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The time will come when diligent research over long periods will bring to

light things which now lie hidden. A single hfetime, even though entirely devoted to the

sþ, would not be enough for the investigation of so vast a subject"' And so this

knowledge will be unfolded only through long successive ages. There will now come a

time when our decendants will be amazed that we did not know things that are so plain to

them... Many discoveries are reserved for ages still to come' when memory of us will

have been effaced. Our universe is a sorry little affafu unless it has in it something for

evefy age to investigate... Nature does not reveal her mysteries once and for all'

Seneca, Natural Questions,

Book 7, fust century
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Abstract

Víbrio cholerae 01 the aetiological agent of cholera in man, exists as two biotypes,

Classical and El Tor and two distinct sefotypes, Inaba and Ogawa' A thfud rare and unst¿ble

serotype Hikojima is as yet ill understood. The three seroty¡les are distingished on the basis of

antigens on their lipopolysaccha¡ide. Inaba shains express the A and c antigens, ogawa sÚains

A, B and a small amount of C, whereas Hikojima sfiains exptess all three antigens. The seroty¡le

of a given strain is not fixed in that the sfiains can undergo spontaneous serotype conversion

from ogawa to Inaba and vice versa. This phenomenon was first observed in 1918 and since

that time much research has gone into identifying the antigens and the molecular basis of the

switch. This thesis has sought to elucidate the mechanism by which sefotype conversion takes

place.

T\e rfbT gene has been shown to be responsible for the expression of the B antigen and

has been croned from a number of Inaba and ogawa sfiains. Anarysis of the nucleotide sequence

has revealed that Inaba strains appeil to have a defect in this gene. This results in a truncated

protein which is non-functional. In ogawa strains the gene is highly conserved. The rfbr gene

is found within a 20kb SøcI fragment which encodes o-antigen biosynthesis in v. clnlerae Ol'

RJÏT nas its own promoter and this fact together with its low G-C content of 327o makes it

distinct from the rest of the rÍb opefon. Inactivation of rfbT by insertion of an antibiotic matker,

results in the loss of the B antigen from pgawa strains'

The isogenic Ogawa-Inaba strains were used to asses the role of seroty¡le in pathogenesis'

The B antigen does not appear to affect the pathogenesis per se although it probably plays a role

in avioding the host immmune response. Other mutantions affecting o-antigen biosynthesis

have a marked effect on the virulence by attenuating the sfain. This appears to be due to the

loss of motility and the toxin co-regulaæd pilus'

The RfbT protein molecula¡ weight is 32kÐa in Ogawa strains. The protein has been

localized using specific antiserum to the inner membrane of V' cholerae ' This is in general

agreement with the model for o-antigen and LPs biosynthesis which is though to occur at the



inner membrane or periplasmic space. The proposed topology of RfbT places most of the

protein in the Perþlasmic sPace.

The expression of the B and C antigens are interdependant in that the B antigen is either a

modified form of c or is masking c. The analysis of these antigens using serotype converted

sEains and NMR has not as yetlevealed their strucflre.
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CHAPTER 1

Introduction

l-.t Lipopolysaccharide

The lipopolysaccharide (LPS) of Gram negative bacteria is the most abundant

molecule on the cell surface, where it provides a protective barrier to hydrophobic agents and

detergents (Osborn, lgTg). The best characterised and most extensively studied LPS is that

of. Salmonetta typhimuriwn and studies on this organism together w1¡h Escherichia coli has

provided a model for LPS biosynthesis'

The chemical structure of LPS has been determined and shown to consist of three

distinct regions; lipid A, the core oligosaccharide and the o-antigen (Fig. 1'1) (Lüderiø ¿r

at., Ig6g). The lipid A forms paft of the lipid bilayer of the outer membrane, the core is

subsequently attached to the lipid A via an acid labile linkage with keto-3-deoxy-D-mannose-

octulosonic acid (KDO) (Schmidt et a1.,1969)'

The outermost region is the O-antigen which is linked to the core and carries the

serololical O-specificity of Gram-negative bacteria (Lüderiø et aI', 1971:l' Jann and

.Westphal, lg75). The O-antigen usually consists of a polysaccharide or monosaccharide

polymer of variable length.

1.1.1 Lipid A

Unlike the rest of the LPS molecule (core and O-antigen), assembly of lipid A not "

only involves the biosynthesis of sugars, namely glucosamine, but also the linkage of fatty

acids.



Figure 1.1: Schematic representation of the Salmanella typhimuriwn envelope.

The envelope of S. typhimurítnn is divided into three distinct domains; Inner or cytoplasmic

membrane, peptidogþan and the outer membrane. The LPS makes up part of the outer

membrane; i.e. the fatty acids from the lipid A make up the outer leaflet of the lipid bilayer.

The LPS is further divided into the core oligosaccha¡ide and the O-antigen.

Ovals and rectangles represent sugar residues wiftin the LPS. The KDO is the linking sugar

be¡ween the core and the lipid A. MDO are membrane derived oligosaccharides.

Figure is reproduced from Raetz (1990).
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The lipid A of E. coli and S. typhimuriwn consists of a p-1-6 linked disaccharide of

glucosamine, which is acylated with R-3-hydroxymyristate at position 2,3,2'and 3'and is

phosphoryl ateÀ atposition 1 and 4'. The 2,3 R-3-hydroxymyristate is further esÛerified with

laurate and myristate (Fig. 1.2; Takayama et aI',1983)'

The lipid A molecule is linked to the core oligosaccharide via KDO by an a 2-6'

linkage (Strain et a1.,1983a, 1983b).

The biosynthesis of lipid A has only been recently elucidated. This has been due to a

number of factors, which include the difficulty in obøining mutants defective in lipid A

biosynthesis and a lack of underst¿nding of the sites of acylation'

Initial work was performed using temperature sensitive mutants defective in KDO

synthesis; this leads to the accumulation of a lipid A precursor that is not fully acylated, and

is called lipid IV¡ (Galanos and Lüderiø,1975; Rick and Osborn, 1977; Rick ¿ú aI" 1977;

Rick and Young, Lg82). The starting product of lipid A is UDP-acetyl-glucosamine

(Anderson et al.,1985). This product is acylated with R-3-hydroxymyristate at position 2

and 3; this requires the enzyme UDP-N-acetyl glucosamine acyltansferase (lpxA) and an

acyl canier protein (ACP) carrying R-3-hydroxymyristoyl (crowell et a1.,1986; Anderson

and Raetz, 1987; Coleman and Raetz, 1988; Anderson et al.,19SS)' The next significant step

is the formation of lipid Ne by the formation of teûa-acyl-disaccharide-l-phosphate (Radika

*¿ Raetz, 1938) from uridine-di-phosphate-2,3,-diacyl-glucosamine (I'lDP-2,3-diacyl-

GluN). This is carried out by the enzyme lipid A disaccharide synthase (Ray er al', L984;

crowell et a1.,1986; Crowell et a1.,1987) encoded by lpxß. The final stage to lipid IVA is

phosphorylation of the 4' end of the glucosamine molecule by 4' kinase (Ray and Raetz'

1e87).

without KDO the lipid fv6 cannot be acylat{ to form lipid A- Thus, temperatufe

sensitive KDO synthesis mutants such as tcdsA and ftdsB accumulate the underacylated -

disaccharide-bis-phosphate precursor of lipid A (Rick and Osborn,1977)'

The next step is the addition of two KDO units to the lipid IV4. This is done by

KDO transferase encoded by tei.tA (Clementz and Raetz, 19S8)- This product KDO2-IV4 is



Figure L.2: Snucnue of liPid A.

The structure of tipid A shown is similar in many organisms. The circled letters indicate

points of structural variation between the lipid A of different bacteria. The major points of

variation between species are as follows:

l. the presence and nature of residues attached at the A and B positions to the backbone

phosphate groups

2. differing substitutions of the glucosaminyl-saccharide present at position C

3. the type and chain lengþ of fatty acids

4. 3-O-acetylation of the 3-hydroxy fatty acids at position D

Diagram was taken from Rietschel et aI. (1983)'
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then acylated with laurate and myrisøte due to the utitization of the appropriate ACPs and

two as yet unidentified novel acylftansferases. This structue of lipid A with 2 KDOs is the

minimal LpS required for cell viability. Any further reduction in the LPS results in a non-

viable organism either due to membrane insøbility or the accumulation of toxic

intermediates.

1.1.2 LPS Core region

The LpS core oligosaccharide of S. typhímuríu¡n and E. colí can be divided into the

inner and outer core regions (see Fig. 1.3).

The inner core consists of the KDO linked to lipid A and the two heptose units. The

outer cofe contains the N-acetylglucosamine, glucose and galactose sugars.

The genes required for core biosynthesis have been cloned (Creeger and Rothfreld,

t979; CYeeger et al.,1979 Coleman, 1983; Kadan et a1.,1985; Austin et a1.,1990; hadel

and schnaitman, 1gg1). Although initial knowledge concerning LPS core strucflre has come

from mutants with incomplete LPS core structues (Hancock and Reeves, 1976) more recent

dat¿ have been obtained from the cloned rfa genes'

Some of the core mutants that have been defîned have the following sugar defects:-

Ra: ComPlete core

Rbl: Lacking N-acetYlglucosamine

Rb2: Lacking glucose II

Rc: Lacking galactose I

Rdl: Lacking glucose I

Rd2: Lacking hePtose tr

Re: Lacking hePtose I

Any mutation affecting the main oligosaccharide chain, i.e. the core backbone sugars will

prevent the addition of all units distal to it, including the o-antigen. An organism is



Figure 1.3: Definition of chemotype variants and genetic loci involved in the biosynthesis of

the S. typhimurium LPS molecule.

Schematic diagram of the smooth LPS of S. typhimurium. Key: Glc, D-glucose; Gal, D-

galactose; GlcN, D-glucosamine; GlcNAc, N-acetyl-D-glucosamine; HeP, L-glycero-D-

mannose-heptose; KDO, 2-keto-3-deoxy-D-manno-octulosonic acid; AraN, 4-amino-L-

arabinose; P, phosphate; EtN, ethanolamine; , hydroxy and nonhydroxy fatty acids; Ra to Re

indicate incomplete R form lipopolysaccharides. The anows with the rfa, rlb,lpxA,B, kdsAß

and gat genes show the location of the enzymatic steps encoded by these genes. Diagram

adapted from Lüderitz et al, (1971); Hitchcock et al, (1986); Raetz (1990).
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4

considered to be rough if it lacks either the O-antigen or any of the LPS core sugars. A

smooth organism contains complete lipopolysaccharide. Thus, one can obtain mutants with

differing levels of roughness (Fig. 1.3). Many mutants have been selected by phage

resistance since a number of bacteriophage use the core as their siæ of adsorption

(Hellerquist and Lindberg,IgTl, \Milkinson et a1.,1972). The type of mutants and the genes

affected vary between E. coli and S. typhimurium due to a difference(s) in the backbone of

the core.

The structure of the s. typhimurium core oligosaccharide is:

GIcII-Gall- GlcI-HepII-HepI- KD O

The structure of the E. coli core oligosaccharide is:

GlcItr-GlcII-GlcI-Heptr-HepI-KDO

(Creeger and Rothfield,1979; Rick, 1987)

Thus, not all the genes found in Salmonella arc able to be complemented by genes from E'

colí altho¡gh analogous genes have been proposed such as rfaM and rfaN in E. coli for rfal

and (aJ in Salmonel/a (Austin et a1.,1990).

The genes involved in core biosynthesis can be classified into three distinct

groupings: f1rstly, those genes involved in the synthesis of specific sugff nucleotides;

secondly, genes encoding the üansferases; and thirdly, the regulatory genes rfaH in

Salmonella and sfrB in E. coli K-12 (wilkinson and Stocker, 1968; Lindberg and Hellerquist,

1980; Kuo and Stocker, 1972; Beutin et a1.,1981)'

There are also a number of other mutants not classified as rfa. These mutants lack

some of the core sugars whose biosynthesis is not encoded by rfa genes. For example, galE

mutants are unable to synthesize UDP-galactose (Nikaido, 1962). ln S, typhimurium galU

mutants lack UDP-glucose pyrophosphorylase and are unable to synthesize UDP-glucose and

are thus hke rfaG mutants (Nakae and Nikaido, 1971)'

The genes for core biosynthesis appear to be clustered in the fa locus (Fig. 1.4;

Mäkelä and Stocker, 1984). The genes rfaK, rfal, rfal and rfaB arc located in the mærn rfa



Figure L.4: Physicalmap of rfa lociof E. colianðS.typhimurium.

physical maps of the rfa loci of E. coli K-t2 and S. typhimuríum were derived from

Schnainnan et at. (199I). The loci are approximately 18kb in length. The scale indicates

distance in kilobase coordinates on the E. colí K-12 resEiction map of Kohara et al. (1987).

The genes which have been completely sequenced are indicated by complete boxes. Open

boxes indicate open reading frames which terminate where tlr" ,"qo"n"e is not known. The

bracketed genes have only been localized on restriction fragments and have not been

sequenced. The direction of transcription is shown by the arrows, which appears to be the

same for both organisms.
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Table l.Lz rføgenes lor SøImonelta unless otherwise specified.

rfaL links O-polysaccharide to core

(Cynkin and Osborn, 1968)

rfaK N-acetylglucosamine üansferase

(Hellerquist and Lindb ery, l97 l)

rfal GlucosYlnansferase II

(Kadan et a1.,1985)

rfal GalactosYltransferase I

(Kadan et a1.,1985)

rfaÙ GalactosYlfransferase II

(Kadan et a1.,1985)

rfaG GlucosYlnansferase I

(Kadan et a1.,1985)

rfaH Positive regulator for rfa genes

(Lindberg and Hellerquist, 1971)

sfrB Positive regulator fot rfa genes

(E.colí) @eutin et aI-,1981)

rfaM GlucosYlnansferase II

(E.coli) (Austin et â1., 1990)

rfal{ GlucosYltansferase III

(8. cotí) (Austin et al., 1990)

rfoD ADP-1-glycero-D-mannoheptose-6-epimerase

(Coleman, 1983)

rfaF HePtosYlnansferase II

(M?ikelä and Stocker, 1984)

rfaï Heptosyltransferase VSynthesis of

HePtosYl donor

(Mlikelti and Stocker, 1984)

rfaC Heptosylnansferase VSynthesis of

HePtosYl donor

(Mäkelä and Stocker, 1984)
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cluster and a¡e organised into an opelon (Austin et a1.,1990). The position of other rfa genes

is less well understood although it appears as rt rfaG is also in the cluster containing rfaK,

rral, rfal and rfag. More recently the üanscriptional organization of this region has been

studied using lacZ atdcøf transcriptional fusions. These studies have identifred a promoter

region upstream of rfaG, rfaß, rfal and rfal (Brazas et a1.,1991)' The other rfa genes are in

the same region of the chromosome but there is some uncertainty as to the distance between

these genes since not all of the rfa genes have been cloned as a single functional unit (Kadan

et a1.,1985; Austin et a1.,1990).

The proposed order and locations of the promoters of the rfa genes can be seen in

Figure I.4. These genes wefe located by the use of üansposon insertions and

complementation analysis (Austin et al', 1990)'

The other rfa genes rfaA, rfa c, rfoD, rfag and rfaF are involved in heptose

biosynthesis for the inner core. The best studied gene in this cluster ís rfaD, encoding ADP-

1-glycero-D-mannoheptose epimerase, which has been cloned, sequenced and had its

promoter identified (Coleman, 1983; Pegues et al',1990)'

The inner core can be considered to contain the KDO sugar residues. These sugrlrs

are essential for cell viability: KDO is produced from arabinose-5-phosphate and involves

two enzymes. The first enzyme is KdsA which is a KDO-8-phosphate synthetasø the second

enzyme KdsB is the KDO-CMP synthetase (Rick and osbom, 1977; Sanderson and Roth,

19gg; Woisetschltiger and Högenauer, 1987). This KDO deravitive is then linked to lipid

IV¡ via KdtA. Subsequent assembly of the core occurs via the sequential addition of high

energy UDP-sugar pfeculsors to the gfowing backbone by the sugff ftansferases'

1.L.3 O-polysaccharide: Genetics and sugar biosyntþesis

The O-antigen of the lipopolysaccharide is highly polymorphic, not only between, but

within species. In Salmoneua theO-polysaccharide was studied using anti-sera and found to
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show gleat strucnual variation (Kaufrnann, 1966; Lüderitz et a1.,1968), it is due to this that

the O-polysaccharide is referred to as the O-antigen or the heat stable somatic antigen'

The o-antigen consists of a polymer of a variable number of identical

oligosaccharide units. This structue is usually a heteropolymer consisting of a few

monosaccharides. ln Salmonella typhimuriurn, the O-antigens consist of a repeat unit of four

hexoses (abequose, mannose, rhamnose and galactose). This structure is assembled from the

.nucleotide sugafs cDP-abequose, GDP-mannose, dTDP-L-rhanmose and UDP-galactose on

the undecaprenol phosphate intermediate. The biochemical pathway for the sugils has been

elucidated and the db genesinvolved have been assigned various functions (Fig' 1'5)' The

sug¿rrs are synthesised prior to porymerization and modification of the o-antigen units (Jann

and Jann, 1984; M?ikelä and Stocker, 1984). Any defect in O-antigen biosynthesis or

assembly will lead to a rough phenotype, i.e- complete core but no o-antigen' which is in

contrast to variable length LpS core mutants. The genes required for O-antigen biosynthesis

are termed ttrc rfb genes; these genes are found in a cluster in salmonella typhimuriwnulz

and other enterobacteri aceae at 42 mtnson the genetic map (Sanderson and Roth, 1988)'

Ithasbeenknownformanyyearsthattherfbregionnotonlycontainsthegenesthat

determine the synthesis of specific monosaccharides but also those that determine correct

assembly into the LPS O-antigen. ThiS was shown by genetic cfosses be¡veen s¿lmonellae

of different o groups (Mäkelä, 1965,1966;Kishi and Iseki, 1973a,1973b)' The first genetic-

biosynthetic approach was carried out by Nikaido et at. (1967) and lævinthal and Nikaido

(1969). These studies were the fust in which a genetic analysis was directly linked to the

biosynthesis of O-antigen. Using deletions they proposed a gene order for the fb cluster'

More recently, the rfb cluster from salmonelta typhimuríttm sfrain Lil2has been cloned and

sequenced (Jiang et al., 1991). The proposed map of the rfb opercn o1 Saltnonella

typhimuriwnstrain LT2 is shown in figure 1.6. Table 1.2 shows the rÍb genes associated wittt "

thesugarbiosynthesisandtheknownfransferasegenes.

