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ABSTRACT

In this thesis, the genetic loci encoding capsular polysaccharide synthesis (cps) have

been characterised for all members of Streptococcus pneumonia¿ serogroup (19F, 194,

l9B and 19C). In each serotype, the cps locus is located in the S. pneumoniae chromosome

between dexB and aIiA and appears to be arranged as a single transcriptional unit. The

arrangement of the genes within the cpslg loci is highly conserved with 13 genes (cpsl9A-

H, and K-O) common to all four serogroup 19 members. These genes encode functions

required for the synthesis of the shared trisaccha¡ide component of the group 19 capsular

polysaccharide (CPS) repeat unit structures. Furthennore, 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 cpsl9 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, 198 and 19C are >95Vo identical

to each other. However, closely related homologues of cpsL9fl and J, which encode the

type 19F polysaccharide polymerase and repeat unit transporter, respectively, a.re not found

in rhe type 198 and 19C cps loci. In type 198 and l9C this region of the cps locus

(between cpslgbH and cpslgblQ 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 l9F pneumococcus to type l9B. The type t9C cps



locus differs from the l9B cps locus only in the insertion of a glucosyl transferase gene

(cpslgcS) between cpsl9cK 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 tlpe 19C cps locus contains 19 genes, and at 21 kb it

is the largest pneumococcal capsule gene cluster characterised to date.

Although the cpsl9a and cpsl9floci are identical in the number and arrangement of

the genes present, the similarity between individual genes varies fromTïVo to 99Vo 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 (a(1+2) for 19F and a(1+3) for 194).

Theoretically, only a difference in the cpsl9al gene, which presumably encodes the

polysaccharide polymerase responsible for this linkage, is required to change a type 19F

pneumococcus into type 194. Indeed, this was demonstrated by a transformation event in

which the region of the cpsl9a locus encoding Cpsl9aH and Cpsl9al replaced the

homologous portion of the cpsl9f locus was sufficient to convert CPS type from l9F to

194. Given that CpslgffI and CpslgaH are )957o identical, it seems probable that

Cpslgal (79Vo identity) is solely responsible for the observed alteration in CPS type.

The serotype specificity of the cpsl9f 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 cps loci, only cpsl9fA and cpsl9fB were conìmon 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 cpsC gene. Southern hybridisation studies with



cpslgaC- 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 cps loci tested evolved

from one of two clonal origins which contained either class I or class II cpsC and D genes.

The cpsî gene, which encodes a glucose-l-phosphate transferase, is also conserved (in the

two distinct classes) in the cps 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 ¿ìre defined when ltrst used

in the text and are listed below.

Amp
AP
BA
Cml
CPS
cps
C-terminus
DIG
DOC
ECA
EPS
Ery
ExotrI
Gal
Glc
GlcA
GlcNAc
Hib vaccine
HPLC
InPCR
Kan
LB
LB+KA
LOS
LPS
LR-PCR
ManNAc
N-terminus
ORF
PBP
Rha
Rib
Rif
SC
Str
TEMED
Tet
THY
und-P

ampicillin
alkaline phosphatase

blood agar
chloramphenicol
capsular polysaccharide
capsule biosynthesis genes

carboxy terminus
digoxigenin
deoxycholate
enterobacterial common antigen
exopolysaccharide
erythromycin
exonuclease III
galactose
glucose
glucuronic acid
N-acetyl glucosamine
Haemophilus influenzae type b vaccine

high-perfornance 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 O.57o (wtlv) yeast extract

undecaprenol-phosphate
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Chapter 1.

INTRODUCTION

L.L streptococcus pneumoniae, a Distinguished History

Streptococcus pneurnoniae, 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 aI., 1993).

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

pneumococcus, afe summarised below.

1.1.1 Development of the Gram stain

Gram (1384) 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 identifîed 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).

1.7..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

l. 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 aI., t943;

Eriksen, t945), 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, lgll) lead to the eventual recognition of the

first non-protein antigen, the pneumococcal capsular polysaccharide (CPS). Heidelberger

and Avery Q923) 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
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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, Mclæod 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 aI., 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

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

resistant strain

L.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. pneumoniaø is presented below. Several comprehensive reviews on this

topic have been published recently (Musher, 1992; Paton et al., 1993; Tuomanen et aI.,

1995; AlonsoDeVelasco et aI., 1995; Watson and Musher, 1996)'

1.2.1 Colonisation of the nasopharynx

S. pneumoniae is ca¡ried, 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 concufrently with

viral infection of the upper respiratory tract. Caniage rates are highest among preschool

children and tend to decrease with increasing age (AlonsoDeVelasco et aI., 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 et ql.,

l Introduction
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1995; Cherian et aI., lgg4). 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).

t.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, HfV infection, Hodgkin's disease, organ or bone malrow 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
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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 aI., 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 aI., 1989).

Although acute otitis media does not usually progress to invasive disease, it has a

considerable impact upon health care costs.

S. pneumoniae 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 fîgure is diff,rcult 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 25-35Vo of all cases of bacterial

pneumonia requiring hospitalisation (Fang, 1990), and concurrent bacteraemia occurs in

IO-25Vo 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 ye¿ìr 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

I5-20Vo for bacteraemia and meningitis. This rate increases to 30-40Vo among elderly

patienrs (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 aI., 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 106 fold.

More recently a simila¡ 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,

lee0).

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). kl

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 aI., 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
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S. pneumoniø¿ 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 aI., 1984; Mitchell et a1.,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

aI., 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; Ig93). Inactivation of the pneumolysin gene in a ,S. pneumoniae type 2 strain

increased the LD5s (in mice) approximately 100-fold (Berry et a1.,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; Berr), 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 (t ock et al., l98Sb). Another possible role in pathogenesis for

neuraminidase could be the unmasking of cell-surface receptors for pneumococcal adhesins

(Paton et aI., 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 aI.,

1993; Berr)' et al., 1994).

t.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 (García et aI., 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 appeats 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, a¡e

virtually avirulent for mice (Berrl' and Paton, 1996), and immunisation with the purified

protein protects mice from challenge with virulent pneumococci (Talkington et aI., 1996).

The psaA gene is part of an operon which was recently demonstrated to encode a

manganese transporter (Dintilhac et al., 1997). Thus, its role in pathogenesis could be

explained either by a requirement for manganese for regulation of expression of other

l. Introduction



t2

virulence factors, or by growth reta¡dation 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 et aI (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.,

ree7).

L.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
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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.

L.3.1 The cell wall

The pneumococcal cell wall is t1çical 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 crosslinked with species-specific

peptide bridges. These stem peptides have alanine as the first residue, linked to N-

acetylmuramic acid. High-perfonnance 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 ¿t al., 1987). This profile is

Capsular
polysaccharide

Choline-binding
Capsule Layer
200-40Onm

proterns

Glyoan chains

Stem

Teiohoic acid

Lipoteiohoio acid
Cell Wall
160-25Onm

Lipoproteins

Autolysin

Membrane proteins
nn l Plasma Membrane

-75nmuuuuuuuuuuu u

Fig. 1.1. The pneumococcal cell surface. Diagrammatic representation of the pneumococcal cell surface

showing possible arangements 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'l l' 
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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 afhnity 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)-p-D-Glco-( 1-;3)-a-D-Sugr-(1+4)-a-D-Gal¡VAc-(l+3)-p-D-GaloN-(1+l)-D-Rib-ol-(5-POa-->
6

P04--CH2CHzÑ(CH¡)¡

Fig. 1.2. Structure of the C-polysaccharide. Glco, glucose; Sugp, 2-acetamido-4-amino'2,4,6, trideoxy-D-

galactose; GaloNAc, N-acetyl galactosamine; GaloN, galactosamine; Rib-ol, ribitol; POo--

CH2CH2N*(CH3)3, 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
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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 (Sprensen 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 strun.

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

20Vo of the teichoic acid content of the pneumococcus is lipid-linked. The pneumococcal F

antigen is a highly specif,rc 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 ¿t aI., 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

at., 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.

L.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 (Sørensen ¿t aI., 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, c, 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 78, JC, I9B., 19C,24F,24E and 40. The antigenic cross-reactivity

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

Adapted from Henrichsen (1995), Table 6.

!.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,

lg4l), 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 Dan et al., 1990). The chemical structures of the capsular repeat units

vary greatly, ranging from linear polymers of one 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, 94, 9N and 9V),

phosphodiester bonds (including types 6A,68, 1lA, l5F, l9F, 194, and 23F), and

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

ctinically most significant serotypes are shown in Table 1.2 (Lee,1987).

Grouo Tvoe Antigenic FormulaGrouo Tvoe Antisenic FormulaGroun Tvoe Antisenic Formula

34
35

28
29
3l
32

33

42
43
44
45
46
47

48

36
37
38
39
40
4t

28/'

32F
32A
33F
33A.

338
33C
33D

35F
35A
358
35C

4rF
4lA

4'tF
474

28a,28c,23d
29a,29b, l3b
3la,20b
32a,27b

32b,21b
33b, 33d
33b, 33d, 20b
33c,13d,33f
33c,33e
33c, 33d, 33f, 6a

35c,20b,42a

40a,79,7h
4la,4lb
4la
42a,20b,35c
43a,43b
44a,44b, lzb, lzd
45a
46a, l2c,44b
47a,35a,35b
47a,43b
48a

9e

25b
l0d

32a,

33a,
33a,

33a,
33a,
33a,
34a,
35a,

35a,

35a,
35a,

36a,

37a
38q
39a,

34b
35b, 34b
35c, 20b
35c, 29b

l9

15

23

24

25

27
28

l6

t1

l8

20
2l
11

l5A
l5B
15C
l6F
l6A
l7F
l7A
l8F
t8A
188
l8c
l9F
l9A
l98
19C

22F
224
23F
23il
238
24F
244,
248
25F
25^

28F

5a, l5b, l5c, l5f
l5a, l5c, l5d, l59
l5a, l5b, l5d, l5e, l5h
l5a, l5d, l5e
l6a, l6b, lld
l6a, l6c
l7a, l7b
l7a, llc
l8a, l8b, l8c, l8f
l8a, l8b, l8d
l8a, l8b, l8e, l8g
l8a,18b, l8c, l8e
l9a, 19b, l9d
19a, l9c, l9d
l9a, l9c, l9e,7h
l9a, l9c, l9f,7h
20a,20b,7g
2la
22a,22b
22a,22c
23a,23b, l9b
23a,23c, l5a
23a,23b,23d
24a,24b,24d,7h
24a,24c,24d
24a,24b,24e,7h
25a,25b
25a,25c,38a
27a,27b

I 23d

9A
9L
9N
9V
l0F
l0A
l0B
t0c
llF
llA
llB
llc
llD
l2F
12¡.
l2B

6A
6B
7F
7A
7B
7C

la
2a
3a
4a
5a
6a,6b
6a,6c
1a,7b
7a,7b,7c
7a,7d,7e,7h
7a,7d,7r,79,7h
8a
9a,9c, 9d
9a,9b, 9c, 9f
9a, 9b, 9e

9a,9c,9d,99
lOa, lOb
l0a, lOc, lOd
lOa, lOb, lOc, lOd, 10e

lOa, l0b, 10c, lOf
1la, llb, lle,1lg
lla, llc, lld, lle
lla, llb, llf, llC
1la, llb, llc, lld, llf
lla, llb, llc,1le
l2a, l2b, l2d
l2a, l2c, l2d
l2a, l2b, l2c, l2e
l3a, l3b
l4a

8

9

ll

l0

I
J

3

4
5

6

7

t2

13
t4
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Table 1.2 structures of capsular polysaccharide repeat units

Tvpe Chemical Structure Reference

1 +3)-s-D-Sugo-(l-r4)-o-D-GalpA'(l+3)-c'D-GaIpA-(l+
(+0.3 OAc)

2 -+4)-p-D-Glcp-(l+3)-a-L-Rhao-( l+3)-q'L-Rhap-(l+3)-p'L-Rhao-( I -r

o-D-GlcoA-( I +6)-P-D-Glco

3 -r3)-þ-D-GlcpA-(l-â4)-p-D-Glco-(l+

4 -+3)-p-D-ManpNAc-(l-r3)-q-LFucoNAc-(1-r3)-a-D-GalpNAc-(l-r4)-a-D-Galo-(l-r
23

x
H¡C COOH

2

I
I

Lindberg et al., l98O

Jansson et al.,1988

Reeves and Goebel,
t94t

Jones and Cunie,
1988

Lugowski and

Jennings, 1984

5 -+a)-Þ-D-Glco-(l-r4)-o-L-FucoNAc-(l+3)-p-D-Hexr-(l-r Jannson et al.,1985

a-L-PneoNAc-( I -r3)'P-D-GlcoA

6A +z)-o-o-Galp-(l+3)-s-D-Glcp-(l+3)-o-L-Rhâp-(l-+3)-D-Rib-ol-(5-Po¡'-+ Rebers and

Heidelberger, 1961

Kenne et a1.,1979

Moreau et al., 1988

6B +2>a-D-Galp-(l-+3)-a-D-Glce-(l+3)-q-LRhae-(lì4)-D-Rib-ol'(5-Po¿ -r

7F +6)-a-D-Galp-(l--r3)-p-L-Rhao-(l+4)-p-D-Glco-(l-+3)-p-D-GalpNAc-(l+
224
loRcl
1l

P-D-Gale a-D-GlcoNAc-(1-r2)-o-L-Rhao

8 +a)-Þ-D-GlcrA-(l-r4)-p-D-Glcr-(l+4)-o-D-Glcr-(l+4)-a-D-Galr-(l-r Jones and Peny, 1957

9N -¿)-o-p-GlcoA-(l-+3)-a-D-Glco-(l-+3)-Þ-D-Man NAc-(l r'1)-p-D-Glcp-(l-r4)-cr-D-GlcpNAc-(l+ Jones et al', 1985

9V -ra)-a-D-GlcoA-(1-r3)-a-D-calp-(l-r3)-p-D-ManoNAc-(l-r4)-p-D-Glcr-(l-+4)-a-D-Glco-(l-r Peny et al., l98l
+OAc +OAc

l4 -r6)-p-D-GlcrNAc-(l+3)-p-D'Gal¿-(l+4)-p-D-Glco-(l->
4
1
I

p-D-calp

1 8C +¿)-Þ-p-Glce-( l-â4)-p-D-Gale-(l-Ð4)-o-D-Glco-(l-+3)-a-L-Rhao-(l+

23
11
I PO¿--l-Glyc-ol

AcO3-a-D'Glc,

Lindberg et al.,1977

23F -+¿)-þ-o-Glco-( l+4)-Þ-D-Galp-( I +4)-P-L-Rhao-( I -r Richards and Perry,

198823
11
I PO¿:2-Glyc-ol

a-L-Rhao

3

I
I

Abbreviations: Sugr, 2-acetamido-4-ami¡o-2,4,6, trideoxy-D-galactose; Hexu, 2-acetamido-2,6 dideoxy-D-

xylo-hexos-4-ulose; PnerNAc, 2-acetamido-2,6 dideoxy-L-talose; Glco, glucose; Gaþ, galactose; Rhap

,hu*nor"; GlcoA, glucurônic acid; GaloA, galacturonic acid; Mano/VAc, N-acetyl mannosamine; FucoNAc, N-

acetyl fucosamine; Gal¡VAc, N-acetyl galactosamine; GlcoNAc, N-acetyl glucosamine; ribitol; Glyc-ol,

glycerol; OAc, O-acetyl; POa-, phosphate.
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!.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 S.

pneumoniae types (19F, 19A, l9B 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 l9A. 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 7Vo of all isolates from cases of invasive

disease. Of these, 65Vo were caused by 19F, 347o by l9A, LVo by 19B; l9C was a very rare

cause of disease in this studY.

Table 1.3 structures of the cansular nolvsaccharide reneat units for eroup 19

Type Chemical Structure Reference

I 9F -r4)-p-D-ManrNAc-(l-r4)-a-D-Glco-(l-r2)-ø-L-Rhap-(l -PO+--r

194 -+4)-p-D-Man NAc-(l-r4)-a-D-Glcp-(l+3)-û-L-Rhap'(l-PO+'-r

-+4)-p-D-ManoNAc-( I -r4)-tr-D-Glco'( I +2)-a-L-Rhap-( I -PO+--+

23
p-D-Glcr/VAc-(l-r3)-p-D-Galr-(l- PO+ PO+'+l)-a'L-Fuco

198 -+4)-Þ-D-Man NAc-(l-r4)'Þ-D-Glco-(l-r4)-p-D-ManlAc'(l+4)-ct-L-Rhap-(l-POe'-r
3

1
I

p-D-Ribp-( I -t4)-cr-L-Rhao

P-D-Glcp
I
J
6

-+4)-p-D-Man NAc-(l+4)-Þ-D-Glcr-( l-+4)-p-D-ManoNAc-(l-r4)-c-L-Rhap-( l-POr'+
3

1
I

p-D-Ribp-( I +4)-cr-L-Rhao

l9c

Ohno el al.,1980

Katzenellenbogen
and Jennings, 1983

Lee and Fraser, 1980

Beynon et al., l99l

Beynon et al., l99l

Abbreviations: Glco, glucose; Rhao, rhamnose; ManoNAc, N-acetyl

N-acetyl fucosamine; GlcoNAc, N-acetyl glucosamine; Rib' ribose;
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L.4.4 The relationship between serotype and virulence

The importance of the capsule in pneumococcal infection is due to its

antiphagocytic properties (van Darn et aI., 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). Macl-eod 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 aI., 1994;

Nesin et a1.,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 øL, lgg4). 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 lgTg 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
Most common

Country, Year Aselsolates I 2 3 4 5 6 7911t214181923
Europeo, 1982-1987

spainb, 1979-1993

Belgiumb, l99t

Demrkb, 1991-1992

Fintmdb, 1985-1989

Boston, Mass ",

1957-1969

Chicago, Illinoisd,

t967-1976

Biminghm, Alabana",

1975-1978

usn'l lsrs-tss+

Auskal ias, 1970-1979

Ausfalian Abori ginesh,

1989-1994

Israel',1988-1990

South AÍäcab, 1987 -199 I

Mexicob, 1992-1993

ùulll1977-1988

u-guul, 1987-1989

cmbiab, l99l

Egtpr\6, l9'7 7 - 197 8, 1992

Pakistan"',1986-1990

Papua New Guineaqo,

r980-1987

RwandaP,1984-1990

l5l

130

7.3

0.7

6.6 13.2 2

l0 0.8 08

07

3.1

7.3

3.8

7.3

0.8

0-t4

0-5

0-5

0-14

0-2

2,390

167

r64

235

7

3

5.2

67

0

3.4

24

2.6

1.8

6

3.2

7.2

1.3

l8
0

l5.6

17.4

7.8

20.r

18.4

20.2

17.2

10.5

6.9

.,

6.5

6.7

8.5

1.7

0

0

0.6

0.3

13.3

2.6

28.6

13.4

2r.5

8.2

4,8

9.1

16.5

7.6

t2

17.4

15.6

10-4

t7.4

6.3

15

5.2

2.4

7.3

12.3

6.9

78

0.8 1.9

0.6

0

0

0

0 7l
08 6;l

9.1

4.1 0.8

4.8

9

6.7

6

ll.4 0

10.'l

1.8

6.7

5l
10.5

5-l

9.3

6.5

15.8 l3.l

28 8.2

22.4 tt.9

0-15 7l <2 0 0 8.5 2.8 I1.3 <2 2.8 0 2 8 29.6 l2-7 12.7 5 6

0-15 293 4.4 0 3.8 5.8 <2 ló 4 I 7.9 0 <2 17 -l 8.9 10.6 9.6

0-l 5

0-ó

0-18

tt4
3570

219

tl4
213

1 138

120

308

48

59

86

168

0

0.6

14

9.6

l4

l0

3.5

1.1

46

0.8

0.2

0.5

2.6

1.6

2.3

4.4

7.2

6.4

00

0

0

0-14

0-12

0-5

0-5

0-2

0-5

0-5

0-6

0-5

5.3

13.4

10.5

08

6.4

6.3

10.2

31.4

0.6

6.1

2.7

3.5

0.8

2.6

2.1

0

2.3

0

0

16.5

1.7

0.8

10.3

14.6

8.5

4.7

4.2

13. l
10.7

28

t7.5

r 8.1

4.2

15.3

8.1

10.7

4.4

54

2.8

0.8

1.9

4.2

0

3.5

06

88

3.1

l.l

0.8

1.6

0

8.5

5.8

0

2.6

0.8

9.6

14.7

19.2

9.2

10.7

39.6

32.2

7

t2

7

6.7

3.9

2.5

10.5

0

1.7

3.5

2.4

5.3

9.4

13

14.2

8

0

5.1

2.3

38.7

8.8

3.6

32

20.8

5.4

2l
0

1.2

42

00
0

l1
2.5

1.9

0

0

2.3

0

0-5

0-l 5

26

22.3

0.7 10.6

0 14.ó

6.6

14.6

a. Nielsen and Henrichsen (1992); b. Snaidack e¡ al. (1995); c. Burke et al. (1971); d. Jacobs et al-

(1979); e. Gray et at. (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); l. Guirguis et al' (1990);m'

Mastro et al. (1991); n. GrattenandMontgomery(1991); o. Gratten et al. (1985);p.Bogaerts et al-

(1993). The six most common serot)'pes in each study are shaded'
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18, 19 and 23 ¿ue consistently among the most common disease causing isolates in

children, although their rank order differs significantly. V/ithin serogroups 6, 18, 19 and

23, serotypes 68, l8C, l9F and 23F are the most common isolates (Nielsen and

Henrichsen, 1992; Butler et aI., 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 I2F, are a considerable cause of disease in only some of the studies.

For example, type I 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 194 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 a¡e some exceptions,

114, 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
No. coÍtmon

7234567 1l 12 14 18 l9 23
Country, Year Age Isolates

usA", 1978-1994

BimingJranì, Alabmab

197 s-1978

0-6 249

0-15 396

94 t4 J 1522213

1.8 0.3 10.6 3.5 0.3 9.6 2.s 4.3 1.8 0 9'ó 4'5 28.2 rl.9

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

Table 1.6 Carriage of strains
Study No. comtnon

Country, Year Age Isolates I 2 4 65 9 ll 12 l8 19 23

Birmingharq Alabama"

1975-t978

Binninghm, Alabmab

1974-t975

Papua New Guinea"

1985-1987

0-1524520|4.35.7022.91.2378.20.48.210.220.416'3

0-2 s73 0.2 0 2 8 3.3 o 27 1.2 4'5 4-2 0 7 2.6 l7'4 l5'4

0-7 1449 0.1 0.1 1.6 19 0.3 26.6 1.7 3.2 1 0.8 8.1 1.5 23'3 l4't

a. Gray et at. (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 ca:riage rates of. 5.67o and 4.8Vo

respectively (Montgomery et a1.,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 l, 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
No. coÍìmon of

Age Isolates t23 456789 lt 12 t4 18 19 23
Country, Year

Europe md Isael"

r 982-1987

Australim Aboriginesb,

1989-1994

>14 6,376 8.9 0 4 9.1 6.6 1.5 6.3 7.8 5.1 6.8 2'2 32 7'9 2'2 6'6 4'4

>1410715.9012.17.500.913.16.5380.99'31.90.90.90'9

a. Nielsen and Henrichsen (1992); b' Gratten e/ 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, t4 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 (Mclntyrc, 1997)

Table 1.8 Incidence of invasive disease
No. of

Countrv. Year Isolatesl2345
conrmon
6789111214181923

Japm", 1984

Taiwm", 1984

China'. 1984

Europe md Israelb

1982-1987

Australim Aborigines"

1989-t994

South Africad,

1979-1986

usA", 1970-1983

cDc", 1978-1983

430

170

448

1.2

2.9

9.8

5.6

4.1

1.6

0

0

7.8

12.7 2 4

5.6 3.5

56 l1

12 ll.8 14

0.6 9.5 1.8

14.1 I1.6 2.5

0.3

1.8

2

4.1

29

0.9

1.4

0

2.7

4.9

l0

7.6

25 t3 68

t.2 10.5 7.1

1.8 9 2 7.4

10,298 I 0 6 6.7 5 3 2.3 9.',1 7.6 3.7 5.9 1.8 27 8.7 3.8 8.2 5.2

221 ll3 0 64 7.4 0 9.4 5.9 4.4 8.4 0.5 8.9 6.4 4.4 34 5.4

4766

4676

1900

24.2 4

5 0.2

32 0

59

7.1

45

27

5.4

7.8

4 4 3.7 18.5 5

10.6 1.6 6.4 5.9

9.4 08 11.7 3.5

6.3

9.8

35

0.7

I

0.7

22 9 3 4.3 10.2 1.6

4 9.2 4 4 5.5 4.7

22 14.'.1 7.5 ll 7.1

a. Lee (1987); b. Nielsen and Henrichsen (1992); c. Gratten et al. (1996); d. Klugman and Koomhof (1988); e.

Robbins et at. (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,J and 8 (Fintand and Bames,lgTl). 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 I,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 5Vo of all isolates in 1979-1982 (Barry et aI., 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 ef al., 1996; Sankilampi,I99T).
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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 !2Vo in 1970 (Hansman ¿t aI., 1974) to 337o in 1980

(Gratten et a1.,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 defîned (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 50Vo of all

isolates, compared with less than I\Vo in most of Western Europe and USA (Schreiber and

Jacobs, 1995). In Australia, resistance to antibiotics is also increasing. In 1989 less than

ZVo of all isolates were penicillin resistant, but by 1994 that had increased to 5.8Vo

(Collignon and Bell, 1996). Interestingly, s%o 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 307o (Skull et al., 1996). Recent data from the Women's and Children's Hospital

(WCH) in Adelaide shows that 4OVo of S. pneumoniae isolates from WCH patients are

resistant to penicillitr, compared with only t5%o two years ago (J. Bell, WCH, personal

communication).

!.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 aI., 1996) confirms this

linkage among children attending day-care. kr this study, the overall pneumococcal

carriage rate was 52.7Vo, wifh 93Vo of isolates being penicillin resistant. Only 1.87o of

children who had no courses of antibiotics in the previous year carried penicillin resistant

strains compared with l4Vo who had antibiotics, and 6l%o 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 caniage in children (Table 1.4, Schreiber

and Jacobs, 1995). These serotypes accounted for more than 80Vo 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 aI., l98l). These 14 serotypes (1, 2,

3, 4, 6A,7F, 8, 9N, 12F, 14, l8C, l9F,23F and 25F) accounted f.or 68Vo of all cases of

pneumococcal disease in the USA. h 1983, the l4-valent vaccine was replacedby a23-

valent formulation containing 25 pg of the purifîed capsular polysaccharide from serotypes

r,2,3,4,5,68,7F,8,9N,9V, l0A, 11A, 12F, 14, 15B, l7F, 18C, l9F, 194,20,22F,23F

and 33F, which are responsible for more than 85Vo of all cases of pneumococcal disease in

North America and Europe (Robbins et aI., 1983). The halving of the amount of each

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

L.1.L 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 >8O7o 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 all23 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 coÍlmon 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 l0 years (Paton et al., 1986).

L.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 Haemophílus influenzae type b

(Hib). Since the licensing of the first conjugate Hib vaccine in 1987, for use in children at

Ieast 18 months of age, the incidence of Hib meningitis has significantly decreased. An

American study (Adams et aL, 1993) shows a sharp decrease of 56Vo 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 coÍtmonly 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, 68,9V, 14, 18C, 19F and 23F

conjugated to the outer membrane complex of N¿isseria meningitidis serogroup B, showed

a significant reduction in the nasopharyngeal carriage rates one year after vaccination

(Dagan et al., 1996). 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 caniage 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 68, 14, 18C, 19F and 23F conjugated to the

diphtheria toxin mutant protein CRM1e7, also showed a significant reduction in the

nasopharyngeal carriage of pneumococci belonging to the vaccine serotypes two years after

vaccination (Leach et aI., 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.L 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 rnutans (as discussed in section 1.8.5).

Biosynthesis of many polysaccharides involves a reversible first step, that is

transfer of sugar l-phosphate to the lipid carrier undecaprenol phosphate (und-P). Only a

Iimited 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)-l-phosphate, to a lipid carrier, possibly und-P

(Kolkman et aI., 1996). Another enzyme known to initiate polysaccharide synthesis in

Gram-negative bacteria is Rfe which transfers GlcNAc-l-phosphate to und-P (Meier-Dieter

et aI., 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

(V/hitfield, 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 campesrris (Ielpi et aL, 1993),

EPS from Lactococcus lactis (van Kranenburg et al., L997), succinoglycan from Rhizobium

meliloti (Reuber and V/alker, 1993) and CPS ftom Aerobacter aerogenes (Troy et aI.,

I7TI), involves assembly of an oligosaccharide repeat unit intermediate on und-P (Fig.

1.34). 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 l-phosphate from the nucleotide-

diphosphate precursor to und-P (step l). 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 & S), Growth of the polymer therefore occurs at the reducing terminus (the end

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

A.

1. und-@ + NDP| <> und + NMP

B.

1. und-@ + NDPf <+ und + NMP

Figure 1.3. Polymerisation of polysaccharides. Two distinct polymerisation models have been identified

wñich 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-wiie fashion where the growth of the polymer occurs at the reducing terminus or the end closest to und-

p. Coloured circles representiugars and groups of three similarly coloured circles represent the trisaccharide

repeat units. B. Polysaccharide biosynthesis involving ABC transporters' Polymerisation of a

polysaccharide with a disãccharide repeat unit is illustrated' Polymerisation i of a

sugar-1-phosphate, that is not necessarily present in the repeat unit structu and

co-ntinues by sequential addition of sugars at the non-reducing terminus or d-P'

Different coioured circles represent different suga¡s. (Adapted from Whitfield' 1995)
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1.8.3 Polysaccharide biosynthesis involving ABC transporters

Polymerisation at the non-reducing end (Fig. 1.38) 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 Kl, K4, K5, K92 and

Haemophilus influenzae typte b (Roberts, 1996), and N. meningitidis group B (Frosch et aI.,

1989), O-polysaccharide from K. pneumonia¿ serotype Ol (Bronner et al., 1994), teichoic

acid from Bacillus subtilis (Lazarevic and Karamata, 1995), amylovoran fuom Erwinia

amylovora (Bugert and Geider,1995), and Nod factors from R. melíIoti (Yázqtez et aL,

1993). The pathway is initiated by the transfer of a sugar-l-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 Whitfîeld, 1996),

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

pneumoniae (Arrecubieta et aI., 1995; Dilla¡d et al., 1995), alginate ftom Pseudomonas

aeruginosa (Maharaj et al., 1993) and chitin fuom Saccharornyces 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 aI., 1996; DeAngelis and 'Weigel,

lgg4). Whereas, studies on the biosynthesis of O:54 LPS from S. entericø serovar borreze

have shown that the initial steps of polysaccharide synthesis resemble those for ABC-

transporter dependent pathways (Keenleyside and Whitfield, 1996). Biosynthesis of O: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., 1933) 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 tipid-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 aÍe synthesised
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extracellularly and do not involve activated sugar precursors or lipid-linked intermediates

(Gross et aL,1992; Mukasa, 1986).

ln 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 er

at., l99I) 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 tigand-binding proteins, such as those found in pneumococcal choline

binding proteins (rilren, 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 Kl (Silver et al., 1984), K4

(Drake et al., 1990), K5 (Petit et aI., 1995) K7,Kl2, K92 (Roberts et al., 1986), Kl0, and

K54 (Pearce and Roberts, 1995), Haemophilus influenzae type b (Ikoll et aI., 1989), N.

meningitidis group B (Frosch et a1.,1989), Salmonella typhiYi antigen (Hashimôto et al.,

Igg3), E. amylovorø (Bugert and Geider, 1995), Erwinia stewartíi (Dolph et al., 1988),

Pseudomonas solanacearum (Huang and Schell, 1995), K. pneumoniae (Atakawa et aI.,

1995), and Staphylococcus aureus types I (Lin et al., L994),5 (Sau et aI., 1997), and 8

(Sau and l-ee, 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

anangement 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, pneumoniøe

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

at., 1994) and the first seven genes of the type 19F locus (Guidolin ¿r aI., 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.

l.9.L Pneumococcal capsular transformation

Classical genetic studies carried out by Austrian et aI., (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 cps 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

et aI.,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 (Bemheimet 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 arangement in some cases (Bernheimet et al., 1967). Binary

transformants were only ever achieved using type 3 pneumococci, thus the type 3 cps locus

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

L.9.2 Localisation of the type 19F capsule locus

The fortuitous discovery of the insertion sequence 151202 closely linked to the type

19F capsule locus (Morona et aI., I994a) enabled the isolation and cha¡acterisation of part

of this locus. As shown in Fig. 1.4, the capsule locus is located downstream ftom dexB, a

gene which is part of the multiple sugar metabolism locus and encodes a glucan-1,6-c-

glucosidase. lSI202 is located in the 1 kb intergenic region and is only 87 bp from the start
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of the first gene in the capsule locus.
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Fíg. 1.4 Physical map of the S. pneumoniae chromosome in the vicinity of the 19F cps locus (Guidolin

et7t., lgg¿i. Arrows represent potential ORFs and the box represents lSI202. Gene designations a¡e

indicated below the map; genes cpslgfB-G are abbreviated to B-G, respectively. Restriction sites are as

follows: B, BamHl;C, Clal;E, EcoRI; H, //indIII; Nc, NcoI; Nr, Nrr¡I; P, PsfI; S, SpåI. Various subclones of

this region, designated pJCP45l-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 ef

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 cpsl9fA-G

The genes cpslgfA-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 cpsl9f 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 cpslgfA-G form the first part of the type 19F capsule locus.

Table 1.9 Predicted functions of S. Dneumomae ORFs

ORF Predicted function Similar proteins (7o identitv)

Cpsl9fA

Cpsl9fB

Cpsl9fC

Cpsl9fD

Cpsl9fE

regulation?

unknown

chain length regulation
/export

chain length regulation
/export

glucose- I -phosphate t¡ansferase

unknown

B. s ubtili s LytP'^ (21 .67o)

S. agalactiae CpsAb (63.8Vo)

S. agalactiae Cpsnb 1467o)
R. melilotiExoP" (22.57o to N-terminus)

S. agalactiae Cpscb ç59.27o¡
R. melilotiExoP" (29.9Vo to C-terminus)

S. agalactiae CpsDb (45.6Vo)

S. eiterica serovar typhimurium RfbÉ (31.47r)

X. campestris Xps2a' (24.17o)

B. s ubt ilis T ag{r 13I.2a/o¡
E. coli K12 RffMs (337o)

S. enterica serovar typhimurium FtffMh (32.5Eo)

H aemop hilus influe nzae LicD' (387o)

CpslgfF N-acetylmannosaminetransferase

Cpsl9fC/

a.Lazarcvic et at. (1992); b. Rubens et al. (1993); c. Glucksmann et al. (1993); d, Jiang et al. (1991); e.

et qt. (1993); f. Mauel et at. (1991); g. Daniels et al. (1992); h. Lu and Abdelal (1993); i. Weiser
Ielpi

et al.

(1989); j. CpslgfG ORF is truncated.

1.9.4.1 Cpsl9fA

CpslgfA exhibits significant similarity (27.67o identity) to the entire B. subtilis lytR

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. CpslgfA 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 Cpsl9fA may play a role as a

regulator ofcapsule gene expression although there is no direct evidence for this.

1.9.4.2 Cpsl9fB

The cpslgJB gene product has 63.8Vo 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 III capsular polysaccharide in group B

streptococci (Rubens et al., 1993). No other signifîcant sequence similarities were

detected, and the functions of either of these gene products is not known'

1.9.4.3 Cpsl9fC

The cpslgfC gene product has 46Vo identity with the S. agalactiae CpsB protein

(Rubens et al., lgg3), and 22.5Vo identity with the N-terminal portion of the R' meliloti

ExoP protein (Glucksmann et al., 1993). CpslgfC also has some similarity to proteins

involved in chain length regulation of polysaccharides, including a conserved motif (amino

acids 168-187 in CpslgfC) found near the C-terminus in this type of protein (Kolkman er

al., I997b; Becker et aI., 1995). CpslgfC probably regulates the chain length of type 19F

polysaccharide.

1.9.4.4 Cpsl9fl)

The cpslgfD gene product has significant similarity (59.2Vo identity) to the S.

agalactiae cpsC gene product (Rubens et aI., 1993). In addition, the Cpsl9fD protein

exhibits similarity (29.9Vo identity) to the C-terminal portion of the R. meliloti ExoP

protein (Glucksmann et aI., 1993). CpslgfC and CpslgfD 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. CpslgfD and the C{erminal domain
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of ExoP contain the ATP-binding motifs GXGKTT and YIIVD (amino acids 46-51 and

148-152 in CpslgfD) which have been described previously (Guidolin et al., 1994;

Kolkman et al., I997b). 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 CpslgfD may function, in conjunction with Cpsl9fC, to regulate the

export and chain length of type 19F CPS.

I.9.4.5 Cpsl9fE

The cpslgfÛ 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 aI., 1993) shows 45.6Vo identity to the cpsl9fE gene

product. CpslgfE also exhibits similarity to RfbP (3I.4Vo) from ^S. enterica serova-r

typhimurium strain IJf2 Qiang et al., 1991), an und-P Gal-l-phosphate transferase which

catalyses the initial step in O-antigen biosynthesis, and the X. campestris xps2a (gumD)

gene product (24.l%o), a Glc-l-phosphate transferase which catalyses the first step in

xanthan gum synthesis (Ielpi et aI., 1993). Examination of the hydrophobicity plot of

CpslgfE revealed that the N-terminal portion of the protein has 3 hydrophobic segments

which may be potential membrane spanning domains; this suggests that Cpsl9fE is

anchored to the bacterial membrane. Interestingly, although the N-terminal portions of

Cps19fE, RfbP, and Xps2a have little amino acid sequence simila¡ity, 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 Cpsl4E, which is almost

identical (95.8Vo) to Cpsl9fE, is a glucosyl transferase. Thus Cpsl9fE is a glucosyl-

transferase which adds Glc, the first sugar in the polysaccharide repeat unit, to the lipid

camer
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1.9.4.6 Cpsl9fF

The cpslgfF gene product has similarity (3I-33Vo 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 serov¿ìr typhimurium strain LT2 rfr /f gene product, which is a putative

N-acetyl-D-mannosaminuronic acid transferase, involved in the synthesis of ECA (Daniels

et al., I992;Lu and Abdelal, 1993). Since the type l9F CPS contains ManNAc, Cpsl9fF is

probably the transferase which catalyses the addition of this sugar in the synthesis of the

type l9F polysaccharide.

1.9.4.7 Cpsl9fG

The cpstgfG gene (incomplete) encodes a truncated protein which exhibits 387o

identity with the N-terminal end of the LicD protein of. Haemophilus influenzae (Weiset et

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

L.L0 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 aI., 1994) and what appeared to be the first six genes

of the type 19F locus (Guidolin ¿r 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 oî S. pneumoníae serogroup 19 (serotypes 19F, l9A, 198 and l9C).
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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 a1.,1993).

Table 2.1 E. coli KL2 strains

Strain Relevant genotype Source / Reference

DH1

DH5

DH5a

MC4100

Kr8828

F , gyrA96, recAl , relA2, endAl, thil, hsdRl ,

supE44, Ì'

F , deoR, recAl , endAl , hsdRIT(r[,m¡-), supE44,

thil, gyrA96, relAl,L'

F, þ\\dlacZA,M 1 5, L(lacZYA-arg F), U I 69,

deoR, recAl, endAl, hsdRlT(r[,mi), supE44,

thil, gyrA96, relA|,L

F, arsD I 39, L(argF-lac)U 169, rpsLl 50, rcIAI,

flbB530L, deoCI, ptsF25, rbsR, thiAl

}olC4IOO nfrC2

F, lscZ2286, trp-49, L(sbcB-rfb)86, upp-12,

relAl, rspLl50,L'

Hanahan (1983)

Bethesda Research Laboratories,

Gaithersburg, MD

Bethesda Research Laboratories,

Gaithersburg, MD

E. coli Genetic Stock Center, Yale
University, CT (Silhavy et a1.,1984)

Prof. L.B. Rothman-Denes and

Dr. D.R. Kiino (Kiino et a1.,1993)

Neuhard and Thomassen (1976)SØ874
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S. pneumoni¿¿ 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.

Table2.2 S. pneumonite strains

Strain Serotype Source / Reference

Rx1

Rxl-19F

SSZ-19F

t777139 (leAl)
t9A2

clinical isolates

l9B
19C

rough

19F

19F

194

l9A
r9A

l98
19C

Shoemaker and Guild (1974)

Morona et al. (1994a)

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

Dr. Jorgen Henrichsen, Statens Seruminstitüt, Copenhagen, Denmark

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

Mike Gratten, ARI Research and Reference Unit, Centre for Public

Health Sciences, Queensland Health, Brisbane, Australia

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

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 nlasmids and cloninq vectors

Plasmid/Vector Antibiotic Resistance Reference

pBluescript SK+

pBluescript KS+

pGEM-7Zf(+)

pKl8a

pKl94
pVA891

pGPl-2

Amp

Amp

Amp

Kan

Kan

Ery, Cml

Kan

Stratagene, La Jolla, CA.

Stratagene, La Jolla, CA.

Promega Corporation, Madison,'WL

Jobling and Holmes (1990)

Jobling and Holmes (1990)

Macrina et al. (1983)

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 1.57o (wlv)

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 I litre, adjusted to pH 7.5 with NaOH, and sterilised by autoclaving at l2loC for

15 min. LB agar was prepared similarly, but with the addition of 15 g agar before

autoclaving. V/here appropriate, chloramphenicol (Cmt), ampicillin (Amp), kanamycin

(Kan), or erythromycin (Ery) was added to the growth medium at concentrations of 25, 50,

25 and 10 ¡rg/ml, respectively.

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

culture was mixed with 375 ¡tlSovo (v/v) glycerol and stored at -80oc.

Pneumococci were routinely grown in either Todd-Hewitt broth supplemented with

O.5Vo (wlv) 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 I 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 55oC 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, l%o (wlv) choline (Aldrich Chemical Company,

NSW, Australia) was added to the medium.

Pneumococcal strains were grown in serum broth for 4 h at 37oC and then stored at

-80oC. Serum broth was prepared by dissolving 10 g Bacto peptone (Difco), 5 g NaCl and

8 g Lab Lemco powder (Oxoid) into I litre of deionised water, and the pH was adjusted to

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

2.2 Chemicals and reagents

2.2.L General chemicals

Most chemicals used were AnalaR grade and were purchased from Ajax Chemicals,

(NSV/, Australia). Tris was purchased from Progen Industries (Queensland, Australia).

Maleic acid, SDS, DTT and N,N,N',N'-tetrametþl-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-gâI, IPTG, and

herring spetm 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 (RiÐ, 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 kits using either

dye-labelled primer or dyeJabelled 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)

T able 2.4 Olieodeoxvnucleotides

Name Sequence (5'-3') Homologous to:

DEXB

CPSA2

CPSs'

CPSXl

J5

J7

J8

T9

Jl0
Jll
J12

Jt4

Jl5
J16

Jt7

J18

J19

J20

ataaascTTCCATGGGATGCTTTCTGT

ataesateeCTAGCAAGGCAACTAGIA

TGATGTTCAAGGTATAGGTGTTAATCA

atactc gAGATGGAGCACCAAATCATTC

atessaTCCACTACACTIGATGGGGGT

TTATTATATTT.Tp\Ig9CTTTAATGGC

TAAAACTAGACeq\GeTITAGC AÀq'r{

TTC CTTC TAGATTTGTAAAGATATT

CTAAGAACA4IGqT'IGTATATTTCCT

GATeg\TÇecATcAATccAAcc cAAGT

CTC GCGC:IGCAgC AJqúqACAlr{C

C AACTT.I&\.¡\!TCAC C AGTTATTTTTTG

GACTCAgCT¿eç.,¡qAT'TAAAAGAAGAA

AAATGGATCCAAAGGTAGAAATGTAATC

CAC GGgGAToeTACTAC GACATAT

AATGATCTGCAB9GTTCTGTATCTC

AATAGTCAAIegaeCTACTATTGGAc

AAGTAgGA,ICÇTGATATTTCC CAGC

dexB (35-l6nt from 3' end)

<cpsI9fA (nt 335-354)

before cpsl9fA (nt 146-169)

cp s I 9fG (nt 6,245 -6,265)

cps 1 9fF (nt 5,224-5,243)

cps I 9fI (nt'7,7 7 2-7,7 99)

<cps I 9tE (nt 4,584-4,608)

cps I 9fJ (nt 9,502-9,526)

<cp s I 9fI (nt 7,919-'1,943)

<cps I 9fJ (nt 9,108-9,129)

cpsl 9fL (nt I 1,597-l 1,614)

cps I 9fi1 (nt 7,515-7,542)

cps I 9fI (nt 8,88 1-8,907)

<cps I 9fJ -K (nt 10,379- 10,406)

cps I9fK (nt 10,697- 10,720)

<cps I 9fK (nt I I,166-l 1,191)

cps I 9fO (nt 15,340-15,364)

<cps I 9fG (nt 6,096-6,120)

(continued overleaf)
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Table 2.4 (continued)

Name Sequence (5'-3') Homologous to:

J2t

J22

124

J25

J26

r27

J28

J29

J30

J3r

J32

J33

J34

J36

J37

J38

J39

J42

J43

J44

J45

147

J49

J70

J72

J87

J88

J92

J93

J94

J95

TGCTGG&KITGAAATTGGTTGGG

AATTGgêTTCTTTTATAGATTTAACACAAG

TTGAG A!]A'T\GCTTTTGAAGAGGTGAAA

GTACG eaIeqAAGTCGGACGACC

TAGTGAGAAí| CTCTATCCTATCTTCTA

GGCTeGaTEEAAACCATCTGGACTT

GtuA,A Air{AaGCTTCCACTIGGATTTCC

GCTTGGATÇqGC GTAGTICAC A.rd{

TGACTTAAGCTTGAAACCGCGCGA

GCCTgGfuCqCAGCTTCAAAGTTG

CGTCTTTTacTAIGTTGTTG GATATCAAT

ACAAGAEI@IIAC GTATTTAGTTG GT

CTAT'TTGGATCCGTAGCTTTGGCA

CAATAATGTCACGCCCGCAAGGGCAAGT

TGGTGGA!I\!]Ç46GAAAGAAGCTG

TCTAGCGGATCCCAGTTTACCAAGC

TAGTTCATGTAGTTGCAAGTGACATGCACAA

AAGTCATCGATGAAACTATTTCTTGTG

TATATG ATTGTATqGA:ITATCATGTG GC

TAATCAGCTGATc qATCAGCTCCGCTC

AATGGATcCATTTTTATC GCTTCTGGAC

CCTATAC CATT.[ GAATTC AATATATTCTAG

AATGTGgIICÇTACATATGTATTAACAG

GATG GTSEATEçTGTTTTAGATTTATTTG G

TATCGTCAICGATAAATTCTTCACCG

CTCATAC'IAGTCCACTGT'TGGTG

CTCAGGaTCCCGCCTGTACCC

TTGGATAAGCTTGAAA AAAATCGGATT

TAC TGA'AêGET.ITGCTAGTTTTTCAC

AACACGATA GAAATçG A:!GTATTTC

TTTTG&\gÇÇTGCAc GCGCAAAAG

cpsl9fK (nt 1 1,341-l 1,365)

<c p s I 9fII (nt 6,1 43 - 6,7 7 2)

cps I 9fO (nt 14,260-14,285)

<cps I 9fO (nt 14,682-14,704)

aIiA (nt 16,127 -76,154)

<cpslffi (nt I 1,787-1 1,81 l)

cps I ffi (nt 12,541-12,566)

<cps I 9flul (nt 12,880-12,903)

cps l9JN (nt 13,136-13,159)

<cps 1 9JN (nt 13,946-13,946)

<aliA (nI 17,853- 17,880)

aliA (nt 17,339-17,366)

<aliA (nt 17,057-17,080)

<aliA (nt 16,463-16,490)

c p s I 9JN (nt I4,OO2-I 4,026)

<IG3' region (nt 15,568-15,592)

cp s I 9fB (nt 2,190-2,220)

cpsl9bH (nt 1,499-1,525)

c p s 1 9b P (nt 2,693 -2,7 2O)

<cp s I 9b P (n¡ 3,395-3,421)

<cps I 9bK (nt 9,27 3 -9,302)

<cps I 9bJ (nt 7,830-7,857)

cps l9bR (nt 6,886-6,913)

cps I 9aK (nt 12,1 14-12,143)

< cps I 9aL (nt 13,5 15-13,540)

<cps I 9aE (nt 6,458-6,480)

cps I 9aL (nt 13,266-13,286)

cps I 9aB (nt 3,441-3,467 )

< cps 19aE (nt 5,330-5,355)

cps 1 9aC (nt 3,932-3,956)

< cps I 9aD (nt 4,797 -4,820)

< denotes primer is complementary to the sequence of the indicated gene. Lower case

substitutions to insert restriction sites. Cleavage sites for restriction endonucleases
letters indicate base

EcoRr (GAATTC),

BamHI (ccATCC), Hindlll (AAGCTT), CtaI (ATCGNI), XbaI (TCTAGA), PstI (CTGCAG), Splrl

(cCATcC), SalI (GTCGAC), Kpnl (GGTACC), SpeI (ACTAGT) and XhoI(CTCGAG) are underlined' The

sequences to which the primers are homologous are available as follows: dexB-cpsl9fA and cpsl9fA-G are

anàiluble under GenBank accession nos U04047 and U09239, respectively; cpslgfG-O, cpsl9b and cpsl9a

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 Seruminstitüt, Copenhagen,

Denmark. Serum broth was inoculated with cells from an overnight BA plate and

incubated at3/oC 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, 194, 198 or 19C) by

quellung reaction, using factor specifîc antisera obtained from Statens Seruminstitüt,

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.! Preparation of competent E. coli strains

2.4.1.1 RbCl2 method

E. colí K12 DH5cr was made competent as follows. A 100 ml LB broth was

inoculated with 1 ml of an overnight culture of DH5cr and grown to very early log phase

(4600 0.04). The cells were then centrifuged in a Hettich UniversaVK2S centrifuge at 4,000

x g for 15 min at 4oC. The pelleted cells were resuspended in 40 ml of TfbI (30 mM
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KOAc, 100 mM RbClz, 10 mM CaCl2,50 mM MnClz, 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 4oC. The cells were then resuspended in 2 ml of

Tfbtr (10 mM MOPS,75 mM CaCl2,10 mM RbCl2, l5Vo (vlv) 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 ethanoVdry ice for

5 min, and transferred to -70oC. 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 30oC with vigorous shaking until a density of Aooo - 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 4oC. 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 l}Vo (vlv) glycerol,

centrifuged as before and resuspended in a final volume of 2 ml of ice-cold lOVo (vlv)

glycerol. Cells were quickly frozen in ethanoUdry ice in 100 pl aliquots in 1.5 ml

microfuge tubes, and stored at -70oC. The cells were stable for about six months under

these conditions.

2,4.1.3 CaClzmethod

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

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

culture reached an Aooo 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 MgCl2, centrifuged again and resuspended in a 0.1 volumes of cold 100 mM CaClz.

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

2.4.2 Transformation of competentE. coli strains

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

The celllDNA 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 37oC for t 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 lLg 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 I29 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 30oC for t h without shaking, and then plated onto selective medium.
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2.4.4 Transformation of pneumococcal strains

S. pneumoniae struns were grown at 37"C, in l0 rrìl THY broth, to a density of

3x108 cells/ml (Aooo of O.27). The culture was diluted 100-fold into competence medium

containing lOVo (vlv) glycerol and stored at -70oC in 500 pl aliquots. After thawing a 500

pl aliquot of cells, 500 pl of competence factor was added and incubated at 37oC 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 37oC for 2 h. Transformants were selected by plating the cells on

blood agar plates containing O.2 pglml erythromycin and incubating at37oC 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 aI., 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 Rxl was used to prepare competence factor,

as described previously by Yother et aI" (1986).

A 10 ml culture of Rxl in THY was grown, at37oC, to a density of 3x108 cells

(Aooo of 0.27). A 5 ml aliquot, with lOVo (v/v) glycerol, was stored at -7OoC, for 16 h. The

5 ml aliquot was thawed at 37oC and diluted into 500 ml competence medium (THY; O.2Vo

(w/v) bovine serum albumin; 0.0l%o CaClz; adjust to pH 7.8). The 500 ml culture was

incubated at37oC for 30 min and then 18 ml samples were taken at l0 min intervals. Each

18 ml sample was mixed with 2.6 mt SOVr (v/v) glycerol and stored at -70oC 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 37oC for 10 min, then

l0 pl chromosomal DNA (from an Ery resistant pneumococcus) was added and the

samples were incubated for a further 30 min at 37oC. After incubation, serial lO-fold

dilution to 10-6 were carried out in a microtitre tray and plated onto BA plates containing

O.2 ¡t1lml Ery, and incubated at37oC 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 4oC. 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 -70oC.

2.5 DNA extraction procedures

2.5.1 Plasmid isolation

Plasmid isolation procedures were based on the alkaline lysis method (Morelle,

l9S9). 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-HCl (pH 8.0), 10 mM EDTA, and lysozyme at a final concentration of 4 pg per

ml. After 5 min incubation at room temperature, 200 ¡rl of a solution of l%o (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 ¡tI7.5 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 70Vo (vlv) ethanol, and

dried under vacuum. The pellet was resuspended in 20-50 pl of sterile water (Baxter,

NSV/, Australia) and stored at4"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 HzO) and incubated at 37oC 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

withT5Vo ethanol, 25Vo 5O mM Na acetate and microfuged for 10 min. The pellet was then

washed in l0O% 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 4oC and the

pellet was resuspended in 4 ml50 mM Glc,25 mM Tris (pH 8.0), 10 mM EDTA (pH 8.0),

2 mgÍn lysozyme and incubated on ice for 10 min, then 8 ml 0.2 M NaOH, 17o (w/v) SDS

was added, mixed by inversion and placed on ice for 10 min. Next, 6 ml 1.5 M Na acetate

(pH a.8) was added, mixed by inversion and placed on ice for a further 10 min. The debris
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was pelleted by centrifugation at 4,000 x g for 15 min at 4oC 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 4oC, resuspended in 2 ml of 0.1 M Na acetate, 0.05 M Tris (pH 8.0) and transferred

to microfuge tubes (500 pl per tube) and re-precipitated by the addition of I ml lÙOVo

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 4oC. 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. pneumoniøe chromosomal DNA was prepared using the V/izardt 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 at37oC overnight was resuspended in 10 ml

THY containing l%o (w/v) choline and grown at 37oC for 3-4 h. The culture was pelleted

by centrifugation at 4,000 x g for 20 min at 4oC, resuspended in 200 pl 50 mM EDTA (pH

8.0) plus O.lVo (wlv) DOC and the suspension was divided between two microfuge tubes

before incubation at 37oC 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

¡rl Nuclei Lysis Solution (from the kit) was added and gently mixed by pipette. The lysates

were then incubated at 80oC 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 31oC for 15-60 min. The lysates were then cooled to

room temperature and 100 pl Protein Precipitation Solution (from the kit) was added and
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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 l0

min. The supernatant was carefully removed and the pellet was washed with 600 ¡tl TOVo

(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 4oC overnight.

2.6 Analysis and manipulation of DNA

2.6.L 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 purif,red restriction fragments,

were incubated with 2 units of each restriction enzyme in a final volume of 10 pl at 37oC

for 2 h, with the exception of Smaldigests, which were carried out at 30oC. The reactions

were terminated by heating at 65oC for 10 min. Prior to electrophoresis on an agarose gel,

a one-tenth volume of tracking dye consisting of 257o (wlv) Ficoll (type 400), 0.25Vo (w/v),

bromophenol blue, 0.25Vo (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 f,rnal

volume of 20 pl at37oC 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 EcoRl-digested B. subtilis bacteriophage SPP1 DNA, and/or

with that of Hindfr-digested l, phage DNA obtained from Bresatec (Adelaide, South

Australia). The calculated molecular sizes of the EcoRl-digested SPPI 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;12 kb, 0.48 kb, and 0.36 kb (Ratcliffe et al., 1979). The calculated

molecular sizes of the lllndltr-digested phage î, DNA fragments were: 23.13 kb, 9.42 kb,

6.56 kb,4.36 kb, 2.32kb,2.03 kb,0.56 kb and 0.13 kb (Sanger et a1.,1983).

2.6.3 Anatytical and preparative separation of restriction fragments

Electrophoresis of digested DNA was carried out at room temperature on

horizontal, O.8Vo -I.57o (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 pglml ethidium bromide, as described by Maniatis et aI.

(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 Tracktel 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 MgCl2, 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 intemrpted genetic marker prior to plasmid DNA isolation.

If the intemrpted ma¡ker conferred antibiotic resistance, the transformants were screened

for sensitivity to the antibiotic. Where the DNA insert was cloned into a multicloning site

nea¡ the start of the B-galactosidase gene, transformants were selected using 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.L 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 95oC for 10 min and then rapidly cooled on ice for I min'

Then 2 ¡rl hexanucleotide mixture, 2 pl dNTP mixture (containing DIG-I1-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 37oC overnight. The labelled DNA mixture was heated at 95oC

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 l%o (w/v) agarose gel. DIG labelled lambda DNA, restricted with

Hindfr., 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 Na3 citrate, pH 7.0 for lx SSC), and then in deionised water before

prehybridisation.

2.7.2.2 High stringency hybridisation

The membrane was prehybridised for 1-6 h at 42oC in a prehybridisation solution

consisting of 5OVo (v/v) formamide, 5x SSC (pH 7.0), 2Vo (wlv) blocking reagent

(Boehringer Mannheim) and O.\lVo (w/v) N-lauroylsarcosine. The membrane was then

hybridised overnight at 42"C in hybridisation solution consisting of 5OVo (vlv) formamide,

5x SSC (pH 7.0), 5x Denhardt's reagent, lVo (wlv) SDS, 100 ttg/ml heparin and 100 Fdml

of single stranded herring spenn DNA (Sigma) (Maniatis et al., 1982) to which the

denarured 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 65oC, and then twice for 5 min with a solution of 0.2x SSC and 0.17o

(w/v) SDS at 65oC. These conditions were able to detect DNA sequences with >907o

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

|.ow 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 50oC. These conditions were able

to detect DNA sequences with2TOVo 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 (l7o 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 I 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

MgCl2, 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 mghnl in 70Vo

(v/v) dimethylformamide) and 35 pl 5-bromo-4-chloro-3-indolylphosphate, toluidinium

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

2.8 DNA sequencing and analysis

2.8.L 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 (1934) using an 'Erase-a-base' kit (Promega, Madison, Wf) according to the

manufacturer' s instructions.

Approximatety 5 ¡rg 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 BslXI,

KpnI and SphI) 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 Itr (Exo III), the restricted DNA was diluted to

60 pl in Exo Itr lx buffer (66 mM Tris-HCl (pH 8.0), 0.66 mM MgClz) and incubated at

37oC. After the addition of 400 units of Exo III, 2.5 ¡tI 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 ZnSOa, 6.75Vo (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 I pl of Sl 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

pl aliquot from each of the time points was analysed by agarose gel electrophoresis to

determine the extent of Exo Itr digestion. The samples which had been appropriately

digested were processed further. The samples were incubated at 37oC for 1 min prior to the

addition of 1 pl of Klenow mix (30 pl of 20 mM Tris (pH 8.0), 100 mM MgCl2 with 5

units of Klenow DNA polymerase). The samples were incubated at 37oC for 3 min before

the addition of 1 pt of dNTP mix (0.125 mM of each of dATP, dCTP, dGTP and dTTP)

followed by a further 5 min incubation at37oc. 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, lO rnM MgCl2, 1

mM ATp, 5Vo (wlv) PEG 8000, I mM DTT, with 5 units/ml T4 DNA ligase). After I h the

samples were placed at 4oC ovemight.

The samples were then transformed (as described in section 2.4.2) into competent

E. coli DH5cr, prepared using the RbClz 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 I pg of double stranded plasmid DNA

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

detailed below.

Reagent ACGT
Ready Reaction premix 4
DNA template (pl) 1

Total volume (pl) 5

4

I
5

8

2

10

8

2

10

Samples were placed in a Hybaidt Touchdownt Thermal Cycler. The program

used consisted of: rapid thermal ramp to 95oC for 30 sec, rapid thermal ramp to 55"C for 30

sec, rapid thermal ramp to 70oC for 60 sec and was repeated for l5 cycles.

After the cycles were completed, the four separate reactions for each DNA sample

were mixed together with 80 ¡tl of 95Vo (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 ¡tl of 7O7o (v/v) ethanol, centrifuged for another 10 min,

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

2.8.3 Sequencing with dye-labelled terminators

Double-stranded DNA template (1 pg in a volume of up to 10 ttl), 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 HzO. Sequencing reactions were ca:ried out using

I pg of double-stranded plasmid DNA in a Hybaid' Touchdown' Thermal Cycler as

follows; 96oC for 30 sec, 50oC for 30 sec, 60oC for 4 min repeated fot 25 cycles.

After the cycles were completed, each reaction mixture was precipitated with 50 pl

of 95Vo (v/v) ethanol and 2 pl of 3 M sodium acetate (pH a.8) and placed on ice for 10 min.

The DNA was pelleted at 15,000 rpm for 30 min in a microfuge at 4oC, and the pellet was

washed in 250 pl of ice-cold7\Vo (v/v) ethanol. Samples were dried in vacuo and stored at

-200c.

