by the duplication of genes encoding 

enzymes involved in CMP-Kdo biosynthesis in the kps locus. This limitation does not exist in N. 

meningitidis (Tzeng et al. 2002), where defects in the CMP-Kdo biosynthesis pathway lead to 

significant reductions in the amount of PSA CPS (Tzeng et al. 2002). However, it was not 

determined if the residual CPS was lipidated, nor if it was translocated to the cell surface. 
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 Unravelling the initial steps in biosynthesis of E. coli CPSs in ABC transporter-

dependent pathways has been complicated by conflicting reports concerning the involvement of 

undecaprenol-linked intermediates. Undecaprenyl monophospho-NeuAc has been proposed as the 

acceptor for the glycosyltransferases which synthesize the CPS glycan in the K1 system (Troy et 

al. 1975), invoking an elaborate two-step processes involving transfer of such intermediates to a 

phospholipid (Finke et al. 1991, Tzeng et al. 2002). Presumably such a process would require a 

dedicated “ligase” enzyme and there is no obvious candidate for this. Furthermore, studies in the 

E. coli K5 system could identify no involvement of undecaprenol-linked intermediates (Finke et 

al. 1991). Therefore, it has been proposed that these CPSs are polymerized on a phospholipid-

based acceptor (Andreishcheva and Vann 2006), akin to the Streptococcus pneumoniae type 3 

CPS (Cartee et al. 2005). This hypothesis is now complicated by the existence of the poly-Kdo 

linker. kpsC and kpsS mutants accumulate large aggregates of intracellular CPS (20, 29), but there 

have been conflicting reports in the past as to whether the CPS is lipidated (Frosch and Muller 

1993, Cieslewicz and Vimr 1996, Tzeng et al. 2005); here we provide evidence that these CPSs 

are not lipidated in E. coli. Notably the intracellular aggregates from these mutants lack the 

characteristic membrane association seen in the aggregates of lipidated CPSs produced by export-

deficient mutants (e.g. kpsT) (Cieslewicz and Vimr 1996). Experiments to reconstruct capsule 

synthesis in E. coli backgrounds that lack any capsule biosynthesis genes have shown that KpsC 

and KpsS are essential for de novo synthesis of CPS in an in vitro (membrane preparation) system 

(Andreishcheva and Vann 2006). The difference between the in vivo and in vitro outcomes is 

surprising. One explanation is that lyso-PG-Kdon represents the natural acceptor on which these 

CPSs are polymerized and, in its absence, aberrant initiation may occur in vivo using an unknown 

acceptor, which may not be membrane-associated. If such a scenario occurs, then KpsC and KpsS 

could provide a scaffold to allow proper assembly of lyso-PG-Kdon by other (unknown) 

components. Both proteins have been reported to interact with proteins involved in biosynthesis 
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and export of the final product (Rigg et al. 1998, Steenbergen and Vimr 2008). Alternatively, 

KpsC and KpsS could be CMP-Kdo-dependent glycosyltransferases.  

 Kdo is a component of the conserved region of LPS molecules, which are essential for 

outer membrane integrity and cell viability in Gram-negative bacteria. There is some variability 

across bacterial species in the number and linkages of Kdo residues in this part of LPS, but all 

involve α-linked residues (Raetz and Whitfield 2002). Kdo can also be part of the O antigen 

repeat unit in some species of bacteria, such as Providencia alcalifaciens O36, and in several CPS 

antigens, where is can be either α- or β-linked (Schmidt and Jann 1983, Altman et al. 1992, 

Knirel et al. 2011). Sinorhizobium meliloti strain 1021 rkpZ mutants even produce a “low-

molecular-mass” CPS composed of 8-15 β-(2→7)-linked Kdo residues (Fraysse et al. 2005), but 

the glycosyltransferases responsible for synthesizing these structures have not been determined. 

All Kdo transferases characterized to date are involved in formation of the LPS inner core (CAZy 

GT30 and GT73) from CMP-β-Kdo, and as such, are inverting enzymes  (Cantarel et al. 2009). It 

would not be surprising then that KpsC and KpsS proteins have no significant homology to any 

known Kdo transferase since the poly-Kdo linker for these CPSs contains β-linkages.   

In summary, the reducing termini of representative CPSs from E. coli and N. meningitidis 

were shown to contain lyso-phosphatidylglycerol-poly-Kdo, and that KpsC and KpsS are required 

for its synthesis/addition. These findings begin to explain various contradictory genetic and 

biochemical information and address some open questions for arguably the most influential CPS 

assembly system in microbial glycobiology. I predict that this structure represents a unifying 

feature of all capsules assembled in an ABC transporter-dependent process. 
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Chapter 4. KpsCS are retaining 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) transferases 

involved in synthesis of capsular polysaccharides in Gram-negative bacteria 

 

4.1 Rationale 

 CPSs synthesized by ABC transporter-dependent processes have been shown to be 

anchored in the outer membrane by a glycolipid consisting of phosphatidylglycerol linked to 

multiple Kdo residues (Willis et al. 2013). This glycolipid is conserved across species but nothing 

is known about how it is synthesized. KpsC and KpsS are the only proteins which are also 

conserved among bacteria containing ABC transporter-dependent capsules but they have no 

assigned function (Whitfield 2006, Vimr and Steenbergen 2009). I hypothesized that KpsC and 

KpsS might be the Kdo transferases which synthesize the poly-Kdo linker. 

 

 Dyanne Brewer and Armen Charchoglyan performed the mass spectrometry and Dianne 

Moyles performed the electron microscopy in the Advanced Analysis Centre at the University of 

Guelph. 

 

4.2 Results 

4.2.1 The KpsCS proteins from E. coli and LipAB proteins from N. meningitidis are 

functionally exchangeable  

 Sequence similarities shared by KpsC and LipA (45% identity and 61% similarity) and 

between KpsS and LipB (36% and 56%) have been reported previously (Rigg et al. 1998, Tzeng 

et al. 2005). However, it has not been established whether the proteins are functionally identical, 

so this was assessed in genetic complementation studies. Previous analyses of kpsCS mutants 

were performed with insertionally-inactivated mutants in E. coli K1 strain EV36 and revealed that 

the mutants could synthesize but not export CPS (Cieslewicz and Vimr 1996, Steenbergen and 

Vimr 2008, Vimr and Steenbergen 2009). Complete deletions of the genes in EV36 have been 
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constructed and mutant phenotypes similar to those reported previously have been confirmed. 

The mutants synthesized K1 CPS (Willis et al. 2013) but only the ΔkpsC mutant accumulated the 

characteristic intracellular electron-transparent domains (Figure 4.1) that are reported to represent 

aggregates of unexported PSA (Cieslewicz and Vimr 1996, Tzeng et al. 2005). The ∆kpsC and 

∆kpsS mutants were complemented using plasmids carrying the corresponding E. coli and N. 

meningitidis genes under the control of an arabinose-inducible promoter (Willis et al. 2013) and 

sensitivity to bacteriophage K1F was used to confirm the restoration of surface-assembled PSA. 

Bacteriophage K1F uses the PSA CPS as a required receptor for infection (Gross et al. 1977). The 

activities of the two enzymes are distinct as expression of KpsC could not complement an E. coli 

ΔkpsS mutant, or vice versa to restore bacteriophage K1F sensitivity (Table 4.1). 

 

 

 

 

 

Figure 4.1 Electron microscopy of E. coli K1 (A), ΔkpsC (B), ΔkpsS (C) and ΔkpsT (D). Scale 

bars in panels A and D represent 2 μm, while those in panels B and C represent 1 μm. 
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Table 4.1 Complementation of E. coli ΔkpsC and ΔkpsS mutants as measured by sensitivity to 

K1F phage. 

 
Strain Phage sensitivity 

E. coli K1 + 

ΔkpsC  - 

ΔkpsC + KpsC + 

ΔkpsC + LipA + 

ΔkpsC + KpsS - 

ΔkpsC + LipB - 

ΔkpsS - 

ΔkpsS + KpsS + 

ΔkpsS + LipB + 

ΔkpsS + KpsC - 

ΔkpsS + LipA - 

 

 

 A previous report showed that mutants containing partial deletions of the lipAB genes in 

N. meningitidis resulted in a reduction in PSA production, leaving only ~ 5 % of wild type levels, 

and this polymer was intracellular rather than being exported to the cell surface (Tzeng et al. 

2005). However, in the absence of a complete lipAB deletion, it is possible that residual parts of 

the genes retained in the mutant contributed to the phenotype. A complete lipAB deletion was 

therefore constructed in N. meningitidis. Because there is no bacteriophage for PSA-producing N. 

meningitidis, we analyzed PSA from both systems using immunoblots with an αPSA monoclonal 

antibody. As expected, complementation of E. coli ΔkpsC and ΔkpsS mutants with the 

corresponding gene from either E. coli or N. meningitidis leads to PSA with a size distribution 

resembling that of the parent (Figure 4.2). The same is true for complementation of N. 

meningitidis (Figure 4.3). Cell-free lysate from the ∆lipAB mutant was examined by 

immunoblotting with α-PSA monoclonal antibody and residual PSA was detected, consistent with 

previous reports. The PSA from ∆lipAB possessed a significantly higher average apparent 

molecular mass, suggestive of a significantly longer average PSA chain-length, but it is not 

possible to distinguish size difference in PAGE from altered migration resulting from the absence 

of acylation. When the kpsCS genes from E. coli were inserted into the chromosome (replacing 
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lipAB), the wild-type size distribution of PSA was restored (Figure 4.3). The collective data 

therefore suggests that LipAB serve as functional homologues of KpsCS in the biosynthesis of 

PSA. Given their sequence and functional identity, hereafter we will refer to the homologs as 

KpsC/S proteins, with their sources identified by subscript initials (Ec and Nm for E. coli and N. 

meningitidis respectively). 