Nucleotide sequence analysis of the rfb rcgion from varioas salmonella setovarc'

namely A, B and D, has allowed the genetic basis of serology to be studied (verma and



Figure 1.5: Biosynthetic pathway for the sug¿trs in the Salmonella typhimuriwn O-antigen.

The biosynthetic pathways for the sugats in the S. typhimurium O-andgen have been known

for a number of years. The sugars are all derived from glucose which is modified by either

tlrc rÍb gene products, or in the case of galactose by genes outside of rÍb. The possible siæ of

action of the various gene products is indicaæd.
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Figure 1.6: Physical map of the rfb opercnof. Salmanella typhimuríurnLit2'

T\e rfb locus of S.typhimuriwn is divided into five distinct domains.

1. Biosynthesis genes for rhamnose

2. Biosynthesis genes for abequose

3. Region containing genes for the transferases

4. Biosynthesis genes for mannose

5. Region containing the gene for the mannose transferase.

ORF = open reading frames: These ORF have as yet no assigned genes for which a

functional assay exists.

The whole of the rfb operon from S.ryphimuriwn has been sequenced (Jiang et a1.,1991).

The genes marked are those for which precise functions are known and there exist functional

assays.
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Table L.2 Tabte 01 rfb genes s. typhímuriam and their protein products and

functions

The genes for the LPS biosynthesis are clustered in an operon' For many of

the products of the rfb opercnan assay system exists for function' This has allowed a

putative biochemical pathway for O-antigen biosynthesis to be determined'

rfbA:

rÍbB:

rÍbC:

rfbD:

rfbF:

rfbG:

rÍbH:

rfblz

rÍbJ:

rfbK:

rfbL:

rÍbM:

rÍbN:

Glucose- 1 -phosphate thymidyltransferase

dTDP-D- glucose 4,6-dehydrogenase

dTDP-6-deoxy-D-glucose-3,5 epimerase

dTDP-6-deoxy-L-mannose dehydrogenase

Glucose- 1 -phosphate cytidyltransferase

CDP-glucose-4,6 dehYdrogenase

abequose sYnthesis

abequose sYnthesis

abequose sYnthetase

(mannose-6-phosphate) phosphomannomutase

phosphomannomutase (outside of rfb)

Mannose- l-phosphate guanylylnansferase

Rhamnose ftansfrease

rfbP : Galactosyl-P-P-undercaprenol synthetase (galactose transferase
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Reeves, 1989, Lht et a1.,1991). Salmonella groups A, B and D have paratose' abequose and

tyvelose respectively as the immunodominant sugar in their O-antigens, which are otherwise

identical. The gene fbJ ftomgroup B snain encodes abequose synthet¿se (wyk and Reeves'

1989); two other genes rfbs and rfbï ue involved in the unique sugaf biosynthesis of

serovars ryphi (group A) and paratyphi (group D), respectively. The gene fbs encodes

paratose synthetase, whereas rfbE encodes cDP-tyvelose epimerase i-e. which conveß cDP-

paratose to cDP-tyvelose (verma et a1.,L988, 1989; Liu et al., L99l)-

Not all the genes involved in O-antigen biosynthesis are clustered in the rfb operon'

The genes that encode the synthesis of UDP-galactose, which is used in both the core and the

O-antigen, lie outside of the rfb opercn, although galF probably lies close to the rfb cluster

(Nakae and Nikaid o, !97Ia, |97|b; Nakae, I97I;Lîa et aI.' I99l).

Thegenefequiredfortheconversionoffructose-l-phosphatetomannose-6-

phosphate (pmí) also lies outside of the rfb tegion (Collins and Hackett, I99Ia)'

Although the rfb gene cluster has been sequenced and thoroughly studied by the use

of deletions, point mutations and complementation analysis, the exact position of all of the

rfb geneswithin the operon is still not totally clear (Jiang et aI',1991)'

Deletions arising from the rhamnose end of the rfb operon are unstable and

accumulate secoirdary mutantions in order to relieve the toxic accumulation of unfinished o-

units, which prevent the reuse of the undecaprenol lipid carrier (M¿ikelä et al-, 1976)'

Deletions starting from the histidine end of the operon do not have these problems since

incomplete O-units linked to undecaprenol do not occur; this is because RfbP, which is

encoded by the last gene, is required to transfer the UDP-galactose to undecaprenol

phosphate (Juasa et a1.,1969). Consequently this has allowed some mapping of the genes

wiüin tlrc r7b operon such as those for rhamnose biosynthesis. The intermediate formed in

rhamnose biosynthesis, dTDP-4-keto-6-deoxyglucose, is also used for the synthesis of -

thomasamine seen in the enterobacterial common antigen ECA (Jann and Jann, t967; Mäketä

and Mayer, 1976; Mäkelä et al., 1976). Deletions in the rhamnose biosynthesis pathway

were found to have secondary mutations in rfe-rlf (ECA cluster) O{¿ikel¿i et al-, 1976),
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pfesumably because incomple. te ECA would saturate the undecaprenol phosphate ca¡rier with

incomplete oligosaccharide units similar to those described for incomplete O-antigen

assembly

L.L.4 O-antigen assemblY

The linkage and polymerization of O-antigen repeat units can be divided into tt[ee

steps -

1. the o-antigen oligosaccharide is synthesized on the antigen carrier lþid ACL

(undecaprenol phosphate) or bactoprenol,

2. theoligosaccharide is polymerized into the O-antigen chain' and

3. polymerized o-antigen oligosaccharide chains are translocated to lipid A-core.

L.1.5 O-repeat unit biosynthesis

The initial and only reversible step in biosynthesis of the O-antigen of Salmonella O

sefogfoups A, D, E, @obbins and Wright, 1971 Wright and Kanegasaki, l97I) and C2' C3

(Shibaev et al.,1g7g) is the transfer of galactose to undecaprenol phosphate' This genefates

a diphosphate linkage by the Íansfer of galactose-phosphate from UDP-galactose (osbom

and Tze-Yuen, 1968; Wright et a1.,1967; Robbins and'wright,I9ll)- The remaining sugæs

TDP-rhamnose, GDP-mannose and CDP-abequose afe then sequentially nansferred to the

undecaprenol diphosphate-galactose intermediaæ. Each of these steps is mediated by a

specific transferase, all of which are membrane associated (Osborn et aI',1972a, L972b)'
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1.1.6 Polymerization of O-antigen repeat units

For polymerization of o-antigen repeat units to occur' the compleæ o units are

required. Thus, the repeat units are polymerised as a long chain still attached to ttre lipid

carrier (weiner et a1.,1965; Robbins et a1.,1966). This mechanism has once again been

most widely studied tn salmonella. The type of linkage formed by the polymerase

contributes to the süucture and hence antigenicity of the O-antigen (Staub and Bagdian,

1966; Kanegasaki and Wright, 1970). The polymerization occurs at the reducing end which'

in the case of salmonella typhimurium, means a glycosidic linkage is formed be¡ween the

reducing terminal galactose of the growing chain and the non-reducing mannose of the O-

repeat unit. This releases the undecaprenol diphosphate, which is subsequently

dephosphorylated to undecaprenol-phosphate to be recycled. The enzymes involved in this

polymerizationfractionatewiththecytoplasmicmembrane.

In S. typhimu,riu¡n, the rrc gene encodes a protein responsible for this polymerization;

strains that lack of afe mutant fot rfc have only a single o unit in their LPS (Naide et al"

1965; Sanderson and Hurley, 1987). The dc gene has been cloned from 'S' typhimuriwn and

sequenced (collins and Hackec 1991b). other bacterial species such as Shigella flexneri

also aþpear to have an rrc polymerase activity (simmons and Romanowska, Ig87; Mavris,

M. and Morona, R., personal communication). This gene maps within the rÍb locus for sft'

flexneríand s. typhímuritøncl but not for s. typhimuríwn of group B where it maps betweæn

galatlS min údW at34min (M?ikelä, 1966)'

The O-antigen polymerization of other Salmanella groups (C and L) and n E-coli 08

and 09 does not occgr via a rfc-dependent polymerization (Schmidt et aI., L976; Janrt et aI',

I919;Måikelä and Stocker, 1984). The polymerization.is rfe dependent although some steps

are analogous to the previousþ described polymerization. The rfe-rff gene clusters have "

recently been cloned, and using such clones it has conclusively been shown that E' coli 09

uses fø for the D-mannan polymerisation (Ohta et a1.,1991). The O-antigen of E'coli 09

consists of a pentasaccharide repeat unit containing only mannose, i.e. a single sugar (Prehm
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et a1.,1975). The initial step is the linkage of a glucose residue to undecaprenol, similar to

the galacto se in salmonella gtoup B and E. Subsequent linkage does not appear to involve

polymerization of undecaprenol linked repeats but is a sequential transfer of mannose to the

non-reducing terminus of the chain (Jann et aI., 1982). The o-antigen of E'coli 09 is

subsequently tinked to the core-LPS via the terminal reducing glucose, since the core lacks

one glucose residue which is provided by the O-antigen (Weisgerber et al'' 1984)'

L.1.7 O-polysaccharide translocation to lipid A'core

The transfer of the o-polysaccharide to the core probably occurs at the periplasmic

face of the cytoplasmic membrane, but the exact method of üanslocation of the complete

LpS molecule to the cell surface remains unknown (Robbins and Wright" l97l; Osborn,

tglg;Mulford and osborn, 1gg3). rt has recently been shown that the translocation of the o-

polysaccharide to the lipid A-core requires the proton motive force, since energy uncouplers

block the final step in Lps assembly (McGrath and osborn,l99l; Marino et a1.,1991)-

For the attachment of o-polysaccharide, the core must be complete otherwise the

phenotype will be rough, although the o-polysaccharide can be detected as lipid linked

hapten (Beckmann et al.,1964;Lindberg et aI., tg72). Unfinished O-units are unable to'be

attached to the core invivo (Yuas a et a1.,1969) whereas incomplete o-polysaccharide can be

att¿ched ínvitro (Nikaido and Nikaido, 1965; Shibaev et aI-,1979)'

The O-antigen chains attached to the core are not of a homogeneous length, nor is all

of the core substituted with O-antigen, thus, there must be some regulation of core

substitution which balances polymerization and fransfocation (Goldman and Levie' 1980;

Tsai and Frasch, Í982; Hirchcock and Brown, 1983). The nanslocation of the O-units is

carried out by a linkage between the non-reducing sugar chain of the core and the reducing

sugar of the o-antigen chain. This step releases the undecaprenol attached to ttre o-antigen

chain, thus, allowing recycling of the lipid carrier. The O-antigen ligase(s) which is involved
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has not been identified. In S. typhimuriwn two genes are involved, rfaL and dbT, and

mutants in either have the same rough phenotype characterised by compleæ core and O-

polysaccharide linked to the lipid carrier'

1.1.8 LPS exPort

ThemechanismofLPSexportispoorlyunderstood.ThesubstratesneededforLPS

biosynthesis such as the nucleotide sugars, ATP and R-3-hydroxymyristoyl carrier proteins

are found or function on the inner surface of the cytoplasmic membrane. rt is known that

once LPS is exported, it Cannot move back from the outer membrane which is in contrast to

glycerophospholipids (Osborn et aI., !972a, 1972b; Jones and Osborn ' 1977)' It has been

proposed that LPS expotr occllfs via zones of adhesion between the inner and outer

membranes, at either the Bayer's junctions or the periseptal annuli (Muehlradt et al" 1974;

Bayer, t97S;Rothfield et a1.,1987), and that the LPS then diffuses acfoss the cell surface'

The mechanism for exporting the LPS acfoss these zones of adhesion of across the

membranes is not known, although a number of systems have been proposed (osborn' t979;

Raetz, 1990). These include:

l.theFlip-Ftopofo-antigen,core-lipidAorcompleteLPSacrossthemembranes'

2. budding of vesicles containing LPS' and

3. the continuity between the inner and outer membranes involving a filter for LPS'

So far, there is very little direct evidence for any of these systems' Although the energy

coupling of o-antigen translocation reported by osborn and co-workers (1991) suggests a

system of high energy dependent translocatofs or that eYen a "flippase" may exist'
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1.2 o-antigen variation in Gram negative bacteria

A number of distinct systems for O-antigen variation have been identified in Gram

negative bacteria. Four organisms of particular interest ate shigella flexneri' salmonella

typlvnuriwn, Neisseria gonorrlneae and HaemophíIus influenza¿' This is not only because

they are major disease causing organisms but they also display novel systems for o-antigen

variation.

sh. flexnerí and s. typhimurium use bacteriophage which lysogenise the cell and

subsequently alær ttreir serotytr)e, by modification of the o-antigen (Matsui, 1958; Iseki and

Hamano, 1959;Okada et a1.,1960; Giammanco' 1968) '

N. gonorrhaeae drsp?ays serot¡lic variation by employing a system of transcriptional

attenuation (Stein and Petricoin, 1990)'

H.influenzaelipooligosaccharide(LoS)expressionusesatehamefofthenucleotides

CAAT as a translational swiæh (Cope et aI''1991)'

These mechanisms are discussed in more detail in the following sections' The system

emptoyed by v. cholerae is unknown, but may be by one of the above mechanisms or by a

novel process.

t.Z.lShígetløftexnerilipopolysaccharidemodification

'within shigella flexneri there are 12 distinct seroty¡les and these arise due to

substitution of the o-antigen backbone (Fig. 1.7) (Ewing and Carpenær, 1966). A ttri¡teenth

sefotype tlTe 6 exists, which is atypical and contains a different core' Its core is the s¿tme fis

that of E. coliïlwhereas the other serogroups have the core of E. coli R3 (Katzenellenbogen

and Romanowska, 19g0; simmons 19g3a; 19s3b). There is stil some doubt as to the exact

sug¿r composition of type 6 O-antigen (it may be isolate dependent) but what is known is that

it varies markedry from those of the other o-serogroups of så- flexneri (Kazenellenbogen et



Figure 1.7 : S hi g ella fl exneri O-antigen variation'

Sh.flexneri exists as a number of serotypes called: la, lb, 2a,2b,3a,3b,4a,4b,5a, 5b, X, Y

and type 6. Chemical and physical studies and monoclonat antibodies have allowed the

chemical structtue associated with the type antigens ( I, II, rV, V, VI) and group antigens

(3,4;7,8;6) to be determined.

The structures of the o-antigen are shown which also shows the antigens exhibited by each

serotype. All the serotypes are related to the basic o-antigen structure (Y serotype) which is

composed of a tetrasaccharide having the sugars:

Rhamnosel-Rhamnosell-Rhamnoseltr-N-aceffl glucosamine.

Substitution with either glucose or acetyl gfoups at va¡ious positions alters the group or type

antigen.
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al., 1976;Dmitrier et al.,Ig7g). Genetic studies also clearly demonstrate that the rfb tegion

of type 6 strains is unrelated to those of atl the other serotypes which are essentially identical

(Macphers on et al.,l99l; Cheah et al,' 1991)

The O-antigen backbone of Sh. flexneri type Y consists of rhamnose and N-

acetylglucosamine. This is the basic structufe of the Y serotype o-antigen (Lindberg et al"

1973;Kenne et al.,lg77). All other sefotlpes are derived from Y by either glycosylation or

O-acetylation or both. This modification of the lipopolysaccharide can occur at the N-

acetylglucosamine or on the rhamnose units. The rhamnose III is the only rhamnose sugat to

be acetylated. Rhamnose III, along with the other rhamnose units can be glycosylated' The

N-Acetyl-glucosamine can be glycosylated but it cannot be acetylaæd (Fig' 1'7)

The immuno-dominance of the O-antigen is best illustrated in Sft- flexneri since

immunity to one serotype is not cross protective for any of the other serotypes (Lindberg er

al.,l99t).

