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ABSTRACT

In this thesis, the genetic loci encoding capsular polysaccharide synthesis (cps) have
been characterised for all members of Streptococcus pneumoniae serogroup (19F, 19A,
19B and 19C). In each serotype, the cps locus is located in the S. pneumoniae chromosome
between dexB and aliA and appears to be arranged as a single transcriptional unit. The
arrangement of the genes within the cpsl9 loci is highly conserved with 13 genes (cpsi9A-
H, and K-O) common to all four serogroup 19 members. These genes encode functions
required for the synthesis of the shared trisaccharide component of the group 19 capsular
polysaccharide (CPS) repeat unit structures. Furthermore, the genetic differences between
the group 19 cps loci identified are consistent with the differences in the CPS structures of
individual serotypes. Functions have been assigned to nearly all the cps19 gene products,
based on either gene complementation or similarity to other proteins with known functions.
This has enabled biosynthetic pathways for production of all four group 19 CPSs to be
proposed.

Nearly all of the common genes from types 19F, 19B and 19C are >95% identical
to each other. However, closely related homologues of cpsI9fT and J, which encode the
type 19F polysaccharide polymerase and repeat unit transporter, respectively, are not found
in the type 19B and 19C cps loci. In type 19B and 19C this region of the cps locus
(between cpsI9bH and cpsI9bK) contains five genes which encode a unique
polysaccharide polymerase and repeat unit transporter, as well as two additional putative
glycosyl transferases and a protein which may be involved in synthesis of an activated
ribose precursor. Transformation studies indicated that these five genes encode all of the

functions required to convert a type 19F pneumococcus to type 19B. The type 19C cps



locus differs from the 19B c¢ps locus only in the insertion of a glucosyl transferase gene
(cps19cS) between cpsI9cK and cpsl9cL. Transformation studies have shown that the
presence of this gene accounts for the additional glucose side chain in the otherwise
identical repeat unit structures. The type 19C cps locus contains 19 genes, and at 21 kb it
is the largest pneumococcal capsule gene cluster characterised to date.

Although the ¢ps9a and cpsl9floci are identical in the number and arrangement of
the genes present, the similarity between individual genes varies from 70% to 99% identity
(for both the nucleotide and the deduced amino acid sequences). This sequence divergence
is surprising given that the only difference between their CPS repeat units is the glycosidic

linkage which joins the repeat units together (o(1—2) for 19F and o(1—3) for 19A).

Theoretically, only a difference in the cpsi9al éene, which presumably encodes the
polysaccharide polymerase responsible for this linkage, is required to change a type 19F
pneumococcus into type 19A. Indeed, this was demonstrated by a transformation event in
which the region of the ¢psl9a locus encoding Cpsl19aH and Cpsl19al replaced the
homologous portion of the ¢cps19f locus was sufficient to convert CPS type from 19F to
19A. Given that Cps19fH and Cpsl9aH are >95% identical, it seems probable that
Cps19al (79% identity) is solely responsible for the observed alteration in CPS type.

The serotype specificity of the cpsI9f genes was investigated by Southern
hybridisation analysis of chromosomal DNA from other S. pneumoniae serotypes. Large
variations in the hybridisation patterns were obtained with the different gene-specific
probes. Probes specific for sequences flanking cpsl9f hybridised with all the serotypes
tested. However, within the ¢ps loci, only c¢psI9fA and cpsi19fB were common to all
serotypes. Based on the Southern hybridisation analysis a protocol for PCR amplification
of cps loci was developed and used to amplify the cps regions from a variety of
pneumococcal serotypes. Direct sequencing of the 5° end of the PCR products was

undertaken and identified two classes of ¢psC gene. Southern hybridisation studies with



cps19aC- and D-specific gene probes demonstrated that homologues of the first four genes
in the cps locus, cpsA-D, are present in all serotypes and that all the ¢ps loci tested evolved
from one of two clonal origins which contained either class I or class I ¢psC and D genes.
The cpsE gene, which encodes a glucose-1-phosphate transferase, is also conserved (in the
two distinct classes) in the ¢ps loci of all serotypes tested which contain glucose in their
CPS, except type 3.

The sequence analysis of the various cps loci presented in this thesis provides
further evidence that in nature frequent recombination occurs between different cps loci
resulting in either complete exchange of the cps locus or exchange of only part of the cps

locus, and could potentially result in the expression of new capsular serotypes.
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ABBREVIATIONS

Abbreviations which are acceptable to the Journal of Bacteriology are used in this

thesis without definition in the text. Additional abbreviations are defined when first used

in the text and are listed below.

Amp

AP

BA

Cml
CPS
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C-terminus
DIG
DOC
ECA
EPS

Ery
Exolll
Gal

Glc
GIcA
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capsule biosynthesis genes
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digoxigenin

deoxycholate

enterobacterial common antigen
exopolysaccharide

erythromycin

exonuclease III

galactose

glucose

glucuronic acid

N-acetyl glucosamine

Haemophilus influenzae type b vaccine
high-performance liquid chromatography
inverse PCR

kanamycin

Luria-Bertani broth

Luria-Bertani broth containing ampicillin and kanamycin
lipooligosaccharide

lipopolysaccharide

long-range PCR

N-acetyl mannosamine

amino terminus

open reading frame

penicillin binding proteins

rhamnose

ribose

rifampicin

free secretory component

streptomycin
N,N,N',N'-tetramethyl-ethylene-diamine
tetracycline

Todd-Hewitt broth supplemented with 0.5% (wt/v) yeast extract
undecaprenol-phosphate
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Chapter 1

INTRODUCTION

1.1 Streptococcus pneumoniae, a Distinguished History

Streptococcus pneumoniae, or the pneumococcus, was first isolated in 1880 by
Sternberg in the United States and Pasteur in France. Both independently isolated “roughly
lancet-shaped pairs of coccoid bacteria” from the blood of rabbits injected with human
saliva. Early intensive scientific investigations of the pneumococcus yielded many
important discoveries concerning both cellular and molecular biology (Austrian, 1981a;
Watson et al., 1993).

Some of these fundamental achievements, which can be attributed to studies on the

pneumococcus, are summarised below.

1.1.1 Development of the Gram stain

Gram (1884) examined sections of lung tissue from people who had died of
pneumonia and discovered that these sections contained many coccoid bacteria that
retained an aniline-gentian violet stain, “the cocci of croupous pneumonia”. Although the
significance was not realised at the time, he also noted the presence of an encapsulated

coccoid bacterium that did not retain the stain (later identified as Klebsiella pneumoniae).
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Today, most clinically important bacteria are recognised as either Gram-negative or Gram-

positive.

1.1.2 Humoral immunity and phagocytosis

Klemperer and Klemperer (1891) showed that rabbits injected with heat-killed
pneumococci were immune to reinfection with the same strain but not to reinfection with
different clinical isolates. They also demonstrated that rabbits were protected against
primary infection by infusion of serum from an immunised rabbit. Issaeff (1893)
demonstrated that the protective serum was not bactericidal, rather it promoted the
ingestion of pneumococci by the phagocytic cells of the immune system. Neufeld and
Rimpau (1904) demonstrated that this phenomenon results from the exposure of the
bacteria, rather than the phagocytes, to the serum. These observations described

opsonisation, the interaction of antibodies and complement with the bacterial surface.

1.1.3 The concept of serotyping

Neufeld (1902) demonstrated both macroscopic agglutination and microscopic
swelling of the pneumococcal capsule after addition of specific antiserum to a cell
suspension. Although the capsule swelling or “quellung” reaction became the accepted
technique for routinely serotyping pneumococcal isolates, it was not used for this purpose

until much later (Armstrong, 1931).

1.1.4 The observation of antibiotic resistance in bacteria

The pneumococcus was one of the first bacteria to be recognised as being able to
acquire resistance to antibiotics. Morgenroth and Kaufman (1912) isolated pneumococci

resistant to optichin, a derivative of quinine, from mice which had been treated with this

1. Introduction
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antibiotic. Moore and Chesney (1917) also described optichin resistant pneumococci
isolated from humans. However, these findings pre-dated the development and
introduction of safe, effective antibiotic treatments and were largely forgotten. There were
reports of antibiotic resistant pneumococcal isolates in the 1940s (Frisch et al., 1943;
Eriksen, 1945), however, the significance of clinical resistance to antibiotics was not
recognised until twenty years later when a penicillin resistant pneumococcus was isolated
in Australia from the sputum of a patient (Hansman and Bullen, 1967). Antibiotic resistant
pneumococci are becoming more prevalent and the significance of this will be discussed in

section 1.6.

1.1.5 Recognition of the first non-protein antigen

The discovery of a “soluble substance of the Pneumococcus” in the blood and urine
from pneumonia patients (Dochez and Avery, 1917) lead to the eventual recognition of the
first non-protein antigen, the pneumococcal capsular polysaccharide (CPS). Heidelberger
and Avery (1923) identified this soluble substance as a complex carbohydrate or
polysaccharide which was responsible for serological reactivity. However, it was widely
believed that only proteins could be immunogenic leading to the assumption that the
immunogenicity was due to a contaminating protein, even though it was resistant to the
effects of boiling or trypsin digestion. Heidelberger (1927) later concluded that this highly
reactive substance was distributed over the surface of the bacteria and was responsible for
type specificity. Heidelberger and colleagues then showed that this capsule was
immunogenic by immunising mice with the capsular material to protect them from

subsequent pneumococcal challenge.

1.1.6 Bacterial transformation

The phenomenon of transformation of pneumococci from one serotype to another
1. Introduction



4
was first described by Griffith (1928). His studies were designed to determine the

requirement for reversion of unencapsulated or rough pneumococcal variants to the
encapsulated or smooth form. When mice were injected with live rough pneumococci
derived from one serotype and heat-killed cells from another, a proportion of the mice
succumbed to an infection caused by pneumococci of the same serotype as that of the heat-
killed inoculate. It wasn’t long before capsular transformation was demonstrated in vitro
by Dawson and Sia (1931), and repeated by Alloway (1932; 1933) using pneumococcal cell

extracts.

1.1.7 Discovery of DNA as the genetic material

The hunt for this “transforming principle” led to one of the most significant
discoveries in biological science this century. In 1944, Avery, McLeod and McCarty
published a paper which showed conclusively that DNA was the determinant of capsular
transformation, and therefore, was the carrier of genetic information (Avery et al., 1944).
A paper published two years later (McCarty and Avery, 1946) silenced the sceptics by
showing that deoxyribonuclease destroyed the biological activity of the “transforming
principle”. In this paper, McCarty wrote with great insight: “It remains one of the
challenging problems for future research to determine what sort of configurational or
structural differences can be demonstrated between desoxyribonucleates of separate
specificities.” McCarty suggested that “the nucleic acid of the pneumococcus is concerned
with innumerable other functions of the bacterial cell” thus “discovering the chemical basis
of biological specificity of desoxyribonucleic acids becomes extremely complex, since a
given preparation will represent a mixture of a large number of entities of diverse
specificity.” Hotchkiss (1951) demonstrated this “diverse specificity” of DNA by

introducing a trait other than capsule type into a pneumococcus. He induced penicillin

1. Introduction



5

resistance in a penicillin-sensitive pneumococcus by transfer of DNA from a penicillin-

resistant strain.

1.2 Pneumococcal Disease

More than a century after its initial isolation S. pneumoniae is still an important
cause of life-threatening, invasive diseases such as pneumonia, bacteraemia and meningitis,
with high morbidity and mortality throughout the world. S. pneumoniae is also a leading
cause of less serious but highly prevalent infections such as otitis media and sinusitis.

An overview of the mechanisms involved in pneumococcal disease and the
pathogenesis of S. pneumoniae is presented below. Several comprehensive reviews on this
topic have been published recently (Musher, 1992; Paton et al., 1993; Tuomanen et al.,

1995; AlonsoDeVelasco et al., 1995; Watson and Musher, 1996).

1.2.1 Colonisation of the nasopharynx

S. pneumoniae is carried, asymptomatically, in the upper respiratory tract by many
healthy individuals. The transmission of pneumococci from a carrier to another person is
dependent on the frequency and intimacy of their contact (Riley and Douglas, 1981). Thus
among adults, carrier rates are highest for those living in crowded conditions such as in
barracks and dormitories. This person to person spread often occurs concurrently with
viral infection of the upper respiratory tract. Carriage rates are highest among preschool
children and tend to decrease with increasing age (AlonsoDeVelasco et al., 1995). Day-
care centre attendance is associated with increased carriage rates of pneumococci and thus

the risk of invasive pneumococcal disease for such children is increased (Takala er al.,

1. Introduction
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1995; Cherian et al, 1994). Virtually everyone is colonised by pneumococci at some
stage. The average duration of carriage is about six weeks in an adult, but can be greater
than one year in some people (Musher, 1992). There are two consequences of carriage,
either seroconversion and subsequent elimination of the pneumococcus, or invasion of the
organism leading to pneumococcal disease. Most infections do not result from prolonged

carriage, but probably occur within the first week of colonisation (Musher, 1992).

1.2.2 Risk factors for pneumococcal disease

Pneumococcal disease occurs most frequently in the extreme ages of life. High
rates of invasive pneumococcal disease occur in children under two. The rate then
decreases with increasing age with teenage children and young adults having the lowest
rates of disease. The rate then increases with middle age, again reaching a high level in the
elderly (Musher, 1992).

People with functional or anatomic asplenia are highly susceptible to pneumococcal
bacteraemia because of reduced capacity to clear encapsulated bacteria from the blood.
Increased risk of pneumococcal disease is also associated with certain medical conditions
that result in either impaired pulmonary clearance mechanisms (such as cigarette smoking,
emphysema, chronic bronchitis, chronic pulmonary disease and viral respiratory infections
such as influenza), or reduced immune responses (such as leukaemia, multiple myeloma,
lymphoma, HIV infection, Hodgkin’s disease, organ or bone marrow transplantation,
prolonged use of systemic corticosteroids and chronic renal failure). Other medical
conditions that increase susceptibility to pneumococcal disease include chronic
cardiovascular diseases, chronic liver diseases, diabetes mellitus (which is often associated
with either cardiovascular or renal dysfunction), malnutrition, and alcoholism. People with

chronic cerebrospinal fluid leakage resulting from congenital lesions, skull fractures or

1. Introduction
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neurosurgical procedures are also at risk of recurrent pneumococcal meningitis (Centers for

Disease Control and Prevention, 1997).

1.2.3 Incidence of pneumococcal disease

S. pneumoniae is the most common cause of acute otitis media in children aged less
than five years in the United States (Bluestone et al., 1992). In the United States more
than half of all children suffer acute otitis media during their first year of life, and nearly
half have had at least three attacks before their third birthday (Teele et al., 1989).
Although acute otitis media does not usually progress to invasive disease, it has a
considerable impact upon health care costs.

S. pneumonige is the commonest cause of community-acquired bacterial
pneumonia. It is thought that at least 500,000 cases of pneumococcal pneumonia occur
annually in the United States. The precise figure is difficult to ascertain because in many
cases of pneumonia, the aetiological agent remains unidentified. In the United States, S.
pneumoniae has been estimated to be responsible for 25-35% of all cases of bacterial
pneumonia requiring hospitalisation (Fang, 1990), and concurrent bacteraemia occurs in
10-25% of adult patients. S. pneumoniae is also a leading cause of bacterial meningitis in
the United States (Wenger et al., 1990).

Invasive pneumococcal disease causes 40,000 deaths a year in the United States
alone (Centers for Disease Control and Prevention, 1997). Despite appropriate
antimicrobial therapy and intensive medical care, the overall case fatality rates are about
15-20% for bacteraemia and meningitis. This rate increases to 30-40% among elderly
patients (Hook et al., 1983; Wenger et al., 1990). As the prevalence of multiply antibiotic
resistant pneumococci increases, pneumococcal disease will become more difficult to

manage, potentially increasing the mortality rate further.
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1.2.4 Pathogenesis of pneumococcal infections

The first stage of pneumococcal infection is nasopharyngeal colonisation. The
virulence of the colonising strain and the immune status of the host are important
determining factors in the onset of pneumococcal disease. However, the mechanisms
which enable the pneumococcus to infect the lung or to migrate directly into the
bloodstream are poorly understood (AlonsoDeVelasco et al., 1995). Certain risk factors,
such as the presence of a respiratory viral infection, greatly enhance the spread of
pneumococci to the lungs. Epithelial damage caused by the virus also aids the spread of
the pneumococcus into the bloodstream. From the blood, the pneumococcus may spread to
the meninges. The pneumococcus may also enter the meninges directly from the
nasopharynx either if the dura mater has been compromised or as a complication of

sinusitis (Musher, 1992).

1.2.5. Pneumococcal virulence factors

Many pneumococcal components are known to contribute to the pathogenicity of
this organism. Various virulence factors and their role in pneumococcal disease are
described below.

1.2.5.1 Capsule

The polysaccharide capsule protects the pneumococcus from phagocytosis and is
recognised as the major virulence factor of S. pneumoniae. All clinical isolates of S.
pneumoniae are smooth. Although rough strains can be maintained in vitro, such strains
are almost completely avirulent. Avery and Dubos (1931) demonstrated that enzymatic
depolymerisation of the capsule increased the LDso of a type 3 pneumococcus by 10° fold.

More recently a similar effect on the virulence of a type 3 pneumococcus was achieved by
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transposon mutagenesis of a gene essential for capsule production (Watson and Musher,
1990).

1.2.5.2 Cell Wall

Both cell wall peptidoglycan and teichoic acid induce inflammatory responses in
the host. Teichoic acid activates the alternate pathway of complement which enhances
vascular permeability, and recruits and activates leucocytes (AlonsoDeVelasco et al.,
1995). The cell wall components also induce production of cytokines such as interleukin-
1, and stimulate production of platelet-activating factor (Tuomanen et al., 1995). The acute
inflammatory response generated is thought to cause the tissue damage responsible for the
high morbidity and mortality associated with pneumococcal disease (Musher, 1992). In
fact, the tissue damage caused by pneumococcal disease can be mimicked by injecting
purified pneumococcal cell wall components into animals (Tuomanen et al., 1985).

1.2.5.3 Autolysin

Autolysin, a N-acetylmuramic acid-L-alanine amidase, cleaves the covalent bond
between the glycan chains and the peptide side chains in the cell wall. Autolysin mutants
tend to grow in short chains rather than discreet diplococci suggesting that autolysin may
be involved in cell separation (Paton et al., 1993). The lytic tendency of pneumococci in
stationary phase culture, or in the presence of deoxycholate (DOC), is caused by the
activation of autolysin. Autolysin is thought to contribute to pneumococcal pathogenesis
because of its ability to lyse the cell. Unrestrained growth of the pneumococcus at the site
of infection leads to autolysis and the release of cell wall fragments and virulence proteins
such as pneumolysin resulting in an inflammatory response and progression of
pneumococcal disease (AlonsoDeVelasco et al., 1995).

1.2.5.4 Pneumolysin

Pneumolysin is a thiol-activated cytolysin which is produced by nearly all clinical

1. Introduction



10

S. pneumoniae isolates. Pneumolysin is a member of the thiol-activated cytolysin family of
toxins produced by several Gram-positive genera. However, pneumolysin differs from the
other members of this family in that it is not secreted, but remains cytoplasmic until it is
released by autolysis. Pneumolysin is a bifunctional toxin, and in addition to its cytotoxic
properties it is capable of directly activating the classical complement pathway by binding
to the Fc region of human IgG (Paton et al., 1984; Mitchell ef al., 1991). It has been shown
to have toxic effects on many cell types, which undoubtedly contributes to the pathogenesis
of pneumococcal disease (for reviews see Paton et al., 1993; Paton, 1996). These
properties include inhibition of the bactericidal activity of leucocytes (Paton and Ferrante,
1983), blockade of proliferative responses and Ig production by lymphocytes (Ferrante et
al., 1984), reduction of ciliary beating of human respiratory epithelium (Steinfort et al,
1989), and direct cytotoxicity for respiratory endothelial and epithelial cells (Rubins et al,
1992; 1993). Inactivation of the pneumolysin gene in a S. pneumoniae type 2 strain
increased the LDs (in mice) approximately 100-fold (Berry et al., 1989) and immunisation
with purified pneumolysin increases the survival time of mice challenged intranasally with
virulent pneumococci (Paton et al., 1983; 1993).

1.2.5.5 Neuraminidase

All clinical S. pneumoniae isolates produce one or more neuraminidases. To date,
two different enzymes have been identified in the pneumococcus (Lock et al, 1988a;
Camara et al., 1991; Berry et al., 1996). These enzymes cleave the terminal sialic acid
residues from glycolipids, glycoproteins, and oligosaccharides on cell surfaces. This has
the potential to cause great damage to the host and, indeed, the purified protein has been
shown to be toxic for mice (Lock et al., 1988b). Another possible role in pathogenesis for
neuraminidase could be the unmasking of cell-surface receptors for pneumococcal adhesins

(Paton et al., 1993).
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1.2.5.6 Hyaluronidase

Most clinical isolates produce this enzyme which is associated with the cell surface.
It degrades hyaluronic acid, which is found associated with mammalian connective tissue.
Thus, hyaluronidase may contribute to pathogenesis by degradation of the connective
tissue, allowing greater access to host tissues, thereby facilitating invasion (Paton et al,,
1993; Berry et al., 1994).

1.2.5.7 Pneumococcal surface protein A (PspA)

PspA and autolysin, are members of a family of pneumococcal choline binding
proteins which contain C-terminal repeated choline-binding domains (Garcia et al., 1986;
Yother and Briles, 1992). Although its precise function is unknown, PspA is a highly
variable protective antigen, both in its molecular weight and its antigenicity (Crain et al.,
1990; Waltman et al., 1990). PspA-negative mutant pneumococci are more readily cleared
from the blood of mice than wild type strains (McDaniel et al, 1987). The relative
importance of PspA to pathogenicity of pneumococci appears to vary from strain to strain.
More dramatic reductions in virulence were observed when PspA genes in strains of
serotypes 3 and 5 were inactivated compared to a type 2 strain (Briles et al., 1988).

1.2.5.8 PsaA

PsaA is a lipoprotein which was initially thought to be an adhesin based on
sequence homology with putative lipoprotein adhesins of S. sanguis and S. parasanguis
(Sampson et al., 1994). Pneumococcal psaA-negative mutants, unable to express PsaA, are
virtually avirulent for mice (Berry and Paton, 1996), and immunisation with the purified
protein protects mice from challenge with virulent pneumococci (Talkington e al., 1996).
The psaA gene is part of an operon which was recently demonstrated to encode a
manganese transporter (Dintilhac ef al., 1997). Thus, its role in pathogenesis could be

explained either by a requirement for manganese for regulation of expression of other
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virulence factors, or by growth retardation due to an inability to scavenge this metal in vivo
(Paton, 1998).

1.2.5.9 Choline binding protein A (CbpA)

CbpA is also a pneumococcal choline binding protein (Rosenow et al., 1997). S.
pneumoniae cbpA-negative mutants exhibited reduced adherence to cytokine-activated
cells and endothelial cells in vitro, and failed to bind to immobilised sialic acid or lacto-N-
neotetraose which are known pneumococcal ligands on these cells, suggesting that CbpA
may be an adhesin (Rosenow et al., 1997). Hammerschmidt ez al (1997) independently
described a protein, designated SpsA, which binds specifically to human secretory IgA and
the free secretory component (SC). Interaction between the pneumococcal cell surface and
the SC may interfere with the activity of secretory IgA, and may also directly facilitate
adherence, thereby promoting colonisation of the nasopharyngeal mucosa.  The
demonstrated degree of heterogeneity, in the amino (N-) terminal region, of SpsA among
different pneumococcal strains (Hammerschmidt et al, 1997) and the high degree of
sequence similarity between CbpA and SpsA indicate that they are the same protein (Paton,
1998). The adhesive properties of CbpA are consistent with the observation that carriage
rates of pneumococcal CbpA mutants were reduced 100-fold in an animal model, whereas,

there was no reduction of virulence in an intraperitoneal model of sepsis (Rosenow et al.,

1997).

1.3 The Cell Surface of the Pneumococcus

A schematic representation of the structure of the pneumococcal cell surface is

shown in Fig. 1.1. It consists of three layers, the innermost layer is the plasma membrane

1. Introduction



13

which is followed by the peptidoglycan cell wall layer. The outermost layer consists of the
polysaccharide capsule which is covalently linked to the peptidoglycan in the cell wall.

Properties of each component of the cell surface are described below.

1.3.1 The cell wall

The pneumococcal cell wall is typical of a Gram-positive bacterium. It consists of
several layers of peptidoglycan, comprising glycan chains of alternating N-acetyl
glucosamine (GlcNAc) and N-acetylmuramic acid cross-linked with species-specific
peptide bridges. These stem peptides have alanine as the first residue, linked to N-
acetylmuramic acid. High-performance liquid chromatography (HPLC) has revealed the
complexity of the peptidoglycan supramolecular structure for both Gram-positive and
Gram-negative bacteria. HPLC analysis has identified 18 different muropeptides of highly

conserved molar ratios in S. pneumoniae (Garcia-Bustos et al, 1987). This profile is
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Fig. 1.1. The pneumococcal cell surface. Diagrammatic representation of the pneumococcal cell surface
showing possible arrangements of constituents. The thickness of each layer is as described by Tomasz

(1981). Representation of cell wall, teichoic acid and capsular polysaccharide adapted from Hammond et al.
(1984), Fig 2.11.
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found in all pneumococci, regardless of serotype, geographic origin or isolation date, with
the exception of penicillin- resistant strains which have different muropeptide profiles
(Garcia-Bustos and Tomasz, 1990). Resistant pneumococci have alterations in the
penicillin binding proteins (PBPs) which result in reduced affinity for the drug. PBPs are
enzymes (transpeptidases or carboxypeptidases) that are involved in the assembly of
bacterial cell walls. The interaction between PBPs and penicillin is due to the structural

similarity between the B—lactam ring of penicillin and the carboxy (C) -terminal D-alanyl-

D-alanine residues in the cell wall stem peptides. Thus, it is highly likely the altered PBPs
have altered affinities for their natural substrates resulting in an altered peptidoglycan

structure in penicillin resistant pneumococci (Severin and Tomasz, 1996).

1.3.2 Teichoic acid

The teichoic acid of the pneumococcus, the C-polysaccharide, was first described
by Tillett and Francis (1930), although its chemical structure (Fig. 1.2) was not determined

until fifty years later (Jennings et al., 1980).

——)6)-[3-D-Glcp-(1—)3)-0L-D-Sug,,—(l—>4)-0£-D—GaleAc-(1—)3)—[3-D-Gale-(1—)1)-D-Rib—ol—(5-P04'—>
6
PO, -CH,CH,N"(CH;);

Fig. 1.2. Structure of the C-polysaccharide. Glc,, glucose; Sug,, 2-acetamido-4-amino-2,4,6, trideoxy-D-
galactose; Gal,NAc, N-acetyl galactosamine; Gal,N, galactosamine; Rib-ol, ribitol; PO,-
CH,CH,N*(CH,);, phosphorylcholine.

The teichoic acid is covalently linked to the pneumococcal peptidoglycan via N-
acetylmuramic acid (Tomasz, 1981). The phosphorylcholine in the teichoic acid is a

recognition site for autolysin, an N-acetylmuramic acid-L-alanine amidase, which cleaves

1. Introduction



15

the bond between alanine and N-acetylmuramic acid.

Teichoic acid is uniformly distributed on both the inner and the outer surfaces of
the cell wall, and possibly within it as well. The thickness of the teichoic acid layer varies
between different pneumococcal strains (Sgrensen et al., 1988). The level of teichoic acid
substitution depends on the degree of cross-linking within the cell wall peptidoglycan
(Fischer and Tomasz, 1985).

Interestingly, the individual components of the teichoic acid can all be found as a
constituent in at least one pneumococcal CPS type. Thus, it is a possibility that some of
the genes involved in teichoic acid and CPS synthesis may be shared. It is also possible
that the capsule (cps) genes evolved by duplication of the teichoic acid locus in an ancestral

S. pneumoniae strain.

1.3.3 The plasma membrane

The plasma membrane consists of a lipid bilayer closely associated with the inner
layer of the cell wall. Complex foldings of the plasma membrane, or mesosomal
structures, have been observed in the pneumococcus (Tomasz, 1981). However the
function of these mesosomal structures is unknown.

The Forssman (F) antigen is a lipid-linked teichoic acid, identical in structure to C-
polysaccharide, and is found in the outer leaflet of the plasma membrane. Approximately
20% of the teichoic acid content of the pneumococcus is lipid-linked. The pneumococcal F
antigen is a highly specific inhibitor of autolysin, suggesting that it may play an important
role in regulating cellular autolysis. When the association between autolysin and the F
antigen is disrupted, either by cessation of cell wall biosynthesis or treatment with
detergents such as DOC, autolysin becomes free to interact with the choline in teichoic

acid. This interaction enables autolysin to cleave the covalent bond between the glycan
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chains and the stem peptides, resulting in destruction of the cell wall and cell lysis

(Giudicelli and Tomasz, 1984).

1.3.4 Proteins associated with the cell surface

S. pneumoniae is predicted to contain a large number of surface exposed proteins
but to date only a small number have been investigated. PspA, PspB and CbpA have been
shown to be exposed on the cell surface of pneumococci. PspA and CbpA are choline-
binding proteins which are structurally similar, with almost identical C-termini (Yother and
Briles, 1992; Rosenow et al., 1997; Hammerschmidt et al., 1997). They are anchored to
the cell surface by interaction with the F antigen, which is associated with the plasma
membrane, via the repeated choline binding motifs in the C-termini. This was
demonstrated when a S. pneumoniae mutant lacking phosphocholine in its F antigen no
longer retained PspA on the cell surface but released it into the culture medium (Yother et
al., 1998). Several other membrane associated proteins have also been identified in the
pneumococcus. These include the PBPs which are integral membrane proteins involved
with peptidoglycan synthesis, and autolysin, a choline-binding protein, which also interacts
with the choline moieties in the F antigen. Lipoproteins, such as PsaA (Sampson, et al.,

1994), are also found associated with the pneumococcal plasma membrane.

1.4 The Pneumococcal Capsule

The outermost layer of the pneumococcus consists of a polysaccharide capsule,

which is covalently linked to the peptidoglycan in the cell wall (Sgrensen et al., 1990).
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The nature of this covalent linkage is unknown. The polysaccharide capsule is the thickest

layer, completely masking other structures during exponential growth.

1.4.1. Capsule serotyping

Serological analysis of S. pneumoniae isolates over the past four decades has
resulted in the recognition of 90 structurally distinct capsule types (Henrichsen, 1995).
Originally two typing systems were employed; the American system, which simply
assigned serotype numbers in the order identified, and the Danish system which groups
antigenically similar serotypes. The Danish system is now most widely used and will be
used throughout this thesis.

Since the 1930s, serotyping of pneumococcal isolates has been routinely performed
using the quellung (or capsular swelling) reaction with type-specific antisera. When the
specific antibody binds to the capsule of a pneumococcus, it results in a change in its
refractive index; the cells appear swollen and are clearly visible under bright field or phase-
contrast microscopy.

A list of type designations and their antigenic formulas are shown in Table 1.1.
Antigenic formulas are determined by the pattern of antigenic reactivity of factor sera.
Factor sera are developed by cross-absorption of type-specific antisera (Henrichsen, 1995).
Antigen ‘a’ is a factor characteristic of the types of a group or an individual type. The
letters b, ¢, d, etc. indicate additional partial antigens which are characteristic of only some
types within a group. For example the two factor sera 6b and 6c are required to distinguish
types 6A and 6B and are made by reciprocal absorption of type-specific antisera. The
factor sera often cross-react with types from a different group, for example, factor serum 7h
reacts with serotypes 7B, 7C, 19B, 19C, 24F, 24B and 40. The antigenic cross-reactivity

between serotypes is illustrated in Table 1.1.
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Table 1.1. Antigenic Formulas for the 90 serotypes of pneumococci

18

Group | Type | Antigenic Formula Group | Type | Antigenic Formula Group | Type | Antigenic Formula
1 la 15 15F 15a, 15b, 15¢, 15f 28 28A | 28a, 28c, 23d
2 2a 15A | 15a, 15¢, 15d, 15g 29 29a, 29b, 13b
3 3a 15B | 15a, 15b, 15d, 15¢, 15h | 31 31a, 20b
4 4a 15C | 15a, 15d, 15¢ 32 32F | 32a,27b
5 5a 16 16F 16a, 16b, 11d 32A | 32a,32b,27b
6 6A 6a, 6b 16A | 164, 16¢ 33 33F | 33a, 33b, 33d
6B 6a, 6¢ 17 17F 17a, 17b 33A | 33a, 33b, 33d, 20b
7 TF 7a, 7b 17A | 173, 17¢ 33B | 33a, 33c, 33d, 33f
TA 7a,7b, 7c 18 18F 18a, 18b, 18c, 18f 33C | 33a, 33c,33e
7B 7a,7d, 7e, 7Th 18A | 18a, 18b, 18d 33D | 33a, 33c, 33d, 33f, 6a
7C 7a, 7d, 7f, 7g, Th 18B | 18a, 18b, 18e¢, 18g 34 34a, 34b
8 8a 18C | 18a, 18b, 18c, 18¢ 35 35F | 35a, 35b, 34b
9 9A 9a, 9¢c, 9d 19 19F 19a, 19b, 19d 35A | 35a, 35¢c, 20b
9L 9a, 9b, 9¢, 9f 19A | 19a, 19¢, 19d 35B | 35a, 35c, 29b
ON 9a, 9b, 9e 19B | 19a, 19c, 19, 7h 35C | 35a, 35¢, 20b, 42a
A% 93, 9¢, 9d, 9g 19C | 19a, 19¢, 19f, 7Th 36 36a, %
10 10F 10a, 10b 20 20a, 20b, 7g 37 37a
10A | 10a, 10c, 10d 21 2la 38 38a, 25b
10B 10a, 10b, 10c, 10d, 10e | 22 22F | 22a,22b 39 39a, 10d
10C | 10a, 10b, 10c, 10f 22A | 22a,22¢ 40 40a, 7g, Th
11 11F 11a, 11b, 11e, 11g 23 23F | 23a, 23b, 18b 41 41F | 41a,41b
11A 11a, 11¢, 11d, 11e 23A 23a, 23c¢, 15a 41A 4la
11B | lla, 11b, 11f, 11g 23B | 23a, 23b, 23d 42 42a, 20b, 35¢
11C | 11a, 11b, 11c, 11d, 11f | 24 24F | 24a, 24b, 24d, 7h 43 43a, 43b
11D | 11a, 11b, 11¢, 11e 24A | 24a, 24c, 24d 44 44a, 44b, 12b, 12d
12 12F 12a, 12b, 12d 24B | 24a, 24b, 24¢, 7Th 45 45a
12A | 12a,12c, 12d 25 25F | 25a,25b 46 46a, 12c, 44b
12B 12a, 12b, 12c, 12¢ 25A | 25a, 25¢, 38a 47 47F | 47a, 35a, 35b
13 13a, 13b 27 27a, 27b 47A | 47a,43b
14 14a 28 28F | 28a, 28D, 16b, 23d 48 48a

Adapted from Henrichsen (1995), Table 6.

1.4.2 Chemical structure of the capsular polysaccharide repeat units

The structure of the type 3 repeat unit was determined in 1941 (Reeves and Goebel,

1941), followed by type 8 in 1957 (Jones and Perry, 1957). Since then the repeat unit

structures of more than half of the capsule types have been determined, mostly in the 1980s

(reviewed by van Dam et al., 1990). The chemical structures of the capsular repeat units

vary greatly, ranging from linear polymers of onme or two saccharides to complex

polysaccharides with additional side chains.

Most pneumococcal capsules are negatively charged and possess acidic components

such as: D-glucuronic acid (GlcA) (including types 1, 2, 3, 5, 8, 9A, 9N and 9V),

phosphodiester bonds (including types 6A, 6B, 11A, 15F, 19F, 19A, and 23F), and

pyruvate (type 4). To illustrate the diversity, the CPS repeat unit structures for some of the

clinically most significant serotypes are shown in Table 1.2 (Lee, 1987).
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Table 1.2 Chemical structures of capsular polysaccharide repeat units

Type Chemical Structure Reference

1  —53)-0-D-Sug,(1-4)-0-D-Gal,A-(1-3)-0-D-Gal,A-(1-> Lindberg et al., 1980
(+0.3 OAc)

2 —4)-B-D-Glc,-(1-3)-0-L-Rhay(1-3)-0-L-Rha,-(1-3)-B-L-Rha,-(1- Jansson et al., 1988
2
)

1
0-D-Glc,A-(1-6)-B-D-Gle,

3 —3)-B-D-GlcyA-(1—4)-B-D-Glep~(1— Reeves and Goebel,
1941
4 3)-B-D-Man,NAc-(1-3)-0--L-Fuc,NAc-(1-3)-0-D-GalNAc-(1-34)-0-D-Galp-(1- Jones and Currie,
2 3 1988
X
H,C COOH
5  —4)-p-D-Glc,-(1-4)-0-L-FucpNAc-(1—3)-B-D-Hex,-(1- Jannson et al., 1985
3
T

1
-L-Pne,NAc-(1-3)-B-D-Glc,A

6A —2)-0-D-Gal,-(1-3)-0-D-Glc,-(1—3)-0-L-Rha,-(1-3)-D-Rib-0l-(5-POs — Rebers and
Heidelberger, 1961

6B  —2)-a-D-Gal,-(1-3)-0-D-Gle,-(1-3)-0-L-Rha,-(1—4)-D-Rib-0l-(5-POs — Kenne et al., 1979
7F  —6)-a-D-Gal,-(1—3)-B-L-Rha,-(1—4)-B-D-Glc,-(1-3)-B-D-Gal,NAc-(1-> Moreau et al., 1988

2 2 4

) OAc T

1 1

p-D-Gal, 0-D-Gle,NAc-(1->2)-0-L-Rha,

8  —4)-B-D-Glc,A-(14)-B-D-Glc,-(1->4)-0-D-Gley-(1-34)-0:-D-Galp-(1- Jones and Perry, 1957

ON  —4)-a-D-Glc,A-(1-3)-a-D-Gley-(1-3)--D-Man,NAc-(1-54)-p-D-Glep-(1-4)-0-D-GlepNAc-(1» Jones et al., 1985

9V 4)-0-D-Glc,A-(1-3)-0-D-Gal-(1-53)-B-D-Man,NAc-(1-4)-B-D-Gle,-(1-34)-0-D-Gle,-(1-  Perry et al., 1981

+0Ac +0Ac
14  —6)-B-D-Glc,NAc-(1-3)-B-D-Galy-(1—4)-B-D-Gle,-(1— Lindberg et al., 1977
4
T
1
B-D-Gal,
18C —>4)-B-D-Glc,~(1—34)-B-D-Galp-(1—4)-a-D-Gley-(1—3)-a-L-Rha,-(1- Lugowski and
2 3 Jennings, 1984
T

1 PO4-1-Glyc-ol
Ac03-0-D-Glcp

23F —4)-B-D-Glc,-(1-4)-B-D-Galy-(1-4)-p-L-Rha,-(1- Richards and Perry,
2 3 1988
T
1 PO4-2-Glyc-ol
o-L-Rha,

Abbreviations: Sug,, 2-acetamido-4-amino-2,4,6, trideoxy-D-galactose; Hex,, 2-acetamido-2,6 dideoxy-D-
xylo-hexos-4-ulose; Pne,NAc, 2-acetamido-2,6 dideoxy-L-talose; Glc,, glucose; Gal,, galactose; Rha,,
rhamnose; Glc,A, glucuronic acid; GalyA, galacturonic acid; Man,NAc, N-acetyl mannosamine; Fuc,NAc, N-
acetyl fucosamine; Gal,NAc, N-acetyl galactosamine; Glc,NAc, N-acetyl glucosamine; ribitol; Glyc-ol,
glycerol; OAc, O-acetyl; PO,, phosphate.

1. Introduction



20
1.4.3 The chemical structure of group 19 CPS

Of particular relevance to this thesis is the chemical structure of the CPS from
group 19 pneumococci. Group 19 consists of four immunologically cross-reactive .
pneumoniae types (19F, 19A, 19B and 19C). The CPS repeat unit structures for the
members of group 19 are shown in Table 1.3. Two different structures have been
proposed for type 19A. The expression of these two different repeat units has been
reported to be dependent on culture conditions (Lee et al., 1987).

Group 19 pneumococci are a clinically significant cause of pneumococcal disease,
although prevalence of the component serotypes varies. In one study (Robbins et al.,
1983), group 19 pneumococci accounted for 7% of all isolates from cases of invasive
disease. Of these, 65% were caused by 19F, 34% by 19A, 1% by 19B; 19C was a very rare

cause of disease in this study.

Table 1.3 Chemical structures of the capsular polysaccharide repeat units for group 19

Type Chemical Structure Reference

19F  —4)-p-D-Man,NAc-(1-4)-0-D-Glep-(1-2)-0-L-Rha,-(1-POs = Ohno et al., 1980

19A  —54)-B-D-ManyNAc-(1-4)-0-D-Glep-(1-3)-0-L-Rhay-(1-POs' - Katzenellenbogen
and Jennings, 1983

—»4)-B-D-ManyNAc-(1~4)-0-D-Glep-(1-2)-0-L-Rhay-(1-POs > Lee and Fraser, 1980
B-D-Glc,NAc-(1—3)-B-D-Galp~(1- 1304' :’04'—)1)-(1-L-Fuc,,
19B -—)4)-B-D-Man,,NAc-(l—)4)-[5-D-Glc,,—(1—)4)-B-D-I\;lan,,NAc-(l—>4)-ot-L-Rha,,-(l-PO4‘-—-> Beynon et al., 1991
T

1
B-D-Rib,-(1—4)-0-L-Rha,

19C B-D-Glc, Beynon et al., 1991
1
l
6
~34)-B-D-Man,NAc-(1-4)-B-D-Glcy-(1->4)-B-D-Man,NAc-(1—4)-0:-L-Rhap-(1-POs >
3

T
1
B-D-Rib,-(1-34)-0-L-Rha,

Abbreviations: Glc,, glucose; Rha,, rhamnose; Man,NAc, N-acetyl mannosamine; Gal,, galactose; Fuc,NAc,
N-acetyl fucosamine; Glc,NAc, N-acetyl glucosamine; Riby, ribose; POy, phosphate.
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1.4.4 The relationship between serotype and virulence

The importance of the capsule in pneumococcal infection is due to its
antiphagocytic properties (van Dam et al., 1990). Immunity to pneumococcal infection is
serotype dependent and the presence of specific antibody to the capsule results in
opsonisation and rapid clearance of the invading pneumococci.

Not all pneumococcal serotypes are equally invasive, and both the capsule type and
the amount of CPS expressed affect the relative virulence of pneumococci (Austrian,
1981a). MacLeod and Krauss (1950) showed that the quantity of CPS produced by each of
several mutants influenced their virulence in mice. Recently, the CPS serotype expressed
by otherwise isogenic pneumococcal strains, generated by in vitro or in vivo
transformation, was shown to directly affect their virulence for mice (Kelly et al., 1994,
Nesin et al., 1998). However, the genetic background of these strains was also important,
and virulence appeared to be dependent on a combination of CPS and other genetic factors
(Kelly et al., 1994). The difference in virulence between serotypes is probably due in part
to differences in the ability of the CPS to prevent activation of the alternative complement
pathway, to resist phagocytosis and to induce an antibody response (AlonsoDeVelasco et

al., 1995).

1.5 Distribution of Capsule Types

In 1979 a worldwide pneumococcal typing surveillance study was initiated by the
World Health Organisation. Since then, more than 25,000 strains have been typed in
Denmark alone. Even though a large amount of information about serotype distribution is

available, analysis of this data is complicated by the fact that serotype prevalence varies
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with site of infection, age, time and geographical location (Nielsen and Henrichsen, 1992).

1.5.1 Capsule types associated with paediatric pneumococcal disease

Many epidemiological studies investigating the distribution of pneumococcal
serotypes causing paediatric invasive disease have been reported in the literature. The

results from many of these studies are summarised in Table 1.4. Serotypes/groups 6, 14,

Table 1.4 Incidence of invasive disease in children

Study B No. of __ Most common serotypes/groups (% of total)

Country, Year Age Isolates 1 2 3 4 5 6 7 9 11 12 14 18 19 23
Europe", 1982-1987 0-14 2,390 7 08 19 34 32 156 69 41 08 1.7 133 82 12 63
Spain®, 1979-1993 0-5 167 3 06 24 72 174 3 48 0 26 48 174 15
Belgium®, 1991 0-5 77 52 0 26 13 78 65 9 0 286 91 156 52
Denmark®, 1991-1992 0-14 164 67 0 1.8 1.8 201 67 6.7 06 134 165 104 24
Finland®, 1985-1989 0-2 235 0 0 6 0 184 85 6 03 215 76 174 73
Boston, Mass.’,

1957-1969 0-15 71 <2 0 0 85 28 113 <2 28 0 28 296 127 127 56
Chicago, Tllinois’,

1967-1976 0-15 293 44 0 38 58 <2 16 41 79 0 <2 171 89 106 9.6
Birmingham, Alabama®,

1975-1978 0-15 114 35 0 0 71 08 202 26 44 0 0 158 131 96 123
USA’ 1978-1994 0-6 3570 1.1 0 08 67 02 172 16 172 06 28 82 14 69
Australia®, 1970-1979 0-18 219 46 O 91 05 105 23 64 1.4 224 119 10 178
Australian Aborigines”,

1989-1994 0-14 114 53 0 0 6.1 0 131 44 114 0 88 96 7 53 88
Isracl’, 1988-1990 0-12 213 134 0 2.7 165 107 54 107 31 147 67 94 36
South Africa®, 1987-1991  0-5 1138 105 1.1 35 17 28 28 138 1.1 192 39 13 32
Mexico®, 1992-1993 0-5 120 08 25 08 08 175 08 6.7 08 92 25 142 208
Brazil!, 1977-1988 0-2 308 64 19 26 103 181 19 5.1 1.6 107 105 8 54
Uruguay”, 1987-1989 0-5 48 63 O 2.1 146 42 42 105 0 396 O 0 21
Gambia®, 1991 0-5 59 102 O 0 85 153 0 5.1 85 322 17 51 O
Bgypt*, 1977-1978, 1992 0-6 86 314 23 23 47 81 35 93 SIS 3.5 23 12
Pakistan™, 1986-1990 0-5 168 06 0 0 42 107 06 6.5 0 12 24 387 42
Papua New Guinea™,

1980-1987 0-5 151 26 13 07 106 66 132 2 26 66 07 73 13
Rwanda®,1984-1990 0-15 130 223 0.7 0 146 10 08 038 08 146 31 38 038

a. Nielsen and Henrichsen (1992); b. Snaidack ef al. (1995); c. Burke et al. (1971); d. Jacobs et al.
(1979); e. Gray et al. (1979); f. Butler et al. (1995); g. Hansman (1983); h. Gratten et al. (1996); i.
Dagan et al. (1992); j. Tauney et al. (1990); k. Mogdasy et al. (1992); 1. Guirguis et al. (1990); m.
Mastro ef al. (1991); n. Gratten and Montgomery (1991); o. Gratten ez al. (1985); p. Bogaerts et al.
(1993). The six most common serotypes in each study are shaded.
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18, 19 and 23 are consistently among the most common disease causing isolates in
children, although their rank order differs significantly. Within serogroups 6, 18, 19 and
23, serotypes 6B, 18C, 19F and 23F are the most common isolates (Nielsen and
Henrichsen, 1992; Butler et al., 1995). Interestingly, these serotypes are also the most
poorly immunogenic in children (Douglas et al., 1983). Other serotypes/groups, such as
type 1, 4,5, 7F, 9 and 12F, are a considerable cause of disease in only some of the studies.
For example, type 1 is a common cause of disease in many developing countries and in
parts of Europe but not in the USA, whereas type 4 is most commonly isolated in the USA.
In the USA, serotypes 6B, 14, 18C, 19F and 23F along with types 3 and 19A are the most
common pneumococcal isolates causing otitis media as shown in Table 1.5 (Butler et al.,
1995). Generally the most common disease causing serotypes are also those most
frequently carried in the nasopharynx (Table 1.6). However, there are some exceptions,
11A, for example, is a rare cause of pneumococcal disease in children but it is frequently

carried. In Papua New Guinea, groups 15 and 33 (not shown in Table 1.6) are also

Table 1.5 Incidence of otitis media in children

Study No. of Most common serotypes/groups (% of total)
Country, Year Age Isolates 1 2 3 4 5 6 7 9 11 12 14 18 19 23
USA”, 1978-1994 0-6 249 9 4 14 3 58 2 RR2EmS

Birmingham, Alabama®
1975-1978 0-15 396 18 03 106 35 03 96 25 43 1.8 0 96 45 282 11.9

a. Butler ef al. (1995); b. Gray et al. (1979). The six most common serotypes in each study are shaded.

Table 1.6 Carriage of pneumococcal strains

Study No. of Most common serotypes/groups (% of total)

Country, Year Age Isolates 1 2 3 4 5 6 7 9 11 12 14 18 19 23
Birmingham, Alabama®

1975-1978 0-15 245 2 0 143 57 0 229 12 37 82 04 82 102 204 163

Birmingham, Alabama®

1974-1975 0-2 573 02 0 28 33 0 27 12 45 42 0 7 26 174 154

Papua New Guinea®

1985-1987 07 1449 01 01 16 19 03 266 1.7 32 1 08 81 15 233 141

a. Gray et al. (1979); b. Gray, et al. (1980); c. Montgomery et al. (1990). The six most common
serotypes in each study are shaded.
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commonly isolated from the nasopharynx with carriage rates of 5.6% and 4.8%

respectively (Montgomery et al., 1990), but these serotypes rarely cause disease.

1.5.2 Capsule types associated with invasive pneumococcal disease in
adults

Although there have been many epidemiological studies investigating the
distribution of pneumococcal serotypes causing disease, few report serotype prevalence
only in adults. The serotypes responsible for most adult pneumococcal disease are quite
different to those that cause paediatric disease. Serotypes 1, 3, 4, 7F, 8 and 14 were

associated with most disease in adults in the studies summarised in Table 1.7.

Table 1.7 Incidence of invasive disease in adults

Study B No.of B ‘Most common serotypes (%o of total) B
Country, Year Age Isolates 1 2 3 4 5 6 7 8 9 1 12 14 18 19 23
Europe and Israel”,

1982-1987 >14 6376 89 04 91 66 15 63 78 51 68 22 32 79 22 6.6 44
Australian Aboriginesb,

1989-1994 >14 107 159 0 121 75 0 09 131 65 38 09 93 19 09 09 0.9

a. Nielsen and Henrichsen (1992); b. Gratten et al. (1996). Shaded boxes represent the six most common
serotypes in each study.

1.5.3 Geographic distribution of invasive pneumococci

The serotypes that most commonly cause invasive pneumococcal disease in
different countries are summarised in Table 1.8. Serotypes/groups 6, 14 and 19, are
consistently important in all geographic areas. Others occur more frequently in some
countries. Types 1 and 5 are a major cause of disease in developing countries, such as
Africa, China and Israel, whereas group 18 is only important in developed countries
(Snaideck et al., 1995). The serotype distribution among indigenous and disadvantaged

minorities in developed countries reflects that of the country to which they belong.
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However, they often live in poor conditions and their disease rates are far greater than the

rest of the population (McIntyre, 1997).

Table 1.8 Incidence of invasive disease (all ages)

Study __ No.of Most common serotypes (% of total)

Country, Year Isolates 1 2 3 4 5 6 7 8 9 11 12 14 18 19 23
Japan®, 1984 430 12 0 127 24 12 118 14 03 56 41 14 49 25 13 68
Taiwan®, 1984 170 29 0 56 35 06 95 18 18 41 29 0 10 12 105 71
China®, 1984 448 98 78 56 1.1 141 116 25 2 16 09 27 176 18 92 74
Europe and Israel®,

1982-1987 10298 8 06 67 53 23 91 76 37 59 18 27 87 38 82 52
Australian Aborigines®,

1989-1994 21 113 0 64 74 0 94 59 44 84 05 89 64 44 34 54
South Aftica’,

1979-1986 4766 242 4 59 44 37 185 5 63 27 07 22 93 43 102 16
USA®, 1970-1983 4676 5 02 71 106 16 64 59 98 54 1 4 92 44 55 47
CDC’, 1978-1983 1900 32 0 45 94 08 117 35 35 78 07 22 147 75 11 71

a. Lee (1987); b. Nielsen and Henrichsen (1992); c. Gratten ef al. (1996); d. Klugman and Koornhof (1988); e.
Robbins ef al. (1983). Shaded boxes represent the six most common serotypes in each study.

1.5.4 Changes in serotype distribution over time

Surveys of the serotype distribution in the 1930s showed that most of the
pneumococcal disease recorded was caused by a small number of types, principally 1, 2, 3,
5, 7 and 8 (Finland and Barnes, 1977). The apparent small number of serotypes causing
disease may have been partly due to the limitations in the number of serotypes that could
be positively identified at the time. Types 1, 2 and 3 were the most commonly isolated
types in Boston City Hospital before 1950 (Finland and Barnes, 1977), but collectively
accounted for less than 5% of all isolates in 1979-1982 (Barry et al., 1984). The occurrence
of type 5 was also declining. Recent investigations in the developing countries have shown
a type distribution similar to that in the industrialised countries before 1950 (Klugman and

Koornhof, 1988; Snaideck et al., 1995; Scott et al., 1996; Sankilampi, 1997).
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1.6 Antimicrobial Resistance in the Pneumococcus

The emergence of clinically significant resistance to antibiotics was first noted in
1967 when a penicillin resistant pneumococcus was isolated, in Australia, from the sputum
of a patient (Hansman and Bullen, 1967). Subsequently, penicillin resistant pneumococci
were isolated in New Guinea, and the prevalence of penicillin resistant isolates from this
region increased dramatically from 12% in 1970 (Hansman et al., 1974) to 33% in 1980
(Gratten et al., 1980). Multiply resistant pneumococci (resistant to three or more classes of
antibiotics) were first isolated in South Africa (Jacobs et al., 1978); these strains showed a
range of resistance patterns to several antibiotics including penicillin, tetracycline and
chloramphenicol. Today, antibiotic resistant pneumococci are common throughout the
world and are rapidly increasing in prevalence (Appelbaum, 1992). This is becoming a
major clinical problem as management of multiply resistant pneumococcal infections
become more complicated and requires the use of more expensive alternative antimicrobial
agents. The impact of increased antimicrobial resistance on the mortality rate has not yet

been clearly defined (Centers for Disease Control and Prevention, 1997).

1.6.1 Geographical distribution of antimicrobial resistance

Antibiotic resistance in pneumococci is increasing all over the world. The pattern
of antibiotic resistance is uneven both between countries and within countries. South
Africa, Spain and Eastern Europe report rates of penicillin resistance of up to 50% of all
isolates, compared with less than 10% in most of Western Europe and USA (Schreiber and
Jacobs, 1995). In Australia, resistance to antibiotics is also increasing. In 1989 less than
2% of all isolates were penicillin resistant, but by 1994 that had increased to 5.8%

(Collignon and Bell, 1996). Interestingly, 8% of all isolates were found to be resistant to at
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least three antibiotics, including penicillin, erythromycin, tetracycline, and/or
chloramphenicol. In some Aboriginal communities, levels of antibiotic resistant
pneumococci are much higher. One study, in Darwin, showed penicillin resistance to be as
high as 30% (Skull et al., 1996). Recent data from the Women’s and Children’s Hospital
(WCH) in Adelaide shows that 40% of S. pneumoniae isolates from WCH patients are

resistant to penicillin, compared with only 15% two years ago (J. Bell, WCH, personal

communication).

1.6.2 The spread of antibiotic resistance

There is a link between antibiotic usage and the increasing prevalence of antibiotic
resistance in pneumococci. One study from Iceland (Aarson et al., 1996) confirms this
linkage among children attending day-care. In this study, the overall pneumococcal
carriage rate was 52.7%, with 9.7% of isolates being penicillin resistant. Only 1.8% of
children who had no courses of antibiotics in the previous year carried penicillin resistant
strains compared with 14% who had antibiotics, and 61% of those who had received

antibiotics in the previous two to seven weeks.

1.6.3 Antibiotic resistance among different pneumococcal serotypes

Antibiotic resistance is most prevalent in S. pneumoniae serotypes/groups 6, 9, 14,
19 and 23, which are commonly associated with carriage in children (Table 1.4, Schreiber
and Jacobs, 1995). These serotypes accounted for more than 80% of the penicillin resistant

infections among Aboriginal children in Darwin (Skull et al, 1996).
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1.7 The Pneumococcal Polysaccharide Vaccine

The first commercially available pneumococcal vaccine was licensed in the USA in

1977. This vaccine consisted of 50 pg of purified capsular polysaccharide of 14 of the

most common disease related serotypes (Hilleman et al., 1981). These 14 serotypes (1, 2,
3, 4, 6A, 7F, 8, 9N, 12F, 14, 18C, 19F, 23F and 25F) accounted for 68% of all cases of
pneumococcal disease in the USA. In 1983, the 14-valent vaccine was replaced by a 23-
valent formulation containing 25 pg of the purified capsular polysaccharide from serotypes
1,2,3,4,5,6B,7F,8,9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F
and 33F, which are responsible for more than 85% of all cases of pneumococcal disease in
North America and Europe (Robbins et al., 1983). The halving of the amount of each

capsular polysaccharide did not affect the antibody response to the vaccine.

1.7.1 Antibody response

Pneumococcal CPS induces type-specific antibodies that enhance opsonisation,
phagocytosis and killing of pneumococci. After vaccination, a type-specific antibody
response develops in >80% of healthy young adults (Musher et al., 1990) and this may
persist for up to 10 years (Mufson et al., 1987). However, immune responses are usually
not consistent among all 23 serotypes in the vaccine and the level of antibody response
required for protection against pneumococcal disease has not been clearly defined.

The immune response to the pneumococcal vaccine is dependent on the age, health
and immunocompetency of the individual. The antibody response to the vaccine is
generally good in healthy young adults, but it is often diminished or absent in young

children aged <2 years and immunocompromised individuals (Centers for Disease Control
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and Prevention, 1997). Bacterial polysaccharides induce antibodies primarily by T-cell
independent mechanisms and are therefore poorly immunogenic in children aged <2 years
whose immune systems are immature. The immune response to some common paediatric
pneumococcal serotypes is also suboptimal in children aged 2-5 years (Douglas et al.,

1983) and does not reach “adult levels” until age 8 to 10 years (Paton et al., 1986).

1.7.2 Conjugate polysaccharide-protein vaccines

Conjugation to a protein carrier dramatically increases the immunogenicity of
polysaccharide antigens in young children, converting the polysaccharide from a T-cell
independent to a T-cell dependent antigen, capable of eliciting immunological memory.
The success of this approach has been demonstrated with Haemophilus influenzae type b
(Hib). Since the licensing of the first conjugate Hib vaccine in 1987, for use in children at
least 18 months of age, the incidence of Hib meningitis has significantly decreased. An
American study (Adams et al., 1993) shows a sharp decrease of 56% in the incidence of
Hib meningitis between 1989 and 1991. Interestingly, there was also a substantial decrease
in the incidence of Hib meningitis in infants aged less than one year during this same
period even though the vaccine was not licensed for use in this age group until 1990. Hib
conjugate vaccination has been shown to lower the rate of nasopharyngeal carriage (Takala
et al., 1991), thus, vaccination of older children can reduce the probability of spread of Hib
to younger unvaccinated children.

Development of a pneumococcal conjugate vaccine is more complicated than for
Hib because of the numerous pneumococcal serotypes that cause disease. The number of
pneumococcal serotypes that could be included in a conjugate vaccine formulation is
probably limited. The pneumococcal serotypes that cause most paediatric pneumococcal

disease are also those that are commonly antibiotic resistant, thus initial vaccination against
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these serotypes would provide the greatest benefit to the community. Several
pneumococcal conjugate formulations are currently being evaluated.

An Israeli study, involving vaccination of children 12 to 18 months with a
conjugate vaccine consisting of polysaccharides of types 4, 6B, 9V, 14, 18C, 19F and 23F
conjugated to the outer membrane complex of Neisseria meningitidis serogroup B, showed
a significant reduction in the nasopharyngeal carriage rates one year after vaccination
(Dagan et al., 19.96). The carriage rates of pneumococcal types included in the vaccine and
antibiotic resistant pneumococci were significantly lower than in the control group which
had received the current 23-valent vaccine. However, as expected, the carriage rate of
pneumococcal serotypes not included in the conjugate vaccine was unaffected.

Another study, investigating the immunogenicity in Gambian infants of a
pentavalent vaccine consisting of types 6B, 14, 18C, 19F and 23F conjugated to the
diphtheria toxin mutant protein CRM,g7, also showed a significant reduction in the
nasopharyngeal carriage of pneumococci belonging to the vaccine serotypes two years after
vaccination (Leach et al., 1996; Obaro et al., 1996). However, in this study, the carriage
rate of non-vaccine serotypes was significantly higher than in the unvaccinated control
group. Thus, widespread use of conjugate pneumococcal vaccines may alter the
pneumococcal serotype distribution associated with colonisation, and potentially also the

types associated with invasive disease.

1.8 Polysaccharide Biosynthesis

Bacteria produce a large variety of polysaccharides associated with the outer surface

of the cell. These include capsular polysaccharide (CPS), lipopolysaccharide O-antigen
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(LPS), lipooligosaccharide (LOS), exopolysaccharide (EPS), enterobacterial common

antigen (ECA), and cell wall polysaccharides such as peptidoglycan and teichoic acid.
These polysaccharides are diverse in their structure and are often species and type-specific

antigens.

1.8.1 Some common features in polysaccharide biosynthesis

Most polysaccharides are synthesised from activated sugar intermediates.
Monosaccharides can be activated by the addition of nucleoside diphosphates by
nucleotidyltransferases. Specific activated nucleotide sugars can also be synthesised by
enzymatic modification of the monosaccharide part of a nucleotide sugar to produce
derivatives such as deoxy sugars, aminodeoxy sugars and glycuronic acids (Shibaev, 1986).
However, the biosynthesis of some polysaccharides does not involve nucleotide sugars,
such as glucan biosynthesis in Streptococcus mutans (as discussed in section 1.8.5).

Biosynthesis of many polysaccharides involves a reversible first step, that is
transfer of sugar 1-phosphate to the lipid carrier undecaprenol phosphate (und-P). Only a
limited number of sugars are known to be transferred to und-P. RfbP from Salmonella
enterica serovar typhimurium (Jiang et al., 1991) has been shown to transfer galactose
(Gal)-1-phosphate to und-P, and several functional homologues have been identified in
other polysaccharide systems. Some of the identified homologues have been shown to
transfer a different sugar, glucose (Glc)-1-phosphate, to a lipid carrier, possibly und-P
(Kolkman et al., 1996). Another enzyme known to initiate polysaccharide synthesis in
Gram-negative bacteria is Rfe which transfers GlcNAc-1-phosphate to und-P (Meier-Dieter
et al., 1990).

Polymerisation of the polysaccharide usually occurs via one of two different

mechanisms. These two main mechanisms differ in the direction of chain elongation,
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which occurs at either the reducing or the non-reducing end of the polysaccharide chain
(Whitfield, 1995). They are described in greater detail below. However, at this stage, the
precise mechanisms involved in subsequent transport across the outer membrane (in Gram-
negative bacteria) and covalent attachment (if required) of the polysaccharide to the outer

surface are poorly understood.

1.8.2 Polysaccharide biosynthesis via lipid-linked repeat unit inter-
mediates

Biosynthesis of many polysaccharides, including: LPS O-antigen in S. enterica,
Escherichia coli and Shigella flexneri (Whitfield, 1995), peptidoglycan (Fuchs-Cleveland
and Gilvarg, 1976), the EPS xanthan gum in Xanthomonas campestris (lelpi et al., 1993),
EPS from Lactococcus lactis (van Kranenburg et al., 1997), succinoglycan from Rhizobium
meliloti (Reuber and Walker, 1993) and CPS from Aerobacter aerogenes (Troy et al.,
1971), involves assembly of an oligosaccharide repeat unit intermediate on und-P (Fig.
1.3A). Biosynthesis of the repeat units occurs through a series of interdependent and
sequential reactions, each mediated by a specific glycosyl transferase.

The initial reaction involves the transfer of sugar 1-phosphate from the nucleotide-
diphosphate precursor to und-P (step 1). The subsequent transferase reactions involve the
formation of glycosidic linkages to the und-P-P-sugar intermediate by transfer of the sugar
moiety only, releasing the nucleotide-phosphate (steps 2 & 3). This method allows the
synthesis of complex repeat unit structures with complete fidelity, due to the substrate
specificity of each of the glycosyl transferases. The und-P-P-oligosaccharide repeat units
are synthesised on the cytoplasmic side of the plasma membrane and are translocated to the
outer surface by the repeat unit transporter, an integral membrane protein. The
polysaccharide polymerase then links the repeat units to form a polysaccharide chain. The
polysaccharide polymerase transfers the growing polysaccharide chain from one und-P
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carrier to the non-reducing end of a newly synthesised und-P-P-oligosaccharide repeat unit
(steps 4 & 5). Growth of the polymer therefore occurs at the reducing terminus (the end

closest to und-P) in a block-wise fashion (Whitfield, 1995).

1. und-® + NDP-@ < und-PP-@ + NMP

2. und-PE@ + NOP-@ - und-PE-@@® + NDP

3. und-BP + NDP- > und-P® + NDP

4. wd-PEO-GS" + nd-PE-O® - uni-PEO-89 e + ud-EP

5 wd-POO0 +u-PCPeered - «i-CPee e9Nes -+ ui-El

1.  und-® + NDP-@ <« und-PEP-8 + NMP

2. und-GP® + NoP-B - und-PE-@E + NDP

3. uwnd-PE-B® + NoP-@ - wd-PE-S0@ + NOP

4. uwd-PR-OO@® + NOP-B - und-PE-HHGE + NOP

5. und-PE-SO@® + NOP-@ + NOP-1 - und-PP-0 0090 0@® + nNDP

Figure 1.3. Polymerisation of polysaccharides. Two distinct polymerisation models have been identified
which can be distinguished by the direction of chain elongation. A. Polysaccharide biosynthesis via lipid-
linked repeat unit intermediates. Polymerisation of a polysaccharide with a trisaccharide repeat unit in a
block-wise fashion where the growth of the polymer occurs at the reducing terminus or the end closest to und-
P. Coloured circles represent sugars and groups of three similarly coloured circles represent the trisaccharide
repeat units. B. Polysaccharide biosynthesis involving ABC transporters. Polymerisation of a
polysaccharide with a disaccharide repeat unit is illustrated. Polymerisation is initiated by the addition of a
sugar-1-phosphate, that is not necessarily present in the repeat unit structure of the polysaccharide, and
continues by sequential addition of sugars at the non-reducing terminus or the end furthest from und-P.
Different coloured circles represent different sugars. (Adapted from Whitfield, 1995)
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1.8.3 Polysaccharide biosynthesis involving ABC transporters

Polymerisation at the non-reducing end (Fig. 1.3B) involves the sequential transfer
of sugars to the non-reducing end of the und-P polymer. Polysaccharides synthesised by
this method tend to have simple repeat unit structures of one or two sugars. Some
polysaccharides synthesised in this way include: CPS from E. coli K1, K4, K5, K92 and
Haemophilus influenzae type b (Roberts, 1996), and N. meningitidis group B (Frosch et al.,
1989), O-polysaccharide from K. pneumoniae serotype O1 (Bronner et al., 1994), teichoic
acid from Bacillus subtilis (Lazarevic and Karamata, 1995), amylovoran from Erwinia
amylovora (Bugert and Geider, 1995), and Nod factors from R. meliloti (Vazquez et al.,
1993). The pathway is initiated by the transfer of a sugar-1-phosphate residue to und-P
(step 1). This sugar is not necessarily present in the repeat unit structure of the
polysaccharide. The sugars are then transferred directly from NDP-sugar precursors to the
growing polysaccharide chain by specific glycosyl transferases (steps 2 to 5). Growth of
the polymer occurs at the end furthest from the und-P carrier (Whitfield, 1995).

Transport of the completed polysaccharide chain across the cytoplasmic membrane
into the periplasm is facilitated by ABC transporters. ABC transporters are ubiquitous and
are involved in a diverse range of import and export systems. Those involved in
polysaccharide export form a closely related sub-class within this large group of proteins
(Reizer et al., 1992). They are a two component system, comprising an integral membrane
protein and a hydrophilic ATP-binding protein. The transport complex consists of two of

each component (Reizer et al., 1992).

1.8.4 Polysaccharide synthesis via processive glycosyl transferases

LPS O:54 from S. enterica serovar borreze (Keenleyside and Whitfield, 1996),

cellulose from Acetobacter xylinum and Agrobacterium tumifaciens (Saxena et al., 1994),
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hyaluronic acid from Streptococcus pyogenes (DeAngelis et al., 1993), type 3 CPS from S.

pneumoniae (Arrecubieta et al., 1995; Dillard et al., 1995), alginate from Pseudomonas
aeruginosa (Maharaj et al., 1993) and chitin from Saccharomyces cerevisiae and Candida
albicans (Cabib et al., 1983) are all polysaccharides with simple mono- or di-saccharide
repeat unit structures. Biosynthesis of these polysaccharides requires a processive glycosyl
transferase or synthase. These glycosyl transferases share some common structural features
including four transmembrane domains and a large hydrophilic domain with two distinct
catalytic sites capable of forming two different glycosidic linkages (Keenleyside and
Whitfield, 1996). However, there may be some differences in the mechanism of
polysaccharide biosynthesis between different synthases. Biosynthesis of hyaluronic acid
in S. pyogenes and type 3 CPS from S. pneumoniae have been shown to require only the
synthase itself for production of CPS (Arrecubieta et al., 1996; DeAngelis and Weigel,
1994). Whereas, studies on the biosynthesis of O:54 LPS from S. enterica serovar borreze
have shown that the initial steps of polysaccharide synthesis resemble those for ABC-
transporter dependent pathways (Keenleyside and Whitfield, 1996). Biosynthesis of 0:54
LPS is dependent on the presence of a functional rfe gene, thus the initial step in
polysaccharide synthesis involves the transfer of sugar l-phosphate to und-P. The
polysaccharide chain is then polymerised by the synthase. No dedicated export systems
have been identified for these polysaccharides. These proteins all have four C-terminal
transmembrane domains (Cabib et al., 1983) which could conceivably form a pore in the

cytoplasmic membrane, enabling extrusion of the polysaccharide chain as it is synthesised.

1.8.5 Polysaccharide synthesis not involving lipid-linked intermediates

Some EPSs, such as glucan (a Glc polymer) and fructan (a fructose polymer) from

S. mutans and levan (a homopolymer of fructose) from E. amylovora are synthesised
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extracellularly and do not involve activated sugar precursors or lipid-linked intermediates
(Gross et al., 1992; Mukasa, 1986).

In S. mutans, glucan is synthesised from sucrose by glucosyl transferases (GTFs)
which are exported from the cell via a signal peptide and convert sucrose to glucan and
fructose. They have a catalytic site thought to be involved in sucrose hydrolysis (Mooser et
al., 1991) and a series of C-terminal direct repeats thought to be involved in glucan binding
(Mooser and Wong, 1988). These repeats are similar to those identified in the C-termini of
other Gram-positive ligand-binding proteins, such as those found in pneumococcal choline

binding proteins (Wren, 1991).

1.8.6 Capsule gene clusters

Capsule gene clusters have been cloned and sequenced from a variety of Gram-
negative and Gram-positive bacteria. These include E. coli K1 (Silver et al., 1984), K4
(Drake et al., 1990), K5 (Petit et al., 1995) K7, K12, K92 (Roberts et al., 1986), K10, and
K54 (Pearce and Roberts, 1995), Haemophilus influenzae type b (Kroll et al., 1989), N.
meningitidis group B (Frosch et al., 1989), Salmonella typhi Vi antigen (Hashimoto et al.,
1993), E. amylovora (Bugert and Geider, 1995), Erwinia stewartii (Dolph et al., 1988),
Pseudomonas solanacearum (Huang and Schell, 1995), K. pneumoniae (Arakawa et al.,
1995), and Staphylococcus aureus types 1 (Lin et al., 1994), 5 (Sau et al., 1997), and 8
(Sau and Lee, 1996). The genes involved in capsule biosynthesis for all of these organisms
are clustered together on the chromosome. The organisation of these gene clusters share
some similarities. Generally, the genes which are common to all serotypes are located near
the 5° and 3’ ends of the locus, with the serotype specific genes in the centre. This
arrangement may have contributed to the high degree of capsule diversity, with

recombination events between the conserved regions resulting in acquisition
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of new genes and the expression of a new capsule serotype.