 

Figure 4.2 Functional complementation of E. coli ΔkpsC and ΔkpsS mutations using the genes 

from E. coli and N. meningitidis. PSA production was examined in immunoblots probed with 

mAb 2.2B. Expression of the plasmid-carried genes was controlled using an arabinose-inducible 

promoter. The triangles correspond to increasing levels of induction, including repressed (0.4% 

glucose) uninduced, induced (0.001%, 0.01% and 0.1% L-arabinose). Immunoblots shown are 

representative of five independent experiments. 

 

 

Figure 4.3 Functional complementation of a N. meningitidis ΔlipAB mutation by integrating  E. 

coli  kpsCS into the chromosome. PSA production was examined in a western immunoblot 

probed with MAb 2-28. Immunoblot shown is representative of three independent experiments. 
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4.2.2 KpsC proteins contain a duplicated domain 

 Bioinformatic analysis of KpsCNm reveals the first and second halves of the protein share 

45% similarity, as has been reported for the KpsCEc protein (Rigg et al. 1998). However, both 

domains of KpsC have predicted secondary structures similar to KpsS (Figure 4.4). To determine 

whether the two predicted domains of KpsCNm form independently-folding domains in vivo, the 

two halves of the protein were co-expressed from compatible plasmids in the E. coli ΔkpsC 

mutant. Immunoblot analysis showed that neither domain is sufficient for CPS biosynthesis but 

the two domains together are able to reconstitute CPS synthesis (Figure 4.5). K1F phage-

sensitivity confirmed that this CPS is exported to the cell surface. 

 

 

Figure 4.4 Alignment of the predicted secondary structure of KpsCNm1-325 (KpsC1), KpsCNm327-704 

(KpsC2) and KpsSNm (KpsS). Secondary structure predictions were generated using SOPMA. 
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Figure 4.5 Functional complementation of an E. coli ΔkpsC mutant with plasmids encoding 

predicted domains of KpsCNm. The numbers refer to residues from KpsCNm encompassed by each 

polypeptide. PSA production was examined in an immunoblot probed with mAb 2.2B. 

 

4.2.3 Truncation analysis of KpsCNm and KpsSNm 

 To definitively test the hypothesis that KpsC and KpsS might be the Kdo-transferases 

involved in the synthesis of the poly-Kdo linker, an in vitro assay was required using purified 

proteins. Purification of the protein represented the first step. However, overproduction of KpsC 

and KpsS homologs from E. coli and N. meningitidis with various affinity tags yielded insoluble 

and/or unstable proteins, precluding their purification. To overcome this problem, N- and C-

terminal truncations were made for each of the N. meningitidis homologs, creating derivatives 

that could be produced and purified. To determine the amount of protein that could be removed 

without compromising function, the truncated KpsCNm and KpsSNm proteins were engineered 

without tags in the corresponding E. coli ∆kpsC or ∆kpsS backgrounds to assess their ability to 

restore surface PSA assembly. Surprisingly, large amounts of KpsCNm could be deleted without 

compromising its function (at least when overexpressed) (Figure 4.6). In the case of N-terminal 

truncations, 110 residues could be removed without abrogating function, although N-terminal 

truncations larger than 23 amino acids resulted in PSA chains with higher apparent average 

molecular masses than the wild-type product (Figure 4.6).  
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Figure 4.6 Functional complementation of an E. coli ΔkpsC mutation with plasmids encoding 

truncated derivatives of KpsCNm. Truncations were made at the N- (ΔN) and C- (ΔC) termini with 

the numbers identifying the number of amino acids deleted. PSA production was examined in an 

immunoblot probed with mAb 2.2B. Sensitivity to K1F phage (indicated below each lane as +/-) 

was used to detect PSA exported to the cell surface. 

 

 

 Several of these truncated derivatives were fused to N-terminal MalE tags and re-

examined for production, purification and stability. The 70 amino acid N-terminal truncation of 

KpsCNm (MalE-KpsCNmΔ70N) and the 10 amino acid C-terminal truncation of KpsSNm (MalE-

KpsSNmΔ10C) expressed and purified well (Figure 4.7) and were stable at 4 °C for several days. 

 

4.2.4 KpsC and KpsS are CMP-Kdo transferases 

 An in vitro assay was developed to test the activities of the truncated protein derivatives. 

The acceptor in the assay was phosphatidylglycerol (PG), possessing one C18:1 acyl chain and 

one C12:0 acyl chain containing a fluorescent tag (NBD-PG). Since the nucleotide sugar donor, 

CMP-Kdo, is highly unstable (Sugai et al. 1995, Lin et al. 1997), a coupled assay was employed 

to make the 
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Figure 4.7 SDS-PAGE showing the purifications of MalE-KpsCNmΔ70N and MalE-KpsSNmΔ10C. 

Lanes 1 and 2 are the 100 000 ×g supernatant and amylose purified MalE-KpsCNmΔ70N 

respectively. Lanes 3 and 4 are the solubilized 100 000 ×g supernatant and amylose purified 

MalE-KpsSNmΔ10C respectively. 

 

donor in situ from CTP and Kdo using CMP-Kdo synthetase (KdsB). Reaction mixtures were 

incubated at room temperature and then analyzed by thin layer chromatography (TLC) (Figure 

4.8). No reaction products were observed when the acceptor was incubated with either KdsB, 

MalE-KpsCNmΔ70N, or MalE-KpsSNmΔ10C in isolation. However, a novel product was observed in 

reactions containing KdsB and MalE-KpsSNmΔ10C, consistent with the addition of one or more 

Kdo residues. To investigate the structure of the product(s), the reaction mixtures were 

chromatographed over SepPak C18 cartridges to purify hydrophobic material, which was then 

subjected to LC-MS analysis. The same purification and analytical procedures were employed in 

the earlier structural characterization of the hydrophobic terminus of the authentic CPS (Willis et 

al. 2013). As expected, control reactions only contained ions corresponding to the expected mass 

of the acceptor, NBD-PG (Table 4.2). However, the reaction containing KdsB and MalE-  
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Figure 4.8 In vitro biosynthesis of the poly-Kdo linker. Panel A shows a TLC separation of the 

reaction mixtures using NBD-PG acceptor. The enzymes included in each reaction are indicated. 

Panel B illustrates the depletion of the product of MalE-KpsSNmΔ10C by MalE-KpsCNmΔ70N.NBD-

PG was pre-treated with MalE-KpsSNmΔ10C, purified using C18 resin and used in reactions 

containing either MalE-KpsSNmΔ10C and/or MalE-KpsCNmΔ70N. 

 

 

KpsSNmΔ10C also yielded novel ions corresponding NBD-PG-Kdo (Table 4.2), indicating that 

KpsS is in fact a Kdo-transferase. To confirm this conclusion, MS/MS analysis of the m/z 1089 

ion contained both NBD-PG (m/z 869) and Kdo (m/z 219). Also present in the reaction mixture 

was (C18:1)-PG-Kdo, a hydrolysis product of NBD-PG which lost the NBD-C12:0 group. 

Interestingly, no ions were detected which would correspond to the (C18:1)-PG molecule lacking 

Kdo. In contrast, LC-MS analysis of the reaction mixture containing KdsB and MalE-KpsCNmΔ70N 

contained no ions with m/z corresponding to any Kdo-containing product. 

 The reaction mixture containing all three enzymes contained no obvious new product by 

TLC. However, LC-MS revealed products containing three, four and five Kdo residues (Table 

4.2). In all of these species, the phospholipid was the monoacyl (C18:1)-PG, rather than the  
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Table 4.2. LC-MS/MS of products from reactions with MalE-KpsSNmΔ10C and MalE-KpsCNmΔ70N. 

NBD-PG is diacylated phosphatidylglycerol with C18:1 and nitrobenzoxadiazole (NBD)-C12:0 

acyl chains. 

 

 Expected mass Observed mass Species 
   

KpsSNmΔ10C reaction   

 870.0 
1-  

869.8 
1-  

NBD-PG 

 1090.2 
1-  

1089.8 
1-   

NBD-PG-Kdo 

 544.6 
2-  

544.5 
2-  

 

MS/MS of 

m/z 544.5
 2- 

219.2 
1- 

 219.2
 1- 

   Kdo 

870.0 
1- 

 869.6 
1- 

   NBD-PG 

434.5 
2- 

 434.4 
2- 

   NBD-PG 

 730.8 
1- 

 729.6 
1-  

(C18:1)-PG-Kdo 

MS/MS of 

m/z 729.6 
1- 

219.2 
1- 

 219.1 
1- 

   Kdo 

509.6 
1- 

 509.4 
1- 

   (C18:1)-PG 

      

KpsCNmΔ70N reaction    

 870.0 
1- 

 869.7 
1- 

 NBD-PG 

      

KpsSNmΔ10C/KpsCNmΔ70N reaction   

 870.0 
1- 

 869.8 
1-  

NBD-PG 

 1170.1 
1- 

 1169.7 
1-   

(C18:1)-PG-Kdo3 

 584.6 
2- 

 584.4 
2-  

 

MS/MS of 

m/z 584.4 
2- 

219.2 
1- 

 219.1 
1- 

   Kdo 

509.6 
1- 

 509.4 
1- 

   (C18:1)-PG 

729.8 
1- 

 729.5 
1- 

   (C18:1)-PG-Kdo1 

950.0 
1- 

 949.5 
1- 

   (C18:1)-PG-Kdo2 

 1390.3 
1- 

 1389.7 
1-  

(C18:1)-PG-Kdo4 

 694.6 
2- 

 694.4 
2-  

 