The genes encoding the proteins involved in O-antigen biosynthesis are in a cluster

termed rfb, simrlar to Salmonella, E. coli and V. cholerae, but the genes involved in

modification are unünked to rfb and are in fact phage encoded. These bacteriophage are

tempefate and, upon lysogenization alter the O-antigen and thus, the serotype of the sfrain'

Each phage carries its own specifrc modifying enzyme which is stably expressed as a

consequence of the phage integræing into the chromosome at their corresponding attachment

site (Luria and Burrows, 1957; Timakov et a1.,1970; Pefrovskaya and Licheva, 1982)' This

makes the sfain resistant to super-infection with the same phage.

The modifications from the basic Y serotype to the other serotypes may require a

single phage if it is a single modification, such as Y to 3b requiring phage Sf6 (Clark et al"

1991). Alternatively, it may require several phages to modify seroqæe Y to X and then to2b,

with phage f-7,8 and f-tr sequentially (Giammanco, 1968; Lindberg et a1.,1978; Gemski ¿f "

al., 197 5; Petrovskaya and Lichev a, t982; Clark et aI'' 1991)'

Thus, the phage encode either an O-acetylase (Sf6) or a glycosylase (f-7,8) which

modifies the O-antigen. The serotype conversion seen in Sh. flexneri is similar to the effect
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some bacteriophage, such as e15, f27 andP}Z,havetn Salmonella (Kanegasaki and Wright,

1973; Lindberg et al., 1978). The serotype variation and conversion in sh. flexnerí is

therefore completely bacteriophage mediated, the chromosomal loci for LPS biosynthesis

providing only the basic y O-antigen structure ( Cla¡k et a1.,1991; Macpherson et a1.,1991).

1.2.2 S øtm o np IIa. ty phimur iurz li popolys acchari de modif ication

As with Sh. flexneri, S. typhimuriwn lipopolysaccharide can be modified by two

means: O-acetylation and glycosylation. This may occur by either chromosomally or

bacteriophage encoded genes (Iseki and Kashiwagi, 1955; Måikelä, 1966 Mäkelä and

Måikelä, t966;Haigwara et al., 1966).

The bacteriophage mediated modification alters the lipopolysaccharide in such a way

as to make the strain resistant to further infection (i.e. similar to Sh. flexneri) with the same or

closely related bacteriophage. This modification always occtrs at one or the other of the

monosaccha¡ides that are hydrorysed by the phage upon adsorption (Lindberg, t977). Thus,

the phage 8341O-acetylates the galactose in the O-antigen repeat of S' typhimt¿riurn' whereas

the phage P22 glycosylates this sugar (Young et al., 1964; FlaJlgwala et al', 1966' Wright'

lgTI). The modification occurs only if the phage has integrated into the host chromosome

and the strain become lysogenic. This system is similar to that described for Så. flexnerí

lipopolysaccharide modification.

There are two possible modifications that can occtlr by chromosomally encoded

genes, acetylation and glycosylation. The O-acetylation is mediated by oafA (Måikelä, 1966;

Johnson et al., 1966; Kishi and Iseki, lg73b). This modification occurs at either the

abequose, rhamnose or glucose sugars in the O-antigen depending on the serogfoup of S' '

typhímuríum (Hellerquist et al,. Ig70, lg72). Glycosylation is mediated by three

chromosomally encoded genes, oaJB, oafE and oalc (Stocket et al., 1960; Wright and
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Barzilai, t97l; Kishi and Iseki, tg74). Glycoslation occurs at the galactose residue and

requires the various oal gerLes in different sorogroups'

1.2.3 Lipooligosaccharide

Most Gram negative bacteria contain a LPS of similar structure, made up of Lipid A'

cote and O-antigen, but several organisms display a different outcr cell surface'

Haem.ophílus influenzae, Bord,etella and Neisseriado not have defined o-antigen' but instead

possess an antigenic otgosaccha¡ide structure. This origosaccharide is an extension of the

basic core structure and consequently it has been refened to as LoS (tipooligosaccharide)

(Hitchcock et al., 1986).

The LOS is similar to Lps in its biological activity in that it proterts the cell from

hydrophobic agents and is endotoxic. Furthermore it has also been shown to play a major

role in virulence determination (Zwatrlen et al., 1986; Syrogiannopoulos et ø/', 1988)'

organisms such as Haemophílus d,ucreyi and f1. influenzae have reduced virutence upon loss

of the outer portíon of the LOS. In conEast, changes in the antigens of the Los heþ these

organisms evade the host immune lesponse (Kimura and Hansen, 1986; Odumeru et al"

t987 ;Weiser et al., 1989a).

The LOS structure is unl¡nown but it has been proposed to contain lipid A and then a

core oligosaccharide of three domains. The basal oligosaccharide and terminal lactoside

domains appeil to be conserved. The third domain caled the elongation segment is

responsible for the variability of the LOS (Griffiss et a1.,1988)'
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l.2.4Hacmophilusinfluenzaclipooligosaccharidevariation

H. influenzae is anencapsulated Gram negative bacterium, which is a major cause of

septicaemia and meningitis. This organism also possesses a LOS which can undergo

spont¿neous antigenic variation. Recently, some of the genes for the biosynthesis of the LoS

have been cloned and expressed in E. coli(Spinola et al-,1990; Cope et al',1991)'

The molecular basis of antigenic phase variation n H' influenzae LOS has beon

extensively studied. There appear to be three distinct revels of oligosaccharide (os)

expression (++++), (+) and G); thus the switching is not simply an on/off variation' The

genetic loci lic-lis necessary for the expression of at least two distinct LOS structures' and

was the first region to be cloned. other loci lic-Z and tic-3 have been cloned and these also

play a role in the expression of other LOs variants (Cope et al" tggl; Maskell et al" 1991)'

H. ínfluenzae has a number of other loci which are involved in Los biosynthesis but not

antigenic variation (Zwahlen et al',1985; 1986)'

Sequenceanalysisofthese/icregionshasrevealedthemechanismresponsiblefor

antigenic variation, and it is the same for all three loci. The system involves a nanslational

switch using the teframer CAAT which determines if genes within the loci are in or out of the

franslational reading frame. The number of teftamers is highly variable, and up to 30

teframers have been found (Weiser et a1.,1989a, 19s9b). The heterogeneity seen of C)' (+)

or (++++) can not be explained by the in or out of frame swirch alone' The number of repeats

play a significant role, in that either none' one or two ATG start codons are in frame (Fig'

1.8). The reason why a minor difference berween the 5' nucleotide sequence and/or the N-

terminusoftheproteinaltersexpressionbetween(+)and(++++)isnotunderstood.This

system with differing levels of expression is the result of alterations to the expression of lic-L'

The other two loci, lic-2 and tic-3 ðonot seem to be involved (weiser et al'' 1989; Maske[ ¿r

aI.,l99t).

It is inæresting to note that a similar franslational switch occws in the expression of

the opacity proteins of N. gonorrhoeae and N. meningiditis' In these cases switching



Figure 1.8: Proposed mechani sm of. Haemophílus ínfluenzae LOS phase va¡iation.

phase variation in Haemophitus inftuenzae LPS expressed by líc-L is determined by a

translational switch. The nucleotide sequence of the 5' end of IicA is shown with the possible

ATG start codons boxed. Variation in the number of CAAT repeats (n) shifts the reading

frame of lícA, altering the nanslational phase upstream of the repeats. The three possible

amino-terminal translational products ( n= 29-3I) are shown below the sequence. Depending

upon the number of CAAT rcpeats there is either none, one or wo initiation codons in frame

causing variable expression of licA. The three levels of ticA expression corresponding to the

translational phases determine the epitope -, +, ++++'

DiagramfromWeiset et al.( 1989b).
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involves pentamers of GTCTT. This is only an on/off switch like in lic-2 and lic-3 (Stetn et

a1.,1986; Stem and Meyer, 1987). The similarity between Haemophiløs and Neissería

species goes further in that they also share common virulence factors (Koomey and Falkow,

1984).

1.2.5 N eis seriø gonorrhoeøe lipootigosaccharide variation

The mechanism employed by N. gonoruhoeae for LOS variation has only recently

been elucidated. The lipooligosaccharide on the surface of the organism can vary in

molecular weight from 3150 to 7100 . This variation in the molecular weight is due to a

difference in the oligosaccharide, since the number of sugars and their chemical composition

alters (Griffiss et a1.,1987 ,1988).

A region involved in LOS biosynthesis has been cloned and sequenced. This locus

contains two genetic units /si-l and /sÈ3. The protein encoded by /si-3 is involved in the

polymerization of the oligosaccharide (OS) while the secondary sftucture involving the

mRNA priot to /sr-l regulates the expression of this protein. The secondary structure

upstream from /sË3 regulates the gross level of the transcribed message. Efficient

transcription of a complete message only occurs if the small peptide /sËl is fanscribed'

preventing the formation of a Rho-independent terminator (Stein and Pericion, 1990).

The small Lsil peptide contains a number of codons that are rarely used by N.

gonorrhoeae and thus the abundance of the rare tRNA's is critical to the fianslational

eff,rciency. In a rich environment the level of the rare tRNA is elevated compared to the level

in an environment where the cell is sffessed. In a nufritionally sfiessed environment this

would result in a decreased level of translation of /sÈl which in turn causes an increase in the

amount of message that is terminated at the stem loop of the mRNA leading to reduction in

fianslation of lsi-i. The amount and molecular size of the oS will be regulated by the

amount of the /sË3 gene product (stein and Pefiicoin, 1990).



1_B

TheremaybeothersysæmsoperatinginNeisseriathlathavenotasyetbeenfound.

The mechanism by which the sugar composition itself varies is unknown'

L.3 Vibrio cholerae

V. choleraeis divided into more than 30 O-serotypic groups (Shimada and Sakazaki,1977)'

Only V. choleraeof the 01 serotype is associated with cholera in man, the other serotypes are

usually referred to as non-ol or non-ch oreravibrio.s. The 01 serotype exists as two biotlpes;

crassicar and Er ror, these are distinguished by a number of characteristics- The two biotypes

were originally differentiated on the ability of Er ror strains to produce a soluble haemolysin

for sheep erythrocytes, however marked variability is seen in the haemolytic phenotype'

strains of the El Tor biotype can agglutinate chicken erythrocytes whereas classical sEains

cannot. There are, however, a number of exceptions (Gan and rjia, 1963; Roy et aI', 1965;

Rizvi et al., L965;Gangarosa et a1.,1967; Pesigan et al" 1967)' The most accurate and

reliable test is the sensitivity of all Classical V. cholerae to Mukerjee's group rV vibriophage

to which El Tor strains are resistant (Mukerjee and Roy l96t; Monsur "et aI', 1965)'

Furthermore the hvo biotypes can be distinguished by their polymyxin B sensitivity'

The classical biotype is thought to have been responsible for the first six of the seven

great cholera pandemics which have occured since the early 19th Century' Prior to the

seventh pandemic the EI Tor biotype was thought not to cause cholera since it was only

associated with mild diarrhoea. However, tnlg62with the outbreak of the seventh pandemic

originating in south-East Asia the disease caused by El Tor süains was defined as ftue

cholera. ThuS, it was clear that both V. cholerae biotypes are pathogenic for man'

v. cholera¿ 01 of both biotypes can be further subdivided into three serotypes

depending on the o-antigens on the lipopolysaccharide. These sefotypes are designated

Inaba" ogawa and Hikojima, which all share a cofilmon antigen refered to as the A antigen'

There are two specific antigens, B and C, which are expressed to varying degrees on the
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different selotypes. Inaba strains express only C and A, while Ogawa sfrains express all three

antigens A, B and C, although C is present in a much reduced amount compared to Inaba

(Burrows et al., !946a,1946b;Sakazaki and Tamuru I97l;Redmond et a|" 1973; Redmond'

lgTg). Redmond (personal communication) showed by absorption of an Ogawa anti-serum

with Inaba cells that 5-l0lo of activity against ogawa cells remained, indicating an ogawa

specific antigen termed B antigen. The third sefotype termed Hikojima is exfremely fare and

unst¿ble and expresses all three antigens in high amounts (Nobechi, 1923)' The exact natufe

of Hikojima strains is unknown although it has been proposed that such strains may be

segregating diploids (Bhaskaran and Sinha, IgTl) or shains undergoing high frequency

serotype converslon.

1.3.1 Vibrío cholerac Lipopolysaccharide

The LpS of V. cholerae has been extensively studied by a number of groups'

particularly at the chemical level. The structure of a lipid A has been determined but there

are still many questions unanswered about the structures of the core and o-antigen

(Raziuddin ,1977; Broady et al',1981)'

There are significant differences in the V' clnlerae LPS compared to other Gram

negative bacteria such as salmaneua and E. coli. Nevertheress the general structure of the v.

choleraelPS consists of lipid A, core oligosaccharide and O-antigen regions'

1.3.2 Vibrio cholerac LiPid A

The lipid A componenf of v. cholerae LPS consists of a p-1,6-linked D-glucosamine

oligosaccharide which is substituted with a phosphate group ester bound to the non-reducing

glucosamine residue and a pyrophosphorylethanolamine (PP-Etm) linked to c-l of the
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reducing glucosamine residue (Frg. 1.9) (Raziuddin, 1977; Broady et al" 1981)' This

represents the backbone sfructrue of the lipid A:

P-GlcN(B 1-6)GluN- l-PP-Etm'

The glucosamine residues are further substituted at their hydroxyl and amino groups

by a number of fatty acids (Armstrong and Redmond, 1973). Three of these fatty acids'

tetradecasoic, hexaderanoic and 3-hydroxydodecanoic acid are involved in ester linkages

whereas 3 hydroxytefadecanoic acid (3 hydroxymyristic acid) is an amide linkage: The fatty

acids found in the lipid A occru in both ogawa and Inaba serotyTes as well as in non-ol

vibriostrains (Broady et ar.,lgsl). The exactposition of the ester rinked fatty acids is not

known but v. choreraelipid A is similar to most rþid A species studied, although it differs

from that of sarmoneila andother species in containing D-3-hydroxydodecanoic acid which

is 3-O-acylated by D-3-hydroxydodecanoic acid'

AsinSalmonella,thelipidAislinkedtotheKDo,althoughtheexistenceofKDo

has been a point of confroversy @iade, 1985)'

1.3.3 V¡brio cholerac Core sugars

The core oligosaccharide of V. cholerae contains glucose' heptose' fructose and

ethanolamine phosphate, and the presence of 2-keto-deoxyoctonic acid (KDO) has only

recently been reported (Brade, 1985). hitial investigations did not detected the presence of

KDO in the core of V. clnleraø (flisatsune et a1.,1983). This can be explained since the

KDo can only be rereased from the Lps by harsh hydror¡ic conditions, unlike other species

such as salm.onellawhere the KDO is more readiþ released. At least 2 KDO sugæ units can

be derected, a KDO-5-phosphate and KDO-7-O-8-phosphate (Brade 1985; Redmond' '

personal communication). This finding supports the studies which have shown KDO or

KDo_Iike material in other genera of the vibrionacaeae'family (Hisatsune et al., 1981;

Banoub et a1.,1985).



Figure 1.9: Chemical structure of the lipid A of V- clnlerae.

The backbone of the lipid A is a B-1,6-D-glucosamine disaccharide (A), the gþosidic

phosphate group is substituted with phosphorylethanolamine. The V. clnlerae lipid A differs

from other species in containing D-3-hydroxydodecanoic acid 3-O-acylated by D-3-

hydroxydodecanoic (B) and is therefore highly saturated with fatty acids. The lipid A of V.

cholerae 01 exhibits both distinct and common features compared to other species of Gram-

negative bacteria. Diagram is modified from Broady et al. (198I)
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The remaining sugafs found in the core region of the LPS form a backbone

substituæd at various points by sugars such as fructose, heptose, ethanolamine and N-acetyl

glucosamine. It has been reported that the D-fructose was acid labile and may be the linking

sugaf between the core oligosaccharide and the lipid A (Jann et aI',1973)'

More fecent daø have shown that the fructose can be destroyed by periodaæ

oxidation and therefore cannot be the linkage sugar. Since fructose is released by mild acid

hydrolysis it seems likely ttrat it branches off the core oligosaccharide backbone (Kaca et aI',

1986; Redmond, personal communication). The proposed shucture for the cofe

oligosaccharide is shown in Figure 1'10

t.3.4 Vibr¡o cholerac O-polysaccharide

The O-polysaccharide of V. cholerae has been examined by both chemical and

physical means, including nuclear magnetic resonance specüoscopv NMR)'

Theo-polysaccharideandcoreoligosaccharidecanbeseparatedfromtherestofthe

Lps molecule by mild acid hydrolysis. The lipid A fraction is chloroform soluble whereas

the polysaccha¡ide-fraction is water soluble. The polysaccharide moieties can then be

separated on a sephadex G50 column yielding two polysaccharide fractions of 10,000 MW

and 1o00 MW (Kenne et al.,lgTg). The 1,000 MW fraction can be refractionated to give a

1,000 MW fraction corresponding to the core oligosaccharide and a fraction of D-fructose

(Gustafsson and Holme, 1985).

