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Abstract

Cloning and analysis of the Escherichia coli 
K10 and K54 capsule gene clusters 

Rowan Pearce

Escherichia coli can produce a large number of structurally distinct capsular 
polysaccharides (K antigens). These polysaccharide capsules have been 
classified into three groups: I, II and I/II. The third group, I/II, has been 
poorly studied and possesses characteristics of both group I and group II 
capsules. These studies describe the cloning of the K10 and K54 capsule 
gene clusters, two representatives of group I/II capsules. Probes taken from 
DNA flanking regions 1 and 3 of the group II capsule clusters hybridised to 
these group I/II clones, confirming that the group I/II capsule genes are 
flanked by the same DNA and are therefore located in the same serAAmksd 
region of the chromosome as group II capsule gene clusters. Southern 
blotting showed that homologous sequences were present in both the K10 
and K54 capsule gene clusters and in other group I/II strains. At high 
stringency, no homology was detected between these sequences and the 
chromosomal DNA of either a group I or group II strain. Likewise, no 
homology was detected to the chromosomal DNA of either a K l l  orK19 
strain, both of which had previously been classified as group I/II strains. An 
attempt was made to map the position of these two capsule gene clusters on 
the E. coli chromosome.
In the K10 and K54 capsule gene clusters, the conserved sequences flanked 
a serotype-specific region in a manner analogous to group II capsule gene 
organisation. Complementation of mutations in the kpsE, kpsD, and kpsC 
genes in region 1 of the K5 capsule gene cluster by subclones of the K10 
and K54 capsule gene clusters indicated that certain stages in the export of 
group II and group I/II capsules may be conserved. Sequencing analyses 
were performed to determine the extent of DNA homology between certain 
of the K10 and K5 capsule genes. In the light of these findings it is 
suggested that the group I/II capsule gene clusters are sufficiently different 
from group II capsule gene clusters to justify their renaming as group III. 
The organisation and variability of the serA region of the E. coli 
chromosome is discussed.
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CHAPTER 1

Introduction

Carbohydrates are present on the surface of all living cells. In eukaryotes a 
wide variety of carbohydrates are attached to the cell surface in the form of 
glycoproteins and glycolipids. The sugar moieties are known to act as 
receptors and thus probably play a role in cell-to-cell recognition processes. 
Polysaccharide capsules, composed of repeating oligosaccharides, are found 
on the surface of many prokaryotes. The capsules are normally composed of 
only one polysaccharide and are present outside the outer membrane of 
Gram-negative cells and the peptidoglycan layer of Gram-positive cells. 
Variation of these antigens is not generally seen in bacteria (Moxon and 
Kroll, 1990).
Encapsulated bacteria produce an enormous variety of chemically different 
polysaccharides and Escherichia coli is no exception. The ability of such 
bacteria to produce a large number of polysaccharides poses an interesting 
genetic problem. In many respects, the genetics and biochemistry of 
polysaccharide production in E. coli provides a paradigm for capsule 
expression in other bacteria. This thesis investigates the diversity of 
encapsulation in E. coli.

1.1 Bacterial polysaccharides: general features

Polysaccharides are highly hydrated polymers composed of repeating 
monosaccharides among which neutral sugars, polyols, uronic acids and 
amino sugars are prominent. In addition, some polysaccharides contain non
sugar substitutions including phosphate, formate, pyruvate, succinate and 
acetyl groups, although sulphonation has not been observed. (Costerton et 
al., 1981; Dudman, 1977; Sutherland, 1972, 1985). The monosaccharides 
are joined by glycosidic bonds, and may be joined in a variety of 
combinations. Polysaccharides can exhibit great diversity by varying not 
only the components, but also the linkage. Any two monosaccharides can be
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linked in a number of ways as the glycosidic bonds can be formed at 
different positions on the sugar ring. Thus, a huge range of structurally 
different bacterial polysaccharides have been identified (Kenne and 
Lindberg, 1983). Some bacteria, including E. coli, Klebsiella spp. and 
Streptococcus pneumoniae synthesise a large number of polysaccharides 
with different repeat structures. Both homopolymers and branched 
heteropolymers can be found, for example, E. coli K1 and K30 respectively 
(Table 1.2). Relatively little is known of the genetic basis for this diversity 
or how the synthesis and export of such diverse molecules is achieved by 
different bacteria. Surprisingly, some organisms may synthesise chemically 
identical polysaccharides; for example, the E. coli K1 and Neisseria 
meningitidis group B capsular polysaccharides are both homopolymers of 
a2,8-linked N-acetyl neuraminic acid (NANA, sialic acid) which is a sugar 
rarely found in bacteria (Bhattacharjee et al., 1975; Kaspar et al., 1973). The 
surface location of bacterial polysaccharides, together with the range of 
available monosaccharide combinations, non-carbohydrate substituents and 
linkage types, make extracellular polysaccharides excellent agents of 
diversity (Whitfield, 1988).
In bacteria, extracellular polysaccharide confers many properties important 
in the interaction of the organism, such as protection against desiccation, the 
passage of molecules and ions to the bacterial cell envelope and cytoplasmic 
membrane (Dudman, 1977), adherence to the surface of inanimate objects or 
living cells and the formation of biofilms and microcolonies (Costerton et 
al, 1981). The hydrophilic surface of the extracellular polysaccharide may 
control the immediate environment of the cell by binding cations (both toxic 
and useful) including heavy metals (Dudman, 1977). In addition, 
encapsulated bacteria are the cause of infections of animals, plants and 
insects. In man, encapsulated bacteria cause many serious invasive 
infections, including meningitis, pneumonia, septicaemia, pyelonephritis, 
osteomyelitis and septic arthritis. Bacterial polysaccharides are thought to 
play a key role in the invasion of the host by encapsulated bacteria (Robbins 
et al., 1980) and interactions between bacterial polysaccharides and the 
immune system are vital in determining the result of particular infections 
(Cross, 1990; Moxon and Kroll, 1990).
The mode of attachment of polysaccharides to the cell surface differs widely 
in bacteria. Polysaccharide which exists beyond the cell surface membrane 
of a bacterial cell is normally termed exopolysaccharide (EPS) and can be 
described as either slime or capsular polysaccharide although the distinction
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between the two is capricious (0rskov and 0rskov, 1990). EPS can exist as 
an amorphous hydrated layer (slime), only loosely associated with the cell 
surface, that may encompass not only the producing cell but those nearby to 
create a microenvironment in which many cells exist (Costerton et al., 1981,
1987). Some examples of this type of polysaccharide include the alginate 
produced by Pseudomonas, the dextrans of Agrobacterium and xanthan 
gum synthesised by Xanthamonas campestris; however, the slime 
polysaccharide of Erwinia amylovora is also referred to as capsule 
(Sutherland, 1985; Whitfield, 1988).
EPS may also form a complete capsule akin to a hydrated gel around 
individual cells. Capsular polysaccharide requires a more vigorous 
extraction procedure than slime by virtue of its attachment to the cell 
surface. In Gram-negative bacteria, polysaccharide chains may be linked 
covalently to phospholipid or lipid A in the outer membrane (Gotschlich et 
al., 1981; Jann and Jann, 1990; Kuo et al, 1985; Schmidt and Jann, 1982; 
Whitfield and Valvano, 1993). In Gram-positive bacteria, polysaccharide 
chains may be linked to techoic acids in the cell wall or the peptide moiety 
of peptidoglycan (Sorensen at al, 1990; Yeung and Mattingly, 1986).
The study of encapsulated bacteria has concentrated on those of medical 
importance, including Streptococcus pneumoniae, Haemophilus influenzae, 
Klebsiella spp. and Escherichia coll

1.2 Functions of bacterial polysaccharides

The majority of bacteria isolated from soil, water and other natural habitats 
produce EPS (Costerton et al, 1981) and many theories have been 
suggested as to the selective advantage that this confers.

1.2.1 Prevention of desiccation

Polysaccharide only makes up a small proportion of the bulk of EPS; at least 
95% is reported to be water (Costerton et al, 1981; Sutherland, 1972). 
Water is therefore retained at the cell surface which may offer protection 
against desiccation and prolong bacterial survival in adverse conditions 
(Ophir and Gutnick, 1994; Roberson and Firestone, 1992). It has been 
shown that mucoid strains of bacteria such as E. coli, Acinetobacter 
calcoaceticus and Erwinia stewartii are more resistant to drying than non-
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mucoid strains (Ophir and Gutnick, 1994). The production of colanic acid 
by E. coli is induced by desiccation and has been correlated with elevated 
transcription of the genes for capsular polysaccharide production (Ophir and 
Gutnick, 1994). Osmotic shock has been shown to induce colanic acid 
synthesis in E. coli K-12 (Sledjeski and Gottesman, 1996) and it is likely 
that bacteria sense an increase in external osmolarity as an immediate signal 
preceding desiccation.

1.2.2 Adherence to surfaces

The EPS produced by some bacteria can function as an adhesion factor, 
important in the colonisation of both inanimate objects or living cells and 
the formation of biofilms (Costerton et al., 1981, 1987). This is most 
probably due to electrostatic attraction between the polysaccharide and 
different surfaces. Bacteria in natural aquatic populations have a marked 
tendency to interact with surfaces and it has been shown that many bacteria 
associate with surfaces in transient apposition, particularly in oligotrophic 
marine environments. Some of these bacteria adhere to these surfaces, 
initially in a reversible association and eventually in an irreversible 
adhesion and initiate the development of adherent bacterial biofilms 
(Costerton et al., 1987). Evidence suggests that bacterial EPS may prevent 
predation by phagocytic protozoa and slime moulds (Dudman, 1977) and 
may also prevent adsorption and penetration of some bacteriophage 
(Costerton et al., 1981). For other bacteriophage, however, EPS may serve 
as the surface receptor (Whitfield and Lam, 1986).
The adherence of bacteria to surfaces and the formation of biofilms is a 
major factor in the development of dental caries and has many other 
consequences, such as the fouling of pipes and the colonisation of 
indwelling catheters (Costerton et al., 1987). Whilst the majority of studies 
have focused on the promotion of adhesion of polysaccharides, it has also 
been recently reported that a cell-surface polysaccharide of Proteus 
mirabilis helps the migration of swarm cells by reducing surface friction 
(Gygi etal., 1995).
In some cases specific polysaccharides are important in bacterial 
interactions, the most studied of which is Rhizobium spp. in which EPS 
plays a major role in determining the specificity of RhizobiumAQgumQ 
nodulation (Djordjevic et al, 1987; Gray and Rolfe, 1990; Long, 1989; 
Noel, 1992). Succinoglycan, composed of a polymer of octasaccharide 
subunits made up of a galactose residue and seven glucose residues together
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with acetyl, succinyl and pyruvyl substituents, is the major acidic 
polysaccharide of Rhizobium meliloti (Glucksmann et al., 1993a, 1993b). 
Mutant strains of R. meliloti that do not synthesise succinoglycan are able 
to induce nodule formation, but are unable to penetrate or colonise the 
nodule, indicating a requirement for succinoglycan for nodule invasion and 
development (Noel, 1992).

1.2.3 Role in virulence

The severity of disease caused by encapsulated bacteria has been correlated 
with the amount of capsular material produced during infection (McCracken 
et al., 1974) and there is strong evidence implicating bacterial capsules as 
major virulence factors (Robbins, 1978; Russo et al., 1993, 1994). However, 
of the many bacterial capsules so far identified, not all are associated with 
virulent bacteria. For example, of the greater than 80 capsule types of E. coli 
(0rskov et al., 1977), only a few are associated with pathogenic strains. 
Bacterial strains expressing certain capsule types are more often associated 
with infection than others (Joiner, 1988; Opal et al., 1982; Stevens et al., 
1983). The fact that capsular polysaccharides of similar or identical 
chemical structures are often found in unrelated pathogens (Adlam et al., 
1985; Devi et al., 1991) is consistent with the view that only a few capsular 
types are important in bacterial virulence (Orskov et al., 1977). 
Microorganisms that enter the animal body meet a series of non-specific and 
specific chemical and cellular defences whose role is to inactivate and 
eliminate foreign materials. Successful pathogens have the ability to avoid, 
resist or inactivate these defences for at least the period necessary for 
initiation of the disease process (Timmis et al., 1985). Extracellular 
polysaccharides of pathogenic bacteria usually confer resistance to non
specific host immunity by several mechanisms (Moxon and Kroll, 1990; 
Cross, 1990). Capsules of pathogenic bacteria usually inhibit phagocytosis 
(Mims, 1987) and encapsulated bacteria have increased resistance to 
complement mediated killing and to phagocytosis and killing by 
polymorphonuclear leukocytes (Allen et al., 1987; Jann and Jann, 1985; 
Kim et al., 1986; Leying et al., 1990; Russo et al., 1993; Van Dijk et al.,
1979).
The precise role that the capsule plays in the virulence of Gram-negative 
organisms has been difficult to establish conclusively. In contrast to the cell 
surface of Gram-positive bacteria, the complex nature of the cell envelope 
of Gram-negative bacteria, including the presence of lipopolysaccharide
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(LPS) and outer membrane and surface proteins in addition to capsular 
polysaccharide, make the unquestionable assignment of particular roles for 
the capsule more difficult (Roberts et al, 1989). There are no reports of the 
enterobacterial antigen or colanic acid (Section 1.3) being involved in the 
virulence of E. coli or other Gram-negative bacteria. Recently, Russo et al, 
(1995) reported that the expression of colanic acid by an extraintestinal 
isolate of E. coli (04:K54:H5) did not affect its serum resistance or 
virulence in mice. It is possible that these polysaccharides are more 
important for survival of the bacterium outside the host. However, slime 
polysaccharides can have a role in the pathogenesis of infections by Gram- 
negative bacteria, for example the production of alginate by strains of 
Pseudomonas aeruginosa is the major cause of morbidity in cystic fibrosis 
patients (Govan, 1988; Mai et al, 1993).
In some bacteria, the production of some cell surface polysaccharides may 
be switched on or off between generations. This phase variation occurs in 
Haemophilus influenzae type b lipopolysaccharide (Kimura and Hansen, 
1986) and may be important in allowing the bacteria to evade immune 
responses. This kind of variation has not been observed with the O and K 
antigens of E. coli (Whitfield et al, 1994), although variants of the K1 
antigen which differ in O-acetylation of the polysaccharide have been 
observed (Frasa et al, 1993; 0rskov et al, 1979). The basis and function of 
this variation is not known. However, O-acetylated K1 strains appear to be 
more virulent than non-O-acetylated K1 strains (Frasa et al, 1993).

1.2.3.1 Resistance to complement mediated killing

Bacteria can activate complement by the classical or alternative pathways 
(Frank et al, 1987). Both pathways lead to the formation of the membrane 
attack complex (MAC), a complex which causes lysis of Gram-negative 
bacteria by piercing the outer membrane (Joiner, 1985). The classical 
pathway is activated by the binding of antibodies to bacterial surface 
components. During the early stages of infection by encapsulated bacteria, 
specific anti-capsule antibodies are often absent. In these circumstances 
activation of the alternative pathway (AP) represents the major host defence 
mechanism (Moxon and Kroll, 1990). The AP initially involves the third 
component of complement (C3) and the deposition of its cleavage product, 
the C3b serum protein, onto the bacterial cell surface (Horstmann, 1992). 
This deposition promotes three potential immune functions (Moxon and 
Kroll, 1990). Firstly, it acts as a possible ligand for specific receptors on
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polymorphonuclear leucocytes or macrophages. Secondly it can catalyse the 
complement cascade and generate MACs. Such complexes, composed of 
C5b-C9, result in membrane pores that lead to the lysis of Gram-negative 
bacteria, but not Gram-positive bacteria (because of their thicker cell wall). 
Thirdly, the interaction of C3b with specific lymphocyte receptors promotes 
immunoglobulin secretion, lymphokine production and converts 
lymphocytes into memory cells. Bacterial polysaccharides may confer serum 
resistance by interfering with activation of AP, however they provide little 
protection once specific antibody is generated (Moxon and Kroll, 1990). 
Once bound, C3b reacts with factor B to produce the complex C3bBb, 
which acts as a C3 convertase with the consequent amplification of C3b, a 
key step in AP activation. During this process a serum protein, termed factor 
H, acts as a regulator and competes with factor B for surface-bound C3b. 
Factor H, which has no enzymatic activity, is thought to modify the 
conformation of C3b. Such modification facilitates the degradation of C3b 
to iC3b by a second regulatory protein, called factor I. In this way both C3b 
amplification and deposition on the bacterial surface are reduced (Cross,
1990).
Some bacteria are able to exploit the competition between factor B and 
factor H to their advantage. Polysaccharides containing sialic acid, such as 
the Kl, K9 and K92 capsular polysaccharides of E. coli, all contribute to 
serum resistance by inhibiting AP activation (Devine and Roberts, 1994; 
Michalek et al., 1988; Pluschke et al, 1983a; Stevens et al, 1978; Van Dijk 
et al, 1979). The presence of sialic acid is believed to increase the affinity 
of factor H for cell-bound C3b. This favours the degradation of the C3b 
deposited on the cell surface to iC3b and breaks the amplification loop of 
the AP (Michalek et al, 1988). In addition, the Kl polysaccharide has a low 
affinity for factor B and this inhibits formation of the C3 convertase 
complex (C3bBb), which should initiate the activation of the AP (Van Dijk 
et al, 1979). The lipooligosaccharide of certain Neisseria species is also 
substituted with sialic acid and confers resistance to serum killing 
(Hammerschmidt et al, 1994) and phagocytosis (Kim et al, 1992).
The length, composition and distribution of the O and K polysaccharides are 
important in the resistance of E. coli to complement-mediated killing. This 
is due to the preferential binding of C3b and C5b-9 by long O 
polysaccharide chains at a distance from the outer membrane (Porat et al,
1992). This may result in the alteration of the configuration of the MAC and 
may also prevent the MAC from inserting into the outer membrane. E. coli
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K-antigens are also thought to provide a permeability barrier to the proteins 
involved in complement, and may mask underlying surface antigens that 
may otherwise result in activation of AP (Horwitz and Silverstein, 1980). 
Pathogenic E. coli often exhibit particular combinations of O and K 
antigens and it is likely that these polysaccharides act together to confer 
serum resistance (Kim et al, 1986).

1.2.3.2 Protection from phagocytosis

In general, capsular polysaccharides protect bacteria against the action of 
phagocytic cells by impeding the binding of antibody directed towards cell 
surface components (Howard and Glynn, 1971; Horwitz and Silverstein,
1980). The majority of capsular polysaccharides are hydrophilic and bestow 
an overall negative charge on the bacterial cell, properties which have an 
antiphagocytic effect (Moxon and Kroll, 1990). It seems likely that the net 
negative charge on both encapsulated bacteria and phagocytes would result 
in mutual repulsion. It is possible that the hydrophilic properties of capsules 
may act by reducing the surface tension at the interface between the 
phagocytic cells and the bacterium (Van Oss and Gillman, 1973), although 
this hypothesis has not been thoroughly investigated since it is 
experimentally difficult to make the measurements needed to test this idea. 
Horwitz and Silverstein (1980), used concanavalin A as a ligand to show 
that attachment of unencapsulated E. coli to phagocytes promoted efficient 
ingestion, whereas capsulated E. coli were not ingested.
Phagocytes have receptors for antibody and complement on their surface, 
therefore the binding of antibody and/or complement to the bacterial surface 
(opsonisation) facilitates phagocytosis (Joiner, 1985). Thus, O and K 
antigens of E. coli which fail to activate complement confer resistance to 
phagocytosis. The Kl capsule of E. coli is thought to mask cell surface 
structures that directly activate complement, and thereby to prevent cell 
opsonisation by C3b (Allen et al, 1987; Michalek et al, 1988; Timmis et 
al, 1985; Van Dijk et al, 1979). In the case of pneumococci, C3b has been 
shown to be deposited on the cell wall underneath the capsule such that the 
capsule may act as a mechanical barrier to recognition of C3b by the 
phagocytic cells (Winkelstein, 1981).
In Klebsiella pneumoniae both cell-free capsule and cell-associated capsule 
are antiphagocytic; both act to neutralise K-specific antibodies by binding 
or concealment (Domenico et al, 1994). Pathogenic H. influenzae type b 
are resistant to antibody-independent, complement mediated bacteriolysis
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when grown in serum, although deposition of C3 on the bacterial surface is 
important in enhancing the clearance of the bacteria from the bloodstream 
and has been shown to be a significant factor for efficient phagocytosis of
H. influenzae by murine macrophages in vitro. Encapsulated H. influenzae 
have been shown to survive and replicate within macrophages, whereas 
capsule-deficient mutants, although more susceptible to phagocytosis, were 
killed after ingestion. The presence of viable intracellular organisms in 
macrophages in vivo may enhance the persistence of bacteremia and may 
also be important in mediating the entry of H. influenzae into the central 
nervous system (Williams et al, 1991). The K5 capsule does not appear to 
confer protection against phagocytosis (Cross et al, 1986), even though E. 
coli K5 strains are highly pathogenic and are frequently isolated from cases 
of neonatal meningitis, septicaemia, pyelonephritis and urinary tract 
infections (Nataro and Levine, 1994; 0rskov and 0rskov, 1992). The K5 
serotypes associated with these infections are restricted and their invasive 
nature may reflect the function of other surface antigens, including the O 
antigen.

I.2.3.3 Immunogenicity

Different capsular polysaccharides vary in their ability to stimulate specific 
antibody. The group B meningococcus possesses a capsule with 
characteristics which render it especially inefficient as an immunogen 
(Lifely et al, 1987). As mentioned previously (Section 1.1), the group B 
polysaccharide is an a-2 ,8  linked homopolymer of A-acetylneuraminic 
acid (NANA) (as is the E. coli Kl antigen) and is very poorly immunogenic, 
perhaps because it is not recognised as foreign since a-2 ,8  linked NANA 
residues are found in gangliosides and in most mammalian serum and cell 
membrane glycoproteins (Finne et a l, 1982, 1983a, 1983b; Schauer, 1982; 
Vimr et al, 1984). Similarly, the K5 polysaccharide, a polymer of 
glucuronic acid and N-acetylglucosamine, is identical to the first polymeric 
intermediate in the biosynthesis of mammalian heparin (Kusche et al, 1991; 
Prikas et al., 1980; Vann et al, 1981). Thus, the poor immunogenicity of 
some capsules could be due to the structural mimicry of certain host 
molecules and the consequent tolerance of particular capsule types. This 
tolerance might explain why the E. coli Kl and K5 are the most common 
serotypes found in extra-intestinal invasive diseases caused by E. coli 
(Cross, 1990).
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With the exception of capsular polysaccharides that are structurally similar 
to host components, most polysaccharides are immunogenic and may be 
used for the generation of vaccines (Jennings, 1990; Lee, 1987). Vaccines 
based on purified capsular polysaccharides have been used to protect 
against a number of human bacterial infections. A good example of such a 
vaccine is that against meningitis caused by TV. meningitidis, and consists of 
purified polysaccharides from serogroups A, C, Y and W135, which cause 
90% of all infections (Cadoz et al, 1985).
Unfortunately, a problem associated with polysaccharide vaccines is their 
poor immunogenicity in infants (Robbins, 1978). Purified polysaccharides 
act as T-cell independent antigens, eliciting only short-lived IgM antibody 
responses that cannot be boosted by further exposure. To overcome this 
problem, polysaccharide-protein conjugates can be made to which infants 
respond by producing a range of antibodies of IgG antibodies that may be 
augmented by repeated exposure (Robbins and Schneerson, 1990). Indeed, 
vaccines against meningitis caused by H. influenzae type b have been 
produced in this way and are being used widely and successfully (Moxon 
and Rappuoli, 1990). Chemical modification of polysaccharides can also 
improve the immunogenicity of polysaccharide vaccines (Jennings et al,
1993). For example, replacement of TV-acetyl groups with TV-propionyl 
residues in the polysaccharide capsules of E. coli Kl and TV. meningitidis 
group B improves the antibody response in mice. The response is increased 
when the modified polysaccharide is conjugated to protein, and does not 
affect the specificity of the antibodies for the bacteria (Jennings, 1990).

1.3 Polysaccharide antigens of Escherichia coli

E. coli can produce a several different types of polysaccharide antigen; 
lipopolysaccharides (O antigens), capsular polysaccharides (K antigens), 
enterobacterial common antigen (ECA) and colanic acid (M antigen) 
(Whitfield et al, 1994).
Both colanic acid and ECA are not unique to E. coli but are synthesised by 
many Enterobacteriaceae (Whitfield and Valvano, 1993). ECA is produced 
by all members of the Enterobacteriaceae with the exception of Erwinia 
chrysanthemi and is a heteropolymer of amino sugars that may be linked to 
L-glycerophosphatidyl residues in the outer membrane or in some cases 
core-lipid A (Kuhn et al, 1988). Other cyclic forms of ECA have also been
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described, for example in Shigella sonnei (Dell et al, 1984), however, these 
forms are not linked to lipid and it is not clear how they are attached to the 
cell surface. Colanic acid is a high molecular weight polymer composed of 
glucose, galactose, fucose and glucuronic acid, with acetyl and pyruvate 
substitutions (Markovitz, 1977). Evidence for attachment of colanic acid to 
lipid A or phospholipid has not been reported and it is believed that the 
polysaccharide may be held at the cell surface by ionic interactions. Colanic 
acid has been studied in E. coli K-12 where production increases under 
conditions of environmental stress, particularly desiccation (Ophir and 
Gutnick, 1994), at lower growth temperatures (e.g. 20°C) and under 
limitation of certain nutrients (Markovitz, 1977; Gottesman and Stout,
1991). The function of colanic acid has not been clearly demonstrated but it 
is likely that, like most bacterial EPS, it has a protective role important in 
the survival of bacteria in adverse environmental conditions. Colanic acid is 
sometimes referred to as a capsular polysaccharide but is distinct from the 
capsular K antigens discussed in this thesis. In E. coli, colanic acid 
biosynthesis is determined at the cps locus near to his (Trisler and 
Gottesman, 1984).
The O and K antigens of E. coli are both polysaccharides which are 
attached to the cell surface. The structure and composition of the O and K 
antigens is variable and this has facilitated the serological classification of 
E. coli (0rskov and 0rskov, 1992). Over 170 O antigens and 80 K antigens 
have been described in E. coli, and these occur naturally in selected 
combinations (0rskov and 0rskov, 1992). In general the capsular K antigen 
is acidic whilst the somatic O antigen is neutral (0rskov et al., 1977). The 
presence of a capsular antigen may render the bacteria inagglutinable in the 
homologous O antiserum (0rskov et al., 1977). This is because the capsule 
covers other surface components including lipopolysaccharide (LPS) and 
outer membrane proteins; pili, fimbriae and flagella extend through the 
capsule.
LPS (Figure 1.1) is a complex glycolipid that is an integral part of the outer 
membrane in Gram-negative bacteria (Whitfield and Valvano, 1993). In the 
Enterobacteriaceae, LPS is composed of polysaccharide chains of variable 
length and composition linked by a core oligosaccharide to a lipid anchor 
(lipid A) in the outer membrane (Whitfield and Valvano, 1993; Whitfield et 
al., 1994). In bacteria such as Neisseria species, the polysaccharide moiety 
may be much shorter (Griffiss et al., 1988). This type of LPS is referred to 
as lipooligosaccharide (LOS).
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Figure 1.1 : Structure of E. coli LPS (Rick, 1987).

abbreviations: Gal, galactose; Glc, glucose; GlcNAc, N-acetyl glucuronic 
acid; Hep, heptose; KDO, keto-deoxyoctulosonic acid; Man, mannose; P, 
phosphate; Pe, phosphorylethanolamine. The O antigen repeat unit shown is 
that of 08.
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Lipid A in E. coli consists of a backbone of p-glucosaminyl- 1,6- 
glucosamine substituted with four p-hydroxymyristoyl residues (Qureshi 
and Takayama, 1990). Lipid A substituted with the inner core sugars is an 
essential component of the inner membrane (Luderitz et al, 1973; Raetz,
1988). The inner core is highly conserved both within E. coli and other 
members of the Enterobacteriaceae and contains 2-keto-3-deoxy-D-wa«wo- 
octulosonic acid (KDO) and L-glycero-D-manno-hQptosQ. KDO was 
originally thought to be unique to LPS but is now known to occur in certain 
capsular polysaccharides of E. coli (Jann and Jann, 1990). The outer core 
contains a number of hexose residues, and variation in this region in E. coli 
gives rise to five core types (Jansson et al, 1981). The O antigen is attached 
to this variable outer core region (Whitfield et al, 1994) and mutations 
affecting the composition of the core oligosaccharide often prevent 
attachment of the O antigen and results in truncation of the LPS (Rick, 
1987; Schnaitman and Klena, 1993). The variable O antigen is composed of 
repeated sugar units and E. coli can express one of around 170 chemically 
different O antigens (0rskov et al, 1977). O antigen biosynthesis genes 
(rfb) are located near his at 44 mins on the E. coli chromosome. The wild 
type O antigen-carrying LPS is described as smooth. Rough mutants 
completely lack O antigen and semi-rough mutants produce core lipid A 
attached to only one O antigen repeat unit. Laboratory strains of E. coli K- 
12 are rough rfb mutants (Schmidt, 1973). Historically, this terminology 
describes the morphology of bacterial colonies expressing the respective 
LPS types.
Capsular polysaccharides of E. coli (K antigens) form an envelope, or 
capsule, around the cell. K antigens differ in their mode of attachment to the 
cell surface, being linked either to phospholipid or core-lipid A (Jann and 
Jann, 1990). The thickness of the capsule can vary between 0.1 and 10pm 
(Bayer and Thurow, 1977; Beveridge and Graham, 1991). In E. coli K29 the 
capsule extends 1 pm beyond the bacterium, whereas the O antigen extends 
only about 0.02pm (Bayer, 1990). Capsules can be visualised using a 
number of different techniques (Bayer and Bayer, 1994). Some capsules can 
be stained using a negative stain such as India ink, and are visible by light 
microscopy. Others can only be visualised using electron microscopy 
(Bayer, 1990). The dehydrating conditions used in the preparation of 
samples for electron microscopy often result in the collapse of the highly 
hydrophilic capsule, but treatment of the bacteria with capsule-specific 
antibody or by using the freeze-substitution method of sample preparation
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can stabilise the structure (Bayer, 1990; Beveridge and Graham, 1991). 
Capsules can also be stained for electron microscopy using electron dense 
proteins such as ferritin (Bayer, 1990). Capsular polysaccharide can also be 
detected using specific antibodies conjugated to colloidal gold particles 
(immunoelectron microscopy), which has proved of use in investigating the 
role of specific proteins involved in capsule expression in E. coli (Kroncke 
et al, 1990a, 1990b; Bronner et al, 1993a, 1993b).

1.4 The K antigens of Escherichia coli

E. coli can produce more than 80 chemically and serologically distinct K 
antigens (0rskov and 0rskov, 1992). Individual isolates produce only one 
of these polymers, expression of which is stable and switching of capsular 
type has not been documented (Boulnois and Roberts, 1990; 0rskov et 
al.,\911). Serotype specificity of the K antigen may be conferred merely by 
the type of linkage between monosaccharides or by substituents, even if the 
polysaccharide backbone remains invariant. For example, the K1 and K92 
antigens are both homopolymers of NANA but are discriminated by the 
alternating a2,9 linkage found in the K92 antigen (Egan et al., 1977). 
Another example is that of K13, K20 and K23, whose polysaccharides have 
the same sugar backbone, but vary in the presence and location of O-acetyl 
residues (Vann et al., 1983).

1.4.1 Classification of Escherichia coli capsules

Originally, the K antigens of E. coli were subdivided into A, B or L 
antigens (0rskov et al, 1977). Subsequently this classification was 
abandoned in favour of two broad groups of E. coli capsules, groups I and 
II (Jann and Jann, 1987, 1990), based on a number of chemical and genetic 
criteria (Table 1.1). The existence of a third group of K antigens has been 
suggested (Finke et al., 1990) and is discussed later. The repeat unit 
structure of E. coli antigens representative of each group is shown in Table
1.2. It is important to note that the K-12 designation for E. coli laboratory 
strains is unrelated to capsule type - these strains do not possess genes for 
production of the group II K12 antigen.

14



Group I capsules

Group I K antigens typically have higher molecular weights than those of 
group II and produce thick and copious capsules (Bayer and Thurow, 1977). 
Group I capsular polysaccharides tend to be more complex than group II 
capsular polysaccharides and have large repeating units composed mainly of 
glucuronic acid (GlcA), galacturonic acid (GalA) and their ketosidicpyruvate 
substitutions. Such hexuronic acids are organised into macromolecules with 
repeating units ranging from tri- to hexasaccharides. Around 170 chemically 
different O antigen side chains have been described (0rskov et al, 1977). 
However, epidemiological studies have indicated that E. coli strains 
coexpress group I polysaccharides only with certain O antigens, namely 08, 
09  and 020 (Jann and Jann, 1983, 1990; Orskov et al., 1977).
The group I capsules may be further divided by the presence or absence of 
amino sugars. Group IA capsules do not contain amino sugars and resemble 
polysaccharides produced by Klebsiella spp., for example, the E. coli K55 
antigen is identical to the Klebsiella K5 antigen (Jann and Jann, 1992). 
Colanic acid is sometimes referred to as group IA capsular polysaccharide 
due to similarities in structure, and the fact that strains expressing the group 
IA K antigens are unable to express cell-surface colanic acid. This suggests 
that the colanic acid biosynthesis genes (cps) and group I K antigens are 
allelic (Keenleyside et al, 1992). In contrast, group IB capsules which 
contain amino sugars and have no obvious counterparts in other bacteria are 
able to express colanic acid.
Group I polysaccharides are thought to be attached to the cell surface by 
core-lipid A and therefore resemble LPS (0rskov et al, 1977; Jann and Jann, 
1990; Jann et al, 1992). However, careful analysis of both group IA (K30) 
and IB (K40) polysaccharides indicates that the situation is more complex. 
Analysis of the size of the polysaccharide attached to core-lipid A reveals 
differences between group IA and IB K antigens. In the case of the K30 
antigen, the polysaccharide linked to core-lipid A consists primarily of one 
repeat unit of the K30 polysaccharide with a high molecular weight 
polysaccharide unlinked to core-lipid A (Homonylo, et al, 1988; 
MacLachlan et al, 1993). Together with the observation that in rfa mutants, 
which are defective in lipopolysaccharide core biosynthesis, capsules can be 
visualised which cannot be distinguished from the wild-type using electron 
microscopy (MacLachlan et al, 1993), this indicates that either the
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Table 1.1 : Grouping of the Escherichia coli K antigens
(adapted from Jann and Jann, 1990)

Property Capsular polysaccharide group

Group I Group II

Molecular weight >100kDa <50kDa

Acidic component GlcA, GalA, Pyruvate GlcA, NANA, KDO, 
ManNAcA, Phosphate

Lipid at reducing end § Core-lipid A Phosphatidic acid

Removal of lipid at 
pH6/100°C

No Yes

Expressed below 20°C Yes No

Elevated levels of CKS 
at 37°C

No Yes

Coexpression with 08, 09, 020 Many O antigens

Chromosomal locus kst kps
(near to) (near his and trp) (near serA)

Intergeneric 
relationship with

Klebsiella spp. H. influenzae 
N. meningitidis

§ The substitutions at the reducing end o f both group I and II polysaccharides have been 

verified for only a few polysaccharides.
abbreviations : CKS, CMP-KDO synthetase; GalA, galacturonic acid; GlcA, glucuronic 

acid; KDO, 2 -keto-3-deoxy-D-ma««0 -octulosonic acid; ManNAcA, n- 

acetylmannosaminuronic acid; NANA, A-acetylneuraminic acid.
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polysaccharide is held on the surface independent of any covalent 
attachment or is anchored by some other molecule apart from either core- 
lipid A or phospholipid. The presence of both core-lipid A substituted and 
unsubstituted forms of the K30 antigen on the cell surface may indicate that 
these two different species are exported from the cell by different pathways. 
In the case of the E. coli K40 (group IB) antigen, the majority of the 
capsular material consists of high molecular weight polysaccharide chains 
that are linked to core-lipid A (Jann et al, 1992; Dengler et al, 1986); only a 
small fraction are not substituted with core-lipid A (Dodgson et al, 1996). 
This is much more typical of an LPS molecule. Further evidence lends 
support to the idea that group IB K antigens should be considered as O 
antigens; firstly, the effect of the rol gene product on the expression of 
group IB K antigens. The rol gene controls the length of polymerisation of 
heteropolymeric LPS O antigens in a range of Enterobacteriaceae (Bastin et 
al, 1993; Batchelor et al, 1992; Morona et al, 1995). In the case of group 
IB K antigens, the rol gene is present on the chromosome, and multiple 
copies of the rol gene reduce the chain length of group IB K antigens in a 
way analogous to the effects on O antigen chain length (Dodgson et al, 
1996). Group IA strains lack a detectable rol gene. Secondly, in different E. 
coli strains, chemically identical polysaccharides are serologically 
classified as either an O or a group IB K antigen (Jann and Jann, 1990). On 
the basis of this evidence, the classification of group I K antigens may be 
too rigid.
A study of a large number of the different polysaccharides produced by E. 
coli, revealed that E. coli strains grown at 18°C were able to express only 
some of these polysaccharides, while when grown at 37°C all 
polysaccharides were expressed (Orskov et al, 1984). E. coli strains 
expressing group I capsules do not show temperature dependent 
polysaccharide biosynthesis (Jann and Jann, 1990). Genetic analysis, 
involving Hfr crosses, revealed that the genes for production of the group I 
and group II capsules are not allelic (0rskov and 0rskov, 1962). Two 
distinct genetic loci have been reported to be involved in group IA 
polysaccharide biosynthesis (Schmidt et al, 1977). The group IA capsule 
genes map at 44 mins on the E. coli chromosome near his and rfb (0rskov 
et al, 1977). The genes for group IB antigens have been assumed to be 
located at the same region of the chromosome, but this has not yet been 
demonstrated. Studies with the K27 antigen indicate that a second trp- 
linked locus is necessary for the expression of a complete capsule (Schmidt
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Table 1.2 : Repeating units of some E. coli K antigens

Antigen Group Structure Reference

K9 IA -3)-p-G al-(l,3)-p-G alNAc-(l,4)-a-Gal-(l,4)-a-

NeuNAc-(2,5)-OAc-
Dutton et a l  
(1987)

K30 IA -2)-Man-(l ,3)-Gal-(l - 

3,1
p-GlcA-(l,3)-Gal

Chakraborty et 
a l
(1980)

K40 IB -4)-p-GlcA-( 1,4)-a-GlcNAc-( 1,6)-a-GlcNAc-( 1 - 

CO.NH (serine)

Dengler et a l  
(1986)

K1 II -8)-a-NeuNAc-(2- McGuire and 
Binckley (1964)

K2 II -4)-a-Gal-(l ,2)-Gro-(3-P- Jann et a l  (1980)

K4 II -4)-P-GlcA-(l,3)-P-GalNAc-(l-

3,2
p-Fru

Rodriguez et a l  
(1988)

K5 II -4)-p-GlcA-(l,4)-cx-GlcNAc-(l- Vann et a l  

(1981)

K3 mi -2)-a-Rha-(l ,3)-a-Rha-(l ,3)-a-Rha-(l - 

KHO

Dengler et a l  

(1988)

K10 mi -3)-a-Rha-( 1,3 )-p-QuiNMal-( 1 - 

OAc

Sieberth et a l  
(1993)

K ll mi -4)-p-Glc-(l ,4)-a-G lc-(l -P- 

3,2 

p-Fru

Rodriguez et a l  
(1990)

K19 mi -3)-P-Rib-(l,4)-p-KDO-(2,8-OAc- Jann et a l  (1988)

K54 mi -3)-p-GlcA-(l ,3)-a-Rha-(l -

i
CO.NH threonine (serine)

Hofmann et a l  
(1985)

abbreviations : Fru, fructose; Gal, galactose; Glc, Glucose; GlcA, glucuronic acid; 

GlcNAc, V-acetylglucuronic acid; Gro, glycerol; KDO, 2-keto-3 -deoxy-D-mtfw?o- 

octulosonic acid; KHO, deoxy-hexulosonic acid; Man, mannose; NeuNAc, N- 

acetylneuraminic acid; OAc, O-acetyl group; QuiNMal, 4,6-dideoxy-4-

malonylaminoglucose; Rha, rhamnose; Rib, ribose.
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et al, 1977), although this is not the case for the K30 antigen (Laasko et al, 
1988). Interestingly, the genes for the Klebsiella K antigens are also located 
near his and rfb on the Klebsiella chromosome (Laasko et al, 1988). The 
term kst has been suggested for the group I capsular polysaccharide genes 
to distinguish them from those of group II and the O antigen biosynthesis 
genes (rfb) (Whitfield et al, 1989).
Part of the cps gene cluster for the production of colanic acid in E. coli has 
been cloned and analysed (Aoyama et al, 1994; Stevenson, 1996). Analysis 
of the sequence identified six open reading frames (ORFs). The two genes 
cpsB and cpsG encode the enzymes mannose-1-phosphate guanyl- 
transferase and phosphomannomutase respectively, and together with the 
other ORFs, they are involved in the generation of GDP-mannose and GDP- 
fucose, which are component sugars of colanic acid. The E. coli CpsB and 
G proteins are homologous to the CpsB and CpsG and the RfbM and RfbK 
proteins from the cps and rfb gene clusters of Salmonella enterica LT2 
(Aoyama et al, 1994; Stevenson et al, 1991). The high GC ratio of the 
DNA of the cloned cps genes from both E. coli and S. enterica LT2 
suggests that the genes have been acquired from another organism with a 
high GC composition. The changes at the third base position suggest that 
the acquisition of these genes occurred much earlier in E. coli than in S. 
enterica LT2, about 45 million years ago (Aoyama et al, 1994).

1.4.1.2 Group II capsules

Group II K antigens contain more acidic components than group I antigens. 
The acidic components are mainly TV-acetlyneuraminic acid (NeuNAc, 
NANA, sialic acid), 2-keto-3-deoxy-D-waw76>-octulosonic acid (KDO), N- 
acetylmannosaminuronic acid (ManNAc), or phosphate in repeating units of 
mono-, di- or trisaccharides (Jann and Jann, 1990) and therefore exhibit 
higher charge densities. This is reflected in the higher electrophoretic 
mobility of group II K antigens compared with those of group I. In general, 
the group II capsules expressed by E. coli share similar features with the 
capsules produced by H. influenzae and N. meningitidis (Jann and Jann, 
1990). In contrast to group I capsules, group II capsules are thought to be 
anchored in the outer membrane by phospholipid. A number of group II 
polysaccharides terminate at their reducing end with an L- 
glycerophosphatidyl residue, attached by a phosphodiester linkage 
(Gotschlich et al, 1981; Schmidt and Jann, 1982; Jann and Jann, 1990). A 
similar substitution is found in H. influenzae type b (Kuo et al, 1985) and
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N. meningitidis groups A, B and C (Frosch and Muller, 1993). In E. coli 
K5, the capsular polysaccharide is linked to phospholipid by a KDO residue 
at the reducing terminus (Finke et al, 1991). The K12 and K82 antigens are 
also linked to phospholipid by a KDO residue, despite the repeat structure 
of the polysaccharides not containing KDO (Schmidt and Jann, 1982). In H. 
influenzae and N. meningitidis, phospholipid substitution has been shown 
to be necessary for association of the polysaccharide with isolated outer 
membrane vesicles (Arakere et al, 1994). Additionally, translocation of N. 
meningitidis capsular polysaccharides to the cell surface requires the 
attachment to lipid (Frosch and Muller, 1993). However, it is estimated that 
only 20-50% of group II capsular polysaccharide chains are lipid substituted 
(Jann and Jann, 1990), and polysaccharide lacking the membrane anchor 
may be retained at the cell surface by ionic interactions. The linkage 
between group II K antigens and phospholipid is acid labile and easily 
destroyed by heating.
In contrast to group I capsules, E. coli strains coexpress group II capsules 
with a broad range of O antigens, although certain combinations of O and K 
antigens are associated with pathogenic E. coli (Brumfitt, 1991; 0rskov and 
0rskov, 1990; Pluschke et al, 1983b). In addition, group II capsules are 
only expressed at temperatures above 20°C (Jann and Jann, 1990; 0rskov et 
al, 1984), typical of other E. coli virulence factors such as certain pili, P- 
fimbriae and haemolysin which are similarly regulated by temperature 
(Maurelli, 1989). It has been suggested that coordinate regulation of 
virulence factors may occur in response to environmental stimuli (Dorman, 
1991; Mekalanos, 1992).
E. coli expressing group II capsules have elevated levels of CMP-KDO 
synthetase activity (Finke et al, 1989, 1990) which supplies activated KDO 
for incorporation into polysaccharide. The CMP-KDO synthetase activity of 
E. coli with group II K antigens is at least five fold higher than that of E. 
coli expressing group I K antigens or unencapsulated strains. In addition, 
the CMP-KDO synthetase activity of group II strains is much higher at 
bacterial growth temperatures above 20°C, and low when bacteria are 
grown at capsule restrictive temperatures (below 20°C) (Finke et al, 1989, 
1990). The high CMP-KDO synthetase activity and its temperature 
dependence suggest that this enzyme is a possible specific requirement for 
those polysaccharides with temperature dependent biosynthesis. All strains 
of E. coli possess a CMP-KDO synthetase encoded by the kdsB gene, 
which is involved in core lipopolysaccharide biosynthesis (Goldman and
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Kohlbrenner, 1985). However, E. coli expressing group II capsules have an 
additional gene, present in the capsule gene cluster, which encodes a second 
CMP-KDO synthetase (section 1.5.2.4) (Pazzani et al., 1993a).
Group II capsule genes are located at 64 minutes on the E. coli chromosome 
near serA (Orskov et al, 1976; Vimr, 1991), and are designated kps (Silver 
et al, 1984; Vimr et al, 1989), formerly kps A (Orskov and Nyman, 1974). 
The genes for production of several chemically different group II capsules 
have been cloned (Silver et al, 1981; Roberts et al, 1986; Drake et al,
1990) and subjected to detailed analysis as described in detail later (Section 
1.5). A comparable organisation of capsule genes encoding similar proteins 
has been identified in both H. influenzae and N. meningitidis (Frosch et al, 
1989, 1991; Kroll et al, 1989, 1990).

1.4.1.3 Group I/II capsules

Recently the existence of a third group of capsules, referred to as group I/II 
has been postulated (Finke et al, 1990). A number of E. coli capsular 
polysaccharides possess characteristics of both group I and group II K 
antigens and cannot easily be assigned to either group. These include the 
K3, K10, K l l ,  K19, K54 and K98 antigens (Table 1.2). The K10 and K54 
antigens were originally classified as group II capsules on the basis of their 
heat lability, composition and charge density (Jann and Jann, 1987, 1990; 
0rskov et al, 1977). This classification was supported firstly by the 
mapping of the genes for production of the K10 and K54 capsules to serA 
on the E. coli chromosome (0rskov and Nyman, 1974) and secondly by the 
detection of phospholipid at the reducing end of the K10, K l l ,  K54 and 
K98 antigens. In addition, KDO was detected at the reducing end of the K10 
antigen, but this analysis was not extended to include the K11, K54 and K98 
antigens.
None of these capsular polysaccharides are expressed with the group I 
associated O antigens. However, both the K10 and K54 antigens are made at 
all growth temperatures, which is typical of group I capsules (0rskov et al, 
1984). In addition, strains expressing these capsules do not have the 
elevated levels of CMP-KDO synthetase found in group II capsule 
expressing strains (Finke et al, 1990). DNA probes taken from group II 
capsule gene clusters do not hybridise to DNA from group I/II strains 
(Drake et al, 1993), which suggests that the group I/II capsule genes are 
distinct from those of group II despite mapping to the same position on the
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E. coli chromosome. DNA immediately adjacent to region 1 is also specific 
to group II capsule gene clusters. However, DNA further upstream of region 
1 and adjacent to region 3 hybridises to DNA from all group I/II strains 
(Figure 1.2). This implies that capsule production in group I/II strains 
involves genes at or near serA which are different from group II capsule 
genes.