MS/MS of 

m/z 694.4 
2- 

219.2 
1- 

 219.2 
1- 

   Kdo 

439.5 
1- 

 439.2 
1- 

   Kdo2 

729.8 
1- 

 729.5 
1- 

   (C18:1)-PG-Kdo1 

950.0 
1- 

 949.5 
1- 

   (C18:1)-PG-Kdo2 

 804.7 
2- 

 804.5 
2-  

(C18:1)-PG-Kdo5 
 

219.2 
1- 

 219.1 
1- 

   Kdo 

MS/MS of 

m/z 804.7 
2-

 

439.5 
1- 

 439.3 
1- 

   Kdo2 

729.8 
1- 

 729.5 
1- 

   (C18:1)-PG-Kdo1 

 1170.2 
1- 

 1169.6 
1- 

   (C18:1)-PG-Kdo3 

 

 

diacyl NBD-PG acceptor; such products would obviously not be detected by TLC. MS/MS 

analysis revealed ions corresponding to multiple Kdo residues and (C18:1)-PG linked to multiple 

Kdo residues (Table 4.2). The simplest interpretation of the collective data was that KpsS adds 

the first Kdo residue to the PG acceptor, creating a substrate for KpsC which can add several Kdo 
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residues. However, the data do not preclude the possibility that KpsC has no Kdo transferase 

activity itself but instead has an activating effect on KpsS. To resolve this question, NBD-PG 

substrate was treated with MalE-KpsSNmΔ10C. The substrate/product was purified by SepPak C18 

and then re-incubated with either MalE-KpsSNmΔ10C or MalE-KpsCNmΔ70N alone and in 

combination (Figure 4.8).  MalE-KpsCNmΔ70N completely consumed the MalE-KpsSNmΔ10C 

reaction product, consistent with the addition of additional Kdo residues. 

 

4.3 Discussion 

 The similarities in the protein sequences of KpsC and KpsS homologs in E. coli and N. 

meningitidis have been recognized for years but differences observed in various mutant 

phenotypes led to the proposal that the CPS biosynthesis pathways in these bacteria were subtly 

different. In these experiments, CPS was synthesized but either exported poorly or not at all. This, 

together with the variable presence of additional copies of genes encoding enzymes involved in 

the biosynthesis of CMP-Kdo, led to a variety of proposed functions for KpsCS including 

lipidation of CPS (Bronner et al. 1993, Frosch and Muller 1993), aiding in transport (Sukupolvi-

Petty et al. 2006), linking synthesis and export (Tzeng et al. 2005) and protecting the polymer 

during synthesis by forming a physical barrier around the CPS (Steenbergen and Vimr 2008). 

Here, we have established that KpsCS are β-Kdo-transferases responsible for the formation of the 

conserved poly-Kdo linker attaching (lyso)PG to the CPS chain. However, the data does not 

preclude the possibility that these enzymes also perform additional structural roles in the multi-

enzyme complex. 

 Much of the work on KpsCS has involved insertionally inactivated genes using 

antibiotic-resistance cassettes (Cieslewicz and Vimr 1996, Tzeng et al. 2005), so the observation 

that KpsCNm forms independently folding domains offers one possible limitation in interpreting 

prior results. Depending on the site of insertion, KpsCNm may retain part or all of its activity, 

potentially resulting in misleading phenotypes. In the absence of KpsC, E. coli K1 makes PSA 
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that is not lipidated (Willis et al. 2013). We proposed that this CPS results from low levels of 

initiation on an aberrant acceptor lacking the hydrophobic character necessary for it to bind a 

PVDF membrane. This is consistent with published in vitro experiments showing that KpsCS are 

required for PSA biosynthesis in membrane preparations (Andreishcheva and Vann 2006), where 

aberrant initiation may not be possible. Like the corresponding E. coli mutant (Willis et al. 2013), 

PSA synthesized by N. meningitidis ΔlipAB accumulates intracellularly (Tzeng et al. 2005) and 

shows an increase in apparent size when compared on nylon membranes, but it differs in its 

ability to bind PVDF. These differences are difficult to interpret without knowledge of the nature 

of the aberrant acceptor(s). Since CPS from complemented E. coli and N. meningitidis ΔkpsCS 

mutants looks identical to the authentic product in immunoblots, and is exported to the cell 

surface, we conclude that KpsC and KpsS are functionally identical in each species and the 

essential features of the biosynthetic pathways for these CPSs are conserved. 

 KpsCNm tolerated removal of a surprisingly large number of amino acids from its N- and 

C-termini without losing activity. The CPS produced in mutants containing these truncated 

derivatives binds PVDF membrane and is properly exported, consistent with the authentic 

acceptor being used. How the truncations affect the distribution of CPS is not clear but variations 

in the PAGE profiles do occur when the amount of KpsC expression is varied (Figure 4.6). In 

ABC transporter-dependent LPS O antigen-biosynthesis, glycan chain length is controlled by one 

of two strategies. E. coli O9a serves as the prototype for O antigens where “capping residues” are 

added to the non-reducing end to terminate polymerization (Clarke et al. 2004, Cuthbertson et al. 

2010, Clarke et al. 2011). The nucleotide-binding polypeptide of the ABC transporter possesses a 

carbohydrate binding module (CBM) which recognizes (only) the terminated polymer and allows 

its export (Cuthbertson et al. 2010). The corresponding nucleotide-binding protein (KpsT) in the 

CPS ABC transporters lack CBMs (Cuthbertson et al. 2010). In other O-antigen system, 

represented by Klebsiella pneumoniae O2a, there is no capping residue or CBM and the O 

antigen chain length is instead controlled by the relative activities of the chain extension enzymes 
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and the ABC transporter (Kos et al. 2009). Like the CPS ABC transporters (Roberts et al. 1986, 

Lo et al. 1998, Silver et al. 2001), the K. pneumoniae O2a transporter shows no specificity for the 

structure of the exported glycan (Kos et al. 2009). KpsC has been shown to interact with the CPS 

polymerase and the export machinery (Steenbergen and Vimr 2008), so it is possible that 

truncations of KpsC abrogate these interactions, essentially decoupling synthesis and export, and 

resulting in “unregulated” polymerase activity. 

 In the assembly of the poly-Kdo linker, KpsS adds the first Kdo residue to a (lyso-)PG 

acceptor using CMP-β-Kdo as the donor sugar. The reaction products from the KpsS reaction 

contained both diacyl (NBD-PG) and monoacyl ((C18:1)-PG) PG, suggestive of the presence of 

phospholipase A (PLA) activity in the reaction. This activity could stem from the KpsS protein or 

could be due to phospholipase A activity which co-purified with the enzyme. E. coli has two 

phospholipase A activities; an outer membrane PLA which has previously been shown not to be 

required for CPS biosynthesis (Willis et al. 2013), and an inner membrane/cytosolic PLA for 

which the corresponding gene has not been identified (Raetz 1978). Lyso-PG was only found as a 

Kdo-substituted product in reaction mixtures and was also not found in reaction mixtures 

containing only KpsS (and not KdsB). It is possible that unmodified lyso-PG does not analyze 

(fly) as well in employed MS conditions but the results may also indicate that PLA activity occurs 

after addition of Kdo.  The lyso-PG product was consistently due to the NBD-C12:0 acyl chain at 

position sn-2 of the glycerol backbone, indicating PLA2 activity (Schaloske and Dennis 2006). 

 Following the activity of KpsS, KpsC is required to add multiple Kdo residues. Authentic 

poly-Kdo linker contains both β-2,4 and β-2,7-linked Kdo and KpsC has two independently 

folding domains, so it is tempting to speculate that these domains possess different linkage 

specificities. Unfortunately, definitively establishing the linage specificities will require more 

reaction product than is produced with the current reaction conditions. The Kdo oligomers 

synthesized by KpsCSNm contained both even and odd numbers of Kdo residues, in contrast to the 

solely odd numbers in the poly-Kdo linker seen in the authentic CPS (Willis et al. 2013). 
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However, the authentic E. coli K5 poly-Kdo linker contains only even numbers of Kdo residues. 

It seems unlikely that the same biosynthetic enzymes have an inherent capacity to form 

oligosaccharides with only odd- or even-numbers of Kdo residues in a different strain 

background. The final result many depend on constraints imposed by other components in the 

assembly system; constraints that become uncoupled in the in vitro reactions. We have proposed 

that a priming enzyme adds the first residue(s) of the CPS repeat unit to the poly-Kdo linker in 

order to create an acceptor appropriate for CPS polymerization (Willis and Whitfield 2013). 

Notably, each CPS biosynthesis locus encodes a serotype-specific protein of unknown function, 

but which share some similarity with glycosyltransferases. NeuE is found in E. coli K1 and K92 

and N. meningitidis groups B, C, W-135 and Y, which all produce PSA. NeuE is required for de 

novo synthesis of PSA in vitro (Andreishcheva and Vann 2006). KfiB and KfoB are found in E. 

coli K5 and K4 respectively, whereas the candidates in P. multocida Types A, D and F are HyaE, 

DcbE and FcbE respectively. Since the poly-Kdo linker contains an alternating oligomer of β-2,4 

and β-2,7 linkages, an initiating enzyme with specificity for one linkage type in its in vivo 

acceptor would effectively result in a linker with only odd or even numbers of Kdo residues. The 

observation that KpsSC transfer Kdo directly to the phospholipid acceptor has implications for 

the overall mechanism of synthesis. The possible role of undecaprenol-linked intermediates has 

been controversial (Whitfield 2006). It seems unlikely that the repeating unit domain of CPS 

would be assembled independently and then transferred to the poly-Kdo linker and there is no 

candidate enzyme for such an activity encoded within the CPS biosynthesis locus. 