The sugars pfesent in the O-saccha¡ide of V.cholerae 01 appear to be identical

regardless of serotype (Raziuddin, 1980). The most common sugars found in the O-

polysaccharide are -

1. Perosamine, and

2. Quinovosamine



FigUre 1.10: Proposed structure of the Vibrio clnlerae 01 core

Comparison between the putative V. cholerae OI core and the E. coli K-I2 core show a

number of similarities in that the backbone of the core consists of five monosaccharide units

linked to KDO-lipid A. The backbone of.V. chalerae OI contains glucose (Glc) and heptose

(Hep) whereas the E. cotiK-I2backbone contains glucose, heptose and galactose (Gal). The

type of substitution of the backbone and the sugars involved vary betrveen the two species.

Both cores are substituted by N-acetyl glucosamine (GlcNAc), heptose and

phosphoethanolamine (p(EtN)). V. cholerae 01 core cont¿ins fructose (Fru) which is absent

n E. coli K-12 which instead contains galactose. The number and type of linkages involving

KDO also vary between the species. The structure of the V. cholera¿ 01 core is that

proposed by N. parker, M. Batley, J. Redmond and P.A. Manning (Manusript in preparation)
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Earlier repofts suggested that the O-antigen also contained other sugars such as heptose'

fructose, glucosamine and ethanotamine (Raziuddin, 1980; Majumder and Mukherjee' 1983)

but these sug¿tfs now appear to be exclusively pfesent in the core. This is based on the fact

that the sugars of the core oligosaccharide a¡e located at the reducing end of the perosamine

(Hisatsune et a1.,19S9). Furthermore rough sfrains lacking o-antigen still contain sugars

such as glucose, fructose, heptose and glucosamine (Hisatsune and Kondo' 1980)'

Perosamine is the major sugil in the O-antigen (Iann et al',1973; Redmond' 1975)'

and forms a polymer of approximately 17-18 units which has been shown by NMR

spectroscopy to exist as a homopolymer. since perosamine is substituted with tefionic acid,

this would give rise to a 10,000 Mrü polysaccharide upon acid hydrolysis of LPs. If acid

hydrolysis gives rise to unbranched perosamine, approximately sixty units would be required

to form a 10,000 MW fraction. The perosamine residues have been shown to be c¡-(1-2)

linked (Redmond , 1979; Kenne et al., lgTg). The perosamine backbone is substituted at

various positions with other sugæs known to be associated with the O-antigen' Some data

sugests that the sugar D-glycero-L-manno-heptose is pfesent at the non-reducing end of the

polysaccharide polymer in Inaba strains (sen ¿r aI.,1979)- Another sugar plesent in Inaba

strains is D-glycero-Lglucoheptose, whereas in Ogawa strains these sugars have been

proposed to exist as the optical isomers L-gþero-D-mannoheptose and Lglycero-D-

glucoheptose (Guhathakurt¿ et aI., 1986). These proposed differences in the sugaf

comosition between Inaba and Ogawa sfrains cannot be explained from the sequence of the

rfb rcgion tnv. chalerae (Marnscript in prep.). Furthermore since the two serotypes can be

expressed in E. coliby the introduction of the v. clnlerae rfb opercn it seems unlikely that

these sugars play a role in the B and C antigen determination (Manning et a1.,1986)' The

perosamine is not only substituted with sugars but al"so acylated with 3-deoxy-L-glycero-

tenonic acid (Redmond, 1979; Kenne et ar.,19s2). This substitution is common to both .

Inaba and ogawa and it has been proposed that it is the A antigen coÍrmon to both serotypes

(Kenne et al., tgg2). The perosamine can be further substituted at the C-3 position whereas

the tetronate can be substituted atC-2 (Guhathakurta et aI',1986) (Fig' 1'11)'



Figure 1.11: Strucnual formulaefor amino sugafs tnV. clnleraeLPS.

A. Perosamine-4-NH2-4,6-dideoxy-mannose

B. Quinovosamine-2-NÍ12-2,6-dideoxy-D-glucose

C. 4-NH2-4-deoxY-L-arabinose

D. Repeat unit of V. clølerae O-antigen, comprising a (l->2) linked 4rantno-4,6-

dideoxy-a-D-manno-pyranosol residue. The amino Sloups are acylated with 3-deoxy-L

tetronic acid.

The fîgure is based on Kenne et al. (1982).
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The unique sugar quinovosamine has as yet not been localised, although its ratio to

perosamine suggests it may be a "capping sugar", either on the distal or proximal end of the

o-antigen (Jann et al.,|973;J.w. Redmond, personal communication).

The sugar 4-NH2-4-deoxy-L-arabinose has so far only been found in the Ogawa

sefotype (Fig. 1.11). The original observation by Redmond (1978) has been both confirmed

and disputed by a number of other workers, thus the existence of this sugar is still in doubt

(Redmond ,l9l8;Hisatsune et a1.,1978; Kabir, lg82)' This may be due to the property of

amino sug¿rs, in that they are only stable in acid conditions and require modified thin layer

chromatography stains ¡el visualization (Redmond, 1978)' The 4-NH74-deoxy-L-arabinose

of. salmonella is rcleased under mild acid hydrolysis whereas the v. cholerae sugil is only

released under very harsh hydrolytic conditions. Although antibody absorptions have proved

negative using anti-B monoclonal antibody, the possibitity that 4-NH74-deoxy-L-arabinose

is involved in the "8" antigen cannot be ruted out (J'W' Redmond' unpublished data)'

t.3.5 Vibrio cholerae Ol Sugar analysis and antigenicity

A number of studies have been carried out to correlate the various o-antigen

polysaccharides with particular antigenic specificities (Sen et aI" 1980; Majumdar et al''

1gg3; Guhathakurta et al.,1gg6). These oligosaccha¡ides have been generated by partial

hydrolysis of either o-antigen or o-antigen-cofe oligosaccharide from ogawa and Inaba

stains. rt has be¡n shown that these oligosaccat'ides and monosaccharides can inhibit

agglutination of v. cholerøecells using antiserum tov. clnleraeLPs' The data indicate that

the glucuronic acid followed by glucosamine a¡e the most effective inhibitors and the

immmunodominat sugals, regardless of serotype. The.glucosamine is present in the core of

v. cholerae ol,but as yet no glucoronic acid has been found in the LPS of v' cholerae ol'

It is surprising to fÏnd that a sugil found exclusiveþ in the core should be immunodominant"

and the claim of the immunodominance of grucuronic acid must be looked at critically. rt

must be pointed out that in all cases, the oligosaccharides were better inhibitors than any of
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the constituent monosaccharides. The connibution of the L and D heptÔses unique to each

serogfoup may play a role in the "8" and "c" antigens, although there is no evidence to

support this possibility (Guhathakurt¿ et al',1986)'

WorkwithmonoclonalantibodiestoLPShasshownthattheAantigenispresentas

multþle determinants, i.e. there is more than one antigenic siæ per lipopolysaccharide

molectile. In contrast, the B and C antigens appeil to be single determinants' The low

epitopedensityonthelipopolysaccharidemoleculehashamperedqualitativeidentificationof

the antigens. These data may explain why it has not been possible to precisely define the

three antigenic determinants (Gustafsson and Holme' 1985)'

1.3.6. Genetics or v íbrio cholc røe o'antigen biosynthesis

The genes involved in o-antigen biosynthesis in v. clnlerae strains 5698 (kraba) and

o17 (Ogawa) have been cloned and expressed in E' coliK-l2 (Manning et al'' 1986; Ward ¿f

a1.,1987). More recently, the locus associated with O-antigen biosynthesis has been mapped

neat ilv and arg on the V. clwlerae chromosome (\Mard and Manning' 1989) and

corresponding to the locus associated with serotype specificity of the o-anttgen' oag'

described bY Bhaskaran (1960)'

Usingtheclonedo-antigenbiosynthesisgenesMoronaetal,(|991)haveobtained

evidence supporting the proposed existence of glucose in the core oligosaccharide of V'

cholerae. tf the genes for o-antigen biosynthesis of v. clnlerae are introduced into E' coli

strains lacking glucose in their core, the production of. v. crnrerae o-anttgen attached to the

E. coticore is eliminated. This is consistent with the reported pfesence of glucose in the v'

c ho I er ae LPS -core-oligosaccharide'
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1.3.7 Non-Ol and non'cholertVibrioLPS

The LpS of non-Ol and non-choleraVibríos is of interest since these organisms can

cause disease in man and animals, and studies of their structufe, biosynthesis and

compositionmaycomplementstudiesonV.cltoler¿e01LPS.

Many studies have been carried out on the non-Ol and non-choleru Vibrlos with

fespect to their LPS composition. Initial reports indicated that the presence of perosamine

and quinovosamine is characteristic of the 01 group (Hisatsune et al" 1983)' However' more

recent findings have shown that quinovosamine is found rnv. prote¡æ and v. metschníkovií

(Kondo et al.,19SS) but not tnV. parahaemolyticus or V' fluvialis (Nazarenko et a\" 1988;

Kondo et a1.,1989).

The LpS core of 01 and non-Ol groups is serologically identical using antiserum to

rough strains, i.e. shains lacking the O-antigen. This would indicate that alt V- choleraehave

the same or very similar core and that the sefogroups are identifi'ed solely on the basis of their

O-antigen (Shimada and Sakazaki ,I9/3;Donovan and Furniss, 1982)'

The non-O I Vibrios have O-antigens of a highly variable nature. Unlike the 01

gfoup, where the o-antigen consists of a monosaccharide (perosamine) which is polymerized

and substituted, the non-Ol groups may have tefrasacchafide lepeat units, such as O:21

which has a rhamnose, heptose, N-acetyl-galactose, N-acetyt-glucose repeat (Ansari er

at.,1986). Other non-ol serotlpes are similar to 01 and have a monosaccharide polymer

which is highly branched (Sen and Mukherjee, 1978; Ansari et aI',1986)'

The non-ch o\eru Vibrios also have a different core structures containing acids related

to KDO, such as 3-deoxyhetulosonaric and 2-octulosonic acid (Kondo et al., 1989)' The

strains of Y. parahøemolyticus group 07 and O12 conøin the acid 3-deoxy-D-threo-

hexulosonic acid instead of KDO whereas other stains cont¿in as yet unidentified KDO-like

substances (Kondo et al., 1988, 1989). The structure of the core of V' ordalü has been

elucidated and consists of heptose-heptose-glucose branched with heptose and glucose

(Banoub and Hodder, 1985).
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The other sugafs found in the non+holera vibrios are the same as those commonly

found in the Lps of other Gram negative organisms such as salmanella and E- coli

(Hisatsune et a1.,1980). Investigations have determined the sfructure of the O-antigen of one

of the non-choler aVibríos,that of v.fluvialis. This has a backbone of L-rhamnose which is

substituæd with N-acetyl-glucosamine (Nazarenko et al., 1 988).

1.4 Vibrio cholerøe Serotype converslon

InV. clnlerae Ol two serotypes were initially described (Kabeshima, 1918)' These

are now designated Inaba and Ogawa but were originally called J and F forms' respectively'

A third serotype caned Hikojima was subsequentþ described which carried all three

antigens, A, B and C (Nobechi,1923; Gardner and Venkaham, 1935).

v. cholera¿ 01 strains are not fixed, but can undergo serotype conversion. This

occurs at a low frequency of approximately 10-5 for the Ogawa to Inaba conversion

(Bhaskaran and Gonill, Lg57). This phenomenon has been known since 1918 although as

yet no mechanism has þeen proposed. The fust report by Kabeshima (1918) of serotype-

conversion occurred as a result of exposure of the organism during growth to antiserum

directed against its serotype (ogawa). since these originar studies were carried out prior to a

firm definition of Inaba and Ogawa, the experiments have been modified and repeated' In

Ig4T,Shrivastava and Whiæ reported the isolation of Inaba sftains from Ogawa cells Sfown

in the pfesence of anti-ogawa selum. The convelse experiment of growing Inaba cells in

anti-Inaba Semm only gave rise to rough strains. Thus, it appeared that only the serotype-

conversion from Ogawa to Inaba could be observed'

Until 1966, serotype conversion had only been reported ín vitro. All previous repoils '

of. in vivo serotype conversion were dismissed as multiple infections of patients or patients

being reinfected with anothef serotype. h 1967 Gangarosa et aI' rcported that after eight

days of infection with a v. cholerae biotype El Tor serotj4)e ogawa sEain, Inaba organisms
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were found in the stool of a patient. This was followed by a relapse, indicating that the

organism had multþlied in the intestine, and suggesting that a change in serotype may have

arisen and enabled the host immune response to be evaded. In all, the patient excreted all

three serotypes within ten days of confacting cholera. \What is uncertain is whether the

patient received more than one serotype at the time of initial infection, although the authors

betieved this was unrikely (Gangarosa et aI., rg6i). It should be noted tTrat all putative

Hikojima sfrains isolated from this patient were typed as Inaba' This is suggestive of the

highly unstable natufe of the Hikojima setotytr)e, since the other serotypes were st¿ble when

retested.

serotype switching from Inaba to ogawa was first reported in 1966 (Sheehy et al"

1966). In a laboratory which exclusively used Inaba sefofi)e strains a worker acquired an

infection, and after three days began to excfete Ogawa strains' The reason this switch had

not been reported earlier may be due to a much lower conversion rate from Inaba to ogawa

than the reverse switch. Thus, in humans where the v. cholerae multþly to large numbers

and presumably a selection via the immune response can occur' it is possible to obtain Inaba

to Ogawa serotyPe convertants'

Studies using germ free mice confrmed the ability of.V. cholerae to undergo serotype

conversion (Sack and Miller, 1969). In particular this demonsfrated ttre ability of v- cholerae

to change serotype not only from Inaba to Ogawa and vice vefsa but also the change from

smooth to rough sfiains lacking O-antigen and then back to smooth sfains' Thus' it appears

as though V. chalerae caîchange serotypes and also the presence or absence of O-antigen'

The immune fesponse of the mouse host appeared to place selective pressufe on

seroconversion since;

f. if antibody to one serotype was pfesent, the change to another serotype was

accelerated, and

2. if immunosuppressive drugs such as cyclophosphamide, which suppresses

antibody formation were given, the serot¡le conversion was absent or significantly

reduced.
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These daø indicaæ that serotype conversion is selected for by the presence of specific

antibodies (sack and Miler, 1969). These observations correlate well with earrier studies

where cens were grown in ttre presence of specific antibodies, which allowed selection for

serotype conversion (shrivastara and white, 1947; Nobechi and Nakano, 1967)'

Thequestionofinvitrolnabatoogawaserotypeconversionisstillunanswered.

sakazaki and ramura (1971) attempted to show this change invitro- They looked ar thirteen

strains, six Ogawa, six Inaba and one Hikojima snain' The bacteria rilefe glown in the

pfesence of monospecific antibodies to either Inaba or ogawa- of the ogawa sfiains tested'

all showed a number of cells changing to either Inaba, Hikojima or rough sfrains' The Inaba

strains showed no seroconversion although some rough cells were isolated' Thus' it seems

likely that either the rate of rnaba to ogawa conversion is extremely low in vi*o (sakazaki

and Tamur a,I97l)or only some Inaba strains can seroconvert to ogawa'

Thesignificanceofsefotypeconversiontothespreadandpersistenceofcholera

epidemics has not been demonsfrated. Data to support the notion that serotype conversion is

important comes from observations of the cunent epidemic in south America' Extensive

biochemical analyses and ribo-probing has shown that the epidemic süain' an El Tor Inaba is

distinctive. However, identical sfrains of the Ogawa sefotype have now begun to appeal

(satazar_Lin do et al.,lggl). This suggests that the epidemic strain has undergone a serotype

converslon.