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 a1.,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 V/

(Thompson et aI., 1994). The program PROFILEGRAPH (Hofmann and Stöffel, 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.,

ree4).

2.9 PCR Amplifïcation

2.9.1 PCR amplification using Taq polymerase

PCR amplification was performed in a Hybaid' Touchdown'Thermal Cycler and

the 50 pl reaction volume contained PCR buffer (1.5 mM MgCl2, 10 mM Tris (pH 8.4), 50

mM KCl, and 100 pg per ml of gelatine), 1.5 U of Taq polymerase, I pM 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 95oC for 30 sec, annealing at

50oC for 30 sec, and elongation at J2oC f.or 1-4 min, I 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 ExpandrM 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 92oC for 2 min to allow complete denaturation of the DNA

template. The first l0 cycles consisted of denaturation at 92oC for 30 sec, annealing

initially at 55oC for I min, decrementing by loC per cycle to 45oC at cycle 10, and

elongation at 68oC for 5-20 min. Cycles ll-25 consisted of denaturation at 92oC for 30

sec, annealing at 55oC for I min at cycle 11, decrementing to 45oC at cycle 25, and

elongation at 68oC for 5-20 min at cycle 11, increasing by I min per cycle to cycle 25. The

length of the extension time varied with the expected size of the PCR product,

approximately I 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 (hPCR) 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 l6'C for 16 h at a

concentration of l0 ¡rg/rnl. Amplif,rcation was performed using I ¡tg 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 purif,red 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.
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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 Rxl-l9F 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.

ORF

X

Ê

cml'

/

I
pVA89l

on
o

I
IO
sml' ori

I
f

ery

FÍg. 2.1. Insertion.duplicatíon 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 pVA89l into the chromosome and intemrption 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.lL 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

pgnìl) as shown in Fig. 2.2, followed by transformation into E. coli DH5cr (section 2.4.2)

and selection for either Cml or Ery resistance. The pneumococcal DNA was subsequently

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

insertion-duplication mutant

E
I

EE
I

f
ery

o
ori

pVA891 pneumococcal DNA

on
o

E

Fig.2.2. Plasmid insertion/rescue. Chromosomal DNA from a pneumococcal insertion-duplication mutant

is ãigested with an appropriate restriction endonuclease (E) and self-ligated to recircularise the pVA89l

repliðon (shown in green) containing additional pneumococcal DNA from the adjoining region. The relative

pósitions 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.L2.L T7 expression

DH5(pGPl-2) derivatives were gro,ün in 10 ml LB+KA (LB broth containing Amp

and Kan) at 30oC for 16 h. The bacteria were then washed in l0 ml LB+KA and

resuspended in 10 ml LB+KA. One ml was diluted to 30 rnl in LB+KA and grown at 30oC

to an OD of 0.3. The culture was then divided in two. Half was heat shocked at 42oC for

30 min to induce T7 expression and then grown at 37oC for 2 h after the addition of 200

pglml Rif. The other 15 ml was uninduced and grown at 30oC for the duration of the

experiment. The bacteria were pelleted by centrifugation at 4,000 x g for 15 min at 4oC

and resuspended in 50 pl water and 350 pl loading buffer (consisting o162.5 mM Tris-HCl

(pH 6.8) 2Vo (wlv) SDS, l07o (v/v) glycerol,4Vo (v/v) B-mercaptoethanol, and O.lVo (wlv)

bromophenol blue), heated at 100oC 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 l00oC for 5

min. Then 10 pl of proteinase K solution (2.5 mglml proteinase K in loading buffer) was

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

analysis.
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2.L2.3 SDS.PAGE

SDS-PAGE was perfonned as described by Laemmli (1970) using Protean tr gel

apparatus (Bio-Rad Laboratories) and a Model 2OO0{20O power supply (Bio-Rad

Laboratories). The 10 or l5Vo separating polyacrylamide gels consisted of 10 or l5%o

acrylamide, I42 mM Tris (pH 8.8), 0.O5Vo SDS, 0.04Vo arnmoîium persulphate and

O.Ol4Vo TEMED. The stacking gel consisted of 3Vo acrylamide 62 mM Tris (pH 6.8),

O.OSVo SDS, 0.04Vo ammonium persulphate and 0.01lVo TE,IÙ4ED. 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, O.lVo SDS, pH 8.3) at 350 V for 2-3 h.

Proteins were stained overnight at room temperature in O.lVo (w/v) Coomassie Brilliant

Blue R250, lOVo (v/v) acetic acid,25Vo (v/v) methanol, with gentle agitation. The gel was

destained by gentle agitation in several changes of lOTo (v/v) acetic acid, lOVo (vlv)

isopropanol at 65oC. The molecular weight markers (Bio-Rad) were myosin (200 kDa), F-

galactosidase (116.25 kDa), phosphorylase b (97.4 kDa), serum albumin (66.2 kÐa),

ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), lysozyme

(14.4 kDa) and aprotinin (6.5 kDa).

2.L2,4 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-

HCl, 200 mM glycine, SVo (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-HCl, 150 mM NaCl, .O5Vo (vlv) Tween-20, pH 7.$ containing 5Vo (wlv) skim milk.
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This solution was then discarded and replaced with 50 ml TTBS containing O.O2Vo (wlv)

skim milk and l0 ¡rl of anti-S. flexneri type 4 serum (Murex, UK), the f,rlter was then

incubated at room temperature, with agitation, overnight. The filter was then washed for

10 min in three changes of 100 rnl TTBS. The filter was then incubated at room

temperature with agitation for 60 min in 50 ml TTBS containing 25 ¡rl 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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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 aI-, 1994). At that time, no complete

pneumococcal cps 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 l9F cps locus.

3.2 Results

3.2.1 Isolation, cloning and DNA sequencing of the type L9F cps locus

The strategy used to obtain the remainder of the type l9F locus was to sequentially

isolate DNA fragments from S. pneumoniø¿ Rx1-19F (Morona et al., I994a) 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, 1JCP467, pJCP46S and pJCP469 are shown in Fig. 3.1 and described in detail

below
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Fig. 3.1. Physical map of the chromosome of S. pneumoniae R>rl-l9F in the vicinity of the cpsl9llocus.
Boxed ¿urows represent potential ORFs and the closed box represents the insertion element 151202. Gene

designations are indicated below the map: cpsIgÍB-O are abbreviated to B-O, respectively. Restriction sites

are as follows;8, BamHI; C, ClaI; E, EcoRI; H, Hindlll;K, Kpnl; Nc, NcoI; Nr, NrøI; P, PstI; S, SpåI' 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.lI). The pVA89l replicon was excised, along with flanking

pneumococcal DNA, from a derivative of S. pneumoniae Rxl-l9F in which cpsl9fF had

been intem¡pted by insertion of pVA89l (Guidolin et aL, 1994). The ClaI restricted DNA

was recircularised and transformed into E. coli DH5a. The 2.65 kb pneumococcal DNA

insert was excised from the rescued pVA891 derivative and subcloned into pBluescript
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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 amplif,rcation (section 2.9.3) of EcoRI restricted and

circularised chromosomal DNA to obtain a 2.O 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 JlO (Table 2.4) which were then used for InPCR amplification of ChI

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 cpsl9fJ

had been intemrpted (described in section 3.2.4). The f/indltr-restricted DNA was

recircularised and transformed into E. coli DH5cr, followed by subcloning of the 3.85-kb

Clal-HindW.pneumococcal DNA insert into pGEM-7Zf(+). Nested deletion derivatives of

pJCP467 were sequenced. Sequence data across the CIaI site was obtained by dye

terminator sequencing (section 2.8.3) of the rescued pVA891 based plasmid with the

primer JLZ (Table2.4).

Two further rounds of InPCR were then used to construct pJCP468 and pJCP469.

The PCR product obtained from NcoI 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 126 and J27 (Table 2.4) were designed for inverse PCR

amplification of C/øI restricted and circularised chromosomal DNA. The 4-kb PCR

product was cloned into pBluescript SK+ to generate pJCP469 (Fig. 3.1). However only
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the first 2.1 kb (to the Hind[n. site) was sequenced using the M13 forward primer and

primers J32, J33 and 134 (Table 2.4) as well as sequence of a subclone containing the

internal 1.2-kb Hindfr.fragment using the M13 forwa¡d and reverse primers. Only the part

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

3.2.2 Analysis of the cpsIgÍDNA 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 cpsl9f, 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 cpsl9fo. Each ORF is preceded

by a ribosome binding site and the majority are very closely linked. The only potentially

significant intergenic gaps occur between cpsl9fJ and cpsl9fK (63 nucleotides) and

between cpsl9fl,l and cpsl9fo (65 nucleotides). However, potential stemmed-loop

structures were not found immediately downstream of cpsl9fJ or cpsl9JN and no obvious

promoter sequences were seen immediately upstream of cpsl9JK or cpsl9fo. The ltrst six

genes of the cpslgf locus are also closely linked (intergenic distances 1-15 nucleotides)

(Guidolin et aI., 1994) and so co-transcription of the entire locus remains a possibility.

A large region (1,458 nucleotides) downstream of cpsl9fo 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 .3Vo DNA identity with that reported for the pneumococcal aliA gene, which encodes an
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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 cps locus is located between dexB and aliA in the chromosome, as shown in

Fíg.3.1.

3.2.3 Characterisation of cps 19fG-O

The locations and several properties of each of the ORFs designated cpsl9fG-O are

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

comparison with sequence databases, are described below.

Table 3.1.. Summary of ORFs cpsI9fG'O

ORF

Location in

sequence

Predicted

MW
No. amino

acids

Hydrophobicity Predicted

index" pI
VoG+C

contentb

cpsl9fG

cpsl9fH

cpsl9fl

cpsI9fJ

cpsl9fK

cpsl9fL

cpsI9fM

cpsl9fN

cpsI9fO

5,883-6,693

6,694-7,572

'1,573-8,910

8,933-10,354

10,418-11,506

1t,545-t2,4t4

t2,415-t3,O1t

L3,021-t4,070

t4,t36-t4,986

31,647

34,474

5t,734

55,05s

40,950

32,215

22,379

39,053

32,330

269

292

445

473

362

289

198

349

283

-0.39

-0.54

0.68

0.81

-0.30

-0.2r

-0.40

-0.45

-0.50

8.43

7.80

9.59

9.83

5.48

4.69

5.05

5.16

4.71

36.3

30.3

29.7

29.1

35.2

42.3

4r.5

42.1

4r.5

a. According to Kyte and Doolittle (1982), as implemented in PROSIS

b. Percçnt guanine plus cytosine (G+C) of coding region.

3.2.3.1 cpsl9fG

The cpslgfG gene encodes a putative 31.6 kDa protein which exhibits 25.9Vo

identity with the LicD protein of 1L influenzae, which is encoded by the /icD gene of its

LPS locus (Weiser et al., 1989). However, the precise function of LicD is unknown.
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CpslgfG 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 Nlinked oligosaccha¡ides in S.

cerevisiae (Odani et aI., 1996). The alignment between these three proteins is shown in

Fig. 3.2; the similarity is greatest at the N-terminal end of Cpsl9fG 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 l9F CPS and the cell wall mannans in S. cerevísiae arc

both phosphorylated. Thus it is possible that Cpsl9fG, LicD and Mnn4 are all involved in

the phosphorylation of polysaccharides.
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Mnn4
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L¡cD
Mnn4

Cpsl9fG
LicD
Mnn4

Cpsl9fG
L¡cD
Mnn4

CpslefG []c----

DRY
HEH

o n -[r
NI-LD
tt s trl[n r

nþ
CSFMKKYRRTDP

rþn e - s R D Y L N s Y I E

DGLVNMATL

R

KKLT
DTL I

SVL VK
IR

TL
TL I

L_

IP
FI

[rlov

VGE

L PE]

D

IGFF
L---
N IT-

YNCRNNHF

DNLYRK
EQFQ IT

VL-
Ktl LK

NN r e eþru@efln r
Y R F L npr@r[v -

-VYR
KMQK N

D
P
E

K

Cpsl9fG T
LicD R
Mnn4 R KLK-

oc
NH

P

v

L---
MKLP
NS-_

Fig. 3.2. Alignment of Cpsl9fG. Alignment of Cpsl9fG with H. influenzae LicD (LicD) (Weiser er a/.,

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 fo those in Cpsl9fG are boxed; similar residues are shown in red; - indicates absence of a residue.

The yellow shaded regions correspond to an apparently conserved motifin these proteins.
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3.2.3.2 cpslgÍH

The cpslgfll 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. Cpsl9fH has a limited degree of

identity with rhamnosyl transferases from Yersinia enterocolitica and S. flemeri, 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 a1.,1995). This suggests that Cpsl9fH is likely to

be the rhamnosyl transferase involved in incorporation of rhamnose (Rha) into the type 19F

CPS.

Cpsl9fH
YeRfbB
SfRfbG

Cpsl9fH
YeRfbB
SfRfbG

Cpsl9fH
YeRfbB
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Fig. 3.3. Alignment of Cpsl9ffI. Alignment of CpslgfFl, from amino acid position I to 143, with Y.

enterocolitica RfbB (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 CpslgfFI 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 cpslgÍI

The cpslgfI 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 Cpsl9fl and the various Rfc proteins is

low (14.0 - 20JVo identity) it is as strong as the degree of identity within the Gram-

negative species (I5.5-l9.8Vo). The relationship between Cpsl9fl 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 Kl2 Rfc (Stevenson ¿/ al., 1994) shown in Fig. 3.4. The

hydropathy plots for the various proteins (Fig. 3.5) also illustrate the ma¡ked similarity,

each havin g l}-t2 hydrophobic, potentially membrane-spanning, domains. It therefore

seems probable that Cpsl9fl is the polysaccharide polymerase.

Table 3.2. Similaritv of Cpsl9fl to other proteins.

Vo ldentitlf

Cpsl9fl Kl2Rfc SdRfc StRfc SfRfc M67Rfc M4ORfc

Cpslgflb 100

Kl2Rfc"

SdRfcd

StRfc"

SfRfcr

M6TRfcs

M4ORfch

16.5

t3e4l

100

19.6

Í3821

77.5

t3821

100

15.6

Í4171

19.1

l3e'71

15.5

t3811

100

t4

t3sol

t9.4

t30el

r6.5

t3l sl

18.8

t3081

100

18.3

I3e4l

16.5

t3s8l

18.5

t2t1l

19,'l

l26el

t7.5

t33l l

100

20.1

t3181

t7

t33sl

16.5

t3631

t7.5

134rl

19.8

134el

17.5

t3601

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 Vo identity occurs. b. S. pneumoniae Cpsl9fl.

c. E. coli Kl2 Rfc (Stevenson et al., 1994). d. Shigella dysenteriae type I Rfc (Klena and Schnaitman,

1993). e. S. enterica serovar typhimurium Rfc (Collins and Hackett, 1991). f. S. Jlexneri Rfc (Morona er

aI., 1994b). g. S. enterica serovar muenchen strain M67 Rfc (Brown et al., 1992). h. S. enterico serov¿ìr

montevideo strain M40 Rfc (Lee et aI., 1992).
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Fig. 3.4. Alignment of Cpsl9fl. Alignment of Cpsl9fl with E coli Kl2 Rfc (Kl2Rfc) (Stevenson er a/.,

1994), using the default settings of the program CLUSTAL (Higgins and Sharp, 1988). Identical residues are

boxed; similar residues are shown in red; - indicates absence of a residue.
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3.2.3.4 cpslgfl

The cpstgfJ 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.

auretts, as shown in Table 3.3. The RfbX proteins a¡e known to be involved in transport

of O-antigen repeat units across the membrane (Liu et aL, 1996; Macpherson et a1.,1995).

Again, the overall similarity between CpslgfJ and the various Gram-negative proteins is

low (15.7-l9.4Vo identity), but the degree of identity within the Gram-negative species is

similar (16.4-3I.4Vo). Moreover, the hydropathy plots for the Cpsl9fJ 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 Thus, Cpsl9fJ is

probably the polysaccha¡ide repeat unit transporter.

Table 3.3. of Cpsl9f.I to other proteins.

Vo (dentitlf

lgfJb sfRfbx" KI2RfbXd SdRfbX" YCTTSAf YPRfbXg SaCapFh

Cpsl9fJ

sfRfbx

Kl2Rfbx

SdRfbx

YeTrsA

YpRfbX

SaCapF

100 19.2

Í4211

100

t 8.l

l4t4l
19.7

t3e6l
100

19.4

l4o2l
22.5

t40el
31.4

t40ll
100

t9.2

14t6l
19.8

Í424)

28.3

t4061

28.4

t40ll
100

75.1

t3e6l
19.9

t4031

17.4

t3731

18.6

l26el
20.8

l3e4l
100

t6.4

Í3e71

t9

t4101

21.5

t3e5l
2t.l
t3e3l
20.4

t40rl
l6. r

Í3671

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 Vo identity occurs.

b. S. pneumoniae Cpsl9fJ.
c. S. flexnert RfbX (Macpherson et al',1995).
d. E. coli Kl2 RfbX ( Stevenson et a1.,1994).
e. S. dysenteru¿e RfbX (Klena and Schnaitman, 1993).

f. Y. enterocolíticaTtsA (Skurnik et a1.,1995).
g. Y. pseudotuberculosis RfbX (Kessler et al.,1993).
h. S. aureus CapF (Lín et aI., 1994).
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Fig. 3.6. Hydropobicity analysis of Cps19fJ. Hydropathy plots of Cpsl9fJ, E. coli K12 RfbX (Kl2RfbÐ (Stevenson et al, 1994), S. flemeri RfbX (SfRfbÐ

Grñacptrerson et ai, r995j, S. dysenteria" irrux 3) and S. enterica serovar typhimwium LT2 Rfbx (LT2RfbÐ (Jianget al, r99l)
were generated by the -êinoa of ryte and Doo EGRAPH (Hofmann and Stöffel, 1989). Positive numbers on the Y-axis indicate

fryarolnoUic t"grä* and putative membrane-spanning domains are shaded. The position of every 10th amino acid is marked on each X-axis. ooÞ
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3.2.3.5 cpslgfK

The cpslgfK gene encodes a putative 40.9 kDa protein. Cpsl9fK has a high degree

of similarity (49Vo to 63Vo identity,) with a family of proteins including the E coli ffi

gene product (Table 3.4). The alignment of Cpsl9fK with these proteins is shown in Fig.

3.7. RffE is a UDP-GlcNAc-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 a1.,7990). ManNAc is a component of the type 19F CPS and

thus cpstgfK is presumed to encode the enzyme needed to synthesise UDP-ManNAc in

type l9F pneumococci.

Table 3.4. of Cnsl9fK to other proteins.

CpslgfKb BsYwFf Kl2RffEd PsEpsC" Svn0624s

Cpsl9fK

BsYvyH

Kl2RffE

PsEpsC

054Rfbc

Syn0624

100 63.2

t3sel
100

50.8

t3681
54.9

13681

100

50.3

13721
52

13731
65

[369]
100

49.7

Í3741
52.9

13671
54.8

13671
52.6

13671
100

49

13s7l
47

Í3621
47.3

t3641
45.8

f36el
44.4

t36sl
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 Vo identity occurs

b. S. pneumoniae Cpsl9fK
c. B. subtilis YvyH (Soldo et a1.,1993)
d. E. coli Kl2 RffE (Daniels et a1.,1992)
e. P. solanaceørumBpsC (Huang and Schell, 1995)

f . S. enterica O54 RfbC (Keenleyside and Whitfreld, 1995)

g. Synechocysfis sp. ORF 0624 (Kaneko et ql.,1995)
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Â

:
KALAA--- -YSKRID
RSAGTRADPGRGRSGDHTM

EI
GQLWO

M
F

VL
VL
VL
VC

K
I

LVSPLS- - - F

F
A
T

G
T

N
D

A
F
o

";;i;;IPYN IG
KNKLNL
P G L DWQ

N

L
E
S
S
A

R
RE
KP
AP
QADA
KNNP
LP

KE
DI
EF
SF
SF
EK

G
RKK

RB
KK
HB

HL
KL
FL

GIA
GVV
NHP

S
A

o

N

D
D
D
D
D

E

E

E

S
D
D
D
D
o

GV
HIK

L
H
o
K
o
o

N

S

L
L
L

S
D
E
A

E

S

L
F

F

L
H
L

L

I

S
K
R

G
('J

R

G
T

I

L

L

L
L o

K
E

A
SN
c

o

G

G

H
S

L
L

R--
KKA
VAD
VPA
VKE

D

DVTGE -

D
S F DOL

L
L
L

L
I

YAQ VGA

c
VREIISL

VY L
AWL
AH I

IW AH
cEl

L

K------

TG
DT
ST

Cps19K
BsYWH
K12Rffi D
PsEpsC E

054Rbc D
Syn0624 K

L
F

H

VVE
r lv
LADIATT

STLTSIARA
DDI LA

F IE]

c
C
L

R
T
D

KPACP I

F

K
L
L
L
MS
RN

; E

T

E
E

B
o

QI
DI
EI
ALL LL

F
L
L

o
- DA
PNN
PAA

A

DE
QH

LE
YF

F
A

EE

L TE QI
SD HL
VK IL

T
A
PV

KLS
A LEI

N E

PV

PI
R

DS
ER

G L
F
L

K

I

D
S
KL A

E LF
KN
QA
VS
RN

RKEQPDS

F

L
I

Fig. 3.7. Alignment of Cpsl9fK. Alignment of CpslgfK with ß. subtilis YvyH (BsYvyH) (Soldo er a/.,

tlgÐ, t. coti KIZ RffE (Kl2RffE) (Daniels et al., lgg2), P. solanacearum EpsC (PsEpsC) (Huang and

Schell, 1995), S. eflrerica O54 RfbC (O54RfbC) (Keenleyside and Whitfield, 1995), and Synechocystis sp.

ORF 0624 (Syn0624) (Kaneko et at., 1995), as determined using the default settings of the program

CLUSTAL (Higgins ând Shârp, 1988). Residues identical to those in CpslgfK are boxed; similar residues

âre shown in red; - indicates absence of a residue'
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3.2.3.6 cpsIgfLMNO

The cpsl9JL, cpsl9fM, cpsIgJN and cpsl9fO genes encode proteins of.32.2,22.4,

39.1 and 32.3 V,Ða, respectively. These four genes have extensive similarity to a portion of

the S. flexneri rfb gene cluster (rÍbBDAq which encodes the enzymes involved with

dTDP-Rha biosynthesis (Macpherson ¿t al., 1994).

cpslgfl. has a high degree of simila¡ity (69.1-7o.6vo identity) to Glc-l-phosphate

thymidylyl transferases (RfbA) from E coli, S. flemeri and,S. enterica (Table 3.5). RfbA

catalyses the first step in the dTDP-Rha biosynthesis pathway, suggesting cpsl9fL may also

encode this enzyme. The alignment between Cpslgfl and the RfbA proteins is shown in

Fig. 3.8. Interestingly, there is also significant nucleotide sequence similarity (67-70Vo

identity) between the cpsl9fL and rfbA genes'

CpslgfM has 24.3%o to 34.6Vo identity to RfbC from various Gram-negative

bacteria and StrM from Streptomyces griseus (Table 3.6, Fig. 3.9). Thus, cpsl9JM

probably encodes dTDP-4-keto-6-deoxyglucose-3,5-epimerase, the third enzyme in the

dTDP-Rha biosynthesis pathway.

CpslgfN has similarity to a large family of dehydratases, in particular to RfbB from

various Gram-negative bacteria and StrE 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, Cpsl9fN is

probably a dTDP-Glc-4,6-dehydratase, the second enzyme in the dTDP-Rha biosynthesis

pathway.

CpslgfO exhibits 2'77o to 39.7Vo 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 CpslgfO is probably dTDP-L-Rha

synthase, which catalyses the last step in dTDP-Rha biosynthesis.
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Table 3.5. Similarity of Cpsl9fl to other proteins.
Vo ldentitt'

Sf Kl2 07 M32 l:T2 Nm Ng Ye Xc Ec Bs Stf Sg Sp Sn Sv

RfbA RfbA RtuA RfbA RfbA RfbA RfbA RfbA RfbA RftM SpsI TylA StrD DnrL SnoD GraD

cpslgflb 68.8 69.4 70.6 70.5 69.1 66.9 67.6 66.1 ø.1 64.3 45.3 54.4 3s.4 33.6 33.3 36.2

t2s5l t2s8l t2861 t2s5t t2851 t28sl Í2871 [28e] t2841 t2861 1243) [285] 12371 f2sel l24el Í2321

sfRfbA" 100 89.3 93.2 9l.l 89.3 63.2 63.5 64 65.9 62.4 43.1 50.7 33.9 37.9 33.5 34.9

Í2erl l2e3l Í2e21 l2etl t2851 t28sì t2861 l2e0l 12871 t2lll t2861 12421 tle81 [218] t2151

Kt2RfbN 100 s4.2 92.4 92.1 65.1 65.1 65.6 68.3 64 43 5r;1 34.6 3t.4 33;t 36

Í2e21 Í2e11 lzetl Í2841 Í2841 [288] t2e0] t2861 f237) t2881 í241) 12801 12431 12281

o7RÍbA" 100 95.6 93.5 65 65 ó5.9 67.7 63.9 42.9 52.4 35.7 32.8 33.6 35.8

l2e3l Í2e2) l2s6l t2861 12871 Í2erl t2881 t2381 12881 Íu4l t2681 12441 l22el

M32RfbAr 100 95.2 66 66 64.7 6'1.2 63.1 43 51.6 35.4 33 32 36

t2erl t28sl t28sl t2861 t2e0l Í287i 12371 Í2871 Í243'l Í26'tl 1266',1 12281

LT2RfbAc 100 &.2 64.2 &.3 67.2 61.7 43.5 50.9 35 32.7 31.5 36

t2ssl t2s5l t2861 l2eo) Í2871 12371 12871 l%3',l 12661 267 f2281

NmRfbAh 100 91.3 69.1 63.4 69.9 44.4 50.5 35.9 35.3 349 34.1

t2s8l t2851 12841 t2861 Í23e1 t2851 t23'tl 12321 f2321 12321

NgRfbAi 100 69.5 63.4 70.6 42.7 48.8 35.9 36.2 34.5 33.6

t2851 12841 t2861 Í23e) t2851 12371 Í2321 12321 12321

YeRfbN 100 61.2 72.1 42.6 50 35'2 35.5 32.6 33.2

t2861 12871 Í2441 12861 f2441 Í2341 [233',1 1232]

XcRfba* 100 61.9 43.7 50.5 38.1 37.9 35.1 33.3

t2861 l24sl t28el f2471 12321 Í2481 12431

EcRffM' 100 42.2 51.2 35.4 3ó.1 32.1 33.3

12441 t2851 [2431 Í233] Í2431 [228]

BsSpsI' 100 39.5 28.9 30.8 32.5 3l '3
t2481 t23e) Í2471 [24o] Í243)

StfTylA" l0O 3'1 ;l 37;l 28;l 34.2

12361 1236',1 t2681 l23rl
SgStrD" 100 59.2 54 1 5l

t3551 t3551 t3ssl

SpDnrLe 100 49 49.2

13551 t3s51

SnSnoDq 100 5'7.2

t3ssl

SvC¡aD. 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 7o identity occurs.

b. S. pneumoniae Cpsl9fL
c. S. flexneri RfbA (Macpherson et a1.,1994)
d. E. coli K12 RfbA (Stevenson et a1.,1994)
e. E. coli 07 RfbA (Marolda and Valvano,1995)
f . S. enterica El RfbA (Wang et aL,1992)
g. S. enterica serovar typhimurium strain LT2 RfbA (Jiang et a1.,1997),

h. N. meningir¡dis RfbA (Hammerschmidt ¿r al.,1994)
í. Neisseria Bonorrhoeae RfbA (Robertson et al., 1994)
j. Y. ente rocolitica Rfu A (Zhang et al., 1993)
k. X. campestris RfbA (Koplin et a1.,1993)
l. E. coli RffM (Daniels et a1.,1992)
m. B. subtilis SpsI P39629 (GenBank accession no.Z99l23)
* Streptomyces fradiae TylA (Merson-Davies and Cundliffe , 1994)

o. S. griseus StrD (Distler et a1.,1987)
p. Streptomyces peucetius DnrL (Gallo et a1.,1996)
q. Streptomyces nodosus SnoD (GenBank accession no' A25l 10)

r. Streptomyces violaceoruber GraD (Bechthold et al., 1995)

3. Type l9F capsule locus
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Fig. 3.E. Alignment of Cpsl9fl. Alignment of the amino acid sequences of Cps I 9fL , S. flexneri RfbA
(SfRfbA) (Macpherson et at.,1994), E. coli Kl2 RfbA (Kl2RfbA) (Stevenson et a1.,1994), E. coli 07 RfbA
(OTRfbA) (Ma¡olda and Valvano, 1995), S. enterica El RfbA (M32RfbA) (V/ang et al., 1992) and S,

enterica serovar typhimurium LT2 RfbA (LT2RfbA) (Jiang et aI., l99l), as determined using the default

settings of the program CLUSTAL (Higgins and Sharp, 1988). Residues identical to those in Cpsl9fl- are

boxed; similar residues are shown in red; - indicates absence of a residue.
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Table 3.6. Similaritv of Cpsl9f'lVf to other proteins.

Vo Identitf
XcRfbC YeRfbF M32RfbC LT2RfbC NmRfbC SfRfbC O7RfbC Kl2RfbC SsStrM

CpslgfMt 34.6

t1791

XcRfbC" 100

YeRfbFd

M32RfbC"

LT2RfbCf

NmRfbCs

SfRfbCh

07Rfbc'

Kl2Rfbcr

32.3

tr61l
52.7

t1sOl
100

31.6

lr77l
56.7

t1s7l
52.9

t1661

100

30.9

t1781

58

tls7l
55.4

t17sl
70.4

tl8el
r00

31.5

tr78l
46.5

tl87l
52

lt73l
57.7

t1751

58.7

Ír7e)
100

31.8

nsTl
51.7

tr78l
54

11741

83.3

tl68l
7t.9

t1781

59. I
tl8l l
100

24.3

lt't7l
50.9

t1711

48

lt17l
7t

Í1761
65.7

t17sl
51.2

Ír721
'13.6

tr78l
100

29.3

t1 841

52.8

tlsel
49.7

tl8ll
66.3

tr6el
66.r

tr17l
55.6

t16el
66.9

t16el
58.6

ll8ll
100

29.1

t1411

33.3

l1s6l
39.4

tl7sl
36.3

t1681

35.3

t1671

37.9

t1611

35.5

11721

37.9

Ír741
34.8

t1781

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

parentheses indicate the number of amìno acids over which the 7o identity occurs.

b. S. pneumoniae CpsI9fM
c. X. campeslris RfbC (Koplin et a1.,1993)
d. Y. enterocoliticaRfbF (Zhang et a1.,1993)
e. S. enterica E1 RfbC (Wang et a1.,1992)
f. S. enterica serovar typhimurium strain LT2 RfbC (Jiang et aI.,l99l)
g. N. meningitidis RfbC (Hammerschmidt et a1.,1994)
h. S. flexneri RfbC (Macpherson et al.,1994)
i. E. coli 07 RfbC (Marolda and Valvano, 1995)
j. E. coli Kl2 RfbC (Stevenson et a1.,1994)
k. S. griseøs StrM (Distler et a1.,1981)

3. Type 19F capsule locus
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Fig. 3.9. Älignment of Cpsl9f1VI. Alignment of the amino acid sequences of Cpsl9fM, X. campestris RfbC

(XcRfbC) (Koplin et ql., 1993), S. flexneri RfbC (SfRfbC) (Macpherson et al., 1994), E. coli K12 RfbC
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boxed; similar residues are shown in red; - indicates absence of a residue.
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Table 3.7. Similaritv of Cosl9fN to other proteins.
Tolder'titlf

Nm Sy Xc Se Bs Sv

RfbB RfbB RfbB Gdh SPsJ GraE
Ec

RtrG
LTz Sf
RfbB RfbB

Stf Kl2 Sg Ng 07
TylB RfbB StrE RfbB RfbB

CpslgfNb

NmRfbB"

SyRfbBd

XcRfbB"

Secdhr

BsSpsJs

SvGraEh

EcRffG'

LT2RfbB

SfRfbBK

StfTylB'

Kl2RfbB'

sgstrEn

NgRfbB"

oTRfbBp

44.8

[35s]
75.5

[351]
58.7

[33e]
58.9

t3481

44.3

t3481

47.6

1334)
45

13421

100

45.5

f32sl
7t.t
Í3s21
54.3

[341]
56.7

Í34e)
4t

Í2841
47

î2701
27.8

1224)

72.3

t3s4l
100

44

13431

69.3

13szl
54

[341]
56.6

13281

35.7

[350]
45.2

t3301

43.s

[283]
70.6

t3s4l
85

t36ll
100

43.2

t3331

45.2

t3431
47.8

t33el
47.2

[33s]
66.1

13271

46.5

t3l4l
57.9

t3l8l
42.2

t3481

42

[28r]
37.7

13321

100

45.8

Í3431
71.9

Í3521
55. l
[341]
56.7

Í34e1
M.7

f2841
44.6

t3361

41.9

13441

72.3

[3s4]
87.8

t36ll
90.3

[36r]
39.2

[302]
100

42.4

t3301

45.8

13451

46.5

t34ol
45.3

t3331

6t.9

13231

44.5

t3171

60.9

Í3171
43.1

t34rl
43.5

127 rl
46.5

l26el
67.9

13201

33.1

[311]
100

43.2

[340]
91.9

t34sl
55.4

[341]
57.9

[335]
44

[341]
47.9

t3331

43.8

[336]
73.2

l32e)
69. l
13461

66.8

13461

44.9

t34rl
68.8

Í3461
45.3

[340]
100

46.1

t3431

7t.3

Í3s21
54.8

134r)
57.9

134e)

44.4

Í2841
45.9

l27Ol
43.8

[283]
7l.8
t3s4l
87.5

t3ó11

90.6

t3611

37.3

[332]
9l.l
t3611

34.1

[3r l]
68.8

Í346)
100

46.3

[3501

100

42

[338]
5',t.t

[343]
100

44.1

t3331

60.5

134el
62.1

t3381
100

44.7

[338]
46.1

13431

44.9

[33e]
46.9

t3311

100

45.8

Í32s1
48.3

[333]
47.9

13341

49.5

t33U
49.7

l3t4l
100

43.6

[330]
42.2

t33el
n

t3381

45.8

[336]
57.2

t3181

45.9

f3t4l
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 lo identity occurs.

b. S. pneumoniøe Cpsl9fN
c. N. meningiridis RfbB (Hammerschmidt ¿r ø1.,1994)
d. Synechocysfis sp. RfbB (GenBank accession no. D64003)

e. X. campesrris RfbB (Koplin et a1.,1993)
f . Saccharopolyspora erythraea Gdh (Linton et a1.,1995)
g. B. subtilis SpsJ (GenBank accession no.Z99l23)
h. S. violaceoruber GraE (Bechthold er al., 1995)
ì. E. coli RffG (Daniels et a1.,1992)
j. S. enterica seroyar typhimurium strain LT2 RfbB (Jiang et al.,l99l)
k. S. flexneri RfbB (Macpherson et a1.,1994)
l. S. fradiae TylB (Merson-Davies and Cundliffe,1994)
m. E. coli Kl2 RfbB (Stevenson et al.,1994)
n. S. grisers StrE (Distler et a1.,1987)
o. N. gononhoeae PifbB (Robertson et al., 1994)
p. E. coli 07 RfbB (Marolda and Valvano, 1995)

3. Type l9F capsule locus



D
D
D
D

K
K
K
K

L
L
L
L
L
L

T
T
T
T
T

93

s
s
s
T

T
T
T
T

LVDKL - -
AM S R I F R
AMAR I FA
GDGLYFG

G
L
L
L
L

YVYE-
ttN--
ttN--
ltN--
I tK- -
LLGPGG

IF
I

I

I

IE

S

LPGH
EANN
EVNN
EVNS
EVEN

LR
HP
HP
HP
HP
HG

F
A

--D
KKS
ENS
KKN
KNN
HGV

L

L

L

ECpsl9fN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

Cpsl9fN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SsStrE

Cpsl9fN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

Cpsl9fN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

Cpsl9fN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

Cpsl9fN
sfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

Cpsl9fN
sfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

CPSN
SfRfbB
Kl2RfbB
oTRfbB
LT2RfbB
SgStrE

T--HLL
I

LNDEK
LDSDK

LGEDK
---TR

V
P

- VELV
SDS YAFE
SDS YVFE
SDS YSFE
SES YNFE

H YRFE

P
P
P
P

K
G
G
G

9

A
E
E
E
E

W
W
W
W

YQS
YQS
YQS
YQS
G--

rD QE KAE E-[Ú
LA TN ENV SGT
LS TK DNV SG
LA TN ENV SG
LA TQ NNV SG
HKHRS EPLVP-

E

LLM

ADV

AA

AN
ES
ES
ES
ES
DN

L
P

I

L

L
L

L

L

S
A
A
A
A
A

o
o
o
o

E ITR I FE
GRRVMAGP

H
N

HS

LDDEK

;Ã
SA
SG
SA

D
K
K
K
T

PKE
PKE
PKE

G

V
V

A

R
R

R
R

A E KE]N
ET TKR
ET A A
ET A A
ET A A
EDEPLR

H--
EQ I

EQ I

EQ I

EQ I

GSV

D
R
R
R
R

E
K
K
K
K
D

:I
L
LQ
LEl

G
T
E
T

I
H
F
F
F
F
F

T

VKAT
L PT I

LPT I

L PT I

LPTIVT
LDVRVT

S

S

I

H
H

S VWII
ARALYTV
ARALYTV
ARALYTV
ARALHMV
V IEAV

E

IEIT
LYV
LYV
LYV
LYV
LE]V

DQ
DQ
D

I

D
IKP
KA L
KAL
KAL
KPL
HRV

L
L
L

L
L
L

I

I

I

I

A

VD -

E

o
a
o
L
A

R

LL

T
R
R
R
R

ö;
CD
CD
CD
-G

LLE
VL
VL
VF
VF

N

AT L

AD
GH
GH
GH
GH
GG

o
K
K
K
K
R

K
E
EV
E
E
R R

Cps't9fN
SfRfbB T
Kl2RfbB T
OTRfbB T
LT2RfbB T
SgStrE E

E TV

---SLPA

Fig. 3.10. Alignment of Cpsl9fN. Alignment of the amino acid sequences of Cpsl9fN, S. flexneri RfbB

(SfRfbB) (Macpherson et al., 1994), E. coti Kl2 RfbB (Kl2RfbB) (Stevenson et al., 1994), E. coli 07 RfbB

(OTRfbB) (Marolda and Valvano, 1995), S. enterica serovar typhimurium LT2 RfbB (LT2RfbB) (Jiang et

at.,l99l) and S. griseus StrE (SgStrE) (Distler et a1.,1992), as determined using the default settings of the

program CLUSTAL (Higgins and Sharp, 1988). Residues identical to those in CpslgfN are boxed; similar

residues are shown in red; - indicates absence of a residue. The yellow shaded region corresponds to a NAD-

binding motif (Macpherson ¿t a1.,1994).
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Table 3.8. Similaritv of CosL9fO to other Droteins.
Vo

SeStrL LT2RfbD Kl BsSpsK OTRfbD XcRfbD YeRfbCi SvGraD

CpslgfOb

SgStrl-.

LT2RfbDd

Kl2RfbD"

BsSpsKr

oTRfbDc

XcRfbDh

YeRfbG'

SvGraD

sfRfbDk

35

12861

35.4

l2et)
100

32.4

Í2e61
34.4

f2etl
84.6

l2eel
100

3l .9

t2e8l
33.2

l2e2)
84.4

[30r]
9l

[301]
441

Í2761
100

27.4

l2s2l
32

l2e7l
29.1

Ízeel
39.5

l2eel
21.3

12271

37.9

t30ll
100

27

t2851

32.8

tle5l
30.7

Í23t)
31.9

Í22e1

29.5

lzstl
30.2

12321

22.8

Í2631
r00

37.4

l2e7l
49.7

l2e2l
37.9

t2e0l
35.7

Ize4)
39.2

12781

34.8

I2e6l
36.4

t3051

29.6

12061

100

30.6

[2e71
32.5

l2e2)
80.7

[300]
87.7

[300]
33.5

12361

87.7

l3o2l
36.2

[301]
30.4

Í2301
JJ

I2e4)
100

38.6

[285]
100

39.7

î2571
39.9

t2s8l
35.7

Í2441
35.2

12731

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 7o identity occurs

b. S. pneumoniae Cpsl9fO
c. S. griseus StrL (Distler et al., 1987)
d. S. enterica serovar typhimurium LT2 RfbD (Jiang et al.,l99l)
e. E. coli Kl2 RfbD (Stevenson et a1.,7994)
f . B. subtilis SpsK (GenBank accession no.299123)
g. E. coli 07 RfbD (Marolda and Valvano, 1995)

h. X. campestris RfbD (Koplin et a1.,1993)
i. Y. enterocolitícakfbG (Zhang et a1.,1993)
j. S. violaceoruber GraD (Bechthold et al.,1995)
k. S. flexneri RfbD (Macpherson st al., 1994)

3. Type l9F capsule locus
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3.2.4 Insertion-duplication mutagenesis of cp s I 9fG-O genes

In order to conhrm the involvement of the ORFs designated cpsl9fG to cpsl9fo 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.IO). 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 pVA89l (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 Rxl-l9F transformants were obtained for all except the

cpslgJM- and cpslgfo-containing pVA891 derivatives. As these two genes are part of the

same biochemical pathway as cpslgfL and cpsl9JN, no further attempts were made to

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

Table 3.9. Summary of cps I9f sene frasments inserted into pVA891

ORF Nucleotides Fragment cloned into pVA891

cpsl9fG

cpsI9fH

cpsl9fl

cpsl9fl

cpsl9fK

cpsl9fL

cpsl9fM

cpsl9JN

cpsl9fO

6,31''Ì-6,603

7,054-7,247

8,179-8,440

9,65 l - 10,165

10,708- 1 I ,177

11,600-11,958

t2,549-12,893

13,148- 13,961

14,2',10-14,679

H indlll- S q u3A fragment from pJCP464

EcoRY-Sau3A fragment from pJCP464

H a eIII- S a u3 A fragment from pJCP465

EcoRI- EcoRV fragment from pJCP466

PCR product using primers Jl7 and Jl8 (Table 2.4)

Smal-BamHI fragment from pJCP467

PCR product using primers J28 and 129 (Table 2.4)

PCR product using primers J30 and J31 (Table 2.4)

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-specif,rc probes hybridised with two separate DNA fragments in the

respective mutants but with only one fragment in the Rx1-19F control, indicating that the

gene is disrupted in the mutants. As expected, the pVA89l-specific probe hybridised only

with the mutants. For Rxl-19F-J, Rx1-19F-L and Rx1-19F-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

intemrpted cps gene and pVA89l-related sequences will be on distinct chromosomal

restriction fragments. The cpsl9fG, cpsl9fiI, cpslgfI, cpslgfJ, cpsl9fK, cpsl9JL and

cpslgJN 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 cpsl9f locus. On the

cpsI9fJcpsI9f)
l"cl cl¡.
r
--

cpsI9fiI
L C2 C2}"

cpsI9JI
¡"c3 c3À }.84 E4L

B

-
oO

-

A

cpsI9JK
Ic5 c5¡"

cpsI9JL
)"c6 c6?'"

-al

BA
cpsl9JN

)"D7 D7)t

---
t-
.a¡ --:-rt

A B AB

-- *lfl
t2
-- ¡ i¡/

F
-

¡

ABABAB

Fig. 3.12. Southern hybridisation analysis of insertion-duplÍcation mutants. Southern blots of C/aI-

rest¡icted chromosomal DNA from Rxl-19F (C), Rxl-19F-G (1), Rx1-l9F-H (2), Rxl-l9F-I (3), Rxl-19F-K
(5), and Rxl-l9F-L (6); EcoRl-restricted chromosomal DNA from Rxl-l9F (E) and Rxl-l9F-J (4); BamHI-

restricred ch¡omosomal DNA from Rxl-l9F (D) and Rxl-lgF-N (7) were probed with the gene specif,tc

probes indicated above each blot (A) and with a pVA891 specific probe (B). The sizes of the DlG-labelled

lambda (1,) 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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other hand, insertion of pVA891 into the apparent non-coding region downstream of

cpslgfO (nucleotides 15,149-15,444 were used as the target) did not interfere with type

19F capsule expression in S. pneumonia¿ Rxl-I9F.

3.2.5 T7 expression of several Cpsl9f proteins

Expression of cpslgfIl, cpsl9fI, cpslgfJ, cpsl9fK, cpsl9fL, cpsl9JM cpsl9JN and

cpslgfo cloned in E. coli DH5 (pGP1-2), in which the T7 RNA polymerase gene is under

the control of lambda Pylcls5T (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.L2.3).

To examine the expression of cpsl9fiI in E. coli, one of the nested deletion

derivatives of pJCP464, containing cpsl9fiI (nucleotides 6,578-7,846) downstream from

the vector T7 promoter, was transformed into E- coli DH5(pGPl-2). Induction of cultures

at42"C for 30 min followedby 37"Cfor 2 hours (section 2.12.t) resulted in the expression

of low levels of a34-35 kDa protein in cells containing the pJCP464 derivative, which was

not seen in uninduced cultures (see arrow, Fig. 3.134). Both the size of the translation

product and the low level of expression of cpslgfH is consistent with initiation at the TTG

codon as indicated in Appendix I.

The cpslgfI and cpslgfJ genes were PCR amplihed using primer pairs Jl IlJl4 and

Jl5l[l6, 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(pGPl-2). However, induction of cultures at 42oC 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 Cpsl9fl and Cpsl9fJ

3. Type l9F capsule locus
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are poorly expressed in this system (Morona et a1.,1994b).

To determine whether cpslgfK was expressed in E. coli, a deletion derivative of

pJCP466 (designated pJCP470), which placed nucleotides 10,304-11,'120 downstream

from the vector T7 promoter, was transformed into E. coli DH5(pGPl-2). Induction of the

culture resulted in the expression of a polypeptide of approximately 4l kDa, which is

consistent with the size of CpslgfK predicted from the DNA sequence (Fig. 3.138).

Plasmids for T7 expression of cpsl9fL, cpsl9JM, cpsl9JN 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 DHS(pGPI-2). Induction of

the genes under T7 control (section 2.12.I) resulted in the expression of polypeptides of

approximately 32,22 and 39 kDa for cpsl9fL, M andN, respectively, as predicted from the

DNA sequence (Fig. 3.138). However, no protein product with a size corresponding to

that predicted for CpslgfO was detected when cells containing the cpsl9fO construct were

induced (result not shown) and this was not investigated further.

H BKLMNA
nn nlnl n kDa

974
66.2

45

kDa

200

116

97

66

e&-.,
,lqh,

**
.:IÞ
¡tb-,
?-
*

-

45
15

{r
Õ

- 3l

215-3tt
a 3 È". ¡kþ

Fig.3.13. T?-expressionof cpslgf genes in E. coti. E. coli DH5(pGPl-2) was transformed with various

plasmids containing individual cpst9fi1 (H), cpslgfK (K), cpsl9ÍL (L), cpsl9JM (M) or cpsI9tN (N) ORFs.

Lysates of cultures incubated aT 42oC 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 exoression oTcpsl9fl-O

Gene Primersu Restriction sites cpsl9f sequenceb Vector

cpsl9fL

cpsl9flttl

cpsI9fN

cpsl9fO

Hindil-EcoRY

BamHf-Hindn

Hindfr-XbaI
HindIn-BamHI

11,347-12,487

11,968-13,134

12,547-14,r29

14,009-15,562

pBluescript SK+

pBluescript KS+

pBluescript SK+

pBluescript SK+

Jzt-J29

Jr2-l3l
J25-J28

J37-J38

a. Primers sequences are as described in Table 2.4

b. The corresponding nucleotide numbers of the cpsl9f sequence (Appendix I)

3.2.6 Complementation of an E. coli rffE mutant \ilith cpslgfK

Whilst the precise mechanism is not understood, E. coli ffi (nfrQ mutants a.re

known to be resistant to infection with bacteriophage N4 (Kiino et a1.,1993). In order to

determine whether CpslgfK and E. coli RffE are functional homologues, the ffi-negative

mutant E. coli KI8828 (Kiino et a1.,1993) was transformed with pJCP470 (which contains

only the complete cpslgfK ORF), or with pGEM-7Zf(+). The various strains, including the

ffi-positive wild type parent E. coli MC4100 (Silhavy et aI., 1984), were then examined

for susceptibility to infection with N4 phage (Fig. 3.14). Transformation with pICP470,

but not pGF,Mr-7Zf(+), clearly conferred susceptibility to N4 on E. coli KI8828. Thus,

CpslgfK 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 cpslgfLMNo

As mentioned in section 3.2.3.6, database searches indicated that the cpsl9fL-O

region had significant similarity to a portion of the S. flexneri rfb regíon (rfbBDAC)

responsible for biosynthesis dTDP-Rha. To confirm functional homology, a portion of the

S. pneumoniae RxI-19F chromosome containing cpslgJL-O (equivalent to nucleotides

ll,35l-15,449 in Appendix I) was PCR amplified using primers l2I and J36 (Table 2.4)

and cloned into the Hindfi and EcoRI sites of pK194. The recombinant plasmid
3. Type l9F capsule locus



MC4100

Kr8828

Krs828 (pGEM-7Zf(+))

Fig. 3.14. N4 bacteriophage
susceptibility. A suspension of
bacteriophage N4 (lOe pfu/ml)
was streaked vertically on both
plates as indicated by the

¿urows. The indicated E. coli
strain was then streaked from
left to right across the phage

streak and incubated for 18 h at

37'C.

KI8828 (pJCPa7O)

(designated pJCP4Tl), or pK194, was then transformed into E. coli 5Ø874 containing

pPM27L6. The latter plasmid, from which rÍbBDAC has been deleted, is a derivative of

pPM22I3 which contains the complete S. flexneri db region and directs the expression of

S. flexneri serotype 4 O-antigen in E coli Kl2 (Macpherson et aI., 1994). Lysates of E

c oli SØ87 4 containing pPM22l3, pPM27 16, pPM27 16 + pJCP470, or pPtr4zl 1 6 + pK 1 94,

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.L5). Immunoreactive O-antigen can

be seen in both the pPM22I3 and the pPM2716 + pJCP470 tracks, indicating that

cpslgJLMNO can complement the ,S. flexneri serotype 4 rfbBDAC deletion in E. coli.

Thus, Cpslgfl- is a Glc-1-phosphate thymidylyl transferase, CpslgfM is a dTDP-4-keto-6-

deoxyglucose-3,5- epimerase, CpslgfN is a dTDP-Glc-4,6-dehydratase and Cpsl9fO is a

dTDP-L-Rha synthase.

3. Type l9F capsule locus



t02

1234

."c*
Fig. 3.15. Complementation of S. flexneri
TJbBDAC by cpsI9fLMNO. E. coli lysates
(prepared as described in section 2.12.2) werc
separated by SDS-PAGE, electroblotted onto
nitrocellulose, probed with anti-S. flexneri type 4

serum, and developed as described in sections

2.12.3 and 2.12.4. Lanes: l, E. coli 5ø874
containing pPM22l3;2, E. coli 3Ø874 contain-
ing pPM27l6; 3, E. coli 3Ø874 containing
pPM27l6 + pJCP470; 4, E. coli 5Ø874
containing pPM2716 + pKl94.

{HÑ

3.2.8 Putative biosynthetic pathway for S. pneumon¡ae type 19F CPS

Functions have been previously proposed for the majority of the first six cpsl9f

gene products on the basis of database comparisons (Guidolin et al., 1994). Cpsl9fE is

believed to catalyse the first step in CPS biosynthesis, namely transfer of Glc-l-phosphate

to a lipid caffier (presumably und-P). CpslgfF is a putative ManNAc transferase, while

CpslgfC and CpslgfD are believed to be involved with chain length regulation and export

of CPS. Collectively, this information and the fîndings of the cuffent study indicate that

the trisaccharide biological repeat unit of type 19F CPS is: +2)-u-L-Rhao-(l-PO4--â4)-P-

D-ManoNAc-(l-+4)-o-D-Glcr-(1-à, i.e. the f,rrst sugar in the repeat unit is Glc, not Rha as

shown in previously published structures (læe and Fraser, 1980; Ohno et aL, 1980). A

putative biosynthetic pathway for type l9F CPS is shown in Fig. 3.16.

¡lÈ:

3. Type l9F capsule locus
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UMP
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TDP-4 - keto-ó-deoxy-Glc
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TDP-Glc

Cps l9fJ

Cpsl9fl
Cpsl9fC
Cpsl9fD

Cpsl9fL

Glc-l-P Type l9F copsulor polysocchoride

Biosynthesis of type l9F CPS probably occurs via a mechanism analogous to that

proposed for Rol/Cld- and Rfc-dependent O-antigen assembly in Salmonella entericr

serogroups B and E (section 1.8.2; Whitfield, 1995). The initial step, catalysed by

Cpslgfp, involves transfer of Glc-l-phosphate from UDP-Glc to a lipid carrier on the

cytoplasmic face of the cell membrane. CpslgfE has several large hydrophobic domains in

its N-terminal portion, which would anchor it to the membrane and facilitate interaction

with the lipid canier (Guidolin et al., t994). Cpsl9fF, G and H then catalyse the

sequential transfer of the other component monosaccharide precursors (synthesised in the

cytoplasm by Cpsl9fK, 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 CpslgfJ and I, respectively, both

3. Type l9F capsule locus
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Fig. 3.16. Putative biosynthetic pathway lor S. pneumonfue type 19['CPS.
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of which a-re 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, RoUCld 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 (Moroîa et al., 1995:' V/hitfield, 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 (Sprensen et a1.,1990), but the precise

nature of this linkage and the enzyme responsible are unknown.

3.3 Conclusions

Sequential rounds of krPCR and plasmid insertion/rescue were used to isolate the

region of the S. pneumoniae type l9F 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

151202 atthe 5'end andby aIiAat the 3'end. Arrecubietaet aI (1995) have also shown

that the cps locus of S. pneumoniae type 3 is flanked at the 5' end by dexB. Dillard et aI

(1995) have reported that the sequences flanking the 3' end of the cps locus of a different

type 3 S. pneumoniae sûain were homologous to plpA. Examination of the published

nucleotide sequences of ptpA (Pearce et aI., 1994) and aIiA (Alloing et al., 1994) indicates

that these sequences describe the same gene and so the chromosomal location reported for

the cps3locus is identical to that for cps|9f. However, the aIiA gene is not functional in S.

3. Type 19F capsule locus
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pneumoniae type 3, as it contains a large deletion at the 5' end of the gene (Dillard et al.,

199s).

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 cpsl9fK, cpsl9fL, cpsl9fM, cpsl9JN and cpsl9fO, 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

cpsl9f 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 aI., 1994) is

complicated by the likelihood of polar effects. Hence, further phenotypic analysis of the

function of individual cpslgf 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.

3. Type l9F capsule locus



Chapter 4

ANALYSIS OF CAPSULE LOCI FROM
VARIOUS PNEUMOCOCCAL SEROTYPES

4.1 Introduction

Analysis of the cpslgf 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 cpsl9f genes, 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.L Serotype specificity of the cpsl9f genes and flanking DNA
sequences

Southern hybridisation analysis (described in section 2.7.2) to determine the

serotype specificity of the individual cpsl9f genes was undertaken. DNA fragments

corresponding to each of the cpsl9f 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 (section2.7.l) and used to probe ClaI-restricted chromosomal DNA

from representative pneumococci belonging to serotypes 2,3,4, 6A,68, 7F, 8, 9N, 9V, 12,

14, 16, 17 , 18C,22,23F,24, and the other members of serogroup 19 (194, 198 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 cpsl9f (dexB, the 5' intergenic

region, the 3' intergenic region and aliA) hybridised with all serotypes tested (see section

4.2.I.3). However, of the genes within the cps locus, high stringency homologues of only

cpslgfA and cpslgfB were present in all serotypes tested'

4.2.1.1 Presence of cpslgf homologues in other members of serogroup 19

Serogroup 19 consists of four immunologically cross-reactive serotypes 19F, 194,

19B and l9C. The results in Table 4.1 suggest that the cps loci of types l9B and 19C are

very closely related to l9F. They hybridised with all the cpslgf probes except cpsl9fl and

cpstgfJ. Hybridisation with probes specific for the two genes flanking cps(9fl and cpsl9fJ

(cpsI9fiI and cps19ffi was weaker suggesting a lesser degree of similarity in this region.
4. Long-rangePCR
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l9F
194
198
l9c

2

J

4
6A
6B
7F

8

9N
9V
t2
74

t6
T7

18C

22

23F

24

a The following DNA fiagments were labelled with DIG and used as probes at high sfingency:

lú ClaI-Ncolrestriction fragment for the 5' intergenic region (IG 5') from previously published

DEþ-GHIJKLMN

hesence of sugar in

capsuleb

O IG3' aliA Glu N4an.\¡Ac Rha

0.5 kb NcoI-Eco RI restriction fragment for dqcB and 0.9

sequ€nce (Morona et al ., 1994); nucleotides 336-1',468'

Table 4.1. Hvbridization of type 19ß cps senes and neighbouring sequences with

DIG labelled DNA orobes"

cpsI9fA-O

chromosomal DNA from other pneumococcal serotypes.

{<

*
*
*
*

*
{<

*
{<

*
:Ë

æ

¡
-o

0c

Þ
ûeo

o
F

*

*
Ì<

{<

*
{<

*

*
*
l¡

*
*
*
{c

*
*
*
*
*
*
*

*
*
*<

I

1,577-2,3g0,2,3g0-2,ggg,3,1.26-3,73g,3,682-4,979,5,225-5,725,6,015-6,630,6,674-7,731,7,789-8,965,9,013-10,278' 10,530-1 1,539, 17,539-12,493'

12,456-13,139,13,139-14,134æñ14,134-14,955 forcpsA-O genes,respectirel¡4 nucleotidesl4,g55-l5,449forthe3'intergerricregion(G3')?[tdal-2

kb flin rtTft resfiction fragnrent for aliA. Strong, weak and no $ôridization are indicæed by ¡ + and - respectively'

b. The presence of the sugars glucose (Gþ, -ò/-acetyl mannosamine (ManlrAc) and rharmrose (Rha) in the capsule of each pneumococcal tlpe is indicated

by an asterisk.
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However, type l9A did not appear to have sequences capable of high-stringency

hybridisation with the probes specific for cpsl9fC, cpsl9fD, cpsl9fE, cpsl9fT, cpsl9fl,

cpslgfK, and cpsl9fL, and hybridised only weakly with probes specific for cpsl9fG,

cpslgfIl and cpsl9fJ. The apparent dissimilarity of the type 194 and type l9F cps loci is

intriguing given the structural similarity between the two polysaccharides as shown in

Table 1.3. To further examine the relationship between cpsl9f and cpsl9a,low stringency

Southern hybridisation (section 2.7.2.3) of type 194 chromosomal DNA with the cpsl9fK

and cpslgfL gene probes was undertaken. Under these conditions, both these probes

hybridised with type 194 indicating that 19A contained homologues of both cpsl9JK and

cpsl9fL.

4.2.1.2 Presence of cpsl9f homologues in other serotypes

Outside of serogroup 19, types 7F, 16, 18C and 24 werc the most simila¡ to type

19F, hybridising at high stringency to 9 ofthe 15 cpsl9f gene probes. These four serotypes

all had sequences closely related to cpslgfA-E and cpsl9JL-O, as shown in Table 4.1. The

least similar were types 8 and 12, which hybridised only with cpsl9fA and cpsl9fB.

Sequences closely related to cpslgfL, cpsIgJM, cpslgfN and cpsl9fo, 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

cpslgfF, 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 p-D-Man NAc-(1-+4)-a-D-

Glco linkage seen in group 19 CPS. It was surprising, however, that none of these

serotypes contained high or low stringency homologues to cpsI9JK, which encodes a UDP-

GlcNAc-2-epimerase (section 3.2.3.5). This enzyme activity is likely to be essential for

4. Long-range PCR
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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 659Vo

identity to cpslgJK 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, lJ , l9A, 22 and 23F also lack sequences which

hybridise to cpsl9fE, encoding the type l9F putative Glc-l-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,9Y, l2F, l7F,22F and l9A

(Kolkman et aI., 1997a), suggesting the presence of a divergent or unrelated cpsE gene in

these serotypes. As expected, both serotypes 3 and 4 lacked Glc-l-phosphate transferase

activity (Kolkman et al.,l997a). 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 a1.,1995)

and so does not require a cpstgfE 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, cpsl9fA-O and aIiA

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. 4.14 in which restricted

chromosomal DNA from various S. pneumoniae serotypes was probed with cpsl9fA.

However, the probes specific for either the 5' or the 3' intergenic regions hybridised with

multiple DNA fragments (Fig. 4.18 and C). Database searches with these intergenic

4. Long-range PCR
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A
probed with cpsl9fA
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6 7 72 l8C l9A23F 4 8 24 t6 t7 22 9 l9FI
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-- 23 kb: ì- e.4 kb.\ 6.6 kb\ 4.¿ kb
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probed with IG 3'

vr! vL

Fig. 4.1 Southern hybridisation of pneumococcal chromosomal DNA. Southern blots of C/¿I-restricted

chromosomal DNA of the indicated S. pneumonlae serotypes were probed with DlG-labelled probes specific

for cpslgfA (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 Dlc-labelled flindlll-digested À 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 lype 4 ch¡omosome.