 KpsCS are, to our knowledge, the first enzymes demonstrated to be β-Kdo transferases. 

Using the sequence of KpsS as a probe, we found genes encoding putative Kdo transferases in 

genetic loci responsible for production of CPS or O antigens that contain β-Kdo in their 

glycostructures. Sequence alignment shows minimal conservation which is not surprising given 

the variation in linkages and acceptors for these enzymes (Figure 4.9). However, they all contain 

a conserved HP motif similar to one found in some sialyltransferases (Freiberger et al. 2007). The 
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function of the HP motif is unknown but sialic acid, like Kdo, contains a carboxylate at the 

anomeric center. Since the sialyltransferases use an inverting mechanism, the HP motif is not 

likely to be in the catalytic center and determining its role will require further investigation. 

Given these enzymes were not readily identifiable as glycosyltransferases using existing highly-

developed bioinformatics, it may be possible to design inhibitors that target only retaining β-Kdo-

transferases, and not the more prevalent inverting Kdo-transferases involved in LPS biosynthesis. 

Any anti-infective resulting from this approach would specifically target pathogens with capsules 

of this type, while minimizing the killing of commensal bacteria (and the resulting microbiome 

perturbation) and thereby eliminating a common side-effect of treatment with many current 

antibiotics. 

 

 

 

Figure 4.9 Sequence alignment of putative β-Kdo transferases.  Representatives include enzymes 

involved in synthesis of the poly-Kdo linker (N-terminal half of KpsC (residues 1-325) from N. 

meningitidis, NmKpsC1;  N. meningitidis KpsS, NmKpsS), CPS repeat unit (Actinobacillus 

pleuropneumoniae Cps5B, ApCps5B), O antigen repeat unit (Providencia alcalifaciens WpaB, 

PaWpaB) and O antigen capping residues (Raoultella terrigena WbbB, RtWbbB). 
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Chapter 5. Conclusions 

 The structure of the CPS glycolipid terminus was determined and shown to be conserved 

in E. coli and N. meningitidis, regardless of the CPS repeat unit structure. The structure is that of 

lyso-phosphatidylglycerol containing a poly-Kdo linker (Figure 5.1), where the number of Kdo 

residues is odd in E. coli K1 and N. meningitidis group B, and even in E. coli K5. This is the 

second example of a Kdo-containing glycolipid in Gram-negative bacteria and the first of any 

Kdo polymer to have both β-2,4- and β-2,7-linkages. The other poly-Kdo species occurs as a 

“low molecular weight” capsule in S. meliloti ΔrkpZ mutants, consisting of 8-15 β-2,7-linked Kdo 

residues (Fraysse et al. 2005). Characterization of the glycolipid terminus resolved decades of 

conflicting results and speculation in the literature concerning ABC transporter-dependent 

capsule assembly. 

 

 

 

Figure 5.1 Structure of the conserved reducing terminal glycolipid found in CPSs from E. coli 

and N. meningitidis. There is some variation in the acyl chain depending on the isolate, and data 

suggest it is at position 1 of the glycerol backbone (the phosphate is position 3). The hydroxyl in 

the glycerol head group serving as the point of attachment for the poly-Kdo linker has not yet 

been established experimentally. 

 

 

 The power of the method for determining the structure of the glycolipid terminus is also 

its limitation. In order to preserve the linkage between the CPS repeat unit and the lipid, while 

removing interference from the high molecular mass CPS, a CPS-specific hydrolase enzyme was 

employed. It was necessary to use endo-acting enzymes in order to preserve the attachment of the 
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first few CPS repeat unit residues to the glycolipid terminus. With this, it could be shown 

conclusively that the glycolipid was indeed derived from CPS, and not isolated during the 

purification process. These enzymes come from naturally-occurring E. coli bacteriophages which 

are well characterized for the E. coli K1- and K5-specific phage (Morley et al. 2009, Thompson 

et al. 2010). However, there are few well-described bacteriophages which target other CPS 

structures and of these, the hydrolase enzymes are not well characterized. Because of this, it will 

not be easy to expand the inventory of structures of CPS glycolipid termini without other 

bacteriophages. It may be possible to isolate other CPS-specific phage, as was done for the E. coli 

K1-specific bacteriophage (Vimr et al. 1984), in order to facilitate this research. There are also 

endo- and exo-acting enzymes from systems other than bacteriophage which may then be 

employed for analysis of other CPS terminal glycolipids, such as the eukaryotic chondroitinase 

and hyaluronidase and these may be applicable to some CPSs.  

 In the future, it may not be necessary to ensure the CPS repeat unit remains attached as 

this work provides a precedence for Kdo-containing glycolipids in Gram-negative bacteria where 

KpsSC are present. However, not all CPSs synthesized in ABC transporter-dependent pathways 

follow the same route, and biosynthesis of Vi antigen CPS in Salmonella enterica serovar Typhi 

provides a notable exception. Whereas it possesses the characteristic export machinery 

(Virlogeux et al. 1995, Wetter et al. 2012), S. Typhi has no homologs of kpsCS but it does 

possess a gene (vexE) whose product shares some similarity with acyltransferases. VexE is 

required for surface association of Vi CPS but is apparently dispensable for Vi export (Virlogeux 

et al. 1995, Wetter et al. 2012). It is not known whether Vi CPS actually possesses a terminal 

lipid of any form, nor have the GTs been clearly resolved. It remains to be seen whether there are 

other examples of systems, like Vi CPS, that have yet to be identified. However, the differences 

to prototypical ABC transporter-dependent CPS biosynthesis systems merit investigation. 

 In addition to determining the structure of the glycolipid terminus, the Kdo transferases 

that synthesize the poly-Kdo linker were also identified. KpsS and KpsC are encoded within the 
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capsule genetic locus and they have no similarity to any protein of known function. Both KpsS 

and KpsC were shown to be Kdo transferases, with KpsS transferring the first Kdo residue to 

phosphatidylglycerol, followed by the addition of several more catalyzed by KpsC. These are the 

first characterized retaining CMP-β-Kdo transferases.  

 A limitation inherent to the in vitro assays for KpsSC is the nature of the donor sugar. 

The short half-life of CMP-β-Kdo and consequent necessity for a coupled reaction precludes even 

a basic characterization of KpsS and KpsC in terms of metal dependence, pH preference, kinetic 

parameters, etc. There are derivatives of CMP-β-Kdo which are more stable, such as the CMP-5-

deoxy-β-Kdo (Lin et al. 1997), but it is not known if these will serve as donors/acceptors in this 

system. 

 In reaction mixtures containing NBD-PG and KpsS, the most acceptor converted to the 

NBD-PG-Kdo product was only 1-2% based on the product observed by TLC (Figure 4.8). When 

the lipid moieties from a reaction with KpsS were re-isolated and incubated with fresh reaction 

components (including KpsS), no significant increase in the amount of product was observed. 

This suggests that the small amount of product is not due to the generation of inhibitory 

molecules (i.e., CMP or PPi) unless the NBD-PG-Kdo product is itself inhibitory. It is 

conceivable that the equilibrium of this particular reaction lies heavily toward unmodified PG, 

since PG is the second most common phospholipid in E. coli membranes and has a functional role 

outside of simply being a terminus for CPS (Ishinaga et al. 1979). However, the data do not 

preclude the possibility that diacyl-PG is a poor, possibly non-physiological, acceptor for KpsS 

which may prefer a lyso-PG substrate. Aside from preventing elucidation of the sequence of 

events involved in initiating synthesis of the poly-Kdo linker, the difficulty in synthesizing 

significant quantities of NBD-PG-Kdo, as well as the relative insensitivity of the NBD 

fluorophore, make it difficult to characterize KpsC and downstream reactions at the desired level 

of detail. Better substrates (i.e., ones that can be completely converted to product, are more 
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soluble and have stronger, stable fluorophores) will enhance our ability to study these enzyme 

activities. 

 

5.1 A new model for CPS biosynthesis 

 Discovery of the structure of the CPS glycolipid terminus and characterization of the 

Kdo-transferases involved in its synthesis has allowed us to propose a new model for CPS 

biosynthesis (Figure 5.2). The proposed model is as follows: 

 (i) KpsS catalyzes transfer of the first Kdo residue in the poly-Kdo linker using CMP-β-

Kdo as a donor sugar and either diacyl- or monoacyl phosphatidylglycerol as a substrate. At some 

point before export the second acyl chain is removed by a currently unidentified phospholipase A. 

 (ii) KpsC catalyzes the addition of multiple Kdo residues to the product of the KpsS 

reaction using CMP-β-Kdo as a donor sugar. 

 

 

 

 

Figure 5.2 New model for CPS biosynthesis. Phosphatidylglycerol is depicted as red rectangles, 

Kdo as green diamonds and CPS repeat unit sugars as grey hexagons. Abbreviations are 

phospholipase A (PLA), glycosyltransferase (GT), polysialyltransferase (PST), hyaluronan 

synthase (HAS), chondroitin synthase (CS) and heparosan synthase (HS). Potential initiating GTs 

from different systems are listed below the protein.  
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 (iii) An initiating enzyme transfers the first residue(s) of the repeat-unit to the poly-Kdo 

linker. Each serotype-specific gene cluster contains at least one gene encoding a candidate 

initiating glycosyltransferase. Examples include neuE in the prototype system E. coli K1 and 

hyaE in P. multocida Type A. These enzymes share some similarity to other glycosyltransferases. 