Several reports have suggested that sefotype conversion may be mediated by a

lysogenic conversion of V. choleraeby the bacteriophage CP-TI (Ogg et al" 1978' 1979)' It

has been proposed that cp-Tl may becomes rysogenic upon infection in a lnannef similar to

phages which infect sh. flexnerí and s. typhimurium (section 1.2.1 and t'2'2)' Like the

phages which modify the LPS of sl¿. flexneri and s. ¡yphimurium, phage cP-Tl has been

shown to use the o-antigen of the lipopolysaccha¡ide as its receptor and can infect both Inaba -

and Ogawa súains (Guidolin and Manning, 1985)' The proposed CP-T1 lysogens which are

resistant to phage kitling are then presumed to be seroconverted cells (Barksdale and Arden'

1974;oggetal.,1978,Lglg).Thiswouldbesimilartothemechanisminsalmonellaand



29

shigelta. This seems unlikely to be the feason for serotpye-conversion in v' chalerae since

cp-Tl has been shown not to form lysogens (Guidolin and Manning, 1985). It would appear

to be more likely that any serotype converted süains detected were either spontaneous ogawa

to Inaba converts of may be due to the ability of cp-Tl to mediate generarized transduction

(ogg et al., l98l). In this case it is possible that the phage fransduce the serotype from one

strain to another although at a low frequency. Furthermore any rough sfiains detected are

likely to be spontaneous CP-TI resistant mutants'

using clones of the genes for v. cholerae o-antigen biosynthesis, it has been possible

ro express the Inaba and ogawa serorypes n E. cori K-12 (Mannin g et a1.,19s6). No readily

detectabre differences have beæn identified within the rÍb regions suggesting that the genetic

event associated with serotype conversion is subtle (Ward et al',1987)'

Thus, although serotype conversion tnv .chalerae has been known for over 70 years'

the morecula¡ basis for the conversion has not been identified. Extensive chemical analysis

of v. chorerae Lps has not yet alrowed the identification of the three antigens involved in

serotyping Inaba, Ogawa and "Hikojima" strains'

1.5 Aims of this thesis

V- clnlera¿ 01 is divided into three distinct serotj4)es, Inaba, Ogawa and a third rare

and unst¿ble sefotl,pe Hikojima. The serotype of a sfiain is fixed and can undergo sefotype

conversion . v. cholerae o! was flrst reported to serotype conveft in 1918' Since then the

mechanism and basis for the selotype change has been the subject of much research'

The aims of this studY are to:

1. To identify the differences between Inaba and Ogawa serotypes at both the DNA '

arid protein level and to propose a model for the molecular mechanism behind

serofi)e-converslon-
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2. To examine the role of serofile-converslon

animal model.

in virulence of. V. cholerae 01 in an

3. To identify the three antigens, A,B, and c, which aIe fesponsible for serotyping of

V. cholerae OI.
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CHAPTER 2

MATERIALS AND METHODS

2.L Growth media

The following nutrient media were used for bacterial cultivation. Nutient broth (NB)

(Difco), prepared ar double srengrh (16 gÄ) with added sodium chloride (NaCl) (5 g/t) or

Luria broth (LB), were the general growth medium for both V' clølerae and E' coli K-12

s*ains. Luria broth (LB) is composed of bacto-tryptone (10 g[) (Difco), bacto-yeast (5 g4)

(Difco) and NaCl (5 gÂ). 2xYT medium was prepÍLred as described by Miller (1972)'

Minimal medium (M13 minimal media) was prepared as described by Miller (1972) and

supplemented prior to use with MgSO4, glucose and thiamine-HCl to concentrations of 0'2

mg/ml, 0.5zo(wlv) and 5Opg/nrl, respectively. Tenifi.c broth \ilas pfepaled as described by

Maniatis et aI. (1989).

NA is nutrient ag¿rf composed of Lab-Lemco powder (oxoid) (10 gÂ)' peptone

(oxoio (10 gÄ), NaCl (5 g/l) and Agar (Media Makers) (15 gÄ). Soft agar contains equal

volumes of NB and NA. H agar consisted of bacto-tryptone (16 g,/t) (Difco), NaCl (8 gÂ) and

bacto-agar (12 Ell) (Difco). H top agar was identical to H agar but contained only 8 g/l

bacto-agar.

Antibiotics were added to broth and solid media at the following final concentrations:

ampicillin (Ap), 25 ¡tglrrrl; chloramphenicol (Cm), 25 Wglrnl; kanamycin (Km), 25 ¡tglÍnl|'

rifampicin (RiÐ, 200 pe/ml; gentamycin (Gm), a0 WglfÃ; tefiacycline (Tc), 12 Pg/ml for E'

coli and 4 Vgftrf for V. ch.olerae strains'

Incubations lvere at37oCunless otherwise specified. Liquid cultutes, were noünally -

grolvn in 20 ml McCartneY bottles-
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2.2 Chemicals and reagents

Chemicals were Analar grade. Phenol, polyethylene glycol-6000 (PEG)' sodium

dodecyl sulphate (sDs) and sucrose wefe from BDH Chemicals. Tris was Trisma base from

Boehringer Mannheim. Caesium cfrloride (Cabot) was technical grade' Ethylene-diamine-

tetra_acetic-acid, disodium salt (EDTA) was Analar analytical grade from Ajax chemicals.

Antibiotics were purchased from Sigma (ampiciltin, kanamycin sulphate' rifampicin'

gentamycin), and Calbiochem (tetracycline, chloramphenicol)' All other anti-microbial

agents (dyes, detergents and antibiotics) were purchased from sigma chemicat co" BDH

Chemicals Ltd., Glaxo, or Calbiochem'

The following elecftophoresis grade reagents were obtained from the sources

indicated: acrylamide and ammonium persulphate (Bio-Rad), ulÍa pure N,N'-methylene bis-

acrylamide and urea (BRL).

The four deoxyribonucleotide triphosphates (dATP, dCTP, dGTP and dTTP) and their

corresponding dideoxy-ribonucleotide fiphosphate homologues (ddATP' ddCTP' ddGTP and

ddTTP), were obtained from Boehringer-Mannheim. Adenosine-5'-triphosphate' sodium salt

(ATP), herring spenn DNA and dithiothreitol (DTT) were obtained from sigma' x-gal (5-

Bromo-4-chloro-3-indolyl-B-D-galacto-pyranoside) and IPTG (isopropyt-p-D-ttriogalacto-

pyranoside) were purchased from Boehringer-Mannheim

D-threo(dichloroacetyl- 1- 14g¡ was obtained from Amersham.

M13 sequencing primer and cr[32p]-dCTP, at a specific activity of 1,700 CilmMole

were obt¿ined from BRESATEC (Adelaide). The -35 sequencing primer was obtained from

New England Biolabs. [35s]-u"trrionine (1,270 cvmmole), and t35Sl-¿nrp (>1000

CVmmole) wefe puchased from Amersham. SequenaseTS *u, purchased from I'U'B'

Digoxigenin (DIG) DNA labeling and detection kits were puchased from Boehringer-

Mannheim.
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Detergents DOC, NonidetP40 were from BDH, Sarkosyl from Geigy, Brij35 from

ICN and Tween20 from Sigma.

2.3 Enzymes

Deoxyribonucleasel @Nasef) and lysozyme were obt¿ined from sigma. P¡onase ar-rd

proteinaseK were from Boehringer-Mannheim

All restriction endonucleases rüere purchased from either Boehringer-Mannheinu

New England Biolabs, pharmacia or Amersham and used according to the suppliers

instructions.

otherDNAmodifyingenzymeswerepurchasedfromthefollowingsuppliers:New

England Biolabs (T4 DNA ligase), Amersham (T4 DNA polymerase' T4 DNA ligase) and

Boehringer-Mannheim (DNA polymerasel, Klenow fragment of DNA polymerasel' and

molecular biology grade alkaline phosphatase)'

Taq polymerase (Ampli Taq)was purchased from Perkin Elmer Cetus Corp'

Sequencing kits using either dye-rabelled primer or dye-rabelled ærminators were purchased

from Applied BiosYstems.

2.4 Synthesis of oligodeoxynucleotides

oligodeoxynucleotides (oligos) were synthesized using reagents purchased from

Applied Biosystems or Ajax chemicals (acetonitrile). synthesis was performed on an

Applied Biosystems 3814 DNA synthesizer. oligos were routinely of a pudty that no further -

purifi cation \ryas required.
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2.5 Maintenance of bacterial strains

For long term storage, all süains were maintained as lyophilized cultures, stored in

yacuÐ in sealed glass ampoules. when required, an ampoule was opened and its contents

suspended in several drops of the appropriate sterile broth. Half the contents were then

fransferred to a 10 ml bottte of NB and incubated with shaking overnight at the appropriaæ

temperatufe. The other half was sfreaked onto two nugient agar plates and incubated

overnight at the appropriate growth tempefatule. Antibiotics were added to the media when

appropriate. If the colony form was uniform, single colonies were selected and picked off

plates for subsequent Stomge or use. Short-term stofage of strains in routine use was aS a

suspension of freshly grown bacteria in glycerol (327ovlv) and peptone (0.6Vowlv) at -70oC'

Fresh cultures from glycerols were prepared by sfreaking a loopful of the glycerol suspension

onto a nutrient agar plate (with or without antibiotic as appropriate) followed by incubation

overnight just Prior to use.

Bacteriat strains lvefe pfepared for long-term storage by suspension of several

loopfulls in a small volume of sterile skimmed milk. Approximaæly 0'2 ml aliquots of this

thick bacterial suspension were dispensed into sterile 0.25x4inch freeze drvmg ampoules and

the end of each ampoule was plugged with cotton wool. The samples lvere then lyophilized

in a frenze drier. After the vacuum was released, the cotton wool plugs were pushed well

down the ampoule and a consfiiction was made just above the level of the plug' The

ampoules \ilere evacuated to a partial pressqre of 30 microns and then sealed at the

constriction without releasing the vacuum. Finally the ampoules were labelled and stored at

40C.
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2.6 Bacterial strains and plasmids

TheVibrio clnlerae stains used are listed in Table 2.1. Sfiains of the El Tor biotype

were distinguished from the classical biotype by resistance to the antibiotic polymyxin B (50

units/ml) and sensitivity to biotype specific typing phages. Table 2'2 descibes the

Escherichia cotíK-12 stains used in this study'

The plasmid cloning veÆtors which were used in this study are listed in Table 2'3'

2.7 Transformation Procedure

Transformation was performed essentially according to the method described by

Brown et at. (1979). E. coli K-12 sfrains were made competent for transformation with

plasmid DNA as follows: an overnight shaken culture (in NB) was diluted 1:20 into NB and

incubated with shaking until the culture reached an 4650 OD of 0'6 (4x 108 cells/ml)' The

cells were chilled on ice for 20 min, pelleted at 4oC in a bench cenhifuge, resuspended in

half volume of cold 100mM MgCl2,centrifuged again and resuspended in a tenth volume of

cold 100 mM CaC12. The cells were allowed to stand for 60 min on ice before addition of

DNA. Competent cells (0.2m1) were then mixed with DNA (volume made to 100m1with'lx

TE buffer (10mM Tris-Hcl, 1mM EDTA, pH 8.0) and left on ice for a fu¡ther 30 min' The

cell/DNA mixtue was heated at 4zoc for 2 min and then 3ml NB was added followed by

incubation with shakin g at3loc for l-2hr. The culture was then plated onto selection plates

directly or concenfiaæd by centrifugation and plated. cells with sterile buffer were included

as a confrol.



Table 2.1V. chol.erae strains

Strains

ot7

5698

CA4O1

NSW14

NSWlO

NSW4

NSWl

1074-78*

I 196-78*

M791

H-1

AA13993

zl756l

64

C4411

BM69

8233

AAl4073

358

l62t

C5

433

1602

1603

Biotype/
Serotype

El Tor, Ogawa

Classical,Inaba

Classical,Inaba

ElTor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

ElTor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor,Inaba

Classical,Inaba

El Tor, Ogawa

Classical, Ogawa

El Tor,Inaba

El Tor,Inaba

ElTor, Ogawa

El Tor, Inaba

El Tor, Ogawa

El Tor, Ogawa

Hikojima

El Tor, Hikojima

El Tor, Hikojima

Genotype/
Phenotype

SmR

S*R, motile

RV79 arg::VcAI

IC Bhaskaran

K. Bhaska¡an

C. Parker

P. Desmarchelier

P. Desma¡chelier

P. Desmarchelier

P. Desmarchelier

J. Kaper

J. Kaper

J. Mekalanos

S.C. Pal

B.Kay

B. Kay

S.C. Pal

J. Berry

S.C. Pal

J. Berry

B. Kay

S.C. Pal

J.E. Ogg

P. Guinee

T. Holme

T. Holme

T. Holme

Source



C31 El Tor, Ogawa

V90 El Tor, Inaba

GN9006 El Tor, Inaba PYrA-201:"Tn5

KUKI Classical,Inaba

Bt$g El Tor' Inaba

CD17 El Tor, Inaba TYPe fVR

R1234 ElTor, Ogawa RY79:':TnI-24

C[62 Classical, Ogawa

V663 Classical,Inaba 569B::Tn5

V665 Classical,Inaba 569B::Tn5

Y667 Classical,Inaba 5698::Tn5

Y67l Classical,Inaba 569B::Tn5

* These strains are non-toxigenic envi¡omental isolates

P. Guinee

S.C. Pal

B. Green

D. Rowley

P. Desmarchelier

D. Rowley

R.K. Holmes

D. Rowley

H. Ward

H. Ward

H. Ward

H. Ward



Table 2.2 Escherichiø coliK'Lz strains

Strain

DH1

DS410

Genotype/PhenotYPe

F-, gyrA-96,recA-l

relA-|, endA-|,thi-L,

hsdR-tsupØ-A4,'L*

F-,minA,minB,rPsL

RP4-2-Tc: :Mu-Km: :Tn7l

pro,hsdR

RP4-2-Tc: :]:Nlt, thi, thr,

Ieu, supU

F'ltraD -36, proA,B, laclA

lacZ, ÑvÍL51, supE, thi-L,

Ìvflac-proA,Bf

F-, eniA- I, recA- l, hsdR- I7(r*

mkl, deoR, thi-L, suPE-M,

gyrA-96, relA-L,)v-

F, Q80 lacZ ltNll1,lt(lacZYA-

ar gfllJ 169, end,A- l, r ecA- I, hsdR- I 7

r¿ mf), deoR, thi-L, suPE-M,

gyrA-96, relA-l,l¡r"

Source

B. Bachman

D. Sherratt

U. Priefer

U. Priefer

A Sivaprasad

B.R.L.

B.R.L.

s17-1

SMlO

JM101

DH5

DH5a



Table 2.3: Plasmids and cloning vehicles

Plasmid/ Phage Antibiotic marker Reference

Rella et aI. (L985)

Beringer et al. (1978)

Ditta et ¿/. (1980)

Simon et al. (1983)

J. Hackett (unpublished)

Hohn (1980)

Messing & Vieira (1982)

Sfratagene

Tabor & Richardson (1985)

Morona et aI. (199I)

Morona et al. (1991)

M. Stark (1987)

Williams and Manning (1991)

Williams and Manning (1991)

Messing & Vieira (1982)

Messing & Vieira (1982)

pME305

pPHIJI

pRI990

pSUP2O1-1

J225

pHC?9

pUC18

pBluescrip(IVS¡

pGPl-2

pEVX20

pRMBI

pTTQ181

pPltI3024

pPM3035

M13mp18

Ml3mp19

Tc

Gm, Sp, Sm

Tc

Ap, cm

Ap, Km

Tc, Ap

Ap

Ap

Km

Tc

Tc

Ap

Ap

Ap
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2.8 Etectroporation of Vibrio cholerøe

Electroporation of plasmid DNA was performed essentially as described by Stoebner

and Payne (1983). Cells were grown in LB to an A659 of 0.5. They were then washed in

sucrose elecfopolation buffer (272111M sucrose' 7mM sodium phosphate buffer, pH 7 '4,

lmM MgCl2) and resuspended in ice-cold sucrose buffer at UL} the original volume. 5pg

plasmid DNA was added to 100 ¡rl of cell suspension, placed in a cuvette and left on ice for

30 min. Elecfioporation conditions were 2000 Y at 25 ¡rF capacitance and 200 ohms. The

cells were returned to ice for 30 min, then diluted in LB (3ml) and incubated at 37oC for 45

min, and plated out on appropriate media'

2.9 Bacterial conjugation

Overnight broth cultures grown in NB or LB were diluted 1:20 and grown to early

exponential phase with slow agitation. Donor and recipient bacteria were mixed at a ratio of

1:1 and the cells pelleted by cenrifugation (5000 rpm, 5 min, bench cenfiifuge)' The pellet

was gentþ resuspended in 200 ¡rl of broth and spread onto a cellulose acetate membrane

filter (0.45 l¡m, type HA, Millipore corp.) on a NA plate' This plate was incubated for 6-16

hr at 37oC. The cells were then resuspended in 10 ml NB and samples plated onto selective

agar and incubated overnight at37oc.

2.!0 Plasmid DNA extraction procedures

Plasmid DNA was isolated by one of the three following procedures:
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Method 2:
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Triton X-100 cleared lysates wefe prepared from 10 ml overnight cultures by a

modification of the procedure of Kahn et al. (1979). Cells were resuspended

in 0.4 nl257o (Wv) sucrose in 50 mM Tris-HCl, pH 8.0' Lysozyme (50 ¡r1'

10 mg/ml freshly prepared in H2o) and 50p1 of 0.25M EDTA, pH 8.0 were

added to cells in Eppendorf tubes and left to stand on ice for 15 min. 0.5 ml

TET buffer (50mM Tris-HCl, 66mM EDTA, pH 8.0, 0.47oTtlton X-100) was

added followed by a brief mixing by inversion of the tubes' The chromosomal

DNA was then pelleted by centrifugation (20 min, 4oC, EppendorÐ. The

supernatant was extracted twice with TE saturated phenol (pH 7'5) and nvice

with diethyl-ether. Plasmid DNA was precipitated by the addition of 0'6

weight of propan-2-ol and allowed to stand at -70oC for 30 min' The

precipitate was collected (10 min, EppendorÐ, washed once with I rnllÙvo

(v/v) ethanol, dried invacuo and resuspended in 50 pl lX TE buffer.