1.5 Genetic analysis of group II capsule gene
clusters in Escherichia coli

1.5.1 Genetic organisation of group II capsule gene
clusters

Laboratory strains of E. coli K-12 are unencapsulated and do not carry the 
group II capsule genes on their chromosome (Echarti et al, 1983). These 
strains have allowed the cloning and molecular analysis of several group II 
capsule gene clusters. These include the genes for the K1 (Echarti et al., 
1983; Silver et al, 1981), K4 (Drake et al, 1990), K5, K7, K12 and K92 
(Roberts et al, 1986), reviewed by Boulnois and Roberts (1990). The genes 
were found to be linked together on the E. coli chromosome and Vimr 
(1991) has reported the precise location (64 mins) of the K1 genes on the 
physical and genetic map of the E. coli genome. The K1 and K5 capsule 
gene clusters occupy approximately 18kb and have been extensively 
studied. The complete nucleotide sequence of the K5 capsule gene cluster 
has now been determined (Pazzani et al, 1993a; Petit et al, 1995; Simpson 
et al, 1996; Smith et al, 1990; Stevens, 1995, Stevens et a l , 1997).
The gene clusters for all group II K antigens so far analysed have the same 
organisation (Figure 1.2). These have been defined on the basis of mutation 
analysis, complementation analysis, and DNA homology. The properties of 
insertion and deletion mutations have been used to delineate the capsule 
genes in E. coli strains expressing different capsules (Boulnois et al, 1987; 
Roberts et al, 1988). In each case the organisation of the genes appeared 
identical. Mutations that affected K antigen production fell into three 
phenotypic classes which were reflected in 3 physical groupings of these 
mutations. These groupings defined regions 1, 2 and 3 of the capsule genes. 
Mutations with insertions the central region (region 2) were devoid of 
capsular polysaccharide and this region is believed to encode the enzymes
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Figure 1.2 : Schematic representation of the cassette-like
organisation of group II capsule genes

Regions 1 and 3 are conserved in all group II capsule gene clusters. The K1 
capsule gene cluster is shown with the three functional regions. The boxes 
labelled K4, K5, K7, K12 and K92 represent the serotype-specific region 2 
sequences that are inserted between the conserved regions 1 and 3. The 
patterned region adjacent to region 1 is found only in group II capsule gene 
clusters. The vertical striped region indicates the extent of homology with 
the sequences flanking group I/II capsule gene clusters (Section 1.5.5). The 
common components of the chromosome on either side of the capsule gene 
cluster are depicted as shaded regions adjacent to region 3 and at the outer 
limits of region 1.
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for the biosynthesis and polymerisation of the K antigen (Boulnois et al., 
1987; Roberts et al., 1988; Silver et al., 1984).
Hybridisation studies have shown that the region 2 determinants were found 
only in bacteria producing the antigen in question. DNA probes derived 
from region 2 of cloned E. coli capsular antigen genes hybridised only with 
the DNA of strains of the same K serotype (Roberts, M. et al., 1988). In the 
case of group II K antigens that contain sugars not ubiquitous to E. coli , 
region 2 also encodes the enzymes for sugar synthesis and activation. For 
example, Region 2 of the E. coli K1 capsule gene cluster encodes three 
genes for the synthesis and activation of V-acetylneuraminic acid (Vann et 
al, 1993). There is a correlation between the size of region 2 and the 
complexity of the K antigen. For instance, the K4 antigen, which is a 
complex branched heteropolymer (Table 1.2; Rodriguez et al., 1988), has a 
region 2 of 14kb (Drake et al., 1990), in contrast to the K1 antigen, which is 
a homopolymer of a single sugar (Table 1.2) and has a region 2 of 5.8kb. In 
the case of K antigens of similar structure the region 2 determinants are very 
similar (Roberts et al., 1986), whereas for structurally diverse polymers 
such as K1 and K5, there is little (if any) homology in this region (Roberts 
et al., 1988).
In contrast, probes derived from regions 1 and 3 hybridised to encapsulated 
E. coli producing different group II polysaccharides (Roberts et al., 1988). 
This suggests that regions 1 and 3, which encode functions for different 
stages in capsule biogenesis do so for group II polymers regardless of 
structure. Regions 1 and 3 are highly conserved among group II capsule 
gene clusters; there is DNA homology (greater than 95%) between the 
equivalent regions 1 and 3 in the capsule gene clusters of chemically 
different group II K antigens (Echarti et al, 1983; Roberts et al, 1986, 
1988; Roberts, M. et a l, 1988). Regions 1 and 3 can be aligned on the basis 
of shared restriction endonuclease cleavage sites (Roberts et al, 1986). 
Mutations in regions 1 and 3 cause the accumulation of polysaccharide 
inside the cell, suggesting that they are needed for translocation of the K 
antigen to the cell surface (Boulnois et al, 1987; Kroncke et al, 1990a, 
1990b; Bronner et al., 1993a, 1993b). Protein analyses have revealed similar 
sized proteins encoded by regions 1 and 3 of different capsule gene clusters 
(Roberts et al, 1986; Silver et al, 1984). Indeed, mutations which disrupt 
either region 1 or 3 can be complemented in trans by the equivalent region 
from the gene cluster of another group II K antigen (Roberts et al, 1986). 
These observations suggest that the gene products of regions 1 and 3 of
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different group II capsule gene clusters are responsible for the export of 
polysaccharide to the cell surface and that these products perform the same 
function in the expression of chemically different group II capsules. In 
keeping with their conservation among group II capsule gene clusters, genes 
in regions 1 and 3 are designated kps. Region 2 genes are named according 
to the polysaccharide for which it encodes, for instance K1 region 2 is 
termed neu for 7V-acetylneuraminic acid (Silver et al, 1984, 1993; Vimr et 
al, 1989). Region 2 genes in E. coli are designated kfi (K five antigen, Petit 
et al, 1995).
The detailed genetic analysis of group II capsule production in E. coli has 
been restricted to the K1 and K5 capsule expressing strains and recent 
studies are shedding light on the function of some of the capsule genes. 
Studies in our laboratory have focused on expression of the K5 antigen as a 
paradigm for other group II capsules. The genetic organisation of the K5 kps 
locus is shown in Figure 1.3. Homologues of the proteins encoded in 
regions 1 and 3 are made by E. coli expressing other group II capsule gene 
clusters and may have conserved functions in polysaccharide processing and 
export.

1.5.2 Region 1 of the E. coli K5 capsule gene cluster

Region 1 of the K5 kps locus was originally thought to contain five genes, 
kpsE, D, U, C and S  (Pazzani et a l , 1993a, 1993b). These genes are thought 
to be organised in a single transcriptional unit (Pazzani, 1992; Cieslewicz et 
al, 1993). Upstream of kpsE , in both K1 (Cieslewicz et al, 1993) and K5 
(Pazzani, 1992), an additional open reading frame has been identified and 
designated kpsF. Subclones lacking kpsF in E. coli K5 still express 
capsule (Pazzani, 1992), therefore kpsF was not thought to be part of region 
1. However, recent work using RNase protection analysis show that region 
1 transcripts in E. coli K5 originate from upstream of kpsF (Simpson et al, 
1996), indicating that kpsF is in fact the first gene in region 1. The 
promoter for region 1 has been mapped 5f of kpsF and a single transcript of 
approximately 8kb spanning region 1 has been detected by Northern 
blotting. Transcription of region 1 is directed from a single promoter 225bp 
upstream of kpsF. Two integration host factor (IHF) binding site consensus 
sequences have been identified llObp upstream and 130bp downstream of 
the transcription start site and IHF has been shown to have a regulatory role 
in the expression of the region 1 genes (Simpson et al, 1996). In subclones
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Figure 1.3 : The capsule gene cluster of E. coli K5

Physical map of the K5 capsule gene cluster. Regions 1, 2 and 3 are 
represented by the large boxes labelled accordingly. The smaller labelled 
boxes define specific genes that have been identified within the cluster. The 
region 1 and 3 genes are designated kps, whilst K5-specific (region 2) genes 
are designated kfi. Arrows indicate the direction of transcription. The 
approximate size of the encoded proteins is shown in kDa.
Restriction enzyme target sites: B, Z?s/B11071; Bg, Bglll; Bs, BsaBl; Bx, 
BstXI; C, Cla\\ E, EcoRl; Ev, EcoRV; H, Hind\\\\ He, H ind i; S, Styl; Sm, 
Smal; St, Stul; X, Xmnl.
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lacking kpsF, transcription of region 1 is most probably directed by a vector 
promoter, since promoter activity has not been detected in the region 
between kpsF and kpsE (Simpson et al, 1996). By direct detection of RNA 
in slot blot hybridisation experiments, transcription of region 1 was shown 
to be reduced at 18°C (Simpson et al, 1996).

1.5.2.1 KpsF

Using minicell analysis, kpsF has been shown to encode a protein of 
approximately 35kDa (Cieslewicz et al, 1993; Simpson et al, 1996). 
Deletions in kpsF do not affect expression of the K5 capsule (Pazzani,
1992); however, an insertion in kpsF in the K1 capsule gene cluster altered 
the morphology of plaques obtained with K1-specific bacteriophage 
(Cieslewicz et al, 1993). This observation was claimed to reflect a 
reduction in cell surface expression of the K1 polysaccharide, but it is not 
clear if the insertion had a polar effect on expression of the downstream 
genes. There is high homology (98%) between the nucleotide sequences of 
kpsF from K1 and K5, which implies a conserved function. The protein 
encoded by kpsF is 72% similar to GutQ, a 23.6kDa putative ATP-binding 
protein of unknown function encoded by the glucitol utilisation operon of E. 
coli (Yamada et al, 1990).

1.5.2.2 KpsE

Mutations in kpsE result in the accumulation of polysaccharide in the 
periplasm (Bronner et al, 1993a, 1993b), indicating that it may be involved 
in export of the polysaccharide across the outer membrane. The E. coli K1 
and K5 kpsE genes have been cloned and sequenced (Cieslewicz et al, 
1993; Pazzani et al, 1993a). Using minicell analysis, kpsE from K5 was 
shown to encode a protein of 43kDa (Pazzani et al, 1993a), whereas for K1 
a 39kDa protein was detected (Cieslewicz et al, 1993). The translational 
start site for K5 kpsE has been disputed (Cieslewicz et al, 1993), but has 
been confirmed by purification and N-terminal sequencing (Rosenow et al, 
1995a). The predicted hydropathy profile of the K5 KpsE using the method
of Kyte and Doolittle (1982) indicated that KpsE has hydrophobic regions
of at least 20 residues located near the N- and C-termini (Pazzani et al, 
1993a). These regions are believed to form a-helices which span the 
cytoplasmic membrane, with KpsE also having a periplasmic domain of 
around 300 amino acids (Pazzani et al, 1993a; Rosenow et al, 1995a).
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Western blotting of KpsE from membranes and spheroblasts before and 
after treatment with proteinase K, has verified the association of KpsE with 
the cytoplasmic membrane and has shown that a large periplasmic domain 
exists (Rosenow et al., 1995a). The predicted amino acid sequence of KpsE 
is 73.2% similar over 355 amino acids to the CtrB protein of N. meningitidis 
and 73.2% similar over 359 amino acids to the BexC protein of H. 
influenzae (Pazzani et al., 1993a). Both CtrB and BexC are thought to be 
involved in the translocation of capsular polysaccharide across the inner 
membrane (Frosch et al., 1991; Kroll et al., 1990). The hydropathy profiles 
of CtrB and BexC are similar to that of KpsE and TnphoA mutagenesis 
(Manoil and Beckwith, 1985) has revealed that both of these proteins have a 
periplasmic domain (Frosch et al., 1991; Kroll et al., 1990). It has been 
suggested that these proteins may act together with other transport proteins 
in the cytoplasmic membrane (Reizer et al., 1992) and is discussed later in 
this chapter (section 1.5.3).

1.5.2.3 KpsD

KpsD is a 60kDa periplasmic protein postulated to be involved in the 
translocation of polysaccharide across the outer membrane (Silver et al.,
1987). A insertion mutation in E. coli K1 kpsD resulted in accumulation of 
polysaccharide in the periplasm (Wunder et al., 1994). Analysis of the 
predicted amino acid sequence of KpsD from E. coli K1 and K5 revealed a 
typical N-terminal signal sequence (Pazzani et al., 1993a; Wunder et al.,
1994). KpsD is 67% similar over 68 amino acids to the E. coli PgpB protein 
(phosphatidyl glycerophosphate (PGP) B phosphatase), which can 
hydrolyse PGP, lysophosphatidic acid and phosphatidic acid (Icho, 1988). 
This homology may be of significance as it is confined to the hydrophilic 
domain of PgpB which is believed to interact with phosphatidic acid (Icho,
1988). In the periplasm, K5 polysaccharide is linked to phosphatidyl-KDO 
(Bronner et al., 1993a) and it is possible that KpsD interacts with the 
polysaccharide via the lipid moiety. KpsD also shares homology (67% over 
100 amino acids) with the ExoF protein of R. meliloti, which is a 
periplasmic protein involved in the export of succinoglycan (Muller et al.,
1993). A homologue of the E. coli kpsD gene has not been identified in the 
capsule gene clusters of N. meningitidis or H. influenzae (Pazzani et al., 
1993b, Wunder et al., 1994), but the translocation of polysaccharides across 
the outer membrane is poorly understood and in these bacteria may occur 
by a different mechanism.
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1.5.2.4 KpsU

The kpsU gene encodes a protein of approximately 27kDa which is 44.3% 
identical and 70% similar to the product of the kdsB gene of E. coli 
(Pazzani et al., 1993a). KdsB is present as basal levels in all E. coli, 
regardless of encapsulation (Finke et al, 1990) and is a CMP-KDO 
synthetase, which supplies activated KDO for biosynthesis of LPS 
(Goldman and Kohlbrenner, 1985). At the nucleotide sequence level, kpsU 
and kdsB are 63.5% identical over 540bp (Pazzani et al., 1993a), 
suggesting that they may be the products of a gene duplication. The 
presence of two CMP-KDO synthetases in group II capsule expressing E. 
coli accounts for the elevated levels of this enzyme in these strains (Finke 
et al., 1989, 1990). Evidence to support the idea of kpsU encoding a CMP- 
KDO synthetase has been found using kpsU mutants, which exhibit only 
the basal level of CMP-KDO synthetase activity which is attributed to KdsB 
(Bronner et al., 1993a; Pazzani, 1992). In addition, purified KpsU protein 
has CMP-KDO synthetase activity in vitro (Rosenow et al, 1995b). KpsU 
has also been found to share homology with NeuA, a CMP-7V- 
acetylneuraminic acid synthetase encoded in region 2 of the E. coli K1 
capsule gene cluster (Zapata et al, 1989).
An oligonucleotide insertion mutant of kpsU which produces a stop codon 
in the kpsU gene, resulting in the production of a truncated form of KpsU, 
was found to be sensitive to K5-specific bacteriophage (Pazzani, 1992). 
Immunoelectron microscopy showed that this mutant produced patches of 
polysaccharide at the cell surface, and also accumulated polysaccharide in 
aggregates in the cytoplasm (Bronner et al, 1993a). Mutations in the kpsC 
and kpsS genes also result in cytoplasmic inclusions of polysaccharide 
(Bronner et al, 1993a) and it is possible that the mutation in kpsU has a 
polar effect on the expression of these genes. Indeed, the translation 
initiation codon for kpsC overlaps the end of kpsU, which suggests that 
these genes may be translationally coupled (Pazzani, 1992). Therefore, if 
translation of kpsU  is terminated prematurely, KpsC (and perhaps KpsS) 
may not be made.
In the K5 polysaccharide, KDO is present at the reducing terminus and 
polymerisation appears to occur from the non-reducing end (Finke et al, 
1989, 1991). These observations led to speculation that KpsU may provide 
KDO for the synthesis of an acceptor for the sugar components of the 
polysaccharide. The elevated activity of CMP-KDO synthetase at capsule - 
permissive temperatures supports this theory (Finke et al, 1989, 1990). It is,

29



however, unlikely that KpsU is involved in the initiation of polysaccharide 
biosynthesis as kpsU mutants can produce K5 polysaccharide (Bronner et 
al., 1993a). It has also been reported that the polysaccharide made by such 
mutants is not substituted with KDO (Bronner et al., 1993a), which 
indicates that KdsB does not complement the mutation, however, it is 
possible that the linkage between the polysaccharide and KDO may be 
destroyed during extraction of the polysaccharide.
Another proposed role for KpsU is to supply KDO for the synthesis of 2- 
phosphatidyl-KDO, for ligation to polysaccharide chains (Bronner et al., 
1993a). In the case of E. coli K5, the polysaccharide found in kpsE and 
kpsD mutants, at the cell surface and in the periplasm, is linked to 
phosphatidyl-KDO, whereas polysaccharide in the cytoplasm is not 
(Bronner et al., 1993a). This has resulted in the hypothesis that substitution 
of the K5 polysaccharide with phosphatidyl-KDO is required for its 
translocation to the cell surface, as is the case with the capsular 
polysaccharides of N. meningitidis (Frosch and Muller, 1993). This would 
indicate a role for KpsU in the translocation of the polysaccharide. 
Expression of some polysaccharide at the cell surface is, however, observed 
in kps U mutants which conflicts with this idea. The role of KpsU in 
expression of the K5 polysaccharide is therefore still unknown.
The presence of kpsU, which encodes a second CMP-KDO synthetase 
enzyme, in addition to that encoded by kdsB, which functions in LPS 
biogenesis, may allow independent temperature regulation of group II 
capsule expression. LPS is an essential component of the outer membrane of 
Gram-negative bacteria and thus KdsB must be expressed at all growth 
temperatures. Group II capsules are not expressed at temperatures below 
20°C, therefore KpsU is not always required. Indeed, the CMP-KDO 
synthetase activity in E. coli expressing group II capsules is much lower at 
18°C than at 37°C (Finke et al., 1989, 1990). This is due to a reduction in 
transcription at 18°C and does not reflect cold sensitivity of the enzyme - 
purified KpsU is active at 18°C in vitro (Rosenow et al, 1995b). The 
presence of two CMP-KDO synthetase enzymes may also be necessary in 
group II capsule expressing strains because of biochemical differences 
between the enzymes. This does assume, however, that CMP-KDO made by 
KdsB and KpsU is used exclusively for LPS or capsule biosynthesis, 
respectively. The Michaelis constant for KpsU is ten-fold higher than that of 
KdsB, indicating that KpsU has a weaker affinity for its substrate (Rosenow 
et al, 1995b). Additionally, the maximum rate of catalysis is much lower
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for KpsU than for KdsB (Rosenow et al, 1995b). This indicates that KdsB 
is a more efficient enzyme than KpsU, which may ensure that LPS is 
expressed preferentially - consistent with the essential role of LPS in outer 
membrane integrity.

1.5.2.5 KpsC

Nucleotide sequence analysis of kpsC revealed several possible open 
reading frames, with predicted proteins ranging from 55 to 76kDa (Pazzani,
1992). Using minicell analysis, kpsC was shown to encode a protein of 
76kDa in E. coli K5 (Pazzani et al., 1993a), and proteins of similar size are 
also encoded in region 1 of the E. coli K1 and K7 capsule gene clusters 
(Roberts et al., 1986). The hydropathy plot of KpsC revealed a hydrophilic 
protein (Pazzani et al, 1993a). This combined with the lack of any obvious 
signal sequence, is consistent with a cytosolic location for this protein. 
Protein data base searches identified 38.1% identity and 75.9% homology 
over 312 amino acids between KpsC and the LpsZ protein of Rhizobium 
meliloti. LpsZ is a cytoplasmic protein which plays a poorly defined role in 
modifying rhizobial LPS and K polysaccharides (Brzoska and Signer, 1991, 
Reuhs et al, 1995). The K polysaccharides of R. meliloti contain KDO and 
are structurally similar to the group II K antigens of E. coli (Reuhs et al,
1993). Mutations in IpsZ alter the size range of polysaccharide chains 
expressed at the cell surface and confer resistance to capsule-specific 
bacteriophages (Reuhs et a l, 1995). Unlike kpsC mutations, IpsZ defects 
do not prevent surface expression of the polysaccharide. A kpsC mutation 
in the E. coli K5 genes could not be complemented by the cloned IpsZ gene 
from R. meliloti (M. Collins, unpublished results). The phenotype of kpsC 
and kpsS mutations is identical and is discussed below.

1.5.2.6 KpsS

In E. coli K1 and K5, kpsS encodes a protein of 44 kDa that is predicted to 
be located in the cytoplasm (Silver et al, 1984; Pazzani et al, 1993a). 
Mutations in both kpsC and kpsS cause the accumulation of polysaccharide 
in electron dense aggregates in the cytoplasm which is not associated with 
the inner membrane (Bronner et al, 1993a, 1993b). This polysaccharide has 
a high molecular weight, comparable to that of surface polymer, but is not 
linked to KDO or phospholipid (Bronner et al, 1993a).
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Membranes from both kps C and kpsS mutants have been reported to result 
in a decrease in endogenous transferase activities in vitro (Bronner et a l , 
1993a, 1993b; Vimr et al., 1989). In E. coli K5, addition of exogenous K5 
polysaccharide to the membranes of kpsC and kpsS mutants increased the 
transferase activity (Bronner et al, 1993b). It is therefore possible that 
mutations in kpsC and kpsS reduce either the initiation of polysaccharide 
synthesis, or the amount of existing endogenous acceptor on the membrane. 
The hypothesis that KpsC and KpsS may be scaffolding proteins required to 
hold growing polysaccharide chains on the membrane provides an 
explanation as to why kpsC and kpsS mutants release polysaccharide into 
the cytoplasm in vivo. KpsC and KpsS have been postulated to form a 
complex with the enzymes for polysaccharide biosynthesis at the 
cytoplasmic face of the inner membrane (Bronner et al, 1993a, 1993b; 
Vimr et al, 1989). It is unlikely that the loss of KpsC or KpsS affects the 
ability of this complex to extend polysaccharide chains because kpsC and 
kpsS mutants still make polysaccharide.
KpsC and KpsS are homologous to the LipA and LipB proteins of N. 
meningitidis respectively (Frosch and Muller, 1993). These proteins are 
encoded in region B of the N. meningitidis capsule gene cluster, which has 
been implicated in translocation of capsular polysaccharide to the cell 
surface (Frosch et al, 1989). Mutations in I ip A and lipB result in 
accumulation of polysaccharide in the cytoplasm which is not linked to 
phospholipid (Frosch and Muller, 1993). It is thought that LipA and LipB 
may determine the phospholipid substitution of N. meningitidis capsular 
polysaccharides and that this substitution is a prerequisite for export of the 
polysaccharide (Frosch and Muller, 1993). It is possible that the KpsC and 
KpsS proteins have an analogous function in the expression of group II K 
antigens.

1.5.3 Region 3 of the E. coli K5 capsule gene cluster

Region 3 is 1.6kb in size and mutations in this region result in the 
accumulation of polysaccharide in the cytoplasm which is shorter than 
surface polymer and lacks phospholipid substitution (Boulnois et al, 1987; 
Bronner et al, 1993b; Kroncke et al, 1990a). Cytoplasmic polysaccharide 
is also induced by the addition of the membrane-decoupling agent, 
carbonyl-cyanide-M-chlorophenyl hydrazone (CCCP), to wild-type E. coli 
K5 prior to temperature upshifting from a capsule-restrictive to a capsule-
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permissive temperature (Kroncke et al, 1990b). These observations suggest 
a role for the region 3 products in the energy-dependent translocation of 
polysaccharide across the inner membrane (Boulnois and Jann, 1989). 
Region 3 from both the K1 and K5 capsule gene clusters have been 
sequenced and analysed (Pavelka et al, 1991; Smith et al, 1990). Both 
contain two genes, kpsM  and kpsT organised in a single transcriptional unit 
(Figure 1.3). The kpsM  and kpsT genes appear to be translationally coupled 
(Pavelka et al, 1991; Smith et al, 1990). This coupling suggests that the 
KpsM and KpsT proteins are likely to interact in some form of complex. 
The promoter for the K5 region 3 is 741 bp upstream of the initiation codon 
for KpsM (Stevens, 1995; Stevens et a l , 1997). The expression of E. coli 
group II K antigens requires the rfaH gene (Stevens et al, 1994). A 39bp 
conserved sequence, JUMPstart (Hobbs and Reeves, 1994), is located 28bp 
5' of kpsM  and is conserved upstream of RfaH-regulated operons and other 
polysaccharide biosynthesis genes (Stevens et al, 1994). A model for 
regulation of expression of the group II capsule gene clusters has been 
proposed in which RfaH allows readthrough transcription to proceed from 
region 3 into region 2 and that the JUMPstart sequence is essential for this 
process (Stevens, 1995; Stevens et a l , 1997). RfaH has also been shown to 
regulate the expression of other group II capsules in E. coli (Stevens, 1995) 
which suggests that this model may be widely applicable.
Analysis of the predicted amino acid sequences of KpsM and KpsT 
indicates that they are members of the family of prokaryotic and eukaryotic 
proteins with transport functions, the ’traffic ATPases' or 'ATP-binding 
cassette (ABC) transporters' proteins (Ames et al, 1990; Fath and Kolter, 
1993; Higgins, 1992; Pavelka et al, 1991; Smith et al, 1990). This family 
of proteins transports specific substances across the cell membrane using 
the energy derived from ATP hydrolysis. Most ABC-transporters comprise a 
hydrophobic membrane component, which mediates the transport process, 
coupled to a separate hydrophilic ATP binding component (Fath and Kolter, 
1993; Higgins, 1992). The KpsM and KpsT proteins exhibit characteristics 
of the ABC-transporters. Analysis of the hydropathy profile of KpsM from 
K1 and K5 indicates that it contains six hydrophobic domains of at least 20 
residues separated by short stretches of hydrophilic amino acids (Pavelka et 
al, 1991; Smith et al, 1990). The hydrophobic domains are postulated to 
form a-helices which span the cytoplasmic membrane, with both the N- and 
C-termini in the cytoplasm. This topology has been confirmed using 
(3-lactamase and alkaline phosphatase sandwich fusions in KpsM (Pigeon
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and Silver, 1994; Silver, 1994). KpsT is predicted to be a cytoplasmic 
protein and contains an adenine nucleotide binding fold (Pavelka et al., 
1991; Smith et al., 1990). Support for the interaction of KpsT with ATP was 
obtained by photochemical labelling of KpsT in vitro with analogues of 
ATP (Pavelka et al., 1994). In addition, mutations affecting conserved 
amino acids within the ATP-binding sequence of KpsT prevent this 
labelling and prevent polysaccharide export (Pavelka et al., 1994; Silver,
1994).
KpsM and KpsT share homology with BexB and BexA from H. influenzae 
(Kroll et al., 1990), CtrC and CtrD from N. meningitidis (Frosch et al.,
1991) and the NodJ and Nodi proteins from Rhizobium species (Vazquez et 
al., 1993), respectively. All of these proteins appear to be ABC- transporters 
and are involved in the translocation of polysaccharide across the 
cytoplasmic membrane (Reizer et al., 1992). It has been proposed that a 
subfamily of ABC-transporters involved in polysaccharide export exists 
(ABC-2 subfamily) (Reizer et al., 1992). Some members of the ABC-2 
subfamily are postulated to have two integral membrane components 
involved in polysaccharide export. Many of the ABC protein-mediated 
transport systems from Gram-negative bacteria involve these accessory 
proteins. ABC protein-mediated exporters require an inner membrane 
protein with a periplasmic domain, the C-terminus of which may interact 
with the outer membrane. This membrane topology has resulted in the 
classification of such accessory proteins as members of the Membrane 
Fusion Protein (MFP) family (Dinh et al., 1994). In H. influenzae it is 
suggested that the BexC protein interacts with the BexAB transporter, and 
in N. meningitidis CtrB interacts with CtrCD (Reizer et al., 1992). The 
KpsE protein is homologous to BexC and CtrB, and it is tempting to 
speculate that KpsE is a member of the MFP family and may interact with 
the KpsMT transporter.

1.5.4 Region 2 of the E. coli K5 capsule gene cluster

In K5, region 2 contains the genes necessary for the biosynthesis of the K5 
antigen, 4)-(3-glucuronic acid-(l,4)-a-A-acetylglucosamine-(l- (Roberts et 
al., 1988). Region 2 of the K5 capsule gene cluster is 8kb and it is predicted 
from analysis of the nucleotide sequence of region 2 that there are four open 
reading frames, termed kfiA through kfiD , with two large intergenic spaces 
(Figure 1.3) (Petit et al, 1995). An additional open reading frame is located 
between kfiB and hfiC, and is predicted to be transcribed in the opposite
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direction to the other region 2 genes and to encode a protein of 16kDa. This 
protein has not, however, been visualised in minicells (B. Clarke, 
unpublished results) and an insertion in this open reading frame did not 
affect expression of the K5 antigen (Petit et al., 1995).
Northern blot analysis identified three overlapping region 2 transcripts of 
around 8, 6.5 and 3kb (Figure 1.3), and primer extension and promoter 
probe analysis used to identify promoters located 5' of kfi A, kfiB and kfiC 
(Petit et al., 1995). Region 2 of the K1 capsule gene cluster is 5.8kb and 
contains six genes, all of which are transcribed in the same direction as 
region 3 (Silver, 1994). In addition, the capsule biosynthesis genes in region 
A of the cps cluster of N. meningitidis are also organised in a single 
transcriptional unit (Edwards et al., 1994). In K5, it is not clear why three 
overlapping transcripts are necessary or why large intergenic regions are 
transcribed.

1.5.4.1 KfiA and KfiB

The kfiA and IfiB genes encode proteins of 27 and 66kDa respectively, 
which are believed to be located in the cytoplasm (Petit et al., 1995). An 
additional protein of 15kDa is associated with the expression of kfiB in 
minicells (Petit et al., 1995). This could be a breakdown product of KfiB or 
may arise by initiation of translation at a site within the kfiB gene. The 
functions of the KfiA and KfiB proteins are so far unknown, their amino 
acid sequences showing no strong homology to any proteins in the database. 
Preliminary evidence suggests a role for these enzymes in the initial stages 
of K5 biosynthesis - possibly in the attachment of the first sugar residue to a 
membrane acceptor onto which the K5 polysaccharide is then synthesised 
by the KfiC enzyme (Roberts, 1995). Analysis of the secondary structure of 
KfiB indicates the presence of an a-helical coiled-coil motif (Cohen and 
Parry, 1994), which is found in eukaryotic cytoskeletal proteins such as a- 
tropomyosin. A TrfiA mutant has been shown to exhibit a low endogenous 
transferase activity in vitro, but can extend exogenous polysaccharide 
(Sieberth, 1994). This suggests that KfiA may be involved in the initiation 
of polysaccharide biosynthesis, or may be required to hold the endogenous 
acceptor on the membrane.
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1.5.4.2 KfiC

KfiC is a 60kDa protein which has homology to a number of 
glycosyltransferase enzymes, including the ExoO, ExoU and ExoW proteins 
of R. meliloti which are involved in the biosynthesis of succinoglycan 
(Glucksmann et al, 1993). Homology was also identified with the HasA 
protein of group A Streptococci, involved in the biosynthesis of a 
hyaluronic acid capsule (DeAngelis et al, 1993). Hyaluronic acid is 
composed of glucuronic acid and A-acetylglucosamine, like the K5 antigen. 
Alignment of the predicted amino acid sequence of KfiC with other known 
glycosyltransferases reveals three conserved regions (Petit et al, 1995) that 
are likely to be functionally important in projective glycosyltransferase 
enzymes (Saxena et al, 1995). Site directed mutagenesis of these regions 
may enable their role in the activity of KfiC to be elucidated.
Using membranes from a strain which overexpresses kfiC, in vitro 

transferase assays have indicated that KfiC is a bifunctional 
glycosltransferase enzyme that adds alternating glucuronic acid and N- 
acetylglucosamine residues at the non-reducing end of the growing 
polysaccharide chain (Petit et al, 1995; Sieberth, 1994). The KfiC enzyme 
is unable to initiate K5 biosynthesis itself, which suggests that the initial 
reactions for K5 biosynthesis are mediated by other enzymes encoded 
within region 2. Western blot analysis with antibodies to the purified KfiC 
enzyme confirm its location on the inner face of the cytoplasmic membrane 
and reveals that association of the KfiC enzyme with the cytoplasmic 
membrane requires proteins encoded by regions 1 and 3 (Rigg et al, 1997, 
in press). This supports the idea of a polysaccharide biosynthetic complex 
existing on the inner face of the cytoplasmic membrane.

1.5.4.3 KfiD

The KfiD protein has been demonstrated to be an NAD-dependent UDP- 
glucose dehydrogenase that converts UDP-glucose to UDP glucuronic acid, 
which is a component sugar of the K5 polysaccharide (Petit et al, 1995; 
Sieberth et al., 1995). KfiD has been purified and shown to convert UDP- 
glucose to UDP-glucuronic acid in vitro (Sieberth et al, 1995). 
Overexpression of kfiD results in elevated UDP-glucose dehydrogenase 
activity (Petit et al, 1995). At the nucleotide sequence level, kfiD shares 
significant homology with genes encoding NAD-dependent sugar 
dehydrogenases in other bacteria (Petit et al, 1995). kfiD is 59% identical
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over 478bp to the hasB gene, involved in synthesis of the hyaluronic acid 
capsule of group A Streptococci (Dougherty and Van der Rijn, 1993), and 
60% identical over 574bp to the cap3A gene which encodes a UDP-glucose 
dehydrogenase required for expression of the type 3 capsule of S. 
pneumoniae (Arrecubieta et al, 1994). This conservation implies that the 
genes for UDP-glucose dehydrogenases have been transmitted between 
diverse bacteria relatively recently in evolution.

1.6 Biosynthesis of group II capsular 
polysaccharides in Escherichia coli

The biosynthesis of the E. coli K1 and K5 antigens have been studied 
extensively (Finke et al, 1991; Jann and Jann, 1992; Steenbergen and Vimr, 
1990; Steenbergen et al, 1992; Whitfield et a l , 1984a). Polymerisation of 
the K1 and K5 antigens involves the sequential addition of monosaccharide 
units from their nucleotide-activated forms to the no-reducing terminus of 
the polysaccharide (Finke et al, 1991; Steenbergen and Vimr, 1990). By 
assaying the biosynthesis of the K5 polysaccharide in membrane vesicles 
with defined orientations, polymerisation was found to take place on the 
cytoplasmic face of the inner membrane (Finke et al, 1991). The genes for 
the synthesis and activation of NANA are located in region 2 of the K1 
capsule gene cluster (Figure 1.4) (Silver et a l , 1984, 1988, 1993). The 
biosynthesis of the NANA in the K1 antigen is achieved by the conversion 
of A-acetylmannosamine-6-phosphate to TV-acetylmannosamine (ManNAc) 
which is probably catalysed by the NeuC protein (Silver et al, 1984; Zapata 
et al, 1992) (Figure 1.4). A condensation reaction then follows catalysed by 
NeuB between phosphoenolpyruvate and ManNAc (Annunziato et al, 
1995; Vann et al, 1993). NANA is then activated by conversion to CMP- 
NANA by the NeuA enzyme (Vann et al, 1993; Zapata et al, 1989). The 
polymerisation of the K1 antigen in then achieved by NeuS, a processive 
polysialyltransferase enzyme (Steenbergen and Vimr, 1990; Weisgerber et 
al, 1991).
The polysialyltransferase enzyme elongates polysialyl polymers within the 
membrane, as well as exogenous acceptors consisting of polysialic acid 
(Steenbergen et al, 1992; Troy and McCloskey, 1979). The 
polysialyltransferases from E. coli K1 and K92 are very similar (Vimr et al,
1992) but that of K92 is a bifunctional enzyme, capable of both a2,8 and

37



Figure 1.4 : Genetic organisation of Gram-negative capsule
gene clusters

Genetic organisation of the E. coli Kl, H. influenzae type b and N. 
meningitidis group B capsule gene clusters. For clarity, a single copy of the 
H. influenzae capsule gene cluster is shown. The large boxes denote the 
conserved functional regions. The smaller labelled boxes define specific 
genes that have been identified within each cluster.
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a2,9 linkages between NANA residues (Steenbergen et al, 1992). The 
polysialyltransferase enzyme is unable to initiate K1 polysaccharide 
synthesis by itself (Steenbergen et al, 1992) and the reaction which initiates 
polysialic acid synthesis is unknown. It has been postulated that linkage of 
polysialic acid chains to a lipid carrier such a undecaprenol phosphate may 
be important for their translocation (Troy et al, 1993). It has been reported 
that a membrane protein of 20kDa has been found at the reducing end of 
polysialic acid chains in K1 (Weisgerber and Troy, 1990) and it has been 
suggested that this protein may accept individual sialic acid residues or 
short oligomers from an undecaprenol phosphate carrier (Whitfield and 
Valvano, 1993).
Biosynthesis of the K5 antigen is poorly understood. There is no evidence 
for any lipid-linked intermediates and the initiation reaction and 
endogenous acceptor have not been identified (Finke et al, 1991). Since 
KDO is present at the reducing terminus of the K5 antigen, is has been 
postulated that initiation may involve the transfer of KDO to an acceptor 
molecule (Finke et al, 1991). Mutants of kpsU, kpsC and kpsS do, 
however, produce polysaccharide that lacks KDO at the reducing terminus 
(Bronner et al, 1993a), suggesting that KDO is added to the polysaccharide 
after polymerisation. It may be the case however, that the linkage between a 
KDO-substituted carrier and the polysaccharide could be labile and this may 
prevent the isolation of intact intermediates. It follows that a role for KDO 
in the initiation of K5 polysaccharide biosynthesis cannot be ruled out.
A model for expression of the K5 antigen has been proposed (Roberts,
1995). Polymerisation is thought to involve a multi-enzyme complex 
assembled at the cytoplasmic face of the inner membrane (Rigg et al, 1997, 
in press). KfiC catalyses the transfer of alternate glucuronic acid and N- 
acetylglucosamine residues to the non-reducing end of the polysaccharide. 
KfiD, a UDP-glucose dehydrogenase, supplies the UDP-glucuronic acid for 
biosynthesis of the K5 antigen. KfiA and KfiB may be involved in the 
synthesis of an acceptor on which the polysaccharide is assembled. The 
translocation of full length polysaccharide chains may then require their 
substitution with phosphatidyl-KDO. It is possible that the substitution with 
phospholipid is recognised by the polysaccharide export apparatus and 
indicates that the polysaccharide is ready for export. This may explain how 
the conserved regions 1 and 3 proteins can export many chemically different 
polysaccharides.
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It has been suggested that the KpsC and KpsS proteins are involved in the 
attachment of phosphatidyl-KDO to the reducing end of the polysaccharide 
molecule (Roberts, 1995, 1996). KpsU may produce the CMP-KDO 
required for this process. Polysaccharide would then be translocated across 
the cytoplasmic membrane by KpsM and KpsT, which make-up an ABC 
transporter. The KpsE and KpsD proteins may accept polysaccharide as it 
enters the periplasm and deliver it to the cell surface. Recent work has 
shown that the KpsC, KpsS and KpsT proteins are found to be associated 
with the inner membrane (Rigg et al, 1997, in press) together with the 
KfiA, KfiC and KfiD proteins. Mutations in kpsC, kpsS, kpsM  and kpsT 
eliminated detectable KfiA and KfiC on the inner membrane. The KfiA 
protein could be detected in the cytoplasm, suggesting that in the absence of 
these proteins KfiA was unable to be targeted to the membrane. These 
results suggest that there is some form of membrane-bound complex on the 
inner membrane consisting of proteins involved in different stages of 
polysaccharide biosynthesis and export. The formation of such a multi
protein complex on the inner membrane would permit the initiation of 
polysaccharide synthesis, extension, the addition of phosphatidyl-KDO and 
export to take place at one site. By increasing the effective concentrations of 
the necessary proteins at the site of polymer synthesis this may be the most 
effective way of synthesising polysaccharide. Whilst KpsM is not required 
for the association of KpsT with the membrane (Silver et al, 1993) it is not 
known whether KpsT targets the membrane directly or by association with 
other E. coli membrane proteins of the ABC transporter family. Following 
osmotic shock, proteins involved in K5 biosynthesis are released, which 
suggests that the polysaccharide biosynthetic complex may be formed at 
sites of adhesion between the inner and outer membranes. Such sites may be 
crucial in facilitating the transport of polysaccharide from the cytoplasmic 
face of the inner membrane. The recent observation that the KpsT protein 
may be temporarily exposed in the periplasm (Bliss and Silver, 1997) would 
support the idea of a direct link between cytoplasmic components of the 
biosynthetic complex and the periplasmic space. It is probable that KpsE 
and KpsD may play an important role in the formation of such adhesion 
sites and the transport of polysaccharide onto the cell surface.
The translocation of polysaccharide across the outer membrane and its 
assembly at the cell surface is poorly understood. In N. meningitidis, CtrA, 
an outer membrane protein, has been identified which is highly conserved 
among serogroups and is believed to be part of the polysaccharide export
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apparatus (Frosch et al, 1992). In group II polysaccharides no outer 
membrane component has been identified which is involved in this process 
and no CtrA homologue has been identified (Frosch et al, 1991). The 
predicted secondary structure of CtrA indicates that it has eight amphipathic 
beta strands which span the outer membrane (Frosch et al, 1992). This 
structure is found in E. coli outer membrane porins (Vogel and Jahnig, 
1986) which form aqueous channels across the outer membrane which allow 
the transport of small hydrophilic solutes. Protein K, a porin found in E. 
coli, has been linked to capsule production (Paakkanen et al, 1979; 
Whitfield et al, 1983) and appears in the outer membrane when capsular 
polysaccharide is expressed on the cell surface in temperature upshift 
experiments (Whitfield et al, 1985). It is, however, unlikely that protein K 
has a specific role in capsule expression, as E. coli K-12 strains, which lack 
protein K, can express group II K antigens when transformed with group II 
capsule genes contained on a plasmid. In group II K antigen expressing E. 
coli, newly exported polysaccharide is found to be associated with areas in 
which the outer membrane and cytoplasmic membrane are close together. 
These regions are known as Bayer junctions (Bayer and Thurow, 1977; 
Kroncke et al, 1990b; Whitfield et al, 1984b) and tufts of the K5 
polysaccharide was found to appear above these regions in temperature up
shift experiments (Kroncke et al, 1990b). It is possible that the apparatus 
for polysaccharide translocation may interact directly with the outer 
membrane at Bayer junctions, however, the existence of such regions is 
disputed and they may in fact be artefacts of the method of sample 
preparation for electron microscopy.

1.7 Organisation of capsule gene clusters in 
H. influenzae and N. meningitidis

Genes encoding the production of capsules in H. influenzae and N. 
meningitidis are organised in a similar fashion to those of the E. coli group 
II (Figure 1.4). The similarity between the capsule gene clusters of these 
different Gram-negative organisms is striking and it has been suggested that 
these genes share a common ancestor (Boulnois and Jann, 1989; Frosch et 
al, 1991).
H. influenzae produces six serologically distinct capsular types designated 
a through f. Of these serotypes, type b is most commonly associated with

41



disease causing isolates (Moxon and Kroll,1990; Moxon and Vaughn, 1981) 
and consequently is the best studied (reviewed by Moxon, 1992; Kroll,
1992). The capsule genes (cap) of H. influenzae have been analysed and 
shown to consist of three functional regions (Kroll et al, 1989) (Figure 1.4). 
Like the E. coli group II capsule gene cluster, there is a central serotype- 
specific region which encodes the biosynthetic functions (Van Eldere et al,
1995) which is flanked by regions common to all serotypes and determine 
polysaccharide export (Kroll et al, 1989; Kroll et al, 1990). Region 1 of 
the H. influenzae type b (cap) locus has been sequenced and contains four 
genes, bexA through bexD, probably organised in a single transcriptional 
unit (Kroll et al, 1990). The organisation of regions 1 and 3 are not 
identical to that of E. coli group II, but some of the gene products are 
similar (see below). Region 2 of the cap locus comprises four genes, one of 
which appears to encode CDP-ribitolpyrophosphorylase, an enzyme needed 
for the synthesis of a precursor of the type b polysaccharide (Van Eldere et 
al, 1995).
One striking difference between the H. influenzae and E. coli capsule 
genes clusters is that in H. influenzae type b strains of phylogenetic division 
I the cap locus exists as an 18kb tandem repeat flanking a 1.3kb bridge 
region in the majority of clinical isolates (Hoiseth et al, 1986). A single 
18kb element is sufficient for encapsulation providing that the 1.3kb of 
DNA separating the duplicated sequences is not also deleted (Kroll et al,
1988). This indicates that the 1.3kb sequence is essential for capsule 
expression. A gene is located in this bridge region, encoding a 24.7kDa 
protein BexA (Kroll et al, 1988). This has homology with ATPases and is 
needed for polysaccharide export (Kroll et al, 1990). H. influenzae type b 
strains revert to an acapsular phenotype at high frequency. This instability is 
due to recombination events between homologous sites in each repeat which 
reduce cap to a single copy and result in the loss of hex A (Brophy et al, 
1991; Kroll et al, 1988).
H. influenzae type b strains may contain multiple copies of the cap genes 
(Kroll and Moxon, 1988). The cap locus is flanked by direct repeats of an 
insertion sequence-like element, IS 1016 (Kroll et al, 1991). Amplification 
of cap is accompanied by an increase in capsule synthesis (Kroll and 
Moxon, 1988). It has been suggested that the evolutionary significance of 
the duplicated arrangement may be its ability to amplify rapidly under 
conditions where it is advantageous to produce more capsule (Com et al,
1993). Amplification of the cap locus is associated with decreased
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susceptibility to complement-mediated lysis and decreased complement- 
mediated opsonisation and could be used by H. influenzae to increase 
resistance to complement dependent host defence mechanisms (Noel et al.t
1996). The advantage of the cap instability in vivo is not clear. It has been 
postulated that capsule loss may promote adhesion to epithelia and invasion 
(St. Geme and Falkow, 1991), and may therefore be required at certain 
stages of infection.
The N. meningitidis capsule genes have also been analysed and study has 
centred around the medically important group B genes. The group B 
polysaccharide is identical to E. coli K1 and has many common steps in 
biosynthesis of this polysaccharide (Masson and Holbein, 1985). The genes 
for capsule production in N. meningitidis group B have been cloned and are 
designated cps (Frosch et al., 1989). The cps locus has a complex 
segmental organisation, being composed of five regions, designated A 
through E (Figure 1.4). The central region A encodes the enzymes needed 
for polysaccharide biosynthesis and is therefore equivalent to region 2  in the 
E. coli and H. influenzae capsule gene clusters (Edwards et al., 1994; 
Ganguli et al., 1994). As with group II capsule gene clusters, transport 
functions are assigned to the flanking regions. Region B appears to direct 
the translocation of polysaccharide across the cytoplasmic membrane and 
region C is required for transport of the polysaccharide from the periplasm 
to the cell surface (Frosch et al., 1989). Two proteins, LipA and LipB, are 
encoded by region B. These are thought to determine the phospholipid 
substitution of the polysaccharide (Frosch and Muller, 1993). Four genes 
(<ctrA through ctrD) are present in a single operon in region C (Frosch et 
al., 1991). Region D encodes a UDP-glucose-4-epimerase (GalE) that is 
required for the biosynthesis of lipooligosaccharide (LOS) (Hammerschmidt 
et al., 1994; Jennings, M. et al., 1993). Mutations in this region do not 
affect capsule production and this region is not therefore thought to be 
involved in biosynthesis of the group B capsular polysaccharide 
(Hammerschmidt et al., 1994). Three other genes, designated rfbB through 
D  have also been identified in region D. These genes encode proteins 
homologous to those involved in the biosynthesis of rhamnose, which 
contains LPS molecules in Salmonella typhimurium (Hammerschmidt et al.,
1994). A homologue of this region D locus containing similar genes has 
been identified in the unencapsulated Neisseria gonorrhoeae (Robertson et 
al., 1993, 1994). The absence of any detectable rhamnose-containing 
polysaccharides in meningococci and the incomplete expression of all of the
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rfb genes are puzzling. The lack of any LOS or LPS genes within the H. 
influenzae and E. coli capsule gene clusters suggests that, in the case of 
the N. meningitidis group B capsule gene cluster, the insertion of the LOS 
genes occurs by some form of chromosomal rearrangement within 
meningococci. Region E is believed to be involved in the regulation of 
polysaccharide biosynthesis or export, since mutations in this region 
increase capsule expression (Frosch et al., 1989). Regions analogous to 
regions D and E have not been identified in group II capsule gene clusters. 
One of the striking structural features that distinguishes N. gonorrhoeae 
from the closely related pathogen N. meningitidis is that the gonococcus 
lacks a polysaccharide capsule. However, a homologue of the 
meningococcal cps locus region E has been identified in N. gonorrhoeae 
immediately upstream of the gonococcal region D locus. Region E has no 
detectable function in capsule biosynthesis in N. meningitidis or in LPS 
biosynthesis in either organism. Further analysis of the N. meningitidis cps 
cluster has identified a second copy of region D (region D') upstream of the 
meningococcal region E, encoding three additional open reading frames 
including homologues of methyltransferases (Petering et al, 1996).
The N. meningitidis group B capsular polysaccharide is identical to the K1 
antigen of E. coli (Bhattacharjee et al, 1975). The biosynthesis of these 
polymers involves several identical steps (Section 1.6) in both bacteria 
(Vann et al, 1993). Preliminary analyses indicated that little homology 
exists between the E. coli capsule genes and N. meningitidis group B DNA 
(Echarti et al, 1983). However, subsequent studies have shown that the 
proteins involved in synthesis of the polysaccharide are similar, for 
example, the NeuB protein of E. coli K1 (thought to encode an N- 
acetylneuraminic acid synthetase), is 57% similar to the N. meningitidis 
CpsB protein (Annunziato et al, 1995). These bacteria also share homology 
between the CMP-A-acetylneuraminic acid synthetase and sialyltransferase 
enzymes (Edwards and Frosch, 1992; Frosch et al, 1991; Ganguli et al,
1994).
Recent work has shown that cell surface expression of sialic acid in N. 
meningitidis is modulated by a transposable genetic element 
(Hammerschmidt et al, 1996a). Encapsulation has been shown to hinder the 
primary event in the development of the disease, but the spontaneous 
switching of encapsulated wild-type bacteria to a capsule negative 
phenotype promotes meningococcal adherence and invasion into mucosal 
epithelial cells. Genetic analysis of the capsule-negative, invasive bacteria
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revealed a unique mechanism for modulation of capsule expression based 
on the reversible inactivation of an essential biosynthesis gene, neuA, by 
insertion/excision of a naturally occurring insertion sequence element, 
IS/307 (Hammerschmidt et al, 1996a). More recently, a novel mechanism 
of reversible capsule phase variation in N. meningitidis has been described 
(Hammerschmidt et al., 1996b). Capsule phase variation results from 
reversible changes in the number of dC residues within the 5' region of the 
neuD gene encoding the a-2,8 polysialyltransferase (Edwards et al, 1994; 
Frosch et al., 1991). The insertion or deletion of one cytidine residue within 
an oligo-(dC) stretch results in a frameshift mutation which leads to 
termination of translation and expression of a truncated, inactive a - 2 , 8  

polysialyltransferase. Thus, H. influenzae and N. meningitidis have 
different mechanisms for modulating capsule expression.
The homologous organisation of the capsule genes in H. influenzae, N. 
meningitidis and E. coli expressing group II K antigens is remarkable, 
suggesting a common evolutionary origin. Evidence for this comes from 
comparisons of DNA sequences and proteins from the functional regions of 
the capsule gene clusters of these organisms. The kpsM and kpsT genes of 
region 3 in E. coli group II capsule gene clusters, for example, share 
extensive sequence homology with the H. influenzae bexB and bexA genes 
(Kroll et al, 1990; Pavelka et al, 1991; Smith et al, 1990) and with the N. 
meningitidis ctrC and ctrD genes (Frosch et al, 1991), respectively. 
Additionally, kpsE is similar to bexC and ctrB (Cieslewicz et al, 1993; 
Pazzani et al, 1993a). It is believed that these genes determine the 
translocation of polysaccharide across the inner membrane (Reizer et al, 
1992). This homology implies that not only do these genes have a common 
origin, but that there may be a common mechanism for polysaccharide 
export in these bacteria.