The specificity of this enzyme for either β-2,4- or β-2,7-linked Kdo determined whether the poly-

Kdo linker will contain odd or even numbers of Kdo residues. 

 (iv) Polymerizing GTs synthesize the CPS repeat-unit.  

 (v) The polymer is exported through the inner and outer membranes by a transenvelop 

complex consisting of the ABC transporter, PCP-3 and OPX proteins. 

 The observation that KpsSC transfer Kdo directly to the phospholipid acceptor has 

implications for the overall mechanism of synthesis. The possible role of undecaprenol-linked 

intermediates has been controversial (Whitfield 2006). It seems unlikely that the repeating unit 

domain of CPS would be assembled independently and then transferred to the poly-Kdo linker 

and there is no candidate enzyme for such an activity encoded within the CPS biosynthesis locus. 

 

5.2 Future directions 

  This work has contributed significantly to our understanding of the structure and 

biosynthesis of this important class of CPSs. It has also generated more avenues of research to be 

investigated, as discussed below. 

 

5.2.1 What is the nature and specificity of the PLA activity?  

 Of all the CPS termini analyzed, only one sample contained diacylated material, 

suggesting either that the Kdo transferases are specific for lyso-phosphatidylglycerol or that PLA 

is very active on PG-Kdo. Nothing is known about the cytoplasmic/inner membrane PLA except 

that it has measurable activity in extracts (Raetz 1978), which may actually represent more than 

one enzyme. Since PLA activity was measured in in vitro assays with KpsS, it is possible that 
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either KpsS contains PLA activity, or that an enzyme with PLA activity co-purified with KpsS. 

However, alignment of KpsS with the two domains of KpsC shows that KpsS does not contain an 

extended domain that might account for another activity, suggesting that the latter scenario is 

more likely.  

 It may be possible to discover the source of the PLA activity using the NBD-PG 

substrate. It was noted that lysates caused significant degradation of NBD-PG and it was only 

upon purification of the proteins that the substrate remained stable. The predominant fluorescent 

hydrolysis product migrated with the solvent front, consistent with a PLA-liberated acyl-

fluorophore (data not shown). This has the potential for use as an assay for detection of PLAs. 

Using the E. coli ΔpldA mutant (OMPLA) from this study, basic protein fractionation could be 

performed, monitoring fractions for PLA activity using NBD-PG in the TLC-based assay. 

 

5.2.2 KpsC domains 

 As the poly-Kdo linker contains two different Kdo linkages and KpsC contains two 

highly similar domains, it is likely that each domain makes a specific linkage. However, it does 

not preclude the possibility that one domain is catalytically inactive and performs a structural role 

while the other makes both linkages. For example, the E. coli K92 polysialyltransferase makes 

alternating α-2,8/α-2,9 linkages using one active site and can be converted to making solely α-2,8 

linkages simply by exchanging the first 100 amino acids with those of the E. coli K1 

polysialyltransferase (Steenbergen and Vimr 2003). The simplest method for determination of the 

domain activities is to express and purify each domain separately, then determine whether each 

can transfer Kdo to PG-Kdo by TLC and LC-MS. NMR would provide insight into the linkage of 

the PG-Kdo2 product but a more robust assay yielding higher amounts of reaction product is 

required. If one domain requires the other for activity, as seen in several of the CPS GAG 

polymerases (Sugiura et al. 2010, Sobhany et al. 2012), then it will obviously be more difficult to 

determine their activities. Without knowledge of the active site residues, there is no way to 
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generate a protein where one putative catalytic site is rendered inactive. For example, neither 

KpsC domain contains a DXD or EX7E motif which has been exploited in other multi-domain 

glycosyltransferases, such as the CPS CS and HAS polymerases and the LPS O antigen 

mannosyltransferases (Jing and DeAngelis 2003, Greenfield et al. 2012). However, both domains 

of KpsC contain a conserved HP motif which has been shown to be important for activity of 

polysialyltransferases (Freiberger et al. 2007). Simple mutation of the HP motif followed by 

complementation in the ΔkpsC mutant will indicate whether this motif is also important for 

activity of retaining Kdo transferases. 

 

5.2.3 Activity of the initiating enzymes (NeuE, KfiB, KfoB, HyaE, DcbE and FcbE) 

 Once KpsCS synthesize the poly-Kdo linker, there needs to be some mechanism for 

synthesis of the CPS repeat unit. There is precedence for the process by which short primers are 

used as substrate for polymerase enzymes, both in polysaccharide biosynthesis and in other 

systems (Kuchta and Stengel 2010, Swoboda et al. 2010, Greenfield and Whitfield 2012). While 

the CPS GAG synthases do not require a primer in order to make high-molecular-mass CPS in 

vitro, they are significantly more active on short CPS segments than on free monosaccharides 

(Sismey-Ragatz et al. 2007). It may be possible to direct them to synthesize CPS on the poly-Kdo 

substrate by colocalizing the CPS GAG synthases with other biosynthetic machinery, i.e., KpsCS 

or the ABC transporter proteins. However, simple co-localization would not be sufficient to 

generate PSA CPS, because the polysialyltransferases require a sialic acid primer before they can 

elongate PSA (McGowen et al. 2001, Steenbergen and Vimr 2003, Willis et al. 2008). There is 

one final gene in the E. coli K1 CPS genetic locus for which the function is unknown. NeuE is 

conserved in bacteria which make PSA capsules, including E. coli K1 and K92, N. meningitidis 

groups B, C, W-135 and Y, and M. haemolytica A2 . Like KpsCS, NeuE shares no similarity to 

any protein of known function and is not predicted to be a glycosyltransferase based on primary 

sequence analysis. However, ΔneuE mutants have the same phenotype as ΔkpsCS mutants in that 
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they accumulate intracellular CPS which is not exported to the cell surface (Andreishcheva and 

Vann 2006, Steenbergen and Vimr 2008, Hobb et al. 2010). 

 There is also a corresponding “unknown” protein encoded by each of the GAG capsule 

loci for which there is no known function. The proteins are KfiB in E. coli K5, KfoB in E. coli 

K4, HyaE in P. multocida Type A, DcbE in P. multocida Type D and FcbE in P. multocida Type 

F. Not surprisingly, given that the CPS repeat units are structurally related, these proteins share 

38-57% similarity with one another but no similarity to the NeuE proteins in the PSA systems 

(Figure 5.3). These proteins share some similarity with other GTs. 

 

 

 

Figure 5.3 Sequence alignment of putative initiating enzyme for the GAG CPS systems. The 

proteins are from E. coli K4 (KfoB) and K5 (KfiB), and P. multocida Type A (HyaE), Type D 

(DcbE) and Type F (FcbE). The sequence alignment was generated using ClustalO. 

 

 

 In the three systems investigated, E. coli K1, K5 and N. meningitidis group B, there was 

an absolute preference for either odd or even numbers of Kdo residues. In contrast, KpsC did not 

display specificity for the length of the poly-Kdo linker in in vitro reactions, in that KpsC was 



81 

 

able to make oligomers containing both odd and even numbers. Together with the fact that the E. 

coli K1 and K5 KpsC proteins share 96% identity, this suggests that some other factor is 

influencing specificity in the length of the poly-Kdo linker. It is possible that protein-protein or 

protein-lipid interactions in vivo constrain the orientation of KpsC relative to the initiating 

enzyme, resulting in the specific distribution pattern observed. Another possibility is that the 

initiating enzyme has a preference for either β-2,4- or β-2,7-linked Kdo. Because the linker is an 

alternating polymer, specificity for one of the two linkages would result in either odd or even 

numbers of Kdo residues. 

 Testing of this hypothesis is relatively straight-forward in theory. If one uses a CPS 

consisting of a homopolymer like PSA, then the first residue transferred by the initiating enzyme 

is unambiguous. MS analysis of a reaction containing the three, four and five Kdo product of the 

KpsCS reaction, NeuE and CMP-NeuAc will reveal not only whether NeuE is a sialyltransferase, 

but also whether the enzyme has a preference for the number of Kdo residues in the substrate. 

The challenges stem from the small quantities of PG-Kdon made in the KpsCS reaction, the 

insolubility of NeuE (data not shown) and the difficulty in separating product from other reaction 

components. A better (synthetic) substrate for the KpsCS reaction could potentially overcome 

both the issues with small quantities of KpsCS product as well as the difficulties in isolating the 

product and it may be possible to engineer a more soluble form of NeuE through deletion 

analysis, as was done for KpsC and KpsS. 

 It follows that if the activity of these proteins as initiating glycosyltransferases is 

confirmed, it will be necessary to determine whether the CPS polymerases can elongate the 

resulting glycolipid. 

 

5.2.4 Localization to a multi-protein complex 

 Many interactions have been described between proteins involved in CPS biosynthesis 

leading to the generally accepted principle that it occurs in a large multi-protein complex (Rigg et 
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al. 1998, Hodson et al. 2000, Steenbergen and Vimr 2008, Vimr and Steenbergen 2009). In E. 

coli K5, the enzymes which synthesize the repeat unit, KfiA, KfiC and potentially KfiB, form a 

complex, which is targeted to the membrane via KfiB (Hodson et al. 2000). In E. coli K1, the 

polymerase is coupled to other biosynthetic machinery and the export complex through 

interactions with KpsC (Steenbergen and Vimr 2008). The export complex itself is held together 

through interactions between cognate PCP and OXP proteins (Larue et al. 2011). However, many 

questions remain as to the function of the multi-protein complex. Does it play a role in chain 

length regulation? Does it cause the coupling of synthesis and export or perhaps the sequestering 

of mature CPS close to the ABC transporter? Does it truly form a protected compartment in 

which CPS is synthesized? These questions and more merit further investigation into the structure 

and localization of this potential complex. 