1.9 The Capsule Locus of S. pneumoniae

As outlined above, capsule production requires a complex pathway including
transport into the cell and/or synthesis of the component monosaccharides, activation of
each to a nucleotide precursor, co-ordinated transfer of each sugar, in sequence, to the
repeating oligosaccharide and subsequent polymerisation, export and attachment to the cell
surface. Thus, the loci encoding capsule production would be expected to consist of a large
number of genes. However, when the work for this thesis was initiated, very little was
known about these loci. Only a single gene from the type 3 capsule locus (Arrecubieta et
al., 1994) and the first seven genes of the type 19F locus (Guidolin et al., 1994) had been
cloned and sequenced. Since then the entire sequences for the capsule loci of several

different pneumococci have been completed. These will be discussed in detail in chapter 8.

1.9.1 Pneumococcal capsular transformation

Classical genetic studies carried out by Austrian et al., (1959) demonstrated that the
S. pneumoniae genes required for biosynthesis and expression of capsular polysaccharide
are closely linked on the pneumococcal chromosome and are transferred as a cassette
during transformation. In the vast majority of cases, incorporation of the donor c¢ps locus
into the recipient cell chromosome was accompanied by loss of the original cps locus,
consistent with genetic recombination between homologous sequences flanking the
serotype-specific cps genes.

Transformation of a non-encapsulated derivative of a type 3 strain with DNA from
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a type 1 strain occasionally resulted in encapsulated transformants expressing both type 1
and type 3 CPS. Such binary encapsulated strains contained the defective type 3 cps locus
as well as the functional type 1 locus (Austrian et al., 1959). Binary encapsulation could
also be achieved by transformation of the type 3 mutant with DNA from other serotypes
whose CPS contained GlcA, a component of type 3 CPS. The recipient strains used in
these studies had mutations in the gene which encoded the enzyme required for synthesis of
UDP-GIcA. Thus, in the binary transformants, the UDP-GIcA required for synthesis of
type 3 CPS could be supplied by the enzyme encoded by the second cps locus (Bernheimer
etal., 1967).

Binary transformants always expressed abundant amounts of the type 3 CPS but
only small amounts of the second CPS and represented atypical recombination of the
second cps locus into the type 3 chromosome (Bernheimer et al., 1967). However,
unrelated pneumococci could only be transformed to the binary phenotype by using DNA
from binary strains, never by using a mixture of the DNA from the two component
serotypes. This suggests a degree of linkage between the two cps loci in the binary strains,
and possibly a tandem arrangement in some cases (Bernheimer et al., 1967). Binary
transformants were only ever achieved using type 3 pneumococci, thus the type 3 ¢ps locus

and/or its flanking sequences may differ in some way to that of other pneumococci.

1.9.2 Localisation of the type 19F capsule locus

The fortuitous discovery of the insertion sequence IS1202 closely linked to the type
19F capsule locus (Morona et al., 1994a) enabled the isolation and characterisation of part
of this locus. As shown in Fig. 1.4, the capsule locus is located downstream from dexB, a
gene which is part of the multiple sugar metabolism locus and encodes a glucan-1,6-0.-

glucosidase. 187202 is located in the 1 kb intergenic region and is only 87 bp from the start

1. Introduction



39
of the first gene in the capsule locus.
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Fig. 1.4 Physical map of the S. pneumoniae chromosome in the vicinity of the 19F ¢ps locus (Guidolin
et al., 1994). Arrows represent potential ORFs and the box represents 1S/202. Gene designations are
indicated below the map; genes cpsI9fB-G are abbreviated to B-G, respectively. Restriction sites are as
follows: B, BamH]I; C, Clal; E, EcoRI; H, HindIII; Nc, Ncol; Nr, Nrul; P, Pstl; S, Sphl. Various subclones of
this region, designated pJCP451-2, pJCP461-3, are as shown.

1.9.3 Partial cloning and sequencing of the 19F capsule locus

The first part of the type 19F capsule locus was cloned and sequenced (Guidolin et
al., 1994). Examination of the sequence data revealed the presence of six complete open
reading frames (ORFs) and one incomplete ORF, as shown in Fig. 1.4. An almost perfect
consensus promoter sequence was detected 30 bp upstream of the first ORF in this operon.
Each of the ORFs is preceded by a ribosome binding site and they are all closely coupled,

being separated by 1-15 nucleotides.
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1.9.4 Characterisation of cps19fA-G

The genes cpsI9fA-G are part of an operon essential for type 19F capsule
biosynthesis as disruption of these ORFs resulted in the loss of type 19F capsule
production (Guidolin et al., 1994). The predicted functions of the seven cpsI9f ORFs,
based on database homology searches (summarised in Table 1.9 and discussed in detail
below), are also consistent with the involvement of these proteins in capsule biosynthesis.

Thus the genes cpsl9fA-G form the first part of the type 19F capsule locus.

Table 1.9 Predicted functions of S. pneumoniae cps19f ORFs

ORF Predicted function Similar proteins (% identity)

Cps19fA regulation? B. subtilis LytR* (27.6%)
Cps19fB unknown S. agalactiae CpsA® (63.8%)
Cps19fC chain length regulation S. agalactiae CpsB® (46%)

/export R. meliloti ExoP® (22.5% to N-terminus)
Cps19fD chain length regulation S. agalactiae CpsC® (59.2%)

/export R. meliloti ExoP° (29.9% to C-terminus)
Cps19fE glucose- 1-phosphate transferase S. agalactiae CpsDb (45.6%)

S. enterica serovar typhimurium RibP? (31.4%)
X. campestris Xps2a® (24.1%)

Cps19fF N-acetyl mannosamine transferase B. subtilis TagA® (31.2%)
E. coli K12 RffM® (33%)
S. enterica serovar typhimurium RffM" (32.5%)

Cps19fGj unknown Haemophilus influenzae LicD' (38%)

a. Lazarevic et al. (1992); b. Rubens et al. (1993); c. Glucksmann et al. (1993); d. Jiang et al. (1991); e. Ielpi
et al. (1993); f. Mauel et al. (1991); g. Daniels et al. (1992); h. Lu and Abdelal (1993); i. Weiser et al.
(1989); j. Cps19fG OREF is truncated.

1.9.4.1 Cps19fA

Cps19fA exhibits significant similarity (27.6% identity) to the entire B. subtilis IytR
gene product (Lazarevic et al., 1992). LytR is a basic protein that is thought to act as a
transcriptional attenuator of lytABC (autolysin) expression and is thought to be membrane

bound via a N-terminal anchoring domain. Cps19fA is also basic and contains three
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hydrophobic segments near its N-terminus which may be membrane anchoring domains.
Interestingly, the predicted LytR protein lacks this hydrophobic region of the sequence, but
has a single hydrophobic region near its N-terminus. Thus Cps19fA may play arole as a
regulator of capsule gene expression although there is no direct evidence for this.

1.9.4.2 Cps19fB

The cps19fB gene product has 63.8% identity with the product of the Streptococcus
agalactiae (group B streptococcus) cpsA gene. The S. agalactiae cpsA gene has been
shown to be involved in the production of type Il capsular polysaccharide in group B
streptococci (Rubens et al, 1993). No other significant sequence similarities were
detected, and the functions of either of these gene products is not known.

1.9.4.3 Cps19fC

The cpsI9fC gene product has 46% identity with the S. agalactiae CpsB protein
(Rubens et al., 1993), and 22.5% identity with the N-terminal portion of the R. meliloti
ExoP protein (Glucksmann et al., 1993). Cps19fC also has some similarity to proteins
involved in chain length regulation of polysaccharides, including a conserved motif (amino
acids 168-187 in Cps19fC) found near the C-terminus in this type of protein (Kolkman et
al., 1997b:; Becker et al., 1995). Cps19fC probably regulates the chain length of type 19F
polysaccharide.

1.9.4.4 Cps19fD

The cpsI9fD gene product has significant similarity (59.2% identity) to the S.
agalactiae cpsC gene product (Rubens et al,, 1993). In addition, the Cps19fD protein
exhibits similarity (29.9% identity) to the C-terminal portion of the R. meliloti ExoP
protein (Glucksmann et al., 1993). Cps19fC and Cps19fD are homologous to first and last
thirds of ExoP, respectively. This may indicate that ExoP has multiple functional domains,

which are encoded by separate genes in streptococci. Cps19fD and the C-terminal domain
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of ExoP contain the ATP-binding motifs GXGKTT and YIIVD (amino acids 46-51 and

148-152 in Cps19fD) which have been described previously (Guidolin et al, 1994;
Kolkman et al., 1997b). R. meliloti ExoP-truncated mutants (missing the C-terminal
domain) produce less succinoglycan with a reduced molecular weight (Becker et al., 1995).
This suggests that Cps19fD may function, in conjunction with Cps19fC, to regulate the
export and chain length of type 19F CPS.

1.9.4.5 Cps19fE

The cpsI9fE gene product is relatively hydrophobic and exhibits significant
similarity to known glycosyl transferases. The galactosyl transferase encoded by the S.
agalactiae cpsD gene (Rubens et al., 1993) shows 45.6% identity to the cpsI9fE gene
product. Cps19fE also exhibits similarity to RfbP (31.4%) from S. enterica serovar
typhimurium strain LT2 (Jiang et al., 1991), an und-P Gal-1-phosphate transferase which
catalyses the initial step in O-antigen biosynthesis, and the X. campestris xps2a (gumD)
gene product (24.1%), a Glc-1-phosphate transferase which catalyses the first step in
xanthan gum synthesis (Ielpi et al, 1993). Examination of the hydrophobicity plot of
Cps19fE revealed that the N-terminal portion of the protein has 3 hydrophobic segments
which may be potential membrane spanning domains; this suggests that Cpsl19fE is
anchored to the bacterial membrane. Interestingly, although the N-terminal portions of
Cps19fE, RfbP, and Xps2a have little amino acid sequence similarity, the hydropathy plots
for these regions are very similar. Studies with RfbP (Wang et al, 1996) have
demonstrated that the hydrophilic C-terminal region is required for the transferase activity
of these proteins. Kolkman et al (1996) demonstrated that Cps14E, which is almost
identical (95.8%) to Cpsl19fE, is a glucosyl transferase. Thus Cpsl19fE is a glucosyl-
transferase which adds Glc, the first sugar in the polysaccharide repeat unit, to the lipid

carrier.
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1.9.4.6 Cps19fF

The cps19fF gene product has similarity (31-33% identity) to three other proteins,
namely the B. subtilis tagA gene product, an N-acetyl mannosamine (ManNAc) transferase
which is needed for cell wall teichoic acid biosynthesis (Mauel et al., 1991), and the E. coli
K12 and S. enterica serovar typhimurium strain LT2 rffM gene product, which is a putative
N-acetyl-D-mannosaminuronic acid transferase, involved in the synthesis of ECA (Daniels
et al., 1992; Lu and Abdelal, 1993). Since the type 19F CPS contains ManNAc, Cps19fF is
probably the transferase which catalyses the addition of this sugar in the synthesis of the
type 19F polysaccharide.

1.9.4.7 Cps19fG

The cps19fG gene (incomplete) encodes a truncated protein which exhibits 38%
identity with the N-terminal end of the LicD protein of Haemophilus influenzae (Weiser et

al., 1989). However, the precise function of LicD is unknown.

1.10 Aims of this Thesis

As mentioned previously (section 1.9), when this study commenced, the only
capsule biosynthesis genes from S. pneumoniae that had been analysed were a single gene
from the type 3 locus (Arrecubieta et al., 1994) and what appeared to be the first six genes
of the type 19F locus (Guidolin et al., 1994). Knowledge of the factors determining or
regulating capsular polysaccharide biosynthesis is likely to provide new insights into the
mechanisms of pathogenesis of pneumococcal disease. Moreover, comparison of the
genetic structure of the loci encoding synthesis of immunologically-related capsular

polysaccharides may provide information on the mechanism whereby S. pneumoniae
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acquired the capacity to synthesise 90 distinct capsular serotypes. Accordingly, the work
described in this thesis was aimed at complete characterisation of the cps loci for all four

members of S. pneumoniae serogroup 19 (serotypes 19F, 19A, 19B and 19C).
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Chapter 2

MATERIALS AND METHODS

2.1 Bacterial strains and cloning vectors

2.1.1 Bacterial strains

The E. coli strains used in this study are described in Table 2.1. Bacteriophage N4

was obtained from Prof. L.B. Rothman-Denes and Dr. D.R. Kiino (Kiino et al., 1993).

Table 2.1 E. coli K12 strains

Strain Relevant genotype Source / Reference
DH1 F, gyrA96, recAl, relA2, endAl, thil, hsdR1, Hanahan (1983)
supE44, X
DHS F, deoR, recAl, endAl, hsdR17(ry,my), supE44, Bethesda Research Laboratories,
thil, gyrA96, relAl, N Gaithersburg, MD
DH5o F, $80dlacZAM15, A(lacZYA-argF), U169, Bethesda Research Laboratories,
deoR, recAl, endAl, hsdR17(ri,my), supE44, Gaithersburg, MD
thil, gyrA96, relAl, N
MC4100 F, araD139, AlargF-lac)U169, rpsL150, rclAl, E. coli Genetic Stock Center, Yale
fIbB5301, deoCl, ptsF25, rbsR, thiAl University, CT (Silhavy et al., 1984)
KI8828 MC4100 nfrC2 Prof. L.B. Rothman-Denes and
Dr. D.R. Kiino (Kiino et al., 1993)
S@874 F, lacZ2286, trp-49, A(sbcB-rfb)86, upp-12, Neuhard and Thomassen (1976)

relAl, rspL150, &’
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S. pneumoniae strains and clinical isolates used in this study are described in Table

2.2, all other clinical isolates were from the Department of Microbiology, Women's and

Children's Hospital, Adelaide, South Australia.

Table 2.2 S. pneumoniae strains

Strain Serotype  Source / Reference

Rx1 rough Shoemaker and Guild (1974)

Rx1-19F 19F Morona et al. (1994a)

SSZ-19F 19F Dr. Chi-Jen Lee, Center for Biologics, FDA, Bethesda, Md., USA

1777/39 (19A1) 19A Dr. Jorgen Henrichsen, Statens Seruminstitiit, Copenhagen, Denmark

19A2 19A Dr. Chi-Jen Lee, Center for Biologics, FDA, Bethesda, Md., USA

clinical isolates 19A Mike Gratten, ARI Research and Reference Unit, Centre for Public
Health Sciences, Queensland Health, Brisbane, Australia

19B 19B Dr. Chi-Jen Lee, Center for Biologics, FDA, Bethesda, Md., USA

19C 19C Dr. Chi-Jen Lee, Center for Biologics, FDA, Bethesda, Md., USA

FDA, Food and Drug Administration; ARI, Acute Respiratory Infections.

2.1.2 Cloning vectors

The bacterial cloning vectors used in this study are listed in Table 2.3.

Table 2.3 Bacterial plasmids and cloning vectors

Plasmid/Vector Antibiotic Resistance Reference

pBluescript SK+ Amp Stratagene, La Jolla, CA.
pBluescript KS+ Amp Stratagene, La Jolla, CA.
pGEM-T7Zf(+) Amp Promega Corporation, Madison, WL
pK184 Kan Jobling and Holmes (1990)

pK194 Kan Jobling and Holmes (1990)
pVAS891 Ery, Cml Macrina et al. (1983)

pGP1-2 Kan Tabor and Richardson (1985)

Amp, ampicillin; Kan, kanamycin; Ery, erythromycin; Cml, chloramphenicol.
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2.1.3 Growth media

E. coli strains were grown in Luria-Bertani (LB) broth with or without 1.5% (w/v)
Bacto-agar (Difco Laboratories, Detroit, MI, USA). LB broth was prepared by dissolving
10 g tryptone (Difco), 5 g yeast extract (Difco), and 5 g NaCl in deionised water to a final
volume of 1 litre, adjusted to pH 7.5 with NaOH, and sterilised by autoclaving at 121°C for
15 min. LB agar was prepared similarly, but with the addition of 15 g agar before
autoclaving. Where appropriate, chloramphenicol (Cml), ampicillin (Amp), kanamycin
(Kan), or erythromycin (Ery) was added to the growth medium at concentrations of 25, 50,
25 and 10 pg/ml, respectively.

E. coli strains were preserved as follows: a 1.5 ml aliquot from a fresh overnight

culture was mixed with 375 pl 80% (v/v) glycerol and stored at -80°C.

Pneumococci were routinely grown in either Todd-Hewitt broth supplemented with
0.5% (w/v) yeast extract (THY), or on blood agar (BA). THY was prepared by dissolving
36.4 g of Todd-Hewitt broth (Oxoid Limited, Basingstoke, England) and 5 g yeast extract
(Difco) in deionised water to a final volume of 1 litre, and sterilised by autoclaving. BA
was prepared by dissolving 40 g blood agar base no. 2 (Oxoid) in deionised water to a final
volume of 1 litre, sterilised by autoclaving and cooled to 55°C before the addition of 25 ml
of defibrinated horse blood (Amadeus International, Adelaide, Australia). Where
appropriate, Ery was added to media at a concentration of 0.2 pg/ml. When pneumococci
were grown to stationary phase in THY, 1% (w/v) choline (Aldrich Chemical Company,
NSW, Australia) was added to the medium.

Pneumococcal strains were grown in serum broth for 4 h at 37°C and then stored at
-80°C. Serum broth was prepared by dissolving 10 g Bacto peptone (Difco), 5 g NaCl and
8 g Lab Lemco powder (Oxoid) into 1 litre of deionised water, and the pH was adjusted to

7.4. After sterilisation by autoclaving, 10% (v/v) donor horse serum (CSL, Victoria,
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Australia) was added, qnd the broth was filter sterilised.

2.2 Chemicals and reagents

2.2.1 General chemicals

Most chemicals used were AnalaR grade and were purchased from Ajax Chemicals,
(NSW, Australia). Tris was purchased from Progen Industries (Queensland, Australia).
Maleic acid, SDS, DTT and N,N,N'N'-tetramethyl-ethylene-diamine (TEMED) were
purchased from Sigma Chemical Company (St. Louis, MD., USA). Acrylamide and
ammonium persulphate were purchased from Bio-Rad Laboratories (Hercules, CA, USA).
The deoxyribonucleoside triphosphates (dATP, dCTP, dGTP and dTTP), X-gal, IPTG, and
herring sperm DNA were purchased from Boehringer Mannheim (Mannheim, Germany).

DOC was purchased from BDH Biochemicals (Poole, England).

2.2.2 Antibiotics

Amp was purchased from CSL (Victoria, Australia); Kan sulphate was purchased
from Progen Industries; Cml and Ery were purchased from Boehringer Mannheim;
rifampicin (Rif), tetracycline (Tet) and streptomycin sulphate (Str) were purchased from

Sigma.

2.2.3 Enzymes

RNase A, lysozyme, pronase and proteinase K were purchased from Boehringer-

Mannheim. All restriction endonucleases were purchased from either Boehringer
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Mannheim, or Progen and used according to the manufacturers’ recommendations. Other

DNA modifying enzymes, T4 DNA ligase, Klenow fragment of DNA polymerase I and

Taq polymerase were purchased from Boehringer Mannheim. Sequencing kKits using either

dye-labelled primer or dye-labelled terminators were purchased from Applied Biosystems.

2.2.4 Oligodeoxynucleotides

The oligodeoxynucleotides used are listed in Table 2.4 and were purchased from

Life Technologies (Gaithersburg, MD, USA).

Table 2.4 Oligodeoxynucleotides

Name Sequence (5°-3°) Homologous to:

DEXB ataaagc TTCCATGGGATGCTTTCTGT dexB (35-16 nt from 3’ end)
CPSA2 ataggatCCCTAGCAAGGCAACTAGTA <cps19fA (nt 335-354)

CPS5’ TGATGTTCAAGGTATAGGTGTTAATCA before cpsI9fA (nt 146-169)
CPSX1 atactcg AGATGGAGCACCAAATCATTC cps19fG (nt 6,245-6,265)

J5 atgggatCCACTACACTTGATGGGGGT cpsI9fF (nt5,224-5,243)

J7 TTATTATATTTTgcATgCCTTTAATGGC cps19f1 (nt7,772-7,799)

J8 TAAAACTAGACaAGCTITAGCAAAA <cps19fE (nt 4,584-4,608)
Jo TTCCTTCTaGATTTGTAAAGATATT cps19f] (nt 9,502-9,526)
110 CTAAGAACAAGCTTGTATATTTCCT <cps19f1 (nt7,919-7,943)
J11 GATggATCCCATCAATCCAACCCAAGT <cps19fJ (nt9,108-9,129)
712 CTCGCGCTGCAgCAAAACAAC cpsI9fL (nt 11,597-11,614)
J14 CAACTTTgAAITCACCAGTTATTTTITG cpsl9fH (nt7,515-7,542)
J15 GACTCAgGTAcCAAATTAAAAGAAGAA cps19f1 (nt 8,881-8,907)
J16 AAATGGATccAAAGGTAGAAATGTAATC <cps19fI-K (nt 10,379-10,406)
J17 CACGGgGATcCTACTACGACATAT cps19K (nt 10,697-10,720)
J18 AATGATCTGcATgCGTTCTGTATCTC <cpsl9K (nt11,166-11,191)
J19 AATAGTCAGTCgaCCTACTATTGGAC cps19f0 (nt 15,340-15,364)
120 AAGTAgGACCTGATATTTCCCAGC <cps19fG (nt 6,096-6,120)

(continued overleaf)
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Name Sequence (5°-3") Homologous to:

121 TGCTGGAAgcTTGAAATTGGTTGGG cps19fK (nt 11,341-11,365)
122 AATTGaaTTCTTTTATAGATTTAACACAAG <cpsI9fH (nt 6,743-6,772)
124 TTGAGAAAGCTTTTGAAGAGGTGAAA cpsI9fO (nt 14,260-14,285)
J25 GTACGgaTCCAAGTCGGACGACC <cps19fO (nt 14,682-14,704)
126 TAGTGAGAA(TCTCTATCCTATCTTCTA aliA (nt 16,127-16,154)

127 GGCTgGatCCAAACCATCTGGACTT <cpsI9fL (nt11,787-11,811)
128 GAAAAAAaGCTTCCACTTGGATTTCC cpsI9M (nt 12,541-12,566)
129 GCTTGGATCcGCGTAGTTCACAAA <cps19fM (nt 12,880-12,903)
130 TGACTTAaGCTIGAAACCGCGCGA cpsI9N (nt 13,136-13,159)
131 GCCTgGAICCCAGCTTCAAAGTTG <cps19fN (nt 13,946-13,946)
132 CGTCTTTTacTAGTTGTTGGATATCAAT <aliA (nt 17,853-17,880)
133 ACAAGAaTCgATTACGTATTTAGTTGGT aliA (nt 17,339-17,366)

134 CTATTTGGATCCGTAGCTTTGGCA <aliA (nt 17,057-17,080)
J36 CAATAATGTCACGCCCGCAAGGGCAAGT <aliA (nt 16,463-16,490)
J37 TGGTGGAAAGCUHAGAAAGAAGCTG cps19fN (nt 14,002-14,026)
J38 TCTAGCGGaTCcCAGTTTACCAAGC <IG3’ region (nt 15,568-15,592)
J39 TAGTTCATGTAGTTGCAAGTGACATGCACAA cps19fB (nt 2,190-2,220)
J42 AAGTCaTcGATGAAACTATTTCTTGTG cps19bH (nt 1,499-1,525)
J43 TATATGATTGTATcGATTATCATGTGGC cps19bP (nt 2,693-2,720)
J44 TAATCAGCTGATcgATCAGCTCCGCTC <cpsI9bP (nt 3,395-3,421)
J45 AATGGAicCATTTTTATCGCTTCTGGAC <cps19bK (nt 9,273-9,302)
147 CCTATACCATTTGaATTCAATATATTCTAG <cps19bJ (nt 7,830-7,857)
J49 AATGTGgAICCTACATATGTATTAACAG ¢cps19bR (nt 6,886-6,913)
170 GATGGTggaTCCTGTTTTAGATTTATTTGG cps19aK (nt 12,114-12,143)
172 TATCGTCAICGATAAATTCTTCACCG < cpsl9al (nt 13,515-13,540)
J87 CTCATACTaGTCCACTGTTGGTG <cps19aE (nt 6,458-6,480)
188 CTCAGGatCCCGCCTGTACCC cps19aL (nt 13,266-13,286)
J92 TTGGATAAGCTIGAAAAAAATCGGATT cps19aB (nt 3,441-3,467)
Jo3 TACTGAAaGCTTTGCTAGTTTTTCAC < ¢cpsl9aE (nt 5,330-5,355)
Jo4 AACACGATAGAAATCGATGTATTTC ¢ps19aC (nt 3,932-3,956)
J95 TTTTGgAtCCTGCACGCGCAAAAG < cps19aD (nt 4,797-4,820)

< denotes primer is complementary to the sequence of the indicated gene. Lower case letters indicate base
substitutions to insert restriction sites. Cleavage sites for restriction endonucleases EcoRI (GAATTCO),
BamHI (GGATCC), HindIll (AAGCTT), Clal (ATCGAT), Xbal (TCTAGA), PstI (CTGCAG), Sphl
(GCATGC), Sall (GTCGAC), Kpnl (GGTACC), Spel (ACTAGT) and Xhol (CTCGAG) are underlined. The
sequences to which the primers are homologous are available as follows: dexB-cpsI9fA and cps19fA-G are
available under GenBank accession nos U04047 and U09239, respectively; cps19fG-0O, cpsi19b and cpsi9a
are as described in Appendices I, II and III, respectively, nt denotes nucleotide position.
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2.3 Serotyping of pneumococcal strains

Production of capsule by pneumococci was assessed by quellung reaction, using
diagnostic pneumococcal typing sera produced by Statens Seruminstitiit, Copenhagen,
Denmark. Serum broth was inoculated with cells from an overnight BA plate and
incubated at 37°C for 4 h. Then 10 pl serum broth culture was mixed with 10 pl of the
typing sera and microscopic examination for capsular swelling confirmed the production of
type-specific capsule. This was performed by staff from the Dept. of Microbiology and
Infectious Diseases, Women’s and Children’s Hospital, Adelaide.

Pneumococci belonging to serogroup 19 were serotyped (19F, 19A, 19B or 19C) by
quellung reaction, using factor specific antisera obtained from Statens Seruminstitiit,
Copenhagen, Denmark, and was performed by Mr. M. Gratten and Ms. Denise Murphy,

Public Health Bacteriology Laboratory, Centre for Public Health Sciences, Queensland

Health.

2.4 Bacterial transformation

2.4.1 Preparation of competent E. coli strains

2.4.1.1 RbCl; method

E. coli K12 DH50. was made competent as follows. A 100 ml LB broth was
inoculated with 1 ml of an overnight culture of DH5ct and grown to very early log phase

(Ago 0.04). The cells were then centrifuged in a Hettich Universal/K2S centrifuge at 4,000

x g for 15 min at 4°C. The pelleted cells were resuspended in 40 ml of Tfbl (30 mM
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KOAc, 100 mM RbCl,, 10 mM CaCl,, 50 mM MnCl,, adjusted to pH 5.8 with 0.2 M

acetic acid and filter sterilised) and placed on ice for 5 min. The cells were again

centrifuged at 4,000 X g for 15 min at 4°C. The cells were then resuspended in 2 ml of

TfbII (10 mM MOPS, 75 mM CaCl,, 10 mM RbCl,, 15% (v/v) glycerol, adjusted to pH 6.5
with KOH and filter sterilised) and placed on ice for 15 min. The cells were dispensed into

sterile 1.5 ml microcentrifuge tubes in 50 pl volumes, quickly frozen on ethanol/dry ice for

5 min, and transferred to -70°C. The bacterial cells remained viable with no apparent loss
of competence for at least 6 months. The cells were thawed at room temperature before
being placed on ice and transformed as described in section 2.4.2.

2.4.1.2 Electroporation method

DH5(pGP1.2) was made competent for transformation by electroporation, as
follows. Briefly, 100 ml fresh LB broth was inoculated with 10 ml of an overnight broth
culture. The culture was grown at 30°C with vigorous shaking until a density of Ago = 0.5
to 0.8 was achieved. Before harvesting, the bacterial cells were chilled on ice for 15 min
and then centrifuged at 4,000 X g for 15 min at 4°C. The supernatant was drained away as
much as possible and the pellet was resuspended in 100 ml ice-cold water and centrifuged
as before. The last step was repeated, and the cells were resuspended in 50 ml ice cold
water. The resultant pellet was then resuspended in 20 ml of ice-cold 10% (v/v) glycerol,
centrifuged as before and resuspended in a final volume of 2 ml of ice-cold 10% (v/v)
glycerol. Cells were quickly frozen in ethanol/dry ice in 100 pl aliquots in 1.5 ml
microfuge tubes, and stored at -70°C. The cells were stable for about six months under
these conditions.

2.4.1.3 CaCl,; method

All other E. coli strains were made competent for transformation with plasmid

DNA according to the method described by Brown et al. (1979). An overnight culture (in
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LB broth) was diluted 1:20 into fresh LB broth and incubated with aeration for 2 h until the

culture reached an Aggp of 0.04 (very early log phase). The bacterial cells were pelleted by

centrifugation at 4,000 X g for 15 min at 4°C and resuspended in 0.5 volumes of cold 100

mM MgCl,, centrifuged again and resuspended in a 0.1 volumes of cold 100 mM CaCl,.

The bacterial cells were allowed to stand for 1 to 2 h on ice before use.

2.4.2 Transformation of competent E. coli strains

Competent cells (50 pl) were mixed with 15 pl DNA and kept on ice for 30 min.

The cel/DNA mixture was then heat-shocked at 42°C for 3 min, and then again placed on
ice for a further 10 min. The bacterial cells were incubated at 37°C for 1 h after the

addition of 0.5 ml LB. The bacterial cell suspension was then plated onto selection plates.

2.4.3 Electroporation of E. coli strains

Transformation of electroporation competent cells was performed as described in
the Electrocell Manipulator® 600 (ECM® 600) Operation Manual (BTX, San Diego, CA.,
USA). Frozen bacteria were gently thawed at room temperature and placed on ice before
the addition of 1 to 2 pg of DNA (dissolved in Hi-pure water), the cells were mixed
thoroughly and allowed to stand for 1 min. The cell suspension was transferred to a chilled
sterile BTX disposable electroporation cuvette (P/N 620, 2 mm gap) and this was then
placed in the safety chamber of the ECM® 600 which was set at 2.50 kV/resistance high
voltage and 129 Q resistance. The cell suspension was then pulsed for 5-6 msec at a

charging voltage of 2.45 kV. After electroporation the cell suspension was mixed with 960

pl LB, incubated at 30°C for 1 h without shaking, and then plated onto selective medium.
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2.4.4 Transformation of pneumococcal strains

S. pneumoniae strains were grown at 37°C, in 10 ml THY broth, to a density of
3x108 cells/ml (Aggo of 0.27). The culture was diluted 100-fold into competence medium

containing 10% (v/v) glycerol and stored at -70°C in 500 pl aliquots. After thawing a 500
ul aliquot of cells, 500 pl of competence factor was added and incubated at 37°C for 20
min. The cells were then mixed with 100 pl of DNA prepared as described in section 2.5.2

or 2.5.3 and incubated at 37°C for 2 h. Transformants were selected by plating the cells on

blood agar plates containing 0.2 pg/ml erythromycin and incubating at 37°C for up to 48 h.

2.4.5 Preparation of competence factor for pneumococcal transformation

Pneumococcal strains produce one or more competence-inducing pheromones
which activate competence and the uptake of exogenous DNA (Pozzi et al., 1996).
Production of these pheromones occurs spontaneously at a particular point in the growth
cycle and when harvested can be used to induce competence in other pneumococcal strains.
The highly transformable S. pneumoniae strain Rx1 was used to prepare competence factor,
as described previously by Yother et al. (1986).

A 10 ml culture of Rx1 in THY was grown, at 37°C, to a density of 3x10% cells
(Agoo of 0.27). A 5 ml aliquot, with 10% (v/v) glycerol, was stored at -70°C, for 16 h. The
5 ml aliquot was thawed at 37°C and diluted into 500 ml competence medium (THY; 0.2%
(w/v) bovine serum albumin; 0.01% CaCl,; adjust to pH 7.8). The 500 ml culture was
incubated at 37°C for 30 min and then 18 ml samples were taken at 10 min intervals. Each
18 ml sample was mixed with 2.6 ml 80% (v/v) glycerol and stored at -70°C immediately;

a 100 pl aliquot of each time point was stored separately in a 1.5 ml microfuge tube for

further analysis.
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To assess competence, the 100 pl samples were incubated at 37°C for 10 min, then
10 pl chromosomal DNA (from an Ery resistant pneumococcus) was added and the

samples were incubated for a further 30 min at 37°C. After incubation, serial 10-fold
dilution to 10°® were carried out in a microtitre tray and plated onto BA plates containing

0.2 pg/ml Ery, and incubated at 37°C for 16 h. The time points with the highest number of
Ery-resistant transformants and thus the highest transformation frequencies were prepared
for use as competence factor. The frozen aliquots were thawed and the bacteria pelleted by
centrifugation at 4,000 X g for 15 min at 4°C. The supernatant (or competence factor) was
carefully removed and filter sterilised through a 0.45 pm filter, dispensed into 500 pl

aliquots and stored at -70°C.

2.5 DNA extraction procedures

2.5.1 Plasmid isolation

Plasmid isolation procedures were based on the alkaline lysis method (Morelle,
1989). A 1.5 ml aliquot of an E. coli overnight culture was transferred to a microcentrifuge
tube, pelleted by centrifugation at 13,000 rpm for 2 min in a microfuge (Biofuge 13,
Heraeus Instruments, Germany), and resuspended in 100 pl of a solution of 50 mM Glc, 25
mM Tris-HCI (pH 8.0), 10 mM EDTA, and lysozyme at a final concentration of 4 ug per
ml. After 5 min incubation at room temperature, 200 il of a solution of 1% (w/v) SDS and
200 mM NaOH was added. The tubes were then mixed by inverting several times and
incubated on ice for 5 min. After the addition of 400 pl 7.5 M ammonium acetate, pH 4.8,

the tubes were again mixed by inversion, incubated for 10 min on ice, and cellular debris
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was then removed by centrifugation at 13,000 rpm for 10 min. Supernatants were then
transferred to a clean microfuge tube and the plasmid DNA precipitated by the addition of
500 pl of ice-cold isopropanol. The tubes were then mixed by inverting several times and
left standing at room temperature for 15 min. The plasmid DNA was pelleted by
centrifugation at 13,000 rpm for 15 min, the pellet was washed with 70% (v/v) ethanol, and
dried under vacuum. The pellet was resuspended in 20-50 pl of sterile water (Baxter,
NSW, Australia) and stored at 4°C.

Plasmid DNA to be used in sequencing reactions (Applied Biosystems) was further
purified as follows. The plasmid DNA prepared as above was mixed with 1 pl RNase A
(10 mg/ml in H,0) and incubated at 37°C for 15-30 min. The DNA was then mixed with
an equal volume of 7.5 M ammonium acetate and 2 volumes of isopropanol. The sample
was mixed by vortex, left standing at room temperature for 15 min, and then centrifuged
for 15 min at 13,000 rpm. The supernatant was discarded, the DNA pellet was washed
with 75% ethanol, 25% 50 mM Na acetate and microfuged for 10 min. The pellet was then
washed in 100% ethanol and microfuged for 5 min. The pellet was dried under vacuum
and resuspended in the original volume of TE (10 mM Tris, 1 mM EDTA, pH 8.0).
Alternatively, they were prepared using the plasmid mini-kit (Qiagen), following the

procedure outlined in the Qiagen plasmid handbook.

2.5.2 Plasmid isolation for pneumococcal transformation

A 100 ml overnight culture was centrifuged at 4,000 x g for 15 min at 4°C and the
pellet was resuspended in 4 m! 50 mM Glc, 25 mM Tris (pH 8.0), 10 mM EDTA (pH 8.0),
2 mg/ml lysozyme and incubated on ice for 10 min, then 8 ml 0.2 M NaOH, 1% (w/v) SDS
was added, mixed by inversion and placed on ice for 10 min. Next, 6 ml 1.5 M Na acetate

(pH 4.8) was added, mixed by inversion and placed on ice for a further 10 min. The debris

2. Materials and Methods



57

was pelleted by centrifugation at 4,000 X g for 15 min at 4°C and the supernatant was
carefully decanted into a clean tube. The supernatant was mixed with 6 ml of ice-cold
isopropanol and placed on ice for 15 min. The DNA was pelleted by at 4,000 x g for 20
min at 4°C, resuspended in 2 ml of 0.1 M Na acetate, 0.05 M Tris (pH 8.0) and transferred
to microfuge tubes (500 1 per tube) and re-precipitated by the addition of 1 ml 100%
alcohol. The tubes were placed on ice for 15 min and the DNA was pelleted by
centrifugation at 4,000 x g for 15 min at 4°C. The DNA was resuspended in a total volume

of 400 pl TE and used to transform S. pneumoniae.

2.5.3 Preparation of pneumococcal chromosomal DNA

S. pneumoniae chromosomal DNA was prepared using the Wizard® Genomic DNA

Purification Kit (Promega Corporation). The protocol was modified to optimise recovery
of chromosomal DNA from pneumococci as follows.

The growth from a BA plate incubated at 37°C overnight was resuspended in 10 ml
THY containing 1% (w/v) choline and grown at 37°C for 3-4 h. The culture was pelleted
by centrifugation at 4,000 X g for 20 min at 4°C, resuspended in 200 ul 50 mM EDTA (pH
8.0) plus 0.1% (w/v) DOC and the suspension was divided between two microfuge tubes
before incubation at 37°C for 10 min. After 10 min, the suspension was translucent,
indicating that most of the bacteria had lysed, then 200 pl 50 mM EDTA (pH 8.0) and 300
pl Nuclei Lysis Solution (from the kit) was added and gently mixed by pipette. The lysates
were then incubated at 80°C for 10 min to ensure all the bacteria had lysed. The lysates
were cooled to room temperature, 1.5 pl of a 10 mg/ml RNase A solution was added,

mixed by inversion and incubated at 37°C for 15-60 min. The lysates were then cooled to

room temperature and 100 pl Protein Precipitation Solution (from the kit) was added and

2. Materials and Methods



58

mixed by inversion. The lysates were placed on ice for 5 min and then centrifuged at

13,000 rpm for 10 min. The supernatant was transferred to a clean microfuge tube and 600
pl isopropanol was added and mixed by inversion. The precipitated chromosomal DNA
appeared as white fluffy strands and was pelleted by centrifugation at 13,000 rpm for 10
min. The supernatant was carefully removed and the pellet was washed with 600 pl 70%
(v/v) ethanol. The DNA was again pelleted by centrifugation at 13,000 rpm for 5 min and
the supernatant was drained from the tube, removing as much as possible. The pellet was

resuspended in 50-100 pl TE and allowed to resuspend at 4°C overnight.

2.6 Analysis and manipulation of DNA

2.6.1 Restriction endonuclease digestion of DNA

DNA samples were digested using the restriction enzyme buffers recommended by
the manufacturers. About 100 to 500 ng of plasmid DNA, or purified restriction fragments,
were incubated with 2 units of each restriction enzyme in a final volume of 10 pl at 37°C
for 2 h, with the exception of Smal digests, which were carried out at 30°C. The reactions
were terminated by heating at 65°C for 10 min. Prior to electrophoresis on an agarose gel,
a one-tenth volume of tracking dye consisting of 25% (w/v) Ficoll (type 400), 0.25% (w/v),
bromophenol blue, 0.25% (w/v) xylene cyanol, was added. For the digestion of

chromosomal DNA, 4 pg of DNA was incubated with 4 units of each enzyme in a final

volume of 20 pl at 37°C for 16 h.

2.6.2 Calculation of sizes of restriction fragments

The sizes of restriction enzyme fragments were calculated by comparing their
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relative mobility with that of EcoRI-digested B. subtilis bacteriophage SPP1 DNA, and/or

with that of HindIll-digested A phage DNA obtained from Bresatec (Adelaide, South

Australia). The calculated molecular sizes of the EcoRI-digested SPP1 DNA fragments
were: 8.51 kb, 7.35 kb, 6.11 kb, 4.84 kb, 3.59 kb, 2.81 kb, 1.95 kb, 1.86 kb, 1.51 kb, 1.39
kb, 1.16 kb, 0.98 kb, 0.72 kb, 0.48 kb, and 0.36 kb (Ratcliffe et al., 1979). The calculated

molecular sizes of the HindIlI-digested phage A DNA fragments were: 23.13 kb, 9.42 kb,

6.56 kb, 4.36 kb, 2.32 kb, 2.03 kb, 0.56 kb and 0.13 kb (Sanger et al., 1983).

2.6.3 Analytical and preparative separation of restriction fragments

Electrophoresis of digested DNA was carried out at room temperature on
horizontal, 0.8% -1.5% (w/v) agarose (DNA grade agarose, Progen Industries) gels with a
Tris-borate-EDTA (TBE; 67 mM Tris, 22 mM boric acid and 2 mM EDTA at pH 8.0)

buffer system, containing 0.5 pg/ml ethidium bromide, as described by Maniatis et al.

(1982). DNA bands were visualised by trans-illumination with UV light and photographed
using either a Polaroid MP4 camera with type 667 positive film or Mitsubishi thermal

paper (K65HM) on a Mitsubishi video copy processor fitted to a Trackte] GDS-2 camera.

2.6.4 Isolation of restriction fragments from agarose gels

DNA restriction fragments were excised from agarose gels and purified as detailed

in the Qiaex handbook using the Qiaex DNA Gel Extraction Kit (Qiagen).

2.6.5 In vitro cloning

The DNA fragment to be subcloned (about 200 ng) was cleaved in either single or

double restriction enzyme digests. This was combined with 20 ng of similarly cleaved
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vector DNA, then ligated with 1 unit of T4 DNA ligase in a volume of 15 pl in a buffer

containing a final concentration of 20 mM Tris-HCl (pH 7.5), 10 mM MgCl,, 10 mM DTT,
and 600 nM ATP at 4°C for 16 h. The ligated DNA was then used directly for
transformation of E. coli strains. Wherever possible, transformants were screened for
insertional inactivation of any interrupted genetic marker prior to plasmid DNA isolation.
If the interrupted marker conferred antibiotic resistance, the transformants were screened
for sensitivity to the antibiotic. Where the DNA insert was cloned into a multicloning site
near the start of the B-galactosidase gene, transformants were selected usiné indicator
plates containing IPTG and X-Gal. The transformants containing only vector DNA formed
blue colonies whereas those with additional DNA inserted in the vector formed white

colonies in these plates.

2.7 Southern hybridisation

2.7.1 Labelling of DNA probes

DNA probes were labelled with digoxigenin (DIG) using the DNA Labelling Kit
purchased from Boehringer Mannheim. The DNA to be labelled was added to a microfuge
tube and denatured by heating to 95°C for 10 min and then rapidly cooled on ice for 1 min.
Then 2 ul hexanucleotide mixture, 2 ul dNTP mixture (containing DIG-11-dUTP) and 1 pl
Klenow enzyme was added to the DNA. Water was added to give a final volume of 20 pl.

The mix was incubated at 37°C overnight. The labelled DNA mixture was heated at 95°C

for 10 min and cooled rapidly on ice before being added to the hybridisation mix.
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2.7.2 DNA hybridisation by Southern blotting

2.7.2.1 Transfer of DNA to nylon membrane

Restriction fragments from single and/or double digests of DNA were separated
electrophoretically on a 1% (w/v) agarose gel. DIG labelled lambda DNA, restricted with
HindIII, was used as a DNA molecular size marker. Unidirectional transfer of DNA from
agarose gels to Hybond-N" nylon membrane (Amersham, England) was performed as
described by Southern (1975) and modified by Maniatis et al. (1982). The DNA was fixed
to the nylon membrane by placing the membrane on a piece of Whatman filter paper
soaked in 0.4 M NaOH for 5-30 min. The membrane was then washed in 5x SSC (150
mM NaCl, 15 mM Na; citrate, pH 7.0 for 1x SSC), and then in deionised water before
prehybridisation.

2.7.2.2 High stringency hybridisation

The membrane was prehybridised for 1-6 h at 42°C in a prehybridisation solution
consisting of 50% (v/v) formamide, 5Sx SSC (pH 7.0), 2% (w/v) blocking reagent
(Boehringer Mannheim) and 0.01% (w/v) N-lauroylsarcosine. The membrane was then
hybridised overnight at 42°C in hybridisation solution consisting of 50% (v/v) formamide,

5x SSC (pH 7.0), 5x Denhardt's reagent, 1% (w/v) SDS, 100 pg/ml heparin and 100 pg/ml
of single stranded herring sperm DNA (Sigma) (Maniatis et al., 1982) to which the
denatured DIG labelled DNA probe had been added. After hybridisation, high stringency
washing of the membrane was carried out as follows. The membrane was washed twice for
5 min with 2x SSC at 65°C, and then twice for 5 min with a solution of 0.2x SSC and 0.1%

(w/v) SDS at 65°C. These conditions were able to detect DNA sequences with 290%

homology to the DIG labelled DNA probe, based on the actual DNA sequences detected.
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2.7.2.3 Low stringency hybridisation

Low stringency hybridisation was essentially the same as high stringency
hybridisation, except it was performed at room temperature. After hybridisation, the

membrane was washed twice for 15 min with 2x SSC at 50°C. These conditions were able
to detect DNA sequences with >70% homology to the DIG labelled DNA probe, based on

the actual DNA sequences detected.

2.7.2.4 Immunological detection

DIG labelled probe which annealed to the DNA on the membrane was detected as
follows. After stringency washing of the membranes, they were washed briefly in DIG
Buffer 1 (100 mM maleic acid, 150 mM NaCl, pH 7.5) and then incubated for 30 min at
room temperature in 100 ml of DIG Buffer 2 (1% blocking reagent in DIG Buffer 1). The
membrane was then incubated with 6 pl anti-DIG Fab fragment, alkaline phosphatase (AP)
conjugate in 30 ml DIG Buffer 2 for 1 h. The membrane was then washed twice in 100 ml
DIG Buffer 1 and then briefly in DIG Buffer 3 (100 mM Tris, 100 mM NaCl, 50 mM
MgCl,, pH 9.5). The DIG label was detected by incubating the membrane in the dark with

10 ml DIG Buffer 3 containing 45 pl 4-nitro blue tetrazolium (NBT; 75 mg/ml in 70%
(v/v) dimethylformamide) and 35 pl 5-bromo-4-chloro-3-indolylphosphate, toluidinium

salt (X-phosphate; 50 mg/ml in 100% dimethylformamide).

2.8 DNA sequencing and analysis

2.8.1 Nested deletions

In order to obtain sequence of both strands of various clones containing
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pneumococcal DNA, a series of nested deletion derivatives were constructed by the method
of Henikoff (1984) using an “Erase-a-base' kit (Promega, Madison, WI) according to the

manufacturer’s instructions.

Approximately 5 pg of DNA was digested, in a total volume of 20 pl, with two
restriction enzymes. One which generated exonuclease I resistant 3’ ends (such as BsiX],
Kpnl and Sphl) and one which generated exonuclease I sensitive ends. This ensured that
exonuclease digestion would proceed in only one direction. An aliquot of 1 pl was
analysed by agarose gel electrophoresis to ensure that digestion was complete and that the
plasmid had been linearised.

Prior to digestion with exonuclease III (Exo III), the restricted DNA was diluted to
60 ul in Exo I 1x buffer (66 mM Tris-HCI (pH 8.0), 0.66 mM MgCl,) and incubated at
37°C. After the addition of 400 units of Exo I, 2.5 pl aliquots were removed at 30 s
intervals and added to 7.5 pl of S1 nuclease mix (40.5 mM potassium acetate, pH 4.6, 338
mM NaCl, 1.35 mM ZnSO,, 6.75% (v/v) glycerol containing 2.25 units of S1 nuclease)
and placed on ice. After all the samples had been taken, the tubes were incubated at room
temperature for 30 min. After the addition of 1 pl of S1 stop buffer (300 mM Tris, 50 mM
EDTA) the samples were incubated at 65°C for 10 min to inactivate the S1 nuclease. A 2
ul aliquot from each of the time points was analysed by agarose gel electrophoresis to
determine the extent of Exo HI digestion. The samples which had been appropriately
digested were processed further. The samples were incubated at 37°C for 1 min prior to the
addition of 1 pl of Klenow mix (30 pl of 20 mM Tris (pH 8.0), 100 mM MgCl, with 5
units of Klenow DNA polymerase). The samples were incubated at 37°C for 3 min before
the addition of 1 pl of dNTP mix (0.125 mM of each of dATP, dCTP, dGTP and dTTP)

followed by a further 5 min incubation at 37°C. The samples were then transferred to room
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temperature and mixed with 40 pl of ligase mix (50 mM Tris, pH 7.6, 10 mM MgCl,, 1

mM ATP, 5% (w/v) PEG 8000, 1 mM DTT, with 5 units/ml T4 DNA ligase). After 1 hthe
samples were placed at 4°C overnight.

The samples were then transformed (as described in section 2.4.2) into competent
E. coli DH5q, prepared using the RbCl, method (section 2.4.1.1), and plated onto selection
plates. Plasmid DNA from the transformants was characterised by restriction enzyme
analysis. Plasmids which contained appropriate deletions were subjected to DNA

sequencing.

2.8.2 DNA Sequencing using dye-labelled primers
Sequencing reactions were carried out using 1 pg of double stranded plasmid DNA

with the Applied Biosystems Prism dye-primer cycle sequencing ready reaction kit as

detailed below.

Reagent A C G T
Ready Reaction premix 4 4 8 8
DNA template (ul) 1 1 2 2
Total volume ([l) 5 5 10 10

Samples were placed in a Hybaid® Touchdown® Thermal Cycler. The program
used consisted of: rapid thermal ramp to 95°C for 30 sec, rapid thermal ramp to 55°C for 30
sec, rapid thermal ramp to 70°C for 60 sec and was repeated for 15 cycles.

After the cycles were completed, the four separate reactions for each DNA sample
were mixed together with 80 pul of 95% (v/v) ethanol, mixed thoroughly, and kept on ice

for 15 min to precipitate the DNA. The DNA was pelleted at 15,000 rpm for 30 min in a
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microcentrifuge, washed in 250 pl of 70% (v/v) ethanol, centrifuged for another 10 min,

dried in vacuo for 3 min and stored at -20°C.

2.8.3 Sequencing with dye-labelled terminators

Double-stranded DNA template (1 pg in a volume of up to 10 pl), 8 pl of Applied
Biosystems Prism dye-terminator premix and 3.2 pM of primer were added and the
volume adjusted to 20 pl with deionised H,O. Sequencing reactions were carried out using
1 pg of double-stranded plasmid DNA in a Hybaid® Touchdown® Thermal Cycler as
follows; 96°C for 30 sec, 50°C for 30 sec, 60°C for 4 min repeated for 25 cycles.

After the cycles were completed, each reaction mixture was precipitated with 50 pl
of 95% (v/v) ethanol and 2 pl of 3 M sodium acetate (pH 4.8) and placed on ice for 10 min.

The DNA was pelleted at 15,000 rpm for 30 min in a microfuge at 4°C, and the pellet was
washed in 250 pl of ice-cold 70% (v/v) ethanol. Samples were dried in vacuo and stored at

-20°C.

2.8.4 DNA sequencing

The sequencing reactions were then sent to the DNA sequencing service provided
by the Molecular Pathology Unit, IMVS, Adelaide, Australia. DNA sequence data were

obtained using an Applied Biosystems model 373A automated DNA sequencer.

2.8.5 DNA sequence analysis

The sequence was analysed using DNASIS and PROSIS Version 7.0 software
(Hitachi Software Engineering, San Bruno, CA.). The programs BLASTX (Altschul et al.,

1990) and gapped BLAST (Altschul et al., 1997) was used to translate DNA sequences and
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conduct homology searches of the protein databases available at the National Center for
Biotechnology Information, Bethesda, Md. Amino acid sequence alignments were
performed with the program CLUSTAL (Higgins and Sharp, 1988) and CLUSTAL W
(Thompson et al., 1994). The program PROFILEGRAPH (Hofmann and Stéffel, 1989)
was used to align hydropathy plots generated according to the method of Kyte and Doolittle
(1982). Phylogenetic analysis was carried out using the program MEGA (Kumar et al.,

1994).

2.9 PCR Amplification

2.9.1 PCR amplification using Taq polymerase

PCR amplification was performed in a Hybaid® Touchdown® Thermal Cycler and
the 50 pul reaction volume contained PCR buffer (1.5 mM MgCl,, 10 mM Tris (pH 8.4), 50
mM KCl, and 100 pg per ml of gelatine), 1.5 U of Taq polymerase, 1 uM of each primer,

100 ng of DNA template, and 200 mM of each of the four dNTPs. The program consisted
of 25 cycles, and each cycle consisted of: denaturation at 95°C for 30 sec, annealing at
50°C for 30 sec, and elongation at 72°C for 1-4 min, 1 min for each kb of expected product.

A 5 pl sample of the PCR product was analysed by agarose gel electrophoresis.

2.9.2 Long range PCR

The ExpandTM Long Template PCR System (Boehringer Mannheim, Germany) was
used for long range PCR (LR-PCR), according to the manufacturer’s instructions, in a

Hybaid® Touchdown® Thermal Cycler. The LR-PCR program used consisted of 25 cycles,
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after an initial incubation at 92°C for 2 min to allow complete denaturation of the DNA
template. The first 10 cycles consisted of denaturation at 92°C for 30 sec, annealing
initially at 55°C for 1 min, decrementing by 1°C per cycle to 45°C at cycle 10, and
elongation at 68°C for 5-20 min. Cycles 11-25 consisted of denaturation at 92°C for 30
sec, annealing at 55°C for 1 min at cycle 11, decrementing to 45°C at cycle 25, and
elongation at 68°C for 5-20 min at cycle 11, increasing by 1 min per cycle to cycle 25. The
length of the extension time varied with the expected size of the PCR product,

approximately 1 min for every kb to be amplified, up to a maximum of 20 min.

2.9.3 Inverse PCR

The method used for inverse PCR (InPCR) was that described by Ochman et al.
(1988). Briefly, chromosomal DNA (5 pg) was digested to completion with an appropriate
restriction enzyme. The cleaved DNA was then self-religated at 16°C for 16 h at a
concentration of 10 pg/ml. Amplification was performed using 1 ug of ligated DNA and
50 pM of each appropriate primer using either Taq polymerase or LR-PCR as described

above.

2.9.4 Purification of PCR products

PCR products were purified for further analysis using a PCR Clean Up Kit
(QIAGEN), according to the manufacturer’s instructions. If the PCR product required
concentration, several individual PCR reactions were pooled and purified and eluted into a

final volume of 50 pl.

2. Materials and Methods



68
2.10 Insertion-duplication mutagenesis

This method was used to mutagenise pneumococci by insertion of pVA891 (Table
2.3) into pneumococcal ORFs. This required the cloning an appropriate internal fragment
of the pneumococcal ORF into pVA891, which encodes Cml and Ery resistance, but cannot
replicate in S. pneumoniae (Macrina et al., 1983), and transforming this plasmid construct
into Rx1-19F as described in section 2.4.4. As the pVA891 replicon cannot function in
pneumococci, Ery-resistant transformants are the result of a homologous recombination
event directed by the cloned fragment of pneumococcal DNA that leads to the integration
of the pVA891 plasmid into the host chromosome, and consequent disruption of the gene
of interest. Furthermore, the cloned segment of pneumococcal DNA is duplicated and

flanks the integrated copy of pVA891 as illustrated in Fig. 2.1.
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Fig. 2.1. Insertion-duplication mutagenesis. Recombination between the pneumococcal chromosome and
the homologous DNA fragment (shown in pink) inserted into pVA891 (shown in green) results in the
insertion of pVA891 into the chromosome and interruption of the ORF. The relative positions of the origin of
replication and the antibiotic resistance markers for Cml and Ery are shown in dark green.
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2.11 Plasmid insertion/rescue

This procedure was used to isolate pneumococcal DNA which flanks the pVA891
insertion site of an insertion-duplication mutant. Plasmid sequences along with flanking
DNA were recovered from the mutants by digestion of chromosomal DNA (5 pg) with an
appropriate restriction enzyme, self-religation of the cleaved DNA (at a concentration of 10
pg/ml) as shown in Fig. 2.2, followed by transformation into E. coli DH5a (section 2.4.2)
and selection for either Cml or Ery resistance. The pneumococcal DNA was subsequently

subcloned into pPGEM-7Zf(+), pBluescript SK+, or pBluescript KS+ for further analysis.

insertion-duplication mutant

E E E
I S i o - I
eml” on ery’
-
pVA891 ery pneumococcal DNA
ori
o

E

Fig. 2.2. Plasmid insertion/rescue. Chromosomal DNA from a pneumococcal insertion-duplication mutant
is digested with an appropriate restriction endonuclease (E) and self-ligated to recircularise the pVA891
replicon (shown in green) containing additional pneumococcal DNA from the adjoining region. The relative
positions of the origin of replication and the antibiotic resistance markers for Cml and Ery are shown in dark
green.
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2.12 Protein and LPS analysis

2.12.1 T7 expression

DHS5(pGP1-2) derivatives were grown in 10 ml LB+KA (LB broth containing Amp
and Kan) at 30°C for 16 h. The bacteria were then washed in 10 ml LB+KA and
resuspended in 10 ml LB+KA. One ml was diluted to 30 ml in LB+KA and grown at 30°C
to an OD of 0.3. The culture was then divided in two. Half was heat shocked at 42°C for
30 min to induce T7 expression and then grown at 37°C for 2 h after the addition of 200
pg/ml Rif. The other 15 ml was uninduced and grown at 30°C for the duration of the
experiment. The bacteria were pelleted by centrifugation at 4,000 x g for 15 min at 4°C
and resuspended in 50 pl water and 350 pl loading buffer (consisting of 62.5 mM Tris-HCl
(pH 6.8) 2% (w/v) SDS, 10% (v/v) glycerol, 4% (v/v) B-mercaptoethanol, and 0.1% (w/v)

bromophenol blue), heated at 100°C for 5 min, and stored at -20°C before SDS-PAGE

analysis.

2.12.2 LPS preparation

One ml of an overnight culture was pelleted at 15,000 rpm for 2 min in a
microfuge, the pellet was resuspended in 50 pl loading buffer and heated at 100°C for 5
min. Then 10 pl of proteinase K solution (2.5 mg/ml proteinase K in loading buffer) was

added and incubated at 56°C for 4 h. The samples were stored at -20°C before SDS-PAGE

analysis.
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2.12.3 SDS-PAGE

SDS-PAGE was performed as described by Laemmli (1970) using Protean II gel
apparatus (Bio-Rad Laboratories) and a Model 2000/200 power supply (Bio-Rad
Laboratories). The 10 or 15% separating polyacrylamide gels consisted of 10 or 15%
acrylamide, 142 mM Tris (pH 8.8), 0.05% SDS, 0.04% ammonium persulphate and
0.014% TEMED. The stacking gel consisted of 3% acrylamide 62 mM Tris (pH 6.8),
0.05% SDS, 0.04% ammonium persulphate and 0.011% TEMED. The polyacrylamide
gels were 15 cm long, 14 cm wide, and 1.5 mm thick. The prepared samples were loaded
using a loading syringe (Hamilton Company, Reno, Nevada, USA) prior to electrophoresis
in electrode buffer (25 mM Tris, 25 mM glycine, 0.1% SDS, pH 8.3) at 350 V for 2-3 h.
Proteins were stained overnight at room temperature in 0.1% (w/v) Coomassie Brilliant
Blue R250, 10% (v/v) acetic acid, 25% (v/v) methanol, with gentle agitation. The gel was
destained by gentle agitation in several changes of 10% (v/v) acetic acid, 10% (v/v)
isopropanol at 65°C. The molecular weight markers (Bio-Rad) were myosin (200 kDa), -
galactosidase (116.25 kDa), phosphorylase b (97.4 kDa), serum albumin (66.2 kDa),
ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), lysozyme

(14.4 kDa) and aprotinin (6.5 kDa).

2.12.4 Western blotting

Samples were electrophoretically transferred from SDS-PAGE gels onto
nitrocellulose filters as described by Towbin et al. (1979), in transblot buffer (25 mM Tris-
HCI, 200 mM glycine, 5% (v/v) methanol, pH 8.3) at 350 mA for 2 h in a BioRad
Transblot apparatus fitted with a water-cooled coil.

The nitrocellulose filter was then agitated for 20 min in 100 ml of TTBS (20 mM

Tris-HCI, 150 mM NaCl, .05% (v/v) Tween-20, pH 7.4) containing 5% (w/v) skim milk.
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This solution was then discarded and replaced with 50 ml TTBS containing 0.02% (w/v)

skim milk and 10 pul of anti-S. flexneri type 4 serum (Murex, UK), the filter was then
incubated at room temperature, with agitation, overnight. The filter was then washed for
10 min in three changes of 100 ml TTBS. The filter was then incubated at room
temperature with agitation for 60 min in 50 ml TTBS containing 25 pl goat anti-rabbit IgG-
AP conjugate. The filter was then washed for 5 min in four changes of 100 ml TTBS and
once in DIG Buffer 3. The filter was then developed as described in section 2.7.2.4 except

that colour development occurred much faster and it was not performed in the dark.
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Chapter 3

CHARACTERISATION OF THE
COMPLETE TYPE 19F CAPSULE LOCUS

3.1 Introduction

The cloning and sequencing of the first six genes of the type 19F cps locus has been
reported previously (section 1.9.2; Guidolin et al., 1994). At that time, no complete
pneumococcal ¢ps locus had been described for any serotype. Accordingly, the work
described in this chapter was aimed at isolating, sequencing and where possible,

functionally characterising the remainder of the pneumococcal type 19F cps locus.

3.2 Results

3.2.1 Isolation, cloning and DNA sequencing of the type 19F cps locus

The strategy used to obtain the remainder of the type 19F locus was to sequentially
isolate DNA fragments from S. pneumoniae Rx1-19F (Morona et al., 1994a) using either
plasmid insertion/rescue or InPCR, and then clone them into pBluescript SK+ or pGEM-

7Zf(+) for further analysis. The resultant recombinant plasmids pJCP464, pJCP465,
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pJCP466, pJCP467, pJCP468 and pJCP469 are shown in Fig. 3.1 and described in detail

below.
Ne CH B Nr S C PC K EC NcH C E KCB KEH N¢ HEBP H
1 I O I I I l | L1l 1110 ] (.
dexB 181202 cpsi9AB C D E F G H K L M N O alid
NcH C
pJCP464 W [
C E
pJCP465 j I
E KC
pJCP466 j IR |
CB KEH
pJCP467 LL 111
EH No
pJCP468 w
Ne¢ HEBP H
pJCP469 w3
L1 1 1 1 1
Skb

Fig. 3.1. Physical map of the chromosome of S. pneumoniae Rx1-19F in the vicinity of the cps19f locus.
Boxed arrows represent potential ORFs and the closed box represents the insertion element IS1202. Gene
designations are indicated below the map; cpsI9fB-O are abbreviated to B-O, respectively. Restriction sites
are as follows; B, BamHI; C, Clal; E, EcoRI; H, HindIIl; K, Kpnl; Nc, Ncol; Nr, Nrul; P, Pstl; S, Sphl. The
regions of DNA subcloned into various recombinant plasmids are shown below the map.

The plasmid pJCP464 (Fig. 3.1) was constructed using plasmid insertion/rescue
(described in section 2.11). The pVAS891 replicon was excised, along with flanking
pneumococcal DNA, from a derivative of S. pneumoniae Rx1-19F in which cpsI9fF had
been interrupted by insertion of pVA891 (Guidolin et al., 1994). The Clal restricted DNA
was recircularised and transformed into E. coli DH50.. The 2.65 kb pneumococcal DNA

insert was excised from the rescued pVA891 derivative and subcloned into pBluescript

3. Type 19F capsule locus
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SK+. This plasmid was used to generate a series of nested deletion derivatives (section
2.8.1) which were then sequenced (section 2.8.2).

The available sequence data was then used to design primers J7 and J8 (Table 2.4)
which were used for InPCR amplification (section 2.9.3) of EcoRI restricted and
circularised chromosomal DNA to obtain a 2.0 kb segment of downstream DNA,
overlapping the insert of pJCP464 by 100 bp. This PCR product was cloned into pGEM-
7Zf(+) to generate pJCP465. Sequencing of the insert of this plasmid enabled design of
primers J9 and J10 (Table 2.4) which were then used for InPCR amplification of Clal
restricted and circularised chromosomal DNA to obtain a further 2.2 kb of flanking DNA
(again overlapping by 100 bp). This PCR product was also cloned into pGEM-7Zf(+) to
generate pJCP466 (Fig. 3.1) and sequenced.

The next plasmid, pJCP467 (Fig. 3.1), was obtained by rescue of the pVA891
replicon plus flanking DNA from a derivative of S. pneumoniae Rx1-19F in which cps19f]
had been interrupted (described in section 3.2.4). The HindII-restricted DNA was
recircularised and transformed into E. coli DH5a., followed by subcloning of the 3.85-kb
Clal-HindII pneumococcal DNA insert into pGEM-7Zf(+). Nested deletion derivatives of
pJCP467 were sequenced. Sequence data across the Clal site was obtained by dye
terminator sequencing (section 2.8.3) of the rescued pVA891 based plasmid with the
primer J12 (Table 2.4).

Two further rounds of InPCR were then used to construct pJCP468 and pJCP469.
The PCR product obtained from Ncol restricted and circularised chromosomal DNA with
primers J19 and J20 (Table 2.4) was cloned in pGEM-7Zf(+) to generate pJCP468 (Fig.
3.1) and then sequenced. Primers J26 and J27 (Table 2.4) were designed for inverse PCR
amplification of Clal restricted and circularised chromosomal DNA. The 4-kb PCR

product was cloned into pBluescript SK+ to generate pJCP469 (Fig. 3.1). However only

3. Type 19F capsule locus
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the first 2.1 kb (to the HindIIl site) was sequenced using the M13 forward primer and
primers J32, J33 and J34 (Table 2.4) as well as sequence of a subclone containing the
internal 1.2-kb HindIIl fragment using the M13 forward and reverse primers. Only the part

of pJCP469 which was sequenced is shown in Fig. 3.1.

3.2.2 Analysis of the cps19f DNA sequence

Both strands of the pneumococcal DNA inserts of each of the above plasmids (or
nested derivatives thereof) were subjected to sequence analysis in order to compile the
complete sequence of the remainder of c¢psl9f, as shown in Appendix I. Examination of
the compiled sequence revealed the presence of a further nine potential open reading
frames (ORFs), which have been designated cpsl9fG to cps19f0. Each ORF is preceded
by a ribosome binding site and the majority are very closely linked. The only potentially
significant intergenic gaps occur between cpsl9f] and cpsI9fK (63 nucleotides) and
between cpsI9fN and cpsI9fO (65 nucleotides). However, potential stemmed-loop
structures were not found immediately downstream of cpsl9fJ or ¢psI9fN and no obvious
promoter sequences were seen immediately upstream of ¢psI9fK or cps19f0. The first six
genes of the cpsl9f locus are also closely linked (intergenic distances 1-15 nucleotides)
(Guidolin er al., 1994) and so co-transcription of the entire locus remains a possibility.

A large region (1,458 nucleotides) downstream of cpsI9fO did not appear to
contain any significant ORFs on either DNA strand, but the region from nucleotides
15,390-15,630 contained numerous stemmed-loop structures reminiscent of transcription
terminators. There was, however, an additional ORF commencing at nucleotide 16,446,
which was preceded by a ribosome binding site and by -10 and -35 promoter sequences.
Comparison of sequence data for this gene with those deposited on GenBank indicated

97.3% DNA identity with that reported for the pneumococcal aliA gene, which encodes an

3. Type 19F capsule locus
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oligopeptide binding protein (Alloing et al., 1994) and so is unrelated to CPS biosynthesis.

This information, combined with earlier results (section 1.9) show that in S. pneumoniae

type 19F, the ¢ps locus is located between dexB and aliA in the chromosome, as shown in

Fig. 3.1.

3.2.3 Characterisation of cps19fG-O

The locations and several properties of each of the ORFs designated cps19fG-O are

summarised in Table 3.1. Significant similarities with other known proteins, revealed by

comparison with sequence databases, are described below.

Table 3.1. Summary of ORFs cps19fG-O.

Location in Predicted No.amino  Hydrophobicity = Predicted %G+C

ORF sequence MW acids index” pl content”
cpsl9fG 5,883-6,693 31,647 269 -0.39 8.43 36.3
cpsl9fH 6,694-7,572 34,474 292 -0.54 7.80 30.3
cps19fl 7,573-8,910 51,734 445 0.68 9.59 29.7
cps19f] 8,933-10,354 55,055 473 0.81 9.83 29.7
cps19fK 10,418-11,506 40,950 362 -0.30 5.48 35.2
cps19fL 11,545-12,414 32,215 289 -0.21 4.69 42.3
cpslofM 12,415-13,011 22,379 198 -0.40 5.05 41.5
cps19N 13,021-14,070 39,053 349 -0.45 5.16 42.1
cps19f0 14,136-14,986 32,330 283 -0.50 4.71 41.5

a. According to Kyte and Doolittle (1982), as implemented in PROSIS.
b. Percent guanine plus cytosine (G+C) of coding region.

3.2.3.1 ¢eps19fG

The ¢psI9fG gene encodes a putative 31.6 kDa protein which exhibits 25.9%

identity with the LicD protein of H. influenzae, which is encoded by the licD gene of its

LPS locus (Weiser et al., 1989).

However, the precise function of LicD is unknown.

3. Type 19F capsule locus
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Cps19fG also has a low level of similarity to the central portion of the Mnn4 gene product
which is required for the addition of mannosylphosphate to N-linked oligosaccharides in S.
cerevisiae (Odani et al., 1996). The alignment between these three proteins is shown in
Fig. 3.2; the similarity is greatest at the N-terminal end of Cps19fG where a conserved
motif has been identified. This motif includes aspartate (D) residues, which are predicted
to be present in the catalytic sites of glycosyl transferases (Saxena et al., 1995). The
structure of the H. influenzae LPS is highly variable, but Phillips et al. (1993) suggest it
may be phosphorylated. The type 19F CPS and the cell wall mannans in S. cerevisiae are
both phosphorylated. Thus it is possible that Cps19fG, LicD and Mnn4 are all involved in

the phosphorylation of polysaccharides.

Cps19fG ——-—ILIKELDA—EKEFKICEE@D D F F[L|R s Vv L[GA]v K
LicD KKLTLREQQLIVIC|LIN I —TDY|F[HA L|C E[RH Q| I[H Y S|L|G TLIGAIIR
Mnn4 VDTLINDKQEYAR|LN s MR T[F|Q[KIF T K A[NJe[ 1] 1 sw{L|S H[G|T L Y[¢]Y L -
cps19G [¥]0[G]- -[F T PWD D B|M[D] I A V[ER|E A[Y]D K[L]P S[VFIK DR I[T]A G K[Y]aV L[T]Y Q
LicD H klGl- -{F 1 PwDDD|I|D|V YMHR|D E|]YJQRF VD|VIWF QE - T H E Y[Y|N | E[T|VE
Mnn4 Y] MjGIM Al F[-|P W D|N|D|F[D|L QM IKHLQLSQYNQSL[IILEDPRQGNGR
Cps19fG [Y]C - — — —[O]T[(]JHCYFPRLFLLA-[DE[RIKRLGLPRNTNL[GL[HLIIDIIP
LcD == - = - plI[LlAQKTGEMAK | F-[D|C|R[T@ I TEI AGKKSAMF ~{I DIfF |
Mnd [YIFLDVS|Ds|LTVRINGNGKNN I[DJAIR|~F I DVD T~~~ -[GL]Y -[1DI|-~
Cps19fG L[DGA[PNHEVL - = === = - — - — - RKIFCKVY YRF L A[SIL[ETOIY -
LicD YIDGIVIPNIDPK | I CSFMKKYRRTH|R|R F{Y|S[C KK RWL K= = = — — — — — — —
Mnn4 _TIGILAS T[SIAP-SRDYLNSY | EE[Rl-LQEEHLD I NN I PE[SINGE[TAT
Cps19fG VG@HMHSKQKL IGFFKKLGFAKL?PQNS—VYRRDNLYRK
Lcb - -=-~— AKENTILWKIAIL - - - NKLISH=-L I[F]---|SIKMQKN|LIEQFQIT
Mnn4 L POKVDJDGLVNMATLNI T--E[L]-==RDY = I T[§|- - === === =~~~
cps19iG [V]D WKIK QK Y]A[G 1] | — - N A S[L]- - - F A[KE]V[MP|V[E] | w6 E G V[E]-[K|P -[F E|D
LicD v|P I|kla c DY 1|G[LVLSDYDDYGGWAQ|K[S Y[MP|K[E[Y FNHV | Y ~IKIE —|F E[G
Mnn4 DENKINHKIRVP[T]- - -D TD[LJKDL LKKE[LEELPKSKT - I[EINK[LNPKQ
Cps19fG TFFKVPTEY'DRYLKRLYGENL———YEEPDDEKKSHLGH

LicD rRalFlalviIMNGlY|HEH|L|TQ Y| Y|DGD[YIMKLPPEEIDQKPHH IQEAY I L

Mnn4 RY|F|-T - NEKLK-|LlY NCRNNHFNS--FIEE[L[S]PL I NTVFH[GVP

Fig. 3.2. Alignment of Cps19fG. Alignment of Cps19fG with H. influenzae LicD (LicD) (Weiser et al.,
1989) and amino acids 465-730 of S. cerevisiae Mnn4 (Mnn4) (Odani et al., 1996) using the default settings
of the program CLUSTAL (Higgins and Sharp, 1988) and enhanced by manual adjustment. . Residues
identical to those in Cps19fG are boxed; similar residues are shown in red; - indicates absence of a residue.
The yellow shaded regions correspond to an apparently conserved motif in these proteins.