1.8 The genetic diversity of E. coli

Escherichia coli has been studied extensively by microbiologists and 
molecular biologists throughout this century, but estimates of its genetic 
diversity have only very recently become available. Most research has either 
been performed with laboratory derivatives such as E. coli K-12 or with 
bacteria implicated in diarrhoeal disease. Yet E. coli is implicated in many 
extraintestinal invasive diseases and is one of the antigenically most diverse
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organisms routinely isolated in the diagnostic laboratory (Achtman and 
Pluschke, 1986). Currently, the use of isoenzyme techniques seems to offer 
the most promising method for taxonomic analysis of clonal relationships 
among Gram-negative bacteria.
The E. coli population is not a continuous spectrum of individuals but is 
composed of a small number of broadly distributed, independently evolving 
lineages or clones (0rskov and 0rskov, 1983; Selander and Levin, 1980; 
Whittam et al., 1983). Simultaneous electrophoresis of a number of 
enzymes in natural isolates of E. coli has shown that this species is highly 
variable: 94% of loci are polymorphic (Whittam et al, 1983). Given this 
diversity, and the number of loci studied, an immense number of distinct 
genotypes might be expected, but in practice only a small fraction are found 
and analysis has revealed that the general population structure of E. coli 
consists of a limited number of clones (Ochman et al, 1983a). Some of 
these electrophoretic types are found repeatedly, in different continents, 
over many years. This limited number of genotypes is observed as non- 
random association of alleles (linkage disequilibrium), meaning that 
although individual loci vary, there is a tendency for certain combinations 
of alleles to be associated (Whittam et al, 1983). Recombination affecting 
large regions of the chromosome, mediated by chromosomal transfer during 
conjugation, must be too rare to break up these widely distributed clones 
and the entire chromosome maintains its clonal identity (Ochman and 
Selander, 1984).
Although electrophoretic studies suggest that bacterial populations consist 
of a number of independent clones and genetic recombination is rare in 
nature, DNA sequencing reveals that individual bacterial genes have 
different ancestries and that horizontal gene transfer does occur (Maynard 
Smith et al, 1991). A number of mechanisms which generate genetic 
diversity have been proposed (reviewed in Krawiec and Riley, 1990). These 
recombinational events take place superimposed on the background of the 
stable clonal chromosome and the majority of changes are deemed to be 
selectively neutral. These events occur at a very low rate, but do have 
important long term effects in the development of novel, adaptive 
phenotypes. Genetic diversity can be generated by random point mutations, 
but the majority are silent. Mutational events such as duplication, deletion 
or inversion of segments may occur, however, such large scale alterations in 
the E. coli chromosome have not been observed which suggests that the E. 
coli chromosome cannot tolerate such change. E. coli is not naturally
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transformable, but analysis of individual housekeeping loci such as trp, 
phoA, and grid have revealed that nucleotide polymorphisms are clustered 
and it is postulated that intragenic recombination involving small sequences 
of a few hundred base pairs have resulted in a mosaic structure that could 
have arisen only by recombination (Bisercic et al, 1991; Dubose et al, 
1988; Stoltzfus et al, 1988). The loci involved in these cases have probably 
not been under strong directional selection. The introduction of a new block 
of DNA is probably a rare event, and it is therefore not surprising that the 
mosaic structure is not obvious, because the recombination events have 
been partially obscured by subsequent point mutations. It has been proposed 
that horizontal gene transfer involving larger DNA segments (20-100kb) 
also occur (Krawiec and Riley, 1990). Despite these rearrangements the 
chromosomal DNA between any two strains of E. coli is highly 
homologous.
Selectively neutral changes are deemed to take place at a very low rate. 
There are however, several cases in which horizontal transfer of genes has 
been invoked to explain strongly selected changes in bacteria that are not 
naturally transformable, for example, enhanced virulence in E. coli (Arthur 
at al, 1990; Plos et al, 1989). The ability to express particular surface 
structures, such as adhesins, may confer the ability to colonise a new 
environment. Selectively advantageous genes are more likely to cross clonal 
boundaries, perhaps by conjugation, than selectively neutral housekeeping 
genes. Selectively neutral DNA which is located immediately adjacent to 
the advantageous allele may be transferred with it, a process known as 
'hitchhiking' (Hedrick, 1982). This is thought to be the case for the 
housekeeping gene grid (Nelson and Selander, 1994), which in enteric 
bacteria has been found to have an usually high effective rate of 
recombination. As it is unlikely that this can be attributed to the direct 
action of diversifying selection on the locus itself, it has been suggested that 
an explanation for this observation is the close linkage of grid to a number 
of loci that determine the structure of cell-surface macromolecules. The gnd 
locus is linked to the rfb region that mediates biosynthesis of the highly 
antigenic O antigen of LPS. Genes of the rfb region are believed to be 
subject to strong frequency-dependent selection in connection with the 
avoidance of host defence systems (Reeves, 1993); there is evidence that 
recombination occurs frequently in the rfb region and that some or all of 
these genes in E. coli (and S. enterica) have been recruited from other, 
distantly related (and unidentified) types of bacteria (Reeves, 1993;
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Stevenson et al, 1994). Some virulence factors are known to be linked and 
the idea that 'virulence gene blocks' are inherited or deleted from some 
strains has been suggested (Hacker, 1990; Hacker et al, 1990).

1.8.1 Variability of the 0:K  serotype in E. coli

A more striking variability within the E. coli population than isoenzyme 
types is the phenotype of the cell surface. E. coli O and K antigens exhibit 
phenotypic variation in which a single isolate is restricted to the expression 
of one of a large number of alternative antigens, switching or conversion to 
another antigen type has not been observed (0rskov and 0rskov, 1990). E. 
coli fimbriae exhibit phase variation; a single isolate comprises a mixture of 
cells expressing different fimbriae with different antigenic, and often 
receptor, specificity (Smyth, 1986).
Serotyping of the O (LPS), K (capsular) and H (flagellar) antigens has been 
employed to distinguish strains of E. coli isolated from natural populations. 
Research has revealed extensive variation in these and other serological 
characters (0rskov and 0rskov, 1983) and has shown associations of a 
relatively small number of serotypes with various intestinal and 
extraintestinal infections. Both O and K antigens are restricted to certain 
clones although serotyping is not a reliable indication of clonal identity 
because strains with the same 0:K:H type may, on occasion, have very 
different chromosomal background (Achtman et al., 1986; Achtman and 
Pluschke, 1986; Caugant et al, 1985; Ochman and Selander, 1984).
Ochman et al., (1983b) discovered that 08 and 09, and presumably group I 
K antigens, are found in three distantly related pairs of clones. Analysis by 
Achtman et al., (1983) indicated that E. coli K1 isolates could be assigned 
to six different geographically widespread clones which are isolated in 
combination with O l, 07  and 018. Despite the selective advantages of the 
K1 antigen gene cluster, it is more restricted than the P-fimbrial adhesin 
genes which are found over a more widespread selection of clones (Plos et 
al., 1989; Selander et al., 1986) at various positions on the E. coli 
chromosome associated with different restriction fragments (Arthur et al., 
1990).
LPS is a common feature of the Enterobacteriaceae and is likely to have 
more ancient evolutionary origins than the K antigen. E. coli has probably 
acquired the ability to express K antigens after E. coli diverged from the 
closely related Salmonella spp.. Comparisons of the genetic linkage maps 
of E. coli and Salmonella typhimurium have identified several accretion
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domains in the E. coli chromosome (Riley and Krawiec, 1987). It has been 
suggested that around 15% of the E. coli chromosome has evolved by 
genomic accretion, that is, horizontal gene transfer. The E. coli group II 
capsule genes {kps) have been placed in the accretion domain at 64' near 
serA (Riley and Krawiec, 1990; Vimr, 1991). The location of kps on such a 
domain suggests an independent origin for these genes and the domain to 
which they belong. Both E. coli and Klebsiella spp. have acquired the 
ability to express over 70 different capsular polysaccharides, and E. coli 
also seems to have acquired more than one system with which to do so. The 
group I capsules resemble those of Klebsiella spp., and both are encoded 
near rfb and his. The group II capsules resemble those of H. influenzae 
and N. meningitidis. It is possible that different E. coli clones acquired 
different capsule genes and because of the limited genetic exchange 
between clones have been fixed into different parts of the E. coli population 
O and K antigen expression is not restricted to E. coli. Expression of a wide 
array of chemically different polysaccharide antigens, particularly O 
antigens, is a common feature of the Enterobacteriaceae. It is not known 
why so many structurally distinct variations of the O and K antigens are 
produced by a single organism. All E. coli K antigens, irrespective of exact 
chemical composition or capsule group provide an acidic, negatively 
charged, gelatinous layer around the outside of the cell. The natural 
reservoir of E. coli is the mammalian gut but the organism must also 
survive the outside environment in the transition between hosts. Although 
the presence of capsule is likely to prove advantageous in both of these 
natural habitats the significance of the immense variability of the K antigens 
is not clear. In pathogenicity a varied cell surface may be advantageous and 
some polysaccharide antigens may be more advantageous than others 
because of their capacity as a virulence factor (for example, the K1 antigen). 
It is not known why the K antigens of E. coli are so structurally diverse, and 
the functions of the different groups of K antigens are still poorly 
understood. As yet very little is known about the group I/II capsules. 
Theories about the acquisition and evolution of capsule genes clusters have 
been proposed and are discussed below.
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1.9 The generation of capsule diversity

The vast number of chemically different capsular polysaccharides produced 
by bacteria leads us to ask how this diversity has been achieved. In the case 
of Gram-negative bacteria, the high AT ratio of the DNA that encodes the 
polysaccharide biosynthesis enzymes suggests a common ancestry of these 
capsule biosynthesis genes (Frosch et al, 1991).
In E. coli, the group II capsule gene cluster consists of two common 
flanking regions (kps) separated by one of a number of K antigen-specific 
region 2 elements. This organisation has been maintained with apparent 
precision. It has been suggested that P-fimbrial adhesin genes are inherited 
by a transpositional event as terminal inverted repeats have been identified 
at either end of the cluster (Rhen et al, 1985). The H. influenzae capsule 
gene cluster also is effectively a compound transposon (Kroll et al, 1991). 
Whether insertion sequences flank the E. coli group II capsule gene cluster 
is not known. Whatever the origin of the group II capsule gene cluster, the 
precise organisation and DNA sequence of the kps genes is highly 
conserved between the different E. coli isolates which are spread over 
different clones. How the group II capsule gene cluster might have acquired 
so many alternative region 2  configurations is an interesting problem.
It has been suggested that group II capsule diversity may have arisen 
through the acquisition of new region 2  determinants, en bloc, from other 
bacteria (Boulnois and Jann, 1989). Support for this comes from the 
difference in GC content of the DNA in region 2 and the flanking regions. 
In E. coli K5 the GC content of region 2 is 33.4% (Petit et al, 1995), 
whereas for region 1 it is 50.6% (Pazzani et al, 1993a) and for region 3 it is 
42.3% (Smith et al, 1990). It is also lower than the 50% GC ratio typical of 
E. coli (0rskov, 1984). Low GC ratios have been reported for the capsule 
genes of other Gram-negative bacteria (Arakawa et al, 1995; Frosch et al, 
1991; Van Eldere et al, 1995), and it is possible that this reflects a common 
ancestry.
It has been suggested that a resident region 2 may be displaced by a newly 
acquired region 2  in a site-specific recombination event mediated by 
specific sequences at the ends of region 2 (Boulnois and Jann, 1989). 
However, the lack of any conserved sequences at the boundaries between 
region 2 and regions 1 and 3 suggests that this is not the case (Drake, 1991). 
Alternatively, new region 2 determinants may arise by homologous 
recombination between the flanking regions 1 and 3 of a resident and
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incoming capsule gene cluster. It is apparent that region 2 of the related K1 
and K92 polysaccharides (both poly-NANA) may share some DNA 
sequences as some restriction endonuclease cleavage sites are common 
(Roberts et al, 1986). Analysis of the predicted amino acid sequences of 
KpsS and KpsT from the K l, K4 and K5 capsule gene clusters shows that 
there is a marked divergence in the amino acid sequence at the C-terminus 
of these proteins (Drake, 1991; Pavelka et al, 1994; Petit et al, 1995). 
Since the 3' ends of the kpsS and kpsT genes border region 2, these 
differences in the C-termini of the proteins may have arisen through 
recombinational exchanges with the capsule gene clusters of other bacteria. 
Further diversity may be achieved by recombination between region 2 genes 
of the incoming and resident clusters and between other polysaccharide 
biosynthesis genes. It is possible that polysaccharide synthesis genes may be 
donated from other sources, such as the LPS synthesis genes, thus 
increasing the number of combinations of genes and the variability of the 
product. The observed similarity between the LPS CMP-KDO synthetase 
gene (kdsB) and the group II capsule equivalent (kpsU) suggests that LPS 
and group II capsule genes may be related. Region 2 cassettes may also be 
modified by point mutations, insertions, deletions or duplications. The 
mechanism by which group II capsule genes have been acquired and why 
this set of different capsule genes is inserted at the same serA region of the 
chromosome are unknown.
The acquisition of regions 2 by homologous recombination may also be 
responsible for the generation of capsule diversity in both H. influenzae and 
N. meningitidis. However, as mentioned earlier (Section 1.7), in both these 
bacteria, additional chromosome rearrangements are likely to be important 
in the expression of capsular polysaccharides. In N. meningitidis group B, 
expression of polysaccharide can be switched on and off by the 
insertion/excision of sequence IS 1301 in the neuA gene (Hammerschmidt et 
al, 1996a). The inactivation of the neuA gene abolishes the production of 
CMP-NANA, thereby abolishing both capsule production and sialylation of 
lipooligosaccharide (LOS). Loss of capsule is likely to promote adherence 
and invasion of epithelial cells. The subsequent restoration of capsule 
production and LOS sialylation by the spontaneous excision of IS 1301 
from the neuA gene would permit the survival of the invading 
meningococci, by conferring resistance to complement-mediated killing and 
phagocytosis. It is interesting that detection of IS1301 has been limited to 
N. meningitidis serogroups expressing a capsule made of polysialic acids.
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The coincidence of IS 1301 and neuA is notable since the reversible 
inactivation of neuA is the only observed function of this element to date. 
The relatively low prevalence of IS1301 in about 30% of N. meningitidis 
strains of serogroups B, C and W135 and the presence of completely 
identical copies in strain B1940 may provide evidence that this element 
evolved only recently (Hilse et al., 1996), since nucleotide divergences 
between copies in a single strain are observed for many other insertion 
sequences. It remains unclear why this element is not distributed more 
widely in N. meningitidis strains, as the naturally competent Neisseria spp. 
are known for extensive horizontal gene transfer (Frosch and Meyer, 1992). 
The organisation of the region D and E genes in N. gonorrhoeae and N. 
meningitidis in relation to the cps genes provides some insight into the 
evolutionary origin of encapsulation in N. meningitidis. It has been 
suggested that the gonococcus has never synthesised a capsule and that if N. 
meningitidis gained genes for encapsulation it would be predicted that gene 
cassettes were introduced within the region D-E locus (Petering et al., 
1996). Analysis of the cps nucleotide sequence supports this hypothesis 
since the region A genes have a GC content of only 30% (Edwards et al., 
1994), which is significantly below the average GC content of Neisseria 
spp.. These observations support the idea that encapsulation is the result of 
horizontal gene transfer to meningococci in the region D-E locus. The 
region D' in meningococci seems to be the result of an incomplete 
duplication, and the galE  is nonfunctional, encoding a protein with a 
deletion at the amino terminus of 126 amino acids. However, the other 
genes are duplicates of those downstream of the functional galE, for which 
there is no obvious function. The presence of the additional ORFs between 
region E and the truncated galE' and downstream of rfbC' suggests that the 
recombinational event has occurred between ORF2 and ORF3. The 
functions of these ORFs may provide a selective pressure to maintain this 
part of the chromosome (Petering et al., 1996).
As described in Section 1.7, in H. influenzae type b, the duplicated cap 
locus lies between direct repeats of insertion sequence \S1016 and 
essentially generates a compound transposon that contains the capsule gene 
cluster (Kroll et al., 1991). The presence of the IS 1016 elements allows the 
amplification of the cap locus, thereby augmenting type b capsule 
production. At one end of the duplicated cap gene cluster, there is a 1.2kb 
deletion that removes most of one copy of the bexA gene. The remaining 
functional bexA gene is located in the bridge region that links the two copies

52



of the cap gene cluster so that directly repeated capsule genes are necessary 
for capsule expression (Kroll et al, 1988; Kroll et al, 1991). This 
arrangement of the cap locus is preserved among nearly all H. influenzae 
type b strains responsible for the vast majority of invasive Haemophilus 
infections worldwide. Such an observation suggests that this deletion and 
cap gene duplication occurred in an ancestral type b strain and generated 
some form of selective advantage (Kroll et al, 1991, 1993).
In natural populations of capsule-expressing H. influenzae, clones of strains 
with type b capsular polysaccharide are found in each of two widely 
distributed phylogenetic divisions. It has been observed (Kroll and Moxon, 
1990) that cap loci in type b strains from both divisions are homologous, 
but that different segments of cap have different phylogenetic histories. 
Genes clustered in one of the non-serotype-specific regions appear to have 
diverged from an ancestral element. In contrast, genes involved in the 
production of type-specific polysaccharide show no such divergence, and it 
has been proposed that these have been subject more recently to horizontal 
transfer within the bacterial population (Kroll and Moxon, 1990) an event of 
potential clinical importance in H. influenzae. Thus, clinically important 
Gram-negative bacteria share a common organisation of their capsulation 
loci, arguing convergence on a successful arrangement of genes, However, 
the question remains open as to whether the capsule loci have evolved 
independently or the genes involved have diverged extensively from a 
common ancestor.
Hybridisation studies using DNA probes from E. coli group II capsule gene 
clusters have been performed to investigate the genetic organisation of 
group I/II capsule genes (Boulnois et al, 1992; Drake et al, 1993). Probes 
from regions 1 and 3 of group II capsule gene clusters do not hybridise to 
DNA from group I/II strains (Drake et al, 1993). DNA immediately 
adjacent to region 1 is also specific to group II capsule gene clusters. 
However, DNA further upstream of region 1 and adjacent to region 3 
hybridises to DNA from all group I/II strains (Figure 1.2). This implies that 
group I/II capsule production involves genes at or near serA which are 
different from group II capsule genes. The -linked capsule locus is 
therefore highly polymorphic.
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1.10 The aims of this thesis

The arrangement of genes in the serA region of the E. coli chromosome can 
be very different. The arrangement of group II capsule genes has been 
elucidated. In group I the kps determinants are absent and the organisation 
of the serA region is unclear. In group I/II strains, genes encoding capsule 
production are located at serA but are distinct from the kps determinants. 
Thus, questions can be asked regarding the organisation of capsule genes in 
group I/II capsules, the polymorphism of the kps region, the mechanisms of 
generation of diversity of K-antigen gene clusters and the mechanisms 
which have allowed acquisition of these determinants 
The aim of this study is to determine the genetic organisation of the group 
I/II K-antigens; to discover the relationship between the group I/II and the 
group II capsule genes and to identify any sequences which may define the 
location at which capsule genes are acquired in order to outline the 
processes involved in the generation of K-antigen diversity.
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CHAPTER 2

Materials and Methods

2.1 Chemicals

Unless otherwise stated, chemicals were obtained from Sigma Chemical Co. 
(Poole, UK), Fisons Scientific Equipment (Loughborough, UK) or 
BDH/Merck Ltd (Poole, UK).

2.2 Bacterial strains and plasmids

The bacterial strains and plasmids which were used in this study are listed in 
Table 2.1. Strains given the abbreviation CGSC were obtained from B. 
Bachmann of the E. coli Genetic Stock Centre, Yale University, USA. 
Table 2.2 lists the plasmids generated in this study.

2.2.1 Growth conditions and media

Bacteria were grown in Luria-Bertani (LB) medium at 37°C with shaking at 
200 rpm, or on agar at 37°C. Minimal medium was used as stated. For soft- 
top agar 0.6% agar was used. Antibiotics were added to the growth medium 
where necessary at the following concentrations: ampicillin (Ap) at 
100pg/ml, chloramphenicol (Cm) at 25pg/ml, kanamycin (Km) at 25jug/ml, 
streptomycin (Sm) at 20pg/ml and tetracycline (Tc) at 20pg/ml. Antibiotics 
were obtained from Sigma Chemical Co. (Poole, UK). For screening of 
recombinants using insertional inactivation of the lacZ' cassette, solid media 
was supplemented with 2 pl/ml X-gal (2% (v/v) solution in
dimethylformamide) and lpl/ml IPTG (lOOmM solution in water-filter 
sterilised) (Novabiochem; Nottingham, UK).
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Table 2.1 :______ E. coli strains and plasmids
Strain Serotype or genotype Source or reference
LE392 ¥~,hsdR514 (r \,m +]i),supE44,supF5$,galK2,galT22,metB 1, 

trpR55,lacY\

Murray et a l, 1977

LE392(F) As above except F::Tn/0 M. Stevens

JM101 supE,thiD(lac-proAB), F'[traD36,proAB+,lacN,lacZ DM15] Messing, 1979

PA360 serA 1, rpsL9, thrl, leuB6, hisGl, argH1, thil, rjbDl, malTl QJ), 

fhuA2, lacYl ,gal6,galP63,xyl7, mtlA2,supE44

CGSC #288

BW96F F+,tdk, deoA, deoC Boulnois and Wilkins, 1979

DS410 minA, minB, ara, xyl, mil, azi, thi Dougan and Sheratt, 1977

D1308 025:K":H16 I. and F. 0rskov

D1114 O25:K10:H16 I. and F. 0rskov

A12b O6:K54:H10 I. and F. 0rskov

20022 06:K2:H1 B. and K. Jann

20242 04:K3:H5 B. and K. Jann

2616 05:K4:H4 B. and K. Jann

20026 O10:K5:H4 B. and K. Jann

21700 09:K9:H12 B. and K. Jann

21455 013:K11:H11 B. and K. Jann

21456 025:K19:H12 B. and K. Jann

21511 07:K98:H6 B. and K. Jann

Plasmid Characteristics Source or reference
pEMBLos4 Apr, Tcr, cosmid cloning vector C. Hadfield

PACYC184 Cmr, cloning vector Chang and Cohen, 1978

pUCl9 Apr, cloning vector Yanisch-Perron et al., 1985

pGBllO Apr, carries the K5 antigen gene cluster Roberts et al., 1986

pRDl Apr, carries the K4 antigen gene cluster Drake et al., 1990

pRDlO Apr, flanks the K4 antigen gene cluster Drake et al., 1993

PGPR105 Carries the K5 region 2 gene kfiD Sieberth et al., 1995

pPC6 Cmr, carries the K5 antigen gene cluster Pazzani, 1992

pPC3 Cmr, K5"; deletion of kpsEDU Pazzani, 1992

pPC4 Cmr, K5"; deletion of kpsD Pazzani, 1992

pPC7 Cmr, K 5'; deletion of kpsC Pazzani, 1992

pPC8 Cmr, K5"; deletion of kpsE Pazzani, 1992

PMS106 Cmr, Kmr, K5’ ; TnphoA insertion in kpsT Stevens, 1995

pMSl 17 Cmr, Kmr K5- ; TnphoA insertion in kpsM Stevens, 1995
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Table 2.2 : Plasmids generated in this study

Plasmid Description

pRPi 30~40kb Sau3Al partial fragments of D1114 cloned into BamHl cut pEMBLcos4

pRP2 12.3kb Sstl deletion of pRPi

pRP3 3.5kb BgBl deletion of pRPi

pRP4 9.5kb BamHl-Sstl fragment from pRPi cloned into BamHl-Sacl cut pUC19

pRP5 11.3kb BamHl-Xhol fragment from pRPi cloned into BamHl-SaB cut pUC19

pRP6 16.8kb BamHl-BgBl fragment from pRPi cloned into BamHl cut pUC19

pRP7 1.8kb Sstl-Xhol fragment from pRPi cloned into Sacl-SaB cut pUC19

pRP8 7.3kb Sstl-BgBl fragment from pRPi cloned into BamHl-Sacl cut pUC19

pRP9 5.5kbXhol-BgBl fragment from pRPi cloned into BamHl-SaB cut pUC19

pRPIO 3.5kb BgBl-BgBl fragment from pRPi cloned into BamHl cut pUC19

pRPll 13kb BamHl-BgBl fragment from pRPi cloned into BamHl cut pUC19

pRP12 3.1 kb Sphl-Sphl fragment from pRPi 1 cloned into Sphl cut pUC19

pRP13 1.4kb Sphl-Sphl fragment from pRPi 1 cloned into Sphl cut pUC19

pRP14 2.9kb Sphl-Pvull fragment from pRPi 1 cloned into Sphl-Smal cut pUC19

PRPI 5 5.5kb BamHl-Pvull fragment from pRPi 1 cloned into BamHl-Smal cut pUC19

pRP16 7.4kb Pvull-Pvull fragment from pRPi cloned into Smal cut pUC19

PRP17 7.8kb Pstl-Pstl fragment from pRPi 1 cloned into Pstl cut pUC19

pRP18 4.3kb Pstl-Pstl fragment from pRPi 1 cloned into Pstl cut pUC19

pRP20 0.95kb EcoRl-EcoRl fragment from pRP17 cloned into £coRI cut pUC19

pRP21 0.9kb EcoRl-Pstl fragment from pRP17 cloned into EcoRl-Pstl cut pUC19

pRP22 2.5kb EcoRl-Sphl fragment from pRP17 cloned into EcoRl-Sphl cut pUC19

pRP23 4.7kb EcoRl-EcoRl fragment from pRP17 cloned into EcoRl cut pUC19

pRP24 0.8kb EcoRl-Sphl fragment from pRP17 cloned into EcoRl-Sphl cut pUC19

pRP25 1.6kb EcoRl-EcoRl fragment from pRP17 cloned into EcoRl cut pUC19

pRP26 0.4kb EcoRl-Pstl fragment from pRP17 cloned into EcoRl-Pstl cut pUC19

pRP27 0.4kb EcoRl-Sphl fragment from pRP17 cloned into EcoRl-Sphl cut pUC19

pRP28 3.4kb Pstl-Sphl fragment from pRP17 cloned into Pstl-Sphl cut pUC19

pRP29 4.8kb Pstl-Sphl fragment from partial digest of pRP17 cloned into Pstl-Sphl cut 

pUC19

pRPlOO 30-40kb Sau3 Al partial fragments of A 12b cloned into BamHl cut pEMBLcos4

pRP102 5.9VbXbal fragment of pRPlOO cloned into Xbal cut pUC19
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For short-term storage bacteria were maintained on agar plates at 4°C. For 
long-term storage bacteria were stored at -70°C in media containing 10% 
(v/v) glycerol as a cryoprotectant.

Media were prepared using distilled water (Elga Limited; High Wycombe, 
UK) and sterilised by autoclaving at 121°C at 15 psi (pounds per square 
inch) for 15 minutes.

Luria-Bertani (LB) medium
For 1 litre: 
lOgNaCl
10 g Trypticase peptone 
5g Yeast extract
For Luria-agar, Bacto-agar (Difco Laboratories Ltd; West Molesey, UK) 
was added to a final concentration of 1.5% (w/v).

Minimal medium
For 1 litre:
100 ml lOx M9 salts 
10 ml 40% glucose 
2 ml 1M MgS04  

1 ml lOmg/ml thiamine 
0 . 1  ml 1 M CaCl2

For minimal medium agar, Bacto-agar was added as above.

For growth of LE392, minimal medium was supplemented with 10 ml of 
5mg/ml methionine and 10 ml of 5mg/ml tryptophan per litre.
For growth of other E. coli strains, amino acids were added as necessary. 
These were made up in nanopure water (Millipore (UK) Ltd; Watford, UK) 
and filter sterilised using 0.22 pm filters (Amicon; Stonehouse, UK).

lOx M9 salts (pH7.4)
For 1 litre:
60g Na2 HP0 4 .7H20  
30g KH2 P 0 4  

lOg NFLCl 
5g NaCl
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Bacterial cells were routinely harvested by centrifugation in a Sorvall 
centrifuge (DuPont; Stevenage, UK) at 3000g and 4°C for 10 minutes. Small 
volumes of culture (~ 1.5ml) were centrifuged in a bench-top microfuge 
(MSE Microcentaur) at 13400g and room temperature for 5 minutes.

2.3 Transformation of bacterial cells

Bacteria were transformed using variations of either the calcium chloride 
method (Mandel and Higa, 1970) or the high efficiency electroporation 
method of Dower et al (1988).

2.3.1 Transformation using calcium chloride

2.3.1.1 Preparation of competent cells

L-broth (10ml) was inoculated with 100pi of an overnight culture and grown 
to mid-log phase (OD6oo~0.5). The cells were harvested by centrifugation (at 
3000g for 10 minutes at 4°C) and washed once in lOmM NaCl. Cells were 
then made competent to take up DNA by gently resuspending the cell pellet 
in 4ml ice-cold lOOmM CaCl2 and incubating on ice for 30 minutes. The 
cells were then collected by gentle centrifugation (1800g) at 4°C for 5 
minutes and resuspended in 1ml ice-cold CaCl2 (lOOmM).

2.3.1.2 Transformation with plasmid DNA

lOOpl of competent cells and 5-25pi (0.1-lpg) of the DNA (in water) to be 
transformed were mixed and placed on ice for 1 hour. The cells were heat- 
shocked at 42°C for 3 minutes. Immediately after heat-shocking 500pl of L- 
broth were added and the cells incubated at 37°C for 1 hour to allow 
expression of the antibiotic genes carried by the plasmid. The transformed 
cells were plated onto L-agar plates (lOOpl per plate) containing the 
appropriate antibiotics. The plates were incubated overnight at 37°C.
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2.3.2 Transformation using electroporation

2.3.2.1 Preparation of electro-competent cells

L-broth (10ml) was inoculated with IOOjllI of an overnight culture and grown 
to mid-log phase (O D 6oo~0.5). Cells were pelleted by centrifugation (3000g 
for 10 minutes at 4°C) and washed three times in 10ml volumes of ice-cold 
sterile distilled water by alternate resuspension of cell pellets and 
recentrifugation. Finally the cells were washed once in 10ml ice-cold 10% 
(v/v) glycerol and resuspended in 1 0 % (v/v) glycerol to a final volume of 
80pl.

2.3.2.2 Electro-transformation with plasmid DNA

40 pi of competent cells and 0.1-lpg of the DNA (usually not more than 2pi 
plasmid DNA in water) to be transformed were mixed and pipetted into a 
cold 2mm electroporation cuvette (Bio-Rad Laboratories Ltd; Hemel
Hempstead, UK). A Bio-Rad Gene Pulser and Pulse Controller apparatus
was used to generate the electric pulse. The cold electroporation cuvette was 
placed in the safety chamber of the apparatus, brought into contact with the 
electrodes and given a high voltage pulse (pulse parameters were 25 pF, 
2.5kV and 200Q as detailed in Dower et al. (1988)). Immediately after the 
pulse 1ml of ice-cold SOC recovery medium was added to the transformed 
cell suspension, gently mixed, and incubated at 37°C for 1 hour. The 
transformants were then selected by plating out (lOOpl aliquots) onto LB 
agar with the appropriate antibiotics.

SOC recovery medium
For 1 litre:
20g Trypticase peptone 
5g Yeast extract 
0.5g NaCl 
2 0 ml 1 M glucose 
5ml 2 M MgCl2
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2.4 Conjugation of E. coli

For conjugal transfer of plasmids, donor and recipient strains were grown 
separately to early logarithmic phase in L-broth (10ml). Bacteria from 1ml 
of recipient culture were transferred to a 1.5ml Eppendorf tube and collected 
by centrifugation at 13400g for 5 minutes in a microfiige. To the pellet of 
recipient cells, 1 ml of donor culture was added and centrifugation repeated. 
The combined pellet was resuspended in 50jnl L-broth and the suspension 
spread over a 2cm diameter 0.2jum nitrocellulose filter (Millipore) placed on 
the surface of an L-agar plate. Following incubation at 37°C for 5 hours, 
cells were washed from the filters using 1ml PBS in sterile Petri dishes and 
dilutions plated out onto selective medium. To prevent the carry-over of 
nutrients when using minimal media for selection of transconjugants, cells 
were washed twice with PBS.

2.5 Transposon mutagenesis of the F factor

I am grateful to Mark Stevens (School of Animal and Microbial Sciences, 
University of Reading, UK) for transposon mutagenesis of the F factor in 
order to select for transfer of the F factor between bacteria. Transposon 
Tn 10, which confers resistance to tetracycline, was inserted into F. This was 
done by infecting E. coli BW96F, which contains the F factor, with the 
bacteriophage A,84O::Tn70. Strain BW96F, which requires thymine for 
growth, was grown to mid-logarithmic phase in L-broth containing 0.02% 
(w/v) thymine. The bacteria were collected by centrifugation (3000g for 10 
minutes at 4°C), resuspended in 1ml lOmM MgSC>4 and lOOjul mixed with 
lOOpl (c. 109 pfu) A,84O::Tn70 lysate (kindly supplied by B. Wilkins, 
University of Leicester) in a sterile test tube. Following incubation at room 
temperature for 30 minutes to allow adsorption, the mix was plated onto L- 
agar containing 0 .0 2 % (w/v) thymine and tetracycline to select for cells with 
Tn70 insertions. After incubation at 37°C for 12-18 hours, the bacteria 
were washed from the plate using 1ml PBS and lOOpl used to inoculate 
10ml L-broth. Transposon insertions in the F factor were then isolated by 
mating the pool of tetracycline resistant BW96F cells with E. coli LE392 
(Table 2.1), with selection on L-agar containing tetracycline but lacking 
thymine to prevent growth of the donor.
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2.6 Procedures for DNA extraction

DNA extraction protocols used the following solutions :

Solution 1
50mM glucose 
25mM Tris-HCl pH8.0 
lOmM EDTA 
5mg/ml lysozyme

Solution 2 
0.2M NaOH 
1% SDS

Solution 3
For 100ml:
5M acetate (11.5 ml glacial acetic acid)
3M potassium ions (60 ml 5M potassium acetate)

2.6.1 Extraction of chromosomal DNA

Chromosomal DNA was extracted from bacteria using a method adapted 
from that described by Saito and Miura (1963).
L-broth (100ml) was inoculated with a single colony of E. coli and 
incubated with shaking at 37°C overnight. Aliquots of 2.5ml and 5ml were 
washed in l OmM NaCl and resuspended in 5ml solution 1 for 30 minutes on 
ice. SDS was added to a final concentration of 1%, together with EDTA to a 
final concentration of 50mM. The mixture was gently mixed and left at 
room temperature until the solution was clear (typically 20 minutes). If 
clearing failed to occur the mixture was incubated at 65°C for 10 minutes. 
lOpl of Proteinase K (20mg/ml) were added and incubated for 1 hour at 
37°C. Sodium perchlorate (5M) was added to a final concentration of 1M 
and 2 volumes of a chloroform:isoamyl alcohol mix (24:1) were added and 
thoroughly mixed by gentle inversion of the tube. The phases were 
separated by centrifugation at 20°C for 20 minutes at 3000g. The aqueous 
phase was removed using a wide-bore Pasteur pipette and retained. 
Extractions were performed using phenol:chloroform (see Section 2.6.4) 
until a clear aqueous layer was obtained (typically 3 extractions).
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Chromosomal DNA was finally retrieved by addition of 3M sodium acetate 
(pH 5.2) to a final concentration of 300mM, and careful pouring of this 
mixture into conical flasks containing 50-100 ml of -20°C absolute ethanol. 
DNA precipitated at the interface and was spooled out using the rounded 
end of a Pasteur pipette, carefully resuspended in sterile distilled water and 
stored at -20°C.

2.6.2 Large scale extraction of plasmid DNA

Large scale preparation of plasmid DNA was carried out using the alkaline 
lysis method outlined by Bimboim and Doly (1979) followed by caesium 
chloride-ethidium bromide density gradient centrifugation. Cells from 
overnight stationary phase cultures (400ml) were collected by 
centrifugation at 4800g for 10 minutes at 4°C of two 200ml aliquots in a 
Sorvall RC-5B centrifuge using a Beckman GSA rotor (Beckman 
Instruments (UK) Limited; High Wycombe, UK), each pellet resuspended in 
5ml of ice-cold solution 1, transferred to a 30ml Oak Ridge tube (DuPont) 
and left on ice for 30 minutes. Solution 2 (10ml) at room temperature was 
added to each tube, mixed and left on ice for another 10 minutes. Ice-cold 
solution 3 (7.5ml) was added to each tube and mixed, then the preparation 
was placed on ice for a further 10 minutes. Cell debris was removed by 
centrifugation at 4°C for 30 minutes at 35000g in a Sorvall RC-5B 
centrifuge using a Beckman SS-34 rotor. The supernatant (18ml) from each 
tube was mixed with 1 2 ml of isopropyl alcohol and left at room temperature 
for a minimum of 20 minutes. DNA was collected by centrifugation in 30ml 
Corex tubes (DuPont) at 4000g for 30 minutes at 20°C. The DNA pellets 
were air-dried, resuspended in sterile water and pooled to give a final 
volume of exactly 17ml. Exactly 17 g of ultrapure caesium chloride was 
added and allowed to dissolve, after which the solution was placed in a 
Sorvall 30ml vertical rotor ultracentrifuge tube. 1ml of ethidium bromide 
(5 mg/ml) was added to the tube which was then filled with paraffin oil, 
balanced and crimp-sealed. Chromosomal and plasmid DNA were separated 
at 40000rpm (129000g) using a Sorvall TV850 rotor in a Sorvall OTD 60 
ultracentrifuge for 20 hours at 20°C. The DNA was visualised under UV 
light and the lower band comprising intact plasmid DNA collected by 
piercing the tube and dripping from the bottom. Ethidium bromide was 
removed by several extractions with caesium chloride-saturated 
isopropanol. Caesium chloride was removed by exhaustive dialysis against
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sterile distilled water at room temperature. The resultant plasmid DNA 
solution was stored at -20°C.

2.6.3 Small scale extraction of plasmid DNA

Small scale preparation of plasmid DNA used 1.5ml of an overnight culture. 
Cells were suspended in lOOpl of solution 1 for 30 minutes on ice. Solution 
2  (2 0 0 pi) was added and the tube was carefully mixed and placed on ice for 
a further 5 minutes. Solution 3 (150pl) was added, mixed and placed on ice 
for 15 minutes. The preparation was centrifuged at 13400g in a bench-top 
microfuge for 5 minutes and the supernatant retained. Protein was removed 
by phenol extraction and the plasmid DNA precipitated using ethanol (as 
described in Section 2.6.4 but omitting sodium acetate). The ethanol was 
aspirated off and discarded, leaving the DNA pellet which was then dried in 
vacuo for 5 minutes. The DNA pellet was resuspended in 50pl sterile 
distilled water and stored at -20°C.

Alternatively, Qiagen plasmid kits (Qiagen Ltd; Dorking, UK) were 
employed as a rapid and effective method to isolate and purify plasmid 
DNA. This system is based on a modified alkaline lysis procedure used in 
combination with a separation resin and tip columns. The kits were used 
according to the manufacturer's instructions.

2.6.4 Phenol extraction and ethanol precipitation of DNA

Phenol extraction was performed using phenol:chloroform (1:1 w/v) 
equilibrated in Tris-HCl pH 7.5. One volume of phenol:chloroform was 
added to the DNA sample and mixed carefully (for chloroform extraction 
one volume of chloroform was added to the DNA sample). The phases were 
separated in a Sorvall centrifuge at 18000g at 20°C for 20 minutes or in a 
bench top microfuge for 5 minutes at 13400g and the upper aqueous phase 
retained.
DNA was precipitated from solution by the addition of 2 volumes of chilled 
(-20°C) ethanol in the presence of 0.1 volume of 3M sodium acetate 
(pH5.2). The solution was mixed and maintained at low temperature (-20°C 
for 1 hour or -70°C for 30 minutes) to allow the DNA to precipitate. DNA 
was collected by centrifugation either in a bench top microfuge for 1 0
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minutes at 13400g or in a Sorvall centrifuge at 20°C for 30 minutes at 
4500g. The supernatant was carefully discarded and the DNA pellet washed 
in 70% (v/v) ethanol, dried under vacuum and resuspended in a suitable 
volume of sterile nanopure water.

2.7 Routine DNA manipulation techniques

2.7.1 Measurement of DNA concentrations

DNA concentrations were determined by measuring the OD2 6 0  of the DNA 
(diluted in water) using a Philips UV/VIS spectrophotometer and calculated 
under the assumption that an OD2 6 0  of 1 represents a double-stranded DNA 
concentration of 50pg/ml, a single-stranded concentration of around 
40pg/ml or an oligonucleotide concentration of about 20jug/ml. 
Alternatively DNA concentrations were estimated by comparing band 
intensities to those of known DNA standards after agarose gel
electrophoresis (see 2.7.2 below)

2.7.2 Agarose gel electrophoresis

Standard analysis of DNA was by estimating molecular weights in kb using 
agarose gel electrophoresis. DNA samples were mixed with lOx loading 
buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 25% (w/v) Ficoll 
400 in water) prior to loading into the wells of 0.7% (w/v) Seakem agarose 
submarine slab gels made using TAE buffer pH 7.7 (40mM Tris-acetate, 
ImM EDTA). For separation of DNA fragments smaller than 3kb 1% (w/v) 
agarose gels were used. Electrophoresis was performed in TAE containing 
0.5pg/ml ethidium bromide at constant voltage of 100V (<20V/cm) for 3 
hours or at 15V overnight. Following electrophoresis, DNA was visualised 
using a long wave UV transilluminator and its molecular weight estimated 
by comparison with DNA standards run on the same gel. The DNA size 
markers used were lkb ladder (GIBCO/BRL; Paisley, UK) or bacteriophage 
X DNA uncut or digested with Xhol or Hind III. X DNA markers were 
incubated at 65°C in DNA loading buffer for 10 minutes before use. 
Agarose gels were photographed either with Polaroid 667 black and white 
film (ASA 3000) (Polaroid UK; Wheathampstead, UK) or using a 
Mitsubishi video copy processor.
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2.7.3 DNA restriction endonuclease digestion

Restriction endonuclease cleavage of DNA was performed according to the 
manufacturer's recommendations. Typically reactions were performed at 
37°C for 1-2 hours in 20pl volumes with one unit of enzyme and up to ljig 
of DNA. Restriction enzymes were purchased from New England Biolabs 
(Hitchin, UK) or Life Technologies (GIBCO/BRL; Paisley, UK). If 
necessary the DNA was then diluted to 400 j l i 1, mixed with 
phenol/chloroform (1:1) to denature the enzyme, centrifuged for 1 minute 
and the upper aqueous phase retained and ethanol precipitated for digestion 
with a second restriction enzyme. Restriction digests were then run on 0.7% 
agarose gels as described above (Section 2.7.2).

2.7.4 DNA dephosphorylation

Plasmid DNA to be dephosphorylated was first digested to completion using 
the appropriate restriction endonuclease. DNA (no more than lOpmoles of 5' 
termini) was then treated with 0.1 units of calf intestinal alkaline 
phosphatase (CIP) from Promega (Southampton, UK), using the reaction 
buffer supplied, in a total volume of 50pi.
To dephosphorylate protruding 5' termini, DNA was incubated at 37°C for 
30 minutes, then another 0.1 units of CIP were added and incubation 
continued for 30 minutes at 37°C. To dephosphorylate blunt ends or 
recessed 5' termini, an incubation for 15 minutes at 37°C and 15 minutes at 
56°C were required. Another 0.1 units of CIP were added with two more 
incubations at the same temperatures. The reaction was stopped by 
phenol:chloroform extraction, followed by ethanol precipitation.

2.7.5 DNA subcloning

For subcloning, purified plasmid DNA was digested with an appropriate 
restriction endonuclease, followed by isolation of restriction fragments and 
ligation into a plasmid vector for clonal propagation.
The DNA fragment required was separated by agarose gel electrophoresis. 
Agarose containing the fragment was excised from the gel and the DNA 
recovered according to the manufacturer's instructions using the Sephaglas 
Bandprep kit (Pharmacia Biotech). The resultant DNA was then co- 
preciptated with appropriately digested vector and resuspended in sterile
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nanopure water. T4 DNA ligase (GIBCO/BRL) was used in ligase buffer 
supplied by the manufacturer and ligations performed at 14°C for 12-18 
hours. Ratios of vector to insert were determined empirically.

2.8 Cosmid cloning

Genomic libraries were produced by the cosmid cloning method of Collins 
and Hohn (1978).

2.8.1 Preparation of chromosomal DNA for cloning

Chromosomal DNA was partially digested with the restriction endonuclease 
Sau3Al. In order to establish the ideal conditions for the digest, analytical 
digests were performed. Samples were removed at various time intervals 
and the reaction stopped by addition to an equal volume of loading buffer at 
65°C. After 10 minutes incubation at 65°C the DNA fragments were 
analysed by agarose gel electrophoresis. From this controlled digestion, 
conditions were optimised for the production of chromosomal fragments of 
35-45kb. Chromosomal DNA was then cleaved under optimal conditions 
with SauSAl, the reaction was stopped with an equal volume of 
phenol:chloroform and the DNA recovered by ethanol precipitation (Section 
2.6.4). A small amount of the digest was run on an agarose gel to check the 
size of the DNA.