4.2.2 Amptification of capsule loci by LR'PCR

Southern hybridisation analysis indicated that high stringency homologues of dexB,

4. Long-range PCR
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cpslgfA, cpslgfB and aIiA 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 aIiA. However, the

distance between the 3' end of dexB and the 5' end of aliAin type 19F is large (19.1 kb),

and the cpslgfA-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 cpsl9f as their CPS repeat units

contain up to 7 sugars, compared with 3 for type 19F (van Darn et al.,l99O), 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 cpstgfB reducing the size of the potential LR-PCR products by up

to 5 kb (the distance between the 3' end of dexB andthe 3' end of cpsl9JB, Fig.4.2). Such

smaller LR-PCR products are sufficient to characterise other cps 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. aIiA (Fig. a.2) as there a.re no genes which are conserved in all serotypes at the 3' end of

the cps 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

2.9.2.

All pneumococcal serotypes tested in Table 4.1, except type 3 (the 5' end of the

aliA genehas been deleted in all type 3 strains tested [Caimano et a1.,1998]), and a type 20

isolate, were used as templates for LR-PCR. The PCR reactions were analysed by

electrophoresis on a LVo agarose gel. PCR products were obtained from at least one

pneumococcal isolate of types 2,4,6A,68, 8, 9N, 14, 18C, l9F, 194, 198, 2O and 23F but
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Fig. 4.2. The dexB-øliA region of the type 19F chromosome. The conserved regions including those

within the cpslgf locls 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, gV , 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. 4.34. The PCR

products were also digested with Claland electrophoresed on a IVo agarose gel (Fig. 4.38).

Identical restriction patterns were obtained for three different isolates of serotypes 4 and

Z3F. However, a restriction site polymorphism was observed in two of the five LR-PCR

products from different type 19F strains (Fig. a3B).

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. pneumoniøe serotypes were restricted with Clal, and subjected to

Southern hybridisation analysis using probes specific for cpslgfC and cpslgfL (Fig. 4.3C

and D).

The cpslgfC probe hybridised at high stringency with a 0.9-kb DNA fragment in

types 4, 9N, 14, l8C, 19F, l9B and 20. Both the hybridisation pattern and the size of the

DNA fragment which hybridísed with the cpslgfC probe are consistent with the Southern

hybridisation data obtained when probing Clal-restricted chromosomal DNA with the

cpslgfC probe (Table 4.2). Chromosomal hybridisation data were not available for the
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Fig. 4.3. LR-PCR products. PCR product, undigested (A), or digested with endonuclease Clal (B), was
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gel in the presence of ethidium bromide. C/aI restricted PCR product was

subjected to Sourhern hybridisation analysis using DlG-labelled probes specific for cpslgfC (C) or cpsl9fL

1n¡. The molecular size standards are shown on the right-hand side of the figure and correspond to /fi¿dIII-

digested 7r. 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.L).

The cpslgfLprobe hybridised with DNA fragments ranging in size from 6 to 10 kb

in the Clal-restricted PCR products from types 2, 6A, 68, l8C, l9F, l9B and 23F.

Hybridisation was consistent with that obtained from Southern hybridisation with C/aI-

restricted chromosomal DNA from these isolates, although, the sizes of the restriction

fragments differ (Table 4,2). The size of this ClaI fragment is affected because there is no

clalsite between cpsIgfL and the end of the PCR product in type l9F.

As expected, neither the cpslgfC nor the cpslgJL probes hybridised at high

stringency with the LR-PCR products obtained from types 8 and 19A. Previous Southern

hybridisation data (Table 4.L) indicated that S. pneumoniae types 8 and 194 do not contain

DNA sequences highly homologous to cpsl9fC or cpsl9JL.

Talbile 4.2. Sizes of CI¿I-restricted fragments which hvbridise to cpsl9.fC and cpsI9fL probes.

Sizesu of. Clal-restricted fragments which hybridise to:

cpslgf* cpslgfLb

Serotype LR-PCR product Chrom. DNA LR-PCR product Chrom' DNA

2

4
6A
6B
8

9N
t4
18C

19F

l9A
198

20
23F

0.9 kb

0.9 kb
0.9 kb
0.9 kb
0.9 kb

0.9 kb
0.9 kb

0.9 kb

0.9 kb
0.9 kb
0.9 kb
0.9 kb

0.9 kb
NA.

10 kb

8kb
8kb

l0 kb
6-9 kb

6kb

l0 kb

15 kb

10 kb

l0 kb

15 kb

10-12 kb

10 kb
NA

10 kb

a. Size is approximate.
b. DIG labelled probes specific for cpsIgfC and cpslgfL 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 cpsC 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 (Muñoz et al.,I99l; Anecubieta et al.,

1995; Kolkman et al., 1996) showed that there are two distinct cpsC genes in these loci,

designated class I and class II. Types l, 3, 9N, 14, l9F,l9B and 20 have class I cpsC

genes which exhibit >95Vo identity to cpsl9fC, whereas types 2, 64, 68, 8, 194 and 23F

have class n cpsC genes which exhibit 72-74Vo identity to cpsl9fC,but >95Vo identity to

each other (Fig. a.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. a.a).

An interesting exception is found in type 4, the cps4C gene of which is a hybrid

consisting of a class II 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. a.a), Comparison of the

TIGR type 4 sequence data (section 8.3.4) with the l9F cps sequence showed another point

of divergence within the cpsB gene. The comparison of the sequences of cpsl9JB 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 74Vo similarity between cpsl9f and cps4,

whereas flanking regions exhibit greater than 95Vo identity. This may have arisen as a

consequence of recombination between a class I cps locus and a DNA fragment

4. Long-range PCR
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Fig. 4.4. Comparison of class I and class If cps sequences. The 500 nucleotides of sequence shown (100

nuãleotides pe; line) coresponds to nucleotides 2,273-2,1'72 of the cpslgl sequence. The following

sequences arã available under the GenBank accession numbers as indicated: cpsl9l,U09239; cap3,7A72l0;

capl,283335;cps14,X85785; cps231,4F030373; cpslga,AF094575. Thecps4 sequenceisavailablefrom

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

cps.i4 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 n. cps locus, resulting in a mosaic cpsB-

C region. Analysis of the available type 23F sequence data (Coffey et aI., 1998a) indicated

that the cps23f locus (which has a class A, cpsC gene) also diverges from cpsl9f (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. Similaritv between cpsC sequences from various pneumococcal serotypes.
%

9a

cpsl9f

cpsj

capl

cps9n

cpsI9b

cps20

cpsl4

cps4

cpsS

cps2

cps23f

cps6b

cps6a

cpsI9a

98.5

100

97.9

98.6

100

97.9

99

98.1

100

96.7

97.9

97.1

97.7

100

96.5

96.9

95.9

96.7

95.6

100

97.9

98.3

97.3

97.7

96.5

95.8

100

82.4

83

82.6

82.4

84.5

8t.2

82.6

100

73.9

74.3

73.7

74.t

'15.4

'13.7

73.9

88.6

100

73.7

74.1

73.s

73.9

75.2

73.5

73.7

88.8

99.8

100

73.3

73.7

73.7

73.5

75.2

73.r

73.4

89

97.7

97.9

100

73.1

73.5

73.5

73.3

75

72.9

73.2

88.8

98.3

98.5

98.6

100

72.9

73.3

73.3

73.1

't4.9

72.7

73

88.6

98. I

98.3

98.5

99.8

100

72.2

72.7

72.7

72.5

73.9

72.5

72.4

85.3

94

94.2

93.6

94.2

94

100

100

a. Percentage of DNA identity over 517 nucleotides, equivalent to nucleotides 2,273-2,'789 of the cpsl9f
sequence (GenBank accession no U09239), as determined in DNASIS
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cpsLgfr +
cps19f A|IGÀTÀGACÀTCCÀTTCGCÀTÀTCGTTTTTGATGTÀGÀTGÀCGGTCCCAÀGTCÀÀGÀGAGGÀÀÀGCÀÀGGCTCTCTTGGCÀGÀÀTCCTÀCÀGGCÀGGGGG

cps4 ¡It€ÀTAGÀCÀTCCÀTTCGCÀTÀTCGTTTTTGÀTGTÀGÀTGÀCGGTCCCÀÀGTCÀÀGÀGÀGGÀÀÀGCÀÀGGCTCTCTTGGCÀGÀATCCTACÀGÀCÀGGGGG

cps4B +
J

cpsfgf TGCGÀACCATTGTCTCTÀCCTCTCACCGTCGCÀÀGGGCÀTGTTTGÀÀÀCTCCGGÀÀGÀGÀÀGÀTÀGCÀGÀÀÀÀCTTTCTTCÀGGTTCGGGÀÀÀTTGCÀÀÀ

cps4

cpsfgf AGÀAGTGGCAGÀTGÀTTTÀGTCÀTTGCTTÀTGGCGCÀGÀGATÀTACTÀTACTCTGGÀTGCTCTÀGAÀÀÀGCTÀGÀÀÀÀÀÀÀÀGÀÀÀTTCCTÀCCCTTÀÀT

cps4 C,GÀÀGTGGCGAGTGÀCTTGGTCATTGCTTÀCGGGGCTGÀÀÀTTTÀTTÀCÀCÀCCÀGÀTGTTCTGGATÀÀGCTGGÀÀÀÀÀÀÀGCGGÀITCCGÀCCCTCÀÀT

cps19f GÀTÀGTCGTTÀTGCCTTGÀTTGÀGTTTÀGCÀTGCÀTÀCTTCCÎATCGTCAGATTCÀTÀCGGGATTGAGCAÀTÀTTTTGATGTTGGGÀÀTCÀCGCCÀGTÀÀ

1

cps4

cps19f

cps4

cps79t

cps4

GÀTÀGTCGTTATGCCTTGATÀGAGTTTÀGTÀTGÃÀCACTCCTTÀTCGCGÀTÀTTCÀTÀGCGCCTTGÀGCÀÀGÀTCTTGÀTGTTGGGÀÀTTACTCCÀGTCÀ

TTGCTCÀTATTGÀÀCGTTÀTGÀTGCTTTGGÀGÀÀTÀÀCGÀÀÀÀÀCGTGTTCGTGÀÀCTGATlGÀTÀTGGGGTGCTATÀCTCÀGÀTÀÀÀTÀGTTÀTCÀTGT

TTGCCCÀCÀTTGÀGCGCÍATGÀTGCTCTTGÀÀÀÀTAÀTGÀÀÀÀÀCGCGTTCGÀGÀÀCTGATCGATÀTGGGCTGTTÀCÀCGCÀÀGTÀÀÀTÀGTTCÀCÀTGT

TTCÀÀÀÀCCÎÀÀGTTCTÎTGGTGAÀÀÀÀTÀTAÀÀTTCÀTGAÀÀÀÀGÀGÀGCTCGGTÀTTÎTTTGGÀÀCGTGATTTAGTTCATGTÀGÎTGCÀÀGTGÀCÀTG

CCTCÀlqÀCCCÀÀÀCTTTTTGGCGAÀCGTTÀTÀÀÀTTCÀTGÀÀÀÀÀÀÀGÀGCTCÀGÎÀTTTTTTÀGÀGCÀGGÀTTTGGTTCATGTCÀTTGCÀÀGTGÀTÀTG

cps4 CÀCÀÀTCTÀGÀCGGTAGÀCCTCCTCÀTÀTGGCAGÀÀGCÀTÀTGÀCCîTGTTÀCCCAAAÀÀTÀCGGAGÀÀGCGÀÀGGCTCAGGÂÀCTTTTTATÀGÀCÀÀTC

* cpsl9fC+
cpsl9f CCÀGGAÀÀÀTTATÀATGGATCÀÀTTÀÀTTTÀGGÀGAÀÀATÀI<¡ÀÀGGÀÀCÀÀÀÀCACTTTGGÀÀÀTCGÀTGTÀTTGCÀÀCÎATTCAGAGCTTTÀTGGAÀÀ

CPS4 CTCGAÀÀÀÀTTGTÀÀTGGÀTCAÀCTÀÀTTTÀGGÀGAÀÀTGÀIDGÀÀÀGAÀCÀÀÀÀTÀCGÀTAGAÀÀTCGÀTGTÀTTTCÀATÎÀGTTÀÀÀÀGCÎTGTGGÀÀÀ

* nrs4C +çI

cpsl9f ÀGÀÀAGTTccTCÀTTTTÀTTÀGTGGCÀÀTÎÀTÀÀCTTClTCAGTTGClTTTGCCTÀCÀGTÀCTTTlGTTÀTCÀÀÀCCTGÀGTTTÀCTAGTATGÀCTCGGÀ

cps4 CC,CAÀGCTÀÀTGATTTTÀÀTÀGTccCÀCTTcTcÀCÀcGTGCGGGGGCTTTTGCATÀTÀGCÀCTTTTÀTTG',lTÀÀGCCÀGÀÀTÀTACGAGTACCÀCGCGÀÀ

cpslgf TTTÀTGTÀGTTÀACCGTGÀTCAGGGÀGÀGÀÀGTCTGGTTTÀÀCCÀÀTCÀÀGÀCTTGCAGGCÀGGATCÀTCCTTGGTTÀÀÀGÀCTATCGTGÀÀATTÀTCCT

cps4 .I'TTACGTÀGTGÀÀTCGCÀATCAÀGGÀGÀCÀÀGCCGGGGTTGÀCAÀÀTCÀGGATTTGCÀGGCAGGÀÀCTTATCTGGTÀÀÀÀGACTÀCCGTGÀGÀTTÀTCCT

I
\y

cpslgf ÀTCGCAGGATGTTTTGGAGGÀÀGTTGTTTCTGÀTîÎGÀÀÀCTÀGÀTTTGÀCGCCÀÀÀÀGÀTTTGGCTÀÀÎAÀÀÀTTÀÀÀGTAACÀGTÀCCAGTTGÀTÀCC

cps4 TTCGCÀGGÀTcTTTTccÀccÀÀcTTcTTTcTGATTIGÀÀÀCTAGATTTGACGCCÀÀÀÀGGTTTGGCTÀ¡.TÀÀÀÀTTAÀÀGTGÀCÀGTÀCCÀGTTGÀTÀCC

1
cpsl9f CcTÀTTcTCTCTGTTTCÀcTTAGTGATCcÀcTTCCTGÀÀGÀGGCAÀGCCGTATCGCTÀÀCTClTTGÀGÀGÀAGTÀGCTGCTCAÀÀÀÀATTÀTCÀGTÀTTÀ

cps{ CGTÀÍ|TGTCTCTÀTTTCÀGTTÀÂTGÀTCGÀGTTCCTGÀÀGÀGGCÀÀGCCGTÀTCGCTAÀCTCTTTGÀGÀGÀÀGTÀGCTGCTCÀÀÀÀÀÀTTATCÀGTATTA

cpsfgf c.¡ccTcTT'IcTGATGTGÀCÀÀCÀCTccÀccÀcccÀÀGÀccGGcGÀCÀTCÀCCGfCITCGCCAÀÀTÀÎTÀÂ-A.CGCAGTÀCÀCTAÀTTGGIlTfTTGGCÀGG

cps4 CTCGTclllITCTcÀCcTGÀCÀÀCÀCTGcAccÀccCÀÂGGccGGCGATÀ.TCCCCGTCTTCGCCÀÀÀTATTÀÀÀCGCAATÀCÀCTÀÀTTGGTTTTTTGGCÀGG

cpsfgf ÀcTGÀÎÎccÀÀcTÀcTcTTÀTAGTTCTIÀTTCTTGAÀCTTTTGGÀCÀCTCGTGTGÀÀÀCGTCCGÀÀÀGÀ1ÀTCGÀÀGATÀCÀCTGCÀGATGACÀCTTlTG

cps4 ccTcÀT'IccÀÀcTÀcTGTTÀTÀGTTCTTCÀTCTTGÀÀCTTTTGGÀTACTCGTGTGÀÀÀCGTCCGGÀÀGÀTÀTCGÀÀÀÀTACATTGCÀGÀTGÀCÀCTlTTG

*
cps-1 9f GGÀÀTTGTACCA¡ÀCTTGÀÀTÀÀGTTGÀÀÀTÀG

cps{ GGÀGTTGTGCCA.AÀCTTGGGTAÀGTTGA.qÀTÀG

*

Fig. 4.5. Comparison of the cpslglB and C genes with the cps4B and C genes. The first nucleotide of the

cpslgfB sequence corresponds to nucleotide 1,616 of the type 19F sequence (Guidolin et s1.,1994). The

ATG-sta¡t Codons of cpsB and C a¡e 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 a1.,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 signihcant

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 cpslgbC gene is also separated from the other class I cpsC sequences;

cpslgbC 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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Í,ig. 4.6. phytogenetic tree of qasC sequences Tlre cpsC gene sequences were aligned in CLUSTAL W (Ihoryson et al, 1994), and the pþlogenetic tree geneÌated using

fr,ÉCn Cfumar er al, 1994), as-described in the text. 
-The 

numbers associated wittt t¡e b¡anches are Bootstrapping Confidence Limits, resulting from 500 replications, as

defrned in MEGA. The scale represents the number of nucleotide substitutions per siæ.
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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 cps 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 L cpsC genes is functionally significant. Translation

of the genes indicates a similar degree of amino acid sequence divergence between class I

and class tr CpsC proteins (approximately TOVo 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 a1.,1991).

The type 4 and l9B cpsC sequences both show evidence of recombination within

the cps 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 a1.,1998a; Nesin et a1.,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 cpsl9f 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. cpslffi exhibits only

75Vo sims.larity 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 cpsl9fB, which appears to be

more conserved, in lieu of J39 (Fig. a.Ð.

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

re¿urangements 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 64, 68, 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

utitity for the epidemiological and clonal analysis of clinical isolates.

4. Long-range PCR



Chapter 5

CHARACTERISATION OF THE
S. PNEUMONIAETYPE 198 CAPSULE

LOCUS

5.L Introduction

The structure of the type 198 CPS is more complex than that of type 19F. The

oligosaccharide repeat unit of type 198 CPS has a fourth sugar (ManNAc) in its backbone,

with a disaccharide side-chain, as shown in Fig. 5.1. Thus the type 198 capsule locus

(cpsL9b) 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 polysaccha¡ide 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 locqs hybridised to the DNA of a type 19B S.

pneumonia¿ strain. These 2 genes, cpsL9fl and cpslgfJ, encode the polysaccharide

polymerase and polysaccharide repeat unit transporter, respectively, and are located

together near the middle of the cpsl9f locus. DNA from the 2 flanking genes, cpsl9fH

and cpslgfK, hybridised only weakly to 198 DNA, whereas all other cpsl9f genes

hybridised strongly at high stringency. These data suggested that the type l9B 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 l9B CPS biosynthesis were located and hence characterisation of the

cpsl9b locus was undertaken.

Type l9F -+2)-c-LRhar-( I -PO4--+4)-p -D-ManpNAc-( I -+4)-ø-D-Glco-( I ->

Type 19B +4)-p-D-ManoNAc-(1-+4)-cr-L-Rhar-(1-PO4--+4)-p-D-Man NAc-(l-+a)-p-D-Glco-(1-+

3

Î

I

Þ -D-Rib.r( I -+4 )-cr-L-Rha,

Fig.5.1. Biological repeat units ofpneumococcal type 19F and type 198 capsular polysaccharide. The

order of the sugars in the repeat units have been altered compared to the published chemical structures for

l9F (Ohno et at., l98O) and 198 (Beynon et al., l99l) as it has been determined that glucose is the first sugar

in the biological repeat unit. D-Gluo, glucose; D-Man¡VAc, N-acetyl mannosamine; L-Rhao, rhamnose; D-

Rib¡ ribose; POa-, phosphate;.

5.2 Results

5.2.1 Isolation of the type l9B-specific cps genes

In order to isolate the type-specific portion of the cpslgb locus, primers J5 which is

homologousto cpslgJF andJ27 which is complementary to cpslgfL (Table 2.4) were used

to amplify the intervening region of the 198 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

cpslgbB to atiA) which was described in chapter 4 was not used because it contains a large

amount of DNA (cpstgbC-cpsl9bG and cpslgbL-aliA) which was predicted (on the basis

of hybridisation data) to be greater than 95Vo identical to cps19f. The l\lJ27-directed PCR

product was approximately 10.5 kb in size. This is 4 kb larger than the equivalent region

of cpsL9f, indicating that extra ORFs may be present in this region of the cpsl9b locus. A

5. Type l9B cps locus
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map of the 10.5-kb PCR product was generated, using the restriction enzymes BamHI,

ClaI, Hindltr and EcoRI, 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
ill

ECtlC
I

H
I

EEtl C
I

5 5

cpsI9b

pJCP480

pJCP481

pJCP482

pJCP483

FGHPIO R ,I KL

HEB

EE c
CE

C

E

E

C

C

H

Fig. 5.2. Physical map of part of the S. pneumoniae type 198 capsule locus (cps19å). Green ¿urows

represent ORFs also present in cpsl9f and red arrows represent type l9B-specihc ORFs. Gene designations

arã indicated below the map; cpstgbF-Z are abbreviated to F-L, respectively. Restriction sites are as follows;

B, Bam¡¡l; C, Ctal;E, EcoRI; H, HindlII. 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 cpsl9b locus, as shown in Appendix

[t. 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 l9B cps 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 cpslgf sequence. This region contains the homologues to cpsl9fG and cpsl9fH

(cpsl9bG and cpsl9,bll) which exhibited 98.3Vo and 9I.lVo identity, respectively. The

sequence then diverges suddenly (in the vicinity of nucleotide 2,319 of the cpsl9b

sequence) just prior to the end of cpslgbH, truncating the cpsl9bH gene product by two

amino acids with respect to Cps19fH, as shown in Fig. 5.34. There are five new potential

À. . ..cpsl9ffl+
T N Q V Y T N I, I, E K T IJ F S N K C N F

CAÀCTAÀTCAAGTTTACACGÀACTTGTTAGÀ.A.AÀAACCTTGTTTTCA.AATAAATGCÃ.ACTcpsL9f:7460

cpsT9bz 223'7

B.

cps19f:7520

cpsL9b: 2297

cpsL9fz 7580

cps79b: 2357

cpsl-9t:1,03LI

cps19b: 9L38

cps19 f: L037 !

cpsL9b: 91-98

cps79f:!043L

cps79b: 9258

CAACAAATCAGGTTTATACA.AACTTAGTAGAÀA.AÃÀCTTTGTTTTCAAACAAÀTGCAACl
T ¡I Q V Y T ¡¡ I¿ V E K T f, F S N K C N F

. . -cpsl9bH-+

t cqsl9fl+
K S T S Y F L K I¡ !l K E N E D V * M S Y

TTA.AÀTCCACCAGTTATTTTTTGAÀGTTGATGAAÀGAÄÀÄCGAGGATGTTTÀAÀTGAGTT
- ...i :: t ----lllt

TTGAATCCACTAGTTATTTTTTAÀCTTTAATGGAGAAÀÀÀTGAÀTA.AAAAÀTGATGAAA-
ESTSYFLTI.IIEKNE*MK

1 cPsl9bP+

LFI,I,CLTLFLLTIFYFFA
ATTTATTTTTA- CTTTGCCTTACATT -ATTCTTATTGACTATATTCTATTTCTTTGCTT

AA_ -AGTTTTATATGTGAC.AÂÀTGTTGATTGGAJ\TTGGATA-ÀAACAÀ'CGTC 
_ CACAAT

KVLYVTNVDWNWTKORPA

...cpsl9fJ-+
MYTEYFKNHKKIS*

GAATGTATATÀGÀATACTT TAAAÀ.4,T CATAÀAÀÀAATATCATAAÀÀÀT TATATAT CAATG
,1,, t , :::

.AAGTGACGATTCAATTATTTTCTCTTCTTGCÀAÄ'GA-AGAAGTAÀATTGGTCAGAÀÀTTG
VTIQLFSLLAKKK*
. . .cpsl9bJ-->

cpsI9fK+
J¡IKKI

AAÀTGGTAGATTACATTTCTÀCCTT -TTTATCCATTTAGGAGGAÀÀCGATGAÄÀÀÀGATA.:::::: : ::::::
ÃÀATGTATAÄACAAÀTÀÀATAATTÎÀATTATTAATTGAGGAGGÀÄÄTCÀTç - - -AAGATA

1 u Kr
cpsl9bK-+

M I, V F G IT R P E À I K !T C S L V N E T'

ATGCTAGTTTTCGGTACACGTCCAGA.AGCÀÀTÀÀAAATGTGTTCÀTTAGTCAÀTGAGTTG

HLVFGlRPEAIKUCPLVNEL
ATGCTAGTTTTTGGTACACGTCCAGAAGCGATA.AÀÀÀTGTGTCCATTAGTGA.ATGAGTTG

Fig. 5.3. Homology between cpslgf and cpslgb. Location of the approximate points of sequence

diJergence, at the end of cpslgH (A), and immediately upstream of cpslgK (B). The amino acid translation

for thã depicted ORFs are shown above the sequence for cpstgfand below the sequence lot cpsl9b. 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'

5. Type l9B cps locus
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ORFs, between cpslgbH and cpslgbK which have been designated cpsl9bP, I, Q,, 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 cpsl9bQ

and cpsl9bR. However, no potential stemmedloop structures or obvious promoter

sequences were found in this region. As predicted, the sequence at the 3' end of the 10.5

kb cpsl9b PCR product again shows similarity to the cpsl9f sequence, starting in the

vicinity of nucleoti de 9 ,233 (Fig. 5.38); this is immediately before the start of the cps l9bK

gene, whichhasg3%o identity to cpsl9JK.

5.2.2 Characterisation of the cpslgb genes

The locations and several properties of each of the type l9B-specif,rc ORFs,

cpsl9bP,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. Summarv of ORFs cosI9bP-J.

ORF

Location in
sequenceu

Predicted

MW
No.amino Hydrophobicity Predicted

acids indext pI
Vo G+C
content"

cpsl9bP

cpsl9bl

cpsl9bQ

cpsl9bR

cpsl9bl

2,350-3,432

3,45r-4,695

4,703-5,605

5,809-7,746

7,736-9,181

43,334

49,667

34,876

76,348

53,851

36t

414

300

645

481

-0.41

0.77

-0.26

-0.30

0.91

8.69

9.73

8.20

8.65

9.89

29.5

27.2

29.7

27.2

29.5

a. Nucleotide numbers correspond to cpslgb sequence as shown in Appendix II.
b. According to Kyte and Doolittle (1982), as implemented in PROSIS.

c. Percent guanine plus cytosine (G+C) of coding region.

5. Type l9B cps locus
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5.2.2.1 cpslgbP

The cpslgbP gene encodes a putative 43.3 kDa protein. Database searches with

CpslgbP did not reveal any significant simila¡ity to any other proteins.

5.2.2.2 cpsl9bl

The cpslgbl gene encodes a putative 48.7 kDa protein. Database sea¡ches with

Cpslgbl also failed to identify any signifrcant similarity to any other proteins. However,

Cpslgbl is a very hydrophobic protein and the hydropatþ plot (Fig. 5.4) illustrates the

marked similarity between Cpslgbl and Cpsl9fl, each having lO-I2 hydrophobic,

potentially membrane-spanning domains. This is a typical hydropathy profile for RfcJike

proteins and suggests that Cpsl9bl, like Cpsl9fl, may be a polysaccharide polymerase.

Fig. 5.4. Hydropathy plots of Cpslgbl and Cpsl9fl. The hydropathy plots were generated by the method

of Kyte and Doolíttle (1982) and aligned using PROFILEGRAPH (Hofmann and Stöffel, 1989). Positive

numbers on the Y-axis indicate hydrophobic regions. The position of every 10th amino acid is ma¡ked on

each X-axis.

5.2.2.3 cpsl9bQ

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

rhamnosyl transferases from Leptospira ínterrogans, Shigella dysenteriae, and S. flexneri,

5. Type l9B cps locus
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and a 6-deoxyaltrosyl transferase from Y. enterocolitica as shown in Table 5.2. The

alignment of CpslgbQ with the other proteins shows several regions of similarity,

including a motif previously identif,red in rhamnosyl and other 6-deoxyhexosyl transferases

(section 3.2.3.2; Morona et aI., 1995), as shown in Fig. 5.5. This motif contains conserved

aspartate residues and is reminiscent of the catal¡ic sites identified in RfbAo,s¿ 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. Cpsl9bQ is the second

putative rhamnosyl transferase in the cpsl9b locus. Cps19bH, which has 9l.lVo identity

with Cpsl9fII, is also proposed to be a rhamnosyl transferase, adding Rha to the repeat unit

backbone (section 3.2.3.2). Thus CpslgbQ is predicted to add Rha (the first sugar of the

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

Table 5.2. Simitaritv of Cpsl9bO to other proteins.

Vo ldenÍitf
cpslgbQb sdRfbQ" LiRfbFd YeRfbc' sfRfbFf

Cpsl9bQ 100

sdRfbQ

24

12671

100

22.9

t24sl
31.3

tzg',tl
100

22.1

t2t3)
30

t3001

28.9

t3081

100

20.2

l2s7l
30.2

Í2e81

30.6

[284]
29.5

t2e8l
100

LiRfbF

YeRfbC

SfRfbF

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 Vo identity occurs.
b. S. pneumonlae Cpsl9bQ.
c. S. dysenteriae RfbQ (Klena and Schnaitman, 1993).

d. L. interrogans RfbF (Mitchison et a1.,1997).
e. Y. enterocoliticaRftC (Zhang et a1.,1993).
f . S. flexneri RfbF (Macpherson et a1.,1994).

5. Type l9B cps locus
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Fig. 5.5. Alignment of CpslgbQ with other proteins. Alignment of Cpsl9bQ with S. dysenteriae RfbQ,
(SdRfbO (Klena and Schnaitman, 1993), L. interrogans RfbF, (LiRfbF) (Mitchison et al., 1997), Y.

enterocoliticø 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 CpslgbQ 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 sha¡ed by this sub-group of transferases.
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5.2.2.4 cpsIgbR

The cpsl9åR gene encodes a putative 76.3 kDa protein. Cpsl9bR has similarity

(2l.4%o identity, 4O.3Vo 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 aI.,

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 tr of the capsule locus. The only sugar in the

H. influenzae type b capsule also found in the pneumococcal type 198 CPS is ribose (Rib).

Thus it is possible that CpslgbR 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 a1.,1995), and the possibility that

both proteins are ribosyl transferases cannot be excluded.

LNLNFSNNE--IT
VKASYLSESELLS

r32

LKE
FFD

ICODLNV

GLNP
DYQY

Cpsl9bR
H¡ORF3

Cpsl9bR
HiORF3

Cpsl 9bR
HiORF3

Cps'lgbR L Y S
H|ORF3 R L P

Cpsl9bR KPTY
H|ORF3 RHAK

I

L

TSLEN
ITKVD FPEFESL

HLTKNR
QE INPK

DD
NH

KTTKK
DKLTO

KTL
PISCpsl9bR

HiORF3

Fig. 5.6. Alignment of CpslgbR with 1L influenzøe ORF 3 (HiORF3). Alignment was performed using

the default seuings of the program CLUSTAL (Higgins and Sharp, 1988). Residues identical to Cpsl9bR are

boxed; similar residues are shown in red; - indicates absence of a residue.

5. Type l9B cps locus

S
S

s
S

L
L

LK
LK

SF
SF

L
L

L
L

P
P

L
L



t33

5.2,2.5 cpslgbl

The cpslgbJ 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 CpslgfJ, 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 RfbXlike proteins are all very similar, with t0-12 hydrophobic,

membrane-spanning domains, and the similarity between Cpsl9bJ and Cpsl9fJ is shown in

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

Table 5.3. Similarity of Cpsl9bJ to other proteins.

7o (dentit:f

CpslgbJå Kl2Rfbx' YeTrsAd sdRfbx' SaCapÉ YeRfbXs CpslgfJà

Cpsl9bJ 100

Kl2RfbX

YeTrsA

sdRfbx

SaCapF

YeRfbX

Cpsl9fJ

23.3

t4041

100

2t.6

14021

28.3

t4061

100

22.3

l3e4l
3r.4

t4011

28.4

[40u
100

2t

t3esl
2t.5

t3e5l

20.4

14011

2t.t

t3e3l

100

19

l420l
16.8

t3861

17.5

t4061

t6.7

Í3771

20

Í4041

100

18.2

t4061

r 8.l

l4t4l
19.2

I4t6l
79.4

l4o2l
16.4

l3e7l
18.1

l42s\

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 Vo identity occurs.

b. S. pneumoníae Cpsl9bJ.
c. E. colí K12 RfbX (Stevenson et al.,1994)
d. Y. enterocoliticaTrsA (Skurnik et al.,1995)
e. S. dysenteriaeRfbX (Klena and Schnaitman, 1993).

f . S. aureus CapF (Lin et aI., 1994).
g. Y. enterocoliticaRftX(7-hang et a1.,1997).
h. S. pneumoniae Cpsl9fl (section 3.2.3.4)

5. Type 198 cps locus
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Fig. 5.?. Hydropathy plots of CpslgbJ and Cpsl9fJ. Hydropathy plots were generated by the method of
Kyte and Doolittle (1932) and aligned using PROFILEGRAPH (Hofmann and Stöffel, 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 specifTcity of the cpslgb genes

To examine the relationship between cpsl9b and encapsulation loci of other S.

pneumonia¿ serotypes, DNA fragments colresponding to the individual cpsl9b 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,78, 8, 9, 12, 14, 16, 17, 18, 19F,

194, 19C, 22,23 and24. None of the probes hybridised to DNA from any serotype tested,

except to the closely related type l9C (Table 1.3), which has high stringency homologues

for all 5 genes (result not shown).

Table 5.4 DNA fragments used as gene-speciflrc probes

Probe Fragment used as probe:

cpsI9bP

cpsl9bl

cpsl9bQ

cpsI9bR

cpsl 9bJ

SpeI-BamElfragment from pJCP480 (nucleotides 2,305-3,188 of cpsl9b sequence)

PvulI-Hindll fragment from pJCP4Sl (nucleotides3,412-4,545 of cpsI9b sequence)

HindII-ClaI fragment from pJCP4Sl (nucleotides 4,540-5,718 of cpsl9b sequence)

ClqI-NsiI fragment from pJCP482 (nucleotides 5,713-7,766 of cpsl9b sequence)

NsiI-Pv¿II fragment from pJCP482 (nucleotidesT,T6O-9,046 of cpsI9b 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 Rxl-I9F, designated Rxl-l9F-I, in which the cpsL9fl gene had been disrupted by

insertion-duplication mutagenesis using pVA89l, as described in section 3.2.4. Several

smooth transformants were checked for Ery sensitivity, indicating loss of the pVA891

sequence. Southern hybridisation was used to confirm the absence of both pVA891 and

the cpstgfl gene, and the presence of each of the cpsl9bP, I, Q, R and J, genes in one

transformant, designated Rx1-198. The hybridisation results, using probes specific for

cpstgfl and cpsl9bl, are shown in Fig. 5.8; other results not shown. The production of a

type 198 capsule by Rxl-198 was then confirmed by quellung reaction. This shows that it

is possible to alter capsule production from type 19F to type l9B by replacing part of the

cps locus, and that the region of cpsl9b described in this study determines the 198

serotype.

A.¡.r23 B 123),,

tr

¡t¡
-)

ü3 *-r

Fig. 5.8. Southern hybridisation of Rx1-198. C/al-restricted chromosomal DNA of S. pneumoniae sttains

Rxl-l9F (l), Rxl-198 (2), and l9B (3) was probed with DIG labelled probes speciltc for cpsl9bl (A) and

cpstgfl (B). The sizes of the DlG-labelled lambda (1.) markers are as follows: 23 kb, 9.4 kb, 6.6 kb, 4.4kb,
2.3 kb and 2.0 kb.
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5.3 Conclusions

When the presence of the 15 cpsl9f genes in other pneumococcal serotypes was

examined, the hybridisation patterns showed blocks of cpsl9f 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 f,tve additional type-specific genes in the

cpsl9b locus are indeed grouped together. Transformation of Rxl-l9F-I with the 10.5-kb

cpsl9b PCR product yielded a transformarrt, Rxl-198, which expresses type 198 capsule.

Thus, this cluster of five genes (cpslgbPlQRÐ is sufficient to encode all of the additional

and/or distinct functions required for production of type 198 rather than type l9F CPS.

The chemical structure of the S. pneumoniae type l9B capsule is consid"rubly -or"

complex than that for type 19F. The type 198 backbone has an additional ManNAc which

also carries a (1+3) linked p-D-Ribr(l+4)-cr-L-Rhao side-chain (Fig. 5.1). Therefore,

biosynthesis of type 198 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 198 ORFs identified

candidates for several of these enzymes. These are the rhamnosyl transferase (Cpsl9bQ),

needed for the addition of Rha to the distal ManNAc, the polysaccharide repeat unit

rransporter (CpslgbJ), and the polysaccharide polymerase (Cps19bI). Cpsl9bR 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

5. Type l9B cps locus
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remain unidentified. It is possible that CpslgbP functions as one of these transferases.

However, there are no other ORFs in the type-specific region of cpsl9b which could

encode the other transferase"

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

as follows. In type 198 CPS both ManNAc sugars are (1+4) linked. Cps19bF, which is

almost identical to Cpsl9fF, 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 aI., 1995).

Interestingly, type 19F and type 194, have closely related cpsl9J (repeat unit transporter)

genes (section 4.2.I) and their capsules are similar, as both have a trisaccharide backbone

containing only one Man-l/Ac (Tabte 1.3). On the other hand, both type 19B and type 19C,

which also have highly homologous cpsl9J genes, have a tetrasaccharide backbone

containing two ManNAc residues (Tabte 1.3). Given that Cpsl9fJ and Cpsl9bJ are quite

distinct, the difference in the CPS backbone might be explained by the specificity of these

polysaccharide repeat unit transporters. CpslgfJ may have absolute specificity for the

trisaccharide repeat unit and may thus prevent Cpsl9fF from adding an additional ManNAc

sugar to the backbone. On the other hand, CpslgbJ may be specific for the tetrasaccharide

backbone and may only transport the repeat unit after the addition of both the distal

Manf/Ac by CpslgbF and the disaccharide side-chain by CpslgbQ and Cpsl9bP. This

hypothesis could be investigated by the construction of an Rxl-l9F in-frame cpsl9fJ

deletion mutant. Biochemical analysis of this strain should determine the presence of

either a trisaccharide or a tetrasaccharide repeat unit linked to the lipid canier. The

presence of a tetrasaccharide would support the above hypothesis.
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Alternatively, CpslgbR could be the ribosyl transferase, while Cpsl9bP 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. CpslgbR 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 l9B-specific genes described in this chapter are required to determine their

precise functions.

5. Type l9B cps locus



Chapter 6

ANALYSIS OF THE S. PNEUMONIAE
TYPE 1.94 CPS LOCUS

6.1 Introduction

Analysis of purified type l9A 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 (Cpsl9ft). The

alternative structure involves the same trisaccharide backbone as type 19F, but with

additional B-D-GlcoNAc-(1+3)-B-D-Galo-(1-PO¿-+2) and cr-L-Fucp-(1-PO¿-+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 (l-ee et al., 1987).

Sequence analysis of the type 194 cps locus was undertaken in an attempt to provide a

molecular explanation for these findings.
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+2)-a-LRhap-( I -PO4--+4)-p-D-Man NAc-( I -+4)-o-D-Glcr-( I ->

Type 194 (1) -+3 )-o-L-Rhar-( l -PO4--+4)-p-D-ManoNAc-( I -+4)-o-D-Gl 9-( I -+

Q) -+2)-cr-L-Rhar-( I -POa -+a)-p-D-ManpMAc-( I -+4)-c-D-Glco-(l -+
32
11

a-L-Fuco-(1-+POa- B-D-GlclAc-(1+3)-B-D-Gal-(1-POa-

Fig. 6.1. Biological repeat units of pneumococcal type 19F and type 19,{ 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 194 (Lee and Fraser, 1980; Lee et al.,1987) reflecting the fact that glucose is the

first sugar in the biological repeat unit. D-Gluo, glucose; D-ManoNAc, N-acetyl mannosamine; L-Rhao,

rhamnose; D-Galo, galactose; D-Glc¡VAc, N-acetyl glucosamine; L-Fuco, fucose; POa-, phosphate.

6.2 Results

6.2.1 PCR amplifTcation and sequencing of the type 194 locus

Southern hybridisation data (section 4.2.1) suggested that the cps loci of type 19F

and l9A a-re significantly different. Only 7 of the 15 cpsl9f gene-specific probes (cpsl9fA,

B, G, H, M, N and O) hybridised at high stringency to l9A chromosomal DNA. It was

assumed that the ¿ìrrangement of these conserved genes within the two loci would be

similar. Thus, a series of over-lapping DNA fragments containing type l9A-specific genes

flanked by conserved sequences were generated by LR-PCR (section 2.9.2) using primers

based on the cpslgf sequence. The primers used are described in Table 2.4 and a map of

the PCR products spanning the entire cpsLga locus is shown in Fig.6.2. DNA from two

different type 194 clinical isolates (1941, obtained from J. Henrichsen, and 191^2,

obtained from C. J. I-ee [Table 2.2]) was used as template. Interestingly, the PCR products

amplified from regions between cpsl9A and cpslgJ (using primer pairs CPS5'/J22 and

CPSXI/JIl as described in Table2.4) were identical in size for both type 194 isolates and

type l9F, but the PCR products obtained from the 5' intergenic regions (using primers

6. Type 194 cps locus
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DEXB and CPSA2, as described in Table 2.4) varled between all three strains (Fig. 6.3).

The 1942 isolate also differed in the 3' region of the cpsl9a locus; the PCR products

obtained from the cpsl9J to cpsl9o region (using primer pairs CPSXVJ29, J9lJ25 and

J9tI36, as described in Table 2.4) were either smaller or absent from 19A2 (Fig. 6.3). This

suggeststhatpartof thisregionof the cpsl9alocusof thisstrainmayhavebeendeleted.

The PCR products obtained from this region of the cpsl9a locus (using primers J88 and

J36, described in Table 2.4\ from six Australian type 194 isolates were either identical in

size or larger (probably indicating the presence of an IS element in the 3' intergenic region)

than that from 19Al and l9F (Fig. 6.4), suggesting that this part of the cpsl9a locus in

1942 is atypical.

Nc CHI It
B

I

S C PC KEC
til ¡il

NcH
il

c
I

KEH Nc IfBF H

ilt tlil l
E

I

Nr

I

KCB
ilt

gfABCD E F
CPSA2

J K L MN O aliA

DEXB -:

H

J22CPS5'i

CPSXI

CPSXT i z- J29

J9 -r,

J9:.

J25

J36

5kb

fig. 6.2, Schematic representatíon of the PCR products amplified using cpsl9l primers. The cpsl9f
genes which hybridised (at high stringency) to type l9A 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 cpsLgu locus

The sequence of the PCR products from 1941 were determined using specif,rcally

designed primers, as described in section 2.8. Analysis of the compiled sequence

(Appendix III) revealed that the cpsl9f and cpsl9a loci a¡e very closely related. The
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DE)ß/
CPSA2Ê.À(t) t2 3l

CPS5'1J22 CPSX1/J11 CPSXI/J29 r9lr25 J9lt36
23J

8.51kb
7.35 kb
6.11 kb
4.84 kb
3.59 kb
28lkb
1.95 kb
1.86 kb
1.51 kb
1.39 kb
l.l6 kb
0.98 kb

Fig. 6.3. Comparison of the PCR products obtained from S. pneumoniae Rxl'lgF' 1941 and 1942.

The PCR products from Rxl-l9F (1), 1941 (2) and l9A2 (3) were electrophoresed in aÛ.87o agarose gel and

stained with ethidium bromide. EcoRl-digested SPPI 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 19,A. isolates tr.i
Êi
cnA2

Ê-
Þ-(A t2

7.35 kb
6.1I kb
4.84 kb

3.59 kb

2.81 kb

1.95 kb

Fig. 6.4. Comparison of the PCR products obtained from the 3' region of the cpsl9ø locus from
various type 19Ä. isolates. The PCR products were electrophoresed in a O.\Vo agarose gel and stained with

ethidium bromide. EcoRl-digested SPPI 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 frgure.

cpslga locus has the same number of ORFs organised in identical order to those in cpsl9f

with homologies to the cpslgf genes ranging ftom70.I7o to 99.4Vo identity. The sizes,

G+C content and Vo identity of the cpslga and cpslgf protein products are shown in Table

6.t.

Not withstanding the overall similarity between the cpslgø and cpsI9f loci, several

interesting differences between the two loci were noted. Whereas the start codon for both

cpslgaG and cpslgaH is TTG, only cpslgfIl has a TTG start codon in the cpsl9f locus.

6. Type l9A cps locus
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The intergenic gaps between the cpsl9a genes and the cpsl9f genes are all similar, except

between cpsl9øK and cpsl9al which is much larger (152 nucleotides) compared to that

between cpslgfK and cpsl9fL (38 nucleotides). The largest variation between the cpsl9a

and cpsl9f loci occurs in the 5' intergenic region. This region in the l9Al strain has

several deletions compared to the same region in type l9F, but the 3' intergenic regions of

types 19F and l9A1 are almost identical (96.7Vo identity). The differences in the 5'

intergenic region will be discussed in section 6.2.5.

Table 6.1. Comparison of the cpsl9a and cpsl9f ORFs.

cpsl9a

ORFs

Predicted size

Da no. aa VoG+C

cpsl9f

ORFs

Predicted size Vo ldentity

Da no. aa %oG+C DNA aa

Cpsl9aA

Cpsl9aB

Cpsl9aC

Cpsl9aD

Cpsl9aE

Cpsl9aF

Cpsl9aG

Cpsl9aH

Cpsl9aI

Cpsl9aJ

Cpsl9aK

Cpsl9aL

Cpsl9aM

Cpsl9aN

Cpsl9aO

53,576

28,138

25,473

25,155

5t,971

28,273

3t,t95

34,455

51,604

s4,650

40,749

32,242

22,408

39,086

32,330

481

243

230

229

453

247

266

292

444

474

362

289

198

349

283

39.5

41.3

42.1

4t

37.7

34.1

37.2

32.2

32.7

33

36.9

43.3

41.2

42.4

4t.3

53,572

28,352

25,497

24,947

52,595

28.155

3r,647

34,474

5r,734

55,055

40,950

32,215

22,379

39,053

32,330

481

243

230

227

455

247

269

292

445

473

362

289

198

349

283

38. I

38

38.2

34.5

33.2

33.6

36.3

30.3

29.7

29.7

35.2

42.3

41.5

42.1

41.5

90.5

82

70.1

73

71.2

78.9

90.9

90.8

78.5

82.3

85.2

79.9

81.6

98.2

99.4

92.3

85.2

7r.7

80.2

70.5

82.9

93.6

95.2

80.7

83.3

92.8

92.4

94.4

99.1

99.3

Cpsl9fA

Cpsl9fB

Cpsl9fC

Cpsl9fD

Cpsl9fE

Cpsl9fF

Cpsl9fG

Cpsl9fH

Cpsl9fl

Cps 19fJ

Cpsl9fK

Cpsl9fL

Cpsl9fM

Cpsl9fN

Cpsl9fO

The cpsl9a and cpslgf sequences were exÍìmined to identify potential cross-over

points where recombination between the cps loci may have occurred. A cross-over point

was identified within the cpslgM gene; the first 348 nucleotides of cpsl9aM have 80.37o
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identity to cpstgJM whereas the remainder of cpsl9aM is 98Vo identical to cpsl9JM, as

shown in Fig. 6.58. However, there is no clearly identifiable cross-over point at the 5' end

of the loci; the cpslgaAB genes present a mosaic pattern with small regions of varying

degreesof identitytothe cpslgfAB genes,rangingfrom76.6VoIol0Ù7o asshowninFig.

6.54. This suggests that the cpsl9a locus and the type 194 serotype may be the result of

several recombination events between the ancestral cps 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 cpsl9fB

gene. A small region of cpslgaB (nucleotides 3,221-3,374) has 1007o identity to cpsl9JB.

This region presumably accounts for the high stringency hybridisation of the cpsl9aB DNA

to a cpslgfB probe (Table 4.1,) as there is only 76.7Vo identity between the remainder of the

cpslgaB and cpslgfB genes. The highly conserved region may either encode a functionally

important domain in the cpslgB gene product or may simply be the result of a

recombination event.

The overall identity between cpslgfJ and cpslgal is only 82Vo, which is insufficient

for the cpslgfJ probe to hybridise to the cpslgal 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 cpslgal have >9OVo DNA sequence identity

(97.67o and93.27q respectively) to cpslgfJ (Fig. 6.6), which presumably accounts for the

Southern hybridisation data obtained previously (Table 4.1). Similarly, Cpsl9al and

CpslgfJ have only 83.37o amino acid identity, but when their hydropathy profiles are

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

6. Type l9A cps locus
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98.zYo
I
1,733

cpsl9aA

95.5Yo

cpsl9aB

145

I
3,9r1

I
76,682

I
11,924

I
2,070

I
2,692

I
1 1,116

79.9Yo fOjyo
11

3,2213,374

76.9Yo

cpsl9aOcpsl9aL cpsl9aM cpsl9aN

80% 98-99Yo
I

14,458

Fig. 6.5. Diagrammatic representation of the similarity of the cpsl9ø locus to cpsl9f in the regions
where recombination between the loci may have occurred. A. The cpsl9øAB region. There are several
possible recombination points in this region of the locus. B. The cpsl9øL-O region. There is a single cross-
over point within cps19aM. Increasing similarity is represented by progressively darker shades of blue and

the Vo identity is shown under the individual coloured regions. The arrows indicate the points of divergence
and the number below the arrow conesponds to the nucleotide number inthe cpsl9a sequence as shown in
Appendix III.

cpsl9o"I

93.zYo 77.\Yo

I
13,240

80% 97.2Yo 75.8Yo
111

10,605 10,784 10,910
I
10,500

Fig. 6.6. Diagrammatic representation of the similarity between cpsl9al and cpsl9fJ sequences.
Increasing similarity of cps)9aJ to cpsl9fJ is represented by progressively darker shades of blue and the Vo

identity is shown under the individual coloured regions. The arrows indicate the points of divergence and the

number below the ¿urow corresponds to the nucleotide number of the cpsl9a sequence as shown in Appendix
III.

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

do not impact upon the function of Cpsl9al or Cpsl9fJ, both of which transport the same

6. Type 194 cps locus
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trisaccharide repeat unit across the membrane. It is also tempting to speculate that the

highly conserved regions (with >9OVo 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).

Fig. 6.7. Hydropathy profiles of Cpsl9al and Cpsl.9fJ 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 Stöffel, 1989). Positive numbers on the Y-axis indicate hydrophobic
regions. The position of every lOth amino acid is ma¡ked on each X-axis.

The putative polysaccharide polymerases, Cpsl9al and Cpsl9fl, are predicted to

form different glycosidic linkages in type 19A (ctl+3) and type 19F (crl+2) CPS,

respectively. These two proteins are 8O.7% identical and their amino acid sequences were

examined to identify any potentially significant differences between them. Their

hydropathy profïles 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 Cps19fl and Cpslgal (Fig. 6.8). No such clustering of non-conservative amino

acid substitutions was observed when comparing either Cpsl9ffI/Cps19aH or

CpslgfJ/Cps19aJ (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 l9A cps locus
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fig. 6.8. Comparison of the hydropobicity profiles of Cpslgal and Cpslgfl. The hydropatþ profiles of Cpslgal and Cpsl9fl wer€ generated by the method of
Kfre and DooütUe (1SSZ) and aligned using ÞnOfnnCn¡n¡ ftIoftnann and Stöfel, 1989). Positive numbers on the Y-axis indicate hydrophobic regions and putative

membrane-spanning domains areina¿e¿. The position of every 10th amino acid is marked on each X-axis. The red lines indicate the position of non-consewed amino

acid changei with the amino acid indicated in single letter code above the line for Cpslgal and below the line for Cpsl9fl. The position of the Aspartate (D) residue is

indicaædby arrows.
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S. flexneri (Daniels et al., 1998). A comparison of the hydropathy profiles of Cpsl9fl 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 extemal location of the non-conserved regions in Cpsl9al and Cpsl9fl is

consistent with that of the putative catalytic site in these proteins. Of particular interest is

the single aspa.rtate (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 cr-helix and would position the two aspartate residues on the same side of an cr-

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 thre cpslga loci from S. pneumoniøe strains 1941
and 1942

The l9A2 PCR product obtained using primers J9 and J36, which amplified the 3'

region of the cpsl9a locus encoding the dTDP-Rha biosynthesis genes (cpsl9L-O), was

smaller in size to that from both Rxl-l9F and 1941 (Fig. 6.3). To identify the deletion

present in 19A2, this PCR product was sequenced and this region of the locus (designated

cpsl9a) is shown in Appendix IV.

Analysis of the sequence identifîed a gene reÍilrangement in the 3' region of the

cpslga2locus, as well as deletion of 1.4 kb of DNA between the end of cpsl9aO and the

start of aIiA, as shown in Fig. 6.9. The first 3,347 nucleotides of the cpsl9a2 sequence

have 99.\Vo identity to cpslga, followed by 1,185 nucleotides with 807o identity to cpsl9a

6. Type l9A cps locus
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andS4Vo identity to cpslgf. The remainder of the sequence then diverges until the final94

nucleotides which are 90Vo identical to the same region in cpsl9a. The conserved regions

contain the genes cpsl9a2JKLMN, with an approximate recombination point 120

nucleotides from the end of cps19a2M. The next 1.1 kb of DNA contains an inverted copy

of cpsl9a2o (Fig. 6.9) with 76.4Vo identity to cpsl9aO and cpsl9fo. A potential promoter

was identified upstream of cpsl9a2O in the same region (but on the opposite DNA strand)

as that for aIiA (Fig 6.10). There are 61 nucleotides between the stop codons of cpsl9a2N

and cpslgazo and a stemmed-loop structure which could be a transcription terminator

(ÂG=-30.5 kcaVmole) was identified in this region (Fig 6.10).

cpslgaL cpslgaM cpsl9aN cPsI9aO aliA

1941

191.2

cpslgaþ cpsl9aþ cpslgaJ{ cpsl9ap aliA

Fig. 6.9. Diagrammatic representation of Jhe cpslgaL-a&A region oL cpsl9ø and, cpsl9a2. The dark blue

region of cpsl9a2is>9OVo identical to the sameregion incpslga and the pale blue region exhibitsT5-807o

identity to the equivalent regions in cpstga. The red line indicates small non-coding regions in cpsI9a2 with
no similarity to cpsl9a.

6.2.4 Serotype specificity of the cpslga genes

The relationship between the cpslgaC, D, and E genes and cps loci of other S.

pneumoniae serotypes was examined by Southern hybridisation. The distribution of

cpslgaA and B genes was not investigated because previous Southern hybridisation data

6. Type l9A cps locus
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<-aliA 1-PanA
KSSKM_10-35

CÀÂÀACTTGAÄAAGTÀGTAGÀAGAGGÀAATTTTGAÀÀGAGÀGATAATATCTGÀG.AAÀAGTCTCTCTACAGTTATATTAAAAGACT
GTTTTGÀACTTTTCATCATCTTCTCCTTTÄ.AÀ-ACTTTCTCTCTATTATèçÀçTCTTTTCAGAGAGATGTCAÀ!èIA.ATTTTCTGÀ

-35 -r0
PcPstga2o)

TAAAAÄ.A,TT
.ATTTTTTAATTAATTTGGTA.AATTCTGAAÀ,AÂTACTTTTAÄGGATATTCTAAAGTAÀTAACTATTCGGCTCTCTTGCGCTTCACT

AACAÀAGTTTATACCAAAÂ.A.AGGGTTCACTA.A.AÀ.ACCGATTTTTCTATATTTTTGATATAÀTTAAGTATA.AGÀACTATCÀÀGGAG

cpsI9a2O-+
M T I, I T G AN G Q L G T E T RY L ], N E RNV D Y V

AÀAAÀTÀTGATCTTAATTACAGGTGCAÀATGGTCAÀCTTGGTACCGAACTACGTTATTTACTAAÀTGAGCGAAATGTGGÀCTÀTG

AVDVTEMD T TNSE MVEKVFAEVKPT LVY
lTGCAGTGGATGTGACCGAAATGGATATCACTAÄTTCTGA.AATGGTTGAAAAÃGTCTTTGCTGAGGTTAAGCCA.ACTCTAGTCTA

HCAAYTÀVDAAE DEGKE LDFÀ TNVTGTE
TCATTGTGCAGCCTACACTGCTGTTGATGCAGCCGAÄGATGA.A,GGGAÀÄGAÄ.CTGGATTTTGCCATCÀACGTAACTGGÀACTGAA

NVÀKG S EKYGA I LVY I S T DYVFDGKKPVG
ÀÀTGTAGCCAAGGGCTCTGAGAAATACGGAGCTATTCTGGTCTÀTATCTCA.A'CAGACTÀCGT CTTTGATGGA.A.AGÄ.AACCAGTÀG

Q E V{ E V D D I P D P Q T E Y G RT K RM G E E LVE N

GACAAGAGTGGGAÀGTCGATGACATACCTGATCCGCAAACAGAGTACGGÀCGTACCAÀGCGAÀTGGGAGAAGAACTTGTTGAGAA

L T S Q H Y ] I RT AI41 V F G N Y G RN F V F T MQ S L

CCTTACGTCACAGCATT.ACATCATTCGTACTGCTTGGGTTTTTGGA.AÀ,TTATGGAAGGAACTTTGTCTTTAC CATGCAÀAGCCTA

ÀE T H K T L T VV S D Q Y G R P T I¡I T R T L AE FMTY
GCCGAÀACCCATAÀ.AÀCGCTCACÀGTGGTCAGCGACCA.ATACGGTCGCCCAÀCTTGGACACGGACCTTGGCCGAGTTCATGACCT

VT ENQKE Y GYYHT SNDAAE DTTWY DFAS
ATGTGACTGÀÀ.A.ATCAÃAAAGAGTATGGCTACTATCACTTATCGAATGACGCAGCTGAGGACACCÀCTTGGTATGACTTTGCTAG

E I LKE SDVELLPVDS S KEPÀKÄKRPLNS
CGAGATTCTTAAGGAGAGTGATGTTGAACTATTGCCAGTAGACTCTAGCAAGTTCCCCGC TAAGGCTAAACGACCTCTCAACT CA

TM S L AKA KAT G F V I P T VT Q D A L K E F Y KQ E V

ÀCTATGAGTTTGGCA.AAGGCAÄ¡,GGCAÀCAGGTTTCGTCATCCCAACCTGGCAAGATGCCCTTAÀAGAGTTTTATAAACAÀGA'AG

RK*
cp s 7 9a2 TAÀGÀ.AÀATAÀAAGCTTACTACA TACTAGAA.AAGCA.AGAGACCTCGAGGTCTCTTGCTTTTTTAGTATCTTATTATTTAÀTCÀCT*KIV

cps I 9a2 TGTTGCGTTTTAGCATAGTTAGCCTCTACTGCTTCTTTTTCAGATTTC CACCAGTCTTGGTTATCTGTGTÀCCACTTGATGGTCT

ACGCAÂAÂTCGTATCÄATCGGAGATGACGAAGAAAAAGTCTAAAGGTGGTCAGAACCA.A.TAGACACATGGTGAACTACCAGA

O O T K AY N A E V A E K E S K'Ù IIÙ D Q N D T Y W K T T

CTTTGAGGCCTGCTTCA.AAGTTGGTAÂACTC TGGCTTCCACCCCAACTCATCACGGAGCTTGCTÀGCATCAATCGCATAACGCAÀ

GAAACTC CGGACGAAGTTTCAÀCCATTTGAGACCGAAGGTGGGGTTGAGTAGTGCCTCGA.ACGATCGTAGTTAGCGTATTGCGTT
E KL GAE È'N T E E P KW G L E D RLK SA D I AYRL

GTCGTGÀCCAGCTCGÀTCGGTCACATGGTCATAAGCGTCAGCGGGTTGCCCCATCTCCTTGAGAATGAGCTCTAÀCACTTCCTTG
CAGCACTGGTCGAGCTAGCCAGTGTACCAGTATTCGCAGTCGCCCAÀC GGGGTAGAGGAACTCTTÀCTCGAGATTGTGAAGGAAC

DHGARDTVH DYADAPQ GME KL I LELVEK

cps 7 9a2

cps 7 9a2

cps 7 9a2 TTGlTCTTCTCACCGTCAGCACCAATCA
AACÀAGAAGAGTGGCAGTCGTGGTTAGT
NNKEGDAGI

<-cpsl9aN. . .