3. Type 19F capsule locus



79
3.2.3.2 cps19fH

The cps19fH gene encodes a putative 34.5 kDa protein, assuming that translation is
initiated at the TTG codon, as shown in Appendix I. The nearest in-frame ATG codon is a
further 90 codons downstream (the expected translation product would be approximately
20 kDa) and is not preceded by a ribosome binding site. Cps19fH has a limited degree of
identity with rhamnosyl transferases from Yersinia enterocolitica and S. flexneri, as shown
in the alignment of these proteins in Fig. 3.3. Interestingly, the more conserved regions
correspond to a motif previously identified in a number of rhamnosyl and other 6-
deoxyhexosyl transferases (Morona et al., 1995). This suggests that Cps19fH is likely to
be the rhamnosyl transferase involved in incorporation of rhamnose (Rha) into the type 19F

CPS.

Cps19fH LFCY I I LHYKV[LJE E T I[S|CVKS[T|KE[GINJY NAIKQ | vV I | DNFISINNG
YeRfbB MN|L|K K DK|[S|P SV A|[I|LMG|TIYNAJEKFLEQQLE|S|- - -
SfRG MATIYNGECW I EEQLK|S|- -
CpstofH TGEK L[QE - - - - - ClYE[SD|LE - I[D]VL I[NJHENAG[FJA - - - - - R|G[N|N
YeRfoB - - 1aslaTvTNWS|LWV|SDIDGSSIDINTLA I LDKYKKKWGLG|R|JLIN|-
SRG - -1 1 ElQKkDVDISTFISDDLSTIDINTL[NJICEE -[FlQLSYPS T I[N
Cps1ofH [V]A Y - -[QF|JA K E K Y[N|P D VIMNNDIEIETEN-iEKIVT-—DIY
YeRB [VIRR G A|Q[K G F A - HIN|- - sLvC-DIEI[-]TIAD Y|F|[SF S -DQD[D I|W
SIRG LPSVNKFIGGAGK|N- -|F[YRL I K-|DIVDLIE[INYDY ICFS -DQD[D I|W
Cps19fH R[E|E F—HLLGPD—IFSTTYELHQ@PKRHTHYTYE

YeRB  E|E[D|K|L ERA|[LINALS V|FIPAS -[QPS - - - - - Lj- -[y|-cs

StRG Y KD|K|I KNATDCL - VIFINNANCYSS[NV I AY - -[Y[P s[G]

Fig. 3.3. Alignment of Cps19fH. Alignment of Cps19fH, from amino acid position 1 to 143, with Y.
enterocolitica RftbB (YeRfbB) (Zhang et al., 1993) and S. flexneri RfbG (SfRfbG) (Morona et al., 1995)
using the default settings of the program CLUSTAL (Higgins and Sharp, 1988) and enhanced by manual
adjustment. Residues identical to those in Cps19fH are boxed; similar residues are shown in red; - indicates
absence of a residue. The yellow shaded regions correspond to those found to be most conserved amongst a
variety of Gram-negative rhamnosyl and 6-deoxy-hexosyl transferases (Morona et al., 1995).
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3.2.3.3 cps19fi

The cps19fI gene encodes a putative 51.7 kDa protein, which has similarity to Rfc
proteins (O-antigen polymerases) from a variety of Gram-negative bacteria, as shown in
Table 3.2. Although the overall similarity between Cps19fI and the various Rfc proteins is
low (14.0 - 20.1% identity) it is as strong as the degree of identity within the Gram-
negative species (15.5-19.8%). The relationship between Cps19fI and Rfc proteins is even
more apparent when similar as well as identical amino acids are considered, as exemplified
by the alignment with E. coli K12 Rfc (Stevenson et al., 1994) shown in Fig. 3.4. The
hydropathy plots for the various proteins (Fig. 3.5) also illustrate the marked similarity,
each having 10-12 hydrophobic, potentially membrane-spanning, domains. It therefore

seems probable that Cps19fI is the polysaccharide polymerase.

Table 3.2. Similarity of Cps19fI to other proteins.
% Identity”

Cpsl9fl  KI12Rfc SdRfc StRic SfRfc M67Rfc  M40Rfc
Cps19f1° 100 16.5 19.6 15.6 14 18.3 20.1
[394] [382] (417} [350] [394] [318]

K12Rfc* 100 17.5 19.1 19.4 16.5 17

[382] (3971 [309] [358] [335]
SdRfc? 100 15.5 16.5 18.5 16.5
[381] [315] [211] [363]
StRfc® 100 18.8 19.7 17.5
[308] [269] [341]
SfRfc’ 100 17.5 19.8
[331] [349]
MG67RfcE 100 17.5
[360]
M40Rfc" 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs. b. S. pneumoniae Cps19fL.
c. E. coli K12 Rfc (Stevenson ef al., 1994). d. Shigella dysenteriae type 1 Rfc (Klena and Schnaitman,
1993). e. S. enterica serovar typhimurium Rfc (Collins and Hackett, 1991). f. S. flexneri Rfc (Morona et
al., 1994b). g. S. enterica serovar muenchen strain M67 Rfc (Brown et al., 1992). h. S. enterica serovar
montevideo strain M40 Rfc (Lee et al., 1992).
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1994), using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). Identical residues are

Fig. 3.4. Alignment of Cps19fl. Alignment of Cps19fl with E. coli K12 Rfc (K12Rfc) (Stevenson et al.,
boxed; similar residues are shown in red; - indicates absence of a residue.

Cps19fl
K12Rfc
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Fig. 3.5. Hydropobicity analysis of Cps19fl. Hydropathy plots of Cps19fl, E. coli K12 Rfc (K12Rfc) (Stevenson et al, 1994), S. flexneri Rfc (SfRfc) (Morona et al,
1994b), S. dysenteriae Rfc (SdRfc) (Klena and Schnaitman, 1993) and S. enterica serovar typhimurium Rfc (StRfc) (Collins and Hackett, 1991) were generated by the
method of Kyte and Doolittle (1982) and aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-axis indicate hydrophobic regions
and putative membrane-spanning domains are shaded. The position of every 10th amino acid is marked on each X-axis.
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3.2.3.4 cps19f]

The cpsI9fJ gene encodes a putative 55.1 kDa protein with similarity to RfbX
proteins of E. coli, Shigella sp. and Yersinia sp., as well as to the CapF protein of S.
aureus, as shown in Table 3.3. The RfbX proteins are known to be involved in transport
of O-antigen repeat units across the membrane (Liu et al., 1996; Macpherson et al., 1995).
Again, the overall similarity between Cps19f] and the various Gram-negative proteins is
low (15.7-19.4% identity), but the degree of identity within the Gram-negative species is
similar (16.4-31.4%). Moreover, the hydropathy plots for the Cps19fJ and the various
RfbX-related proteins are very similar (Fig. 3.6). These are all integral membrane proteins

with 10-12 hydrophobic, potentially membrane-spanning, domains

probably the polysaccharide repeat unit transporter.

Table 3.3. Similarity of Cps19f]J to other proteins.

Thus, Cps19f1] is

% Identity”

Cps19f1°  SIRX®  KI2RMHX! SARMHX®  YeTrgA’  YpRbX®  SaCapF"

Cps19fJ 100 19.2 18.1 19.4 19.2 15.7 16.4
[421] [414] [402] [416] [396] [3971

SfRfbX 100 19.7 22.5 19.8 19.9 19
[396] [409] [424] [403] [410]

K12RfbX 100 31.4 28.3 17.4 21.5
[401] [406] [373] [395]

SdRfbX 100 28.4 18.6 21.1
[401] [269] [393]
YeTrsA 100 20.8 20.4
[394] [401]

YpRibX 100 16.1
[367]

SaCapF 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.

b. S. pneumoniae Cps19f].
. 8. flexneri RfbX (Macpherson et al., 1995).
. E. coli K12 RfbX ( Stevenson et al., 1994).

o

Y., enterocolitica TrsA (Skurnik et al., 1995).
. Y. pseudotuberculosis RfbX (Kessler et al., 1993).
. 8. aureus CapF (Lin et al., 1994).

T rth o Q.

. S. dysenteriae RfbX (Klena and Schnaitman, 1993).

3. Type 19F capsule locus
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Fig. 3.6. Hydropobicity analysis of Cps19fJ. Hydropathy plots of Cps19fJ, E. coli K12 RbX (K12RfbX) (Stevenson et al, 1994), S. flexneri RfbX (S{RIbX)
(Macpherson et al, 1995), S. dysenteriae RfbX (SARfbX) (Klena and Schnaitman, 1993) and S, enterica serovar typhimurium LT2 RfbX (LT2RfbX) (Jiang et al, 1991)
were generated by the method of Kyte and Doolittle (1982) and aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-axis indicate
hydrophobic regions and putative membrane-spanning domains are shaded. The position of every 10th amino acid is marked on each X-axis.
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3.2.3.5 cpsl19fK
The cps19fK gene encodes a putative 40.9 kDa protein. Cps19fK has a high degree
of similarity (49% to 63% identity,) with a family of proteins including the E. coli rffE
gene product (Table 3.4). The alignment of Cps19fK with these proteins is shown in Fig.
3.7. RffE is a UDP-GIcNAc-2-epimerase, and functions in the synthesis of UDP-ManNAc,
a precursor required for the synthesis of UDP-N-acetyl mannosaminuronic acid in ECA
biosynthesis (Meier-Dieter et al., 1990). ManNAc is a component of the type 19F CPS and
thus cps19fK is presumed to encode the enzyme needed to synthesise UDP-ManNAc in

type 19F pneumococci.

Table 3.4. Similarity of Cps19fK to other proteins.

%ldentity"
Cps19fK®  BsYvyH®  KI2RffE'  PsEpsC®  054RfbC'  Syn0624%

Cps19fK 100 63.2 50.8 50.3 49.7 49
[359] [368] [372] [374] [357]

BsYvyH 100 54.9 52 52.9 47
[368] [373] [367] [362]

K12RffE 100 65 54.8 473
[369] [367] [364]

PsEpsC 100 52.6 45.8
[367] [369]
054RfbC 100 44.4
[365]

Syn0624 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.
b. S. pneumoniae Cps19fK
. B. subtilis YvyH (Soldo et al., 1993)
. E. coli K12 RffE (Daniels et al., 1992)
. P. solanacearum EpsC (Huang and Schell, 1995)
S. enterica 054 RfbC (Keenleyside and Whitfield, 1995)
. Synechocystis sp. ORF 0624 (Kaneko et al., 1995)

(2]

m ™SS0 Q.
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P. solanacearum EpsC (PsEpsC) (Huang and

, 1995), S. enterica 054 RfbC (O54RbC) (Keenleyside and Whitfield, 1995), and Synechocystis sp.
3. Type 19F capsule locus

. Alignment of Cps19fK with B. subtilis YvyH (BsYvyH) (Soldo et al.
et al., 1995), as determined using the default settings of the program
1988). Residues identical to those in Cps19fK are boxed; similar residues

1993), E. coli K12 RffE (K12RffE) (Daniels et al., 1992),

Schell
are shown in red; - indicates absence of a residue.

Fig. 3.7. Alignment of Cps19fK
ORF 0624 (Syn0624) (Kaneko
CLUSTAL (Higgins and Sharp,



87

3.2.3.6 cps19fLMNO

The cpsl9fL, cps19M, cpsI19fN and cpsi9fO genes encode proteins of 32.2, 22.4,
39.1 and 32.3 kDa, respectively. These four genes have extensive similarity to a portion of
the S. flexneri rfb gene cluster (fbBDAC) which encodes the enzymes involved with
dTDP-Rha biosynthesis (Macpherson et al., 1994).

Cps19fL has a high degree of similarity (69.1-70.6% identity) to Glc-1-phosphate
thymidylyl transferases (RfbA) from E. coli, S. flexneri and S. enterica (Table 3.5). RfbA
catalyses the first step in the JTDP-Rha biosynthesis pathway, suggesting cpsl 9fL may also
encode this enzyme. The alignment between Cps19fL and the RfbA proteins is shown in
Fig. 3.8. Interestingiy, there is also significant nucleotide sequence similarity (67-70%
identity) between the cps19fL and rfbA genes.

Cps19fM has 24.3% to 34.6% identity to RfbC from various Gram-negative
bacteria and StrM from Streptomyces griseus (Table 3.6, Fig. 3.9). Thus, cpsI9M
probably encodes dTDP-4-keto-6-deoxyglucose-3,5-epimerase, the third enzyme in the
dTDP-Rha biosynthesis pathway.

Cps19fN has similarity to a large family of dehydratases, in particular to RfbB from
various Gram-negative bacteria and SttE from S. griseus (Table 3.7, Fig. 3.10). An
important feature of these closely related proteins is the presence of a NAD-binding
domain (shaded residues in Fig. 3.10; Macpherson et al., 1994). Thus, Cps19fN is
probably a dTDP-Glc-4,6-dehydratase, the second enzyme in the dTDP-Rha biosynthesis
pathway.

Cps19fO exhibits 27% to 39.7% identity to RfbD from various Gram-negative
bacteria and StrL from S. griseus (Table 3.8, Fig. 3.11). These proteins also have a NAD-
binding domain (shaded residues in Fig. 3.11). Thus Cps19fO is probably dTDP-L-Rha

synthase, which catalyses the last step in dTDP-Rha biosynthesis.

3. Type 19F capsule locus



Table 3.5. Similarity of Cps19fL to other proteins.

88

% Identity’

Sf Ki2 07 M32 LT2 Nm Ng Ye Xc Ec Bs Stf Sg Sp Sn Sv
RfbA RfbA RfbA RMA RHA RfbA RfbA RfbA RfbA RffM Spsl TylA SttD DnrL SnoD GraD
CpsI9fL® 688 694 706 705 69.1 669 676 66.1 641 643 453 544 354 336 333 362
[285] [288] [286] [2851 [285] [285] [287] [289] [284] (286] [243] [285] [237] [259] [249] (232]
SfRfbA® 100 893 932 91.1 893 632 635 64 659 624 431 507 339 379 335 349
[291] [293] [292] [291] [285] [285] [286] [2901 [287] [211] ([286] [242] [198] [218] [215]
K12RfbA? 100 942 924 921 651 651 656 683 64 43 517 346 314 337 36
[292] [291] [291] [284] [284] [288] [290] [286] [237] [288] [243] [280] ([243] [228]
O7RA® 100 956 935 65 65 659 677 639 429 524 357 328 336 358
[203] [292] [286] [286] [287] [291] [288] [238] [288] [244] ([268] ([244] [229]
M32RfbA" 100 952 66 66 647 672 631 43 516 354 33 32 36
[2911 [285]1 [285] [286] [290] (287} [237] [287] ({243} [267] [266] [228]
LT2RibA® 100 642 642 643 672 61.7 435 509 35 327 315 36
[285] [285] [286] [290] [287]1 [237] [287] [243] [266] 267 [228]
NmRfbA" 100 913 69.1 634 699 444 505 359 353 349 341
[288] [285] [284] [286] [239] [285] [237] [232] ([232] [232]
NgRibA' 100 695 634 706 427 488 359 362 345 336
[285] [284] [286] [239] [285] [237] [232] ([232] ([232]
YeRbA’ 100 612 721 426 50 352 355 326 332
[286] [287] [244] [286] [244] [234] [233] ([232]
XcRfbA* 100 619 437 505 381 379 351 333
[286] [245] [289] [247] [232] [248] (243]
EcRffM' 100 422 512 354 361 321 333
[244) [285] [243] (233] [243] [228]
BsSpsI™ 100 395 289 308 325 313
[248] [239] [247] [240] [243]
StfTylA" 100 377 377 287 342
[236] [236] [268] [231]
SgStrD® 100 592 541 51
[355] [355] [355]
SpDnrL? 100 49 492
[355] [355]
SnSnoD? 100 57.2
[355]
SvGraD* 100
a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in

parentheses indicate the number of amino acids over which the % identity occurs.
b. S. pneumoniae Cps19fL

(2]

[ =alt - B B I =N

. S. flexneri RfbA (Macpherson et al., 1994)
. E. coli K12 RfbA (Stevenson et al., 1994)
. E. coli O7 RfbA (Marolda and Valvano, 1995)
S. enterica E1 RfbA (Wang et al., 1992)
. 8. enterica serovar typhimurium strain LT2 RfbA (Jiang et al., 1991),
. N. meningitidis RfbA (Hammerschmidt et al., 1994)
Neisseria gonorrhoeae RfbA (Robertson et al., 1994)

j. Y. enterocolitica RfbA (Zhang et al., 1993)
k. X. campestris RfbA (Koplin et al., 1993)

1. E. coli RffM (Daniels et al., 1992)
m. B. subtilis Spsl P39629 (GenBank accession no. Z99123)
n. Streptomyces fradiae TylA (Merson-Davies and Cundliffe, 1994)
o. S. griseus StrD (Distler et al., 1987)
p. Streptomyces peucetius DnrL (Gallo et al., 1996)
q. Streptomyces nodosus SnoD (GenBank accession no. A25110)

1. Streptomyces violaceoruber GraD (Bechthold et al., 1995)
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Fig. 3.8. Alignment of Cps19fL. Alignment of the amino acid sequences of Cps19fL, S. flexneri RfbA

(SfRfbA) (Macpherson et al., 1994), E. coli K12 RfbA (K12RfbA) (Stevenson et al., 1994), E. coli O7 RfbA

(O7RfbA) (Marolda and Valvano, 1995), S. enterica E1 RfbA (M32RfbA) (Wang et al., 1992) and S.

enterica serovar typhimurium LT2 RfbA (LT2RfbA) (Jiang et al., 1991), as determined using the default

settings of the program CLUSTAL (Higgins and Sharp, 1988). Residues identical to those in Cps19fL are

boxed; similar residues are shown in red; - indicates absence of a residue.
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Table 3.6. Similarity of Cps19fM to other proteins.

90

% Identity”

XcRIBC  YeRfbF M32RfbC LT2R{bC NmRfHC SfRBC  07RBC KI12R{HC SgSurM

Cps19fMt  34.6 323 31.6 30.9 315 31.8
{179] [161] [177] [178] [178] [157]

XcRHCS 100 52.7 56.7 58 46.5 51.7
[150]  [1571 [1571 [1871  [178]
YeRfbF¢ 100 52.9 55.4 52 54
(1661  [1751 (1731 [174]
M32RfbC® 100 70.4 57.7 83.3
[1891  [175]  [168]
LT2RfbC! 100 58.7 71.9
[1791  [178]
NmRfbC* 100 59.1
[181]
SfRIbC" 100
O7RfBC
K12RfbC

24.3
[177]
50.9
[171]
48
[177]
71
[176]
65.7
[175]
51.2
[172]
73.6
[178]
100

29.3
[184]
52.8
[159]
49.7
[181]
66.3
[169]
66.1
[177]
55.6
[169]
66.9
[169]
58.6
[181]
100

29.1

[141]
333

[156]
394
[175]
36.3

[168]
353

[167]
37.9
(161]
355
[172]
37.9
[174]
34.8
[178]

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.

b. S. pneumoniae Cps19fM

c. X. campestris RfbC (Koplin et al., 1993)

d. Y. enterocolitica RfbF (Zhang et al., 1993)

e. S. enterica E1 RfbC (Wang et al., 1992)

f. S. enterica serovar typhimurium strain LT2 RfbC (Jiang et al., 1991)
g. N. meningitidis RtbC (Hammerschmidt et al., 1994)

h. 8. flexneri RfbC (Macpherson et al., 1994)

i. E. coli O7 RfbC (Marolda and Valvano, 1995)

j. E. coli K12 RfbC (Stevenson et al., 1994)

k. S. griseus StrtM (Distler et al., 1987)
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Cps19fM
XcRfbC
SfRLC
K12RfbC
O7RMC
LT2RHLC

Cps19fM
XcRbC
SfRfbC
K12RfbC
O7RHC
LT2RbC

Cps19fM
XcRfbC
SfRfbC
K12RfbC
O7RfbC
LT2RBC

Cps19fM
XcRfbC
SfRfbC
K12RfbC
O7RfbC
LT2RfbC

Cps19fM
XcRfbC
SfRfbC
K12RfbC
O7RMHLC
LT2RC
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IIITITIZ

XUV TUTUmMm

TDNFFGKTLAAR[KV M[L]E[F]p 1 P[V]n[G D|n[R G|w[F]K[E|n[F]-[a K|E
------------ I E CVV IEPA[V|F|GD|E|R G|Q|F|F|E|T|W|N|A E[R
--------- v ikt v[t] 1[F]e P k|V|F|G D|E|R G|F|F[M|E|s|F|N|Q K|V
--------- VIRT v|L|1 L e P R|V|F|G D|D|R G|F|F|Y|E[s|F|N|Q[S A
--------- VIﬁT v|L| 1[F]e P k|v|F|G D|E|R G|F|F|M|E|s|F|N|a K]V
-------- voIK|T v{L|1 T e P k|v|F|c D|E[R G|F|F[F|E|s Y N|Q[a T
G FAEG V S|F[S|R[KN VLR GLH|- - A[E P|W - -|D K|Y
GILPT|S Fl- - - - - v S|T|IS|ARG|VLRGLH|Y QW -]P|R P QG|K|L
GIR K VE|F|- - - - - H|s|k|s|T[K|g|v L R G L H|Y @ L[E P|Y A Q GIK|L
Glv[PJv[s F|- - - - - H|s|R|s[S[KNVLRGLHFQRGE Y AQ[DK|L
G|[R K VE|F[- - - - - n|s|k|s|T|k[e]V[i]R & L H|[F @ L P[P]Y s @ A|K[L
G[R KV T[F[- - - - - H|s|K|s|k[K NVLRGLHFQRGENAQG|K|L
[GlG K[V|L G s W[V D|L[R] ETFGNTYQTV-IDﬂ-SKG-IFVPR
G v|Y DV A|V D[ I|R P[HFG[RWT A -|v[L L S|A|EN[RIR Q vw I[P[E
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Fig. 3.9. Alignment of Cps19fM. Alignment of the amino acid sequences of Cps19fM, X. campestris RfbC
(XcRfbC) (Koplin et al., 1993), S. flexneri RfbC (SfRbC) (Macpherson et al., 1994), E. coli K12 RfbC
(K12RfbC) (Stevenson et al., 1994), E. coli O7 RfbC (OTRbC) (Marolda and Valvano, 1995) and S.
enterica serovar typhimurium LT2 RfbC (LT2RfbC) (Jiang et al., 1991), as determined using the default
settings of the program CLUSTAL (Higgins and Sharp, 1988). Residues identical to those in Cps19fM are
boxed; similar residues are shown in red; - indicates absence of a residue.
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Table 3.7. Similarity of Cps19fN to other proteins.
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% Identity”
Nm Sy Xc Se Bs Sv Ec LT2 Sf Stf K12 Sg Ng 07
RB RMB RHB Gdh  SpsJ) GraE RifG RibB_RfbB TylB RfbB  SuE  RbB RfbB
CpsIOfN® 463 42 441 447 458 43.6 448 455 44 432 458 424 432 461
[350] [338] [333] [338] [325] [330] (3551 [325] [343] [333] [343] [330] [340] [343]
NmRBB® 100 57.1 60.5 46.1 483 422 755 71.1 693 452 719 458 919 713
[343] [349] [343] [333] (339] [351] [352] [352] [343] [352] [345] [345] [352]
SyR{bB¢ 100 62.1 449 479 47 587 543 54 478 551 465 554 5438
[338] [339] [334] [338] (339] [3411 [341] [339] [341] [340] [341] [341]
XcRfbB°® 100 469 495 458 589 567 56.6 472 567 453 579 579
[331] [331] [336] (348] [349] [328] [335] [349] [333] [335] [349]
SeGdh’ 100 497 57.2 443 41 357 66.1 447 619 44 444
[314] [318] [348] [284] [350] [327] [284] [323] [341] [284]
BsSpsJe 100 459 47.6 47 452 465 446 445 479 459
[314] [334] [270] [330] [314] [336] [317] [333] [270]
SvGraE" 100 45 278 435 579 419 60.9 438 438
[342] [224] [283] [318] [344] [317] [336] [283]
EcRffG' 100 723 706 422 723 431 732 718
[354] [354] [348] [354] [341] [329] [354]
LT2R{bB' 100 85 42 87.8 435 69.1 875
[361] [281] [3611 [271] [346] [361]
SfRfbB* 100 377 903 465 66.8 90.6
[332] [3611 [269] [346] [361]
StfTylB' 100 392 679 449 373
{3021 [320] ([341] [332]
K12R{bB™ 100 33.1 688 91.1
(3111 [346] [361]
SgStrE® 100 453 34.1
[340] [311]
NgRfbB° 100 68.8
[346]
O7RfbBP 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in

parentheses indicate the number of amino acids over which the % identity occurs.

b. S. pneumoniae Cps19fN

[g]

=1 - B B I =N

—

. N. meningitidis RibB (Hammerschmidt et al., 1994)
. Synechocystis sp. RfbB (GenBank accession no. D64003)
. X. campestris RfbB (Koplin et al., 1993)

Saccharopolyspora erythraea Gdh (Linton et al., 1995)
. B. subtilis SpsJ (GenBank accession no. Z99123)
. S. violaceoruber GraE (Bechthold et al., 1995)

E. coli RffG (Daniels et al., 1992)
. §. enterica serovar typhimurium strain LT2 RfbB (Jiang et al., 1991)
k. S. flexneri RfbB (Macpherson et al., 1994)

1. S. fradiae TylB (Merson-Davies and Cundliffe, 1994)

m. E. coli K12 RfbB (Stevenson et al., 1994)

n. S. griseus StrE (Distler et al., 1987)
0. N. gonorrhoeae RfbB (Robertson et al., 1994)
p. E. coli O7 RfbB (Marolda and Valvano, 1995)

3. Type 19F capsule locus
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Fig. 3.10. Alignment of Cps19fN. Alignment of the amino acid sequences of Cps19fN, S. flexneri RfbB
(SfRfbB) (Macpherson et al., 1994), E. coli K12 RfbB (K12RfbB) (Stevenson et al., 1994), E. coli O7 RfbB

(O7R{bB) (Marolda and Valvano, 1995), S. enterica serovar typhimurium LT2 RfbB (LT2R{bB) (Jiang et
al., 1991) and S. griseus StrE (SgSttE) (Distler et al., 1992), as determined using the default settings of the

program CLUSTAL (Hig
residues are shown in red;

gins and Sharp, 1988). Residues identical to those in Cps19fN are boxed; similar

- indicates absence of a residue. The yellow shaded region corresponds to a NAD-

binding motif (Macpherson et al., 1994).
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Table 3.8. Similarity of Cps19fO to other proteins.

% Identit
SgStrL. LT2RfbD KI2RMD  BsSpsK o7beDyn XcRbD  YeRfbG  SvGraD  SfRfbD

Cps19f0° 38.6 35 32.4 39.7 31.9 27.4 27 37.4 30.6
[285] [286] [296] [257] [298] [252] [285] 2971 [297]

SgStrL* 100 35.4 34.4 39.9 33.2 32 32.8 497 32.5
[291] [291] [258] [292] [297] [195] [292] [292]
LT2RfbD* 100 84.6 35.7 84.4 29.1 30.7 379 80.7
[299] [244] [301] [299] [231] [290] [300]
K12RfbD® 100 35.2 91 39.5 31.9 35.7 87.7
[273] [301] [299] [229] [294] [300]
BsSpsK' 100 441 21.3 29.5 39.2 33.5
[276] [227] [251] [278] [236]
O7RfbD? 100 37.9 30.2 34.8 87.7
(3011 [232] [296] [302]
XcRfbD" 100 22.8 36.4 36.2
[263] [305] [301]
YeRbG! 100 29.6 30.4
[206] [230]

SvGraD 100 33
[294]

SfRfbD* 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.
b. S. pneumoniae Cps19fO

S. griseus StrLL (Distler et al., 1987)

. S. enterica serovar typhimurium LT2 RfbD (Jiang et al., 1991)

E. coli K12 RfbD (Stevenson et al., 1994)

B. subtilis SpsK (GenBank accession no. Z99123)

. E. coli O7 RfbD (Marolda and Valvano, 1995)

. X. campestris RfbD (Koplin et al., 1993)

Y. enterocolitica RfbG (Zhang et al., 1993)

S. violaceoruber GraD (Bechthold et al., 1995)

. 8. flexneri RfbD (Macpherson et al., 1994)

o

T e TR h B
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(O7RfbD) (Marolda and Valvano, 1995), S. enterica serovar tryphimurium LT2 RfbD (LT2RfbD) (Jiang et
al., 1991) and S. griseus StrL. (SgStrL) (Distler et al., 1987), as determined using the default settings of the

program CLUSTAL (Higgins and Sharp, 1988). Residues identical to those in Cps19fO are boxed; similar
residues are shown in red; - indicates absence of a residue. The yellow shaded region corresponds to a NAD-

(SfRfbD) (Macpherson et al., 1994), E. coli K12 RfbD (K12R{bD) (Stevenson et al., 1994), E. coli O7 RibD
binding motif (Macpherson et al., 1994).

Fig. 3.11. Alignment of Cps19fO. Alignment of the amino acid sequences of Cps19fO, S. flexneri RfbD
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3.2.4 Insertion-duplication mutagenesis of cps19fG-O genes

In order to confirm the involvement of the ORFs designated cpsl9fG to cps19fO in
type 19F CPS production, the chromosomal copies of the respective genes in the
encapsulated strain Rx1-19F were individually disrupted by insertion-duplication
mutagenesis (see section 2.10). To achieve this, a small internal segment of each ORF was
obtained either by band isolation of an appropriate restriction fragment or by PCR
amplification, and then cloned into the plasmid pVA891 (Table 3.9). Recombinant
plasmids were then transformed into Rx1-19F (section 2.4.4). As described in section
2.10, Ery-resistant transformants are the result of a homologous recombination event
directed by the cloned fragment of pneumococcal DNA that leads to the integration of the
pVA891 plasmid into the host chromosome, such that the cloned fragment is duplicated,
and consequent disruption of the gene of interest, as illustrated in Fig. 2.1.

Ery-resistant S. pneumoniae Rx1-19F transformants were obtained for all except the
cps19fM- and cpsl9fO-containing pVA891 derivatives. As these two genes are part of the
same biochemical pathway as cpsI9fL and cpsl9fN, no further attempts were made to

disrupt these genes. Correct disruption of the respective chromosomal ORF was confirmed

Table 3.9. Summary of cps19f gene fragments inserted into pVA891

ORF Nucleotides Fragment cloned into pVA891

cpsl9fG 6,317-6,603 HindIlI-Sau3A fragment from pJCP464

cpsi9fH 7,054-7,247 EcoRV-Sau3A fragment from pJCP464

cpsl9fl 8,179-8,440 Haelll-Sau3A fragment from pJCP465

cps19f] 9,651-10,165 EcoR1- EcoRV fragment from pJCP466

cps19K 10,708-11,177 PCR product using primers J17 and J18 (Table 2.4)
cps19fL 11,600-11,958 Smal-BamHI fragment from pJCP467

cpsi9M 12,549-12,893 PCR product using primers J28 and J29 (Table 2.4)
cpsI9fN 13,148-13,961 PCR product using primers J30 and J31 (Table 2.4)
cps19f0 14,270-14,679 PCR product using primers J24 and J25 (Table 2.4)

3. Type 19F capsule locus
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by Southern hybridisation analysis of each insertion-duplication mutant generated (Fig
3.12). CPS gene-specific probes hybridised with two separate DNA fragments in the
respective mutants but with only one fragment in the Rx1-19F control, indicatilng that the
gene is disrupted in the mutants. As expected, the pVA891-specific probe hybridised only
with the mutants. For Rx1-19F-J, Rx1-19F-L and Rx1-19EF-N, the hybridisation pattern is
different for the two probes because the enzyme used to restrict the chromosomal DNA
was also used to clone the appropriate fragment into pVA891. In such cases, the
interrupted cps gene and pVA891-related sequences will be on distinct chromosomal
restriction fragments. The cpsI9fG, cps19fH, cpsl9fl, cpsl9fi, cps19fK, cpsI9fL and
cps19fN mutants all exhibited a rough phenotype and did not produce a type 19F capsule,

as judged by quellung reaction, confirming that all are part of the ¢psI9f locus. On the

cps19fG cps19fH cps19f1 cps19f7
A C1 C1AX LA C2 C2 A C3 C3 A LA E4 E 4%
- - - o - - - «»
s . - s - - - & e -
e L2 - = - - e
. st
A B A B A B A B
cps19/K cps19fL cps19fN
L C5 C5 A L C6 C6 A A D7 D7 A
E 5 :'_- -~ . E - :
' =)
A B A B A B

Fig. 3.12. Southern hybridisation analysis of insertion-duplication mutants. Southern blots of Clal-
restricted chromosomal DNA from Rx1-19F (C), Rx1-19F-G (1), Rx1-19F-H (2), Rx1-19F-I (3), Rx1-19F-K
(5), and Rx1-19F-L (6); EcoRlI-restricted chromosomal DNA from Rx1-19F (E) and Rx1-19F-J (4); BamHI-
restricted chromosomal DNA from Rx1-19F (D) and Rx1-19F-N (7) were probed with the gene specific
probes indicated above each blot (A) and with a pVAB91 specific probe (B). The sizes of the DIG-labelled
lambda (A) markers are as follows: 23 kb, 9.4 kb, 6.6 kb, 4.4 kb, 2.3 kb and 2.0 kb.

3. Type 19F capsule locus
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other hand, insertion of pVA891 into the apparent non-coding region downstream of
cps19fO (nucleotides 15,149-15,444 were used as the target) did not interfere with type

19F capsule expression in S. pneumoniae Rx1-19F.

3.2.5 T7 expression of several Cps19f proteins

Expression of cps19fH, cps19fl, cps19f], cps19fK, cps19fL, cps19fM cps19fN and
¢cps19fO cloned in E. coli DH5 (pGP1-2), in which the T7 RNA polymerase gene is under
the control of lambda Py /clgs; (Tabor and Richardson, 1985), was investigated. Expression
of these genes from the vector T7 promoter was performed as described in section 2.12.1
and analysed on SDS-PAGE gels stained with Coomassie Brilliant Blue (section 2.12.3).

To examine the expression of cpsI9fH in E. coli, one of the nested deletion
derivatives of pJCP464, containing cpsI9fH (nucleotides 6,578-7,846) downstream from
the vector T7 promoter, was transformed into E. coli DH5(pGP1-2). Induction of cultures
at 42°C for 30 min followed by 37°C for 2 hours (section 2.12.1) resulted in the expression
of low levels of a 34-35 kDa protein in cells containing the pJCP464 derivative, which was
not seen in uninduced cultures (see arrow, Fig. 3.13A). Both the size of the translation
product and the low level of expression of cpsI19fH is consistent with initiation at the TTG
codon as indicated in Appendix L.

The cpsI9fI and cps19f7 genes were PCR amplified using primer pairs J11/J14 and
J15/116, respectively (primers are described in Table 2.4) and cloned into pGEM-7Zf(+)
such that the ORFs were downstream of the T7 promoter. These plasmids were
transformed into E. coli DH5(pGP1-2). However, induction of cultures at 42°C did not
result in increased production of any polypeptides with sizes corresponding to these ORFs,
as judged by SDS-PAGE analysis (result not shown). However, this was not unexpected

given previous observations that very hydrophobic proteins such as Cps19fl and Cps191]
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are poorly expressed in this system (Morona et al., 1994b).

To determine whether cpsI9fK was expressed in E. coli, a deletion derivative of
pJCP466 (designated pJCP470), which placed nucleotides 10,304-11,720 downstream
from the vector T7 promoter, was transformed into E. coli DH5(pGP1-2). Induction of the
culture resulted in the expression of a polypeptide of approximately 41 kDa, which is
consistent with the size of Cps19fK predicted from the DNA sequence (Fig. 3.13B).

Plasmids for T7 expression of cpsI9fL, cpsi9fM, cpsl19fN and cpsl9fO were
constructed by cloning an appropriate PCR product into pBluescript SK+ or KS+ as shown
in Table 3.10 and transforming these constructs into E. coli DH5(pGP1-2). Induction of
the genes under T7 control (section 2.12.1) resulted in the expression of polypeptides of
approximately 32, 22 and 39 kDa for ¢psI9fL, M and N, respectively, as predicted from the
DNA sequence (Fig. 3.13B). However, no protein product with a size corresponding to
that predicted for Cps19fO was detected when cells containing the cps19fO construct were

induced (result not shown) and this was not investigated further.
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Fig. 3.13. T7-expression of cps19f genes in E. coli. E. coli DH5(pGP1-2) was transformed with various
plasmids containing individual cps]9fH (H), cpsi19fK (K), cpsI9fL (L), cps19fM (M) or cpsI9fN (N) ORFs.
Lysates of cultures incubated at 42°C for 2 h to induce expression of T7 RNA polymerase) (i), and non-
induced cultures (n) were separated by SDS-PAGE and stained with Coomassie Brilliant Blue. The
mobilities of molecular size markers are shown separately for panels A and B.
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Table 3.10. Plasmid constructs for T7 expression of cps19fL-O

Gene Primers® Restriction sites cps19f sequencr.ab Vector

cps19fL J21-J29 HindlII-EcoRV 11,347-12,487 pBluescript SK+
cps19fM J12-J31 BamHI-HindIl 11,968-13,134 pBluescript KS+
cps19fN J25-J28 HindllI-Xbal 12,547-14,129 pBluescript SK+
cps19f0 J37-138 HindllI-BamHI 14,009-15,562 pBluescript SK+

a. Primers sequences are as described in Table 2.4
b. The corresponding nucleotide numbers of the cps19f sequence (Appendix I)

3.2.6 Complementation of an E. coli rffE mutant with cpsI19/K

Whilst the precise mechanism is not understood, E. coli rffE (nfrC) mutants are
known to be resistant to infection with bacteriophage N4 (Kiino et al., 1993). In order to
determine whether Cps19fK and E. coli RffE are functional homologues, the rffE-negative
mutant E. coli KI8828 (Kiino et al., 1993) was transformed with pJCP470 (which contains
only the complete cps19fK ORF), or with pGEM-7Zf(+). The various strains, including the
rffE-positive wild type parent E. coli MC4100 (Silhavy et al., 1984), were then examined
for susceptibility to infection with N4 phage (Fig. 3.14). Transformation with pJCP470,
but not pGEM-7Zf(+), clearly conferred susceptibility to N4 on E. coli KI8828. Thus,
Cps19fK is a functional RffE homologue and is therefore likely to be a UDP-GlcNAc-2-

epimerase.

3.2.7 Complementation of S. flexneri rfbBDAC with cps19fLMNO

As mentioned in section 3.2.3.6, database searches indicated that the cpsI9fL-O
region had significant similarity to a portion of the S. flexneri rfb region (rfbBDAC)
responsible for biosynthesis dTDP-Rha. To confirm functional homology, a portion of the
S. pneumoniae Rx1-19F chromosome containing cpsI9fL-O (equivalent to nucleotides
11,351-15,449 in Appendix I) was PCR amplified using primers J21 and J36 (Table 2.4)

and cloned into the HindIl and EcoRI sites of pK194. The recombinant plasmid
3. Type 19F capsule locus



MC4100

KI38828
Fig. 3.14. N4 bacteriophage

susceptibility. A suspension of
bacteriophage N4 (10° pfu/ml)
was streaked vertically on both
plates as indicated by the
arrows. The indicated E. coli
strain was then streaked from
left to right across the phage
streak and incubated for 18 h at

K18828 (pGEM-7Zf(+)) 37°C

KI18828 (pJCP470)

(designated pJCP471), or pK194, was then transformed into E. coli S@874 containing
pPM2716. The latter plasmid, from which rfbBDAC has been deleted, is a derivative of
pPM2213 which contains the complete S. flexneri rfb region and directs the expression of
S. flexneri serotype 4 O-antigen in E. coli K12 (Macpherson et al., 1994). Lysates of E.
coli S@874 containing pPM2213, pPM2716, pPM2716 + pJCP470, or pPM2716 + pK194,
were then subjected to Western blot analysis (section 2.12.4) using a rabbit antiserum
raised against S. flexneri serotype 4 O-antigen (Fig. 3.15). Immunoreactive O-antigen can
be seen in both the pPM2213 and the pPM2716 + pJCP470 tracks, indicating that
cps19fLMNO can complement the S. flexneri serotype 4 rfbBDAC deletion in E. coll.
Thus, Cps19fL is a Glc-1-phosphate thymidylyl transferase, Cps19fM is a dTDP-4-keto-6-
deoxyglucose-3,5- epimerase, Cps19fN is a dTDP-Glc-4,6-dehydratase and Cps19fO is a

dTDP-L-Rha synthase.
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1 2 3 4

Fig. 3.15. Complementation of S. flexneri
rfbBDAC by cps19fLMNO. E. coli lysates
(prepared as described in section 2.12.2) were
separated by SDS-PAGE, electroblotted onto
nitrocellulose, probed with anti-S. flexneri type 4
serum, and developed as described in sections
2.123 and 2.12.4. Lanes: 1, E. coli S@874
containing pPM2213; 2, E. coli S@874 contain-
ing pPM2716; 3, E. coli S¥874 containing
pPM2716 + pICP470; 4, E. coli S@874
containing pPM2716 + pK194.

W

3.2.8 Putative biosynthetic pathway for S. pneumoniae type 19F CPS
Functions have been previously proposed for the majority of the first six cps19f
gene products on the basis of database comparisons (Guidolin et al., 1994). CpsI91E is
believed to catalyse the first step in CPS biosynthesis, namely transfer of Glc-1-phosphate
to a lipid carrier (presumably und-P). Cps19fF is a putative ManNAc transferase, while
Cps19fC and Cps19fD are believed to be involved with chain length regulation and export
of CPS. Collectively, this information and the findings of the current study indicate that

the trisaccharide biological repeat unit of type 19F CPS is: —2)-0-L-Rha,-(1-PO4 —4)-f-

D-Man,NAc-(1-4)-o-D-Glc,-(1-, i.e. the first sugar in the repeat unit is Glc, not Rha as

shown in previously published structures (Lee and Fraser, 1980; Ohno ef al., 1980). A

putative biosynthetic pathway for type 19F CPS is shown in Fig. 3.16.
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P-lipid
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A PRI + Cps19fC
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TIP
Glc-I-P Type 19F capsular polysaccharide

Fig. 3.16. Putative biosynthetic pathway for S. pneumoniae type 19F CPS.

Biosynthesis of type 19F CPS probably occurs via a mechanism analogous to that
proposed for Rol/Cld- and Rfc-dependent O-antigen assembly in Salmonella enterica
serogroups B and E (section 1.8.2; Whitfield, 1995). The initial step, catalysed by
Cps19fE, involves transfer of Glc-1-phosphate from UDP-Glc to a lipid carrier on the
cytoplasmic face of the cell membrane. Cps19fE has several large hydrophobic domains in
its N-terminal portion, which would anchor it to the membrane and facilitate interaction
with the lipid carrier (Guidolin et al., 1994). Cps19fF, G and H then catalyse the
sequential transfer of the other component monosaccharide precursors (synthesised in the
cytoplasm by Cps19fK, L, M, N, and O) to form the trisaccharide repeat unit. These lipid-
linked repeat units are then translocated from the cytoplasmic to the extracellular side of
the cell membrane and polymerised in a blockwise fashion, extending the polysaccharide at
the reducing terminus. These two steps are catalysed by Cps19fJ and I, respectively, both
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of which are integral membrane proteins. The process of translocation and polymerisation
may be closely linked and the two proteins possibly form a complex in the membrane.

In Salmonella and Shigella O-antigen assembly, Rol/Cld has been proposed to
regulate chain length by modulating interaction between the lipid-linked nascent O-antigen
and either the polymerase Rfc, or RfaL, a ligase responsible for transfer of O-antigen to the
lipid A core molecule (Morona et al., 1995; Whitfield, 1997). Cpsl9fC and D may
perform a similar function in S. pneumoniae type 19F. Pneumococcal CPS is believed to
be covalently linked to the cell wall peptidoglycan (Sgrensen et al., 1990), but the precise

nature of this linkage and the enzyme responsible are unknown.

3.3 Conclusions

Sequential rounds of InPCR and plasmid insertion/rescue were used to isolate the
region of the S. pneumoniae type 19F chromosome responsible for CPS biosynthesis. The
data presented in this chapter, combined with that which was described previously (Morona
et al., 1994a; Guidolin et al., 1994) indicates that the cpsl9f locus consists of 15 genes,
which are tightly clustered on the chromosome. The cpsl9f locus is flanked by dexB and
IS1202 at the 5’ end and by aliA at the 3’ end. Arrecubieta et al (1995) have also shown
that the cps locus of S. pneumoniae type 3 is flanked at the 5 end by dexB. Dillard et al
(1995) have reported that the sequences flanking the 3’ end of the ¢ps locus of a different
type 3 S. pneumoniae strain were homologous to plpA. Examination of the published
nucleotide sequences of plpA (Pearce er al., 1994) and aliA (Alloing et al., 1994) indicates
that these sequences describe the same gene and so the chromosomal location reported for

the cps3 locus is identical to that for cpsl9f. However, the aliA gene is not functional in S.
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pneumoniae type 3, as it contains a large deletion at the 5’ end of the gene (Dillard et al.,
1995).

Clues as to the likely function of the cpsl9f gene products have been provided by
comparisons with known proteins whose sequences have been deposited with databases (as
described above). Moreover, for cpsI9fK, cps19fL, cps19M, cpsl9fN and cpsl19fO, the
function of gene products has been confirmed by complementation of mutations in E. coli.
This information has been used to propose a biosynthetic pathway for type 19F CPS.
However, experimental confirmation of the function of the remaining proteins encoded by
cps19f will require characterisation of the phenotypic impact of mutagenesis of the
respective ORFs. Interpretation of phenotypic data obtained with the insertion-duplication
mutants generated in the present study and previously (Guidolin et al., 1994) is
complicated by the likelihood of polar effects. Hence, further phenotypic analysis of the
function of individual cpsl9f genes awaits the construction of in-frame deletion mutants, in
which transcription of the remainder of the type 19F cps locus would not be expected to be

affected.
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Chapter 4

ANALYSIS OF CAPSULE LOCI FROM
VARIOUS PNEUMOCOCCAL SEROTYPES

4.1 Introduction

Analysis of the cpsl9f locus identified genes encoding a range of functions,
including those involved in biosynthesis of activated sugar precursors, various glycosyl
transferases, a polysaccharide polymerase, and proteins possibly involved in export
functions. Some of these specific functions might be expected to be required by all
pneumococci, regardless of capsular serotype; others might be expected to be present in
various subsets of capsular types (depending on which sugars are present in their repeat
units), and some genes might be expected to be serotype-specific. To examine the
specificity of individual cpsi9f éenes, their distribution amongst diverse S. pneumoniae
serotypes was examined by Southern hybridisation analysis.

This provided information on the organisation of pneumococcal CPS loci which
was used to develop a LR-PCR protocol for isolation of large fragments of the cps loci

from other S. pneumoniae serotypes.
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4.2 Results

4.2.1 Serotype specificity of the cpsI9f genes and flanking DNA
sequences

Southern hybridisation analysis (described in section 2.7.2) to determine the
serotype specificity of the individual cpsI9f genes was undertaken. DNA fragments
corresponding to each of the ¢psl9f genes and the flanking regions were isolated from
appropriate clones either by restriction enzyme digestion and subsequent purification after
agarose gel electrophoresis, or by PCR amplification using specific primers. They were
then labelled with DIG (section 2.7.1) and used to probe Clal-restricted chromosomal DNA
from representative pneumococci belonging to serotypes 2, 3, 4, 6A, 6B, 7F, 8, 9N, 9V, 12,
14, 16, 17, 18C, 22, 23F, 24, and the other members of serogroup 19 (19A, 19B and 19C).
Hybridisation and washing were performed under high stringency conditions (as described
in section 2.7.2.2). The results of these 76 Southern hybridisation reactions are
summarised in Table 4.1.

Large variations in the hybridisation patterns were obtained with the different gene-
specific probes. Probes specific for sequences flanking cps19f (dexB, the 5’ intergenic
region, the 3’ intergenic region and aliA) hybridised with all serotypes tested (see section
4.2.1.3). However, of the genes within the ¢ps locus, high stringency homologues of only
cps19fA and cps19fB were present in all serotypes tested.

4.2.1.1 Presence of cps19f homologues in other members of serogroup 19

Serogroup 19 consists of four immunologically cross-reactive serotypes 19F, 19A,
19B and 19C. The results in Table 4.1 suggest that the ¢ps loci of types 19B and 19C are
very closely related to 19F. They hybridised with all the cpsI9f probes except cpsI9fT and
cps19fJ. Hybridisation with probes specific for the two genes flanking cpsI9f1 and cps19f]

(cps19fH and cps19fK) was weaker suggesting a lesser degree of similarity in this region.
4. Long-range PCR



MDd 28uer-3uoy

Table 4.1. Hybridization of type 19F cps genes and neighbouring sequences with chromosomal DNA from other pneumococcal serotypes.
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a. The following DNA fragments were labelled with DIG and used as probes at high stringency: 0.5 kb Nco I-Eco Rl restriction fragment for dexB and 0.9
kb Clal-Nco1 restriction fragment for the 5' intergenic region (IG 5') from previously published sequence (Morona et al ., 1994); nucleotides 336-1,468,
1,571-2,380, 2,380-2,998, 3,126-3,739, 3,682-4,979, 5,225-5,725, 6,015-6,630, 6,674-7,731, 7,789-8,965, 9,013-10,278, 10,530-11,539, 11,539-12,493,
12,456-13,139, 13,139-14,134 and 14,134-14,955 for cps4-O genes, respectively; nucleotides 14,955-15,449 for the 3' intergenic region (IG 3") and a 1.2
kb Hin dIlI restriction fragment for alid. Strong, weak and no hybridization are indicated by +, + and - respectively.

b. The presence of the sugars glucose (Glu), N -acetyl mannosamine (ManN Ac) and thammose (Rha) in the capsule of each pneumococcal type is indicated
by an asterisk.
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However, type 19A did not appear to have sequences capable of high-stringency
hybridisation with the probes specific for cpsI9fC, cps19fD, cpsI9fE, cpsl9fF, cpsl9fl,
cpsl9fK, and cpsI9fL, and hybridised only weakly with probes specific for cpsl9fG,
cps19fH and cps19f]. The apparent dissimilarity of the type 19A and type 19F cps loci is
intriguing given the structural similarity between the two polysaccharides as shown in
Table 1.3. To further examine the relationship between cps19f and cpsi9a, low stringency
Southern hybridisation (section 2.7.2.3) of type 19A chromosomal DNA with the cpsI9fK
and cpsI19fL gene probes was undertaken. Under these conditions, both these probes
hybridised with type 19A indicating that 19A contained homologues of both cpsI9fK and
cps19fL.

4.2.1.2 Presence of cps19f homologues in other serotypes

Outside of serogroup 19, types 7F, 16, 18C and 24 were the most similar to type
19F, hybridising at high stringency to 9 of the 15 cps19f gene probes. These four serotypes
all had sequences closely related to cpsI9fA-E and cps19fL-O, as shown in Table 4.1. The
least similar were types 8 and 12, which hybridised only with cpsI9fA and cpsi9fB.
Sequences closely related to cps19fL, cpsI9fM, cps19fN and cps19fO, the genes required
for dTDP-L-Rha biosynthesis (section 3.2.3.6), were detected in all serotypes tested whose
CPS contains L-Rha.

The CPSs of four of the serotypes that were tested contain ManNAc (types 4, 9N,
9V and 12). However, only the two group 9 serotypes contained a gene hybridising to
cps19fF, which encodes the putative UDP-ManNAc transferase (section 1.9.3). This is

consistent with the fact that only group 9 CPS has the same B-D-Man,NAc-(1—4)-0-D-

Glc, linkage seen in group 19 CPS. It was surprising, however, that none of these
serotypes contained high or low stringency homologues to cpsI9fK, which encodes a UDP-

GlcNAc-2-epimerase (section 3.2.3.5). This enzyme activity is likely to be essential for
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synthesis of UDP-ManNAc, and is therefore presumably encoded by a divergent gene in

the other three serotypes. Interestingly, the sequence of the genome of S. pneumoniae type
4 became available during the course of this project (available from the TIGR Microbial
Database [http://www.tigr.org/pub/ data/s_pneumoniae/]). Examination of the cps4 locus
revealed the presence of a gene (designated cps4L, see section 8.3.4) which has 65.9%
identity to ¢psI9fK and presumably encodes the UDP-GlcNAc-2-epimerase required for
type 4 CPS biosynthesis.

Of the various serotypes tested, the CPS of all but type 4 contains Glc (Table 4.1).
However, types 2, 3, 6A, 6B, 8, 9V, 12, 17, 19A, 22 and 23F also lack sequences which
hybridise to cpsl9fE, encoding the type 19F putative Glc-1-phosphate transferase (section
1.9.3). It is possible that Glc may not be the start of the biological repeat unit in some or
all of these serotypes. However, glucosyl transferase activity which adds Glc-1-phosphate
to a lipid carrier has recently been observed in serotypes 2, 6A, 9V, 12F, 17F, 22F and 19A
(Kolkman et al., 1997a), suggesting the presence of a divergent or unrelated cpsE gene in
these serotypes. As expected, both serotypes 3 and 4 lacked Glc-1-phosphate transferase
activity (Kolkman et al., 1997a). Type 4 CPS lacks Glc. The type 3 CPS does contain this
sugar, but the capsule is synthesised by a single processive transferase (Dillard et al., 1995)
and so does not require a cps19fE homologue, as will be discussed in detail in chapter 8.

4.2.1.3 Analysis of the intergenic regions

Southern hybridisation analysis with probes specific for dexB, cps19fA-O and aliA
were very specific with the individual probes hybridising with one, or at the most two,
DNA fragments for each serotype. This is illustrated in Fig. 4.1A in which restricted
chromosomal DNA from various S. pneumoniae serotypes was probed with cpsI9fA.
However, the probes specific for either the 5 or the 3 intergenic regions hybridised with

multiple DNA fragments (Fig. 4.1B and C). Database searches with these intergenic
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Fig. 4.1 Southern hybridisation of pneumococcal chromosomal DNA. Southern blots of Clal-restricted
chromosomal DNA of the indicated S. pneumoniae serotypes were probed with DIG-labelled probes specific
for cpsI9fA (A), IG 5’ (B) and IG 3’ (C). The molecular size standards are shown on the right-hand side of
the figure and correspond to DIG-labelled HindIII-digested A phage DNA.

regions against the TIGR S. pneumoniae type 4 genomic DNA sequence showed that
sections of these regions were, in fact, repeated. A region of 500 nucleotides in the 5’
intergenic region, which lies 300 nucleotides downstream from the 3’ end of dexB, is
repeated six times and an adjoining region of 100 nucleotides is repeated at least 20 times.
Large sections of the 3’ intergenic region are also repeated at least six times in the partially

sequenced S. pneumoniae type 4 chromosome.

4.2.2 Amplification of capsule loci by LR-PCR

Southern hybridisation analysis indicated that high stringency homologues of dexB,
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cps19fA, cps19fB and aliA are present in all the pneumococcal serotypes investigated. This

suggested that, at least in theory, complete capsule loci of these serotypes could be
amplified using LR-PCR with primers based on sequences in dexB and aliA. However, the
distance between the 3’ end of dexB and the 5’ end of aliA in type 19F is large (19.1 kb),
and the cps19fA-O operon itself is 14.8 kb in size (Fig. 4.2). Moreover, the expected size
for many cps loci would be even larger than that for cps19f as their CPS repeat units
contain up to 7 sugars, compared with 3 for type 19F (van Dam et al., 1990), and so would
require extra genes to encode additional biosynthetic enzymes. Thus the dexB-aliA region
of these types would be expected to exceed 20-25 kb, and the efficiency of LR-PCR
amplification might be low. To increase the likelihood of successfully amplifying LR-PCR
products from larger cps loci the 5 primer (J39, described in Table 2.4) was based on the
sequence at the 3’ end of ¢psI9fB reducing the size of the potential LR-PCR products by up
to 5 kb (the distance between the 3’ end of dexB and the 3’ end of ¢ps/9fB, Fig. 4.2). Such
smaller LR-PCR products are sufficient to characterise other ¢ps loci as they would contain
all of the type-specific portions of the loci, missing only the highly conserved cpsA and B
genes. The other primer (J36, described in Table 2.4) was based on sequence at the 5° end
of aliA (Fig. 4.2) as there are no genes which are conserved in all serotypes at the 3’ end of
the ¢ps locus. The primers were not based on the apparently conserved 3’ intergenic region
because of the theoretically greater possibility of minor sequence divergence in non-coding
DNA. LR-PCR amplification, using these primers was undertaken as described in section
29.2.

All pneumococcal serotypes tested in Table 4.1, except type 3 (the 5” end of the
aliA gene has been deleted in all type 3 strains tested [Caimano et al., 1998]), and a type 20
isolate, were used as templates for LR-PCR. The PCR reactions were analysed by
electrophoresis on a 1% agarose gel. PCR products were obtained from at least one

pneumococcal isolate of types 2, 4, 6A, 6B, 8, 9N, 14, 18C, 19F, 19A, 19B, 20 and 23F but
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Fig. 4.2. The dexB-aliA region of the type 19F chromosome. The conserved regions including those
within the cpsI9f locus are indicated in red. The position of the two primers used for long-range PCR, J39
and J36 (Table 2.4), are indicated with arrows.

not from types 7F, 9V, 12, 16, 17, 19C, 22 and 24. Analysis of the DNA fragments reveals
that the LR-PCR products ranged in size from 15-20 kb as shown in Fig. 4.3A. The PCR
products were also digested with Clal and electrophoresed on a 1% agarose gel (Fig. 4.3B).
Identical restriction patterns were obtained for three different isolates of serotypes 4 and
23F. However, a restriction site polymorphism was observed in two of the five LR-PCR

products from different type 19F strains (Fig. 4.3B).

4.2.3 Southern hybridisation analysis of LR-PCR products

In order to confirm that they contained cps-related sequences, the LR-PCR products
from the various S. pneumoniae serotypes were restricted with Clal, and subjected to
Southern hybridisation analysis using probes specific for cps19fC and cps19fL (Fig. 4.3C
and D).

The cpsl9fC probe hybridised at high stringency with a 0.9-kb DNA fragment in
types 4, 9N, 14, 18C, 19F, 19B and 20. Both the hybridisation pattern and the size of the
DNA fragment which hybridised with the cpsI9fC probe are consistent with the Southern
hybridisation data obtained when probing Clal-restricted chromosomal DNA with the

cps19fC probe (Table 4.2). Chromosomal hybridisation data were not available for the
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6 19
AC 2 4 A B 8 9N 1418C F AB 20 23F A

A. 23 kb

undigested F= 9.4kb

PCR product 2:2 ig

B . 23 kb

digested 2:2 ‘ﬁ’,

with Clal 4.4kb
2.3kb
2.0kb
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Fig. 4.3. LR-PCR products. PCR product, undigested (A), or digested with endonuclease Clal (B), was
electrophoresed on a 1% agarose gel in the presence of ethidium bromide. Clal restricted PCR product was
subjected to Southern hybridisation analysis using DIG-labelled probes specific for cps19fC (C) or cpsl9fL
(D). The molecular size standards are shown on the right-hand side of the figure and correspond to HindIlI-
digested A phage DNA.
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type 20 isolate, from which the LR-PCR product was amplified, as it had not been included

in the previous Southern hybridisation study (Table 4.1).

The cpsl9fL probe hybridised with DNA fragments ranging in size from 6 to 10 kb
in the Clal-restricted PCR products from types 2, 6A, 6B, 18C, 19F, 19B and 23F.
Hybridisation was consistent with that obtained from Southern hybridisation with Clal-
restricted chromosomal DNA from these isolates, although, the sizes of the restriction
fragments differ (Table 4.2). The size of this Clal fragment is affected because there is no
Clal site between cps19fL and the end of the PCR product in type 19F.

As expected, neither the cpsI9fC mnor the cpsI9fL probes hybridised at high
stringency with the LR-PCR products obtained from types 8 and 19A. Previous Southern
hybridisation data (Table 4.1) indicated that S. pneumoniae types 8 and 19A do not contain

DNA sequences highly homologous to cps9fC or cpsl9fL.

Table 4.2. Sizes of Clal-restricted fragments which hybridise to cps19fC and cps19fL probes.

Sizes® of Clal-restricted fragments which hybridise to:

cpsl 9be cps19fL°
Serotype  LR-PCR product Chrom. DNA LR-PCR product Chrom. DNA
2 - - 10 kb 15 kb
4 0.9kb 0.9 kb - -
6A - - 8 kb 10 kb
6B - - 8 kb 10kb
8 . . - .
ON 0.9 kb 09 kb - -
14 0.9 kb 0.9 kb - -
18C 0.9 kb 0.9 kb 10 kb 15 kb
19F 0.9 kb 0.9 kb 6-9 kb 10-12 kb
19A - - - -
19B 0.9 kb 0.9 kb 6 kb 10 kb
20 0.9 kb NA® - NA
23F - - 10 kb 10 kb

a. Size is approximate.
b. DIG labelled probes specific for cps19fC and cps19fL as described in Table 4.1.
c. Not analysed.
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4.2.4 Partial DNA sequencing of the LR-PCR products

As additional confirmation that the LR-PCR products contain cps related genes,
they were subjected to one round of sequence analysis using dye-terminator sequencing
reactions with the J39 primer (located at the 5’ end of the PCR product). This provided
sequence data for the 3’ end of cpsB and the 5’ portion of ¢psC for all the LR-PCR
products except type 18C. No sequence data were obtained using this latter template,
presumably due to the low yield of the PCR product obtained. Analysis of the various
sequences and those published for types 1, 3 and 14 (Mufioz et al., 1997; Arrecubieta ef al.,
1995; Kolkman et al., 1996) showed that there are two distinct cpsC genes in these loci,
designated class I and class II. Types 1, 3, 9N, 14, 19F, 19B and 20 have class I cpsC
genes which exhibit >95% identity to cpsl19fC, whereas types 2, 6A, 6B, 8, 19A and 23F
have class II ¢psC genes which exhibit 72-74% identity to cps19fC, but >95% identity to
each other (Fig. 4.4). Table 4.3 shows the sequence similarity between the various cpsC
genes. The sequences obtained from the LR-PCR products also included the last 75
nucleotides of cpsB; this region can also be separated into the same two classes as
described above (Fig. 4.4).

An interesting exception is found in type 4, the ¢ps4C gene of which is a hybrid
consisting of a class I 5° region and a class I 3’ region, with a distinct cross-over point
between nucleotides 345 and 354 of the type 4 sequence (Fig. 4.4). Comparison of the
TIGR type 4 sequence data (section 8.3.4) with the 19F cps sequence showed another point
of divergence within the cpsB gene. The comparison of the sequences of cps/9fB and C,
and cps4B and C, is shown in Fig. 4.5. A region of 852 nucleotides, including most of
cpsB and part of cpsC, shares approximately 74% similarity between cpsl9f and cps4,
whereas flanking regions exhibit greater than 95% identity. This may have arisen as a

consequence of recombination between a class I ¢ps locus and a DNA fragment
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Fig. 4.4. Comparison of class I and class II cps sequences. The 500 nucleotides of sequence shown (100
nucleotides per line) corresponds to nucleotides 2,273-2,772 of the cpsl/9f sequence. The following
sequences are available under the GenBank accession numbers as indicated: cps19f, U09239; cap3, ZA7210;
capl, Z83335; cpsl4, X85785; cps23f, AF030373; cpsi9a, AF094575. The cps4 sequence is available from
the TIGR Microbial database. The stop codon of the cpsB gene is indicated with an asterisk. The start codon
of cpsC is underlined. “(T)” denotes an extra nucleotide, and “-” denotes the absence of a nucleotide in the
¢psi4 DNA sequence. The arrows indicate the region where the cross-over between class I and class II
sequences has occurred in cps4.
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(approximately 852 nucleotides long) from a class II ¢ps locus, resulting in a mosaic ¢psB-
C region. Analysis of the available type 23F sequence data (Coffey et al., 1998a) indicated
that the cps23f locus (which has a class I ¢psC gene) also diverges from cps19f (which has
a class I cpsC gene) within the cpsB gene, but 98 nucleotides further downstream from the
point of divergence for cps4. This suggests that the point of sequence divergence from

class I to class II within cpsB may vary between different serotypes.

Table 4.3. Similarity between cpsC sequences from various pneumococcal serotypes.

% ldentity"
cpsl9f eps3  capl cps9n _cps19b cps20 cpsid _cpsd  cps8  cps2  cps23f cps6b cpsba cpsi9a

cpsl9f 100 985 979 979 967 965 979 824 739 737 733 731 729 722

cps3 100 986 99 979 969 983 83 743 741 737 735 733 727
capl 100 981 971 959 973 8.6 737 735 737 735 733 727
cpson 100 977 967 977 824 741 739 735 733 731 725
cps19b 100 956 965 845 754 752 752 75 749 739
cps20 100 958 812 737 735 731 729 727 725
cpsi4 100 826 739 737 734 732 73 724
cps4 100 886 888 89 888 886 853
cps8 100 99.8 97.7 983 981 94

cps2 100 979 985 983 942
cps23f 100 986 985 93.6
cps6b 100 99.8 942
cpséa 100 94

cpsl9a 100

a. Percentage of DNA identity over 517 nucleotides, equivalent to nucleotides 2,273-2,789 of the cpsI9f
sequence (GenBank accession no U09239), as determined in DNASIS.
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cps19B —
cps19f ATGATAGACATCCATTCGCATATCGTTTTTGATGTAGATGACGGTCCCAAGTCARGAGAGGAAAGCAAGGCTCTCTTGGCAGAATCCTACAGGCAGGGGG

cps4 ATGATAGACATCCATTCGCATATCGTTTTTGATGTAGATGACGGTCCCARGTCAAGAGAGGAAAGCAAGGCTCTCTTGGCAGAATCCTACAGACAGGGGG

cps4B -
l

cpsl9f TGCGAACCAIlblL1LLALL1L1LALLblLbLAAGGGCATGTTTGAAACTCCGGAAGAGAAGATAGCAGAAAACTTTCTTCAGGTTCGGGAAATTGCAAA

cps4 TGCGAACCAETGTTTCTACCTCTChCCGTCGCAAGGGC&TGTTTGAAACTCCGGﬁAGhbnAGATAGCAGAAAACTTTCTTCAGGTTCGGGAARTAGCT&A

cpsl9f AGAAGTGGCAGATGATTTAGTCATTGCTTATGGCGCAGAGATATACTATACTCTGGATGCTCTAGAAAAGCTAGAAAAAAAAGAAATTCCTACCCTTAAT

cps4 GGAAGTGGCGAGTGACTTGGTCATTGCTTACGGGGCTGAAATTTATTACACACCAGATGTTCTGGATAAGCTGGAAAAAAAGCGGATTCCGACCCTCAAT

cps19f GATAGTCGTTATGCCTTGATTGAGTTTAGCATGCATACTTCCTATCGTCAGATTCATACGGGATTGAGCAATATTTTGATGTTGGGAATCACGCCAGTAA

cps4 GATAGTCGTTATGCCTTGATAGAGTTTAGTATGAACACTCCTTATCGCGATATTCATAGCGCCTTGAGCAAGATCTTGATGTTGGGAATTACTCCAGTCA

cpsl19f TTGCTCATATTGAACGTTATGATGCTTTGGAGAATAACGAAAAACGTGTTCGTGAACTGATTGATATGGGGTGCTATACTCAGATAAATAGTTATCATGT

cps4 TTGCCCACATTGAGCGCTATGATGCTCTTGAAAATAATGAAAAACGCGTTCGAGAACTGATCGATATGGGCTGTTACACGCAAGTAAATAGTTCACATGT

cpsl9f TTCAAAACCTAAGTTCTTTGGTGAAAAATATAAATTCATGAAAAAGAGAGCTCGGTATTTTTTGGAACGTGATTTAGTTCATGTAGTTGCAAGTGACATG

cps4 CCTCAAACCCAAACTTTTTGGCGAACGTTATAAATTCATGAAAAAAAGAGCTCAGTATTTTTTAGAGCAGGATTTGGTTCATGTCATTGCAAGTGATATG

cpsl9f CACARTTT&GhCAGTRGRCETCCRTATATGCRACRGGChTRTGRTATCRTTGCTRhGhAATATGGAGCGRAAAAAEEﬁAAAGAACTTTTTGTRGRT&kTC

cps4 CACAATCTAGACGGTAGACCTCCTCATATGGCAGAAGCATATGACCTTGTTACCCAAAAATACGGAGAAGCGAAGGCTCAGGAACTTTTTATAGACAATC

* cpsl19fC —
cpsl9f CCAGGAAAATTATAATGGATCAATTAATTTAGGAGAAAATATGAAGGAACAAAACACTTTGGAAATCGATGTATTGCAACTATTCAGAGCTTTATGGAAA

cps4 CTCGAAAAATTGTAATGGATCAACTAATTTAGGAGAAATGATGAAAGAACAAAATACGATAGAAATCGATGTATTTCAATTAGTTAAAAGCTTGTGGAAA
* cps4C >

cpsl9f AGAAAGTTGGTCATTTTATTAGTGGCAATTATAACTTCTTCAh1lbhlLllbLLlACAGTALLLALbl1ATCAAACCTGAGTTTACTAGTATGACTCGGA

cps4 CGCAAGCTAATGATTTTAATAGTGGCACTTGTGACAGGTGCGGGGGCTTTTGCATATAGCACTTTTATTGTTAAGCCAGAATATACGAGTACCACGCGAA

cpsl9f TTTATGTAGTTAACCGTGATCAGGGAGAGAAGTCTGGTTTAACCAATCAAGACTTGCAGGCAGGATCATCCTTGGTTAAAGACTATCGTGAAATTATCCT

cpsé TTTACGTAGTGAATCGCAATCAAGGAGACAAGCCGGGGTTGACAAATCAGGATTTGCAGGCAGGAACTTATCTGGTAAAAGACTACCGTGAGATTATCCT

\:

cpsl9f ATCGCAGGATGTTTTGGAGGAAGTTGTTTCTGATTTGAAACTAGATTTGACGCCAAAAGATTTGGCTAATAAAATTAAAGTAACAGTACCAGTTGATACC

cps4 TTCGCAGGATGTTTTGGAGGAAGTTGTTTCTGATTTGAAACTAGATTTGACGCCAAAAGGTTTGGCTAATAAAATTAAAGTGACAGTACCAGTTGATACC

1\

cpsl9f CGTATTCTCTCTGTTTCAGTTAGTGATCGAGTTCCTGAAGAGGCAAGCCGTATCGCTAACTCTTTGAGAGAAGTAGCTGCTCAAAAAATTATCAGTATTA

cps4 CGTATTGTCTCTATTTCAGTTAATGATCGAGTTCCTGAAGAGGCAAGCCGTATCGCTAACTCTTTGAGAGAAGTAGCTGCTCAAAAAATTATCAGTATTA

cpsl19f CTCGTGTTTCTGATGTGACAACACTGGAGGAGGCAAGACCGGCGACATCACCGTCTTCGCCAAATATTAAACGCAGTACACTAATTGGTTTTTTGGCAGG

cps4 CTCGTGTTTCTGACGTGACAACACTGGAGGAGGCAAGGCCGGCGATATCCCCGTCTTCGCCAAATATTAAACGCAATACACTAATTGGTTTTTTGGCAGG

cpsl9f AGTGATTGGAACTAGTGTTATAGTTCTTATTCTTGAACTTTTGGACACTCGTGTGAAACGTCCGAAAGATATCGAAGATACACTGCAGATGACACTTTTG

cps4 GGTGATTGGAACTAGTGTTATAGTTCTTCATCTTGAACTTTTGGATACTCGTGTGAAACGTCCGGAAGATATCGAAAATACATTGCAGATGACACTTTTG
*

cpsl9f GGAATTGTACCAAACTTGAATAAGTTGAAATAG

cps4 GGAGTTGTGCCAAACTTGGGTAAGTTGAAATAG
*

Fig. 4.5. Comparison of the cps19fB and C genes with the cps4B and C genes. The first nucleotide of the
cps19fB sequence corresponds to nucleotide 1,616 of the type 19F sequence (Guidolin et al., 1994). The
ATG start codons of cpsB and C are shown in bold and the stop codons are indicated by an asterisk. The
primer J39 sequence is underlined. The arrows indicate the approximate points of sequence divergence.
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4.2.5 Phylogenetic analysis of cpsC sequences

To further investigate the differences between the two classes of cpsC sequences,
their phylogenetic relationship was investigated. ~An alignment of the partial cpsC
sequences was generated using CLUSTAL W (Thompson et al., 1994; data not shown) and
this alignment was used to generate a phylogenetic tree using the Neighbour-Joining
method, and the distance measure of Tamura and Nei (1993), as implemented in the
program MEGA (Kumar et al., 1994). The tree in Fig. 4.6 shows two highly significant
clusters of cpsC sequences, and confirms the observations initially made on the basis of
sequence homology that the cpsC genes are divided into two classes. The cps4C sequence
forms a third cluster; as described above, this gene is a hybrid of the two cpsC classes and
has a recombination cross-over point near nucleotide 345 (as shown in Fig. 4.4) within the
cpsC gene. The cps19bC gene is also separated from the other class I cpsC sequences;
cps19bC also appears to have a mosaic structure with a small region of class II sequence

(nucleotides 409-444 in Fig. 4.4) which is presumably the result of a recombination event.