Large scale plasmid purification was performed by the three step alkali lysis

method (Garger et a1.,19S3). Cells from a one li6e culture were harvested

(6,000 rpm, 15 min, 4"c, GS-3, Sorvall) and resuspended n 24 m| of solution

1 (50mM glucose, 25mM Tris-HCl, pH 8.0, 10mM EDTA). Freshly prepared

lysozyme (4 rnl of 20 mg/ml in solution 1) was mixed with the cell suspension

and incubated at room tempefattlIe for 10 min. Addition of 55 ml of solution

2 (0.2M NaOH, Lfto (wlv) sDs), followed by a 5 min incubation on ice

resulted in tot¿I lysis of the cells. After the addition of 28 ml solution 3 (60 ml

5M potassium acetate,pH 4.8, to which was added 11'5 ml glacial acetic acid

and 28.5 ml of HZO) and incubation on ice for 15 min, protein, chromosomal

DNA and high molecular weight RNA were removed by centrifugation (8'000

rpm, 20 min, 4oC, GSA, Sorvall). The supernatant was then exfiacted with an .

equal volume of a TE saturated phenol, chloroform, isoamyl alcohol mixture

(25:24:I). Plasmid DNA from the aqueous phase was precipit¿ted with 0'6
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Method 3:

weight of I007o (v/v) prop an-2-ol at foom temperatufe for 10 min and

co[ected by centrifugation (10,000 ¡pm at 4oC,35 min, GSA, Sorvall)' After

washing tn|\To (v/v) ethanol, the pellet was dried in vactø and resuspended

in 4.8m1 TE. Plasmid DNA was purified from contaminating pfotein,

chromosomal DNA and RNA by centrifugation on a two step CsCl ethidium

bromide gradient according to Garger et al. (1983). The DNA band was

removed by side puncture of the tube with a 19 gauge needle att¿ched to a' 1

ml syringe. The ethidium bromide was exÚacted using isoamyl alcohol CsCl

was then removed by dialysis overnight against three changes of 5 lites 1x TE

at 4oC. DNA was stored at 4oC.

Small scale plasmid purification was performed by the three step alkali lysis

method using a modification of Garger et aI. (1983)' Overnight bacterial

cultures (1.5 ml) were transferred to a microfuge tube, harvested by

centrifugation (45 sec, Eppendorf), and resuspended in 0.1 mI of solution 1

(50mM glucose, 25mM Tris-HCl, pH 8.0, 10mM EDTA). The addition of 0.2

ml of solurion 2 (Q.2MNaOH, t?o (wlv) sDs) followed by a 5 min incubation

on ice resulted in cell lysis. After the addition of 0.15m1 of solution 3 ( 60rnl

of 5M potassium acetÃtf,,pH 4.8, 11.5m1 of glaciat acetic acid and 28'5ml of

HzO) and a 5 min incubation on ice, protein, chromosomal DNA and high

moleculæ weight RNA were collected by cenfüfugation (90 sec, Eppendorf):

The supernatant was transferred to a fresh tube and exfracted once with TE-

equilibrated phenol and once with diethyl ether. Plasmid DNA was

precipiøted by the addition of 2 volumes of 1007o ethanol and a 2 mtrt

incubation at loom temperatue. The DNA was collected by centrifugation

(15 min, Eppendorf), washed wtth707o (v/v) ethanol and dried in vacuo' The '

pellet was resuspended in 40 pl of 1x TE'
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2.L! Analysis and manipulation of DNA

2.1J..l DNA quantitation

The concentration of DNA in solutions was determined by measurement of absorption

at260nm and assuming an 4260 of 1.0 is equal to 50 pg DNA/mI(Miller, 1972)'

2.11.2 Restriction endonuclease digestion of DNA

Most cleavage reactions were done using the restriction enzyme buffer SPK (10x: 200

mM Tris-Hcl pH 7.5, 50mM MgCl2,5mM dithiothreitol, lmM EDTA' 500mM KCI and

507o glycerol). The remaining restriction digests were carried out using EB buffer (10mM

Tris-Hcl, pH7.5, 6mM MgCl2,lmM DTÐ as a basis, with either the addition of Nacl or

KCI as described by the manufacturers. 0.1-0.5 pg of DNA or purified restriction fragments

were incubated with 2 units of each restiction enzyme in a final volume of 20 pl, at 37oC'

for 1-2 hr. The reactions were terminated by heating at 65oC for 10 min' Prior to loading

onto a.gel, a one tenth volume of nacking dye (lîvo (w/v) Ficoll,O.lvo (w/v) b¡omophenol

blue,0.1 PglÍtl RNase A) was added'

2.11.3 Calculation of restriction fragment size

The sizes of restriction enzyme fragments were calculated by comparing their relative

mobility wirh rhat of EcoRI digested Bacillus subtitis bacteriophage SPP1 DNA. The

calculaæd sizes of the Sppl EcoRI standard fragments used differ from those published

(Ratcliff et al., lgTg) and were calculated with the program DNAFRAG (Rood and
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Gawthorne, 1984) using bacteriophage lambda and plasmid pBF.322 as standards. The sizes

(kilobases, kb) used wefe: 8.37;7.2;6.05;4.9;3.55;2.68; I.73; l'6L; t'29; l'19: '99; '86; '63;

.48; .38; (Franzon and Manning' 1986).

2.11.4 Analytical and preparative separation of restriction fragments

Elecnophoresis of digested DNA was carried out at room temperatwe on horizontal,

0.6Vo,0.8Vo or wo (wlv) agafose gels (Seakem HGT), 13 cm long, 13 cm wide and 0'7 cm

thick. Gels were mn at 100V for 4-5 hr in either lx TBE buffer (67mM Tris base' zzrrrNl

boric acid and 2mM EDTA, final pH g.g), or lx TAE buffer (40mM Tris acetare and 2mM

EDTA). After elecnophoresis the gels were stained in distilled water containing 2 pglrnl

ethidium bromide. DNA bands were visualized by trans-illumination with LIV light and

photographed using either Polaroid 667 positive film or 665 negative film'

For preparative gels Sea Plaque (Seakem) low-gelling-temperature agalose at a

concenfation of 0.6Vo (wlv) was used for separation of restriction fragments, which were

recovered by the following methods:

Method 1: DNA bands were excised and the agarose melted at 65oC- Five volumes of

20mM Tris-HCl, lmM EDTA, pH 8.0 buffer were added and the agarose

extracted with phenol:water (1:1) and then phenol:chloroform (1:1). Residual

phenol was removed with chloroform and the DNA precipitaæd with two

volumes of ethanol and one tenth volume of 3M sodium acet¿te, pH 5.0.

DNA was collected by centrifugation (15 min, Eppendorf), washed once with

70To (vlv) ethanol and dried ín vacuo before being resuspended in lx TE

buffer.

Method 2: After elecfiophoresis the required DNA bands were excised and then placed

inside diaþsis tubing. This was then positioned in an electrophoretic tank
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filled with 0.5x TAE buffer. A current was applied causing the DNA to move

out of the ge1 and into the buffer cont¿ined in the dialysis tubing' The DNA

was then exfracted with an equal volume of TE saturated phenol and

precipitated with ¡ro volumes of ethanol and one tenth volume of 3M sodium

acetate,pH 5.0.

2.11.5 Dephosphorylation of DNA using alkaline phosphatase

Restriction enzyme digested DNA was treated with alkaline phosphatase by the

following method. 0.1_0.5 pg of digested plasmid DNA was incubared with 1 unit of alkaline

phosphatase (Calf intestinal: CIP), for 30 min at 37oC. The reaction was terminated by the

addition of EDTA, pH 8.0 to a final concenfration of 3mM followed by heating at 65oC for

10 min. The reaction mix was then exfracted twice with hot (560C) TE saturated phenol and

twice with diettryl ether. DNA was precipitated overnight at -20oc with two volumes of

ethanol and 1/10 volume of 3M sodium acetate pH 8.0. The precipit¿te was collected by

centrifugation (15 min, Eppendorf), washed once with I rn7707o (v/v) ethanol, dried in vacuo

and dissolved in lx TE buffer.

2.1L.6 End-fitling with Klenow fragment

protruding ends created by cleavage with restriction endonucleases lwere filled in

using the Klenow fragment of E. coliDNA polymerase J. Typically, 1¡rg of digested DNA or

purified DNA fragments, 2¡tl o110 x nick-translation buffer (Maniatis et aI., 1982), lpl of .

each dNTp (2mM) and 1 unit of Klenow fragment were mixed in a finat volume of 20pl and

incubated for 30min. samples were phenovchloroform exfracted twice in a total volume of
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100p1 and precipitated in 2 volumes of 1007o ethanol and 1/10 volume of 3M sodium acetate

for 30min in a dry ice/ethanol bath. Pellets were dried in vacun and resuspended in a total

volume of 20¡rf of 1 x TE.

2.1I.7 Kinasing

oligonucleotide DNA primers were kinased using tt32pl-¿nrp' The reaction mix

consisted of 10 mM DTT, 1 pl 10x kinase buffer, 3 units of polynucleotide kinase, 10 ¡rl of

ltSzpland 60 pg of primer. This reaction mix was made up to 10 pl in water and incubated

at3ioCfor 30 minutes. The 10x kinase buffer consisted of 500 mM Tris pH7'4 and 100

mM MgC12.

2.11.8 Labelling of Double Stranded DNA Probes

pudfied DNA fragments were labelled with g t32pl-¿Cfp using a Hexaprime DNA

Labelling kit (Bresatec).

The DNA (50-100ng) was denatured by heating at 95oC for 5 min in 0'1mM EDTA pH8'0

and chilled on ice. Ethanolic at32pl¿CTP (50pCi) was dried down and resuspended with

the denatured DNA and t2¡tlof a hexanucleotide/nucleotide/buffer cockt¿il in a final volume

of 24{ú. Klenow eîzymewas added and the reaction was incubated for 20 min at 40oC' The

reaction was terminated by heating at 65oC for 10 min' To remove unincorporated

nucleotides from the labelled DNA the reaction was made up to 50p1 and precipitated for 10

min on ice with 1/2 volume of 7.5M ammonium acetÃte,3 vorumes of l00vo ethanol and lpl

of glycogen. After centrifugation (20 min, Eppendorf 5414) the pellet was washed in '

l}Vo(vlv) ethanol and spun briefly before resuspending in water. The probe was heated at

100oc for 5 min before addition to prehybridizeÅfrltet.
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2.1I.9 Nick Translation

Nick nanslation reactions with DNA polymerasel were modified from Manians et aI'

(1gg2) and canied our as follows: 25¡tCíor G[32p]-dcrp (1J00 cvrnrnole in ethanol) was

dired in vacuo in an Eppendorf tube, resuspended "with 80 ¡rl of H2O' 10 pl of 10x nick

rranslation buffer (500mM Tris-HCl, pH7.2,100mM MgCl2, lmM DTT' 500 pg/rnl BSA)

and 1 ¡rl each of 2mM dATP, dGTP and dTTP. DNA (1 pg) and DNase (10 mg/rnl; 1 pl)

was added and incubate d at37oCfor 10 minutes. DNA polymerasel (5 units) was added to

the mix and allowed to incubate at 16oC for 2 hr. a[32p]-tauetled DNA was sepilated from

unincorporated label by centifugation through a mini-column of Sepharose CL-68'

2.L1-.L0 Dot Blots with oligonucleotide probes

snains to be tested wefe grown up overnight on agar plates. These colonies were

transferred to nitrocellulose discs (Schleicher and Schuell) and the colonies lysed by the

following method. The nitrocellulose disc was placed colonies up, on Whatman 3MM papel

soaked in 0.5M NaoH and allowed to stand for 5 to 10 minutes. The discs were then

subsequently treated for 5 min incubations by placing them sequentially on whatrnan 3MM

papef soaked in the following solutions: 0.1M NaOH, 1'5M NaCl; lM Tris-HCl pH 7 '5 (x2);

0.5M Tris-Hcl pH 7.5, 1.5M NaCl. The discs were then air dried, followed by baking under

vacuum between'whatman 3MM sheets for 2 h at 800c. All bacterial debris was removed

by a2hr wash ar 65oC in 3x SSC (20x SSC is 0.34M NaCl, 75mM sodium ciüate, pH 7'0)

phs 0.2Vo SDS. prior to hybridi zaton,ninocellulose discs were incubated for 4-5 hr at 42oC

in 15 ml of pre-hybridization solution (containing 56.25 ml 4M NaCl, 22'5mllM Tris-Hcl '

p¡¡7.6,9 ml 0.25M EDTA, 25 ml50x Denhardt's reagent (0.17o(Wv) Ficoll' 0.77o(wlv)

polyvinylpyrrolidone, o.lzo(wlv) fraction V BSA), 2.5 rnl denatured Herring Sperm DNA
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made to a fînal volume of 250 ml and a final concentration of.0'2lo sDS)' Pre-hybridizatton

fluid was discarded and replaced with fresh hybridization buffer (as for pre-hybridization but

with the exclusion of Hening Sperm DNA). The kinased oligonucleotide was added, and

hybridization allowed to occur fot l6-24fu at 42oC. Filters wefe removed and washed twice

for 30 min in 6x SSC. After air drying (15-20 min,at foom temperatufe), the discs were

placed for autoradiography at -70oc with intenstfying scfeens.

z.1ll.Ll Southern transfer and hybridization

Bi-directional úansfers of DNA from agarose gels to nitrocellulose paper (Schleicher

and schuell) were performed as described by southem (1975) and modified by Maniatis ef

al. (1982).

prior to hybridization with radio-labelled probe, filters were incubated for 4 ht at

MoC in a pre-hybridization solution conøining 50Vo (vlv) formamide, 50mM sodium

phosphate buffer, pH 6.4, 5xSSC 7.0), 5x Denhardt's reagent and 83pg/rn1 single snanded

herring spefm DNA (Sigma) (Maniatis et a1.,1982). Pre-hybridization fluid was discarded

and replaced with fresh hybridization buffer (as for pre-hybridization solution' with the

exclusion of herring spenn DNA). Denatured probe was added and hybridization allowed to

occrr fot l6-24hr at44oC-

Filters were washed twice with shakinga¡37oC for 30 min in 2xSSC' containing

0.l7o (wN)SDS. This was followed by two further washes in O.1xSSC plus 0.17o (w/v) SDS

at 650c. After drying in the ah (15min, room tempefatufe), the filters were covered in plastic

wap and placed on film for autoradiography at -70oc with intensifvmg screens'
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2.l1..l2 In vitro cloning

DNA to be subcloned (200 vg) was cleaved in either single or double restriction

enzyme digests. This was combined with 20 ng of similarly cleaved vector DNA, then

ligated with 2 units of T4 DNA ligase in a volume of 50 pl in a final buffer concentration of

20mM Tris-HCl, pH 7.5, 10mM MgC12, 10mM dittriothreitol @TT),0'6mM ATP for 16 hr

at 4oC. The ligated DNA was then used directly for transformation of E- colí sfains'

Transformants were screened for insertional inactivation of the appropriaæ drug resistance

gene (eg. Ap or Tc), wherever possible, prior to plasmid DNA isolation.

2.12 Preparation of y. cholerae or E. coli genomic DNA

Genomic DNA from either V- cholerae ot E. coli was prepated according to Manning

et al. (1986). Cells from a 20 rnl shaken overnight culture were pelleted in a bench

centrifuge for 10 min and washed once with TES buffer (50mM Tris-Hcl, pH 8'0, 5mM

EDTA, 50mM NaCl). The pellet was then resuspended in 2ml of 257o (w/v) sucrose, 50mM

Tris-HCl, pH 8.0 and 1ml of lysozyme (l0pg/mt in 0.25mM EDTA, pH S'0) was added and

the mixture incubated on ice for 20min. TE buffer (0.75m1) and 0.25m1 of lysis solution

(Szo(wlv) sarkosyl, 50mM Tris-HCl, pH 8.0,0.25mM EDTA, pH 8'0) were added' together

with 2mg solid pronase. The mixture was gently vottexed, fransferred to a 50 ml

Ehrlenmeyer flask and incubated at 56oC for 60 min. This was followed by three exfractions

with TE-saturated phenol and two extractions with diethyl-ether. The genomic DNA was

precipitated with four volumes of l00lo ethanol and resuspended in lml of TE'
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2.13 Polymerase Chain Reaction Protocot (PCR)

The procedure used was a modification of Saiki and Gelf¿nd (1984). PCR

amplification was performed in a 50 pl reaction volume containing PCR buffer (1'5mM

MgCl2, 10mM Tris pH8.4, 50mM KCI), 1.5U of Taq polymerase (Cetus), 20pM of primer

and 100ng of v. cholerae chromosomal DNA. The dNTPs wefe used at a concentration of

2pv^. The thermocycler (Perkin Elmer Cetus) was programmed to incubate samples at 959C

for 5 min and then to carry out 25 cycles consisting of 95oC for 30 sec., 62oC for 30 sec',

T2ocfor 1 min followed by a final extension aflzocfor 5 min. 10pl of this reaction product

was analysed on a 0.87o agarose gel, the remaining product was purified and used for

cloning.