Fig. 6.10. The sequenc e ol cpslga2,from the 3' end of cpsl9a2N to the start of atiA. The sequence shown

is the complementary strand ;f nucleotides 4,360-5,832 of the cps 19a2 sêQuence (Appendix IV). The double

stranded såquence ai the 5' and 3' ends repressnts the regions with homology to cps19a. The amino acids are

shown above or below the first letter of the codon and the direction of translation is as indicated. The

sremmed-loop sfructure is indicated by anows below the sequence. The putative promoter regions (-10 and -

35 sequences) lor aliA and cpsl9a2O are also shown.
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(section 4.2.1) indicated that homologues of the closely related cpsl9fA and B genes were

present in all the seroty)es 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 C/øI-restricted

chromosomal DNA from representative pneumococci belonging to serotypes 2,3, 4, 6A,

68,7F,8, 9N, 9Y, 12, 14, 16, 17, I$C, 19F, 198, 19C,20,22,23F, and24. Hybridisation

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

Table 6.2 DNA fraements used as gene-specific probes

Probe Fragment used as probe:

cpsl9aC

cpsI9aD

cpsl9aE

cpsI9aK

400 bp PsfI fragment from J92-J95 PCR product (nt3,932-4,356 of cpsl9a sequence)

500 bp PsfI fragment from J93-J94 PCR product (nt 4,356-4,82O of cpsl9a sequence)

900 bp ClaI fragment from J87-J94 PCR product (nt 5,594-6,480 of cpsl9a sequence)

1.4 kb J7 O-J72 PCR product (nt I 2, 1 14-13,540 of cp s I 9a sequence)

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

The results for the hybridisation of both 194 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 cpsl9fC-E or cpsl9aC-E, except types 3

aîd 4 which do not have a high stringency homologue of either cpsl9fE or cpsl9aÛ (the

gene which encodes the glucosyl transferase which adds Glc-l-phosphate to the lipid

carrier). The absence of a cpsE homologue in types 3 and 4 is not surprising because the

tpe 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 cpsC

gene as previously described in chapter 4. The Southern hybridisation data presented here

6. Type l9A cps locus
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Table ó.3. Hybridization of coslgfC-E and cnsl9aC-.E genes with other pneumococcal serotypes.

DIG labelled DNA probes

Serotype cpslgfC cpsl9/D cpsI9JE cpsl9aC cpsl9aD cpsl9aE

2

J

4
6A
6B
7F
I
9N
9V
t2
t4
t6
t7
18C
19F
l9A
198
19C
20
22
23F
24

+

;
+

+

;
+

;

;

;
+

+

;
+

+

;
+

;

;

;
+

+

+
+
+

+

;
+

;

;

;
+

+

+

+
+

+
+

+
+
+

+

;
+

;

+

;
+

+
+

+
+
+

+
+

+

+

;
+

+
+

+
+
+

++

Blue shaded '+' denotes hybridization with the gene-specific probes; - denotes no hybridization. The yellow

shading represents no hybridization to either cpsl9for cpsl9a probes.

suggests that the distinction between class I and class II genes identified for the cpsc geîe

in chapter 4, extends beyond cpsC to include cpsD and cpsE.

The presence of cpslgaK homologues in serotypes 4, 9N, 9V and 12 was also

examined, using a DlG-labelled cpsl gaK probe (described in Table 6.2) and low

stringency conditions (as described in section2.7.2.3). These serotypes are expected to

contain a functional homologue to cpsl9K in their cps loci because ManNAc is a

constituent sugar in their CPS. Only type l9A chromosomal DNA had hybridised with the

cpslgfK gene probe with low stringency conditions (section 4.2.I). When cpsl9aK was

used as a probe, type 12 and the other members of serogroup 19 (19F, 198 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 cpslgaK or cpslgfK. 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 .8Vo identity to the cpsl9aK gene and 65.9Vo identity to

cpsl9fK, compared with85.27o identity between cpsl9aK and cpsl9fK. This suggests that

the UDP-GlcNAc-2-epimerase gene may have been derived from distinct sources in

different serotypes.

The serotype specificities of cpsl9aG, H, I and J were not reinvestigated as the

homologues in cpsl9f were all serotype 19F and/or serogroup 19 specific.

6.2.5 Capsule transformation from type 19F to 19A

To confirm that the cpsl9a locus was suffîcient for type 194 CPS biosynthesis, a

16.5 kb PCR product from the 5' end of cpsl9aA to the 5' end of aIiA, 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 cpsl9fI 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 pVA891 sequence. Southern hybridisation analysis was used to confirm the absence of

both pVA891 and the cpslgfI gene, and to determine if the cpsl9aC, I and K genes were

present in three individual transformants (Fig.6.11).

The production of a type l9A capsule by these three smooth transformants,

designated Rxl-194.1-3, was then confirmed by quellung reaction (section 2.3). The

cross- over points between the cpslgf locus and the type 19A PCR product were then

identified by sequencing the regions where recombination was predicted to have occurred,

based on the Southem 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.

6. Type l9A cps locus
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Two transformants (Rxl-194.1 and 3) were similar, resulting in the exchange of a large

region of the cpstgf locus, from cpslgfG to cpsl9JN (including cpsl9fO in Rxl-194.3).

On the other hand, Rxl-194.2 is derived from exchange of a much smaller region of the

cpsl9f locus, involving only cpslgH and cpsl9l (Fig. 6.12). The cpsl9aH gene has 9O.8Vo

nucleotide identity to cpsl9fII, and the encoded highly conserved putative rhamnosyl

transferases (95.2Vo amino acid identity) are predicted to be functionally identical in both

type 19F and 19A CPS biosynthesis. The cpsl9al and cpsl9fl genes are less conserved,

with only 78.5Vo nucleotide identity, and the encoded putative polysaccharide polymerases

($OjVo 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 l9A by

replacing only two genes in the cpslgf locus, and that the presence of the cpsl9a^I gene

probably determines the 194 serotype.

).

aa

A
¡"

T

cpslgaC B cPsIgaI
12345i2345

C cpslgaK
¡"1234

D cpstgfl
5 1 2 3 4 5l"

I 3',3tö 6.6 kb- 4.4kb¡rB

Fig. 6.11. Southern hybridisation analysis of the three Rx1-194 transformants. l9Al (l), Rxl-l9A'l
(2), Rxl-194.2 (3), Rxl-194.3 (4) and Rxl-l9F (5) were probed with DlGlabelled probes specific for

cpslgaC (A), cpsl9al (B), cpsl9øK (C) and cps|9fl (D).

23kb
20kb

6. Type l9A cps locus



leA PcRproduct I I DD II

Rxr-reA.t F,' Ëþ ffiDD llI
Rxr-reA.2 )-,'

155

ollA

L136

\r. 

-
f-

-

II
rr.l 

-

ffi

Rxl-l9F-I

pVA89l
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I
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CPS5'r rr.l,
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I
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ßig. 6.12. Diagrammatic representation of the cross-over points in the Rxl-194 transformants. The

cpslgf locus is shown in blue and the cpsl9a locus is shown in pink. The dark colours represent regions with
>907o DNA sequence identity and the light colours indicate 70-8OVo identity. The arrows indicate the points

from which the sequence becomes cpsl9a-specifrc.

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

The 5' intergenic region of both type 194 isolates (1941 aîd I9A2), as well as that

for type 19F, 198 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 19Al and 19B appeared to be the same size. The PCR products from 1942

strain and the type 19B and 19C isolates were sequenced using specifîc primers and the 5'

intergenic regions were compared as shown in Fig.6.14'

Interestingly, the 5' intergenic regions of 1941, 198 and l9C are all almost

identical with three conserved deletions compared to 19F (Fig. 6.14). These three

deletions remove all but 150 nucleotides of the l-kb intergenic region between dexB and

ISl202, as well as the 3' end of 151202 (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 intemrpts the putative transposase in 1941, l9B and 19C. The larger size of

the PCR product obtained from 19C is due to the presence of an additional IS element,

Ê.À
V) 123 4 s

Ê.È
V)

4.84

kb

h8
kb

3.59 kb
2.81 kb

1.95 kb
1.86 kb
1.51 kb
1.39 kb
r.l6 kb
0.98 kb

0.72kb

Fig. 6.13. PCR products of the 5' intergenic region. The PCR products obtained, using DEXB/CPSA2
primers, from Rxl-l9F (1), 19Al (2),19A2 (3), l98 (4) and l9C (5) were electrophoresed in a0.87o agarose

gel and stained with ethidium bromide. EcoRl-digested SPPI bacteriophage DNA was used as a size marker
(section 2.6.2) and the approximate sizes of the DNA fragments a¡e indicated on the right side of the figure.

which will be described in chapter 7. This IS element inserted into the inverted repeat of

IS1202, adjacent to the cpsI9c locus (as shown in Fig. 6.14).

Analysis of the derived sequences indicated that the 5' intergenic region of 1942 is

almost identical to that of 19F, except that it does not contain a copy of 151202 in the 5'

intergenic region, although Southern hybridisation data has previously shown that this type

l9A 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 194 isolates were

examined by electrophoresis, they were all the same size as that from 1942 (Fig. 6.15).

8.51

Zf?\f
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...-+derB
VELl,+
GTGGAATTACTATAA.ATATlTTTTGCAGAÃJU{\TTTAJUU\TTGA.AATCGTATAÃ.AAACAÀGGGAGGACTGTATA.AÀAGC'CAGA,C,CTCCTTTGTTTTTTAT

..A.... .,....G.19E
I9A2
19A
198
19C

19F
t9A2
19A
198
19C

GCTTG. .

GCTTG. .

GCTTG. .

T. T. CTA
T.T,CTA
T.T.CTA

t_ 58 bp deletion

VE*
AACCAAGGTTTATAÀACCTTCATTCTCGAÂATÎCÀATTAÀCTTTACAAATTCCCACTATTAÄGGAGÀÀAGAÀGACGA.ACATAÀAGAÀC'CGTATCCTTAGT

...T... ..4.T.. ... '...G.

G.A
G.A

AC
AC
AC

G

G

G

c. TcÀÀ. .

c . TCAA. C

19F
79A2
19A
198
19C

G

19F
79A2
10À

198
L9C

19F
1 9A2
19A
198
19C

19F
L9A2
19A
198
19C

742bp deletion

ATAAAAGTTCTAGCTTCCCCATTCTATGGAATCTTGCATTATCCATAATAÀTAACCGATGGTGTGGTTAATGTTGGTAÀGAAAÀÀC TTCTGAAACCATAC
....4G.

T TCAAAÀAÃGTCGCTC GTCATCATCTCT TCGTAAGTCATTGGAGCGATTAATTCACCA TTTGT TAGACcTGCAi\CCÀl\\G¡u{\TcC TC TGATATCTTCTT19F
t9A2
19A
198
19C

19F
t9A2
19A
198
19C

19F
].9A2
19A
198
19C

19F ACATTGTTAGAAA
I9A2
19A
198
19C

G.G
G..

A
GA

TCGATCTGACTGTCCTGATCGATTTGTCATGTCCTTATTTCATTTTACTATAÎTTTTGTTTCGCGGGA'AGTCTACTAAGATACTTAA
.....r. ....T.. """K--

.......c.4.7
aÀ1

o^^T

151202-+
GGAGAGT T TGAGGæAÀTTATTTTGAT TTCAT TTGACACGAGGA

T
T

T

AGAT GCAGATAGTA,CAÀAAÄA19F
l9À2
19A
19B
19C

321 bp deletion

19F
79A2
19A
198
19C

ACCCTTGA.AGCTGTTT

cAcTccTcAcTTTcccTcTccTAAATGTAÀGGGATAGAGTGGTTTTcTTTAAGGA.AÀ.AGCT TCCCATT TAGCGAAAAÀTAGATTATAC TTGTÄGTT GAGG
19F
79A2
19A
198
19C

AGAATGAATCTCCTCACTAGTAAACTCTTCATAÀTCCTTTTTGTTTTTATGAAGGTATTGTTTGAAAGATGTGAGT
TTCCACGGATGGGTTTGTGGAGGG

19F
T9A2
194
198
19C

G.
G.
G.

T
T
T

À

A
A

ATATACTTGCGTCTTTCT TTTTTTTGTTC---- --TGGTTCTTGTTCAÃ,AGTTTTTCGAÀTAGAGTÎCATGATCTAGTAæTCCTTTGTGTGATAGATTT19F
I9A2
19A
198
19C

Continued overleaf.
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1 9F TGTCÀGCGATATTGAGGTAGATGTCACCATCÀAATGCTTTTAGAÀCTÃ.ATGCTTTCGTCTTTCTGATGAÀATAGACTTCTTTTCCTTGTTCGGTAGGAAT
t9A2 

-19A ....T..G...,,........T. ....G..
198 ....T..G. ,,...T, ,...G..
19C .A..T..G. .....T. ....T.. ....G..

I,9F ÀTAGCAÀCGGTTTTGGAATCGGATATGGTGÎCCACTATCGACGACTCTCTCCGCCAGTCTAGCTAGAÀTGAGATTCCGTTCAGAGGGGTTAGGAæCTCC
t9A2 -19A ....T....A.... .......c. .....T. .4.....
198 ....T....A.... .......c. .....T. .4..,...4.....
19C ....T....A.... .......c. .....T. .4......4.....
1 9F TCAÀ.AÀACAGAGAGTTTTGTCTTATTTCCAAÀCTGTTCATTAÀAGGTTTGGATGTAGGAÄAGAÀGGÃAAGTATTGGCTTCTTCCAATGTATGAÀTCTTGT
L9A2 _
19A ..G..G. ..G.... .4...'.......C.....G.. .G........4....
198 ..G..G, ..G.... .4... ' '......C.....G'. 'G.,......4. '..
19C . .G,.G. ..G., . . .4.. ... ... " .c. . . ..G.. .G. ... .. '.4. .. '

1 9F TTCGTTCCAGTTCGÀTAGC,CAGGCGTGATTGTAGTGlCTGATTGAGÎCTTTCGACCCTCCCTTTAGCTTGAGGGATAGAGGTGGTCTCAAGGAGAATCCC
19A2
19A
198
19C

T
T
T

T
T
T

A
A
A

1 9F TAGTTGGTGACAGGCGÎATCCÀAATTGTGTATAGGAGTCGTCCTCCATTTTCTTAGAGTTGGATæTTGATAGGTAAAGACCGTTCTCTTATCAGTTTTC
1.eA2 - - no oopy oflsl202 in I9A2IG5' -19A ...C,......G..T4...'.-.. " ....G.. ..c...T.....A
198 ...C,..,..,G..T4. ....G.. .'...'T"..'A
19C ..C.......C,,.....G.,,4,.... ....c.. G..... ' ..T.... 'A

19F
79A2
19A
198
19C

A
A
A

A.
À

n

A
A
A

G.
G.
G.

*
1 9F CGGÄ.AGCATCATCAÀTGGCTAÀGTGTAAGTTGGTGGTÎTCTGGTCCÃA.AEEãGGCAIGAGGGCTGGCATCCATTTGAATGAGTTCTCCAæAAÀ'TTTCTT
19A2 

-19A .A..... ...4.4T.,..GG.C.......T. .....4.
198 .A..... ...A.4T....GG.C...'...T. ..4.'.' ..."4'
19C .A...,. ...4,4T....GG.C.......T. .-4.... .....4'

1 9F TCTGGGTCTACTAGGATGTACCTTTTTAGGGTCTTCCAGGAAGTCTTTAC'CCGTCGGTAAGATTGGATTGTCTAGGGGTTGATTCAGGTTCAGTTTAGCT
79A2 

-19A
198
19C

1 9F TGTTTTCTTACTCTCTTCTTTGTCTTTClGTGAGACTTAGGAGAAAGGATGTTTTTCTTATAGAGÎATTTTTCTAACAGTTGTATCAGAGAGCTTAATTC
19A2 

-19A ,A..... .,q..G....''..c..c.....4. '"""4' ""'G""'
198 .4..... .4..G.'..'...c..c.....4. ".'"'A' ""'G""'
19C .A,,.,. ,4..G........c..c.-...4. """'A' ""'G""'

1 9F CCTCTTCTTCAGCTAGTAATTCACAGAAATGAAGGACATTTGGTTTATATGTTTCATAGGAGAGGTATTTCTTTAGGATACGTTCTTTGATTTCATCAGG

T
T
T

TC
TC
TC

198
L9C

.G

.G

1 9F GATTGCATGTTTTGGTTTTCGATTTCTGTTTCCGTGTCTGAAGGCTTCCTT-TCCTTTCTGTTGATAGæTAGTAÀCGGACGATTGATTTGTCTTTCAGA

1 9F AAGATTGAGTTCGACACAGGCCCGTTTCTTTGTTTTCTTTCCTlGGGCTATAGCTTTTATCACAAGATATTTTTTCGTTTCATTCATATTCAGTTGGATC
tgP.2 

-19A ..C...........T.
198 .,C.,......,..T.
19C ..C...........T.

<-rsI202

T
T
T

G
G

G

c

c T

Direot repeat of insertion site for IS.|9C in l9C
cpsl9A-+
MSRR

1 9F AÀ_--TGEAG¡ÀCÀTTACCGTAÂA.A.AAGTGATÀÎÀÀECGTATGATGTTCAAGGTATAGGTGTÎAATCÀIOAGTAGACGTTTTAJUUqJ{,\TCACGTTCACAGA
l9A2 . .---.
19A
198
19C

Fig. 6.14. Comparison of the 5' intergenic sequences o1 S. pneumoni.ae strains Rxl'I9F, lgA.l, 19L2,

198 and 19C. The complete 5' intergenic sequences are shown (100 nucleotides per line) and are available

under accession numbers U09239,4F094575, AFl051l2, AFl05ll4, and AFl051l5, respectively. The stop

codon in the truncated 151202 transposase is indicated with an underlined asterisk. The -35 and -10 promoter

regions are shown in bold and the start codon of cpsA is shown in bold and underlined. The amino acid

translation of the 3' end of dex| and the 5'end of cpstgA are as indicated. The directrepeat and inverted

repeats associated with IS1202 are underlined and double underlined, respectively.
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Type 194 isolates êi
Êil9All 2 3 4 s 61942 V)

3.s9 kb

2.81 kb

1.95 kb
r.86 kb
l.5l kb
l.39 kb
l.l6 kb
0.98 kb

Fig. 6.15. Comparison of PCR products from the 5' intergenic regions from several Australian type
19Ä isolates. The PCR products were electrophoresed in a 0.8% agarose gel and stained with ethidium
bromide. EcoRl-digested SPP1 bacteriophage DNA was used as a size marker (section 2.6.2) anð 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 cpsl9f, in that it has the

same number of genes arranged in the same order. However, large regions of the two loci

share only 7O-80Vo 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 cpsl9a

locus do have greater than 90Vo identity to cpsL9f, 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 6.2.4have demonstrated that with the exception of cpsl9al, all cpsl9a 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 cpsl9aH gene (which encodes the rhamnosyl

transferase), was suff,rcient to convert a strain containing an intemrpted cpsl9f locus to type

Êr
È(t)

r-l

rltÜurrrltrt
U

6. Type 194 cps locus
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l9A. This is consistent with the fact that according to the structure proposed by Lee and

Fraser (1980) type 194 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 a¡e suff,icient for type 194 CPS

biosynthesis and hence, the biosynthetic pathway for type 194 CPS is essentially identical

to that proposed for type 19F CPS in Fig. 3.L6.

Of particular interest, are the two closely related polysaccharide polymerase genes

(cpslgal and cpsl9fl). 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 194 CPS biosynthesis, were

identified either in or adjacent to the cpsl9a locus. Thus, the extra genes required to

synthesise the side-chains proposed in the alternative type l9A CPS structure proposed by

I,re et aI. (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 194 strains. The three Rx1-194 transformants described in section

6.2.4 synthesise type 194 CPS as judged by quellung reaction. However, it is not known if

ó. Type 194 cps locus
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they are capable of synthesising the proposed side-chains. If they are, these extra genes

must be present in Rxl (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 194 CPS (Iæe

et a1.,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 cpsl9fC. Whereas the cpsl9fC

gene belonged to class I, the cpsl9øC gene belonged to class II. Southern hybridisation

data were obtained using cpsI9aC-E probes and chromosomal DNA from the same

pneumococcal serotypes analysed with cpsl9fC-E probes in Table 4.1. The results

indicated that all three genes were present together, as either class I (cpsl9fC-E

homologues) or class n @psl9aC-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 cps loci from pneumococcal types l, 3,4, 14, 19F, l9B,

and 19C are class I and types 2, I9A, 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 194

and 19F cps loci appear to diverge within the cpsA gene (Fig. 6.5).

The intergenic regions flanking the cps loci from all six Australian S. pneumoniae

type 194 isolates tested appear to be almost identical to type 19F except thatISI222 was

absent. A type 19F strain which lacksISl2Î2 has been previously reported (Morona et aI.,

t994a). However, two of the type 194 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

ó. Type l9A cps locus
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in the intergenic regions flanking the cps loci in different S. pneumorz¡øe strains is

discussed in section 8.4.4. The similarity in the 5' intergenic region between Rx1-19F,

l9A2 and the six Australian type l9A isolates is suggestive of a coÍrmon ancestry for type

19F and 194. The unexplained rearrangement at the 3' end of the cps locus of 19A2,

where the cpsl9a2O 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 l9C-specific gene(s). Strain l9Al, which has an identical 5'

intergenic region to l9B, may have originated from a recombination event between an

ancestral type 198 strain and the cpsl9a locus.

6. Type l9A cps locus



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 l9B. 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 (cpsl9c) would be predicted to contain an extra

gene required for the addition of this side-chain. Southern hybridisation analysis with

cpsl9f gene specific probes has indicated that the cpsl9b and cpsl9c loci are almost

identical with all but two of the genes hybridising to type 19B and 19C DNA (section

4.2.I). These two genes, cpsL9fl and cpsl9fJ, are located together near the middle of the

cpsl9f locus and are replaced by the five genes cpsl9bP, I, Q,, R and J in the cpsl9b locus

(section 5.2.1). Homologues of these l9B-specific genes were also shown to be present in

type 19C by hybridisation analysis (section 5.2.3). The extra gene required for type l9C

biosynthesis may also be located in this region of the cpsl9c 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 l9B +4)-p-D-ManpNAc-(l-+4)-cr-L-Rhap-(l-PO4--+4)-p-D-Man NAc-(l+a)-p-D-Glco-(l-+

B-D-Rib¡( I -+4)-cr-LRhap

Type 19C -r4)-B-D-Man NAc-(l-+4)-cr-L-Rhao-(l-PO4-+4)-p-D-ManoNAc-(l-+4)-p-D-Glcr-(l-+

J

I
I

p-D-Rib¡( I -+4)-ct-L-Rhao

Fig. 7.1. Biological repeat units of pneumococcal type 198 and type 19C capsular polysaccharide. The

order of the sugars in the repeat units have been altered compared to the published chemical structures for
198 and 19C (Beynon et ø1, l99I) as it has been determined that glucose is the first sugar in the repeat unit.

D-Gluo, glucose; D-ManoNAc, N-acetyl mannosamine; L-Rhao, rhamnose; D-Rib¡ ribose; POa-, phosphate.

7.2 Results

7.2.L 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 andJzt (the two primers used to amplify the type l9B-specific region of cpsl9b in

section 5.2.1) from both type 198 and l9C 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 cpsl9b (Fig. 7.24). Thus, there is

additional DNA in the cpsl9c locus between cpslgcF and cpsl9cL Various smaller PCR

products were obtained as described in Table 7.I 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 l9B template, was obtained by amplifying the region between cpsl9R

and cpsl9L using the primers J49 and J21. As the PCR product amplif,red from the region

7. Type 19C cps locus
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fig.7 .2. Comparison of PCR products obtained from S. pneumonfurc types 198 and 19C. PCR products

obtained from 198 (B) and 19C (C) using various primers were electrophoresed in a O.\Vo agarose gel and

stained with ethidium bromide. Panel I shows the PCR products obtained using primers J5 and J27 either

undigested or restricted with Clal, EcoRI or HindIlI prior to electrophoresis. Panel 2 shows undigested PCR

products obtained using other primers as indicated. EcoRl-digested SPPl 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.

Tabte 7.1. PCR products obtained lromcpsl9b and cpsI9c.

Size of PCR productb

PCR productu Section of locus amplified Type 198 Type 19C

CPS5'-J6

J5-J44

J43-J45

143-147

149-127

J24-J36

cpsl9A-cps19F

cpsl9F-cps19I

cpsl9P-cps19K

cpsl9P-cps19J

cpsI9R-cps19L

cpsI90-aliA

5.5 kb

3.5 kb

6.5 kb

5kb
4kb

2.5 kb

5.5 kb

3.5 kb

6.5 kb

5kb

6kb
2.5 kb

a. PCR primers are described in Table 2.4. b. sizes are approximate.

between cpsl9H and cpsl9K was the same size in both types 198 and l9C, the additional

gene must be located between cpslgcK and cpslgcL in the cpslgc 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 BamHI, ClaI, HindIII, NsiI, NdeI and

7. Type l9C cps locus
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E
I

H
I

C

I

C

I

HNs Nd

cps I 9cR

J49 z- J27

PCR product

HNs CNd C H E(B)
pJCP484

3kb

Fig. 7.3. Physical map of part of the cpsfgc locus. Boxed arrows represent potential ORFs. Gene

designations are indicated below the map; cpslgcB-S are abbreviated to B-S, respectively. Restriction sites

are as follows;8, Bam}JIi C, Clal; E, EcoRI; H, HindIlI; Nd, NdeI; Ns, NsiI. 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 l9C.

EcoRI, 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

cpslgc 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 cpsl9b sequence. This region contains the homologues of cpslgbR, cpsl9bl and

cpslgbK (cpsL9cR, cpslgcJ and cpslgcK) which exhibited 98.5Vo, 99.7Vo and 94.9Vo

identity, respectively. The sequence then diverges (at nucleotide 2,906 of the cpsl9c

sequence) just prior to the end of cpslgcK; the sequence of nucleotides 2,954-3,155

exhibits 74.8Vo identityto the 5'region of cpslgbL but does not encode an ORF, and the

sequence then diverges as shown in Fig. 7.4^. An additional potential ORF, designated

cpslgcS (shown in Fig. 7.3), is located between cpsl9cK and cpsl9cL and has a TTG start

codon, which is preceded by a ribosome binding site, as shown in Appendix VI. The

7. Type l9C cps locus
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cpsL9c

cps79b

cPs79c

cps79b

cps19c

cps79b

cps79c

cps19b

cps19c

cps79b

cps19c

cps19b

cps19c

cps 1 9b

cps19c

cps79b
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. . .cpslgcK-+ J
MS QAS N P Y G KGD A S KQ IVH I I. S G I *

AATGAGTCAAGCTAGTAATCCTTATGGAAAAGGT GATGCTAGlAAACAGATTGTTCATATTTTAAGCGGAATTTAAGCGAGGCCAA

AÀTGAGTCAAGCTAGTAATCCTTATGGAAATGGTGATGCTAGTAAACAGATT
MS9ASNPYGNGDÀSKQI

...cpsL9bK-+

J cpslgcL-+

GlTCGAATTTTACGTGGAATTTGAGTGTGTTTAG
\¡RIf,RGI*

I

B

ATAAAGTAATAAAAAACACTA- __TCTTÀ'TÀÀAÀOCiTÀEIGÀTCTTGlAGlTGÀTTCGC'GAACATGTTCÀTATCCTTTGÀCTCGÀG

ATAAAGTAATACAGAAAGGTACCCTACTATGAAAGGTATTATTCTAGCAGGTGGTTCGGGGACTCGCTTGTATCCTTTGACTCGCG
MKGITIAGGSGlRLYPITRA

cpsl9bL-+

CTAcÀIÀÀAÀATÀÀCTfGTGCTGATTTÀTGATAGATCGÀTAÀTITÀCTA-CTÀCIIEGc'AcÀÎIGÀTGTTÀGCÀGTTÀIlAc'GGÀT

CTGCATCAAAACAACTGATGCCGGTTTAT GATAAACCCATGATTTACTACCCACTTTCAACATTGAT GTTGGCTGGAATTAGGGAT

A S KQ LM P VY D K P M I Y Y P T, S T ],MI, A G I RD

I\y
GETTTGATTÀACTCÀÀCTTlTCÀGGÀITCGCCTTGCÍITCTÀGATTTTCTTCT_ GATTTTTATCATTACTTCAGTAAGTTAAATCG

ATTTTGATTATTTCCACTCCACAGGATTTACATCGÀTTCCAAGAGCTTCTTCAAGAC GGATCTGAGTTTGGGCTCAAACTTTCTTA
I L I T S T P Q D I, HR F Q E I I Q D G S E FGI KL S Y

I

TAATCTCTTCTCCAGlATTTGTAGTAGAATTAAGTGTTCTTGATTAAAATAAAGAAC- -ACAACACTTTTTATTCAGTGTTGTGTA
: : :::: : : : ::: : ::: : : : :: : : : : : :: : ::: : : :::::

AATGAGTCAAGCTAGTAATCCTTATGGAAAT -GGT GATGCTAGTAAACAGATTGTTCGAATTTTACGTGGAATT _TGAG-TGTGTT

MS QASNPYGN GDAS KQ IVRI I,RG ] *

. . .cpsl9bK-+

TcccTcAA- -ACcAAAcGAACc-ATTcIAcTTATGAÀÀGGßÀTTATICTcGcGctGTGGTTCGC'GGACÀCGTTTÀTATCCTTTGACT
MKGIILAGGSGTRI,YPLT

TAGATAAAGTAATACAGAAAGGTACCCTAC _TAT GAAAGGTATTATTCTAGCAGGTGGTTCGGGGACTCGCTTGTATCCTTTGACT
M-KGIII.ÀGGSGTRLYPLT

1 cpslgbL-+

R AA S K Q I. M P \'Y D K P M I Y T P L S T LM I' A G I R'

CcAcCTGCAICAAAcCÀACTGATc'ccGGITTATGATÀA.LCCGATGAITTACTÀCCCACÍTICÀÀcTTre'AIGTTGGICTGGGÀTTAG

CGCGCTGCATCAAAACAACTGATGCCGGTTTATGATAAACCCAT GATTTACTACCCACTTTCAACATT GATGTTGGCTGGAATTAG

RAÀ S K Q I, M P V Y D K P M I Y Y P L S T L M I. A G I R'

D I I, I I S T P Q D I, P R F K E T'T'Q D G S E F G T O I' S

GGÀÎATTTÍGÀETÀTCTCÀACTCCTCÀÀGATÍTGCCICGTETTÀÀIIGAGCTCCTTCAAGATGGCTCTGAGTTTGGGATTCAATTGT

GGATATTTT GATTATTTCCACTCCACAGGATTTACATCGATTCCAAGAGCTTCTTCAAGACGGATCTGAGTTTGGGCTCAAACTTT
D T T, I I S T P Q D I, H R F Q E I, I' Q D G S E F G ]' K I' S

Fig.7.4. Homology between cpslgb and cps(9c. Location of the approximate points of sequence

divergence, at the end of cpsIgK (A), and immediately upstream of cpsI9L (B). Nucleotides 2,850-3,188 and

4,905-5,243 of the cpslgc sequence are represented in panels A and B, respectively. The cpsl9b 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 cpsl9c and below the sequence for cpsl9b. The stop

codons are underlined and the ATG start codons are double underlined. The repeated sequence in cpsl9c 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 cpsl9c sequence again

shows similarity to the cpslgb sequence, starting from nucleotide 5,017 (Fig. 7.aB); this is

immediately before the start of the cpsl9cL gene, which has 90.6Vo identity to cpsl9bL.

Thus, the first 200 nucleotides of cpsl9cL are duplicated in the cpsl9c locus, with77.8Vo

identity between the copies present immediately downstream of cpsl9cK and at the 5' end

of cpsl9cL, as shown in Fig. 7.4. There are potentially significant intergenic gaps

immediately before and after the cpsl9c,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 Cpsl9cS

The type l9C-specific ORF cpsl9cS is located between cpsl9cK and cpsl9cL in

the cpslgc 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 [9S2]) of -0.23 and a predicted pI of 5.18. The region

from the 3' end of cpslgcK to the 5' end of cpsl9cL has a G+C content of 30.4Vo

increasing slightly to 3l.4Vo for the cpslgcS coding region. This is lower than the VoG+C

of the two flanking genes cpsl9cK (35.3Vo) and cpsl9cL (42.6Vo).

Database searches with CpslgcS 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\. CpslgcS exhibits 2l%o identity along its entire length to 'WaaG

(Table 7.2), an cr(l+3) glucosyl transferase involved in LPS core biosynthesis in E. coli

7. Type l9C cps locus
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and ,S. enterica serovar typhimurium (Heinrichs et aI., 1998). Thus, Cpsl9cS could

function as the glucosyl-transferase required for the addition of the p(l+6) linked Glc

side-chain to the backbone in type l9C CPS biosynthesis.

Table7.2. of to other

Toldentitt'
Mj

RfbU
Aa

Mtfc
Sa Ye

TrsD
Af
Gal

Vc
RfbV

Ea
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St
WaaG

Sp

CpslgcSb

MjRfbu'

AaMtfCd

AfGal'

SaCapMr

YeTrsDs

VcRfbVh

EaAmsD'

StWaaCJ

26

u27l
100

28.5

tls8l
30.3

tle5l
100

22.9

t223)
34.2

lleOl
24.8

[311]
r00

32.3

te3l
25.4

[2441
23.7

t3sel
25.1
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100
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12221

26.3

lt7el
2t.6

t3611

20.9

13441

25.6
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26.8

lt42)
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l2t3l
34.6

Í3731
24.5

13721

20.9

134el
30.3

t16sl
100

22.2

l22tl
26.9

tl lel
23

t1831

25.6

[203]
r7.7

Í2201
33.1

13621

26.3

us2l
100

2t

t3001

30.4

t1611

21.9

12331

27.9

t1831

13.9

l23ol
20.7

Í227)
22.8

t1361

19.8

ltl7l
100

28.7

[e4)
24.3

lt73l
19.5

t2461
21.5

lzst)
t5.2

ï2301
25.4

[114]
22.4

[2s0]
25.2

u 111

21.6

tr80l
100SpCpoAk

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 Vo identity occurs.

b. S. pneumoniae Cpsl9cS
c. Methanococcus jannascl¡ii RfbU (GenBank accession no. F64500)

d. Aquiþx aeolícus MtfC (GenBank accession no. 4E000693)
e. Archaeoglobus fulgidu.r galactosyl fransferase (GenBank accession no. 4E000983)
f. S.aureus CapM(Lin etal.,1994)
g. Y. enterocoliticaTtsD (Skurnik et al., 1995)
h. Vibrío cholerae RfbV (Fallarino et al.,1997)
i. E amylovorø AmsD (Bugert and Geider, 1995)
j. S. enterica serovar typhimurium WaaG (Hein¡ichs et a1,,1998)
k. S. pneumoniae CpoA (Grebe et a1.,1997)
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Fig. 7.5. Alignment of Cpsl9cS. Alignment of Cpsl9cS with M. jannaschii RfbU (MjRfbU) (GenBank

accession no. F64500), A. aeolicus MtfC (AaMtfC) (GenBank accession no. 4E000693), A. fulgidus Galtf
(AfGal) (GenBank accession no. 4E000983), 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 (EaAmsD) (Bugert and Geider, 1995),and S. enterica serovar typhimurium V/aaG (StWaaG)
(Heinrichs et al., 1998). as determined using the default settings of the program CLUSTAL. Residues

identical to CpslgcS are boxed; similar residues are shown in red; - indicates absence of a residue.
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7.2.3 Serotype specificity of cpsl9cS

To examine the relationship between cpsl9cS and encapsulation loci of other S.

pneumoniae serotypes, a SacI-Hindltr DNA fragment from a nested deletion derivative of

pJCP484 corresponding to nucleotides 3,160-4,269 of the cpsl9c sequence was labelled

with DIG and used to probe (at high stringency) Southem blots of restricted chromosomal

DNA from representative pneumococci belonging to the following types/groups;2,3,4, 6,

JF, 78,8, 9N, 9V, 12, 14, 16, IJ , 18, l9F, l9A, l9B, 20, 22, 23F and 24. None of these

serotypes had a high stringency homologue to cpsl9cS (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 Þ(1-+6) linkage (van Dam et al,1990).

7.2.4 Transformation of S. pneumoniae type 198 to type 19C

In section 5.2.4, capsule production was altered from type 19F to type 198 by

replacing cpsL9flJ with the central region of cpsl9b, which contains the cpsl9bPIQRJ

genes, and determines the 198 serotype. A similar approach was taken to determine

whether cpslgcS is indeed the gene responsible for the additional Glc side-chain which

distinguishes type l9C CPS. A large PCR product of the cpsl9c region between cpsl9cF

and aIiA was amplif,red using primers J5 and J36 (Table 2.4) and transformed into Rxl-

19F-I (an unencapsulated, Ery-resistant derivative of Rx1-19F, in which the cpsl9fl 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 cpsl9cPIQRJ genes required for both type l9B and 19C CPS biosynthesis as

well as cpsl9cS. The cpsl9cK gene, which is located between cpsl9cJ and cpsl9cL,

would also replace the almost identical cpsl9fK gene (94.9Vo identity). However, the

7. Type l9C cps locus
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encoded UDP-GlcNAc-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

pVA891 and the cpslgfI gene, and the presence of each of the cpsl9cP, "/, and S genes

(Fig. 7.6). The presence of cpslgcP and J genes in the Rx1-19C transformant were

confirmed using the cpslgbP and cpsl9bJ gene probes because these cpsl9b genes are

>95Vo identical to those in cpsL9c. The production of a type 19C capsule by the

transformant, designated Rxl-l9C, was then confirmed by quellung reaction. This shows

that it is possible to alter capsule production from type l9F to type 19C by replacing

cpsL9flJ with the cpslgcPIQRJ genes (required for both type 19B and l9C CPS

biosynthesis) and the cpslgcS gene, which determines the 19C serotype.

A cpslgbP

)"1234
cpsl9bJ

| 23 4

C cpslgcS

72341,
D cpsIgJI

| 23 4 À

B
¡.

-T
r - 23kb

- - 9.4kb
- - 6.6kb

- 4.4 kbT
-r¡ - 2.3 kb

- 2.0 kb

Fig. ?.6. Southern hybridisation of Rxl-l9F, 198, Rxl-l9C and 19C. Rxl-l9F (l), l9B (2), Rxl-l9C
(3), and 19C (4) were probed wíth DlG-labelled probes specific for cpsl9bP (Ã), cpsl9bJ (B), cpsl9cS (C)

and cpsl9fl (D).

7.2.5 Characterisation of ISI9C, located in the 5' intergenic region

Sequence analysis of the 5' intergenic region between dexB and the cpsl9c 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 ISl2)2,just upstream of the

cpsl9c 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 ISI202 and opposite to the cpsl9c genes. This putative

transposase has 6l .57o identity to the transposase encoded by ISI239 from S. 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
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7207
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RKGVKKQAS PNF KPÀGKS I E ER P DV I NI,RLENG

HYE I DT VI, L TKI KNYCLLVLT D RR S RHQ I IRL I P

NKTÀE SVNQÀLT LLLGEHR I L S I TÀDNGSEFKR

I, S EVF P E E H I Y YAHÀ Y S S WE R G S N E NHN R I, I R R

W L P E G T K K T T P K E VÀ F I E N W I N N Y P K K C I, D Y K S P

-35

-10

ÀÀCÀTTTGÀCAÀTÀGÀTÀACCGTCGCTTGATTGAGCGGTGGÃÀGAÀTGAÀÀÀÎÀAGTCCÀÀTCGTGÀÀATTGCÀGGCTTGÎTAGGAAÀGGCGCCÎCÀÀÀC

GÀTÎCATÀÀTGÀÀGTCÀÀÀÀGAGGTÀCÀÀCTTTACÀÂCÀAGTGÀGAÀÀÀGGGCTATÀCÀÀÀAÀGGTCTÀTTCTGCCGÀTTÀCGCÀCAÀÀCTGTTTACCÀÀ

TTCÀÀTCGAÀÀÀCGGTCGGTGÀÀÀÀÀGTTÀATTTTÀÀCÀÀÀGGÀÀÀÎCÀGAGAGAÀGÀTCTTACAClATCÀTÀÀGCAÀÀÀÀTTTTCGCCTGÀÀÀTGÀTGG

TTÀÀCÀÀGÀÀGCÀÀGTGÀÀÀGTTGGTATTTCÀÀCCÀTCTACTACTGGTTTCÀTÀÀTGGTCÀTîTÀÀGATTÀACGAÀCGCCGÀCÀTGCTTTÀÎCCCÀGÀÀÀ

ÀÀGGAÀÀGGTGTCÀÀGÀÀGCAÀGCTÀGTCCGÀÀCTTT.AÀGCCGGCAGGIÀÀÀTCTÀTCGAÀGÀÀCGTCCTGÀCGTTATTÀÀTCTTCGCTîGGAÀÀÀTGGT

ÀTTG/IClGAGGTÀTTTCCTGÀGGAÀCÀTÀTCTÀCTÀCGCÀCÀTGCTTACTCTTCÀTGGGÀGAGÀGGTTCAÀÀTGÀ.AÀÀTCÀTAÀTCGÀ1TAÀTTCGGAGÀ

CAÀÀTGAÀTTTCTTTTG(rct.t'GrcETÀåCIîCTÀCTTGÀÀATTTGGo¡TCOI.f, !¡(x¡OÀ¡I
NEFLLGG*

ßig.7.7. lslgC. The sequence of IS,|9C as shown above corresponds to nucleotides 1,644-2,875 of the

sequence available under GenBank accession no.4F105115. The translation of the putative transposase is

shown in single letter code above the first nucleotide ofeach 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 ISl9C 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.

7. Type l9C cps locus



n4
Table 7.3. Similaritv of the nutative transDosase encoded bv IS19C to other transoosases.

Voldentitt'
IS19c rst239 rsl161 154351 151470 151070 IS108ó IS30 151394

IS19cb 100

tsI239"

IS11ó1 d

rs4351"

rs1470f

rs1070c

IS108ó h

IS3O'

TS]394J

67.5

t3l4l
100

36.2

Í2321
29

t3141

100

JJ

t3181

31.5

[3211
27.7

t3281

100

31.5

t30sl
31.8

t3331

36.3

13441

4t.2

u70l
100

31.I

lzs4l
30.7

l24rl
34.5

l2o3l
30.7

t3131

31.5

Í3021
100

28.8

Í3261
28.8

Í3261
26.5

t3361

30.5

Í32s1
26.8

t3401

30.8

t2081

100

28

l32rl
26.2

í3211
28.7

t3281

3t.6

[326]
30.8

t3341

28.6

t2801

4t.l
t3261
100

26.9

t3081
29

t3281

28.r

132Ol

33

13241

29.2

13321

33.3

t2041
58.3

Í3261
42.2

I32el
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 Vo identíty occurs'

b. S. pneumoniae lSl9C putative transposase
c. S. pyogeneslSI23g putative transposase (Kapur et al.,1994)
d. Streptococcus salivarius IS//ó1 putative transposase (Giffard et al.,1993)
e. Bacteroides fragilislS435I putative transposase (Smith, 1987)

f . Clostridium perfringus ISI470 putative transposase (Brynestad et al', 1997)
g. Leuconostoc lactislsl070 putative transposase (Vaughan and de Vos, 1995)

h. Ralstonia eutropha IS108ó putative transposase (Dong et al., 1992)
i. E. coli IS30 transposase (Dalrymple et al., 1984)
j. Pseudomonas alcaligeneslsl3g4 putative transposase (GenBank accession no.U37284)

7.3 Conclusions

The cpsl9c locus is almost identical to the cpslgb locus except that an extra gene

(cpslgcS) has inserted between cpslgcK and cpsl9cL. 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 198 and/or 19C CPS, Cps19cS, Cpsl9P and Cpsl9Q, 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 specif,rc 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 Cpsl9l. It is interesting that the Glc side-chain does not appear to

interfere with the function of either the repeat unit transporter (Cpsl9bJ and Cpsl9cJ) or

the polysaccharide polymerase (Cpsl9bl and Cpsl9cf), as the proteins encoded by cpsl9b

and cpsl9c are almost identical (99.lVo and>95Vo, respectivelY) and are able to function in

the biosynthesis of both the type 19B and type 19C CPS.
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Chapter I

DISCUSSION

8.1, Introduction

S. pneumoniae gtoup 19 is the first group for which the cps loci from all the

members (19F, 194, l9B and 19C) have been completely characterised. Functions have

been assigned to the majority of the cpsl9 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 cpsl9loci contain sufficient genetic information

for expression of type-specific CPSs.

Comparison of the cps loci from all four members of group 19 and to the cps loci

from other pneumococcal serotypes will be discussed below.

8.2 Analysis of the S. pneumoniøe group t9 cps loci

8.2.L Comparison of the group 19 cps loci

The structural similarities between the CPS repeat units from all four members of



tl7
serogroup 19 (19F, 194, 198 and 19C) ¿ìre reflected in the highly conserved arrangement

of their cps loci, with 13 genes (cpsl9A-H, and K-O) cortmon to all four serogroup

members, as shown in Fig. 8.1,. Nearly all of the common genes from types 19F, 19B and

19C are >95Vo identical to each other, whereas those from the type 194 cps locus are more

divergent.

Although the cpslga and cpslgfloci a¡e identical in the number and arangement of

the genes present, the similarity between individual genes va¡ies fromJÙVo to 99Vo 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 (a(1+2) for 19F and ct(1+3) for 194) (Fig.

S.1A). Hypothetically, only a difference in the cpsl9al gene, which presumably encodes

the polysaccharide polymerase responsible for this linkage, is required to change a type 19F

pneumococcus into type 194. The results of the present study are consistent with this

hypothesis. A transformation event in which the region of the cpsl9a locus encoding most

of Cpsl9aH, all of Cpslgal and the first 76 amino acids of Cpsl9al replaced the

homologous portion of the cpslgf locus was sufficient to convert CPS type from 19F to

194 (section 6.2.4). Given that Cpsl9ffI and Cpsl9aH arc >95Vo identical, it seems

probable that Cpslgal is solely responsible for the observed alteration in CPS type.

The degree of divergence between the type l9F and l9A 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 cpslga locus is higher than that for cpsl9f (section 8.2.2). In chapters 4 and 6,

sequence va¡iations between the cpsCDE genes among different pneumococcal serotypes

identified two distinct classes of cps loci. Type 194 was recognised as a class II locus

whereas the other members of group 19 belonged to class L Thus, the marked difference

8. Discussion
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Fig. 8.1 Comparison of the CPS structures and the cps loci of S. pneumoniae grottp 19. A. CPS repeat

unit structures. The part of the CPS repeat unit structure shown in black is conìmon 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 l9A, the additional sugars comrnon to l9B and

19C are shown ín red, and the additional glucose side-chain in 19C is shown in green. B. The cps loci. The

genes of the cpstgf \ocus are shown in dark blue, and Ihe cpslgf homologues from other group 19 members

with>90Vo identity are also shown in dark blue. The cpsl9a genes which have'10-907o identity to the cpsl9f
homologue are shown in light blue. The l9B and 19C specific genes are shown in red and the additional l9C
specific gene is shown in green.
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between the genes at the 5' end of the type 194 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 cps19fl and J, which encode the type 19F

polysaccharide polymerase and repeat unit transporter, respectively, are not found in the

type l9B cps locus. In type 198 this region of the cps locus (between cpsl9bH and

cpslgblQ 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 l9F pneumococcus to type 198 (section 5.2.4).

The type l9C locus is virtually identical to the type 198 locus, with the cpsl9c

genes exhibiting >95Vo identity to all 18 of the cpsl9b genes, differing only in the insertion

of a glucosyl transferase gene (cpsl9cS) between cpsl9cK and cpsl9cL 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. 8.14). 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 cps 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 Cpsl9A and Cpsl9B are still unknown, and

hence, are not included in Fig. 8.2.

8. Discussion
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8.2.2 Distribution of the cpsl9 genes in other pneumococcal serotypes

When the distribution of the cpsl9 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 cpsC and cpsD genes existed as two distinct classes,

designated class I and class II. The cpsU gene, encoding the glucosyl transferase which

adds Glc-l-phosphate to the lipid carrier, is also conserved as two distinct alleles in the

class I and class n 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 tr loci which

may have evolved from two distinct clonal ancestors, based on the degree of nucleotide and

amino acid similarity between them. Whereas, cpsC-E genes in the same class share >95Vo

identity at both the DNA and amino acid level, they share only 70-80Vo 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 cpsB in

most serotypes.

Homologues of the four genes involved in dTDP-Rha biosynthesis (cps19L-O)

were also present in all serotypes tested that contained Rha in their CPS. A homologue to

cpsl9fF, a putative ManNAc transferase responsible for linking ManNAc via a B(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 cpsl9 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 fuom27-43Eo, with genes of similar G+C content clustered together in a mosaic

structure. The G+C content of some of the cp.r genes are atypical for pneumococci and this
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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

cpsl9a locus are consistently higher (up to 6.5Vo) than that for the respective cpsl9f gene,

suggesting a distinct ancestral origin for these two loci.

Also of interest is the low G+C content of the type l9B-specific gene cluster

(cpsL9bPIQR"I), which ranges from27.2-29.l%o for the individual genes (Table 8.1). This

is comparable to the G+C content for the cpsl9fIJ gene cluster of 29.7Vo, but differs

considerably from the remainder of either of the loci, which ranges from 30.3-42.3Vo G+C

in the cpsl9f locus (Table 8.1). Conversely, the four type 19F genes encoding dTDP-Rha

biosynthesis (cpsI9fLMNO) have G+C contents ranging from 4I.5-42.3Vo, 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 35.17o (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 cpsl9loci

All the cpsl9 loci examined contained an identical consensus o70 promoter

(TAGACA-I7 bp-TATAAT) just upstream of the first ORF, as described for cpsl9f

(Guidolin et al., 1994). All cpsl9 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 cpsl9loci in the 3' intergenic region (section 3.2.I). Thus the entire
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Table 8.1. The G+C content of the cpsf9 senes.

VoG+C

Gene 19F l9A l98 19C

cpsl9A
cpsI9B
cpsl9C
cpsl9D
cpsl9E
cpsl9F
cpsI9G
cpsl9H
cpsl9I
cpsl9J
cpsl9K
cpsl9L
cps19M
cpsl9N
cpsl9O
cpsl9P
cpsl9Q
cpsl9R
cpsl9cS

38.1

38

38.2

34.5

33.2

33.6

36.3

30.3

29.7

29.7

35.2

42.3

41.5

42.1

4t.5

39.5

41.3

42.t

4t
37.7

34.1

3',1.2

32.2

32.7

33

36.9

43.3

4t.2

42.4

41.3

NS

NS

NS

NS

NS

34.2'

36.6

30.2

27.2

29.5

35.2

41.9"

NS

NS

NS

29.5

29.7

27.2

NS

NS

NS

NS

NS

NS

NS

NS

NS

29.9

35.3

42.6'

NS

NS

NS

NS

NS

26.4'

31.4

NS, denotes not sequenced; "-", denotes absence of gene in that serotype; "*" denotes only part of the gene

was sequenced.

dexB 151202 A B CD E F G H I J K LMN O aliA

39%

cps 19f

cpsl9a

cpsl9b

42% 39%

A BCDE FGH I J KLMNO

FGH P I Q -R J KL
DD

DI
FGH P I Q ]? J K^SL

Lr. Icpsl9c
-- 

J

I q-+tN I z+-zsw I zt-tzyo 27-30Yo

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 Vo G+C is shown on
the map. Portions of the cpsl9b and cpsl9c loci are not shown, as they are >957o identical to cpsl9f.
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loci are probably co-transcribed in each of the four serotypes.

Although most of the cpsl9 genes used an ATG initiation codon, a few of the genes

were predicted to use a TTG initiation codon. For one of these (cpsI9fII) use of a TTG

initiation codon was conf,rrmed by T7 expression studies ín E. coli (section 3.2.5). The

cpsl9il homologues in the cps loci of the other members of group 19 also have TTG

initiation codons, as does cpsl9aG.

8.3 The cps loci from other S. pneumoniøe serotypes

Since the publication of the first six genes of the cpsl9f locus (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; Ìv{uñ.oz 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 cps 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 aI., 1998:' Llull ¿r 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 cps loci.

8.3.1. The S. pneumoniae type I cøp locus

The S. pneumoniae type 1 cps locus (Muñoz et al, 1997) has 1l ORFs, designated

caplA-K, and the predicted functions of their protein products are listed in Table 8.2. The
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cpr locus is flanked on both sides by I51167 and redundant copies of the genes required for

dTDP-Rha biosynthesis (orfl-4) were found downstream of the 3' copy of 151167. 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, pneumoniae cøpl" ORls
ORF Predicted or known function Similar proteins (% identity)

capIA

caplB

capIC

caplD

capl E

capl F

caplG

caplH

capl I

capIJ

capIK

orll

orp

orf3

orÍ4

regulation?

unknown

chain length regulation/export

chain length regulation/export

galacturonic acid transferase

acetyl transferase

glycosyl transferase

polysaccharide polymerase

repeat unit transporter

galacturonic acid epimerase

UDP-glucose dehydrogenase

glucose- I -phosphate thymidylyl
transferase

dTDP-4-keto-6-deoxyglucose-3,5-
eplmerase

dTDP-glucose-4,6-dehydratase

dTDP-L-rhamnose synthase

S. pneumoniae Cpsl9fA (>987o)

S. pneumoniae Cpsl9fB (>98Vo)

S. pneumoniae Cpsl9fC (>987o)

S. pneumoniae Cpsl9fD (>987o)

Proteus mírabilis Cpsf'ò 1:l.Sø¡
S. dy s e nt e riae Rfp' (29.l%o)

Rhizobium le guminosariøn Nodld (3O.3Vo)

E. coli Kl2 LacA" (29.1Eo)

S. aureus CapJr (3O.lVo¡

E. coli Kl2 Wcalg (l9.5Eo)

M. jannøschü MJ1068h (22.7Eo)

Shigella sonnei form I ORF3' (22.3Vo)

V. cholerae Orf9 (53.2Vo)

E. coli K12 GalEk (27.57o)

S. pneumoniae Cap3Ar (61.77o)

S. pneumoniae Cpsl9fL (96.lVo)

S. pneumoniae Cpsl9fM (98Vo)

S. pneumoniae Cpsl9fN (98.8Vo)

S. pneumoniae Cpsl9fO (97.5Vo)

The sequences can be found under GenBank accession nos: a, 283335; b, L36873; c,527671; d,X17557; e,

X51872;f,U10927; g,X56793;h,U67549; i, U34305; j,U47057;k,X06226;\A:7210.

8.3.2 The S. pneutnoniae type2 cps locus

The S. pneumoniae type 2 cps locus has recently been sequenced by lannelli et al.

(1998), and consists of 17 ORFs, designated cps2A-O, P and T, and the predicted functions
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of their protein products are listed in Table 8.3. Interestingly, the cps2F gene product has

signif,rcant similarity to the experimentally determined galactosyl transferases, Cpsl4J and

Cpsl4l, from 
^S. 

pneumoniae tpe 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^ OR.Fs

ORF Predicted function Similar proteins (7o identity)

cps2A

cps2B

cps2C

cps2D

cps2E

cps2T

cps2F

cps2G

cps2H

cps2I

cps2J

cps2K

cps2P

cps2L

cps2M

cps2N

cps2O

regulation?

unknown

chain length regulation/export

chain length regulation/export

glucosyl- I -phosphate transferase

rhamnosyl transferase

rhamnosyl transferase

glycosyl transferase

polysaccharide polymerase

glycosyl transferase

repeat unit transporter

UDP-glucose dehydrogenase

UDP-galactopyranose mutase

glucose- I -phosphate thymidylyl transferase

dTDP-4-keto-6-deoxyglucose-3,5 -epimerase

dTDP- glucose-4,6-dehydratase

dTDP-L-rhamnose synthase

S. pneumoniae Cpsl9f[ (96Vo)

S. pneumoniae Cpsl9fB (847o)

S. pneumoniae CpsI9fC (677o)

S. pneumoniae CpsI9fD (78Vo)

S. pneumoniae Cps23fBb (957o)
S. pneumoniae Cpsl4B" (60Vo)

S. pneumoniae Cpsl9tr (6OVo)

S. pneumoniae Cps23rt g9o)

S. mutans RgpBcd (337o)

S. pneumoniae Cps}3flJb (23Vo)

S. pneumoniae CpsI4J" (l9%o)

S. pneumoniae Cpsl{I" (I8Vo)

S. pne umonia¿ RPNOOI 03' (357o)

S. pneumonia¿ RPN00642' (20Vo)

N. meningitidi.s lcsAr (197r;

S. pneumoniae Cpsl{H' (2l%o)

S. pneumoniae Cpsl9fl (207o)

S. flexneriRfcs (227o)

N. menin git idi s FifaKh (25Vo)

N. menin gitidis Ics At (24Vo)

S. pneumoniøe Cps23fJb (36Vo)

S. pneumoniae CaplK' (89%) 
.

S. pne umo niae Cps3D (Cap3 Ak)(1 4Eo)

E. coli Ctl 6lEo)
My c o bacte rium tub e r c ulosis Glf- (5 8 7o)

S. pneumoniae Cpsl9fl, (917o)

S. pneumoniae Cpsl9fM (96Vo)

S. pneumoniae Cpsl9fN (997r)

S. pneumoniae Cpsl9fO (99Vo)

The sequences can be found under GenBank accession nos: a, AFO2647I; b, AF030373; c, X85787; d,

48010970; e, GenBank unfinished genomes (TIGR Genomic Database); I U39810; g,X7l97O; h, U58765;
i,283335: j, U15171; k,ZA'l2lO; I, 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 cps3lcapi locus contains six ORFs, only

four of which are transcribed. These four genes, have been designated cps3D, S, U and M

by Dillard et aI. (1995) and cap3B, A, C and D by Anecubieta et aI. (1995). The predicted

functions of their protein products are listed in Table 8.4.

Table 8.4 Predicted functions of S. ORFs
ORF Predicted or known function Similar proteins (7o identtty)

cps3D/cap3A UDP-glucose dehydrogenase S. pyo g ene s HasB' (57 7o)

E. cotivgad çss.luo¡

S. pyo gene s HasA" (25.87o)
R. metilotiNodcr (21 7,)
S. cerviciae Csd2s (24.Wo)

S. pyogenes HasCh (787o)

B. subtilís GtaB' (557o)

B. subtilis YhxBr (38.67o)
E. coliPgmUk (22.6Eo)

cps3S/cap3B type 3 synthase

cps3U/cap3C glucose- I -phosphate uridylyltransferase

cps3M/orf3 phosphoglucomutase

The sequences can be found under GenBank accession nos: a, U66846, U15171, and U66845; b,7A'l2lO) c,

LO8444; d, U90519; e,L2ll87; f, X01649; g,M73697; h, Q54713; i,299122; j,Yl4O79; k,4E000172.

8.3.4 The S. pneumoníne 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 cps4 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, a¡e 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. pneumonioe cps4 OR'f.s

ORF Predicted function Similar proteins (7o identity)

cps4A

cps4B

cps4C

cps4D

cps4E

cps4G

cps4H

cps4I

cps4J

cps4K

cps4F N-acetyl fucosamine transferase

regulation?

unknown

chain length regulation/export

chain length regulation/export

galactosyl-l-phosphate transferase

N-acetyl mannosamine transferase

N-acetyl galactosamine transferase

polysaccharide polymerase

pyruvyl transferase

repeat unit transporter

S. pneumoniae Cpsl9fA (94.2Vo)

S. pneumoniae Cpsl9fB (86.880)

S. pneumoniae Cpsl9fC (865Vo)

S. pneumoniae Cpsl9fD (943Vo)

S. aureus Cap8M" (48.67o)

S. aureus Cap5Mb (49.2Vo)

S. enterica serovar typhimurium RfbtÉ (36.57o)

S. aureus CapSLo (23.9Eo)

S. aureus Cap5lb (23.97o)

E. coti Kl2 Wcald (22.67o)

S. aureus CapBH^ (32Vo)

Streptococcus thermophiløs EpsÉ (25.\Eo)

H. influenzae lsg Orf3r (l9.\Vo)

E. coti K12 WcaKd (l7.8Vo)

E. coli Kl2 Rfbxc (2O.9Eo)

Y. enterocolifica TrsAh (l9.l7o)
S. ente rica serovar typhimurium RfbX' (20. I 7o)

B. subtilis Yvytl (63.2Eo)

S, aureus Cap5Pb (57.2Eo)

S. aureus CapSPu (57 .2Vo)

E. coliKlzF(ffE'k 63Eo)

S. øureus Cap8E" (61.3c/o)

S. aureus Cap1Bb (617o)

Y. enterocoliticø TrsGl (33.4V")

S. aureus Cap8F" (45.6Vo)

S. aureus Cap5Fb (46.2Vo)

S enterica serov¿u typhimurium PifbB' (257o)

S. aureus Cap8G" (58.9Eo)

S. aureus Cap5Gb (58.9V")

B. subtilis Yvytf (25.37o)

cps4L UDP-N-acetyl glucosamine-2-epimerase

cps4M UDP-N-acetyl galactosamine dehydratase
(UDP-FucNAc synthesis)

cps4N UDP-N-acetyl fucosamine synthase
(UDP-FucNAc synthesis)

UDP-N-acetyl glucosamine-4-epimerase
(UDP-FucNAc synthesis)

cps4O

The sequences can be found under GenBank accession nos: a, U73374; b, U81973; c,X56793; d,U38473; e,

U40830; f, M94855; g, 4F013583;h,7A'1767; i, X60665; i,2;99122, k, L18799; 1,7A7767.