4.3 Conclusions

The Southern hybridisation data described in this chapter indicate that the DNA
flanking the cps locus is highly conserved among pneumococci of diverse serotypes. Using
LR-PCR with primers specific for common regions, it was possible to amplify the major
portion of the capsule loci from several different pneumococcal serotypes. Southern
hybridisation analysis confirmed that the large PCR products obtained did indeed contain

cps-related DNA. Moreover, direct sequencing of the PCR products identified two
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Fig. 4.6. Phylogenetic tree of cpsC sequences. The cpsC gene sequences were aligned in CLUSTAL W (Thompson et al, 1994), and the phylogenetic tree generated using
MEGA (Kumar et al, 1994), as described in the text. The numbers associated with the branches are Bootstrapping Confidence Limits, resulting from 500 replications, as

defined in MEGA. The scale represents the number of nucleotide substitutions per site.
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apparent classes of the cpsC gene. This was confirmed by phylogenetic analysis of the
sequence data. The presence of the cpsC gene in all ¢ps loci examined is consistent with
the important proposed role of CpsC as a chain length regulator in pneumococcal CPS
production (section 1.9.3). At this stage, it is not possible to determine whether the
differences between class I and class II ¢psC genes is functionally significant. Translation
of the genes indicates a similar degree of amino acid sequence divergence between class I
and class I CpsC proteins (approximately 70% identity). Interestingly, even small
differences between the functionally homologous Rol (Wzz) proteins of Shigella species
have previously been shown to impact on the modal chain length of the LPS O-antigen
(Klee et al., 1997).

The type 4 and 19B cpsC sequences both show evidence of recombination within
the ¢ps loci. Two recent studies have demonstrated that natural recombination events
involving exchange of entire cps loci (or major portions thereof) have resulted in switching
of capsule type (e.g. from 23F to 19F) by multiply drug-resistant pneumococcal clones on
numerous occasions (Coffey et al., 1998a; Nesin et al., 1998). The current study indicates
that recombination events involving small fragments within pneumococcal cps loci may
also be common in nature, and may represent a mechanism whereby additional serotype
diversity is generated.

A comparison between the ¢cps19f and cps4 sequences revealed that the distinction
between class I and class II sequences can be extended to include the 3’ region of cpsB,
where the J39 primer sequence is located (Fig. 4.5). The 3’ region of cpsI9/B exhibits only
75% similarity with the 3’ region of cps4B. It is possible that the cps loci from some
serotypes may be even more variable in this region, such that the J39 primer is non-
functional, and could explain why a LR-PCR product was not obtained in some of the

serotypes tested. This suggests that the efficiency of the LR-PCR could be significantly
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improved by using a primer sequence from the 5’ region of c¢ps19fB, which appears to be
more conserved, in lieu of J39 (Fig. 4.5).

Although LR-PCR successfully obtained PCR products from 13 serotypes, it was
unsuccessful from 8 others. This may be simply due to the size of cpsB-aliA regions from
these serotypes. Indeed, the CPS of the serotypes for which LR-PCR products were not
obtained all have large repeat units containing 5 to 7 sugars. No attempts were made to
modify the LR-PCR amplification conditions used, but it is likely that such modifications
could improve the amplification efficiency of the larger cps loci. The possibility of gene
rearrangements within the cps loci of these strains also cannot be excluded.

The LR-PCR products that have so far been obtained provide a ready source of
DNA to study the as yet uncharacterised cps genes required for CPS production from
serotypes 6A, 6B, 8, 9N, 18C and 20. Additionally, with improvements, the LR-PCR
protocol has the potential to amplify the cps loci of other serotypes. This would extend its

utility for the epidemiological and clonal analysis of clinical isolates.

4. Long-range PCR



Chapter 5

CHARACTERISATION OF THE
S. PNEUMONIAE TYPE 19B CAPSULE
LOCUS

5.1 Introduction

The structure of the type 19B CPS is more complex than that of type 19F. The
oligosaccharide repeat unit of type 19B CPS has a fourth sugar (ManNAc) in its backbone,
with a disaccharide side-chain, as shown in Fig. 5.1. Thus the type 19B capsule locus
(cps19b) would be predicted to contain extra genes required for biosynthesis of the more
complicated repeat unit; one would also predict that a distinct polysaccharide repeat unit
transporter and polysaccharide polymerase would be required.

In chapter 4, Southern hybridisation was used to demonstrate that all but 2 of the 15
genes in the S. pneumoniae type 19F capsule locus hybridised to the DNA of a type 19B .
pneumoniae strain. These 2 genes, cpsI9fl and cpsi9fJ, encode the polysaccharide
polymerase and polysaccharide repeat unit transporter, respectively, and are located
together near the middle of the cpsI9f locus. DNA from the 2 flanking genes, cps/9fH
and cpsl19fK, hybridised only weakly to 19B DNA, whereas all other cpsl9f genes
hybridised strongly at high stringency. These data suggested that the type 19B capsule

locus does contain different polysaccharide repeat unit transporter and polysaccharide
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polymerase genes. It was not obvious, however, where the postulated additional genes
required for type 19B CPS biosynthesis were located and hence characterisation of the

¢ps19b locus was undertaken.

Type 19F —52)-a-L-Rhay-(1-PO">4)-B-D-Man,NAc-(1->4)-0-D-Gle,-(1-
Type 19B —>4)-B-D-Man,NAc-(1->4)-0-L-Rha,-(1-PO4"—>4)-B-D-Man,NAc-(1->4)--D-Glo,-(1-
3
T

1
B-D-Ribs(1-»4)-0-L-Rha,

Fig. 5.1. Biological repeat units of pneumococcal type 19F and type 19B capsular polysaccharide. The
order of the sugars in the repeat units have been altered compared to the published chemical structures for
19F (Ohno et al., 1980) and 19B (Beynon et al., 1991) as it has been determined that glucose is the first sugar
in the biological repeat unit. D-Glu,, glucose; D-Man,NAc, N-acetyl mannosamine; L-Rha,, rhamnose; D-
Riby, ribose; POy, phosphate;.

5.2 Results

5.2.1 Isolation of the type 19B-specific cps genes

In order to isolate the type-specific portion of the cps19b locus, primers J5 which is
homologous to cps19fF and J27 which is complementary to cps9fL (Table 2.4) were used
to amplify the intervening region of the 19B chromosome using LR-PCR with an extension
time of 12 min per cycle (see section 2.9.2). The LR-PCR product (from the 3’ end of
cps19bB to aliA) which was described in chapter 4 was not used because it contains a large
amount of DNA (cpsI9bC-cps19bG and cps19bL-aliA) which was predicted (on the basis
of hybridisation data) to be greater than 95% identical to cps19f. The J5/J27-directed PCR
product was approximately 10.5 kb in size. This is 4 kb larger than the equivalent region

of cps19f, indicating that extra ORFs may be present in this region of the cpsI9b locus. A

5. Type 19B cps locus
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map of the 10.5-kb PCR product was generated, using the restriction enzymes BamHI,
Clal, HindIll and EcoRl, and appropriate fragments of the PCR product were then cloned

into pBluescript KS+, generating four recombinant plasmids with inserts as shown in Fig.

5.2.
HEB E E C H C E C
M1 | | | | ||

epsi99 F G H P I 0 R J K L
HEB

pJCP480 ul

pICP481 e £ 5 G

pJCP482 x & B ¢ ___=

E
pJCP483 ?___1__|C

2 kb

Fig. 5.2. Physical map of part of the S. pneumoniae type 19B capsule locus (cps19b). Green arrows
represent ORFs also present in cps19f and red arrows represent type 19B-specific ORFs. Gene designations
are indicated below the map; cps19bF-L are abbreviated to F-L, respectively. Restriction sites are as follows;
B, BamHI; C, Clal; E, EcoRI; H, HindIIl. The regions of DNA subcloned into various recombinant plasmids
are shown below the map.

Both strands of the pneumococcal DNA inserts of each of the above plasmids (or
nested deletion derivatives thereof) were subjected to sequence analysis (section 2.8) in
order to compile the sequence of this portion of the ¢psI9b locus, as shown in Appendix
II. The sequence across the BamHI site at the junction of the inserts of pJCP480 and
pJCP481 was obtained by dye terminator sequencing (section 2.8.3) of the PCR product

with the primer J44 (Table 2.4). Examination of the compiled sequence revealed, as

5. Type 19B ¢ps locus
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expected, that the first 2.3 kb of sequence at the 5’ end has a high degree of similarity to

the ¢psl9f sequence. This region contains the homologues to cpsI9fG and cpsI9fH
(cps19bG and cps19bH) which exhibited 98.3% and 91.1% identity, respectively. The
sequence then diverges suddenly (in the vicinity of nucleotide 2,319 of the cpsI9b
sequence) just prior to the end of cpsI9bH, truncating the cpsI9bH gene product by two

amino acids with respect to Cps19fH, as shown in Fig. 5.3A. There are five new potential

A. ...cpsl9fH—

T NQ VYT NTLTLTET KTTLTFSNJZ KTGCNF
cps19f: 7460 CAACTAATCAAGTTTACACGAACTTGTTAGAAAAAACCTTGTTTTCAAATAAATGCAACT
cps19b: 2237 CAACAAATCAGGTTTA’I‘ACAAACTTAGTAGAAAAAACT‘I‘TGTTT’I‘CAAACAAATGCAACT

T NQ VY TNTILVETEKTTLTFSNTZ KT CNF

.cps19bH—>
{ cpsl9fi—

K § T S8 Y FLXILMZEKTETNTETDTV * MS Y
cps19f: 7520 T’I‘AAATCCACCAGTTATTTTTTGAAGTTGATGAAAGAAAACGAGGATGTTTAAATGAGTT
cps19b: 2297 TTGAATCCACTAGTTATTTTTTAACTTTAATGGAGAAAAATGAATAAAAAATGATGAAA—

E ST S8 ¥YF L TILMETXKNE * M K

T cps19bP—

L FL L CLTTL FLULTTITFJYTFTF A
cps19f: 7580 ATTTATTTTTA-CTTTGCCTTACATT - ATTCTTATTGACTATATTCTA’I‘TTCTTTGCTT
cps19b: 2357 AA- —AGTTTTA’I‘ATGTGACAAATGTTGATTGGAATTGGATA - AAACAACGTC-CACAAT

K VvV L YV TN VDWNWTI KOQZRP Q

B. ...cpsi9fi—
M Y I EY F KNH KK I 5 *
cps19£:10311 GAATGTATATAGAATACTTTAAAAATCATAAAAAAATATCATAAAAATTATATATCAA’I‘G
cps19b: 9138 AAGTGACGATTCAATTATTTTCTCTTCTTGCAAAGA AGAAGTAAATTGGTCAGAAATTG
vV T I QLF STLTULATZKTZ K K *
.cps19bJ—
cpsl9fK—
L M K K I
cps19£:10371 AAATGGTAGATTACATTTCTACCTT- TT’I‘ATCCATTTAGGAGGAAACGATGAAAAAGATA
cps19b: 9198 AAATGTATAAACAAATAAATAATTTAATTATTAATTGAGGAGGAAATCATG ~--AAGATA
T M K I
cps19bK—
M L VF GTRZPEA ATILITE KMTGCS STILVNEL
cps19£:10431 ATGCTAGTTTTCGGTACACGTCCAGAAGCAATAAAAATGTGTTCATTAGTCAATGAGTTG
cps19b: 9258 ATGCTAGTTTTTGGTACACGTCCAGAAGCGATAAAAATGTGTCCATTAGTGAATGAGTTG

M L V F G TR P EATIKMTGCUZPLVYVNTETL

Fig. 5.3. Homology between cpsl19f and cpsI9b. Location of the approximate points of sequence
divergence, at the end of cpsI9H (A), and immediately upstream of cps/9K (B). The amino acid translation
for the depicted ORFs are shown above the sequence for cpsl9f and below the sequence for cps19b. The stop
codons are underlined and the ATG start codons are double underlined. Arrows indicate the approximate
points of divergence. Identical amino acids are shown in bold.
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ORFs, between cps19bH and cps19bK, which have been designated cpsI9bP, I, O, R and J.

Each ORF is preceded by a ribosome binding site and the majority are very closely linked.
The only potentially significant intergenic gap of 204 nucleotides occurs between cps19bQ
and cpsI9bR. However, no potential stemmed-loop structures or obvious promoter
sequences were found in this region. As predicted, the sequence at the 3’ end of the 10.5
kb cpsi19b PCR product again shows similarity to the cpsl9f sequence, starting in the
vicinity of nucleotide 9,233 (Fig. 5.3B); this is immediately before the start of the cps/9bK

gene, which has 93% identity to cpsI9fK.

5.2.2 Characterisation of the cps19b genes

The locations and several properties of each of the type 19B-specific ORFs,
cps19bP, I, Q, R and J, are summarised in Table 5.1. Significant similarities with other

known proteins, revealed by comparison with sequence databases, are described below.

Table 5.1. Summary of ORFs cps19bP-J.
Location in Predicted No. amino Hydrophobicity Predicted % G+C

ORF sequence” MW acids index” pl content’
cps19bP 2,350-3,432 43,334 361 -0.41 8.69 29.5
cps19bl 3,451-4,695 48,667 414 0.77 9.73 27.2
cps19bQ 4,703-5,605 34,876 300 -0.26 8.20 29.7
cps19bR 5,809-7,746 76,348 645 -0.30 8.65 27.2
cps19bJ 7,736-9,181 53,851 481 0.91 9.89 29.5

a. Nucleotide numbers correspond to cps19b sequence as shown in Appendix IL
b. According to Kyte and Doolittle (1982), as implemented in PROSIS.
c. Percent guanine plus cytosine (G+C) of coding region.
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5.2.2.1 cps19bP

The cpsI9bP gene encodes a putative 43.3 kDa protein. Database searches with
Cps19bP did not reveal any significant similarity to any other proteins.

5.2.2.2 cpsi19bl

The cpsI9bl gene encodes a putative 48.7 kDa protein. Database searches with
Cps19bl also failed to identify any significant similarity to any other proteins. However,
Cps19bl is a very hydrophobic protein and the hydropathy plot (Fig. 5.4) illustrates the
marked similarity between Cps19bl and Cps19fl, each having 10-12 hydrophobic,
potentially membrane-spanning domains. This is a typical hydropathy profile for Rfc-like

proteins and suggests that Cps19bl, like Cps19fI, may be a polysaccharide polymerase.

Cps19bl

2

Fig. 5.4. Hydropathy plots of Cps19bl and Cps19fl. The hydropathy plots were generated by the method
of Kyte and Doolittle (1982) and aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive
numbers on the Y-axis indicate hydrophobic regions. The position of every 10th amino acid is marked on
each X-axis.

5.2.2.3 cps19bQ
The cps19bQ gene encodes a putative 34.9 kDa protein, which has similarity with

rhamnosyl transferases from Leptospira interrogans, Shigella dysenteriae, and S. flexneri,
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and a 6-deoxyaltrosyl transferase from Y. enterocolitica as shown in Table 5.2. The
alignment of Cps19bQ with the other proteins shows several regions of similarity,
including a motif previously identified in thamnosyl and other 6-deoxyhexosyl transferases
(section 3.2.3.2; Morona et al., 1995), as shown in Fig. 5.5. This motif contains conserved
aspartate residues and is reminiscent of the catalytic sites identified in RfbAg;ss of S.
enterica serovar borreze (Keenleyside and Whitfield, 1996). A second conserved motif
was also identified (Fig. 5.5, yellow shaded amino acids), suggesting that these proteins
form a closely related sub-group of this type of transferase. Cps19bQ is the second
putative rhamnosyl transferase in the cpsI9b locus. Cps19bH, which has 91.1% identity
with Cps19fH, is also proposed to be a rhamnosyl transferase, adding Rha to the repeat unit
backbone (section 3.2.3.2). Thus Cps19bQ is predicted to add Rha (the first sugar of the

disaccharide side-chain [see Fig. 5.1]) to the distal ManNAc.

Table 5.2. Similarity of Cps19bQ to other proteins.
% Identity”
Cpsl19bQ® SdRfbQ°  LiRF'  YeRfbC®  SfRIbF'

Cps19bQ 100 24 229 22.1 20.2
[267] [245] [213] [257]

SdRfbQ 100 31.3 30 30.2
[297] [300] [298]

LiRfbF 100 28.9 30.6
[308] [284]

YeRfbC 100 29.5
[298]

SIRfbF 100

a. Percentage of identical amino acids determined with FASTA as implemented
in PROSIS. Numbers in parentheses indicate the number of amino acids over
which the % identity occurs.

b. S. pneumoniae Cps19bQ.

c. 8. dysenteriae RfbQ (Klena and Schnaitman, 1993).

d. L. interrogans RfoF (Mitchison et al., 1997).

e. Y. enterocolitica RfbC (Zhang et al., 1993).

f. S. flexneri RfbF (Macpherson et al., 1994).
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cpstobQ [M- - o[k Vc[1]- -[Vi|L N[YN- n Y[E[E[T 1]e[Rvas L|r[s|T[I K|s[NEYD[TVIVD
SdRfbQ I KK AA—-|I|TYNPD--LT[LR-ES|%T L|7|51-QVDK||L|D
LiRfbF -PEKFsPLAVI|VTFNPD I NLTYKNVANL]----NLNsvPVLTVD
YeRfbC NASQYS[l|sA VVTFNPEVE--VF-%@LIK@IP-QVDQ 1|1 vD,
STRfbF -NSN-—mYAVIVTYNP--;IL—KNLNALITEL-EQNCYV vlvp

* k% * * * *

cpstoo  [NNS|V[N|o[S]- V[Ke[LsKaLsP -[Tk1]i T[s L]- E[NR[GY[ANGNNT G T KYAE
SdRQ [N N S|TIN)Y QE L|K|K[L[FE KKEK -[I K |V - P|L|S D|N LAAQNL CNUAI
N E E
N

LiRfbF Rs|KIN[V[S]a 1 R - -[SKI kK-KQN-FL 1 ENESINLGLGFALNRG I[E[Y Al

YeRfbC S{LCETRSGLEEIVTNYQNLYL I[SL|sD|NMG|I[Als AQINY|G | KK S F

sRiF  [NRT -[NFT - L[KlpKLAD I EK--VHL I C]LGR|NE |KAQ_N|G||RE|SL
*

cpstob@ B[N G Y[[Y t]c [Un n[D|T L[1 E|V[D]F LES|c kR[EL E|NN S FVA[F|vs PV L[VIE[Y]

sdrbQ  KIN[N|Y|[T|Y[A 1 LFDQD{svLaDNG I NS|FFFEFEKLVSEE - - KLNI[VAI

LRF  SINLY[TAvwLFoQDlsFL[Ell SAIRLFLaKIREYE I QK[FPNEKVAS[Y|

YeRC SMESSHVLL[LoHD|s | PAEDMV[EKLLSLELKLLSQG--R-QVGAV

siRiF EKGAEK]I FFOQDSRIJRNE - - - - FIKK[L|SCYMDNE - - NAK | A- -
k%%

cpst9bQ KD[NNLVas[TEeD 1 FINRGI|lV- TLKNHGAQFR LSKIY- -
SIRBQ GPSFFDEKTGRRFRPTKF GPFLYPFRKITN LT- F LA
LRbF  GP[NI FDT - - - - - - IKN YGI|[LKDETGILNAK- - - - - - - FLT
YeRMC GPTsVDRR[T|STRSGFVR-KSGI[L[/IKRIYPDD[SKG-FVvKI|D|F LA
SRMF GPVFIDRDKSHYYP[I|CNIKKNGLREKIHVTEGQT - PFK[S[SVT|I|s
Cps19bQ AcLME[KT]siI[LKI 16y P[ESYFLFYJEE[TEWCYRAKKLGYK|NIC
SdRPQ S CFI-—lﬁl—LlECIKSAGMMTEleF!DYID [s|lyRMR S Y|GYK|L Y I
LRMF  s|els F- - v s LEV[LKEV|/GLMYaDF|F[I D|Y|LD YEWC|F|[RAINDK|G Y|V HK I
YeriC  S{GTL | - - R[T]E V[L[H N[T 6{L M K[E|N[Y F| I DH VD[TEWC|FIRAVNCIG[I ELFG
SRMF  S|GITMV - - SKE v F E[1]V|gimm DE|E L]F| 1 D[Y|]VD|T EWC|LIR[CLNY|G[I LVH I
Cpstob@ LTQsYVY[HK-[GS|V[s TKAV - -« - - - - n[E] -[t]a E[Y|Lm AIRNR v v F[V]
SdRBQ  HND | HMS[H|L ~S'RVNLGLK--TISLHPLRRYYLFRNYISIL
LRHF | SDVKMK|HS I|GS|D|S|RS T -FGI1FK-VAIHSPFRWY|FLFRNGIYIC
YeRC CGDAF LNHTLGDSV[I|R IWMGRWRE | PKH S P[LJRN[Y|Y | F[RNT | NMV]
siF | PDIEMVHA I[GDK[S[V[K1cG- - - INIPIHSPVRR]Y[YRVIRNJAFLLL
Cps19bQ [El-w NS - -[KiKkY[s]A- - - - - YLFMQaLYHCFLRRDCS[KRKY
sdRbQ  KVRIY[I|[PLGYK[I REGFFNIGRFLVSMI I TKNR-KT[L[I - ---LYTI
LRF  KMPH|I|[PFRFKLEVVLKTIFRFLILPIFSDSKYQTY- - - - - LHIL
YeRHC TSTPMSWSWKLAHIYRLMI FF[V[FFM1IAAKPR- - - YRRIF IMM- - |
SRF  [RIKNHVP - - - -|L/LL[S|I REVV-[FISTIHTTLI I ATQKNKTEYMKKH I
cpstiobq [KYY[LD GV F[NRI|DPS[Y[PF I - - - -[FIsE

SdRfQ A1KDG I NNEMGKY - - - - - - - - - - KG

LRMF  CGlclpel TGRKSSFY[KHLVGET[FsTT

YeRC [K|GGFDGI RGTSGKL - - -« - --- - - N -

SIRF LAT[LDGIR-GI]TGG-GRY - - - - - - N A

Fig. 5.5. Alignment of Cps19bQ with other proteins. Alignment of Cps19bQ with S. dysenteriae RfbQ,
(SdRfbQ) (Klena and Schnaitman, 1993), L. interrogans RfbF, (LiRfbF) (Mitchison et al., 1997), Y.
enterocolitica RfbC, (YeRfbC) (Zhang et al., 1993) and S. flexneri RfbF, (SfRfbF) (Morona et al., 1995)
using the default settings of the program CLUSTAL (Higgins and Sharp, 1988) and enhanced by manual
adjustment. Residues identical to Cps19bQ are boxed; similar residues are shown in red; - indicates absence
of a residue. The asterisks correspond to a motif found in a variety of rhamnosyl and 6-deoxy-hexosyl
transferases (section 3.2.3.2; Morona et al., 1995). The yellow shaded region corresponds to an additional
motif shared by this sub-group of transferases.
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5.2.2.4 cps19bR

The cpsI9bR gene encodes a putative 76.3 kDa protein. Cps19bR has similarity
(21.4% identity, 40.3% similarity) to the central portion (amino acids 366-1071) of
hypothetical protein 3 from the capsule locus of H. influenzae type b (Van Eldere et al.,
1995) as shown in Fig. 5.6. Although the function of hypothetical protein 3 is not known,
it is located in the serotype-specific Region II of the capsule locus. The only sugar in the
H. influenzae type b capsule also found in the pneumococcal type 19B CPS is ribose (Rib).
Thus it is possible that Cps19bR and protein 3 could function in the synthesis of an
activated Rib precursor. However, the nature of the activated Rib precursor that is used in
CPS biosynthesis in bacteria is not known (Van Eldere et al., 1995), and the possibility that

both proteins are ribosyl transferases cannot be excluded.

Cps19bR MKMFIS IKT----TVAFDFFDTUVH NCHPEQILYQWAKEMALEVNF
HMIORF3 - - - -|DINclalL aPIKISLKELHT|FO/I[FDT|IL IRRISSLRPFSI FDYVRDKAKASGI
Cps19bR NISP‘:ILY--—QIKSV NNKKLGTEEMCYLDLLSG[IYNE ! KDIK1 KNTS
HIORF3 KFPLALTENWINVRINRAE[HOVRD IMRKTTFERQSDK|I|EITLDDIYTRLQ
Cps19bR - - - - - e[ElF | HRA[K]) L[E]L k I[E]L Q[H]1 YLDSE I KEV[L|KKI[LK|SDSKQ | | LV F
HORF3 NLLLTDlElaTDF LIK|QA|E|I EA|IE|I AIHVEP I QKR I NY|L|F SILKIAKGHDVAMA M
Cps19bR [Y|TOD K E L ETVLKI(F{—'IFDYFSSIIEKGCRKSTGNLYKLILKELGLNP
Hviorrz I¥lLPEDVIIYRKMLIDRAD TRLRE I PL|Y[L[SS|T I{G]Y QK S T GK[L Y[Q H[I|F FD|LIDY QY
Cpsi9bR | E I[T|M | cKsSDIYE[VPR|S[LG|LNAI YRRY I[D]- - - - K[IN|S T[V|SEKE - - - - - -
HIORF3 S RW|T|H ¥ KHAIDles|VPRIRILGII QTAVHD I DIDJF | PFE[NJAMVIMN AMDNYNRYP
Cps19bR - - - - - - - L V[RIL Y b[@]1 L FS[N|- - « =« - - - - s[K]lk A P F N1 F L[A|D I[VIF F[1]s E L H[K|K
HIORF3 AYQLATKMHRYRTQL VQE[N/GFGNTLFET[KYYNYAYVGA|S FIV|P Y[IJNWA I[K|D
cpstobR M[TlaD D Vva | A L[F]F ¢ s[RIE[Gl@ L[L KR L F[D]1 YQDTFLRENQK | CITIE|Y|F|YIV RST
HiORF3 Alllk RGYET 1 Y|F|I 8 -|R[D|GIHFILK|Q 1 AD|K | 1 E | RG - -~ - Y NV K|[T|K|Y]I]Y|G K AW
Cps19bR L YS[SF|TSLENE[E[FEMI[FIRQYKK I TLQNF[LILNLNFSNNE - - [ TILII CQDLNYV
HIORF3 RLP|SFE|I TKVDDIETFWQ|F[IGNFVGMDSFED|LIVKASYLSESELLS|LIFPEFESL
Cpst9bR KPTYV[L|T--VDDHLLENLRKH[PIQF I K[KIFNQEKKDSQ - L LIRIE|Y [JKHLTKNR
HORF3 RHAKH[LIRGEIAENIRKIFKNSPAYHEKVLAIAAEKRKMVRO)Y IJOQETNPK
CpsiobR NEA Y L[VID vGWEK[G|T I[QD|s | KK AJLIP KRIVGYYLGI.MLNVYSENKT KTL
HIORF3 EKF A F|IVIE FWGR|G|Y T|aD|T FGR L|L|N[D|- - - - AFGKEV KNP F[Y]Y[VIR S F|[T[D|D M|G|T
Cpst9bR LFSDYPSKSKFYD I VSR[NF|G[F|Y[E[D[I F[VADHGP VL KYKK|EISD - -[If1}P | I|DD
HIORF3 SVRHN- - - - - - FILAPOQINFISIFIFIEIPI FIAQTPYDS | PDY Y|EJEKGR[I|E[P | I|[NH
Cpsi9bR -[DJK KHVS | YQAVKDYQE[E|L VILIGF SE | LIEJA KKMKFLPEQI{NLWLTMSLI(
HORF3 RIDIRSVSDL ISEGLLKFTIE[DY[LIALNTQD|EID|YJFDAALSQ[FINYQYQLNTPNDOQO
Cps19bR K E[C]I Y I PK[Llos - - < < = = = - - - FseEsS[CKEKIVV[ElINFGE I VT[LIKTTKK KTL
HORFZ FI|ICINVFSEILIKDNI SSFGVEKPYAPA|L|ITLIKIQLIE[S | TSEKQE|LIDKL TQ P1S
CpstobR [L|RE[KSD|L LWV[D|]F VYRLFGGVINJFLFIPELYT VIFLLEKY[LIDLKLRLKNYGE
HiorRFa |Lls -lKSDIVKVIIDlY YNK I QKNY|NLPAYNSTPMRKAYAVNP[L]------=-=----

Fig. 5.6. Alignment of Cps19bR with H. influenzae ORF 3 (HiORF3). Alignment was performed using
the default settings of the program CLUSTAL (Higgins and Sharp, 1988). Residues identical to Cps19bR are
boxed; similar residues are shown in red; - indicates absence of a residue.
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5.2.2.5 ¢cps19b]

The cpsI9bJ gene encodes a putative 53.9 kDa protein with low level similarity to
RfbX proteins from E. coli, S. dysenteriae, Y. enterocolitica, to the CapF protein of S.
aureus and to Cps19f], as shown in Table 5.3. The RfbX proteins are known to be
involved in export of O-antigen repeat units (Liu et al., 1996, Macpherson et al., 1995).
The hydropathy plots for RfbX-like proteins are all very similar, with 10-12 hydrophobic,
membrane-spanning domains, and the similarity between Cps19bJ and Cps191J is shown in

Fig. 5.7. Thus, Cps19bJ is likely to be the polysaccharide repeat unit transporter.

Table 5.3. Similarity of Cps19b]J to other proteins.

% ldentity”

Cpsl9b)® KIZRMXS  YeTrsA’  SdRX®  SaCapF  YeRfbX?  Cps19fl”
Cps19bJ 100 23.3 21.6 22.3 21 19 18.2
[404) [402] [394] [395] [420] [406]
K12RfbX 100 28.3 31.4 21.5 16.8 18.1
[406] [401] [395] [386] [414]
YeTrsA 100 28.4 20.4 17.5 19.2
[401) [401} [406] [416]
SdRbX 100 21.1 16.7 19.4
[393] [377] [402]
SaCapF 100 20 16.4
[404) [3971
YeRfbX 100 18.1
[425]
Cps19 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.
b. 8. pneumoniae Cps19bl.
. E. coli K12 RfbX (Stevenson et al., 1994)
. Y. enterocolitica TrsA (Skurnik et al., 1995)
. 8. dysenteriae RfbX (Klena and Schnaitman, 1993).
S. aureus CapF (Lin et al., 1994).
. Y. enterocolitica RfbX (Zhang et al., 1997).
. S. pneumoniae Cps19f] (section 3.2.3.4)

o

gus e Q.
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Cps19bJ

Cps191]

Fig. 5.7. Hydropathy plots of Cps19bJ and Cps19fJ. Hydropathy plots were generated by the method of
Kyte and Doolittle (1982) and aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive
numbers on the Y-axis indicate hydrophobic regions. The position of every 10th amino acid is marked on
each X-axis.

5.2.3 Serotype specificity of the cps19b genes

To examine the relationship between ¢psI9b and encapsulation loci of other S.
pneumoniae serotypes, DNA fragments corresponding to the individual cpsI9b genes
(described in Table 5.4) were labelled with DIG and used to probe (at high stringency)
Southern blots of restricted chromosomal DNA from representative pneumococci
belonging to the following types/groups: 2, 3, 4, 6, 7F, 7B, 8, 9, 12, 14, 16, 17, 18, 19F,
19A, 19C, 22, 23 and 24. None of the probes hybridised to DNA from any serotype tested,
except to the closely related type 19C (Table 1.3), which has high stringency homologues

for all 5 genes (result not shown).

Table 5.4 DNA fragments used as gene-specific probes

Probe Fragment used as probe:

cps19bP Spel-BamHI fragment from pJCP480 (nucleotides 2,305-3,188 of cpsi9b sequence)
cps19bl Pvull-HindIl fragment from pJCP481 (nucleotides 3,412-4,545 of cps19b sequence)
cps19bQ Hindll-Clal fragment from pJCP481 (nucleotides 4,540-5,718 of cps19b sequence)
cps19bR Clal-Nsil fragment from pJCP482 (nucleotides 5,713-7,766 of cps19b sequence)
cpsi9bJ Nsil-Pvull fragment from pJCP482 (nucleotides 7,760-9,046 of cps19b sequence)

5. Type 19B cps locus
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5.2.4 Capsule type switching by transformation

To determine if the genes sequenced were sufficient for type 19B CPS biosynthesis,
the 10.5-kb PCR product was transformed into an unencapsulated, Ery-resistant, derivative
of Rx1-19F, designated Rx1-19F-1, in which the c¢psI9fl gene had been disrupted by
insertion-duplication mutagenesis using pVA891, as described in section 3.2.4. Several
smooth transformants were checked for Ery sensitivity, indicating loss of the pVAg891
sequence. Southern hybridisation was used to confirm the absence of both pVA891 and
the cpsl9f1 gene, and the presence of each of the cpsI9bP, I, Q, R and J, genes in one
transformant, designated Rx1-19B. The hybridisation results, using probes specific for
cps19f1 and cps19bl, are shown in Fig. 5.8; other results not shown. The production of a
type 19B capsule by Rx1-19B was then confirmed by quellung reaction. This shows that it
is possible to alter capsule production from type 19F to type 19B by replacing part of the

cps locus, and that the region of cpsI9b described in this study determines the 19B

serotype.

A. 2 1 2 3 B. 1 2 3 A

i 50l
it

Fig. 5.8. Southern hybridisation of Rx1-19B. Clal-restricted chromosomal DNA of S. pneumoniae strains
Rx1-19F (1), Rx1-19B (2), and 19B (3) was probed with DIG labelled probes specific for cpsI9bI (A) and

cps19f1 (B). The sizes of the DIG-labelled lambda (A) markers are as follows: 23 kb, 9.4 kb, 6.6 kb, 4.4 kb,
2.3 kb and 2.0 kb.
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5.3 Conclusions

When the presence of the 15 c¢psl9f genes in other pneumococcal serotypes was
examined, the hybridisation patterns showed blocks of cps19f genes which hybridised to at
least one other serotype flanking blocks of genes which did not (Table 3.1). This suggests
that different serotypes may have evolved as a consequence of the replacement of one
cluster of genes within the capsule locus with an alternative gene cluster. The work
described in this chapter demonstrates that the five additional type-specific genes in the
cps19b locus are indeed grouped together. Transformation of Rx1-19F-I with the 10.5-kb
cps19b PCR product yielded a transformant, Rx1-19B, which expresses type 19B capsule.
Thus, this cluster of five genes (cpsI9bPIQRIJ) is sufficient to encode all of the additional
and/or distinct functions required for production of type 19B rather than type 19F CPS.

The chemical structure of the S. pneumoniae type 19B capsule is considera‘t;ly more
complex than that for type 19F. The type 19B backbone has an additional ManNAc which
also carries a (1-3) linked B-D-Rib~(1—4)-a-L-Rha, side-chain (Fig. 5.1). Therefore,
biosynthesis of type 19B CPS would be predicted to require several additional and/or
different enzymes; 3 transferases for the addition of the 3 extra sugars, at least one enzyme
for the synthesis of the activated Rib precursor, a distinct polysaccharide repeat unit
transporter and a distinct polysaccharide polymerase.

Analysis of the predicted protein products from the type 19B ORFs identified
candidates for several of these enzymes. These are the rhamnosyl transferase (Cps19bQ),
needed for the addition of Rha to the distal ManNAc, the polysaccharide repeat unit
transporter (Cps19bJ), and the polysaccharide polymerase (Cps19bI). Cps19bR is the most
likely candidate for the enzyme required for the synthesis of the activated Rib precursor.

However, the two transferases needed for the addition of the distal ManNAc and Rib
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remain unidentified. It is possible that Cps19bP functions as one of these transferases.
However, there are no other ORFs in the type-specific region of c¢psi9b which could
encode the other transferase.

One possible explanation for the absence of an ORF encoding a third transferase is

as follows. In type 19B CPS both ManNAc sugars are (1—4) linked. Cps19bF, which is

almost identical to Cps19fF, a putative ManNAc transferase (section 1.9.3), could be
responsible for the addition of both ManNAc residues. The ability of a single transferase to
transfer the same sugar to what appears to be different acceptors has been proposed
previously. For example, RfbG in Shigella flexneri is thought to add Rha, via the same
linkage, at two separate positions within the O-antigen repeat unit (Morona et al., 1995).
Interestingly, type 19F and type 19A, have closely related cps/9J (repeat unit transporter)
genes (section 4.2.1) and their capsules are similar, as both have a trisaccharide backbone
containing only one ManNAc (Table 1.3). On the other hand, both type 19B and type 19C,
which also have highly homologous c¢psI9J genes, have a tetrasaccharide backbone
containing two ManNAc residues (Table 1.3). Given that Cps19f] and Cps19bJ are quite
distinct, the difference in the CPS backbone might be explained by the specificity of these
polysaccharide repeat unit transporters. Cps19f] may have absolute specificity for the
trisaccharide repeat unit and may thus prevent Cps19fF from adding an additional ManNAc
sugar to the backbone. On the other hand, Cps19bJ may be specific for the tetrasaccharide
backbone and may only transport the repeat unit after the addition of both the distal
ManNAc by Cps19bF and the disaccharide side-chain by Cps19bQ and Cps19bP. This
hypothesis could be investigated by the construction of an Rx1-19F in-frame cps19fJ
deletion mutant. Biochemical analysis of this strain should determine the presence of
either a trisaccharide or a tetrasaccharide repeat unit linked to the lipid carrier. The

presence of a tetrasaccharide would support the above hypothesis.
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Alternatively, Cps19bR could be the ribosyl transferase, while Cps19bP could be

the second ManNAc transferase. However, the activated Rib precursor is unlikely to be
ubiquitous to the pneumococcus, as Rib is not a component of any essential cell
polysaccharide, such as teichoic acid. Cps19bR is a relatively large protein and could be
bi-functional, capable of both synthesising the activated Rib precursor and transferring it to
the repeat unit. Construction and characterisation of defined in-frame deletion mutants in
all of the type 19B-specific genes described in this chapter are required to determine their

precise functions.
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Chapter 6

ANALYSIS OF THE S. PNEUMONIAE
TYPE 19A CPS LOCUS

6.1 Introduction

Analysis of purified type 19A CPS has yielded two distinct putative structures (Fig.
6.1). One is the same as type 19F except for a 1—3 linkage (rather than 1—2) between Glc
and Rha (Katzenellenbogen and Jennings, 1983). This difference would necessitate an
alteration only in the specificity of the polysaccharide polymerase (Cpsl9fl). The
alternative structure involves the same trisaccharide backbone as type 19F, but with
additional B-D-Glc,NAc-(1—3)-B-D-Gal,-(1-POs—2) and o-L-Fuc,-(1-POs—3) side
chains attached to the Glc and Rha, respectively (Lee and Fraser, 1980). This would
necessitate a number of additional enzyme activities not found in the cps locus of type 19F
strains. Interestingly, individual type 19A strains were subsequently reported to be capable
of producing either structural type, depending on the growth conditions (Lee et al., 1987).
Sequence analysis of the type 19A cps locus was undertaken in an attempt to provide a

molecular explanation for these findings.
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Type 19F —2)-a-L-Rhay-(1-PO4"—>4)-B-D-Man,NAc-(1-34)-0-D-Gle,-(1->
Type 19A (1) —3)-a-L-Rha,-(1-PO4"—>4)-B-D-Man,NAc-(1-54)-0-D-Gle,-(1-
) —>2)-a-L-Rha,~(1-POs—>4)-B-D-Man,NAc-(1-4)-a-D-Gl,-(1->

3 2

t 1

o-L-Fuc,-(1-5POs B-D-Gle,NAc-(1—3)-p-D-Gal,-(1- PO

Fig. 6.1. Biological repeat units of pneumococcal type 19F and type 19A capsular polysaccharide. The
order of the sugars in the repeat units have been altered compared to the published chemical structures for
19F (Ohno et al, 1980) and 19A (Lee and Fraser, 1980; Lee et al., 1987) reflecting the fact that glucose is the
first sugar in the biological repeat unit. D-Glu,, glucose; D-Man,NAc, N-acetyl mannosamine; L-Rha,,
rhamnose; D-Gal,, galactose; D-Glc,NAc, N-acetyl glucosamine; L-Fuc,, fucose; POy, phosphate.

6.2 Results

6.2.1 PCR amplification and sequencing of the type 19A locus

Southern hybridisation data (section 4.2.1) suggested that the cps loci of type 19F
and 19A are significantly different. Only 7 of the 15 cpsl9f gene-specific probes (cpsi19fA,
B, G, H, M, N and O) hybridised at high stringency to 19A chromosomal DNA. It was
assumed that the arrangement of these conserved genes within the two loci would be
similar. Thus, a series of over-lapping DNA fragments containing type 19A-specific genes
flanked by conserved sequences were generated by LR-PCR (section 2.9.2) using primers
based on the cpsl9f sequence. The primers used are described in Table 2.4 and a map of
the PCR products spanning the entire cpsl9a locus is shown in Fig. 6.2. DNA from two
different type 19A clinical isolates (19Al, obtained from J. Henrichsen, and 19A2,
obtained from C. J. Lee [Table 2.2]) was used as template. Interestingly, the PCR products
amplified from regions between cpsI9A and cpsI9J (using primer pairs CPS5°/J22 and
CPSXI/I11 as described in Table 2.4) were identical in size for both type 19A isolates and

type 19F, but the PCR products obtained from the 5° intergenic regions (using primers
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DEXB and CPSA2, as described in Table 2.4) varied between all three strains (Fig. 6.3).

The 19A2 isolate also differed in the 3’ region of the cpsl9a locus; the PCR products
obtained from the cpsI9J to c¢psI90 region (using primer pairs CPSXI/J29, J9/J25 and
J9/136, as described in Table 2.4) were either smaller or absent from 19A2 (Fig. 6.3). This
suggests that part of this region of the cpsl9a locus of this strain may have been deleted.
The PCR products obtained from this region of the cps/9a locus (using primers J88 and
136, described in Table 2.4) from six Australian type 19A isolates were either identical in
size or larger (probably indicating the presence of an IS element in the 3’ intergenic region)

than that from 19A1 and 19F (Fig. 6.4), suggesting that this part of the cpsl9a locus in

19A2 is atypical.
Ne CH B Nr SCPC KEC NeH C E KCB KEH Nc HEBP H
S I O I O Y Y | I I 1 ]
¢ mED BB B | MBI EN
dexB 181202 epsi9fAB C D E F G H I J K L MN O aliAd
DEXB A «. CPSA2
CPS5's 2 122
CPSX1 s 211
CPSX1 A 2 129
9 2 125
J9 s 2 136

Skb

Fig. 6.2. Schematic representation of the PCR products amplified using cps19f primers. The cpsi9f
genes which hybridised (at high stringency) to type 19A chromosomal DNA are shown in dark blue and the
remainder of the locus is shown in pale blue. The primers used are described in Table 2.4.

6.2.2 Analysis of the cps19a locus

The sequence of the PCR products from 19A1 were determined using specifically
designed primers, as described in section 2.8. Analysis of the compiled sequence

(Appendix ITI) revealed that the ¢psI9f and cpsi9a loci are very closely related. The
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DEXB/
E CPSA2  CPS5'/122 CPSX1/J11 CPSX1/J29 _ J9/325 J9/136
2w 1 2 3 12 3 1.2 3 1 23 123123

e N WRG\NI00
NOOND 00 LAOOK= W Lh
—_ON N et \OP s U
556 555555

Fig. 6.3. Comparison of the PCR products obtained from S. pneumoniae Rx1-19F, 19A1 and 19A2.
The PCR products from Rx1-19F (1), 19A1 (2) and 19A2 (3) were electrophoresed in a 0.8% agarose gel and
stained with ethidium bromide. EcoRI-digested SPP1 bacteriophage DNA was used as a size marker (section
2.6.2); the approximate sizes of the PCR products are indicated on the left side of the figure.

Type 19A isolates
2 3 5

Fig. 6.4. Comparison of the PCR products obtained from the 3’ region of the cps19a locus from
various type 19A isolates. The PCR products were electrophoresed in a 0.8% agarose gel and stained with
ethidium bromide. EcoRI-digested SPP1 bacteriophage DNA was used as a size marker (section 2.6.2) and
the approximate sizes of the fragments are indicated on the right side of the figure.

cps19a locus has the same number of ORFs organised in identical order to those in cpsI9f
with homologies to the cpsI9f genes ranging from 70.1% to 99.4% identity. The sizes,
G+C content and % identity of -the cpsl9a and cps19f protein products are shown in Table
6.1.

Not withstanding the overall similarity between the cpsl9a and cps19f loci, several
interesting differences between the two loci were noted. Whereas the start codon for both
¢cps19aG and cps19aH is TTG, only cps19fH has a TTG start codon in the ¢cps19f locus.

6. Type 19A ¢ps locus
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The intergenic gaps between the cpsl19a genes and the cpsI9f genes are all similar, except
between cps19aK and cpsl9aL which is much larger (152 nucleotides) compared to that
between cpsl9fK and cps19fL (38 nucleotides). The largest variation between the cpsI9a
and cps19f loci occurs in the 5° intergenic region. This region in the 19A1 strain has
several deletions compared to the same region in type 19F, but the 3’ intergenic regions of
types 19F and 19A1 are almost identical (96.7% identity). The differences in the 5’

intergenic region will be discussed in section 6.2.5.

Table 6.1. Comparison of the cpsI9a and cpsI9f ORFs.
cpsi9a Predicted size cpsl9f Predicted size % Identity
ORFs Da no.aa %G+C ORFs Da no.aa %G+C DNA aa

Cpsl9aA 53,576 481 39.5 Cps19fA 53,572 481 38.1 90.5 92.3

Cps19aB 28,138 243 41.3 Cps191B 28,352 243 38 82 85.2
Cpsl19aC 25,473 230 42.1 Cps19fC 25,497 230 38.2 70.1 71.7
Cpsi9aD 25,155 229 41 Cpsl19fD 24,947 227 34.5 73 80.2

Cps19aE 51,971 453 37.7 Cps19fE 52,595 455 33.2 71.2 70.5
Cps19aF 28,273 2417 341 Cps19fF  28.155 247 33.6 78.9 82.9
Cps19aG 31,195 266 37.2 Cps19fG 31,647 269 36.3 90.9 93.6
Cpsl9aH 34,455 292 322 Cps19fH 34,474 292 30.3 90.8 95.2
Cps19al 51,604 444 32.7 Cps191I 51,734 445 29.7 78.5 80.7
Cpsl9al 54,650 474 33 Cps19f] 55,055 473 29.7 82.3 83.3
Cpsl9aK 40,749 362 36.9 Cps19fK 40,950 362 352 85.2 92.8
Cps19al. 32,242 289 433 Cps19fL 32,215 289 42.3 79.9 92.4
Cps19aM 22,408 198 41.2 Cpsl9fM 22,379 198 41.5 87.6 94.4
Cps19aN 39,086 349 42.4 Cpsl9fN 39,053 349 42.1 98.2 99.1
Cps19a0 32,330 283 41.3 Cps19f0O 32,330 283 41.5 99.4 99.3

The cpsi9a and cpsl9f sequences were examined to identify potential cross-over
points where recombination between the ¢ps loci may have occurred. A cross-over point

was identified within the cpsI9M gene; the first 348 nucleotides of cpsi9aM have 80.3%
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identity to cpsI9fM whereas the remainder of cpsI9aM is 98% identical to cpsi9fM, as

shown in Fig. 6.5B. However, there is no clearly identifiable cross-over point at the 5’ end
of the loci; the cpsI9aAB genes present a mosaic pattern with small regions of varying
degrees of identity to the cpsI9fAB genes, ranging from 76.6% to 100% as shown in Fig.
6.5A. This suggests that the ¢psl9a locus and the type 19A serotype may be the result of
several recombination events between the ancestral ¢ps locus (possibly type 19F) and
exogenous DNA. Some of these recombination events may have involved small DNA
fragments that did not affect the serotype, while others resulted in the exchange of larger
regions of the capsule locus, which may have altered the expressed serotype. The cpsl9aB
gene is almost identical (except for the first 42 nucleotides) to the cps4B gene which was
described in chapter 4, and shows the same point of sequence divergence from the cps19fB
gene. A small region of c¢psI9aB (nucleotides 3,221-3,374) has 100% identity to cpsl9fB.
This region presumably accounts for the high stringency hybridisation of the cpsI/9aB DNA
to a cpsl9fB probe (Table 4.1) as there is only 76.7% identity between the remainder of the
cps19aB and cps19fB genes. The highly conserved region may either encode a functionally
important domain in the cpsI9B gene product or may simply be the result of a
recombination event.

The overall identity between cps19fJ and cpsi19aJ is only 82%, which is insufficient
for the cpsI19fJ probe to hybridise to the cpsI9aJ gene under high stringency conditions.
However, on closer examination of the sequences, two small regions (nucleotides 10,605-
10,784 and 10,910-11,116) at the 5’ end of ¢psi9aJ have >90% DNA sequence identity
(97.6% and 93.2%, respectively) to cps19fJ (Fig. 6.6), which presumably accounts for the
Southern hybridisation data obtained previously (Table 4.1). Similarly, Cps19aJ and
Cps19fJ have only 83.3% amino acid identity, but when their hydropathy profiles are

compared they are almost indistinguishable (Fig. 6.7). This suggests that the divergence
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A.

cpsl9aAd cpsl9aB
98.2% 95.5% 79.9% 100% 76.9%
i () T il 0
1,733 2,070 2,692 3,221 3,374 3911
B.
cpsi9al. cpsl9aM cpsl9aN cps19a0
80% 98-99%

T 0 1
13,240 14,458 16,682

Fig. 6.5. Diagrammatic representation of the similarity of the cpsI9a locus to cps19f in the regions
where recombination between the loci may have occurred. A. The cpsI9aAB region. There are several
possible recombination points in this region of the locus. B. The cps19aL-O region. There is a single cross-
over point within cpsI/9aM. Increasing similarity is represented by progressively darker shades of blue and
the % identity is shown under the individual coloured regions. The arrows indicate the points of divergence
and the number below the arrow corresponds to the nucleotide number in the c¢psI9a sequence as shown in
Appendix III

cpsl9al
80% 972% 75.8% 93.2% 77.8%
) T ) T
10,605 10,784 10,910 11,116 :
T
10,500 11,924

Fig. 6.6. Diagrammatic representation of the similarity between cpsi9aJ and cps19f] sequences.
Increasing similarity of cps!9aJ to c¢ps19f] is represented by progressively darker shades of blue and the %
identity is shown under the individual coloured regions. The arrows indicate the points of divergence and the
number below the arrow corresponds to the nucleotide number of the cps!9a sequence as shown in Appendix
II.

between these two sequences has resulted in conservative amino acid substitutions, which

do not impact upon the function of Cps19aJ or Cps191f], both of which transport the same
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trisaccharide repeat unit across the membrane. It is also tempting to speculate that the
highly conserved regions (with >90% identity) may be important for the function of these
proteins. The first conserved region incorporates the second membrane-spanning domain
and the following hydrophilic domain; and the second conserved region includes a small

hydrophilic domain as well as the fifth and sixth membrane-spanning domains (Fig. 6.7).

(Cps19al]|
3._

(,p5=19fjl_
2_
‘_
{)_
-1

Fig. 6.7. Hydropathy profiles of Cpsl9aJ and Cps19f] showing the conserved regions. The
hydrophobic domains are shown in pink except in the highly conserved regions which are shown in maroon.
Hydropathy plots were generated by the method of Kyte and Doolittle (1982) and aligned using
PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-axis indicate hydrophobic
regions, The position of every 10th amino acid is marked on each X-axis.

The putative polysaccharide polymerases, Cps19al and Cps19fl, are predicted to
form different glycosidic linkages in type 19A (al—3) and type 19F (al—2) CPS,
respectively. These two proteins are 80.7% identical and their amino acid sequences were
examined to identify any potentially significant differences between them. Their
hydropathy profiles are almost identical as shown in Fig. 6.8. A cluster of non-
conservative amino acid substitutions were located in the region between amino acids 290
and 320 of Cps19fI and Cps19al (Fig. 6.8). No such clustering of non-conservative amino
acid substitutions was observed when comparing either Cps19fH/Cpsi9aH or
Cps19fJ/Cps19a) (results not shown). This region is predicted to be on the outer surface of

the cytoplasmic membrane, based on the topology of the O-antigen polymerase (Rfc) from
6. Type 19A ¢ps locus
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Cps19al

Fig. 6.8. Comparison of the hydropobicity profiles of Cps19al and Cps19fl. The hydropathy profiles of Cps19al and Cps19fl were generated by the method of
Kyte and Doolittle (1982) and aligned using PROFILEGRAPH (Hofmann and Stoffel, 1989). Positive numbers on the Y-axis indicate hydrophobic regions and putative
membrane-spanning domains are shaded. The position of every 10th amino acid is marked on each X-axis. The red lines indicate the position of non-conserved amino
acid changes with the amino acid indicated in single letter code above the line for Cps19al and below the line for Cps19fl. The position of the Aspartate (D) residue is

indicated by arrows.

Lyl



148
S. flexneri (Daniels et al., 1998). A comparison of the hydropathy profiles of Cps19fI and

S. flexneri Rfc was shown previously (Fig. 3.5). The CPS repeat units are predicted to be
transported across the cytoplasmic membrane prior to polymerisation (section 1.8.2).
Thus, the external location of the non-conserved regions in Cpsl9al and Cps19fI is
consistent with that of the putative catalytic site in these proteins. Of particular interest is
the single aspartate (D) residue present in this region of both proteins, although its position
in not conserved. Aspartate residues are predicted to be required for the formation of
glycosidic linkages, and have been identified in the catalytic sites of P—glycosyl
transferases (Saxena et al., 1995). As shown in Fig. 6.8, the position of the aspartate
residue varies by seven amino acids between the two proteins. This is equivalent to two
turns of an a-helix and would position the two aspartate residues on the same side of an o-
helix in both proteins, but in a different spacial position, perhaps facilitating formation of

the altered glycosidic linkage formed by these two proteins.

6.2.3 Comparison of the cps19a loci from S. pneumoniae strains 19A1
and 19A2

The 19A2 PCR product obtained using primers J9 and J36, which amplified the 3’
region of the cpsl9a locus encoding the dTDP-Rha biosynthesis genes (cpsI9L-0), was
smaller in size to that from both Rx1-19F and 19A1 (Fig. 6.3). To identify the deletion
present in 19A2, this PCR product was sequenced and this region of the locus (designated
¢ps19ay) is shown in Appendix IV.

Analysis of the sequence identified a gene rearrangement in the 3’ region of the
cps19a; locus, as well as deletion of 1.4 kb of DNA between the end of ¢ps19a0 and the
start of aliA, as shown in Fig. 6.9. The first 3,347 nucleotides of the cpsi9a; sequence

have 99.8% identity to cpsl9a, followed by 1,185 nucleotides with 80% identity to cpsi9a
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and 84% identity to cps19f. The remainder of the sequence then diverges until the final 94

nucleotides which are 90% identical to the same region in c¢psI9a. The conserved regions
contain the genes c¢psI9a,JKLMN, with an approximate recombination point 120
nucleotides from the end of ¢psI19a,M. The next 1.1 kb of DNA contains an inverted copy
of cps19a,0 (Fig. 6.9) with 76.4% identity to cps19a0 and cps19fO. A potential promoter
was identified upstream of ¢cpsl19a,0 in the same region (but on the opposite DNA strand)
as that for aliA (Fig 6.10). There are 61 nucleotides between the stop codons of cpsI9a,N
and cps19a,0 and a stemmed-loop structure which could be a transcription terminator

(AG=-30.5 kcal/mole) was identified in this region (Fig 6.10).

cpsi9al. cpsl9aM cpsi19aN cps19a0 alid

on: [N -

cpsi9a,L cpsi9a M cps19aN eps19a,0 aliA

Fig. 6.9. Diagrammatic representation of the cpsI19aL-aliA region of cps19a and cps19a,. The dark blue
region of cpsi9a, is >90% identical to the same region in cpsI9a and the pale blue region exhibits 75-80%
identity to the equivalent regions in cpsI9a. The red line indicates small non-coding regions in cpsi9a; with
no similarity to cps19a.

6.2.4 Serotype specificity of the cps19a genes

The relationship between the c¢ps/9aC, D, and E genes and cps loci of other S.
pneumoniae serotypes was examined by Southern hybridisation. The distribution of

cps19aA and B genes was not investigated because previous Southern hybridisation data
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CBAAACTTGRAAARGTAGTAGAAGAGGAAATTTTGARAGAGAGATAATATCTGAGAAAAGTCTCTCTACAGTTATATTARAAGACT
GTTTTGAACTTTTCATCATCT TCTCCTTTARAACTTTCTCTCTATTATAGACTCTTTTCAGAGAGATGTCAATATAATTTTCTGA
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Pcps 19220

TAAAAAATT
ATTTTTTAATTAATTTGGTARATTCTGAAARRATACTTTTARGGATATTCTAAAGTAATAACTATTCGGCTCTCTTGCGCTTCACT

AACAAAGTTTATACCAAAAAAGGGTTCACTAAAAACCGATTTTTCTATATTTTTGATATAATTAAGTATAAGAACTATCAAGGAG

cpsl19a:0—>
M I L I T G A N G Q L 6 T E L R Y L L N E R N V D Y V
AAAAATATGATCTTAATTACAGGTGCARAATGGTCAACTTGGTACCGAACTACGTTATTITACTARATGAGCGAAATGTGGACTATG
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0 ¢ T K A YN A EV A E K E § K W w D Q N D T Y W K I T

CTTTGAGGCCTGCTTCAAAGTTGGTAAACTCTGGCTTCCACCCCAACTCATCACGGAGCTTGCTAGCATCAATCGCATAACGCAA
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<cpsl9a:N . . .

Fig. 6.10. The sequence of cpsI9a;, from the 3’ end of cpsI9a;N to the start of aliA. The sequence shown
is the complementary strand of nucleotides 4,360-5,832 of the cps!9a, sequence (Appendix IV). The double
stranded sequence at the 5° and 3’ ends represents the regions with homology to cps/9a. The amino acids are
shown above or below the first letter of the codon and the direction of translation is as indicated. The
stemmed-loop structure is indicated by arrows below the sequence. The putative promoter regions (-10 and -
35 sequences) for alid and ¢ps19a,0 are also shown.
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(section 4.2.1) indicated that homologues of the closely related cps19fA and B genes were

present in all the serotypes tested. DNA fragments corresponding to the individual genes
were isolated by PCR amplification using specific primers and restriction enzyme digestion
(when necessary) and subsequent purification after agarose gel electrophoresis (Table 6.2).
They were then labelled with DIG (section 2.7.1) and used to probe Clal-restricted
chromosomal DNA from representative pneumococci belonging to serotypes 2, 3, 4, 6A,
6B, 7F, 8, 9N, 9V, 12, 14, 16, 17, 18C, 19F, 19B, 19C, 20, 22, 23F, and 24. Hybridisation

and washing conditions were at high stringency (as described in section 2.7.2.2).

Table 6.2 DNA fragments used as gene-specific probes

Probe Fragment used as probe:

cps19aC 400 bp PstI fragment from J92-J95 PCR product (nt 3,932-4,356 of cpsi9a sequence)
cpsl9aD 500 bp Pst1 fragment from J93-J94 PCR product (nt 4,356-4,820 of cps19a sequence)
cps19aE 900 bp Clal fragment from J87-J94 PCR product (nt 5,594-6,480 of cpsl9a sequence)
cps19aK 1.4 kb J70-J72 PCR product (nt 12,114-13,540 of cpsi9a sequence)

All primers used are described in Table 2.4. nt, nucleotide position.

The results for the hybridisation of both 19A and 19F genes are summarised in
Table 6.3. The most remarkable feature of this table is that all the serotypes tested
contained high stringency homologues of either cps19fC-E or cpsi9aC-E, except types 3
and 4 which do not have a high stringency homologue of either cpsi9fE or cpsI9aE (the
gene which encodes the glucosyl transferase which adds Glc-1-phosphate to the lipid
carrier). The absence of a ¢psE homologue in types 3 and 4 is not surprising because the
type 4 CPS does not contain Glc and the type 3 CPS is synthesised via a processive
transferase as described in sections 1.8.4 and 8.4.2. Type 4 also contains a hybrid ¢psC

gene as previously described in chapter 4. The Southern hybridisation data presented here
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Table 6.3. Hybridization of cps19fC-E and cps19aC-E genes with other pneumococcal serotypes.

DIG labelled DNA probes
Serotype  cps19fC cpsi 9D cpsl9fE cpsl9aC  cpsi9aD  cpsl9aE
2 - . - + + +
3 + + = - - -
4 + + - {¢ - -
6A = L . + + +
6B . - . + + +
7F + + + = ) s
8 - - + + +
ON + + + = - =
9V 5 i i + + +
12 i - - + + +
14 + + + . - =
16 i - + = = =
17 - - - + +
18C s - + - : -
19F + + + . . -
19A s . - + + +
19B + + + - -
19C 4 + + . . :
20 + + + = = -
22 - - . + + +
23F - - - + + +
24 + + + . - -

Blue shaded ‘+* denotes hybridization with the gene-specific probes; - denotes no hybridization. The yellow
shading represents no hybridization to either cps9f or cpsi9a probes.

suggests that the distinction between class I and class II genes identified for the ¢psC gene
in chapter 4, extends beyond ¢psC to include cpsD and cpsE.

The presence of cps/9aK homologues in serotypes 4, 9N, 9V and 12 was also
examined, using a DIG-labelled cps/9aK probe (described in Table 6.2) and low
stringency conditions (as described in section 2.7.2.3). These serotypes are expected to
contain a functional homologue to cpsI9K in their c¢ps loci because ManNAc is a
constituent sugar in their CPS. Only type 19A chromosomal DNA had hybridised with the
cps19fK gene probe with low stringency conditions (section 4.2.1). When cps/9aK was
used as a probe, type 12 and the other members of serogroup 19 (19F, 19B and 19C)

hybridised, suggesting that the gene(s) present in the serotypes 4, 9N and 9V are not closely
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related to either cps19aK or cpsI9fK. Indeed, examination of the cps4 sequence (section
9.3.4) reveals that cps4L, which probably encodes the UDP-GlcNAc-2-epimerase required
for type 4 CPS biosynthesis, has 67.8% identity to the cps19aK gene and 65.9% identity to
cps19fK, compared with 85.2% identity between cps19aK and cpsI19fK. This suggests that
the UDP-GlcNAc-2-epimerase gene may have been derived from distinct sources in
different serotypes.

The serotype specificities of ¢ps19aG, H, I and J were not reinvestigated as the

homologues in cps19f were all serotype 19F and/or serogroup 19 specific.

6.2.5 Capsule transformation from type 19F to 19A

To confirm that the ¢psi9a locus was sufficient for type 19A CPS biosynthesis, a
16.5 kb PCR product from the 5’ end of ¢ps19aA to the 5’ end of aliA, was amplified using
the primers CPS5’ and J36 (Table 2.4). This was used to transform Rx1-19F-I, an
unencapsulated, Ery-resistant derivative of Rx1-19F in which the cpsI9fT gene had been
disrupted by insertion-duplication mutagenesis using pVAS891, as described in section
3.2.4. Several smooth transformants were checked for Ery sensitivity, indicating loss of
the pVA891 sequence. Southern hybridisation analysis was used to confirm the absence of
both pVAS891 and the cpsl9fl gene, and to determine if the cps/9aC, I and K genes were
present in three individual transformants (Fig. 6.11).

The production of a type 19A capsule by these three smooth transformants,
designated Rx1-19A.1-3, was then confirmed by quellung reaction (section 2.3). The
cross- over points between the cpsI9f locus and the type 19A PCR product were then
identified by sequencing the regions where recombination was predicted to have occurred,
based on the Southern hybridisation data in Fig. 6.11. The actual sequence data are shown

in Appendix V and a diagram indicating the recombination points is shown in Fig. 6.12.
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Two transformants (Rx1-19A.1 and 3) were similar, resulting in the exchange of a large
region of the cpsl9f locus, from cpsl9fG to cpsI9fN (including cps19fO in Rx1-19A.3).
On the other hand, Rx1-19A.2 is derived from exchange of a much smaller region of the
cps19flocus, involving only cpsI9H and cpsi9I (Fig. 6.12). The cpsI9aH gene has 90.8%
nucleotide identity to cpsI9fH, and the encoded highly conserved putative rhamnosyl
transferases (95.2% amino acid identity) are predicted to be functionally identical in both
type 19F and 19A CPS biosynthesis. The cps19al and cpsI9fl genes are less conserved,
with only 78.5% nucleotide identity, and the encoded putative polysaccharide polymerases
(80.7% amino acid identity) are predicted to form different glycosidic linkages. Thus, this
data shows that it is possible to alter capsule production from type 19F to type 19A by
replacing only two genes in the cpsI9f locus, and that the presence of the cpsl9al gene

probably determines the 19A serotype.

A cpsi9aC B cpsl9al C  cpsi9aK D cpsiof
7»12345123457»7»1234512345)\,

23 kb

- o
- 9.4kb
! = ! 6.6 kb
- « ° 44kb
- 23 kb
- 2.0kb

Fig. 6.11. Southern hybridisation analysis of the three Rx1-19A transformants. 19A1 (1), Rx1-19A.1
(2), Rx1-19A.2 (3), Rx1-19A.3 (4) and Rx1-19F (5) were probed with DIG-labelled probes specific for
cps19aC (A), cps19al (B), cps19aK (C) and cps19f1 (D).
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pVAS891
Ery* ori Cm"

ravel §—  EDPRDID DDLU DM
5/ K

dexB 151202 cpsi9fAB C D E F G H ! L M N O allA

CPSS5' 2 J36

19A PCR product - N e I N —
ra-001 99— HEDPREID:DD | )II—-
icoa2§—0 HEDDBREDDBDE IDDEHNDD I
i T
Rx1-19A.3 ’ s EERI | | )II——-
T

Fig. 6.12. Diagrammatic representation of the cross-over points in the Rx1-19A transformants. The
cps19flocus is shown in blue and the cpsI9a locus is shown in pink. The dark colours represent regions with
>90% DNA sequence identity and the light colours indicate 70-80% identity. The arrows indicate the points
from which the sequence becomes cpsi9a-specific.

6.2.6 Sequence variation in the 5’ intergenic region of serogroup 19

The 5’ intergenic region of both type 19A isolates (19A1 and 19A2), as well as that
for type 19F, 19B and 19C isolates were PCR amplified using the DEXB and CPSA2
primers (Table 2.4). The sizes of the PCR products varied between strains (Fig. 6.13), but
those from 19A1 and 19B appeared to be the same size. The PCR products from 19A2
strain and the type 19B and 19C isolates were sequenced using specific primers and the 5’
intergenic regions were compared as shown in Fig. 6.14.

Interestingly, the 5° intergenic regions of 19A1, 19B and 19C are all almost
identical with three conserved deletions compared to 19F (Fig. 6.14). These three
deletions remove all but 150 nucleotides of the 1-kb intergenic region between dexB and

1S1202, as well as the 3’ end of IS1202 (up to the stop codon of the putative transposase).
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Another mutation at nucleotide position 2,151 (as depicted in Fig. 6.14) introduces a stop

codon which interrupts the putative transposase in 19A1, 19B and 19C. The larger size of

the PCR product obtained from 19C is due to the presence of an additional IS element,

SPP1

&
1 2 3 4 5 w

-
-
e

Fig. 6.13. PCR products of the 5’ intergenic region. The PCR products obtained, using DEXB/CPSA2
primers, from Rx1-19F (1), 19A1 (2), 19A2 (3), 19B (4) and 19C (5) were electrophoresed in a 0.8% agarose
gel and stained with ethidium bromide. EcoRI-digested SPP1 bacteriophage DNA was used as a size marker
(section 2.6.2) and the approximate sizes of the DNA fragments are indicated on the right side of the figure.

which will be described in chapter 7. This IS element inserted into the inverted repeat of
1S1202, adjacent to the cpsi9c locus (as shown in Fig. 6.14).

Analysis of the derived sequences indicated that the 5” intergenic region of 19A2 is
almost identical to that of 19F, except that it does not contain a copy of IS/202 in the 5’
intergenic region, although Southern hybridisation data has previously shown that this type
19A strain does contain a copy of IS1202 in its chromosome (Morona et al., 1994a). When
PCR products from the 5’ intergenic region from the six Australian type 19A isolates were

examined by electrophoresis, they were all the same size as that from 19A2 (Fig. 6.15).
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Fig. 6.14. Continued overleaf.
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6.14. Comparison of the 5’ intergenic sequences of S. pneumoniae strains Rx1-19F, 19A1, 19A2,

19B and 19C. The complete 5’ intergenic sequences are shown (100 nucleotides per line) and are available
under accession numbers U09239, AF094575, AF105112, AF105114, and AF105115, respectively. The stop
codon in the truncated IS7202 transposase is indicated with an underlined asterisk. The -35 and -10 promoter
regions are shown in bold and the start codon of ¢psA is shown in bold and underlined. The amino acid
translation of the 3’ end of dexB and the 5’ end of cpsI9A are as indicated. The direct repeat and inverted
repeats associated with 1S1202 are underlined and double underlined, respectively.
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Type 19A isolates

SPP1
SPP1

I9A1 1 2 3 4 5 6 19A2

3.59 kb
2.81 kb

1.95 kb
1.86 kb

1.51 kb
1.39 kb

1.16 kb
0.98 kb

Fig. 6.15. Comparison of PCR products from the 5’ intergenic regions from several Australian type
19A isolates. The PCR products were electrophoresed in a 0.8% agarose gel and stained with ethidium
bromide. EcoRI-digested SPP1 bacteriophage DNA was used as a size marker (section 2.6.2) and the
approximate sizes of the DNA fragments are indicated on the right side of the figure.

6.3 Conclusions

The cps locus from S. pneumoniae type 19A is similar to cpsI9f, in that it has the
same number of genes arranged in the same order. However, large regions of the two loci
share only 70-80% nucleotide sequence identity, suggesting that they either diverged a long
time ago or that portions of the loci have separate origins. Some regions within the ¢psi9a
locus do have greater than 90% identity to cp;] 9f, which may be a consequence of either
recombination between the two loci, or perhaps due to a requirement for a higher degree of
conservation in regions encoding functionally important domains. Transformation studies
in section 6.2.4 have demonstrated that with the exception of cpsl9al, all cpsi9a genes are
functionally homologous to their cpsl9f counterparts. Genetic exchange of a DNA
fragment containing just two genes, the cpsl9al gene (which encodes the polysaccharide
polymerase) and the highly conserved cpsI9aH gene (which encodes the rhamnosyl

transferase), was sufficient to convert a strain containing an interrupted cpsl9f locus to type
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19A. This is consistent with the fact that according to the structure proposed by Lee and

Fraser (1980) type 19A CPS differs from type 19F only by the type of glycosidic linkage
between identical trisaccharide repeat units. The studies in this chapter have shown that
the genes which are present in the cpsl9a locus are sufficient for type 19A CPS
biosynthesis and hence, the biosynthetic pathway for type 19A CPS is essentially identical
to that proposed for type 19F CPS in Fig. 3.16.

Of particular interest, are the two closely related polysaccharide polymerase genes
(cps19al and cps19fT). The proteins encoded by these genes have almost identical
hydrophobicity profiles. A cluster of non-conservative amino acid changes between amino
acids 290-320 has been identified in a hydrophilic region of the proteins and is a likely
candidate for the putative catalytic domain. These two proteins provide a perfect model for
further characterisation of this catalytic domain. Exchange of this small non-conserved
region between the two proteins, in which the position of the potentially important
aspartate residues differ by seven amino acids, could potentially alter the glycosidic linkage
formed between the repeat units and thus the CPS serotype expressed. Also site-directed
mutagenesis, altering the aspartate residues, might be predicted to abrogate the function of
the polymerase. It would then be possible to investigate restoring the function of the
polymerase, with altered specificity, by altering the position of the aspartate residue.