2.I4 Mt 3 cloning and sequencing procedures

2.14.1 Preparation of M13 replicative form (RF) DNA

Fresh 2xTt broth (10 rnl) was inoculated with 10 pl of an overnight culture of JM101

(in M13 minimal medium). A single plaque of M13mp18 or M13mp19 picked from an H

agar plate witïr a sterile toothpick was added to this bottle. The culture was grown at37oC

with vigorous shaking for 6 hr. Bacterial cells \ilere removed by cennifugation (5,000 rpm,

10 min, bench cenrifuge) and the supernatånt added to 1 line of NB containing 10 ml of a

shaken overnight culture of JM101. Following incubation for 14 hr at 37oC with shaking'

replicative form @F) DNA was prepared as described previously for plasmid DNA

purification (section 2.t0).
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2.14.2 Ctoning with M13mp18 and M13mp19

The Ml3 vectors, M13mp18 and M13mp19 (Messing and Vieira, L982; Vieira and

Messing, lg82) were used for selective cloning of restriction enzyme generated DNA

fragments. Stocks of Ml3 vectors cleaved with various enzyme combinations and treated

with alkaline phosphatase wefe stored at 4oc. Plasmid DNA was cut with the appropriate

enzymecombinations for subcloning into the M13 vectors. The ligation conditions used for

blunt ends and cohesive ends were identical. The reaction mixtures consisted of the DNA to

be cloned (100 ng) and the DNA vector (20 ng) in a final volume of 10 pl of ligation buffer.

Ligation with T4 DNA ligase was carried out overnight at 4oC.

2.14.3 Transfection of JML01

The E. coli sfiain JM101 was made competent for transformatiolvnansfection as

described in section 2.7. Competent cells (0.2 ml) were added directly to the ligation mixes

and incubated on ice for 30 min. This was followed by a 2 min heat shock at 42oC. Cells

were then transferred to sterile test tubes to which was added a mixture of JM101 indicator

cells (200 ¡rl), 100mM IPTG (40 pl) and2%o (w/v) X-gal in N, N'-dimethyl formamide (40

Fl) and finally 4 ml of H top agar. The mixture was poured as an overlay onto an H agar

plate and incubated overnight at37oc.

2.L4.4 Screening M13 vectors for inserts

White plaques were picked from X-gaVIPTG plates with sterile toothpicks and added

to 1 ml 2xT1¡¡ broth in microfuge tubes containing a 1:100 dilution of an overnight culture of



4B

JM101. These tubes were incubated for 5 hr at 37oC. The cells were pelleted by

centrifugation (30 sec, EppendorÐ. RF DNA, suitable for restriction analysis, was prepared

by the miniprep method. After resfüction enzyme digestion, DNA was examine'd on llo

(w/v) agarose gels.

2.14.5 Purification of single stranded template DNA

M13 RF DNA containing appropriate inserts was reintroduced into JM101 and single

white plaques from this Íansfection picked with sterile tootþicks to inoculate 2 ml of 2xTY

broth containing 201úof an overnight culture of JM101. After vigorous shaking at 37oC for

6 hr, the culture was fiansferred to Eppendorf tubes and cenüifuged for 10 min' The

supernatant was transferred to a clean tube and recentrifuged for 5 min' Three methods of

lysing phage and collecting single snanded phage were employed' They afe as follows:

Method 1: A 1 ml aliquot of the supernatant from each tube was withdrawn and mixed in

a fresh tube with 0.27 fnl of 20lo (w/v) polyethylene glycol (PEG)' 2'5Ir{

NaCl. These tubes were then incubated at room temperature for 15 min. The

phage were pelleted by centrifugation for 10 min in an Eppendorf centrifuge

and the supernatant discarded. Following another short spin (10 sec), the

remainder of the PEGA{aCI supernatant was removed with a drawn out

Pasteur pipette. The pellets were resuspended in 0.2 ml of lxTE buffer'

Redistilled TE sarurared phenol (0.1 rnl) was then added to the phage

suspension and the tubes were briefly vortexed. After standing for 15 min at

room temperature, the tubes were centifuged for 2 min and 0.15 ml of the top

phase fransferred to clean tubes. To the aqueous phase 6 pl of 3M sodium '

acetate pH 5.0 and 400 pl absolute ethanol was added. Single stranded DNA

was precipiøted at -z}ocovernight, followed by cennifugation for 15 min in
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an Eppendorf centrifuge. DNA pellets were washed once with 1 m170flo (vlv)

ethanol followed by cennifugation. After drying ín vacuo the pellets were

resuspended in 25 UI lx TE buffer and stored at-20oC until required-

This method is the same as method 1 to precipitate the phage, which was then

resuspended in 300 pl of TE buffer (110mM Tris HCl,0.1mM EDTA, pH8'0)'

300 pl of TE-saturated phenol was added and the mix was vortexed

sporadically for 10 min. The tubes were centrifuged for 3 min, and then the

exfiaction was repeated with chloroform:isoamyl alcohol (24:L)' The

liberated single snanded DNA was precipit¿æd by the addition of 1/10 volume

5M NaCIO 4and 1 vol. of isopropanol. Single stranded DNA was precipiøted

at -20oC overnight, followed by cennifugation for 15 min in an Eppendorf

centrifuge. DNA pellets were washed once with 1 nl 707o (v/v) ethanol

followed by cenfrifugation. After drying in vacu0 the pellets were

resuspended in 50 pI lx TE buffer and stored at-2}oCuntil required'

1 ml of the supernatant was added to a microfuge tube containing 250 ¡tl of a

207o PEG/3.5M ammonium acetate solution. This w¿ls vortexed and

incubated on ice for 30 min. The phage were collected by cenfiifugation (15

min, Eppendorf¡ and all the supematant carefully removed. The pellet was

dissolved in 100 pl lx TE buffer. 50 pl redistilled TE saturated phenol was

added and the tube vortexed for 2 rnufl followed by incubation at foom

temperature for 5 min. 50 ¡rl chloroform was then added, vortexed for 2 min'

spun in a microfuge for 5 min and the upper aqueous phase was transferred to

a fresh tube. The phenoVchloroform phase was exÍacted with 100 pl lx TE

buffer, spun as before and the aqueoqs phases combined. The combined

aqueous phases \ilere then exfracted with an equal volume of "

phenoVchloroform (three more times). This was then extracted with

chloroform and 250 pl of the supernatant transferred to a microfuge tube
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containing 125 ¡tl7.5M ammonium acet¿te. Afær addition of 0.75 rnl957o

(v/v) ethanol the tubes were stored overnight at -20oC. The DNA was

collected by centrifugation (15 min, Eppendorf), and the pellet washed ¡wice

t¡ttth 957o (v/v) ethanol. The pellet was dried in vacu.o before resuspending

the DNA in 20 Pl distilled water.

2.14.6 Dideoxy sequencing protæol with Klenow fragment

The method was based on that described by Sanger et al. (1977, 1980). Stock

solutions of the four dNTps and ddNTPs were 10 mM in lx TE buffer and stored frozen at -

20oC. Working stocks of the dNTPs were made by diluting to 0.5mM with lx TE. Working

stocks of the ddNTps were diluted to the following concentrations in 1x TE: ddATP

(0.1mM), ddcTP (0.1mM), ddGTP (0.3mM) and ddTTP (0.5mM). The deoxynucleotide

mixes (A, C, G, T ) were made for each of the four sequencing reactions, with a[32p]-dc'tp,

as follows:

Components

0.5 mM dATP

0.5 mM dCTP

0.5 mM dGTP

0.5 mM dTTP

10x TE buffer

Mixes

A"(pl)

40

10

c"(pl)

40

10

40

40

40

6

40

5

40

4

40

G"(Lrl) T:(Pl)

40 6

10 10

Mixes of N" and working solutions of ddNTPs were made by the addition of the following

combination of comPonents:



51_

Components Mixes

A"{-ddA C"-tddc G"{ddG T"+ddT

7 ltl
14 pl

7þr

14 pl

7 ttl

14 pl

7 ptl

14 UI

The mixes were stored at -20oC until required for later use in sequencing reactions. The

annealing of synthetic primer to template was achieved by incubating 6 pl template, 1 ¡rl

M13 primer, 1 pl 10x TM buffer (100mM Tris-HCl, pH 8.0, 50mM MgCl2) and2 pl watef'

The mixture was heated at 650C for 60 min and then allowed to cool at room temperature'

Rows of four microfuge tubes (one tube for each sequencing reaction) were prepared

containing 2 ¡tl ofannealed DNA. 5 ¡.rci of cr¡32p1-dcrp was dispensed into each of four

tubes marked A, C, G and T and dried i¿ vacua. The solution of appropriate N'/ddN mix was

used to resuspend the dried label. The N"/ddN rabel mix (2 pr) was aliquoted into each of

four tubes (one for each sequencing reaction) containing 2 pl of the dried annealed DNA' To

the side of each tube was added .25 units of Klenow fragment. These components wefe

simultaneously brought together by a brief spin in an Eppendorf centifuge and the reaction

mixes incubated at 370C for 15 min. chase solution (2 [rt), consisting of 0'25mM of each

dNTPand0.025units/rnlKlenow,wasaddedtothesideofeachtubeandthechasereaction

started by another brief spin. After 15 min at 37oC,4 pl formamide dye ntx (95Vo (Øv)

formamide ,0.17o (wv) xylene cyanol, O.lvo (wlv)bromophenol blue, 10mM EDTA pH 8'0)

was added to stop the reaction. Reaction mixes were heated in a 100oC heating block for 2'5

min and immediately 0.5-1.0 pl loaded onto ÍTopolyacrylamide denaturing gels (see below)'

Remaining reaction mixes were stored at -20oC an( for re-running, these samples were

boiled for 60 sec immediately prior to loading'
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2.14.7 Dideoxy sequencing protocol with Sequ""u,"TM

The dideoxy chain termination procedure of Sanger et al. (1977) was modified to

encompass the use of Sequenar"TM (modifred T7 DNA polymerase) in place of Klenow

(Tabor and Richardson, 1987). All reagents were stored at -20oC. Two ty¡les of labelling

and termination mixes were used, namely the dGTP mixes and the dITP mixes. The contents

of the dGTP mixes ale as follows :

The dITp mixes were used to reduce gel artifacts due to secondary sfructures in DNA

synthesized in the sequencing reaction (Bames et a1.,1983; Gough and Murray, 1983)' The

dITP mixes were as follows :

Labetling Mix (dGTP):

ddG Termination Mix (dGTP):

ddA Termination Mix (dGTP):

ddC Termination Mix (dGTP):

ddT Termination Mix (dGTP):

Labelling Mix (dITP):

ddG Termination Mix (dITP):

ddA Termination Mix (dITP):

ddC Termination Mix (dITP):

7.5 mM dGTP, dCTP and dTTP

80 mM dNTP, 8 mM ddGTP, 50 mM NaCl

80 mM dNTP, I mM ddATP, 50 mM NaCl

80 mM dNTP, I mM ddCIP, 50 mM NaCl

80 mM dNTP, 8 mM ddTTP, 50 mM NaCl

15 mM dITP,7.5 mM dCTP,7.05 mM dTTP

160 mM dITP, 80 mM dATP, dCTP

dTTP, 1.6 mM ddGTP, 50 mM NaCl

160 mM dITP, 80 mM dATP, dCTP

dTTP, 8 mM ddATP, 50 mM NaCl

160 mM dITP, S0 mM dATP, dCTP

dTTP, 8 mM ddCTP, 50 mM NaCl

160 mM dITP, 80 mM dATP, dCTP

dTTP, 8 mM ddTTP, 50 mM NaCl

ddT Termination Mix (dITP):
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Normally the labelling mix was diluæd 1:5 with water to obtain the working

concenfration, howevef, to read long sequences in a single reaction, a dilution of 1:2 was

used. The synthetic primer was annealed to the template by incubatinl7 ILI template (5-10

nM), 1 pl primer (500 nM) and2 pl 5x Sequenase buffer (200mM Tris-HCl pH 7'5' 100mM

MgCl2, 250mM NaCl). The mixture was heated in a metal block at 65oC for 3 minutes and

then the block containing the tubes was allowed to cool to loom temperatlue' To the

annealed mixture, 2 pl of the appropriately diluted labelling mix, 1 pl DTT (0.1M)' 0'5 pl

øt3Srr-OOr" (1000 Cilmmol) and 2 pl of diluted Sequenaseru (1:8 dilution in 1x TE

buffer) was added, spun, mixed, and then incubated for 5 minutes at foom temperat1¡e' 3'5

pl of ttris mix was then aliquoæd into four microfuge tubes, prewarmed to 3JoC,labelled A,

c, G and T, each containing 2.5 ¡tlof the corresponding termination mix, then spun briefly to

start the termination reaction. Afær 5 minutes at 37oC,4 pl Stop solution (95Io (vlv)

formamide, 20mM EDTA, 0.o5lo (Øv) bromophenol blue,0.057o (dv)xylene cyanol ) was

added to each of the reactions. Reaction mixes were heated to 100oC fo¡ 2 min and

immediately L.2 ¡tlloaded onto the sequencing gel. For re-running, these samples were kept

at -Z}ocfor up to 2 weeks and heated to 100oC for 3 min prior to loading.

2.14.8 Sequencing using dye-labelled primers

Sequencing reactions were ca¡ried out on lmg of double snanded plasmid DNA using

the protocol provided by Applied Biosystems'

In dye-labelted primer sequencing the DNA waç split into four tubes labelled A, C, G

and T containing 160ng, 160ng, 320ng and 320ng of DNA respectively. To each tube the "

following reagents were added: Dye primer O.4pmol, 5x cycle sequencing buffer (400mM
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Tris-HCl, pH8.9, 100mM (NHd2so4 pH9.0, 25mM Mgcl2), d/ddNTP mixes and diluted

Taqpolymerase.Sunits (1 in 8)-

d/ddA mix 1.5mM ddATP, 62.5¡tMdATP, 250pMdcTP,375pM 
"7dGE,250pM 

dTTP)

d/ddc mix 0.75mM ddCTP, 250pM dATP, 62.5pMdCTP, 375pM 
"7dGTP, 

250¡rM dTTP)

d/ddc mix .l25mM ddcTP, 250UIVI dATP, 25OpMdCTP, 94pM 
"7dGTP, 

250pM dTTP)

d/ddT mix 1.25mM ddTTP, 250tM dATP, 25OpMdCTP, 375PM 
"7dGTP, 

62.5PM dTTP)

ReagentACGT
Dye-primer 1Pl 1Pl 2ttl 2ltI

d/dNTP mix lPl lpl 2Ptl 2ttl

5x Cycle buffer lPt lPl zPJ' 2ltl

DNA template lPl lPl 2tú 2ttl

Diluted Taq 1Pl lpl 2ttl zPJ

Total Vol. 5P1 5Pl 10¡rl 10Pl

Each reaction was overlayed with 20pl of light mineral oil and spun.

Tubes were placed in a Cetus-Perkin Elmer model thermal cycler and cycled as follows

Rapid thermal ramp to 95oC

95oC for 30sec

Rapid thermal ramP to 55oC

55oC for 30sec

Rapid thermal ramP to 70oC

70oC for 60sec

15 cycles total

followed by

Rapid thermal ramP to 95oC

95oC for 30sec

Rapid thermal ramp to 70oC
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70oC for 60sec

15 cycles total

Rapid thermal ramp to 4oC and hold

Samples were combined in 80pl of.957o (v/v) ethanol with 3pl of 3M sodium acet¿te and

precipitated on ice. DNA was pelleted at 13,000 rpm for 15 min (Eppendorf 5414)- Samples

were dried in vaato and stored at -20oC until needed. Prior to loading onto the sequencing

gel the samples were resuspended in 5 pl deionized formamide/s0mM EDTA þH 8.0) 5:1

(v/v) and heated to 95oC for 2min.

2.14.9 Sequencing with dye-labetled terminators

Sequencing reactions were carried out on lpg of double-snanded plasmid DNA using

the protocol provided by Applied Biosystems.