8.3.5 The S. pneumoníne type 14 cps locus

The S. pneumoniae tpe 14 cps locus (Kolkman et al., I997b) consists of 12 ORFs,

designated cpsl4A-L and the predicted functions of their protein products are listed in

Table 8.6. The functions of the glycosyl transferases have been experimentally

determined.
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Table 8.6. Predicted functions of S. pne

ORF Predicted or known function Similar proteins (7o identity)

cpsI4A

cpsI4B

cpsI4C

cpsl4D

cpsI4E

cpsl4F

cpsI4G

cpsI4H

cpsI4K

cpsl4L

cpsl4l p-1,3-N-acetylglucosaminyltransferase

cpsI4J p- 1,4- galactosyl transferase

regulation?

unknown

chain length regulation/export

chain length regulation/export

glucosyl- I -phosphate transferase

transferase co-factor

p- 1,4- galactosyl transferase

polysaccharide polymerase

unknown

repeat unit transporter

S. pneumoniae Cpsl9fA (96.97o)

S. pneumoniae Cpsl9fB (96.3Eo)

S. pneumoniae Cpsl9fC (92.67o)

S. pneumoniae Cpsl9fD (95.28o)

S. pneumoniae Cpsl9fE (95.87o)

S. enterica serovar typhimurium RfbPb (31.37o)

Sphyngomonas S88 SpsK (33.87o to N-terminal)

Sphyngomonns S88 SpsK' (27.77o to C-terminal)

S. flexner i ntcd lZS.OVo¡
S. enterica serovar typhimurium Rfcb lzl%o¡

R. meliloti ExoO" (26.6Vo)

S. thermophilus Epslr (26.l%o)

S. thermophilns Epslr (43.9Vo)

Y. enterocolitica TrsBs (26.9Vo)

H. influenzae type b Orf4h (28.380)

S. dysenteriae RfbX' (26.1V")

E. coli Kl2 RfbX (337o)

Y. enterocolitica O:3 W zxs (23.57o)

S. pneumoniae Capllk (2O.7Vo)

B. subtitis f agF.i pS.efo¡ortx glycerol-phosphate transferase

The sequences can be found under GenBank accession nos: a, X85785; b,X56793; c, U51197; d,X7197O; e,

222636; f, U40830; 9,2A1767; h, X78559; i,LO7293;j,4F013583;k,283335;1,299122.

8.3.6 The S. pneumoniae type 23F cps locus

The .S. pneumoniae tpe 23F cps locus has recently been determined from two

different isolates (Morona et aI., 1998; Ramirez aîd Tomasz, 1998). The two loci are

almost identical but the gene designations differ. Whereas Ramirez and Tomasz (1998)

have designated the 18 ORFs cps23ÍA-R, Morona et ø1. (1998) have designated the genes

cps23fA-8, I, J, L-O aîd T-2. The latter gene designations are used below because they

take into account the previously published sequence of the dTDP-Rha biosynthesis genes

(cps23fL-O) (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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Table 8.7. Predicted functions of S. pneumoniae ORFs
ORF Predicted function Similar Droteins (% identitv)

cps23fA

cps23fB

cps23fC

cps23fD

cps23JE

cps23fT

cps23fI

cps23fU

cps23JV

cps23fJ

cps23flV

cps23JX

cps23fY

cps23fr

cps23fL

cps23fM

cps23fì,1

cps23fO

regulation?

unknown

chain length regulation/export

chain length regulation/export

glucosyl- I -phosphate transferase

rhamnosyl transferase

polysaccharide polymerase

galactosyl transferase

rhamnosyl transferase

repeat unit transporter

glycerol-2-phosphate transferase

glyceraldehyde-2-phosphate dehydrogenase
(CDP-2-glycerol biosynthesis)

glycerol-2-phosphate cytidyltransferase
(CDP-2-glycerol biosynthesis)

glyceraldehyde- 2-phosph otransferase
(CDP-2-glycerol biosynthesis)

glucose- I -phosphate thymidylyl transferase

dTDP-4-keto-6-deoxyglucose-3,5-epimerase

dTDP-glucose-4,6-dehydratase

dTDP-L-rhamnose synthase

S. pneumoniae Cpsl9fA, (967o)

S. pneumoniae Cpsl9fB (88.57o)

S. pneumoniae Cpsl9fC (69.6Vo)

S. pneumoniae Cpsl9fD (79.3Vo)

S. pneumoniae Cpsl9fE (7l.LEo)

A. aeolicus MtfBb (18.97o)

Synechocystis sp. RfbW" (22.3Vo)

A. futgidus wbaz-f Q5.5vo)

S. pneumoniae Cpsl4J" (3357o)
S. thermophilus EpsÍÎ (367o)

Y. e nt e ro c o lit i c a'Ir sBE (29.7 7o)

S. thermophilns EpsMr (32.l%o)
S. pneumoniae Cpsl{L" (16.7Vo)

Y. e nte r o c o litica Trs Ac (17 .9Vo)

B. subtilis TagFh 127.89o)
S. pneumoniae rype 14 OrfX' (37Vo)

A. fulgidus GldA' (32.37o)
M. jannaschit GIdN (34.480)
B. subtilis AraMk (28.6Vo)

A. futgidus P(fbFt (2'l.sEo)

E. coli NagD^ (327o)
B. subtilis Atalk (26.3Eo)

S. pneumoniae Cpsl9fl (95.5Eo)

S. pneumoniae Cpsl9fM (99Vo)

S. pneumoniae Cpsl9fN (99.77o)

S. pneumoniae Cpsl9fO (99.3Vo)

The sequences can be found under GenBank accession nos: a, 4F030373 and 4F057294; b, .4E000693; c,

D64OO2; d,48001104; e, X85785; f, U40830; g,7A7767;h,299122; i,4E000988;j, V67518; k,Z99tI8;1,
4E001025; m, 4F052007.

8.3.7 The S. pneumoniae type 33F cps locus

The S. pneumoniae tpe 33f cps locus has been sequenced by Lltsll et a/. (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

8. Discussion



191

to other proteins, putative functions could be assigned to all of these proteins, except

Cap33fI.

Table 8.8. Predicted functions of S. 33f ORFs

ORF Predicted function Similar proteins (% identity)

cap33fA

cap33fB

cap3jfC

cap33fD

cap33fE

cap33fF

cap33fG

cap33fII

cap33fI

cap3jfl

cap33fK

cap33fL

cap33fM

cap33JN

(capj3fO)

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 Cpsl9fA (94.280)

S. pneumoniae Cpsl9fB (85.6Eo)

S. pneumoniae Cpsl9fC (7l.3%o)

S. pneumoniae Cpsl9fD (78.47o)

S. pneumoniae Cpsl4Eb (7O.5Vo)

S. pneumoniae Cpsl9fE Ql%o)

K. pne u mo niae RfbC" (347o)

K. pneumoniae OrfTd Q8.7Eo)

S. pneumoniae Cpsl4lb (26.5Eo)

S. pneumoniae Cpsl4Jb (24.9Vo)

S. pneumoniae Cpsl4Kb (22.4Eo)

S. pneumoniae Cpsl4Jb (3l.zEo)

S. pneumoniae Cpsl4lb (34.5Eo)

E. coliYinH" (23.7Vo)

E. coliGlf {(1.68")

B. s ubtilis Yl<rPB (28.4Vo)

The sequences can be found under GenBank accession nos: a, AJ006986; b, X85787; c, L,zll518; d,D21242;
e,P37669; I U09876, g,Z99rtl.

8.4 Analysis of the cps loci from S. pneumoni&e

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. 

pneumonia¿ chromosome between dexB and aliA, and with the exception of type 3,

show a remarkably similar affangement 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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similarities with known proteins. However, Kolkman et al. (1996; l99l) have

biochemically characterised the four glycosyl transferases encoded by genes in the type 14

cps locus. Also, a gene in the type I locus (capLK) has been proven to encode a UDP-Glc

dehydrogenase by complementation analysis (Muñoz 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 cpsC and D are present, but

cps3Plorp (the cpsD homologue) is truncated comparedto cpsD in other serotypes, and no

promoter sequence for these ORFs has been identified in type 3 (García andl-ópez,l99l).

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 sugils. However, this anangement is not

absolute, as the type 14 cps locus does not appear to contain any genes which encode

biosynthetic enzymes (the sequence downstream of orJX 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 cps loci. Types 198 and 19C contain a gene which encodes

an enzyme putatively involved in the biosynthesis of an activated Rib precursor (cps19R) in

their central region, and 19C also contains an additional putative glucosyl transferase gene

(cps19c$ 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 orfl-4) are present in the same position relative to aliA in

the capl locus of all type I isolates examined to date (Muñoz et al., 1997). These cryptic

genes are separated from the capl locus by a copy of 151167 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 I 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 cps3lcap3 locus contains

only three intact genes which are transcribed as a single unit (Arrecubieta et aI., 1995;

Dillard et a1.,1995). The first gene (cps3D or cap3A) encodes a UDP-Glc dehydrogenase

required for the synthesis of UDP-GIcA (Arrecubieta et al., 1994). The second gene (cps3,S

or capjB) encodes the type 3 synthase, a processive p-glycosyl transferase which links the

alternating Glc and GlcA moieties via distinct glycosidic bonds (Arrecubieta et al., 1995;

Dilla¡d et aI., 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 cps3Slcap3B 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 cps3SlcapiB 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 et aI., 1996). The final complete gene in the cps3lcapi locus

(cps3U or cap3Q encodes a Glc-1-phosphate uridylyltransferase (or UDP-Glc

pyrophosphorylase), which is capable of complementing an E. coli gaIU mutant, thereby

confirming its function (Arrecubieta et aI., 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 cps3Ulcaúq has recently been identified and shown to be

located elsewhere in the chromosome (Mollerach et a1.,1998). This is consistent with the

finding that insertion-duplication mutagenesis of cps3Ulcap3C does not abrogate type 3

CPS biosynthesis (Anecubieta et al., 1995; Dillard et al., 1995). On the other hand,

insertion-duplication mutagenesis of the gaIU gene, which is 77Vo identical to cap3C,

resulted in loss of CPS expression in S. pneumoniae type I and type 3 (Mollerach et al.,

1998). Thus it appears thatcps3Ulcap3C is not capable of replacingthe galU gene in,S.

pneurnonia¿ either due to poor expression of the type 3 enzyme or poor affinity for the

substrate (Mollerach et aI., 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 sug¿ìrs, such as Gal, GlcA, 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 gaIU homologue. An
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additional ORF, designated cps3M, is located 3' to cps3Ulcap3C and has similarity to

genes encoding phosphoglucomutases (Dillard et a1.,1995). However, it is truncated at its

C-terminus and may not encode a functional enzyme; insertion-duplication mutagenesis of

cps3M also has no impact on encapsulation (Caimano et aI., 1998; Dillard et a1.,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 II (capL) to 19 (cpsl9c) genes. These loci all contain specific glycosyl

transferases, a putative repeat unit transporter and a putative polysaccharide polymerase

suggesting a coÍrmon 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 cp.r genes. Thus,

each pneumococcal cps locus would be expected to include genes which encode mostly

unique, potentially serotype determining, glycosyl transferases. For example, serot¡pes 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 cps loci from all the serotypes examined, except types 1, 3 and 4,

contain a homologue of cpslgfE (7O-99Vo identity). The closely related cpsl4î gene has

been shown experimentally to encode a glucosyl transferase which adds Glc-l-phosphate to

the lipid carrier in the cell membrane (Kolkmarr et al., 1996), a common first step in CPS

biosynthesis. The absence of a cpsl9fE homologue in types I and 4 is consistent with the

absence of Glc in their CPS. The only other transferase genes which have significant DNA

sequence identity (7l.6Vo) are cps2T and cps23fT which encode putative Þ(1+a)

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 cpsl9JF, 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 cpsl9fF

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; capll and cps2K share 75Vo identity, and the type 3 gene cap3A is slightly more

divergent with only 607o identity to both caplJ and cps2K. UDP-GlcNAc-2-epimerase,

which catalyses synthesis of UDP-ManNAc, is encoded by both cps4L and cpsl9JK which

sharc 707o identity. Both cps2P and cap33fN (83.6Vo identity) are predicted to encode

proteins similar to UDP-galactopyranose mutase which converts UDP-galactopyranose to

UDP-galactofuranose. However, the cps2P gene is truncated at the 5' end compared to

capï3JN and as UDP-galactofuranose is not required for type 2 CPS biosynthesis, cps2P
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may be a cryptic gene within the cps2locus. The four dTDP-Rha biosynthesis genes are

highly conserved in all serotypes containing Rha in their CPS, and have 90-997o 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 ofthe 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 cps locus

(Llull et al., 1998). The orfX gene at the 3' end of the cpsl4 locus is also truncated

(Kolkman et al.,l997b), but a glycerol-phosphate transferase, the predicted product of this

gene, would be required for the biosynthesis of the immuno-cross reactive type 154 CPS

(van Dam et a1.,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 vívo

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) expressíng types 3, 9N, 14, l9A and 19F capsules have been isolated (Barnes et al.,

1995; Coffey et aI.,I99L; Coffey et al.,l998a; Nesin et a1.,1998).
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Completion of the cpsl9f sequence enabled further characterisation of a parental

multiresistant type 23F strain and eight otherwise genetically indistinguishable type l9F

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 a1.,1998b).

Examination of polymorphisms in the conserved regions of the two cps 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 cpsM in one strain and cpsN 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 l9F-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 aI.,l998b).

Multiple serotypes of S. pneumoniae are frequently carried concurrently in the

human nasopharynx (Austrian, 198lb) 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 cps loci

sequenced to date, and in type 1 the locus is flanked at both the 5' and 3' ends by ISI167.

The first IS element identified just upstream of the S. pneumoniae cps loci was ISI202

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 cps-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 a1.,1998; Muñoz et aI., 1997). There are precedents for this in other bacteria; the ,FL

influenzae type b capsule genes, for example, are located on a 17-kb compound transposon

(Iftoll et a1.,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, Muñoz et al. (1997)

have demonstrated that IS11ó7 sequences flanking part of the capl locus cloned in a

plasmid could direct ectopic integration of these genes into copies of 151167 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 cpsl9f locus is immediately upstream of cpslgfA (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 cpsl9f locus in the 3' intergenic region (section 3.2.2). The consensus

o70 promoter sequence (TAGACA-I7 bp-TATAAT) is also present in the same position in

all of the other cps 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 cps3D (cap3A) (Arrecubieta et aI., 1995). Llull ¿l ¿/. (1998) have

shown that the promoter sequences identified for the cps loci in types 1,3, 14 and 33F a¡e

all functional in ,S. pneumonia¿. The transcriptional start site has also been determined by

primer extension analysis of the type 1 locus (Muñoz et al., 1997).

It is possible, however, that the level of transcription of cps loci varies from strain

to strain. Although the -10 and -35 sequences themselves are highly conserved, Llull et aI.

(1998) have noted minor variations in flanking sequences. In type 37 , for example, the -10

and -35 sequences are separated by 16 nucleotides rather Ìhan 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 type37, which

had the weakest cps promoter, produces one of the thickest capsules of all S. pneumoniae

serotypes (Austrian, 198 lb).

Many polysaccharide loci from Gram-negative bacteria (including: E. coli kps, E.

coli KIZ ,fa, S. flexneri rÍb, S. entericø db, Vibrio cholerae ,fb, 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 sta¡t site and the ATG start codon of

cpsA. This is too short for formation of any stemmed-loop structures. Thus, transcription

of the cps 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

8. Discussion



203

thickness. Non-encapsulated pneumococci exhibit higher adherence to human respiratory

epithelial (4549) cells in vitro than otherwise isogenic derivatives expressing either type 3

or type 19F capsules (Talbot et a1.,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 4549 cells relative to opaque

variants of the same strain, as well as an enhanced capacity to colonise the nasopharynx of

infant rats (Cundell et a1.,1995:. V/eiser et a1.,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 cps promoter in S. pneumoniae types l, 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., I99lb;

Muñoz et al., 1997)- These sequences have no obvious function, although Kolk'rnan 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 > 807o 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 cps promoterby lSI202, and so it is difficult to

imagine its involvement in a global regulatory mechanism. Moreover, insertion of the

mutagenesis vector pVA891 intoISl202, which places the 115-bp element more than 8 kb

upstream of the promoter, is known not to affect type l9F CPS production (Morona et aI.,

1994a). As previously mentioned, in type 19F, 151202 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 cpsl9f.

At present the mechanism of regulation of CPS production in S. pneumoniae is not

understood. The only product of the cps 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 cpsl9fA was constructed. This mutant still

produces type l9F CPS, as judged by quellung reaction. AIso, 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

cpsl9f 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 aI. (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, Ga¡cía et aI. (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 teichoíc 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 V/eiser, 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 cpsC and D gene products are predicted to function in CPS chain length

regulation and expof in an analogous fashion to ExoP from R. meliloti (Paulsen et aI.,

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 a1.,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 cpslgfC and cpslgJD were constructed. These mutants no longer produced
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type l9F 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 cpsC and cpsD genes (class I and class If) have been

identified in pneumococcal cps 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. melíIoti, AmsA in E. amylovora and Orf6 in K. pneumoniae O1:K2) with

separate domains homologous to either CpsC or CpsD (Whitfield et a1.,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. pneumoniøe cps locus to other Gram-positive
cps loci

To date, CpsA and CpsB homologues have only been found in ORFs cloned from

8. Discussion
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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 28Vo identity to

Cpsl9fA. 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 Streptococcøs species. In S. aurelts

types 1, 5 and 8 capsules, the L. lactis EPS and a polysaccharide from B. subtilis, the

homologues are ordered cpsC, D and then B. However, the cpsC homologue is not

necessarily the first gene in the locus; in both the eps locus from L. lactis and the yw4 locus

from B. subtilis, there a¡e two genes preceding the cpsC homologue (unrelated to the

pneumococcal cpsA or B genes) one of which encodes a protein (EpsR) with similarity to

DNA-binding regulatory proteins (van Kranenburg et aI., 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 (23.6Vo 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., 1991).

In group B streptococci, an additional gene located upstream of the cpsA homologue, but

transcribed in the opposite direction, encodes a protein (CpsY) with similarity to the LysR

8. Discussion
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family of DNA-binding transcriptional regulators (Koskiniemi et at.,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 biosvnthesis loci of Gram-positive bacteria

Homologues to: CpsA CpsB CpsC CpsD

Streptococcus pneumoniae type 19F

Streptococcus pneumoniae type 194

Streptococcus pneumoniae type 198

Streptococcus pneumoniae type l9C

Streptococcus pneumoniae type lu

Streptococcus pneumoniae type 2b

Streptococcus pneumoniøe type 4"

Streptococcus pneumoniqe type 14d

Streptococcus pneumoniae type 23Ff

St re pt o c o cc us pne umoniae type 33Fr

S t re pto c o cc us the rmo philuss

S tre p t o c o c c us s alív ariush

Streptoc occ us a galactiae'

Staphylococcus aureu.l type 1r

Staphylococcus aureus type 5k

Staphylococcus aureus type 8l

Lactococcus lactis^

Bacillus subtilis"

Cpsl9fA

Cpsl9aA

Cpsl9bA

Cpsl9cA

CaplA

Cps2A

Cps4A

Cpsl4A

Cps23fA

Cap33fA

EpsA

CpsA

CpsX

Cpsl9fB

Cpsl9aB

Cpsl9bB

Cpsl9cB

CaplB

Cps2B

Cps4B

Cpsl48

Cps23fB

Cap33fB

EpsB

CpsB

CpsA

CaplC

Cap5C

CapSC

EpsC

YwqE

Cpsl9fC

Cpsl9aC

Cpsl9bC

Cpsl9cC

CaplC

Cps2C

Cps4C

Cps14C

Cps23fC

Cap33fC

EpsC

CpsC

CpsB

CaplA
Cap5A

CapSA

EpsA

YwqC

Cpsl9fD

Cpsl9aD

Cpsl9bD

Cpsl9cD

CaplD

Cps2D

Cps4D

Cps14D

Cps23fD

Cap33fD

EpsD

CpsD

CpsC

CaplB

Cap5B

CapSB

EpsB

YwqD

a, Muñoz et al. (1997); b, Iannelli et al. (1998); c, 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); i, Koskiniemi ef

aI. (1998) and Rubens et al. (1993);j, Wen et al. (1994); k, Sau er al. (1997); l, Sau and Lee (1996); m, van

Kranenburg et aI. (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 caniers 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 and8.4.2.

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 coÍrmon 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 cps 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 cpsl9fA, cpsl9fC and cpsl9fD 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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APPBNDIX I

The nucleotide and deduced amino acid sequence of the distal
portion of the cpsl9f locus.

The nucleotide sequence is numbered in accordance with GenBank accession number

UO9239 and is shown from nucleotide 5,851, within the distal portion of cpsl9fF to the

HindIII site within ¿/iA. The amino acidtranslation foreach ORF is representedby single

letter code above the first nucleotide of each codon. Possible ribosome binding sites are

underlined.

5851

5951

6051

6151

625r

6331

645L

65s1

6651

6',15L

6851

695L

705L

.7L5L

725L

735L

7 45L

. -.cpsl9fF+ cpsl9fG-+
KRGVKY*MTRLIQKVEIIDÀIKEFKKTCEEN
ÀAÂÀGAGGTGTÂÀÀATATTGAÀCCÀGACÀGÀGÀTGÀTTCGCTTÀÀTTCÀÀÀÀÀGTTGÀÀTTÀGÀTGCTATAÀ.AÀGÀGTTTÀÀÀAÀÀÀTCTGTGÀÀGÀGÀÀ
D I D FF I. R G G S V L GAVK Y D G F I PWDDDMD I AV P R

TGATÀTÀGÀTTTTTTCCTCCGCGGTGGTAGTGTÀCTTGGTGCÀGTCÀÀÀTACGACGGCTTTÀTTCCÀTGGGÀTGÀTGATÀTGGÀTÀTCGCTGTCCCTCGT

GÀÀGCÀTÀCGACAÀÀCTTCCÀÀGTGTTTTCAÀÀCATÀGÀÀTTATCGCTGGGAÀÀTÀTCÀGGTTCTTÀCTTATCAÀTACTGTGÀTÀCGTTGCÀTTGCTÀCT

AGCÀCCÀÀATCÀÎTCGGTTTTÀÀGAÀÀGATTTÀCTTTTGTÀÀÀGTÀTÀCTGGTÀTCGTTTTTTÀGCAÀGCTTÀGGAÀCÀ.ACTTATGTTGGCGÀCCATGTG

DMH STKQKL I I G FFKK I, G F ÀKLF PONSVYRRL DN
GATÀTGCAIICCÀCTÀÀGCAÀÀÀÀCTAÀTTATTGGTTTCTTTÀÀ.AÀÀÀCTÀGGAITTGCÀÀÀÀCTATTTCCTCÀÀÀÀTTCTGTÀTÀCÀGACGCTTGGATÀ

LYRKYDWKKQKYAG TI NÀ S LFAKEVMPVE IWGE
ATCTCTÀTÀGÀÀÀGTÀTGATTGGÀÀÀÀÀGCÀGAÀGTÀTGCGGGGACTATCAÀTGCTTCTTTATTTGCTÀÀÀGÀÀGTTÀTGCCAGTÀGAGÀTTTGGGGAGÀ

AGGÀGTÀGAGAÀGCCTTTTGAGGATACCTICTTTAAAGTTCCA.ACGGÀGTÀTGÀTCGCTÀCCTGAÀÀÀGACTTTACGGÀGAÃÀACTATCTTTACGÀÀGÀG

cpsl9fII+

CCTÀGTGAÎGÀTGÀÀÀÀGAÀÀTCGCÀTTTAGGAGGÀCÀCTAÀTTTGTTTTGTTATÀTTÀTTTTGCATTÀCÀÀÀGTCTTÀGÀÀGÀÀÀCTÀTTTCTTGTGTÎ

K S I KE GN YNAK Q I V I I D N F SNNG T G E K I,Q E 1, Y E S

ÀÀÀTCTATAÀÀÀGÀÀGGCÀATTATAÀTGCAÂÀGCÀÀÀTCGTTÀTTÀTTGATÀÀTTTCTCTÀÀTÀÀTGGTÀCTGGTGÀÀÀÀÀCTÀCAÀGÀGCTTTATGAAT

DL E I DVL INH ENÀG FÀR G NNVÀYO FAKE KYN PD
CÀGATTTAGAÀÀTTGATGTTTTGÀTTÀACCATGÀÀÀÀTGCTGGTTTTGCTCGTGGÀÀÀTÀÀTGTGGCTTATCÀÀTTTGCTÀÀGGÀÀÀÀGTÀTÀ.ACCCCGA

FMV IMNND I E I ETENFEK I VTD I YREEKFHL LG
TTTCÀÎGGTTÀTCÀTGAÀTÀACGAÎÀTTGÀGATÀGÀÀACAGÀÀÂÀTTTTGÀÄÀÀÀATTGTGÀCAGATATCTATCGTGÀGGÀÀÀÀATTCCATTTGCTCGGG

P D I F S T T Y O I. H Q N P K R L T H Y 1 Y G EV KA I, N E K F K K

CCÀGATATCTTCTCGACTÀCTTACCAÀCTÎCACCAÀÀÀCCCAÀ.AÀCGGTTGÀCACATTÀTÀCTTÀTGGAGAÀGTTÀÀÀGCTCTÀ.AÀTGÀÀ.AÀÀTTTÀÀÃÀ

G S Q V S L A I, K I K C Vú L KÀ, S K V I, R T À I Y Q N R R K K G S

ÀÀGGGAGCCÀÀGTTÀGTCTÀGCTTTÀAAÄÀTCÀÀÀÎGTTGGTTGAÀÀGCTÀGTAÀAGTTCTTCGAÀCAGCÀÀTCTATCAÀÀÀTÀGÀCGTÀAÀÀÀAGGATC

VDY RK QVEN P T I, H G SF I V Y S RD F I EKE E YÀF N P

AGTÀGACTÀTAGAÀAÀCÀGGTAGAAÀÀCCCÄÀTTCTTCÀTGGTTCTTTÎÀTTGTÀTATTCGÀGÀGATTTTATCGÀÀÀÀÀGAGGAGTATGCTTTTAÀCCCT

ÀÀÀÀTGTTGCAÀCTÀÀTCÀÀGTTTÀCÀCGAÀCTTGTTAGAÀÀ.AAÀCCTTGTTTTCAÃÀTAÀÀTGCAÀCTTTÀAÀTCCACCÀGTTÀTTTTTTGAÀGTTGAT

cpsl9fl->
KENEDV * M S Y LFLL CL T L F LLT I F YFFAF I Q D T,

GÀAÂGÀÀÀÀCGÀGGÀTGTTTÀÀÀTGAGTTÀTTTÀTTTTTÀCTTTGCCTTÀCATTATTCTTÀTTGÀCTÀTÀTTCTATTTCTTTGCTTTTÀTTCÀÀGATTTÀ

EÀY DK L P S VF K D R I I À G K Y QVI. T YQ YC DT I,H C YF

P R I. F L I, A D E R K R I, G I. P R N T N T, G I, H I. I D I I P L D G

A P N H S V L R K I Y F C KVY W Y R F I, A S IJ G T T YVG D H V

GV E K P F E D T F F K V P T E Y D R Y T, K R I, Y G EN Y T, Y E E

P SDDEKK S H L GGH * MF C Y I I I,HYKVI,EE T I S CV

NTFFYY E TE I LD YEÀE L K G YKRI YT PK I RVIJH HQ

NV A T N Q V Y T N I, I, E K T I. F S N K C N F K S T S Y F L K I, M

't55L
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ATTGCTCCTCCAGTAGTTÀTGTC?GTAÀTGTTTCTAÀTTÀGTTCAGTAÎTTGCÀCTGGTTÃÀTTCÀÀÀÄÀ,ÄCTGGAÀTATTGÀÀTÀTÀGTGGÀATAGCCT

ÀTÀTTCTCATÀÀTTÀGÎGGTÀTTÀTTÀTATTÎTCGATTCCTTTÀATGGCÀTTÀÀÀÀTCÀCCTAÀTTTTÀ.ATACTGÀGGTTAÀGÀTTGCIGATCGÀTTÀÀT

TGÀTÀTCCÀÀTTTTGGÀÀÀÀTTGCTCTÀÀCTATTÀTÀÀTTGATCTCTTTATTTTGTATCTTTÀCÀGGÀÀGGAÀÀTÀTÀCÀÀCCTTGTTCTTÀGTÀÀTGGÀ

TÀTACGGGGTCAÀATÀTTCÀGTGGTTTTTTÀGÀ.AÀTGCAACGÀGTTÀTGAÀGGTGÀATTGACÀGTGCGAÀCTTTTÀTTCGÀGTTCTCATTCGTGTTÀTTG

ÀCGTÀTCTGCTTÀTÀTÎTTTGGATATÀCTTTTATTÀÀTÀÀÎTTTCTTATCTÀTCGCCATÀÀÀCGCCCTÀÀÀGACÀTÀTTACTTTTÀGTACCTTTÀTTÀÀT

ATTTATTTCÀÀÀÀACTTTÀÀTATCAGGÀGGCCGGCÀÀGÀTÀTTÀTTÀAÀÀTTCTGATTGCCTATGTÀATCÀTGATGTÀTÀTCCÀÀCÀÀÀ¡ÀCGGÀAÀGTT

G WNRV I S H KY I H LG F VGI, IÀG I PÀF Y Y S L F LÀ GR
GGÀTGGAÀTÀGÀCTCÀTÀTCTCÀTÀÀÀTÀTÀTTCACCTTGGÀTTTGTTGGTTTAÀTAGCÀGGTATTCCAGCÀTTTTÀCTÀCTCTTTGTTTTTAGCCGGTC

S T T RÎ I, F E S V S TY L GG S I Q H FN Q Y T EN P I.DP G E
GTTCÀÀCGÀCTÀGGÀCGCTATTTGÀGAGTGTTTCGACCTÀTCTÀGGÀGGCTCÀÀTTCAGCATTTTAATCÀGTÀTÀTTGAÂÀÀTCCATTAGÀTCCTGGTGÀ

V F G S E T L V P I I, N I ]. G EI'I G L VN Y R S T I H L E F R T L
ÀGTTTTTGGCAGTGAÀÀCATTGGTGCCTATATTÀÀÀTATÀTTAGGGGÀÀÀTGGGCCTÀGTTÀÀTTÀTCGTÀGTÀCÀÀTTCATTTÀGÀÀTTTCGGÀCACTÀ

GGÀGTTÀCTGTÀGGÀÀÀTGTTTÀTACTTTTTTTÀGÀÀGACCCTTGCÄTGÀTTTTGGTCTAGTTGGTÀTGTÀTGÎATTTGTCTTTGCTGTÀGGTGCTTTTT

À I Y Y ], V I, R K K Q V G F N I, D I H 1 I I Y S Y V F Y V'¡ I F L S
TTGCTATTTATTÀTTTÀGTTCÎGÀGÀÀÀGÀÀÀCÀGGTTGGTTTTÀÀTTTGGÀTÀTTCÀTÀCCATTÀTTTÀTTCTTATGTCTTTTÀTTGGÀTTTTTTTATC

S I E Q Y S F T M I S L YTLVF f VLVY FMÀ I FY lt¡C T D F
ATCAÀTCGÀGCÀÀîÀCTCGTTCÀCAÀTGÀTTAGTCTÀTATACÀCTTGTÀTTTATTGÎGÎTGGTTÎÀCTTTÀTGGCTÀTCTTTTÀCTGGTGTÀCÀGATTTT

cpsl9fJ-)
KRGKLIFKISDSSIKLKEE*MNTKIK
ÀÀÀÀGÀGGÀÀ.AÀCTGATTTTTÀÀÀÀTTTCTGÀCTCAÀGTÀTCÀÀÀTTÀÀÀÀGÀAGÀÀTAÀCÀGAÀTGTATÀGGAGÀGGGTÀGÀTGÀÀTÀCTÀÀÀATTÀÀÀ

AÀTATÀÀTAÀCTÀGTTTTTCTTÀTGTTÀTTTCTTCÀÀÀTCTGCTCÀTÀGTTTTÀ.ACCÎCÀTCACTÀGTTGTTITGATTGTTCCTÀ.AÀÀTÀÀTGGGGGTÀÀ,

CTGÀGTÀCAGTTÀCTGGCAÀCTTTÀTÀTTTTTTÀTCTGACCTÀTATCGGTTTTTTCCACTTGGGTTGGÀTTGÀTGGGÀTTTÀTCTCÀÀÀTÀTGGÎGGCTT

AGÀÀTÀTÀCÀAÀTTTÀGÀTÀGÀÀÀÀCÀGTTTTÀTTCTCAGÀTGÀTTCTATîÎTCTAGTTTCTÎÀÀTGCTÀÀTCTCGCTGGTÀÎTÀTTTÀCTTTGÀÀCCTÀ

GVTVGNVY T F F RRP I, H D F G LVGMYVFVFÀVGÀ FF

I À P PVVM S VMF I, I S S VFÀLVN S KNWN I EY S G I ÀY

I LI I SG I I I FS I PLMÀLKSPNFNTEVKIÀDRLI

D I Q FVIK I À I, T I I I D I, F I I, Y L Y R K E I YN LV L S N G

Y T G S N I O V{F FRNAT S Y E G E L TVRT F I RVL I RV I D

VS ÀY I F G Y T F INNF I, I YRH KR P K D I L I, LVPL L I

F I S K TI, I S GGRQ D I I K I I,, T AYV I MMY T O O KR K V

N I T T S F S YVI S SNLL IVLT S S I,VVL IVPK IMG VT

EY S YWQ L Y ] FY I,TY I GF FH L GW I D G I YI, KYG GL

E Y TN L D R K O F Y S Q M I L F S S F I, M I, I S LV I, F T I, N I,

r TVRD ENA RY I YNMA I T S MTVTNL R T I,YVY I L OM

I L DF K E S I. DN T RVG I N],M L SN I À S S M I I G I VR MG

I Q ¡I N TÙN I E T F G KV S L T I, S I S N L L M T F I N À I G I,V

I F P L I K R T K T E N IJ P K f Y S N L R N À L M LVM FA T I' !

F Y Y P ]. K F I LD I lVL PA YKDALVF MÀ L I F PM S VY EG

P EÀ I KM C S I,VN E LRK Q E DMKT VVCV T GQH K EM VS

PVLDLFGVQ PDYDI,E IMKÀNQN LF S I T I S IL EK

T E I F GD T E R I Q I I E P I,DVL D F H N F MNH S YM I I,T

D S G GVQ E EÀ P S L GK PVI,VMRD T T E R P EG VÀÀ G T

I. K I¡V G T D E E T I Y Q N F KM I, LD D P E E Y K KM S RÀ S N P

ÀTÀÀCTGTÀÀGGGÀTGÀÀÀÀCGCÀÀGÀTÀTÀTTTÀTAÀTÀTGGCTÀTCÀTCÀGCATGÀCAGTCÀCÃÀÀ,CTTÀÀGÀÀCACTCTATGTTTATÀTCTTGCÀGA

TNRLKD S SV I L I S DRVLYVLL L FMF M GWH EY
TGACÀÀÀTCGCTTGAÀGGATÀGTTCÀGTCÀTTCTÀÄTTÀGTGÀTCGCGTTTTÀTÀTGTÀCTCCTTTTÀTTCÀTGTTTÀTTGÎÀTTTGGÀTGGCÀTGÀGTA

KVMI WAD T LGRTF S!ML S FWI C KD I VFO PI,S K F
CÀÀGGTCAÎGÀTTTGGGCTGÀTÀTTCTAGGTCGÀÀCATTTTCTCTCATGCTTTCCTTCTGGÀTTTGTÀÀAGATATTGTGTTTCAGCCTTTGTCÀÀ.4ÀTTT

TTCTACTATCCTTTÀÀÀÀTTTATTCTTGÀTÀTTTGGCTTCCTGCTTÀTÀÀGGATGCCTTÀGTTTTCATGGCCCTÀÀTTTTTCCTATGTCÀGTTTÀTGÀÀG

K M À I, V I N T Y I, KÀM R M E K D I L K I N À IJ VML T S I VV
GGÀÀÀÀTGGCTTTGGTGÀTÀ.A.ATÀCATATITÀÀAÀGCAÀTGÀGÀATGGAÄÀÀÀGÀCÀTTCTCÀÀÀÀTTAÀTGCTTTGGTTÀTGTTÀACTÀGTÀTÀGTÀGT

T L V T T I, L L NN I, G I, T VV S f V I I, ], À L R S I I À E L I L
GÀCATTAGTGÀCTACTCTACTÀCTÀÀÀTÀÀTTTGGGGCTGÀCÀGTTGTÀTCTATAGTTÀTTTTAClTGCTTTÃÀGÀÀGTÀTAÀTAGCTGAÀTTAÀTTTTA

ÀTCTTÀGATTTCÀÄ,GGÀGTCCCTTGAÎÀÀTÀTCCGTGTTGGÄÀTCÀÀTTTÀÀTGCTATCTÀÀCÀTTGCGAGTAGCÀTGÀTTÀTAGGCATÎGTTCGTATGG

GÀÀTTCÂÀTGGÀ.ÀTIGGAÀTÀTTGAÀÀCATÎCGGGÀÀÀGTGTCÀTTÀÀCÎTTGÀGTATATCTAÀ,TTTÀTTAÀTGÀCTTTTÀTTAÀTGCCATTGGÀTTÀGT

TÀTCTTTCCTTTGÀTÀÀÀGCGÀÀCÀÀÀGÀCTGAGÀÀTTTÀCCTÀÀAATTTÀTTCTAÄ.TTTAÀGÀAÀTGCTTTGATGTTGGTTATGTTCGCAÀTCTTGCTC

TCCÀÀÀAÀÀCTGAÀGATÀTCAGTCÀÀGCÀÀGÀCÀTTGCTTTAGÀGTTACTTÀTGÀCGÀTTÀTATTTATTTCTTCÀAGTTGGTATCTCTCTÀTTTGGÀTTG

V I I Y'¡'LÀ Y T IJ Y LY L KH KD I RMY T E Y FKN HKK I S

CAGTAÀTÀÀTTTÀTTTÀTTGGCGTÀTÀCTTTÀTATTTGTATTTÀÀÀGCACÀÃAGATATCAGÀÀTGTÀTÀTAGÀ.ATACTTTÀÀÀÀÀTCÀTÀÀÀÀ.AÀÀTATC

cpsIgfK-)
*MKKIMI.VFGTR

ÀTAÄÀAÀTTÀTÀTÀTCÀÀTGA.AÀTGGTÀGATTÀCÀTTTCTACCTTTTTATCCÀTTTÀGGAGGÂÀÀCGÀTGAÀÀÀÀGÀTÀÀTGCTÀGTTÎTCGGTACÀCGT

CCAGAAGCÀÀTÀ.AÀÀÀTGTGITCATTAGTCAÀTGAGTTGAGÀÀÀ.ACAGGÀAGATÀTGÀÀÀÀCAGTTGTTTGTGTÀÀCTGGTCAÀCÀCA.A,GGAGÀTGGTTÀ

GCCCTGTTTTAGÂTTTÀTÎTGGAGTTCAACCÀGACTÀTGATTTÀGÀÂÀTTÀTGAAGGCTÀÀTCAÀÀACTTGTTCTCTÀTÀÀCÀÀTAÀGTATTTTAGAAÄÀ

I K PVL E K E Q PD T VI,VHGDT T T T YÀAÀLAÀFY L G

ÀATAAÀÀCCTGÎGTTÀGÀAÀÀAGÀÀCAACCÀGÀTÀTTGTTTTGGTTCÀCGGTGATÀCTÀCTACGÀCÀTÀTGCÀGCÀGCTTTAGCGGCATTTTATCTÀGGA

I KVG HV EÀ G I,RTYNI, O S P F P E E FNR Q S T S T I À NY
ÀTTAÀÀGTTGGTCÀTGTTGAÀGCTGGATTACGÀÀCÎTACÀACCTGCAAÀGÎCCTTTCCCÀGAÀGÀGTTCÀÀCAGÀCAÀTCGÀCTTCTÀTTÀTTGCÄÃÀTT

H F A P T E IJ A K EN I' I K E G RNN I Y V T G N TV I DÀL T T
ATCATTTTGCTCCTÀCÀGAÀTTÀGCTAÀÀGAÀÀÀTCTAÀTÀÀÀÀGAGGGTAGÀ.AÀTAÀTATCTÀTGTTACTGGÀÀÀTÀCAGTGÀTTGATGCACTTACAAC

T V Q K D Y T H P D L D I,N D GN R T, I L I, TÀ H R R E N L G E P

TACAGTÀCÀÀ-AÀGGÀTTÀTACÀCÀCCCCGÀTCTÀGATTTÀÀACGATGGAÀATCGCCTCÀTCTTÀTTGÀCTGCTCÀTAGÀCGCGÀÀAATCTCGGÀGAÀCCT

MRHMFRAVKRVLNEYDDVKVI Y P T HKNPLVRE TÀ
AÍGÀGACÀTÀTGTTTAGAGCTGTTAÀ.ACGAGTTTIÀ.AATGÀÀTATGACGÀIGTTA.A.AGTÀATTTÀTCCÀ¡,TÎCÀTÀAA.AATCCÀTTGGTACGGGÀÀÀCÀG

CTACAGÀÀÀTTTTTGGAGATACÀGÀÀCGTÀTTCAGATCÀTTGÀ.ACCTTTAGATGTTCTTGATTTTCÀCÀÀCTTTÀTGÀ.ATCÀTÀGTTATATGÀTTCTAÀC

ÎGACTCÀGGAGGGGTCCÀAGAÀGAGGCACCTTCGTTAGGÀÀÀGCCTGTATTGGTCÀTGCGÀGATÀCGÀCAGÀ.AÀGÀCCTGAÀGGÀGTÀGClGCTGGÀACG

ÎÎGAÀÀTTGGTTGGGACTGATGAGGAGÀCTÀTTTÀTCÀÀÀÀCTTTÀAGÀTGCTTTTÀGÀCGATCCCGÀÀGÀATATÀ.AÀÀÀÀÀTGÀGTCGAGCTÀGTAÀTC

cpslglL-)
YGNGDASKOIVRII,RGI*MK

CÍTÀTGGÀÃÀTGGTGAÎGCTÀGTAÀACAGÀTTGTTCGÀÀTTTTACG?GGÀÀITTGAGTGTGTTCÀGÀTÀÀÀGTAÀTÀTÀGÀÀÀGGTACCCTÀCTATGÀÃÀ

G I I f, À G G S G T R IJ Y P I' TRÀÀ S K Q L 14 P VY D K P M I YY
GGTÀTTÀTÎCTAGCÀGGTGGTTCGGGGACACGTTTÀTATCCTTTGÀCTCGCGCTGCÀTCÄÀÀÀCÀÀCTTÀTGCCGGTTTÀTGATAÀÀCCGÀTGATTTÀCT

S K K L K I S V K Q D I A IJ E L LM T I I F I S S S ¡IY l, S I !t¡ I A
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PL S T L MLÀG I R D I I, I I S T P Q D L H R F Q E I,I, QD G S

ACCCACllTCAÀCÀTTGÀTGTTGGCTGGGATTAGGGATÀTTTTGATTATTTCCACTCCÀCAGGÀTTTÀCÀTCGÀTTCCAÀGAGCÎTCTTCAÀGÀCGGÀTC

E F G I, K I, S Y À E Q P S P D G I,A Q À F I I G E E F I S DD S V
TGÀGTTTGGGCTCA.AÀCTTTCÎTATGCÀGÀGCÀÀCCÀÀGTCCÀGÀÎGGTTTGGCACÀÀGCCTTTÀTCÀTÎGGGGÀÀGÀGTTTÀTÎÎCTGÀTGÀTÀGCGTT

ÀL f LG DN f YH G S G I,S KML Q KÀA S K E S GÀTVF G Y H
GCGCTGATCTTÀGGTGACÀÀTÀTCTÀTCÀCGGTTCTGGGCTTTCCÀAGÀTGCTACÀAÀAGGCÀGCGÀGTÀÀGGÀGTCGGGÀGCÀÀCTCTTTTTGGCTÀCC

VKD PERFGVVEFD QDMKA I S I EE K PEO PRSN YA
ATGTCAÀGGÀTCCÀGÀGCGCTTTGGTGTGGTTGAGTTTCÀTCÀGGATÀTGÀÀGGCTATTTCTÀTTGÀÀGÀÀÀÀGCCAGAGCÀÀCCTCGTTCAÀÀCTÀTGC

VT G LYF YDNDVVE I ÀK S I K P S P RG EI, E I TDVN K
ÀGTTÀCAGGTCTCTATTTCTÀTGÀTAÀTGÀTGTÀGTAGAGÀTTGCCÀÀGÀGTÀTTÀÀÀCCAÀGTCCTCGTGGTGÀÀCTGGÀÀÀTTACÀGATGTAÀÀCÀAG

GCTTACCTÀGAÎCGTGGTGATTTGTCTGTTGÀGCTTÀTGGGACGTGGCTTTGCTTGGCTGGATÀCTGGÀÀCTCÀTGÀÀÀGTTTÀCTÀGÀGGCÎTCÀCÀGT

I E TVQ RMQNVQVÀNL E E I À Y RMG Y I S REDV I, À L
ÀCATCGAÀÀCAGTGCÀÀCGGÀTGCÀÀÀÀTGTTCAGGTÀGCAÀÀCTTÀGAÀGÀÀATTGCTTACCGTATGGGCTÀTATCÀGTCGÀGAÀGÀTGTATTGGCCTT

cpslgfiuI)
À Q P I, K K N E Y G Q Y I, I. R L I G E À * M T D N F F G K T I, À À

ÀGCCCÀÀCCACTTÀÀGÀÀÀÀÀTGÀÀTACGGACÀGTATCTGCTCCGTTTGÀTTGGAGÀÀGCATÀGATGÀCÀGÀTAÀTTTTTTCGGTÀÀGÀCGCÎTGCGGCÀ

RKVEÀ I PG ML E F D I PVHG DN R GIVF K EN FQKE K ML
CGCÀÀGGTTGAÀGCTÀTTCCÀGGCÀTGTTGGAGTTTGÀTAÎCCCCGTÎCÀTGGAGÀTÀÀTCGTGGCTGGTTTAÀÀGÀÀ.AÀTTTCCAAÀÀGCAÀÀÀÀÀ1TGC

TTCCÀCTTGGÀTTTCCAGAGTCTTTCTTTGCÀGAÀGGÀÀ.AÀTTGCÀÀÀÀCA.ATGTATCCTTCTCÀCGTÀÀÀÀÀTGTCCTTCGÀGGTCTCCÀCGCÀGÀGCC

TTGGGÀTÀÀGTACATCTCTGTAGCÀGATGGAGGGÀÀÀGTTCTGGGTTCTTGGGTTGATCTACGCGAGGGTGÀÀÀCCTTTGGGÀÀTÀCCTATCÀGÀCÀGTG

I DÀ S K G I F V P RG VÀN G F Q V I, S D T V S Y S Y I,VN D Y V{

ATTGÀTGCGÀGTÀÀGGGÀÀTCTTTGTTCCTCGAGGCGTAGCTAÀTGGCTTTCÀÀGTTTTÀTCÀGATÄCAGTGTCÀTÀTAGCTÀTCTGGÎCÀATGÀTTÀCT

AL E I, K PK YÀ FVNYAD P S L G I EWEN I ÀEAEV S E À
GGGCTCTTGÀÀCTCÀÀÀCCCÀÀGTÀTGCCTTTGTGÀÀCTÀCGCTGÀTCCÀÀGCCTTGGTÀTTGÀÀTGGGÀÀÀÀTÀTTGCAGÀÀGCÀGÀGGTTTCÀGÀÀGC

cpsIgfN-)
DKHHPLLKDVKPI,KKEDLE*MTEYKNIIVT

AGÀCÀÀÀCÀTCÀTCCACTACTTÀÀGGATGTAÀÀÀCCTTTGÀÀÀÀÀÀGÀÀGATTTGGAÀTA.AGGÀÀÀGÀÀTÀTGÀCTGÀÀTÀCÀÀÀÀÀTÀTTÀTCGTGÀCÀ

G GÀG F I G SNF VH YVY ENF P D VHVTVT,D KLTY À G N
GGTGGAGCTGGCTTTÀîCGGTTCTÀÀCTTTGTCCÀTTÀTGTTÎÀCGÀGÀÀCTTTCCAGÀTGTTCÀTGTGÀCÀGTCCTAGÀTÀÀGTTGÀCÎTÀTGCTGGÀÀ

RAN I E E I L GNRVE LVVG D I ADÀ E I,VDKLAÀ Q À D
ÀCCGCGCGÀÀTÀTTGÀGGÀÀÀTTTTAGGTÄÀTCGTGTTGAGTTAGTTGTTGGTGÀCATTGCTGATGCGGAGTTGGTAGÀCÀÀGTTGGCTGCTCAÀGCAGA

A I VH YÀÀ E S H N DN S I,N D P S P F I H T N F I G T YT I, I,
TGCTÀTCGTTCATTÀTGCÀGCGGÀÀAGCCÀCÀÀTGATÀÀîTCGCTCÀÀTGATCCATCGCCATTTATTCÀTÀCTÀÀCTTCÀTCGGÀÀCCTÀTAClClTlTÀ

GAÀGCTGCTCGTA.AGTÀTGATATTCGCTTCCÀCCÀTGTATCGÀCÀGÀTGAÀGTTTATGGGGATCTCCCTTTÀCGCGAÀGATTTGCCÀGGTCÀTGGTGAÀG

PGE K F TAE T KYNP S S PY S S T KÀA S D I, IVKÀW VR
GACCÀGGTGÀGÀAATTTÀCTGCTGÀÀ.ACÀ.AA.ATACAÀCCCAÀGCTCTCCGTACTCATCAÀCCAÀGGCAGCCTCAGÀTTTGATTGTCÀÀÄ,GCCTGGGTGCG

S FGVKÀT I SNC SNNYG PY QH I E K F I PRQ I TN I IJ
TTCTTTTGGAGTCAÀGGCÀÀCGATTTCCAÀCTGTTCAÀÀTÀÀCTÀCGGTCCTTATCAÀCATAÎCGAÀAAÀTTCATCCCÀCGTCAGÀTTÀCTÀÀCÀTCCTÄ.

ÀGTGGTÀTCÃÀGCCÀÀÀÀCTTTACGGTGAÀGGTÄÀGAÀCGTTCGTGATTGGÀTTCATACCÀÀTGÀCCÀTTCTTCÀGGAGTTTGGÀTÀÀTCTTGÀCÀÀÀÀG

Q I G E T YL I G AD G EKNNK EV L E L T T, K E MG Q ÀA DA
GGCAÀÀTCGGTGAÀÀCCTÀCTTGATTGGGGCTGÀTGGTGAGAÀGÀÀCÄÀTÀÀGGAAGTTTTGGAÀCTTÀTCCTTAAGGÀÀATGGGÀCÀAGCTGCGGATGC

Y D H VT D RÀ G H D L RYÀ T DÀ S K T, R D E L GVIK P E F T N
CTATGATCÀTGTGÀCTGÀCCGÎGCAGGACATGACCTÎCGCTÀTGCGÀTTGÀTGCTAGCAÀGCTCCGTGÀTGAGTTGGGGTGGÀÀÀCCTGÀ.ATTTACCAÀC

F EÀ G f, K A T I K $¡Y T DN Q EWW K A E K E AV E ANYÀ K T A
TTTGÀÀGCTGGGCTCÀÀGGCAACÀÀTCAÀGTGGTÀTÀCÀGÀTÀÀCCÀÀGAÀTGGTGGÀAÀGCÀGÀGAÀAGAÀGCTGTTGAÀGCCÀÀTTATGCTÀÀGÀCTC

cpsIgfo)
EIIIV*MILIT

AGGÀGATTATTACAGTÀTÀAÀÀÀGCÀGGAÀÀTAGClGCTTTTTÀTTGCTÀTATTGGGÀÀGAGTTACÀTÀTTÀGÀÀÀGGTCTÀGAGATGÀTTTTAATTÀCA

GANG O L G T E L RY L I.DERN E E YVAVDVA EMD I T DA
GGGGCÀ.AATGGCCAÀTTÀGGAACGGÀÀCTTCGCTÀTTTÀTTGGATGAÀCGTÀÀTGAÀGAÀTACGTGGCÀGTÀGÀÎGTGGCTGÀGÀTGGÀCÀTTÀCCGÀTG

CAGAÀÀTGGTTGAGAÀÀGTTTTTGÀÀGAGGTGAÀACCGACTTÎÀGTCTÀCCÀCTGTGCÀGCCTACÀCCGCTGTTGÀTGCAGCÀGÀGGÀTGÀÀGGAÃÀÀGA

GTTGGÀCTTCGCCÀTCÀÀTGTGÀCGGGGACAÀÀAÀ.ATGTCGCAÀGAGCATCTGÀÀÀAGCATGGTGCAÀCTCTAGTTTÀTÀTTTCTÀCGGACTATGTCTlT

GACGGTÀÀGAAACCÀGTTGGÀCÀÀGAGTGGGAÀGTTGÀTGACCGACCAGATCCACAGÀCAGAÀTÀTGGÀCGCÀCTAAGCGTATGGGGGÀÀGÀGTTAGTlG

KHV S N FY I I RTÀWVF GNYG KN F VF T MQNI,À K T H

AGÂAGCÀTGTGTCTÀÀTTTCÎÀTÀTTÀTCCGTACTGCCTGGGTÀTTTGGÀÀÀTÎÀTGGCAÀÀÀÀCÎTCGTTTTTÀCCATGCÀÂÄÀTCTTGCGAÀÀACTCA

K T L TVVND Q YG R P TWT RT I,À E F M T Y LA ENRK E F
TÀAGÀCTTTAÀCÀCTTGTÀAÀTGACCAGTÀCGGTCGTCCGÀCTTGGÀCTCGTACCTTGGCTCÀGTTCATGACCTACCTAGCTGÂÀÀÀTCGTÀÀGGÀÀTTT

G Y Y H I,, S ND À T E D T TW YD F AV E T L K D T DVEVK P V D

GGTTÀTTATCATTTGTCAÀÀTGÀTGCGACÀGAÀGACÀCAÀCATGGTÀTGÀTTTTGCAGTTGÄÄÀTTTTGÀÀÀGATÀCÀGATGTCGÀÀGTCÀAGCCAGTÀG

ATTCCÀGTCAÀTTTCCÀGCCAÀÀGCTÀ.AÀCGTCCGCTÀÄÄCTCAÀCGÀTGÀGCCTGGCCÀÀÀGCCÀÀÀGCTÀCÎGGÀTTTGTTATTCCÀACTTGGCÀÀGA

ALQEFYKQEVR*
TGCATTGCAÀGÀÀTTTTACÀÀÀCÀÂGÀÀGTGAGATÀÀGTAGTÀGAÀTGATTTTCTAGTCTÀÀTAÀÀAGAGGCAGÀTÂÀTGAÀCTCCÀAÀGGAGCTTÀAGA

TGTÀCGATTATCTTGTTGTTGGÎGCTGCTCTCÎTTGGCGCATÀGCTTTGGCÎCÀGTTTCTÀTTATCGCTCACACCÀTCCATCAGÀ.AGTTTAÀTCTGÀAGG

fACCCAÀTTATCGCCÀÀGÀÀGÀÀGATTGGGCTAGGÀTGGGTTTACCAÀTCÀCACGTÀÀGGAÀÀTCTCTAÀTTGGCÀTÀTCÀÀGGCÀÀGTCAATÀC1A1TT

ÀGÀGTCCCTTTATÀÀCCTTTTÀCGAGÀÀÀÀGTTGTTÀGAACAÀCCTCTTCTTCÀTGCGGATGÀÄÃCCTCTTATCGGGTCTTAGÀ.AÀGTGAIAGTCÀGClG

ÀCCTÀCTATTGGÀCCTlTTTGTCTGGGÀÀÀGCTGAGÀÀTCÀÂGTÀÀTCÀCGCTTTÀCCACCÀTGÀTCÀGTGTCGGÀGTGGTTCGGTAGTGCAÀGA.ATlCC

TÀGGÀGATTATTCTGGCTÀTGTGCATTGTGATATGTTGCGGCAGTÀACTTÀGGACTTTAGTCCTCTÀGTTCTGTCTATGCGATAGCÀGTCCAAGGTTTÀG

GÀGCAÀGGCGÀCGCTÂÀGCTTGGTÀÀÀCTGCGAÀCCGCTÀGAAGCTTAÎCGTCAÀCTGGÀÀGAÀGCTGAÀCTTGTTGGATGTTGGGCGCATGTGÀGÀÀGG

ÀÀÀTTTTTTGÀÀGTGCCCCCCÀÀGCÀÀGCAGATÀÀÀTCATCCTTÀGGÀGCTAÀÀGGTTTAGCTTATTGTGATCAGTTATTTlCCÎTGGAÀÀGÀGACTGGG

ÀGGCTÎTGCAGCTGÀTGAÀCGÀCTACÀGÀÀÀCGTCÀÀGA.ACATCTCCAÀCCCCTÀÄTGGÀÀGÀCTTCTTTGCTTÀGTGCCGTCGTCAGTCÀGTTTTÀTCG

GGTTCAÃAÀCTÀGGÀÀGGGCÀÀTTGÀÀTACÀGCCTCÀÀGTÀTG.AÀGÀÀÀCCTTTÀÀGÀCCÀTTTTÀÀÀÄ,GÀCGGACATCTGGTCCTTTCCÀATAÀTClAG

CTGÀÀCGCCCCÀTIAA.A,TCÀTTGGTTÀTGGGACGGÀGTÀ.AÀÀGÀGTCCAGTGGÀCTCTTTTÀGCCTAÀGCTAÂÀTTTTÀÀÀÀJq,GCGAGGGTGGTTATTTT
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16051
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L5351

164 51

16551
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L6751

16851
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CTCAAÀGTTTTGAÀGGAGCÎÀÀÀGCAÀGÀGCTATTATTÀTGÀGCTTATTGGÀÀÀCÀGCTÀ.AÀCGTCÀTCÀÀCTÀÀÀTÀGTGÀGÀÀÀTÀTCTÀTCCTÀTCT

TCTAGAÀÎGTCTTCCAAÀCGÀGGÀÀÀCTCTCGTÀÀÀCÀAÀGÀGGTTTTÀGAGGCCÎÀÎTTACCÀTGGÀCTAÀÀGTTGTÀCÀÀGÀÀÀÀGTGCÀÀÀT.AÀGAÀ

ÀTCTCCAGÀTTÀGGAACTATCCGTGÀGTTCACTÀÀTCTGGÀGATTTTTCÀÀTAGACCTCGTTÀÎTGGGCGGTTACGÀTÀTTCATÀTTTTTTGCÀÀAGÀTG

aliA-)
MK

ÎTGTTTGÀÄÀÀÀTÀÀTTTTCAAAÀÀTTCTGÀÀÀÀTTCTGTTGACÀTCTTTCTGAÀAAGÀGTCTATÀÀTGGÀGAGÀÀÀGTTTTÀÀAGGAGÀÀ.AÀTGATGÀÀ

TTÀTCÀTÀCÀTTTÀTGÀGÀCAGÀCCCTGATÀÀCCTCÀACTÀTTTGACAÀCÎGCTAÀGGCTGCGÀCAGCAÀÀTÀTTÀCCÀGTGÀCGTGGTTGATGGGTTGC

ENDRYGNFVPSMTEDWSVSKDGLTYTYlIRKDA
TAGAÀAÀTGÀTCGCTÀCGGGAÀCTTTGTGCCGTCTATGÀCTGAGGATTGGTCTGTÀTCCAÀGGÀTGGGTTGÀCTTÀCÀCTTÀTACTÀTCCGTÀÀGGÀTGC

KWYTSVGVEYAÀVKÀQD FVÀG LKYÀADKKSDÀL
TAAATGGTÀTÀCTTCTGTGGGTGTAGAÀÎACGCGGCÀGTCAÀGGCTCÀGGÀCTTTGTGGCAGGGCTTÀÀGTATGCTGCTGÀTAAAÀÀÀTCAGATGCTCTT

TACCTTGTTCAÀGÀATCÀÀTCÀÀÀGGATTGGATGGCTÀTGTCÀÀÀGGGGAÀÀTCÀÀÀGATTTCTCTCÀÀGTAGGÀATTAÀGGCTCTGGATGÀÀCAGACÀG

TTCAGTÀCÀCTTTGÀÀCÄÀÀCCÀGÀÀÀGCTT
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APPENDIX II

The nucleotide and deduced amino acid sequence of the serotype
specifïc region of the cpsl9b 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 4F004325

cpsI9bF-+

1

101

20L

3 01-

401

501

601

?01

801

901

10 01

1101

L20t

13 01

14 01

15 01

16 01

17 01

18 01

19 01

2001

2LOr

220]-

RA P L htM Q K S NL E t¡Ù L F R V A N E P K R L F KR Y FVG N r

TA.AÀÀÀÀGGATÀTTCAGITTACTTTTTTGGÀGCÀÀÀÀGÀÀGÀÀGTTTTGCÀÀGÀTÀTGCTCÀÀÀGTATTTÀÄGÀGAGATTÀTCCÀÀ.ATTTGÀTAGTTATT
GHRNGYFSEEDEQÀI QE D I REKNPDFVFIG I T S P

GGACÀCAGAÀÀTGGCTÀTTTTTCTGÀAGACGATGAÀCÀÀGCTÀTTCÀÀGÀÀGATATTCGTGA.AAÀGAÀCCCTGATTTTGTGTTTÀTTGGÀÀTTÀCGTCTC
KKEYI I QKFMD S GVNS V F MGVG GS FDVI. S GH I Q