No additional genes, which might be involved in type 19A CPS biosynthesis, were
identified either in or adjacent to the ¢psI9a locus. Thus, the extra genes required to
synthesise the side-chains proposed in the alternative type 19A CPS structure proposed by
Lee et al. (1987), as shown in Fig. 6.1, must be located elsewhere on the S. pneumoniae
chromosome. It is not known if these extra putative genes are present in all pneumococci
or are specific to type 19A strains. The three Rx1-19A transformants described in section

6.2.4 synthesise type 19A CPS as judged by quellung reaction. However, it is not known if
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they are capable of synthesising the proposed side-chains. If they are, these extra genes
must be present in Rx1 (a rough derivative of a type 2 strain) and are therefore likely to be
ubiquitous to all pneumococci. Chemical analysis of the CPS of these transformants grown
under conditions reported to result in the biosynthesis of the alternative type 19A CPS (Lee
et al., 1987) is required to resolve this issue.

In chapter 4, it was noted that the cpsC gene could be divided into two distinct
classes (I and II), depending on the degree of similarity to cpsI9fC. Whereas the cps19fC
gene belonged to class I, the cps19aC gene belonged to class II. Southern hybridisation
data were obtained using cpsl9aC-E probes and chromosomal DNA from the same
pneumococcal serotypes analysed with cpsI9fC-E probes in Table 4.1. The results
indicated that all three genes were present together, as either class I (cpsl19fC-E
homologues) or class II (cpsI9aC-E homologues) in most serotypes tested. The S.
pneumoniae cps loci, can be divided into class I and class II, on the basis of their cpsC-E
genes. Using these criteria, the ¢ps loci from pneumococcal types 1, 3, 4, 14, 19F, 19B,
and 19C are class I and types 2, 19A, 23F, 33F are class II. The presence of cpsB
homologues in all loci was demonstrated previously (Table 4.1), and the point at which the
class I and class II sequences diverged was shown to occur within this gene in the serotypes
tested (section 4.2.4). However, the precise point of divergence can vary, and type 19A
and 19F ¢ps loci appear to diverge within the cpsA gene (Fig. 6.5).

The intergenic regions flanking the c¢ps loci from all six Australian S. pneumoniae
type 19A isolates tested appear to be almost identical to type 19F except that IS1202 was
absent. A type 19F strain which lacks IS/202 has been previously reported (Morona et al.,
1994a). However, two of the type 19A isolates did appear to contain extra DNA at the 3’
end of the locus, which has not been investigated further, and may indicate the presence of

yet another IS element in the 3’ intergenic region. The common occurrence of IS elements
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in the intergenic regions flanking the cps loci in different S. pneumoniae strains is
discussed in section 8.4.4. The similarity in the 5’ intergenic region between Rx1-19F,
19A2 and the six Australian type 19A isolates is suggestive of a common ancestry for type
19F and 19A. The unexplained rearrangement at the 3’ end of the c¢ps locus of 19A2,
where the c¢ps19a,0 gene has been inverted, is probably a subsequent event. The S.
pneumoniae type 19B and 19C strains analysed had an identical series of deletions in the 5’
intergenic region, suggesting that they share the same clonal origin. The additional IS
element found in this region in 19C could have integrated either before or after the
acquisition of the type 19C-specific gene(s). Strain 19Al, which has an identical 5’
intergenic region to 19B, may have originated from a recombination event between an

ancestral type 19B strain and the cps!9a locus.
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Chapter 7

CHARACTERISATION OF THE
S. PNEUMONIAE TYPE 19C SPECIFIC CPS
REGION

7.1 Introduction

The structure of the type 19C CPS is similar to that of type 19B. The only
difference is that the type 19C repeat unit has an additional Glc side-chain, as shown in
Fig. 7.1. Thus the type 19C capsule locus (cpsI9c) would be predicted to contain an extra
gene required for the addition of this side-chain. Southern hybridisation analysis with
cps19f gene specific probes has indicated that the cpsI9b and cpsi9c loci are almost
identical with all but two of the genes hybridising to type 19B and 19C DNA (section
4.2.1). These two genes, cpsI9fT and cpsi9fJ, are located together near the middle of the
cps19f locus and are replaced by the five genes cpsI9bP, I, O, R and J in the cpsI9b locus
(section 5.2.1). Homologues of these 19B-specific genes were also shown to be present in
type 19C by hybridisation analysis (section 5.2.3). The extra gene required for type 19C
biosynthesis may also be located in this region of the cpsi9c locus. Accordingly, the work
described in this chapter was aimed at locating and characterising any additional gene(s)

required for synthesis of type 19C CPS.
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Type 19B —>4)-B-D-Man,NAc-(1-4)-a-L-Rha,~(1-PO4"—4)-3-D-Man,NAc-(1->4)-8-D-Gle,-(1->
3
T

1
B-D-Ribs(1-4)-0-L-Rha,

B-D-Gle,
1

\
6

Type 19C —54)-B-D-Man,NAc-(1->4)-0-L-Rha,-(1-PO"—4)-3-D-Man,NAc-(1-4)-3-D-Glc,-(1->
3
T
1
B-D-Ribp(1->4)-0-L-Rha,

Fig. 7.1. Biological repeat units of pneumococcal type 19B and type 19C capsular polysaccharide. The
order of the sugars in the repeat units have been altered compared to the published chemical structures for
19B and 19C (Beynon et al, 1991) as it has been determined that glucose is the first sugar in the repeat unit.
D-Glu,, glucose; D-Man,NAc, N-acetyl mannosamine; L-Rha,, rhamnose; D-Riby, ribose; POy, phosphate.

7.2 Results

7.2.1 Isolation of the type 19C specific cps region

The exact location of the extra gene expected to be present in type 19C was
investigated using LR-PCR as described in section 2.9.3. The PCR products amplified
with J5 and J27 (the two primers used to amplify the type 19B-specific region of cps19b in
section 5.2.1) from both type 19B and 19C were digested with restriction endonucleases
and analysed by agarose gel electrophoresis. The type 19C PCR product was found to be
approximately 2 kb larger than the equivalent region of cpsi/9b (Fig. 7.2A). Thus, there is
additional DNA in the cpsi9c locus between cps!9cF and cpsl9cL. Various smaller PCR
products were obtained as described in Table 7.1 and analysed by agarose gel
electrophoresis, as shown in Fig. 7.2B. The only PCR product which was larger using type
19C rather than type 19B template, was obtained by amplifying the region between cpsI9R

and cps19L using the primers J49 and J27. As the PCR product amplified from the region
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Fig. 7.2. Comparison of PCR products obtained from S. pneumoniae types 19B and 19C. PCR products
obtained from 19B (B) and 19C (C) using various primers were electrophoresed in a 0.8% agarose gel and
stained with ethidium bromide. Panel 1 shows the PCR products obtained using primers J5 and J27 either
undigested or restricted with Clal, EcoRI or HindIII prior to electrophoresis. Panel 2 shows undigested PCR
products obtained using other primers as indicated. EcoRI-digested SPP1 bacteriophage DNA was used as a
size marker (section 2.6.2); the approximate sizes of the PCR products are indicated on the left side of the
figure.

Table 7.1. PCR products obtained from cps19b and cpsi9c.

Size of PCR productb

PCR product® Section of locus amplified Type 19B Type 19C
CPS5’-J6 cps19A-cps19F 55kb 55kb
J5-J44 cps19F-cps191 3.5kb 3.5kb
J43-J45 cps19P-cps19K 6.5 kb 6.5 kb
J43-347 cps19P-cps19J 5kb 5kb
J49-J27 cps19R-cps19L 4 kb 6 kb
J24-J36 cps190-aliA 2.5kb 2.5kb

a. PCR primers are described in Table 2.4. b. sizes are approximate.

between cpsI9H and cps19K was the same size in both types 19B and 19C, the additional
gene must be located between cpsI9cK and cpsi9cL in the cpsi9c locus. The J49-J27
PCR product was purified (section 2.9.4) for further analysis. A map of the 5.3 kb PCR

product was obtained, using the restriction enzymes BamH]I, Clal, HindIIl, Nsil, Ndel and
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s C Nd C H E
1 | I I |
cpsl19cR J K S L
J49 <« J27

PCR product

HNs C Nd C H E (B)
pJCP484 | : i i 1 1 i

l | | |
3 kb

Fig. 7.3. Physical map of part of the cpsI9c locus. Boxed arrows represent potential ORFs. Gene
designations are indicated below the map; ¢psI9cB-S are abbreviated to B-S, respectively. Restriction sites
are as follows; B, BamHI; C, Clal; E, EcoRI; H, HindIIl; Nd, Ndel; Ns, Nsil. The region of DNA subcloned
into pBluescript KS+ is shown below the map. The BamHI restriction site is bracketed because it is
generated by the J27 primer and not present in the chromosome of S. pneumoniae type 19C.

EcoR]I, and it was sub-cloned into pBluescript KS+, generating pJCP484, as shown in Fig.
7.3.

Both strands of the pneumococcal DNA insert, and nested derivatives thereof, were
subjected to sequence analysis in order to compile the sequence of the portion of the
cpsl9c locus, as shown in Appendix VI. Examination of the compiled sequence revealed,
as expected, that the first 2.9 kb of sequence at the 5’ end has a high degree of similarity to
the ¢psl9b sequence. This region contains the homologues of cpsI9bR, cps19bJ and
cpsl9bK (cps19cR, cpsi9c] and cpsl9cK) which exhibited 98.5%, 99.7% and 94.9%
identity, respectively. The sequence then diverges (at nucleotide 2,906 of the cpsi9c
sequence) just prior to the end of cpsl9cK; the sequence of nucleotides 2,954-3,155
exhibits 74.8% identity to the 5’ region of ¢psI9bL but does not encode an ORF, and the
sequence then diverges as shown in Fig. 7.4A. An additional potential ORF, designated
cps19c¢S (shown in Fig. 7.3), is located between cps19cK and cpsl9cL and has a TTG start

codon, which is preceded by a ribosome binding site, as shown in Appendix VI. The
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...cpsl9cK— J
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Fig. 7.4. Homology between cpsI9b and cpsi9c. Location of the approximate points of sequence
divergence, at the end of cpsI9K (A), and immediately upstream of cpsI9L (B). Nucleotides 2,850-3,188 and
4,905-5,243 of the c¢psl9c sequence are represented in panels A and B, respectively. The cpsi9b sequence
(nucleotides 10,255-10,599 of Appendix II) is the same in both panels. The amino acid translation for the
depicted ORFs are shown above the sequence for c¢ps/9c and below the sequence for cpsi9b. The stop
codons are underlined and the ATG start codons are double underlined. The repeated sequence in cpsi9c is
shown in red. Arrows indicate the approximate points of divergence. Identical amino acids are shown in

bold.
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closest potential ATG start codon is located 138 nucleotides downstream but it is not
preceded by a ribosome binding site. As predicted, the 3> end of the cps19c sequence again
shows similarity to the cpsI9b sequence, starting from nucleotide 5,017 (Fig. 7.4B); this is
immediately before the start of the cpsI9cL gene, which has 90.6% identity to cpsI9bL.
Thus, the first 200 nucleotides of ¢psI9cL are duplicated in the cpsi9c locus, with 77.8%
identity between the copies present immediately downstream of cps/9¢K and at the 5’ end
of ¢psl9cL, as shown in Fig. 7.4. There are potentially significant intergenic gaps
immediately before and after the cpsI9¢S gene of 370 and 633 nucleotides, respectively.
However, no potential stemmed-loop structures or obvious promoter sequences were found

in these intergenic regions.

7.2.2 Characterisation of Cps19cS

The type 19C-specific ORF ¢psI9cS is located between cpsI9cK and cpsl9cL in
the cpsl9c locus (nucleotides 3,276-4,385) and encodes a putative 43.2 kDa protein
containing 343 amino acids. This hydrophilic protein has a hydrophobicity index
(according to Kyte and Doolittle [1982]) of -0.23 and a predicted pI of 5.18. The region
from the 3’ end of ¢psI9cK to the 5’ end of ¢psi9cL has a G+C content of 30.4%
increasing slightly to 31.4% for the cpsI9c¢S coding region. This is lower than the %G+C
of the two flanking genes cpsl19cK (35.3%) and cps19cL (42.6%).

Database searches with Cps19cS found significant similarity to the C-termini of
various glycosyl transferases as shown in Table 7.2. The alignment of the conserved C-
terminal regions of these proteins is shown in Fig. 7.5. Interestingly, one of these glycosyl
transferases, CpoA, is possibly involved in teichoic acid biosynthesis in S. pneumoniae
(Grebe et al., 1997). Cps19cS exhibits 21% identity along its entire length to WaaG

(Table 7.2), an a(1—3) glucosyl transferase involved in LPS core biosynthesis in E. coli
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and S. enterica serovar typhimurium (Heinrichs et al.,, 1998). Thus, Cpsi9cS could

function as the glucosyl-transferase required for the addition of the B(1—6) linked Glc

side-chain to the backbone in type 19C CPS biosynthesis.

Table 7.2. Similarity of Cps19¢S to other proteins.
% ldentity”
M;j Aa Af Sa Ye Ve Ea St Sp
RfbU  MtfC Gal CapM TrsD RfbV  AmsD WaaG CpoA

Cps19cS® 26 28.5 22.9 32.3 23 26.8 222 21 28.7
[127] [158] [223] [93] [222] [142] [221] [300] [94]

MjRfbU* 100 30.3 34.2 254 26.3 254 26.9 30.4 243
[195] [190] [244] [179] [213] [1191 [161] [173]

AaMtfC® 100 248 237 216 346 23 219  19.5
[311] [359] [361] [373] [183]1 [233] [246]

AfGal® 100 251 209 245 256 2719 215
[175] [344] [372] [203] [183] [251]

SaCapM’ 100 256 209 17.7 139 15.2
[164] [349] [220] [230] [230]

YeTrsDé 100 303 331 207 254
[165] [362] [227] [114]

VcRHV? 100 263 228 224
[152] [136] [250]

EaAmsD' 100 198 252
[1771 [111]

StWaaG 100 21.6
[180]

SpCpoA* 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in

parentheses indicate the number of amino acids over which the % identity occurs.

b. §. pneumoniae Cps19cS

. Methanococcus jannaschii RfbU (GenBank accession no. F64500)

. Aquifex aeolicus MtfC (GenBank accession no. AE000693)

. Archaeoglobus fulgidus galactosyl transferase (GenBank accession no. AEG00983)
S. aureus CapM (Lin er al., 1994)

. Y. enterocolitica TrsD (Skurnik et al., 1995)

. Vibrio cholerae RfbV (Fallarino et al., 1997)
E amylovora AmsD (Bugert and Geider, 1995)

j. S. enterica serovar typhimurium WaaG (Heinrichs et al., 1998)

k. S. pneumoniae CpoA (Grebe et al., 1997)
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Fig. 7.5. Alignment of Cps19cS. Alignment of Cpsl19¢S with M. jannaschii RfbU (MjRfbU) (GenBank
accession no. F64500), A. aeolicus MtfC (AaMtfC) (GenBank accession no. AE000693), A. fulgidus Galtf
(AfGal) (GenBank accession no. AE000983), S. aureus CapM (SaCapM) (Lin et al., 1994), Y. enterocolitica
TrsD (YeTrsD) (Skurnik et al., 1995), V. cholerae RfbV (VcRfbV) (Fallarino et al., 1997), E. amylovora
AmsD (BaAmsD) (Bugert and Geider, 1995),and S. enterica serovar typhimurium WaaG (StWaaG)
(Heinrichs et al., 1998), as determined using the default settings of the program CLUSTAL. Residues
identical to Cps19¢S are boxed; similar residues are shown in red; - indicates absence of a residue.
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7.2.3 Serotype specificity of cps19cS

To examine the relationship between ¢psI9cS and encapsulation loci of other S.
pneumoniae serotypes, a Sacl-HindIIl DNA fragment from a nested deletion derivative of
pJCP484 corresponding to nucleotides 3,160-4,269 of the cpsI9c sequence was labelled
with DIG and used to probe (at high stringency) Southern blots of restricted chromosomal
DNA from representative pneumococci belonging to the following types/groups: 2, 3, 4, 6,
7F, 7B, 8, 9N, 9V, 12, 14, 16, 17, 18, 19F, 19A, 19B, 20, 22, 23F and 24. None of these
serotypes had a high stringency homologue to cps19¢S (result not shown). However, this is
not surprising when the structures for their CPS are examined, because none contain a Glc

side-chain with a B(1—6) linkage (van Dam et al, 1990).

7.2.4 Transformation of S. pneumoniae type 19B to type 19C

In section 5.2.4, capsule production was altered from type 19F to type 19B by
replacing cps19fIJ with the central region of cpsI9b, which contains the cpsI9bPIQRJ
genes, and determines the 19B serotype. A similar approach was taken to determine
whether ¢psI19c¢S is indeed the gene responsible for the additional Glc side-chain which
distinguishes type 19C CPS. A large PCR product of the cpsI9c region between cpslI9cF
and aliA was amplified using primers J5 and J36 (Table 2.4) and transformed into Rx1-
19F-1 (an unencapsulated, Ery-resistant derivative of Rx1-19F, in which the cpsI9fI gene
had been disrupted by insertion-duplication mutagenesis using pVA891, as described in
section 3.2.4). The resultant transformant, expressing type 19C CPS, would be predicted to
contain the cpsI9cPIQRJ genes required for both type 19B and 19C CPS biosynthesis as
well as cps19c¢S. The cpsl9cK gene, which is located between cpsI9cJ and cpsi9cL,

would also replace the almost identical cpsI9fK gene (94.9% identity). However, the

7. Type 19C cps locus
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encoded UDP-GIcNAc-2-epimerase, while essential for CPS biosynthesis in all group 19

members, is not serotype determining.

A smooth transformant was checked for Ery sensitivity, indicating loss of the
pVA891 sequence. Southern hybridisation was used to confirm the absence of both
pVAS891 and the cpsI9fI gene, and the presence of each of the ¢psI9cP, J, and S genes
(Fig. 7.6). The presence of cpsI9cP and J genes in the Rx1-19C transformant were
confirmed using the cpsI9bP and cpsI9bJ gene probes because these cpsI9b genes are
>95% identical to those in c¢psI9c. The production of a type 19C capsule by the
transformant, designated Rx1-19C, was then confirmed by quellung reaction. This shows
that it is possible to alter capsule production from type 19F to type 19C by replacing
cps19f1] with the cpsI9cPIQRJ genes (required for both type 19B and 19C CPS

biosynthesis) and the cpsI9cS gene, which determines the 19C serotype.

A cps19bP B cps19bJ C  cpsi9cS D cpsiof
A1 2 3 4 X1 2 3 4 1 2 3 4 x 1 2 3 41

e — 23kb

wms — 94kb

| = e
’ — 4.4kb

— 2.3kb
— 2.0kb

Fig. 7.6. Southern hybridisation of Rx1-19F, 19B, Rx1-19C and 19C. Rx1-19F (1), 19B (2), Rx1-19C
(3), and 19C (4) were probed with DIG-labelled probes specific for cps19bP (A), cps19bJ (B), cps19cS (C)
and cps]9f1 (D).

7.2.5 Characterisation of ISI19C, located in the 5’ intergenic region

Sequence analysis of the 5° intergenic region between dexB and the ¢psI9c locus

(section 6.2.5), indicated the presence of an additional insertion sequence designated
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IS19C. The insertion point was within the inverted repeat of IS1202, just upstream of the

cps19c locus, as shown in Fig. 6.13. This 1.2-kb IS element is flanked at both ends by a
13-bp direct repeat, followed by 14 bp of unique DNA and then a 14-bp inverted repeat as
shown in Fig. 7.7. The ORF which encodes the putative transposase in IS/9C lies in the
same orientation as that for IS1202 and opposite to the cpsl9c genes. This putative
transposase has 67.5% identity to the transposase encoded by IS1239 from §. pyogenes, but
at the DNA sequence level these IS elements exhibit negligible similarity. The
transposases from these two IS elements also share amino acid similarity to other
transposases found in several different bacterial species including IS30 from E. coli, as

shown in Table 7.3.

1 TTCGARTGTGATATGAAAGTTCTATAATGAAGTTAGCCACCTTAC CTTAGTCAAGAATTAGATGTTTCACTATGTTTGAGTAAGT TGATGATTTCATTTG

-35
101 ATAACAGGTTTGAAACTGTTAGEGLTAGGTGGCCAAGGC TAATCATAGCCTTGGTTTAGC TGAAANAACAGETTCAAGGGTTCCTGTTGTCAAATGAAATG

-10 M Q EH Y T P K G K

201 TGAT"!"E‘MGG_‘_}T&’_I_‘E\&Q.R.RMCACC".I.‘C"I'GTGC‘].‘B‘I‘.‘\C’I"PGT'I‘GTTCBCCRCAMCHCMGG.‘\MGGC.‘\CAGAGRTGCMGMC.\TT&W\CCCMGGGA
H LTI DN RIZRTLTIUEZRMWIEKNIENIZEKSNURIETIAGTULULGI KW®AUPOQT

301 AACATTTGACAATAGATAACCGTCGCTTGATTGAGCGGTGGAAGAATGAAAATAAGTCCAATCGTGARATTGCAGGCTTGTTAGGAAAGGCGCCTCAAAC

I HN E V KR GTTUL Q@ VR XKGULYI XK KUV Y S ADVYAZQTV Y Q
401 GATTCATAATGAAGTCAAAAGAGGTACAACTTTACAACAAGTGAGAARAGGGCTATACAAAAAGGTCTATTCTGCCGATTACGCACAAACTGTTTACCAA

F N R KR §$ V X KL I LT XETIZRTEIZ KTITULUHTYHIZ KU QI KT FS5PEMMY
501 TTCAATCGAAAACGGTCGGTGAAAAAGTTAATTTTAACAAAGGARATCAGAGAGAAGATCTTACACTATCATAAGCAAMAATTTTCGCCTGAAATGATGG

N K K Q V X v 6 I s T I Y Y WV FHNGHTULA RIULTI KA ADMTLY P R K
601 TTAACAAGAAGCAAGTGAAAGTTGGTATTTCAACCATCTACTACTGGTTTCATAATGGTCATTTAAGATTAACGAAGGCCGACATGCTTTATCCCAGARA

R K GV K K Q A S P NTFZ K P A G K S I EZETRUPUDUVTIWNILI RTILENG
701 AAGGAAAGGTGTCAAGARAGCAAGCTAGTCCGAACTTTAAGCCGGCAGGTAAATCTATCGAAGAACGTCCTGACGTTATTAATCT TCGCTTGGAARATGGT

HYEIDTUVUL LTI XTI X NJYOCLULUVZLTDI RIRSURHOQTITIIZRILTITFP
801 CATTATGAAATTGATACCGTCCTACTGACTAAGATAAAARATTATTGCCTGTTAGTC TTAACCGACCGECGEAGCAGACACCARATTATAAGGTTAATTC

N K T A E S V N ¢ AL TLULULGEHRTIULSTITADIUNGSETVF KR
301 CAAATAAAACTGCTGAATC TG TCAATCAGGLGCTTACGT TACTAT TAGGEGAGCATCGTATTCTETCCATTACTGCAGATAATGE T TCGGAGTTCARACG

L S EV F P EEUHTI Y YA HAY S S WEUZRGSNZENUNU HNU RTLTITRR
1001 ATTGTCTGAGGTATTTCCTGAGGAACATATCTACTACGCACATGCTTACTCTTCATGGGAGAGAGGTTCAAATGAAMATCATAATCGATTAATTCGGAGA

WL P EG T K KT TP XK EV AT FTIEWNUWTINNDNYU?PI K KT GCULUDYZXK S P
1101 TOGETTACCTGAAGGAACCAAGAAAACGACTCCGAAAGAAGTAGC TTTTATCGARAATTGGAT TAACAACTACCCTAARARATGC T TGGACTACAAGTCGT

N E F L L G G *
1201 CAAATGAATTTCTTTTGGGTGCCTARCTTCAACTTGARATTTGGGTTCGAATGTGATA

Fig. 7.7. ISI9C. The sequence of ISI9C as shown above corresponds to nucleotides 1,644-2,875 of the
sequence available under GenBank accession no. AF105115. The translation of the putative transposase is
shown in single letter code above the first nucleotide of each codon. The direct repeats are underlined and the
inverted repeats are doubly underlined and are both shown in bold. A potential -35 and -10 promoter
sequence for the putative IS79C transposase is underlined with a broken line. The ribosome binding site is
underlined, and the amino acid translation is represented by single letter code above the first nucleotide of
each codon; the stop codon is indicated by an asterisk.
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Table 7.3. Similarity of the putative transposase encoded by IS19C to other transposases.

% Identity”
1ISI9¢ 1SI1239 1S1161 1S4351 1S1470 1S1070 1S1086 1S30  1S1394
1S79¢° 100 67.5 36.2 33 31.5 31.1 28.8 28 26.9
[314] [232] [318] [305] [254] [326] [321]  [308]
1S1239°¢ 100 29 31.5 31.8 30.7 28.8 26.2 29
[314]  [321] [333] [241] [326] [321] [328]
1S1161¢ 100 27.7 36.3 34.5 26.5 28.7 28.1
[328] [344] [203] [336] [328]  [320]
1S4351° 100 412 30.7 30.5 31.6 33
[170]  [313]  [325] [326] [324]
1S1470° 100 31.5 26.8 30.8 29.2
[302]  [340] [334] [332]
1S1070% 100 30.8 28.6 33.3
[208]  [280]  [204]
1S1086" 100 41.1 58.3
3261  [326]
1S30° 100 422
[329]
181394} 100

a. Percentage of identical amino acids determined with FASTA as implemented in PROSIS. Numbers in
parentheses indicate the number of amino acids over which the % identity occurs.

b. S. pneumoniae IS19C putative transposase

c. S. pyogenes 151239 putative transposase (Kapur ef al., 1994)

d. Streptococcus salivarius 1S1161 putative transposase (Giffard et al., 1993)

e. Bacteroides fragilis 1IS4351 putative transposase (Smith, 1987)

f. Clostridium perfringus 1S1470 putative transposase (Brynestad et al., 1997)

g. Leuconostoc lactis 1IS1070 putative transposase (Vaughan and de Vos, 1995)

h. Ralstonia eutropha 1S1086 putative transposase (Dong et al., 1992)

i. E. coli 1830 transposase (Dalrymple et al., 1984)

j. Pseudomonas alcaligenes 1S1394 putative transposase (GenBank accession no. U37284)

7.3 Conclusions

The cpsl9c locus is almost identical to the cpsI9b locus except that an extra gene
(cps19cS) has inserted between cps19cK and ¢psi9cL. This gene is most likely to encode
the glucosyl transferase required for the addition of the Glc side-chain in the type 19C
repeat unit. Interestingly, all three putative transferases involved in the addition of side-
chains to type 19B and/or 19C CPS, Cpsl9cS, Cps19P and Cps19Q, appear to be

cytoplasmic enzymes, as they lack both a leader sequence for export to the cell surface and
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a hydrophobic transmembrane sequence which could anchor them to the cell membrane.
Thus, the Rha-Rib disaccharide side-chain present in both type 19B and 19C CPS, and the
Glc side-chain specific to type 19C CPS are most probably added to the repeat units in the
cytoplasm, before translocation to the outer surface by Cpsl9J and subsequent
polymerisation by Cps19I. It is interesting that the Glc side-chain does not appear to
interfere with the function of either the repeat unit transporter (Cps19bJ and Cps19cJ) or
the polysaccharide polymerase (Cps19bI and Cps19cI), as the proteins encoded by cpsI9b
and cps19c are almost identical (99.7% and >95%, respectively) and are able to function in

the biosynthesis of both the type 19B and type 19C CPS.
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Chapter 8

DISCUSSION

8.1 Introduction

S. pneumoniae group 19 is the first group for which the cps loci from all the
members (19F, 19A, 19B and 19C) have been completely characterised. Functions have
been assigned to the majority of the cpsI9 gene products, based on either gene
complementation or similarity to other proteins with known functions. The ability of PCR
products containing either complete or partial cps loci to transform pneumococci from one
serotype to another demonstrated that the cpsI9 loci contain sufficient genetic information
for expression of type-specific CPSs.

Comparison of the ¢ps loci from all four members of group 19 and to the ¢ps loci

from other pneumococcal serotypes will be discussed below.

8.2 Analysis of the S. pneumoniae group 19 cps loci

8.2.1 Comparison of the group 19 cps loci

The structural similarities between the CPS repeat units from all four members of
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serogroup 19 (19F, 19A, 19B and 19C) are reflected in the highly conserved arrangement

of their ¢ps loci, with 13 genes (cpsI9A-H, and K-O) common to all four serogroup
members, as shown in Fig. 8.1. Nearly all of the common genes from types 19F, 19B and
19C are >95% identical to each other, whereas those from the type 19A ¢ps locus are more
divergent.

Although the cps19a and cpsi19floci are identical in the number and arrangement of
the genes present, the similarity between individual genes varies from 70% to 99% identity
(for both the nucleotide and the deduced amino acid sequences). This sequence divergence
is surprising given that the only difference between their CPS repeat units is the glycosidic

linkage which joins the repeat units together (o((1—2) for 19F and o(1—-3) for 19A) (Fig.

8.1A). Hypothetically, only a difference in the cpsi9al gene, which presumably encodes
the polysaccharide polymerase responsible for this linkage, is required to change a type 19F
pneumococcus into type 19A. The results of the present study are consistent with this
hypothesis. A transformation event in which the region of the cps19a locus encoding most
of Cpsl9aH, all of Cpsl9al and the first 76 amino acids of Cpsl19al replaced the
homologous portion of the ¢ps19f locus was sufficient to convert CPS type from 19F to
19A (section 6.2.4). Given that Cps19fH and Cps19aH are >95% identical, it seems
probable that Cps19al is solely responsible for the observed alteration in CPS type.

The degree of divergence between the type 19F and 19A loci suggests that they may
have diverged early in their evolutionary past, or that their component genes originated
from different sources. The latter alternative is supported by the fact that the G+C content
of the cpsl9a locus is higher than that for cpsI9f (section 8.2.2). In chapters 4 and 6,
sequence variations between the cpsCDE genes among different pneumococcal serotypes
identified two distinct classes of cps loci. Type 19A was recognised as a class Il locus

whereas the other members of group 19 belonged to class I. Thus, the marked difference

8. Discussion
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A.
o
19F —2)-o-L-Rha-(1->0-P-O—4)-B-D-ManNAc-(1—>4)-0-D-Glu-(1—>
OH
o
19A - 3)-0-L-Rha-(1->0-P-0—4)-B-D-ManNAc-(1—>4)-a-D-Glu-(1->
OH
o
19B —>4)—B—D-Mg nNAc-(1-—4)-a-L-Rha-(1 —>O-I?-O—>4)—B—D—ManNAc-(1 —4)-3-D-Glu-(1—
I OH
B-D-Rib-(1—4)-a-L-Rha
[3~D—G1Iu
: o
19C —>4)—B—D—M%nNAc—(1—>4)—oc—L-Rha-(1—>O—I?—O—>4)—B—D—ManNAc-(1—>4)-B—D-Glu-(1—>
: OH
B-D-Rib-(1->4)-a-L-Rha
B.
dexB 181202 A BCDE FGH I J KLMNO alid
cps19f ARPEREDD D
dexB A BCDE FGH I J KLMNDO alid
cpsl9a s I ERINENN | B RERE
1S1202D
A BCDE FGHP I Q R J KLMNO aliA
cps19b PRI

18/202D

dexB ISI9C A BCDE FGH P I Q R J K S§ LMNO

cpsl9c "' [ HIDDDIIBDHBDBIDED

1S1202D

aliAd

Fig. 8.1 Comparison of the CPS structures and the ¢ps loci of S. pneumoniae group 19. A. CPS repeat
unit structures. The part of the CPS repeat unit structure shown in black is common to all group 19
members. The differences in their CPS structures are highlighted in different colours: the different repeat unit
linkages are shown in dark blue for 19F and light blue for 19A, the additional sugars common to 19B and
19C are shown in red, and the additional glucose side-chain in 19C is shown in green. B. The cps loci. The
genes of the ¢cps19f locus are shown in dark blue, and the cps!9f homologues from other group 19 members
with >90% identity are also shown in dark blue. The cps/9a genes which have 70-90% identity to the cps19f
homologue are shown in light blue. The 19B and 19C specific genes are shown in red and the additional 19C

specific gene is shown in green.
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between the genes at the 5° end of the type 19A cps locus and homologues in other
members of group 19 is almost certainly a consequence of recombination between portions
of class I and class II loci, rather than divergence over a long period of time.

Closely related homologues of cpsi9f and J, which encode the type 19F
polysaccharide polymerase and repeat unit transporter, respectively, are not found in the
type 19B c¢ps locus. In type 19B this region of the cps locus (between cpsI9bH and
¢cps19bK) contains five genes (Fig. 8.1B), encoding an unrelated polymerase and repeat
unit transporter, as well as two additional putative glycosyl transferases and a protein
which may be involved in synthesis of an activated Rib precursor (section 5.2.2.4).
Transformation studies indicated that these five genes encode all of the functions required
to convert a type 19F pneumococcus to type 19B (section 5.2.4).

The type 19C locus is virtually identical to the type 19B locus, with the cpsI9c
genes exhibiting >95% identity to all 18 of the cpsI9b genes, differing only in the insertion
of a glucosyl transferase gene (cpsI9cS) between cpsI9cK and cpsI9cL. Transformation
studies have shown that the presence of this gene accounts for the additional Glc side chain
in the otherwise identical repeat unit structures (Fig. 8.1A). The type 19C cps locus
contains 19 genes, and at 21 kb, it is the largest pneumococcal capsule gene cluster
characterised to date.

The 13 genes common to all members of group 19 encode functions required for
the synthesis of the shared trisaccharide component of the group 19 CPS structures.
Furthermore, the genetic differences between the group 19 c¢ps loci identified are also
consistent with the differences in the CPS structures of individual serotypes. This
information has been used to propose biosynthetic pathways for each of the serotypes as
shown in Fig. 8.2. Only the functions of Cps19A and Cps19B are still unknown, and

hence, are not included in Fig, 8.2.
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Fig. 8.2. The putative biosynthetic pathways for 19F, 19A, 19B and 19C.
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8.2.2 Distribution of the cps19 genes in other pneumococcal serotypes

When the distribution of the c¢psI9 genes in other serotypes was examined,
homologues of the first four genes, cpsA-D, were identified in the cps loci of all serotypes
tested to date, and furthermore, the ¢psC and cpsD genes existed as two distinct classes,
designated class I and class II. The ¢psE gene, encoding the glucosyl transferase which
adds Glc-1-phosphate to the lipid carrier, is also conserved as two distinct alleles in the
class I and class II cps loci of all serotypes tested which contain Glc in their CPS (except
type 3). Thus, pneumococcal cps loci can be segregated into class I and class I loci which
may have evolved from two distinct clonal ancestors, based on the degree of nucleotide and
amino acid similarity between them. Whereas, cpsC-FE genes in the same class share >95%
identity at both the DNA and amino acid level, they share only 70-80% identity to genes
belonging to the other class. The precise point at which these sequences diverge into the
two distinct classes appears to vary between serotypes but probably occurs within ¢psB in
most serotypes.

Homologues of the four genes involved in dTDP-Rha biosynthesis (cpsl9L-0)
were also present in all serotypes tested that contained Rha in their CPS. A homologue to

cps19fF, a putative ManNAc transferase responsible for linking ManNAc via a f(1—4)

linkage to Glc in the type 19 CPS, was also present in types 9N and 9V. This was not
surprising as their CPS repeat units also contain this same glycosidic linkage. The

remainder of the cps19 genes were all specific to one or more members of group 19.

8.2.3 G+C content

The G+C content of the individual genes in the cpsl9 locus is quite variable,
ranging from 27-43%, with genes of similar G+C content clustered together in a mosaic

structure. The G+C content of some of the ¢ps genes are atypical for pneumococci and this

8. Discussion
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suggests that S. pneumoniae may have acquired these genes from a different bacterial
source. The G+C content of the individual genes is shown in Table 8.1 and is represented
diagrammatically in Fig 8.3. Interestingly, the G+C content of most of the genes in the
cps19a locus are consistently higher (up to 6.5%) than that for the respective cpsi9f gene,
suggesting a distinct ancestral origin for these two loci.

Also of interest is the low G+C content of the type 19B-specific gene cluster
(cps19bPIQRJ), which ranges from 27.2-29.7% for the individual genes (Table 8.1). This
is comparable to the G+C content for the c¢psI9flJ gene cluster of 29.7%, but differs
considerably from the remainder of either of the loci, which ranges from 30.3-42.3% G+C
in the cps19f locus (Table 8.1). Conversely, the four type 19F genes encoding dTDP-Rha
biosynthesis (cpsI9fLMNO) have G+C contents ranging from 41.5-42.3%, which is
significantly higher than that of flanking sequences and for pneumococcal genes in general,
the average G+C content of which have been estimated at 35.1% (Bridge and Sneath,
1983). This is consistent with acquisition of these different gene clusters from distinct

sources.

8.2.4 Transcription and translation of the cps19 loci

All the cpsl9 loci examined contained an identical consensus G¢'° promoter

(TAGACA-17 bp-TATAAT) just upstream of the first ORF, as described for cpsl9f
(Guidolin et al., 1994). All ¢ps19 ORFs identified were preceded by a ribosome binding
site and are closely linked with most intergenic gaps being less than 100 nucleotides. Even
the four intergenic gaps larger than 100 nucleotides did not appear to contain any
sequences which resemble either transcription terminators or promoter sequences. The
only stemmed-loop structures likely to function as transcription terminators are found

downstream of the cpsI9 loci in the 3’ intergenic region (section 3.2.1). Thus the entire
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%G+C
Gene 19F 19A 19B 19C
cpsI19A 38.1 39.5 NS NS
cps19B 38 41.3 NS NS
cps]9C 38.2 42.1 NS NS
cps19D 34.5 41 NS NS
cpsI9E 33.2 37.7 NS NS
cpsl9F 33.6 34.1 34.2° NS
cpsl19G 36.3 37.2 36.6 NS
cps19H 30.3 322 30.2 NS
cps191 29.7 32.7 272 NS
cps19J 29.7 33 29.5 29.9
cps19K 352 36.9 352 353
cpsI9L 42.3 433 41.9° 42.6"
cps19M 41.5 41.2 NS NS
cpsI9N 421 42.4 NS NS
cps190 41.5 41.3 NS NS
cps19P - - 29.5 NS
cps190Q - - 29.7 NS
cps19R - . 27.2 26.4°
cpsl9cS - - - 314
NS, denotes not sequenced; “-”, denotes absence of gene in that serotype; “*” denotes only part of the gene
was sequenced.
dexB 181202 A BCD E FGH I J KLMN O alid
cps19f DD BB
42% 3%% 39%
A BCDE FGH I J KLMN O
cpsl9a BB 0 e
F G H P I Q R J K
cpsi9b L »h
FGc H P I Q R J K
cpsi9c D B9
W 41-43% W 3438% W 31-33% 27-30%

Fig. 8.3. Diagrammatic representation of the G+C content of the group 19 cps loci. Individual cps genes
are shaded in accordance with their approximate G+C content. For flanking genes, the % G+C is shown on
the map. Portions of the cps!9b and cpsi9c loci are not shown, as they are >95% identical to cpsl9f.
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loci are probably co-transcribed in each of the four serotypes.

Although most of the cps19 genes used an ATG initiation codon, a few of the genes
were predicted to use a TTG initiation codon. For one of these (cpsI9fH) use of a TTG
initiation codon was confirmed by T7 expression studies in E. coli (section 3.2.5). The
¢ps19H homologues in the ¢ps loci of the other members of group 19 also have TTG

initiation codons, as does cps19aG.

8.3 The cps loci from other S. pneumoniae serotypes

Since the publication of the first six genes of the cpsI9flocus (Guidolin et al, 1994)
sequence data for cps loci from S. pneumoniae serotypes 1, 3, 14 and 23F have been
published (Arrecubieta et al., 1995; Dillard et al., 1995; Kolkman et al., 1997b; Muiioz et
al., 1997; Ramirez and Tomasz, 1998). The sequence of the type 4 cps locus has also
become available by analysis of the partial genome sequence for S. pneumoniae type 4
released by the TIGR Microbial Database (http://www.tigr.org/pub/data/s_pneumoniae/).
The ¢ps loci from a different S. pneumoniae type 23F strain and from types 2 and 33F also
have recently been determined and are either submitted for publication or are currently in
press (Iannelli et al., 1998; Llull et al., 1998; Morona et al., 1998). An overview of the
genes present in these loci is provided below to enable a comparison with those from the

group 19 ¢ps loci.

8.3.1 The S. pneumoniae type 1 cap locus

The S. pneumoniae type 1 cps locus (Muiioz et al, 1997) has 11 ORFs, designated

caplA-K, and the predicted functions of their protein products are listed in Table 8.2. The
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¢ps locus is flanked on both sides by IS1167 and redundant copies of the genes required for

dTDP-Rha biosynthesis (orflI-4) were found downstream of the 3’ copy of IS1167. The
functions of the protein products encoded by both caplH and capll have been deduced by

examination of their hydropathy profiles (data not shown).

Table 8.2. Predicted functions of S. preumoniae capl® ORFs

ORF Predicted or known function Similar proteins (% identity)
caplA regulation? S. pneumoniae Cps19fA (>98%)
caplB unknown S. pneumoniae Cps19fB (>98%)
caplC chain length regulation/export S. pneumoniae Cps19fC (>98%)
caplD chain length regulation/export S. pneumoniae Cps19fD (>98%)
caplE galacturonic acid transferase Proteus mirabilis GpsF® (33.5%)

S. dysenteriae Rfp® (29.1%)
caplF acetyl transferase Rhizobium leguminosarium NodL* (30.3%)
E. coli K12 LacA® (29.7%)
caplG glycosyl transferase S. aureus CapJf 30.1%)
E. coli K12 Wcal® (19.5%)
caplH polysaccharide polymerase -
capll repeat unit transporter M. jannaschii MJ 1068" (22.7%)
Shigella sonnei form 1 ORF3' (22.3%)
capl] galacturonic acid epimerase V. cholerae Orf9' (53.2%)
E. coli K12 GalE* (27.5%)
caplK UDP-glucose dehydrogenase S. pneumoniae Cap3Al (61.7%)

orfl glucose-1-phosphate thymidylyl S. pneumoniae Cps19fL (96.1%)

transferase

orf2 dTDP-4-keto-6-deoxyglucose-3,5- S. pneumoniae Cps19fM (98%)

epimerase

orf3 dTDP-glucose-4,6-dehydratase S. pneumoniae Cps19fN (98.8%)

orf4 dTDP-L-rhamnose synthase S. pneumoniae Cps19fO (97.5%)

The sequences can be found under GenBank accession nos: a, Z83335; b, L36873; ¢, S27671; d, X17557; e,
X51872; f, U10927; g, X56793; h, U67549; i, U34305; j, U47057; k, X06226; 1, Z47210.

8.3.2 The S. pneumoniae type 2 cps locus

The S. pneumoniae type 2 cps locus has recently been sequenced by Iannelli et al.

(1998), and consists of 17 ORFs, designated cps2A-0, P and T, and the predicted functions

8. Discussion



186
of their protein products are listed in Table 8.3. Interestingly, the cps2F gene product has

significant similarity to the experimentally determined galactosyl transferases, Cps14J and
Cpsi4l, from S. pneumoniae type 14, as well as the putative rhamnosyl transferase RgpBc
from S. mutans. As type 2 CPS does not contain Gal, Cps2F is probably one of the

rhamnosyl transferases required for type 2 CPS biosynthesis.

Table 8.3 Predicted functions of S. pneumoniae cps2® ORFs

ORF Predicted function Similar proteins (% identity)
cps2A regulation? S. pneumoniae Cps19fA (96%)
cps2B unknown S. pneumoniae Cps191fB (84%)
cps2C chain length regulation/export S. pneumoniae Cps19fC (67%)
cps2D chain length regulation/export S. pneumoniae Cps19fD (78%)
cps2E glucosyl-1-phosphate transferase S. pneumoniae Cps23fE® (95%)

S. pneumoniae Cps14E° (60%)
S. pneumoniae Cps19fE (60%)

cps2T rhamnosyl transferase S. pneumoniae Cps23fT” (81%)

cps2F rhamnosyl transferase S. mutans Rngcd (33%)
S. pneumoniae Cps23fU° (23%)
S. pneumoniae Cps141° (19%)
S. pneumoniae Cps14I° (18%)

cps2G glycosyl transferase S. pneumoniae RPN00103° (35%)
S. pneumoniae RPN00642° (20%)
N. meningitidis IcsA" (19%)

cps2H polysaccharide polymerase S. pneumoniae Cps14H® (21%)
S. pneumoniae Cps19f1 (20%)
S. flexneri Rfc® (22%)

cps2l glycosyl transferase N. meningitidis Rfak" (25%)
N. meningitidis IcsA' (24%)
cps2J repeat unit transporter S. pneumoniae Cps23f1° (36%)
cps2K UDP-glucose dehydrogenase S. pneumoniae Cale.i (89%)
S. pneumoniae Cps3D’ (Cap3A%)(74%)
cps2P UDP-galactopyranose mutase E. coli Glf' (67%)
Mycobacterium tuberculosis GIf™ (58%)
cps2L glucose-1-phosphate thymidylyl transferase S. pneumoniae Cps19fL (91%)
cps2M dTDP-4-keto-6-deoxyglucose-3,5-epimerase  S. pneumoniae Cps19fM (96%)
cps2N dTDP-glucose-4,6-dehydratase S. pneumoniae Cps19fN (99%)
cps20 dTDP-L-rhamnose synthase S. pneumoniae Cps19fO (99%)

The sequences can be found under GenBank accession nos: a, AF026471; b, AF030373; c, X85787; d,
AB010970; e, GenBank unfinished genomes (TIGR Genomic Database); f, U39810; g, X71970; h, U58765;
i, Z83335;j, U15171; k, Z47210; 1, U09876 ; m, U96128.
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8.3.3 The S. pneumoniae type 3 cps locus

The sequence of the S. pneumoniae type 3 cps3/cap3 locus contains six ORFs, only
four of which are transcribed. These four genes, have been designated cps3D, S, U and M
by Dillard et al. (1995) and cap3B, A, C and D by Arrecubieta et al. (1995). The predicted

functions of their protein products are listed in Table 8.4.

Table 8.4 Predicted functions of S. pneumoniae cps3°/cap3® ORFs

ORF Predicted or known function Similar proteins (% identity)
cps3D/cap3A UDP-glucose dehydrogenase S. pyogenes HasB° (57%)
E. coli Ugd® (55.3%)
cps3S/cap3B type 3 synthase S. pyogenes HasA® (25.8%)

R. meliloti NodC' (21%)
S. cerviciae Csd2® (24.7%)

cps3U/cap3C glucose-1-phosphate uridylyltransferase S. pyogenes Has'Ch (78%)
B. subtilis GtaB' (55%)
cps3M/orf3 phosphoglucomutase B. subtilis YhxB' (38.6%)

E. coli PgmU* (22.6%)

The sequences can be found under GenBank accession nos: a, U66846, U15171, and U66845; b, Z47210; c,
1.08444; d, U90519; e, L21187; f, X01649; g, M73697; h, Q54713; i, Z99122; j, Y14079; k, AE000172.

8.3.4 The S. pneumoniae type 4 cps locus

The sequence of the S. pneumoniae type 4 cps locus (located on contig no. 4108 of
the partial S. pneumoniae genome sequence available from the TIGR Microbial Database)
was examined and the c¢ps4 locus, located between dexB and aliA in the S. pneumoniae
chromosome, was found to have 15 ORFs, designated cps4A-O. The predicted functions of
the protein products encoded by cps4A-O, based on homologies to other proteins in the
GenBank database, are listed in Table 8.5, and are sufficient for biosynthesis of type 4 CPS

repeat unit which is shown in Table 1.2.
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Table 8.5 Predicted functions of S. pneumoniae cps4 ORFs

ORF Predicted function Similar proteins (% identity)
cps4A regulation? S. pneumoniae Cps19fA (94.2%)
cps4B unknown S. pneumoniae Cps19fB (86.8%)
cps4C chain length regulation/export S. pneumoniae Cps19fC (86.5%)
cps4D chain length regulation/export S. pneumoniae Cps19fD (94.3%)
cps4E galactosyl-1-phosphate transferase S. aureus Cap8M* (48.6%)
S. aureus Cap5M® (49.2%)
S. enterica serovar typhimurium RfbP° (36.5%)
cps4F N-acetyl fucosamine transferase S. aureus Cap8L® (23.9%)
S. aureus Cap5L°® (23.9%)
E. coli K12 Wcal® (22.6%)
cpsd4G N-acetyl mannosamine transferase S. aureus Cap8H® (32%)
cps4H N-acetyl galactosamine transferase Streptococcus thermophilus EpsF° (25.8%)
H. influenzae Isg Orf3’ (19.8%)
cpsdl polysaccharide polymerase -
cps4J pyruvyl transferase E. coli K12 WcaK® (17.8%)
cps4dK repeat unit transporter E. coli K12 RfbXE (20.9%)
Y. enterocolitica TrsA" (19.1%) _
S. enterica serovar typhimurium RfbX' (20.1%)
cps4L UDP-N-acetyl glucosamine-2-epimerase B. subtilis YvyH (63.2%)

cpsdiM UDP-N-acetyl galactosamine dehydratase

cps4N

cps40

(UDP-FucNAc synthesis)

UDP-N-acetyl fucosamine synthase
(UDP-FucNAc synthesis)

UDP-N-acetyl glucosamine-4-epimerase
(UDP-FucNAc synthesis)

S. aureus CapSP® (57.2%)
S. aureus Cap8P® (57.2%)
E. coli K12 RfE* (53%)

S. aureus Cap8E® (61.3%)
S. aureus CapSE® (61%)
Y. enterocolitica TrsG' (33.4%)

S. aureus Cap8F* (45.6%)
S. aureus Cap5E® (46.2%)
S enterica serovar typhimurium RfbE° (25%)

S. aureus Cap8G® (58.9%)
S. aureus Cap5G” (58.9%)
B. subtilis YvyH' (25.3%)

The sequences can be found under GenBank accession nos: a, U73374; b, U81973; ¢, X56793; d, U38473; e,
U40830; f, M94855; g, AF013583; h, Z47767; i, X60665; j, 299122, k, L18799; 1, Z47767.

8.3.5 The S. pneumoniae type 14 cps locus

The S. pneumoniae type 14 cps locus (Kolkman et al., 1997b) consists of 12 ORFs,

designated cpsI4A-L and the predicted functions of their protein products are listed in

Table 8.6.

determined.

The functions of the glycosyl transferases have been experimentally
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Table 8.6. Predicted functions of S. pneumoniae cps14* ORFs

ORF Predicted or known function Similar proteins (% identity)
cpsl4A regulation? S. pneumoniae Cps19fA (96.9%)
cpsl4B unknown S. pneumoniae Cps191B (96.3%)
cpsl4C chain length regulation/export S. pneumoniae Cps19fC (92.6%)
cpsl4D chain length regulation/export S. pneumoniae Cps19fD (95.2%)
cpsl4E glucosyl-1-phosphate transferase S. pneumoniae Cps19fE (95.8%)

S. enterica serovar typhimurium RfbP® (31.3%)
cpsl4F transferase co-factor Sphyngomonas S88 SpsK® (33.8% to N-terminal)
cpsl4G [3-1,4-galactosyl transferase Sphyngomonas S88 SpsK® (27.7% to C-terminal)
cpsl4H polysaccharide polymerase S. flexneri Rfc? (25.6%)

S. enterica serovar typhimurium Rfc® (21%)

cpsi4l B-1,3-N-acetylglucosaminyl transferase  R. meliloti ExoO® (26.6%)
S. thermophilus EpsI® (26.1%)

cpsi4] B-1,4-galactosyl transferase S. thermophilus Epsl® (43.9%)

Y. enterocolitica TrsBE (26.9%)
cpsl4K unknown H. influenzae type b Orf4" (28.3%)
cpsl4L repeat unit transporter S. dysenteriae RfoX' (26.1%)

E. coli K12 RfbX' (33%)
Y. enterocolitica O:3 Wzx?® (23.5%)
S. pneumoniae Cap11* (20.7%)

orfX glycerol-phosphate transferase B. subtilis TagF' (26.6%)

The sequences can be found under GenBank accession nos: a, X85785; b, X56793; c, U51197; d, X71970; ¢,
7.22636; f, U40830; g, Z47767; h, X78559; i, L07293; j, AF013583; k, Z83335; 1, Z99122.

8.3.6 The S. pneumoniae type 23F cps locus

The S. pneumoniae type 23F cps locus has recently been determined from two
different isolates (Morona et al., 1998; Ramirez and Tomasz, 1998). The two loci are
almost identical but the gene designations differ. Whereas Ramirez and Tomasz (1998)
have designated the 18 ORFs cps23fA-R, Morona et al. (1998) have designated the genes
cps23fA-E, I, J, L-O and T-Z. The latter gene designations are used below because they
take into account the previously published sequence of the dTDP-Rha biosynthesis genes
(cps23fL-0) (Coffey et al., 1998a). The predicted functions of the protein products

encoded by the cps23f genes are listed in Table 8.7.
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ORF Predicted function Similar proteins (% identity)
cps23fA regulation? S. pneumoniae Cps19fA (96%)
cps23/B unknown S. pneumoniae Cps19fB (88.5%)
cps23fC chain length regulation/export S. pneumoniae Cps19fC (69.6%)
cps23fD chain length regulation/export S. pneumoniae Cps191D (79.3%)
cps23fE glucosyl-1-phosphate transferase S. pneumoniae Cps19fE (71.2%)
cps23fT rhamnosyl transferase A. aeolicus MtfB® (18.9%)

Synechocystis sp. REbW* (22.3%)
A. fulgidus WbaZ-1% (25.5%)
cps23f1 polysaccharide polymerase -
cps23fU galactosyl transferase S. pneumoniae Cps14J)° (33.5%)
S. thermophilus EpsI' (36%)
Y. enterocolitica TrsBE (29.7%)
cps23fV rhamnosyl transferase -
cps23f] repeat unit transporter S. thermophilus Epst (32.1%)
S. pneumoniae Cps14LF (16.7%)
Y. enterocolitica TrsA® (17.9%)
cps23fW glycerol-2-phosphate transferase B. subtilis TagF" (27.8%)
S. pneumoniae type 14 OrfX® (37%)
cps23fX glyceraldehyde-2-phosphate dehydrogenase A. fulgidus GIdA' (32.3%)
(CDP-2-glycerol biosynthesis) M. jannaschii GIdA' (34.4%)
B. subtilis AraM* (28.6%)
cps23fY glycerol-2-phosphate cytidyltransferase A. fulgidus RfbF' (27.5%)
(CDP-2-glycerol biosynthesis)
cps23fZ glyceraldehyde-2-phosphotransferase E. coli NagD" (32%)
(CDP-2-glycerol biosynthesis) B. subtilis AraL* (26.3%)
cps23fL glucose-1-phosphate thymidylyl transferase S. pneumoniae Cps19fL (95.5%)
cps23tM dTDP-4-keto-6-deoxyglucose-3,5-epimerase S. pneumoniae Cps19fM (99%)
cps23fN dTDP-glucose-4,6-dehydratase S. pneumoniae Cps19fN (99.7%)
cps23f0 dTDP-L-rhamnose synthase S. pneumoniae Cps19fO (99.3%)

The sequences can be found under GenBank accession nos: a, AF030373 and AF057294; b, .AE000693; c,
D64002; d, AEQ01104; e, X85785; f, U40830; g, ZA7767; h, Z99122; i, AE000988; j, V67518; k, Z99118; 1,
AE001025; m, AF052007.

8.3.7 The S. pneumoniae type 33F cps locus

The S. pneumoniae type 33f cps locus has been sequenced by Llull et al. (1998) and

consists of 15 ORFs, designated cap33fA-O. The cap33fA-O genes and the predicted

functions of their protein products are listed in Table 8.8. The authors did not assign

functions to Cap33fF, G, I, K, M and O, however on closer examination of the similarities
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to other proteins, putative functions could be assigned to all of these proteins, except

Cap33fl.

Table 8.8. Predicted functions of S. preumoniae cps33f* ORFs

ORF

Predicted function

Similar proteins (% identity)

cap33fA
cap33fB
cap33fC
cap33fD
cap33fE

cap33fF
cap33fG
cap33fH

cap33fl
cap33f]
cap33fK
cap33fL
cap33fM
cap33fN
(cap33f0)

regulation?
unknown
chain length regulation/export
chain length regulation/export

glucosyl-1-phosphate transferase

glycosyl transferase
glycosyl transferase

galactosyl transferase

unknown
galactosyl transferase
polysaccharide polymerase
repeat unit transporter
acetyl transferase
UDP-galactopyranose mutase

acetyl transferase

S. pneumoniae Cps19fA (94.2%)
S. pneumoniae Cps19fB (85.6%)
S. pneumoniae Cps19fC (71.3%)
S. pneumoniae Cps19fD (78.4%)

S. pneumoniae Cps14E® (70.5%)
S. pneumoniae Cps19fE (71%)

K. pneumoniae RfbC® (34%)
K. pneumoniae Orf7° (28.7%)

S. pneumoniae Cps141° (26.5%)
S. pneumoniae Cpsl4]b (24.9%)

S. pneumoniae Cps14K® (22.4%)
S. pneumoniae Cps14J® (31.2%)
S. pneumoniae Cps14L® (34.5%)
E. coli YinH® (23.7%)

E. coli GIff (61.6%)

B. subtilis YkrP® (28.4%)

The sequences can be found under GenBank accession nos: a, AJ006986; b, X85787; ¢, L41518; d, D21242;
e, P37669; f, U09876, g, Z99111.

8.4 Analysis of the cps loci from S. pneumoniae

8.4.1 Organisation of pneumococcal cps loci

All of the S. pneumoniae cps loci which have been sequenced to date are located on

the S. pneumoniae chromosome between dexB and aliA, and with the exception of type 3,

show a remarkably similar arrangement of the cps genes (Fig. 8.4). For most of these,

functions of the gene products have been proposed on the basis of amino acid sequence
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Fig 8.4. The cps loci from S. pneumoniae serotypes 1, 2, 3, 4, 14, 19F, 23F and 33F. The large boxed arrows represent ORFs involved in CPS biosynthesis and the
narrow boxed arrows represent cryptic genes not involved with CPS biosynthesis in that serotype. The ORFs common to all serotypes are shown in dark blue. The
specific transferases are shown in pink and the Glc-1-phosphate transferase which adds Glc to the lipid carrier is shown in dark pink. The type 3 synthase is shown in
purple, the repeat unit transporters are shown in red and the polysaccharide polymerases are shown in orange. The ORFs involved in nucleotide-sugar biosynthesis
are shown in pale blue and those involved in the biosynthesis of dTDP-Rha are shown a shade darker. The green boxes represent IS elements and the yellow boxed
arrows represent their ORFs. The dashed line represents the unsequenced region between dexB and afid (black boxed arrows). The two ORFs with question marks

are of unknown function.
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similarities with known proteins. However, Kolkman et al. (1996; 1997) have

biochemically characterised the four glycosyl transferases encoded by genes in the type 14
¢ps locus. Also, a gene in the type 1 locus (caplK) has been proven to encode a UDP-Glc
dehydrogenase by complementation analysis (Mufioz et al., 1997).

The first four genes (cpsA-D) are conserved at the 5’ end of all loci except type 3,
although type 3 retains extensive DNA similarity to these genes. However, there are no
intact type 3 ORFs corresponding to cpsA and B due to several frame-shift mutations and
deletions in this region. Two ORFs corresponding to ¢psC and D are present, but
cps3Plorf2 (the cpsD homologue) is truncated compared to cpsD in other serotypes, and no
promoter sequence for these ORFs has been identified in type 3 (Garcia and Lépez, 1997).
This is consistent with the distinct mechanism of biosynthesis of type 3 CPS which is
described below.

The central portion contains genes which encode the specific glycosyl transferases,
the polysaccharide polymerase and the repeat unit transporter required for synthesis of the
individual CPSs, and the 3’ end contains the genes which encode the biosynthetic enzymes
required to synthesise the individual nucleotide sugars. However, this arrangement is not
absolute, as the type 14 ¢ps locus does not appear to contain any genes which encode
biosynthetic enzymes (the sequence downstream of orfX has not been determined).
However, this is not surprising as type 14 CPS contains only Glc, GlcNAc and Gal, the
nucleotide precursors of which are ubiquitous within the cell. Exceptions have also been
identified within the group 19 ¢ps loci. Types 19B and 19C contain a gene which encodes
an enzyme putatively involved in the biosynthesis of an activated Rib precursor (cps/9R) in
their central region, and 19C also contains an additional putative glucosyl transferase gene
(cps19cS) which has inserted between two genes which encode biosynthetic enzymes (Fig.

8.1).
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Interestingly, the position of the genes which encode enzymes involved in the
synthesis of dTDP-Rha is conserved, at the 3’ end of the locus, in all the serotypes
examined which contain Rha in their CPS. Type 1 CPS does not contain Rha, but cryptic
copies of these genes (designated orf1-4) are present in the same position relative to aliA in
the capl locus of all type 1 isolates examined to date (Mufioz et al., 1997). These cryptic
genes are separated from the capl locus by a copy of IS1167 and having no obvious
promoter, are presumably not transcribed. Also orf4 has a frame-shift mutation which
would truncate the protein product. This suggests that the type 1 serotype may have arisen
from a recombination event resulting in the insertion of type 1 specific DNA into the cps

locus of a Rha-containing serotype.

8.4.2 Comparison of the cps genes and their protein products

As already described above, the type 3 locus appears to be atypical. The type 3 CPS
consists of a simple disaccharide repeat unit (Table. 1.2) and the cps3/cap3 locus contains
only three intact genes which are transcribed as a single unit (Arrecubieta et al., 1995;
Dillard et al., 1995). The first gene (¢ps3D or cap3A) encodes a UDP-Glc dehydrogenase
required for the synthesis of UDP-GIcA (Arrecubieta et al., 1994). The second gene (cps3S

or cap3B) encodes the type 3 synthase, a processive -glycosyl transferase which links the

alternating Glc and GlcA moieties via distinct glycosidic bonds (Arrecubieta et al., 1995;
Dillard et al., 1995). There is a significant degree of amino acid sequence similarity
between Cps3S/Cap3B and other bacterial polysaccharide synthases, including HasA
which synthesises the hyaluronic acid capsule of group A streptococci. These synthases
have a common predicted architecture and are capable of forming the two different
glycosidic linkages, and extruding the growing polysaccharide chain, is as it is synthesised,

through a pore or channel formed in the membrane (section 1.8.4; Keenleyside and
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Whitfield, 1996). Interestingly, transformation with plasmids carrying cps3S/cap3B alone

is sufficient to direct synthesis of type 3 CPS in E. coli or in S. pneumoniae serotypes 1, 2,
5 or 8, all of which contain UDP-GIcA. In smooth heterologous S. pneumoniae hosts,
expression of ¢ps3S/cap3B resulted in binary encapsulated strains producing type 3 as well
as the original CPS type (Arrecubieta et al. 1996). In the E. coli transformants, a
significant proportion of the type 3 CPS appeared in the periplasm, indicating that
additional type-specific genes are not required for transport of CPS across the cell
membrane (Arrecubieta er al., 1996). The final complete gene in the cps3/cap3 locus
(cps3U or cap3C) encodes a Glc-1-phosphate uridylyltransferase (or UDP-Glc
pyrophosphorylase), which is capable of complementing an E. coli galU mutant, thereby
confirming its function (Arrecubieta et al., 1995). The product of this enzyme (UDP-Glc)
is present in all pneumococci, regardless of serotype, and the pneumococcal galU gene (a
functional homologue of cps3U/cap3C) has recently been identified and shown to be
located elsewhere in the chromosome (Mollerach et al., 1998). This is consistent with the
finding that insertion-duplication mutagenesis of cps3U/cap3C does not abrogate type 3
CPS biosynthesis (Arrecubieta et al., 1995; Dillard et al., 1995). On the other hand,
insertion-duplication mutagenesis of the galU gene, which is 77% identical to cap3C,
resulted in loss of CPS expression in S. pneumoniae type 1 and type 3 (Mollerach et al.,
1998). Thus it appears that cps3U/cap3C is not capable of replacing the galU gene in §.
pneumoniae either due to poor expression of the type 3 enzyme or poor affinity for the
substrate (Mollerach et al., 1998). The galU gene is present in all pneumococci tested,
regardless of serotype and predicted to be absolutely essential for CPS production as most
if not all serotypes contain Glc, and/or other sugars, such as Gal, GIcA, and GalA, which
require UDP-Glc for biosynthesis of their activated precursors (Mills and Smith, 1965).

No other S. pneumoniae cps locus examined to date contains a galU homologue. An
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additional ORF, designated cps3M, is located 3’ to c¢ps3U/cap3C and has similarity to

genes encoding phosphoglucomutases (Dillard et al., 1995). However, it is truncated at its
C-terminus and may not encode a functional enzyme; insertion-duplication mutagenesis of
¢ps3M also has no impact on encapsulation (Caimano et al., 1998; Dillard et al., 1995).

The other S. pneumoniae serotypes have considerably more complex CPSs,
consisting of 3-7 sugars, and as a consequence their cps loci are also more complex,
containing 11 (capl) to 19 (cpsi9c) genes. These loci all contain specific glycosyl
transferases, a putative repeat unit transporter and a putative polysaccharide polymerase
suggesting a common mode of CPS biosynthesis involving the sequential assembly of the
CPS repeat units immobilised on a lipid carrier, followed by transport across the membrane
and polymerisation prior to attachment to the cell surface. Thus, CPS biosynthesis in most
S. pneumoniae serotypes proceeds as described in section 1.8.2 and resembles that of O-
antigen biosynthesis in Gram-negative bacteria (Whitfield, 1995).

The serotype specificity of pneumococcal CPSs is determined by both the
individual sugars present in the CPS and the nature of the glycosidic bonds joining them.
This, in turn, is determined by both the substrate specificity and the nature of the glycosidic
linkage formed by the glycosyl transferases encoded by the individual cps genes. Thus,
each pneumococcal ¢ps locus would be expected to include genes which encode mostly
unique, potentially serotype determining, glycosyl transferases. For example, serotypes 4,
14, 23F and 33F all contain functionally different galactosyl transferases, which form
different glycosyl linkages to different acceptor sugars, in accordance with their distinct
CPS structures. Although the amino acid sequences share some similarities, there is no
significant DNA similarity between these galactosyl transferases, suggesting that, as
expected, they were probably acquired from diverse origins and are unlikely to have arisen

from gene duplication.
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However, the ¢ps loci from all the serotypes examined, except types 1, 3 and 4,
contain a homologue of ¢psI9fE (70-99% identity). The closely related cpsI4E gene has
been shown experimentally to encode a glucosyl transferase which adds Glc-1-phosphate to
the lipid carrier in the cell membrane (Kolkman et al., 1996), a common first step in CPS
biosynthesis. The absence of a ¢psI9fE homologue in types 1 and 4 is consistent with the
absence of Glc in their CPS. The only other transferase genes which have significant DNA
sequence identity (71.6%) are c¢ps2T and cps23fT which encode putative B(1—4)

rhamnosyl transferases. Both these genes are located in the same position within their
respective cps loci, just downstream of cpsE, raising the possibility that type 2 and type
23F strains may have had a common ancestor. Southern hybridisation data also indicates
that a high stringency homologue of c¢psI9fF, which encodes a putative ManNAc
transferase, is present in type 9N and 9V strains. This transferase is predicted to link
ManNAc to Glc via a B(1—4) linkage in group 19 CPS production. Group 9 CPS also
contains these two sugars joined by the same linkage, thus the presence of a cpsI9fF
homologue in group 9 strains is not surprising.

The DNA similarity between the genes involved in nucleotide sugar biosynthesis in
different serotypes is much greater than that observed for transferases. The caplJ, cap3A
and cps2K genes all encode UDP-Glc dehydrogenase, which catalyses synthesis of UDP-
GlcA,; caplJ and cps2K share 75% identity, and the type 3 gene cap3A is slightly more
divergent with only 60% identity to both caplJ and cps2K. UDP-GlcNAc-2-epimerase,
which catalyses synthesis of UDP-ManNAc, is encoded by both ¢ps4L and cpsI9fK which
share 70% identity. Both c¢ps2P and cap33fN (83.6% identity) are predicted to encode
proteins similar to UDP-galactopyranose mutase which converts UDP-galactopyranose to
UDP-galactofuranose. However, the ¢ps2P gene is truncated at the 5’ end compared to

cap33fN and as UDP-galactofuranose is not required for type 2 CPS biosynthesis, cps2P
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may be a cryptic gene within the ¢ps2 locus. The four dTDP-Rha biosynthesis genes are

highly conserved in all serotypes containing Rha in their CPS, and have 90-99% nucleotide
sequence identity. The high degree of sequence identity and the conserved position of
these genes at the 3’ end of the respective loci suggests the possibility of a common
ancestor for these serotypes, and for type 1 which contains cryptic copies of these genes.
Both type 14 and type 33F cps loci contain copies of genes which encode redundant
transferases at the 3’ end of the loci. The redundant acetyl transferase encoded by cap33fO
is truncated due to a frame-shift mutation in type 33F but is intact in the type 33A ¢ps locus
(Llull et al., 1998). The orfX gene at the 3’ end of the c¢psi4 locus is also truncated
(Kolkman et al., 1997b), but a glycerol-phosphate transferase, the predicted product of this
gene, would be required for the biosynthesis of the immuno-cross reactive type 15A CPS
(van Dam et al., 1990). These redundant genes may be the remnants of a recombinational
event within an ancestral cps locus, which resulted in the generation of a new serotype for

which these distal genes were no longer required.

8.4.3 Capsular transformation in vivo

There is growing evidence that the phenomenon of capsular transformation first
observed by Griffith (section 1.1.6) is a common phenomenon in vivo. Application of
modern molecular typing techniques has resulted in the detection of otherwise genetically
indistinguishable pneumococci expressing different capsular types. This has been
particularly evident in clonal groups which are resistant to multiple antibiotics. Indeed,
derivatives of a highly successful multiply-resistant type 23F clone (which originated in
Spain) expressing types 3, 9N, 14, 19A and 19F capsules have been isolated (Barnes et al.,

1995; Coffey et al., 1991; Coffey et al., 1998a; Nesin et al., 1998).
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Completion of the cpsI9f sequence enabled further characterisation of a parental
multiresistant type 23F strain and eight otherwise genetically indistinguishable type 19F
clinical isolates. This involved PCR amplification, and subsequent sequencing, of the
regions from dexB-cpsB and from cpsL-aliA for all of these strains (Coffey et al., 1998b).
Examination of polymorphisms in the conserved regions of the two ¢ps loci indicated that
in each case, the 5’ recombination occurred upstream of dexB. In six of the eight type 19F
strains, the 3’ cross-over point was downstream of aliA. However, in the other two, a
recombination cross-over point between the introduced type 19F sequences and the type
23F chromosome was identified; this was in ¢psM in one strain and ¢psN in the other
(Coffey et al., 1998b). Thus, capsule switching involves exchange of very large DNA
fragments, ranging from at least 15 kb to over 22.5 kb. The existence of multiple cross-
over points as well as additional minor polymorphisms within the type 19F-derived cps
genes also indicated that the eight multiply resistant type 19F strains that were studied
arose as a consequence of a minimum of four independent transformation events involving
different type 19F donors. It therefore appears that these capsule switching events may be
relatively common among pneumococci in nature (Coffey et al., 1998b).

Multiple serotypes of S. pneumoniae are frequently carried concurrently in the
human nasopharynx (Austrian, 1981b) providing ample opportunity for exchange of DNA
between types. In addition to enhancing the spread of drug resistance amongst diverse
capsular types, these exchanges may also provide a mechanism for evasion of serotype-
specific host immune defences, such as those resulting from immunisation with
pneumococcal CPS-protein conjugate vaccines which provide cover against a limited range

of serotypes.
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8.4.4 The presence of IS elements in the 5’ and 3’ intergenic regions

Complete or partial IS elements have been located adjacent to 9 of the 11 ¢ps loci
sequenced to date, and in type 1 the locus is flanked at both the 5’ and 3’ ends by IS1167.
The first IS element identified just upstream of the S. pneumoniae cps loci was 1S1202
which is associated with all four members of group 19 (Morona et al., 1994a). Since then
several more IS elements have been identified in both the 5” and 3’ intergenic regions of S.
pneumoniae cps loci. In fact, 5” and 3’ intergenic regions themselves contain sequences
with some similarity to IS elements, and are repeated many times in the chromosome,
although the complete IS elements are no longer present.

The ¢ps-flanking regions appear to be common targets for IS elements, and this has
led to the suggestion that they may play a role in horizontal transfer of cps genes (Kolkman
et al., 1998; Mufioz et al., 1997). There are precedents for this in other bacteria; the H.
influenzae type b capsule genes, for example, are located on a 17-kb compound transposon
(Kroll et al., 1991). However, the identification of cross-over points within the cps loci of
the type 19F derivatives of the multiresistant type 23F S. pneumoniae clone referred to
above confirm that at least in these cases, capsular exchange occurred as a consequence of
homologous recombination rather than by transposition. Nevertheless, Muiioz et al. (1997)
have demonstrated that IS1167 sequences flanking part of the capl locus cloned in a
plasmid could direct ectopic integration of these genes into copies of IS/167 located

elsewhere in the pneumococcal chromosome, resulting in genetically binary strains.