 

5.3 Application of the research to new potential therapeutics 

 Antibiotic resistance represents a massive problem worldwide for the treatment of 

infectious diseases (Pitout 2012, Shin and Kim 2012, Palmer and Kishony 2013). In addition, the 

newly discovered importance of microbiome activity and stability has led to a conflict between 

the call for new antibiotics and the need to limit the use of those antibiotics to avoid perturbations 

of the microbiome and spreading of resistance (Looft and Allen 2012, Ubeda and Pamer 2012). 

There is currently an overwhelming need to develop novel therapeutics that specifically target 

harmful pathogens, while leaving commensals untouched. 

 Capsules synthesized via ABC transporter-dependent pathways represent an ideal target 

for therapeutic intervention because they are only present in pathogens and are required for 

disease. However, the numerous different serotype structures makes enzymes involved in 

biosynthesis of the CPS repeat-unit a poor target. The discovery of a conserved structure in these 

CPSs has provided new possibilities for therapeutic targets, i.e., KpsCS. 
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 In addition to the requirement of capsule for virulence, there are a number of reasons that 

the KpsCS would make good targets. Firstly, Kdo is not found in mammals and the related 

sugars, Ko and Kdn, are also not widely distributed, so inhibitors are less likely to affect essential 

host processes. Whereas α-linked Kdo is present in the LPS of all pathogenic and commensal 

Gram-negative bacteria, β-linked Kdo appears to be exclusive to pathogens (Knirel et al. 2011). 

As mentioned previously, the active site architectures of inverting and retaining Kdo-transferases 

are likely to be quite different and it may be possible to design inhibitors which are specific for 

one of the mechanisms (Lairson et al. 2008). 

 As far back as the late 1980s, inhibitors of the CMP-Kdo synthetase were designed in an 

attempt to destabilize the outer membrane and inhibit growth of Gram-negative bacteria. The 

successful inhibitors included 2-deoxy-Kdo and 8-amino-Kdo (Luthman et al. 1987, Hammond 

1992), but in order to facilitate their uptake into the bacterial cell, it was necessary to attach an L-

ala-L-ala-NH moiety to Kdo at C8. The di-peptide moiety allows the pro-drug molecule to be 

taken up by the peptide transporter where the peptide is then hydrolyzed and the inhibitor is 

liberated (Goldman et al. 1987). Unfortunately, the instability of peptide-derived-inhibitors in 

tissues made it unfeasible to use these compounds as antibiotics. 

 It may be possible to design specific inhibitors, such as 7-deoxy-Kdo, which would be 

transferred by KpsS but not elongated by the β-2,7-Kdo-transferase domain of KpsC. However, 

ideal molecules would be transition-state analogues inhibiting both Kdo-transferases to make it 

more difficult to accumulate mutations generating resistance. Discovery of inhibitors of CPS 

biosynthesis is amenable to high-throughput screening. Those that specifically target CPS 

biosynthesis would allow bacteria to grow normally in media (as measured by OD600), and 

subsequent quantitation of CPS in whole cells can be performed either by ELISA using α-CPS 

antibodies or by use of GFP-tagged lectins which recognize the CPS repeat-unit (Jokilammi et al. 

2004). However, a robust new generation in vitro assay for KpsSC would be preferable. 
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5.4 Closing Remarks 

 This work has settled a number of long-standing controversies, including the presence of 

Kdo at the reducing end of CPS, the absence of undecaprenol-linked intermediates in its 

biosynthesis, and functions of KpsCS as retaining Kdo-transferases. It has made significant 

contributions to the understanding of CPS biosynthesis in many Gram-negative pathogens, 

providing an excellent example of how basic research can yield promising therapeutic targets. 
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Appendix A. List of primers. 

Table A.1 List of primers used in this study. 

 

Purpose 

 

Sequence 

 

ΔkpsC forward 

 

5'CCCCAGCATGCCTGGAAAAAGTGCGCGCCCTGATGGCACAG

GAACTGGCTGAAAACGCATAAGTGTAGGCTGGAGCTGCTTC 

 

ΔkpsC reverse 5'GTGCATTACCTTGCATAAATAATTTGCGTAATAGTCAACTAT

GAAATTGTCATATGAATATCCTCCTTAG 

 

ΔkpsS forward 5'GGTCAGATTTGGCTAAACAATTTCATAGTTGACTATTACGC

AAATTATTTATAAGTGTAGGCTGGAGCTGCTTC 

 

ΔkpsS reverse 5'TTATGTTACTTTTCTTTGAAGAGGATGGAAATGATTTTTTGG

CTACTTAAAATTCAAAAGATATTGACTTGAAATCATATGAATA

TCCTCCTTAG 

 

ΔpldA forward 5'ATGCGGACTCTGCAGGGCTGGTTGTTGCCGGTGTTTATGTTG

CCTATGGCAGTGTAGGCTGGAGCTGCTTC 

 

ΔpldA reverse 5'TCAAAACAGGTCGTTTAGCATAACTCCCACACCAACGCGGG

TCTGGTTGCATATGAATATCCTCCTTAG 

 

NmB 1kb upstream 

forward 

 

5'GCAGGAGCAGCATGCCAACGGCCCAAATCCGATTGGGC 

NmB 1kb upstream 

reverse 

5'GCAGACGAAGGATCCTCTTTCAGACGGCCTGAATTATTTTT

AAAACG 

 

ermC forward 5'GCAGGAGCAGGATCCCACGTCGACAATGCACTAATGCCTTA

AAAAAACATTAAAG 

 

ermC reverse 5'GCAGGAGCATCTAGATTACTTATTAAATAATTTATAGC 

 

NmB 1kb 

downstream forward 

5'CATCAATCTAGACTTAGCGAAGGAAGTTCAGGCCGTC 

 

 

NmB 1kb 

downstream reverse 

5'GCAGGAGCAGAATTCCCTTATCGGCGGCACGACGATACC 

 

 

kpsCS in NmB 

forward 

5'GCAGGAGCAAGATCTATGATTGGCATTTACTCGCCTGGC 

 

 

kpsCS in NmB 

reverse 

5'GCAGCCGACTCGAGCTATTAATATATATTATGTTGGCAG 

 

 

EndoN forward 5'GGCGGACATATGGCTAAAGGGGATGGTGTCACTG 
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Table A.1 Continued. 

 

Purpose Sequence 

EndoN reverse 5'GGCGGAGTCGACCTATTACTTCTGTTCAAGAGCAGAAAGTC 

 

KpsCNm forward 

 

5'GCAGCCGCACATATGTTCCTCTTTTCAGACGGCCTACAATCC 

KpsCNm reverse 5'GCAGCCGAGTCGACCTATTATTTGAAAGATCGATATAGTTG

TTTG 

 

KpsSNm forward 5'GCAGCCGCACATATGAAACAGACCGTCCTCAAAAATAACCT

GC 

 

KpsSNm reverse 5'GCAGCCGAGTCGACTTATCAGATTACTGGTGTGGAAGAGTT

GG 

 

KpsCEc forward 5'GCAGCCGCACATATGATTGGCATTTACTCGCCTGGC 

 

KpsCEc reverse 5'GCAGCCGAGTCGACCTATTAGCCAAATCTGACCTTACAGAA

C 

 

KpsSEc forward 5'GCAGCCGCACATATGCAAGGTAATGCACTAACCG 

 

KpsSEc reverse 5'GCAGCCGAGTCGACCTATTAATATATATTATGTTGGCAG 

 

KpsCNmΔ32C reverse 5'GCAGCCGAGTCGACTTATCATATCAGGATTTGGGCTGCGG 

 

KpsCNmΔ23N forward 5'GAAGACGAAGACCATATGGCCTACATCCCCTCTCGCGGCAT

CCG 

 

KpsCNmΔ70N forward 5'GAAGACGAAGACCATATGTTTGCCGCTGAACACCAGCTTCC

C 

 

KpsCNmΔ50N forward 5'GCCGCAGACCATATGGGGAAAGAAGCAGAGGCTGTTG 

 

KpsCNmΔ90N forward 5'GCAGCCGCACATATGCTCGGACTGGGTGTCGCCGGTTATC 

 

KpsCNmΔ110N forward 5'GCAGCCGCACATATGTACTACGACACCACACGTCCTTCGCG 

 

KpsCNmΔ131N forward 5'GCCGCAGCACATATGTCTGAAACCTTGGCTCAGGCGCAGC 

 

KpsCNmΔ15C reverse 5'GCAGCCGAGTCGACTTAGGCAAAGCACCCGCGATGTAATCC

G 

 

KpsCNmΔ45C reverse 5'GCAGCAGAGTCGACTTACTGATGGGTTTCGGGGTGGATGTA

G 

 

KpsCNmΔ60C reverse 5'GCCAACGAGTCGACTTAGCCGGCAATCAGCTGCCAAAGCTC 
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Table A.1 Continued. 