CTÀÀÀÀÀÃGÀÀTÀTATTÀTTCÀÀÀ.AÀTTTATGGÀTAGTGGCGTCÀÀTTCGGTATTTÀTGGGAGTTGGCCGTÀGTTTTGÀTGTCTTGTCTGGTCATATCCÀ

ACGAGCACCTCTÀTGGÀTGCÀÃAÀGTCÀÀ.ATTTÀGÀGTGGTTATTCCGTGTÀGCTÀATGAGCCTÀÀÀCGTCTCTTTÀÀÀCGTTÀTTTTGTAGGGÀÀTÀTT

cpsl9bG+
SFIGKVLKÀKRGVKY*MIRLIQKVET,DÀIK
TCÀTTCÀTÀGGÀÀÀÀGTTTTAÀÀÀGCÀÀÀÀÀGÀGGTGTÀAÀÀTÀTTGÀÀCCAGACÀGÀGATGATTCGCTÎÀÀTTCAÀÀÀÀGTTGÀATTÀGATGCTÀTÀÀÀ
E FKK I C E EN D I D F FLR G G S VI, GÀVKYDG F I P h¡ D

AGAGTTTÀÀÀÀÀAÀ,TCTGTGAÀ,GÀGÀÀTGATÀTÀGATTTTTTCCTCCGCGGTGGTÀGTGTACTTGGTGCÀGTCÀÀÀTACGÀCGGCTTTATTCCÀTGGGÀT
DDMD I ÀV P REÀY DKI, P S V F KDR I I AGKYQVL T YA
GATGATÀTGGÀTATCGCTGlCCCTCGTGÀÀGCÀTÀCGACÀÀÀCTTCCÀÀGTGTTTTCAÀÀGATAGÀÀTTÀTCGCTGGGÀÀÀTATCAGGTTCTTACTTATC

ÀÀTÀCTGTGATÀCGTTGCATGGCTÀCTTTCCTCGÀCTATTTCTTTTAGÀÀGATGAÀÀGÀÀÀÀCGTTTGGGCTTGCCÀCGAÀÀTACCÀÀTCTGGGÀTTGCA
L I D I I P I, DGA PN H SVI, R K I Y F G KVYWYRF LA S L

TTTGÀTTGÀTATCÀTTCCTTTAGATGGÀGCÀCCAÀÀTCÀTTCGGTTTTÀÀGÀÀÀGATTTÀCTTTGGTÀÀAGTATACTGGTÀTCGTTTTTTÀGCAÀGTTTÀ
G T TYVG D HVDM H S T K Q K I, T I G F FKK LG FAK f, F P Q

GGAÀCAÀCTTÀTGTTGGCGACCATGTGGATÀTGCÀTTCCACTÀÀGCÀÃÀÀÀCTÀÄTTÀTTGGTTTCTTTAÀÀÀÀÀCTAGGATTTGCÀÀAAClATlTCCTC
N S V YRR I, DN I, Y K K Y DW K K Q K Y A G T I NÀ S I, FÀ K E

ÀÀ.AÀTTCTGTÀTACÀGACGCTTGGÀTAÀTCTCTÀTÀAÂÀ.AGTATGÀTTGGAÀAÀÀGCAGÀÀGTÀTGCTGGGÀCTATCAÀTGCTTCTTTATTTGCCAÀÀGA
VM PV E I W G E GV E K P F E D T F F K V P T G YD R Y I, K R I,

ÀGTTÀTGCCÀGTÀGÀGÀTTTGGGGAGAÀGGÀGTAGAGÀÀGCCTTTTGÀGGATACCTTCTTTAÀÀGTTCCÀÀCGGGGTÀTGÀTCGCTACCTGAÀÀÀGACTT

cpsl9bH-->

TÀCGGAGÀÀÀACTÀTCTTCÀCGAÀGÀGCCGAGTGÀTGATGAÀÀÀGÀÀATCGCATTTÀGGGGGATÀÀÀÀÀITTGTTTTGTTATÀTTÀTTTTÀCATTACÀA.A
VLDET I SCVKS I KEGNSN EKQ IVI IDNFSNNG TG
GTCTTÀGÀTGAÀÀCTATTTCTTGTGTTAÄÀTCTATAÀÀAGÀÀGGCAÀTTCCÀÀTGÀÀÀAGCÀÀÀTCGTTÀTTÀTTGÀTAATTTTTCTÀÀTAÀTGGTACÀG

E K I. Q E I, Y E S D L E I D VI, I N H E NÄ G F À RG NNVA Y A

GTGÀÀAÀÀCTÀCÀÀGAGCTTTATGAAÎCÀGATTTÀGAGÀTTGATGTATTCATÎÀÀCCÀCGÀÀÃÀTGCTGGÀTTTGCTCGAGGÀÀÀTÀÀTGTAGCTTATCA

ÀTÎTGCTÀÀGGAÀÀÀGTÀTÀÀCCCCGATTTCÀTGGTTATCATGÀÀTÀÀCGÀTATTGÀGÀTAGÀÀÀCAGÀÀGÀTTTTGAÀÀÀÀATCGTGACÀGÀTÀTCTAT
HKEK F H L L G PD I F S T T Y Q I, H Q N PKRI.TH Y T Y E EV
CÀCAAÀCÀÀÀAÀTTTCATTTGCTAGGGCCÀGÀCATTTTTTCGACÃÀCATATCAGCTÀCATCÀÀÀÀTCCTÀÀACGCCTGACACÀTTÀTACTTATGAÀGÀGG

VALNEK F KR G S O L S LT L K I KC WLKA S KV I, RT A I
TAGTGGCTCTCÀÀTGAÀÀÀATTTÀÀ.A.AGAGGGAGCCAÀCTTAGTCTÀÀCTTTAÀÀÀÀTCÀÀÀTGTTGGTTGÀÀÀGCTÀGCÀÀÀGTTCTTCGAACÀGCAÀT

PLHLMGVNADK I NQC H T D E K I KK IVNE SG I I N AD

G A S VV I. À S K F I, G T P V P E R V.A G I D I, M Q C L L E L S N

K K G Y S VY F F GA K E EVIJ O D M L K V F K R DY PN ]. I V I

E K E E YÀ F N I. N T I, F Y Y E T E I IJ D Y EA E I' K G Y K R I Y T

P K I KVLH H Q NVATN QV Y T N LVE KT f, F S NK CN F E

Y C D T I. H G Y F P R I, F L IJ E D E R K R L G ], P R N T N L G I, H

f,FCYIILHYKYG ENY ], H E E P S D D EK K S H L GG *

FAKEKYNPDFMVIMNND I E I ETEDFEK IVTD I Y

Y ONRRK K G S VD H R KQV E N P I I, H G S F IVY S RD F I
CTATCAÀÀÀTAGACGTAÀÀÀÀÀGGATCAGTÀGÀCCATAGAAAÀCAGGTÀGÀÀÀÀCCCGATTCTTCÀTGGTTCCTTTATTGTÀTÀTTCGAGÀGAÎTTTÀTT



VLYVTNVDWNV'IIKQSTSYFI,TI,MEKNE*
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cpsl9bP)
MMKK

ATCCACÎAGTTÀTTTTTTÀÀCTTTÀATGGÀGAAA.AATGÀ.ATÂÀÀÀÀÀTGÀTGÀÀÀÀÀÀGTTTTATÀTGTGACAAÀTGTTGATTGGAÀTTGGÀTÀ.A.AÀCÀÀ
RPQF IA EN L SNFY EM ],VL YRY WYNRKG LT E DR NT
CGTCCACÀÀTTTÀTTGCAGÀÀÀ.ACTÎATCTÀÀTÎTTTATGÀGATGCTAGTTCTGTÀTCGCTÀTTGGTÀCAÀTÀGÀÀÀÀGGATTGÀCTGAGGÀTÀGA.AÀTÀ

N I T N I S R I YA L P FVNR S PK L K Q LNDK M!VN I R
CTÀÀCATTACÀÀÀTATÀTCÀCGÎÀTTTATGCCCTACCTTTTGTTÀÀTAGGTCÀCCGAÀ.ACTÀÀÀGCAÀCTGAÀTGATÀÀÀÀTTGTÎGCTTGGÀÀTÀTTCG
RKVKAFK PEYVYLTNPMOFAS LVDNS E QKI I Y D

AÀGÀÀÀÀGTTÀÀGGCllTTAÀÀCCGGÀÀTÀTGTATÀTTTGACAÀÀTCCAÀTGCÀGTTTGCÀTCTCTTGTÀGACÀÀTTCAGAÀCÀÀÀÀAÀTÀ.ATÀTÀTGÀT
CMDYHVAF I ENREE R O RL KD L E EKLVNRÀNI, I LV
TGTÀTGGATTÀTCATGTGGCTTTTÀTAGÀÀÀÀÎÀGÀGÀÀGAÀCGTCÀGCGATTÀÀÀGGÀTTTÀGÀÀGAGÀÀ.ACTGGTCAÀTÀGAGCTÀÀTÎTÀÀTCTTGG

TTTCGAGTGÀGÀÀÀCÎÀÀGÀGÀAAÀTATTÀTTTCTGÀTTÀTAÀCTTGGÀÀGAGCÀGGTTÀÀTÀÀÃATÀCTGGTTGTTÀGÀÀÀTGGTTATÀÀTGGTÀÀÀÀT

CTTÀÀGCÀTTCCTACTCGGCÀTÀÀÀÀÀGAÀTÀÀCCÀÀÀÀGCTTGTACTTGCATÀTGTTGGÀÀCTATCAGTCATTGGTTTGÀCTTTGÀTÀTCATTTTÀCGA

ÀGTTTAÀÀÀGATTTTGÀTÀÀTÀTTGAÀTÀTÀÀTTTGÀTTGGTCCGÀTTÀGCÀÄÀGCTCÀTÀTTCCTGAÀCÀTGATAGAÀTTCÀTTÀTTTÀGGÀÀGTGTAC
H E K I Y Q Y I ENÀDV I, I M P F Q I N D I V E ÀVD P VK I, Y

CÀCÀCGAGAÀGÀTTTÀTCAGTÀTÀTTGAGÀÀÎGCÀGÀTGTTCTGÀTTATGCCGTTTCÀÀÀTTAÀTGATATTGTTGÀÀGCÀGTGGÀTCCÀGTCÀÀGTTGTÀ
E Y I NFKKN I L TVC Y KE I I, RF E P FVYMY SNY L D Y

TGÀÀTATÀTTAATTTTÀ.A.AÀÀÀ.AÀTATACTTÀCGGTÀTGTTATAÀGGÀÀÀTTCTGÀGÀTTTCÀÀCCÀTTTGTATACÀTGTATTCÀAATTÂTTTÀGÀTTAC
Q M N I, I, Q I, I E N N N I, K Y D S ] À R E D F I, K S N ÀW E K R A E

CAAAIGA.ATTTGTTGCÀÀTTGATTGÀÀÀÀTAÀÎÀÀTTTGÀÀ.ATATGÀCAGTÀTÀGCTAGÀGÀÀGATTTTTTGÀAÀÀGTÀÀTGCTTGGGAAÀÀÀÀGÀGCGG

cpsIgbl->
LIHQLTNQL*MKRQKFEF]ET],YYFTV

AGCTGÀTTCATCÀGCTGATTÀÀCCÀÀTTGTAÀTTTTTTÀTGGÀGÀGÀTGÀÀTGAÀGÀGÀCÀGÀAGTTTGÀÀTTTÀTÀGÀGATTCTÀTÀCTATTTTÀCÀGT
M L S V G M F I, M F T L S I, Y W H RN I, I, T I I, S I A L S F L M L

GATGTTATCÀGTGGGÀÀTGTTTCTTATGTTTACCCTCAGCTTATATTGGCACAGÀÀÀCTTÀTTÀÀCTATTTTÀTCTATTGCTCTCTCATTTTTÀÀTGCTT

CCTÀTÀCTGÀTTGTTÀÀTGCTAÀ.AÀGAÀTTTCTAÀÀTCTGCTTTTÀTCTÀTGGTÀCTTTTTTÀTCTATATGTÀTTATÀTÀTGÀGÀTÀTTÀÀGAGCTÀ.AÀÀ
L YNY S V S N I F I,A S RQ Y I W I F L F FVI. I YL F KN K Q

CÀCTGTÀTAÀTTÀCÀGTGTGÀGTÀÀTATTTTTTTGGCCTCTAGACAÀTATÀTÀTGGÀTTTTTCTÀTTTTTTGTÀTTGATTTÀCCTTTTTA.A.AÀÀCAAÀCÀ
E NM RK ] I, D N T LN I F M F S ], G I RÀ F T W F f, Y T I, F Q V

ÀGAAÀÀTATGAGÀÀÀÀÀTTTTAGATÀÀTÀCACTCÀÀTÀTTTTTATGTTTTCTCTCGGÀÄTTAGAGCÀTTTACTTGGTTTTTÀTÀTÀCGTTÀTTTCÀÀGTT

CÃÀTTÀTÎTCCÀTCTATTTTAÀGÀGAÀTTCGGÀGATTTGTGGÎATCGÀÀÀTGAAÎTTTCÄGTÀCGÀÀTAGATGGÀÀCACCÀTTAÀTTATAÀTAGGTTTGT

TÀÀTTTCCACTTTTTTCTATTTTAÀÀTTTGGAAÀTÀGGÀÀÀTÀCTTTTÀTTÀTTTGTTCTTGATATTÀÀTGTATATAÀCATTTGTÀÀÀTCÀGACÀÀGÀGT
L IJV S VL I S I F LM FVF S RR T S R I] L T S L S FVT I I I

GCTACTGGTTTCTGÎTTTGATTTCÀÀTTTTTCTTATGTTTGTATTTTCTAGÀAGÃÀClTCTÀGATTGCTCACClCTTTÀÀGTTTTGT.AÀCTATA,ÀTTÀTÀ
À F VY G G G L D Y I KÀ Y L N I DAG T F D L G L G F RY VI E f, K

GCÀTTCGTTTÀTGGÀGGTGGATTGGÀTTÀTÀTTÀÀÀGCATÀTTTÀÀATATAGATGCTGGÀÀCÀTTTGÀTCTGGGATTÀGGATÎÎÀGÀTACTGGGÀGTTGÀ
Y YL G L LÀ I D F C T LGVG I IJ T S S N I N S NF I r,AG P S

ÀÀTACTÀTCTGGGTTTATTGGCTÀTTGÀTTTCTGTACCCÎTGGTGTTGGAATTCTÀÀCÀTCAÀGTÀÀTÀTÀÀÀTÀGTÀÀTTTTÀTTTTGGCTGGGCCAÀG
A VK M Y I, D D I, G F IJ E I' F V Q F G V A À ] F M Y G Y I F Y K I,

TGCTGîÎÀAGÀTGTATCTAGÀTGATTTÀGGTTTTTTÀGAGTTATTCGTTCAÄTTTGGTGTÀGCCGCAÀTTTTTATGTÀTGGTTATATATTTÎATÀÀÀTTÀ
T N L I ], RM S N D K Y RVD RÀ F F I À L I, T N IJ I I T S I S I,N
ÀTCÀÀTTTÀÀTTCÎAAGÀATGÎCAÀÀTGÀTAÀÀTÀTÀGÀGTTGACCGCGCCTTTTTTÀTTGCÀCTCTTÀÀCTAÀTTTÀÂTÀÀÎTACTTCAÀTTTCTTTÀÀ

I F G Â. Q R S F S L A I V I, AL I F Y Y D Y R L K NDVEN
ÀTÀTCTTTGGÀGCGCAGÀGÀÀGTTTCTCATTGGCAÀTTGTÎCTTGCATTÀÀTÀTÎCTACTATGACTÀTÀGGCTGÂAÀÀATGÀCGTAGÀÀÀÀTTAGGTCTÀ

cpslgbQ-)
MDKVC IVI LNYNNYEET I ERVQ SLRSTIKSN EY

TAÀÎCGÀTÀÀÀGTÀTGTÀTÀGTTATTCTCAÀTTATAÀTÀÀTTÀTGÀÀGÀ.A.ACGÀTTGAGCGTGTÀCAÀÀGTTTGAGAÀGTÀCTATAÀÀATCÀAÀ,TGAGTA

TGACATCGTGÀTTGTÀGATÀÀTÀÀTTCGGTGAÀTGATÀGTGTCÀÀÀGÀGTTÀTCCÀÀGGCGTTATCCCCTATTA.AGÀTTÀTTÀCTÀGTTTÀGAÄÀATÀGÀ
G YAN GNN I G I K Y À E DNG Y DY I C I T,NN D T T, I EV D F
GGATATGCGÀATGGÀÀÀCÀÀTATTGGÀÀTÀÀAGTATGCTGÀGGATÀATGGÀTÀTGATTÀCÀTTTGTÀTATTÄÀÀCÀÀCGATACÀTTAÀTTGAGGTTGÀTT

L E S C K R E I, E NN S FVA FV S P V L V E Y K DNN I,VQ S T
TTTTGGAÀTCGTGÎAÀÀCGAGÀÀCTÀGÀÀÀATÀÀTTCCTTCGTTGCCTÎTGTTAGTCCÀGTGTTÀGTTGAÀTÀTÀÀÀGATAÀTAÀCTTGGTÀCAÀTCTÀC
GGD I F I N RG I VT I, KNH GÀQRD K L P S K I E S D Y I G

ÀGGÎGGTGÀTÀÎTTTTATTÀÀTÀGGGGÀÀTTGTÀÀCTTTÀÀÀÀÀÀTCÀTGGTGClCÀGÀGAGÀCÀÀÀCÎTCCTTCTÀ.A.AÀTCGÀÀÀGTGACTÀTATTGGG
GA C I. M F K T S I IJ K T I G Y T P E S Y F L F Y E E T Ef'¡ C Y RA
GGAGCÀTGTTTGATGTTCAÀÀACCTCTÀTCTÎGÃAÀÀTTATTGGATÀTATACCTGÀÀÀGTTACTTTCTATTTTATGAÀGÀÀÀCTGAÀTGGTGTTÀTAGGG

CîÀÀ.AÀAÀTTÀGGCTATÀÀGAÄTATÀTGCCTTACTCAÀÀGTTATGTGTATCÀTAÄÀGGTTCGGTCTCTÀTÀ.AÀÀGCGGTCAÀTGGACTTCÀÀGÀÂTATTT

TGCÎTCTTGCGAÀGGGATTGÎTCTÀÀÀÀGAAÀGTATÀÀÀTATTÀTTTÀGATGGTGTATTTÀÀTAGÀÀTTGATCCÀTCCTATCCÀTTTÀTTTTCÀTAÀGCG

ÀÀTAAGTTACTACTTÀTÀÀCTGTAGÀTGCACTÀÀGAT.AÀTTATÀGTAGÀCTGÀÀTCTÀÀÀÀTÀGTÀCGÀÀÀTÀÀTTGCTÀÀÀÀCÀTTTATAGÀAÀTTAÀT
TITACÍTTCCTAÀTCGÀTTÎGÎTCTTATCTTÀTTTCÀÀTCTGCTÀTAGÀÎTÀÀATÀÀGTGÀÄCAÀ.AGIGGTCATTÀTAGGÀÀCÀTÀÀTTTAÀCÀTAGTTÀ

cpsIgbR-)

GCÎGAÀÀCÀTGAAÀÀTGTTÎGATATÀTCTCÀÀÀTÀÀÀÀÀCAÀÀAÀCAGTTGCÀTTTGÀTTTTTTÎGÀTÀCTGTTGTGCATAGGAÀTTGTCATCCTGAGCÀ

AÀTÎîTGTÀTCAGTGGGCTÀÀGGAÀÀTGGCTTTGGAGGTGAÀTTTCAÀTÀTATCTCCTTCÀÀTÀTTATATCÀÀÀTCÀGÀÀÀÀÀGTGTCGAÀÀACA.\TÃ.AÀ
KL G T E EM C Y I. D L I, S G I YN E I K D K I KNT SKE E F I I{

AAGTTÀGGCACTGAÀGÀÀAÎGTGTTÀTCTAGACCTTTTGTCTGGÀÀTÀTATAÀTGÀÀÀTTÀÀÀGATÀÀGATA.AÀAÀÀTÀCÀTCGAÀÀGAÀGÀGTTTATTC
RÀK I I, E IJ K I E L QH I YLD S E I K EVL K K LK S DS KO

AîAGAGCTAAÀATTCTÀGAGTTGÀÀÀÀTTGAÀTTÀCAACÀTATTTATTTGGATTCGGÀ.AÀTTAÀÀGÀÀGTTTTAÀÀÀAÀÀTTGÀÀÂÀGTGÀTTCAAÀÀCA
I I L VS D F Y T DK E T, I E TVI,K K F E I F D YF S S ] Y I S

GATTÀTCTTAGTTTCTGATîTTTÀTACÎGÀTÀÀÀGAATTAÀTAGAÀÀCTGTÀTTÀÀÀÀÀÀGTTTGÀÀÀTTTTTGÀTTÀTTTCTCTTCTATCTAÎÀTTTCG
S EKG C RK S T GN LY KI, I L K EL G LN P I E I TM I GD NC
AGfGÀGÀÀÀGGÎTGCCGTAAATCCÀCAGGÀÀÀTTTAÎATAÀGTTÀÀTTTTÀÀÀÀGÀÀTTAGGCTTÀÀ.ATCCTATAGAÀÀTTÀCCATGÀTAGGAGAÎÀÀTT

K S D YEV P R S I, G LNÀ I Y RR Y I D KN S T VS EK EL VR
GTAÀÀTCTGATfATGAÀGÎCCCGCGTÎCTCTÀGGATTÀÄÀTGCTATTTATÀGACGÀTATÀTAGÀTAÀ.AÀÀTTCÀÀCÀGTGTCÀGÀGAÀÀGÀGTTEGTÀÀG
LYÞO I LF SNS KKÀPFN I FLAD I VFF I S EI, HKK M

ACÍCTÀTGAÎCAAÀTTÎTATTTTCTAÀCÀGTÀÀÀÀÀÀGCÀCCGTTîAÀTATTTTîTTÀGCTGACATCGTATTTTTTÀTTTCGGÀÀTTGCATAÀÀ.AAGÀTG
1 QDDVQ T A I, F F C S REG Q L LKR L FD 1 Y Q DT F LR EN
AITCÀGGÀÎGATGTTCAA.AIAGCÀCTCTTTTTTTGCTCÀÀGÀGÀÀGGÀCÀGTTÀTTGAÀ.AÀGÀCTTTTTGATÀTÀTÀTCÀÀGATÀCTTTTlÎGAGÀGÀÀÀ

QRl CTEYFYVSRRS TLYS SFTSLENEEFEMT FR
ÀTCÀÀÀÀGAîÎTGTACÀGAÀTÀTTTÎTATGTTTCTÀGÀCGÀTCGACATTÀTÀTTCTTCTTÎTACTTCTTTAGAGÄÀTGAÀGÀÀTTTGAGATGÀTCTTTCG
QVK K I 1 T, Q NF L LNLN F S NN E I T L I C Q D LNVK P T

TCÀÀTÀTÀAAAÀÀÀTÎACGTTÀCAAÂÀTTTCTTÀTTAÀÀCTTGÀÀCTTTTCTAÀTÀÀTGÀÀÀTCACATTGÀTTTGTCÀÀGÀTTTÀÀÀTGTGÀÀÀCCTÀCÀ
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W H S RH F I N I K I, Y KN I, Q F K Y H F K P M WY L F A S I, LÀ

LRT YNI, Q S P F P E E FNRQ S T S I I ÀN Y H FA PTE I,A

KEN I, T K E G RNNVYVT GN T V I DÀ L K T TVQK DYT H P

R I Q I I E P L DVf, D F HN FMN N S Y M I I, T D S GGVQ E EÀ

P S I, G K PVL VMRD T T ER P E GVÀÀ G T L K LVGTD EE

TÀÎGTÀTTÀÀCÀGTAGACGATCÀTTTATTAGÀGÀÀCCTAAGÀ.AÄÀCÀCCCTCAGTTTATTAAGÀÀGTTCAÀTCAÀGÀGAÀÀ.AÀÀGÀTAGCCÀÀTTACTÀC

GTGÀGTÀTÀTTAAGCÀTTTAÀCAÀÀÀÀÀCCGAÀÀTGÀGGCATATTTÀGTTGATGTÀGGTTGGÀÀÀGGÀ.ACGATACÀÀGATÀGTÀTCÀÀÀÀÀGGCTCTTCC
D K R I V G Y Y I, G I, M I. N V Y S V E N K T D K T G I, I, F S D Y P

ÀGACÀÀGÀGÀÀTÀGTÀGGATATTATCTÀGGÀTTGATGCTCÀÀTGTTTÀTTCÀGTÀGAÀÀÀÎAÀÀÀCGGATÀÀÀÀCTGGTTTATTÀTTTTCTGÀTTÀTCCÀ
SKSKFYDIVSRNFGFYED I FVÀDHG PVLKYKK ES
ÀGTÀÀÀTCGÀÀÀTTTTÀTGÀTÀTTGTGAGIAGÀ.AÀTTTTGGTTTITÀTGÀÀGATÀTTTTTGTÀGCAGÀTCÀTGGTCCÀGTTTTGÀÀÀTÀTÀAÀÀÀÀGÀGÀ

D I I P f I DDDKKHVS I YQÀVKDY Q E EI,VLGFS E I
GÎGATATTATCCCCÀTTATÎGACGATGÀTÀAGAÀACÀÎGTGÀGTATTTÀTCÀGGCAGTTÀÀÀGATTÀTCÀÀGÀÀGAGTTAGTÀTTAGGÀTTTTCÀGÀÀÀT
L E A Y K K M K F I, P F E O K NL V{ L T M S I, K K E C T Y I P K L

TTTGGAÀGCTTÀTAÀGÀÃÀÀTGÀ.AGTTICTCCCTTTTGÀACÀÀÀÀÀÀÀTCTGTGGCTAÀCGATGTCGCTÀÄÀÂÀÀÀGÀÀTGTATTTATATÀCCTAÀGTTÀ
QS FSE S LKE KVVENFGE MLKT TKK S I KTLL RE
CAÀTCÀTT?TCTGAÀTCTTTÀÀÀÀGÀÀÀÀÀGTTGTîGAAÀATTITGGTGÀGÀTÀGTAÀCTCTTÀÀGACTACGÀÀÀÀÀÀTCTÀTÀAÀAÀCGTTATTÀÀGAG

AGÀAÀÀGCGÀTTTACTTTGGGTTGATTTCGTTTATÀGÀTTGTTTGGTGGTGTCÀÀTTTCCÎATÎTÀTTCCAGAÀTTÀTATACAAGAGTTÀÎATTTTTATT
KYIIDI'KI'RIJKNYGE*

cpsl9bl-->
M G N K S I K I, N À I, L N I V L T I, S N T I

GÀÂÀTATTTÀGATTTGÀÀÀTTGAGGTTGÀ.AJAÀÀTTATGGGGAATÀÀÀTCCATAAÀGTTGÀÀTGCÀTTÀTTÀÀÀTATTGTCCTGACGCTATCÀÀATÀTCÀT
F P I. I T F P Y I S R I I,N PNG I G I, T S F F S S T GNYG I L

TTTCCCÀTTAÀTCÀCTTTTCCTTÀTATATCTÀGAÀTATTGÀÀTCCÀÀÀTCGTÀTAGGTTTÀACTTCÀTTÎTTTÀGTTCAÀTÀGGGAÀTTÀTGGTÀTTTTÀ
I,A S I, G I S T Y G I KÀVÀ S VR D D R D K L S KVVQ ELM I I
CTTGCTTCTCTGGGÀÀTTTCÀÀCTTÀTGGTÀTCAÀÀGCÀGÎÀGCAÀGTGTTÀGÀGATGÀTAGÀGÀTÀÀGTTGTCÀÀÀÀGTÀGTÀCÀGGÀGTTÀÀTGÀTTA

TÀÀ.ACGTTGCTATGTCTÀTÀÀTÀÀCAÀCTGCÀÀTÀCTÀTTATTTATGACTÀTÀTTTATAÀCACÀÀTTGÀÀTÀGAGÀÀTTTTCACTCCTATTGÀTCÀCÀTG

TGGGACTATTTTATCTTCTCCTTTCGCCTTÀÀÀTTGGTÎGTÀTAGTGGÀÀTGGÀÀGAÀTATACGTATÀTTACTÀCTÀGGTCÀGTÀGTGTTTÀÀÀÀTTCTÀ

TÀTGGCATAGCCGÀCATTTCATTÀÀTATTAÀÀTTÀTÀTÀÀÀÀÀTTTÀCÀÀTTTÀÀÀTÀTCÀTTTTÀÀÀCCÀÀTGTGGTATTTATTTGCCTCATTÀCTTGC
VN I Y T N IJ D T VM I' G F I NG N E AV G Y Y S VÀ S KVK W I

ÀGTAÀÀTATTTATACTAÀTTTÀGATÀCÀGTGÀTGCTCGGTTTÎÀTTÀÀTGGTAÀTGAGGCTGTGGGÀTÀCTÀTTCTGTGGCÀTCÀÀÀGGTTAÀGTGGATT
I, L S L I T S I S ÀV L L I, R L S F Y I S K N D T S N F I KI'f I, K E
TTGCTTTCTCTTÀTTÀCATCTÀTTAGTGCÀGÎTTTGCTÀCTGAGACTTTCÀTTTTÀTATTAGTAÀÀÀÀTGÀCACCTCGÀÀTTTTATÀÀÀÀÀTGTTA.AÀGG

S S ÀV f F F I À I P I, MV F F I V E A K D S I I, L L G G S Q Y ].
AGTCATCTGCGGTTÀTATTTTTTÀTTGCGÀTTCCATTGATGGTÀTTCTTTÀTTGTÀGAGGCGÀÀAGÀTAGTATCTTATTÀCTÀGGAGGÀÀGTCAGTÀTCT
PATLÀMQ I LMP I I,L I SG F S NI T GNQ I L I PMNRE

TCCÎGCGACTTTAGCGÀTGCA.AATÀCTTÀTGCCÀÀTTTTACTTATTTCTGGTTTCTCGÀÀTATTÀCÀGGÀÀATCÀÀATATTGÀTTCCÀÀTGÀÀTAGÀGÀA

ÀÀÀTATTTTÀTGGTTGCAGTÀÀCGATÎGGTGCTGTGATTÀÀTCTTÀTTTTGAATCTACTGTTÀATGCCTÀÀGTTTGGÀÀTTÀTTGGTGCTTCTGTCGCÀÀ
I, F A E L S Q M T V Q I, H F S K E Y I, V S N I S I K S I,VNV I I

CTCTTTTTGCGGAÀTTGTCGCÀGATGÀCGGTÀCÀÀTTÀCÀTTTTTCÀÀÄÀGAÀTÀTTTÀGTÀTCÀ.AÀTATATCGÀTAÀÀGÀGTTTGGTTÀÀTGTGATÀÀT
ÀTVVS I I P L I I LNQ I. I T I T I P F Y S I,M I,AGFÀ F F

TGCAÀCAGTTGTTTCTATÀATACCÀCTÀÀTCATTTTGÂÀTCAGCTGÀTÀÀCGATAÀCTATÀCCATTTTATTCTCTÀÀTGCTÀGCÀGGTTTTGCTTTCTTT
S L Y LV T L L L I,K E EVT I O L F S I, L AKKK *

TCATTÀTÀTTTAGTÀÀTTCTCCTTTTATTÀÀÀGGÀGGAAGTGACGATTCA.ATTÀTTTTCTCTTCTTGCA.AÀGAÀGA.AGTÀÀÀTTGGTCÀGAÀÀTTGÀÀÀT

cpsIgbK->
MKTMLVFGTRPEÀIKMCPL

GTÀTÀÀÀCÀA.ATÀ.AÀT.AÀTTTÀÀTTÀTTAÀTTGÀGGAGGÀÀÀTCÀTGÀÀGÀTÀå,TGCTÀGTTTTTGGTACÀCGTCCÀGÀÀGCGÀTÀÀÀÀÀTGTCTCCÀTT
VNE IJKK Q À D ME T VVCVT G Q H K E MV S PVLE LF GV

ÀGTGÀÀTGAGTTGÀÀÀÀÀÀCÀGGCÀGÀTÀTGGÀÀÀCAGTTGTTTGTGTÀÀCTGGTCÀÀCÀCAÀGGÀGÀTGGTTAGCCCTGTTTTGGÀ.ATTGTTTGGAGTT
O P D YD I, E I M KÀN O T I, F S I T T S I L E K T K PVL EE E O

CAACCAGÀTTÀTGATTTÀGAAATTÀTGÀÀÀGCTÀÀTCÀÀÀCCTTGTTTTCTÀTÀÀCÀÀCAÀGTATTTTAGAÀAÀAÀTTÀÀÀCCTGTTTTÀGÀÀCÀÀGAÀC
P D I V T, V H G D T T T T Y ÀÀÀ I. A A F Y L G I KVG HVE À G

AÀCCÀGATÀTTGTTCTÀGTTCACGGTGÀCÀCTACTACGÀCATATGCAGCAGCTTTGGCÀGCATTTTÃTCTÀGG.AÀTTÀÀGGTTGGTCATGTIGAÀGCTGG

AAAGÀÀÀÀTCTÀÀCÀÀÀÀGAGGGTÀGÀÀÀCÀÀTGTTTÀTGTGACAGGTÀÀÎÀCGGTÀÀTTGATGCÀCTTÀÄÄÀCTÀCÀGTÀCÄÀÀÀGGATTATÀCACÀCC
D L D I, NÀ DN R I, I L L TA H R R E N I, G E P M K H M F RÀ VK

CTGATTTÀGÀTTTÀÀÀCGCTGATÀÀTCGTCTCÀTTCTATTGACTGCTCATÀGACGTGÀÀÀÀTCTCGGÀGÀACCTATGÀÀÀCACATGTÎTÀGÀGCTGTTÀA
RI LNEYDDVKVI YP IHKN P LVRETÀÀE ]FGD T E

ÀCGÀÀTTTTÀåÀTGÀÀTÀTGACGÀTGTTÀÀGGTÀÀTTTÀTCCAÀTTCATÀAGAÀTCCTTTGGTTCGTGÀÀÀCAGCTGCGGÀÀÀTTTTTGGAGÀCATÀG.AÀ.

CGCCTTCGÎTAGGÀÀÀGCCTGTÀTTGGTCÀTGCGAGÀTÀCGÀCAGÀÀÀGACCTGÀÀGGÀGTAGCTGCTGGÀÀCGTTGÀÀÀTTGGTTGGGÀCTGATGÀGGA
T I Y QN F KM I, ], DD S E EYK K M S O A SN P YGNG DÀ S K

GACTATTTAICÀÀÀÀTTTÎAÀGÀTGCTÎTTÀGÀCGATTCCGÀÀGÀÀTÀTÀAÀÄÀÀÀTGÀGTCÀÀGCTÀGTÀÂTCCTTÀTGGÀ.AÀTGGTGÀTGCTÀGTÀÀÀ

cpslgbL-)

GGÀÀTTAGGGATÀTTTTGÀTTÀTTTCCACTCCÀCAGGÀTTTACATCGÀT

KSDLLWVDFVYRLFGGVN F LF I PE LYTRVI F LL

't'10L

7801

19 0r

8001

8101

82 01

8301

8401

8501

8601

870r.

8801

8901

9001

9101

KY F MVÀV T T GAV I N L I ], N L L I, M P K F G Ì I GASVAT

920t

93 01

9401

9501

9601

97 01

9S01

9901

10001

10101

102 01

QIVRILRGJ* MKGIII,ÀGGSG
10301

10401

t-0501

CÀGÀTTGTTCGÀÀTTTTÀCGTGGÀ.ATTTCÀGTGTGTTTÀGÀTÀÀÀGTÀÀTACÀGAÀAGGTACCCTÀCTATGÀÀÂGGTÀTTÀTTCTAGCÀGGTGGTÎCGGG
T R I, Y P IJ T R AA S K Q L M PV Y D K P M I Y Y P L S T I,M IJ À

GACTCGCTTGTATCCTTTGÀCTCGCGCTGCÀTCAÀÃÀCÀÀCTGATGCCGGÎTTÀTGATAÀÀCCCATGATTTÀCTÀCCCACTTTCAACATTGÀTGTTGGCT
GIRDTLIISTPQDLHR

Appendix II



APPENDIX Iil

The nucleotide and deduced amino acid sequence of the complete
cps79a locus.

The nucleotide sequence is numbered in accordance with GenBank accession number

4F094575 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.

-)dexB
vE*

1 GTGGÀÀÎGACTGACTÀGÀÀTGÀGCAÀÀCCTCÀÀGTTTTTGAÀGCTTGÀGGTTTlTTÄCÎÀTÀGTGGÀTTGÀÀÀCTAGÀÀTÀGTGCACCîClGCTTCTÀA.A

11
101 ÀCATTGTIÀGÀÀÀTCGÀTTTGACTGTCCCGATCGÀTTTGTCCTÀTTCTTATTTCATTTTGCTÀTÀCTTOTÀOT'II TCCTCÀCÎACIÀ

20r
301
401
501-
601
?01
801
9 01,

10 01
110 t-
L2OL
13 01
140L
15 01
16 01

1
ÀÀCTCTTCÀTTÀTCCTTTITTÀIIITTTÀIIGÀÀGÀTÀÍTETTIG¡ÀIÀGÀÌGÎGÀOTÍTCCÀCGGÀTGGGITTTGITOGÀGGGÀTÀIÀCT'ITGCOTCITTCÍ-ITTT
TTOTTCTCCilITC!ÎGÎTCÀÀÀGÎÎîTTCGÀ.f,TÀGÀETTCÀTG¡ÀTTTÀGTÀGCTCCTTTOTOTCTÀTÀGÀTETTGTCÀSCGÀTÀîßOÀOOTÀCÀlIGITCßCCO
TCÀÀAIGCTTTTÀTÀÀCIÀATGICIaTTCOTCTTTCTG¡ÀTCTTTÀTÀGÀCIICTTETCCTTGTTCGGTÀ GATTTTG¡GìÀTCGGÀTÀTGST
CTCCåC'IÀECGÀCGÀCTCTCTCCOCCÀCTCEÀGCCf,C¡ÀÀTGÀGÀr{CCTfICÀGÀGGOOTTTGGAÀCCTCCTCGÀÀGÀCTGAG¡TOTTIETIG¡TCT'ICIIITTCC
ÀÀACTOTTCÀTTÀTÀGGITTIIOÀÀT OOTÀTTGGCTICTICCÀÀGG'TATGÀÀTÀ11Gi¡TT¡OIICCTO¡¡COÀTÀS{'CÀGGCCIÀGÀT
TC.IAO¡rOTCßEf,TÎGÀGTCÎÎTCGÀCICTCCCTTTÀCCTTGÀ GTCTCjÀÀGGÀGÀÀECCCTÀGITIO(IICÀC.IGGCOIÀTCCÀÀÀCTOTO
¡ÀTGKßjrÀTCGTCCTCCÀfTTTCTTÀ(IÀOÎITG¡GÀGGCTTOÀTÀGIGTTÀÀG¡ÀCCOTTCTCTCATCTGTTTTÀÀTIÎ CGTCÀTI¡GG¡CTÀÀ

GÀTTTC¡ITTC TCOÀCTTOATÀOÎÀÀGCTiIICTÀOTTCTCITGTTTÀTCÀÀÀÀT,IÀG¡CG¡CCTÀCIGÀTÀÍTGCC.A GG¡CTÀÀOTOTÀÀO

T'¡AGAÎG. T,I!G!€OC¡CCå.Lf,CÍÀGGC.f,Í GÀGCG¡CTG€C.ÀTCC.À'ITTGIÀÀTG¡ÀOTTCÀCCÀGC.TÀÀTIIIITTTCTGGGICIÀCTÀGoÀECTÀCTII'TTTTÀG
CIOTCTICTÀGIGÀÀG¡TT{TCf,OCCOTCOOTÀÀGÀÎIIOGÀT|IIOTCTÀOG¡GGTTGÀTTCÀGIG¡TTCÀGTTTÀOCT¡C¡ÎT{TCTÀÀCACTITTCllTo'ICTTTCT
À,IK¡€OÀCTTÀOOCGÀCÀGGAÍÀ¡TT TC TTCTÀÀCÀOI¡ÀGTÀTC.ÀGÀGÀG¡CTGÀÀTAICCÎÎCTßCIFTCÀC¡CTÀGICÀÀITCÀCÀGÀÀÀ
TGÂÀ@ÀCÀT.ITOOTTTÀ1À1GTîÍ18CÀTÀGGÀGÀGOTÀTTTTIÎIÀOG¡ÀGÀCOTTCT.}IGATTTCÀT GTTTTGGÍITTÎCGÀTTTCTCT
T.TCCO¡gTCTGAÀG|CCTTCTIT{CCTTTCÀOTT(¡ÀTÀGIGCTÀOTÀGC.ÀGÀCOÀTTOÀT11OTCÎr'ICÀGÀÀÀGIÀTTG.ÀGCTCGÀCÀCÀGGC11CGTTTClT
TOTTITICTTTCCI¡lIGG|CCTÀTÀGCTTTTÀTC.ÀCÀÀOÀTÀTTTT{TCGT+Tc'ÀTÎc.ÀTÀÎTcf,GrI€GAlCCTII}TTeIIAIICACTÀTTCTÀCCÀÀÀTCGGA
CIf,TTÎÍCÀCOTTCG¡ÀTTÎÀC CÀCÀE{CG¡TÀT1ÀCÀCÀÀGATGCAGÀTAGTGÀÀ.AÀAÀGGTGTÀGÀCÀTTACCGTÀÀÂÀÄAGTGA!4!'A

;p:,i;;À :
MSRRFKK S R S OKVK RSVN IVL LT

èlccTÀTGATcTTCÀÀGCTÀTÀGGTGITAÄTCÀTGAGTAGACGTTTTÀÀÀ.A.AÀTCACGTTCACÀGÀÀÀGTGÀÀGCGAÀGTGTTÀÀTATCGTTTTGCTGAC
r Y L L L V C F L L F I. I F T YN I L A F R Y I, N LVV PA L V ],

TATTTATTTATTGTTAGTTTGTTTTTIA.ITGTTCTTÀÀTCTTTACGTÀCÀÀTATCCTTGCTTTTAGATATCTTÀÀCCTÀGTGGTÀCCTGCGTTAGTCCTÀ
LVÀLVGLLLI IYKKAEK F T I FLLVFS ILVSSV SL
CTAGTTGCCÎTGGTÀGGGCTÀCTCTTGATTATCTATAÀAÃAAGCTGAÀÀÀGTTTACTÀTTTTTCTGTTGGTGTTCTCTÀTCCTTGTCAGCTCTGTGTCGC

FÀVO Q FVG L TNRI.NA T S N Y S E Y S I S VÀV LÀD S E

lCTTTGCÀGTACÀGCAGTTTGTGGGACTGÀCCAÀTCGTTTÀÀÀTGCGÀCTTCTAÀTTACTCAGAÀTATTCGATCÀGTGTTGCTGTTTTÀGCAGÀTÀGTGA

17 01

18 01

L901

2001
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GATTGAGÀÀTGTTÀCGCAACTGÀTGÀGTGTGACAGCACCGACTGGGACTGÀTÀÀTGÃÀÀÀTATTCÀÀÀÀÀCTÀCTÀGCTGÀTATCAÀÀTCÀÄGTCÀGÀÀT2LOt

220!

2301

240L

2501

260t

270r

2801

290L

3001

ÀCCGÀTTTGACGGTCÀÀÎCAGÀGTTCGTCTTACTTGGCÀGCTTATÀÀGAGTTTGATTGCÀGGAGÀGÀCTÀÀGGCCÀTTGTCTTÀÀÀTÀGTGTCTTTGÀÀÀ
I I ESEH PDYÀSK I KKI YT KGFTKKVEÀPKTS KD

ATATCÀTCGÀÀTCGGAGCATCCÀGÀTTÀCGCÀTCGÀÀGÀTAÀÃAÀÀGATTTATACCÀÀGGGÀTTCACTÀÀÀÀÀÀGTÀGAÀGCTCCTÀÀGACGTCTAAGGÀ
Q S FN I YV S G I DT Y G P I S S V S R S YVN I I, MTVNR D

TCAGTCTTTCAÀTATCTÀTGTTÀGTGGAÀTTGACACCTÀTGGTCCTATTAGTÎCCGTGTCGCGTTCÀTÀTGTCÀÀTATCCTGATGÀCTGTCAÀTCGÀGAT

TENVTQLMSVTAPTGTDNENI QKLLAD IKSSQN

T DL TVNQ S S S Y I,ÀÀ Y K S L I À G E T KAIVI,N SVF E N

ÀLG F VRE RYS LAD GDH D R G RN O Q KVI ÀÀ I L QK I, T

S S EÀ LKNY S R I I D S L Q D S I Q TNM P I.ET M INI, VN

ÀQL ESGGTYKVN S Q DLK GMGRT DL PSYÀUPD S N

DÀA I I M Q K C DA S I L V T K A G E T K R RD I, Q K AK E Q I,

E Q T G K S C LGVVLNK l, D T S V E K Y G S YG S YGNYR K Q

LMEQNTMQGGMFKVDDD PR I TK IGHPIRKTSL DE

LPOFYNVLKGDMSLVGT R P PTVDEYEHYTPE QK

T KK I T, I, T T T P R D À Y V P I A D G G NN Q KDK L T HA G I Y

3101

320L

3301

3401

3501

3601

370L

3 801

3901

4001

4101

420r

4301

440L

4501

460t

4',10r

4801

4901

5001

5101

520L

530L

s401

5501

5601

5?01

5801.

5901

6001

6101

620L

6301

6401

6501-

IVF DVDDG PK S RE E S KÀ L I, ÀE S YRQGVRT TVS T S

ÀCCÀÀGÀAÀÀTTCTCTTGÀCCACÀACGCCÀCGTGATGCTTÀTGTÀCCÀÀTCGCÀGÀTGGTGGGÀÀTÀÀTCAÀÀÀÀGATÀÀ.ATTGÀCCCATGCGGGCATCT
GVD S S I H T I, E N I, Y G VD I N Y Y V R L N F T S F IJ K I' I D

AÎGGAGTTGÀTTCGÎCCATCCÀCÀCTTTÀGÀÀÀÀTCTCTÀTGGAGTGGATATCAÀTTÀCTATGTGCGÀTTGÀÀCTTCACTTCTÎTCTTGAÀÀTTGÀTCGÀ
L L G GVD V YND Q D F T S I, H G K F H F P V G NV I.I L D S E Q

ÎTTGTTGGGTGGGGTÀGÀTGTTTÀTÀÀTGÀCCAÀGATTTTACATCTCTÀCATGGGÀAGTTCCATTTCCCÀGTTGGAÀÀTGTCCACTTAGATTCÎGÀGCÀG

GCTCTGGGÀTTTGTTCGTGAGCGCTÀTTCCCTAGCGGATGGTGÀTCATGACCGCGGGCGCÀÀTCAÀCÀÀAÀGGTGATTGCGGCCATCCTTCÀÀÀÀÀTTAÀ

CTTCGAGCGA.AGCGCTGÀÀÀÀÀTTÀTÀGTÀGCÀTCÀTTGATAGCTTGCÀÀGATTCTÀTCCÀÀÀCÀÀÀCÀTGCCÀCTTGÀGÀCCÀTGATAÄÀCTTGGTCÀÀ

TGCTCAGTTÀGAÀÀGTGGTGGAÄCGTÀCAÀAGTGAÀTTCGCÀÀGÀCTTGÀAGGGTÀTGGGACGGACGGATCTTCCTTCCTÀTGCGÀTGCCAGATÀGTÀ.A,C

cpslgqB +
LYMME INDS S LA SVKTA I Q DVI,EGR * M I DIH S H
CTCTÀTÀTGATGGÀÀÀTTAÀCGACÀGTÀGCCTTGCÀTCTGTCÀÀÀÀCTGCTATTCAGGATGTGTTGGÀGGGCÀGÀTGÀÀÀTGÀTTGÀTÀTTCÀTTCGCÀC

ÀTCGTCTTTGATGTÀGATGATGGTCCCÀÀGTCAÀGÀGAGGÀÀÀGCAÀGGCTCTCTTGGCAGAÀTCCTACAGGCÀGGGGGTGCGÀÀCCATTGTCTCTÀCCT
HRRKGMFETPEEK IÀEN F LQVRE IÀKEVÀSD LV

CTCÀCCGTCGCÀÀGGGCATGTTTGÀÀÀCTCCGGÀÀGÀGÀ.AGÀTÀGCAGÀÀÀÃCTlTCTTCÀGGTTCGGGÀÀÀTÀGCTAÄGG.AÀGTGGCGAGTGÀCTTGGT
I ÀY GÀ E I Y YT S DV L DK I, E KN R I P T I,NN SRYA L I

CATTGCTTACGGGGCTGAÀÂTTTÀCTÀCÀCÀTCAGATGTTTTGGATAAGCTGGAÀÀAÀAATCGGÀTTCCGÄ,CCCTCAÀTAÀTAGTCGTTATGCCTTGATÀ
E F S MNT P YRD I H S À I, S K I I, M L G I T PVI ÀH I ER Y D

GAGTTTAGTÀTGÀÀCÀCCCCTTÀTCGCGÀTÀTTCATAGTGCCTTGÀGTÀÀÀÀÎÀTTGÀTGTTGGGÀÀTTÀCTCCÀGTCÀTTGCCCÀCÀTTGÀGCGCTATG
ÀL E NNE K RV R E I. I N M G C Y T Q VN S S HV], K S K IJ F G

ATGCÀCTTGAÀÄÄTAÀTGÀ.AÀAÀCGCGTTCGAGÀGCTGÀTCÀÀTÀTGGGCTGTTACÀCGCAÀGTÀÀÀTÀGTTCÀCÀTGTCCTCÀAÀTCCÀÀÀCTÎTTTGG
ERY KF MKK RAQY F I, E RD L VH I I À S DMHNVD S R P

ÀGAÀCGTTATAÀATTCATGAÀAÀÀÀÀGAGCTCAGTÀTTTTTTGGAGCGTGÀCTTGGTTCATATCÀTTGCÀAGTGÀTÀTGCÀTAÀTGTGGACAGCÀGACCT
PHMÀEAY D LV S Q KY G EA K À O E I, F I DNP RK IVM D Q
CCCCÀTATGGCAGAÀGCATATGACCTTGTllCCCÀÀÀÀÀTÀCGGÀGAÄGCGÀÀGGCTCÀGGÀÀCTTTTTÀTAGACÀATCCTCGÀÀÀÀATTGTAATGGATC

cpslgac ->
LI * MKEQNTIEIDVFOI,LKTI,iÍKHKI,IILL

ÀÀCTAATTTAGGAGÀÀATGÀTGAÀÀGAÀCÀÀÀACACGATAGÀÀÀTCGÀTGTÀTTTCAATTACTTAÀÀÀCCTTGTGGÀÀÀCÀCÀAGCTÀÀTÀÀTTTTÀTTÀ
VALVTGÀGÀFÀY S T F IVK P E YT STTRI YVVNRN Q

GTGGCÀCTTGTGACÀGGGGCGGGAGCTTTTGCATÀTAGCÀCTTTTÀTTGTTÀÀGCCÀGAÀTATÀCAÀGCÀCCÀCGCGTÀTTTÀCGTÀGTCÀÀCCGT.AÀTC
G D K P GT, TNQ DL QÀG T Y I, V K D Y RE I I L S Q DVL E K

AAGGÀGÀTÀÀGCCGGGACTGÀCGÀÀTCAGGACTTGCÄGGCÀGGÀÀCTTÀTCTGGTAAÄÀGACTACCGCGÃÀÀTTÀTCCÎTÎCGCAÀGÀTGTÀTTGGÀÀÀÃ
VÀ TNL K L DM PAK T I, T S K V Q VT V PÀDTR TVS I S V

GGÎAGCGÀCAÀÀTTTGAAGTTGGÀTATGCCÀGCÀÀÀÀÀCGTTÀÀCTAGCA.AAGIGCÀÀGTGACTGTACCAGCCGACÀCTCGTÀTCGTCTCÀÀTCTCTGTC
KDK Q P EE ÀSR I AN S ]. RE VÀ A E K I I AVT RVS DV T T
ÀÀGGATA.AÀCÀÀCCÀGAGGÀÀGCCÀGTCGCÀTTGCTÀÀTTCTCTÀCGÀGÀÀGTTGCTGCÀGÀÀÂÀGATCÀTCGCTGTÀÀCGCGAGTÀTCTGATGÎAACGA

I, E E À R P À M T P S S P N VR R N T T, V G F I, G GÀÀVTV I T
CGCTTGAAGAÀGCGCGACCÀGCTATGACTCCCTCTTCTCCÀAÀTGTTCGÀCGCAÀCÀCCTTÀGTTGGTTTTCTTGGÀGGÀGCCGCCGTÀÀCÀGTAÀTTÀC

TGTTCTTTTGATTGAGTTGCTCGÀTÀCCCGTGTÀÀÀ.ACGTCCTGAÀGATGTTGÀÀGÀTGTÀCTGCAÀÀTGCCÀCTTCTÀGGAGTCGTTCCAGÀTTTTGÀT

TGCGCGTGCAGGTTÀCAÀÀACGCTTCTGATTGATGCAGACATGCGTÀÀCTCCGTTATGTCÀGGTGÎCTTTÀÀÀTCÀÀGGGAÀAGGÀTTACTGGÀCTAÀCÀ
E F L S G T T DI,S QG L C D TN I E N I. FV I QÀG SVS PN P T
GÀÀTTTClAlCÀGGGACÀÀCAGACCTGTCACAGGGGCTTTGCGÀTÀCCÀÀTÀTTGÀGAÀTCTCTTTGTGÀTTCÀGGCTGGCTCTGTGTCÀCCÀÀÀTCCGÀ

À L I, Q S K N F T T M I, E 1 L R K Y F D Y I VV D TÀ PVG V V T
CÀGCCCTTCÎTCÀÀÀGTÀÀGA.ATTTCÀCTACÀÀTGCTTGAÀÀCCTTGCGTÀÀATÀTTTTGACTATÀTCGTCGTÀGACÀCTGCCCCTGTCGGTGÎCGTGAT

TGÀTGCGGCTATCATTATGCAGAÀ.ATGTGATGCTTCTÀTTTTAGTGACGAÃGGCAGGTGÀÀÀCÀÀÀÀCGÀCGGGÀTCTTCÀÀÀÀÂGCGÀÀAGÀÀCAGTTG

GÀÀCÀÀÀCTGGGAAGTCGTGTTTAGGAGTTGTGTTG.AÀTAÀÀCTCGÀTÀCTTCAGTAGAGÀÂÀTÀCGGTTCTTÀTGGGÀGTTATGGGÀÀTTACÀGGAÀÀC

cpslgaE +
ÀGÀÀÂÀ¡ATAGGTTGAGGGATÀGÀÀÀTGÀGTGÀÀÀÀÀCTÀGCÃÀÀGCCTTCAGTAGCCATAGTCCÀGÀGITTTCTTGTTÀTÎTTATTGACTTÀTCTÀCTT
SAVRE T E I VS T TA I VLY I I, H Y F VF Y I S DYGRN F F
ÀGTGCTGTGAGÀGAAÀCGGÀGÀTTGÎTTCÀÀCÀÀCÀGCTÀTTGTÀCTTTATÀTCCTCCÀCTÀTTTTGTCTTTTÀTATCÀGTGÀTTATGGÀCGGÀÀTTTCT

KRG Y I, I E LVQ T L KY T I, F F À L À I S I SN F F I, ED R F
TTÀÀÀÀGGGGÀTATTTGÀTTGÀÀCTTGTCCAGACATTGÄAÀTÀTÀTCCTÀTTCTlTGCGCTAGCGATTAGTATTTCTÀÀTTTÎTTCTTÀGÀÀGATCGATT
S I S R R G M I Y F ], I, L H V F I, V Y V L N P F I KhI Y WK R À Y

TÀGTATTTCCAGÃÀGAGGCATGATTTACTTCCTCTTÀTTÀCATGTTTTCTTÀGTCTATGTGCTÀÀÀCCCÀTTTÀTCAÀGTGGTÀTTGGÀÀGCGGGCTTÀ1
P N F K G S K K I I, L L 1 A T S R V E K V I. D R I, I E S DDVV G E
CCCÀÀCTTTÀÀÀGGÀÀGTÀÀGAAGATTCTCCTÀCTTACÀGCAÀCTTCTCGTGTTGAÀÀÀGGTÀCTGGÀTÀGÀCTÀATÀGÀÀTCÀGATGATGTTGTTGGGG

ÀGTTGGTÀGCCGTCÀGTGTTTTAGATAÀÀCCAGATTÎÎCAGCÀTGÀTGÀTTTÀÀÀGGTTGTAGCAGAGGGGGÀGÀTAGTÀ.AÀTTTTGCGÀCTCATGAGGT
VDEVF TNL PSEKYN I GE LVS Q FETMG I DVTVN L

GGTCGÀTGÀÀGTCTTTÀTCAATCTTCCAÄGÎGÀÀÀÀÀTACAÀTÀTTGGAGÀGCÎTGTCTCTCAGTTTGÀÀÀCGÀTGGGÀÀÎTGATGTAÀCAGTCÀÀTCTÀ
NAF DWÀRN KQ I C E MÀG I, NVV T F S T T FY KT S HV I A
ÀÀTGCÎTTCGATTGGGCÀCGTÀÀCÀÀGCAÀATTTGTGAGATGGCÀGGACTÀÀÀTGTTGTGÀCTTTTTCTÀCAÀCATTTTATAAGACTAGCCATGTGATTG

K R I I D I VG S I,VG f, I ]. C G L V S I VLV PL I RKDG G S

CTÀAGCGGÀTTATTGÀTÀTTGTCGGTTCCCTGGTÀGGTTTGÀTÀTTATGTGGTCTÀCTCAGÎÀTTGTGCTGGTTCCTTTGATTCGÀÀÀGGATGGGGGTTC
AFFÀQT R I GKNGRH FTF Y K F RS MCVDÀEEKKR E

TGCTTTTTTTGCTCAGACGCGTÀTÀGGÀÃÀÀÀ.ATGGCCGCCÀTTTTÀCTTTTTÀTAÀGTTTCGCTCTÀTGÎGÎGTGGÀTGCTGÀGGAGÀÀÀÀÀÀÀGÀGAÄ

CTCATCGÀÀCÀÀÀÀTACCÀTGCAÀGGTGGÀÀTGTTTA.AGGTGGÀCGÀTGÀTCCTCGTÀTCÀCGÀAÀÀTTGGTCATTTTATÀCGGAÀGACGÀGCTTGGACG

ÀGCTACCACÀGTTTTÀTAÀTGTTCTAÀÀGGGÀGATATGAGÎTTGGTÄGGTÀCÀCGÀCCACCÀÀCAGTGGACCÀGÎATGÀGCÀCTATÀCCCCAGAÀ.CAÄÀÀ,
RR L S FK PG I TG TJW Q V S G R S E 1 KN F DEVVKL DV À

ÀCGÎCGCCTÀÄGÎTTTAÀÀCCTGGCATAÀCAGGTTTÃÎGGCAGGTCAGCGGÀCGÀÀGTGÀÀÂTCÀ.AÀÀÀTÎTCGATGAÀGTTGTCÀÀÀTTÀGÀTGTGGCC
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VL L I E L L D T RVK R P E DV E D V I, Q M P I, I, G VV P D F D

cpslgaD +
M PT I. E I S Q ÀK I, E L V K KÀ E E Y YNÀ L C T NKMK*

ÀÀÀÀTGÀÃÀTA99è9GÀÀGTTATGCCAÀCGTTÀGAÀÀTCÎCÀCÀGGCGÀÀATTAGÀ.ACTTGTGÀ.AÀÀÀGGCÀGÀGGÀÀTÀTTÀTÀÀTGCTTTGTGCÀCGÀ
L Q I, S G D D I, K V F S I T S V K A G E G K T T T S T N I À I¡'I À F

ACCTÀCAGTTÀÀGTGGÀGÀTGATTTGAÀÀGTATTTTCTATCACTTCTGTGAÀAGCAGGÀGAÀGGAÀ.A.AÀ,CÀÀ.CGACTTCCACCÀÀîÀTCGCTTGGGCTTT
A RÀ G Y K T I, I, I DA D M RN S V M S G V F K S R E R I T G T, T

M S E K I, À K P S V A I V Q S F I, V I L I, T Y I, LKKT

LVÀV SVLDK PD F Q H D D I, K VVA E G E IVNFATH E V
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ATGGGÀGTTÀACGCGGÀTAAÀÀTTAÀTCÀGTGCTATGÀÀGÀTGAGÀÀÀÀTCÀÀÀÀÀAÀTCGTTAÀTGÀÀTCÀGGAATÀÀTTÀÀTGCCGÀCGGTGCTTCÀG
MGVNÀDK I NOC YED EK I KKIVNE SG I INÀDGÀ SV

VLASKFLGTPVPERVÀCIDLMKHLLELSNEK GY

SVYF FCÀ K E DV], Q DML K I F E E RY PÀLNVVG Y R N

I P T, D G A P N H S F I, R K L Y F G K V Y 9'J Y R F I, A S I, G T T Y

V G D H V D M H S À K O K I. I T G F F K K I, G FÀ K I, F P Q N Y VY

RR L DNI,Y K KY DWK K O KYÀG T I NA S L FÀK EVM PV

E TWGEGVEK PF EDÀF FKVPTEYDRYLKRLYG EN

KYKPDFMV IMNND I E IETEEFEKIVTDICRK EK

F H IJ L G P D I F S T T Y Q T, H QN P K R I, T H Y T Y E E VK À LN

E K F K K G S Q V S IJ ÀIJ K I K C W L K S S KV L RT A I Y Q N R

RKKK SVD Y RK QVEN P I IJ H G S F 1 VY S RD L I EK E E

Y ÀFN P N T F F Y Y E T E I T, D Y EA E I] K GY K R I Y T P K I K

VLHHONVATNQVYTNLVEKTLF SNKCNFE ST S Y

cpsl9aF
Y TDGWT T IVKD I E I I, ],KTVKVVLMKDGAK * MNE
TÀTATTGATGGTTGGÀCÀÀTCTGGAAÀGÀTATTGÀÀÀTTTTÀTTGÀAGÀCAGTTAÀGGTÎGTATTGÀTGÀÀGGATGGAGCGAAÀTAGTTCÀTATGAÀTGÀ
R I Q I L G T T I D P I, T M K E T VDÀV E Q YV L K K H P ], H I,