8.4.5 Transcription of the pneumococcal cps locus

As mentioned previously, the only promoter sequence identified in the S§.
pneumoniae cps19f locus is immediately upstream of cpsI9fA (Guidolin et al., 1994), and

the only stemmed-loop structures likely to function as transcription terminators are found
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downstream of the ¢ps19f locus in the 3’ intergenic region (section 3.2.2). The consensus

o’ promoter sequence (TAGACA-17 bp-TATAAT) is also present in the same position in

all of the other ¢ps loci which have been sequenced, except type 3, which has a deletion of
280 nucleotides at the 5’ end of the cpsA-related region resulting in the loss of the promoter
sequence. The three cps3 genes are transcribed as a single operon from a promoter
immediately upstream of ¢ps3D (cap3A) (Arrecubieta et al., 1995). Llull et al. (1998) have
shown that the promoter sequences identified for the ¢ps loci in types 1, 3, 14 and 33F are
all functional in S. pneumoniae. The transcriptional start site has also been determined by
primer extension analysis of the type 1 locus (Mufioz et al., 1997).

It is possible, however, that the level of transcription of ¢ps loci varies from strain
to strain. Although the -10 and -35 sequences themselves are highly conserved, Llull et al.
(1998) have noted minor variations in flanking sequences. In type 37, for example, the -10
and -35 sequences are separated by 16 nucleotides rather than 17, and this correlated with a
markedly lower promoter strength. A 4-nucleotide deletion immediately 5’ to the -35
sequence in type 33F, relative to type 1, also correlated with a slight reduction in promoter
strength (Llull et al., 1998). The extent to which such differences impact on the level of
encapsulation is uncertain, but it is curious in the light of these findings that type 37, which
had the weakest c¢ps promoter, produces one of the thickest capsules of all S. pneumoniae
serotypes (Austrian, 1981b).

Many polysaccharide loci from Gram-negative bacteria (including: E. coli kps, E.
coli K12 rfa, S. flexneri rfb, S. enterica rfb, Vibrio cholerae rfb, and Y. enterocolitica rfb)
have a large leader sequence which is involved in transcriptional regulation of the locus
(Marolda and Valvano, 1998). This region includes the conserved JUMPstart sequence
(Hobbs and Reeves, 1994) which is part of two cis-acting sequences known as ops (for

operon polarity suppressor) and are located upstream of the coding regions of all RfaH-
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regulated operons (Marolda and Valvano, 1998). These leader sequences form a series of
stem-loop structures; one of these contains the JUMPstart and ops sequences and interacts
with RfaH, a transcription anti-terminator, and the RNA polymerase. In the absence of
RfaH or with mutations affecting this stemmed-loop, premature termination of the
transcript occurs when the RNA polymerase reaches the other stemmed-loop structures in
this region. In the presence of RfaH, the JUMPstart stemmed-loop would serve to bring
RfaH and possibly other factors together with the RNA polymerase complex, preventing
the formation of the other stemmed-loops and hence, premature termination (Marolda and
Valvano, 1998). However, in S. pneumoniae cps loci this leader sequence is entirely
absent, with only 20 bp separating the transcriptional start site and the ATG start codon of
cpsA. This is too short for formation of any stemmed-loop structures. Thus, transcription
of the ¢ps genes and hence CPS production in S. pneumoniae is not regulated in the same

manner as polysaccharide production in Gram-negative bacteria.

8.4.6 Regulation of CPS production in S. pneumoniae

Colonisation of the nasopharyngeal mucosa is an essential first step in the
pathogenesis of pneumococcal disease, and is presumed to involve interaction between
pneumococcal adhesins and specific receptors on host epithelial cells. In a proportion of
cases, asymptomatic carriage progresses to invasive disease, and although the events
involved are poorly understood, it is clearly a watershed in the bacteria-host relationship.
In recent years evidence has emerged that this transition involves a major switch in
expression of important virulence determinants, as the pneumococcus adapts to the altered
microenvironment (Tuomanen and Masure, 1997). Maximal expression of capsule is
clearly essential for systemic virulence, but the degree of exposure of other important

pneumococcal surface structures, such as the adhesins, may also be influenced by capsular
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thickness. Non-encapsulated pneumococci exhibit higher adherence to human respiratory
epithelial (A549) cells in vitro than otherwise isogenic derivatives expressing either type 3
or type 19F capsules (Talbot et al., 1996). Thus, the very feature (encapsulation) which is
absolutely essential for systemic virulence of S. pneumoniae could be disadvantageous
during the colonisation phase. Pneumococci have recently been shown to undergo a
bidirectional phase variation between two distinct colonial morphologies, described as
“opaque” and “transparent”. The transparent phenotype exhibits increased in vitro
adherence to buccal epithelial cells and cytokine-activated A549 cells relative to opaque
variants of the same strain, as well as an enhanced capacity to colonise the nasopharynx of
infant rats (Cundell et al., 1995; Weiser et al., 1994). On the other hand, the opaque form
is associated with massively increased virulence in animal models of systemic disease, and
this correlates with increased production of CPS relative to cell wall teichoic acid
compared with the transparent phenotype (Kim and Weiser, 1998). Phase variation also
correlated with alteration in levels of several surface proteins, but the molecular
mechanism involved is yet to be elucidated.

Clearly, the capacity to regulate CPS production is important for the survival of the
pneumococcus in different host environments. The presence of a 115-bp repeated element
has been noted upstream of the ¢ps promoter in S. pneumoniae types 1, 3, 14, and 19F.
This element appears to be specific to pneumococci, and copies have been found in the
vicinity of other genes believed to be associated with virulence (Kolkman et al., 1997b;
Mufioz et al., 1997). These sequences have no obvious function, although Kolkman et al.
(1997) have suggested that they might have a regulatory function for coordinately
controlled expression of virulence-related genes. However, examination of sequence data
for S. pneumoniae type 4 released by TIGR indicates that there are at least 40 copies of

sequences with > 80% identity to the element in the genome. In type 19F, the copy near
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the cps locus is actually separated from the ¢ps promoter by IS1202, and so it is difficult to

imagine its involvement in a global regulatory mechanism. Moreover, insertion of the
mutagenesis vector pVA891 into IS1202, which places the 115-bp element more than 8 kb
upstream of the promoter, is known not to affect type 19F CPS production (Morona et al.,
1994a). As previously mentioned, in type 19F, IS1202 is inserted immediately 5’ to the -
35 sequence of the cps promoter and so the above result, in all probability, precludes the
involvement of any upstream region in transcriptional regulation of cps19f.

At present the mechanism of regulation of CPS production in S. pneumoniae is not
understood. The only product of the ¢ps loci likely to be involved is CpsA, which
resembles a B. subtilis transcriptional attenuator. Recently, a derivative of S. pneumoniae
type 19F with an in-frame deletion mutation in cpsI9fA was constructed. This mutant still
produces type 19F CPS, as judged by quellung reaction. Also, colonies growing on BA
appeared smooth, but they were much smaller than the parental type 19F strain, in spite of
the lack of any obvious difference in growth rate (J. Morona, unpublished data).
Additional phentoypic characterisation of this mutant, including transcriptional studies of
¢ps19f and quantitation of total CPS production are in progress.

It is also possible that genes located elsewhere on the chromosome may influence
CPS production in S. pneumoniae. Watson et al. (1995) suggested that a region 3’ to the
pneumococcal lytA (autolysin) gene might be involved in regulation of capsular expression,
as this appeared to be the site of Tn916 insertion in a type 3 mutant which had lost the
capacity to produce CPS. However, Garcia et al. (1996) subsequently demonstrated that
deletion of this region of the chromosome had no impact an encapsulation. An additional
possibility is that regulation of CPS production is indirect, and mediated by availability of
precursors or co-factors. For example, the mechanism of synthesis of the pneumococcal

cell wall teichoic acid (see Fig. 1.2) is likely to be similar to CPS. Accordingly, if teichoic
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acid synthesis is subject to direct regulation, this may influence the availability of common
precursors (e.g. UDP-Glc or the lipid carrier) for CPS biosynthesis. Such a phenomenon
would be consistent with the observation that phase variation in S. pneumoniae has
opposite effects on the total amounts of CPS and teichoic acid (Kim and Weiser, 1998).
Saturation of a common lipid carrier pool with the disaccharide precursor for peptidoglycan
synthesis has previously been proposed to explain blockade of EPS production in
Streptococcus thermophilus with a mutation in pbp2b, one of its penicillin-binding protein
genes (Stingele and Mollet, 1996). Similarly, competition for the supply of GDP-mannose
between the alginate and LPS biosynthetic pathways is thought to explain why mucoid P.

aeruginosa strains lack the LPS O-antigen (May and Chakrabarty, 1994).

8.4.7 The function of CpsC and CpsD

The ¢psC and D gene products are predicted to function in CPS chain length
regulation and export in an analogous fashion to ExoP from R. meliloti (Paulsen et al.,
1997). CpsC has two putative membrane-spanning hydrophobic domains which are found
in all chain length regulators (Rol- and Cld-like proteins) and its topology is predicted to be
similar these proteins. Thus, the N- and C-termini are predicted to be located in the
cytoplasm, while the central portion is predicted to be exposed on the external side of the
cell membrane. CpsD is presumed to be a cytoplasmic protein, and like the C-terminal
portion of ExoP, contains a putative ATP binding domain (Guidolin et al., 1994). The C-
terminal “CpsD” domain of ExoP is required for synthesis of high molecular weight EPS
(Becker et al., 1995). This observation suggests that CpsD may interact with CpsC in the
pneumococcus. Recently, derivatives of S. pneumoniae type 19F with in-frame deletion

mutations in cpsI19fC and cps19fD were constructed. These mutants no longer produced
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type 19F CPS, as judged by quellung reaction (J. Morona, unpublished data), indicating

that both CpsC and CpsD are important for CPS production in S. pneumoniae.

Two distinct classes of ¢psC and cpsD genes (class I and class II) have been
identified in pneumococcal ¢ps loci. However, the exact mechanism by which CpsC and
CpsD (and their homologues) regulate polysaccharide chain length is still unknown. The
effect of the two different classes on CPS chain length, and hence, capsule thickness await
analysis of defined strains in which the class I and class II genes have been interchanged.

Genes which encode functional homologues of both CpsC and D are found in many
polysaccharide biosynthesis loci from a large variety of Gram-negative and Gram-positive
bacteria. The CpsC homologues (Rol- and Cld-like proteins) are present in all
polysaccharide loci where biosynthesis occurs via lipid-linked repeat unit intermediates.
However, CpsD homologues are not always present; they are not found in loci involved in
O-antigen biosynthesis, but they are usually present in loci involved in CPS and EPS
biosynthesis. This may have implications for the function of CpsC homologues in O-
antigen and CPS biosynthesis. The average number of repeat units is much larger for CPS
than for O-antigen, and CpsD may be required to enable CpsC to function such that a long
polysaccharide chain can be synthesised (R. Morona, unpublished results). Gram-negative
CPS and EPS biosynthesis loci generally contain a gene encoding one large protein (such
as ExoP in R. meliloti, AmsA in E. amylovora and Orf6 in K. pneumoniae 01:K2) with
separate domains homologous to either CpsC or CpsD (Whitfield et al., 1997). However,
in Gram-positive CPS and EPS biosynthesis loci, two separate genes encode CpsC and

CpsD homologues, as discussed below.

8.4.8 Relationship of the S. pneumoniae cps locus to other Gram-positive
cps loci

To date, CpsA and CpsB homologues have only been found in ORFs cloned from
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other Gram-positive bacteria, indicating that their function is probably Gram-positive
specific. The only protein of known function similar to either of these proteins is LytR (a
transcriptional attenuator of the B. subtilis autolytic enzymes) which has 28% identity to
Cps19fA. However, the function of CpsA in pneumococcal CPS production has yet to be
determined, as does that for CpsB. Homologues to CpsC and CpsD are more wide-spread,
found in both Gram-positive and Gram-negative polysaccharide biosynthesis loci, as
described above.

The presence of homologues of the first four S. pneumoniae cps genes, cpsA-D, was
examined in other Gram-positive polysaccharide loci. Interestingly, homologues to CpsA
were only found in other Streptococcus species, with the first four genes arranged in the
same order in all of the loci examined (Table 8.9). CPS and EPS biosynthesis loci from
other Gram-positive bacteria contained homologues to CpsB, C and D, also in the 5’ region
of the loci, but the gene order differed to that in the Streptococcus species. In S. aureus
types 1, 5 and 8 capsules, the L. lactis EPS and a polysaccharide from B. subtilis, the
homologues are ordered ¢psC, D and then B. However, the ¢psC homologue is not
necessarily the first gene in the locus; in both the eps locus from L. lactis and the ywq locus
from B. subtilis, there are two genes preceding the c¢psC homologue (unrelated to the
pneumococcal ¢psA or B genes) one of which encodes a protein (EpsR) with similarity to
DNA-binding regulatory proteins (van Kranenburg et al., 1997). Interestingly, an ORF
designated orfY, located after the transcription terminator at the 3’ end of the eps locus
from Lactococcus lactis, and transcribed in the opposite direction to the eps genes, has
significant similarity to LytR (23.6% identity), but not to CpsA. Any role this gene may
have in EPS production in L. lactis has yet to be determined (van Kranenburg et al., 1997).
In group B streptococci, an additional gene located upstream of the ¢psA homologue, but

transcribed in the opposite direction, encodes a protein (CpsY) with similarity to the LysR
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family of DNA-binding transcriptional regulators (Koskiniemi et al., 1998). However, no
such gene is present adjacent to any of the pneumococcal cps loci examined to date. Thus,
it appears that distinct transcriptional regulatory mechanisms may exist for polysaccharide

biosynthesis loci in different Gram-positive species.

Table 8.9. CpsA-D homologues present in polysaccharide biosynthesis loci of Gram-positive bacteria

Homologues to: CpsA CpsB CpsC CpsD

Streptococcus pneumoniae type 19F Cps19fA  Cpsl9fB  Cpsl9fC  Cps19fD
Streptococcus pneumoniae type 19A Cpsl9aA Cpsl9aB  Cpsl19aC  Cpsl9aD
Streptococcus pneumoniae type 19B Cpsl9bA Cpsl9bB  Cpsl9bC  Cps19bD
Streptococcus pneumoniae type 19C Cpsl9cA  Cpsl9cB  Cpsl9cC  Cpsl19cD

Streptococcus pneumoniae type 1* CaplA CaplB CaplC CaplD
Streptococcus pneumoniae type 2 Cps2A Cps2B Cps2C Cps2D
Streptococcus pneumoniae type 4° Cps4A Cps4B Cps4C Cps4D
Streptococcus pneumoniae type 14¢ Cpsl4A Cpsl14B Cpsl14C Cps14D

Streptococcus pneumoniae type 23F° Cps23fA  Cps23fB  Cps23fC  Cps23fD
Streptococcus pneumoniae type 33F Cap33fA Cap33fB Cap33fC  Cap33fD

Streptococcus thermophilus® EpsA EpsB EpsC EpsD
Streptococcus salivarius" CpsA CpsB CpsC CpsD
Streptococcus agalactiae‘l CpsX CpsA CpsB CpsC

Staphylococcus aureus type it CaplC CaplA CaplB
Staphylococcus aureus type 5% Cap5C Cap5A Cap5B
Staphylococcus aureus type 8! Cap8C Cap8A Cap8B
Lactococcus lactis™ EpsC EpsA EpsB

Bacillus subtilis" YwqgE YwqC YwgD

a, Mufioz et al. (1997); b, Iannelli et al. (1998); ¢, TIGR Microbial Database; d, Kolkman et al. (1997); e,
Morona et al. (1998); f, Llull et al. (1998); g, Stingele et al. (1996); h, Griffin et al. (1996); 1, Koskiniemi et
al. (1998) and Rubens et al. (1993); j, Wen et al. (1994); k, Sau et al. (1997); 1, Sau and Lee (1996); m, van
Kranenburg et al. (1997); n, Presecan et al. (1997).

The polysaccharide loci examined above are all presumed to share a similar mode
of biosynthesis, involving the assembly of repeat units on lipid carriers which are exported

prior to polymerisation. The S. pneumoniae type 3 and the Group A Streptococcus
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hyaluronic acid CPS loci were not included in Table 8.9 because the mode of CPS
biosynthesis differs, involving a synthase which exports the growing polysaccharide chain,
as described in sections 1.8.4 and 8.4.2.

The similarities between the CPS and EPS loci listed in Table 8.9 extend over the
entire locus. They all appear to be arranged as tightly linked, single transcriptional units
with the common genes located at the 5° end. The serotype-specific genes encoding
specific transferases, a repeat unit transporter, and a polysaccharide polymerase are located
in the central portion. The genes encoding enzymes involved in biosynthesis of nucleotide
sugars are generally located at the 3’ end of the loci. This arrangement has some similarity
to CPS loci in Gram-negative bacteria which are divided into three separate regions with

the serotype-specific region in the centre (Roberts, 1996; section 1.8.6).

8.5 Future studies

Much remains to be learnt about the precise molecular events involved in the
mechanisms of CPS biosynthesis, and about how CPS production in pneumococci is
regulated. Detailed biochemical and mutational analyses are also required to confirm
proposed functions of specific genes and in particular to elucidate the precise functions of
the four genes at 5’ end of the ¢ps loci. These presumably encode important common steps
in polysaccharide biosynthesis in pneumococci, as well as in certain other Gram-positive
genera. As a first step, in-frame deletion mutants of cpsI9fA, cpsl9fC and cps19fD have
already been constructed in S. pneumoniae strain Rx1-19F. Given the importance of
capsules to the virulence of S. pneumoniae and several other Gram-positive pathogens,
such conserved components of the CPS biosynthesis machinery may prove to be useful

targets for novel antimicrobial strategies.

8. Discussion
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APPENDIX I

The nucleotide and deduced amino acid sequence of the distal
portion of the cps19flocus.

The nucleotide sequence is numbered in accordance with GenBank accession number

U09239 and is shown from nucleotide 5,851, within the distal portion of cpsI9fF to the

HindIll site within aliA. The amino acid translation for each ORF is represented by single

letter code above the first nucleotide of each codon. Possible ribosome binding sites are

underlined.

5851

5951

6051

6151

6251

6331

6451

6551

6651

6751

6851

6951

7051

7151

7251

7351

7451

7551

...cpsl9fF—> cps19fG—

K R G V K Y * M I R L I Q K V E L DA I K EF K K I CE E N
AAAAGAGGTGTAAAATATTGAACCAGACAGAGATGATTCGCTTAATTCAAAAAGTTGAATTAGATGCTATAAAAGAGTTTAAAAAAATCTGTGAAGAGAA
D I D F FLRGG S VL GAV X Y DGPF I PWDUDUDMDTIM AV P R
TGATATAGATTTTTTCCTCCGCGGTGGTAGTGTACTTGGTGCAGTCAAATACGACGGCTTTATTCCATGGGATGATGATATGGATATCGCTGTCCCTCGT
E A Y DK L P § V F XK DRTIIAGI K Y Q VL TYOQQYCDTULHTC Y F
GAAGCATACGACAAACTTCCAAGTGTTTTCAAAGATAGAATTATCGCTGGGAAATATCAGGTTCTTACTTATCAATACTGTGATACGTTGCATTGCTACT
P R L F L L ADUETZ RI K RILGILU®PIRNUTNULSGTULUHTILTIWDTITIU®PTL DG
TTCCTCEACTATTCCTTTTAGCAGATCAAAGAARACGTTTGGGCTTGCCACGAAATACCAATC TAGGATTGCATTTGATTGATATCATTCCTTTAGATGE
A P N H S VL R K I Y F CIEKVYWYRPILASILGTTYVGDH YV
AGCACCAAATCATTCGGTTTTAAGAAAGATTTACTTTTGTAARGTATACTGGTATCGTTTTTTAGCAAGCTTAGGAACAACTTATGTTGGCGACCATGTG
D MH S T K Q K L I I G F F XK K L GF AU KULVFU?PIQNS UV YU RURTULDN
GATATGCATTCCACTAAGCAAARAACTAATTATTGGTTTCTTTAAAAAACTAGGATTTGCAAAACTATTTCCTCAAAATTCTGTATACAGACGCTTGGATA
L YR K ¥ DW XK XK Q K YAGTTINA ASTLT FATIKEUVMUPVETIWGE
ATCTCTATAGAAAGTATGATTGGAAAAAGCAGAAGTATGCGGGGACTATCAATGCTTCTTTATTTGCTAAAGAAGTTATGCCAGTAGAGATTTGGGGAGA
G VE K P F E DTV FF KV P TE YD R YLK RILYGENTYTLYE E
AGGAGTAGAGAAGCCTTTTGAGGATACCTTCTTTAAAGTTCCAACGGAGTATGATCGCTACCTGARRAGACTTTACGGAGAARACTATCTTTACGAAGAG

cpsl9fH—
P S DD EZ KK SHUL GG H * M F ¢ ¥ I I L HY KV L EE T I sSs C V
CCTAGTGATGATGAAAAGAAATCGCATTTAGGAGGACACTAATTTGTTTTGTTATATTATTTTGCATTACARAGTCTTAGAAGAAACTATTTCTTGTGTT
K S I K E GG N Y NA K Q@ I Vv IIDNVFSDNNSGTGETI KT LZGQETLY E S
AAATCTATAAAAGAAGGCAATTATAATGCAAAGCAAATCGTTATTATTGATAATTTCTCTAATAATGGTACTGGTGAAAAACTACAAGAGCTTTATGAAT
D L EI DV L I NI HENA AGT FA ARTGNNV VA AYQFATZ KETZ KT YNU?PTD
CAGATTTAGAAATTGATGTTTTGATTAACCATGAARATGCTGGTTTTGCTCGTGGAAATAATGTGGCTTATCAATTTGCTAAGGAAAAGTATAACCCCGA
F MV I MNNDTIZETITZETENVFEI KTIUVTDTIYIRUETETZ KT FUHTULTUL G
TTTCATGGTTATCATGAATAACGATATTGAGATAGAAACAGAARATTTTGARARAATTGTGACAGATATCTATCGTGAGGAAAAATTCCATTTGCTCGGG
P DI F 8 TTJVY OOULUHQ@NU P K RTLTHYTTYGEU VI KA ATLNDNEIKF KK
CCAGATATCTTCTCGACTACTTACCAACTTCACCAAAACCCAAAACGGTTGACACATTATACTTATGGAGAAGTTAAAGCTCTAAATGAARAAATTTARAR
G S Q VS L AL K I K CWULZ XK ASZ K VL RTA ATIYOQNZRUZ RIEKIEKG S
AAGGGAGCCAAGTTAGTCTAGCTTTAAAAATCAAATGTTGGTTGAAAGCTAGTAARAGTTCTTCGAACAGCAATCTATCAAAATAGACGTAAAARAGGATC
v D Y RK QV ENU PTIULUHGSV F I VY S RUDVFTIZEZ KTETETYATFNFP
AGTAGACTATAGAAAACAGGTAGAAAACCCAATTCTTCATGGTTCTTTTATTGTATATTCGAGAGATTTTATCGAAARAGAGGAGTATGCTTTTAACCCT
N T F F Y Y E T ETI LD Y EAETLIZ KG Y KRTIJYTU®PIZXKTIU RV L HHDQ
AACACCTTCTTTTACTATGAAACAGAGATATTAGATTATGAAGCTGAATTAAAAGGATACAAGAGAATTTATACACCTAAAATTAGAGTTTTGCACCATC
N vV A TN V Y TNILTULTEZ KTILUPF S N KCNUZFI K ST S Y F L K L M
AAAATGTTGCAACTAATCAAGTTTACACGAACTTGTTAGAAAAAACCTTGTTTTCAAATAAATGCAACTTTAAATCCACCAGTTATTTTTTGAAGTTGAT
cps19fl—

K EN EDV *M §$ ¥ L F L L ¢ L TULF L L TTIF Y F F A F I Q DL
GAAAGAAAACGAGGATGTTTAAATGAGTTATTTATTTTTACTTTGCCTTACATTATTCTTATTGACTATATTCTATTTCTTTGCTTTTATTCAAGATTTA
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7751

7851

7951

8051

8151

8251

8351

8451

8551

8651

8751

8851

8951

9091

9151

9251
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9451

9551

9651

9751

9851

9951

10051
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10451

10551
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10851
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I A P P V V M 8 VM FULI S SV FAULUYVN S KNWNTIETY S G I A Y
ATTGCTCCTCCAGTAGTTATGTCTGTAATGTTTCTAATTAGTTCAGTATTTGCACTGGTTAATTCAAAARAACTGGAATATTGAATATAGTGGAATAGCCT

I L I I 8 ¢ I I I F S I P L M ALI K S PNV FNTEV KIA AUDTZ RILTI
ATATTCTCATAATTAGTGGTATTATTATATTTTCGATTCCTTTAATGGCATTAAAATCACCTAATTTTAATACTGAGGTTAAGATTGCTGATCGATTAAT
D I ¢Q FP WK I AL TTITITIDIULV FTIULVYUL Y RIKETIUVYNTZLUVILSNG
TGATATCCAATTTTGGAAAATTGCTCTAACTATTATAATTGATCTCTTTATTTTGTATCTTTACAGGAAGGAAATATACAACCTTGTTCTTAGTAATGGA
Y T G S NI Q W F F RNATS Y EGEULTU VU RTTFTIRUYVL IRV I D
TATACGGGGTCAAATATTCAGTGGTTTTTTAGAAATGCAACGAGTTATGAAGGTGAATTGACAGTGCGAACTTTTATTCGAGTTCTCATTCGTGTTATTG
vV $ AY I F 66 Y TV F I NNVFUL I Y RHI KU RUPI KDIULILILVYVU?PILULI
ACGTATCTGCTTATATTTTTGGATATACTTTTATTAATAATTTTCTTATCTATCGCCATARACGCCCTAAAGACATATTACTTTTAGTACCTTTATTAAT

F I 8 X T L I §$S GG R QD I I XK I L I A Y V I MMY I Q Q K R K V
ATTTATTTCARAAACTTTAATATCAGGAGGCCGGCAAGATATTATTAAAATTCTGATTGCCTATGTAATCATGATGTATATCCAACARAAACGGAAAGTT

G W NIRV I 8 HK Y I HL G F V GGL I AGTIUP ATFY Y S L F L A G R
GGATGGAATAGAGTCATATCTCATAAATATATTCACCTTGGATTTGTTGGTTTAATAGCAGGTATTCCAGCATTTTACTACTCTTTGTTTTTAGCCGGTC
S TTROTLFTETST VSTZYZLOGGSTIOQHTFNTOQTYTIENTEP?TLTDTPGE
GTTCAACGACTAGGACGCTATTTGAGAGTGTTTCGACCTATCTAGGAGGCTCAATTCAGCATTTTAATCAGTATATTGAAAATCCATTAGATCCTGGTGA
vV F G $S ETUL YV P ILDNTIULGEMSGTULUVDNYRSTTIUHTLETFUZRTL
AGTTTTTGGCAGTGAAACATTGGTGCCTATATTAAATATATTAGGGGARATGGGCCTAGTTAATTATCGTAGTACAATTCATTTAGAATTTCGGACACTA
G VT Vv G NV YTV FFRRZPILHDVFGLV GGM YV F VF AV G A F F
GGAGTTACTGTAGGAAATGTTTATACTTTTTT TAGAAGACCCTTGCATGATTTTGGTCTAGTTGGTATGTATGTATTTGTCTTTGCTGTAGGTGCTTTTT
A I ¥ YL VL RXK X QVGVFNULDTIHTTITIY S Y VP F Y WTIVF L S
TTGCTATTTATTATTTAGTTCTGAGAAAGAAACAGGTTGGTTTTAATTTGGATATTCATACCATTATTTATTCTTATGTCTTTTATTGGATTTTTTTATC
s I E Q Y S FT™MI1I1IS8ULYTUL VF I VLYV Y FMMATITFUVYWTCT D F
ATCAATCGAGCAATACTCGTTCACAATGATTAGTCTATATACACTTGTATTTATTGTGTTGGTTTACTTTATGGCTATCTTTTACTGGTGTACAGATTTT
cps19fi—
K R G K L 1T F K I 8 b s s 1 KL K E E * M N T K I K
AAMAGAGGAAAACTGATTTTTAAAATTTCTGACTCAAGTATCAAATTAAAAGAAGAATAACAGAATGTATAGGAGAGGGTAGATGAATACTAAAATTAAA
N I I T S F 8 Y v I §8 s NL L I VL T™S8 S L V VL I VP KTIMMG VT
AATATAATAACTAGTTTTTCTTATGTTATTTCTTCAAATCTGCTCATAGTTTTAACCTCATCACTAGTTGTTT TGATTGTTCCTARAATAATGGGGGTAA
E ¥ S ¥ W Q L ¥ I F ¥ L T Y I G F F HULGWTIDGTI Y UL K Y G G L
CTGAGTACAGTTACTGGCAACTTTATATTTTTTATCTGACCTATATCGGTTTTTTCCACTTGGGTTGGATTGATGGGATTTATCTCAAATATGGTGGCTT
E ¥ T NL DRIKXKOQF Y S gMIILV F S S F LML I s L VL FTULNL
AGAATATACARATTTAGATAGAAAACAGTTTTATTCTCAGATGATTCTATTTTCTAGTTTCTTAATGCTAATCTCGCTGGTATTATTTACTTTGAACCTA
I T VRDENA AW RYTI Y NMATITI S M TV TNILIRTULYV Y I L Q0 M
ATAACTGTAAGGGATGAAAACGCAAGATATATTTATAATATGGCTATCATCAGCATGACAGTCACAAACTTAAGAACACTCTATGTTTATATCTTGCAGA
T N R L K D S§$§ S VvV I L I §$ DRV L Y VL L L FMUF IV F G WH E Y
TGACAAATCGCTTGAAGGATAGTTCAGTCATTCTAATTAGTGATCGCGTTTTATATGTACTCCTTTTATTCATGTTTATTGTATTTGGATGGCATGAGTA

K vV M I wW A DI L GRTVF S L MUL S F W I C K DIV F Q P L S K F
CAAGGTCATGATTTGGGCTGATATTCTAGGTCGAACATTTTCTCTCATGCTTTCCTTCTGGATTTGTAAAGATATTGTGTTTCAGCCTTTGTCAAAATTT

I LD F K ESLDWNIW RVYVYGINILMILSNTIWASSMTITIGTIVRMAG
ATCTTAGATTTCAAGGAGTCCCTTGATAATATCCGTGTTGGAATCAATTTAATGCTATCTAACATTGCGAGTAGCATGATTATAGGCATTGTTCGTATGG

I Q WNWDNTIETV F G KV s L TUL S I SNILILMTU FTINU ATIGTLYV
GAATTCAATGGAATTGGAATATTGAAACATTCGGGAAAGTGTCATTAACTTTGAGTATATCTAATTTATTAATGACTTTTATTAATGCCATTGGATTAGT

I F P L I K RTX T EWNILU®PIKTIY S5 NILURWNAMLMMILUV VMU FATITULL
TATCTTTCCTTTGATAAAGCGAACAAAGACTGAGAATTTACCTAAAATTTATTCTAATTTAAGAAATGCTTTGATGTTGGTTATGTTCGCAATCTTGCTC

F Y Y P L K F 1 L D I WL P A Y KD ALV F MAULTI FPMS V Y E G
TTCTACTATCCTTTAAAATTTATTCTTGATATTTGGCTTCCTGCTTATAAGGATGCCTTAGTTTTCATGGCCCTAATTTTTCCTATGTCAGTTTATGAAG
K M AL v I N TY L KAMUBERMEI KDTIU LI KTINAILUV VMILTS I V V
GGAARATGGCTTTGGTGATAAATACATATTTAAAAGCAATGAGAATGGAAAAAGACATTCTCAAAATTAATGCTTTGGTTATGTTAACTAGTATAGTAGT
T L. vT©T TL L L NNL GGUL TV VS I VI L L ALI RS TI I AETLTI L
GACATTAGTGACTACTCTACTACTAAATAATTTGGGGCTGACAGTTGTATCTATAGTTATTTTACTTGCTTTAAGAAGTATAATAGCTGAATTAATTTTA
S K K L, X I s v K ¢piIiaUL EILILMTTITIUVF I S S S W Y L S I W I A
TCCAAAAAACTGAAGATATCAGTCAAGCAAGACATTGCTTTAGAGTTACTTATGACGATTATATTTATTTCTTCAAGTTGGTATCTCTCTATTTGGATTG
v I I ¥ L L A Y T L Y L Y L K HKDTI RMMYTIEYF K NUHI KK I s
CAGTAATAATTTATTTATTGGCGTATACTTTATATTTGTATTTAAAGCACARAGATATCAGAATGTATATAGAATACTTTAAAAATCATAAAAAAATATC

cps1HK—

* M K K I M L VvV F G T R
ATAAAAATTATATATCAATGAAATGGTAGATTACATTTCTACCTTTTTATCCATTTAGGAGGAAACGATGAAAAAGATAATGCTAGTTTTCGGTACACGT
P E A I K M ¢C 8 L VN ELRIKSGQEUDMIE KTV V CV T GQQHI KEMV S
CCAGAAGCAATAAAAATGTGTTCATTAGTCAATGAGTTGAGAAAACAGGAAGATATGAAAACAGTTGTTTGTGTAACTGGTCAACACAAGGAGATGGTTA

P VL DL F 6V Q P DY DUL ETIMI KA AN GQNI LU F S I TTI S I L E K
GCCCTGTTTTAGATTTATTTGGAGTTCAACCAGACTATGATTTAGAAATTATGAAGGCTAATCAAAACTTGTTCTCTATAACAATAAGTATTT TAGARAA

I X P V L E K E Q P DI VL VHGDTTTTT Y AAAILA AWM ATFY L G
AATAAAACCTGTGTTAGAAAAAGAACAACCAGATATTGTTTTGGTTCACGGTGATACTACTACGACATATGCAGCAGCTTTAGCGGCATTTTATCTAGGA
I X V G HV EAGLRTTYNUL QS PF PEZEVFNWU RO QST S ITIANY
ATTAAAGTTGGTCATGTTGAAGCTGGATTACGAACTTACAACCTGCAAAGTCCTTTCCCAGAAGAGTTCAACAGACAATCGACTTCTATTATTGCAAATT

H F A P T EUL A XK ENULTI K EGRNNIYUVTGNTTUV IDATLTT
ATCATTTTGCTCCTACAGAATTAGCTAAAGAAARTCTAATAAAAGAGCGGTAGARATAATATCTATGTTACTGGAAATACAGTGATTGATGCACTTACAAC

T Vv Q K DY TH P DL DILNDSGNA RTILTIULTILTAUHI RI RENILTGE P
TACAGTACAAAAGGATTATACACACCCCGATCTAGATTTAAACGATGGAAATCGCCTCATCTTATTGACTGCTCATAGACGCGAAAATCTCGGAGAACCT
M R HM FRAV KRV L NEYDUDUVE K VI Y PTIHI KN NU PILVRE TA
ATGAGACATATGTTTAGAGCTGTTAAACGAGTTTTAAATGAATATGACGATGTTAAAGTAATTTATCCAATTCATAAAAATCCATTGGTACGGGARACAG

T E I F G DT ERTIOQTIIEZ®PLDV VLDV FHNT FMNHESYMTITLT
CTACAGAAATTTTTGGAGATACAGAACGTATTCAGATCATTGAACCTTTAGATGTTCTTGATTTTCACAACTTTATGAATCATAGTTATATGATTCTAAC

D $ ¢6 GV QEEMAZPSLGZ XK P VL VM RDTTEIRUPZETGUVAAGT
TGACTCAGGAGGGGTCCAAGAAGAGGCACCTPCGTTAGGAAAGCCTGTATTGGTCATGCGAGATACGACAGAAAGACCTGAAGGAGTAGCTGCTGGAACG
L K L v & T D EZETTI YNV FI KMILILDUDU®PETETYZ K KXMSURAZSN?P
TTGAAATTGGTTGGGACTGATGAGGAGACTATTTATCAAAACTTTAAGATGCT TTTAGACGATCCCGAAGAATATAAAAAAATGAGTCGAGCTAGTAATC

cps19fL—
Y G NG DA S K QI VRTIULRGTI * M K
CTTATGGAAATGGTGATGCTAGTAAACAGATTGTTCGAATTTTACGTGGAATTTGAGTGTGTTCAGATAAAGTAATATAGAAAGGTACCCTACTATGAAL

¢ I I L A G G S G T RUL Y P L TR AAS K QL M PV Y DI K PMTIYY
GGTATTATTCTAGCAGGTGGTTCGGGGACACGTTTATATCCTTTGACTCGCGCTGCATCAAAACAACTTATGCCGGTTTATGATAAACCGATGATTTACT
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P L §S T L M L A G I RDIULTITISTU®POQOQDILMHIRV FOQETULULGQUDG 8§
ACCCACTTTCAACATTGATGTTGGCTGGGATTAGGGATATTTTGATTATTTCCACTCCACAGGATTTACATCGATTCCAAGAGCTTCTTCAAGACGGATC

E F G L KL §$ Y AZEOQUZPSUPDOGILAOQA AZPFTITIGETETFTISDD SV
TGAGTTTGGGCTCAAACTTTCTTATGCAGAGCAACCAAGTCCAGATGGTTTGGCACAAGCCTTTATCATTGGGGAAGAGTTTATTTCTGATGATAGCGTT

A L I L G DNTI Y HG S GUL S KMTLOQI KMAA ASI KESGATV F G Y H
GCGCTGATCTTAGGTGACRATATCTATCACGGTTCTGGGCTTTCCARGATGCTACARAAGGCAGCGAGTAAGGAGTCGGGAGCAACTGTTTTTGGCTACC

V K D P ERFGVV EFDOQDMI KA ATISTIETZEI K?®PEU QQUPUZ RSN Y A
ATGTCAAGGATCCAGAGCGCTTTGGTGTGGTTGAGTTTGATCAGGATATGAAGGCTATTTCTATTGAAGAAAAGCCAGAGCAACCTCGTTCAAACTATGC

vV T 66 L Y F YDDNUDV YV ETIAI K STII KU®PS P RGETLETITUDUVN K
AGTTACAGGTCTCTATTTCTATGATAATGATGTAGTAGAGATTGCCAAGAGTATTARACCAAGTCCTCGTGGTGAACTGGAMATTACAGATGTAAACAAG

A YL DRGDUL SV EL MG RGVF AWULDTGTHE S L LEA AS QY
GCTTACCTAGATCGTGGTGATTTGTCTGTTGAGCTTATGGGACGTGGCTTTGCTTGGCTGGATACTGGAACTCATGAAAGTTTACTAGAGGCTTCACAGT

I E TV Q RMOQNV Q VA ANILEETIA AYIRMSGYTISsREUDUVL AL
ACATCGAAACAGTGCAACGGATGCAARATGTTCAGGTAGCAAACTTAGAAGAAATTGCTTACCGTATGGGCTATATCAGTCGAGAAGATGTATTGGCCTT

cpsi9fM—
A QPLXKNEJYGSQYULLRTLTIGEHA ATS*MTDNTFETFGEKTTL AR
AGCCCAACCACTTAAGARAAATGAATACGGACAGTATCTGCTCCGTTTGATTGGAGARGCATAGATCACAGATAATTTTTTCGGTARGACGCTTGCGGCA

R K vV EA I P GM L EVF DI P V HGDNIRGWPFP K ENVF QK EI K ML
CGCAAGGTTGAAGCTATTCCAGGCATGTTGGAGTTTGATATCCCCGTTCATGGAGATAATCGTGGCTGGTTTAAAGAAAATTTCCAAAAGGAAAARATGC

P L G F P ESPF F A EGG KL QNNV VS F SR KNWVLRGILHA AE P
TTCCACTTGGATTTCCAGAGTCTTTCTTTGCAGAAGGAAAATTGCAAAACAATGTATCCTTCTCACGTAAARAAATGTCCTTCGAGGTCTCCACGCAGAGCC

WD K Y I SV ADGGI KVL GSWUVDILIRETGETUF FGNTYQ T V
TTGGGATAAGTACATCTCTGTAGCAGATGGAGGGAAAGTTCTGGGTTCTTGGGTTGATCTACGCGAGGGTGAAACCTTTGGGAATACCTATCAGACAGTG

I DA S K G I FVPRGVYVANGT FOQVL SDTUV S Y S YL VND Y W
ATTGATGCGAGTAAGGGAATCTTTGTTCCTCGAGGCGTAGCTAATGGCTTTCAAGTTTTATCAGATACAGTGTCATATAGCTATCTGGTCAATGATTACT

ALETLTEKTPEKTYATFTVNTYHADTPSLGTIETWENTIHA ATEHRBATETUVSE A

GGGCTCTTGAACTCARACCCAAGTATGCCTTTGTGAACTACGCTGATCCAAGCCTTGGTATTGAATGGGARAATATTGCAGARGCAGAGGTTTCAGARGC
cps19fN—>

D KHHPLTLTEKT DT VZ KT PTLTZEKTZEKTETDTLE * M T E Y KNTITI VT

AGACAAACATCATCCACTACTTAAGGATGTAARACCTTTGAARARAGAAGATTTGGAATAAGGAAAGAATATGACTGAATACARAAATATTATCGTGACA

G G A G F I 6GS NVF V HY VY ENV FPDV HVTVUL DI KTILTYA G N
GGTGGAGCTGGCTTTATCGGTTCTAACTTTGTCCATTATGTTTACGAGRACTTTCCAGATGTTCATGTGACAGTCCTAGATAAGTTGACTTATGCTGGAA

R A NI EE I L G NRV EULV V DI ADATETLUVDI KT LA BAGZGQA ATD
ACCGCGCGAATATTGAGGAAATTTTAGGTAATCGTGTTGAGTTAGTTGTTGGTGACATTGCTGATGCGGAGTTGGTAGACAAGTTGGCTGCTCAAGCAGA

A I VHY A A E S HNUDNDNSILNDU?P S P F I HTNV FIGTYTUL L
TGCTATCGTTCATTATGCAGCGGAAAGCCACAATGATAATTCGCTCAATGATCCATCGCCATTTATTCATACTAACTTCATCGGAACCTATACTCTTTTA

E A AR XK Y DIRPF HHV S TDEV Y GGDULUPULU RUEDILUPGHGE G
GAAGCTGCTCGTAAGTATGATATTCGCTTCCACCATGTATCGACAGATGAAGTTTATGGGGATCTCCCTTTACGCGAAGATTTGCCAGGTCATGGTGAAG

P G E K F T AUETJ X YDNU®P S S P Y S S T K AA S DILTIUV K AW V R
GACCAGGTGAGAAATTTACTGCTGAAACAAAATACAACCCAAGCTCTCCGTACTCATCARCCAAGGCAGCCTCAGATTTGATTGTCAAAGCCTGGGTGCG

S F G VvV XA TTI SNUCSDNWDNVYGGE?P Y Q H I EI K F I PR QQTITNIL
TTCTTTTGGAGTCAAGGCAACGATTTCCAACTGTTCAAATAACTACGGTCCTTATCAACATATCGAAAAATTCATCCCACGTCAGATTACTAACATCCTA

S 6 I XK P K L ¥ G E G X NV RDWIHTNUD HS S GGV WITIIU LT K G
AGTGGTATCAAGCCAAAACTTTACGGTGAAGGTAAGAACGTTCGTGATTGGATTCATACCAATGACCATTCTTCAGGAGTTTGGATAATCTTGACAARAAG

Q I 6 ET Y L I G A DG EX KXKNNIKUEV L EL I L KEMGU QQAAD A
GGCAAATCGGTGAAACCTACTTGATTGGGGCTGATGGTGAGAAGAACAATAAGGAAGTTTTGGAACTTATCCTTAAGGAAATGGGACAAGCTGCGGATGC

Y D H VTDIRAGHT DU LU RYATIUDA ASI KU LRUDETLGWI XK PEVF TN
CTATGATCATGTGACTGACCGTGCAGGACATGACCTTCGCTATGCGATTGATGCTAGCAAGCTCCGTGATGAGTTGGGGTGGAAACCTGAATTTACCAAC

F E A G L XK A T I KW Y TDDNGQUEWWI KA AZEI KEA AV EA ANYAI KT Q
TTTGAAGCTGGGCTCAAGGCAACAATCAAGTGGTATACAGATAACCAAGAATGGTGGAAAGCAGAGAAAGAAGCTGTTGAAGCCAATTATGCTAAGACTC

cps19f0—
E I I T Vv * M I L I T
AGGAGATTATTACAGTATAAAAAGCAGGAAATAGCTGCTTTTTATTGCTATATTGGGAAGAGTTACATATTAGAAAGGTCTAGAGATGATTTTAATTACA

G A NGOGOQUL GGT EL R YL L DE RNUEE Y V AV DV AEMUDTIT D A
GGGGCAAATGGCCAATTAGGAACGGAACTTCGCTATTTATTGGATGAACGTAATGAAGAATACGTGGCAGTAGATGTGGCTGAGATGGACATTACCGATG

E MV E K V F EEV KU?PTTUL VY HUCAAY T AV D AAETDE G K E
CAGAAATGGTTGAGAAAGTTTTTGAAGAGGTGAAACCGACTTTAGTCTACCACTGTGCAGCCTACACCGCTGTTGATGCAGCAGAGGATGAAGGAAAAGA

L D F A IDNWVTGT XNV VA AIRA ASZSEI KHGHATTLUV Y I S TODY V F
GTTGGACTTCGCCATCAATGTGACGGGGACAAAAAATGTCGCAAGAGCATCTGAAAAGCATGGTGCAACTCTAGTTTATATTTCTACGGACTATGTCTTT

D G K K PV G Q EWEVYVDDUZ RZ®PDU®POQTEYGRTI K RMGETETL V E
GACGGTAAGARACCAGTTGGACAAGAGTGGGAAGTTGATGACCGACCAGATCCACAGACAGAATATGGACGCACTAAGCGTATGGGGGAAGAGTTAGTTG

K HV S8 NF Y I I RTAWVV FGNYGI KNV FUVF TMOQNULA AT KTH
AGAAGCATGTGTCTAATTTCTATATTATCCGTACTGCCTGGGTATTTGGAAATTATGGCAAAAACTTCGTTTTTACCATGCAAAATCTTGCGAAAACTCA

K T L TV VNDQYGRUPTWT T RTULAETFMTYULATENT RIKETF
TAAGACTTTAACAGTTGTAAATGACCAGTACGGTCGTCCGACTTGGACTCGTACCTTGGCTGAGTTCATGACCTACCTAGCTGAAAATCGTAAGGAATTT

G Y YHL 8 NDATEDTTWY YDV FAVETIULI KDTUDVEUVIZ K P VD
GGTTATTATCATTTGTCAAATGATGCGACAGAAGACACARACATGGTATGATTTTGCAGTTGAAATTTTGAAAGATACAGATGTCGAAGTCAAGCCAGTAG

S S Q F P A K AU KU RUPILWNSTMSILAI KA ATZ KA ATG GV FUVIU?PTWOQTD
ATTCCAGTCAATTTCCAGCCAAAGCTAAACGTCCGCTAAACTCAACGATGAGCCTGGCCAARGCCAAAGCTACTGGATTTGTTATTCCAACTTGGCAAGA

A L Q E F Y K Q E V R *
TGCATTGCAAGAATTTTACAAACAAGAAGTGAGATAAGTAGTAGAATGATTTTCTAGTCTAATAAAAGAGGCAGATAATGAACTCCAAAGGAGCTTAAGA

TGTACGATTATCTTGTTGTTGGTGCTGGTCTCTTTGGCGCATAGCTTTGGCTCAGTTTCTATTATCGCTCACACCATCCATCAGAAGTTTAATCTGAAGG
TACCCAATTATCGCCAAGAAGAAGATTGGGCTAGGATGGGTTTACCAATCACACGTAAGGARATCTCTAATTGGCATATCAAGGCAAGTCAATACTATTT
AGAGTCCCTTTATAACCTTTTACGAGAAAAGTTGTTAGAACAACCTCTTCTTCATGCGGATGAAACCTCTTATCGGGTCTTAGAAAGTGATAGTCAGCTG
ACCTACTATTGGACCTTTTTGTCTGGGAAAGCTGAGAATCAAGTAATCACGCTTTACCACCATGATCAGTGTCGGAGTGGTTCGGTAGTGCAAGAATTCC
TAGGAGATTATTCTGGCTATGTGCATTGTGATATGTTGCGGCAGTAACTTAGGACTTTAGTCCTCTAGTTCTGTCTATGCGATAGCAGTCCAAGGTTTAG
GAGCAAGGCGACGCTAAGCTTGGTARACTGCGAACCGCTAGAAGCTTATCGTCAACTGGAAGAAGCTGAACTTGTTGGATGTTGGGCGCATGTGAGAAGG
AAATTTTTTGAAGTGCCCCCCAAGCAAGCAGATAAATCATCCTTAGGAGCTAAAGGTTTAGCTTATTGTGATCAGTTATTTTCCTTGGARAGAGACTGGG
AGGCTTTGCAGCTGATGAACGACTACAGAAACGTCAAGAACATCTCCAACCCCTAATGGAAGACTTCTTTGCTTAGTGCCGTCGTCAGTCAGTTTTATCG
GGTTCAAAACTAGGAAGGGCAATTGAATACAGCCTCAAGTATGAAGAAACCTTTAAGACCATTTTAAAAGACGGACATCTGGTCCTTTCCAATAATCTAG
CTGAACGCGCCATTAAATCATTGGTTATGGGACGGAGTAAAAGAGTCCAGTGGACTCTTTTAGCCTAAGCTAAATTTTAAAAAGCGAGGGTGGTTATTTT
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CTCAAAGTTTTGAAGGAGCTAAAGCAAGAGCTATTATTATGAGCTTATTGGAAACAGCTARACGTCATCAACTAAATAGTGAGAAATATCTATCCTATCT
TCTAGAATGTCTTCCAAACGAGGAAACTCTCGTAAACAAAGAGGTTTTAGAGGCCTATTTACCATGGACTAAAGTTGTACAAGAAAAGTGCAAATAAGAR
ATCTCCAGATTAGGAACTATCCGTGAGTTCACTAATCTGGAGATTTTTCAATAGACCTCGTTATTGGGCGGTTACGATATTCATATTTTTTGCARAGATG

aliA—>
M K
TTGTTTGAAAAATAATTTTCAAAAATTCTGAAAATTCTGTTGACATCTTTC TGAAAAGAGTCTATAATGGAGAGAAAGTTTTAAAGGAGAARATGATGAA
§$ §$ K L L, AL A GV TLLAATTULAAUCGCSGS G S ST KGEI KT
AAGTTCAAAACTACTTGCCCTTGCGGGCGTGACATTATTGECGEGCGACTACTTTAGCTGCATGCTCTGGATCAGGTTCAAGCACTAAAGGTGAGAAGACA
L §$ ¥ I Y ETD P DNILINVYIL TTAI KA AA AT ANTIT S DV YV DG L L
TTATCATACATTTATGAGACAGACCCTGATAACCTCAACTATTTGACAACTGCTAAGGCTGCGACAGCAAATATTACCAGTGACGTGGTTGATGGGTTGC

ENDU R Y GNF V P S MTEDWS VS KD GULTTU YT YTTIIRIKDA
TAGAAAATGATCGCTACGGGAACTTTGTGCCGTCTATGACTGAGGATTGGTCTGTATCCAAGGATGGGTTGACTTACACTTATACTATCCGTAAGGATGC

K W Y T SV G V EYAAV KAQDF V AGULI K Y AADIKI K SDA ATL
TAAATGGTATACTTCTGTGGGTGTAGAATACGCGGCAGTCAAGGCTCAGGACTTTGTGGCAGGGCTTAAGTATGCTGCTGATAAARAATCAGATGCTCTT

Yy L VQ E S I K GGLDGYVKGETIIZ KDYV FSQV GIZ XA ALDEZOQTUV
TACCTTGTTCAAGAATCAATCAARGGATTGGATGGCTATGTCAAAGGGGAAATCARAGATTTCTCTCAAGTAGGAATTAAGGCTCTGGATGAACAGACAG

Q Y T L N K P E § F
TTCAGTACACTTTGAACAAACCAGAAAGCTT
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APPENDIX II

The nucleotide and deduced amino acid sequence of the serotype
specific region of the cps19b locus.

The amino acid translation for each ORF is represented by single letter code above the

first nucleotide of each codon. Possible ribosome binding sites are underlined. The Gen-

Bank accession no. is AF004325.
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P L HL M G V N A DK I NQ CH T™DEI KTII KU KTIUVNZEZSSGTITINA ATD
CCACTACACTTGATGEGEGTGAATGCTGATAAAATTAATCAGTGCCATACAGATGAGAAAATCAAAAANATCGTTAATGAGTCAGGAATCATTAATGCGG
G A S V VL A S X FL GT PV PER VAGIDILMOGQECTLTULTETL SN
ATGEAGCATCAGTTGTTCTTGCAAGTAAGTTTTTAGGAACGLCTGTTCCTGAACGAGTAGCGGETATTGATTTGATGCAATGTCTTTTAGAGTTGTCARA
K X G Y S VY F F G A K EEVUL Q DML KV F KRDYPNILTIVTI
TAAAAAAGGATATTCAGTTTACTTTTTTGGAGCAAAAGAAGAAGTTTTGCAAGATATGCTCAAAGTATTTAAGAGAGATTATCCAAATTTGATAGTTATT
G H R NG Y F S EEDESGQA ATIQEDTIREI KNUPDFUVF I GIT S P
GGACACAGAAATGGCTATTTTTCTGAAGAGGATGAACAAGCTATTCAAGAAGATATTCGTGAAAAGAACCCTGATTTTGTGTTTATTGGAATTACGTCTC
K K E Y I I Q K F M D S GV NSV F MGV G G S F DVIL S GH I Q
CTAABRAAAGAATATATTATTCAAAAATTTATCGCGATAGTGGCGTCARTTCGGTATTTATGGGAGTPGGCGGTAGTTTTGATGTCTTGTCTGGTCATATCCA
R AP L WMOQU K SNTILUZEWTILT FI RV ANZEZPI K RTILTFI KU RYFUVG NI
ACGAGCACCTCTATGGATGCAAAAGTCAAATTTAGAGTGGTTATTCCGTGTAGCTAATGAGCCTAARCGTCTCTTTAAACGTTATTTTGTAGGGAATATT

cps19bG—
S F I G KV LZXKAE KT RTGTVEKY * M I R L I Q KV ELTDA A I K
TCATTCATAGGAARAGTTTTAAAAGCAAAAAGAGGTGTAAAATATTGAACCAGACAGAGATGATTCGCTTAATTCAAAAAGTTGAATTAGATGCTATAMA
EF KK I CEENODTITPDTFTFTLT RTGTGSVLGATYVZEKTYDGTFTIZPWD
AGAGTTTAAAAARATCTGTGAAGAGAATGATATAGATTTTTTCCTCCGCGGTGGTAGTGTACTTGGTGCAGTCAAATACGACGGCTTTATTCCATGGGAT
DDMODTIATYVT P®RETGATYDIEKTLT®PSVFEKT DR RTITIAGTE KT YOQVILTYQ
GATGATATGGATATCGCTGTCCCTCGTGAAGCATACGACAAACTTCCAAGTGTTTTCARAGATAGAATTATCGCTGGGAAATATCAGGTTCTTACTTATC
Y ¢cDTDLHOGYTFTPRTILTFTLTILETSDTETZRTE KT KL GL®PRINTNTLGTLH
AATACTGTGATACGTTGCATGGCTACTTTCCTCGACTATTTCTTTTAGAAGATGAAAGAARACGTTTGGGCTTGCCACGAAATACCAATCTGGGATTGCA
L IDTITIGPLODGATPNTIHTST VLR RTEKTITYTFSGE KV VJYWYZRTFTLASTL
TTTGATTGATATCATTCCTTTAGATGGAGCACCAAATCATTCGGTTTTARGAARGATTTACTTTGGTAAAGTATACTGGTATCGTTTTTTAGCAAGTTTA
G TTYVGDHHVYV DMHSTE KS QI XZLTITI®GTFTFZEKEKTLSGTFA AZEKTLTFPQ
GGAACAACTTATGTTGGCGACCATGTGGATATGCATTCCACTAAGCAARAACTAATTATTGGTTTCTTTAARAARCTAGGATTTGCARAACTATTTCCTC
N SV YRRLTDINTILTYZXKTZKTYTDWZ KTZ K QE KT YA AGTTINHA ASTELTFATKE
AAAATTCTGTATACAGACGCTTGGATAATCTCTATAAAAAGTATGATTGGAAARAGCAGAAGTATGCTGGGACTATCAATGCTTCTTTATTTGCCARAGA
vV MPVETLWSGET® GYVTETKT PFETDTTFTFTIKTVT®PTG?YDRYTLZEKTRL
AGTTATGCCAGTAGAGATTTGGGGAGAACGAGTAGAGAAGCCTTTTGAGGATACCTTCTTTAAAGTTCCAACGGGGTATGATCGCTACCTGAAARGACTT

cps19bH—

Yy G ENY L HEEU®PSUDUDEI KT KSHTULGG * L F C Y I I L H Y K
TACGGAGAAAACTATCTTCACGAAGAGCCGAGTGATGATGAAAAGAAATCGCATTTAGGGGGATARARAATTTGTTTTGTTATATTATTTTACATTACAAA
v L DETTI SCVZ K STIZXEGNSNUEIZ KUZ GQTIUVVITIDNTFSNNDNGT G
GTCTTAGATGAAACTATTTCTTGTGTTAAATC TATAAAAGRAGGCAATTCCAATGAAAAGCAAATCGTTATTATTGATAATTTTTCTAATAATGGTACAG
E K L Q EL Y E S ODULETIDVUILINUHEDNA ASGT FA ARG GNNUVA Y Q
GTGAAAAACTACAAGAGCTTTATGAATCAGATTTAGAGATTGATGTATTGATTAACCACGAAAATGCTGGATTTGCTCGAGGARATAATGTAGCTTATCA
F A KE X YNUPDTVFMVIMNNDTIETITETETDTFEIZ KTIUVTUDTIY
ATTTGCTAAGGAAAAGTATAARCCCCGATTTCATGGTTATCATGAATAACGATATTGAGATAGAAACAGAAGATTTTGAAAAAATCGTGACAGATATCTAT
H XK E XK F HL LGUPDTIF STTVY QL HQNUPIE KU RTLTHYTYEEV
CACRAAGAAAAATTTCATTTGCTAGGGCCAGACATTTTTTCGACAACATATCAGCTACATCAAAATCCTAAACGCCTGACACATTATACTTATGAAGAGG
v AL N E X P KRGS QL S$L T UL K I K CWULI XA ASIZ KUVLRTATI
TAGTGGCTCTCAATGAAARATTTAARAGAGGGAGCCAACTTAGTCTAACTTTAAARAATCAAATGTTGGTTGAAAGCTAGCAAAGTTCTTCGARCAGCAAT
Y Q N R R KK G S VDUHKZRIKUGQVENU PTIULHSGST FTIVY SRDTFI
CTATCAAAATAGACGTAAARAAGGATCAGTAGACCATAGAAAACAGGTAGAAAACCCGATTCTTCATGGTTCCTTTATTGTATATTCGAGAGATTTTATT
E K EEYAPFNTULNTULTFYYETETIULDYEAETLI KTGYZ XRTIVYT
GAAARAGAGGAGTATGCTTTTAACCTTAATACCCTCTTTTACTATGAAACAGAGATATTAGATTATGAAGCTGAGTTAAAAGGATACARGAGAATTTATA
P K I XK VL HHQNUVATNA GQUV Y TTDNIULVEZKTULTFSDNI KTCNF E
CACCGAAGATTAAGGTTTTACACCATCAAAATGTGGCAACARATCAGGTT TATACAAACTTAGTAGAAAAAACTTTCTTTTCARACAAATGCAACTTTGA
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s TS Y F L TL MEI KNE * M M K K Vv L ¥ Vv "™ N V D W DN W I K Q
ATCCACTAGTTATTTTTTAACTTTAATGGAGAAAAATGAATAAAAAATGATGAAAAAAGTTTTATATGTGACARATGTTGATTGGAATTGGATAAAACAA
R P Q F I A ENL SNV F Y EMTULUVLYRYWYNURIKIGTLTEUDIZ RNT
CGTCCACAATTTATTGCAGAARACTTATCTAATTTTTATGAGATGCTAGTTCTGTATCGCTATTGGTACAATAGARARGGATTGACTGAGGATAGAARTA

N I T N I §8$ R I ¥ A L P F V NR S P KILI KQULNDI KTIUVAWNTIR
CTAACATTACAAATATATCACGTATTTATGCCCTACCTTTTGTTAATAGGTCACCGAAACTAAAGCAACTGAATGATARAATTGTTGCTTGGAATATTCG

R K VvV X A F K P E Y VY LTNUPMOGQUVFA ASULVDNSEUQI KTITITYD
AAGAAAAGTTAAGGCTTTTAAACCGGAATATGTATATTTGACAAATCCAATGCAGTTTGCATCTCTTGTAGACAATTCAGAACAAARAATAATATATGAT
C M DY HV A V¥ I ENREERUOQOQIRTLIEKUDTLEEI KT LUVNI RANILTITLYV
TGTATGGATTATCATGTGGCTTTTATAGAAAATAGAGAAGAACGTCAGCGATTAAAGGATTTAGAAGAGAAACTGGTCAATAGAGCTAATTTAATCTTGG

S §$S E XK L R ENI I S DY NULEZEU QU VNIZ KTIUVVVRNGTYNSUGIKI
TTTCGAGTGAGAAACTAAGAGAAAATATTATTTCTGAT TATARCT TGGAAGAGCAGGTTAATAAAATAGTGGTTGTTAGAAATGGTTATAATGGTAAAAT

L S I P T R HIK KN NNUGQ KL VLAYV GG TI S HWU FUDT FUDTITITLR
CTTAAGCATTCCTACTCGGCATAAARARGAATAACCAARAGCTTGTACTTGCATATGTTGGAACTATCAGTCATTGGTTTGACTTTGATATCATTTTACGA
S L K D F DNTIEYDNULTIGU®PTI S KADTIU®PEUHT DI RTIIHYTULGS VP
AGTTTAAAAGATTTTGATAATATTGAATATAATTTGATTGGTCCGATTAGCAAAGCTGATATTCCTGAACATGATAGAATTCATTATTTAGGAAGTGTAC

H E XK I Y QY I ENADVILIMZPUFOQINDTIUVEH AUVUDUZ?PUVI KLY
CACACGAGAAGATTTATCAGTATATTGAGAATGCAGATGTTCTGATTATGCCGTTTCAAATTAATGATATTGTTGAAGCAGTGGATCCAGTCAAGTTGTA

E Y I N F K KNI L TV CY XK EILIRUPFEUPTVFV Y MY S NUYUL D Y
TGAATATATTAATTTTAAAAAAAATATACTTACGGTATGTTATAAGGARATTCTGAGATTTGAACCATTTGTATACATGTATTCARATTATTTAGATTAC
Q M N L L ¢ L I ENNNILIKYDSTIARUEDU FTULI K SUNU A AZMWEI KT R A E
CAAATGAATTTGTTGCAATTGATTGAARATAATAATTTGAAATATGACAGTATAGCTAGAGAAGATTTTT TGAAARGTAATGCTTGGGAAAAAAGAGCGG

cps19bI—

L I H Q L I N Q L * M K R Q K F E F I E I L ¥ Y F T V
AGCTGATTCATCAGCTGATTAACCAATTGTAATTTTTTATGGAGAGATGAATGAAGAGACAGAAGTTTGAATTTATAGAGATTCTATACTATTTTACAGT
M L S VvV G M F LM F TULSULYWHURNUILILTTIULSTI ATLSU FUL ML
GATGTTATCAGTGGGAATGTTTCTTATGTTTACCCTCAGCTTATATTGGCACAGAAACTTATTAACTATTTTATCTATTGCTCTCTCATTTTTAATGCTT
P I L I vV N A KR I S XK s AaAPF I Y TVPF L S I CT1I I Y ETITULIRAI KT
CCTATACTGATTGTTAATGCTAAAAGAATTTCTARATCTGCTT TTATCTATGGTACTTTTTTATCTATATGTATTATATATGAGATATTAAGAGCTAAAA
L ¥ N Y SV S NIV F LA SUROQYIWTIVFULUV FVF VLI Y L F KN K Q
CACTGTATAATTACAGTGTGAGTAATATTTTTTTGGCCTCTAGACAATATATATGGATTTTTCTATTTTTTGTATTGATTTACCTTTTTAAAAACAAACA
E NMRIEX I L DNTPTLNTI FMUVFSUL GTIU®RAFTWFULUYTULTF Q V
AGAAAATATGAGAAAAATTTTAGATAATACACTCAATATTTTTATGTTTTCTCTCGGAATTAGAGCATTTACTTGGTTTTTATATACGTTATTTCAAGTT
E L F P S$ I L R EPF GDULW Y RNEVF SV R IDSGTU?®PTZLTITITIGTULUL
GAATTATTTCCATCTATTTTAAGAGAATTCGGAGATTTGTGGTATCGAAATGAAT TTTCAGTACGAATAGATGGAACACCATTAATTATAATAGGTTTGT
I S T F F Y F K F GNZRIK YV F Y YL F L I LMYTITT FU VNI GQTRUV
TAATTTCCACTTTTTTCTATTTTAAATT TGGAAATAGGAAATACTTTTATTAT TTGTTCTTGATATTAATGTATATAACATTTGTAAATCAGACAAGAGT
L L vs VL I s I F LMV FVF S RIRTSURUDLLTSULSF VTTI I I
GCTACTGGTTTCTGTTTTGATTTCAATTTTTCTTATGTTTGTATT TTCTAGAAGAACTTCTAGATTGCTCACCTCTTTAAGTTTTGTAACTATAATTATA
A F VY GG G LD Y I K A YLNTIDASGTU FUDULSGTU LGV FRY WE L K
GCATTCGTTTATGGAGGTGGATTGGATTATATTAAAGCATATT TAAATATAGATGCTGGAACATTTGATCTGGGATTAGGATTTAGATACTGGGAGTTGA
Yy YL G L L A I DFCTLGVYVGIULTSSUNTINSZSNUTFTIIULA ASG P S
AATACTATCTGGGTTTATTGGCTATTGATTTCTGTACCCTTGGTGTTGGAATTCTAACATCAAGTAATATARATAGTAATTTTATTTTGGCTGGGCCAAG
A V K MY L DDUL GG F L ELF V QF GV AATIU FMYGYTIV F YKL
TGCTGTTAAGATGTATCTAGATGATTTAGGTTTTTTAGAGTTATTCGTTCAATTTGGTGTAGCCGCAATTTTTATGTATGGTTATATATTTTATAAATTA
I N L I L R M S NUDI K Y RVDIRATFY FIALULTNWNIULTITIT TS STI S L N
ATCAATTTAATTCTAAGAATGTCAAATGATAAATATAGAGTTGACCGCGCCTTTTTTATTGCACTCTTAACTAATTTAATAATTACTTCAATTTCTTTAR

I F G A Q R S F 8L A I VL ALTIUF Y Y DY RULIKNUDVEN™
ATATCTTTGGAGCGCAGAGAAGTTTCTCATTGGCAATTGTTCTTGCATTAATATTCTACTATGACTATAGGCTGAAAAATGACGTAGARAATTAGGTGTA

cps19bQ—

M D K Vv ¢ I v I L N Y NNYETETTIUEZRUVQ S L RS TTIIXK SN E Y
TAATGGATAAAGTATGTATAGTTATTCTCAATTATAATAATTATGAAGAAACGATTGAGCGTGTACAAAGTTTGAGAAGTACTATAAAATCAAATGAGTA
D I v I Vv D NN SV ND SV K ETLSI KA AULSUPTII KIITS L E N R
TGACATCGTGATTGTAGATAATAATTCGGTGAATGATAGTGTCAAAGAGTTATCCAAGGCGTTATCCCCTATTAAGAT TATTACTAGTTTAGAAAATAGA
G Y A NGN NI G I K Y A EDNSGYD Y I CTILNINDTULTIEV DF
GGATATGCGAATGGAAACAATATTGGAATAAAGTATGCTGAGGATAATGGATATGATTACATTTGTATATTAAACAACGATACATTAATTGAGGTTGATT
L E 8 ¢C K R EL ENNSV FUVAU/F YV S PVL YV EY KXKUDNIUNILUVQ S T
TTTTGGAATCGTGTAAACGAGAACTAGAAAATAATTCCTTCGTTGCCTTTGTTAGTCCAGTGTTAGTTGAATATAAAGATAATAACTTGGTACAATCTAC
G 6 DI F I NURGTI VT™LI KN HSGA A QR RUDI KTLU®PSI KTTIESTUDZY I G
AGGTGGTGATATTTTTATTAATAGGGGAATTGTAACTTTAAAAAATCATGGTGCTCAGAGAGACAAACTTCCTTCTAAAATCGARAGTGACTATATTGGG
G A CL M F X TS I L K I I GY I PESYFULVF Y EETEWTCY R A
GGAGCATGTTTGATGTTCAAAACCTCTATCTTGARAATTATTGGATATATACCTGAAAGTTACTTTCTATTTTATGAAGAAACTGAATGGTGTTATAGGG
XK K L 6 Y X NI CL T Q S Y V Y HZKXK G SV S TII KA AVNSGTLZGQE YL
CTAAAAAATTAGGCTATAAGAATATATGCCTTACTCAAAGTTATGTGTATCATAAAGGTTCGGTCTCTATAAAAGCGGTCAATGGACTTCAAGAATATTT
M A R NR V V F VR RNTINUGSI KILI K Y S AV F UL F YL FMOQOQUL Y H
AATGGCAAGAAATAGAGTTETATTTGTTCGTAGARATATAAATAGCARACTAAAGTATTCTGCTTTTTTGTTCTATTTATTCATGCAACAACTTTATCAT
¢ FLRRDU CS S KR RIEKYI KYYULDGVYVFNAZ RTIDU PSYU?PVFTITVFI S E
TGCTTCTTGCGAAGGGATTGTTCTAAAAGAAAGTATAAATATTATTTAGATGGTGTATTTAATAGAATTGATCCATCCTATCCATTTATTTTCATAAGCG

*

AATAAGTTACTACTTATAACTGTAGATGCACTAAGATAATTATAGTAGACTGAATCTAAAATAGTACGAAATAATTGCTAAAACATTTATAGAAATTAAT
TTTACTTTCCTAATCGATTTGTTCTTATC TTATTTCAATCTGCTATAGATTARATAAGTGAAGAAAGTGGTCATTATAGGAACATARTTTAACATAGTTA

cpsI9bR—

M XK M F DI S Q I KT X TV AU FDT F FDTVVHURNTCUHUPE Q
ggTGAAACATGAAAATGTTTGATATATCTCAAATAAAAACAAAAACAGTTGCATTTGATTTTTTTGATACTGTTGTGCATAGGAATTGTCATCCTGAGCA
I L Y Q W A K EMATLEVDNTFNTISU®PSIUL Y QIIZRIKSVENTNK
AATTTTGTATCAGTGGGCTAAGGAAATGGCTTTGGAGGTGAATTTCAATATATCTCCTTCAATATTATATCAAATCAGAAAAAGTGTCGAARACAATAAR
K L ¢ T EEM CVYL DLUL S G I Y NZETIUZ KU DI KTIZ KNTSZ KETETFIH
AAGTTAGGCACTGAAGAAATGTGTTATCTAGACCTTTTGTCTGGAATATATAATGAAAT TAAAGATAAGATAAAAAATACATCGAAAGAAGAGTTTATTC
R A K I L E L K I EL Q@ H I YLD S ETIIZ KEUVTLIE KIEKTLIEKSUDS K Q
ATAGAGCTAAAATTCTAGAGTTGAARATTGAATTACAACATATTTATTTGGATTCGGAAATTARAGAAGTTTTAAAAARATTGAAAAGTGATTCAAAACA

I I L VvV 8 DF Y TDJIKETZLTIETV VLI KI KT FETITFUDYT FS s IUY IS
GATTATCTTAGTTTCTGATTTTTATACTGATAAAGAATTAATAGAAACTGTATTAAAAAAGT TTGAAATTTTTGATTATTTCTCTTCTATCTATATTTCG
S E XK G CRK S TG NUL Y XL ILIEKE ELGILNUZ PTIZETITMMTIGUDNTC
AGTGAGAAAGGTTGCCGTAAATCCACAGGAAATTTATATAAGTTAATTTTAAAAGAATTAGGCTTAAATCCTATAGAAATTACCATGATAGGAGATAATT