2.8.2 Preparation of the cosmid vector for cloning

High frequency recombination was achieved by removal of 5' phosphate 
groups from restricted vector hence preventing vector self-ligation. The 
cosmid vector pEMBLcos4 was linearised by cleavage with Pvull and 
dephosphorylated using calf intestinal alkaline phosphatase (Section 2.5.4). 
The enzyme was inactivated and removed by phenol extraction and ethanol 
precipitation. Ligations were set up using pEMBLcos4 DNA before and 
after treatment with the phosphatase to check that the dephosphorylation 
had been successful. This was confirmed by the failure of the de
phosphorylated, Pvull cleaved vector DNA to ligate to itself. The vector 
DNA was then cleaved with the restriction endonuclease BamHl to generate 
the two arms.
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2.8.3 Ligation and packaging of the recombinant DNA

The prepared chromosomal DNA was ethanol precipitated together with the 
cosmid arms in the molar ratio 1:10 of ligatable ends. This was estimated by 
differential ethidium bromide staining taking the fragment lengths into 
account. The chromosomal and cosmid DNA were ligated together in a 5 pi 
reaction with an approximate DNA concentration of 1 pg/pl. A small aliquot 
of the ligation mixture (lpl) was analysed by agarose gel electrophoresis 
and the remaining recombinant DNA was packaged into bacteriophage X 
heads by the method of Hohn (1979) using a commercially available X DNA 
in vitro packaging kit produced by Amersham International pic (Little 
Chalfont, UK).

2.8.4 Infection of E. coli with the cosmid library

E. coli LE392 was grown to mid-log phase, the cells collected by 
centrifugation and resuspended in the same volume of lOmM MgSC>4 . The 
prepared cells (lOOpl) were mixed with lOOpl of the packaged cosmid DNA 
and allowed to adsorb for 20 minutes at 37°C. As a control, prepared LE392 
cells were mixed with phage dilution buffer (Section 2.9.5) and treated in 
the same way. L-broth (lOOpl) was added and the samples incubated for 1 
hour at 37°C to allow expression of the ampicillin resistance gene. The 
cosmid library was then plated onto L-agar (lOOpl per plate) containing 
ampicillin and incubated at 37°C overnight.

2.9 DNA hybridisation

2.9.1 Transfer of DNA to nylon filters by Southern
blotting

DNA was transferred to filters as described by Southern (1975). DNA 
samples were separated by agarose gel electrophoresis as previously 
described (2.7.2) and the gel photographed alongside a linear rule with 
minimal exposure to ultraviolet light. The DNA was de-purinated by 
soaking the gel in 0.25M HC1 for 7 minutes. The gel was rinsed briefly in 
distilled water and then transferred to denaturing solution (0.5M NaOH, 
1.5M NaCl) for 30 minutes with gentle agitation. The gel was again rinsed
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in distilled water and then transferred to neutralising solution (0.5M Tris-Cl 
pH7.5, 3M NaCl) for a further 30 minutes, again with gentle agitation. The 
gel was given a final rinse in distilled water and then placed on top of 6 
sheets of filter paper (Whatman International Ltd: Maidstone, UK) which 
had been pre-wetted with 20x SSC (see below), taking care not to trap any 
air bubbles. A gel sized sheet of nylon membrane (Genescreen: NEN 
Research Products, DuPont; Stevenage, UK) pre-wetted in 3x SSC was 
placed on the gel with a pre-wetted (3x SSC) sheet of Whatman paper on 
top, again taking care to avoid air bubbles. This was followed by three 
sheets of dry Whatman paper and a stack of paper towels. Finally a glass 
plate and 500g weight were placed on top. The lower sheets of Whatman 
paper were regularly soaked with 20x SSC and the paper towels changed. 
The apparatus was left overnight (or a minimum of 6 hours) for the DNA to 
transfer, and then was dismantled. The nylon filter was air-dried, wrapped in 
Saran wrap (DuPont; Stevenage, UK) and exposed to UV light from a long 
wave transilluminator for 5 minutes to fix the DNA to the filter. Filters were 
stored at room temperature in the dark until required for DNA hybridisation.

20x SSC (pH 7.0)
For 1 litre:
175.3gNaCl 
88.2g Na-citrate

2.9.2 Preparation of filters for colony hybridisation

For rapid identification of bacteria containing cloned DNA fragments 
colony hybridisation was used (Gunstein and Hogness, 1975). Bacteria were 
grown on LB agar plates. Imprints of the bacterial growth were transferred 
on to labelled nylon membranes (Colony/Plaque Screen, NEN Research 
Products, DuPont) which had been placed on the surface of the agar. A 
sheet of Whatman paper was placed in a shallow tray and soaked in 
denaturing solution (as above). The filter was removed from the LB-agar 
plate and placed colony side up on the Whatman paper for 5 minutes. The 
filter was then transferred to another sheet of Whatman paper (which had 
been soaked in neutralising solution) for a further 5 minutes and then air- 
dried. DNA was fixed to the filter by exposure to longwave UV light from a 
transilluminator for 5 minutes. Polymer wool soaked in 5x SSC was used to
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remove cell debris from the surface of the filters by gentle scrubbing and the 
filters left to air-dry in preparation for DNA hybridisation.

2.9.3 Production of a radiolabelled DNA probe

DNA was labelled for detection in DNA-DNA hybridisation experiments 
using the random primer/extension method. Plasmid DNA was cleaved with 
the appropriate restriction endonucleases and the resulting fragments 
separated by agarose gel electrophoresis on a 1% low melting point (LMP) 
gel (GIBCO/BRL). The DNA fragment required was excised from the gel 
and sterile water added (1.5ml water/g agarose). The sample was placed in 
a boiling water bath for 7 minutes and then stored at -20°C. Before use the 
sample was boiled for an additional 3 minutes and incubated at 37°C for 10- 
60 minutes.
DNA fragments were labelled using random hexanucleotide primers as 
described by Feinberg and Vogelstein (1983). To 25ng of DNA in molten 
agarose, 5 pi 5xOLB (oligo labelling buffer - see below), nanopure water (to 
give a final volume of 25pi), 0.5pi Klenow large fragment of DNA 
polymerase I (4 units/pl, GIBCO/BRL) and lpl [a-32P]dCTP (lOmCi/pl, 
Amersham International pic) were added. Incubation was at room 
temperature for a minimum of 5 hours. Prior to use the labelled probe was 
denatured by heating as above.

OLB
OLB consists of solutions A, B and C in the ratio 10:25:15 

Solution A
lOOpl of 1.25M Tris-HCl pH8/0.125M MgCl2 
18 pi mercaptoethanol
5pi each of lOOmM dATP, dTTP and dGTP (Pharmacia Biotech)

Solution B
2M HEPES (pH adjusted to 6.6 using NaOH)

Solution C
Hexadeoxynucleotides (pd(N)6; Pharmacia Biotech) , 50 OD units in 550pl 
of TE buffer pH7.0 (3mM Tris-HCl pH7.0, 0.2mM EDTA)
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2.9.4 Hybridisation of immobilised DNA with the 
radiolabelled DNA probe

Southern blot or colony hybridisation filters were incubated in a rotary 
hybridisation oven (Hybaid Ltd; Teddington, UK) at 65°C in 25ml of 
prehybridisation solution (see below) for 1 hour. This solution was then 
replaced with 25ml hybridisation solution (see below) to which had been 
added the radiolabelled DNA probe (which had been boiled for 5 minutes 
before addition). The filter was incubated at 65°C overnight.

Prehybridisation solution
3x SSC
5x Denhardts (50x is 1% (w/v) each of Ficoll, BSA, polyvinylpyrollidine) 
0.1% SDS 
6% PEG 6000
200pg/ml denatured salmon sperm DNA (DNA was prepared at lOmg/ml in 
distilled water and the DNA sheared to give small fragments by repeatedly 
heating and forcing it through a narrow gauge needle.

Hybridisation solution
As for prehybridisation but with 2x Denhardts instead of 5x

After hybridisation the filters were washed by shaking in 50ml 2x SSC, 
0.1% (w/v) SDS at 65°C for 15 minutes. This was repeated once more, 
followed by two 15 minute washes in the final wash solution of choice. The 
degree of base pair mismatch was estimated using the equation of Howley et 
al. (1979) and SSC concentrations in the final wash were varied to control 
the degree of hybridisation, i.e.;
2x SSC for approximately 70% homology
0.5x SSC for approximately 85% homology
O.lx SSC for approximately 95% homology
SDS concentration (0.1%) and temperature (65°C) were not varied.
Following washing, filters were air-dried only partially in the event that they
were to be reused and then wrapped in Saran wrap for autoradiography. The
filters were placed in a cassette carrying intensifying screens. Kodak X-
Omat film was exposed to the filters at -70°C and films developed in an
Agfa-Geveart automatic film processing machine.
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2.9.5 Removal of probe and re-use of filters

The bound probe was stripped from some filters following autoradiography 
in order that the same filter could be used with another probe. The probe 
was removed by shaking in 0.4M NaOH at 45°C for 30 minutes and then 
transferred to pre-warmed O.lx SSC, 0.1% SDS, 0.2M Tris-HCl pH 7.5 and 
shaken at 45°C for a further 30 minutes. Successful removal of the probe 
was gauged using a Geiger counter or by autoradiography overnight.

2.10 DNA Sequencing

2.10.1 Automated DNA sequencing

Automated DNA sequencing of double stranded plasmid DNA was carried 
out using the PRISM Ready Reaction DyeDeoxy Cycle Sequencing kit 
(Applied Biosystems Ltd; Warrington, UK) in conjunction with an Applied 
Biosystems Model 373A DNA sequencing system. As with the method of 
Sanger et al., (1977), the DNA sequence is derived using chain termination 
inhibitors, but the PRISM DyeDeoxy Cycle sequencing kit contains dye- 
labelled dideoxynucleotides whose incorporation terminates the extending 
chain to produce a dye labelled reaction product. The reaction mix also 
contains the thermostable enzyme AmpliTaq DNA polymerase (Applied 
Biosystems Ltd) which allows reactions to be performed at high 
temperatures. The reaction products are then separated by electrophoresis 
and analysed colorimetrically on the 3 73A sequencing workstation.
To perform the sequencing reactions, 250-500ng of double-stranded 
plasmid DNA was mixed with 3.2pmoles of primer and 9.5jlx1 of Terminator 
Premix in a final volume of 20pi (Terminator Premix contains the 4 
'dyedeoxy' nucleotides, as well as dATP, dCTP, dITP, dTTP and AmpliTaq 
DNA polymerase). Reactions were always performed at least in duplicate. 
The reactions were then overlaid with 40pl of mineral oil (Sigma), and 
placed in a Perkin Elmer Cetus Model 480 thermal cycler (preheated to 
96°C). Thermal cycles were then performed as follows:

Denaturation Rapid thermal ramp to 96°C
Hold 96°C for 30 seconds
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Annealing Rapid thermal ramp to 50°C
Hold 50°C for 15 seconds

Extension Rapid thermal ramp to 60°C
Hold 60°C for 4 minutes

Repeat for 25 cycles.

After 25 cycles, the reactions were rapidly brought to 4°C and held at this 
temperature until removed from the thermal cycler and then stored at -20°C. 
When the reaction products were frozen, the mineral oil overlay could be 
easily pipetted off the frozen reaction.
To clean up the reactions it was necessary to perform a phenol:chloroform 
step. Briefly, 100pi of sterile nanopure water was added to the reaction mix, 
followed by 140pl of phenol: water :chloroform (68:18:14). After vigorous 
mixing, the sample was centrifuged at 13400g in a microfuge to separate the 
phases. The aqueous phase was retained and re-extracted as before. The 
aqueous phase (80pl) was transferred to a small microfuge tube containing 
lOjul of 2M sodium acetate (pH4.5) and 2.5 volumes of absolute ethanol. 
After precipitation at -70°C for 1 hour, the DNA was collected by 
centrifugation at 13400g in a microfuge. The pellet was washed in 70% 
(v/v) ethanol, then allowed to air dry. The reaction products were analysed 
on an ABI Model 3 73A DNA sequencer at the Protein and Nucleic Acid 
Sequencing Laboratory, University of Leicester.

2.10.2 Computer analysis of DNA and protein sequences.

DNA sequence data was analysed using the SeqEd program (Version 1.0.3) 
supplied by Applied Biosystems Inc., and the University of Wisconsin 
Genetics Computer Group sequence analysis software (Devereux et al., 
1984) suite of programs (GCG Version 7.3-UNIX).
The program MAP was used to identify ORFs and restriction sites. 
TRANSLATE was used for inferring protein sequences from DNA 
sequence. DNA and protein homologies were derived from database 
searches using either FASTA (Lipman and Pearson, 1985), or the BLAST 
series of search tools (Altschul et al, 1990). Both programs find similarities 
between query sequence and the sequences of individual database entries 
and result in an output file containing database sequences with greatest
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similarity to that of the query sequence. The two programs differ in that 
FASTA finds and displays the longest single homologous stretch possible 
for query and database sequence, whereas BLAST finds and displays as 
many alignments as possible for each query and database sequence under 
given parameters. Double vertical lines identify identical amino acids, 
whereas double dots indicate similar amino acids. Databases used were the 
composite Genbank/European Molecular Biology Laboratory (Gen_EMBL) 
databases for DNA or the composite Swissprot/Protein Information 
Resource (OWL) database for proteins. Protein analysis was carried out 
primarily by determining hydropathy profiles using PEPPLOT (Kyte and 
Doolittle, 1982).

2.11 Techniques used for polysaccharide detection

2.11.1 Extraction of polysaccharide

Total polysaccharide was extracted from 10 ml stationary phase bacterial 
cultures (Jann, 1985). Cells were collected by centrifugation at 3000g and 
4°C for 10 minutes and dehydrated by resuspending the cell pellet in 5 ml 
ethanol. This was repeated a further two times. The preparation was again 
centrifuged, and the pellet resuspended in 1 ml acetone and transferred to an 
1.5ml microfuge tube. The sample was centrifuged for 1 minute in a 
microfuge and all traces of acetone removed from the pellet in vacuo. The 
pellet was resuspended in 50pl 1M MgC^ and incubated at 37°C for 2 
hours. Cell debris was removed by centrifugation for 5 minutes in a 
microfuge and the supernatant, a crude polysaccharide extract, retained.

2.11.2 Absorption of antiserum to remove cross-reactive 
antibodies

Cells from a mid-log phase culture (5ml) were resuspended in 1ml of serum 
and the suspension rotated either for 1 hour at room temperature or 
overnight at 4°C. The bacteria were then removed from the serum by 
repeated centrifugation in a microfuge. Sodium azide was added to the 
serum at a final concentration of 0.1% (w/v) and the serum stored at 4°C in 
lOOjul aliquots for routine use.
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2.11.3 Double immunodiffusion analysis

Double immunodiffusion (Ouchterlony) analysis of polysaccharide extracts 
was performed using 1% agarose in barbitone buffer. To make barbitone 
buffer 12g 5'5' diethylbarbituric acid sodium salt was dissolved in 800ml 
distilled water. 4.4g 5'5! diethylbarbituric acid was dissolved at 95°C in 
150ml distilled water. The two solutions were mixed together and adjusted 
to pH8.2 with 5M NaOH. 4ml aliquots of molten 1% agarose in barbitone 
were poured into 35mm diameter petri-dishes. Once set, 3mm diameter 
holes were cut in the agarose using a punch. Typically, each well was 
loaded with IOjliI of polysaccharide extract or serum.

2.11.4 Immunochemical detection of polysaccharide

Immunoblotting was performed by a modification of the method of Burnette 
(1981) which allows detection of polysaccharide surface antigens. For 
immunoblot analysis of whole cells, nylon filters (Hybond-N: Amersham 
International pic) were placed over fresh bacterial colonies grown on agar 
plates and incubated for 1 hour at 37°C. The filters were carefully peeled off 
the plates and baked for 4 hours at 80°C. For immunoblot analysis of 
polysaccharide extracts, polysaccharide (Section 2.9.1) was spotted directly 
onto nylon filters (Hybond-N) in multiple 1 jllI aliquots (up to 10pi in total) 
which were allowed to dry between applications.

Immunoblot filters were washed four times in TN (50mM Tris-HCl, 0.9% 
NaCl, pH7.5). Non-specific binding sites on the filters were blocked by 
incubation in TN containing 3% BSA for 1 hour at room temperature. A 
second incubation in the blocking solution, this time containing primary 
antibody at the appropriate dilution (often 1:800) was performed either for 2  

hours at room temperature or overnight at 4°C. The filters were washed four 
times in TN and incubated for a final 2 hours at room temperature in TN 
containing donkey anti-rabbit immunoglobulin conjugated with horseradish 
peroxidase (Amersham International pic) at a 1:500 dilution. The filters 
were washed four times in TN and the substrate added. To prepare the 
substrate, 30mg of 4-chloro-l-naphthol was dissolved in 10ml of methanol 
and added to 50ml of TN together with 20pl of hydrogen peroxide. Once a 
positive reaction (purple) was observed with the controls, the filters were 
briefly rinsed in distilled water and air dried.
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2.11.5 Sensitivity of E. coli to infection with capsule- 
specific bacteriophage

L-broth (10ml) was inoculated with a single colony of E. coli and grown to 
mid-log phase. The cells were collected by centrifugation and resuspended 
in 10ml of lOmM MgSC>4 . Capsule specific bacteriophage were serially 
diluted in phage dilution buffer (see below) with a titre ranging from lxlO2  

to lx l0 6 pfu/ml. The prepared cells (lOOpl) were mixed with bacteriophage 
and the mixture left at room temperature for 2 0  minutes to allow adsorption. 
Molten soft-top agar (3ml) which had been held at 42°C was added, and the 
preparations poured onto L-agar plates (containing the appropriate 
antibiotic where necessary). The plates were rocked to disperse the agar and 
once set incubated at 37°C. Plaques were normally visible after 6  hours 
incubation.

Phage Dilution Buffer
lOmM Tris-HCl pH7.4 
lOmM MgSC>4 

0 .0 1 % gelatin

Soft-top agar
lOg Tryptone 
8 g NaCl 
8 g Agar
Distilled water to 1 litre.

2.11.6 Preparation of capsule-specific bacteriophage 
lysates

Bacteriophage from several plaques were transferred to a tube containing 
lOOjLil of stationary phase host cells using sterile toothpicks. Following 
incubation at room temperature for 10 minutes to allow adsorption, 2ml L- 
broth containing lOmM MgSC>4 was added and incubation continued at 
37°C for 5 hours with shaking. The lysate was divided into two 1.5ml 
Eppendorf tubes and 100pl chloroform added and mixed by vortexing. Cell 
debris was removed by centrifugation (5 minutes at 13400g in a microfuge) 
and supernatants removed to fresh tubes. Bacteriophage lysates were stored
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at 4°C and contained 108 to 1010 pfu/ml. Dilutions were prepared using 
phage dilution buffer (section 2.11.5).

2.12 Techniques for protein analysis

2.12.1 Determination of protein molecular weight using
SDS-PAGE

SDS-PAGE was carried out using the methods of Laemmli (1970) and used 
the Mini-PROTEAN II system (Bio-Rad Laboratories Ltd). Gels were 
poured according to the manufacturer's instructions using 0.75 mm spacers 
and a 10 well 0.75 mm Teflon comb. For SDS-PAGE the resolving gel was 
poured immediately following the addition of TEMED, overlaid with butan- 
l-ol to ensure a straight top edge and allowed to set. The butan-l-ol was 
then removed and the gel surface washed with nanopure water. The cavity 
was dried with filter paper before the resolving gel was overlaid with 
stacking gel into which the comb was set. The gel was allowed to 
polymerise for at least one hour.
The composition of the gels were as follows:

SDS-PAGE resolving gel (12% acrylamide)
Total volume 25ml, enough for 4 mini gels.
8 . 2  ml nanopure water 
10ml 30% Protogel acrylamide 
6.3ml 1.5M Tris-HCl (pH8 .8 )
0.25ml 10% SDS
0.25ml 10% ammonium persulphate 
0.01ml TEMED

SDS-PAGE stacking gel
Total volume 8 ml, enough for 4 mini gels.
5.5ml nanopure water 
1.3ml 30% Protogel acrylamide 
lml lMTris-HCl (pH6 .8 )
0.08ml 10% SDS
0.08ml 1 0 % ammonium persulphate 
0.008ml TEMED
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lOx SDS-PAGE loading buffer
12.5ml Tris-HCl (pH6 .8 )
2g SDS
2 0 ml glycerol
5ml b-mercaptoethanol
lOOmg bromophenol blue
to a final volume of 50ml with nanopure water

For electrophoresis, the gel was submerged in Tris/glycine/SDS running 
buffer (3.02g, lg  and 14.4g/litre respectively). Total cell protein for SDS- 
PAGE was prepared from 10ml late logarithmic phase cultures. The bacteria 
were chilled on ice and an aliquot removed to determine the protein 
concentration. The bacteria were then collected by centrifugation, adjusted 
to the same concentration with sample loading buffer and boiled for 1 0  

minutes prior to loading. Samples were loaded into the wells alongside 
molecular weight standards (Bio-Rad Laboratories Ltd.) and the gel run at 
150V for 1-2 hours until the bromophenol blue dye front ran off. Proteins 
were detected by staining in 10% (w/v) Coomassie blue R-250 (Bio-Rad) 
solubilised in destain (10% (v/v) acetic acid, 40% (v/v) methanol) for 30 
minutes. Stain not associated with protein was removed by placing the gel 
in destain for at least 2  hours to achieve the desired contrast.

2.12.2 Radiolabelling of proteins in vivo

2.12.2.1 Minicell purification

Plasmid encoded proteins were labelled in vivo using E. coli DS410 
minicells isolated using the procedure described by Hallewell and Sheratt 
(1976). Cultures of DS410 harbouring the plasmid of interest were grown to 
stationary phase in 400ml Brain Heart Infusion broth (Difco Laboratories 
Ltd) containing the appropriate antibiotics. The cells were separated from 
the culture by centrifugation at 600g for 5 minutes. The supernatant was 
retained and centrifuged at 8500g for 15 minutes and the pellet resuspended 
in 3 ml of ice-cold lx M9 salts (see section 2.2.1). Minicells were then 
cleared of vegetative cells by sedimenting the vegetative cells with 
centrifugation at 465Og for 20 minutes at 4°C using 20 ml 5-20% (w/v) 
sucrose gradients in lx  M9 salts. Minicells were collected from the middle 
of the gradient and the density gradient centrifugation repeated once more.
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The OD6 5 0  of the minicell suspension was determined and adjusted to an 
OD6 5 0  of 2. Minicells were then pelleted by centrifugation at lOOOOg for 10 
minutes at 4°C and resuspended to the same volume in 70% lx M9 salts, 
30% glycerol (ice-cold). Minicells were either used immediately for protein 
labelling or stored at -70°C.

2.12.2.2 Protein labelling

For labelling, 50pi of minicells were pelleted in a microfuge for 5 minutes 
and resuspended in lOOpl of lx M9 salts. The minicells were recentrifuged 
for 5 minutes and resuspended in a solution of lx M9, 0.4% glucose 
supplemented with 15pl methionine assay medium (MAA) per ml. (MAA is 
available from Difco Laboratories Ltd and is solubilised at a concentration 
of 525mg in 5 ml nanopure water). Remaining vegetative cells were killed 
by adding lOpl of 2 mg/ml cycloserine (to give a final concentration of 
200pg/ml). Minicells were incubated at 37°C for 90 minutes, pelleted by 
centrifugation for 2  minutes and resuspended in 1 0 0 pi of pre-warmed 
(37°C) M9/glucose/ MAA. 12pCi of 3 5 S-methionine was added and the 
minicells were incubated at 37°C for 45 minutes. The minicells were then 
pelleted and resuspended in lOOpl of M9/glucose/MAA supplemented with 
lOpl of 2 mg/ml non-radiolabelled methionine and incubated for 15 minutes 
at 37°C. Minicells were then pelleted and washed twice in nanopure water 
and finally resuspended in 25pi of lx SDS-PAGE loading buffer. The 
minicells were boiled for 5 minutes and 5-10pl run on an SDS 
polyacrylamide gel (Section 2.10.1), using 1 4C-methylated molecular weight 
standards (Amersham International pic). Gels were fixed for 1 hour in 10% 
acetic acid, 25% isopropanol followed by 30 minutes incubation in Amplify 
(Amersham International pic). Gels were transferred onto filter paper, 
covered with Saran wrap and dried in vacuo at 80°C for 45 minutes. The gel 
was then autoradiographed.
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2.13 Protein-antibody hybridisation and detection

2.13.1 Transfer of protein from PAGE gels (Western 
blotting)

Proteins resolved using SDS-PAGE were transferred to Immobilon PVDF 
membrane (Millipore (UK) Ltd; Watford, UK) using the electroblotting 
technique of Towbin et al. (1979). Low-range pre-stained molecular weight 
markers (Bio-Rad Laboratories Ltd) were used during the electrophoresis to 
allow estimation of molecular weights on transfer filters. Gels were soaked 
for 5 minutes in transfer buffer (14.4g/litre glycine, 3.02g/litre Tris-HCl and 
10% methanol). The gel was then laid on top of 4-5 sheets of 3MM 
Whatman filter paper pre-wet with transfer buffer and overlaid with the pre
wet transfer filter (which had been previously wet with methanol). 4-5 
sheets of pre-wet 3MM Whatman filter paper were laid over the filter and 
the whole stack sandwiched between the sponges and supports of the 
blotting apparatus (mini-Transblot, Bio-Rad) which was then slid into the 
blotting tank. Transfer was carried out in transfer buffer by applying a field 
with a potential difference of 100 V perpendicular to the plane of the gel and 
membrane so that the membrane was closest to the positive terminal. After 
1 - 2  hours of transfer the apparatus was dismantled; the membrane was 
wrapped in Saran wrap and stored for future use.

2.13.2 Detection of protein antigens on Western blots

Proteins were detected using the ECL Western blotting protocol (Amersham 
International pic). Filters were blocked by incubation with gentle agitation 
for 45 minutes in wash solution (PBS, 0.1% Tween-20) containing 5% 
(w/v) skimmed milk powder. Filters were then washed by rinsing once for 
15 minutes, then twice for 5 minutes in wash solution before incubation for 
1 hour at room temperature with diluted primary antibody. Filters were then 
rinsed as described previously before incubation for 1 hour at room 
temperature with diluted horseradish peroxidase conjugated secondary 
antibody. Filters were again rinsed and proteins detected using the ECL 
detection reagents which utilise the hydrogen peroxidase catalysed 
oxidation of luminol, resulting in the emission of light. An equal volume of 
solutions 1 and 2  were mixed, added to the filters and incubated for 1 

minute. The excess detection reagent was drained off and the filters
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wrapped in Saran wrap and placed in a autoradiography cassette. The light 
emission was detected by a short exposure to autoradiography film.
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CHAPTER 3

Cloning and Analysis of the K10 and K54 
Antigen Gene Clusters

3.1 Introduction

Genetic analysis of E. coli K-antigen production has concentrated on those 
strains elaborating capsules belonging to group II. A number of group II 
capsule gene clusters have been cloned (Drake et al., 1990; Echarti et al, 
1983; Roberts et al., 1986; Silver et al., 1981) and subjected to detailed 
molecular analyses. In contrast, very little work has been carried out on the 
capsule determinants of strains assigned to group I/II. Preliminary 
hybridisation studies to determine the relationship between genes for the 
production of different capsular polysaccharides have revealed that both 
group I and group I/II capsule-producing strains lack the conserved genes of 
regions 1 and 3 of group II strains (Boulnois et al., 1992; Drake et al., 
1993). This is despite both the group II (0rskov et al., 1976) and group I/II 
(0rskov and Nyman, 1974) capsule determinants mapping to serA. This 
implies that the group I/II capsule genes at serA are quite different from the 
group II capsule genes and that in group I/II strains, the entire group II 
capsule gene cluster has been replaced by a different set of capsule genes. If 
this is true, then E. coli could have at least three distinct groups of gene 
clusters for capsular polysaccharide production, two of which map to a 
locus near serA.

Cloning of group I/II capsule gene clusters will enable the genetic 
organisation and expression of this group of capsule genes to be determined. 
The analysis of group I/II capsule gene clusters will provide information on 
the genetic organisation of this group of capsule producing strains and will 
allow comparison to the well conserved genetic organisation of group II 
capsules. The determination of the nucleotide sequence of the group I/II 
capsule gene clusters and the subsequent prediction of the amino acid
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sequences of the encoded proteins will also identify the processes involved 
in the biosynthesis and export of these polysaccharides onto the cell surface 
and allow direct comparison with the well characterised corresponding 
group II capsule functions. This will provide the first insight into capsule 
gene diversity at the serA-linked locus.

3.2 Results

3.2.1 Isolation of the K10 antigen gene cluster

The K10 capsule gene cluster was chosen as a representative member of the 
group I/II capsule gene clusters for a number of reasons. Firstly, the K10 
capsule genes have been mapped to serA (0rskov et al., 1974) . Secondly, 
antibody and bacteriophage specific for the K10 capsule were available, 
facilitating isolation of K 10-expressing clones. Finally, the structure of the 
K10 capsular polysaccharide has been determined (Sieberth et al., 1993), 
and was found to consist of a polymer of rhamnose and 4,6-dideoxy-4- 
malonylaminoglucose [Qui4NMal; 4-(2-carboxyacetamido)-4,6- 
dideoxyglucose]. It is interesting to note that the negative charge of this 
polysaccharide is due to A-acylation with malonic acid and thus caused by a 
non-carbohydrate constituent. Although substitution with an amino acid has 
been found with other E. coli capsular polysaccharides (Hofmann et a l , 
1985; Jann and Jann, 1990), substitution with a divalent acid has not 
previously been reported. Knowledge of the structure of the K10 
polysaccharide could be useful in assigning functions to individual proteins 
which may be identified during genetic analysis of the cloned K10 capsule 
gene cluster.

3.2.1.1 Production of a K10 cosmid library

It has previously been demonstrated that the group II capsule genes are 
clustered at a single site near serA (Boulnois et al., 1987; Roberts et al., 
1988). Cloning of group II K-antigen gene clusters have revealed their size 
to be in excess of 20kb. To maximise the chances of cloning the K10 
antigen gene cluster, it was decided to use a cosmid vector which allows 
insert sizes of 30-45kb and is compatible with the highly efficient 
bacteriophage X packaging system for library construction. Cosmid vectors
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were first developed by Collins and Hohn (1978) to overcome the technical 
problems of introducing large pieces of DNA into E. coli. In their simplest 
form, cosmid vectors are modified plasmids which carry a copy of the DNA 
sequences (cos sequences) required for packaging DNA into bacteriophage 
X particles. Since cosmids carry an origin of replication and a drug 
resistance marker, cosmid vectors can be introduced into E. coli by standard 
transformation procedures and propagated as plasmids. For successful 
packaging of DNA, there must be two cos sequences contained on the same 
DNA molecule, separated by 38-52kb, which are the packaging limits of X. 
Generation of recombinant cosmid molecules is possible by joining 30-45kb 
of insert DNA and cut cosmid vector in ligation reactions that favour the 
formation of long concatamers of cosmid/insert/cosmid DNA. This creates 
the necessary distribution of cos sites to be used in in vitro packaging 
reactions. The vector used was pEMBLcos4 as it has multiple cos sites and 
its packaging depends on ligatable cosmid 'arms'. This reduces the 
production of cosmid concatamers which is a problem often associated with 
cosmid cloning. In addition, the cosmid pEMBLcas4 has been used 
successfully in cloning the capsule determinants of E. coli strains expressing 
group II K-antigens capsules (Roberts et al, 1986: Drake et al, 1990).

High molecular weight chromosomal DNA was isolated from E. coli 
D ll 14 and a controlled partial digestion carried out using the restriction 
endonuclease Sau3 Al. The resultant fragments were analysed by agarose gel 
electrophoresis (Figure 3.1a). Chromosomal DNA was then cleaved under 
the optimal conditions determined by the analytical digest. These were 
found to be using 0.1 units of Sau3Al for an incubation period of 2.5 
minutes at 37°C to generate fragments of 35-45kb. A sample of the digest 
was run on an agarose gel to confirm that the DNA fragments were within 
the size range suitable for cosmid cloning (Figure 3.1b). Cosmid DNA was 
prepared for cloning, producing the two cosmid 'arms' (Section 2.8.2, Figure 
3.1c) and ligated together with the cleaved chromosomal DNA. An aliquot 
of the ligation mix was analysed by agarose gel electrophoresis (Figure 
3.Id). It was possible to see that the cosmid 'arms' had ligated together in 
each of the three possible combinations, and presumably also ligated with 
the chromosomal DNA. The ligated cosmid and chromosomal DNA was 
packaged in vitro into bacteriophage X heads and used to infect E. coli 
LE392. This generated 2300 recombinants.

84



Figure 3.1 : Production of the D ll  14 cosmid library

(a) Chromosomal DNA from E. coli D 1114 (O25:K10:H16) was cleaved 
with 0.1 units of the restriction endonuclease Stfw3AI at 37°C. Aliquots were 
removed at various time intervals and transferred to DNA loading buffer at 
65°C to stop the digestion. The gel was loaded as follows : lanes 1 and 12, 
lambda digested with Hind\\\\ lanes 2 and 11, lambda digested with Xho\\ 
lanes 3 and 10, undigested lambda; lane 4, undigested D 1114 DNA; lanes 5 
to 9, samples of D1114 DNA digested with Sau3Al taken at timepoints 0, 
2.5, 5, 7.5 and 12.5 minutes respectively. Undigested lambda is 48kb, 
lambda Xhol fragments are 33kb and 15 kb, lambda Hindlll fragments are 
23kb, 9kb, 6 kb, 4 kb and 2kb (Although not all these fragments can be seen 
on this gel).

(b) Chromosomal DNA from E. coli D 1114 was cleaved with 0.1 units of 
the restriction endonuclease Sau3AI at 37°C for 2.5 minutes. The gel was 
loaded as follows: lanes 1 and 10, molecular weight markers of 12, 11, 10, 9 
and 8 kb; lanes 2 and 9, lambda digested with Hindlll; lanes 3 and 8 , lambda 
digested with Xho\\ lanes 4 and 7, undigested lambda; lane 5, undigested 
D1114 DNA; lane 6 , D1114 DNA digested with Sau3Al.

(c) An ethidium bromide stained agarose gel showing the production of 
the cosmid 'arms' for cloning. The gel was loaded as follows: lanes 1 and 3. 
lkb DNA ladder molecular weight markers of 12, 11, 10, 9, 8 , 7, 6 , 5, 4, 3, 2, 
1.6 and lkb; lane 2, pEMBLcos4 digested with Pvull and BamHl. The bands 
correspond to the small cosmid arm ( 1 .6 kb) and the larger cosmid arm 
(4.4kb).

(d) An ethidium bromide stained agarose gel showing the ligated 
chromosomal and cosmid DNA. DNA markers were loaded as above. The 
bands in lane 2  correspond to (from the bottom): two small cosmid arms 
ligated (3.2kb - band is very faint), one large and one small cosmid arm 
ligated (6 kb), two large cosmid arms ligated (8 .8 kb), chromosomal and 
cosmid DNA ligated.
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3.2.1.2 Screening the library by colony immunoblotting

The D ll 14 cosmid library was screened by colony immunoblotting using 
polyclonal antiserum raised against the K10 capsular polysaccharide (kindly 
donated by B. and K. Jann). Firstly a control immunoblot was performed to 
check that the detection system was working efficiently (Figure 3.2a). From 
the 2300 recombinants screened, 12 positive clones were identified. Cosmid 
DNA was extracted from each of the positive clones using the rapid small 
scale procedure as described in section 2.4.3 and used to retransform 
LE392. The transformants were rescreened by immunoblotting to ensure 
that they had retained the ability to produce K10 capsular polysaccharide. 
One clone giving a particularly strong signal (Figure 3.2b) was selected for 
further study and the plasmid present designated pRPl.

3.2.1.3 Immunological analysis of LE392(pRPl)

LE392(pRPl) gave a strong signal in colony immunoblotting (Figure 3.2c). 
To confirm the colony immunoblotting data, polysaccharide was extracted 
from overnight L-broth cultures of LE392(pRPl), LE392 alone and from the 
K10 wild-type strain (D ll 14). The polysaccharide preparations were used 
in an Ouchterlony double-immunodiffusion assay with the polyclonal 
antiserum specific for K10. Precipitin lines of identity were observed with 
both the wild-type and LE392(pRPl) polysaccharide extracts and the 
antiserum, but not with the LE392 alone (Figure 3.2d). This indicates that 
LE392(pRPl) produces the K10 polysaccharide. However, extraction of 
polysaccharide with MgC^ from bacterial cells does not reveal the cellular 
location of the polymer, nor does it using colony immunoblotting (where the 
colonies may become lysed). Therefore LE392(pRPl) was screened for cell 
surface capsule production with K 10-specific bacteriophage and was found 
to be sensitive. On this basis, it was concluded that cosmid pRPl confers the 
ability to express cell surface K10 antigen on E. coli LE392.
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Figure 3.2 : Screening of the D ll  14 cosmid library

(a) A control colony immunoblot testing the polyclonal antiserum against 
the K10 capsule. The filters are as follows: A, D1114 (K10 wild-type); B, 
D1308 (an unencapsulated K- strain); C, LE392.

(b) Colony immunoblot filters produced in the screening of the E. coli 
D 1114 cosmid library in LE392. Filter A shows a control blot with streaks of 
D 1114 as a positive control. Filter B is a filter streaked with recombinants 
from the D ll 14 cosmid library. The arrow indicates a colony expressing 
K 1 0  polysaccharide.

(c) Colony immunoblotting of the positive recombinant pRPl using 
polyclonal antiserum to the K10 capsule. Filter A, LE392(pRPl); Filter B, 
LE392.

(d) Double immunodiffusion (Ouchterlony) analysis of the K10 wild type 
strain (D1114), D1308 (K"), LE392 and LE392 harbouring pRPl. The cells 
were grown overnight in L-broth and polysaccharide extracted from the cell 
culture. Polyclonal antiserum (10pl) against the K10 polysaccharide was 
placed in the centre well and 1 0 pl polysaccharide extracts from each of the 
cultures in the outer wells as follows: well 1, LE392; well 2, D1308; well 3, 
D1114; well 4, LE392(pRPl); well 5, D1114.
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3.2.2 Analysis of the cloned K10 antigen gene cluster

3.2.2.1 Restriction endonuclease analysis of pRPl

Cosmid pRPl was cleaved with a variety of restriction endonucleases and 
those with infrequent target sites chosen for construction of a restriction 
map. These restriction endonucleases were used singly and in combinations 
to cleave pRPl (Figure 3.3a). By summing the sizes of the restriction 
fragments the total size of pRPl was calculated to be 46.2 kb. The 
restriction enzyme cleavage data was used to create a physical map of pRPl 
(Figure 3.4, Table 3.1). It was noted that cleavage with either BglII or Sstl 
generated only two fragments. In an effort to isolate a smaller recombinant 
plasmid which still contained the K10 biosynthesis genes, pRPl was 
cleaved with these restriction endonucleases individually and ligated to 
itself. This gave rise to the subclones pRP2 and pRP3 which contain the 
cosmid vector (Figure 3.3b and c, Figure 3.4). Neither LE392(pRP2) nor 
LE392(pRP3) produced K10 polysaccharide detectable by double 
immunodiffusion analysis (Figure 3.3d). These results did, however, show 
that in these two deletion mutants the genes encoding capsule production 
had been disrupted and gave an indication as to the location of the K10 
capsule genes within the clone pRPl. The approximate location of the 
vector was also identified, as the vector must lie within the overlapping 
sequences of pRP2 and pRP3. It thus seemed likely that the vector must lie 
within the 12.9 kb BamHl-Bglll DNA restriction fragment (Figure 3.4).

Table 3.1 : Results of restriction endonuclease cleavage of pRPl

DNA fragment sizes in kilobases generated by cleavage o f pRPl with the given 

restriction endonucleases.

BamHl Bgni Smal Sstl Xhol
33.2 42.7 36.4 33.9 2 2 . 1

6.3 3.5 7.5 12.3 18.3
5.7 2.3 5.8
1
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Figure 3.3 : Restriction endonuclease analysis of pRPl

(a) An ethidium bromide stained agarose gel showing the fragments 
produced after digestion of pRPl with a variety of restriction endonucleases. 
This data was used in helping to construct a physical map of pRPl (Figure 
3.4). The gel was loaded as follows : lanes 1 and 12, lambda digested with 
Hindlll; lanes 2 and 11, lambda digested with Xhol; lane 3, pRPl digested 
with Bglll; lane 4, pRPl digested with Bglll and BamHl; lane 5, pRPl 
digested with BamHl; lane 6 , pRPl digested with BamHl and Ss/I; lane 7, 
pRPl digested with Sstl; lane 8 , pRPl digested with Sstl and Smal; lane 9, 
pRPl digested with Smal; lane 10, pRPl digested with Sstl; lane 13, lkb 
DNA ladder marker fragments.

(b) An ethidium bromide stained agarose gel showing the creation of 
pRP3. pRPl was cleaved with Bglll and then self ligated to delete the 3.7kb 
Bglll fragment and produce pRP3. The gel was loaded as follows: lane 1, 
lkb DNA ladder marker fragments; lane 2, lambda digested with Hindlll and 
Xhol; lane 3, undigested pRPl; lane 4, pRPl digested with Bglll; lane 5, 
pRP3.

(c) An ethidium bromide stained agarose gel showing the creation of 
pRP2. pRPl was cleaved with Sstl and then self ligated to delete the 12kb 
Sstl fagment and produce pRP2. The gel was loaded as follows: lane 1, lkb 
DNA ladder marker fragments; lane 2, lambda cut with Hindlll; lane 3, 
uncut pRPl; lane 4, pRPl cut with Sstl; lane 5, pRP2.

(d) Double immunodiffusion (Ouchterlony) analysis of pRP2 and pRP3. 
The cells were grown overnight in L-broth and polysaccharide extracted 
from the cell culture. Polyclonal antiserum (10pl) against the K10 
polysaccharide was placed in the centre well and lOpl polysaccharide 
extracts from each of the cultures in the outer wells as follows: well 1 , 
LE392; lane 2, D1114 (K10); lane 3, D1308 (K-); lane 4, LE392(pRPl); lane 
5, LE392(pRP2); lane 6 , LE392(pRP3).
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Figure 3.4 : Physical map of pRPl

Physical map of the recombinant plasmid pRPl which contains the K10 
antigen gene cluster. The box below the line labelled cos4 refers to the 
vector sequence (pEMBLcos4). Beneath pRPl are the subclones derived 
from it.
Restriction enzyme target sites : B, BamHl; Bgl, Bglll; Sm, Smal; S, Sstl; X, 
Xhol.
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3.2.2.2 Localisation of the K10 antigen genes on pRPl by Southern 
blot analysis

To determine whether the K10 capsule genes are inserted at the same site on 
the chromosome as group II capsule genes, Southern blot hybridisations 
were performed with two probes taken from DNA adjacent to regions 1 and 
3 of the K4 capsule gene cluster (Drake et al., 1990). The probe referred to 
as probe H (Figure 3.5) taken from flanking sequences 3’ to region 3 of the 
K4 antigen gene cluster comprised a 3kb BamRl-Clal fragment from pRDl. 
Probe K taken from flanking sequences 5’ to region 1 of the capsule gene 
cluster comprised a 2.5kb Hpal fragment from pRDIO (Figure 3.5). These 
probes hybridise to DNA flanking all of the group II capsule gene clusters 
analysed (Drake et al., 1993).
Three identical Southern blot filters were prepared in which pRPl was 
cleaved with a number of the restriction enzymes (Figure 3.6a). Two of the 
filters were hybridised with probes H and K respectively. The third filter was 
hybridised with an additional probe made from pEMBLcos4 in order to 
assign the position of the cosmid on pRPl. The filters were washed with 2x 
SSC at 65°C. The results of all three hybridisations are shown in Figure 3.6. 
Fragment sizes were determined with reference to the physical map of pRPl 
(Figure 3.4, Table 3.2).

Table 3.2 : Results with probes H, K and pEMBLcos4

DNA pACY
C
BamHl

cos4

Bglll
pRDl
BamHl

pRPl
BamHl

pRPl
BamHl
Bglll

pRPl
Bglll
Sstl

pRPl
Bglll

pRPl
Bglll
Smal

pRPl
Smal

pRPl
Smal
Sstl

H _ 8.2 33.2 12.9 23.1 42.7 12.7 36.4 23.5

K _ 23 6.3 6.3 12.3 42.7 20.2 36.4 12.3

cos4 - 6 23 5.7 5.7 23.1 42.7 7.5 7.5 7.5

Summary o f Southern blot analyses o f pRPl cut with various restriction endonucleases 

using radiolabelled DNA probes H, K (Figure 3.5) and pEMBLcos4. The size o f DNA 

fragments homologous to each probe are listed in kilobases and a dash indicates that no 

fragments bound to the probe. Autoradiographs are shown in Figure 3.6.
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Figure 3.5 : Source of DNA probes

Physical map of the recombinant plasmids pRDl and pRDlO. pRDl carries 
the biosynthetic genes for the K4 antigen. pRDIO carries DNA flanking the 
K4 capsule gene cluster. The labelled boxes 1-3 above pRDl refer to the 
gene regions involved in production of the K4 antigen. The open boxes 
below the lines refer to vector sequences. The DNA probes are represented 
by the black boxes H and K. Probe H was taken from pRDl and probe K 
was taken from pRDIO. Restriction enzyme target sites : B, BamH\\ C, Cla\\ 
H, Hpal.
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Figure 3.6 : Localisation of the K10 capsule genes on pRPl

(a) An ethidium bromide stained agarose gel showing pRPl digested with 
a variety of restriction enzymes prior to Southern blotting. The gel was 
photographed alongside a linear rule to aid the calculation of fragment sizes. 
The gel was loaded as follows: lane 1, pACYC digested with Z?amHI; lane 2, 
pEMBLcos4 digested with Bglll; lane 3, pRDl digested with BamHl; lane 4, 
pRPl digested with BamHl; lane 5, pRPl digested with BamHl and BglII; 
lane 6 , pRPl digested with Bglll and 5 5 /1 ; lane 7, pRPl digested with Z?g/II; 
lane 8 , pRPl digested with Bglll and Smal; lane 9, pRPl digested with Smal; 
lane 10, pRPl digested with Smal and Sstl. The final two lanes were loaded 
with molecular weight markers. The first marker lane contained A. DNA 
cleaved with Hindlll and Xhol. The second marker lane contained 1 kilobase 
DNA ladder fragments.

(b) Southern blot analysis of the above agarose gel with probe H.
(washed in 2x SSC/0.1% SDS at 65°C)

(c) Southern blot analysis of the above agarose gel with probe K.
(washed in 2 x SSC/0.1% SDS at 65°C)

(d) Southern blot analysis of the above agarose gel with probe 
pEMBLcos4.
(washed in 2 x SSC/0.1% SDS at 65°C)

The DNA fragment sizes shown on the right hand side of the Southern blots 
above indicate the approximate sizes of the smallest fragments which 
hybridised to the probes in each blot (Table 3.2)
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The smallest single DNA fragment of pRPl which probe H (the probe 
flanking region 3 in group II strains) hybridised to was a 12.7kb BgRl-Smal 
fragment (Figure 3.6b). The smallest single DNA fragment of pRPl which 
probe K (the probe flanking region 1 in group II strains) hybridised to was a 
6.3kb BamHl fragment (Figure 3.6c). In both hybridisations with probes K 
and H, the DNA fragments which hybridised to the probes were larger than 
the size of the probes used, so further experiments were necessary to find 
the smallest region of pRPl which hybridised to each probe.
The pEMBLcos4 probe hybridised to a 5.7 BamHl DNA fragment (Figure 
3.6d). This enabled the position of the vector within clone pRPl to be 
located. However, the 5.7kb BamHl fragment within pRPl contains a Xhol 
restriction site of which the pEMBLcos4 vector has none. Therefore the 
vector can be further localised to the 5.5kb BamHl-Xhol fragment of pRPl 
(Figure 3.4).