GAGÀÀTTCÀÀÀTÀTTAGGÀÀTTÀCîATACÀTCCAÎTÀÀCGATGÀÀÀGÀÀÀCÀGTGGÀTGCTGTTGAÀCÀGTÀTGITTTÀÀÀGA.AGCACCCTTTGCÀCTTG

CTCGGTCTACTTTTTTGGÀGCÀÀAÀGÀÀGACGTÎTTACÀÀGATATGTTÀÀÀÀÀTTTTTGÀÀGÀÀAGÀTATCCÀGCTCTAÀÀTGTTGTTGGCTATAGÀ.AÀT
GYFS PEDEKH T QEDIKEKKPDFVFVG ITS PKK EY
GGATÀTTTTTCGCCTGÀÀGÀTGAÄAAÀCATÀTTCAGGAÀGÀTATTAÀÀGAGÀÀÀÀÀÀCCÀGÀTTTTGTGTTTGTÀGGÀÀTTÀCTTCTCCTÀÀGÀÄÀGÀÀT

I I O S FMDN G I NÀV FMGVGG S F DVL S GH I KRA P IJ

ÀTATTÀTCCAÀTCÀTTCÀTGGATAÀTGGÀÀTTAÀTGCTGTGTTTATGGGGGTTGGTGGÀÀGTTTTGÀTGTACTÀTCAGGGCÀTÀTCÀÀÀCGÀGCTCCÀÎT

ÀTGGÀTGCAÀÀATGCTCÀCCTAGAGTGGTÎGTTTCGTGTGGCAÀÀTGÀGCCTÀÀÀCGTCTCTTTÀ.AGCGÎÎÀTTTTGTAGGGÀATGTTTCATTTÀTÀÀGÀ

cpslgac +
AÀÀGTTTTÀÀGÀGCGAÀÀÀGGGGATATAÀAClTTGÀÀCCÀCÀCAGAÀÀTÀGTTAÀÀTTGÀTTCAGAÀÀGTTGAÀTTGGÀTGCTÀTA.AÀÀGÀGTTTCÀÀÀA
I C K ENN I D F F I, R G G S VLGÀVK Y DG F I PWDDD M D

ÀÀTTTGTÀÀÀGÀGÀÀCAÀTÀTAGÀTTTCTTCCTTCGTGGGGGGAGTGTACTTGGGGCAGTCÀÀATATGATGGCTTTÀTTCCÀTGGGATGÀTGACATGGÀT
I ÀVPRE G Y D K L PG I F K DR I I AG K YQVI,ÀY O Y C DT
ÀTTGCTGTGCCTCGTGÀÀGGCTACGATÀÀÀCTTCCÀGGTÀTCTTTÀÀGGÀTÀGÀÀTTÀTCGCÀGGCAÀÀTATCÀGGTTCTTGCTTATCÀÀTÀTTGCGATA

L H C Y F P R I. F I, I, E D E R K R IJ G I' P R N T N I' G I' H L I D I
CTTTÀCÀTTGCTÀCTTTCCTCGCTTATTCCTTTTÀGÀÀGATGÀÀÀGÀÀÀÀCGTTTGGGÀTTGCCACGÀÀÀTÀCCÀÀTTTAGGTTTGCÀTTTGÀTTGÀTAT

CÀTTCCTTTGGÀTGGTGCCCCAÀÀTCÀTTCÀTTTTTÀÀGAÀ.AGCTTTÀCTTCGGTÀÀÀGTÀTÀCTGGTÀTCGÎTTTTTÀGCÀÀGTTTÀGGAÀCTÀCCTAT

GTTGGAGÀCCÀTGTGGÀTATGCÀTTCCGCTÀÀGCÀÄÀÀACTÀÀTCÀTTGGTTTCTTTAÀÀÀÀGCTAGGATTTGCÀÀÀÀCTÀTTCCCTCAÀÀÀTTATGTGT

ACAGACGCTTGGÀTÀÀTCTCTATÀÀÀÀÀGTATGÀTÎGGÀÀÀÀÀGCAGÀÂGTÀTGCTGGGÀCÀÀTTÀÀTGCÀTCTCTGTTTGCCÀAÀGÀÀGTCÀTGCCÀGT

ÀGÀGATTTGGGGÄGAÀGGAGTAGÀGÀÀGCCTTTTGAGGATGCCTTCTTTÀÀÀGTTCCCACGGÀGTATGÀCCGCTATCTGÀÀÀAGACTTTACGGÀGÀÀÀÀC

cpsIgaH +
Y LH E E P S D D E K K SH I. G G Q * IJ F C Y I I LH YKVL E E

TÀTCTTCÄCGÀÀGAGCCTÀGTGATGÀTGÀÀÀAGAÀ,ÀTCGCÀTTTAGGÀGGÀCÀÀTÀÀTTTGTTTTGTTATATTATTTTGCATTACÀÄÀGTCTTAGÀGGÀÀ
T I SCVKS I KEGNSNTKQIVI I DNFSNNGTGEK LO
ACTÀTITCTTGTGTTAAÀTCÀÀTÀA.AÀGA.AGGCÀÀTTCCAÀTÀCÀÀÀGCAGATCGTTATTÀTTGATÀÄ,TTTTTCTÀÄTAÀCGGTÀCGGGTGAÀAÀACTÀC

ELY E S D S E I DVI, T NH ENÀG FA RGNNVÀY Q FÀ KE
ÀÀGÀGCTGTATGÀGTCÀGATTCAGÀGÀTTGATGTCTTGÀTTAÀCCATGAÀÀÀTGCTGGTTÎCGCTCGÀGGTÀÀTAÀTGTÀGCÀTÀTCAGTTTGCTÀÀGGA

TTCCÀTTTGTTAGGÀCCAGÀTATCTTTTCGÀCGACGTÀTCÄGCTTCÀCCA.AÀÀCCCÀÀ¡ÀCGGTTGACGCATTATÀCTTÀTGÀÀGÀGGTTÀÀGGCTCTCÀ

ÀTGÀÀÀÀÀÎTTÀÀGÀÀAGGGÀGCCÀÀGTTAGTCTÄGCATTÀÀAAÀTTAÀÀTGTTGGTTGAÀGTCTAGTÀÀÀGÎTCTTCGGÀCAGCÀÀTCTÀTCÀÀÀÀTÀG

TATGCTTTTAATCCCAATACCTTCTTCTÀTîÀTGÀÀÀCÀGÀGATÀTTAGÀTTÀTGÀ.AGCTGAGTTÀÀÀÀGGÀTATÀÀGÀGÀÀTTTÀTACACCGAÀGÀTTÀ

ÀGGTCTTGCACCATCAÀAÀTGTTGCÀÄCCAÀTCÀÀGTCTAÎÀCÀÀÀCTTÀGTAGA.AÀ,AÃÄCCTTGTTTTCÀÀÀCÀÀATGCÀÀCTTTGAÀTCCACTAGTTA

cpsI94I +
F LK l, MK EN E GV * M TY ],F L L C L T L F LLT F FYF F À

TTTTTTGÀAGTTGAÎGAÀÀGAÃÀÀCGÀGGGTGTGTÀÀÀTGACTTÀTTTÀTTTTTACTCTGCCTGÀCCTTATTCTTÀTTÀACTTTCTTCTÀTTTTTTTGCT
F NQ D L I À P P VVM S VM F I, I S S V F À L I NV ON lVN I EY
TTCAÀTCÀÀGÀTTTGATAGCTCCGCCÀGTTGTCÀTGTCTGTTATGTTTCTCATTAGTTCTGTÀTTTGCCCTÎAÎTÀÀTGTGCÄÀÀÀCTGGÀÀTÀTTGÀGT

SGLÀYLL I T SG I IVF SMPLLÀLNS PSLNTKI KV
ÀTAGÎGGTTTÀGCTÎATCTTTTGATTATÎAGTGGCATTÀTTGTTTTTTCÀÀTGCCTCTCTTGGCTCTTAÀTÎCGCCTAGTCTÀÀÄTÀCCÀÀGATTÀÀÀGT
T DRI, I D I Q FWK I ALT I I VDI, I I LY L YRRE I H N I,

GÀCGGATCGGCTCÀTTGATATCCAÀTTCTGGAÀÀÀTÀGCTCTTÀCTÀTTÀTAGTTGÀCCTCATTÀTTCTÀTATCTTTATÀGGÀGAGÀGATTCÀTAATCTT
À L S H G Y T G S NF O WF F RNÀT S Y E G E L TVRT S I R VI,
GCÀCTÎAGCCÀTGGTTATÀCGGGTTCAÀAÎTTTCÀGTGGTTCTTTAGÀÀÀTGCTÀCCAGTTATGAÀGGTGAGCTÀÀCÀGTGCGÀÀCTTCGÀTTCGGGTCC

IR I I DVS AY I FGYTF TNNF F I Y SHKRSKDLL I,L
TCÀTTCGTÀTCÀTTGACGTÀTCTGCTTATATTTTTGGATATÀCTTTTATTAÀTAÀTTTCTTCATTTÀTÀGÎCÀTÀ.AÀCGClCTÀÀÀGATTTÀCTGCTCTT
V P F I, I F I S K T ], T, S G G R IJ D I I K I IJ T À YVVMAY I A

AGTTCCATTCTTGÀTTTTTATTTCTAAÀACCTTÀTTATCTGGGGGTÀGATTGGÀTATTATÀÀÀÀÀTTTTÀÀTTGCGTATGTTGTÀÀTGGCCTATÀTTCÀG
Q KRKVGW D KV I S H KYMR LGFVG L I AG I PT F Y Y S ].
CÀÀAÀÀCGÀÂÀÀGTTGGCTGGGÀTAÀGGTCATCTCCCATAÀÀTÀTATGÀGACTTGGTTTTGTAGGCTTGÀTÀGCTGGGÀTTCCTÀCCÎTTTÀCTÀTTCTT

FI,S GRS 1 T RTVFE S I STYLGG S I Q HFNOY I Q NP
TAllCTTÀTCTGGACGTTCTACGACTAGÀACTGTÀTTTGAÀÀGTATTTCÀÀCCTÀTTTÀGGÀGGTTCGÀTTCÀGCÀTÎTÎÀÀTCÀGTÀTÀTTCAAAATCC

TATÎGGÀGTAGCTGAGGTTTTTGGCGATGAGTCÀTTTGTAGCTATTAÎGÀÀTATTTTGGGTÀÀTCTTGGCTTTGTCÀÀTTÀCÀÀTÀGTÀCCGTTCÀCTTA
E F R Q I, G I T M G N V Y T F F R R P I''¡ H D F G I, VG M Y I F S F V
GAÀÎTTCGGCÀGÎTÀGGGÀTTÀCTÀTGGGTAÀCGTTTATÀCTTTCTTTÀGAÀGACCCTGGCÀTGACTTTGGGTTÀGTCGGTÀTGTATÀTCTTTTCCTTTG

VGV F FÀ I F Y L K ],RK S RÀG F K I, D I H T I T Y S YF FY
TTGTCGGTGTGTTTTTTGCTATTTTTTATTTGÀÀÀTTÀÀGÀÀÀGÀGCCGTGCTGGTTTTÀÀÀTTGGATÀTTCATÀCÀÀTTATTTACTCTTATTTCTTTTA
W 1 F L S S I E Q Y S F 1 T I S I, F TLVF I VLVY IJMAF F Y

TTGGATTTTTTTATCGTCCATTGÀGCAATACTCGTTTACAÀCÀÀTCAGTTTGTTTACACTTGTÀTTTÀTAGTCTTGGTTTÀCCTÀÀTGGCTTTCTTTTAT

TGGAÀTTTGGATTTCCÀCÀGAGGÀÀA.ACTÀGTAATÎÀAÀCTCTCTGÀCACAÀGTAÎTÀÀÀTCGGÀÀÀÀCTGÀÀÀÀCAÀTÀÀÀÀÀTAGAGAGGATÀGÎTGÀ

cpsIgal +
NS K I KN I L TN F S YV I S S NL I. TVII T S S ]'VVL I F P

TGAATÀGCÀÀAATTÀÀAÀATATACTAÀCTÃÀTTÎCTCTTÀTGTCÀTTTCTTCAÀÀTCTTTTGÀCAGîCTTGACCTCTTCCTTGGTTGTCTTÀATTlTCCC
K L }.4 GVT E Y S YW Q I. Y I F Y L T Y I G F F H L G W I D G I Y

CÀAATTAÀTGGGGGTÀÀCAGÀGTÀCAGTTACTGGCAÀCTTTATÀÎTTTTTÀTCÎGÀCCTÀTÀTCGGTTÎTTÎCCACTTGGGTTGGATTGÀTGGGÀTTTAT

CTTAÀÀTÀTGGTGGCTTAGAÀTÀTÀÀÎAÀTTTAGATÀGÀÀÀÀCÀGTTTTATTCTCAGATGATTCTÀTTTTCTAGClTCTTÀÀTGÀTTATCTCCTTGCTAT
FG LNVI.ÀVTD S NÀ RY I YNMT I I S M I I TNL RT LY

ÎGÎTTGGTTÎAÀÀTGTÀTTÀGCTGTAÀCÀGATTCGAÂTGCÀCGÀTÀTATTTATÀÀTÀTGACTATTATAAGTÀTGÀTAÀTCACÀÀATTTAÀGAÀCGCTCTÀ

WMONAH L EWLF RVÀNE PKRLFKRYFVGNVSF I R

].IQKVEI,DÀIKEFQKKVLRÀKRGYKI,

I G VA E V F G D E S FVÀ I MN I I, G N I, G F VNY N S TV H ],

WNLD F H RG KI.V I K L S D T S I K S E
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CGTGTÀTGTTTTGCAGÀTGÀCAÀÀCCGCTTGÀÀGGAÎÀGTTCCATCATTCTACTCÀGTGATCGCGTTTTATATGTGCTCCTTTTATTCCTGTTTATTGTA
F GV'IH EY KVM I LAD I L GR S F S L I L S Fül I C KD I V F O

TTTGGTTGGCÀTGÀÀTACAÀGGTTÀTGÀTTTTGGCÀGÀTATTCTAGGTCGÀTCATTTTCTCTCATÀCTTTCCTTCTGGATTTGTAÀÀGATÀTTGTGTTTC
PLSKFI FNIKESFDNIRVGINLMLSNIASSL r I

AGCCTTTGTCÀÀÀÀTTCATCTTTAÀTÀTÀÀÀÀGAGTCTTTTGÀTÀÀTÀTCCGAGTTGGTÀTCÀÂTTTÀÀTGÎTATCCAÀCATCGCÀÀGTÀGTTTGATTAT
G I VRI.G I Q WNWN T E TFG K V S L T L SVSN LLMT F I

CGGTATîGTTCGTCTÀGGÀÀTCCÀÀTGGAÀCTGGÀÀTÀTCGÀÀÀCATTCGGGÀÀÀGTATCTCTGACCTTGAGTGTTTCCAÀTCTATTGATGÀCTTTCATT
NÀ I G I, VV F P L I, R R T K A E N I, P K I Y S N IJ R NV IJ M L I M

AÀTGCCÀTTGGÀCTAGTCGTCTTTCCGCTATTAÀGACGÀÀCÀÀÀÀGCAGÀÀÀÀCTTÀCCTÀÀGÀTTTÀTTCTÀÀTTTÀÀGÀÀÀCGTTTTGATGCTTATCÀ
FA I ], L I Y Y P L K I V L D I, W L P ÀY Q D À I, I F M T I, I F P

TGTTCGCGÀTTTTGCTCATTTACTÀTCCTTTÀÀAÀÀTTGTATTÀGACCTCTGGTTGCCAGCClÀTCÀÀGATGCCTTGÀTTTTCATGÀCCCTTATTÎTCCC
M S V Y E G K M A LV I N T Y I, K À L RM E RD I I, RVNÀ L V M

TÀTGTCÀGTCTAÎGAÀGGGÀÀAÀTGGCATTGGTCATTÀÀTACTTACTTAÀÀGGCÀTTÀÀGÀÀTGGÀÀÀGÀGATÀTCCTTÀGÀGTCÀÀTGCCTTÀGTAÀTG
L I S MGVT LVT T Y L l,N S l, E L TVV S ML LÀL R S I I
TTGATCÀGTÀTGGGAGTGÀCCCTGGTTACÀÀCÀTÀCCTGTTÀÀÀTAGTTTGGÀGCTGACTGTTGTÀTCGÀTÀGTTGTTTTGCTÀGCTTTGÀGÀÀGTATCÀ

AE L I IJ S K K L DV S V K K D I V I, E F T, I, T I,V F I S S S W Y
TÀGCCGÀÀTTAÀÎTCTGTCTÀÀÀÀÀÀCTGGATGTTTCGGTTAÀGAÀGGATÀTTGTÀTTÀGAÀTTTCTTÎTGÀCGCTTGTCTTTÀTTTCTTCÀÀGTTGGTA
L P I G I,ÀV I VY T I À Y G I. Y L Y L K H E D I K T Y I,À Y F K

TTTGCCGÀTTGGGCTGGCAGTAÀTTGTCTACÀCÀÀTÀGCCTACGGTTTATATCTCTATTTGÀÃÀCÀCGÀAGÀTÀTCÀÀÀÀCCTATTTAGCTTÀCTTTÀÀÀ

cpsl9aK )
ÀSKKTSN*,MKKI
GCTÀGTÀÀÀAÀAACÀTCÀÀÀTTÀÀÀÀÀÀÎTÀTÀTÀÀTGATTÀÀGTGGTAGÀÎTCTATTTCTÀCCGTTTTAGATÀTTCGGGÀGGTÀÀTGÀTGÀÀÀAÀÀÀTT
MI,VF GTR P EÀ I KM C P LVN E L KK H E DME T I VCV T G

ÀTGTTÀGTÀTTCGGTACÀCETCCGGÀÀGCCATCÀAÀÀTGTGTCCATTAGTCÀÀTGÀGTTGÀÀÀÀÀÀCÀCGÀÀGATATGGÀÀÀCÀATTGTGTGTGTTÀCTG
Q H K EMV S P V I, D L F G VV P D Y D L E T M K AN Q T I, F S I

GACÀÀCACAAÀGAGÀTGGTTÀGTCCTGTTTTÀGATTTÀTTTGGTGTTGTÀCCÀGÀTTÀTGÀTTTÀGÀÀATTÀTGÀÀGGCTÀÀCCÀÀACCTTGTTCTCTÄT
TT S I I, E K I K PV I, E K E Q P D I V I, VH G D T T T T Y A A À

CÀCÀÀCTAGTÀTCTTGGÀÀÀÀGÀTAÀÀÀCCAGÎTTTAGÀGAÀGGÀACÀÀCCÀGÀTATTGTCCTÀCTTCÀCGGTGACÀCTÀCGÀCÀÀCTTATGCÀGCAGCC

TTGGCÀGCATTCTATTTGGGÀÀTTÀÀÀGTÀGGÀCÀTGTTGÀÀGCTGGTTÎGCGÀÀCGTÀCÀÀTTTÀCAÀÀGTCCATTTCCTGÀÀGÀÀTTTAÀCAGGCÀÀT
T S I I ÀT Y H FÀ P T E I. AK E N L L K EG RENVYVTG NT

CGÀCÀTCÀÀTCATTGCAÀCTTÀCCÀTTTTGCTCCAÀCTGAGTTGGCTÀAÀGÀÀÀÀTCTCTTÀÀÀÀGAÀGGTÀGAGAGÀÀTGTTTATGTGÀCTGGAÀÀTÀC
V I D À I. T T T V Q E D Y T H T H I, D I, N A N N R I, I L I, T À H R

TGTCÀTTGÀTGCTCTTACAÀCTÀCTCTTCÀÀGÀGGATTÀTÀCACÀCACTCÀTTTAGÀTTTÀÀÀCGCTÀÀCÀÀTCGTCTCÀTCTTÀTTGACTGCTCÀTÀGÀ
RENI,G E PMRHM F RÀVKR V L N E Y EDVKV I Y P I H KN
CGCGAÀAÀTCTCGGCGÀÀCCGÀTGAGACATÀTGTTTÀGÀGCÀGTTÀÀÀCGAGTATTGAÀTGÀÀTACGÀÀGÀTGTTÀÀÀGTCATTTATCCAATTCATAÀGÀ

PIJ V RE T À A E I F G D T E R I Q I I E P IJ DVI' D F H N F MN
ÀTCCTTTGGTACGTGAÀÀCAGCTGCÀGÀGATCTTTGGÀGÀTÀCÀGÀÀCGGATTCÀÀÀTTATTGÀÀCCTTTGGATGTTCTTGÀTTTCCACAÀCTTCÀTGÀÀ
QS YMI LT D S GGVQ EEÀP S L GK PVLVMRDTTE R P

CCÀ¡ÀGTTÀTATGATTTTÀÀCÀGATTCTGGCGGAGTTCAGGÀÀGAÀGCACCTTCTTTAGGÀÀÀÀCCTGÎATTGCTTÀTGCGCGÀTACTACTGÀÀÀGACCT
E GVÀÀ G T I, K I, V G T D E E T I Y O N F K L f, T, D D S G E Y K K
GÀÀGGÀGTAGCGGCÀGGÀÀCCTTGÀ.AÀTTÀGTÀGGAÀCTGÀCGAAGÀÀÀCÀATTTATCÀAÀÀCTTCÀÀÀCTACTTCTÀGATGÀTTCTGGAGÀATÀCÀ.AÀÀ

MS Q ÀSN P Y GNG DÀ S Q Q I V Q I I, RG T *

AÀÀTGÀGTCÃ,GGCTAGCAÀTCCÀTÀCGGTAATGGTGATGCTAGTCÀÀCÀGATTGTTCAGATTTTGCGTGGGÀTTTÀÀGÀÀGATTCTCTÀÃÀÀGAGTCTÀÀ
GAGGAÀTCCÀCTCCACÀ.AÀCÀTÀÀÀÀCTCTTATGCTATCÀTTTÀTGÀTTGÀGATAGÀCTCÀTAÀCTTÀÀTATTTTTATCCTÀÀGÀÂÀÀTTCGTTCATATT

cpslgaL +
M K G I T I, À G G S G T R T, Y P IJ T R ÀÀ

CÀ.ATÀTGAATGAÀÀÀÀCAÀCGAÀGÀÀÀGGTTATTTCATTATGÀÀÄGGTATTATTCTTGCÀGGCGGCTCÀGGTÀCCCGCCTGTACCCACTTACTCGGGCTG
SK Q LM PVYDK PM I Y Y P L S T IJM T'ÀG I KD I I' I I S T

CGTCAÀÀÀCÀGCTGÀTGCCGGTTTÀTGATAAÀCCTÀTGÀTTTATTATCCGTTGTCGÀCATTÀÀTGTTGGCTGGÀÀTTÀÀÀGÀTATTTTGATTÀTCTCÀÀC
PQ D L PR F K D L I] LD G S EF G I KL S YAE Q P S PDG I.A

TCCTCAÀGATTTGCCCCGTTTTÀÀGGÀCTTGCTCTTGGÀTGGTTCCGÀÀTTTGGGÀTCÀÀGCTTTCCTÀTGCGGÀÀCÀÀCCTAGTCCCGÀTGGÀCTTGCT
QÀF L I G E E F I G D D SVÀL I f, G D N I Y H G P G L S T M T,Q
CAGGCTTTTCTTATCGGTGÀÀGÀÀTTTÀTCGGTGACGATAGCGTTGCCTTGAÎTTTÀGGCGACÀÀTATCTÀCCATGGTCCTGGTCTGAGCÀCÀÀTGCTTC

KÀÀKKEKGATVFGYQVK D PERFGVVE FDTDMNA
ÀÀÀ¡,ÀGCAGCCAÀGAÀÀGÀGÀÀÀGGTGCGACTGTTTTTGGCTÀCCÀÀGTGAÀGGÀTCCÀGAGCGTTTTGGTGTGGTTGÀGTTTGATÀCÀGACÀTGÀÀTGC
r S I EE K P E Y P R SNYÀVT G f, YF Y DNDVVE IÀK Q I

TAI.ITCTÀTÀGAÀGÀÀÀÀÀCCGGAGTÀTCCTCGCTCCÀÀCTATGCÀGTGÀCAGGÀCTGTÀTTTCTATGATÀATGATGTTGTGGÀGÀTTGCTÀAÀCÀGÀTC
K P S ARG E I¡ E I T DVNKÀY L N RG D L S VE L MG RG F ÀW
ÀÀACCTÀGTGCTCGTGGCGAGTTAGAAÀÎTACÀGACGTTÀÀCAÀGGCTTÀCCTÀÀATCGTGGTGACCTTTCTGTTGÀGCTGÀTGGGGCGTGGTTTTGCCT

GGîTGGÀTACGGGAÀCCCÀTGÀÀÀGCTTGCTAGÀÀGCTTCTCAGTÀTÀTTGAÀACGGTTCÀGCGTATGCAGÀÀCGTTCAÀGTGGCÀÀ.ATCTAGÀÀGÀÀÀT
S Y RMG Y I S R E D VI, E LAQ L L K KNE YG QY L LRL I G

TTCCTÀTCGTATGGGCTACATTÀGTCGTGÀÀGÀCGTGCTGGÀÄTTGGCTCÀGCTTCTTÀÀGÀÀÀÀÀTGÀÀTÀCGGÀCÀÀTÀTTTGCTCCGTTTGATTGGA

cpsIgaM -)
EÀ*MSDNFFGKTLVVRK I DÀI PGLLEFDI PVH GD
GÀÀGCÀTAGATGTCÀGATÀÀTTTTTTÎGGÀÀÀGÀCÀCTTGTGGTACGCÀAGATTGATGCTATACCAGGACTGCTÀGÀGTTTGÀTÀTTCCCGTTCÀTGGÀG

CAGCTTTTCTCGCÀÀÀÀÀTGTTCTTCGÀGGÀCTCCATGCTGÀÀCCTTGGGÀCÀ.AGTÀTÀTCTCTGTTGCAGÀCGATGGGAÀGGTTTTAGGÀTCTTGGGTÀ
D],REG E T F GNVY Q T E I D À S K G I FV PRGVÀNG F QV
GATTTGCGTGÀÀGGCGAGACCTTTGGAÀATGTTTACCÀGÀCÀGÀGATTGATGCA.AGCÀÀGGGÀÀTCTTTGTTCCTCGAGGCGTÀGCTÀÀTGGCTTCCÀÀG

L S D TV S Y S Y LVNDYWA L E I, K P KYÀFVNYAD P S L

TTCTÀTCAGATACÀGTGTCATATAGCTÀTCTGGTCÀÀTGÀTTÀCTGGGCGCTTGÀACTCÀÀÀCCCÀÀGTÀTGCCTTTGTGAÀCTACGCTGATCCÀÀGCCT

TGGTÀTTGAATGGGAÀÀÀTÀTTGCAGAÀGCÀGAGGTTTCÀGÀÀGCÀGÄTÀÀÀÀ.ATCÀTCCACTÀCTTAÀGGATGTÀÀÀÀCCTTTGÀÀÀAÃÄGAÀGÀTTTG

cpsIgaN +
MTEYKNI IVTGGÀG F I GSNFVHYVYEN FP

GÀÀTÀÀGGAAÀGÀÀTÀTGÀCTGÀATÀCÀÀÀ.AÀTATTÀTCGTGÀCAGGTGGAGCTGGCTTTATCGGTTCTÀÀCTTTGTCCATTATGTTTACGAGÀÀCTTTC
DVHVT V L D K I, T YA G N R Ä N I E E I L GN RVE I,VV G D

CAGÀTGTTCÀTGTGACAGTCCTAGATÀÀGTTGÀCTTATGCTGGÀÀÀCCGCGCGÀÀTATTGAGGÀÀÀTTTTAGGTÀÀTCGTCTTGAGTTÀGTTGTTGGTGÀ
IÀDÀE IJVD K LA AQA DA I V H YAA E S HNDN S LN D P

CATTGCTGATGCGGÀGTTGGTAGÀCAÀGTTGGCTGCTCÀÀGCÀGATGCTATCGTTCATTATGCÀGCGGAÀÀGCCÀCAÀTGÀTAÀTTCGCTCAÀTGATCCA
S PF IHTN F I GT Y T],L EAÀR KYD I RFHHVS TD E VY
TCGCCÀTTTÀTTCÀTÀCTAÀCTÎCÀTTGGAÀCCTATÀCTCTTTTAGÀÀGCTGCTCGTÀÀGTÀTGATÀTTCGCTTCCACCATGTATCGACAGÀTGAÀGTTT

ATGGGGAÎCTCCCTTTÀCGCGÀÀGÀTTTGCCAGCTCAÎGGAGAÀGGGCCCGGTGAGAAÀTTTÀCGGCTGAÀÀCCÀÀGTACÀÀîCCÀÀGCTCGCCTTÀCTC
STKÀÀS DL IVKÀWVRSFGVKATI SNCSNNYG PY

ÀTCAÀCCAÀGGCAGCCTCÀGÀTÎTGÀTTGTCÀÀ.A.GCCTGGGTGCGTTCTTTTGGÀGTCÀÀGGCAÀCGÀTTTCCÀACTGTTCÀ.AÀTÀÀCTACGGTCCTTÀT
OH T EKF T PRQ I TN I L SG I K PK LYGEGKNVRDIV IH
CAÀCAÎATCGÀÀÀÀÀTTCÀTCCCÀCGTCAGATTÀCTÀ.ACÀTCCTAAGTGGAÀTTÀÀGCCAÀÂÀCTTTACGGTGÄÀGGTÀÀGÀÀTGTTCGTGÀCTGGÀTTC

10901

110 01

1110 L

11201

113 01

114 01

115 01

116 01

11?0L

118 01

119 01

12001

]-2LOL

L22OL

T23OL

1240t

12501

126OI

r270L

12801

r2907

13001
13101

IJÀÀF Y L G I KVG HVEÀGL R T YN L Q S PF P E E FNR Q S

1,320L

13301

13401

13501

13601

1.370L

13801

1-3901

14001

LDîGTH E S LL EÀS Q Y I E I VORMQNVQVÀNLE E I

14l- 01

L42OL

t 4301

14401

14501

14601

NRG WFK E N F Q K E KM L P L G F P E S F F ÀÀGK ], QN NV

S F S RKNV L RG I, HÀ E PWD K Y I S VÀDD GKVLG S WV

G I E WE N I À E ÀE V S EÀDK N H P L LK DVK P I, KKE D L

GD I, P I, R E D I, P G HGE G P G E K F TÀ E T KYN P S S P Y S

L41OL

14801

t490t

15001

15101

152 01

15 3 01-
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TND H S S G V$¡T I L T K G Q T G E T Y I, I GÀDG EKNN K E

239

ATÄCCÀÀTGÀCCATTCTTCÀGGÀGTTTGGACAÀTCTTGACAAÀÀGGGCÀÀÀTCGGTGAÀÀCCTÀCTTGATTGGGGCTGATGGTGAGÀÀGAÀCAÀTAAGGÀ
V L E IJ I I' K E M G Q À T D À Y D I{ V T D R À G H D IJ R Y À I D À

ÀGTTTTGGÀÀCTTÀTCCTTÀÀGGÀÀÀTGGGÀCÀÄGCTÀCGGATGCCTÀTGÀTCÀTGTGÀCTGACCGTGCÀGGACÀTGACCTTCGCTÀTGCGÀTTGATGCC
S KL R E E L G WK P E F T NF E À G I,KÀT I KWY T DN Q E WW
AGCÀÀGCTCCGTGÀGGÀGTTGGGGTGGÀÀÀCCTGÀÀTTTÀCCAÀCTÎTGAÀGCTGGGCTCÀÀGGCÀÀCÀÀTCÀÀGTGGTATACAGATÀÀCCÀÀGÀÀTGGT

KAEKEÀVEANYÀKTQE I I TV *
GGÀÀÀGCÀGAÀÀÀÀGAÀGCTGTTGÀÀGCCÀÀTTATGCTÀÀGÀCTCÀGGAGÀTTÄ,TTACAGTÀTÀÀÄÀÀGCÀGGÀÀÀTAGCTGCTTTTTÀTTGCTATATTG

cpsl9aO è
M I IJ I T G À N G Q I' G T E L R Y I' I' D E R N E

GGÀAGÀGTTÀCÀTÀTTAGAÀÀGGTCTAGÀGÀTGATTTTÀÀTTACAGGGGCÀÀÀTGGCCÀÀTTÀGGÀÀCGGÀÀCTTCGCTATTTÀTTGGÀTGÀÀCGTÀÀTG
EYVAVDVAEMD I TDÀEMVEKVF E EVK PTLVY HC

ÀÀGAÀTÀCGTGGCAGTÀGAÎGTGGCTGÀGÀTGGACÀTTACCGÀTGCÀGÀ.AÀTGGTTGAGÀÀ.AGTTTTTGÀÀGÀGGTGÀÀÀCCGACTTTÀGTCTÀCCÀCTG

TAGCTGCÀTGCTCTGGATCÀGGTTC.AÀGCÀCTÀÀAGGTGAGÀÀÀÀCATTCTCÀTACATTTÀTGÀ.GACA,GACCCTGATÀÀCCTCÀÀCTÀTTTGACÀACTGC
KÀÀÎÀN I T S NVVDG I.L E N D RY GNFVP S MÀE D W S

TÀÀGGCTGCGACAGCAÀÀÎÀTTACCAGTAACGTGGTTGÀTGGTTTGCTAGAÄÀ.ATGÀTCGCTÀCGGGÀÀCTTTGTGCCGTCTÀTGGCTGAGGATTGGTCT
V S K D G I, T Y T Y T I RK DA K V'¡ Y T S E G E E Y AÀV K À Q D F
GTATCCAÀGGATGGAÎTGACTTACÀCTTÀTÀCTÀTCCGTÀÀGGÀTGCÀÀÀÀÎGGTATÀCTTCTGAÀGGTGÀÃGA.ATACGCGGCAGTCÀÀÀGCTCAÀGACT

VT G I. K YAA D KK S DÀLY L V Q E S I K GVDAYVKG E I
TTGTÀÀCAGGACTAÀÀÀTATGCTGCTGÀTÀÀÀÀÀATCÀGÀTGCTCTTTÀCCTTGTTCÀÀGÀÀTCÀATCÀÀAGGGGîGGÀTGCCTÀTGTÀÀÀAGGGGÀÀÀT
KDFSQVG I KÀ!DDQTVQ Y TLNKPES FWNSKT TM

CAAÀGATTTCTCACAÂGTÀGGÀÀTTÀÀGGCTTTGGÀTGÀTCÀGÀCAGTTCÀGTÀCACTTTGÄÀCAAACCAGÀÀAGTTTTTGGAÀCTCÀÀÀÀÀC.AÀCCATG

GGTGTGCTTGCGCCÀGTTÀÀTGÀÀGÀGTTGTTGÀÀCTCÀAÀÀGGGGATGÀTTCT

15401

15501

15601

15701

1 5801

15901

1 6 O O 1 TGCAGCCTÀCÀCCGCTGTTGÀTGCÀGCAGÀGGÀTGÀÀGGAÀGAGAGTTGGÀCTTCGCCATCÀÀTGTGÀCGGGGACÀÀÀÀÀÀTGTCGCÀÀÀÀGCATCTGÀÀ

1 6 1 O 1 ÀÀGCATGGTGCÀÀCTCTÀGTTTÀTÀTTTCTACGGÀCTATGTCTTTGÀTGGTAÀGÀÀÀCCAGTTGGÀCAÀGÀGTGGGÀÀGTTGÀTGACCGÀCCAGÀTCCÀC

t620L AGACÀGÀATÀTGGCCGTACTÀÀGCGTÀTGGGGGÀÀGAGTTÀGTTGÀGÀÀGCATGTGTCTAÀTTTCTATATTÀTCCGTACTGCCTGGGTÀTTTGGÀÀÀTTÀ
G KN FV F T M Q N L A K T H K T l, T VVN D 0 Y G R P T V't T R T

TGGCÀÀÀÀACTTCGTTTTTACCÀTGCÀÀÀÀTCTTGCGÀÀÀÀCTCÀTÀÀGÀCTTTÀÀCÀGTTGTÀAÀÎGÀCCAGTACGGTCGTCCGÀCTTGGÀCTCGTÀCC
LÀE FMTY LAENRKEFGY Y H L SNDAT EDTTWYÐ FA
TTGGCTGAGTTCÀTGACCTACCTÀGCTGÀÀÀÀTCGTÀÀGGAATTTGGTTATTATCÀTTTGTCAÀÀTGATGCGÀCÀGÀÀGÀCÀCÀÀCÀTGGTATGÀTTTTG

V E I I, K D T DV E VK P V D S S Q F P À KÀ K R P I, N S TM S I,
CÀGTTGÀÀÀTTTTGÀÀÀGÀTÀCAGÀTGTCGAÀGTCÀÀGCCÀGTAGÀTTCCÀGTCÀÀTTTCCAGCCÀÀÀGCTÀÀÀCGTCCGCTÀAACTCAÀCGÀTGÀGCCT
AKÀKÀTG FV I P TWQDAL Q E FYKQEVR

GGCCÀÀÀGCCAÀÄGCTACTGGÀTTTGTTÀTTCCAÀCTTGGCÀÀGATGCÀTTGCAÀGAÀTTTTÄCÀÀÀCÀ.AGÀÀGTGÀGÀTAÀGTÀGTÀGÀÀTGATCTTCT
AGTCTÀÀTÀÀÀÀGÀGGCÀGATÀÀTGÀÀCTCCÀÀÀGGAGCTTÀÀGÀTGTÀCGATTATCTTGTTGTTGGTGCTGGTCTCTTTGGCGCATAGCTTTGGCTCAG
CTTCTATTATCGCTCÀCÀCCÀTCCATCAGÀÀGTTTAÀTCTGÀ.AGGTÀCCCÀÀTTÀTCGCCÀAGÀÀGÀÀGATTGGGCÎÀGGATGGGTTTACCÀÀTCACÀCC
TÀÀGGAÀÀTCTCTÀÀTTGGCÀÎÀTCÀÀGGCAÀGTCÀÀTÀCTÀTTTÀGAGTCCCTTTÀTÀÀCCTTTTACGAGAÀÀÀGTTGTTÀGÀÀCÀÀCCTCTTCTTCÀT
GCGGÀTGÀÀÀCCTCTTATCGGGTGCTÀGAGAGTGÀTAGCCÀTCTGACCTÀCTÀTTGGÀCCTTTTTGTCTGGGAÀÀGCTGAGÀÀTCÀÀGCÀÀTCACGCTGT
ÀCCÀTCATGÀTCÀGCGTCGGAGTGGTTTAGTÀGTÀCÀÀGÀÀTTCCTAGGAGATTÀTTCTGGCTÀTGTGCATTGTGÀTÀTGTTGCGGCÀGTÀÀCTTÀGGÀC
TTTAGTCCTCTÀGTTCTGCCTAÎGCGATÀGCÀGTCCAÀGGTTTAGGAGCÀÀGGCGÀCGCTAÀGCTTGGTAÀÀCTÀCGÀÀCCGCTÀGÀÀGCTTÀTCGTCÀÀ
CTGGÀÀÀGAAGCTGÀÀCTÎGTTGGATGTTGGGCGCÀTGTGÀÀGÀÀGG.AÀGTlTlTTGAÀGCGCCCCCAÀGCAÀGCGGATÀÀÀTCATCGTTÀGGÀGCTÀÀÀ
GGTTTÀGCTTATTGTGÀTCAGTTÀTTTGCCTTGGAÀÀGAGACTGGGAGCCTTTGCTAGCTGÀTGÀÀCGÀCÎACAGAÀÀCGTCÀÀGAÀGÀGCTCCÀÀCCCC
TÀÀ,TGGAÀGÀTTTCTTTGCTTGCTGCCGGCGTCÀGTCÀGTTTTÀTCGGGTTCAÀÀACTAGGÀÀGGGCAÀTTGÀÀTACÀGCCTCÀÀGTÀTAAÀGÀ.AACCTT
TÀÀGACCÀTTTTÀÀÀÀGÀCGGACÀTCTGGTCCTTTCCAÀTAATCTAGCTGÀÀCGCGCCATTÀÀÀTCÀTTGGTTÀTGGGÀCGGÀGTÀÀÀÀGAGTCCÀGTGG
ÀCTCTTTTÀGCCTÀÀGCTCÀGTITAÀÀÄ.AÄGTGAGGGTGGTTÀTTTTCTCÀAAÀTTTTGÀÀGGÀGCTÀÀAGCÀ.AGÀGCTÀTTATTÀTGÀGCTTÀTTGGÀÄ
ÀCAGCTÀ.AÀCGTCATCÀÀCTÀÀÀTAGCGAGAÀÀTÀTCTÀTCCTATCTTCTÀGAÀTGTCTTCCAÀÀCGÀGGÀÀÀCTCTCGTÀÃ.ACÀÀÀGAGGTTTTÀGAGG
CTTÀTTTACCÀTGTÀCTAÄAGTTGTACA.AGÀÀÀÀGTGCÀAÀTAÀGÀÃATCTCCAGATTÀGGÀÀCTATÀTATGAGTTCTCTAGTCTGGAGÀTTTTTCÀÀTÀ
TACTTCGTTÀTTGGÀCGGTTACGATÀTTCÀTÀTTTTTTGCAÀÀGATGTTGTTTGÀÀÀÀÀTÀÀTTTTCÀÀÀÀÀTTCTGÄ.A.AÀTTCTGTTGACAÀCTTTCTG

aliA -+

16301

16 4 01-

L650t

16601
76'70t
16801
16901
t_7001
L? 101
1120L
1730L
1740!
17501
r7 60t
L77OT
1780r.
17901
L8001

ÀÀYTÀVDÀAEDEGRELD F À INVTGTKNVÀKÀ S E

K H GA T I, VY T S T D Y VF D G K K P V G Q E VI EV D D R P D PQ

T E Y G R T K RM G E E I, V E K I{ V S N F Y I I R TÀWV F G N Y

MKSSRLFALAGVTLLAÀTTL

AÀC S G S G S S T KGEKTF S Y I Y E T D P DN ],NY LT TA
1810 L

L5207

183 01-
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APPENDIX IV

The nucleotide and amino acid sequence of the cpsl9ø locus from
cpslgal-øliA from S. pneumoniøe strain l9^2.

The nucleotide sequence is numbered in accordance with GenBank accession number

4F105113 and starts from the centre of cpsl9al to the beginning of aliA. This sequence has

been referred to as cps19a2 throughout this thesis to distinguish it from the cpsl9a locus from

S. pneumoniae stran 1941. 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 cpsl9azo are indicated

and the stem-loop termination sequence is indicated with arrows.

. ..cpsl9a¡I-)
SK F I FN I KE SFDN T RVGINI,ML SN TÀS S L I I G I

TGTCÀÀÀÀTTCATCTTTÀÀTÀTÀÀÀÀGÀGTCTTTTGATÀÀTÀTCCGAGTTGGTÀTCÀÀTTTÀÀTGTTÀTCCAACÀTCGCÀÀGTÀGTTTCATTÀTCGGTÀT

VR L G I Q WNV'¡N I E T F GKV S L T L S V S N L L M T F I NA
].01 TGTTCGTCTÀGGÀATCCÀATGGÀÀCTGGÀÀÎATCGÀÀÀCÀTTCGGGÀÀÀGTÀTCTCTGÀCCTTGAGTGTTTCCÄÀTCTATTGÀTGÀCTTTCATTAÀÎGCC

20t
I G ], VV F P I, ], R R T K À E N I, P K I Y S N I, R N V I¡ M L I M F A
ATTGGÀCTAGTCGTCTTTCCGCTÀTTÀÀGACGÀÀCAÀÀÀGCÀGÀÀÀÀCTTÀCCTAÀGÀTTTÀTTCTÀÀTTTÀÀGÀÀACGTTTTGÀTGCTTÀTCÀTGTTCG

301
f LL I Y Y P L K I VL D I,WL PAY Q DAL I FMT L I F P MS

CGATTTTGCTCATTTÀCTATCCTTTAÀÀÀÀTTGTATTÀGÀCCTCTGGTTGCCÀGCCTÀTCÀÀGÀTGCCTTGATTTTCATGACCCTTATTTTCCCTÀTGTC

401
V Y E G K M A I, V I N T Y I, KÀ I, R M E R D I L R VN À I, V M L I

ÀGTCTÀTGAÄGGGÀÀÀÀTGGCÀTTGGTCATTAÀTACTTÀCTTÀÀÀGGCATTAÀGAÀTGGÀÀÀGAGATATCCTTÀGAGTCÀATGCCTTÀGTÄÀTGTTGÀTC

S M G VT LVT T Y L I,N S I, E L TVVS I VVL LA LR S I I ÀE

L I L S K K I. D V S VK K D I V f, E F I, I, T L V F I S S S WY IJ P

I G L ÀV I VYT IAYG I, YL YL KH E D I K T Y L AYFK À S

701 GÀTTGGGCTGGCAGTÀ.ATTGTCTÀCACÀÀTÀGCCTÀCGGTTTÀTATCTCTATTTGÀÀÀCACGAAGÀTÀTCAÀÀÀCCTATTTÀGCTTÀCTTTA.AÀGCTAGÎ

cpsl9a2K)
KKTSN*MKKIML
ÀAÀÀ.A.AÀCATCÀÀÀTTÀÀÀÀÀÀTTÀTÀTÀÀTGATTÀÀGTGGTÀGÀTTCTÀTTTCTÀCCGTTTTÀGÀTÀTTCGGGÀGGTÀÀTGATGA.A.AÀAÀATTÀTGTTA

VF G T R P EÀ I KM C P f,VNELKKH E DM E T I VCVT G QH

801
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1OO1 ACÀAÀGÀGATGGTTÀGTCCTGÎTTTAGÀTTTÀTTTGGTGTTGTACCÀGATTÀTGATTTAGÀÀÀTTÀTCÀ.AGGCTÀÀCCAÀACCTTGTTCTCTÀTCÀCÀÀC

1 1 O 1 ÎÀGîÀTCTTGGÀAÀÀGÀTÀAAÀCCAGÎTTTÀGÀGAÀGGÀÀCÀACCÀGÀTATTGTCCTÀÀTTCÀCGGTGÀCÀCTACGACAÀCTTATGCAGCÀGCCTTGGCA

L2OL GCATTCTÀTTTGGGÀÀTTAÀÀGTÀGGACATGTTGÀÀGCTGGTÎÎGCGÀÀCGTACAÀTÎTÀCÀÀAGTCCÀTTTCCTGAÀGÀÀTTÎÀÀCÀGGCÀÀTCGACÀT

13 O1 CAÀTCÀTTGCAACTTÀCCATTTTGCTCCA.ÀCTGAGTTGGCTÀÀÀGÀÀÀÀTCTCTTÀÀÀÀGÀAGGTÀGÀGAGÀÀTGTTTÀTGTGÀCTGGÀÀÀTACTGTCAT

14 0l-
DA L T T T V Q E D Y T H T H I, D I, N ÀNN R L T L L TÀHR R E

ÎGAÎGCTCTTÀCÀÀCTACTGTTCÀÀGÀGGÀTTATACÀCÀCÀCTCATTTAGÀTTTÀÀÀCGCTÀÀCÀÀTCGTCTCATCTTATTGACTGCTCÀTÀGACGCGÀÀ

1 5 O 1 ÀATCTCGGCGAÀCCGÀTGAGACÀTATGTTTAGAGCAGTTÀÀÀCGÀGTATTGAÀTGÀÀTACGÀÀGATGTTÀÀAGTCATTTATCCÀÀTTCATÀÀGÀÀTCCTT

I6O1 TGGTÀCGTGÀÀÀCAGCTGCAGAGATCTTTGGÀGÀTÀCAGÀÀCGGATTCÀÀÀTTÀTTGÀÀCCTTTGGÀTGTTCTTGÀTTTCCÀCAÀCTTCÀTGAÀCCÀAAG

1? O1 TTÀTÀTGÀTTTTÀÀCÀGATTCTGGCGGÀGTTCÀGGAÀGÀÀGCACCTTCTTTÀGGAÀ.AÀCCTGTATTGGTTATGCGCGÀTÀCTACÎGÀAAGÀCCTGAÀGGÀ

I801. GTAGCGGCÀGGÀÀCCTTGÀAÀTTÀGTÀGGAÀCÎGÀCGAÀGÀÄÀCÀÀTÎÎÀTCAAÀÀCTTCÀÀÀCTÀCTTCTAGÀTGATTCTGGAGÀÀTÀCÀÀÀAÀÀÀTGÀ

KEMVS PV LD L F GVV P D Y D L E I M KÀN Q T I. F S I T T

S I I, EK T K PVI, E K E Q P D I VL I HG DT TT TYÀÀÀ L À

AFYL G I KVG HVEAG L R T YN I, Q S P F PE EFNRQ S T S

I ] À T Y H F A P T E L À K E N I, I, K E G R ENV YVT GN T V I

N I.G E P M R H M F RÀVK R V I. N E Y E DVKV I Y P I H KN P L

VRE TÀÀE I F GDT E R I Q I I E P LDVI,DFHNFMN Q S

YM I L T D S GGVO E EA P S L GK PVI, VMRD T T ERP E G

VÀÀ G T I, K I, V G T D E E T I Y QN F K L L L D D S G E Y K K M S

QA S N PYGNG DA S Q O T VQ I I. R G I *

QI, M PVYD K PM I YY P L S T L M LAG I K D I I, I I S T PQ

DI, PRF KD L L LDG S E F G I K L S YÀE Q P S P DGLA QA

FI, I GE E F I GD D S VA L I L GDN I YHG P G L S TML Q KÀ

ÀKKEKGÀTVFGYQVKD PE RFGVVEFDTDMNÀ T S

S À RG E L E I I D VN KÀY LN R G D L S VE l, M G RG F AV't L D

T G 1 H E S I, L E A S Q Y T E T V Q R M Q N VQ VÀNI. E E I S Y

RE G E T F G NVY Q T E I DA S KG T FV PRGVANG F Q V I, S

D T V S Y S Y I, V N D Y WA I, E L K P K Y A F V N Y À D P A I, G f

E ¡J E N I, P E A E V S E À D K H H P L I, R D V K P I, T K D E I,

1 HTNF I GTYTLLEAÀRKYD I RFHHVS TDEVY GD

LPI, REDL PG HG EGLGEKF TÀET KYN P S S PYS S T

19 01

2001

GTCÀGGCTÀGCÀÀTCCÀTÀCGGTÀÀTGGTGATGCTAGTCÀÀCAGÀTTGTTCÀGATTTTGCGTGGGÀTTTÀAGAÀGATTCTCTÀÀÀAGAGTCTÀÀGÀGGÀÀ

TCCACTCCÀCÀÀÀCÀTÀÀÀÀCTCTTATGCTÀTCATTTATGÀTTGAGÀTAGACTCATÀÀCTTÀÀTATTTTTATCCTÀÀGÀÀÀÀTTCGTTCATÀTTCÀÀTÀT

cpsl9a2L+
M K G I I I, À G G S G T RL Y P I, T RÀÀ S K

GÀÀTGAÀÀÀÀCÀÀCGÀÀGÀÀÀGGTTATTTCATTATGAÀÀGGTATTÀTTCTTGCÀGGCGGCTCAGGTÀCCCGCCTGTÀCCCÀCTTÀCTCGGGCTGCGTCÀÀ

I E EK P EY P R SNYÀVT G I, Y F YDN DVVE ] AKO I K P

TÀTÀGÀÀGÀÀÀÀGCCGGÀGÎÀTCCTCGCTCCÀÀCTATGCÀGTGÀCAGGACTGTÀTTTCTÀTGÀTAATGÀTGîTGTGGÀGATTGCTÀÀÀCAGATCA.AÄCCT

2t0r

22OI ÀÀCÀGCTGATGCCGGTTTATGÀTÀÀÀCCTÀTGATTTATTÀTCCGTTGTCGÀCÀTTÀÀTGTTGGCTGGÀÀTTÀÄÀGÀTATTTTGATTÀTCTCAÀCTCCTCÀ

23OL ÀGATTTGCCCCGTTTTÀÀGGÀCTTGCTCTTGGATGGTTCCGÀÀTTTGGGÀTCÄÀGCTTTCCIÀTGCGGÀÀCÀ.ACCTAGTCCCGATGGÀCTTGCTCAGGCT

240! TTTCTTÀTCGGTGÀÀGÀÀÎÎTATCGGTGÀCGÀTAGCGTTGCCTTGATTTTAGGCGÀCÀÀTÀTCTACCÀTGGTCCTGGTCÎGÀGCACÀÀTGCTTCAÀÀÂÀG

25OL CAGCCÀÀGÀÀÀGAGÀÀAGGTGCGÀCTGTTTTTGGCTACCÀÀGTGAÀGGÀTCCÀGÀGCGTTTTGGTGTGGTTGAGTTTGÀTACÀGÀCATGAÀTGCTÄTTTC

260!

27 OL ÀGTGCTCGTGGCGAGTTÀGÀÀÀÎTACÀGÀCGTÎAÀCÀÀGGCTTÀCCTÀÀÀTCGTGGTGÀCCTTTCTGTTGÀGCTGÀTGGGGCGTGGTTTTGCCTGGTTGG

28OI ÀTÀCGGGAÀCCCÀTGÀ.AÀGCTTGCTÀGAÀGCTTCTCÀGTÀTATTGAÀÀCGGTTCÀGCGTÀTGCAGÀÀ,CGTTCAAGTGGCÀÀÀTCTAGÀÀGÀÀÀTTTCCTÀ

2907
R¡{ G Y I S R E DV I, E I, A O P L K KN E Y G R Y L L R L I G E A

TCGTÀTGGGCTÀCÀTTÀGTCGTGÀÀGÀCGTGCTGGÀÀTTGGCTCAGCCTCTTÀÀGAÀÀÀATGÀÀTÀCGGACGÀTATTTGCTCCGTTTGAÎTGGÀGÀÀGCÀ

cpsI9ø2M->

3001
* M S DNF F GK T I,VVRK I DA I PG L L EF D I PVH G D NR
TAGÀTGTCAGÀTÀÀÎTTTTTTGGÀÀAGACÀCTTGTGGTÀCGCAÀGATTGÀTGCTATACCAGGÀCTGCTÀGÀGTTTGÀCÀTTCCCGTTCATGGÀGÀCÀÀTC

3 1 O 1 GTGGTTGGTTTAÀGGAÀAÀTTTCCAGÀAGGAÀ.A.AGÀTGCTACCGCTTGGTTTTCCTGAÀÀGCTTCTTTGCTGCÀGGGÀÀACTGCAÀAÀTÀÀCGTCÀGCTT

320I
S R K N V ], R G L H A E P W D K Y I S VA D D G K V I, G S WV D L

TTCTCGCÀÀÀÀÀTGTTCTTCGÀGGACTCCATGCTGÀACCÎTGGGÀCAÀGTATATCTCTGTTGCÀGACGATGGGAÀGGTTTTÀGGATCTTGGGTÀGATÎTG

3 4 O 1- CÀGÀTACAGTTTCCTATAGCTAÎCTGGÎCAÀTGÀCTÀCTGGGCTCTTGÀÀCTCÀAÀCCCÀÀÀTÀTGCCTTTGTTÀÀCTÀTGCTGÀCCCAGCATTGGGÀÀT

GWF K E N F Q K E K M I, P L G F P E S F F AA G K I, Q NNV S F

3s01

3 601

3 ? O ]- CCÀÎGÎGACÀGTGCTGGÀCÀÀGCTGACTTATGCÀGGTÀÀTCGTGCCAÀTATCGAGGÀÀÀTTTTÀGGCGACCGTGTTGAGTTGGTTGTTGGÀGÀTATTGCT

TGÀGTGGGAÀÀÀCCTÀCCGGÀAGCTGÀGGTllCAGAGGCÀGACÀÀÀCÀCCÀTCCTCTAÎTAÀGGGÀTGTCÀÀÀCCACTTACGAÀÀGÀCGÀGTTGTAÀÀÀG

cpsl9a2N-)
MTEYKK I IVTGGAGF IG SNFVHYVYNNFP DV

GÀÄÀCATTATGÀCÎGAÀTÀCÀÀÀAÀÀÀTTÀTCGTGÀCAGGTGGAGCTGGTTTTÀTCGGTTCTÀÀCTTTGTCCACTATGTTTÀCÀÀTÀÀCTTTCCAGATGT

H V T V I, D K f, T Y A G N R AN I E E I I, G D RV E I, VVG D I A

DAA LVDK LÀA EADA I VH YAA E S HNDN S I,ND P S P F
GÀlGCAGCCTTGGTAGÀCÀAGTTGGCGGCTGÀÀGCGGATGCTÀTCGTTCÀCTÀTGCGGCAGÀÀÀGCCÀCAÀTGÀTÂÀCTCGCTCÀÀTGÀCCCGÀGTCCAT3 801

3 9 O 1 TTATCCACÀCCÀÀCTTTATCGGÀÀCTTÀCACACTTTTÀGAÀGCGGCTCGTÀÀÀTACGACÀTTCGTTTCCACCÀTGTÀTCGACTGATGÀÀGTCTÀTGGTGÀ

4OO1 CCTGCCTCTGCGTGÀÀGATTTGCCÀGGTCÀTGGGGAÀGGCCTAGGTGÀGÄÀÄTTTÀCCGCTGÀÀÀCCÀÀGTACÀATCCÀÀGCTCGCCTTÀCTCÀTCAÀCC
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4 1 O 1 ÀAGGCTGCTTCAGACTTGÀTCGTTÀAÀGCTTGGGTGCGCTCATTTGGTGTTÀÀÀGCÀÀCGÀTTTCTÀÀCTGTTCÀÀÀCÀÀCTÀTGGTCCATACCAGCÀTÀ

42OL TCGAGÀÀGTTCÀTTCCGCGCCAGÀTTACGÀÀTATCTTGAGCGGTÀTCAAGCCÀÀÀACTCTÀCGGÀGÀÀGGTÀÀGÀÀTGTGCGTGACTGGÀTTCACÀCCÀÀ

4 3 O 1 TGÀCCÀTTCATCÀGGCGTTTGGACGATTCTGÀCCÀAGGGTCÀAÀTCGGTGÀÀÀCTTACTTGÀTTGGTGCTGACGGTGAGÀÀGAÀCAÀCÀÀGGÀÀGTGTTA

44OT GAGCTCATTCTCAÀGGAGÀTGGGGCÀACCCGCTGACGCTTATGÀCCATGTGACCGATCGÀGCTGGTCÀCGACTTGCGTTÀTGCGATÎGATGCTÀGCAÀGC

4 5 O ]. TCCGTGATGÀGTTGGGGTGGÀÀGCCAGAGTTTÀCCÀÀCTTTGÀÀGCÀGGCCTCÀÀÀGÀGÀCCÀTCÀÀGTGGTÀCÀCAGÀTÀÀCCAÀGÀCTGGTGGÀÀÀTC

4 6 O 1 TGÀÀÀÀÀGAÀGCÀGTAGÀGGCTÀÀCTÀTGCTAAÀÀCGCAÀCÀAGTGATTÀÀÀTÀÀTAAGATÀCTÀÀÀÀAÀGCAÀGÀGACCTCGAGGTCTCTTGCTTTTCT

47 OL ÀGTATGTAGTÀÀGCTTTTAÎÎTTCTTÀCTTCTTGTTTÀTÀ.AÀÀCTCTTTÀÀGGGCÀTCTTGCCAGGTTGGGATGÀCGÀÀÀCCTGTTGCCTTTGCCTTTGC

4 8 O 1 CAÀÀCTCÀTÀGTTGÀGTTGÀGÀGGTCGTTTAGCCTTÀGCGGGGAÀCTTGCTÀGAGTCTACTGGCÀÀTÀGTTCÀÀCÀTCÀCTCTCCTTÀAGÀÀTCTCGCTÀ

4 9 O 1 GCÀÀÀGTCATACCÀÀGTGGTGTCCTCAGCTGCGTCÀTÎCGÀTAÀGTGATÀGTAGCCÀTÀCTCTTTTTGÀTTTTCÀGTCÀCATÀGGTCÀTGÀACTCGGCCA

5OO1 ÀGGTCCCTGTCCÀÀGTTGGGCGÀCCGTÀTÎGGTCGCTGACCÀCTGTGÀGCGTTTTATGGGTTTCGGCTÀGGCTTTGCÀTGGTÀÀÀGACÀÀÀGT,I'CCTTCC

5 101 ÀTÀÀTTTCCÀÀÀÀÀCCCÀÀGCÀGTÀCGÀÀTGATGTÀÀTGCTGTGÀCGTAÀGGTTCTCAACÀÀGTTCTTCTCCCÀTTCGCTTGGTÀCGTCCGTACTCTGTT

52OT TGCGGATCAGGTATGTCÀTCGACTTCCCÀCTCTTGTCCTÀCTGGTTTCTTTCCATCÀÀÀGÀCGTAGTCTGTÎGAGATATAGACCÀGÀÀTAGCTCCGTÀTT

5 3 O 1 TCTCÀGAGCCCTTGGCTÀCATTTTCÀGTTCCAGTTACGTTGÀTGGCAÀÀÀTCCÀGTTCTTTCCCTTCÀTCTTCGGCTGCATCÀÀCÀGCÀGTGTAGGCTGC

5401 ÀCÀÀTGATÀGACTÀGÀGTTGGCTTÀÀCCTCÀGCÀÀÀGACTTTTTCÀÀCCÀTTTCÀGÀÀTTAGTGÀTÀTCCÀTTTCGGTCACÀTCCÀCTGCAACÀTÀGTCC

5 5 O 1 ACÀTTTCGCTCÀTTTAGTÀAÀTÀ.ACGTAGTTCGGTÀCCA.ÀGTTGÀCCÀTTTGCACCTGTÀÃTTÀÀGATCATATTTTTCTCCTTGATAGTTCTTÀTACTTÀ

?cpsl9a2O

5 6 O 1 ATTÀTÀTCAÀÀÀÀTATAGAAÀÀ.ATCGGTTTTTAGTGÀÀCCCTTTTTTGGTATÀÃÀCTTTGTTÀGTGÀÀGCGCÀ.AGÀGÀGCCGÀÀTAGTTATTACTTTAGÀ

Potuè

KÀA S DL IV KÀWVRS F GVKÀ T I S NC S NNYG P YO ¡{ I

EKF I P RQ I T N I I, S G I K P K L Y G E G KNVRDW I H ÎN

DH S S GVW T I I, T K G Q I G E T Y IJ I G À DG E KNN K EVL

E IJ I I' K E M G O P A D AY D H V T D RÀ G H D LRYÀ I D À S KL

RD E L GWK P E F T N F E AG L K E T I Kü]Y T DN Q D ¡'WK S

EKEÀVEÀNYÀKTQQVIK*

* K RV E Q K Y F E K L A D Q !V T P I V F G TÀ KÀ KÀ

L S M T S N], P R KÀ KA P F K S S D V P LLEV D S E K I, I E S

ÀFDYWTT DE AÀDNS I,H YY G Y E K QNETVYTMF EA

I, T RTW T P R G Y Q D SVV T I, T K H T E À I, S Q M T F VF N RG

YNG FVWÀ T R I I Y H Q S T I, N E V I, E E GMRK T RGY E T

Q PD P I DDVE WE QGV PKKG D FVY D T S I YVI, I ÀGY

K E S G KÀVN E T G T VN I À F D I, E K G E D E ÀÀ DVÀ T YÀA

C H YVI, T P KV E A FVK EVME S N T I DME TVDVAVYD

VN R E N I, I, Y R IJ E T G L Q G NÀ G T T L I M

5701
-35 -10

ATÀTCCTTAÀÀÀGTÀTTTTTCAGAÀTTTÀCCAAÀTTÀÀTTÀÀÂÀÀÀTTCAGÀÀÀÀTTATATTGACATCTCTCTGÀÀÀÀGÀGTCTÀTÀÀTÀGAGAGÀAÀGT
-10 -35

?P"prtgozo

aliA+
MKSSK

5 8 O 1 TTTÀÀÀGGÀGÀAGÀTGÀTGÀÀAÀGTTCAÀÀÀC

Appendix IV



APPENDIX V

The nucleotide sequence of Rx1-19F, Rx1-L9A.L, RxL-194.2, Rxl-
194.3 and Rx1-194 in the regions where recombination between
tlne cpsl9f and, cps79ø loci has occurred.