K § D YEV PR SLGILWNA BABTIVYURU®RYTIDIXKXNDNSTV VS EIZ XKETLVR
GTAAATCTGATTATGAAGTGCCGCGTTCTC TAGGATTAAATGCTATTTATAGACGATATATAGATAAAAATTCARCAGTGTCAGAGAAAGAGT TGGTAAG
L ¥ D QI L F $ NS K KAUPVFNIVFULADTIUVF FT FTISETLUHTZ KI KM
ACTCTATGATCAAATTTTATTTTCTAACAGTAAAAAAGCACCGTTTAATATTTTTTTAGCTGACATCGTATTTTTTATTTCGGAATTGCATARAAAGATG
I Q DDV QI AL F F CSQREGQULULI KR®RTILFDTIVYOQDTT FTU LR EN
ATTCAGGATGATGTTCAAATAGCACTCTTTTTTTGCTCAAGAGAAGGACAGTTATTGAAAAGACTTTTTGATATATATCAAGATACTTTTTTGAGAGAAA
Q K 1T ¢ T E Y F Y V SRR STUL Y S S F T S L ENZEETFEMTIF R
ATCAAAAGATTTGTACAGAATATTTTTATGTTTCTAGACGATCGACATTATATTCTTCTTTTACTTCTTTAGAGAATGAAGAATTTGAGATGATCTTTCG
Q ¥ K K I ™ L ¢ N F L L N L NPF S NNETITULTIUCSGQDIULNUV VI KUPT
TCAATATAAAAMAATTACGTTACAAAATTTCTTATTAAACTTGAACTTTTCTAATAATGARATCACATTGATTTGTCAAGATTTARATGTGAAACCTACA
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Y vV L TV DDUHILULENILIZRIKUHKEKZPAGQ@F F I KX F NQEI KI KUDS QUL L R
TATGTATTAACAGTAGACGATCATTTATTAGAGAACCTAAGAAAACACCCTCAGTTTATTAAGARGTTCAATCAAGAGAAAAAAGATAGCCAATTACTAC
E Y I K HL T KNI RNUEAY LV DV GGWIKGTTI QDS IXKI KA ATLP
GTGAGTATATTAAGCATTTAACAAAMAACCGAAATGAGGCATATTTAGTTGATGTAGGTTGGAAAGGAACGATACAAGATAGTATCAAAAAGGCTCTTCC
D KR IV GGY YL GL ML NV Y SV ENIZ KTDI KTSGULULVF S DY P
AGACAAGAGAATAGTAGGATATTATCTAGGATTGATGCTCAATGTTTATTCAGTAGAAAATARAACGGATAAAACTGGTTTATTATTTTCTGATTATCCA
S K S K F Y DI Vv S RNV FGVF Y EDTI F VADUHGU®PUV LI K YXKE S
AGTARATCGAAATTTTATGATATTGTGAGTAGAAATTTTGGTTTTTATGAAGATATTTTTGTAGCAGATCATGGTCCAGTTTTGAAATATAAAAALGAGA
D I I P I I D DDIKIKUHV S I Y Q AV KDY Q EE ETULUVULGTF S EI
GTGATATTATCCCCATTATTGACGATGATAAGARACATGTGAGTATTTATCAGGCAGTTAAAGATTATCAAGAAGAGTTAGTATTAGGATTTTCAGAAAT
L E A Y K KM K F L PF E @ KNILWILTMSUL K KET CTIYTIUZPI KL
TTTGGAAGCTTATAAGAAAATGAAGTTTCTCCCTTTTGAACAAARAAATCTGTGGCTAACGATGTCGCTAAAAAAAGAATGTATTTATATACCTAAGTTA

S P S E S L K E KV V ENUV FGE I V TL X TTK KK S I KTULIULRE
CAATCATTTTCTGAATCTTTAAARGAARAAGTTGTTGAAAATTTTGGTGAGATAGTAACTCTTAAGACTACGAAAAAATCTATARAAACGTTATTAAGAG
XK §$ D LL WVDUPVYRILVF G GVNYFILFIUPEILYTTI RV IV FULL
AGAAAAGCGATTTACTTTGGGTTGATTTCGTTTATAGATTGTTTGGTGGTGTCAATTTCCTATTTATTCCAGAATTATATACAAGAGTTATATTTTTATT

XK YL DL KLRULIKNYGE *

cps19bJ—

M 6 N K 8 I K L NALLNTIUVILTIULSNTITI
GAAATATTTAGATTTGAAATTGAGGTTGAAAAATTATGGGGAATAAATCCATAAAGTTGAATGCATTATTARATATTGTCCTGACGCTATCAAATATCAT
F P L I TV F P Y I S R I LNWUPWNZGTIGULTS SV FVF S 8 I GG NYG I L
TTTCCCATTAATCACTTTTCCTTATATATCTAGAATATTGAATCCARATGGTATAGGTTTAACTTCATTTTTTAGT TCAATAGGGAATTATGGTATTTTA
L A SLGI S TY G I XK A VA SV RDUDU RUDI KT LSI KV V Q0 ETLMMTITI
CTTGCTTCTCTGGGAATTTCAACTTATGGTATCAAAGCAGTAGCAAGTGTTAGAGATGATAGAGATAAGTTGTCAAAAGTAGTACAGGAGTTAATGATTA
N v A M 8 I I T TATIULULU P MTTIF I TOQULDNIREUFSLL L I T C
TAAACGTTGCTATGTCTATAATAACAACTGCAATACTATTATTTATGACTATATTTATAACACAATTGAATAGAGAATTTTCACTCCTATTGATCACATG
¢ T I L S 8 P F A LNWIULYSGMEEYTYTITT RS VYV F K IL
TGGGACTATTTTATCTTCTCCTTTCGCCTTAAATTGGTTGTATAGTGGAATGGAAGAATATACGTATATTACTACTAGGTCAGTAGTGTTTAAAATTCTA
$ L I L I F L L v X R P ED Y I V F A S I § L F 8 s L 8 8§ N I L NL
TCATTAATATTCATTTTTCTACTTGTGAAAAGGCCAGAGGATTATATTGTTTTTGCTAGTATTTCATTGTTTTCTTCTCTAAGT TCAAATATCTTARATC
W H S R HF I NI K L Y KNUILGQU FK Y HPFXK PMMWY L F A S L L A
TATGGCATAGCCGACATTTCATTAATATTAAATTATATAAAAATTTACAATTTAAATATCATTTTAAACCAATGTGGTATTTATTTGCCTCATTACTTGC
vV N I ¥ TDNULDTVMUL G PF I NUGNEA AUV G Y Y S VA S KV KWI
AGTAAATATTTATACTAATTTAGATACAGTGATGCTCGGTTTTATTAATGGTAATGAGGCTGTGGGATACTATTCTGTGGCATCAAAGGTTAAGTGGATT
L L s L I TSI S AV L L L RULSVF Y I 8 KNIDT SNV FTIKMTUL K E
TTGCTTTCTCTTATTACATCTATTAGTGCAGTTTTGCTACTGAGACTTTCATTTTATATTAGTAAAAATGACACCTCGAATTTTATARAAATGTTARAGG
S §$ AV I F F I A I P L MV F F IV EAIKDSTITLTLILSGSGSsSQ Y L
AGTCATCTGCGGTTATATTTTTTATTGCGATTCCATTGATGGTATTCTTTAT TGTAGAGGCGAAAGATAGTATCTTATTACTAGGAGGAAGTCAGTATCT
P A T L A MQ I L M P I L LI S G F s NTITTGGNOGQTIULTIUPMMNT RE
TCCTGCGACTTTAGCGATGCAAATACTTATGCCAATTTTACTTATTTCTGGTTTCTCGAATATTACAGGAAATCAAATATTGATTCCAATGAATAGAGAA
K Y FM VAV TIGAVINTIZLTIILNILILTLMMPI KU FGTITIGA AS SV AT
AAATATTTTATGGTTGCAGTAACGATTGGTGCTGTGATTAATCTTATTTTGAATCTACTGTTAATGCCTAAGTTTGGAATTATTGGTGCTTCTGTCGCAA
L F A EL S gM T VvV QLHV F S K EY L Vs NT S I KSUL VNWV ITI
CTCTTTTTGCGGAATTGTCGCAGATGACGGTACAATTACATTTTTCAAAAGAATAT TTAGTATCAAATATATCGATAAAGAGTTTGGTTAATGTGATAAT
A T VvV s§ 11 P L I I L NQL I TI TTIPF Y S L ML AGFAF F
TGCAACAGTTGTTTCTATAATACCACTAATCATTTTGAATCAGCTGATAACGATAACTATACCATTTTATTCTCTAATGCTAGCAGGTTTTGCTTTCTTT

S L YL Vv I LULL L K EZEVTTISGQULF S L L A KKK *
TCATTATATTTAGTAATTCTGCTTTTATTAAAGGAGGAAGTGACGATTCAATTAT TTTCTCTTCTTGCAAAGAAGAAGTAAATTGGTCAGAAATTGAAAT

cps19bK—

M K I Mm L V F 6 T R P E A I KM C P L
GTATAAACAAATAAATAATTTAATTATTAATTGAGGAGGAAATCATGAAGATAATGCTAGTTTTTGGTACACGTCCAGAAGCGATAAAAATGTGTCCATT
V N E L K K Q ADMETVV CVT G Q HI KEMUV S P VL EULTF GV
AGTGAATGAGTTGAAAARACAGGCAGATATGGAAACAGTTGTTTGTGTAACTGGTCAACACAAGGAGATGGTTAGCCCTGTTTTGGAATTGTTTGGAGTT
¢ P DY DL EIMIEKANO QT TULV F S I TTTS I LEIZ KTII K?PV L EE E Q
CAACCAGATTATGATTTAGAAATTATGAAAGCTAATCAAACCTTGTTTTCTATAACAACAAGTATTTTAGAAAAAATTAAACCTGTTTTAGAAGAAGAAC
P DI VLV HGDTTTTT YA AATLAATFYUL G I X V G HVE A G
AACCAGATATTGTTCTAGTTCACGGTGACACTACTACGACATATGCAGCAGCTTTGGCAGCATTTTATCTAGGAATTAAGGTTGGTCATGTTGAAGCTGG
L R T YN L Q S P F P EEVFNWIRU QST S I I ANYHU FAUPTEL A
GTTACGAACTTACAACCTGCAMAGTCCOTTCCCAGAAGAAT TTAATAGACAATCGACTTCTATTATTGCAAATTATCATTTTGCCCCTACAGAATTAGET
K ENL T K EGRNNWVYVTGGNTV I DAILI KTTV Q KDY THP
AAAGAAAATCTAACAAAAGAGGGTAGAAACAATGTTTATGTGACAGGTAATACGGTAATTGATGCACTTAAAACTACAGTACAAAAGGATTATACACACC
D L DL N ADNU RIULTITILULTAUHIRIREWDNILGEUPMI KHMT FRA VK
CTGATTTAGATTTAAACGCTGATAATCGTCTCATTCTATTGACTGCTCATAGACGTGAAAATCTCGGAGAACCTATGAAACACATGTTTAGAGCTGTTAA
R I L N E Y DDV XV I Y PIHIXKXNUPLVRETA AWM AIETIUFGDT E
ACGAATTTTAAATGAATATGACGATGTTAAGGTAATTTATCCAATTCATAAGAATCCTTTGGTTCGTGAAACAGCTGCGGAAATTTTTGGAGACATAGAA
R I Q I T E P L DV LDV F HNV FM©NDNSYMTITLTUDS GGV Q E E A
CGAATTCAGATTATTGAACCTTTAGATGTTC TGGATTTTCATAACTTTATGAATAATAGTTACATGAT T TAACTGACTCAGGAGGAGTTCAGGAAGAAG
P $ L G K PV L VMRDTTEU RUPEUGVAAGTTLI XULVGTUDE E
CGCCTTCGTTAGGAAAGCCTGTATTGGTCATGCGAGATACGACAGAAAGACCTGAAGGAGTAGCTGCTGGAACGTTGARATTGGTTGGGACTGATGAGGA
T I ¥ Q N F X M L L DD SEEYUZ K KMSOQOASNUZPYGNGUDA S K
GACTATTTATCAAAATTTTAAGATGCTTTTAGACGATTCCGAAGAATATAAAARAATGAGTCARGCTAGTAATCCTTATGGAAATGGTGATGCTAGTAAA

cps19bL—

Q I vV R I L R G I * M K G I I L A G G S G
CAGATTGTTCGAATTTTACGTGGAATTTGAGTGTGTTTAGATAAAGTAATACAGAAAGGTACCCTACTATGAAAGGTATTATTCTAGCAGGTGGTTCGGG
T R L Y P L T R A A S K QL M PV Y DI K PM I Y Y PL S TULMTUL A
GACTCGCTTGTATCCTTTGACTCGCGCTGCATCAAAACAACTGATGCCGGTTTATGATAAACCCATGATTTACTACCCACTTTCAACATTGATGTTGGCT
G I R DI L I I 8§ T™ P Q D L H R...
GGAATTAGGGATATTTTGATTATTTCCACTCCACAGGATTTACATCGAT
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APPENDIX III

The nucleotide and deduced amino acid sequence of the complete
cps19a locus.

The nucleotide sequence is numbered in accordance with GenBank accession number

AF094575 and is shown from the 3’ end of dexB to the 5’ region of aliA. The amino acid

translation for each ORF is represented by single letter code above the first nucleotide of each

codon. The putative -35 and -10 promoter sequences are double underlined and possible

ribosome binding sites are singly underlined. The sequence which corresponds to the partial

copy of IS1202 is shown in bold and the inverted repeat is underlined with a dashed line. The

three arrows in the 5’ intergenic region indicate the point of three separate deletions when

compared to the cpsl9f sequence.

101

201
301
401

601
701
801

1001
1101
1201
1301
1401
1501
1601

1701
1801
1901

2001

—>dexB
v E *
GTGGAATGACTGACTAGAATGAGCAAACCTCAAGTTTTTGAAGCTTGAGGTTTTTTACTATAGTGCGATTGAAACTAGAATAGTGCACCTCTGCTTCTAAA

ACATTGTTAGAAATCGATTTGACTGTCCCGATCGATTTGTCCTATTCTTATTTCATTTTGCTATACTTGTAGTTAAGGAGAATTAAGCTCCTCACTAGTA

T

AACTCTTCATAATCCTTTTTATTTTTATGAAGATATTGTTTGAAAGATGTGAGTTTCCACGGATGGETTTGTGAAGGGATATACTTGCGTCTTTCTTTTT
TIGTTCTGGTTCTTGTTCARAGTTTTTCGAATAGAGTTCATGATTTAGTAGCTCCTTTGTGTAATAGATTTTGTCAGCGATATTAGAGGTAGATGTCTCCG
TCAAATGCTTTTATAACTAATGCTTTCGTCTTTCTGATAAAATAGACTTCTTTTCCTTGTTCGGTAGGGATATAGTAACGATTTTGGAATCGGATATGGT
GTCCACTATCGACGACTCTCTCCGCCAGTCTAGCCAGAATGAGATTCCTTTCAGAGGGGTTAGGAACCTCCTCGAAGACAGAGAGTTTTGTCTTGTTTCC
AAACTGTTCATTAAAGGTTTGAATGTAGGAAAGCAGGAAGGTATTGGCTTCT TCCAAGGTATGAATATTGT T TTGTTCCAGTTCGATAGGCAGGCGAGAT
PGTAGTGTCTGATTGAGTCTTTCGACTCTCCCTTTAGCTTGAGGGATAGAGETTGTCTCAAGGAGAATCCCTAGTTGGTGACAGGCGTATCCAAACTATA
TATGEGTATCGTCCTCCATTTTCTTAGAGTTGGAGGCTTGATAGGTAAAGACCGTTCTCTCATCTGTTTTAAT T TGAAGGGGAATGCCGTGATTGGCTAR
GATTTGTTCAAGGACATAATAGTAAGCATTCARGTTCTCTTGTTTATCAAAATARGCGCCTAGGATATTGCCAGAAGCATCATCAATGACTAAGTGTARG
TTAGATGTTTGCGCTCCAAACTAGGCATGAGGGCTGGCATCCATTTGAATGAGTTCACCAGCAAATTTCTTTCTGGGTCTACTAGAGATGTACTTTTTTAG
GATCTTCAAGGAAGTTTTCAGCCGTCGGTAAGATTGGATTGTCTAGGGGTTGATTCAGGTTCAGTTTAGCTTGTTTTCTAACTCTCTTCTTTGTCTTTCT
ATGGGACTTAGGCGACAGGATATTTTTCT TATAGAGTATI TTTCTAACAGTAGTATCAGAGAGCTGAATTCCTTCTTCTTCAGCTAGCAATTCACAGAAR
TGAAGGACATTTGGTTTATATGTTTCATAGGAGAGGTATTTTT TTAGGAGACGT TCTTTGATTTCATCAGCGATTGCATGTTTTGGTTTTCGAT TTCTGT
PPCCETGTCTGAAGGCTTCTTTTCCTTTCAGTTAATAGGCTAGTAGCAGACGATTGATTTGTCTTTCAGARAGATTGAGCTCGACACAGGCTCGTTTCTT
TGTTTTCTTTCCTTGEGCTATAGC T MTATCACARGATATT TT T TCGT T TCAT TCATATTCAGTTAGATCCTTTTCATATGACTATTCTACCAAATGGGA
CATTTTCACGTTCGATITACTAAAGACATTATCACATTCGAATTACACAAGATGCAGATAGTGAAAARAGGTGTAGACATTACCGTARAAAAGTGATATA

cpsl9aA —

M S R R F K K S R S Q KV KRSV NTIUVILTLT
égCGTATGATGTTCAAGGTATAQQTGTTAATCATGAGTAGACGTTTTAAAAAATCACGTTCACAGAAAGTGAAGCGAAGTGTTAATATCGTTTTGCTGAC
I Y L L LV CPFLILFULIV¥¥ T YNTIUL AV FRYULNILVV PATLVL
TATTTATTTATTGTTAGTTTGTTTTTTATTGTTCTTAATCTTTACGTACAATATCCTTGCTTTTAGATATCTTAACCTAGTGGTACCTGCGTTAGTCCTA
L VAL V 6L L L I I ¥ KXKAZEZ KV FTTIVFULULVF S I LV S $§ V 8L
CTAGTTGCCTTGGTAGGGCTACTCTTGATTATCTATAAAAAAGCTGAAAAGTTTACTATTTTTCTGTTGGTGTTCTCTATCCTTGTCAGCTCTGTGTCGC
F AV 0 Q FV GGL TN N RILNA AT SN Y S E Y S8 I 8V AV L AD S E
TCTTTGCAGTACAGCAGTTTGTGGGACTGACCAATCGTTTAAATGCGACTTCTAATTACTCAGAATATTCGATCAGTGTTGCTGTTTTAGCAGATAGTGA
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I ENV T QQ L M 8 V TAPTTGTDWNENUNTIOGQI KUZ LULADTII K S S QO N
GATTGAGAATGTTACGCAACTGATGAGTGTGACAGCACCGACTGGGACTGATAATGAAAATATTCAARMACTACTAGCTGATATCAAATCAAGTCAGAAT
T DL T vV N Q S S 8§ Y L A A Y K S L I A G E T KATIVULNSVF E N
ACCGATTTGACGGTCAATCAGAGTTCGTCTTACTTGGCAGCTTATAAGAGTTTGATTGCAGGAGAGACTAAGGCCATTGTCTTARATAGTGTCTTTGAAA

I I E §S EH P DY A S K I KX I Y T K G F T K K V EAUPI KT S K D
ATATCATCGAATCGGAGCATCCAGATTACGCATCGAAGATAAAAAAGATTTATACCAAGGGATTCACTARAAAAGTAGAAGCTCCTARGACGTCTAAGGA

Q S FP N I Y V 8§ GG I DT Y G P I S SV SRS Y VNITILMMTV VNI RD
TCAGTCTTTCAATATCTATGTTAGTGGAATTGACACCTATGGTCCTATTAGTTCGGTGTCGCGTTCATATGTCAATATCCTGATGACTGTCAATCGAGAT
T K K I L. L T T TUPRDWAYV PIADSGS GNNDNU QI XD I KULTHA AGTI Y
ACCAAGAARATTCTCTTGACCACAACGCCACGTGATGCTTATGTACCAATCGCAGATGGTGGGAATAATCAAANAGATARATTGACCCATGCGGGCATCT

G v DS S I HTULEWNULYGV DINY Y VvV RULNUT FTSF L KL I D
ATGGAGTTGATTCGTCCATCCACACTTTAGAARATCTCTATGGAGTGGATATCAATTACTATGTGCCGATTGAACTTCACTTCTTTCTTGAAATTGATCGA

L LG G VDV YDND QDU FTSULHGI KV FHVF PV GNUV HUL D S E
TTTGTTGGGTGGGGTAGATGTTTATAATGACCAAGATTTTACATCTCTACATGGGARGTTCCATTTCCCAGTTGGAAATGTCCACTTAGATTCTGAGCAG
A L G F VREU®RYSULATDGT DU HUDURGIRNDOOQI KV IAATITLUZGQI KTULT
GCTCTGGGATTTGTTCGTGAGCGCTATTCCCTAGCGGATGGTGATCATGACCGCGGGCGCAATCAACAAAAGGTGATTGCGGCCATCCTTCAAAAATTAA

S S EA L KN Y SR I I D SL QD s I QT NMZPTLETMMTINTLUVN
CTTCGAGCGAAGCGCTGAAAAATTATAGTAGGATCATTGATAGCTTGCAAGATTCTATCCAAACAAACATGCCACTTGAGACCATGATAAACTTGGTCAA

A Q L E S G 66T Y XK VNSODU LI KGMSGRTUDULU?P S Y AMUPUD S N

TGCTCAGTTAGAAAGTGGTGGAACGTACAAAGTGAATTCGCAAGACTTGAAGGGTATGGGACGGACGGATCTTCCTTCCTATGCGATGCCAGATAGTAAC

cpsl9aB —
L YMMETIND S S L A SV K TATI QD VLETGTR * M I D I H S H
CTCTATATGATGGARATTAACGACAGTAGCCTTGCATCTGTCAAAACTGCTATTCAGGATGTGTTGGAGGGCAGATGAAATGATTGATATTCATTCGCAC
I vV F b v D DG?P K S REZESKALTILM AESYUROQGV I RTTIUVS T S
ATCGTCTTTGATGTAGATGATGGTCCCAAGTCAAGAGAGGAAAGCAAGGCTCTCTTGGCAGAATCCTACAGGCAGGGGGTGCGAACCATTGTCTCTACCT
H R RKGMU FETPEEI KTI AENUVFULOQV RETIAIZ KEUVASTDILYV
CTCACCGTCGCAAGGGCATGTTTGAAACTCCGGAAGAGAAGATAGCAGAAAACTTTCTTCAGGTTCGGGAAATAGCTAAGGAAGTGGCGAGTGACTTGGT
I A Y GA ETI Y YT SDVULDI KU LEI KNDN RTIU®PTIULNNSU RYATLTI
CATTGCTTACGGGGCTGAAATTTACTACACATCAGATGTTTTGGATAAGCTGGAAAAAAATCGGATTCCGACCCTCAATAATAGTCGTTATGCCTTGATA
E F S M N T P Y RDIHS AL S K I L M L 6 I TT©PV I A HIEIR Y D
GAGTTTAGTATGAACACCCCTTATCGCGATATTCATAGTGCCTTGAGTAAAATATTGATGTTGGGAATTACTCCAGTCATTGCCCACATTGAGCGCTATG
AL ENNUEXRVREILTINMMSGT CYTOQUV NS S HUV L K S5 KL F G
ATGCACTTGAAAATAARTGAAAAACGCGTTCGAGAGCTGATCAATATGGGCTGTTACACGCAAGTARATAGTTCACATGTCCTCAAATCCAAACTTTTTGG
E R ¥ K FM KK URAQQY F L ERDULV HITIASIDMMMHNUYVYUDS R P
AGAACGTTATAAATTCATGAAAAAAAGAGCTCAGTATTTTTTGGAGCGTGACTTGGTTCATATCATTGCAAGTGATATGCATAATGTGGACAGCAGACCT
P H M A E A Y DLV S8 Q K Y G EAI KW ABUGQEULU/FTIDNUPW RI KTIUVMMTUD Q
CCCCATATGGCAGAAGCATATGACCTTGTTTCCCAAAAATACGGAGAAGCGAAGGCTCAGGAACTTTTTATAGACAATCCTCGAAAAATTGTAATGGATC

cpsl9aC —>

L 1T * M K E Q9 N T I E I DV F QL L K TUL WXKHIKTULTITITILL
AACTAATTTAGGAGARATGATGAAAGAACAAAACACGATAGARATCGATGTATTTCAATTACTTARARACCTTGTGGAAACACAAGCTAATARTTTTATTA
vV A L vV T G A GAF AY S TVPF I v K P EY T S TTIRTIYV YV NI RN Q
GTGGCACTTGTGACAGGGGCGGGAGCTTTTGCATATAGCACTTTTATTGTTAAGCCAGAATATACAAGCACCACGCGTATTTACGTAGTCAACCGTAATC

G b X P ¢G6L TNWOQDULQAGTT Y L V KDY RETIIULS Q DV L E K
AAGGAGATAAGCCGGGACTGACGAATCAGGACTTGCAGGCAGGAACTTATCTGGTAAARAGACTACCGCGAAATTATCCTTTCGCAAGATGTATTGGAARA

v ATNILI KULDMZ®PAIZ KTULTT S K V Q V TV PADTURTIUVS I S V
GGTAGCGACAAATTTGAAGTTGGATATGCCAGCAAAAACGTTAACTAGCAAAGTGCAAGTGACTGTACCAGCCGACACTCGTATCGTCTCAATCTCTGTC
K DK Q P EEA S RTIANSTLIREVYV A AEI KTITIA AV TRV S DV T T
AAGGATAAACAACCAGAGGAAGCCAGTCGCATTGCTAATTCTCTACGAGAAGTTGCTGCAGAAAAGATCATCGCTGTAACGCGAGTATCTGATGTAACGA

L EEA RPAMTPS S PNV RIZRNTULV GFULGGAA AV TV I T
CGCTTGAAGAAGCGCGACCAGCTATGACTCCCTCTTCTCCAAATGTTCGACGCAACACCTTAGTTGGTTTTCTTGGAGGAGCCGCCGTAACAGTAATTAC

v L L I ELLDTW RV XU RUPEDVEU DVILQMU®PULILGV V PDF D
TGTTCTTTTGATTGAGTTGCTCGATACCCGTGTAAAACGTCCTGAAGATGTTGAAGATGTACTGCAAATGCCACTTCTAGGAGTCGTTCCAGATTTTGAT

cpsl9aD —

K M K * M P TLETI S Q A KL ETLV KX AEEYYDNA ATLTCTN
AAAATGAAATAGGAGGAAGTTATGCCAACGTTAGAAATCTCACAGGCGAAATTAGAACTTGTGAAAAAGGCAGAGGAATATTATAATGCTTTGTGCACGA
L 9 L S 6D DL KV F s I T™S SV KAGETZGI KTTTSTNTIAWAF
ACCTACAGTTAAGTGGAGATGATTTGAAAGTATTTTCTATCACTTCTGTGAAAGCAGGAGAAGGAAAARACAACGACTTCCACCAATATCGCTTGGGCTTT
A R A G Y X TL L I DADMU®BRNSVMS GV F K SR REIU RTITSGTLT
TGCGCGTGCAGGTTACAAAACGCTTCTGATTGATGCAGACATGCGTAACTCCGTTATGTCAGGTGTCTTTAAATCAAGGGAAAGGATTACTGGACTAACA
E F L S GTTDULSQ@QGULCDTNTIENDNILTFUVIQAGS VS PNPT
GAATTTCTATCAGGGACAACAGACCTGTCACAGGGGCTTTGCGATACCAATATTGAGAATCTCTTTGTGATTCAGGCTGGCTCTGTGTCACCARAATCCGA
AL L 0 S K NF TTMULETTLA RI K Y F DY IV VDT AU®PUVG V V I
CAGCCCTTCTTCAAAGTAAGAATTTCACTACAATGCTTGAAACCTTGCGTAAATATTTTGACTATATCGTCGTAGACACTGCCCCTGTCGGTGTCGTGAT
D A A I I M Q K CDAS I LUV TKXKAGETI KU RIRUDTILUGQI KA ATZ KEOQTUL
TGATGCGGCTATCATTATGCAGAAATGTGATGCTTCTATTTTAGTGACGAAGGCAGGTGAAACAAAACGACGGGATCTTCAAAAAGCGAAAGAACAGTTG
E Q TG K §$ ¢CL GV VL NI XILUDT SV EIZ XY G S Y G S Y G NUYR K Q
GAACAAACTGGGAAGTCGTGTTTAGGAGTTGTGTTGAATAAACTCGATACTTCAGTAGAGAAATACGGTTCTTATGGGAGTTATGGGAATTACAGGAAAC

cpsl9aE —

K K ~* M 8 E K L A K P S VATIV QS FILVITLILTYTIL L
AGAAAAAATAGGTTGAGGGATAGAARATGAGTGAAAAACTAGCAAAGCCTTCAGTAGCCATAGTCCAGAGTTTTCTTGTTATTTTATTGACTTATCTACTT
S AV RETETIVSTOTATILIVYVILYTIUL HYVFVFYTISDYGURNTFF
AGTGCTGTGAGAGAAACGGAGATTGTTTCAACAACAGCTATTGTACTTTATATCCTCCACTATTTTGTCTTTTATATCAGTGATTATGGACGGAATTTCT

K R G Y L I EL VQ TUL X Y I L F F AL ATIZSTISNTFT FTLETDRF
TTAAAARGGGGATATTTGATTGAACTTGTCCAGACATTGAAATATATCCTATTCTT TGCGCTAGCGATTAGTATTTCTAATTTTTTCTTAGAAGATCGATT

s I S R RGMI Y FLLULHV FULVY VLNUPFTII KW YWI XU RAY
TAGTATTTCCAGAAGAGGCATGATTTACTTCCTCTTATTACATGTTTTCTTAGTCTATGTGCTAAACCCATTTATCAAGTGGTATTGGAAGCGGGCTTAT
P NF K 66 S K K I LULUILTA AT S®RV EZ KVLDU RILTIESDUDVYV G E
CCCAACTTTAAAGGAAGTAAGAAGATTCTCCTACTTACAGCAACTTCTCGTGTTGAAAAGGTACTGGATAGACTAATAGAATCAGATGATGTTGTTGGGG

L VAV SV L DI KUPDFQHDUDULI KV VA EGETIVNTFATHEYV

AGTTGGTAGCCGTCAGTGTTTTAGATARACCAGATTTTCAGCATGATGATTTAAAGGTTGTAGCAGAGGGGGAGATAGTAAATTTTGCGACTCATGAGGT
vV D EVV FINILUZPSEIZ XK YNTIGETLVSQFETMMGTIUDUVTVNTL
GGTCGATGAAGTCTTTATCAATCTTCCAAGTGAAAAATACAATATTGGAGAGCTTGTCTCTCAGTTTGAAACGATGGGAATTGATGTAACAGTCAATCTA
N A F DWAURUDNIZEKUV QIO CEMAGLNWVV T FSTTT FYX TS HUV I A
AATGCTTTCGATTGGGCACGTAACAAGCAARATTTGTGAGATGGCAGGACTAAATGT TGTGACTTTTTCTACAACATTTTATAAGACTAGCCATGTGATTG

XK R I I DI V GGS L VGG6GL I L ¢ G6GL VS TITVILV PLTII®RIEKDTGG S

CTAAGCGGATTATTGATATTGTCGGTTCCCTGGTAGGTTTGATATTATGTGGTCTAGTCAGTATTGTGCTGGTTCCTTTGATTCGAAAGGATGGGGGTTC
A F F A QT RIGI KNG RHVFTF Y K F RS M CUVDAETEIKI KR E
TGCTTTTTTTGCTCAGACGCGTATAGGAAAARATGGCCGCCATTTTACTTTTTATAAGTTTCGCTCTATGTGTGTGGATGCTGAGGAGAAAARAAGAGAA
L M E Q NTM Q GG MV F KV DDD PRI TZ XKTIGHT FTIIRIKTSTULDE
CTCATGGAACAAAATACCATGCAAGGTGGAATGTTTAAGGTGGACGATGATCCTCGTATCACGAAARATTGGTCATTTTATACGGAAGACGAGCTTGGACG

L P Q F ¥ NVL K GDMSULV G T R PP TV DEYEUHYTU?PE Q K
AGCTACCACAGTTTTATAATGTTCTARAGGGAGATATGAGTTTGGTAGGTACACGACCACCAACAGTGGACGAGTATGAGCACTATACCCCAGAACAAAA

R R L 8 F K P ¢ I T &L W QV S GR S E I KNVFDEV V KULDV A
ACGTCGCCTAAGTTTTAAACCTGGCATAACAGGTTTATGGCAGGTCAGCGGACGAAGTGAAATCAARAATTTCGATGAAGTTGTCAAATTAGATGTGGCC
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cpsl9aF —
Yy I D GG W TTIWIXDIETITULULI KTV KV VL M XD G A K * M N E
TATATTGATGGTTGGACAATCTGGARAGATATTGAAATTTTATTGAAGACAGTTAAGGTTGTATTGATGAAGGATGGAGCGAAATAGTTCATATGAATGA
R I ¢ I L. I T 1 DUP UL TMI K ETV VDAV EZ QY V L K KUHUPIULHL
GAGAATTCAAATATTAGGAATTACTATAGATCCATTAACGATGAAAGAAACAGTGGATGCTGTTGAACAGTATGTTTTARAGAAGCACCCTTTGCACTTG
M G V N A D K I NQ CY EDEI KTIZ KI KTIUVNESSGTITINA BADGA A SV
ATGGGAGTTAACGCGGATAAAATTAATCAGTGCTATGAAGATGAGAAAATCAAAAAAATCGTTAATGAATCAGGAATAATTAATGCCGACGGTGCTTCAG
vV L A § K F L G TPV P EIRVAGIDI LMIE KU HELTILETLSNEIZKG Y
TAGTTTTAGCGAGTARGTTTTTAGGAACACCAGTTCCTGAGCGAGTTGCTGGAATAGACTTGATGAAACATTTACTAGAGTTGTCTAATGARAAMGGATA
S VY F F GA XK EDV L QDMULI KTIV FEZEI RY?PATLWNUVV G Y RN
CTCGGTCTACTTTTTTGGAGCAAAAGAAGACGTTTTACAAGATATGTTARAAATTTTTGAAGAAAGATATCCAGCTCTAAATGTTGTTGGCTATAGARAT
G Y F S P EDUEI KU HTIOQET DTIUI KEI KT K?PUDY FVFV I TS P KK E Y
GGATATTTTTCGCCTGAAGATGAAAAACATATTCAGGARGATATTAAAGAGAAAAAACCAGATTTTGTGTTTGTAGGAATTACTTCTCCTAAGAAAGAAT
I 1 ¢ S FMDNGTINA AV FMGV GG S F D VL S GHTII KT RAUPL
ATATTATCCAATCATTCATGGATAATGGAATTAATGCTGTGTTTATGGGGGTTGGTGGAAGTTTTGATGTACTATCAGGGCATATCAAACGAGCTCCATT
W M Q0 NA HL EWULU FRVANEUTPI K RTLFI KWRYVFV GNWV S F I R
ATGGATGCARAATGCTCACCTAGAGTGGTTGTTTCGTGTGGCAAATGAGCCTAAACGTCTCTTTAAGCGTTATTTTGTAGGGAATGTTTCATTTATAAGA

cpsl9aG —

K vV L R A K R G Y K L * L I Q@ K VvV EL D A I K E F Q K
ABAGTTTTAAGAGCGAARAGGGGATATAAACTTTGAACCACACAGAAATAGTTAAATTGATTCAGAAAGTTGAATTGGATGCTATAAAAGAGTTTCAAAA
I ¢C K ENNI DUV F F L R G G S VL GAV K Y DG F I PWDDUDMTD
AATTTGTAAAGAGAACAATATAGATTTCTTCCTTCGTGGGGGGAGTGTACTTGGGGCAGTCAAATATGATGGCTTTATTCCATGGGATGATGACATGGAT
1 AV PREGYDI KULUPGIF KDI RTITIASGI XY QQVILAYQYCUDT
ATTGCTGTGCCTCGTGAAGGCTACGATAAACTTCCAGGTATCTTTAAGGATAGAATTATCGCAGGCAAATATCAGGTTCTTGCTTATCAATATTGCGATA
L HC Y F PRL FLL EDEUZRI KU RILSGLUPIRNTNILGTULHIULTIDTI
CTTTACATTGCTACTTTCCTCGCTTATTCCTTTTAGAAGATGARAGAAAACGTTTGGGATTGCCACGAAATACCAATTTAGGTTTGCATTTGATTGATAT
I P L D GAPNUHS F LRI XULYVFGXKVYWYRU FILA2ASTLGTT Y
CATTCCTTTGGATGGTGCCCCAAATCATTCATTTTTAAGAAAGCTTTACTTCGGTAAAGTATACTGGTATCGTTTTTTAGCAAGTTTAGGAACTACCTAT
vV G D H V DMUHS A K@ KL I I GF F KI KULGV FAIZ KTLTFU?POQNY VY
GTTGGAGACCATGTGGATATGCATTCCGCTAAGCAARAAACTAATCATTGGTTTCTTTAAAAAGCTAGGATTTGCAAAACTATTCCCTCARAATTATGTGT
R R L DNIL Y K K Y DWIKI K QK Y AGTTTINA A ST LT FAIZ KEUVMPV
ACAGACGCTTGGATAATCTCTATAAAAAGTATGATTGGAAAAAGCAGAAGTATGCTGGGACAATTAATGCATCTCTGTTTGCCARAGAAGTCATGCCAGT
E I WG E GV E XK P F EDAVFVF KV PTE YD RYILI KU RILYGE N
AGAGATTTGGGGAGAAGGAGTAGAGAAGCCTTTTGAGGATGCCTTCTTTAAAGTTCCCACGGAGTATGACCGCTATCTGAAAAGACTTTACGGAGAARAC

cpsl9aH —
Y L HEETPSODTDTET KT KT SHTLGG® Q®* L FCVYTITITLHTYZEKV YVTLTEE
TATCTTCACGAAGAGCCTAGTGATGATGAAAAGAAATCGCATTTAGGAGGACAATAATTTGT T TTGTTATATTATTTTGCATTACAAAGTCTTAGAGGAA
T I SCcVZKSTILITZ KTEGDNTSNTTE KT QTITVTITIDNTEFSNINTGTGETEKTLQ
ACTATTTCTTGTGTTAAATCAATAAAAGAAGGCAATTCCAATACAAAGCAGATCGTTATTATTGATAATTTTTCTAATAACGETACGGGTGAAAARCTAC
ELYESTDTSTETILIDVTZLTINTHTENAGTFA ARTGNNVATYOQTFATZKE
AAGAGCTGTATGAGTCAGATTCAGAGATTGATGTCTTGATTAACCATGAARATGCTGGTTTCGCTCGAGGTAATAATGTAGCATATCAGTTTGCTAAGGA
K Y K P DF MV IMNSNODTIETILIETTETETFTET KTIVTDTITCTRTZEK E K
AAAGTACAAACCTGATTTTATGGTTATCATGAATAATGATATTGAGATAGAAACAGAAGAGT TTGARAARATCGTGACAGATATCTATCGGAAGGAARAA
FHLLG P?PDTITFSTTTYOQZLUHO QNT PZ K®RTLTHTYTTYETETVTE KA ATLN
TTCCATTTGTTAGGACCAGATATCTTTTCGACGACGTATCAGCTTCACCAARACCCAARACGGTTGACGCATTATACTTATGAAGAGGTTAAGGCTCTCA
EKF K XK G S QV SLALTEKTITZ KT CECWZLJZ KT SSZ KV VTILRTATITYSOQNR
ATGAAAAATTTAAGAAAGGGAGCCAAGTTAGTCTAGCATTAAAAATTAAATGTTGGTTGAAGTCTAGTAAACTTCTTCGGACAGCAATCTATCARAATAG
R KX KS VDYT&REKTGOTYVTENTPTITLIHGSTFTIVTYSRDTILTIETZKE E
GCGTAAAAAGAARTCAGTAGACTATAGARAACAGGTAGAAAACCCARTTCTTCATGGTTCGTTTATTGTATAT TC TAGAGAT TTAATTGAGARAGAGGAG
Y AFNPNTTPFTFJYTYETETITLTDTYEH ATETLZE KT GTYZXK® RTITYTZPTZKIK
TATGCTTTTAATCCCAATACCTTCTTCTATTATGAAACAGAGATATTAGATTATGAAGCTGAGTTAAAAGGATATAAGAGAATTTATACACCGAAGATTA
VL HHQ@ENV VA ATINT QU VTYTNTZLTYETZ KTTLTFSTNTZE KT CDNTFTETST S Y
AGGTCTTGCACCATCAAAATGTTGCAACCAATCAAGTCTATACARACTTAGTAGAAAAAACCTTGTTTTCAAACAAATGCAACTTTGAATCCACTAGTTA

cpsi9al —

F L X L M X EN E GV * M T Y L F L L ¢CL TULVFULULTTFVF Y F F A
TTTTTTGAAGTTGATGAAAGAAAACGAGGGTGTGTARATGACTTATTTATT TTTACTCTGCCTGACCTTATTCTTATTAACTTTCTTCTATTTTTTTGCT
F N Q DL I A P PV VM SVMFLI S SV FATLTINVAQNWNTIE]Y
TTCAATCAAGATTTGATAGCTCCGCCAGTTGTCATGTCTGTTATGTTTCTCATTAGTTCTGTATTTGCCCTTATTAATGTGCAAAACTGGAATATTGAGT

s 6 L A Y L L I I §$ G I I VvV F S M PILULAULNJZSUPSILNTI I KTI KV
ATAGTGGTTTAGCTTATCTTTTGATTATTAGTGGCATTATTGTTTTTTCAATGCCTCTCTTGGCTCTTAATTCGCCTAGTCTAAATACCAAGATTARAGT

T D R L I DI Q FW X I AL TTITIUVDILTITIULYIZLYURI RETIUHNTL
GACGGATCGGCTCATTGATATCCAATTCTGGAAAATAGCTCTTACTATTATAGTTGACCTCATTATTCTATATCTTTATAGGAGAGAGATTCATAATCTT
A L 8 HG Y TG S NVF QWU FJFRDNATSYESGETULTUVIRTS IR VL
GCACTTAGCCATGGTTATACGGGTTCAAATTTTCAGTGGTTCTTTAGAAATGCTACCAGTTATGAAGGTGAGCTAACAGTGCGAACTTCGATTCGGGTCC

I R I I DV S A Y I F GY TP F I NNVFVF I Y s HKI RS KDULUL L L
TCATTCGTATCATTGACGTATCTGCTTATATTTTTGGATATACTTTTATTAATAATTTCTTCATTTATAGTCATAAACGCTCTAAAGATTTACTGCTCTT

vV P F L I F I $ K TULULSGGRULDITIIZXKTIULTIAYVVMAYTI Q
AGTTCCATTCTTGATTTTTATTTCTAAAACCTTATTATCTGGGGGTAGATTGGATATTATAAAAATTTTAATTGCGTATGTTGTAATGGCCTATATTCAG
9 K R K vV G WD K VI S HI KJ YM®BRLGV FV G LTIAGTIU®PTFY Y S L
CAAAAACGAAAAGTTGGCTGGGATAAGGTCATCTCCCATAAATATATGAGACTTGGTTTTGTAGGCTTGATAGCTGGGATTCCTACCTTTTACTATTCTT

F L S G R 8§ T T RTTVJFESI ST YULG G S I QHPFDNOQYTIOQ NP
TATTCTTATCTGGACGTTCTACGACTAGAACTGTATTTGAAAGTATTTCAACCTATTTAGGAGGTTCGATTCAGCATTTTAATCAGTATATTCAAAATCC

I1 6 V A EV F GDESVPF VA IMNDNILGNILTGZFVNYNSTV HL
TATTGGAGTAGCTGAGGTTTTTGGCGATGAGTCATTTGTAGCTATTATGAATATTTTGGGTAATCT TGGCTTTGTCAATTACAATAGTACCGTTCACTTA
E F R QLG I TMGNUV YTV FV FIRI RUPWHEBRDFPFGILV GMYIVF S F V
GAATTTCGGCAGTTAGGGATTACTATGGGTAACGTTTATACTTTCTTTAGAAGACCCTGGCATGACTTTGGGTTAGTCGGTATGTATATCTTTTCCTTTG

V G VF FA I FYLKU LU RI K SI RAGT FI KT LDTIHTTITIYSYTF F Y
TTGTCGGTGTGTTTTTTGCTATTTTTTATTTGAAATTAAGAAAGAGCCGTGCTGGTTTTARATTGGATATTCATACAATTATTTACTCTTATTTCTTTTA

W I F L s$s §$ I EQ Y S F T 1T I S8ULFTULVVF I VLV YULMMATFFY

TTGGATTTTTTTATCGTCCATTGAGCAATACTCGTTTACAACAATCAGTTTGTTTACACTTGTATTTATAGTCTTGGTTTACCTAATGGCTTTCTTTTAT

W N L D F HRG KL VI KL SDTS I K S EN * M
TGGAATTTGGATTTCCACAGAGGAAAACTAGTAATTAAACTCTCTGACACRAAGTATTAAATCGGAAAACTGAAAACAATAARAATAGAGAGGATAGTTGA
cpsl9al —

N §$ K I K NI L, T NUVF SYVISSNULILTUVILTSSULV VL TIFP
TGAATAGCAAAATTARAAAATATACTAACTAATTTCTCTTATGTCATTTCTTCARATCTTTTGACAGTCTTGACCTCTTCCTTGGTTGTCTTAATTTTCCC
K LM ¢ VT EY S YWOQQL Y I F YL TTYTIGV FFHULGWTIUDGTIY
CAAATTAATGGGGGTARCAGAGTACAGTTACTGGCAACTTTATATTTTTTATCTGACCTATATCGGTTTTTTCCACTTGGGTTGGATTGATGGGATTTAT
L K ¥ 66 G L E Y NNULD R K OQV F Y S Q@MIULF S S FLMTITISULLL
CTTAAATATGGTGGCTTAGAATATAATAATTTAGATAGAAAACAGTTTTATTCTCAGATGATTCTATTTTCTAGCTTCTTAATGATTATCTCCTTGCTAT
F G L N VL AV T DS NARYTIYNMTTITI S MTITITNIULI RTLY
TGTTTGGTTTAAATGTATTAGCTGTAACAGATTCGAATGCACGATATATTTATAATATGACTATTATAAGTATGATAATCACAAATTTAAGAACGCTCTA
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vV Y VL. g M TNUZRILJ KDS S IIILUL S DI RUVL Y VL L L FULF I V
CGTGTATGTTTTGCAGATGACAAACCGCTTGAAGGATAGTTCCATCATTCTACTCAGTGATCGCGTTTTATATGTGCTCCTTTTATTCCTGTTTATTGTA
F G W HE Y K Vv M I L ADIULGR RS F §L I L S F W I CZ KDTIV F Q
TTTGCTTGGCATGAATACAAGGTTATGATTTTGGCAGATATTCTAGGTCGATCATTTTCTCTCATACTTTCCTTCTGGATTTGTAAAGATATTGTGTTTC

P L S K F I F NI X E S FDINTIWR RV GINILMMILSNTIMASSTULITI
AGCCTTTGTCAAAATTCATCTTTAATATAAAAGAGTCTTTTGATAATATCCGAGTTGGTATCAATTTAATGTTATCCAACATCGCAAGTAGTTTGATTAT

G I VRL G I Q WNWNTIETT FSGI KV S L TUL SV S NTILTILMMTF I
CGGTATTGTTCGTCTAGGAATCCAATGGAACTGGAATATCGAAACATTCGGGAAAGTATCTCTGACCTTGAGTGTTTCCAATCTATTGATGACTTTCATT
N A I 6L VYV F PILILIZRI®RTI KA AENTULU®PI KTIYSNILZ RNV VILMILIM
AATGCCATTGGACTAGTCGTCTTTCCGCTATTAAGACGAACAAAAGCAGAAARACTTACCTAAGATTTATTCTAATTTAAGARACGTTTTGATGCTTATCA

F A I L L I Yy Y PL K TI VL DU LWUL PAY QDA ALTIV FMTULTI F P
TGTTCCCGATTTTGCTCATTTACTATCCTTTARAAATTGTATTAGACCTCTGGTTGCCAGCCTATCAAGATGCCTTGATTTTCATGACCCTTATTTTCCC

M $ VY EG XK M ALV INTYULI KA AL RMETRDTITLU RUVNAILUVM
TATGTCAGTCTATGAAGGGAAAATGGCATTGGTCATTAATACTTACTTAAAGGCATTAAGAATGGAAAGAGATATCCTTAGAGTCAATGCCTTAGTAATG
L I s M 6V T”TLVTTTYILILNSTLETZLTUVV S5 T1IVVLLALI RSTII
TTGATCAGTATGGGAGTGACCCTGGTTACAACATACCTGTTARATAGTTTGGAGCTGACTGTTGTATCGATAGTTGTTTTGCTAGCTTTGAGAAGTATCA

A EL I L 8 K XK L DV SsS YV K I KDTIUVLEFUZULILTULUWVVFIS S S WY
TAGCCGAATTAATTCTGTCTAAAAAACTGGATGTTTCGGTTAAGAAGGATATTGTATTAGAATTTCTTTTGACGCTTGTCTTTATTTCTTCAAGTTGGTA

L P I ¢ L AV I VY T™TIAYGUL Y L Y L KHETUDTIIKTYTILAY F K

TTTGCCGATTGGGCTGGCAGTAATTGTCTACACAATAGCCTACGGTTTATATCTCTATTTGAAACACGAAGATATCAAAACCTATTTAGCTTACTTTAAA

cpsi9aK —>
A $ K K T S N ~* ’ M K K I
GCTAGTAAAAAAACATCAAATTAAAAAATTATATAATGATTAAGTGGTAGATTCTATTTCTACCGTTTTAGATATTCGGGAGGTAATGATGAAAAAAATT
M L VF ¢ T R PEATIIXKMTCZPTLVNZETLTZ XK KHETDMMETTIUVOCV TG
ATGTTAGCTATTCGGTACACGTCCGGAAGCCATCAAAATGTGTCCATTAGTCAATGAGTTGAAAAAACACGAAGATATGGAAACAATTGTGTGTGTTACTG
9 H K EMV S PV LDILTFGVYV VP DY DLETIMMEKA ANO OQTTLTF S I
GACAACACAAAGAGATGGTTAGTCCTGTTTTAGATTTATTTGGTGTTGTACCAGATTATGATTTAGAAATTATGAAGGCTAACCAAACCTTGTTCTCTAT
T P S I L E X I K P V L E K EQ P DI VLV HGDTTTTVYAAA
CACAACTAGTATCTTGGAAAAGATAAAACCAGTTTTAGAGAAGGAACAACCAGATATTGTCCTAGT TCACGGTGACACTACGACAACTTATGCAGCAGCC
L AAF Y LG I XKV GHVEA AGTLUZ RTYNILZGQSUPTFU©PETETFNT RQ S
TTGGCAGCATTCTATTTGGGAATTAAAGTAGGACATGT TGAAGCTGGTTTGCGAACGTACAATTTACAAAGTCCATTTCCTGAAGAATTTAACAGGCAAT
T § I I A T Y H F A P T ETL AU KEDNTULTULIEKETGT RENUV YV TGN T
CGACATCAATCATTGCAACTTACCATTTTGCTCCAACTGAGTTGGCTAAAGAARATCTCTTAAARAGAAGGTAGAGAGAATGTTTATGTGACTGGAAATAC
v I DAL T TTTV Q EDVYTHTHTLUDUILNA ANNA RTILTITULTLTAH R
TGTCATTGATGCTCTTACAACTACTGTTCAAGAGGATTATACACACACTCATTTAGATTTAAACGCTAACAATCGTCTCATCTTATTGACTGCTCATAGA
R ENTLTGTEPMZ BRIHMTPF®RA AV KRV LNZETYETUDT VI KV I Y PTIHKN
CGCGAAAATCTCGGCGAACCGATGAGACATATGTTTAGAGCAGTTARACGAGTATTGAATGAATACGAAGATGTTAAAGTCATTTATCCAATTCATAAGA
P L VRETA AATETITFSGDTEHZRTIZGQTITIETZ&PTULUDUVTLUDTFHNTFMN
ATCCTTTGGTACGTGAAACAGCTGCAGAGATCTTTGGAGATACAGAACGGATTCARATTATTGAACCTTTGGATGTTCTTGATTTCCACAACTTCATGAR
0 s Y™MILTUDSGGVQETEA AZPSZSTILGI KZ&PVILVM®RDTTTETRP
CCAAAGTTATATGATTTTAACAGATTCTGGCGGAGTTCAGGAAGAAGCACCTTCTTTAGGAAAACCTGTATTGGTTATGCGCGATACTACTGARAGACCT
E GV AAGT UL XKLV GTDETETTIVYQQNTFIZ XILULILTUDUDSGE Y KK
GAAGGAGTAGCGGCAGGAACCTTGAAATTAGTAGGAACTGACGAAGAAACAATTTATCAAAACT TCAAACTACTTCTAGATGATTCTGGAGAATACAARA
M S Q A S NP Y GNGDA AS QI V QI L RG I *
AAATGAGTCAGGCTAGCAATCCATACGGTAATGGTGATGCTAGTCAACAGAT TGTTCAGATTTTGCGTGGGATTTAAGAAGATTCTCTAARAGAGTCTAA
GAGGAATCCACTCCACAAACATAAAACTCTTATGCTATCATTTATGATTGAGATAGACTCATAACTTAATATTTTTATCCTAAGAAAATTCGT TCATATT

cpsl9al —

M XK 6 I I L A G G S GG T RUL Y PL TR A A
CAATATGAATGAAAAACAACGAAGAAAGGTTATTTCATTATGAAAGGTATTATTCTTGCAGGCGGCTCAGGTACCCGCCTGTACCCACTTACTCGGGCTG
S K g LM PV Y DI KUPMTIY Y ?PL S T?TLMULMASGTIU KD DTIULTITIST
CGTCAAAACAGCTGATGCCGGTTTATGATAAACCTATGATTTATTATCCGTTGTCGACATTAATGTTGGCTGGAATTAAAGATATTTTGATTATCTCAAC
P Q DL PRVF XK DLILL DG S EUVPF G I KL S Y A EUOQUP S PDG UL A
TCCTCAAGATTTGCCCCGTTTTAAGGACTTGCTCTTGGATGGTTCCGAATTTGGGATCAAGCTTTCCTATGCGGAACAACCTAGTCCCGATGGACTTGCT
Q A F L I1 G EEF I 6 DD SV AL I L GDNTYHGU?PGULSTMTLQ
CAGGCTTTTCTTATCGGTGAAGAATTTATCGGTGACGATAGCGTTGCCTTGATTTTAGGCGACAATATCTACCATGGTCCTGGTCTGAGCACAATGCTTC
K A A K K E K GA TV F G Y Q V KD P ERF GV V EVFDTUDMN A
AAAAAGCAGCCAAGAAAGAGAAAGGTGCGACTGTTTTTGGCTACCAAGTGAAGGAT CCAGAGCGTTTTGGTGTGGTTGAGTTTGATACAGACATGAATGC
I $ I E E K P E Y PR SN YAV T G UL Y F Y DNUDUVV ETIAIZKDOQTI
TATTTCTATAGAAGAAMRAACCGGAGTATCCTCGCTCCAACTATGCAGTGACAGGACTGTATTTCTATGATAATGATGTTGTGGAGATTGCTAAACAGATC
K P S ARG EL E I TDVDNI KA AYILNURGDILSV ETLMGH RGVF AW
AAACCTAGTGCTCGTGGCGAGTTAGAAATTACAGACGTTAACAAGGCTTACCTAAATCGTGGTGACCTTTCTGTTGAGCTGATGGGGCGTGGTTTTGCCT
L DT G T H E § L. LEA S QY I ETUV OQ0ORMZGONUYVQV ANTULEEI
GGTTGGATACGGGAACCCATGAAAGCTTGCTAGAAGCTTCTCAGTATATTGAAACGGTTCAGCGTATGCAGAACGTTCAAGTGGCAAATCTAGAAGAAAT
S YR MG Y I S REDV L EILA AQ QT LTILIE K KNEVYG QY LILRTILTIG
TTCCTATCGTATGGGCTACATTAGTCGTGAAGACGTGCTGGAATTGGCTCAGCTTCTTAAGAAARATGAATACGGACAATATTTGCTCCGTTTGATTGGA

cpsi9aM —>

E A *M S DN F F G K T LV VU RIX I D ATITUPGULILETFDTI?PV H G D
GAAGCATAGATGTCAGATAATTTTTTTGGAAAGACACTTGTGGTACGCAAGATTGATGCTATACCAGGACTGCTAGAGTTTGATATTCCCGTTCATGGAG
N R G W F X ENVJF Q K E XK ML P L G F P E S F F A AGI KL QN NV
ACAATCGTGGTTGGTTTAAGGAAMATTTCCAGAAGGAARAGATCC TACCGCTTGETTTTCCTGARMGCTTCTTTGCTGCAGGGAAACTGCAAAATAACGT
S F S R K NV L R G L HAUEU©PWDI K Y I S VADUDGI KV L G S WV
CAGCTTTTCTCGCAARAATGTTCTTCGAGGACTCCATGCTGAACCTTGCGACAAGTATATCTCTGTTGCAGACGATGGGAAGGTTTTAGGATCTTGGGTA
D L R EGETV FGNUV Y QT ETIDW AW S KGIU FVPRGVYV ANGT F QV
GATTTGCGTGAAGGCGAGACCTTTGGAAATGTTTACCAGACAGAGATTGATGCAAGCAAGGGAATCTTTGTTCCTCGAGGCGTAGCTAATGGCTTCCAAG
L $ DTV S Y S Y L V NDJYWA ATLETLIZ KU?PIE KYA ATV FVNYADUZP S L
TTCTATCAGATACAGTGTCATATAGCTATCTGGTCAATGATTACTGGGCGCTTGAACTCAAACCCAAGTATGCCTTTGTGAACTACGCTGATCCAAGCCT
G I E W ENTI A E A E V S EADKNHPILTULIEKDVKPLI KIZ KEDL
TGGTATTGAATGGGAAAATATTGCAGAAGCAGAGGTTTCAGAAGCAGATAAAAATCATCCACTACTTAAGGATGTAAARCCTTTGAAAAAAGAAGATTTG

cpsl9aN —

E * M T E Y KNI I VT GGAGV F I GSNZVFV HYVYENTFP
GAATAAGGAAAGAATATGACTGAATACAAAARATATTATCGTGACAGGTGGAGCTGGCTTTATCGGTTCTAACTTTGTCCATTATGTTTACGAGAACTTTC
DV HV TV LD XKULT Y ATGNINU RA ANTIETETITLSGNIZ RUVETLVV GD
CAGATGTTCATGTGACAGTCCTAGATARGTTGACTTATGCTGGAAACCGCGCGAATATTGAGGARATTTTAGGTAATCGTGTTGAGTTAGTTGTTGGTGA
I A DAZETLV DI XL AAG QA ATD ATIV HYAAESUHNUDNSTLNTUDP
CATTGCTGATGCGGAGTTGGTAGACAAGTTGGCTGCTCAAGCAGATGCTATCGTTCATTATGCAGCGGARAGCCACAATGATAATTCGCTCAATGATCCA
S P F I HTNVFIGTYTTILILEAA ARIUIKYDTIM®RT FHHEVYV S TUDE VY
TCGCCATTTATTCATACTAACTTCATTGGAACCTATACTCTTTTAGAAGCTGCTCGTAAGTATGATATTCGCTTCCACCATGTATCGACAGATGAAGTTT
G DL PLREUDTLU PG GUHTGETGZ?PGTEI KT FTA® AETI KT YDNTZPS S P Y S
ATGGGGATCTCCCTTTACGCGAAGATTTGCCAGGTCATGGAGAAGGGCCGGGTGAGAAATTTACGGCTGAAACCAAGTACAATCCAAGCTCGCCTTACTC
S T K AA S DL I V KA W VU RSVPF GV KA ATTISDNTZCSNN NYSG P Y
ATCAACCAAGGCAGCCTCAGATTTGATTGTCAAAGCCTGGGTGCGTTCTTTTGGAGTCAAGGCAACGATTTCCAACTGTTCAAATAACTACGGTCCTTAT
Q H I E K F I PR QI TTNTIULSSGTIK?PZ KULYGESGI KNV VU RIDWTIH
CAACATATCGAARAATTCATCCCACGTCAGATTACTAACATCCTAAGTGGAATTAAGCCAAARCTTTACGGTGAAGGTAAGAATGTTCGTGACTGGATTC
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T N D H S S GGVWwWTTIULTI KGI QTIGETYULI G AUDSGTEI KNDNN K E
ATACCAATGACCATTCTTCAGGAGTTTGGACAATCTTGACAARAAGGGCAAATCGGTGAAACCTACTTGATTGGGGCTGATGGTGAGAAGAACAATAAGGA
vV L E L I L K EM G QA TDAY DH V TDURWAGHUDTULUZRYATI D A
AGTTTTGGAACTTATCCTTAAGGAAATGGGACAAGCTACGGATGCCTATGATCATGTGACTGACCGTGCAGGACATGACCTTCGCTATGCGATTGATGCC
S K L R E EL G WK P EVFTNU FEW AS GV LI KA ATTII KWWY TUDN G QE W W
AGCAAGCTCCGTGAGGAGTTGGGGTGGAAACCTGAATTTACCAACTTTGAAGCTGGGCTCAAGGCAACAATCAAGTGGTATACAGATAACCAAGAATGGT

K A E K E A V EANYA AZ KTOQETITI TV *
GGAAAGCAGAAAAAGAAGCTGTTGAAGCCAATTATGCTAAGACTCAGGAGATTATTACAGTATAARAAGCAGGAAATAGCTGCTTTTTATTGCTATATTG

cpsi9a0 —

M I L I T GG A N G Q L 66T EULR Y L L DEU R N E
GGAAGAGTTACATATTAGAAAGGTCTAGAGATGATT TTAATTACAGGGGCAAATGGCCAATTAGGAACGGAACTTCGCTATTTATTGGATGAACGTAATG
E Y V AV DV A EMDTITUDA AEMYVYEI KV F EEVKZPTULUV Y H C
AAGAATACGTGGCAGTAGATGTGGCTGAGATGGACATTACCGATGCAGARATGGTTGAGAAAGTTTTTGAAGAGGTGAAACCGACTTTAGTCTACCACTG
A A Y T A V D AAEDEG G RETLD FATINUVTGTI KNV A KA S E
TGCAGCCTACACCGCTGTTGATGCAGCAGAGGATGAAGGAAGAGAGTTGGACTTCGCCATCAATGTGACGGGGACAAAARATGTCGCAAAAGCATCTGAA
K HG6G A TUL VY I S TD YV FDGI KK PV G Q EWEV DUDIRUPUD P Q
AAGCATGGTGCAACTCTAGTTTATATTTCTACGGACTATGTCTTTGATGGTAAGAAACCAGTTGGACAAGAGTGGGAAGTTGATGACCGACCAGATCCAC
T E Y G R T K R MG EEULV EKHV S NUF Y IT1IRTA AWV F G N Y
AGACAGAATATGGCCGTACTAAGCGTATGGGGGAAGAGTTAGTTGAGAAGCATGTGTCTAATTTCTATATTATCCGTACTGCCTGGGTATTTGGAAATTA
G K NF VF TMQNILAZ KT THI KTULTVVNDIOQYGIRPTTWTIR T
TGGCARAAACTTCGTTTTTACCATGCAAAATCTTGCGAARAACTCATAAGACTTTAACAGTTGTAAATGACCAGTACGGTCGTCCGACTTGGACTCGTACC
L A E F M T Y L A ENURIKEU FU GY Y HL S NUDA ATETDTTW Y D F A
TTGGCTGAGTTCATGACCTACCTAGCTGAAAATCGTAAGGAATTTGGTTATTATCATTTGTCAAATGATGCGACAGAAGACACAACATGGTATGATTTTG
vV EI L XK DTUDV E V K P VD S5 S Q F P A KA AI KIZ RUPILNIZSTMMS L
CAGTTGAAATTTTGAAAGATACAGATGTCGAAGTCAAGCCAGTAGATTCCAGTCAATTTCCAGCCARAGCTAAACGTCCGCTAAACTCAACGATGAGCCT

A XK A XK AT GV F VI P TW QDAL QEVF YK QE V R *
GGCCAAAGCCAAAGCTACTGGATTTGTTATTCCAACTTGGCAAGATGCATTGCAAGAATTTTACARACAAGAAGTGAGATAAGTAGTAGAATGATCTTCT
AGTCTAATARAAGAGGCAGATAATGAACTCCAAAGGAGCTTAAGATGTACGATTATCTTGTTGTTGGTGCTGGTCTCTTTGGCGCATAGCTTTGGCTCAG
CTTCTATTATCGCTCACACCATCCATCAGAAGTTTAATCTGAAGGTACCCAATTATCGCCAAGAAGAAGATTGGGCTAGGATGGGTTTACCAATCACACG
TAAGGAAATCTCTAATTGGCATATCAAGGCAAGTCAATACTATTTAGAGTCCCTTTATAACCTTTTACGAGAAAAGTTGTTAGAACAACCTCTTCTTCAT
GCGGATGAAACCTCTTATCGGGTGCTAGAGAGTGATAGCCATCTGACCTACTATTGGACCTTTTTGTCTGGGAAAGCTGAGAATCAAGCAATCACGCTGT
ACCATCATGATCAGCGTCGGAGTGGTTTAGTAGTACAAGAATTCCTAGGAGATTATTCTGGCTATGTGCATTGTGATATGTTGCGGCAGTAACTTAGGAC
TTTAGTCCTCTAGTTCTGCCTATGCGATAGCAGTCCAAGGTTTAGGAGCAAGGCGACGCTAAGCTTGGTAAACTACGAACCGCTAGAAGCTTATCGTCAA
CTGGAAAGAARGCTGAACTTGTTGGATGTTGGGCGCATGTGAAGAAGGAAGT TTTTTGAAGCGCCCCCAAGCAAGCGGATAAATCATCGTTAGGAGCTAAA
GGTTTAGCTTATTGTGATCAGTTATTTGCCTTGGAAAGAGACTGGGAGGCTTTGCTAGCTGATGAACGACTACAGAAACGTCAAGARGAGCTCCAACCCC
TAATGGAAGATTTCTTTGCTTGGTGCCGGCGTCAGTCAGTTTTATCGGGT TCAAAACTAGGAAGGGCAATTGAATACAGCCTCAAGTATAAAGAAACCTT
TAAGACCATTTTAAAAGACGGACATCTGGTCCTTTCCAATAATCTAGCTGAACGCGCCATTAAATCATTGGTTATGGGACGGAGTAAAAGAGTCCAGTGG
ACTCTTTTAGCCTAAGCTCAGTTTAAAAAAGTGAGGGTGGTTATTTTCTCAAAATTTTGAAGGAGCTAAAGCAAGAGCTATTATTATGAGCTTATTGGAA
ACAGCTAAACGTCATCAACTAAATAGCGAGAAATATCTATCCTATCTTCTAGAATGTCTTCCAAACGAGGAARCTCTCGTAAACAAAGAGGTTTTAGAGG
CTTATTTACCATGTACTAAAGTTGTACAAGAAAAGTGCARATAAGAAATCTCCAGATTAGGAACTATATATGAGTTCTCTAGTCTGGAGATTTTTCAATA
TACTTCGTTATTGGACGGTTACGATATTCATATTTTTTGCAAAGATGTTGTTTGAAAAATAATTTTCAAAAATTCTGAARAAATTCTGTTGACAACTTTCTG

aliA —

M K S S R L, F AL A GV T L L A AT T L
AAAAGAGTCTATAATGGAGAGAAAGTTTTAAAGGAGAAAATGATCARAAGTTCAAGACTATTTGCCCTTGCGGGCETGACATTATTGGCGGCGACTACTT
A A C S G S G S S T K G E X TV F s Y I Y ETDUPDINIULNUYTLT T A
TAGCTGCATGCTCTGGATCAGGTTCAAGCACTAAAGGTGAGAAAACATTCTCATACATTTATGAGACAGACCCTGATAACCTCAACTATTTGACAACTGC
K A A TANTI T SNV VD GLULENDU RYGDNV FV P S M A ED W S
TAAGGCTGCGACAGCAAATATTACCAGTAACGTGGTTGATGGTTTGCTAGAARAATGATCGCTACGGGAACTTTGTGCCGTCTATGGCTGAGGATTGGTCT
vV s K DGUL ™Y TY TTIRI KD AI KWWY T S E G EE Y A AV KA Q DF
GTATCCAAGGATGGATTGACTTACACTTATACTATCCGTAAGGATGCAAAATGGTATACTTCTGAAGGTGAAGAATACGCGGCAGTCAAAGCTCAAGACT
vV T G L K ¥ A A DK K S DAULYULV QE S8 I K GV D AYV K G E I
TTGTAACAGGACTAAAATATGCTGCTGATAAAAAATCAGATGCTCTTTACCTTGTTCAAGAATCAATCAAAGGGGTGGATGCCTATGTAAAAGGGGAAAT
K D F $ Q V G I K AL DDIOGQTVQ Y TILNUIZXKXU?PESFWNSZ KT T M
CAAAGATTTCTCACAAGTAGGAATTAAGGCTTTGGATGATCAGACAGTTCAGTACACTTTGAACAAACCAGAAAGTTTTTGGAACTCAAAARACAACCATG

G VvV L AP V N EEVLULNS K G D D S
GGTGTGCTTGCGCCAGTTAATGAAGAGTTGTTGAACTCAAAAGGGGATGATTCT
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APPENDIX 1V

The nucleotide and amino acid sequence of the cps19a locus from
cps19a]j-aliA from S. pneumoniae strain 19A2,

The nucleotide sequence is numbered in accordance with GenBank accession number
AF105113 and starts from the centre of ¢psi9aJ to the beginning of aliA. This sequence has
been referred to as ¢psl9a, throughout this thesis to distinguish it from the ¢psl9a locus from
S. pneumoniae strain 19A1. The amino acid translation for each ORF is represented by single
letter code above the first nucleotide of each codon, except when translation is in the
complimentary DNA strand, when it is shown below the nucleotide sequence. Possible
ribosome binding sites are underlined. The promoters for aliA and cpsl9a;0 are indicated

and the stem-loop termination sequence is indicated with arrows.