3.2.2.3 Improved localisation of probes H and K

To better localise the position of hybridisation of probes H and K, the 
restriction map of pRPl was improved upon by performing some further 
restriction endonuclease analysis. In order to facilitate the localisation of 
probe H, the 12.9kb BamHl-Bglll fragment of pRPl which probe H had 
previously hybridised to was sub-cloned into the plasmid vector pUC19 to 
create the construct pR Pll (see Figure 3.4). By reducing the size of the 
DNA fragment to be mapped, restriction enzyme analysis of this region of 
pRPl was made considerably easier. It was therefore possible to map the 
position of the restriction endonuclease cleavage sites of Pvull and Sphl 
within this subcloned fragment of DNA (Figure 3.8).
As a result of this analysis, two additional Southern blot filters were made 
using different combinations of restriction endonucleases which produced 
smaller fragments of pRPl (Figure 3.7a and c). The results of these 
hybridisations are shown in Figures 3.7b and d and Tables 3.3 and 3.4. 
Probe H hybridised to a 5.3kb Smal-PvuII fragment within the plasmid 
pRPll and probe K hybridised to a BamHl-SstI fragment of 2.8kb within 
pRPl.
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Table 3.3 : Results with probe K

DNA pACY

C
BamHl

cos4

BamHl

pRDl

BamHl

pRPl

Smal

pRPl

BamHl

Smal

pRPl

BamHl

pRPl

BamHl

Sstl

pRPl

Sstl

pRPl

BamHl

Xhol

pRPl

Xhol

K - - 23 36.2 3.4 6.3 2.8 12.3 6.3 18.3

Table 3.4 : Results with probe H

DNA pRPll

Smal

pRPll

Smal

Sphl

pRPll

Sphl

pRPll

Pvull

Sphl

pRPll

Pvull

pRPll

Pvull

Smal

H 15.35 incomplete

digestion

12.45 5.5 5.5 5.3

By comparing the restriction fragments which hybridised to each of the 
probes with the restriction endonuclease map of pRPl the position of the 
capsule genes within pRPl was deduced. Both probes hybridised to pRPl, 
leaving a region in between where it is assumed the capsule genes are 
located (Figure 3.8). This indicates that the capsule genes of group I/II 
strains, at least in the case of K10, are flanked by the same DNA and are 
located in the same region of the chromosome near serA as group II capsule 
genes.
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Figure 3.7 : Improved localisation of probes K and H on pRPl

(a) An ethidium bromide stained agarose gel showing pRPl digested 
with a variety of restriction enzymes prior to Southern blotting. The gel was 
loaded as follows: lane 1, pACYC digested with BamHl; lane 2, 
pEMBLcos4 digested with BamHl; lane 3, pRDl digested with Bam HI; lane 
4, pRPl digested with Smal; lane 5, pRPl digested with Bam HI and Smal; 
lane 6, pRPl digested with BamHl; lane 7, pRPl digested with BamHl and 
Sstl; lane 8, pRPl digested with Sstl; lane 9, pRPl digested with BamHl and 
Xhol; lane 10, pRPl digested with Xhol.

(b) Southern blot analysis of the above agarose gel with probe K.
(washed in 2x SSC/0.1% SDS at 65°C)

(c) An ethidium bromide stained agarose gel showing pR Pll digested 
with a variety of restriction enzymes prior to Southern blotting. The gel was 
loaded as follows: lane 1, pR Pll digested with Smal; lane 2, pR Pll 
digested with Smal and Sphl (this digest has partialled); lane 3, pRPl 1 
digested with Sphl; lane 4 ,  pR Pll digested with P v m I I  and Sphl; lane 5 ,  

pRPl 1 digested with FV mII;  lane 6, pRPl 1 digested with Pvull and Smal.

(d) Southern blot analysis of the above agarose gel with probe H.
(washed in 2x SSC/0.1% SDS at 65°C)
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Figure 3.8 : Map of pRPl showing hybridisation of probes

Physical map of the recombinant plasmid pRPl which contains the K10 
antigen gene cluster. The box below the line labelled cos4 refers to the 
vector sequence (pEMBLcos4). The hashed boxes above the line refer to the 
smallest restriction fragments in pRPl homologous to probes H and K. The 
black boxes numbered 1-6 beneath pRPl are the probes derived from it. 
Restriction enzyme target sites shown include only those Sphl and Pvull 
sites mapped using the subclone pRPl 1 (see Figure 3.4) : B, BamHl; Bgl, 
Bglll, P, PvwII; Sm, Smal, Sp, Sphl; S, Sstl; X, Xhol.
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3.2.3 Analysis of chromosomal DNAs from different 
capsule producing strains

Southern blot analyses were used to determine whether any DNA sequences 
within the K10 capsule gene cluster are present in other capsule-producing 
strains of E. coli.
A series of DNA probes were made by restriction endonuclease digestion 
and excision from agarose gels from the region of pRPl thought to span the 
K10 capsule gene cluster. These probes were numbered 1-6 (Figure 3.8). 
The probes were radiolabelled and used to probe chromosomal DNA which 
had been extracted from a variety of capsule-expressing E. coli strains.
For the preliminary hybridisation experiments a selection of capsule 
producing strains was chosen to include representatives of the group II 
strains (K4 and K5) and all group I/II strains which were available (K3, 
K10, K11 and K54). The full serotypes of the strains used are listed in Table 
2.1. Four identical Southern blot filters were made of itamFII-cleaved 
chromosomal DNAs (3.9a), together with controls of pEMBLcos4, pGBl 10 
(the cloned K5 capsule gene cluster) and pRPl. Each filter was hybridised 
with a different probe taken from the pRPl K10 capsule gene cluster and 
washed in 2x SSC/0.1% SDS at 65°C. The results of these hybridisations 
can be seen in Figure 3.9. All of the probes derived from cosmid pRPl 
hybridised to a large fragment of D1114(K10). Since the chromosomal 
DNA was digested with BamHl it is reasonable to assume that this fragment 
is the 33kb BamHl fragment of pRPl (Figure 3.8) which spans the region of 
pRPl from which the DNA probes were derived. In the absence of any high 
molecular weight markers on the agarose gels from which the Southern blot 
filters were made, the BamHl fragment of D1114(K10) which hybridised to 
the probe was thus taken to be 33kb in size.
Probes 1 and 2 gave similar patterns of hybridisation to chromosomal DNA 
of the K3, K10 and K54 strains (Figure 3.9b and c), but probe 2 also 
hybridised strongly to pEMBLcos4. Probe 3 hybridised not only to K3, K10 
and K54 chromosomal DNA, but to all of the other samples with the 
exception of K ll (Figure 3.9d). However, the lane containing the K ll 
chromosomal DNA sample was underloaded in comparison to the other 
lanes, so any limited homology of the probe to K ll chromosomal DNA 
would be very difficult to observe. Probe 3 also hybridised to pEMBLcos4.
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Figure 3.9 : Analysis of chromosomal DNAs from encapsulated
E. colL

(a) An ethidium bromide stained agarose gel showing a variety of 
chromosomal DNAs from encapsulated E. coli digested with the restriction 
enzyme BamHl prior to Southern blotting. The gel was loaded as follows: 
lanel, pEMBLcos4 DNA digested with Bglll; lane 2, pGBllO DNA 
digested with £coRI; lane 3, 2616 (K4); lane 4, 20026 (K5); lane 5, (K2); 
lane 6, 20242 (K3); lane 7, D1114 (K10); lane 8, 21455 (K ll); lane 9, A 12b 
(K54); lane 10, pRPl DNA digested with BamHl and Bglll.

(b) Southern blot analysis of the above agarose gel with probe 1.
(washed in 2x SSC/0.1% SDS at 65°C)

(c) Southern blot analysis of the above agarose gel with probe 2.
(washed in 2x SSC/0.1% SDS at 65°C)

(d) Southern blot analysis of the above agarose gel with probe 3.
(washed in 2x SSC/0.1% SDS at 65°C)

(e) Southern blot analysis of the above agarose gel with probe 4.
(washed in 2x SSC/0.1% SDS at 65°C)

(f) Southern blot analysis of the above agarose gel with probe 
pEMBLcos4.
(washed in 2x SSC/0.1% SDS at 65°C)

The origin of all the probes is shown in Figure 3.8.

Although no large molecular weight markers were used on the original 
agarose gels used to prepare the filters for Southern blotting, the 33kb size 
marker was indicated on the right hand side of the Southern blots as this 
was the size of the BamHl fragment of pRPl from which all the probes were 
made (Figure 3.8); by assumption the same BamHl fragment in K10 
chromosomal DNA hybridised to these probes.
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In view of the hybridisation of probes 2 and 3 to pEMBLcos4 DNA a 
further blot was performed to establish whether these two probes were 
contaminated with pEMBLcos4 DNA. One of the filters used in the 
hybridisations was stripped and rehybridised using pEMBLcos4 as a probe. 
The resultant blot is shown in Figure 3.9f. This showed no hybridisation to 
the chromosomal strains and hybridisation only where expected back to 
pEMBLcos4 and to the recombinant cosmids pGBllO and pRPl. This 
indicates that in fact probes 2 and 3 were not contaminated with 
pEMBLcos4 DNA sequences and that the hybridisation of probe 3 to K4, 
K5 and K2 chromosomal DNA was either genuine, or that the probe 
contained some other contaminating DNA sequences or sequences flanking 
the E. coli capsule gene clusters. It is, however, interesting to note that the 
same sized multiple fragments of K4 and K5 chromosomal DNA hybridised 
to probe 3, suggesting conserved repeated DNA sequences, for example 
insertion sequences. This would also explain the observation that probe 3 
hybridised to more than one BamHl fragment in the K10 chromosomal 
DNA (Figure 3.9d, lane 7). Probe 4 hybridised to K10 chromosomal DNA 
only (Figure 3.9e).
The hybridisation experiments were then repeated using a wider range of 
capsule-expressing E. coli strains. The K9 antigen was chosen as a 
representative of the group I capsules, and the K5 antigen used as a typical 
group II capsule. Additional strains assigned to group I/II were obtained 
from Professor Klaus and Dr Barbara Jann at the Max Planck-Institut fur 
Immunbiologie, Freiburg, Germany. The K3, K10, K11, K19, K54 and K98 
antigens have all been assigned as members of group I/II. The full serotypes 
of the strains used are listed in Table 2.1.
A number of identical Southern blot filters were made of itamHI-cleaved 
chromosomal DNAs (Figure 3.10a). Each filter was hybridised with one of 
the six probes. The results of these hybridisations can be seen in Figure 
3.10. Probes 1, 2 and 3 gave similar patterns of hybridisation to the 
chromosomal DNAs of the K3, K10, K54 and K98 strains. Probe 4 
hybridised only to chromosomal DNA of the K10 strain. Probes 5 and 6 
produced similar patterns of hybridisation to the chromosomal DNAs of the 
K3, K10, K54 and K98 strains. At high stringency (O.lx SSC/0.1% SDS, 
65°C) none of the probes hybridised to either the K ll or K19 strain, or to 
any group I or group II strain. However, as in the preliminary hybridisation 
experiments (Figure 3.9d), at low stringency (2x SSC/0.1% SDS, 65°C) 
faint bands of hybridisation of probe 3 to K5 chromosomal DNA were
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observed. Probe 3 also produced faint bands of hybridisation to K9, K11 
and K19 chromosomal DNA. In addition, at low stringency, probes 5 and 6 
showed slight hybridisation to K5 chromosomal DNA.
Probe 4, which hybridised only to K10 DNA, may consist of a region of 
DNA equivalent to region 2 of group II strains and is specific for the 
particular group I/II polysaccharide. Probes 1, 2, 3, 5 and 6 hybridised to the 
group I/II strains, and it is possible that these fragments encode conserved 
functions in the expression of group I/II capsules. The lack of hybridisation 
to the K11 and K19 strains suggests that these capsule gene clusters are not 
members of the group I/II family.
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Figure 3.10 : Further analysis of chromosomal DNAs from
encapsulated E. coli

(a) An ethidium bromide stained agarose gel showing a variety of 
chromosomal DNAs from encapsulated E. coli digested with the restriction 
enzyme BamHl prior to Southern blotting. The gel was loaded as follows: 
lanel, lkb DNA molecular weight markers; lane 2, 21700 (K9); lane 3, 
20026 (K5); lane 4, 20022 (K2); lane 5, 20242 (K3); lane 6, D 1114 (K10); 
lane 7, 21455 (Kll); lane 8, 21456 (K19); lane 9, A12b (K54); lane 10, 
21511 (K98).

(b) Southern blot analysis of the above agarose gel with probe 1.
(washed in 2x SSC/0.1% SDS or 0.1 x SSC/0.1% SDS at 65°C)

(c) Southern blot analysis of the above agarose gel with probe 2.
(washed in 2x SSC/0.1% SDS or 0.1 x SSC/0.1% SDS at 65°C)

(d) Southern blot analysis of the above agarose gel with probe 3.
(washed in 2x SSC/0.1% SDS at 65°C)

(e) Southern blot analysis of the above agarose gel with probe 3.
(washed in 0.1 x SSC/0.1% SDS at 65°C)

(f) Southern blot analysis of the above agarose gel with probe 4.
(washed in 2x SSC/0.1% SDS or 0.1 x SSC/0.1% SDS at 65°C)

(g) Southern blot analysis of the above agarose gel with probe 5.
(washed in 2x SSC/0.1% SDS at 65°C)

(h) Southern blot analysis of the above agarose gel with probe 6.
(washed in 2x SSC/0.1% SDS at 65°C)

Although no large molecular weight markers were used on the original 
agarose gels used to prepare the filters for Southern blotting, the 33kb size 
marker was indicated on the right hand side of the Southern blots as this 
was the size of the BamHl fragment of pRPl from which all the probes were 
made (Figure 3.8); by assumption the same BamHl fragment in K10 
chromosomal DNA hybridised to these probes.
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3.2.4 Isolation of the K54 antigen gene cluster

To confirm the Southern blot data showing that group I/II capsule gene 
clusters have conserved nucleotide sequences, a second group I/II capsule 
gene cluster was cloned.
K54 was chosen for a number of reasons. Firstly, as in the case of K10, the 
K54 capsule genes have previously been mapped to serA (0rskov and 
Nyman, 1974). Secondly, antiserum against the K54 capsule was available 
to use in screening a K54 library. Thirdly, the structure of the K54 
polysaccharide has previously been determined (Hofmann et al., 1985). The 
K54 polysaccharide consists of -3)-P-D-glucosyluronic acid-(l-3)-ot-L- 
rhamnosyl-(l- repeating units. Of the glucuronic acid residues, -85% are 
substituted in the ratio 9:1 with L-threonine and L-serine amidically linked 
to the carboxyl group. This is an interesting polysaccharide as substitution 
of microbial polysaccharides with amino acids is not frequently 
encountered. Thus, it would be extremely interesting to investigate the 
capsule gene cluster of the K54 polysaccharide and to determine the 
complexity of the biosynthetic region.

3.2.4.1 Production of a K54 cosmid library

A cosmid library of K54 DNA was constructed in the same manner as the 
K10 library (Section 3.2.1.2). High molecular weight chromosomal DNA 
was isolated from E. coli A 12b and cleaved using the restriction 
endonuclease Sau3Al to produce DNA fragments of 35-45kb which were 
analysed by agarose gel electrophoresis (Figure 3.11a).This confirmed that 
the DNA fragments were within the size range suitable for cosmid cloning. 
Cosmid DNA was prepared for cloning and ligated together with the 
cleaved chromosomal DNA. An aliquot of the ligation mix was analysed by 
agarose gel electrophoresis (Figure 3.11b). The cosmid arms had clearly 
ligated together in each of the three possible combinations and presumably 
also ligated with the chromosomal DNA. The ligated chromosomal and 
cosmid DNA was packaged in vitro as before into bacteriophage X heads 
and used to infect E. coli LE392. This generated 1400 recombinants.
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Figure 3.11 Production and screening of the A12b cosmid library

(a) An ethidium bromide stained gel showing the ligated chromosomal 
and cosmid DNA. The gel was loaded as follows: lanes 1 and 3, lkb DNA 
ladder molecular weight markers of 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1.6 and 
lkb; lane 2, the ligated chromosomal A 12b and cosmid DNA. The bands 
correspond to (from the bottom): one cosmid arm unligated (1.6kb), two 
small cosmid arms ligated (3.2kb), one large cosmid arm unligated (4.4kb), 
one large and one small cosmid arm ligated (6kb), two large cosmid arms 
ligated (8.8kb), chromosomal and cosmid DNA ligated.

(b) A representative colony blot filter produced in the screening of the E. 
coli A 12b library in LE392. The filter was used in a hybridisation with 
probe 1 (the 9.5kb Bam\\\-Sst\ fragment) from the K10 capsule producing 
cosmid clone pRPl (Figure 3.4). The positive control colony of A 12b is 
indicated by the +. The other positive colonies represent recombinants 
which hybridised to the probe.

(c) Colony blot filters produced in the screening of the E. coli A 12b 
library in LE392. The filters show further screening of the positive colonies 
identified during the initial screening with probe 1 (the 9.5kb /tawHI-Ss/I 
fragment) from the K10 capsule producing cosmid clone pRPl (see (b) 
above). Filter A was probed with probe 5 (the 1.8kb Sphl-Sphl fragment) 
from pRPl and Filter B was probed with probe 6 (the 3 .lkb Sph\-BgIU 
fragment) from pRPl (see Figure 3.8 for source of probes).
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3.2.4.2 Screening the library by colony hybridisation

The A 12b cosmid library was screened by colony hybridisation with probe 1 
from the K10 capsule gene cluster (Section 3.2.3, Figure 3.8). This approach 
was chosen in favour of immunodetection due to a limited supply of K54 
antiserum and was based on the assumption that the K54 genes are clustered. 
In addition, probe 1 was constructed from the outer limits of the region of 
pRPl believed to span the K10 capsule genes and had previously been 
shown to hybridise to K54 chromosomal DNA. Of the 1400 colonies 
screened, 58 hybridised to probe 1. One of the filters showing colonies 
hybridising to probe 1 is shown in Figure 3.1 lc.
The positive recombinants were then screened with probes 5 and 6 (see 
Section 3.2.3, Figure 3.8). These probes are taken from the opposite end to 
probe 1 of the region of pRPl believed to span the K10 capsule genes. Probe 
5 was the 3kb Sphl-BgUl fragment and probe 6 was the 1.4kb Sphl-Sphl 
fragment and like probe 1, both had previously been shown to hybridise to 
K54 chromosomal DNA. Of the 58 colonies screened, only 3 hybridised to 
both probes 5 and 6 (Figure 3.1 Id).

3.2.4.3 Immunological analysis of the K54 recombinants

L-broth cultures of the three positive colonies identified from the K54 library 
by colony hybridisation were then screened for capsule production by colony 
immunoblotting using polyclonal antiserum against the K54 capsule. The 
results of this were rather poor (data not shown), with it being difficult to 
distinguish positive recombinant colonies with confidence. Ouchterlony 
double immunodiffusion of polysaccharide extracts was also carried out 
without success. This may have been due to a concentration effect, with 
insufficient capsular material present in the recombinants for detection. 
However, as mentioned previously, (Section 3.2.4) the K54 capsular 
polysaccharide is unusual in that it is substituted with the amino acids 
threonine or serine. The K54 antiserum is reactive against the amino acid 
side chains and it may be that if the amino acid was not substituted, the K54 
antiserum may not recognise the K54 capsular polysaccharide. It is quite 
possible that addition of the amino acid side chain to the K54 polysaccharide 
is encoded by a gene distinct from the rest of the capsule locus. It was 
possible to test this hypothesis, as another E. coli capsular strain, K96, has 
the same polysaccharide structure as that of K54, with the exception of the
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amino acid substituent. Antiserum against the K96 capsule was available and 
it was possible that this may cross-react with the K54 capsule. The K96 
antiserum was tested for agglutination of L-broth cultures of the K54 
recombinants. All three of the recombinants showed some agglutination with 
K96 antiserum, and two of these recombinants showed agglutination with the 
K54 antiserum. This indicated that the K96 antibody is indeed cross-reactive 
with the K54 polysaccharide. The fact that one of the recombinants failed to 
agglutinate K54 antiserum, but did show agglutination of K96 antiserum 
may suggest that in this recombinant, the amino acid side chain is not 
substituted. Again however, it could be a consequence of the amount of 
capsular material. The results of these immunological studies did however 
show that K54 capsular material was in fact produced by at least two of the 
recombinants.
A second immunoblot experiment was then performed in the form of a dot 
blot using concentrated polysaccharide extracted from the two positive 
recombinants. Polysaccharide was extracted from overnight L-broth cultures 
of these two recombinants, LE392 alone, and the K54 wild-type strain 
(A 12b). The polysaccharide preparations were used in a dot blot with the 
polyclonal antiserum specific for K54. One of the recombinants gave a 
positive result, although in comparison with the K54 positive control the 
signal was rather weak (Figure 3.12a). This clone was chosen on which to 
base all subsequent analysis and was designated pRPl00. To confirm the dot 
blot data a colony immunoblot was performed with a L-broth culture of 
LE392(pRP100), using LE392 and the K54 wild type as negative and 
positive controls respectively. The clone again gave a positive result with the 
K54 antiserum (Figure 3.12b). In the absence of any K54-specific 
bacteriophage it was not possible to be certain that the clone expressed cell 
surface polysaccharide, but it could be concluded that the plasmid pRPlOO 
contains all the genes necessary to synthesise the K54 polysaccharide in E. 
coli LE392.
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Figure 3.12 : Further screening of the A12b cosmid library

(a) Dot blot showing the reaction of capsular polysaccharide extracts 
with polyclonal antiserum against the K54 capsule. The filter shows the 
A 12b positive control and LE392 negative control blots, along with the two 
K54 recombinants (labelled 1 and 3) which showed greatest agglutination 
with the antiserum prior to polysaccharide extraction. As can be seen from 
the blot, recombinant number 3 reacted with the antiserum.

(b) Colony immunoblotting of the positive recombinant pRPlOO using 
polyclonal antiserum to the K54 capsule. Filter A, A 12b; Filter B, LE392; 
Filter C, LE392(pRP100).
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3.2.5 Analysis of the cloned K54 antigen gene cluster

3.2.5.1 Restriction endonuclease analysis of pRPlOO

Plasmid pRPlOO was cleaved with a variety of restriction endonucleases and 
those with infrequent target sites chosen for construction of a restriction 
map. These restriction endonucleases were used to cleave pRPlOO in the 
same way as they were used to create a physical map of clone pRPl 
(Section 3.2.2.1). By summing the sizes of the restriction fragments the total 
size of pRPlOO was calculated to be approximately 4 lkb (Figure 3.13a and 
d). The restriction enzyme cleavage data were used to create a physical map 
of pRPlOO (Figure 3.14, Table 3.5). It was noted that cleavage with Sstl 
and Xhol produced a 1.8kb fragment. A similar fragment was also observed 
in the K10 clone pRPl (Figure 3.4). This observation was interesting as it 
could imply similar sequences in both of these group I/II capsular gene 
clusters and hence conserved regions, perhaps involved in transport 
functions in a manner analogous to regions 1 and 3 of the group II capsule 
gene clusters.
The physical map of pRPlOO was improved upon by addition of more 
restriction endonuclease cleavage sites. Plasmid pRPlOO was cleaved with 
the additional restriction endonuclease Hpal and a series of double and 
triple digests were carried out in order to determine the order of sites on 
pRPlOO (Figure 3.13d and Table 3.5).

Table 3.5: Results of restriction endonuclease cleavage of
pRPlOO

DNA fragment sizes in kilobases generated by cleavage o f pRPlOO with the given 

restriction endonucleases.

Hpal Kpnl Smal Sstl Xbal Xhol
29.55 41.35 41.35 35.25 35.45 21.65
9 6.1 5.9 19.7
2.8
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Figure 3.13 : Restriction endonuclease analysis of PRPlOO

(a) A stained gel showing the fragments produced after digestion of 
pRPlOO with restriction endonucleases. The data was used in construction 
of a physical map of pRPlOO (Figure 3.14, Table 3.5). Lanes 1 and 15, lkb 
DNA marker fragments; lanes 2 and 14, lambda digested with Hindlll and 
Xhol; lane 3, pRPlOO digested with Kpnl; lane 4, pRPlOO digested with 
Smal; lane 5, pRPlOO digested with Bglll; lane 6, pRPlOO digested with 
Sstl; lane 7, pRPlOO digested with Xhal; lane 8, pRPlOO digested with 
Xhol; lane 9, pRPlOO digested with Kpnl and Smal; lane 10, pRPlOO 
digested with Kpnl and Bglll; lane 11, pRPlOO digested with Kpnl and Sstl; 
lane 12, pRPlOO digested with Kpnl and Xbal; lane 13, pRPlOO digested 
with Kpnl and Xhol.

(b) A stained gel showing pRPlOO digested with restriction enzymes 
prior to Southern blotting. Lane 1, lkb ladder DNA marker fragments; lane 
2, lambda digested with Hindlll and Xhol; lane 3, pEMBLcos4 digested 
with BamHl; lane 4, pRPlOO digested with Bglll; lane 5, pRPlOO digested 
with Xhol and Bgll; lane 6, pRPlOO digested with Xhol; lane 7, pRPlOO 
digested with Xhol and Sstl; lane 8, pRPlOO digested with Sstl; lane 9, 
pRPlOO digested with Xbal and 5s/I; lane 10, pRPlOO digested with Xbal; 
lane 11, pRPlOO digested with Xbal and Xhol; lane 12, pRPlOO digested 
with Kpnl and Sstl; lane 13, pRPlOO digested with Kpnl and Bglll.

(c) Southern blot analysis of the above gel w ith probe pEMBLcos4.

(d) A stained gel showing the fragments produced after digestion of 
pRPlOO with additional restriction endonucleases. This data was used to 
enhance and confirm the physical map of pRPlOO (Figure 3.14, Table 3.5). 
Lanes 1 and 14, lkb ladder DNA marker fragments; lane 2, pRPlOO 
digested with Xbal; lane 3, pRPlOO digested with Xbal and Xhol; lane 4, 
pRPlOO digested with Xhol; lane 5, pRPlOO digested with Xhol and Sstl; 
lane 6, pRPlOO digested with 55/1; lane 7, pRPlOO digested with 55/1 and 
Xbal; lane 8, pRPlOO digested with Xbal, Xhol and 55/1; lane 9, pRPlOO 
digested with Hpal and 55/1; lane 10, pRPlOO digested with Hpal; lane 11, 
pRPlOO digested with Hpal and Xhol; lane 12, pRPlOO digested with Hpal. 
Xhol and 55/1; lane 13, pRPlOO digested with Hpal, 55/1 and Xbal.
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Figure 3.14 : Physical map of pRPlOO

Physical map of the recombinant plasmid pRPlOO which contains the K54 
antigen gene cluster. The box below the line labelled cos4 refers to the 
vector sequence (pEMBLcos4).
Restriction enzyme target sites : H, Hpa\\ K, Kpnl: Sm, Smal: S, Sstl: X, 
Xhol: Xba, Xhal.

1 1 0



plasmid pRPlOO - encoding the K54 capsule gene cluster

H K H BglH Sm Xba Xba S X S H

Bgl X
cos4

l_ l 
2 kb

pRPlOO



3.2.5.2 Localisation of the cosmid vector on pRPlOO by Southern 
blot hybridisation

To determine the location of the vector sequences of pEMBLcos4 on 
pRPlOO, a Southern blot hybridisation was performed using pEMBLcos4 as 
a probe. A filter was prepared on which pRPlOO was cleaved with a number 
of the mapped enzymes (Figure 3.13b). The filter was hybridised with the 
pEMBLcos4 probe and washed with O.lx SSC, 0.1% SDS, at 65°C. The 
result o f the hybridisation is shown in Figure 3.13c. Fragment sizes were 
determined with reference to the physical map of pRPlOO (Figure 3.14). The 
smallest single DNA fragment of pRPlOO which the probe hybridised to was 
the 7.7kb Kpnl-Sstl fragment. This enabled the position of the vector within 
clone pRPlOO to be pinpointed (Figure 3.14).

3.2.5.3 Localisation of the K54 antigen genes on pRPlOO by 
Southern blot analysis

To determine whether the K54 capsule genes are inserted at the same site on 
the chromosome as group II capsule genes and the K10 capsule genes, 
Southern blot hybridisations were performed with probes H and K (see 
Figure 3.5 and Section 3.2.2.2) taken from DNA 5’ to region 1 and 3’ to 
region 3 of the K4 capsule gene cluster (Drake et a l , 1990). Two identical 
Southern blot filters were prepared in which pRPlOO was cleaved with a 
number of the restriction enzymes (Figure 3.15a). The filters were hybridised 
with probes H and K and washed with O.lx SSC, 0.1% SDS at 65°C. 
Fragment sizes were determined with reference to the physical map of 
pRPlOO (Figure 3.14, Table 3.6).

The smallest single DNA fragment of pRPlOO which hybridised to probe H 
was a 4.9kb Smal-Xbal fragment (Figure 3.15b). Probe K failed to hybridise 
to pRPlOO, hybridising only to the 6.3kb BamHl fragment of the control 
pRPl DNA (data not shown). The hybridisation of probe H to pRPlOO 
indicates that in K54, the capsule genes, like those of K10, are located at the 
same region of the chromosome near serA as the group II capsule genes and 
are flanked by the same DNA. The lack of hybridisation between probe K 
and pRPlOO probably reflects the fact that pRPlOO is smaller than pRPl and 
does not contain this flanking DNA.

I l l



3.2.5.4 Analysis of the K54 capsule gene cluster using probes
taken from pRPl

Previous Southern blot experiments have shown that probes derived from the 
K10 capsule gene cluster hybridise to K54 chromosomal DNA (Section 
3.2.3) and to investigate whether these conserved sequences are present in 
pRPlOO, a series of Southern blot hybridisations were performed using the 
same probes 1-6 derived from pRPl (see Figure 3.8 for source of probes). 
pRPlOO DNA was digested with the same restriction endonucleases as 
previously described (Figure 3.15a) and a number of filters made. Each filter 
was hybridised with a different probe and washed in 2x SSC, 0.1%SDS at 
65°C. The results of the hybridisations can be seen in Figure 3.15 and Table 
3.6.
Probes 1 and 2 gave identical patterns of hybridisation, both of them 
hybridising to the 8kb Hpal-Xhol fragment of pRPlOO. More specifically, 
probe 1 hybridised to the 6.3kb Hpal-Sstl fragment (Figure 3.15c) and probe 
2 hybridised to the 6.lkb Sstl-Sstl fragment (Figure 3.15d). Probe 3 
produced a very confusing pattern of hybridisation - hybridising to a number 
of non adjacent fragments within pRPlOO and faintly to pEMBLcos4 (Figure 
3.15e). This probe had previously been found to give complicated patterns of 
hybridisation when used to probe chromosomal DNAs from E. coli capsule 
expressing strains (Section 3.2.3). Probe 4, the BglU-Bglll 3.5kb probe 
which had previously hybridised only to K10 chromosomal DNA, failed to 
hybridise to pRPlOO (data not shown). This confirmed the proposition that 
this fragment is K10 capsule-specific and probably encodes the biosynthetic 
genes for the production of the K10 polysaccharide.
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Figure 3.15 : Localisation of the K54 capsule genes on pRPlOO
and analysis using probes from pRPl

(a) An ethidium bromide stained agarose gel showing pRPlOO digested 
with a variety of restriction enzymes prior to Southern blotting. The gel was 
loaded as follows: lane 1, lkb DNA ladder marker fragments; lane 2. 
pEMBLcos4 digested with Bglll; lane 3, pRPl digested with Bglll and 
BamHl; lane 4, undigested pRPlOO; lane 5, pRPlOO digested with Hpal and 
Kpnl; lane 6, pRPlOO digested with Hpal; lane 7, pRPlOO digested with 
Hpal and Sstl; lane 8, pRPlOO digested with Hpal* Ss/I and Xbal; lane 9, 
pRPlOO digested with Hpal and Bglll; lane 10, pRPlOO digested with Hpal 
and Xhol; lane 11, pRPlOO digested with Xhol and Xbal (partialled); lane 12, 
pRPlOO digested with Hpal, Xhol and Xbal; lane 13, pRPlOO digested with 
Hpal, Xbal and Smal.

(b) Southern blot analysis of the above agarose gel with probe H. 
(washed in 2x SSC/0.1% SDS at 65°C)

(c) Southern blot analysis of the above agarose gel with probe 1. 
(washed in 2x SSC/0.1% SDS at 65°C)

(d) Southern blot analysis of the above agarose gel with probe 2. 
(washed in 2x SSC/0.1% SDS at 65°C)

(e) Southern blot analysis of the above agarose gel with probe 3. 
(washed in 2x SSC/0.1% SDS at 65°C)

(0 Southern blot analysis of the above agarose gel w ith probe 6. 
(washed in 2x SSC/0.1% SDS at 65°C)
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Table 3.6 : Results of hybridisations of pRPlOO

pR PlO O  c u t  w ith :

cos4

B gia

pR Pl

BamHl

Bglll

uncut Hpal

Kpnl

Hpal Hpal

Sstl

Hpal

Xbal

Sstl

Hpal

Bglll

Hpal

Xhol

Xhol

Xbal

Hpal

Xhol

Xbal

Hpal

Smal

Xbal

Xhol

Sstl

H m 12.9 41.35 29.55 29.55 17.15 7.25 29.55 19.7 5.5 5.5 4.9 nd

K 6.3 nd

1 16.8 41.35 29.55 29.55 6.3 6.3 29.55 8.1 21.65 8.1 16.4 nd

2 16.8 41.35 29.55 29.55 6.1 6.1 29.55 8.1 21.65 8.1 16.4 1.8

3 6 16.8

5.7

41.35 29.55 29.55 17.15

6.3

6.1

6.1

5.9

29.55 19.7

8.1

21.65

5.9

5.5

8.1

5.9

5.5

16.4

5.9

4.9

nd

4 3.5

5 12.9 41.35 29.55 29.55 17.15 5.9 29.55 19.7 5.9 5.9 5.9 nd

6 12.9 41.35 29.55 29.55 17.15 5.9 29.55 19.7 5.9 5.9 5.9 nd

Summary o f Southern blot analyses o f pRPlOO cut with various restriction endonucleases 

using radiolabelled DNA probes H, K (Figure 3.5) and probes 1-6 (see Figure 3.8 for 

source of probes) from pRPl. The size o f DNA fragments homologous to each probe are 

listed in kilobases and a dash indicates that no fragments bound to the probe, nd - not 

determined. Autoradiographs are shown in Figure 3.15 and 3.16.

In order to localise the position of probe 2 (the 1.8kb Sstl-Xhol fragment 
from pRPl) more precisely, an additional Southern blot filter was prepared 
with an extra restriction digest of pRPlOO cut with Sstl and Xhol (Figure 
3.16a). This was performed as a similar sized fragment of 1.8kb was 
observed in both pRPl and pRPlOO when cut with these enzymes, and 
probe 2 had already been localised to a larger Sstl fragment spanning this 
smaller fragment in pRPlOO. Probe 2 was hybridised with the new filter and 
hybridised to the 1.8kb fragment of pRPlOO (3.16b). This observation 
provides further evidence for the existence of conserved sequences present 
in group I/II capsule expressing strains which have little or no sequence 
homology with either group I or group II capsule genes. This could indicate 
the existence of an alternative transport system in these capsule producing 
strains.
Two further hybridisations were carried out with previously used filters 
which were stripped and reprobed with probes 5 and 6 from pRPl. Probe 5
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was used to probe one of the filters identical to that in Figure 3.16a, whereas 
probe 6 was used to probe the filter shown in Figure 3.15a. In both cases, 
the same 5.9kb Xbal-Xbal fragment of pRPlOO hybridised (Figures 3.16c 
and 3.15f), indicating that these two probes are likely to hybridise to 
adjacent sequences.

3.2.5.5 Further analysis of pRPlOO using probe 3

As mentioned in the previous section, probe 3 gave a confusing pattern of 
hybridisation to pRPl00. A number of very similar sized fragments were 
produced from many of the restriction digests and in order to try and resolve 
this, the hybridisation was repeated using a freshly made filter with different 
combinations of restriction endonuclease digests (Figure 3.17a). Probe 3 
was hybridised and washed firstly in 2x SSC, 0.1% SDS at 65°C before 
autoradiography. Again, the probe produced a complicated pattern of 
hybridisation (Figure 3.17b, Table 3.7).

Table 3.7 : Further hybridisation with probe 3

pRPlOO cu t w ith:

w ash:

cos4

Bglll

BamHl

pR P l

Bglll

BamHl

uncut Xhol

Sstl

Xhol

Sstl

Xbal

Sstl

Xbal

Xbal

Xhol

Xbal

Smal

Kpnl

Sstl

2xSSC 

0.1%  SDS

4.4

1.6

16.8 41.35 19.85

15.4

1.8

19.85

5.9

5.5

1.8

25.35

6.1

5.9

21.65

5.9

5.5

30.55

5.9

4.9

27.55

7.7

6.1

O.lxSSC 

0.1%  SDS

4.4

1.6

16.8 41.35 19.85

15.4

19.85

5.5

25.35 21.65

5.5

30.55

4.9

27.55

7.7

Summary o f Southern blot analysis of pRPlOO cut with various restriction endonucleases 
using radiolabelled DNA probe 3 (see Figure 3.8 for source o f probe). The blot was 
washed firstly in 2x SSC, 0.1% SDS; followed by a more stringent wash in O.lx SSC, 
0.1% SDS. The size o f DNA fragments homologous to the probe are listed in kilobases 

and a dash indicates that no fragments bound to the probe. Autoradiographs are shown in 

Figure 3.17
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Figure 3.16 : Further analysis of pRPlOO using probes from pRPl

(a) An ethidium bromide stained agarose gel showing pRPlOO digested 
with a variety of restriction enzymes prior to Southern blotting. The gel was 
loaded as follows: lane 1, lkb DNA ladder marker fragments; lane 2, 
pEMBLcos4 digested with Bg/ll; lane 3, pRPl digested with BglU and 
BamHl; lane 4, undigested pRPlOO; lane 5, pRPlOO digested with Hpal and 
Kpnl; lane 6, pRPlOO digested with Hpal; lane 7, pRPlOO digested with 
Hpal and Ss/I; lane 8, pRPlOO digested with Hpal, Sstl and Xbal: lane 9, 
pRPlOO digested with Hpal and Bglll; lane 10, pRPlOO digested with Hpal 
and Xhol; lane 11, pRPlOO digested with Xhol and Xbal (partialled); lane 12, 
pRPlOO digested with Hpal, Xhol and Xbal; lane 13, pRPlOO digested with 
Hpal, Xbal and Smal, lane 14, pRPlOO digested with Xhol and Sstl.

(b) Southern blot analysis of the above agarose gel with probe 2. 
(washed in 2x SSC/0.1% SDS at 65°C)

(c) Southern blot analysis of the above agarose gel with probe 5. 
(washed in 2x SSC/0.1% SDS at 65°C)
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Figure 3.17 : Further analysis of pRPlOO using probe 3 from pRPl

(a) An ethidium bromide stained agarose gel showing pRPlOO digested 
with a variety of restriction enzymes prior to Southern blotting. The gel was 
loaded as follows: lanes 1 and 11, lkb DNA ladder marker fragments; lane 
2, pEMBLcos4 digested with BamHX and BglII; lane 3, pRPl digested with 
BamHX and BglXX\ lane 4, undigested pRPlOO; lane 5, pRPlOO digested with 
A7/oI and SstX: lane 6, pRPlOO digested with A7/oI, SstX and XbaX: lane 7, 
pRPlOO digested with XbaX and Ss/I; lane 8, pRPlOO digested with XbaX and 
XhoX\ lane 9, pRPlOO digested with XbaX and StnaX: lane 10, pRPlOO 
digested with KpnX and SstX.

(b) Southern blot analysis of the above agarose gel w ith probe 3 
(washed in 2x SSC, 0.1% SDS)
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The same filter was then washed more stringently in O.lx SSC, 0.1% SDS at 
65 °C in an effort to identify the most homologous sequences of probe 3 and 
pRPlOO (Table 3.7). Unfortunately, this blot did not photograph well, but it 
was possible to localise the position of hybridisations of the probe more 
accurately on pRPlOO, although the probe still hybridised to non adjacent 
sequences. The smallest fragments to which probe 3 hybridised were thus 
the 4.9kb Smal-Xbal fragment and the 7.7kb Kpnl-Sstl fragment which 
contains the vector sequences (Figure 3.18). Probe 3 did also hybridise 
faintly to the vector sequences alone (Figure 3.17b, Table 3.7).

The results of all of the hybridisation experiments are summarised in Figure 
3.18. Here, pRPlOO has been aligned with pRPl and the hybridisation of the 
probes derived from pRPl to pRPlOO is shown. It can be seen that there are 
homologous sequences between pRPl and pRPlOO and that the probes 
derived from pRPl hybridised to pRPlOO in a pattern similar to the position 
of the probes in pRPl (Figure 3.18). This indicates a conserved genetic 
organisation of capsule genes similar to that found in group II strains and 
which is likely to exist for all group I/II capsule gene clusters. It would be 
interesting to investigate the region of pRPlOO which showed no homology 
to any of the pRPl derived probes to determine if this region of pRPlOO 
encoded proteins involved in the biosynthesis of the K54 polysaccharide.
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Figure 3.18 : Alignment of pRPl and pRPlOO

Alignment of recombinant plasmids pRPl (cloned K10 capsule genes) and 
pRPlOO (cloned K54 capsule genes).
Hashed boxes H and K denote regions of homology with probes H and K 
taken from DNA flanking the cloned K4 capsule gene cluster. DNA probes 
taken from pRPl are represented by boxes 1 through 6, and the similarly 
labelled dotted boxes denote regions of homology of these probes with 
pRPlOO. DNA probes taken from pRPlOO are represented by boxes 7 and 8. 
Restriction enzyme target sites : B, Bgl, BglU\ H, Hpa\\ K, Kpn\\ P,
PvwII; S, 5 /̂1; Sm, Sma\\ Sp, Sphl; X, Xho\\ Xba, Xba\.
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3.2.5.6 Further analysis of chromosomal DNA from capsule 
expressing strains

In order to establish whether pRPlOO did in fact contain K54 specific 
sequences, 2 probes were made from the region of pRPlOO which failed to 
hybridise to any of the pRPl derived probes. These were the 4.3kb Xhol- 
Sstl and 4kb Xbal-Sstl fragments. The probes were used to determine 
whether these K54 capsule gene sequences are present in other capsule 
producing strains. Two Southern blot filters were prepared which were 
identical to those used in previous studies (Section 3.2.3 and Figure 3.10a). 
The 4kb Xbal-Sstl fragment (probe 8) appeared to hybridise to the 
chromosomal DNA of K3, K10, K54 and K98. This probe also, as in the 
case of probes 5 and 6, showed slight hybridisation to K5 DNA (data not 
shown). The 4.3kb Xhol-Sstl fragment (probe 7) hybridised only to K54 
DNA (data not shown) confirming that this DNA sequence is K54 capsule 
specific.
This indicates that the K10 and K54 capsule gene clusters appear to have 
homologous sequences which flank a serotype-specific region likely to 
encode the functions for biosynthesis of the specific polysaccharide. The 
functions encoded by the flanking homologous sequences in group I/II 
capsule gene clusters are unknown. One possibility is that they are 
analogous to those encoded by regions 1 and 3 in group II capsule gene 
clusters.

3.2.5.7 Preliminary analysis of the K54 capsule-specific region of 
pRPlOO

Having shown in the previous section (3.2.5.6) that pRPlOO contains K54- 
specific sequences, it was probable that this region of pRPlOO encoded 
proteins involved in the biosynthesis of the K54 capsular polysaccharide 
and is analogous to region 2 of the E. coli group II capsule gene clusters. 
The K54 polysaccharide (Section 3.2.4) consists of a polymer of rhamnose 
and glucuronic acid, substituted with threonine or serine (Hofmann et al., 
1985). The K5 (group II) capsular polysaccharide also contains glucuronic 
acid (Vann et a l , 1981), and its capsule gene cluster has been subjected to 
detailed molecular analyses. Region 2, the serotype specific region of K5, 
encodes 4 enzymes for the synthesis and polymerisation of the K5 antigen, 
termed KfiA-D (Petit et al, 1995).
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The kfiD gene encodes for a 44kDa UDP-glucose dehydrogenase enzyme, 
which catalyses the conversion of UDP-glucose to UDP-glucuronic acid. 
Glucuronic acid is a constituent of the K5 polysaccharide, but is not an 
essential sugar for the growth of E. coli. Genes encoding UDP-glucose 
dehydrogenase enzymes have been identified in the capsule gene clusters 
for the synthesis of the hyaluronic acid capsule in group B streptococci 
(Dougherty and van de Rijn, 1993) and the type 3a capsule in Streptococcus 
pneumoniae (Arrecubieta et a l , 1994), both of which contain glucuronic 
acid. The identity between the nucleotide sequence of kfiD and genes 
encoding nucleotide sugar dehydrogenases from a diverse range of bacterial 
species suggests the transmission of this gene between different 
polysaccharide biosynthetic gene clusters (I. S. Roberts, personal 
communication).
It is possible that since glucuronic acid is a constituent of the K54 capsular 
polysaccharide, the K54 capsule gene cluster may contain a gene 
homologous to kfiD encoding a UDP-glucose dehydrogenase, and to 
investigate this possibility, a Southern hybridisation experiment was 
performed. A filter was prepared with a variety of restriction digests of 
pRPlOO and hybridised with a radiolabelled probe consisting of the kfiD 
gene from the K5 capsule gene cluster. The probe was derived from the 
plasmid pGPR105 (Rigg, personal communication) which contains the 
subcloned kfiD gene. The filter was washed in lxSSC, 0.1% SDS at 65°C. 
The results indicated that the probe had no homology with pRPlOO (data not 
shown) which suggested that a gene similar to kfiD encoding the UDP- 
glucose dehydrogenase was not present in pRPlOO. However, it could be the 
case that a similar protein is present in pRPlOO but is encoded by a different 
gene which has little DNA homology with IfiD.

121



3.2.6 Genetic Mapping of the K19 and K ll Antigens

As described earlier in this chapter, studies on the K19 and K11 antigens of 
Escherichia coli have indicated that these two K-antigens which were 
previously assigned to group III are not in fact members of this group of K- 
antigens. Chromosomal DNA from strains expressing the K19 and K ll 
antigens failed to hybridise to a series of probes derived from the K10 
(group III) capsule gene cluster (Section 3.2.3), and previous studies with 
probes from group II capsule gene clusters have also demonstrated that they 
are not members of group II (Drake et al., 1993). This data leads to the 
suggestion that the K19 and K ll antigens may represent a new class of 
capsules distinct from the group II and group III capsules.
The group II and group III capsule gene clusters investigated to date have 
all been shown to localise to the serA region of the E. coli chromosome 
(0rskov et a l, 1976; 0rskov and Nyman, 1974; Silver et al, 1984; Vimr, 
1991). No work so far published has identified the genetic map position of 
either the K19 or the K ll capsule genes, and therefore the object of the 
following study was to try and localise these capsule gene clusters on the E. 
coli chromosome. This may provide further evidence to support the idea of 
K19 and K11 representing a new class of capsule gene clusters.
The discovery of bacterial conjugation by Lederberg and Tatum in 1946 was 
the key breakthrough that enabled the first gene mapping experiments to be 
carried out with E. coli. The important observation was that the transfer of 
some chromosomal genes could occur, along with the F plasmid, during 
certain types of mating. In particular, a mating involving an Hfr strain, as 
studied by Cavalli-Sforza and Hayes (reviewed in Miller, 1972), almost 
always results in transfer of chromosomal genes from the Hfr cell to the F“ 
recipient. The transferred genes may then integrate into the recipient cell's 
DNA to produce recombinants.
In a population of cells containing the F factor, F may integrate into the 
chromosome at low frequency forming an Hfr strain. Integrated F retains its 
ability to transfer and may therefore mobilise chromosomal genes to another 
strain (reviewed in Reimmann and Haas, 1993). Hfr is an acronym for high 
frequency of recombination and refers to the ability of cells containing 
integrated F to transfer chromosomal genes at about 1000-fold higher 
frequency than F+ cells. The integration of F into the E. coli chromosome 
occurs by homologous recombination via insertion such as IS2, IS3 or 
TnlOOO (Reimmann and Haas, 1993). In the transfer process, the
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chromosome of the donor is replicated from the site of insertion of F and the 
newly synthesised strand is led into the recipient starting from the 5' end. 
On entry into the recipient, the donor DNA may replace the endogenous 
sequences by homologous recombination. Recombination brought about in 
this way can be used to map genes, as demonstrated by Wollman and Jacob 
in 1955 with their series of interrupted mating experiments (reviewed in 
Miller, 1972).
Conjugation mapping was the strategy adopted for mapping the K19 and 
K ll capsule gene clusters on the E. coli chromosome. Even without 
mechanically interrupting mating pairs, there is a natural gradient of 
transmission of markers for every Hfr strain. This is a result of the random 
disruption of mating pairs and subsequent chromosome breakage during 
transfer, which causes the probability that a marker is transferred to 
decrease the farther the marker is from the origin. This natural gradient of 
transfer can be used to determine the approximate location of markers on 
the chromosome and was used to try and map the K19 and K ll capsule 
genes on the E. coli chromosome.
First it was necessary to construct Hfr strains of the K19 and K ll capsule 
expressing strains and then mate these strains with a multiply auxotrophic 
F" strain, selecting for the ability of the resultant recombinant colonies to 
grow on various media deficient in the auxotrophic strain markers. The 
genotypes of the resulting colonies, which are derived only from recipient 
cells, are then determined by replica plating. Transfer of each wild-type 
gene from the Hfr cell to the F~ cell would be signalled by a change in 
genotype of the recipient cell. Selection for transfer of the K19 and K ll 
capsule genes was provided by the production of the capsular 
polysaccharides, detectable by use of polyclonal antibodies made against the 
K19 and K11 polysaccharides.
In this way it is possible to determine which markers show linkage with the 
capsule genes for the K19 and K11 strains, and hence localise the position 
of the capsule genes of these strains on the chromosome.