 

Purpose Sequence 

 

KpsSNm1-325 reverse 

 

5'GCAGCGCAGTCGACTTACTAGTTGAGGTAGCGGCTGTATTG

CAGATAGG 

 

KpsSNm325-704 

forward 

5'GCAGGCGCACATATGAATACCGGCGAAGCAGGCAGCC 

 

 

PldA forward 

 

5'GCAGCCGCACATATGATGCGGACTCTGCAGGGCTG 

 

PldA reverse 5'GCAGCCGAGTCGACCTATTAAAACAGGTCGTTTAGCATAAC

TCCC 

 

KpsSNmΔ10N 

forward 

5'GCAGCCGCACATATGCAAAACCTGCTTGAAAGCGC 

 

 

KpsSNmΔ20N 

forward 

5'GCAGCCGCACATATGCTGCTTCAAGGCCCTGTCGGC 

 

 

KpsSNmΔ10C 

reverse 

5'GCAGCCGAGTCGACCTATTATTTGTTGGGGAAAAACACCTG

ACTGTA 
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Appendix B – Purification of KpsC and KpsS 
 

B.1 Purification and characterization of KpsC 

 

 The purpose of purifying KpsC was to subject it to structural analysis by EM and 

crystallography. I tried many different tags, constructs and purification protocols but was never 

able to generate protein which was stable and monodispersed enough for crystallography. 

Precipitation was an issue, as was the appearance of high molecular weight bands by SDS-PAGE 

(Figure B.1). I noticed that the distribution of protein in the 100 000 ×g fractions varied, 

depending on the buffer, with Tris resulting in most of the KpsC to be in the pellet and HEPES 

resulting in the protein to be split between supernatant and pellet. I obtained protein pure enough 

to perform preliminary cryo-EM but again, the protein was not monodispersed enough to use an 

automatic particle identifier and its small size made it difficult to pick particles by hand. We 

generated a preliminary structure based on ~5000 particles picked by hand (Figure B.2). The 

symmetry of the protein is consistent with a trimer, which is in agreement with the size 

determined using size-exclusion chromatography. 

 

 
 

Figure B.1. SDS-PAGE of the purification of HIS-Tev-KpsCNm (NCA-21) showing the high 

molecular (MW) aggregates present in many KpsC preparations. 
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Figure B.2 Low resolution preliminary structure of KpsCNm. 

 

Table B.1 Purification attempts for KpsC. Abbreviations: high molecular weight (HMW), size 

exclusion chromatography (SEC), blue native PAGE (BN-PAGE). 

 
Date/ 

Construct 

Experiment Result 

Aug 23-29, 2008 

NCA-05 

(pCW-MalE-Th-

KpsCNm) in AD202 

Test expression at 20°C and 30°C 

Amylose purify 100k supernatant 

Thrombin digest 

HiTrapQ of digest at pH 8 

Profile is the same but higher expression at 

30°C. Contains free MalE. Purity after 

amylose was poor. Digest was good. HiTrap 

Q failed – no protein eluted. 

Oct 17-31, 2008 

NCA-05 

(pCW-MalE-Th-

KpsCNm) in AD202 

Expression at 30°C 

Amylose purify 100k supernatant 

Yield of 10mg from 200mL culture 

Thrombin digest 

HiTrapQ of digest at pH 8 and 6.6 

HiTrapDEAE of digest at pH 8 

Check adherence to plastic/glass 

Contains free MalE. Purity after amylose 

was poor. Digest was good. HiTrap Q failed 

– no protein came off. HiTrapDEAE was 

better but the protein is still not pure. 

Oct 28-10, 2008 

NCA-05 

(pCW-MalE-Th-

KpsCNm) in AD202 

Expression at 30°C 

Amylose then DEAE 

Superose12 

Test effect of heat on aggregates 

Thrombin digest 

BN-PAGE 

First EM 

DEAE removed the free MalE 

SEC – protein is in void 

Heating has no effect on HMW aggregates 

BN-PAGE shows aggregation 

EM shows huge aggregates 

Protein precipitates 

Jan 30, 2009 

NCA-05 

(pCW-MalE-Th-

KpsCNm) in AD202 

Expression at 30°C 

Amylose at pH 7.0 and 8.5 with low 

salt 

Thrombin digest 

Test effect of detergents on stability 

pH 7 doesn’t work well but 8.5 is good 

Most detergents have little effect on 

precipitation 

Mar 5-10, 2009 

NCA-07 

(pCW-FLAG-

KpsCNmKpsSNm) 

Test expression at 20°C and 37°C 

Test αFLAG blot of differential 

centrifugation 

Lag phase is VERY slow 

No obvious overexpression 

All in 3kS, 90% in 25kS, 40% in 100kS 

Mar 5-10, 2009 

NCA-08 

(pCW-HIS-

KpsCNmKpsSNm) 

Test expression at 20°C and 37°C 

Try αHIS blot of differential 

centrifugation 

Try IMAC 

Lag phase is VERY slow 

No obvious overexpression 

No signal on blot  

No purification 
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Table B.1 Continued   

Date/ 

Construct 

Experiment Result 

Mar 24, 2009 

NCA-07 

(pCW-FLAG-

KpsCNmKpsSNm) 

Test expression in BL21, C41, C43, 

DH5α, TOP10, W3110 

Growth is ok in C41, C43, TOP10, W3110 

Expression is poor but can be detected by 

blotting in  C43, DH5α, TOP10 

Mar 24, 2009 

NCA-08 

(pCW-HIS-

KpsCNmKpsSNm) 

Test expression in BL21, C41, C43, 

DH5α, TOP10, W3110 

Growth is ok in BL21, C43, TOP10, W3110 

Expression good in C43 and TOP10 but 

can’t be detected by blotting 

Apr 13, 2009 

NCA-08 

(pCW-HIS-

KpsCNmKpsSNm) 

in TOP10 

Purify using IMAC and 100kS Not very pure and most is in 100kP anyway 

Apr 26, 2009 

NCA-08 

(pCW-HIS-

KpsCNmKpsSNm) 

in TOP10 

Try extracting from 100kP with 

various detergents 

Only CHAPS really worked but it’s too 

severe 

June 1, 2009 

NCA-14 

(pCW-HIS-KpsCNm) 

in TOP10 

Test expression at 20°C and 37°C 

Try detergent extraction of 100kP 

Purify DDM-solubilized material 

EM of material 

Expression appears better at 37°C but does 

not show up on blot 

CHAPS, DDM, Triton solubilize protein ok 

IMAC works a little 

EM is junk 

June 13, 2009 

NCA-14 

(pCW-HIS-KpsCNm) 

in TOP10 

Try proper detergent solubilisation 

IMAC purification from DDM 100kP 

Try reconstituting protein in 

liposomes 

Purification worked ok 

Aggregation looks much less 

Aug 14, 2009 

NCA-14 

(pCW-HIS-KpsCNm) 

in TOP10 

Purify 100kP in DDM, CHAPS, Brij-

35 and TritonX100 using IMAC 

Superose 6 of DDM 

EM 

BN-PAGE 

Purified in DDM looks pretty pure but 

Superose 6 is not a symmetrical peak (but 

not void either) 

Triton purification yielded lots of protein 

EM is monodispersed… looks good 

BN-PAGE shows a lot of aggregation and a 

ladder-like patterns. Triton is best though 

Sept 27, 2009 

NCA-21 

(pCW-HIS-Tev-

KpsCNm) in TOP10 

Solubilize with Triton then IMAC 

with and w/o Triton 

AcTEV digest 

BN-PAGE 

Both IMACs work well 

Digest works ok but αHIS blot shows HIS 

tag is not recognized on KpsCNm 

BN-PAGE protein is better after AcTEV 

but still has aggregates 

Jan 10, 2010 

NCA-21 

(pCW-HIS-Tev-

KpsCNm) in TOP10 

Purify 100kP in DDM 

AcTEV digest 

BN-PAGE 

 

Retry purifying from 100kS 

BN-PAGE shows that KpsCNm after TEV 

cleavage is MUCH less aggregated but still 

looks like a ladder (and has some 

aggregation) 

100kS material still in void by SEC 

Feb 9-19, 2010 

NCA-21 

(pCW-HIS-Tev-

KpsCNm) in TOP10 

Purify and try limited proteolysis Not successful 

Apr 24, 2010 

ECA-09 

(pCW-HIS-KpsCEc) 

in TOP10 

Purify from 100kS over IMAC 

BN-PAGE 

~50% in 100kS and 50% in 100kP 

Purified well… fewer HMW aggregates but 

more LMW impurities. 

Protein precipitated badly 
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Table B.1 Continued   

Date/ 

Construct 

Experiment Result 

June 24, 2010 

NCA-29 

(pCW-HIS-Tev-

KpsCNmΔ32C) in 

TOP10 

Differential centrifugation 

Purification using IMAC 

 

Inclusion bodies 

 

June 24, 2010 

NCA-34  

(pCW-KpsC-Tev-

HIS) in TOP10 

Differential centrifugation 

Purification using IMAC 

BN-PAGE 

Poor expression 

No purification 

June 24, 2010 

NCA-35  

(pCW-HIS-Tev-HIS-

Tev-KpsCNmΔ32C) in 

TOP10 

Differential centrifugation 

Purification using IMAC 

BN-PAGE 

Good expression 

Very good purification but appears to be two 

bands. No obvious HMW aggregates in 

SDS-PAGE or BN-PAGE 

June 24, 2010 

NCA-36  

(pCW-HIS-Tev-

KpsCNmΔ70N) in 

TOP10 

Differential centrifugation 

Purification using IMAC 

BN-PAGE 

Mostly in inclusion bodies. 