.. .cpsi9aJ—

S XK F I F N I K E S F DU NIURUVGIDNILMMILSNIASSILTITIGTI
1 TGTCAAAATTCATCTTTAATATAAAAGAGTCTTTTGATAATATCCGAGTTGGTATCAATTTAATGTTATCCAACATCGCAAGTAGTTTGATTATCGGTAT

VRL GI Q WNWNTIUZ ETUPFGI XV SLTL SV S NULTILMTFTINA
101 TGTTCGTCTAGGAATCCAATGGAACTGGAATATCGAAACATTCGGGAAAGTATCTCTGACCTTGAGTGTTTCCAATCTATTGATGACTTTCATTAATGCC

I G L VVF PLLRIRTI KA AENIZ LU PIZ KTIYSNILI® RNV VILMILTIMMTF A
201 ATTGGACTAGTCGTCTTTCCGCTATTAAGACGAACAARAGCAGAAAACTTACCTAAGATTTATTCTAATTTAAGAAACGTTTTGATGCTTATCATGTTCG

I L L I ¥ Y PL K I VLDILWILUPAY QDA ALTIVFMMTULTITFPMS
301 CGATTTTGCTCATTTACTATCCTTTAAAAATTGTATTAGACCTCTGGTTGCCAGCCTATCAAGATGCCTTGATTTTCATGACCCTTATTTTCCCTATGTC

vV Y E G K MAULUV INTYULXALU RMEZ RDTITULZRUVIDNAILUVMMTELTI
401 AGTCTATGAAGGGAAAATGGCATTGGTCATTAATACTTACTTAAAGGCATTAAGAATGGAAAGAGATATCCTTAGAGTCAATGCCTTAGTAATGTTGATC

$s M ¢ V TLVT?TTJYULULNJSTILETLTU VYV $ IV VLULALTU RSTITIATE
501 AGTATGGGAGTGACCCTGETTACAACATACCTGTTAAATAGTTTGGAGCTGACTGTTGTATCGATAGTTGTTTTGCTAGCTTTGAGAAGTATCATAGCCG

L I L 8 K XK L DV 8V K X D IVLETFTLILTULVF F I S S S WY L P
601 AATTAATTCTGTCTAAAAAACTGGATGTTTCGGTTAAGAAGGATATTGTATTAGAATTTCTTTTGACGUTTGTCT T TATTTCTTCAAGTIGG TATTTGCC

I G L AV I VYTTIAYSGULYULYTULIZ KUHEHUDTIIZ KTTYTLAYTFZKAS
701 GATTGGGCTGGCAGTAATTGTCTACACAATAGCCTACGGTTTATATCTCTATTTGAAACACGAAGATATCAAAACCTATTTAGCTTACTTTAAAGCTAGT

cps19aK—
K K T § N * M XK K I M L
801 AAARAAACATCAAATTAAAAAATTATATAATGATTAAGTGGTAGATTCTATTTCTACCGTTTTAGATATTCGGGAGGTAATGATGAAAARAATTATGTTA

vV F ¢ TR PEA ATI KMOC?®PTLVNZETLI K KHET DMMETTIUVCV TG QH
901 GTATTCGGTACACGTCCGGAAGCCATCAAAATETGTCCATTAGTCAATGACTTGAAAAAACACGARGATATGGAMCAATTGTGTGTGTTACTGGACAAC
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K EM V S P VvV L DL F GV YV PDYDLETIMI KA ANG GQOQOTULTVF S I TT
ACAAAGAGATGGTTAGTCCTGTTTTAGATTTATTTGGTGTTGTACCAGATTATGATTTAGAAATTATGAAGGCTAACCAAACCTTGTTCTCTATCACAAC

$ I L E K I K P V L E K E Q@ P DI VL I HGDTTTTTY A AA L A
TAGTATCTTGGAAAAGATAAAACCAGTTTTAGAGAAGGAACAACCAGATATTGTCCTAATTCACGGTGACACTACGACAACTTATGCAGCAGCCTTGGCA

A F YL G I K vV G H VEAGTLUZRTYNULU QS PVFPEETFNUZRUOQS T S
GCATTCTATTTGGGAATTAAAGTAGGACATGTTGAAGCTGGTTTGCGAACGTACAATTTACAAAGTCCATTTCCTGAAGAATTTAACAGGCAATCGACAT

I I A T Y HF A P T EULA AU XKEDNULULIKEGRENUVY VT GNTV I
CAATCATTGCAACTTACCATTTTGCTCCAACTGAGTTGGCTAAAGAAAATCTCTTAARAGAAGGTAGAGAGAATGTTTATGTGACTGGAAATACTGTCAT

D AL TTTV Q EDYTHTHTULUDULNA ANNW RILTIILILTAUHIZRTR E
TGATGCTCTTACAACTACTGTTCAAGAGGATTATACACACACTCATTTAGATTTAAACGCTAACAATCGTCTCATCTTATTGACTGCTCATAGACGCGAA

N L G E P MRHEMU FIRAVYVY XK RVLNUEYEDV KV I Y P I HI KNP L
AATCTCGGCGAACCGATGAGACATATGTTTAGAGCAGTTAAACGAGTATTGAATGAATACGAAGATGTTAAAGTCATTTATCCAATTCATAAGAATCCTT

vV R ETAAZETIVF GDTTEI RTIQTITIEU?PLUDV LDV FHNUFMN Q S
TGGTACGTGAAACAGCTGCAGAGATCTTTGGAGATACAGAACGGATTCAAATTATTGAACCTTTGGATGTTCTTGATTTCCACAACTTCATGAACCAAAG

Yy M I L. * DS GGV QEEAUPSLGI KUPV L VMRBRUIDTTEIZRUZPE G
TTATATGATTTTAACAGATTCTGGCGGAGTTCAGGAAGAAGCACCTTCTTTAGGAAAACCTGTATTGGTTATGCGCGATACTACTGAAAGACCTGAAGGA

VAAGTUL I KULV GTDEZETTIYQNTVFI KU LILULUDDS G E Y K K M S
GTAGCGGCAGGAACCTTGAAATTAGTAGGAACTGACGAAGAAACAATTTATCAAAACTTCAAACTACTTCTAGATGATTCTGGAGAATACAAAAAAATGA

Q A S NP Y GNGUDA ASOGQOTIVOQOTIULURGTI *
GTCAGGCTAGCAATCCATACGGTAATGGTGATGCTAGTCAACAGATTGTTCAGATTTTGCGTGGGATTTAAGAAGATTCTCTAAAAGAGTCTAAGAGGAA

TCCACTCCACAAACATAAAACTCTTATGCTATCATTTATGATTGAGATAGACTCATAACTTAATATTTTTATCCTAAGAAAATTCGTTCATATTCAATAT

cps19aL—>

M K 6 I I L A G G S GG TRULYPULTIRAA A S§ K
GAATGAAARACAACGAAGAAAGGTTATTTCATTATGAAAGGTATTATTCTTGCAGGCGGCTCAGGTACCCGCCTGTACCCACTTACTCGGGCTGCGTCAA

Q L M P VY DK PMTI Y Y PL S TLMULAGTII KUDTIULTITIS ST P Q
AACAGCTGATGCCGGTTTATGATAAACCTATGATTTATTATCCGTTGTCGACATTAATGTTGGCTGGAATTAAAGATATTTTGATTATCTCAACTCCTCA

D L PRVF KDLUILULDGSEVF G I XKL S Y AEUZ QUPSPDGT LA Q A
AGATTTGCCCCGTTTTAAGGACTTGCTCTTGGATGGTTCCGAATTTGGGATCAAGCTTTCCTATGCGGAACAACCTAGTCCCGATGGACTTGCTCAGGCT

F L. I ¢ E EF I G DDS VALILGDNIUYHSGU?PGILSTMTULQQ K A
TTTCTTATCGGTGAAGAATTTATCGGTGACGATAGCGTTGCCTTGATTTTAGGCGACAATATCTACCATGGTCCTGGTCTGAGCACAATGCTTCAAAAAG

A K K E XK G A TV F G Y Q VX DPEWRFGV YV EVFDTTIDMNDNA ATI S
CAGCCAAGAAAGAGAAAGGTGCGACTGTTTTTGGCTACCAAGTGAAGGATCCAGAGCGTTTTGGTGTGGTTGAGTTTGATACAGACATGAATGCTATTTC

I EE K P E Y PR S NYAV T GGGUL Y F Y DNUDV V ETIAIKZGQQTIIKP
TATAGAAGAAAAGCCGGAGTATCCTCGCTCCAACTATGCAGTGACAGGACTGTATTTCTATGATAATGATGTTGTGGAGATTGCTAAACAGATCAAACCT

S ARG ELETI TD VNI KA AYULNUZRGDULSV ELMUGRGT FAWTULTD
AGTGCTCGTGGCGAGTTAGAAATTACAGACGTTAACAAGGCTTACCTARATCGTGGTGACCTTTCTGTTGAGCTGATGGGGCGTGGTTTTGCCTGGTTGG

T G T H ESUL LEASOQQY I ETV QRMZOQNUWVQV AZNILEETI S Y
ATACGGGAACCCATGAAAGCTTGCTAGAAGCTTCTCAGTATATTGAAACGGTTCAGCGTATGCAGAACGTTCAAGTGGCAAATCTAGAAGARATTTCCTA

R M G ¥ I S R ED VL ELASQPILI K KD NUETYGR YL LRUILTIGE A
TCGTATGGGCTACATTAGTCGTGAAGACGTGCTGGAATTGGCTCAGCCTCTTAAGAAAAATGAATACGGACGATATTTGCTCCGTTTGATTGGAGAAGCA

cps19a,M—>
* M §$ DN F F G K T LV VR XKTIDATIU®PSGILULETFUDTIUZPVHGDNR
TAGATGTCAGATAATTTTTTTGGAAAGACACTTGTGGTACGCAAGATTGATGCTATACCAGGACTGCTAGAGTTTGACATTCCCGTTCATGGAGACAATC

G W F K ENVF Q K EKMULPULG FU?PE S F FA AW MG GI KTLUZGQNNWYV S F
GTGGTTGGTTTAAGGAAAATTTCCAGAAGGAAAAGATGCTACCGCTTGGTTTTCCTGAAAGCTTCTTTGCTGCAGGGAAACTGCAAAATAACGTCAGCTT

S R K NV L RGUL HAEUPWU DI K YTI s VADUDSGI KUVLG S WV DL
TTCTCGCAAAAATGTTCTTCGAGGACTCCATGCTGAACCTTGGGACAAGTATATCTCTGTTGCAGACGATGGGAAGGTTTTAGGATCTTGGGTAGATTTG

R EGETF FGNUV Y QTETIUDA AWASIZ KGIV FUVPRGVANGT FOQUV L S
COTGAAGGCCAGACCTTTGGAMATCTTTACCAGACAGAGATTGATGCTAGCAAGGGAATTTTTGTCCCTCETGECGTAGCCAACGGTTTTCAAGTCCTCT

D TV S8 Y S YL VNDYWATULUZETULI KU®PI KYATFVNYATDU&PATLGTI
CAGATACAGTTTCCTATAGCTATCTGGTCAATGACTACTGGGCTCTTGAACTCAAACCCARATATGCCTTTGTTAACTATGCTGACCCAGCATTGGGAAT

E W ENUL P E A EV S EADI KHHZPULILI®RDU VK PLTI KDETL *
TGAGTGGGAAAACCTACCGGAAGCTGAGGTTTCAGAGGCAGACAAACACCATCCTCTATTAAGGGATGTCAAACCACTTACGAAAGACGAGTTGTAAAAG

cpsi9a,N—

M T E ¥ K K I I VT GG G A G F I G 8 NF V HY V Y NDNTF P DV
GAAACATTATGACTGAATACAAAAAAATTATCGTGACAGGTGGAGCTGGTTTTATCGGTTCTAACTTTGTCCACTATGTTTACAATAACTTTCCAGATGT

H VT V1D KULTYAGNU R ANTIIEIETIULGUDU RV ETLUVV G DI A
CCATGTGACAGTGCTGGACAAGCTGACTTATGCAGGTAATCGTGCCAATATCGAGGAAATTTTAGGCGACCGTGTTGAGTTGGTTGTTGGAGATATTGCT

D AAL VDI KXKILAAEA BAWADA ATIUVHYAAESHNUDNSTLNUDUZP S P F
GATGCAGCCTTGGTAGACAAGTTGGCGGCTGAAGCGGATGCTATCGTTCACTATGCGGCAGAAAGCCACAATGATAACTCGCTCAATGACCCGAGTCCAT

I H T NVF I G T Y TLULEAA ARIKYUDTIW RF FHHV S TDEV Y G D
TTATCCACACCAACTTTATCGGAACTTACACACTTTTAGAAGCGGCTCGTARATACGACATTCGTTTCCACCATGTATCGACTGATGAAGTCTATGGTGA

L P L REDULUPGHGEGULGEI KT FTAETIKYNUPS S P Y S ST
CCTGCCTCTGCGTGAAGATTTGCCAGGTCATGGGGAAGGCCTAGGTGAGAAATTTACCGCTGAAACCAAGTACAATCCAAGCTCGCCTTACTCATCAACC
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4101

4201

4301

4401

4501

4601

4701

4801

4901

5001

5101

5201

5301

5401

5501

5601

5701

5801

242

K 2 A S DL I V XK A WUV RS F GV EKXKATTI S NI CSNNYG P Y Q HI
AAGGCTGCTTCAGACTTGATCGTTAAAGCTTGGGTGCGCTCATTTGGTGTTAAAGCAACGATTTCTAACTGTTCAAACAACTATGGTCCATACCAGCATA

E XK F I PR QI TN NI L S G I K P KL Y G EG KNV RUDWTIHTN
TCGAGAAGTTCATTCCGCGCCAGATTACGAATATCTTGAGCGGTATCAAGCCAARACTCTACGGAGAAGGTAAGAATGTGCGTGACTGGATTCACACCAA

DHS S GVWTTITULTI KGOGQTIGETYULTIGADGEI KNNIZI KEVL
TGACCATTCATCAGGCGTTTGGACGATTCTGACCAAGGGTCAAATCGGTGAAACTTACTTGATTGGTGCTGACGGTGAGAAGAACAACAAGGAAGTGTTA

E L I L K EM G Q P A DAY DHV TDIRWAGUHTUDTU LI RYWATIUDA ASIKL
GAGCTCATTCTCAAGGAGATGGGGCAACCCGCTGACGCTTATGACCATGTGACCGATCGAGCTGGTCACGACTTGCGTTATGCGATTGATGCTAGCAAGC

R D EL G W K PEVFTWNU FEA AU GT LI KETTII KWWY YTTDINQUDWW K 8
TCCGTGATGAGTTGGGGTGGAAGCCAGAGTTTACCAACTTTGAAGCAGGCCTCAAAGAGACCATCAAGTGGTACACAGATAACCAAGACTGGTGGAAATC

E K E A V EANYW AI KTOGQQQV I K *
TGAAAAAGAAGCAGTAGAGGCTAACTATGCTAAAACGCAACAAGTGATTAAATAATAAGATACTAAARAAGCAAGAGACCTCGAGGTCTCTTGCTTTTCT

v
€

AGTATGTAGTAAGCTTTTATTTTCTTACTTCTTGTTTATAAAACTCTTTAAGGGCATCTTGCCAGGTTGGGATGACGAAACCTGTTGCCTTTGCCTTTGC
—_— * X RV EQ K Y F E KL ADOQWTUPTIVF G TAI KA K A

CAAACTCATAGTTGAGTTGAGAGGTCGTTTAGCCTTAGCGGGGAACTTGCTAGAGTCTACTGGCAATAGTTCAACATCACTCTCCTTAAGAATCTCGCTA
L S M T S NUL PR KA KA APV FIXK S S DV PLULEVDSEIZ KTLTIE S

GCAAAGTCATACCAAGTGGTGTCCTCAGCTGCGTCATTCGATAAGTGATAGTAGCCATACTCTTTTTGATTTTCAGTCACATAGGTCATGAACTCGGCCA
A F DY WTTUDEA AW AUDINSTULHY Y G Y EKOQNETV Y TMTFE A

AGGTCCGTGTCCAAGTTGGGCGACCGTATTGGTCGCTGACCACTGTGAGCGTTTTATGGGTTTCGGCTAGGCTTTGCATGGTAAAGACARAGTTCCTTCC
L T R TWTUPWRGY QD SV VT™L T KHTEA ALSOQMTT FV F NR G

ATAATTTCCAAAAACCCAAGCAGTACGAATGATGTAATGCTGTGACGTAAGGTTCTCAACAAGTTCTTCTCCCATTCGCTTGGTACGTCCGTACTCTGTT
Y NG F VWAT RTITIYHOQQSTTILNUEUVLEZETGMHZ BRI KTIRGYET

TGCGGATCAGGTATGTCATCGACTTCCCACTCTTGTCCTACTGGTTTCTTTCCATCAAAGACGTAGTCTGTTGAGATATAGACCAGAATAGCTCCGTATT
Q p D P I DDV EWEZGQGUV PKIKGDVFVY DTS I Y VL IAGY

TCTCAGAGCCCTTGGCTACATTTTCAGTTCCAGTTACGTTGATGGCAAAATCCAGTTCTTTCCCTTCATCTTCGGCTGCATCAACAGCAGTGTAGGCTGC
K E S G K A VNUET T GTVNTIAVPFUDULEI KSGEUDEWA AM-ADUVATY A A

ACAATGATAGACTAGAGTTGGCTTAACCTCAGCAAAGACTTTTTCAACCATTTCAGAATTAGTGATATCCATTTCGGTCACATCCACTGCAACATAGTCC
C HY VL TP KV EAVF V KEVMESNTTIIDMETV VDV AV Y D

ACATTTCGCTCATTTAGTAAATAACGTAGTTCGGTACCAAGTTGACCATTTGCACCTGTAATTAAGATCATATTTTTCTCCTTGATAGTTCTTATACTTA
VNIRENULTILYRULETUGULQGNW AU GTTIULTI M

<—cps19a,0

ATTATATCAAAAATATAGARAAATCGGTTTTTAGTGARCCCTTTTTTGGTATAAACTTTGTTAGTGAAGCGCAAGAGAGCCGAATAGTTATTACTTTAGA

Pain—
-35 -10
ATATCCTTAAAAGTATTTTTCAGAATTTACCAARATTAATTAAAAAATTCAGAAAATTATATTGACATCTCTCTGARAAAGAGTCTATAATAGAGAGAARGT
-10 -35
(_Pcpsl 9a20

aliA—>

M K § § K
TTTAAAGGAGAAGATGATGAAAAGTTCAAAAC
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APPENDIX V

The nucleotide sequence of Rx1-19F, Rx1-19A.1, Rx1-19A.2, Rx1-
19A.3 and Rx1-19A in the regions where recombination between
the cps19f and cps19a loci has occurred.

The nucleotide sequence of cpsI9F and cps19G for Rx1-19F, Rx1-19A.1, Rx1-19A.3
and Rx1-19A indicating the regions where recombination at the 5’ end of the cps locus has
occurred in Rx1-19A.1, Rx1-19A.3. The amino acid translation for Rx1-19F is represented
by single letter code above the first nucleotide of each codon. The vertical arrows indicate

the first nucleotide which is type 19A-specific in each transformant.

cpsl9fF—

M RDRIQLILGVTTIDTILLTMNTETTITDSVET QYTVTLE KR
Rx1-19F ATGAGGGATAGAATCCAACTTTTAGGTGTAACAATTGATTTGCTTACGATGAATGAAACGATAGATAGTGTAGAACAATATGTATTAGAAARAAG
O N
REL-10R.3 oo mivecara s et ot afd e g e TR TP L 0I5 B B A w e RS v a8 Fa ST A D N ALY
Rx1-19A ... .AT..G..... T, . KK, . ... AR.T..T..A.. .CCAT.A........ Koo A.TG:..6Ck, . Teina. Giiiin T...h.G..GCA

P LHLMGV VNS ADTEXKTINT QG CHTDETZKTTE KT KTIVNEST ST GTITIN
Rx1-19F ACCACTACACTTGATGGGGGTGAATGCTGATAAARTTAATCAGTGTCATACAGATGAGAARATCARAAAARTCGTTAATGAGTCAGGAATCATTA
e T T T L s
RXL-10A.3 | iikhiasiots s Sl i G ol s o S B D O D e
Rx1-19A Ci DT B o 2 ssaninaiis e Y CT .« GRG0 Ao 08 R e e A

ADGASYVVLASEKTFTLGTT PV ?PETRVYACGTIDTILMG QT CTLL

Rx1-19F ATGCGGATGGAGCATCAGTTGTTCTTGCAAGTAAGTTTTTAGGAACGCCTGTTCC TGAACGACTAGCGCETATTGATTTGATGCAATGTCTTTTA
T3 e —————
RORL-B0R. 3 socmiar i o a oo oas g A AT 58 1 31606 S 00 4 8 R0 A 1 s 8 AL o B
Rx1-194 i CanCodoslaa s A AC.A. poumss [ L S O . S A..CA.T.AC..

EL S NZKZEKGYSVYFFOGARKETETVTELOQDMTLZEKTYTFTZ KT RTDTYF?P
Rx1-19F GAGTTGTCAAATAARAAAGGATATTCAGTTTACTTTTTTGGAGCAAAAGAAGAAGT T T TGCAAGATATGCTCAAAGTATTTAAGAGAGAT TATCC
N TS
RXL-19B.3  sooreummmimivinmin it s i e e e 1 A 8 o A i st e s mmre, i SO NS
RX1-19A  ........ SO - S, o) AL - - T.A..... GO - S WG SRee)

N L IVIGEHRNTSGTYTFTSETETDET QA ATIO QETDTITRETEKDNTPDFV
Rx1-19F ARATTTGATAGTTATTGGACACAGRAATGGCTATTTTTC TCAAGAGGATGARCAAGC TATTCARGAAGATAT TCGTGARARGAACCCTGATTTTG
Rx1-19A.1
Rx1-19A.3

Rx1-19A



Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19a

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1~19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.
Rx1-19A.

Rx1-19A
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Rx1-19A.1
{

F I ¢ I T 5 P K K E Y I I Q K FMD S G VNSV F MGV G G 5
TGTTTATTGGkhTTACGTCTCCTAAAAA&GAAT&TATTATTCAAAAATTTRTGGATAGTGGCGTCRATTCGGTATTTATGGGRGTTGGCGGTAGT

F DVL S G H I QRAPILWMAOQI KSNULEWTILTFIZRUVANTET?PIKR
TTTGATGTCTTGTCTGGTCATATCCAACGAGCACCTCTATGGATGCAARAGTCAAATTTAGAGTGGTTATTCCGTGTAGCTAATGAGCCTAAACG
........ ACLALL A GBawes ol v  Th T wun vwiwen « TGTCHCCh e s swamane B iTuawa B s il

e AC AL B G R AT DGLTCLCC e G T G A

cpsl9fG—

L F K R Y FV G NTI S P I GK VL K A KU R GV K Y * M I
TCTCTTTAAACGTTATTTTGTAGGGAATATTTCATTCATAGGAAAAGTTTTAAAAGCARAAAGAGGTGTAAAATATTGAACCAGACAGAGATGAT
......... GC. . iiiiinerenneaGoo L ToLAL L e s o0 GLLWGLL L LG LATAT. . .CT. ... ....C.. .. AL LAG.
i eGSR R R | B e N T G..ATAT...CTiuusiceaCazinn A..AG

Rx1-19A.3
\J

R L I Q K v EL DATI KEUVFI KK I ¢CEENDTIUDTFV FULUZRGG G S8 V
TCGCTTAATTCAAAAAGTTGAATTAGATGCTATAAAAGAGTTTAAAAAAATCTGTGAAGAGAATGATATAGATTTTTTCCTCCGCGGTGGTAGTG

5 R 0 P C. +Ts . T2: G G.
........ »anaaa e .‘.....C,....T..T. G..G...
B . RPAIR [} AR A Cala s T..T:.Gi.G. 4u

L G AV K Y DG F I PWDDDMDTIA AV PREW AYUDI KT LUZP SV
TACTTGGTGCAGTCAAATACGACGGCTTTATTCCATGGGATGATGATATGGATATCGCTGTCCCTCGTGAAGCATACGACAAACTTCCAAGTGTT

....... T S T T E T TR R T E Y. TR CE R EE IR L r e G T R LR G CAT T A e e e G AR C
....... T YT Y T T ITTEEEEY - -EET- TECEET: TR R G I TG ST T T R G A TG
....... Gl Tt & Resenen AT TG NN - CHENENG - o - » « GNGICT e o GNEle o Diels » » 5G ¢« o « OF « « GEIECCETER- - Ttk - - - - 2G[E - ARC

F K DRI I A G K Y QVLTYQyY CDOTLMHCY?F P RULF UL L A
TTCAAAGATAGAATTATCGCTGGGAAATATCAGGTTCTTACTTATCAATACTGTGATACGTTGCATTGCTACTTTCCTCGACTATTCCTTTTAGC

B R e R T e ) A..CovivnvnrrnnnensGuuruns v eesiTio e Connne T oPsnionsmessas wein e wtiC o e aceiasm wim mraimoe A
e T G srarnersasAhe Connunennesmmans GiovuvwssssTeiCovunsT.sBAeuvivnneneraseenesClaraierivmessA
P R € TP A, .Couvuan PR C TP —— e LY W — S e N . . ..A

D ERZX RILGUL P RNTTWNILGTULUHTULTIDTITIU®PULUDGAUPNUH SV
AGATGAAAGAAAACGTTTGGGCTTGCCACGAAATACCAATCTAGGATTGCATTTGATTGATATCATTCCTTTAGATGGAGCACCAAATCATTCGG

..................... U © O
..................... BY. . .t tscrciisr- .80 . .A,. E.. . A.. FYTIYPY .. ® .. .FA.GE. .. AT
..................... A, . ... .. . . TETTTTYTIITTTIETYY. (I T TR TEEY. Frrr G Tl

L R K I ¥ F C KV YW YR FUL A SULGTT Y V G DHV DMH s
TTTTAAGAAAGATTTACTTTTGTAAAGTATACTGGTATCGTTTTTTAGCAAGCTTAGGAACAACTTATGTTGGCGACCATGTGGATATGCATTCC

........... C .oem- GG . .pE- - F - cEHE- - EX - SR : T -CE: KX - - EERL
........... (o N (/| IR R RRIC CRR IC C s o o i
........... E o - CE. g - - BRI - R - e R - - - CRRAE ARE - Rl

T K Q K L I T @ F F K XL GF A K ULVF P QNS VY RIRULUDNTULY
ACTAAGCAAAAACTAATTATTGGTTTCTTTAAAAAACTAGGATTTGCARAACTATTTCCTCAAAATTCTGTATACAGACGCTTGGATAATCTCTA
GurowrrrsrsrsassasCavsnnrognrrermras Govssmabansanssasn eeCovininasanesPresCravaramennes ewaleene s

R K Y D W K K Q@ K Y A G T TINWASTULUVFAI KEUVMUPVETIWGE G
TAGAAAGTATGATTGGAAAAAGCAGAAGTATGCGGGGACTATCAATGCTTCTTTATTTGCTAAAGAAGTTATGCCAGTAGAGATTTGGGGAGAAG

Tl B S R S S N R A, TaiiwedA waCaGun i wCatiwwnia 0 Clalia weatw i e Wi e a wiave acdinnale da s
S T e e e e e e e s Tatined . TammesaR ...C.G ..... Coie sraieainss Coaat e Vo W L S e e
seBAiwiaia e ae e e dene e cw s e Tads e A Tae [ L e R Al & T ehea ey

V E X P F EDTTU F F KV P T E Y DR YL KRULY GG EN YL Y E
GAGTAGAGAAGCCTTTTGAGGATACCTTCTTTAAAGTTCCAACGGAGTATGATCGCTACCTGAAAAGACTTTACGGAGAAAACTATCTTTACGAA

..... T vaessCrimmwsssursnCoGur s Tuvwewn svmumeasae sy eewrsssCosens
T R SRS Fea e CoceonvrnnraCBuvuTununvarsnnaravsarsnssrsnansresCranns
............................ e vinn O mmraim e s msemims C o GageiDinrves aceiws wranmmym wn ¢ mies wdmios ryswace-wonswmn Comaiereie

E P S DDEJHK K S HLGGH *
GAGCCTAGTGATGATGAMAAGAAATCGCATTTAGGAGGACACTAA

PSPPI APPSO . (S
. B L T T 17 ST TRV ¥,
......................................... Ase
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B.

The nucleotide sequence of ¢psI90 and the 3’ intergenic region for Rx1-19F, Rx1-19A.1,
Rx1-19A.3 and Rx1-19A indicating the regions where recombination at the 3’ end of the cps
locus has occurred in Rx1-19A.1, Rx1-19A.3. The amino acid translation for Rx1-19F is
represented by single letter code above the first nucleotide of each codon. The vertical

arrows indicate the last nucleotide which is type 19A-specific in each transformant.

cps19f0—

M I L ITOGANTG QLG GTTETLT RTYTULTLTDETRUNTETETYVAVDV A
Rx1-19F ATGATTTTAATTACAGGGGCAAATGGCCAATTAGGAACGGAACTTCGCTATTTATTGGATGAACGTAATGAAGAATACGTGGCAGTAGATGTGGC
Rx1-19A.1  Sickiamsiesisdosds Sainpecs CeusnG A S A S e R e S R T T T
RX1-19R.3 Revivias biomaaliio s sbain /i a s I8 lasiva'a <imisis R AT B e N AR SRR S R A
Rx1-19A Gl G B B R e SRR ST R R R S

EMDTITODA ATEMG YTET KV VTFETETVZE KTPTLVYHCARATYTHAVD
Rx1-19F TGAGATGGACATTACCGATGCAGAAATGGTTGAGARAGTTTTTGARGAGGTCAAACCGACTTTAGTCTACCACTGTGCAGCCTACACCGCTGTTG
RX1-19A.1  sgssesiemsssas R A AR A e s B —— R
RX1-19A.3  ......... R R — e e e e e e
Rx1-19A T e e e e e e

AAEDESGE KTETLTDTFHA ATINTYTGTZ KNTYVARTASET KTHGAT
Rx1-19F ATGCAGCAGAGGATGAAGGAAAAGAGTTGGACTTCGCCATCAATGTGACGGGGACAAAARATGTCGCAAGAGCATCTGARAAGCATGGTGCAACT
RXL=19A.1  eevsmneanpasssnssnseGaroneennesenersnesssssrrsnssses SR RN AR s
RX1-19A.3 ...e..vnns T G, oG S e e AR R e e e SR o e s
Rx1-19A ..... G S SCiviine e e TR T S B e N 4 s g PO R T R

LVYTISTDTYJVFDGE KT XKXTPUVGQETWETYVTDTDTRTETDTFETOQTEY
Rx1-19F CTAGTTTATATTTCTACGGACTATGTCTTTGACGGTAAGAAACCAGTTGGACAAGAGTCGGAAGTTGATGACCGACCAGATCCACAGACAGAATA
RX1-19A.1  ........ R A R ARG oD S R R S S A SR BRI B BT
RX1-19A.3  aieuinvasis B RSN, Joe Vi R AR AR B RS
Rx1-19A R — e O R

Rx1-19A.1

A

¢ R T XK R M G EEL YV EZ KHKVYVY SNV FYITIIRTA AMWVUF FGNY GK

Rx1-19F TGGACGCACTAAGCGTATGGGGGAAGAGTTAGTTGAGAAGCATGTGTCTAATTTCTATATTATCCGTACTGCCTGGGTATTTGGAAATTATGGCA
Rx1-19A.1 P o R R 55 o oloEY 30 h6 o ol B et 3550 o 0000 e Bo o a0 5o oo 0MG
Rx1-19A.3 Y G R T I Y L L e L N L L L LR RN R R P e - FEEEEEEE [EEE e - X - - -
Rx1-19A T L N N R I LY NI E LYYl (L RET: S (G- - CXE - K- - - - [ - - XX - - -CX - « K+« <GS - O - - -3
N F V F T M Q NL A KTHI KTULT TV VUV NDUGQYGR?PTWTRT
Rx1-19F AAAACTTCGTTTTTACCATGCAAAATCTTGCGAAAACTCATAAGACTTTAACAGTTGTAAATGACCAGTACGGTCGTCCGACTTGGACTCGTACC
Rx1-19Ax%  aiervaimaimesisas saieige e e N R T N R e veewea
Rx1-19A.3 T e PR R R N BN N R T A LT 8 AR T
Rx1-19A = cevememmwsanss A 3 b e W e A, L T eI A e e 4 IR AR 8 1a B e e 4 418 4 e e eI
L AEF M T Y L A ENURIKEVFGYYHULSNUDA ATETDTTTWY D
Rx1-19F TTGGCTGAGCTTCATGACCTACCTAGCTGAAAATCGTAAGGAATTTGGTTATTATCATTTGTCAAATGATGCGACAGAAGACACAACATGGTATGA
Rx1-19A.1 UG PR PRSI T T I T T P AT e S comeamaise e sren
Rx1-~19A.3 R B W AR PR e m e (R SR N e T P P S P T PR R S P P U
Rx1-19A = eamswined®imans R L, e R R B R A shame s ey R P G PP R TR A T PRSI
F AV EIILKDTOTDVEVYVY KZPVD S S Q F P A KA AIKIZ RUPILNST
Rx1-19F TTTTGCAGTTGARATTTTGAAAGATACAGATGTCGAAGTCAAGCCAGTAGATTCCAGTCAATTTCCAGCCAAAGCTARACGTCCGCTAAACTCAR
Rx1-19A.1 PSR PR T I T O whaaa v el e e T T P e T .
Rx1-19A.3  faiiin feveie slaidaty sly-aials o aie alin'giaiara s oie a s ain el ahsis S TP PR P S S ST e S S T S S P S S
Rx1-19A ...ii..ad. e s alnialainia o o adlala s o e T e e TR R e e R TR R AT T e e i a e e A e R
M 8 L A K A XK A T G F VI PTWOQDATLIGQTETFYZXK Q E VR *
Rx1~19F CGATGAGCCTGGCCAAAGCCAAAGCTACTGGATTTGTTATTCCAACTTGGCAAGATGCATTGCAAGAATTTTACAAACAAGAAGTGAGATAAGTA
Rx1-19A.1 T T P P S S S R R AR Al e e
Rx1-~19A.3 I S RS AT e e b AT R T e T o B ST N U R T A e . VIR e e T
Rx1~19A ramawaas S R N IS o wEaweae R R A R AT & e R e e T e B R v oaaean
Rx1~19F GTAGAATGATTTTCTAGTCTAATAAAAGAGGCAGATAATGAACTCCAMAGGAGCTTAAGATGTACGATTATCTTGTTGTTGGTGCTGGTCTCTTT
Rx1~19A.1 R A Veleeie s e s T T e I T oY A B e e AT e e R e e e R e e e e e e e e e
Rx1~19A.3 v e e ey e e ey s PP et baae e ediee s ba: o See ba N b ke
Rx1-~19A o aiwwaierasass wim b aikeaiaiass e e 8 e e S T T T I I S
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Rx1-19F
Rx1-1%A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1~18A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1-19A.1
Rx1-19A.3
Rx1-19A

Rx1-19F
Rx1~19A.1
Rx1-19A.3
Rx1-19A

246

GGCGCATAGCTTTGGCTCAGTTTCTATTATCGCTCACACCATCCATCAGAAGTTTAATCTGAAGGTACCCAATTATCGCCAAGAAGAAGATTGGG

S O RS LR S B T R IR S SRR P SR A e
Sresewe ey e ok lE e e e e ceenaseens won saaie e VBT R Gatinvidune Co s Tagininis aniannssineis evreen

....................... C.........G,..“T.........C............Th....,A..................‘<...::
S e RS A el OSSR s G T s ReiNs Ciaaiinia AR | TRy WU e R S e e

Rx1-19A.3
\

GCTATGTGCATTGTGATATGTTGCGGCAGTAACTTAGGACTTTAGTCCTCTAGTTCTGTCTATGCGATAGCAGTCCAAGGTTTAGGAGCAAGGCG

b A B R R L R 8w 8 E R B W AT e e 8 e e Cilsnmen .

TTTTTTGAAGTGCCCCCCAAGCAAGCAGATAAATCATCCTTAGGAGCTAAAGGTTTAGCTTATTGTGATCAGTTATTTTCCTTGGARAGAGACTG

.................................................................................... C.G...A

LA I T O R O N OO T W Y=
aliA—

M K $ $ K L L. AL AGVTIULULAATTTULAA
TATAATCGAGAGAAAGTTTTAAAGGAGAARATGATGAAAAGTTCAAAACTACTTGCCCTTGCGGGCGTGACATTATTGGCGGCGACTACTTTAGC

e eGP e riefh
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The nucleotide sequence of cps19G, cps19H, cpsI9I and cps19J for Rx1-19F, Rx1-

19A.2 and Rx1-19A The amino acid translation for Rx1-19F is represented by single letter

code above the first nucleotide of each codon. The region where recombination has occurred

is indicated by vertical arrows marking the first and last nucleotides which are type 19A-

specific.

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

Rx1-19F
Rx1-19A.2
Rx1-19A

cps] HG—
R L I Q XK v E L D A I K EVF K K I ¢ E ENDTITUDV FFULR G G
ATGATTCGCTTAATTCAAAAAGTTGAATTAGATGCTATAAAAGAGTTTAAAAAAATCTGTGAAGAGAATGATATAGATTTTTTCCTCCGCGGTGG

S vV L G AV K YD G VF I P WDDDMDTIA AVYVUPREW AWYUDI KTLP S
TAGTGTACTTGGTGCAGTCAAATACGACGGCTTTATTCCATGGGATGATGATATGGATATCGCTGTCCCTCGTGAAGCATACGACAAACTTCCAA

vV F K D RTITIAGI KYQQVLTTYQYCDTULMHTCYVFPIRULF L
GTGTTTTCAAAGATAGAATTATCGCTGGGAAATATCAGGTTCTTACTTATCAATACTGTGATACGTTGCATTGCTACTTTCCTCGACTATTCCTT

L A D ERI KXW RILGILUPIRNDNTWNILGULUHULTIDTITIU®PULUDSGA AU?PNH
TTAGCAGATGAAAGAAAACGTTTGGGCTTGCCACGAAATACCAATCTAGGATTGCATTTGATTGATATCATTCCTTTAGATGGAGCACCAAATCA

S v L R K I Y F CZ XK VYWY RV FLASULSGT®TT YV G DUHVYV D MH
TTCGGTTTTAAGAAAGATTTACTTTTGTAAAGTATACTGGTATCGTTTTTTAGCAAGCTTAGGAACAACTTATGTTGGCGACCATGTGGATATGC

S T K Q KL I I G F F KIXULGVFAI KIULF FUPIOQNSV Y RZ RULDN
ATTCCACTAAGCAAAAACTAATTATTGGTTTCTTTAAARARACTAGGATTTGCAAAACTATTTCCTCAAAATTCTGTATACAGACGCTTGGATAAT

L Y R K Y D W K K Q K Y A GTINA ASTULVFMAZKEUVMUPUVETIWG®G
CTCTATAGAAAGTATGATTGGAAAAAGCAGAAGTATGCGGGGACTATCAATGCTTCTTTATTTGCTAAAGAAGTTATGCCAGTAGAGATTTGGGG

E GV E X P F EDTU FVF KV PTEY YD RYULI K RIULYGENYTULY
AGAAGGAGTAGAGAAGCCTTTTGAGGATACCTTCTTTAAAGTTCCAACGGAGTATGATCGCTACCTGAAAAGACTTTACGGAGAAAACTATCTTT

cps19fH—
E E P S D DEI KK S HUL G G H * L F ¢ ¥ I I L HY K V L E E T
ACGAAGAGCCTAGTGATGATGAARAGAAATCGCATTTAGGAGGACACTAATTTGTTTTGTTATAT TATTTTGCATTACAAAGTCTTAGAAGAARC

I $ ¢V K S I K E G N VYN AIKUOQTI VI TI DNV FSNINGTGE KL
TATTTCTTGTGTTAAATCTATAAARGAAGGCAATTATAATGCAAAGCAAATCGTTATTATTGATAATTTCTCTAATAATGGTACTGGTGARAAAC

Q EL Y E S DULETIODVLINUHIENA ASGT FATRUGNNUVAY QF
TACAAGAGCTTTATGAATCAGATTTAGAAATTGATGTTTTGATTAACCATGAAAATGCTGECTTTTGCTCGTGGAAATAATGTCGGCTTATCAATTT

A XK E K Y NP D F M VI MNNDTIETIZETENTFEI KTIUVTDTIY
GCTAAGGAAAAGTATAACCCCGATTTCATGGTTATCATGAATAACGATATTGAGATAGARACAGAAAATTTTGAAAAAATTGTGACAGATATCTA
............. Cund, LT e T s ainidem it s weaddfa TaadlS e il e aveiiddn G Guuitimnainre i Clsiirmi it sea 0
ieiienrei s e e nCirs Al L Teadinia Toa s eiiaindn ae s Trciiaaeiais PR S GG viaeniian, Covantilaleia aelilalin

R EE K F HL L G P DI F $TT Y QL HQ@EDNP K RULTHYTYG

TCGTGAGGAARAATTCCATTTGCTCGGGCCAGATATCTTCTCGACTACTTACCAACTTCACCAAAACCCAANACGGTTGACACATTATACTTATG
ven@Riedisienerssans e T Re cRaeiamiane e Tyviaies G oG.iT. .G aimwninibiais s s aa e paieaasas Gusnanisnaasas
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Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19Aa

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1~19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A

Rx1-19F

Rx1-19A.

Rx1-19A
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E V XA L N E K P K XK G S Q V8§ LAL K I KCWILI KA ASI KV L
GAGAAGTTAAAGCTCTAAATGAAAAATTTAARAIAGGGAGCCAAGTTAGTCTAGCTTTARAAATCAAATGTTGGCTTGARAGCTAGTAAAGTTCTT
A, iwieGineeG smirime Cm o vivsrwviv e v e wamOamnniir v vtis sy verssssessBesiissasToorrvonnnans s sGT
AL vesGunssGunininn Convimmainnas srveGuuise s aeesnses e o . S —— Toocarnpinin s seesGT e

R TA I Y @ N RRIKI K G S VDY RIEKQV ENUZPTIILUHSGS ST FTIVY
CGRACAGCHATCTATCR&RATAGhCGTAAAhAAGGATCAGTAGACTkTRGAAQAChGGTRG&AR&CCCAkTTCTTCATGGTTCTTTTATTGTATA

T Guiwiw s wsies BRR.sssvosssassrsssspsnsssspnmesanss e T Ges v 5w o e
..G... ................. GovwrenssGARL LV e avannns R R T .G,

S R D F I E XK EEYAVFNUPNTT FUFYYETETIULUDYZEWA ATETLK
TTCGAGAGATTTTATCGAAAAAGAGGAGTATGCTTTTAACCCTAACACCTTCTTTTACTATGAAACAGAGATATTAGATTATGAAGCTGAATTAA
waas Ty awas i Ay ToaGuilaivas s cessnenaras e T Col T, swean C. . Tamaas T G ¢
seaThaamania. A..T..G........‘...........T..C..T........C..T...... .................... PRGN

G ¥ K R I Y T™DPI KTIURVYV L HHOQNUVATNUGQUV Y TN NILTULE KT
AAGGATACAAGAGAATTTATACACCTAAAATTAGAGTTTTGCACCATCARAATGTTGCAACTAATCAAGTTTACACGAACTTGTTAGAAAAANCC

s Tasmms e G .  GereABisCesmars RHTRIDRT RS  JUIEIRI SO, S RS © N —
ot o T R R S TR G. . Gl Carsmms mresasmios s e@as s I — ST D N T—
cps19fl—

L F S N K ¢CNVF XK S T™SyY FL KL MIKENEUDUV™*M S YL F L L
TTGTTTTCAAATAAATGCAACTTTAAATCCACCAGTTATTTTTTGAAGTTGATGAAAGAAAACGAGGATGTTTAAATGAGTTATTTATTTTTACT

¢ L TL FL LTI F Y F FAPF I ¢QDULTIAUPUPV VM S VMV F L I
TTGCCTTACATTATTCTTATTGACTATATTCTATTTCTTTGCTTTTATTCAAGATTTAATTGCTCCTCCAGTAGTTATGTCTGTAATGTTTCTAA

S §$ VF A L VN S K NWNTIUEVY S GIAUYIULITI S GI I I F
TTAGTTCAGTATTTGCACTGGTTAATTCAAAAANCTGGAATATTGAATATAGTGGAATAGCCTATATTCTCATAATTAGTGGTATTATTATATTT
vasnmnsTovanyseaCoraTheoeesGTCC o o var e vapananrsGuonaseesTlouseaTe nCool.G. . Tocnrmaas CovseesGoTyu.
eoneaeeTaeeasas O A € € e Te e oL T G ThsnnsowsCononnnGy Tans

S I P L M A L K S PDNVFNTEUVKTI ADI RIULTIDTIU QT FWI KTI AL
TCGATTCCTTTAATGGCATTAAAATCACCTAATTTTAATACTGAGGTTAAGATTGCTGATCGATTAATTGATATCCAATTTTGGAAAATTGCTCT
JA..G...C.CT....TC.T..T..G....G.C.A..... CA..A....AG.GA.G.....GC.C........... ... Covonnn A.....
A..G...C.CT....TC.T..T..G....G.C.A..... CA..A....AG.GA.G..... CEMEM™. ., ... -.....F Cr Y . .. A.....

T I I I DL F I L ¥ L ¥ R K E I Y NL V L S NGVY T G S N I QW
AACTATTATAATTGATCTCTTTATTTTGTATCTTTACAGGAAGGAAATATACAACCTTGTTCTTAGTAATGGATATACGGGGTCAAATATTCAGT
P wsand@eecsBiis B s eCabia g Bov536R G TCo Tan T inseaChAm w5 COaw i Winwmwnmews TasmwmaDiness s
P aeisaBeaea GaeBasaiesCalri arwarias T ws s GA yien TG To wT wiayoin CArv s 40 CCmum a1 T wnimimio od Tain o wpimPa v oo

F F R NATSYEGEULT TV RTU FI RV L IRV IDUV S A Y I
GGTTTTTTAGAAATGCAACGAGTTATGAAGGTGAATTGACAGTGCGAACTTTTATTCGAGTTCTCATTCGTGTTATTGACGTATCTGCTTATATT
vwwmC rwmmmn sowwaw T e « Cowmwme s srn e e BB s Mo ve e poasareianen s ameaG e o CurnaiaramamaBeCainona s e sesmesansss
v o:n0Coaararaemnieaie, g (e — RS = | o0 . W LG 55 G. . Caymiatmmn it AL Coymmimn wie s bk, 1 8008 615 1.1

F G YT F I NNVPF L I Y¥YRUHIEKU R®PI XKDIILILILV?PLILTIUF I S K
TTTGGATATACTTTTATTAATAATTTTCTTATCTATCGCCATAAACGCCCTAAAGACATATTACTTTTAGTACCTTTATTAATATTTATTTCARA
..... SRR Wt e s C TR C . Tae, Al Ty i Thde i PR oG, ( Cidiwa T, LAE. C, . GuaT sissns T i
.......................... CT.C..T...A.T...‘.“..T..‘....TT..C.G..C.....T..A..C..G..T........T..

T L I §$ 6 G R QDI I K I L I A Y VI MMYTI Q Q KR KV G WN
AACTTTAATATCAGGAGGCCGGCAAGATATTATTAAAATTCTGATTGCCTATGTAATCATGATGTATATCCAACAAAAACGGAAAGTTGGATGGA
.C...T....T..G. . TA.ATTG........ A, o - T.A..... G..... TG.A...GCC. ToGew o al AL, C...G
.C...T....T..G. .TA.ATTG........ A...... T.A..... G..... TG.A...GCC ..... TeplGl « - e - - A..o.. C...G

R vV I 8 H K Y I HL GPF VL I AGTIPAVFYYSLFULAGR
ATAGAGTCATATCTCATAAATATATTCACCTTGGATTTGT IGGTTTAATAGCAGGTATTCCAGCATTTTACTACTCTT TG TTTTTAGCCGGTCGT
casPABewewsCo ConinnnsnnessCAGA e ss s Toraswh. sCoiGannes T..Gov...TAC..vvuew.Teu.. A..C...T.T. .A...
)\ ¢ S C..Cuuisinan vee..GAGA...,.T.... . A.,C..G.....T..G..... o U o) A..C.,.T.T..A.

s T TR TL F E SV S TYUL GG S I QHVFNOQY I ENUPILUD P G
TCAACGACTAGGACGCTATTTGAGAGTGTTTCGACCTATCTAGGAGGCTCAATTCAGCATTTTAATCAGTATATTGARRATCCATTAGATCCTGG

E VF GGS ETUL VP ILNTIUILGUEMGT LUV VNYZRSTTIMHTLE F R
TGAAGTTTTTGGCAGTCAAACATTGGTGCCTATATTAAATATATTAGGGGAAATGGGCCTAGTTAATTATCGTAGTACAATTCATTTAGRATTTC
vesGrianwiane GAL L LGT o o w TG - o TALGL L o s TiiwGiaia TALTC . Turiw Tu T o arCoativi WCAR v v @8 vw Conimaia o
vaeeGividnn e sGAL L LGTew ia TG s s TG « o W TaiGu i TALTC, Toww T Ty Cavaani CAA, . ...a B v eCuomuie aiws s

T L 6 VTV NV YT FFRRZ®PILHD FGLV GM Y V F V F A
GGACACTAGGAGTTACTETAGGAAATGCTT TATACT T T T T T TAGAAGACCCTTGCATGATTTTGGTCTAGTTGGTATGTATGTATT TG TCTTTGCT
e wCAGT e s/ s wwveBa G L T Cariioraranim are e Coms miminiemaimes GuvmsnnCoonws@larsaCivummsrnsB. ConaBa wunaTs
++CAGT4 o s BA awa M G. . T Cavawwim s Commvimpmmnava sl o Cewg @D s wC smvsrsii: R.CoweTCiviens T.

vV G A F FA I Y YL VLRI KZI K GQVGFNILDTIHU HTTITIUYSYVTF
GTAGGTGCTTTTTTTGCTATTTATTATTTAGTTCTGAGAAAGAAACAGGTTGGTTTTAATTTGGATATTCATACCATTATTTATTCTTATGTCTT
sCowa s TG wsuin wk e e .GAAAT.AA......GC.GT.C......... By svsinsssosasms M.......C....A.T.,..
.C....TG‘.“........‘T‘....‘GAAAT AP, verssGC.GT.CorrnrrmesPacneonassas sinca B uamm s ComamBEErvee

Y W I FL S S I EQ Y S F T™MTISTILYTTULVF FTIWVILVYVFMH®BAMTI
TTATTGGATTTTTTTATCATCAATCGAGCAATACTCGTTCACAATGATTAGTCTATATACACTTGTATT TATTGTGTTGGTTTACTTTATGGCTA
.................. G..C..T..............T....CA..C...T.G.Te......eeev....A..Coilt ol WCLALL LT
.................. G..C..T..............T....CA,.C... T.G.T.......v ... ALCLl sl WCUAL L L LT

F Y W C T D VF K R G K L I F K I S DS S I KL K E E *
TCTTTTACTGGTGTACAGATTTTAAAAGAGGAAARACTGATTTTTAAAATTTCTGACTCAAGTATCAAATTARAAGAAGAATAACAGAATGTATAG
....... T...AA.TTG.....CC.C...........AG.AA.....C.C......A.......T....CGG..A,CTG.A... .AT.ARA. ...
....... T...AA.TTG.....CC.C...........AG.AA,....C.C......A.......T....CGG..A.CTG.A... .AT.AAA..
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cps19fl—

M NT K I KNTITITSTFSTYUVISSNTLTLTIVTLTS § L
19F -GAG-AGGGTAGATGAATACTARAATTARAAATATAATAACTAGTTTTTCTTATGTTAT TTCTTCARATCTGCTCATAGTTTTAACCTCATCACT
19A.2  A...G.TA..T........ GE.FFF V. . . . . FEEET Crrrrrr Ac..Cooivnnns O T e S TT.G.C...C..G..... T..CT.
192 A...G.TA..T........ GCeuve i CrrrTTT S I —— Ely. . . FrrrrTrTIT TT.G.C...C..G..... T..CT.

VVLIVGPZXTIMOGV YVTETZYSZYWOQLYTITFTYLTYTIGTFTFHTL
19F AGTTGTTTTGATTGTTCCTARAATAATGGGCGTAACTGAGTACAGTTACTGGCARCTTTATATTTTTTATC TGACCTATATCGG TT T M T TCCACT
19A.2  iirana CoshasneTon CareCumaTinis sre eriinioisinyin s Bl 88 o N N S W R NS S 0 S
192 6o oIS T D I S e .

G WIDGOGTIJYTLJZXKYGGTLETYTNTLTDTRTIEKT G OTFTYSOQMTITLTF S
19F TGGGTTGGATTGATGGGATTTATCTCAAATATGGTGGCTTAGAATATACAAATTTAGATAGARAACAGT TTTATTCTCAGATGATTCTAT TTTCT
L9R.2 et T o o e LT e —
198 et L i T SR AT.iiiiieennn, EESEEEEE FETT- - SO SRR

§$ FLMLISLVLFTLNTIELTITV®RDENHARTYTIJYNMATITI
19F AGTTTCTTAATGCTAATCTCGCTGGTATTATTTACT TTGAACCTAATAACTGTAAGGGATGAARACGCAAGATATATTTATAATATGGCTATCAT
19A.2 amam e wu ¢ e e e e e
192 Y P— N S CT..C....G...GG...A. . TG. . T..Guurue CAL..TCG. . T Currvrerennsannn AT,

§ M TV TNTLTRTZLYVyYTILO QMTNE RTLTEKT DTS SVTILTIS DR
19F CAGCATGACAGTCACAAACTTAAGAACACTCTATGTTTATATCTTGCAGATGACAAATCGCTTGARGGATAGTTCAGTCATTCTAATTAGTGATC
194.2  ..... - S S—.. . -
19A A..T. ... TAccunn.. SN - S (oI S gy B e 8 e BT T s (s CC e

VL YVLLLTFMTPFTITVTFTGTWHETYZE KT VMTIWATDTITLTGTRTF
19F GCGTTTTATATGTACTCCTTTTATTCATGTTTATTGTATTTGGATGGCATGAGTACAAGGTCATGATTTGGGCTGATATTCTAGGTCGAACATTT
19a.2
19A

S LMLSPFWTIOCT XKDTIVTFT Q?®P?PLSZ KTFTITLUDTFTZEKTESTILTDTN IR
19F TCTCTCATGCTTTCCTTCTGGATTTGTAAAGATATTGTGTTTCAGCCTTTGTCAARATTTATCTTAGATTTCARGGAGTCCCTTGATAATATCCG
T9872 TR T A e A AT EEEEREEETT- - 6E - -ESE e M- (6 - R e, - FEr e GeETT:
190 ...l A TTTTTTTTT LT TR - TTTT: ST - T - <55 - - EF - - B cX. ol TA..A.A..A..... TTe i,

veveiiiiensaV G I N L ML SNTIASSMITIGTIVRMGTIOQWNW®WNTIETF
19F TGTTGGAATCAATTTAATGCTATCTAACATTGCGAGTAGCATGATTATAGGCATTGTTCGTATGGGAATTCAATGGARTTGGAATATTGAAACAT
- S
19a Ao ; DR T . GTE e C..A..... TT....... i e C.A..... Covinnnn. (S N el s

G KV SLTZLSTISNTLLMTEFTINATIGLTYVTITFT®PTLTITZ KT RT
19F TCGGGARAGTGTCATTAACTTTGAGTATATCTAATTTATTAATGACTTTTATTAATGCCATTGGATTAGTTATCTTTCCTTTGATAAAGCGAACA
I e e et D
19A  iiii.e... A..TC.G..C...... G.T..C...CoueiGurnennn. Coveeiiaaenen CoveuCGennn.. GC.AT...GA......

K T ENL P XK I Y SNTLRTNATLMTLTYMTFATITLTLTF Y ¥ P L KF
19F ARGACTGAGAATTTACCTAAAATTTATTCTAATTTAAGAARTGCT I TGATGT TGG T TATGTTCGCARTCTTGCTC T TCTACTATCCT T TARRATT
T N——
194 B7 Y35\ O < —— rveera i dCUTALCe s are e e iGeaTanns i BT e eessesns s A

I L DIWLGP®ATYZ KDA ALV VYVTFMALTITFZPMSVYETGE KHMATLYV
19F TATTCTTGATATTTGGCTTCCTGCTTATAAGGATGCCTTAGT T TTCATGGCCCTAATTTTTCCTATGTCAGTTTATGAAGGGAARATGGCTTTGE
17\ P - el - . - D - Hprnt . S, - . S
19A .G.AT.A..CC.C...T.G..A..C...C.A........ GA........ A....

I NTY L KAMEBRMET KTDTITZLEKTINALVYVMLTSTIUVVTTLV
19F TGATAAATACATATTTAAAAGCAATGAGAATGGAARAAGACATTCTCAARATTAATGCTTTGGTTATGTTAACTAGTATAGTAGTGACATTAGTG
LOB.2 ottt ettt e e et e
194 Jer ATl ... T..C..... Gue T Reureannnn. G...T..C..T.G.G.C..... C..A..A..... G.TC..... G.G...nn. cC.G..T

T TLLLNNTLGZLT®TVVSTIVTILLALTSRSTITIAETLTITLS K
19F ACTACTCTACTACTAAATAATTTGGGGCTGACAGTTGTATCTATAGTTATTTTACTTGCTTTAAGAAGTATAATAGC TGAATTAATTTTATCCAA
P N TELT SRR T O - R TR - PG ST T -
192 ..A..ATAC..GT...... G..w.. Ao, b S e G....G..A..... (c] R (g Errrr. C.G..T..

K L XK I 8§ Vv X DTIATLTETLTILMTTITITFTISSSWJYTZLS I WTIA
19F ARAACTGAAGATATCAGTCAAGCAAGACATTGCTTTAGAGTTACTTATGACGATTATATTTATTTCTTCAAGTTGGTATCTCTCTATTTGGATTG
-
194 ....... G.TG.T..G..T...A.G..T....TA..... A..T... e T.GC.G...G..C.G

vV I I YLLAVYTTLJYTZLYTULIE KTUHEKTDTIT RMYTIETYTFTZ KNH KK
19F CAGTAATAATTTATTTATTGGCGTATACTTTATATTTGTATTTAAAGCACAAAGATATCAGAATGTATATAGAATACTTTARAAATCATAAAAAR
193.2
192

I 8 *
19F ATATCATAAAAR
198.2  iei.el....
192 LALTT. .

Rx1-
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APPENDIX VI

The nucleotide and deduced amino acid sequence of the central
(type-specific) portion of cps19c locus.

The nucleotide sequence is numbered in accordance with GenBank accession number

AF105116 and starts from the distal portion of c¢psI9cR to the beginning of cpsi9cL. The

amino acid translation for each ORF is represented by single letter code above the first

nucleotide of each codon. Possible ribosome binding sites are underlined.

101

201

901

1001

1101

1201

1301

1401

1501

1601

1701

1801

1901

2001

.« . cpsl9cR—

A Y K XM EF L P F E Q K NL WILMMSTULI K KECTIYTIUPI KTLQS
AAGCTTATAAGAARATGGAGTTTCTCCCTTTTGAACAARAAAATCTGTGGCTAATGATGTCGCTAAAAARAGANTGTATTTATATACCTAAGTTACAATC
F S E §$ L K E K VvV vV ENLGETI VTILIXTTZ XK S II KTTILIULR KN
ATTTTCTGAATCTTTAAAAGAAAAAGTTGTTGAAAATTTGGCTGAGATAGTAACTCTTAAGACTACCAAARAATCTATAAARACGTTATTAAGAAAGAAT
s DL L W VDFV Y RILPF G GVDNUV FILUPFIUPEULYTT RV VIV FILTILKY
AGCGATTTACTTTGGGTTGATTTCGTTTATAGATTGTTTGGTGGTGTCAATTTCCTATTTATTCCAGAATTATATACAAGAGTTATATTTTTATTGAAAT

L DL KL RILIEKNYGE *

cps19cl]—>
M 6 N K 8$ I KL NALULWNTIUVLTITULSNTITITFP
ATTTAGATTTGAAATTGAGGTTCAAAAATTATGGGGAATAAATCCATAAAGTTGAATGCATTATTAAATATTGTCCTGACGCTATCAAATATCATTTTCC
L I T ¥ P Y I 8 R I L NUPWNGIGLT SV FVF S S I GNYG I UL L A
CATTAATCACTTTCCCTTATATATCTAGAATATTGAATCCAAATGGTATAGGTTTAACTTCATTTTTTAGTTCAATAGGGAATTATGGTATTTTACTTGC
S L 6 I 8 T Y G I K A VA SV RDDIRDIEKILSI KV V Q ELMTITIN
TTCTCTGGGAATTTCAACTTACGGTATCAAAGCAGTAGCAAGTGTTAGAGATGATAGAGATAAGTTGTCAAAAGTAGTACAGGAGTTAATGATTATAAAC
vV A M § I I T TAIULULFMTOTTIUVPFITTQULNZ REVFSULILULTITTCGT
GTTGCTATGTCTATAATAACAACTGCAATACTATTATTTATGACTATATTTATAACACAATTGAATAGAGAATTTTCACTCCTATTGATCACATGTGGGA
I L §$ $ P F AL NWULY SGMEUZ EBYTYI1I TTIRS VYV F TTIULSTIL
CTATTTTATCTTCTCCTTTCGCCTTAAATTGGTTGTATAGTGGAATGGAAGAATATACGTATATTACTACTAGGTCAGTAGTGTTTACAATTCTATCATT
I L I F L L V. X R P ED Y I V F A STI SL F 8§ S L 8 8 NI LNULW
AATATTGATTTTTCTACTTGTGAAAAGGCCAGAGGATTATATTGTTTTTGCTAGTATTTCATTGTTTTCTTCTCTAAGTTCAAATATCTTAAATCTATGG
H §$ R HF I NI K L ¥ KX NL Q F K Y HVPF X P MW YL FASTLULAVN
CATAGCCGACATTTCATTAATATTAAATTATATAARAAATTTACAATTTAAATATCATTTTAAACCAATGTGGTATTTATTTGCCTCATTACTTGCAGTAR
I Yy T NILDTVMILG FTIDNGNEWH AUV GY Y S VA S KUV KWTITULL
ATATTTATACTAATTTAGATACAGTGATGCTCGGTTTTATTAATGGTAATGAGGCTGTGGGATACTATTCTGTGGCATCAAAGGTTAAGTGGATTTTGCT
s L T P s I s A VvV L L PRUL S F Y I S KNDT SNV FIKMTILIKE S
TTCTCTTATTACATCTATTAGTGCAGTTTTGCTACCGAGACTTTCATTTTATATTAGTAAAAATGACACCTCGAATTTTATAAAAATGTTAAAGGAGTCA
s A v I F F I A I PLMUVVPFVFIUVEA AI KDSTIILILTILS GG GSOQQYLPA
TCTGCGGTTATATTTTTTATTGCGATTCCATTGATGGTATTCTTTATTGTAGAGGCGAAAGATAGTATCTTATTACTAGGAGGAAGTCAGTATCTTCCTG
T L AM Q@ I L M P I L L I S GV F SNTITSGNIGQTIULTIUPMMNUZ REK]Y
CGACTTTAGCGATGCAAATACTTATGCCAATTTTACTTATTTCTGGT T TCTCGAATATTACAGGAAATCAAATATTGATTCCAATGAATAGAGAAAAATA
FMVAUVTTIG AT VTINTULTILANTILTILTLMEPZXTFGTITIGA ASVATL
TTTTATGGTTGCAGTAACGATTGGTGCTGTGATTAATCTTATTTTGAATCTACTGTTAATGCCTAAGTTTGGAATTATTGGTGCTTCTGTCGCAACTCTT
FAETLSGSO QMTVOQTLEHPFSKETYTZLVSNTISTIZ KSTELVNVTITIA® AT
TTTGCGGAATTGTCGCAGATGACGCGTACAATTACATTTTTCAAAAGAATATTTAGTATCAAATATATCGATARAGAGTTTGGTTAATGTGATAATTGCAA
v Vs T I1©PpP0L I I LNOQILTITTTITTTIU®PU FY S L MLAGT FATFTF SL
CAGTTGTTTCTACAATACCACTAATCATTTTGAATCAGCTGATAACGATAACTATACCATTTTATTCTCTAATGCTAGCAGGTTTTGCTTTCTTTTCATT
Yy L. v I L L L L K EEV TTIOQQULF S L L AIKZK K *
ATATTTAGTAATTCTGCTTTTATTAAAGGAGGAAGTGACGATTCAATTATTTTCTCTTCTTGCAAAGAAGAAGTAAATTGGTTAGARAATTGAAATGTATA

cps19cK—>

M X I M L vV F G TR PEWATII KMMMCZPULUVN
AACAAATAAAGAATTTAATTATTGATTTAGGAGGAAATCATGAAGATAATGCTAGTTTTTGGTACACGTCCAGAAGCGATAAAAATGTGTCCATTAGTGA
E L K K Q ADMUETVV CVTGQH XK EMV S P VL ETLTFGV QP
ATGAGTTCAAAAAACAGCCAGATATGGAAACAGTTGTTTGTGTAACTGGTCAACACAAGGAGATGGTTAGCCCTGTTTTGGAAT TGTTTGGAGTTCAACC
p ¥ DL E I M XK A NQ T™IL F 8 I TT S I L EIKI K PV L EEE QP
AGACTATGATTTAGAAATAATGAAAGCTAATCAAACCTTGTTCTCTATAACAACAAGTATTTTAGAAAAAATTAARACCTGTTTTAGAAGAAGAACAACCA
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D I VL V HGDTTTTTT Y AAA AL AAZPFYULGTIZ KV G HV EAG L R
GATATTGTTCTAGTTCATGGTGACACTACTACAACATATGCAGCAGCTTTGGCAGCATTTTATCTTGGAATTAAGGTTGGCCATGTTGAAGCTGGGTTAC
T Y N L Q S P F P EEF NI RUGQS TS I I A NUYUHU FAUPTETLAKE
GAACTTACAACCTGCAAAGTCCCTTCCCAGAAGAATTTAATAGACAATCGACTTCTATTATTGCAAATTATCATTTTGCTCCAACTGAATTGGCTAAAGA
N L L. X EGRENWV YV T GNTV VI DALTTTTUV Q KDY TH P D
ARATCTCTTAAAAGAGGGTAGAGAGAATGTTTATGTAACTGGAAATACAGTTATTGATGCACTTACAACTACAGTACAAAAGGATTATACACACCCTGAT
L DL NVNT TR RILTIULTILTAMHIRIRENTILGEUPMI KU HMT FRAUVI KR RYV
TTAGATTTAAACGTTAARCACTCGTCTTATTCTACTGACTGCTCATAGACGTGARAATCTCGGAGAACCTATGAAACACATGTTTAGAGCTGTTAAACGAG
L N E Y DDV KV I Y PIHIKWNUPILUVRETATETIVFS GUDTETRI
TCTTAAATGAATATGACGATGTTAAGGTAATTTATCCAATTCATARGAATCCCTTGGTGCGTGARACAGCTACAGAAATTTTTGGAGACACAGAACGTAT
¢ I I E P L DV L DFHN FM©NHKSYMITLTUDSG G V QETE A P
TCAGATTATTGAACCTTTGGATGTTCTTGATTTTCATAAT TTCATGAATCATAGTTACATGATTTTAACTGATTCAGGAGGAGTTCAGGAAGAGGCTCCT
S L G K P VL VMU®RIDTTEW RU®PESGVYVAAGTULI KU LV GTDETETTI
TCTTTAGCAAAACCTGTATTGGTCATGCGAGATACGACAGARAGACCTGAAGGAGTAGCTGCCGGAACGTTGAAATTGGTTGGAACTGATGAGGAGACTA
Y O N F XML LDUDSEEYI K I KMSOQASNU®PY G K GDA ASI KOQTI
TTTATCAAAACTTTAAGATGCTTTTAGACGATTCCGAAGARTATAAAAAAATGAGTCAAGCTAGTAATCCTTATGGAAAAGGTGATGCTAGTAAACAGAT

vV HI L S G I *
TGTTCATATTTTAAGCGGAATTTAAGCGAGGCCAAATAAAGTAATAAARAACACTATCTTATAAAAGGTATTGATCTTGTAGTTGATTCGGGAACATGTT
CATATCCTTTGACTCGAGCTACATARARATAACTTGTGCTGATTTATGATAGATCGATAATTTACTACTACTTTGGACATTGATGTTAGCAGTTATTAGG
GATGTTTTGATTAACTCAACTTTTCAGGATTCGCCTTGCTTTCTAGATTTTCTTCTGATTTTTATCATTACTTCAGTAAGTTARATCGTCTATTTACTAG

cps19cS—>
L K I Vv I P R I I
AATTAAAACTTTTAAAAAATCCATTGTTAGCTCATGTTTTAGATATAGGTAAACATARATTTAGGAGGTGTTAGTTTGAAGATTGTAATTCCAAGAATTA
H N XK E ¢ L T WDW S GG T I TDNTTI KKV F L G XK Y E I V EEUGQNTITF
TTCATAACAAAGAACAACTGACCTGGGATTGGTCCGGGACAATAACTAATATAAAAAAATTTTTAGGGAAATACGAGATTGTTGAGGAACAGAATATTTT
Y T F R M NV H K VL VRULGI KK S DM S M T Y I K Y AENOQV
CTATACTTTTAGAATGAATGTGCACAAAGTGCTTGTTCGTTTAGGTATTAARAAATCTGATATGAGCATGACGTATATAAAATATGCTGAAAATCAAGTT
H L s P EDVCL T™F F D EVF P L 8 F P DN NPV Y I ¥ Q DL NILH Y L
CATCTATCGCCAGAGGATGTTTGTCTCACGTTTGATGAATTTCCTTTATCTTTTCCTGATAATCCAGTTTATATCTATCAAGACTTAAATCTTCATTATT
I E S 8S Q NN S Q S F K Y S G F Q NV P ADTITU LU DRI RMTPRIKDOQETI
TGATAGAGAGTTCTCAAAACAATAGTCAATCGTTCAAATATAGTGGTTTTCAAAACGTCCCGGCTGATATTCTAGATAGACGAATGAGAAAACAGGAAAT
F Y N Q A TG I F TM S K WUPF S D YL I A Q Q G L PV EI KV H YV
ATTTTATAATCAAGCTACTGGAATATTTACTATGAGTAAATGGTTTTCAGATTACTTGATAGCTCAACAAGGACTTCCAGTTGARAAAGTTCATTATGTG
G A G T NMDNDNULV F L DH S HI K EIRNDNU KU FULFI G X DV F F R K G G D
GGGGCAGGAACAAATATGAATAATCTATTTCTTGACCACTCTCATAAGGAACGTAATAAGTTTTTATTTATTGGTAAAGATTTTTTTCGTAAAGGAGGAG
L V Y N A F VYL Q N NL M P EWAUEUL Y I I G P S DV PMETFNN
ATCTTGTTTATAATGCTTTTGTCTATTTGCAAAATAATCTCATGCCGGAGGCAGAGTTGTACATTATAGGTCCTTCAGATGTTCCGATGGAATTTAACAA
P N VY F L GNUL S ADI KV QY F Y NILTCDV VU F VL P SRV FE A F
TCCGAATGTTTATTTTTTAGGTAATCTATCAGCCGATAAGGTGCAATATTTTTATAATCTTTGTGATGTATTTGTTTTACCTTCCCGATTTGAGGCATTT
G I VvV F YV EA L CYGL P CIGURDILMEMU PNDNTILTIQDNDNZETG L L
GGAATTGTATTTGTTGAAGCTCTTTGCTATGGTTTACCATGTATCGGTCGTGATTTAATGGAAATGCCAAACCTAATTCARAATAATGAAACTGGATTAT
L P T EEENUP Q V L ADV M Y NTLTI K DESVF F KNV Q TZ X QD
TATTACCTACTGAAGAGGAAAATCCACAGGTTTTAGCTGACGTAATGTATAATTTGATAAAAGATGARAGCTTTTTTAAAAATGTTCAGACTAARACAAGA
Y Y K A E Y 8 W DT V A K R M I 8 I M K Q DM NNDNIDN L *
TTATTATAAAGCAGAATATTCGTGGGACACAGTTGCCAAAAGAATGATTTCAATTATGAAGCARGATATGAACAACAATCTATAAGTGAAAAATTAAAAG
ATATTCTAGTCTAACGGTCTATTCCTACTAACAGTAATACTGAAAGAAATTTTAAAATACAAGTTATACGTATAGTGACTTCTCCTAATTCTGACATGGT
GAARAAGATTATTTAAAACCTAATTTAAAAGATTARAGGAAGTTAAATTCAGCTTATTGAATAARATTAATTTAGTCTAGTTATTTTCTTGTCAGTCTTAT
TCATTTTTTTCCGAACCTTGTGAGTTGTTTGCAACTACCAGAATACACAAAGAACAGAATCTCTTAGCATCATTGAATAGAACAATATCTGCATAAATTT
CAGATATAACTAGTGGTGCAGAAAGTGGATCTTTGAAAATAAGAATTCTTTGTAGAGCTATTTCACTAGCTGGTGAAGAATTGTTTTTCAATTTTTCGTA
CAGATTACAATAATGTTATGGTGGGTTTAAATTTCTTTGTTGGTTGTGTTTGATGAATAGAGATGCACGTATCGAAATTCAAGATAGTGGTGATATCGCT
TGCTTAATCTCTTCTCCAGTATTTGTAGTAGAATTAAGTGTTCTTGATTARAATARAGAACACAACACTTTTTATTCAGTGTTGTGTATGGGTGAAACGA

cpsl9cL—>

M K G I I LA GG S G T RUL Y PL TR AASI KSOQULMMZPUV
AAGGAACGATTGTACTTATGAAAGGTATTATTCTCGCGGGTGGTTCGGGGACACGTTTATATCCTTTGACTCGAGCTGCATCAAAGCAACTGATGCCGGT
Y D XK PM I Y Yy P L S TL MULAGTIW RDTIULITIISTU®POQQDULUPRF
TTATGATAAACCGATGATTTACTACCCACTTTCAACTTTGATGTTGGC TGGGATTAGGGATATTTTGATTATCTCAACTCCTCAAGATTTGCCTCGTTTT

K EL L ¢ DGSEVFGI QL S Y AEZ QU©PS P DGTULD
AAAGAGCTCCTTCAAGATGGCTCTGAGTTTGGGATTCAATTGTCTTATGCAGAGCAACCAAGTCCAGATGGTTTGGATCC

Appendix VI



APPENDIX VII

Publications

Morona, JK., Morona, R. and Paton, JC. 1997. Characterization of the locus encoding

the Streptococcus pneumoniae type 19F capsular polysaccharide biosynthetic

pathway. Mol. Microbiol. 23:751-763.

Morona, JK., Morona, R. and Paton, JC. 1997. Molecular and genetic characterization
of the capsule biosynthesis locus of Streptococcus pneumoniae type 19B. I.

Bacteriol. 179:4953-4958.

Morona, JK., Morona, R. and Paton, JC. 1999. Analysis of capsule loci from various
Streptococcus pneumoniae serotypes using long-range PCR identifies two classes

of ¢psC. Microbiol. (manuscript submitted).

Morona, JK., Morona, R. and Paton, JC. 1999. Genetics of capsular polysaccharide
biosynthesis in Streptococcus pneumoniae types belonging to serogroup 19.

(manuscript in preparation).

Paton, JC. and Morona, JK. 1999. Streptococcus pneumoniae capsular polysaccharide.
In: Fischetti, V., Novick, R., Ferretti, J., Portnoy, D. and Rood, J. (eds.). Gram-

positive pathogens. ASM Press, Washington DC, USA. (in press).