3.2.6.1 Construction of Hfr strains

To select for transfer of the F factor between strains, transposon TnlO, 
which confers resistance to tetracycline, was inserted into F (section 2.5). 
This was achieved by infecting E. coli BW96F (Table 2.1), which contains 
the F factor, with the bacteriophage A,84O::Tn70. Transposon insertions in
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the F factor were then isolated by pooling the tetracycline resistant BW96F 
cells and mating them with E. coli LE392 (Table 2.1), with selection on L- 
agar containing tetracycline but lacking thymine to prevent growth of the 
donor.
The E. coli prototrophic wild-type capsular strains 21456 (K19) and 21455 
(K11) were then grown at 37°C in 10ml L-broth to mid-log phase and mated 
with non-capsular LE392F::Tn/0 by filter mating (section 2.4). plated onto 
minimal medium agar plates to counterselect the donor strain. These plates 
contained tetracycline to select for the K19 and K ll prototrophic strains 
containing F::Tn70 . Selection was on minimal medium supplemented with 
glucose and tetracycline. Strain LE392 cannot grow on this medium as it 
requires methionine and tryptophan. The frequency of transfer of F into the 
wild-type encapsulated E. coli was approximately 10-fold lower than into 
E. coli K-12 strains (data not shown). This may be a result of the capsule or 
O-antigen layer of the wild-type strains inhibiting the formation of mating 
pairs.
Resultant colonies were restreaked onto minimal medium containing 
tetracycline and screened for production of the appropriate K-antigen by 
colony immunoblotting using antiserum against the K19 and K ll capsules. 
A capsule expressing colony from each of the two experiments was isolated 
and used in the mapping experiments. The presence of F pili on the 
recombinants was confirmed by testing for sensitivity to the male-specific 
M l3 bacteriophage which use the pili as attachment sites for initiating 
infections. Plaques were formed when M l3 phage were spotted onto a lawn 
of the recombinants.

3.2.6.2 Uninterrupted mating of Hfr strains with PA360

The constructed Hfr strains were conjugated with the E. coli auxotrophic, 
F“ recipient strain PA360 (Table 2.1), which has requirements for serine, 
threonine, arginine, histidine and leucine. It also carries the streptomycin 
resistance gene which can be used as a marker for counterselection of the 
donor strain. Matings were carried out as described in section 2.5, but were 
only performed for 30 minutes. A series of different plates were used for 
selection of colonies, these being minimal media containing streptomycin 
with the addition of all but one of the required amino acids. Aliquots of the 
mating mixtures were plated out on these different selective media to score

124



for the inheritance by the F~ of different Hfr markers. Each cross was plated 
out on selective plates and recombinants then scored for unselected markers. 
Preliminary experiments were performed selecting for just two of the 
auxotrophic strain markers, argHl and serA. The results of these matings 
are shown in Tables 3.8 and 3.9. The transconjugants were then screened for 
the ability to produce a capsule production by using polyclonal antibodies to 
the K19 and K11 capsular polysaccharide in immunoblotting experiments as 
described in section 2.11.4. The results of these immunoblots are also 
recorded in Tables 3.8 and 3.9 and additionally in Figure 3.19.

Table 3.8 : Uninterrupted mating of Hfr K19 and PA360

Selected
recombinants

Number
scored

Percentage of 
recombinants scored as
Ser+ Arg+ capsule"*"

Ser+ 50 100 4 2
Arg+ 50 19 100 72

Table 3.9: Uninterrupted mating of Hfr

Selected
recombinants

Number
scored

Percentage of 
recombinants scored as
Ser+ Arg+ capsule-*"

Ser+ 20 100 0 75
Arg+ 50 2 100 8

The results of these mating experiments seem to indicate that in K19 the 
capsule genes are more closely linked to argHl than serA and in K11, the 
capsule genes are more closely linked to serA than argHl. In the K ll 
matings, very few recombinants were produced, but the reason for this was 
unclear.
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Figure 3.19 : Screening of transconjugants for capsule production

(a) Colony immunoblot filters produced in the screening of 
transconjugants for production of the K11 capsule with polyclonal antiserum 
against the K11 capsular polysaccharide. Filter A shows a control blot of the 
Hfr strain K llF ::Tn/fl . Filter B shows a filter streaked with the 20 Ser 
transconjugants. Filter C shows a filter streaked with the 50 Arg’ 
transconjugants.

(b) Colony immunoblot filters produced in the screening of 
transconjugants for production of the K19 capsule w ith polyclonal antiserum 
against the K19 capsular polysaccharide. Filter A show s a control blot of the 
Hfr strain K19F::Tn/0 . Filter B shows a filter streaked with the 50 Ser 
transconjugants. Filter C show's a filter streaked with the 50 Arg 
transconjugants.
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For further data to confirm these observations the matings were repeated 
selecting for all possible markers of the auxotrophic donor strain PA360. 
The results of these matings for K19 are shown in Table 3.10 below. The 
recombinants were screened for capsule production as before, by 
immunoblotting. The results of these blots are recorded in Table 3.10. The 
analysis of the cross, which was done to roughly map the K19 capsule 
genes, indicates that the K19 capsule locus lies between argHl and thr 1, but 
closer to thr 1. This provides more evidence to support the proposition that 
K19 is indeed a member of a new group of capsule gene clusters distinct 
from both the group II and group III capsule gene clusters.

Table 3.10 : Uninterrupted mating of Hfr K19 and PA360

Selected
recombinants

Number
scored

Percentage of recombinants scored as

Ser+ Arg"*" Thr+ Leu+ His+ capsule"*"
Ser+ 50 100 12 8 8 2 8
Arg+ 50 10 100 44 42 0 54
Thr+ 50 7 50 100 42 0 84
Leu+ 50 0 40 90 100 0 54
His+ 50 0 4 4 4 100 4

Further analyses using the K11 strain were unsuccessful. The mating was 
repeated several times, with the production of very few recombinants. Host 
restriction and modification probably accounted in large measure for the 
low frequency of recombinant recovery, but this may also have been a result 
of the K11 capsular polysaccharide inhibiting the formation of mating pairs. 
Retesting of the K11 Hfr strain showed the disappearance of sensitivity to 
M l3 phage. Thus it appeared that the K ll Hfr strain was unstable and 
therefore attempts to map the K11 capsule genes were abandoned.
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Figure 3.20 : Genetic map of E. coli K-12
(adapted from Bachmann, 1990)

Genetic map of E. coli showing relative positions of relevant markers 
(adapted from Bachmann, 1990).
Markers and their map positions are indicated as follows: c/rgHl, arginine 
(map position 89') ; hisG 1, histidine (map position 44'); leuB6, leucine (map 
position 2'); serA, serine (map position 63’); thr\, threonine (map position 
100'); trp, tryptophan (map position 27').
The K5 and other group II capsule gene clusters are located at 64' on the /:. 
coli chromosome (denoted kps A), near serA.
The group I capsule gene clusters are located near his and adjacent to rfh 
(map position 45').
An additional unlinked locus near trp was reported for capsule synthesis in 
E. coli K27 (Schmidt et a l 1977).
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3.3 Discussion

A cosmid library ofD1114 (K10 wild type) was produced and from it a 
46.2kb recombinant plasmid (pRPl) containing D ll 14 genomic DNA was 
isolated following screening with polyclonal antiserum against the K10 
capsule. Plasmid pRPl confers the ability to produce K10 polysaccharide in 
LE392, demonstrated using the polyclonal antiserum in double 
immunodiffusion analysis of cell extracts. The ability to produce 
extracellular polysaccharide on LE392 was demonstrated by the sensitivity 
of LE392(pRPl) to K10 capsule-specific bacteriophage - plaques were 
observed when plating out on a mixture of LE392(pRPl) and the 
bacteriophage, but none were seen with LE392 alone.
It is likely that pRPl encodes all the functions necessary for the expression 
of the K10 capsule, although the possibility that some capsule functions are 
encoded on the chromosome of LE392 and complement those on pRPl 
cannot be excluded. However, the structure of the K10 polysaccharide is 
unusual, consisting of rhamnose with substitution of malonic acid (Sieberth 
et al., 1993) and it therefore seems likely that enzymes for capsular 
polysaccharide biosynthesis are located within pRPl.
The location of the K10 genes carried by pRPl was determined by Southern 
hybridisation experiments using two probes, H and K derived from DNA 
sequences immediately flanking the K4 (group II) capsule gene cluster. The 
hybridisation of these two probes to pRPl indicates that the K10 capsule 
genes are located at the same region of the E. coli chromosome near serA as 
the group II capsule genes and are flanked by the same DNA.
From the data accumulated from Southern hybridisation experiments using 
pRPl derived probes with a selection of chromosomal DNAs isolated from 
capsule expressing E. coli strains it was shown that sequences of the K10 
capsule gene cluster have homologies with the strains K3, K54 and K98. At 
low stringency using 2xSSC, 0.1%SDS, probes 5 and 6 hybridised to the 
chromosomal DNA of group I, group II, K ll and K19 strains. However, at 
higher stringency using O.lxSSC, 0.1%SDS these probes hybridised only to 
K3, K10, K54 and K98 strains. Additionally, at low stringency, probe 3 
showed homology with all of the chromosomal DNAs used, but also 
hybridised to the vector sequence of pEMBLcos4.
The lack of hybridisation to the K ll and K19 strains suggests that these 
capsule gene clusters are not members of the group I/II family. Since 
previous studies with probes from group II capsule gene clusters had
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demonstrated that they are not members of group II (Drake et al., 1993), 
they may represent another new class of capsule gene clusters. These strains 
did, however hybridise weakly (at low stringency) to probe 3 which does 
conflict with the proposition that probe 3 may have limited homology to the 
transport regions 1 and 3 of the group II capsule gene clusters. These 
observations seem to suggest that probe 3 may contain some sequences 
found in DNA flanking the capsule gene clusters. A possibility is that this 
probe may contain some DNA sequences such as insertion sequences which 
may be present on the chromosome and may flank the capsule gene clusters 
of a number of capsule expressing E. coli. This may provide important 
information as to the mechanisms by which capsule genes are acquired in 
the different groups of capsule expressing strains.
The hybridisation of probes 5 and 6 to K5 (at low stringency) was a very 
interesting observation, as this may indicate limited DNA homology 
between the group II and group I/II strains which was not previously 
detected. This conflicts with the results from previous studies which 
suggested that the group I/II strains had no DNA homology with capsule 
genes of group II strains (Drake, 1991). It is interesting to note that the same 
sized fragments of K4 and K5 chromosomal DNA hybridised to probe 3, 
suggesting conserved DNA sequences. It is tempting to propose that these 
sequences may correspond to the transport regions 1 and 3 and confirm the 
already well established conserved genetic organisation of group II capsule 
gene clusters. This observation indicates that despite previous reports of 
probes taken from region 1 and region 3 of group II strains failing to 
hybridise to group I/II capsule-producing strains, the group I/II capsule gene 
clusters do in fact share some DNA homology to group II capsule genes. It 
may be that the K10 capsule gene cluster does share certain of the group II 
capsule genes, but that the homology between these is confined to particular 
sequences and is limited. Further analyses of group I/II capsule gene 
clusters, including DNA sequencing, will be necessary before any firm 
conclusions can be drawn.
One of the probes, probe 4, hybridised only to K10 chromosomal DNA, 
suggesting that these DNA sequences are specific to the K10 capsule gene 
cluster. This region of pRPl may be analogous to region 2 of the group I IE. 
coli capsule gene clusters, which encodes enzymes for the synthesis and 
polymerisation of the specific K-antigen. The sequences common to the 
group I/II strains could, in the same way, be analogous to regions 1 and 3 of
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the group II capsule gene clusters, which appear common to different group 
IIK  antigen gene clusters (Boulnois et al, 1987; Roberts et al, 1988).
In order to investigate another of the group I/II capsule expressing strains 
and to compare the findings with the results obtained from the 
investigations of the K10 capsule gene cluster, it was decided to try and 
clone the capsule gene cluster from the K54 capsule expressing strain A 12b. 
A cosmid library of A12b (K54 wild type) was produced and a 41.35kb 
recombinant plasmid (pRPlOO) containing A 12b genomic DNA was 
isolated by virtue of its DNA homology with the pRPl derived probes 1, 5 
and 6 at the outer limits of the K10 capsule gene cluster. Plasmid pRPlOO 
confers the ability to produce K54 polysaccharide in LE392. This was 
demonstrated using the anti-K54 and anti-K96 polyclonal antisera in 
agglutination and immunoblot experiments. In the absence of any K54- 
specific bacteriophage it was impossible to be certain that the clone 
expressed cell surface polysaccharide, but it could be concluded that the 
plasmid pRPlOO contains all the genes necessary to synthesise the K54 
polysaccharide in E. coli LE392. A way of determining the exact location 
of the polysaccharide produced by LE392(pRP100) would be to use 
immunogold labelling in conjunction with electron microscopy, or electron 
microscopy using ferritin to solubilise the capsule. It would also be 
interesting to investigate the differences between the other recombinants 
isolated from the K54 library and the reason for their differing reactions to 
the K96 and K54 antiserum, but this work goes beyond the scope of the 
present study whose aim was to isolate a K54 capsule expressing strain as 
another member of group I/II capsule expressing strains for comparison 
with the K10 cloned capsule gene cluster.
To determine whether the K54 capsule genes are inserted at the same site 
on the chromosome as group II and K10 capsule genes, Southern 
hybridisation experiments using two probes, H and K derived from DNA 
sequences immediately flanking the K4 (group II) capsule gene cluster were 
performed. Probe H hybridised to pRPlOO and indicates that the capsule 
genes in K54 are located in the same region of the chromosome near serA as 
the group II capsule genes and are flanked by the same DNA. Probe K failed 
to hybridise to pRPlOO and probably reflects the fact that pRPlOO is smaller 
than pRPl and does not contain this flanking DNA. These flanking 
sequences are, however, present in the wild type K54 strain. Indeed, 
previous studies have shown (Drake, 1991) that probe K does hybridise to
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K54 wild type chromosomal DNA, proving the existence of these sequences 
on the K54 chromosome.
Despite the absence of these flanking sequences, pRPlOO is still able to 
produce K54 capsular polysaccharide which is immune reactive with the 
polyclonal anti-K54 antiserum. This indicates that pRPlOO contains all the 
genes necessary for K54 polysaccharide biosynthesis. It could be postulated 
that the reduced reaction of pRPlOO polysaccharide material with the 
antiserum may be due to a reduced amount of the polysaccharide being able 
to react. This may be explained by a defect in transport of the 
polysaccharide onto the cell surface and it is possible that some DNA 
sequences encoding transport functions lying adjacent to the flanking 
sequences absent in pRPlOO are also missing.
Southern hybridisation experiments using the probes derived from pRPl 
were then performed to try and identify possible conserved sequences 
within the K10 and K54 group I/II strains and determine if any DNA 
sequences are absent in pRPlOO. The pRPl derived probes hybridised to 
pRPlOO in a manner similar to their organisation in pRPl, with the 
exception of probe 3. Probe 3 produced a complicated pattern of 
hybridisation in pRPlOO, hybridising to DNA sequences at both ends of the 
plasmid. As mentioned previously, at low stringency Probe 3 also bound to 
DNA from all groups of capsule producing strains and it is possible that 
probe 3 may contain sequences such as insertion sequences.
The hybridisation of the other pRPl derived probes with pRPlOO indicated 
that the K10 and K54 strains contained common DNA sequences and 
suggested that, as in the case of group II capsule gene clusters, the group I/II 
capsule gene clusters contained DNA sequences common to all group I/II 
strains.
Analysis of the central region of pRPlOO which failed to hybridise to any of 
the pRPl probes indicated sequences that were present only in the K54 
strain. These sequences were likely to be involved in the biosynthesis of the 
K54 polysaccharide in a manner analogous to the region 2 sequences of 
group II capsule gene clusters. Preliminary investigations of these 
biosynthetic sequences failed to show any homology to those of the region 2 
K5 capsule gene kfiD, which encodes a UDP-glucose dehydrogenase 
necessary for the production of UDP-glucuronic acid from UDP-glucose. In 
contrast to the rest of the K5 region 2, the nucleotide sequence of the kfiD 
gene has significant homology to a number of genes postulated to encode 
nucleotide sugar dehydrogenases in a diverse range of bacterial species
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(Petit et al, 1995). The lack of any detectable DNA homology between the 
K54 capsule gene cluster and kfiD could mean that in K54, an alternative 
gene is present which encodes a different enzyme for production of 
glucuronic acid. Alternatively the K54 capsule gene cluster may not contain 
sequences encoding a UDP-glucose dehydrogenase and it may be encoded 
elsewhere on the chromosome. It could also just be that a gene similar to 
kfiD does exist, but this shares only limited DNA homology and was not 
detected by Southern hybridisation.
In summary, the cloning and preliminary genetic analysis of the K10 and 
K54 capsule gene clusters have confirmed that the serA-linked group I/II 
capsule gene clusters are quite distinct from group II capsule gene clusters. 
While they appear to be inserted at the same region of the chromosome as 
the group II clusters, they appear to be sufficiently different to merit being 
classified as a new group of capsule gene clusters, we suggest that they be 
termed group III. This classification removes any ambiguity which may 
arise with the current nomenclature of I/II, which implies that they are in 
some fashion hybrid capsule gene clusters. The results demonstrate that 
group III capsule gene clusters have a genetic organisation which contains a 
central serotype-specific region flanked by group III capsule-specific 
sequences in a manner analogous to the organisation of the three regions of 
group II capsule gene clusters (Roberts et al., 1988).
Detailed genetic and biochemical analyses of the K10 capsule gene cluster 
will shed light on both the diversity of serA -linked capsule gene clusters and 
the differences in the biosynthesis and export of these two groups of 
capsular polysaccharides. The results of such more detailed analyses are 
described in Chapter 4.
The K ll and K19 capsule gene clusters, which showed no homology with 
group II or group III capsule genes, may represent yet another group of E. 
coli capsules. An attempt to establish the chromosomal location of the K11 
and K19 strains was performed by constructing Hfr strains which were used 
in mapping experiments. Data produced from the mating experiments 
agreed with the ordering of the markers on the E. coli genetic map (Figure 
3.20) and thus provided evidence that the mating experiments were working 
and that any data produced would be genuine. The transconjugants were 
screened for capsule production to find evidence of linkage of the capsule 
genes of the K ll and K19 strains to markers whose map positions were 
already known.
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Using conjugation with Hfr strains it was possible to map the approximate 
location of the K19 capsule genes on the E. coli chromosome, and 
interestingly, the K19 capsule genes appear to map to a region of the 
chromosome near thr 1. This provides further evidence to support the theory 
that the K19 strain does not belong to either the group I, II or III capsule 
expressing strains and may represent a new class of capsules in E. coli.
Many strains are unstable for the Hfr character (reviewed in Miller, 1972). 
Preliminary experiments seemed to indicate that the capsule genes in K11 
show linkage with serA, as in the case of the group II and group III capsule 
expressing strains. These results were rather inconclusive and could not be 
duplicated. On repeating the mapping experiments, the K ll Hfr strain had 
apparently lost F, and no longer showed sensitivity to phage Ml 3.
An alternative approach for mapping the capsule genes on the E. coli 
chromosome would have been to use PI transduction for mapping which 
utilises a totally different mechanism for gene transfer from donor bacterium 
to recipient bacterium. Instead of physical contact between cells, with 
transduction, gene transfer is effected by a bacteriophage. Cotransduction of 
genes from donor to recipient will occur if the genes are relatively close 
together on the genome. Transduction mapping therefore tests for 
cotransduction of two wild-type genes into the recipient cell. Although 
transduction is used effortlessly in E. coli K-12 strains its use in pathogenic 
isolates has been difficult, presumably secondary to surface structures such 
as capsule and smooth LPS (Van der Ley et al., 1986). Indeed, previous 
work with wild-type E. coli expressing the K5 antigen have shown that 
these strains are not amenable to analysis, being poorly transformable and 
difficult to transduce with bacteriophage PI. Thus it is possible that the 
same problem would have been encountered with the wild-type K ll and 
K19 capsule expressing strains. Within the time constraints of this study it 
was not possible to continue these investigations, leaving this an area for 
future examination.
In summary, therefore, the K19 capsule genes appeared to map to loci other 
than serA and provide evidence to support the hypothesis that the K19 
capsule may represent a new class of capsule gene clusters distinct from the 
group II and group III capsular strains. The diversity found within the 
capsule gene clusters of E. coli is quite remarkable and further 
investigations into the relationships between the different groups of capsule 
gene clusters may shed light onto the mechanisms of capsule gene 
acquisition in E. coli. The following chapter investigates the relationships

134



between the cloned K10 capsule gene cluster which has been assigned to the 
new group of capsule gene clusters (group III) and the well characterised 
capsule gene clusters from group II strains.
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CHAPTER 4

Further Genetic Analysis of the Cloned 
K10 Antigen Gene Cluster

4.1 Introduction

In Chapter 3 the cloning and preliminary genetic analyses of the K10 and 
K54 capsule gene clusters from Escherichia coli were described. In this 
chapter a more detailed genetic analysis of the K10 capsule gene cluster is 
performed and reported in order to discover more fully the differences in the 
biosynthesis and export of the group III and group II capsule gene clusters 
and to shed light on the diversity of these serA -linked capsule gene clusters.

4.2 Results

4.2.1 Complementation of mutations in the K5 capsule
gene cluster

In an effort to try and assign functions to regions of the cloned K10 capsule 
gene cluster it was decided to try and complement certain of the capsule 
genes identified in the cloned group II capsule gene cluster of E. coli K5. A 
series of well defined mutations in regions 1 and 3 of the K5 antigen gene 
cluster which are deficient in specific stages of polysaccharide export were 
available for use in complementation studies. Experiments were performed 
using subcloned restriction fragments from the cloned capsule gene cluster 
(pRPl) to attempt to complement the K5 mutants.

136



4.2.1.1 Subcloning of fragments from pRPl

A number of fragments were subcloned from the K10 expressing cosmid 
clone pRPl into the plasmid vector pUC19 (Table 2.2 , Figure 4.1) for use 
in the complementation experiments. The fragments subcloned were: the 
9.5kb BamHl-Sstl fragment (pRP4), the 1.8kb Sstl-Xhol fragment (pRP7), 
the 5.5kb Xhol-Bglll fragment (pRP9) and finally the 3.5kb BglU-BgBl 
fragment (pRPIO).

4.2.1.2 Construction of strains for complementation

A number of region 1 mutants of the cloned K5 capsule gene cluster 
subcloned in pACYC184 were provided by Carlo Pazzani (Table 2.1; 
Pazzani, 1992). Plasmid pPC3 (Table 2.1) has the kpsE, kpsD, and kpsU 
genes deleted, plasmid pPC4 (Table 2.1) has the kpsD gene deleted, plasmid 
pPC7 (Table 2.1) has the kpsC gene deleted and plasmid pPC8 (Table 2.1) 
has an oligonucleotide insertion in the kpsE gene. In addition two constructs 
with mutations in region 3 of the K5 capsule gene cluster were provided by 
Mark Stevens (Table 2.1; Stevens, 1995). Plasmid pMS106 (Table 2.1) has 
a TnphoA insertion in kpsT and plasmid pMSl 17 (Table 2.1) has a TnphoA 
insertion in kpsM.
Small scale extraction of plasmid DNA was performed on each of these 
strains and the resultant DNA used to transform LE392, selecting for 
transformants on L-agar plates with the addition of chloramphenicol. The 
presence of the plasmids in each strain was verified by small scale 
extraction of plasmid DNA and their digestion with appropriate restriction 
enzymes (data not shown).
Each of the strains produced from the above transformations were 
subsequently transformed with the subclones derived from pRPl. The 
pUC19 based subclones have the pMBl replicon (Hershfield et al., 1974) 
and are therefore compatible with the pl5A replicon of pACYC184 (Selzer 
et al, 1983), allowing complementation experiments to be performed. 
Transformants containing both plasmids were selected for by plating on L- 
agar containing both chloramphenicol and ampicillin. Small scale plasmid 
DNA preparations were made from these strains and the DNA digested with 
restriction endonucleases to confirm the presence of the two plasmids (data 
not shown).

137



Figure 4.1 : Subclones of pRPl and pRPlOO

Restriction maps of recombinant plasmids pRPl (cloned K10 capsule genes) 
and pRPlOO (cloned K54 capsule genes). Hashed boxes H and K denote 
regions of homology with probes H and K taken from DNA flanking the 
cloned K4 capsule gene cluster. DNA probes taken from pRPl are 
represented by boxes 1 through 6, and the similarly labelled dotted boxes 
denote regions of homology of these probes with pRPlOO. Subclones derived 
from pRPl and pRPlOO are shown beneath the appropriate restriction map. 
Restriction enzyme target sites: B, BamHl; Bgl, Bglll; H, Hpa\\ K, Kpn\\ P, 
Pvull; S, Sstl; Sm, Smal; Sp, Sphl; X, Xhol\ Xba, Xbal.
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Identification of K-specific polysaccharides on the bacterial surface is 
readily shown using capsule-specific bacteriophage infection. Phage assays 
were carried out on those strains containing both the K5 mutant plasmids 
and the K10 pRPl subcloned fragments using K5-specific bacteriophage. 
The production of plaques indicated that a K5 capsule was being produced 
and hence the subcloned K10 DNA was complementing the mutation in the 
K5 capsule gene cluster. Positive controls were carried out by performing 
phage assays on the K5 wild type strain 20026 (Table 2.1) and LE392/pPC6 
(pPC6 contains all the genes necessary to produce the K5 capsule). Negative 
controls were performed using E. coli LE392 alone and containing one or 
other of the two plasmids. The results of the complementation experiments 
can be seen in Table 4.1. It can be seen that some subclones from pRPl 
were able to complement a number of the mutations in the K5 capsule gene 
cluster.
Plasmid pR Pll (Figure 4.1) was able to complement mutations in pPC3, 
pPC4 and pPC8. Plasmid pPC4 (Table 2.1) has the kpsD gene deleted, pPC8 
(Table 2.1) has an oligonucleotide insertion in the kpsE gene, and pPC3 
(Table 2.1) has the kpsE, kpsD, and kpsU genes deleted. Previous work has 
shown that a mutation in the kpsU gene did not abolish capsule production 
(Bronner et al., 1993a). Thus, pRPll was able to complement mutations in 
both the kpsE and kpsD genes. Subclone pRP4 (Figure 4.1) complemented 
the mutation in pPC7 (Table 2.1), in which the kpsC gene is deleted. The 
5.9kb Xbal fragment from pRPlOO, which had homology to probes 5 and 6 
(Figure 3.18), was subcloned into pUC19 to generate plasmid pRPl02 
(Figure 4.1, Table 2.1). This plasmid was also able to complement 
mutations in both the kpsE and kpsD genes in region 1 of the K5 capsule 
gene cluster.
None of the subclones from either the K10 or K54 capsule gene clusters 
were able to complement mutations in the kpsM md kpsT genes in plasmids 
pMS 117 and pMS 106 (Table 2.1).
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Table 4.1 : Complementation of K5 mutants - bacteriophage
sensitivity

Subclones of pELP1 and pRPlOO in pUC19
Strain/
plasmid

none pRP4 pRP7 pRP9 pRPIO pR Pll pRPl 02

K5 WT + nd nd nd nd nd nd

LE392 - - - - - ~ _

LE392/pPC6 + + + + + + +
LE392/pPC3 - - - - - + +
LE392/pPC4 - - - - - + +

LE392/pPC7 - + - - - ~ _

LE392pPC8 - - - - _ + +

LE392/pMS106 - - - - - - _

LE392/pMS117 - - - - - - -

Summary o f complementation analysis o f K5 regions 1 and 3 mutants using subclones 
from the cloned K10 and K54 capsule gene clusters. + denotes the production o f plaques 
after assaying for K5 capsule production using K5 bacteriophage. - indicates that no 
plaques were observed, nd - not determined.

4.2.1.3 Further complementation of kpsE and kpsD mutants

In view of the large regions of DNA involved in these studies, it was 
decided to concentrate on the region of the cloned K10 capsule gene cluster 
which was able to complement kpsE and kpsD. Work on the region of the 
cloned K10 capsule gene cluster able to complement kpsC was continued by 
Dr. Brad Clarke, University of Manchester.
In an effort to identify the shortest DNA fragment of the K10 capsule gene 
cluster able to complement kpsE and kpsD, subclones were made from 
plasmid pRPll (Figure 4.2). The following fragments were subcloned into 
pUC19: the 3.1 kb Sphl-Sphl fragment (pRPl2); the 1.4kb Sphl-Sphl 
fragment (pRPl3); the 2.9kb Sphl-Pvull fragment (pRPl4) and the 5.5kb 
Pvull-Pvull fragment (pRP15).
All these subclones were used to transform LE392 harbouring the plasmids 
containing mutations in the K5 capsule gene cluster and assayed for 
production of the K5 polysaccharide with K5-specific bacteriophage. None 
of the subclones were able to complement any of the K5 mutants. Thus, the
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Figure 4.2 : Improved physical map of pRPll

Physical map of the recombinant plasmid pR Pll, containing regions of the 
K10 antigen gene cluster. The boxes below the line refer to the vector 
sequences (pUC19). Only relevant restriction endonuclease sites are shown - 
the majority of sites within the vector regions are not shown. Subclones 
derived from pRP 11 are shown beneath the restriction map.
The hashed box above pRPll refers to the region of pRPll having DNA 
homology with probe H.
Restriction enzyme target sites : B, BamHl; Bgl, Ps, Pstl; P, Pvu\\\
Sm, Sma\\ Sp, Sphl.
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genes encoding the K5 capsule functions must span some of the sites used 
to create these subclones. It was therefore necessary to try and subclone 
some additional fragments within pRPll using restriction sites other than 
those used previously.
Further restriction endonuclease analysis of pRPll (data not shown) 
resulted in the mapping of Pstl sites on this fragment (Figure 4.2). Two of 
the Pstl sites lay within the 5.5kb BamHl-Pvull fragment of pRPll which 
hybridised to probe H (derived from DNA flanking the group II capsule 
gene clusters; Section 3.2.2.3, Figures 3.5 and 3.8). In addition, subclone 
pRPl5, made previously from this region of pR Pll, was unable to 
complement kpsE and kpsD. It was therefore unlikely that this region of 
pRPl 1 encoded homologues of the K5 region 1 genes kpsE and kpsD. This 
region of DNA was effectively removed by subcloning the 7.8 kb Pstl-Pstl 
fragment from pRPl 1 into pUC19 to create pRPl7 (Figure 4.2). 
pRPl7 was used to transform LE392 containing pPC6, pPC3, pPC4 and 
pPC8, and after checking that the resultant transformants contained both 
plasmids, the strains were assayed for production of the K5 capsular 
polysaccharide as before. Results of these assays indicated that pRPl7 was 
able to complement both the kpsE and kpsD mutations.
Further restriction mapping was then performed on pRPl7 in order to 
produce a smaller subclone from within this region. This would then be 
used in further complementation experiments in an effort to find the 
smallest fragment of DNA from the cloned K10 capsule gene cluster able to 
complement the kpsE and kpsD mutations. Results of the restriction 
endonuclease digests can be seen in Figures 4.3 and 4.4 and in Table 4.2 
below.

Table 4.2 : Restriction endonuclease cleavage of pRPl 7

DNA fragment sizes in kilobases generated by cleavage o f pRPl7 with the given 

restriction endonucleases.

Sphl EcoRl Pvull Pstl Hpal Xbal
6 5 7.5 8 10 6.5
3 3.2 2.4 2.7 0.5 2.7
1.4 1.6 0.55 1.3

0.9
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Figure 4.3 : Restriction endonuclease analysis of pRP17

A n  e th id iu m  b ro m id e  s ta in e d  a g a ro se  ge l sh o w in g  th e  frag m en ts  p ro d u c ed  
a fte r  d ig e s tio n  o f  p R P l 7 w ith  a  v a rie ty  o f  re s tr ic tio n  e n d o n u c leases . T h is  
d a ta  w as u se d  in  h e lp in g  to  c o n s tru c t a  p h y s ic a l m ap  o f  p R P l 7 (F ig u re  4 .5). 
T he  gel w a s  lo a d e d  as fo llo w s  : lan es  1 an d  15, lk b  D N A  la d d e r m ark e r 
frag m en ts ; la n e  2 , p R P l 7 d ig e s te d  w ith  Sphl; lane  3, p R P 1 7  d ig e s ted  w ith  
Sphl an d  EcoKl; la n e  4 , p R P l 7 d ig e s te d  w ith  EcoRl; lan e  5, p R P l 7 
d ig e s ted  w ith  EcoKL a n d  Pvull; lan e  6, p R P l 7 d ig e s te d  w ith  PvulI; lane  7, 
p R P l7 d ig e s te d  w ith  EcoRl an d  Pstl; lan e  8, p R P 1 7  d ig e s ted  w ith  Pstl; lane  
9, p R P l 7 d ig e s te d  w ith  Hpal; lan e  10, p R P 1 7  d ig e s te d  w ith  Hpal an d  Sphl; 
lan e  11, p R P l  7 d ig e s te d  w ith  Hpal a n d  Pvul I; lan e  12, p R P 1 7  d ig e s ted  w ith  
Hpal a n d  Pstl; la n e  13, p R P l 7 d ig e s te d  w ith  Hpal an d  EcoBl; lane  14, 
p R P l7 d ig e s te d  w i th Xbal.
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Figure 4.4 : Improved physical map of pRPl7

Physical map of the recombinant plasmid pRPl7, containing regions of the 
K10 antigen gene cluster. The boxes below the line refer to the vector 
sequences (pUC19). Only relevant restriction endonuclease sites are shown - 
the majority of sites within the vector regions are not shown. Subclones 
derived from pRP17 are shown beneath the restriction map.
Restriction enzyme target sites : E, EcoRl; H, Hpal; Ps, Pstl; P, Pvull; Sp, 
Sphl.
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On the basis of the restriction map of pRPl 7, a range of new subclones was 
generated. The 4.7kb EcoRl-EcoKl fragment was subcloned into pUC19 to 
generate plasmid pRP23 (Figure 4.4) and used in complementation 
experiments as previously described. Results indicated that pRP23 was able 
to complement the kpsD, but not the kpsE mutation. The 3.4kb Pstl-Sphl 
fragment from pRPl7 was subcloned into pUC19 to create plasmid pRP28 
(Figure 4.4). This was unable to complement either kpsD or kpsE. It is 
therefore likely that the kpsD homologue spans the Sphl site at the end of 
pRP28.
In addition, the 4.8kb Pstl-Sphl fragment from a partial digest of pRPl7 
with Pstl and Sphl was subcloned into pUC19 to create plasmid pRP29. 
This plasmid was also only able to complement kpsD. Since pRPl 7, which 
contains all of the sequences of pRP29, plus an additional 2.8kb of 
sequence, complements both kpsD and kpsE, it is probable that the kpsE 
homologue is contained within this 2.8kb region and may span the Sphl site 
at the end of pRP29.
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4.2.2 Minicell Analysis

Minicells contain only plasmid DNA, and newly synthesised proteins are 
mainly encoded by this DNA. E. coli strain DS410 carrying plasmids able 
to complement the K5 region 1 kpsE and kpsD mutants were used to 
produce minicells harbouring these plasmids. 35S-methionine was used to 
label proteins synthesised by these minicells (Figure 4.5). Minicells from 
DS410(pUC19) were used to distinguish between vector and non-vector 
encoded products.
pRP23 (Lane 6, Figure 4.5a) encoded one non-vector protein with a 
molecular weight of approximately 64kDa. Since pRP23 was only able to 
complement kpsD, it was assumed that the protein seen in minicells 
containing pRP23 was the KpsD homologue. This correlates well with 
KpsD from K5, which has a molecular weight of 60.5kDa (Pazzani et a l, 
1993).
A similar sized protein was observed in pRPl02 (from the K54 capsule gene 
cluster) minicells (Lane 7, Figure 4.5a) which complemented both kpsD and 
kpsE. pRPl02 encoded an additional non-vector protein with a relative 
molecular weight of approximately 43kDa. It was assumed that this protein 
was the KpsE homologue. This also correlates well with KpsE from K5, 
which has a molecular weight of 43kDa (Pazzani et al., 1993).
As a result of its larger size, pRPl 1 encoded not only the two proteins (Lane 
4, Figures 4.5a) observed in pRPl02, but also a number of other proteins, 
including two with molecular weights of 20kDa and 35kDa (Lane 4, Figure 
4.5b). The 20 and 35kDa proteins could also be seen in minicells harbouring 
pRPl02 (Lane 6, Figure 4.5b). Since these proteins were observed in 
minicells harbouring plasmids from both the K10 and K54 cloned capsule 
gene clusters they may correspond to conserved proteins involved in the 
transport of the group III polysaccharides onto the cell surface. In addition, 
a protein of approximately 25kDa could be seen in minicells harbouring 
plasmids pRPl 1, pRPl02 and also the smaller plasmid pRP23 (Figures 4.5a 
and 4.5b).
Sequencing studies on the K10 capsule gene cluster will help to determine 
more clearly the extent of homology between the group II and group III 
capsule gene clusters and the arrangement of the capsule genes in group III 
capsule gene clusters.
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Figure 4.5 : Protein produced in minicells harbouring pUC19,
pR Pll, pRP23 or pRP102

Autoradiograph of the protein gels produced from minicell analysis.

a) The lanes were loaded as follows: lanes 1 and 8, 14C-methylated 
molecular weight protein standards of 200, 97.4, 69, 46, and 30kDa; lane 2, 
DS410; lane 3, DS410 minicells harbouring pUC19; lane 4, DS410 minicells 
harbouring pR Pll; lane 5, DS410 minicells harbouring pUC19; lane 6, 
DS410 minicells harbouring pRP23; lane 7, DS410 minicells harbouring 
pRPl 02.

b) The lanes were loaded as follows: lanes 1 and 7, 14C-methylated 
molecular weight protein standards of 200, 97.4, 69, 46, and 30kDa; lane 2, 
DS410; lane 3, DS410 minicells harbouring pUC19; lane 4, DS410 minicells 
harbouring pR Pll; lane 5, DS410 minicells harbouring pRP23; lane 6, 
DS410 minicells harbouring pRPl02.

Numbers on the left hand side indicate molecular weights of protein markers, 
whereas numbers on the right hand side indicate molecular weights of the 
identified non-vector proteins.
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4.2.3 Western blotting

Since proteins of a similar size to the K5 region 1 proteins KpsD ad KpsE 
were observed in minicells harbouring plasmid subclones from the cloned 
group III K10 and K54 capsule gene clusters, it was decided to perform a 
Western blot to determine if the K10 and K54 proteins were cross-reactive 
with anti-KpsD and anti-KpsE antibodies.
Overnight cultures of LE392 harbouring the plasmid subclones from the 
cloned K10 and K54 capsule gene clusters (minicells of which proteins 
corresponding to KpsD and KpsE were observed) were harvested by 
centrifugation and lysed in PAGE sample buffer (Section 2.12.1). Equal 
amounts of each protein sample were then separated by SDS-PAGE, 
followed by Western blotting of the gels. Duplicate filters were made and 
protein antigens detected using the ECL Western blotting protocol (Section 
2.13.2). One of the filters was incubated with anti-KpsD antibody at a 
dilution of 1/400, the other incubated with anti-KpsE antibody at a dilution 
of 1/7500. Relevant portions of the resultant autoradiographs can be seen in 
Figure 4.6.
The autoradiographs produced were of poor quality, with a high level of 
background hybridisation. However, it was possible to visualise extra bands 
corresponding to KpsD and KpsE present in the control samples 
LE392(pPC6). No additional bands were observed in any of the other 
samples. These results suggest that the KpsD and KpsE homologues from 
K10 and K54 are sufficiently different from KpsD and KpsE to have 
different epitopes which are not recognised by the antibodies used.
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Figure 4.6 : Western blotting of KpsD and KpsE homologues

Autoradiographs of relevant portions of the Western blots.

a) Western blot filter incubated with anti-KpsD antibody. The lanes were 
loaded as follows: lane 1, LE392; lane 2, LE392(pUC19); lane 3, 
LE392(pRPll); lane 4, LE392(pRP17); lane 5, LE392(pRP23); lane 6, 
LE392(pRP102); lane 7, LE392(pACYC); lane 8, LE392(pPC6); lane 9, 
LE392(pPC8); lane 10, LE392(pPC8/pRPl 1); lane 11,
LE392(pPC8/pRP17); lane 12, LE392(pPC8/pRP23); lane 13,
LE392(pPC8/pRP102).

b) Western blot filter incubated with anti-KpsE antibody. The lanes were 
loaded as follows: lane 1, LE392; lane 2, LE392(pUC19); lane 3, 
LE392(pRPl 1); lane 4, LE392(pRP17); lane 5, LE392(pRP23); lane 6, 
LE392(pRP102); lane 7, LE392(pACYC); lane 8, LE392(pPC6); lane 9, 
LE392(pPC8); lane 10, LE392(pPC8/pRPl 1); lane 11,
LE392(pPC8/pRP 17); lane 12, LE392(pPC8/pRP23); lane 13,
LE392(pPC8/pRP102).

Numbers on the right hand side indicate molecular weights of the identified 
proteins reacting with the antibodies used.
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4.2.4 DNA sequence analysis of the K10 capsule gene
cluster

In order to elucidate the relationships between the group II and group III 
capsule gene clusters, it was necessary to analyse the cloned K10 capsule 
gene cluster in greater detail. This would be most effectively achieved by 
gathering some DNA sequence information on the K10 capsule gene cluster. 
In view of the results obtained from the complementation studies, minicells 
and Western blot analyses (Sections 4.2.1, 4.2.2 and 4.2.3), the region of the 
K10 capsule gene cluster able to complement the K5 region 1 mutants 
would be a good place to start such sequence analysis. This should provide 
an insight into the arrangement of the K10 capsule genes in this region and 
their relationship with the group IIK5 capsule genes.

4.2.4.1 Subcloning of fragments for DNA sequencing

The plasmid pRPl7 subcloned from the cloned K10 capsule gene cluster 
was shown to complement mutations in both kpsD and kpsE in region 1 of 
the K5 capsule gene cluster (Section 4.2.1.3). This plasmid was therefore 
chosen as a start point for the nucleotide sequence determination of this 
region of the K10 capsule gene cluster. A number of DNA fragments were 
generated by appropriate restriction endonuclease digestion of pRPl7 and 
subcloned into appropriately cleaved pUC19 (Figure 4.4, Table 4.3).