July 2, 2010 

NCA-35  

(pCW-HIS-Tev-HIS-

Tev-KpsCNmΔ23N) in 

TOP10 

IMAC purification 

Superose6 column 

IMAC worked well 

SEC was not a symmetrical peak 

July 16, 2010 

NCA-35  

(pCW-HIS-Tev-HIS-

Tev-KpsCNmΔ23N) in 

TOP10 

Attempt DEAE column of 100kS 

then IMAC 

Superose6 

KpsC was in both FT and eluate. Material 

from FT was in the void of the SEC while 

material from the eluate was two 

overlapping peaks with mostly symmetrical 

distribution and nothing in the void 

Protein is still not pure though 

Sept 21, 2011 

NCA-37 

(pCW-HIS-Tev-

KpsCNmΔ23N) in 

TOP10 

Expression at 20°C 

DEAE column of 100kS 

then IMAC 

 

Poor expression and purification 

Oct 6, 2011 

NCA-37 

(pCW-HIS-Tev-

KpsCNmΔ23N) in 

TOP10 

Test growth conditions Protein is not expressed at 20°C and is ok at 

30°C and 37°C 

Oct 24, 2011 

NCA-37 

(pCW-HIS-Tev-

KpsCNmΔ23N) in 

TOP10 

Expression at 30°C 

DEAE column of 100kS 

then IMAC 

 

Poor expression and purification 

Oct 26, 2001 

NCA-66 

(pCW-HIS-KpsCNm1-

325) in TOP10 

Test expression at 18, 30, 37°C No obvious band on a gel 
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Table B.1 Continued   

Date/ 

Construct 

Experiment Result 

Oct 26, 2001 

NCA-67 

(pCW-HIS-

KpsCNm327-704) in 

TOP10 

Test expression at 18, 30, 37°C No obvious band on a gel 

Nov 3, 2011 

NCA-37 

(pCW-HIS-Tev-

KpsCNmΔ23N) in 

TOP10 

Expression at 30°C 

DEAE column of 100kS 

then IMAC followed by ADP-

agarose column 

 

Did not bind to ADP-agarose 

Feb 7, 2012 

NCA-71 

(pCW-MalE-Th-

HIS-Tev-

KpsCNmΔ23N) in 

TOP10 

Differential centrifugation 

Purification using amylose 

 

Expression good and ~60% in 100kS 

Did not purify very well 

Appears as two bands when purified 

Feb 7, 2012 

NCA-72 

(pCW-MalE-Th-

HIS-Tev-

KpsCNmΔ70N) in 

TOP10 

Differential centrifugation 

Purification using amylose 

 

Expression is excellent 

Purification is excellent 

Lots of HMW aggregates 

May 16, 2013 

NCA-84 

(pCW-MalE-Th-

KpsCNm1-325) 

Differential centrifugation 

Purification using amylose 

 

Mostly in 100kP 

100kS is 50% free MalE 

Purifies well (including free MalE) with lots 

of HMW aggregates 

 

 

B.2 Purification and characterization of KpsS 

 

 The purpose of purifying KpsS was to subject it to structural analysis by EM and 

crystallography. It was possible to purify KpsS to homogeneity (Figure B.3) and start 

crystallization trials, though there have been no hits thus far. Negative stain EM was attempted 

but the protein is too small to detect. KpsSNmΔ10C was sent to Western University for analytical 

ultracentrifugation where it was determined that the protein is a hexamer, where each protamer 

binds 12 DDM molecules (Figure B.4). 
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Figure B.3 Purification of KpsSNmΔ10C from NCA-78. 

 

 

 
Figure B.4 Analytical ultracentrifugation of KpsSNmΔ10C (LipB).  

 

Table B.2 Purification of KpsS. Abbreviations: high molecular weight (HMW), size exclusion 

chromatography (SEC), blue native PAGE (BN-PAGE). 
Date/ 

Construct 

Experiment Result 

Aug 25, 2008 

NCA-06 

(pCW-MalE-Th-

KpsSNm) in AD202 

Expression at 20°C and 30°C 

Amylose purification 

Thrombin digest 

HiTrapQ 

Takes 6h to get to 0.4 OD 

Expression is very poor 

Purification was pretty good except for free 

MalE 

Thrombin digest was poor 

No protein eluted from HiTrapQ 
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Table B.2 Continued  

Date/ 

Construct 

Experiment Result 

Dec 15, 2008 

NCA-06 

(pCW-MalE-Th-

KpsSNm) in AD202 

Test expression at 20°C and 37°C 

in baffled vs non-baffled flasks 

Amylose purification of 20°C 

growth 

Expression only seen at 37°C 

Purified a little bit of protein… looks fairly 

pure 

Feb 18, 2009 

NCA-06 

(pCW-MalE-Th-

KpsSNm) in AD202 

Tried growth and purification 

several times but it appears the 

plasmid is being lost 

 

Mar-Apr, 2009 

NCA-07 

(pCW-FLAG-

KpsCNmKpsSNm) 

See Table A.1.1  

Mar-Apr, 2009 

NCA-08 

(pCW-HIS-

KpsCNmKpsSNm) 

See Table A.1.1  

June 1, 2009 

NCA-18 

(pCW-HIS-KpsSNm) 

in TOP10 

Expression at 20°C and 37°C 

Differential centrifugation 

αHIS western blot 

Detergent extraction of 100kP 

Cells take much longer than normal to reach 

OD 0.4 for induction 

Expression is very poor but detectible by 

western blot 

CHAPS, Triton and LDAO solubilized some 

protein 

June 12, 2009 

NCA-18 

(pCW-HIS-KpsSNm) 

in TOP10 

Microscopy of induced cells Cells are dying 

May 31, 2012 

NCA-76 

(pCW-MalE-Th-

KpsSNmΔ10N) in 

TOP10 

Expression at 20°C 

Amylose purification 

Expression was better than full length protein 

but still weak 

Purification worked ok 

May 31, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

TOP10 

Expression at 20°C 

Amylose purification 

Took extra long to get to OD 0.4 

Expression was good 

Purification worked very well 

June 7, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

TOP10 

Expression at 20°C 

Amylose purification 

Superose6 

Purification worked well 

SEC: 2 peaks, one void and one included… 

promising 

July 20, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) 

Compare TOP10 and ΔkpsS 

Expression at 20°C and 37°C 

Amylose purification 

Thrombin digest 

BN-PAGE 

Expression is MUCH better in ΔkpsS and 

took only 2h to get to OD 0.4 

Purification worked well 

Digest went to completion 

BN-PAGE shows aggregation 
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Table B.2 Continued  

Date/ 

Construct 

Experiment Result 

Aug 1, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Expression at 20°C 

Compare purification of 100kS and 

DDM solubilized 100kP 

Amylose purification 

Thrombin 

HiTrapQ 

BN-PAGE 

Superose6 

Solubilized pellet gives excellent 

purification 

Thrombin digest goes almost to completion 

but not as far when NaCl is added 

HiTrapQ is successful at recovering 

KpsSNmΔ10C after digest 

BN-PAGE shows NO aggregation and two 

bands between 242 and 480kDa markers 

SEC is a symmetrical peak 

Aug 8, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Repeat of above 

2
nd

 amylose column after HiTrapQ 

Thrombin digest did not go quite as far and 

the full length protein does not separate from 

the digested KpsS 

Reapplying the purified material to the 

amylose column removes the full length 

protein but also take the digested KpsS with it 

Aug 30, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Repeat of Aug 8, 2012 purification 

Send material to WesternU for 

analytical ultracentrifugation 

Set up crystallization trials 

Limited proteolysis 

Protein is a hexamer with 12 DDM 

molecules per protamer 

 

Protein precipitates badly in PEG-

containing solutions 

No stable band appears 

Oct 24, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Solubilize 100kP in DDM 

Amylose purification in β-

octylglucoside 

Thrombin 

HiTrapQ 

Superdex200 

Purification, digest, HiTrapQ worked as with 

DDM but much of the protein was in the void 

with the SEC 

Oct 24, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Repeat of Aug 8, 2012 purification 

except at Superdex200 column, 

remove DDM and replace with 

10% glycerol 

Purification worked as before. SEC column 

showed most protein was included but there 

was a fair amount (~15%) in the void 

Nov 8, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Repeat of Aug 8, 2012 purification 

except at Superdex200 column, 

remove DDM 

Set up crystallization trays with 10 

mM CMP 

Purification worked as before. SEC 

column showed mostly symmetrical peak 

with small shoulder near void volume 

CMP/no DDM seemed to stabilize protein 

slightly 

Dec 17, 2012 

NCA-79 

(pCW-HIS-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Expression at 20°C 

Differential centrifugation 

Purification by IMAC 

Expression was good 

Protein was mostly in 100kP 

Purification worked well 

Dec 17, 2012 

NCA-80 

(pCW-KpsSNmΔ10C-

Th-HIS) in ΔkpsS 

Expression at 20°C 

Differential centrifugation 

 

Protein was not expressed 
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Table B.2 Continued  

Date/ 

Construct 

Experiment Result 

Dec 17, 2012 

NCA-83 

(pCW-MalE*-

KpsSNmΔ10C) in 

ΔkpsS 

Expression at 20°C 

Differential centrifugation 

Purification by amylose 

Expression was good but cells were sick 

Protein was mostly in 100kP 

Purification worked well 

Dec 17, 2012 

NCA-79 

(pCW-HIS-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Purification by IMAC 

Thrombin digest 

HiTrapQ column of undigested 

protein 

Purification worked well 

Digest went to at most ~60% completion 

Protein eluted over the whole length of the 

gradient 

Feb 20, 2012 

NCA-78 

(pCW-MalE-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Repeat of Aug 8, 2012 purification 

Negative stain EM 

Purification worked well 

EM was mostly aggregates (DDM interferes) 

Mar 6, 2012 

NCA-79 

(pCW-HIS-Th-

KpsSNmΔ10C) in 

ΔkpsS 

Purification by IMAC 

Superdex200 

Purification worked well 

SEC protein was mostly in the void 

 

 

 