A.

The nucleotide sequence of cpsl9F and cpsl9G for Rx1-19F, Rxl-194.1, Rxl-194.3

and Rxl-194 indicating the regions where recombination at the 5' end of the cps locus has

occurred in Rx1-194.1, Rxl-194.3. The amino acid translation for Rxl-19F is represented

by single letter code above the f,rrst nucleotide of each codon. The vertical affows indicate

the hrst nucleotide which is type l9A-specific in each transformant.

Rx1-19F
Rx1-19À.1
Rxl- 1 9À. 3
Rx1-19À

cpsI9fF-+
MR D R I Q L I, G VT I D IJ L T MN E T I D S VE Q YV I' E K R
ATGAGGGAÎAGÀÀîCCAÀCTTTTAGGTGTAÃCÀÀTTGATTTGCTTACGÀTGA.ATGÀÀÀCGATAGÀTAGTGTÀGAÀCÀÀTÀTGTATTAGAÀÀÀÀÀG

.ÀT. .G

Rx1-19F
Rx1-19À. 1-

Rx1-1 94. 3

Rx1- 19À

ACCACTÀCACTTGÀTGGGGGTGAÀTGCTGÀTÀÀÀÀTTÀÀTCÀGTGICATACAGATGAGAÀAÀTCÀÃÀÀÃÀÀTCGTTÀÀTGAGTCAGGA.A,TCATTA

CT..GA

Rx1- 19F
Rx1-194.1
Rx1 -194. 3
Rxl -1 9À

ATGCGGATGGAGCATCÀGTTGTTCTTGCAAGTÀÀGTTTTTAGGÀACGCCTGTTCCTGÀÀCGÀGTAGCGGGTATTGÀTTTGÀTGCÀÀTGTCTTTTA

Àc. A.

Rxl-1 9F
Rxl-194.1
RxL-194. 3
Rx1-194

P L H I, MGVNA DK I N Q C HTD EK I KK I VNE S G I T N

A DG À S VV L À S K F I, G T PV P E R VA G I D I.M Q C L I,

E L SN K K G Y S VY F F GÀ K E E VI, Q DM I, KVF K R D Y P

NI, I V I G H RN G Y F S E E DE QA I Q E D I REKN P D FV
Rx1- 19F
Rx1-19¡'.1
Rxl-194. 3
Rx1-19À GCCT..À
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Rxl-l9A.l
J

IT P KEYII KFMDSGVNSVFMGVCG
Rx1-19F
Rxl-19À.1
Rx1-19À.3
Rxl-19À

Rx1 -1 9F
Rx1-194.1
RxL-l-9À.3
Rx1-19À

TG TC CC

TG TC CC

G.À

TTTGÀTGTCTTGTCTGGTCÀTÀTCCAÀCGÀGCACCTCTATGGATGCÀÀÀÀGTCÀÀÀTTTÀGÀGTGGTTÀTTCCGTGTAGCTÀÀTGÀGCCTAÀACG
F D V L S G H I O R À P L V{ M Q K S NI. EW I, F RVANE P K R

Rx1-19F
Rx1-194.1
RxL-19À. 3
Rx1-194

Rx1- 19F
Rx1-1 9À. 1
RxL -19A. 3
RxL-19À

ÀcÀ A

AC.À. .À.

cpsI9ft+
LFKRYFVGNISFIGKVI,KÀKRGVKY*MI

TCTCTTTAÀÀCGTTÀTTTTGTÀGGGÀÀTÀTTTCATTCATAGGÀÀÀÀGTÎTTÀÀÀÀGCÀÀÀÀÀGÀGGTGTAÀÀÀTÀTTGAÀCCÀGACAGÀGÀTGÀT
, .cc. . . . . . . . . .G. . . . . , .T. . .A. . . . .G. . .G. . . . .G. .ÀTAT. . .CT. . . . . . . .C. . . . .A. .AG.

G. . .G. . . . .G. .ÀTÀT. , ,CT

Rxl-194.3
J

RI, I Q KVE I, DÀ 1 KE FK K I C E END I D F F L RG G SV
TCGCTTÃÀTTCAÀÀAÀGTTGÀÀTÎAGÀTGCTATÀÀÀÀGÀGTTTÀÀÀAÀAÀTCTGTGAÀGAGÀÀTGÀTATÀGÀTTTTTTCClCCGCGGTGGTAGTG
ÀÀÀ G

ÀÀÀ. .G

Rx1-19F
Rx1-194.1
Rx1 -194. 3
Rx1-19À

Rx1-1 9F
Rx1-19À. 1
Rx1 -19À. 3
Rxl--194

Rx1- 19 F
Rx1-19À.1
Rx1-1 9A. 3
Fx1- 194

T, RK I Y F C KV Y W Y R F I, A S L G 1 T YVG D H VDM H S

TTTTÀÀGÀÀAGATTTACTTTTGTAÀAGTÀTACTGGTÀTCGTTTTTTAGCAÀGCTTÀGGÀÀCAÀCTTÀTGîÎGGCGÀCCATGTGGATATGCÀTTCC
. . . .c. . . . . . .cG. . .T. . . . . . . .T. .C. . . . . . . .4.
....c.......cc. ..T........T..C........À.
. . . . c . . . . . . . cG. , , T . . . . . . . . T. . C . . . . . . . . À.

Rx1 -19F
Rxl-19À.1
Rxl--L9À.3
Rxl-19À

Rx1-19F
Fx1-1 94. 1
nxl-1 9À. 3
Rxl-19À

Rxl- 19F
Rx1-194.1
Rx1- 1 9À. 3
Rx1-19À

ccÀ

À

À

T.À
T.À
T.À

T .C
T ,C
T -C

À..c
À..c
À..c

T..G
T..G
T..G

G

G
G

T.T G.G.
T .T G .G.

CT
CT
CT

Rx1-19F
Rx1- 194. 1
Rxl-19À. 3
Rx1-19.A.

Rx1-l-9F
Rx1-L94.1
Rxl-19¡'.3
RxL -L9À

TTCÀÀÀGÀTÀGAÀTTATCGCTGGGAÀÀTATCÀGGTTCTTÀCTTÀTCAÀTACTGTGATACGTTGCATTGCTÀCTTTCCTCGÀCTÀTTCCTTTTAGC
F K D R I f A G K Y Q VI, T Y Q Y C D T L H C Y F P R I, F I, T, A

ÀCTAÀGCAÀÀÀÀCTAATTÀTTGGTTTCTTTAAÀÀÀÀCTAGGÀTTTGCÀÀAÀCTÀTTTCCTCÀÀÀÀTTCTGTATACÀGACGCTTGGÀTAÀTCTCTA
T K Q K I, I I G F F K K I, G F À K L F P QN S VY R R I, DN IJ Y

RK Y D I¡¡K K Q K Y À G T I N A S I, F A K EVM P VE I W G E G
TÀGÀÀÀGÎÀTGAÎTGGÀÀÀÀÀGCÀGAÄGTATGCGGGGÀCTATCÀÀTGCTTCTTTÀTTTGCTÀÀÀGÀÀGTTÀTGCCAGTÀGAGATTTGGGGÀGÄÀG

GÀGTÀGAGÀÀGCCTÎTTGÀGGATACCTTCTTTAÀÀGTTCCAÀCGGÀGTATGATCGCTÀCCTGÀÀ.AÀGACTITACGGAGÀÃÀÀCTÀTCTTTÀCGA.A
V EK P F E D T F F KVP TE Y D RY I. K RL YG ENY L Y E

c
c
c

G

G

cc
c

T
T
T

À
À

À
À
À

c.G
c.G
c.G

A.
A.
À.

À..7
À. .7
À..7

c

T
T
T

c
c
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B.

The nucleotide sequence of cpsl9o and the 3' intergenic region for Rxl-l9F, Rx1-194.1,

Rx1-194.3 and Rxl-194 indicating the regions where recombination at the 3' end of the cps

locus has occurred in Rx1-19A.1, Rxl-194.3. The amino acid translation for Rxl-l9F is

represented by single letter code above the first nucleotide of each codon. The vertical

Íurows indicate the last nucleotide which is type l9A-specific in each transformant.

cpsI9fO+
I,t I L I T G À N G Q L G T E I, R Y I, L D E R N E E Y V AVD VA
ATGÀTTTTÀÀTTÀCAGGGGCÀÀATGGCCÀATTAGGÀÀCGGÀÀCTTCGCTATTTÀTTGGÀTGAÀCGTÀÀÎGÀÀGÀÀTACGTGGCAGTÀGATGTGGCRx1-19F

Rx1-19À.1
Rx1-L9À. 3
RxL-19À

RxL-19F
Rxl-194.1
Rx1-19À. 3
Rx1-19À

EMD ] T DÀEMVEKVFEEVK PTLVYH CÀÀYTA VD

ÀÀ E D E G K E I,D FÀ I NV T G T K NVA RA S E KH G À T
ÀTGCAGCÀGAGGAÎCÀÀGGÀÀÂÀGÀGTTGGACÎTCGCCÀTCAATGTGACGGGGÀCAÀÀAÀÀTGTCGCÀÀGAGCATCTGÀÀÀÀGCÀTGGÎGCÀÀCT

CTÀGTTTÀTÀTTTCTACGGÀCIATGTCTTTGÀCGGTÀÀGÀ.AACCAGTTGGÀCÀÀGÀGTGGGAÀGTTGATGACCGACCÀGÀTCCÀCÀGACAGAÀTÀ
LV Y I S T D Y V FD G K K PVG Q E I¡I E VD D R P D P Q T E Y

TGAGATGGACÀTTACCGATGCÀGÀÀÀTGGTTGAGÀÀÀGTTTTTGAÀGÀGGTGÀÀÀCCGÀCTTTAGTCTACCÀCTGTGCAGCCTÀCACCGCTGTTG

Rx1-l9A.l
I

G R T KRMG E E I,VEKHVSNP Y I I RTAWVF GNY GK
TGGACGCÀCTÀ.AGCGTATGGGGGÀÀGÀGTTÀGTTGÀGÀÀGCATGTGTCTAÀTTTCTÀTÀTTÀTCCGTÀCTGCCTGGGTATTTGGAÀÀTTATGGCA
,..c..T.
,..c..T.
...c..T.

ÀAÀÀCTTCGTTTTTACCÀTGCÀÀ.AÀTCTÎGCCAÀÀÀCTCATÀÀGÀCTTTAÀCÀGTTGTÀÀÀTGÀCCÀGTÀCGGTCGTCCGÀCTTGGÀCTCGTACC

TÎGGCTGAGTTCATGÀCCTÀCCTAGCTGAÀAATCGTAAGGAATTTGGTTATTÀTCÀTTTGTCÀ.AÀTGATGCGÀCAGÀAGACACÀÀCATGGTATGÀ

CGATGÀECCÎGGCCÀÀAGCCAÀÀGCTACÎGGÀTTTGTTATTCCAACTTGGCÀÀGATGCÀTTGCÀAGÀÀTTTTACAÀACÀÀGÀÀGTGAGÀTÀÀGTA

GfAGÀÀTGAÎTTTCTAGÎCTÀÀTAAÀAGAGGCÀGATAÀTGÀÀCTCCÀÀAGGÀGCTTAÀGÀTGTACGATTATCTTGTTGTTGGÎGCTGGTCTCÎTT

G À
À

Rx1 -19F
Rx1-194. L
Rxl-19À. 3
Rx1-194

Rx1-19F
RxL-19À. l-
Rxl-19À. 3
Rx1-194

Rx1-19F
Rx1-194
Rx1-L9À
Rx1-19A

Rxl-19F
Rxl--194. 1
RxL-194.3
Rx1-19À

Rx1-19F
P*1-1-94.1
RxL-194. 3

Rx1-194

RxL-1-9F
Rx1-194.1
Rx1-194.3
Rx1-19À

RxL- 19F
Rx1-L9À.1
Rxl-1-9À. 3
Rx1- 19À

Rx1-19F
Rx1-19À. 1
Rxl.- 19À. 3
Rx1-19À

T
T
T

N F V F T M Q N L A K T H K T I, T VV N D O Y G R P T V.T T R T

I,A E F M T Y L À ENRK E F G Y Y H T, S N D A T E D T TW YD

FAVEI LKDTDVEVKPVDS S QFPÀKÀKR PLN ST

M S I, AK A KÀ1G FV I PTWODA L Q E F YK Q EVR
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Rx1-19F
Rx1-194.1
Rx1- 19À. 3
Rx1-194

GGCGCÀTÀGCTTTGGCTCÀGTTTCTATTATCGCTCACACCÀTCCÀTCÀGÀÀGTTTÀ.qTCTGAAGGTACCCAÀTÎÀTCGCCAÀGÀAGÀÀGÀTÎGGG

CTÀGGATGGGTTÎACCAÀTCÀCÀCGTÀÀGGÀAÀÎCÎCTÀÀTTGGCÀTATCAAGGCAÀGÎCÀÀTÀCTATTTAGAGTCCCTTTÀTÀACCTTTTÀCGA

GAAÃÀGTTGTTACAÀCÀÀCCTCTTCTÎCATGCGGÀTGÀÀÀCCTCTTÀTCGGGTCTTÀGAÀÀGTGÀTÀGTCAGCTGACCTACTATTGGACCTTTTT

GTCTGGGAAÀGCTGAGAÀTCÀÀGTAATCACGCTTTÀCCACCATGATCÀGTGTCGGAGÎGGTTCGGTAGTGCÀÀGÀÀTTCCTÀGGAGATTÀTTCTG

Rxl-194.3
J

GCTÀTGTGCÀTTGTGÀTÀTGTTGCGGCAGTÀÀCTTÀGGACTTTAGTCCTCTÀGTTCTGTCTÀTGCGÀTÀGCÀGTCCÀAGGTTTÀGGÀGCÀÀGGCG

ÀCGCTÀÀGCTTGGTÀÀÀCTGCGÀÀCCGCTAGÀÀGCTTÀTCGTCAÀCTGGÀA-GÀÀGCTGÀÀCTTGTTGGÀTGTTGGGCGCATGTGA-GAÀGGÀÀÀ

TTTTTTGÀÀGTGCCCCCCÀÀGCA.AGCAGÀTÀÀÀTCATCCTTAGGAGCTAÀÀGGTTTÀGCTTATTGTGÀTCAGTTÀTTTTCCTTGGAÀAGÀGACTG

GGAGGCTTTGC-ÀGCÎGATGÀÀCGÀCTÀCÀGÀÀÀCGTCÀÀGÀÀCATCTCCA.ACCCCTÀÀTGGÀÀGÀCTTCTTTGCTTAGTGCCGTCGTCÀGTCÀG

Fx1- 19 F
Rx1-194.1
Rx1-19À.3
Rx1-19À

Rx1- 19 F
Rx1-L9A.1
Rx1- 1 9À. 3
Rx1-19À

c.,T

Bx1- 19 F
Fx1-19À.1
Rx1-194.3
Rx1-19À

Rx1-1 9F
Rx1-19À.1
Rx1 -19À. 3
Rx1-L9A

Rx1-19F
RxL-19À.1
Rxl-19À.3
Rxl- 194

G

A
À

c
c

T
TGc

c
c

Fx1- 19F
Rx1-19À
RxL-19À
Rxl--19À

Bx1-19F
Rxl-19À.1
Rx1-194.3
Rxl-l9A

Rx1-1 9F
Fx1-1,9À.1
Rx1-19À.3
Rx1-19A

Rxl -t9F
RxL-19À.1
Rx1-194.3
RxL-194

: : : : : : : : : : :;: : : : : : : : : : : . . . . . . . . . . . .c. . . . . .c.

ÎTTTÀTCGGGîTCÀÀÀÀCTÀGGAÀGGGCÀÀTTGÀATÀCAGCCTCÀÀGTATGÀÀGAÀÀCCITTA.A.GACCÀTTTTÀÀAÀGACGGACATCTGGTCClT

TCCÀÀTÀATCTAGCTGAÀCGCGCCÀTTÀÀÀTCÀTTGGTTATGGGACGGAGTÀÀÀÀGAGTCCAGTGGACTCTTTTÀGCCTÀÀGCTAAÀTTTTÀÀÀÀ

Rx1-19F
Fx1-194. L
Rxl-194. 3

Rxl--19À

Rxl-1 9F
Rxl-19À.1
Rx1-194,3
Rx1-1-9À

RxL-19F
RxL-19À.1
Rx1-194, 3
Rxl - 19À

Rxl- - 19 F
Rx1-l-94
Rxl-19À
Rx1-19À

,.c.G...4....
AGCGAGGGTGGTTÀTTTTCTCÀÀÀGTTTTGÀÀGGAGCTÀÀAGCÀÀGAGCTÀTTÀTTÀTGAGCTTATTGGAÃÀCAGCTÀÀÀCGTCÀTCÀÀCTÀ.AÀT

..T.... ...À...

ÀGTGÀGAÀÀTATCTÀTCCTÀTCTTCTAGÀÀTGTCTTCCÀAÀCGAGGÀAÀCÎCTCGTAÀÀCÀÀÀGÀGGTTTTÀGÀGGCCTÀTTTÀCCATGCACTÀÀ

..c.... .....T.....
ÀGTTGTÀCAÀGAAÀÀGTGCÀÀÀTÀÀGAÄÀÎCTCCÀGATTAGGÀACTATCCGTGÀETTCACTÀÀTCTGGAGÀTTTTTCÀÀTAGÀCCTCGTTÀTTGG

. . . .ATÀ. . . . . . ,T. . .C. . . . . . . . . . .T. .T. , . . . . . . . .

GCGGTTACGÀTÀTTCATATTTTTTGCAAÀGATGTTGTTTGAÀÀÀATÀÀTTTTCÀÀÀÂÀTTCTGÀ.AÃATTCTGTTCACATCTTTCTGAAÀÀGÀGTC

aliA+
M K S S K I. I, À I, A C V T I, I, À A T T I, À A

Rxl-1 9F
Rx1-19A.1
Rxl-194.3
Rxl--L9A

TÀTÀATGGAGÀGAÀÀGTTTTÀÀAGGAGÀÀÀÀTGÀTGÀÀÀAGTTCAÀÀÀCTÀCTTGCCCTTGCGGGCGTGÀCÀTTÀTTGGCGGCGÀCTÀCTTTÀGC
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C.

The nucleotide sequence of cpsl9G, cpsL9H, cpsl9l and cpsl9J for Rxl-l9F, Rxl-

I9A.2 and Rxl-l9A The amino acid translation for Rxl-l9F 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 194-

specific.

Rx1-19F
Rxl- 194. 2
Rx1- 19À

ATGÀTTCGCTTÀÀTTCAÀÀÀÀGTTGÀÀTTÀGATGCTÀTÀÀÀÀGAGTTTAÀÀÀÀÃÀTCTGTGÀAGAGÀÀTGÀTÀTAGATTTTTTCCTCCGCGGTGG

. .ÀG. .AÀÀ. .G, . . . .G. . . .G. . , .C. . . . . . .T. . .4. . . . . . .C4. . .C. . . . .T. .T. .G, .

Bx1-19F
Rx1- 19À. 2
Rxl - 19À

cpsI9fG-+
M I RI, I Q KVE I, DÀ I K E F KK I C E END I DF F LR GG

SVLGÀVKY DG F I PWDDDMD I ÀV PREAYDK I, P S

Rx1- 19F
Rxl-194. 2
Fxl-l-94

Rxl- 19 F
Rx1-19À. 2
Rx1-l-94

TTAGCÀGATGAÀÄGÀAÀÀCGTÎTGGGCTÎGCCÀCGAAÀTACCÀÀTCTÀGGÀTTGCÀTÎTGÀTTGATÀTCÀTTCCTTTAGATGGAGCÀCCÀÀÀTCA

....A.. ,..,.A. ...T....T..... .......G.....T..C.

LÀD ERK RLG I, PRN TNL G L H L I D I T P LDGAP NH

TAGTGTACTTGGÎGCÀGTCÀÀATACGÀCGGCTTTATTCCÀTGGGÀTGÀTGÀTATGGÀTÀTCGCTGTCCCTCGTGÀÀGCÀTÀCGACAÀÀCTTCCÀÀ

c. . . . . . . . . . .G. , . .T, .T. .C. . . . . . . .T. . . . .G. . . . . . . . . .GC. . . . .T. . . . . . . . .G

VF KD R I I ÀGK Y QVLT Y Q Y C D T L H CY F PRI, F L
GTGTTTTCÀÀÀGÀTAGAATTATCGCTGGGÀÀÀTÀTCÀGGTTCTTÀCTTÀTCÀATACTGTGATACGTTGCATTGCTÀCTTTCCTCGÀCTÀTTCCTT

..À-c..T..c..... ..Ä...c. .......G. ..T..C.....T..A. ..CT... ,....

TTCGGTTTTÀAGÀÀAGATTTACTTTTGTÀÀAGTÀTÀCTGGTÀTCGTTTTTTAGCÀAGCTTAGGÀÀCÀACTTÀTGTTGGCGACCÀTGTGGÀTÀTGC

...ÀT.. ..C.......CG., .T........T..C........4.

S T K Q K IJ I I G F F K K L G FA K I, F P Q N SVY RR L DN
ATTCCACTÄÀGCAÀÀÀ¡,CTÀÀTTÀTÎGGTTTCTTTÀÀÀÀÀÀCTAGGÀITTGCÀ.AÀACTATTTCCTCÀÀÀÀTTCTGTÀTACAGACGCTTGGATAAT

.....G. .C..... .....G. .....C. ..À...G.

CTCTÀTAGÀÀÀGTÀTGATTGGÀÀÀAÀGCAGAÀGTÀÎGCGGGGÀCÎÀTCÀÀTGCTTCTTTÀTTTGCTAÀÀGÀÀGTTATGCCÀETAGAGÀTTTGGGG

, .. . . . .A. .T. . . . .4. .T. . . . .4. . .C.G. . . . .C. . . . . ...C4.

i:r..i..'.i.r...i.ii:.::i."..i..i..*:ii:î:::i.ii'.."...ii;'i.r-.i..iii...'"rï.iii.ii"
cpsl9fII+

E E P S D D E K K S H I, G G H * I, F C Y I I I, H YKV I. E E T
ACGÀAGAGCCTAGTGATGATGAÃÀAGAÀÀTCGCÀTTTÀGGÀGGACÀCTÀÀTTTGTTÎTGTÎÀTATTÀTTTTGCÀTTÀCÀÀÀGTCTTÀGÀÀGAÀÀC

...,À.. .....G.....

I S CVK S I KEGNYNÀKO IVI I DNF SNNGTG E KL
TATTTCITGTGTTÀ.AATCTATAAÀÀGÀÀGGCAÀTTÀTÀÀTGCAÀÄGCAÃÀTCGTTÀTTATÎGATÀATTTCTCTAÀTAÀTGGTÀCTGGTGAÀAÀÀC

. . . .À. . .. .. . . .cc. ..À. . . . . ..G. . . . . .T. . . . . . . .c. . . . .G. .

. . . .À. . . . . . . . .cc. . .A. . .. . . ,G. . . . . .T. . . . . . . .C. . . . .G. .

S VL R K I Y F C K VY !f Y R F I, À S L G T T YVGDH V D MH
Rxl-- L9F
RxL-L9À.2
Rxl - 19Ã'

Rx1-19F
Rxl-194. 2
RxL-194

Rxl-- 19F
Rx1 -1 94. 2
Rx1- l9A

Rx1-19F
Rx1-194. 2
Rxl.-194

Rx1- 19F
Rx1- 194
Rxl-19À

L YRK YDWKK OKYAG T INA S I, FA K EVM PVE I WG

E GV E K P F E D T F F KV P T E Y D R Y I, K RI, Y G EN Y f, Y

Rx1-19F
nxl-194.2
Rx1-19À

Rx1- 19F
Rx1-194.2
Rx1- 19Ã'

c

Q E I, Y E S D I, E I DV T, I NH E N A G F A RGNNVÀY Q F

GCTÀÀGGÀÀÀÀGTÀTÀÀCCCCGÀTTTCÀTGGTTATCATGAÀTÀÀCGÀTÀTTGAGATAGÀAÀCAGAAAÀTTTTGAÀÀ.AÀÀTTGTGACÀGÀTÀTCTÀ
AKEKYNPDFMVIMNNDT E I ETENFEKIVTD IY

REEK FHL LG PD I FSTTYQLH ONPKRLTHY 1 YG
lCGTGAGGÀÀÀÀATTCCÀTTTGCTCGGGCCAGATÀTCTTCÎCGÀCTÀCTTÀCCA.AClTCÀCCÀÀÀÀCCCÀÀÀÀCGGTTGACÀCÀTTATACTîÀTG

G

G

c À..7
c À.,7

c
c

CG
CG

T
T

T
T

AAG
AAG

À,.7
Às

G

G

c
c

Rx1- 19 F
Rx1-194. 2
Rx1-19À'

T
T

G .G. T..G
G .G. T..G

Fx1- 19F
RxL-19À.2
Fx1-19À

T.À .À
T.À .À
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E V KA fJ N E K F K K G S Q V s L A IJ K I K C W L K A S K V L
Rx1-19F
Rx1-194.2
Rx1-194

Rxl-19F
Rx1-19A.2
Rx1-194

Rx1-1 9F
Rx1-19À.2
RxL-19À

T
T

G
G

A.
À.

CTA
c 1A

RTÀ IYQNRRKKG SVDYRKQVEN P I LHG SFI VY

SRDF I EKEEYÀFN PNTFFYYETETLDYEAE LK
TTCGAGAGÀTÎTÎÀTCGÀÀÀÀÀGÀGGAGÎATGCTTTTÀÀCCCTAACÀCCTTCTTTTACTÀTGÀÀÀCÀGAGATATTÀGÀTTATGÀÀGCTGÀATTÀÀ

G Y K R I Y T P K I R V I, H H Q N VÀ T N Q V Y T N I, I. E K T
ÀÀGGATÀCÀÀGAGAÀTTTAÎACACCTÀÀÀÀTÎAGÀGTÎÎTGCÀCCÀTCÀÀÀÀTGTTGCÀÀCÎÀÀTCAÀGTTTÀCACGÀÀCTTGTTAGÀÀÀÀÀÀCC

F FRNÀ T S Y EG E L TVRTF I RVl, I Rv I DV SÀ Y I

TTTGGÀTATACTTTTÀTTAÀTÀATTTTCTTÀTCTATCGCCATÄ.AÀCGCCCTÀÀÀGACÀTÀTTÀCTTTTÀGTÀCCÎÎTAÎîA.ATÀTTTÀTTTCAÀÀ
FG YTF T NN F IJ I YRH KR PK D I L L LV PL I] I F I S K

T L I S GG RQ D I I K I I, ] AYVI MMY I Q QK RKV G WN

À
A

Gc
c

G

c..T
TCT
TCT

.A .T. G

.À .T. G

c
c

c
c

G

9F
9A.
9A

Rxl-1
8x1-1
Rx1-1

T
T

2 G
G

T
T

LF SNKCNFK S TS YFLKLMKENE DV*
cpsl
MS

9ÍI+
YL.FLL

Rx1-19F
Rx1-194.2
Rx1-19À

Rxl- - 19 F
Rx1-19À. 2
Rxl--L9À

Rx1-19F
Rx1-19À. 2
Rxl- 19À

Fx1 -19F
Rx1 -1 9À. 2
Rx1-19À

Rx1-19F
Rx1-19À.2
8x1-194

Rx1-19F
FxL-19À. 2
Rx1-L9À

Rx1 -19F
Rx1-1" 94. 2
Rx1-l9A

Rx1- 19F
Rx1-l-94. 2
Rx1-1-9À

RxL-1 9F
Rx1-19À.2
Rx1-194

Rx1-19F
RxL-19À.2
Rx1-l-94

Rx1-l-9F
Rx1- 194. 2
Rx1-19À

S S V F À I, VN S K N!'¡N I E Y S G I A Y I L I I S G I I I F

GTGC

T I I I D L F I L Y ], Y R K E I YN I, V L S N G Y T G S N I Q!.¡
AÀCTATTATA.ATTGATCTCTTTATTTTGTATCTTTÀCAGGÀÀGGÀÀÀTATÀCAÀCCTTGTTCTTÀGTÀÀTGGÀTATACGGGGTCÀÀÀTÀTTCAGT

GÀ
cc T

T

À.c
À.c

T
T c

T
T

TC
TC

CA
cÀ

c GT
GT

T
T

c
c

G..C
G. -C

c
T
I

c..c

a
c

c
cG

c

T..C À

T,.A .C..G T
T..A .C..G T

T
T

c..T .À T
C..T .A T

CT
CT

c
T
T

c
G

G
T
T

T L G VT V G NV Y T F F RR P I, H D F G L VG MY VFV FÀ

ÀaA G..T C

À c..T c

T
T

Rx1-1
Rx1-1
Rxl-1

9F
9A.2
9À

AACTTTÀATÀTCAGGAGGCCGGCÀÀGATÀTTATTAAAATTCTGÀTTGCCTÀTGTAATCÀTGATGTÀTÀTCCÀÄCAÄAAÀCGGÀÀ.AGTTGGÀTGGA
. . .c. ..T, . . .T. .G. .TÀ.ÀTTG. . , . , . . ,Ä.. . . . . .T.À. . . . .G. . . . .TG.À, . .GCC. , . . .T, .G.. . . . . . .À. . . . . . . .C. . .G
. . .c. . .T. . . .T. .G. .TA.ÀTTG. . . . . . . .À. . . . . .T.À. , . . .G. . . . .TG.À. . .GCC. . .. .T. ,G., . . . . . .À. . .. . . . .C. . .G

RV T S H K Y I H I, G F V G I, I A G I P À F Y Y S I, F I,A G R

TT
TT

TÀ TC.T
TA TC.T

À.c.G
GAGA
GAGA

TG
TG

T.T
T.T

EVF G S E T LVP I LN I I, G EMG LVNYR S T I HL E FR

G

G

GA...GT
GÀ. . .GT

Rxl- L 9F
Rx1-1 94. 2
Rx1-194

cÀG1
CAGl

T
T

VG A F FÀ I Y Y L V L R K K Q VG F N I] D I I{ T I I Y S Y VF
GTÀGGTGCTTTTTTTGCTATTTÀÎTÀTTTÀGTTCTGAGAAÀGAÀACÀGGTTGGTTTTAATTTGGATATTCATÀCCÀTTÀTTTÄTTCTTATGTCTTRxl--19F

Fxl-19À.2
Rx1-19À

CTG
CTG

GAAÀT.ÀÀ.
GÀÀ.AT.ÀÀ.

GC.GT.C
GC.GT.C

cÀ
cÀ

Y I¡I I F L S S I E Q Y S F T M I S L Y LVFI VYFM I

F YV¡C 1 D F K RGKI, I FK I S D S S I K L KE E *

RxL-19F
Rx1-194.2
Rxl -1 9A
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Rx1-19F
Rxl-19À. 2
Rxl-19A

Rxl- 19 F
Rxl-194. 2
Rx1-L9À

Rxl-19F
Rxl-19À. 2
Rxl-19À

Rx1-19F
Fx1-194. 2
Rxl-194

Rx1-1 9F
Rx1-L9À. 2
Rx1-194

Rx1-19F
Rx1 -19À. 2
Rx1-194

VV L I V P K I MGVT E Y S YWQ LY I F Y I, TY T GF F H L

249

J
G IV I D G I Y I, K Y G G I. E Y T N I, D R K Q F Y S Q M I I, F S

i...ii:'ìiiri...iiiiii:irîlii..i..:iii:ï.liïilTi.i.ìii"ïï:i:l.i.ii..i.i..i:iii....i'..i
S F L M I, I S L V L F T I,N I, I T VR D E N A R Y I YNMÀ I I
ÀGTTTCTTÀÀTGCTAÀTCTCGCÍGGTÀTTATTTÀCTTTGÀÀCCTÀÀTÀÀCTGTÀÀGGGÀTGÀÀÀÀCGCÀÀGÀTÀTÀTîTÀTÀÀÎATGGCTÀTCAT

À.T. . . . .CT. .C. . . .G. . ,GG. . .À. .TG. .1. .G

Ac À Tc c I
c A TC C I

cÀ...TcG..T...C

S MTV TN LR T I, YVY I L QMTNRLK D S SVI L I S DR
CÀGCÀTGÀCÀGTCACÀÀÀCTTAÀGÀÀCÀCTCTÀTGTÎTATÀTCTTGCAGÀTGACÀÀÀTCGCTTGÀÀGGATAGÎTCAGTCATTCTÀÀTTÀGTGATC

À..T....T.À u...,.L..s. r.9. ¡ c-c

VL YV L L L F M F I V F GVIH E Y KVM I WÀ D I I, GR T F

Rxl-19F
Rx1 -194. 2
Rx1-194

Rx1-19F
Rx1-19À. 2
Rx1-19À

RxL-19F
Rx1-1-9À.2
Rx1-19À

VG I N L M L S N I À S S !4 I I G I V R MG ] Q lVNlVN I E T F

GCGTTTTÀTÀTGTÀCTCCTTTTATTCATGTTTATTGTÀTTTGGÀTGGCÀTGÀGîÀCAÀGGTCÀTGÀÎTTGGGCTGÀTATTCTÀGGTCGÀÀCÀTTT

......G. ....C.. .......T........À.......,T.......T...À.... ....T. -...

S L M L S F W Ì C K D I V F Q P I, S K F I IJ D F K E S I' DN I R
TCTCTCATGCTTÎCCTTCTGGÀTTTGTÀÀÀGATATTCTGTTTCAGCCTTTGTCÀÀÂÀTTTÀTCTTÀGÀTTTCÀÀGGAGTCCCTTGÀTÀÀTÀTCCG

.À. . . . . . . .c. . . . .T4. .À.À. .À. . . . .TT.

ÀAAÀCTGÀAGÀTÀTCAGTCAÀGCÀÀGACATTGCTTTAGÀGTTÀCTTÀTGÀCGATTATATTTATTTCTTCAÀGTTGGTATCTCTCTÀTTTGGATTG

. . . .. . .G.Tc.T, .G. .T. . .À.G. .T.. . .TÀ. . . . .À. .1. . .T. . .. ,C. .G.C, . . . .. .T.GC.G. . .G. .C.G,

V I I Y L I,À YT I, Y LY L KH KD I RMY I EY FKNH KK
CAGTÀÀTAATTTÀTTTAÎTGGCGTÀIACTTTÀTÀITTGTÀTTTAÀÀGCÀCÀÀAGÀTÀTCAGÀÀTGTÀTATÀGÀÀTACTTTÀÀÀÀÀTCÀTAÀÀÀ.AÀ

. . .. . . .TG.C. .CÀC.A.À. .C. .CGG. . . .. . .C.C. . . . .G, .À. . .G.. . . . , . . .4. .CC. . .T. ..CTT. . . .. . . .GC.ÀG. . . . . ..

Rx1-19F
Rx1 -19À. 2
Rx1-19À

RxL-19F
Rx1-19A.2
Rx1-194

TCGGGÀÀÀGTGTCÀTTÀÀCTTTGÀGTATÀTCTAATTTATTÀÀTGACTTTTÀTTÀ¡,TGCCÀTÎGGÀTÎÀGÎTATCTTTCCTTTGÀTÀÀÀGCGÀÀCA

. . .A. .TC.G. .C. . , . . .G.1, .C. . .C. . . .G. , . .. . . .C. . . . . . . .C. . . .CG.. . . . . .GC.AT,..G4. . -...

Rx1 -19F
FxL-19À.2
Rx1 -19A

TÀTTCTTGATATTTGGCTTCCTGCTTATAÀGGATGCCTTÀGTTÎTCATGGCCCTÀÀTTTTTCCTÀTGTCÀGTTTÀTGÀÀGGGÀÀÀÀTGGCTTTGG

.G.ÀT.À- .CC.C. . .T.c. .À. .C. . .C.À. . . . . . . .GÀ. . . . . . . .À. , . .T. . . . .C. . . . . . . . . . ,C. . .4. . . .

Rx1-19F
Rx1-194. 2
Rx1-19À

ÎGATÀÀÀTACATATTTÀÀÀÀGCÀÀTGÀGAÀTGGÀÀÀÀÀGACATTCTCAÀÀÀTTAÀTGCTTTGGTTÀTGTTÀÃCTAGTÀTAGTÀGTGACÀTTÀGTG

.c. ,T. . , . .T. .C. . , , .c. . .T.A. . .. . . . . . .G, . .T. .C. .T.G.G.C. . . . .C. ,À. .4. . . . .G.TC. . . . .G.G. . . . . .CC.G. .T

ACTACTCTACTÀCTÀÀÀTAATTTGGGGCTGÀCÀGTTGTATCTATÀGTTÀTTTTÀCTTGCTTTÀÀGAÀGTÀTAÀTÀGCTGÀÀTTAÀTTTTATCCÀÀ

. .A. .ÀTAC. .GT. . . . . .c. , , . .À. . . . . .T. . . . . . . .G. . . . . .G. . . .G. .À. , . . .G. . , . . . . .C. . . . .C. . . . . . . . ,C.G. .T. .

G K V S I, T I, S I S N T, I. M T F I N À I G L V I F P I, I K R T

K T EN L P K I Y SN I, RNÀ L M LVM F À I I, L F Y Y P I, K F

I L D I WL PAY KDÀI,VFMAL I F PM S VY EGKMÀ LV

I N T Y I, K A M R M E K D I I, K I NÀ I, VM I, T S I VV T I. V

T T LLLNNL G L TVVS M L f,À LR S I I ÀE L I L S K

KL K I S VK Q D IÀ L E L LMT I I F I S S S ITIYL S I W IA
Rx1-
nx1-
Rxl--

9F
9A
9À

Rx1-l9F
Rx1-19À. 2
Rxl-L9À

Rx1-L9F
Rx1-19À.2
Rx1-194

ATATCATAÀÀAÀ

.c....A.rT..

rs*
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APPENDIX VI

The nucleotide and deduced amino acid sequence of the central
(type-specific) portion of cpsl9c locus.

The nucleotide sequence is numbered in accordance with GenBank accession number

AF105116 and starts from the distal portion of cpsl9cR to the beginning of cpsl9cL The

amino acid translation for each ORF is represented by single letter code above the f,rrst

nucleotide of each codon. Possible ribosome binding sites are underlined.

1

101

20L

301

401

501

601

701

801

901

10 01

1101

L2OL

13 01

1401

15 01

1601

17 01

F S E S L K E KVVE N T, G E I VT L KT T K K S T K T ], I, R KN

s D L L ltJv D F VY R L F G G VNF L F I P E L Y T RV I F L L K Y

... cpsl9cR)
À Y K K M E F I, P F E Q KN I, W LMM S L K K E C I Y I PK I, Q S

AÀGCTTÀTÀAGÀ.AÀÀTGGÀGTTTCTCCCITTTGAACAÀ.AÀÀÀÀTCTGTGGCTÀÀTGÀÎGTCGCTÀAÀÀÀÀÀGÀATGTÀTTTATATACCTÀÀGTTÀCÀÀTC

ÀGCGATTTACTTTGGGTTGÀTTTCGTTTÀTAGATTGTTTCGTGGTGTCÀÀTTTCCÎÀTTTATTCCÀGÀÀTTÀTATÀCÀÀGÀGTTATÀTTTTTÀTTGÀÀÀT
I,DLKLRT,KNYGET

cpsl9cl-)
M GN K S I KLNÀ I. L N I V L T L S N I I F P

ATTTÀGAÎÎTCÀÀÀTTGAGGTTGÀ.AAAÀTTATGGGCAÀTÀÀÀTCCATÀÀÀGTTGAATGCÀTTÀTTÀÀÀTATTGTCCTGÀCGCTATCAÀATÀTCÀTTTTCC
L I 1 F P Y I S R ] I.N PN G I GI,T S F F S S I GNYG I L I,A

CÀTTÀÀTCACTTTCCCTTÀTÀTÀTCTAGÀÀTÀTTGAÀTCCÀÀÀTGGTÀTÀGGTTTAÀCTTCÀTTTTTTÀGTTCÀÀTÀGGGÀÀTTATGGTÀTTTTÀCTTGC
S L G I S TY G I KÀVÀ S VRDDRDK I. S K VVQ E LM I IN

TTCTCTGGGAÀTTTCÀÀCTTÀCGGÎATCÀÀÀGCAGTÀGCÀÀGTGTTÀGÀGÀTGAIAGÀGATÀ.AGTTGTCÀÀÀÀGTAGTÀCÀGGÀGTTÀÀTGÀTTATÀÀÀC
VA M S I 1 T T A I I. L F M T I F I T Q I, N R E F S I, L I, I T C G T
GTTGCTAÎGTCTÀTÀATAÀCÀÀCTGCAATÀCTÀTTATTTÀTGACTÀTATTTATÀACACÀÀTTGAÀTAGÀGÃÀTTTTCÀCTCCTÀTTGÀTCÀCÀTGTGGGA

I L S S P FÀ IJN$IL Y S GMEEYT Y I T T R S VVF T I L S L
CTÀTTTÎÀTCTTClCCÎTTCGCCTÎAAÀTTGGTÎGTÀTÀGTGGAATGGÀÀGÀÀTATÀCGTÀTÀTTÀCTACTAGGTCÀGTÀGTGTTTÀCAÀTTCTATCATT
I L I F I. ], V K R P E D Y I V F A S I S I. F S S I. S S N I LN I, W

ÀÀTÀÎTGAÎTTTTCTACTTGTGÀAÂÀGGCCÀGAGGATTÀTATTGTTTTTGCTÀGTÀTTTCÀTTGTTTTCTTCTCTÀÀCTTCÀÀATATCTTAÀÀÎCTÀTGG
H S R H F I N I K I, Y K N L Q F K Y H F K P ¡.{ V'' Y L F A S I, L ÀVN
CÀTAGCCGÀCÀTTTCATTÀÀTÀTÎAAÀTTÀTATAAAÀÀTTTACAATTTÀÀÀTATCATTTTAÀÀCCAÀTGTGGTÀTTTATTTGCCTCATTÀCTTGCAGTA.A

I Y T N I. D T VM I, G F I N GN EÀV GY Y S V À S K V KW I L L
ÀTÀTTÎATACTÀÀTTTAGÀTÀCÀGÎGÀTGCTCGGTTTTÀTÎÀATGGTÀÀTGAGGCTGTGGGÀTACTÀTTCTGTGGCÀTCÀÀÀGGTTÀAGÎGGÀTTTTGCT

S L I T S T S AV L I. PR L S FY 1 S KN D T S NF I KMI,K E S

TTCTCTTATTACÀTCTATTÀGTGCAGTTTTGClÀCCGAGACÎÎÎCÀTTTTÀTATTÀGTÀÀÀÀÀTGÀCACCTCGAÀTTTTÀTÀÀÀÀÀTGTTÀÀÀGGAGTCA
S A V I F F I À T P I. MV F F I VEAKD S I I, L I. G G S Q Y L PA
TCTGCGGTTATÀTÎÎTTTATTGCGATTCCATTGATGGTATTCTTTÀTTETAGAGGCGÀÀÀGATÀGTÀTCTTÀTTÀCTÀGGÀGGÀÀGTCÀGTÀTCTTCCTG

TI, A M Q I L M P I IJ T' I S G F SN I TG N Q I L 1 PMNRE KY
CGACÎlTÀGCGATGCAÀÀTÀCTÎATGCCÀÀTTîTACTTÀTÎTCTGGTTTCÎCGÀÀTÀTTÀCÀGGÀÀÀTCÀÀÀTÀTTGATTCCÀÀTGAÀTÀGAGAÀAAÀTÀ
F MVA VT I G AV I N I. I I,N L L L M P K F G I I G A SVA T I.

TTTTAÎGGTTGCAGTAÀCGATTGGîGCTGTGATTÀÀTCTTATTTTGÀÀTCTACTGTTÀÀTGCCTÀÀGTÎÎGGÀÀTTATTGGTGCTTCTGTCGCAACTCTT
FÀ E L S Q M T V Q L H F S K E Y IJV S N I S I K S f' VNV I I ÀT
TTTGCGGÀÀTTGTCGCAGATGACGGTÀCÀ.ATTÀCÀTTTTICAÀÀÀGÀÀTAIITAGTÀTCÃAATÀTATCGÀTÀÀÀGAGTTTGGTTAÀTGTGÀTÀÀTTGCÀÀ

VV S T I P L 1 I L N Q L T, T I T I P F Y S I, M I, A G FÀF F S L
CAGTÎGTTTCTACAÀTÀCCAClÂÀTCÀTTTTGAÀTCÀGCTGATÀÀCGÀTAACTATÀCCÀTTTTATTCTCTÀATGCTAGCÀGGTTTTGCTTTCTÎTTCAÎT
Y IJ V I I' L L L K E E VT 1 Q L F S 1, LA K K K *

ÀTATÎTAGTÀÀTTCTGCTT1ÎATTÀÀÀGGAGGÀÀGTGACGAÍTCÀÀTTÀÎîTTCTCTTCTlGCÀÀÀGÀAGÀÀGTÀÀATTGGTTAGÀAÀTTGA.AÀTGTATA

cPsl9cKl
M K I ML VF G T R P E A I K M C P f,VN

AÀCAAÀTÀÀAGAÀTTTÀÀTÎÂTÎGÀTTÎAGGAGGÀÀÀTCATGÀÀGÀTAÀÎGCTAGTTTTTGGTACACGTCCÀGÀÀGCGÀTÀÀÀÀATGTGTCCATTÀGTGÀ
E I, K K QÀD M E 1 VVCVTGQHKEMV S P VL E L FGVQ P

ÀTGAGTTGÀÀÃAAÀCÀGGCAGATÀTGGÀAÀCÀGTTGTTTGÍGTÀÀCTGGTCAÀCÀCAÀGGAGATGGTTAGCCCTGTTTTGGÀÀTlGTTTGGAGTTCAÀCC
DY D L E I MK ÀN Q T IJ F S I 1T 9 T L E K I K PVI' E EE Q P

18 01

L90t

2001 AGACTATGÀTÎÎAGÀÀÀTAAÎGÀÀÀGC1ÂATCÀÀÀCCllGTTCTCTAIAÀCÀÀCÀÀGTATTTTÀGÀÀAÀJAÀTTÀI\ÀCCTGTTTTÀGÀÀGAÀGÀÀCÄÀCCÀ



zLOL

220L

2301-

240t

2501

2601

270r

2801

290t
3 001
3101

N I, L K E G R E NVY V T GN T V I D À I, T T TV Q K D YT H P D

25r
D I V I. VH G D T T T T Y AA À L AÀ' F Y I, G I KV G HVE À G LR
GATÀTTGTTCTÀGÎTCÀTGGTGACACTÀCTACÀÀCATÀTGCAGCAGCTTTGGCÀGCATTTTATCTTGGA.ATTAÀGGTTGGCCATGTTGÀÀGCTGGGTTÀC

T Y N I, Q S P F P E E F N R Q S T S I I ÀN Y H FÀ P T E I,À K E
GÀÀCTTÀCÀÀCCTGCÀÀÀGTCCCTTCCCÀGÀAGÀ.ATTTAÀTÀGÀCÀÀTCGÀCTTCÎATTÀTTGCÀÀÀTTÀTCATTTTGCTCCÀÀCTGÀÀTTGGCTÀÀÀGA

ÀÀAlCTCTTÀAÀ.AGÀGGGTAGAGÀGÀÀTGÎÎTÀTGTÀÀCÎGGÀÀÀTÀCÀGTTATTGATGCACTTÀCÀÀCTACÀGTÀCAÀÀÀGGÀTTÀTÀCACACCCTGAT
I, D L N VÑ T R L I I, I, T A H R R E N I, G E P M K H M F RÀ V K RV
TTAGÀTTTÀÀÀCGTTÀÀCÀCTCGTCTTÀTTCTÀCTGACTGCTCÀTÀGÀCGTGAÀÀÀTCTCGGAGÀ.ACCTATGAAÀCÀCÀTGTTTAGAGCTGTTÀÀÀCGÀG

I, N E Y D DV KV 1 Y P I H KN P I, V R E TÀ T E I F G D T E R I
TCTTÀ.AÀTGÀATATGÀCGAIGTTAÀGGTAATTTÀTCCÀATTCÀTÀÀGÀÀTCCCTTGGTGCGTGÀÀÀCÀGCTÀCÀGÀÀÀTTTTTGGÀGACÀCAGÀÀCGTÀT

TCAGÀTTÀTTGAÀCCTTTGEATGTTCTTGATTTTCÀTÀATTTCATGÀÀTCÀTAGTTÀCÀTGATTTÎAÀCTGATTCÀGGÀGGÀGTTCAGGÀÀGÀGGCTCCT

TCTTTÀGGAÀAÀCCTGTÀTTGGTCÀTGCGAGATÀCGACÀGÀÀÀGÀCCTGÀÀGGÀGTAGCTGCCGGÀÀCGTTGÀÀATTGGTTGGÀÀCTGÀTGAGGÀGÀCTA

TTTÀTCÀÀÀÀCTTTAÀGÀTGCTTTTAGÀCGÀTTCCGÀÀGAÀTATAÀÀAÀÀÀTGÀGTCAÀGCTAGÎAÀTCCTTÀTGGAÀÀÀGGTGATGCTÀGTÀÀACAGAT

TGÎTCÀTÀTTTTÀÀGCGGAÀTTTÀÀGCGAGGCCÀAÀÎAÀÀGTAÀTÀÀÀÀÀÀCACTÀTCTTATAÀÀÀGGTATTGÀÎCTTGTAGTTGATTCGGGÀÀCÀTGTT
CATÀTCCTTÎGÀCTCGÀGCTACÀTÀÀÀÀÀTÀÀCTTGTGCTGATTTÀTGÀTAGÀTCGATAATTTACTACTACTTTGGÀCATTGÀTGTTAGCÀGTTATTAGG
GATGTTTTGÀTTÀÀCTCÀÀCTTTTCÀGGATTCGCCTTGCTTTCÎÀGÀTTTTCÎTCTGÀTTTTTÀTCÀTTACTTCÀGTÀÀGTTÀÄÀTCGTCTÀTTTÀCTAG

cpsIgcs+

TTCATÀÀCÀÀÀGÀÀCÀÀCTGACCTGGCATTGGTCCGGGÀCÀÀTÀÀCTÀÀTATÀÀÀÀÀÀÀTTTÎTÀGGGAÀÀTACGÀGÀTTGTTGÀGGÀÀCAGAÀTÀTTTT
Y T F RMNVH KVIJV R L G I K K S D M S M T Y I K YÀEN QV

CTATÀCTTTTÀGÀÀTGAÀTGTGCÀCÀÀÀGTGCTTGTTCGTTTACGTATTÀÀÀAÀÀTCTGATATGAGCATGÀCGTÀTÀTÀÀÀÀTÀTGCTGÀAÀÀTCÀÀGTT
H IJ S P E D V C I' 1 F D E F P I' S F P D N P V Y I Y Q D I, N L H Y I'
CÀTCTÀTCGCCAGAGGÀTGÎTTGTCÎCÀCGTTTGÀTGÀÀTTTCCTTTATCTTTTCCTGATÀÀTCCAGTTTÀTÀTCTÀÎCAÀGÀCTTÀAÀTCTTCÀTTÀTT

TGÀTÀGÀGÀGTTCTCÀÀÀÀCÀÀTÀGTCÀÀTCGTTCAÀÀTAÎÀGTGGTTTTCÀÀÀÀCGTCCCGGCTGATÀÎTCTÀGÀTÀGÀCGÀÀÎGÀGÀÀÀÀCAGGÀÀÀT

ÀTTTTÀTÀÀTCÀÀGCTACTGGÀÀTÀTTTACTÀTGAGTÀÀÀTGGTTTTCAGATTÀCTTGÀTÀGCTCAÀCÀÀGGÀCTTCCAGTTGÀÀÀÀÀGTTCÀTTATGTG

GGGGCAGGÀÀCÀÃÀTATGÀÀTÀÀTCTÀTTTCTTGÀCCÀCTCTCÀTÀÀGGÀÀCGTÀÀTAÀGTTTTTATTTATTGGTÀÀÀGATTTTTTTCGTÀÀÀGGÀGGAG

ATCTTGTTTÀTÀÀTGCTTTTGTCTATTTGCÀÀAÀTÀÀTCTCATGCCGGÀGCCÀGAGTTGTACATTATÀGGTCCTTCÀGATGTTCCGÀTGGÀÀTTTÀÀCAÀ

TCCGAÄTGTTTATTTTTTAGGTÀÀTCTÀTCAGCCGATÀÀGGTGCÀÀTATTTTTÀTAÀTCTTTGTGATGTÀTTTGTTTTACCTTCCCGATTTGAGGCATTT

GGÀAÎTGTATTTGTTGAÀGCTCTTTGCTATGGTTTACCATGTÀTCGGTCGTGATTTAATGGAAÀTGCCAAÀCCTAATTCÀAÀÀTAÀTGÀÀÀCTGGÀTTÀT

TÀTTÀCCTÀCTGÀÀGAGGAÀ.AÀTCCÀCÀGGTTTTÀGCTGÀCGTÃÀTGTATAÀTTTGATÀÀÀÀGATGÀÀÀGCTTTTTTAÀÀÀÀÎGTTCÀCACTAAÀCAÀGA

TTATTATÀÀÀGCÀGÀÀTATÎCGTGGGACÀCAGÎTGCCÀÀÀÀGÀÀTGATTTCÀÀTTATGAÀGCAÀGATÀTGÀÀCÀÀCÀÀTCTÀTÀÀGTGÀÀÂÀÀTTAÀÀÀG
ÀTÀTTCTÀGTCTAÀCGGTCTATTCCTÀCÎAÀCÀGTAÀTACTGÀÀÀGAÄ.ATTTTÀÀ.AÀTÀCAÀGTTATACGTÀTAGTGÀCTTCTCCTÀÀTTCTGACÀTGGT
GAAAÀGÀTTATTTÀÀÀÀCCTÀATTTÃÀÃÀGATTÀÀÀGGÀÀGTTAÀÀTTCAGCTTATTGÀÀTÀÀÀÀTTÀÀTTTÀGTCTAGTTÀTTTTCTTGTCÀGTCTTÀT
TCATTTTTTTCCGAÀCCTTGTGÀGTTGTTTGCÀÀCTACCÀGÀÀTACACÀÀÀGÀÀCAGÀÀTCTCTTAGCÀTCÀTTGÀÀTAGÀÀCÀÀTATCTGCÀTÀÀÀTTT
CAGATÀTÀÀCTAGTGGTGCAGAÀÀGTGGÀTCTTTGÀAÀÀTAÀGÀÀTTCTTTGTÀGAGCTATTTCACTÀGCTGGTGÀÀGÀÀTTCTTTTTCÀÀTTTTTCGTA
CAGÀTTÀCÀATAÀTGTTÀTGGTGGGTTTAÀÀTTTCTTTGÎTGGTTGTGTTTGATGAÀTÀGAGATCCACGTÀTCGÀAÀTTCAÀGATÀGTGGTGATÀTCGCT
TGCTTÀÀTCTCTTCTCCÀGTATTTGTÀGTAGÀÀTTAAGTGTTCTTGÀTTAAÀÀTÃÀÀ.GA.ACACÀACACTTTTTÀTTCÀGTGTTGTGTÀTGGGTGAÀACGA

cpsIgcL+
M K G I I L A G G S G T R IJ Y P I' T R À A S K Q I' M P V

AÀGGÀÀCGATTGTÀCTTÀTGAAÀGGTAÎTÀTTCTCGCGGGTGGTTCGEGGÀCÀCGTTTÀTATCCTTTGÀCTCGAGCTGCATCÀÀÀGCÀÀCTGATGCCGGT

TTÀTGÀTÀÀÀCCGATGATTTÀCTÀCCCÀCTTTCÀÀCTTTGÀTGTTGGCTGGGÀTTÀGGGÀTÀTTTTGÀTTATCTCÀÀCTCCTCÀÀGATTTGCCTCGTTTT

AÀAGÀGCTCCTTCÀÀGÀTGGCTCTGAGTÎTGGGÀTTCÀÀTTGTCTTÀTGCAGÀGCÀÀCCÀAGTCCÀGÀTGGTTTGGÀTCC

VHII,SGI*

Q I I EPLDVLDFHNFMNHSYMI LTDSGGVOEEÀP

S L G K PVLVMRD T T ER P E GVAÀG T L KI,VG TD E E T I

YQN FKMLLDD S EEYKKMSQÀSN PYGKGDASK Q I

I E S S ONNS Q S FKY S G F QNV PAD I I,DRRMRK Q E I

F YN QÀT G I F TM S K W F S DYL I À O O G I. PVE KVH YV

GÀG TNMNN I, F I, D H S H K E RN K F L F I G K D F F RK G G D

LV Y NÀ FVY I, QNN I. M P E À E L Y I I G P S D V P M E F NN

PNV Y F I, GN I, S A D K V Q Y F Y N ], C DV FVL P S RF E AF

G I V F V E AL C YG L P C I G RD L M E M PN I, I Q NNE T G I.I,

L PTEEENPQVLADVMYNL I KDE S F FKNVQTK QD

Y Y K AE Y S W D T VÀ K R M I S I M K Q DI4NNN IJ *

I,KIVIPRII
320L

33 01

3401

3501

3601

3701

3 801

3901

4001

4101

420L

AÀTTÀÀÀÀCTTTTÀÀ.AÀÀÀTCCÀTTGTÎAGCTCÀTGTTTTÀGATÀTAGGTAÀÀCATÀÀÀTTTAGGAGGTGTTAGTTTGÀÀGÀTTGTÀÀTTCCÀÀGÀÀTTA
H N K E Q I, T VT D VÍ S G T I T N I K K F I, G K Y E I V E E Q N I F

4301
440r
4501
4601-
4701
4801
4901

5001

5101

520!

Y D K P M T Y Y P I, S T ], M I. A G I R D I I, I I S T P Q D I, P R F

K E IJ L Q D G S E F G I Q f' S Y À E Q P S P D G L D
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