Table 4.3 : Plasmid constructs for sequencing

Plasmid Description
pRP20 0.95kb EcoRl-EcoRl fragment from pRPl7 cloned into £coRI cut pUC19

pRP21 0.9kb EcoRl-Pstl fragment from pRPl7 cloned into EcoRl-Pstl cut pUC19

pRP22 2.5kb EcoRl-Sphl fragment from pRPl7 cloned into EcoRl-Sphl cut pUC19

pRP23 4.7kb £coRI-£coRI fragment from pRP17 cloned into £coRI cut pUC19

pRP24 0.8kb EcoRl-Sphl fragment from pRP17 cloned into EcoRl-Sphl cut pUC19

pRP25 1.6kb EcoRl-EcoRl fragment from pRPl7 cloned into EcoRl cut pUC19

pRP26 0.4kb EcoRl-Pstl fragment from pRPl7 cloned into EcoRl-Pstl cut pUC19

pRP27 0.4kb EcoRl-Sphl fragment from pRPl7 cloned into EcoRl-Sphl cut pUC19

pRP28 3.4kb Pstl-Sphl fragment from pRPl7 cloned into Pstl-Sphl cut pUC19

pRP29 4.8kb Pstl-Sphl fragment from partial digest of pRPl7 cloned into Pstl-Sphl cut 

pUC19
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Large scale extraction of plasmid DNA was performed by alkaline lysis and 
caesium chloride centrifugation or using Qiagen plasmid kits to produce 
DNA suitable for sequencing.
The DNA sequence of these subcloned fragments was determined by the 
automated sequencing (Section 2.10.1) of the double-stranded DNA firstly 
using the universal -40 (5'-GTT TTC CCA GTC ACG ACG TTG TA-3') 
and reverse -48 (5'-TTG TGA GCG GAT AAC AAT TTC-3') primers. Once 
some sequence data was available, oligonucleotides were designed and used 
to prime reactions to extend the DNA sequence. Using a series of plasmid 
subclones and oligonucleotide primers in this way it was possible to obtain 
a large region of DNA sequence on both strands. For a representative 
example of both the DNA sequencing strategy adopted and a gel-file 
produced from the automated sequencing see Figures 4.7 and 4.8, 
respectively. This example shows the strategy employed to sequence the 
1.4kb Sphl-Sphl fragment using plasmid pRPl3 (Figure 4.2). Initial 
nucleotide sequence was obtained by automated sequencing using the 
universal -40 and reverse -48 primers. Using these preliminary sequences, 
two 18mer primers were designed with which to prime subsequent reactions 
to extend the DNA sequence. This technique was repeated until the total 
DNA sequence of the fragment had been obtained on both forward and 
reverse strands. The primers made for sequencing the 1.4kb Sphl-Sphl 
fragment were as follows:
forward primer 1: 5'-TGA GGC GAA TAT ACG TGC-3' 
forward primer 2: 5'-TCG CTG TAG CTG CTA ACG-3' 
forward primer 3: 5'-TGG TGG GCA TGA TTG TCG-3' 
reverse primer 1: 5'-TGA TAC CGA CAA TCA TGC-3' 
reverse primer 2: 5'-TAT TGC AAC GAG CCT CCG-3' 
reverse primer 3: 5'-GCC TCA CCA TCA GAT CGG-3'
The primers were all designed to have a Tm above 45 °C as recommended in 
the cycle sequencing protocol (Perkin Elmer).
This strategy was then repeated using the other K10 subclones as required, 
extending the sequence at both ends of the 1.4kb Sphl-Sphl fragment. In 
total, the nucleotide sequence of 7193bp of DNA of the K10 capsule gene 
cluster was determined, the majority on double strand.
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Figure 4.7: Representative example of the sequencing
strategy adopted in this study

Physical map of the recombinant plasmids pRPll and pRPl7, containing 
regions of the K10 antigen gene cluster. The boxes below the lines refer to 
the vector sequences (pUC19). Only relevant restriction endonuclease sites 
are shown - the majority of sites within the vector regions are not shown.
The hashed box above pRP 11 refers to the region of pRP 11 having DNA 
homology with probe H.
The dashed lines highlight the enlargement of the 1.4kb Sphl-Sphl fragment. 
The 1.4kb Sphl-Sphl fragment has been chosen as a representative example 
of the sequencing strategy adopted in this study. The dotted box beneath the 
enlarged region refers to the DNA sequence shown in Figure 4.8 (automated 
sequencing gel-file).
The arrows illustrate the strategy used to sequence the 1.4kb Sphl-Sphl 
fragment of the cloned K10 capsule gene cluster. The reactions marked with 
an asterix were primed with oligonucleotides.
Restriction enzyme target sites : E, EcoRl; B, BamHl; Bgl, BglII; H, Hpal; 
Ps, Pstl; P, Pvull; Sm, Smal; Sp, Sphl.
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Figure 4.8 : Representative gel-file from automated DNA
sequencing

Computer print out of the gel-file from automated DNA sequencing of the 
1.4kb Sphl-Sphl fragment subcloned in pUC19 (pRPl3) using the universal 
-40 primer (Primer sequence: 5'- GTT TTC CCA GTC ACG ACG TTG TA 
- 3'). The reaction products were analysed on an ABI Model 373A DNA 
sequencer at the Protein and Nucleic Acid Sequencing Laboratory, 
University of Leicester. The coloured peaks correspond to the bases as 
follows: black, guanine; blue, cytosine; green, adenine and red, thymine. A 
peak marked N indicates that it was not possible to distinguish the base from 
the signal.
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4.2.4.2 Computer analysis of the K10 DNA sequence

The 7193 bp of nucleotide sequence determined from regions of the K10 
capsule gene cluster (which were able to complement region 1 mutants of 
the K5 capsule gene cluster) was analysed using the Wisconsin Genetics 
Computer Group (GCG) (Devereux et a l , 1984) suite of molecular biology 
programs (Section 2.10.2) and was found to comprise several open reading 
frames (ORF) (Figures 4.9 and 4.10). The total sequence is presented in 
Figure 4.10. The ORFs are defined by utilisation of the AUG codon as 
translation start, since other start codons, such as GUG and UUC are used 
only rarely as translation starts (McCarthy and Gualerzi, 1990).
ORF 1 (coordinates 1078-212) is 866bp and is transcribed in the opposite 
direction and on the opposite strand to the other identified major ORFs. 
ORF 2 (coordinates 3161-4906) is 1745bp and terminates 66bp upstream of 
the third ORF (ORF 3). ORF 3 (coordinates 4972-5772) is 800bp and 
terminates 12bp upstream of the fourth ORF (ORF 4). ORF 4 (coordinates 
5784-6434) is 650bp. ORF 5 (coordinates 6408-7146) is 738bp and starts 
26bp upstream of the stop codon for ORF 4.
Three minor ORFs were also identified (Figures 4.9 and 4.10). ORF 1A 
(coordinates 1374-1075) which immediately precedes ORF 1 and is 
transcribed in the same direction is 299bp. The first two bases of the 
termination codon are the last two bases of the start codon for ORF 1. ORF 
IB is found on the complementary strand (coordinates 200-475) and uses 
the same triplets as ORF 1, but in the opposite direction, and starts outside 
the sequence used for ORF 1 (Figures 4.9 and 4.10). ORF 2A (coordinates 
2763-3134) is 371bp and terminates 27bp upstream of ORF 2. Other small 
ORFs were identified between the start of ORF 1A and ORF 2A, but in the 
absence of data which might give evidence that some of these minor ORFs 
are expressed (such as small proteins being visualised in the minicell 
analysis), only the larger ORFs will be discussed.
The ORFs identified have several possible AUG codons which may be 
potential translation starts. To assign to each of these ORFs the most likely 
translation start three criteria were used. Firstly, the presence of a ribosome 
binding site also referred to as the Shine Dalgamo (SD) sequence, a 
conserved stretch of polypurines with the consensus sequence 51- 
AGGAGGT-3' (Shine and Dalgamo, 1974) usually located within the
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Figure 4.9 : ORFs identified in the 7.2kb DNA sequence of
the K10 capsule gene cluster

Physical map of the recombinant plasmid pRP 11, containing regions of the 
K10 antigen gene cluster. The boxes below the lines refer to the vector 
sequences (pUC19). Only relevant restriction endonuclease sites are shown - 
the majority of sites within the vector regions are not shown.
The hashed box above pR Pll refers to the region of pRPll having DNA 
homology with probe H.
The dashed lines highlight the enlargement of the 7.2kb region of DNA 
sequence determined. The numbered boxes below this enlargement represent 
the open reading frames (ORFs) identified; arrows beneath these ORFs 
show the direction of transcription of each ORF.
The striped box beneath ORFs I A, 1 and IB represents the DNA homology 
between the K10 sequence and the nucleotide sequence of IS3.
The dotted box beneath the expanded sequence represents the DNA 
homology between the K10 sequence and the K5 region 3 promoter region 
and regions of kpsM. The arrow indicates the location of the JUMPstart 
sequence within this region of homology.
Restriction enzyme target sites : E, EcoBJ\ B, BamHl; Bgl, BglII; H, Hpa\\ 
Ps, Pst\\ P, Pvull; Sm, Smal; Sp, Sphl.
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Figure 4.10 : DNA sequence of 7.2kb of the K10 capsule gene 
cluster

61

121

1 8 1

2 4 1

3 0 1

3 6 1

4 2 1

4 8 1

5 4 1

60 1

CTGTGTTTAACTACAGTCACGTCTACTTTTCCGACCTTACCACTTGCACGTCGCCGACCT

CAAACCTACCCCCATTCATAACGGTAGGGGAATTTGGGGTGGACTATTGGAATCGGGTTT

CCACTCACGCCTTGACAGTTTGGGCGAATGGCCCGACTCAAGGCTACATCGTTCCCAATA
DR

IR O R F IB
tga  tcctacccacgrtaa ta  tgrgracacagrgrcctaagrc&agr

GACT AGGAT GGGTGCAT T AT ACCT GTGTCCGGATT CGCT CCAAGAACAAAAGT T T AACAA

M D T G L S E V L V F K L F
* A L N K N E F Q

GGCCTGACTCCGGCGGTGTGGTTGACACGGCGGCGGTGGCTAACATTAGTGTAAGCTATA

R T E A A T P T V P P P P I V I T F D I
E P S L G G C W S H R R W R N Y D C E I

T T AAT T T GT GGCAACGGGCGT AAT AAAGGGCCGACT ATT T CACAAGAGGT ACCT ATGT AA

I K H R C P H Y F P A D K V F S M D T F
Y N F V T A R M I E R S I F H E G H I C

------------------- 1-------------------- 1-------------------- 1--------------------1--------------------1--------------------h 420
GGTGAAAGTCGCTTACTTTCTTCGAAAGGTGCGTCCGTAATAGCATCGTCGTTGGAAAAC

H F Q R M K E A F H A G I  I V A A T F C  
E V K L S H F F S E V C A N D Y C C G K

—  --------------+ ------------------- 1---------— ------ I—--------------—l—— ------------l— 480
GCGAGTATGAAGGTGCGTCTAATACGGCGAAGTCAACGCGGACTATTAGACGACTTGTCA

A H T  S T Q  I  M P  L Q L R L  I  I  C *
A S M S G R L N H R K L Q A Q Y D A S C

------------------- 1-------------------- 1--------------------1--------------------1--------------------1--------------------f- 540
TGACCGGAGGTGCCAGGCACACTTGCTATTGCAAGGCCCCGGAGAATGCGGCGGTGTCGC

Y Q G G R D T H V I V N R P R K R R W L

Pstl
I
CTGCA ̂ GGCAT CGCAGGCCAGTT GCGCCGT CAT GCGT GGCGACATT GACCAGCCAA

----------------------1----------------------- 1----------------------- 1----------------------- 1-----------------------1-----------------------h 6 0 0
GGTAfifOmCCGTAGCGTCCGGTCAACGCGGCAGTACGCACCGCTGTAACTGGTCGGTT

A M Q L A D C A L Q A T M R P S M S W G

T AACGGCACGT GACCACAGGT CAATGACCACT GCCAGAT ACAGCCAGCCT T CATCT GT AC
 +  +  +  +  +  + 660
ATTGCCGTGCACTGGTGTCCAGTTACTGGTGACGGTCTATGTCGGTCGGAAGTAGACATG

I V A R S W L D  I V V A L Y L W G E  D T
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GTAAGTACGTGATGTCTCCTGCCCACTTCTGGTTCGGGCCACTGGCGTAAAAATCCTGCT
6 6 1  ------------------+ ------------------ + ------------------ + ------------------+ ------------------+ ------------------ + 720

CATTCATGCACTACAGAGGACGGGTGAAGACCAAGCCCGGTGACCGCATTTTTAGGACGA

7 2 1

7 8 1

8 4 1

9 0 1

9 6 1

1 0 2 1

1 0 8 1

1 1 4 1

1 2 0 1

R L Y T I D G A W K Q N P G S A Y F D Q

CCAACAGATTTTCTGACACAGGCAGGCCGTGTGCGCGGTAGCTGACCGGGCTGAACTTCC

GGTTGTCTAAAAGACTGTGTCCGTCCGGCACACGCGCCATCGACTGGCCCGACTTGAAGG

E L L N E S V P L G H A R Y S V P S F K

GGGAGGCCTTTGCCCTCAGTCCCTGACGGCGCAGGCTTGCCGCCACGGTTTTTACGTTAA

CCCTCCGGAAACGGGAGTCAGGGACTGCCGCGTCCGAACGGCGGTGCCAAAAATGCAATT

R S A K A R L G Q R R L S A A V T K V N

AGGGGTAACCCTGAGCACGCAGTTCATCCGTCAGGCGTGGGGCACCGTAACGCTGTTTTG 

T CCCCAT T GGGACTCGTGCGT CAAGT AGGCAGT CCGCACCCCGT GGCATTGCGACAAAAC 

F P Y G Q A R L E D T L R P A G Y R Q K

ACCGGGTAAAAGCCGCGAGGACAACGCTGTCGCAGTGTTGGCGGAACTGCTGACGCGTGC 

TGGCCCATTTTCGGCGCTCCTGTTGCGACAGCGTCACAACCGCCTTGACGACTGCGCACG 

S R T  F A A L V V S D C H Q R F Q Q R T

TTATCCTTGTCCGCCGCTGACACCACGTATACCAGCCGCTGCGGGCCACCCGGAGCACGC 

AATAGGAACAGGCGGCGACTGTGGTGCATATGGTCGGCGACGCCCGGTGGGCCTCGTGCG 

S I R T R R Q C W T Y W G S R A V R L V

O R F 1
GGCACATTGCTTTGATGCTGAACTCAGCCTGATGTTTTTCAATAAAGACATACTTCATTT
 1  ̂ 1 1 1 1-
CCGTGTAACGAAACTACGACTTGAGTCGGACTACAAAAAGTTATTTCTGTATGAAGTAAA

R C M A K I S F E A Q H K E I F V Y K M
* K

CAGGCGCTTCGCGAAGTATGTCGCGGCCTTTTGGAGGATAGCCAGCTCTTCATCCCGTTC
 — —----- —H-----—-----------------  1--------1----------------1----------------h
GTCCGCGAAGCGCT T CATACAGCGCCGGAAAACCT CCTAT CGGTCGAGAAGTAGGGCAAG 

L R K A F Y T A A K Q L I A L E E D R E  

P vhII
I

TGCCaSCTYECGTTTGAGACGTGCAATCTCGGTAGACATCTCCAGTTCACGTTCAGAAGA
---------------h--------------- 1----------------1----------------1----------------1----------------h
ACGGT CGACCGCAAACT CT GCACGT TAGAGCCAT CT GTAGAGGT CAAGT GCAAGT CT T CT 

A L Q R K L R A I E T S M E L E R E S S

CGTCTGCTGATTTTGCTGTTTACTGCGCCAGTTGTAGAGCTGTGATTCATACAGGCTGAG
 1 1 1 1 1 1-
GCAGACGACTAAAACGACAAATGACGCGGTCAACATCTCGACACTAAGTATGTCCGACTC

T Q Q N Q Q K S R W N Y L Q S E Y L S L

780

840

900

960

1020

1080

1140

1200

1260
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1 2 6 1

1 3 2 1

1 3 8 1

1 4 4 1

1 5 0 1

1 5 6 1

1 6 2 1

1 6 8 1

1 7 4 1

1 8 0 1

1 8 6 1

1 9 2 1

1 9 8 1

TTCACGGGCTGCGGCAGTAACACCGATGCGTTCAGCAAGCTTCAGGGCTTCACTGCGAAA---------- +-----------+---------- +---------- +---------- +--------- + 1 3 2 0
AAGTGCCCGACGCCGTCATTGTGGCTACGCAAGTCGTTCGAAGTCCCGAAGTGACGCTTT

E R A A A T V G I R E A L K L A E  S R F

ORF 1A
TTCAGGCGAATGCTGTTTACGGGGTTTTTTACTGGTTGATACTGTTTTTGTCATGTGAGT
-------------------1--------------------- 1--------------------1-------------------- 1--------------------1------------------f. 13 8 0
AAGTCCGCTTACGACAAATGCCCCAAAAAATGACCAACTATGACAAAAACAGTACACTCA

E P  S H Q K R P K K S T S V T K T M

CACCTCTGACTGAGAGTTTACTCACTTAGCCGCGTGTCCACTATTGCTGGGTAAGATCAA
-------------------1-------------------- 1--------------------1--------------------1--------------------1--------------------1. 1440
GTGGAGACTGACTCTCAAAT fra frtfra a  tc p r fr c f r c a c ^ g tg a t a a c fr a c c c a  ttc ta g r tS :

SD -10 IR  -35

licoR I
I

TCTCCCTCCAGACCACCACGGAATGTTCGATAATACTGTAGfflWi'TOSTTTTTCACTATG
-------------------1--------------------1--------------------1--------------------1--------------------1--------------------1- 1500
AGAGGGAGGTCTGGTGGTGCCTTACAAGCTATTATGACATCC7T.flL3<3CAAAAAGTGATAC
D R

CAGCCCTTGTGAATCGACACCTTCCTCAGACTGTAAAGTTGCTTAAGTGTTTTGACGCAT
------------------- 1-------------------- 1--------------------1--------------------1--------------------1-------------—-----h 1560
GT CGGGAACACT T AGCTGTGGAAGGAGT CT GACATT T CAACGAAT T CACAAAACTGCGT A

TATGATTATTAATAGCTGTAATGAATCATTGAGTAATAATTGATAGGTTAAAACATATAG

ATACTAATAATTATCGACATTACTTAGTAACTCATTATTAACTATCCAATTTTGTATATC

GATAATTCTTGTGTGATCTGTATTTTGTGTGACTTGGAAATTAGTAAAATTCCTAGAGAT

CTATTAAGAACACACTAGACATAAAACACACTGAACCTTTAATCATTTTAAGGATCTCTA

AATCAATAAGTGAATTTTAAATAAGGAAAATAATTTCTACGAAAACTGTTCGTCGAGCTT

TTAGTTATTCACTTAAAATTTATTCCTTTTATTAAAGATGCTTTTGACAAGCAGCTCGAA

ATGAAATGTTTGCTCAAGTATATCTAGTTCATCCAGTTGCAGATAAGTATACCTC CAGTG
-------------------1-------------------- 1---------------------1---------------------1------------------ h------------------- 1- 1800
TACTTTACAAACGAGTTCATATAGATCAAGTAGGTCAACGTCTATTCATATGGAGGTCAC

JUMPstart
TA TTGGTA GCTGTAAA GCCAA GGGCGGTA GCA CT GAAG AGAT T AGG AGC AC AT CAT C
——■----------- |--------------------- 1---------------------1--------------------h-------------------1------------------- h 1860
ATAACCATCGACATTTCGGTTCCCGCCATCGTAAGGACTTCTCTAATCCTCGTGTAGTAG

AAATTCAAAAAGTGGGTTTGAAGTCTAGAACGTCACCATAGAGACATTATTTATACGAGA
------------------+ ------------------ + ------------------ + ------------------ + ------------------+ ------------------ + 1920
TTTAAGTTTTTCACCCAAACTTCAGATCTTGCAGTGGTATCTCTGTAATAAATATGCTCT

S G F E V * N V T I E T L F I R E

AATACGAACACGTTTTGGTAAATTTTGTATGGGATATCAGTGGGCGATTCTAGAACCTTC
-------------------1-------------------- 1--------------------1--------------------1--------------------1--------------------h 1980
T TAT GCTT GT GCAAAACCAT T TAAAACATACCCTATAGT CACCCGCTAAGATCT T GGAAG

I R T R F G K F C M G Y Q W A I L E P S

TGTGCATCTGCTGGGCATTGGGGGTTATGTTATGCACCACGATGCCAGACATTTCGTTCC
-------------------1-------------------- 1-------------------- 1--------------------1--------------------1--------------------1- 20 4 0
ACACGTAGACGACCCGTAACCCCCAATACAATACGTGGTGCTACGGTCTGTAAAGCAAGG

V H L L G I  G G Y V M H H
T M P D I S F Q
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AGGAAAATAAGCTGCGAAGTGTTCTACAAAAGCTGCTTCCATGATGAGCATGGTCGTGGC
2 0 4 1  ------------------+ ------------------ + ------------------ + ------------------+ ------------------+  + 2 1 0 0

TCCTTTTATTCGACGCTTCACAAGATGTTTTCGACGAAGGTACTACTCGTACCAGCACCG

CTGACACTGACTCCAGCCATGCTAGTCAGGACCGGGCAAAGGGGGGCAAGAAGCCGCCAT
2 1 0 1  +  +  +  +  +  + 2 1 6 0

GACTGTGACTGAGGTCGGTACGATCAGTCCTGGCCCGTTTCCCCCCGTTCTTCGGCGGTA

TCTATCGCAAGTGTATCTCCCCTCTTTTTTATTATTTTTGTTTATCTGTTATTGATAAAG
2 1 6 1   +  +  +  +  +  + 2 2 2 0

AGAT AGCGTT CACAT AGAGGGGAGAAAAAAT AAT AAAAACAAAT AGACAAT AACT AT T TC

TACGACTATTATTATTGCGACAATTATTTACTAGTTAGCATTTTTTATCGAAGTTGAGGG
2 2 2 1  ------------------ H------------------- H------------------- 1--------------------1--------------------1--------------------1- 2 2 8 0

ATGCTGATAATAATAACGCTGTTAATAAATGATCAATCGTAAAAAATAGCTTCAACTCCC

TGTGCTGAACGGCTCATGAAAATATTAGAGTGTTAAAGTTTTTCAGGACTTAGATTTTTG
2 2 8 1  ------------------+ ------------------ + ------------------ + ------------------+ ------------------+  + 2 3 4 0

ACACGACTTGCCGAGTACTTTTATAATCTCACAATTTCAAAAAGTCCTGAATCTAAAAAC

GGGATAGTAATTTAAGAATTTATGAAAACGTCTATGCCTTACTGAGTCATTACAAAACAA
2 3 4 1  ------------------+ ------------------ + ------------------ + ------------------+ ------------------ +  + 2 4 0 0

CCCTATCATTAAATTCTTAAATACTTTTGCAGATACGGAATGACTCAGTAATGTTTTGTT

ATTTATTTAATTGTTCCCTCTTTATGTATAAGAGGAATTTTCTCTTCCATATGGTTGTTA

TAAATAAATTAACAAGGGAGAAATACATATTCTCCTTAAAAGAGAAGGTATACCAACAAT

TTATTAAATTTTATAAAAAAGATAGCAATATACGGGGCCATAAAAATAATATTTTTAGGG
2 4 6 1  ------------   1--------------------h------------------- 1--------------------1--------------------1--------------------H 25 2 0

AATAATTTAAAATATTTTTTCTATCGTTATATGCCCCGGTATTTTTATTATAAAAATCCC

ATGT GT GT TGCAT AT GT AGT ACAT AT CCAAAAGAT AAAGGAT AT ATT CGT AAT T AGTT AT
2 5 2 1  ------------------ + ------------------ + ------------------ + ------------------ + ------------------+ ------------------ + 2 5 8 0

TACACACAACGTATACATCATGTATAGGTTTTCTATTTCCTATATAAGCATTAATCAATA

AGACAGATGAT GT AAACACCAGT T GACT AAAGTCAAT CT T AT ACTGACAACATCT AT GAT
2 5 8 1  ------------------+ ------------------- + ---------------- + -------------------- + ----------------- + ------------------ + 26 4 0

TCTGTCTACTACATTTGTGGTCAACTGATTTCAGTTAGAATATGACTGTTGTAGATACTA

-35 -10
t a a t t t g c g t g g t t a t a a t t t t a a a t a t c t t a t a t t t a t g g g c t a t t t t t g a t a t c t g t c

2 6 4 1  ----------------—H---------------------- 1---------------- H-----------------------1------------------ 1------------------- + 27 0 0
ATTAAACGCACCAATATTAAAATTTATAGAATATAAATACCCGATAAAAACTATAGACAG

AGAGTATCAATAACAGAAGGTAATTGTCCGACATACTATCAACTTCGGGATAACGTTTTA
2 7 0 1  ------------------ H--------------------1--------------------1------------------- h------------------ H--------------------h 27 6 0

TCTCATAGTTATTGTCTTCCATTAACAGGCTGTATGATAGTTGAAGCCCTATTGCAAAAT

ORF 2A
AAATGCACCTTACACATCGTATTTTATTATTTCCACTAATCTTTTTTATAACGGCCTGCG

2 7 6 1  -------------------1------------------- H-------------------- 1--------------------1--------------------1--------------------!■ 2 8 2 0
TTTACGTGGAATGTGTAGCATAAAATAATAAAGGTGATTAGAAAAAATATTGCCGGACGC

M H L T H R I L L F P L I F F I T A C A

CACATGATCCAAAACAAGTTGAAGCCTCTCGTCCATTGGTAACAGCGATTAATTCTTCTT
2 8 2 1   +  +  +  +  +  + 28 8 0

GTGTACTAGGTTTTGTTCAACTTCGGAGAGCAGGTAACCATTGTCGCTAATTAAGAAGAA

H D P K Q V E A S R P L V T A I N S S Y
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2 8 8 1

2 9 4 1

3 0 0 1

3 0 6 1

3 1 2 1

3 1 8 1

3 2 4 1

3 3 0 1

3 3 6 1

3 4 2 1

3 4 8 1

ATTCTCTTATTCCTGAAGATTTGCAGGCACCATTAAATAACCAAGATCAAGGCACGACAT
 1 1 1 1 1 1.

TAAGAGAATAAGGACTTCTAAACGTCCGTGGTAATTTATTGGTTCTAGTTCCGTGCTGTA

S L I P E D L Q A P L N N Q D Q G T T F

TCAACAAAAATGGCGTAATTTATACTATTGAGGAAAGGTATATATCGGCTTTAGGTTCTC
 1 1 1 1 1 1_

AGTTGTTTTTACCGCATTAAATATGATAACTCCTTTCCATATATAGCCGAAATCCAAGAG

N K N G V I Y T I E E R Y I S A L G S Q

AATGCATAAAGTTAAGTTATGCGATGAATAAAAATTATTCAAAGCGAAGTGTTGTTTGTA
 + + + + + +
TTACGTATTTCAATTCAATACGCTACTTATTTTTAATAAGTTTCGCTTCACAACAAACAT

C I K L S Y A M N K N Y S K R S V V C K

AAGAGAATAACAAGTGGTATCAAGTACCTCAGTTGGAACAAACATCAGTTAGCACTTTGC
 1 ( . 1 1 1 1-

TTCTCTTATTGTTCACCATAGTTCATGGAGTCAACCTTGTTTGTAGTCAATCGTGAAACG

E N N K W Y Q V P Q L E Q T S V S T L L

SD ORF 2
TTATTGAAGAATAAAGTGGAGGGTAGACGGTTAGAAAATAATGAAAATTTCGCAACTTAG

AATAACTTCTTATTTCACCTCCCATCTGCCAATCTTTTATTACTTTTAAAGCGTTGAATC 

I  E E * M K I S Q L S

CACTCTTCTCTTTCTTATTTCTGCATCAGCATTCGCCGCAATAGAGCAAAATCAATCTAA 

GTGAGAAGAGAAAGAATAAAGACGTAGTCGTAAGCGGCGTTATCTCGTTTTAGTTAGATT 

T L L F L I  S A S A F A A I E Q N Q S N  

TGGTTCACATTTAGGTTATGATCTTGCTGCCTCGACAGGAGAGTCTCGGAAAATGCTAGC 

ACCAAGTGTAAATCCAATACTAGAACGACGGAGCTGTCCTCTCAGAGCCTTTTACGATCG 

G S H L G Y D L A A S T G E S R K M L A

AGACATCACTGGACAGCCTAATACAACCTCCACAACAGGAAGCTTCACACAACAGAATCG
 1  ——-----1 1 1 1 1-
TCTGTAGTGACCTGTCGGATTATGTTGGAGGTGTTGTCCTTCGAAGTGTGTTGTCTTAGC

D I T G Q P N T T S T T G S F T Q Q N R

TAATGGGATGTTGCTTCCAGGAGAGTCAGATGTACGAAAATTACTGCCGCAATCTGAAGC
-------------------1--------------------1--------------------1--------------------1------------------—H-------------------H
ATTACCCTACAACGAAGGTCCTCTCAGTCTACATGCTTTTAATGACGGCGTTAGACTTCG

N G M L L P G E S D V R K L L P Q S E A

AGGCTTACCTCCTCCGTATGGTGCTAATTTATTTGCCGGAGGCTATGAAACAGAAAGGAG
--------------- 1---------------- 1----------------1----------------1----------------1----------------j-
TCCGAATGGAGGAGGCATACCACGATTAAATAAACGGCCTCCGATACTTTGTCTTTCCTC

G L P P P Y G A N L F A G G Y E T E R S

TGACGGCTTAAGCGATAATTATTTGATTGCTCCTGGGGATAAGTTAAATATCTGGATTTG
 1 1 1 1 -) (-
ACTGCCGAATTCGCTATTAATAAACTAACGAGGACCCCTATTCAATTTATAGACCTAAAC

D G L S D N Y L I A P G D K L N I W I W

2 9 4 0

3 0 0 0

3 0 6 0

31 2 0

3 1 8 0

3 2 4 0

3 3 0 0

3 3 6 0

34 2 0

3 4 8 0

3 5 4 0
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3 5 4 1

3 6 0 1

3 6 6 1

3 7 2 1

3 7 8 1

3 8 4 1

3 9 0 1

3 9 6 1

4 0 2 1

4 0 8 1

4 1 4 1

GGGAGCGGTCAATTTCTCTAATGTGGTTACGGTAGATAATCAAGGAAATATTTTCATACC-----------1----------- h-----------1-----------1----------- 1----------- h
CCCTCGCCAGTTAAAGAGATTACACCAATGCCATCTATTAGTTCCTTTATAAAAGTATGG

G A V N F S N V V T V D N Q G N I F I P

TGATGTAGGTCCAATAAATGTAAAAAATGTTCCTGCAAGCCAAGTTAATCAGTTGGTGGC
 1 1 1 1 1 1-
ACTACATCCAGGTTATTTACATTTTTTACAAGGACGTTCGGTTCAATTAGTCAACCACCG

D V G P I N V K N V P A S Q V N Q L V A

AAGTAAGATCGGTGATGTATTTACCAATAATGTAAATACTTACGTAAATCTTTTGACTGC

TTCATTCTAGCCACTACATAAATGGTTATTACATTTATGAATGCATTTAGAAAACTGACG

S K I G D V F T N N V N T Y V N L L T A

AACCCCTGTAAGTGTATTTGTTACGGGGCCTGTAATTCGTCCTGGGCAGTATGCAGGACA

TTGGGGACATTCACATAAACAATGCCCCGGACATTAAGCAGGACCCGTCATACGTCCTGT

T P V S V F V T G P V I R P G Q Y A G Q

ATCTTCTGATAGTATATTGTATTTTTTAAAACGTGCCGGTGGAATAGATTCTGACCGTGG

TAGAAGACTATCATATAACATAAAAAATTTTGCACGGCCACCTTATCTAAGACTGGCACC

S S D S I L Y F L K R A G G I D S D R G

AAGTTATCGAAAAATTAAGGTGTTACGACAAAATAGAGTAATACAGCAAATTGATCTTTA
 + + + + + +
TTCAATAGCTTTTTAATTCCACAATGCTGTTTTATCTCATTATGTCGTTTAACTAGAAAT

S Y R K I K V L R Q N R V I Q Q I D L Y

TGAT T TCAT ACGGT AT GGGAAACT CCCGAAGCT GGCAT T AAAGAT CCAAGAT GTGAT T TT
--------—-----H---------------- 1---------------- 1----------------1--------------- -̂-------------- +
ACTAAAGTATGCCATACCCTTTGAGGGCTTCGACCGTAATTTCTAGGTTCTACACTAAAA

D F I R Y G K L P K L A L K I Q D V I L

AGTTGAGCAACAAGGTCCAATGATCAATGTTGCGGGAAAGGTTCGAAACCCATTCCGATT
 ;  —|---------------- 1 1 1  (-
TCAACTCGTTGTTCCAGGTTACTAGTTACAACGCCCTTTCCAAGCTTTGGGTAAGGCTAA

V E Q Q G P M I N V A G K V R N P F R F

TGAGCTTACCCAGCGCAATGCATTAGGCTCTGAATTGGTGAATTATGCACTTCCTCTCGC
 + + + + + +
ACTCGAATGGGTCGCGTTACGTAATCCGAGACTTAACCACTTAATACGTGAAGGAGAGCG

E L T Q R N A L G S E L V N Y A L P L A

AAAAGTCAGTCATGTCGGTGTGATTGGCGACAGGGAAAGCGGCCCGTTTTCCGTCTACTT
 1 1 1 1 1 1-
TTTTCAGTCAGTACAGCCACACTAACCGCTGTCCCTTTCGCCGGGCAAAAGGCAGATGAA

K V S H V G V I G D R E S G P F S V Y L

GCCGTATAAAGATTTTACACGTCTTCAACTTAAAGACGGTGACAAAGTACTTTTTAATGA

CGGCATATTTCTAAAATGTGCAGAAGTTGAATTTCTGCCACTGTTTCATGAAAAATTACT

P Y K D F T R L Q L K D G D K V L F N D

3 6 0 0

3 6 6 0

3 7 2 0

3 7 8 0

3 8 4 0

39 0 0

3 9 6 0

40 2 0

4 0 8 0

4 1 4 0

42 0 0
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Sphl

TGACATGCATGCACAAGTATATGATATACAAGTATCAGGCAGTTATATGGGACCGTCATA
4 2 0 1  ------------------+ ------------------- + ------------------ + ------------------ + ------------------ + ----------------- +

ACTGTACGTACGTGTTCATATACTATATGTTCATAGTCCGTCAATATACCCTGGCAGTAT

D M H A Q V Y D I Q V S G S Y M G P S Y

TTTCACGGTTCGTAAGCAAACTAAATTGCATGATTTATTGAACTATATCCCTATTGACCC
4 2 6 1  ------------------+ ------------------- + ------------------ + ------------------ + ------------------ + ----------------- +

AAAGTGCCAAGCATTCGTTTGATTTAACGTACTAAATAACTTGATATAGGGATAACTGGG

F T V R K Q T K L H D L L N Y I P I D P

AGAGCTTGCGGATTATCAATCAATTTATCTGATACGAAAGAGTGTGGCTGCAAGACAAAA
4 3 2 1  ------------------+ -------------------+ ------------------ + ------------------ + ------------------ + ----------------- +

TCTCGAACGCCTAATAGTTAGTTAAATAGACTATGCTTTCTCACACCGACGTTCTGTTTT

E L A D Y Q S I Y L I R K S V A A R Q K

AGAGATGCTGGATGAATCTCTAAACCGCTTGGAACGTAGTGTATTTACCACACCCGCGCG
4 3 8 1  ------------------ -̂-------------------- 1--------------------1--------------------1--------------------1------------------h

TCTCTACGACCTACTTAGAGATTTGGCGAACCTTGCATCACATAAATGGTGTGGGCGCGC

E M L D E S L N R L E R S V F T T P A R

ATCTGATGGTGAGGCGAATATACGTGCTAAAGAAGCAGAGTTAGTGATGCAGTTTGTTGA

TAGACTACCACTCCGCTTATATGCACGATTTCTTCGTCTCAATCACTACGTCAAACAACT

S D G E A N I R A K E A E L V M Q F V E

AAAGGCTCGTAAAGTTCAACCGCTTGGTAAAGTAGTAGTTGCAGATAAAGGTGTTATTGC

TTTCCGAGCATTTCAAGTTGGCGAACCATTTCATCATCAACGTCTATTTCCACAATAACG

K A R K V Q P L G K V V V A D K G V I A

CAATATCCAATTAGAACAAGGCGATCAAATAGTTATTCCAAATAAGACTGATCTTATTCA
4 5 6 1  -------------------K--------------------- 1-------------------- 1-------------------- 1--------------------1------------------H

GTTATAGGTTAATCTTGTTCCGCTAGTTTATCAATAAGGTTTATTCTGACTAGAATAAGT

N I Q L E Q G D Q I V I P N K T D L I Q

AGTGGGTGGTGAAGTGTTGATCCCACAAGCAGTAGTATATAATGCCGATGCTAATTTGGA
4 6 2 1  ------------------+ ------------------- + ------------------ + ------------------ + ------------------ + ----------------- +

TCACCCACCACTTCACAACTAGGGTGTTCGTCATCATATATTACGGCTACGATTAAACCT

V G G E V L I P Q A V V Y N A D A N L D

TGATTATGTTGCATGGGCCGGAGGTTTTACTGAGCGAGCTAACGACAAGCGAATTGCTAT
4 6 8 1  ------------------- 1-------------------- 1-------------------- 1--------------------1--------------------1--------------------H

ACTAATACAACGTACCCGGCCTCCAAAATGACTCGCTCGATTGCTGTTCGCTTAACGATA

D Y V A W A G G F T E R A N D K R I A I

TGTACATGCAAATGGTCTTGTAGAATTTAAAGGGCAAGGTAAAGTACAACCGGGGGATCA
4 7 4 1  ------------------- 1----------------------1--------------------1--------------------1--------------------1------------------ !■

ACATGTACGTTTACCAGAACATCTTAAATTTCCCGTTCCATTTCATGTTGGCCCCCTAGT

V H A N G L V E  F K G Q G K V Q P G D Q

GATATTGGTTCTACCTCAGGTTGATAGCAAAACCATGCAATCATTTAAAGATATCACACA
4 8 0 1  ------------------+ ------------------- + ------------------+ ------------------ + ------------------ + ------------------+

CTATAACCAAGATGGAGTCCAACTATCGTTTTGGTACGTTAGTAAATTTCTATAGTGTGT

I L V L P Q V D S K T M Q S F K D I T Q

4 2 6 0

4 3 2 0

4 3 8 0

4 4 4 0

4 5 0 0

4 5 6 0

4 6 2 0

4 6 8 0

4 7 4 0

4 8 0 0

4 8 6 0
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AATTATTTATCAAATCGCTGTAGCTGCTAACGTTGCTATTAAATGATTGAGTGTTTTAAT
4 8 6 1  ------------------ + -------------------+ ----------------- + ------------------ + ------------------- + ----------------- +

TTAATAAATAGTTTAGCGACATCGACGATTGCAACGATAATTTACTAACTCACAAAATTA

I  I Y Q I A V A A N V A I K *

O R F 3
TTT AAT CGGAGGCT CGT T GAT AT AAT GACCCGATT AT T T GGGT AAGT ATT AAT GGACAAA

4 9 2 1  ------------------ + ------------------- + ----------------- + ------------------ + ------------------- + ----------------- +
AAAT T AGCCTCCGAGCAACT AT AT TACT GGGCT AAT AAACCCATT CAT AAT T ACCT GTTT

M D K

CCCATTATTAGTCAAACTCCACGCACTTCTTTGCAAGTATTACGTGATGTAGTATTTGGC
4 9 8 1  ------------------ + -------------------+ ----------------- + ------------------ + ------------------- + ----------------- +

GGGTAATAATCAGTTTGAGGTGCGTGAAGAAACGTTCATAATGCACTACATCATAAACCG

P I  I  S Q T P R T  S L Q V L R D V V F G

TTATTAATTCGTGAGCTAAAAACAAGATTTGGTAATTACCGACTAGGTTATGCTTGGGCA
5 0 4 1  — h f- -------------------1-——

AATAATTAAGCACTCGATTTTTGTTCTAAACCATTAATGGCTGATCCAATACGAACCCGT

L L I R E L K T R F G N Y R L G Y A W A

TTACTTGACCCATTATTAATGATTAGCCTGTTCAGCGTAGTATTTGGGATGAGAAGCCAA 

AATGAACTGGGTAATAATTACTAATCGGACAAGTCGCATCATAAACCCTACTCTTCGGTT 

L L D P L L M I  S L F S V V F G M R S Q

AGTGGCTTTGGTGGTGTCCCAGCCCAGGTTTTTATTACTGCTGGTTATTTACCTTTCATG 

T CACCGAAACCACCACAGGGT CGGGTCCAAAAAT AAT GACGACCAAT AAATGGAAAGT AC 

S G F G G V P A Q V F I T A G Y L P F M

TTTTTCAATAAAGTTGTGACTCAGTTGAAATCTGCTGTCAATGCTAATATGGGACTTTTT
5 2 2 1  ------------------- 1-—-------------------1--------------------1------------------ 1-------------   1--------------------H

AAAAAGTTATTTCAACACTGAGTCAACTTTAGACGACAGTTACGATTATACCCTGAAAAA

F F N K V V T Q L K S A V N A N M G L F

TGTTATAGACAAGTGACTCCTTTTGCAACTTTTATAGCACGTTTTATGCTAGAAACAATG
5 2 8 1  ------------------ + ------------------- + ------------------ + ----------------- + ------------------- + ----------------- +

ACAATATCTGTTCACTGAGGAAAACGTTGAAAATATCGTGCAAAATACGATCTTTGTTAC

C Y R Q V T P F A T F I A R F M L E T M

GTGGGCATGATTGTCGGTATCATCCTGGTACTAGGATTATTGTGGTTTGGCTTTGATGCA
5 3 4 1  ------------------ + ------------------- + ------------------ + ----------------- + ------------------- + ----------------- +

CACCCGTACTAACAGCCATAGTAGGACCATGATCCTAATAACACCAAACCGAAACTACGT

V G M I V G I  I L V L G L L W F G F D A

ATACCTGCCGATCCATTGCAAGTGATCCTTGGTTATTCTCTTCTGATGCTGTTTTCTTTT
5 4 0 1  ------------------+ -------------------+ ------------------- + ----------------- + ------------------+ ------------------ +

TATGGACGGCTAGGTAACGTTCACTAGGAACCAATAAGAGAAGACTACGACAAAAGAAAA

I P A D P L Q V I L G Y S L L M L F S F

TCTCTTGGTATTGTATTTTGTGTTATTTGTAACTTAGCGCAAGAGGCAGATAAATTTCTT
5 4 6 1  ------------------+ ------------------- + ------------------- + ----------------- + ------------------+ ------------------ +

AGAGAACCATAACATAAAACACAATAAACAT T GAAT CGCGTT CT CCGT CTAT TT AAAGAA

S L G I V F C V I C N L A Q E A D K F L

49 2 0

4 9 8 0

5 0 4 0

51 0 0

5 1 6 0

52 2 0

52 8 0

5 3 4 0

5 4 0 0

54 6 0

55 2 0
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5 5 2 1

5 5 8 1

5 6 4 1

5 7 0 1

5 7 6 1

5 8 2 1

5 8 8 1

5 9 4 1

6 0 0 1

6 0 6 1

6 1 2 1

6 1 8 1

AGCTTGTTAATGATGCCTTTGATGTTTATCTCTTGTGTTATGTTTCCTCTTGCTACTATT
-------------------1--------------------- 1----------------- 1---------------------- 1-------------------1------------------- h 5 5 8 0
TCGAACAATTACTACGGAAACTACAAATAGAGAACACAATACAAAGGAGAACGATGATAA

S L L M M P L M F I  S C V M F P L A T I

Sphl
I

CCCCCTCAATATCAGCATTGGTTTTTATGGAATCCACTTGTGCATGCTGTAGAACTAATC
------------------ -I-------------------- -̂---------------- 1---------------------- 1-------------------1 1. 5 6 4 0
GGGGGAGTTATAGTCGTAACCAAAAATACCTTAGGTGAACACGTACGACATCTTGATTAG

P P Q Y Q H W F L W N P L V H A V E L I

CGAAGGGCATGGATATCTGGTTATCGTAGTCCTGATGTAAGTTGGGCGTATCTGTCGGTT

g c t t c c c g t a c c t a t a g a c c a a t a g c a t c a g g a c t a c a t t c a a c c c g c a t a g a c a g c c a a

R R A W I  S G Y R S P D V S W A Y L S V

GTCACCTTATTATTGCTCACTTTTGCTATGAGTTGTTACCGATTACGGCATCGCCAATTG

CAGTGG

V T L L L L T F A M S C Y R L R H R Q L

ORF 4
ATTGCTAGTTAGCGTCAAGAAAAATGATTATTCTTGATAATGTATCAAAATATTATCCAA

I A S *
M I  I L D N V S K Y Y P T

CTAAATTTGGACGAAATTATGTCCTGAGGAATGTAAATATTGAGCTACCAAGGGACCGCA

K F G R N Y V L R N V N I E L P R D R N

ATATAGGTATTCTAGGTATCAATGGAGCAGGAAAATCTACTTTGTTACGTTTGTTAGGAG

I G I L G I N G A G K S T L L R L L G G

GGATGGATACGCCTAACAGGGGGAAAGTAACTCGTCTCTGCCGAGTATCTTGGCCTCTAG 
— ----------------1-------------------- 1--------------------1--------------------1--------------------1--------------------h 6 0 0 0

M D T P N R G K V T R L C R V S W P L A

CACTAGCTGGGGGATTTCAAGGTAGTATGACTGGTCGTGAAAACACGCGATTTGTTTGCC 
------------------+ -------------------h------------------- 1--------------------1--------------------1--------------------h 60 6 0

L A G G F Q G S M T G R E N T R F V C R

GCATTCATGGTGTACGCGATACAAGCACCGTAGAAGAGTGGGTTAAAGAGTTTTCTGAAA 
 +  +  +  +  +  + 61 2 0

I H G V R D T S T V E E W V K E  F S E I

TTGGACAACATTATGAGTTGCCTATTAAAACATACTCTAGCGGCATGAAATCAAAATTTT 
-------------------1--------------------1------------------- h--------------------1--------------------1--------------------h 61 8 0

G Q H Y E L P I K T Y S S G M K S K F S

CTTTTGCTGTTAGTATGGCTTTTGATTTTGATATATATCTTACCGATGAAATTACCTCAG 
------------------+ ------------------ + ------------------ + ------------------ + ------------------ + ------------------ + 6 2 4 0

F A V S M A F D F D I Y L T D E I T S V
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TAGGTGATGCACGTTTTAAACAAAAATGTATTGATGTATTTAACAAAAAGCGAGAAACAG 
6 2 4 1  ------------------+ ------------------ + ------------------- + ------------------ + ----------------- + ------------------- + 6 3 0 0

G D A R F K Q K C I D V F N K K R E T A

CTAGCTTGATTATGGTTTCGCATGATATGAAAAATCTACGACAACAATGCGATATGGGCA 
6 3 0 1  ------------------+ ------------------ + ------------------- + ------------------ + ----------------- + ------------------- + 6 3 6 0

S L I M V S H D M K N L R Q Q C D M G I

O R F 5
TCTTGTTACGTGATGGTAAATTAGAAATTTTTGATAATATTGATGATGCCATCCAAATTT 

6 3 6 1  -------------------1------------------- H--------------------- 1--------------------1------------------1-------------------- + 6 4 2 0

L L R D G K L E I  F D N I D D A I Q I Y
M P S K F

EcoBl
I

ACCAGT CACT T TGAGCAGCAACT GAT TAT GACATCT CC GAA TT<J?£ CCACCT CAAT ATCT 
6 4 2 1  ------------------+ ------------------+ -------------------+ ------------------ + ----------------- +  + 6 4 8 0

Q S L *
T S H F E Q Q L I M T S P N S S T S I S

CGCTTTGCGCGAAAGTTAAGAAAACTGAACAATAATCCCAAACTATTTTTGATTGATTCG 
6 4 8 1  -------------------h-------------------1----------------------1--------------------1------------------ 1 h 6 5 4 0

R F A R K L R K L N N N P K L F L I D S

AGAGGATATCAAATTGCACACCGCTCGTGGAAGAAAAGTTTACAGCTAGGCAGTTTTCTT

R G Y Q I A H R S W K K S L Q L G S F L

TGGGTAGTTATCTGCTTTTCTATCGCAGTGCTCTATTTTGGCTTCATTGCTTCCGATCGT

W V V I C F S I A V L Y F G F I A S D R

TATGTGAGCCGGGCT GAATTAAT GATTAAACAAGCCGAT CAAGT TAAAAT GT T GCCT GAT

Y V S R A E L M I K Q A D Q V K M L P D

GCGTTATCAATGTTAGGGATCGGTGGTAGTAATCATCAGGATATATTACTCGTTCAGGAT 
6 7 2 1  — -------------- + ----------------- + ------------------- + ------------------ + ----------------- + ------------------- + 6 7 8 0

A L S M L G I G G S N H Q D I L L V Q D

TATATGAAGTCATGGGATATGCTGGCCAAGTTGGACAAAGAACTTGCACTTAAAGCACAT

Y M K S W D M L A K L D K E L A L K A H

TTCCAGAGTGATAGTGCAGATTATTTCTCGCGGTTGCATAAGGGAGTCAGTAGGGAGGAT 
6 8 4 1  ------------------+ ------------------ + -------------------+ ------------------ + ----------------- + ------------------- + 6 9 0 0

F Q S D S A D Y F S R L H K G V S R E D

TTTCTTGATTATTACCGCAAACATTTGACGTTACACCTTGATGAATTATCAGGAGTACTT 
6 9 0 1  ------------------+ -------------------+ ------------------- + ------------------ + ----------------- + ------------------- + 6 9 6 0

F L D Y Y R K H L T L H L D E L S G V L
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ACCGTTGAGTTGCAGACATTTGATCCCCAATACGGTCAGCGAGTTGTTGAGTTAATGCTC

T V E L Q T  F D P Q Y G Q R V V E L M L  

AAAGAATCGGAGCGTTTTATTAACAAATTAAGTCATCAGGTTGCGCTCGAACAATTGGCC 

K E S E R F I N K L S H Q V A L E Q L A  

T CTGT T GAAAAAGAAGT AAAT AGAAGCAT ATCAACGCT T ACAGGGATGAAAAAGCT AAAG 

S V E K E V N R S I  S T L T G M K K L K  

TTTTAGAATTTCAGAATAGCCCCCCAACTTATCCGCCCTGAAATCTACTAACA

p *

The DNA sequence o f 7.2kb o f the K10 capsule gene cluster is shown. Sequence is 
shown in uppercase, singly or with the complementary strand to indicate the regions of 
sequence determined on single or both strands respectively. Numbers indicate nucleotide 
coordinates. Amino acid translation for the major ORFs is shown underneath the 
nucleotide sequence in the single letter amino acid code. Potential start codons and the 
encoded methionine (M) are shown with bold characters. Restriction sites are shown, 
above the nucleotide sequence identified in italics. The DNA sequences, identified 5' to 
ORF 1A and ORF 2, which are most homologous to the -35 and -10 consensus sequences 
are underlined. Potential Shine-Dalgamo (SD) sequences are underlined. The 39bp 
JUMPstart sequence is shown in double underlined italics. Translational stop codons are 
marked by an asterix and shown in bold characters. Inverted repeats (IR) are shown in 

lowercase italics. Direct repeats (DR) are shown with bold characters.
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region -15 to -2bp upstream of a translation start (McCarthy and Gualerzi,
1990). Secondly, the calculated molecular weight of products visualised 
with the minicell analysis, and finally computer analysis using the ORF 
amino acid sequences in homology searches.
At the DNA nucleotide sequence level, the region of sequence stretching 
from coordinates 1439bp to 180bp, is 99.9% identical over 1258bp with the 
E. coli K-12 insertion sequence IS3 (Figure 4.9) (Timmerman and Tu, 
1985). IS3 is reported to contain imperfect 38 or 39bp inverted repeats and 
to generate 3bp direct repeats upon insertion (reviewed in Timmerman and 
Tu, 1985). Indeed, 39bp inverted repeats (with 10 mismatches) and direct 
repeats of the sequence GAT were identified at both ends of the IS3 
sequence. Three ORFs, ORFs 1, 1A and IB were present within this DNA 
sequence.
E. coli promoters contain two conserved motifs termed -35 5'-TTGACA-3' 
and -10 5'-TATAAT-3' consensus sequences, which are recognised by E. 
coli RNA polymerase for transcription initiation (Rosenberg and Court, 
1979; Siebenlist et al., 1980; Hawley and McClure, 1983). An average E. 
coli promoter conserves 3.9bp of the -35 consensus and 4.2bp of the -10 
consensus, with an inter consensus spacing ranging from 15 to 21 bp 
(O’Neill, 1989). Individual bases within these consensus sequences are 
conserved to differing levels depending on many factors, for example the 
inter-consensus spacing (spacing class). In general, most of the available 
data take into account the three major spacing classes of 16, 17 and 18bp 
(O'Neill, 1989). At this level of degeneracy, promoters would occur in one 
or the other direction approximately every 200bp in a random sequence 
(Dykes et a l 1975). Therefore it is difficult to identify the position of an 
authentic promoter only on the basis of the -35 and -10 consensus 
sequences.
A putative promoter sequence was identified that could be responsible for 
transcription of the two longest ORFs. This putative promoter sequence has 
also been identified in IS3 (Timmerman and Tu, 1985) and, as shown in 
Figure 4.10, has a -35 region at coordinate 1418 and a -10 region at 
coordinate 1395, upstream of ORF 1A. No likely promoters were found 
preceding ORF 1, but the promoter just described might also transcribe this 
ORF to generate a bicistronic message. ORF IB is too close to the end of 
IS3 to allow for a complete promoter within the IS element.
The first AUG start codon of ORF 1 is located at coordinate 1078bp (Figure
4.10). Translation from this AUG results in a predicted protein of
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Figure 4.11 : Protein homology between ORF 1 and a putative
transposase from E. coli IS3

10 20 30 40 50 60
ORF1 MKYVFIEKHQAEFSIKAMCRVLRVARSGWYTWCQRRTRISTRQQFRQHCDSWLAAFTRS

I I 11 I I I I I I I I I I I 1111  Ml  1111 Ml  MM I I I
I  S3 MKYVFIEKHQAEFSIKAMCRVLRVARSGWYTWCQRRTRISTRQQFRQHCDSWLAAFTRS

10 20 30 40 50  60

70  80 90 100 110  120
ORF1 KQRYGAPRLTDELRAQGYPFNVKTVAASLRRQGLRAKASRKFSPVSYRAHGLPVSENLLE

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I II I II II I I I I I I I I I I I I I II
I  S3 KQRYGAPRLTDELRAQGYPFNVKTVAASLRRQGLRAKASRKFSPVSYRAHGLPVSENLLE

70 80 90 100  110 120

130  140 150 160 170  180
ORF1 QDFYASGPNQKWAGDITYLRTDEGWLYLAWIDLWSRAVIGWSMSPRMTAQLACDALQMA

I II I II I I II I I I I I I I I I II I I I I I I I I I I I II I I I I I II II I I I I I I I I I I I I I I I I 
IS 3  q d f y a s g p n q k w a g d it y l r t p e g w l y l a w id l w s r a v ig w s m s p r m t a q l a c d a l q m a

130  140  150 160 170 180

190  2 0 0  210  2 2 0  230  240
ORF1 LWRRKRPRNVIVHTDRGGQYCSADYQAQLKRHNLRGSMSAKGCCYDNACVESFFHSLKVE

1111II11II111II111111111111 M I N I
IS 3  LWRRKRPRNVIVHTDRGGQYCSADYQAQLKRHNLRGSMSAKGCCYDNACVESFFHSLKVE

190  2 0 0  210  2 2 0  230  240

2 5 0  2 6 0  270  2 8 0  289
ORF1 CIHGEHFISREIMRATVFNYIECDYNRWRRHSWCGGLSPEQFENKNLAX

I I II I I I II I I I II I I I I I I I I I I I I I I I I I I I II I I I I I I II II I I I
IS 3  CIHGEHFISREIMRATVFNYIECDYNRWRRHSWCGGLSPEQFENKNLAX

2 5 0  2 6 0  27 0  280

ORF1 refers to the product o f ORF 1. IS3 refers to the transposase from E. coli IS3. 

Numbers indicate amino acid coordinates o f the respective proteins. Vertical lines align 

identical amino acids. X indicates the ends o f the proteins.
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288 amino acids, however this AUG is not preceded with an obvious SD 
sequence. Computer analysis using the amino acid sequence of ORF 1 
identified homologous sequences. ORF 1 is 99.6% identical over 288 amino 
acids with the putative transposase for insertion element IS3 (Figure 4.11). 
The function of the proteins encoded by ORF 1A in the K10 nucleotide 
sequence and the equivalent ORF in IS3 is unknown (Timmerman and Tu, 
1985) but it is likely to encode other transposition functions. At the 
nucleotide sequence level, ORF 1A is 81.3% identical over 374bp with 
rmpA from Klebsiella pneumoniae, a transcriptional regulator of colanic 
acid synthesis in E. coli (Nassif et al, 1989) and of Klebsiella capsular 
polysaccharide synthesis in E. coli (Arakawa et al., 1991). If ORF 1A and 
ORF 1 are contained in a bicistronic message, they may have coupled 
translation, in which translation of ORF 1 would be dependant on 
translation of ORF 1A. The significance of ORF IB on the opposite strand 
of IS3 is not clear. ORF IB encodes a protein of 91 amino acids and a 
predicted molecular weight of 10.3kDa. The pattern of a large and a small 
ORF on opposite strands in codon-codon register seems to be conserved 
among many IS elements. However, ORF IB begins too close to the end of 
IS3 to allow for a complete promoter. This ORF would probably therefore 
be under control of outside promoters. If ORF IB encodes a protein 
involved in transposition, the regulation of IS3 could vary greatly, 
depending on the presence of external promoters at the location of insertion. 
Insertion elements such as IS3 may be involved in the rearrangement of 
bacterial chromosomes and the evolution of bacterial genomes (Umeda 
and Ohtsubo, 1989); the presence of IS3 in the K10 capsule gene cluster 
may give an indication as to how the capsule genes may have been acquired 
in the group III capsular strains.

ORF 2A, identified preceding ORF 2, encodes a protein of 123 amino acids 
with a predicted molecular weight of 14kDa. Database searches of ORF 2 A, 
failed to find any nucleotide or amino acid sequence homologies. In the 
absence of data which might give evidence that this minor ORF is expressed 
(such as a small protein being visualised in the minicell analysis), this ORF 
will not be discussed further.
The first AUG start codon of ORF 2 is located at coordinate 3161bp (Figure
4.10). Translation from this AUG results in a predicted protein of 581 
amino acids with a molecular weight of 64kDa. A putative SD sequence 
precedes this AUG codon (Figure 4.10). Potential promoter regions have
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been identified upstream of ORF2A at nucleotide coordinates 2649 and 
2671 (Figure 4.10). Analysis of the amino acid sequence of ORF 2 
identified a typical N-terminal leader signal peptide (Von Heijne, 1983; 
1985), which is composed of a positively charged residue (lysine) followed 
by a hydrophobic stretch of amino acids and a putative processing site 
(Figure 4.12). On this basis it seems likely that the first AUG of ORF 2 is 
the most probable translation start. Computer analysis using the amino acid 
sequence of ORF 2 identified homologous sequences. ORF 2 is 34.6% 
identical and 68.5% similar (Figure 4.13), over 552 amino acids, with the 
KpsD protein encoded by region 1 of the kpsA locus of E. coli K5 (Pazzani 
et al, 1993). The product of ORF 2 was a little larger than that of KpsD, 
which has a molecular weight of 60.5 kDa. A protein of 64kDa was 
observed in the minicell analysis of the K10 subclones which complemented 
mutations in the K5 kpsD (Section 4.2.2). Thus it appears that group III 
capsule expressing strains possess a KpsD homologue.
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Figure 4.12 : Putative N-terminal signal sequence in ORF 2

N-terminal signal sequence ORF 2

-3: Ala, Gly, Ser, Leu, lie, Val

-1: Ala, Gly, Ser 
------------------Cleavage Site

Phe 
Ala 
Ala 
lie 
Glu 
Asn

ORF 2 refers to the product o f ORF 2. Prokaryotic signal peptides, like eukaryotic ones, 
have three distinct regions, a positive charged amino-terminus (N-region), a hydrophobic 
core with a minimal length o f 7-8 amino acids (H-region), and a hydrophilic carboxy- 
terminus (C-region). The signal peptidase recognises or prefers certain amino acids for 
their steric configuration which determines the position for proteolytic cleavage. In 
prokaryotes the position -1 contributes the carboxyl group to the peptide bond that is 
restricted to small uncharged residues (Ala, Gly or Ser). The position -3 is generally 
restricted to Ala, Gly, Ser, Leu, lie or Val. Downstream o f the cleavage site a negative 
charge in the form o f Asp or Glu is preferred. Abbreviations: N, N-region; H, H-region; 

C, C-region.
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Figure 4.13 : Protein homology between ORF 2 and KpsD

10 20 30 40 50 60
ORF2 QLSTLLFLISASAFAAIEQNQSNGSHLGYDLAASTGE SRKMLADITGQPNTT ST------TGS

: I I : : : l | : : : | |  |:: II
KpsD MKLFKSILLIAACHAAQASATIDINADPNLTGAAPLTGI

10 20 30

70 80 90 100 110  120
ORF2 FTQQNRNGMLLPGESDVRKLLPQSEAGLPPPYGANLFAG-GYETERSDGLSDNYLIAPGD

I : : : II : II I : : :  : | : :  : | : :  I I I
Kp SD LNGQKSDTQNMSGFDNTPP— PAPPWMSRMFGAQLFNGT SAD SGAT VGFNPD YILNPGD

40 50 60 70 80 90

130  140 150 160 170  180
ORF2 KLNIWIWGAVNFSNWTVDNQGNI F I  PDVGPINVKNVPASQVNQLVASKIGDVFTNNVNT

: : : :  : | | |  : | : : s :  II : I I I I : I : I I I : : :  : I I 1: I I I : I I : : | :  : | | | :
KpsD SIQVRLWGAFTFDGALQVDPKGNIFLPNV GP VKIAGV SN SQLNALVT SKVKE VYQ SNVNV

100  110  120 130 140  150

190  200  210  220  230  240
ORF2 YVNLLTATPVSVFVTGPVIRPGQYAGQSSDSILYFLKRAGGIDSDRGSYRKIKVLRQNRV

I : :  I I I I I : I : I II I II h i  : | l h l  :|  : I II : I H i l l  I I  I I I I
K psD  YASLLQAQPVKVYVTGFVRNPGLYGGVTSDSLLNYLIKAGGVDPERGSYVDIWKRGNRV

160  170 180  190 200  210

250  260  270  280  290  300
ORF2 IQQIDLYDFIRYGKLPKLALKIQDVILVEQQGPMINVAGKVRNPFRFELTQRNALGSELV

: : :  : I I I I : I I I  : I : I : I : : : |  I I I : Ms s : :|  :
KpsD RSNVNLYD FLLNGKLGLSQFADGDT11VGPRQHTFSVQGDVFNSYDFEFRESSIPVTEAL

2 2 0  23 0  240  250  260  270

3 1 0  3 2 0  330  34 0  35 0  360
ORF2 NYALPLAKV SHVGVIGDRESGPFSVYLPYKD FTRLQLKDGDKVLFNDDMHAQVYDIQVSG

: : I I : : I : : :  : I I I :: : | : : | |  : : s I s I : : : : |  I
KpsD SWARPKPGATHITIMRKQGLQKRSEYYPISSAPGRMLQNGDTLIVSTDRYAGTIQVRVEG

2 8 0  2 9 0  300  31 0  320  330

3 7 0  38 0  390  400  410  419
ORF2 SYMGP SYFTVRKQTKLHDLLNYIPIDPE-LADYQSIYLIRKSVAARQKEMLDESLNRLER

: :  I : : :  s :: : | :  : h  : : : : : : :  I I I I I  l l l l l l :  I h H h
KpsD AHSGEHAMVLPYGSTMRAVLE— KVRPNSMSQMNAVQLYRPSVAQRQKEMLNLSLQKLEE

3 4 0  350  360  370  38 0  390

4 2 0  430  440  450  4 6 0  4 7 0  479
ORF2 SVFTTPARSDGEANIRAKEAELVMQFVEKARKVQPLGKVWADKGVIANIQLEQGDQIVI

: : : : : :  I I : : I : I I : I : : I I I II I I I  : I :: : : : I : : I I : I I I I
KpsD ASLSAQSSTKEEASLRMQEAQLISRFVAKARTWPKGEVILNE S N -ID  SVLLEDGDVINI

40 0  410  420  430  44 0  450

4 8 0  490  5 0 0  510  5 2 0  530
ORF2 PNKTDLIQVGGEVLIPQAWYNADANLDDYVAWAGGFTERANDKRIAIVHANGL-VEFKG

I : I I : I :: I I I I I : I : II :: : Hh l | : | : : : : :  II ::: II h :
KpsD PEKTSLVMVHGEVLFPNAVSWQKGMTTEDYIEKCGGLTQKSGNARIIVIRQNGARVNAED

4 6 0  470  480  490  500  510

54 0  550  560  570  580
ORF2 QGKVQPGDQILVLPQVDSKTMQS FKDITQIIYQIAVAANVAIKX

: : :  I II : I : I I I : s | | : s :  : | : I : I I : II : I : I :s
K psD VDSLKPGDEIMVLPKYESKNIEVTRGISTILYQLAVGAKVILSLX

520  53 0  540  550

Numbers indicate amino acid coordinates of the respective proteins. Vertical lines align 
identical amino acids. Double dots align similar amino acids. Horizontal lines represent 
gaps automatically inserted to maximise the alignment. X indicates the ends of the 

proteins.
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The first AUG start codon of ORF 3 is located at coordinate 4972bp 
(Figure 4.10). Translation from this AUG results in a predicted protein of 
266 amino acids with a molecular weight of 30kDa. Computer analysis 
using the amino acid sequence of ORF 3 identified 39.7% identity and 
73.9% similarity, over 257 amino acids (Figure 4.14), with the KpsM 
protein encoded by region 3 of the kps A locus of E. coli K5 (Smith et al.,
1990). The K5 KpsM protein is 29.5kDa and thus correlates well with the 
30kDa predicted molecular weight of the ORF 3 product. The hydropathy 
profiles of the protein encoded by ORF 3 and KpsM are very similar, both 
containing several hydrophobic domains (data not shown). Thus it appears 
that group III capsule expressing strains possess a KpsM homologue. A 
protein of 30kDa was not observed in the minicell analysis (Section 4.2.2), 
but it is probable that this may be due to a masking effect caused by vector 
encoded proteins.

The first AUG start codon of ORF 4 is located at coordinate 5784bp (Figure
4.10). Translation from this AUG results in a predicted protein of 216 amino 
acids and a molecular weight of 24.6kDa. Computer analysis using the 
amino acid sequence of ORF 4 identified 45.7% identity and 83.7% 
similarity, over 221 amino acids (Figure 4.15), with the KpsT protein 
encoded by region 3 of the kps A locus of E. coli K5 (Smith et al., 1990). 
The K5 KpsT protein is 25.5kDa and thus correlates well with the 24.5kDa 
predicted molecular weight of the ORF 4 product. Thus it appears that 
group III capsule expressing strains also possess a KpsT homologue. A 
protein of around 25kDa was observed in the minicell analysis (Section 
4.2.2), which could correspond to this KpsT homologue.

Computer analysis of the amino acid sequences of ORFs 3 and 4 also found 
homologies with the BexB and BexA proteins from Haemophilus influenzae 
(Kroll et al, 1990) and the CtrC and CtrD proteins from Neisseria 
meningitidis (Frosch et al, 1991) (Table 4.4). ORF 3, the KpsM 
homologue, has relatively modest homologies with BexB and CtrC and 
ORF 4, the KpsT homologue, has stronger homologies with BexA and 
CtrD.
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Figure 4.14 : Protein homology between ORF 3 and KpsM
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| | : :  l h  I : : : :  II | : :  : : : | l
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2 4 0  250

Numbers indicate amino acid coordinates o f the respective proteins. Vertical lines align 

identical amino acids. Double dots align similar amino acids. Horizontal lines represent 
gaps automatically inserted to maximise the alignment. X indicates the ends o f the 

proteins.
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Figure 4.15 : Protein homology between ORF 4 and KpsT
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Numbers indicate amino acid coordinates of the respective proteins. Vertical lines align 
identical amino acids. Double dots align similar amino acids. Horizontal lines represent 
gaps automatically inserted to maximise the alignment. The two underlined stretches of 
amino acid sequence denote regions o f ORF 4 which form the putative adenine 
nucleotide-binding fold (Walker et a l, 1982). X indicates the ends o f the proteins.
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Table 4.4 : Homology between identified ORFs in the K10
capsule gene cluster

ORF Protein Similarity

ORF 3 KpsM
BexB
CtrC

39.7% identity, 73.9% similarity over 257 aa 
28.2% identity, 63.5% similarity over 255 aa 
27.5% identity, 65.6% similarity over 247 aa

ORF 4 KpsT
BexA
CtrD

45.7% identity, 83.7% similarity over 221 aa 
46.5% identity, 77.9% similarity over 213 aa 
45.8% identity, 76.8% similarity over 216 aa

aa, amino acids

BexA and BexB, CtrD and CtrC are all involved in the translocation of 
polysaccharide across the cytoplasmic membrane and appear to be ABC- 
transporters (Reizer et al., 1992).

The first AUG start codon of ORF 5 is located at coordinate 6406bp (Figure 
4.16). Translation from this AUG results in a predicted protein of 232 amino 
acids. A second AUG codon is located at 6448bp. In the absence of any 
good putative SD sequence for either start codon the first AUG was used for 
subsequent analysis. Computer analysis using the amino acid sequence of 
ORF 5 identified 33.7% identity and 83.7% similarity, over 181 amino 
acids, with the region 1 encoded KpsE of E. coli K5 (Pazzani et al., 1993). 
The KpsE protein from E. coli is 379 amino acids in length with a 
molecular weight of 43kDa. A protein of 43kDa was visualised in minicell 
analysis using regions of the K10 capsule gene cluster which complemented 
the K5 KpsE protein. This suggests that the K10 capsule gene cluster 
encodes a KpsE homologue.
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Figure 4.16 : Protein homology between ORF 5 and KpsE
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Numbers indicate amino acid coordinates o f the respective proteins. Vertical lines align 
identical amino acids. Double dots align similar amino acids. Horizontal lines represent 
gaps automatically inserted to maximise the alignment.
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Recently, a conserved DNA sequence has been identified in the non-coding 
region upstream of several gene clusters in enteric bacteria for the 
biosynthesis of polysaccharides (Hobbs and Reeves, 1994; Arakawa et al., 
1995). This sequence (JUMPstart: Just Upstream of Many Polysaccharide- 
associated gene starts) is present in the gene clusters for the production of E. 
coli group II capsules {kps), the Vi antigen of Salmonella (viaB), and the 
outer core {rfa) and O-antigen {rfb) components of LPS. The JUMPstart 
sequence is 39bp long, G+C rich, and contains a 6bp direct repeat. In E. coli 
K1 and K5 it is located upstream of region 3. As the JUMPstart sequence is 
often located in the promoter regions of polysaccharide biosynthesis genes, 
it was postulated by Hobbs and Reeves (1994) that it may be involved in the 
regulation of transcription. It was also suggested that the JUMPstart 
sequence may be the recognition sequence of a site-specific recombinase, 
allowing the exchange of genes for polysaccharide biosynthesis and export 
between different bacteria. Recent work (Stevens et al., 1994) has shown 
that the JUMPstart sequence is homologous to sequences found in RfaH 
regulated operons, which may indicate a common mode of regulation of 
these polysaccharide biosynthesis genes by RfaH.
In the 7.2kb of sequence determined from the K10 capsule gene cluster a 
single JUMPstart sequence was identified (Figure 4.9). This observation 
was very interesting as this sequence was not found upstream of ORF 3 
(encoding the KpsM homologue), but was found in the region of nucleotide 
sequence following the insertion sequence IS3, between the minor ORFs 1A 
and 2A at coordinate 1796. This JUMPstart sequence had extremely high 
homology with the JUMPstart sequence upstream of region 3 in E. coli K5. 
Even more interesting was the finding of DNA sequences homologous to 
the promoter region of K5 region 3, including stretches of sequence with 
high homology to K5 kpsM (Figure 4.17). This homology (85% identity 
over 586bp overlap) begins immediately following the DNA sequence of 
IS3; the direct repeat sequence present in IS3 is found in the K5 region 3 
promoter sequence (Figure 4.17). The homology spans the promoter region 
of K5 region 3, but includes a deletion of almost 500bp of the K5 sequence, 
which results in the retention of the -10 consensus sequence and the site of 
initiation of K5 region 3 transcripts, together with the JUMPstart sequence. 
This has the effect of bringing the JUMPstart sequence much closer to the 
start of the region 3 transcript (Figure 4.17 and 4.18). The translated 
sequence also resulted in short stretches of amino acids homologous to
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Figure 4.17 :
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DNA homology between K10 and the region 3 
promoter region from the E. coli K5 kps locus
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AATCAATAAGTGAATTTTAAATAAGGAAAATAATTTCTACGAAAACTGTTCGTCGAGCTT
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Inverted repeats (IR) from IS3 are shown in underlined lowercase and direct repeats (DR) 
from IS3 are shown in bold. The site o f initiation of region 3 transcripts is marked with an 

arrow and the putative -10 consensus sequence is underlined. The K5 kpsM  start codon is 
shown in bold characters. The 39bp JUMPstart sequence is shown in double underlined 

italics. A marks the site of the 500bp deletion o f the K5 sequence (Figure 4.18).
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Figure 4.18 : Schematic diagram showing DNA homology between
K10 and the region 3 promoter region from the 
E. coli K5 kps locus

Schematic diagram showing the 500bp deletion in the K5 region 3 promoter 
region when aligned with the nucleotide sequence from the K10 capsule 
gene cluster. The 39bp JUMPstart sequence is underlined.
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Escherichia coli K10

GAAATGTTTGCTCAAGTATATCTAGT T CATCCAGTT GCAGAT A AGT A_T ACCTC CAGTGTATTGGTAGCTGTAAAGCCAAGGGCGGTAGCATT

JUMPstart

Escherichia coli K5

GAAATGTCTGCTCAGGTATATCTACT TT ATCCAGTT AC AA AT AAGCATTACCT C CAGTGT ATTGGTAGCTGTT AAGCCAAGGGCGGTAGCATT
JUMPstart

500bp of K5 DNA sequence with no homology to the K10 DNA sequence



those found in KpsM (Figure 4.10). These sequences seem to imply the 
existence of primordial group II kpsM gene sequences in the K10 capsule 
gene cluster and provide an intriguing picture of how the capsule genes may 
have been acquired in E. coli.
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4.3 Discussion

The complementation results demonstrate that while there appears to be no 
detectable nucleotide sequence homology between the group II and III 
capsule gene clusters, there is functional homology in some of the proteins 
involved in the export of these polysaccharides. In addition, the 
complementation by pRP102 confirms that the homologous regions in the 
K10 and K54 capsule gene clusters appear to encode the conserved 
functions involved in the polysaccharide export. The observation that the 
kpsC mutation was complemented by pRP4 (Figure 4.1) suggests that the 
genetic organisation of the K10 capsule gene cluster, and likely other group 
III capsule gene clusters, is different from that found in group II strains. In 
group II strains, the kpsC, kpsD and kpsE genes are part of a single 
transcriptional unit within region 1 (Pazzani et al, 1993). In the K10 
capsule gene cluster, it appears that these genes are separated by a region of 
DNA containing K10-specific sequences (Figure 4.1). One must be cautious 
in the interpretation of the failure to complement the mutations in either the 
kpsM or kpsT gene. It is possible that this reflects differences in the 
mechanism of export of group II and III polysaccharides across the 
cytoplasmic membrane. Alternatively, it may be as a result of the plasmid 
subclones used in the complementation experiments. Recent work (Stevens 
et al., 1997) has indicated that in K5, expression of region 2 is dependent on 
transcription coming from the promoter upstream of region 3. Transposon 
insertions in region 3 will abolish transcription through into region 2. 
Therefore, merely complementing region 2 in trans will not allow capsule 
formation since region 2 will not be expressed. Thus the failure to 
complement region 3 mutants in the K5 capsule gene cluster is due to 
polarity on the expression of the 3* region 2 genes.
Minicell analysis of plasmids derived from the K10 and K54 capsule gene 
clusters enabled a number of proteins to be identified. Two proteins were 
identified in minicells harbouring plasmids which complemented KpsD and 
KpsE. These proteins were comparable in size to KpsD and KpsE, being 
64kDa and 43kDa respectively. In addition, a 25kDa protein was also 
identified which may be a homologue of the K5 region 3 protein KpsT 
which has a predicted molecular weight of 25kDa (Smith et al., 1990). 
KpsM, which is 29.5kDa, has not been observed by minicells or by use of 
expression vectors (Smith et al., 1990), which may be due to a masking 
effect caused by vector encoded proteins. Alternatively, the KpsM protein
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may be unstable. Two other proteins with molecular weights of 20kDa and 
35kDa were observed in minicells harbouring plasmids derived from both 
the K10 and K54 capsule gene clusters, which may be may be breakdown 
products. Alternatively, these proteins may be conserved in other group III 
capsule gene clusters and may have a role in the transport of group III 
polysaccharides onto the cell surface.
Western blotting of K10 and K54 with antibodies made against KpsE and 
KpsD failed to detect similar proteins to KpsE and KpsD. However this is 
most probably due to the KpsE and KpsD homologues being sufficiently 
different from KpsE and KpsD to have different epitopes which are not 
recognised by the antibodies used.
The nucleotide sequence of the region of the K10 capsule gene cluster 
which was able to complement KpsE and KpsD was determined by 
automated DNA sequencing as described (Section 2.10). Computer analysis 
of this sequence identified five major open reading frames. The first open 
reading frame identified homology with the transposase from IS3. This 
finding is very interesting and provides some clues as to the mechanism of 
capsule gene acquisition in the group III E. coli capsular strains. H. 
influenzae type b strains may contain multiple copies of the cap genes 
(Kroll and Moxon, 1988). The cap locus is flanked by direct repeats of an 
insertion sequence-like element, IS 1016 (Kroll et al, 1991). Recombination 
events mediated by IS 1016 are responsible for the amplification of the cap 
locus. Although there is no evidence to suggest that the K10 capsule gene 
locus is duplicated, the presence of insertion sequences in the region of the 
capsule genes in these bacteria could provide a mechanism for the possible 
transfer of capsule genes between different bacteria.
Computer analysis of the remaining major ORFs has identified homology 
with KpsD, KpsM, KpsT and KpsE of the E. coli K5 capsule gene cluster 
and to a lesser degree, homologous proteins in H. influenzae type b and N. 
meningitidis.
ORF 2 shares homology with KpsD from region 1 of the E. coli K5 capsule 
gene cluster. KpsD is a periplasmic protein postulated to be involved in the 
translocation of polysaccharide across the outer membrane (Silver et al, 
1987). Mutations in the kpsD gene result in periplasmic polysaccharide, 
which suggests a role for KpsD in the passage of group II polysaccharides 
across the periplasmic space following export across the cytoplasmic 
membrane (Bronner et al, 1993; Wunder et al, 1994). KpsD has been 
found to have homology with PgpB of E. coli. PgpB is
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phosphatidylglycerophosphate B phosphatase, which hydrolyses 
phosphatidylglycerophosphate, phosphatidic acid (PA) and 
lysophosphatidic acid (Icho, 1988). The homology between KpsD and PgpB 
is localised to the hydrophilic domain of PgpB, which is thought to interact 
with PA. Since group II K-antigens are linked to PA at the reducing 
terminus (Finke et al, 1991; Jann and Jann, 1990; Kroncke et al, 1990), it 
is possible that the KpsD protein interacts with polysaccharide in the 
periplasm via PA. Group III K antigens have also been shown to have 
phospholipid at the reducing terminus and since KpsD could be 
complemented, the KpsD homologue identified is likely to have the same 
function. KpsD also shares homology with the ExoF protein of Rhizobium 
meliloti (Muller et al, 1993), a periplasmic protein involved in the export 
of succinoglycan (a cell surface polysaccharide of R. meliloti).
ORFs 3 and 4 shares homology with KpsM and KpsT from the E. coli K5 
capsule gene cluster. In E. coli K1 and K5, region 3 comprises two genes, 
KpsM and KpsT, organised in a single transcriptional unit (Smith et al, 
1990; Pavelka et al, 1991). Analysis of the predicted amino acid sequences 
of KpsM and KpsT indicates that they belong to the ATP-binding cassette 
(ABC) family of transport proteins (Fath and Kolter, 1993). This family 
comprises both prokaryotic and eukaryotic proteins that transport specific 
substances across the cell membrane using the energy derived from ATP 
hydrolysis. Most ABC-transporters comprise a hydrophobic membrane 
component, which mediates the transport process, coupled to a separate 
hydrophilic ATP-binding component.
Analysis of the hydropathy profile of KpsM from E. coli K5 and K1 
indicates that it is characteristic of an integral membrane protein with six 
potential membrane spanning domains (Smith et al, 1990; Pavelka et al,
1991). These hydrophobic domains are postulated to form a-helices which 
span the cytoplasmic membrane, with both the N- and C- termini in the 
cytoplasm. Analysis of the hydropathy profile (data not shown) of the K10 
ORF 3 product shows a very similar pattern, with at least six hydrophobic 
domains.
KpsT is predicted to be cytoplasmic protein and contains an adenine 
nucleotide binding fold (Smith et al, 1990; Pavelka et al, 1991). Adenine 
nucleotide binding sequences (Walker et al, 1992) have been identified in 
the inner membrane binding components of enterobacterial periplasmic 
binding protein-dependent transport systems (Higgins et al, 1990). Such 
Walker motifs have been identified in the amino acid sequence of ORF 4,
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in the K10 capsule gene cluster (Figure 4.15). This provides further 
evidence that ORF 4 encodes a KpsT homologue.
KpsM and KpsT have homologues in the capsule gene clusters of H. 
influenzae type b and N. meningitidis. These proteins may all have similar 
functions in capsule biogenesis, possibly mediating the transport of capsular 
polysaccharide across the inner membrane in a carrier or pore-mediated 
mechanism. This indicates that a conserved mechanism may exist for the 
energy dependent translocation of capsular polysaccharide, and may reflect 
a common ancestry for capsule genes in these microorganisms.
ORF 5 was found to share homology with KpsE from the E. coli K5 
capsule gene cluster. The reason for the smaller size of ORF 5 compared to 
KpsE is primarily due to insufficient K10 nucleotide sequence data, and 
may be compounded by the fact that the sequence in this region was only 
determined on one strand. In addition, not all the DNA sequence needed for 
the complete ORF may be present and the sequence may need to be 
extended in this region. ORF 5 also has homology with the BexC protein 
from H. influenzae and the CtrB protein from N. meningitidis. The CtrB 
protein has been implicated in the export of polysaccharides in N. 
meningitidis and has been located within the cell envelope (Frosch et al.,
1991). The finding that deletion mutants of the K1 antigen gene cluster 
which are predicted to lack the kpsE gene have polysaccharide within the 
periplasmic space (Boulnois et al., 1987) would support the role of the 
KpsE protein in the export of polysaccharide through the cell envelope. 
Taking into account the putative translation starts and the short gaps 
between the various ORFs, the region of the K10 capsule gene cluster 
spanning ORFs 2-5 might be organised into a single transcriptional unit. 
However, more data are required before defining accurately the 
transcriptional organisation of this region. It is interesting to note the 
arrangement of the capsule genes in this region. Looking at the K10 capsule 
gene cluster, in comparison with the E. coli group II capsule gene cluster, 
genes encoding the region 3 homologues have inserted between the genes 
encoding the first two protein homologues of region 1. Not only this, but the 
four genes are transcribed in the same direction, which is in contrast to the 
direction of transcription in group II capsule gene clusters. It seems that 
somehow the K10 region 3 genes have inverted and inserted into region 1. 
However, this is an oversimplification as the region 1 genes encoding 
KpsD and KpsE have also altered their position relative to each other. In the 
group II capsule gene clusters the gene encoding KpsE is the first gene in
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region 1, followed by KpsD. In the K10 capsule gene cluster the gene 
encoding KpsD is now the first gene in this transcriptional unit. Looking at 
the arrangement of capsule genes in bacteria other than E. coli reveals an 
intriguing observation. The arrangement of genes in the K10 capsule gene 
cluster is more similar to their arrangement in H. influenzae and N. 
meningitidis than to their arrangement in E. coli (Figure 4.19). The 
arrangement of region 3 together with kpsE and possibly KpsD as a single 
unit is found in both H. influenzae and N. meningitidis, termed region I and 
C, respectively.
Other genes of E. coli group II region 1, namely kpsC and kpsS, represent 
region 3 in the cap locus of H. influenzae. Lip A and LipB, proteins encoded 
by region B of the N. meningitidis capsule gene cluster, also share 
homology with KpsC and KpsS from E. coli group II capsule gene clusters. 
Further analysis of the region of K10 able to complement mutations in the 
K5 kpsC gene have been continued by Dr Brad Clarke at the University on 
Manchester. He has localised the KpsC homologue to a smaller fragment 
within the K10 gene cluster. No nucleotide sequence data has been 
produced from this region to date. However, limited DNA sequence from a 
region of the K10 gene cluster immediately adjacent to this fragment has 
recently been determined. This sequence was found to have homology with 
the KpsS protein of E. coli K5. This suggests, that in the K10 capsule gene 
cluster, KpsC and KpsS homologues are present and are found adjacent to 
each other (Figure 4.19). This organisation is reminiscent of the 
organisation of homologues present in region 3 of the cap locus of H. 
influenzae, and region B of the capsule gene cluster of N. meningitidis 
(Figure 4.19). These homologies confirm the functional conservation in the 
export of capsular polysaccharides in Gram-negative bacteria and further 
support the view that these capsule gene clusters have a common 
evolutionary origin.
Another interesting observation is that the four open reading frames in the 
single transcriptional unit identified in K10 are rich in the nucleotides A and 
T (-39% GC) which is inconsistent with the overall GC content of the E. 
coli genome. The average GC ratio in E. coli DNA is about 48-52 mol% 
(0rskov, 1984). Analysis of the DNA sequence of the group II K5 capsular 
gene cluster has revealed that the GC content is 50.6% in region I, 33.4% in 
region II and 42.3% in region III (Pazzani, 1992). The low GC content of 
region II implies the possibility that this region might have been acquired 
from a microorganism different from E. coli. In the K10 capsule gene
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Figure 4.19 : Comparison of the genetic organisation of capsule
gene clusters from Gram-negative bacteria

Genetic organisation of the E. coli K10 and K5, H. influenzae type b and N. 
meningitidis group B capsule gene clusters (not to scale). For clarity, a 
single copy of the H. influenzae capsule gene cluster is shown. The large 
boxes denote the conserved functional regions (Chapter 1). The smaller 
labelled boxes define specific genes that have been identified within each 
cluster. The hatched boxes in region 2 of the K5 capsule gene cluster define 
intergenic gaps. In K10, the dashed lines indicate unidentified boundaries 
and regions of this capsule gene cluster.
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cluster the GC content found in the four genes encoding protein 
homologues of the K5 transport proteins KpsD, KpsE, KpsM and KpsT was 
39%, which is significantly different to the GC content found in regions 1 
and 3 of the K5 capsule gene cluster, and the E. coli genome overall. This 
suggests that the capsule genes so far identified in the group III E. coli 
capsule expressing strains may have been acquired from another organism. 
The 39% GC content found in the capsule genes of K10 is more consistent 
with the 37% GC content previously reported for the H. influenzae genome 
overall (Roy and Smith, 1973). This raises questions as to the evolution of 
capsule gene clusters in these bacteria and further re-enforces the theory of a 
common evolutionary origin of encapsulation between E. coli, H. influenzae 
and N. meningitidis.
The K10 capsular polysaccharide is a polymer of rhamnose and 4,6- 
dideoxy-4-malonylaminoglucose (Sieberth et al, 1993). It is likely that the 
K10 DNA sequences not present in the other group III capsule expressing E. 
coli strains are equivalent to region 2 of the group II capsule gene clusters 
and encode enzymes for the biosynthesis of the K10 polysaccharide. 
Preliminary nucleotide sequence analysis of region 2 of the K10 capsule 
gene cluster by Dr Brad Clarke has revealed ORFs with homologies to RfbB 
(dTDP-D-glucose 4,6 dehydratase) and RfbD (dTDP-6-deoxy-L-mannose- 
dehydrogenase), proteins involved in the biosynthesis of rhamnose, which 
contains LPS molecules in Salmonella typhimurium (reviewed by 
Schnaitman and Klena, 1993). Homologous proteins are encoded by region 
D of the capsule gene cluster of N. meningitidis (Hammerschmidt et al, 
1994), although there are no detectable rhamnose-containing 
polysaccharides in meningococci. Similar genes have not previously been 
identified in the E. coli and H. influenzae capsule gene clusters and it has 
been suggested that the lack of such lipooligosaccharide synthesis in these 
bacteria indicates that in N. meningitidis group B, the insertion of the LOS 
genes occurs by some form of chromosomal rearrangement within 
meningococci (Hammerschmidt et al, 1994; Roberts, 1996). The 
observation that such genes are present in the K10 group III capsule gene 
cluster again raises interesting questions as to the mechanisms of capsule 
gene acquisition in Gram-negative bacteria.
The results highlight the theory of a common evolutionary origin of 
encapsulation between these bacteria and supports the notion of a common 
export system independent of the polysaccharide chemical structure, which 
may be interchangeable among these genera. The results also highlight the
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differences between the capsule gene loci of these bacteria. The 
organisation within specific regions of these loci appears quite different, but 
an interesting observation is that the organisation of the group III E. coli 
K10 capsule gene cluster, although encoding proteins homologous to those 
found in group II E. coli strains, seems to be organised in a similar way to 
that of H. influenzae and N. meningitidis.
The presence of a JUMPstart sequence in the K10 capsule gene cluster is 
interesting. The JUMPstart sequence is homologous to sequences found in 
RfaH regulated operons. Recent work (Stevens et al., 1997) has shown that 
the expression of the E. coli K5 capsular polysaccharide requires the rfaH 
gene and that RfaH increases the transcription of region 2 genes by 
readthrough transcription from the region 3 promoter. The region 3 
promoter was mapped to 741 bp 5' of the initiation codon of the kpsM gene, 
and the JUMPstart sequence found 28bp 5* to kpsM. The JUMPstart 
sequence is required for expression of the K5 antigen and for the 
antitermination activity of RfaH.
In the K10 capsule gene cluster sequences homologous to the sequence of 
the kpsM  gene were found preceded by the JUMPstart sequence. In 
addition, homologies were found to regions of the kpsM promoter. A 
second, complete copy of a kpsM homologue was present together with 
kps T in the K10 capsule gene cluster, but as described previously, was 
found to be present in between regions of sequence encoding proteins 
homologous to the K5 region 1 encoded proteins KpsD and KpsE. No 
additional JUMPstart sequence was found 5* to this complete kpsM 
homologous sequence, neither was any promoter region, therefore the 
regulation of genes in the K10 capsule gene cluster is as yet unclear. It is 
interesting to speculate if the K5 region 3 promoter located upstream of the 
identified JUMPstart is used for expression of the K10 capsule genes. 
Future work could be undertaken to investigate the role of RfaH in 
expression of the K10 antigen. The presence of the truncated kpsM 
homologue poses questions as to the acquisition of the capsule genes in 
K10. One explanation is that in K10 and most probably the other group III 
capsule producing E. coli strains, an entire capsule gene cluster has inserted 
into the kpsM gene within region 3 of an E. coli group II strain, resulting in 
a truncated primordial kpsM gene (kpsM is either the last or first gene in the 
K5 capsule gene cluster). Analysis of the E. coli K10 capsule gene cluster 
has revealed a strikingly similar organisation of genes in this group III strain 
and in the H. influenzae and N. meningitidis capsule gene clusters. These
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observations suggest that in these Gram-negative bacteria, the capsule genes 
may have been derived from a common origin.
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CHAPTER 5

Discussion

Escherichia coli can express a large number of chemically different capsular 
polysaccharides which have previously been grouped on the basis of shared 
biochemical characteristics. At the beginning of this study there appeared to 
be two well defined mutually exclusive systems for the capsular 
polysaccharide production: the group I capsule genes near his and the group 
II capsule genes near serA. In addition, a third group of capsules had been 
suggested which appear to share characteristics of both group I and group II 
capsules and have been referred to as group I/II (Finke et a l , 1990).
The genes for production of group I/II capsules have previously been 
mapped and are apparently located at the same chromosomal site (near serA) 
as the group II capsule genes (0rskov and Nyman, 1974). However, DNA 
probes taken from group II capsule genes clusters do not hybridise to DNA 
from group I/II strains (Drake et al., 1993), which suggests that the group 
I/II capsule genes are distinct from those of group II despite mapping to the 
same position on the E. coli chromosome. Thus the serA region of the E. 
coli chromosome appears to be highly variable. The aim of this study was 
to investigate the variability of the serA region by determining the genetic 
relationships between the group II and group I/II capsule gene clusters.
The K10 and K54 capsule gene clusters were cloned and analysed. Using 
probes taken from DNA sequences flanking the group II (K4) capsule gene 
cluster to probe the K10 and K54 capsule gene clusters it was found that the 
K10 and K54 capsule genes appear to be located at the same chromosomal 
position {serA) as the group II capsule genes clusters and are flanked by the 
same DNA. DNA sequences found in the K10 capsule gene cluster were 
found to have homologies with DNA from a number of the other proposed 
members of group I/II. At low stringency, a small amount of homology was 
observed between the K10 capsule gene cluster and DNA from the group II 
K5 antigen expressing strain. This was somewhat surprising, since previous 
studies indicated that the group I/II strains had no homology with capsule 
genes of group II strains (Drake, 1991) and seems to suggest that the group
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I/II capsule genes do share some homology to group II capsule genes, but 
that this homology may be confined to particular sequences.
The capsule genes of group I/II, like those of group II, were found to be 
internally variable, with both the K10 and K54 capsule gene clusters 
containing K antigen-specific sequences. This would account for expression 
of the chemically different group I/II polysaccharides. As a result of the 
analysis of these serA-linksd group I/II capsule gene clusters we concluded 
that they were sufficiently different from the group II capsule gene clusters 
to justify their renaming as group III. This classification removes any 
ambiguity which may arise with the current nomenclature of I/II, which 
implies that they are hybrid capsule gene clusters.
In group II capsule expressing strains of E. coli, the group II capsule gene 
cluster is located near serA. Genetic analysis of the group II capsule gene 
clusters has resulted in the identification of three discrete functional regions, 
regions 1, 2 and 3 (Boulnois et al., 1987; Roberts et al., 1988). Regions 1 
and 3 are conserved between all group II strains so far analysed and encode 
proteins involved in the transport of the capsular polysaccharide onto the 
cell surface. Despite the apparent lack of DNA homology between the group 
II and group III capsule gene clusters, mutations in regions 1 and 3 of the 
K5 (group II) capsule gene cluster could be complemented by sequences of 
the K10 capsule gene cluster. This implied functional homology in some of 
the proteins involved in the export of these two groups of capsular 
polysaccharides.
Nucleotide sequence analysis of the K10 capsule gene cluster revealed in 
more detail the relationships between the group II and group III capsule 
gene clusters. A number of genes were identified which encoded proteins 
homologous to some of the proteins encoded by regions 1 and 3 of the K5 
capsule gene cluster. At the DNA level only limited homology was 
observed, but this homology was increased at the amino acid level. This 
would explain the observation of the slight DNA homology which was 
found between certain of the probes derived from the K10 capsule gene 
cluster to K5 DNA.
The organisation of the K5 homologues found in the K10 capsule gene 
cluster proved to be of great interest. In K10, the homologues of the group 
II region 3 genes kpsM and kpsT were found to be located between the 
homologues of the group II region 1 genes kpsE and kpsD. Work by Dr 
Brad Clarke at the University of Manchester indicates the presence of 
homologues of both kpsC and kpsS in the K10 capsule gene cluster, but
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these appear to be separated from the other group II homologues by a region 
involved in the biosynthesis of the K10 polysaccharide. These results 
indicate that in the group III strains (at least in K10) the organisation of the 
capsule gene cluster is very different to that of the group II strains.
Analysis of the preliminary nucleotide sequence from the K10 
polysaccharide biosynthesis region have identified two genes, which encode 
proteins which share homology with two proteins, RfbB and RfbD, involved 
in the biosynthesis of rhamnose in Salmonella typhimurium. The finding 
that such genes are present in the K10 capsule gene cluster is very 
intriguing, since similar genes have been found in the capsule gene cluster 
of Neisseria meningitidis group B. In meningococci it has been proposed 
that these genes have been acquired by some form of chromosomal 
rearrangement (Hammerschmidt et al, 1994). Further sequencing will 
identify more accurately the genetic composition of this region and enable 
the boundaries between the different regions to be more clearly defined.
The organisation of the K10 capsule gene cluster appears to be similar to the 
organisation of the capsule gene clusters of Haemophilus influenzae type b 
and N. meningitidis group B (Figure 4.19). This observation supports the 
notion that the capsule gene clusters in Gram-negative bacteria may have a 
common evolutionary origin. The GC content of the K10 region encoding 
homologues of kpsD, M, T and E was found to be 39% which is 
inconsistent with the 50% GC content of regions 1 and 3 from the K5 
(group II) capsule gene cluster and the E. coli genome overall, and may 
suggest that the capsule genes so far identified in K10 may have been 
acquired from another organism. It is interesting to note that the GC content 
of the H. influenzae genome is 37%. Determination of the GC ratio of the 
K10 region analogous to region 2 of the group II capsule expressing strains 
may prove to be of interest, since in group II strains, region 2 has been 
found to have a very low GC content of 33%. In the case of K5, this implies 
that region 2 has a different origin from regions 1 and 3; or that region 2 
may have been inherited by E. coli more recently than the conserved regions 
1 and 3. The rfb genes of Salmonella also have a low GC content and it has 
been postulated that the rfb genes do not originate from the 
Enterobacteriaceae (Liu et al, 1991; Verma and Reeves, 1989).
Two of the group III capsular strains, K ll and K19, failed to show any 
homology with the K10 capsule genes, which suggests that these two strains 
may not be members of the group III family and may constitute yet another 
group of capsular polysaccharides in E. coll An attempt to establish the
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chromosomal location of the K ll and K19 strains was undertaken. The 
results for the K ll strain were inconclusive, but the K19 capsule genes 
appeared to map near thr 1, which provides evidence to support the notion 
that the K19 strain does not belong to either the group I, II or III capsule 
expressing strains and may represent a new class of capsules in E. coli.
At this stage it is not possible to say for certain how the various different 
organisations of the serA region of the chromosome found in different 
strains of E. coli, have arisen. Vimr (1991) suggested that the group II 
capsule gene cluster was inherited by a transpositional event to the 64' 
region of the E. coli chromosome. Insertion sequences have not been found 
in group II capsule gene clusters, but in the course of this study, an insertion 
sequence IS3 has been found flanking the group III K10 capsule gene 
cluster. The presence of IS3 in group III strains suggests that transposition 
is likely to have been an important mechanism in the inheritance of the 
group III capsule genes near serA. The observation of parts of a kpsM gene 
adjacent to the insertion sequence is very interesting and may provide 
evidence that in K10, an entire capsule gene cluster has inserted into the 
same region of the chromosome, resulting in this truncated primordial kpsM. 
The retention of the JUMPstart sequence in this region of the K10 capsule 
gene cluster may suggest that it has an important role in the regulation of the 
group III capsule genes, although this has still to be established. Indeed, 
experiments are currently underway at the University of Manchester to 
determine the role of RfaH in the regulation of capsule production in K10.
It is also worth considering the serA region of the chromosome in group I 
capsule expressing strains and E. coli LE392. The chromosome of group I 
capsule expressing strains and E. coli LE392 do not carry the group II kps 
genes and there is no evidence to suggest that capsule genes of any type are 
present near serA. The common components of the E. coli chromosome 
which lie either side of the group II and group III capsule genes are present 
on the chromosome, presumably at this site (Drake, 1991). The group IA 
capsule genes have been mapped to the his region of the E. coli 
chromosome (0rskov et al, 1977). If, as is likely, group IB antigen gene 
clusters are also located at the his region of the E. coli chromosome, then 
this region of the chromosome must contain the group IB capsule gene 
cluster, the cps gene cluster for colanic acid, and the rfb gene cluster for 
the production of an O antigen together with a rol gene. Study of this 
region of the chromosome in group IB and IA strains will be fascinating and
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will help elucidate the relationships between these different group I K 
antigen gene clusters and their relationships to rfb gene clusters.
The study of group III capsule gene clusters as described in this thesis has 
contributed to our understanding of the genetic organisation of the K10 
capsule gene cluster and DNA sequencing has produced preliminary 
information about the function played by some of its products. The 
relationship between the group II and group III capsule gene clusters has 
been investigated, and results have confirmed that the group III capsule 
genes are located at the same region of the chromosome at serA but are 
distinct from the group II capsule genes and have a different organisation. It 
is hoped that these studies will be extended and result in the sequencing of 
the entire K10 capsule gene cluster, which will provide more detail about 
the genetic organisation and biosynthesis of this group III capsule, and may 
shed further light on the origin and mechanisms of acquisition of the 
capsule genes at the serA region in E. coli.
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