The following reagents were added to the DNA as a reaction premix:

5x TACS buffer (400mM Tris-HCl, 10mM MgC12, 100mM (NH|2SO4 pH9'0), dNTP mix

(750pM dITP, r50¡rM dATP, 150pM dTTP, 150pM dcTP) , dye deoxy A,c,G and T

terminator and diluted amplitaq. The volume was made up to 20pl with water. Ihe mixnue

was overlayed with oil prior to thermal cycling. The following cycle protocol was used. :

Rapid thermal ramp to 98oC

98oC for 30sec

Rapid thermal ramP to 50oC

50oC for 30sec

Rapid thermal ramP to 60oC

60oC for 4min

25 cycles total
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Following cycling the reaction volumes were adjusted to 100p1 and subsequently extracted

twice with 120p1 of phenol:chloroform:water (7:I:2, vlv). The DNA was precipitated wittt

300p1 of 95% (v/v) ethanol and 10pl of 3M sodium acetate. DNA was pelleted at 13,000

rpm for 15 min (Eppendorf 5414). Samples were dried in vacuo and stored at -20oC until

needed. Prior to loading onto the sequencing gel the samples rilere fesuspended in 5 ttl

deionized formamide/somM EDTA (pH S.0) 5lL (vlv) and heated to 95oC for 2min'

2.14.10 DNA sequencing gels

Polyacrylamide gels for DNA sequencing were prepaled using glass plates 33 x 39'4

cm and 33 x 42cm. Spacers and combs were high density polystyrene (0'25 mm thick)' The

gel mix contained 70 ml acrylamide stock I5.7Vo (Wv) acrylamide, 0'37o (wlv) bis-

acrylamide, 8M urea in lx TBE buffer (89mM Tris base, 89mM boric acid, 2.5mM EDTA,

pH 8.3)1, plus 420 ¡tl 25Vo ammonium persulphate and 110 ttt TEMED (N,N,N"N'-

tetramethyl-ethylene-diamine, sigma). After thorough mixing the gel mix was poured into a

clean gel sandwich and the comb inserted. Polymerization took place for 60 min, with the

gel in â horizontal position. The gel was mounted onto the sequencing appalatus' Gels were

pre-elecfophoresed at 700 v for 30 min. After the samples had been loaded the gel was

electrophoresed at a constant voltage (700 v) for 15 min, and then increased to 1200 v (33

mA). Afær 4 hr the samples were reloaded into a second set of wells on the same gel The

gel was further elecfrophoresed, initially at 700 V, then 1200 V fot 2.5 hr by which time the

bromophenol blue dye front from the second loading, had reached the bottom of the gel'

Plates were separated and tissue papef was used along trhe borders of the gel to hold it to the

plate during the fixation procedure which involved slowly washing the gel using 2 lites of "

l¡Vo (vlv) acetic acid, 207o (v/v) ethanol applied using a 60 ml syringe. The gel was then

dried at 100oC for 20 min. plastic wrap was used to cover the gel before placing on film for
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autoradiogfaphy. Autoradiography was performed at foom t€mperatue, without the use of

intensifying screens, fot 16-24 hr.

Sequencing gels for the Applied Biosystems 3734 automated sequencer rwere

essentially the same as above. The gel was clamped into the sequencer and was pre-

electrophoresed for l0 min at 1000 v. Samples were boiledror 2 min prior to loading and

run for 14hr at a constant current of 40m4. Dat¿ were collected for a period of 13hr'

anatysed and displayed on screen of the Macintosh trCX as chromatograms'

2.14.11 Analysis of DNA sequences

Raw sequencing data from the 3734 automated sequencer were analysed using the

Applied biosystems seq Ed program version 6.0. sequencing data were analysed using the

following computef programs: LKB DNA and proæin analysis programs' DNASIS and

PROSIS.

2.15 Anatysis and manipulation of RNA

2.15.1 RNA preParation

RNA was prepared by a modification of the method described by Aiba et aI. (L981).

Overnight (NB) cultures of either V. cholerae or E. colí harbouring a plasmid of interest were

subculturedl:l0andglowntooD65g=l.Fivemlof"culturewascentrifugedandthepellet

was resuspended in 0.5 ml of solution A (0.02mM Na acetate pH 5.5, 0.57o SDS, lmM "

EDTA). This was extracred 3 to  times wittr hot (65oC) phenol (equilibrated witb a solution

containing; 0.02 mM Na acetate, 0.02mM KCl, 0.01mM MgCl2 at pH 5.2)' The aqueous
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solution was then precipiøted with nvo volumes of t007o ethanol and one tenth volume of

3M Na acetate pH 5.2. To remove contaminating DNA the precipiøte obtained was

resuspended in H2o and incubated at37ocfor 10-15 min with DNase buffer (10x 200mM

Tris-HCl pH7.6,50mM MgCl2) and 1 pl of DNAse enzyme (10 u/pl, BRESATEC)' This

was re-extracted with phenol, the RNA precipitaæd, dfied invacuo and resuspended in water'

2.15.2 Quantitation of RNA

The concentration of RNA in solutions was determined by measurement of absorption

at260nmand assuming an 4260 of 1.0 is equal to 40pg RNA/rnl (Miller, 1972).

2.15.3 Northern Transfer

Glyoxalation of RNA, elecfrophoresis and Northern fransfer procedures were

essentially as described by Thomas (1980)'

Denaturation of RNA: The RNA samples were denatured by incubation of RNA (30pg) with

lM deionised glyoxal and 10mM sodium phosphate buffer pH 6.5 at 50 c for 60 min'

Reactions were chilled on ice and 5 pl of sarnple buffer containing SÙvo(vlv) glycerol, 10mM

sodium phosphate buffer pH 6.5 and bromophenol blue was added'

Electrophoresis: The samples were electrophoresed on a horizont¿l l'2%o zgarcse gel in

10mM sodium phosphate pH 6.5, 0.1mM EDTA. The electophoresis apparatus used was the

FIE 100 SuperSub (tloefer) which ensured adequate reclrculation of buffer. Maintenance of a

constant pH is required for the glyoxal adduct to remain associated with the RNA
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Transfer: Transfer was set up according to Thomas (1930) in 2OxSSC (3M NaCl, 0'3M

trisodium cinate). A charged 0.45pm nylon membrane was used (BioTrace' Gelman

Sciences). After 17 hr tansfer the nylon membrane was air dried and placed RNA side down

on a lrv Eansilluminator (254nm) for 2 min to fix the RNA to the membrane.

Removal of Glyoxal: To remove the glyoxal adduct the filter was Eeated with 20mM Tris

pH8.0 at 100oC and allowed to cool to room t€mperature'

prehybridization: Filters were prehybridiz€d for 7 hr at 42oC in buffer containing 507o(vlv)

formamide, 50mM sodium phosphate buffer pH 6.5, 5xSSC , 5x Denhardts reagent and

2s}þglrnlsingle stranded hening sperm DNA'

Hybridization and V/ashins: Denatured probe was added to prehybridized filters and

incubated at 4ZoC fot 24 ht. Filters were washed twice for 5 min at room temperature in

2xSSC, SDS 0.17o(dv). This was followed by two washes for 15 min at 65oC in 0.lxssc,

SDS 0.17o(dv). After air drying the filters \ryere covered in plastic wrap and placed on film

for autoradiography at -70oC with intenstfying scre'ens'

2.15.4 Primer Extension

Synthetic lgmer oligo. primers were radioactively labelled witfr l3Znl-ATP at the 5'

end by T4 polynucleotide kinase as described in section 2.1I.7. The kinasing reaction

consisted of 60 ng of primer, 20pCi ft32pl-nfp, kin4se buffer (50mM Tris pH7'4, 10mM

MgCL2,5mM DTÐ and}IJ T4 polynucleotide kinase (Boehringer) in a volume of 10 pl and

was incub ateÃ at 37oC for 30 min. The reaction mixture was made up to 80 pl and

precipitated with 2 volumes of ethanol, lllo volume of 3M NaAc and 20 pg glycogen
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overnight at -z1oc. Labelled primers were centifuged for 15 min, washed tn7ÙTo ethanol,

dried and resusPended in H2O.

The kinased primer (6ng) and RNA (30pg) were precipitatedtogether at -20oc with 3

volumesofethanolandU2}volumeof4MNaCl.Aftercentrifugation,pelletswerewashed

n707o(vlv) ethanol and dried invacuo'

primers were hybridised to RNA by resuspending pellets in 10pr hybridisation mix (10mM

Tris pH g.3, 200mM KCt), heating at 80oc for 3 min and incubati on at 42oC for 60-90 min.

Extension of annealed primers was achieved by the addition of 241ú extension mix

(10mM Tris pH 8.3, 14mM MgCl2,14mM DTT, 2mM each dNTPs) and 10u AMV fevefse

transcriptase (Pharmacia), followed by a 60 min incubation at42oC.

Reactions were feated with DNase free RNaseA, phenovchloroform exfracted and

precipitated overnight \4rith 3 volumes ethanol and 1/10 volume 3M Na acetate pH5'5 at -

20oC. pellets were recovered, washed inlTvo ethanol and dried before resuspension in 5 pl

H2O and 5 pl formamide loading buffer. Samples were boiled at 100oC for 3 min prior to

loading on67o polyacrylamide gels.

Dideoxy sequencing reactions were performed using a T7 DNA polymerase

sequencing system as described by the manufacturers (Promega). Reactions were performed

using 60ng of the above primers and 4pg of double sfanded DNA template'

2.L6 Assay for Chloramphenicol Acetyltransferase (CAT)

The cell lysates for this assay were prepared essentially as described by Gross and

Rappuoli (19s8). The assay was performed as described by Gorman et aI. (1982).

Culrures to be assayed ìvere grown to equivalent optical densities in CFB or AKI

media. Optical densities were adjusted to AOOO of 0.8 and 1.5m1 of cells were collected'

After centrifugation (2 min, Eppendorf 5414) cell pellets were resuspended in 300p1 of
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0.25M Tris pH7.g. Cells were lysed by sonication for 60 sec on ice with a Branson sonicator.

Cell debris was removed by centrifugation at 4oC (15 min, Eppendorf 54L4)' The

supernatants were collected and heated at 65oC for 10 min- The lysates wele cenhifuged

(smin, Eppendorf 5414) and the supefnatånts retained' These were snap frozen in a dry

ice/ethanol bath and stored at -20oC. Assays were performed using 15pl of a IlI0 dilution of

cell lysate in a final volume of 170¡rf containing 0.25M Tris pH7.8, 0'125pCit14Cl-

chloramphenicol and 0.5mM acetyl Co-A. Incubation rilas at 37oC for 30 min' Reactions

'vere 
extracted with ethyl acetate, vortexed and centrifuged (5 min, Eppendorf 5414)' The

organic phase was removed and dried down in a speedvac evapolator for 35 min' The

samples were resuspended in 10pl of ethyl acetate and spotted in 2.5¡rl aliquots onto silica

gel thin layer chromatography (TLC) plates. The chromatography tank was equilibrated for

thr with 100m1 of 95:5 (v/v) chloroform:methanol. Thin layer chlomotography was run in

this solvent until the solvent front was lcm from the top of the TLC sheet' TLC sheets were

afu dried and exposed to X-ray film for 24fu atroom temperatule.

2.L7 Protein analysis

2.17.1 Minicell Procedures

plasmid encoded proteins were analysed in minicells using the E. coli snain DS410'

Minicells were purified and the plasmid-encoded proteins labelled vvfth t35sl-methionine as

described by Kennedy et al. (1977) and modified by Achtmal et aI. (1979). Cells were

initially collected by centifugation (Sorval rotor GSA, 7,000 rpm, lq mi") Minicell

purification involved separation of minicells from whole cells (500 ml overnight culture in

LB) by centrifugation (sorval rotor HB4, 6,000 rpm, 20 min) through two successive 207o

sucrose gradients in lx buffered saline gelatin ((BSG) .857o(Vv) NaCl, 0'037o(wlv)

KH2PO4, 0.067o(wlv) Na2tIPO 4' o.ITo(wlv) gelatine) . The minicells were removed by

puncturing the centrifuge tube and withdrawing the cells into'a 10ml syringe. The minicells
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were subesquently washed in minimal media. The optical density of the cells was adjusted to

an A650 of 0.6. ,Minicells 
were then preincubating in minimal medium to degrade long lived

mRNAs corresponding to chromosomally encoded genes, then pulse labelled with 12.5 ¡tCi

[35s]-*etttionine in the presence of methionine assay medium (Difco) for 60 min.

Following incubation wittr l35S]-methionine cells were washed and resuspended in lml of

nutrient broth and incubated at37oC for 5 min. Minicells were subsequently solubilized by

heating at 100oC in 100 pl of 1x sample buffer (Lugtenberg et aI., 1975) and analysed by

SDS-PAGE.

2.17 .2 SDS-Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on either 11-

20Vo polyacrylamide gradients (for proteins) or straight 207o polyacrylamide gels (for

lipopolysaccharides) using a modification of the procedure of Lugtenberg et al. (1975) as

described previousþ by Achtman et al. (1978). Samples were heated at 100oC for 3 min in

SDS sample buffer (.25mM Tris-HCl pH 6.8, 2%o(wlv) sDS, 107o(v/v) glycerol, S%o(vlv) þ-

mercaptoethanol, 15(wiv) bromophenol blue) prior to loading. Gels were generally

electrophoresed at 100 v for 5 hr (11-20Vo gradient gels) or 10mA constant cuffent for 16 hr

(207opAGE gels). Proteins were stained with gentle agitation overnight at room temperature

in 0.06Vo (dv) Coomassie Brillianr Blue G250 (dissolved tn 57o (v/v) perchloric acid).

Destaining was accomplished with several changes of 57o (v/v) acetic acid, with gentle

agitation for 24hr. Size markers (Pharmacia) were phosphorylase B (94 kDa), bovine semm

albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), soybean trypsin

inhibitor (20.1 kDa) and cr-Lactalbumin (14'4 kDa)'
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2.17.3 Induction of Proteins Using IPTG

An overnight culture was diluted 1/10, with appropriate antibiotic, and incubated with

shaking fot t ll2hr at37oc. IPTG was added to ll2 of the culture at a final concentration of

lmM and incubation continued for 3 hr at 37oC. 1 ml sample of culture was placed in a

microcentrifuge and cells were collected by centrifugation and resuspended in 50 pl of lx

SDS smaple buffer. 10 pl of sample was boiled and loaded onto SDS-PAGE gels for

analysis.

2.17.4 T7 RNA Polymerase Expression System

The plasmid pGpt-2carries the T7 RNA polymerase under the confrol of the lambda

p¡ promoter. This plasmid was transformed into E. coli strains containing aplasmid with the

specific gene of interest under control of the T7 RNA polymerase promoter A 10 ml LB

broth with ampicillin and kanamycin was inoculated with a single colony and shaken at 30oC

overnight. The culture was subcultured 1:10 and incubated with const¿nt shaking at 30oC'

.When 
an A596 O.D. of 0.6 was reached, the cells were incubated at 42oC for 20 minutes to

induce the pGpl-2 p¡ ptomoter by the inactivation of cl¡s, allowing expression from the LpL

promoter. Rifampicin was added to a final concenfration of 200 pglml to inactivate the E'

coli RNA polymerase and incubation was continued at 42oC for a further 20 minutes' The

culture was then Ieft for at least 2 hr shakingat37oc. 1 ml of culture was transferred to

microfuge tubes, spun to pellet the cells and resuspended in 100 pl of 1x SDS sample buffer'

10 ¡.rl of sample was boiled for 2 min and loaded onto SDS-PAGE gels for analysis. Gels

were subsequently søined with Coomassie G250'
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2.17.5 Cell Fractionation

The cell fractionation procedure \üas a modification of that described by Osborn e/ a/.

(1972a). Cells were grown in BHI to mid-exponential phase at 37oC (50 ml, oDoso of 0.6).

Cells were pelleted in a Sorvall SS-34 rotor, (10,000 rpm, 10 min, 4oC) and resuspended in 1

ml of 2}vo(wlv) sucrose, 30mM Tris-HCl pH 8.1, fiansferred to sM-24 tubes and chilled on

ice. Cells were converted to sphaeroplasts with 0.1 ml of 1 mglrnl lysozyme in 0'1M EDTA

pH7.3 for 30 min on ice. Cells were cennifuged as above and the supernatant collected

(periplasmic fraction). The cell pellet was frozen in an ethanol dry ice bath for 30 min'

thawed and dispersed vigorously in 3 ml 3mM EDTA, pif'/.3. Cells were lysed by 60 x 1

sec bursts with a Branson ulnasonifier. unlysed cells and large cell debris were removed by

low speed centrifugation (5,000 lpm, 5 min, 4oC). The supernatant containing the

membranes and the cytoplasm was centrifuged at 35,000 rpm in a 50Ti rotor for 60 min at

4oC in a Beckman L8-80 ultracentrifuge. The supernatant (cytoplasmic fraction) was

collected and the membrane pellet was resuspended tn25%o sucrose' 10mM Tris-HCl pH 7'8'

lmM EDTA. The separation of the outer and inner membrane fractions was performed by

using a step gradient between 55lo and307o sucrose. The membrane bands were collected,

pelleted by centrifugation and suspended in 0.1 ml of 10mM sodium phosphate buffer pH

6.g. Samples were mixed with SDS sample buffer and subjected to SDS-PAGE analysis'

2.17.6 AutoradiograPhY

SDS-PAGE gels were dried on'Whatman 3MM chromatography paper at 60oC for 2

hr on a Bio-Rad gel drier. l35S]-mettionine and ¡355r-dATP autoradiography was

performed at room temperature for 1-7 days without intensiSing screens using Kodak XR-

100 firm. For autoradiography witrr [32p] labelled DNA, the gels were exposed to film for 6-

72hr at -70oC, using intensifying screens.
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2.L7.7 Western Transfer and Protein Blotting

.The procedure used was a modification of that described by Towbin et al- (1979)-

Samples were subjected to SDS-PAGE and fransferred to nitrocellulose (Schleicher and

Schuell) at ZO0 mA for 2 hr in a Trans-Blot Cell @iorad). The transfer buffer used was

zsm]r|{Tris-HCl pH g.3, 192mM glycine and S%o(vlv) methanol. For LPS hansfer the buffer

cont¿ined 2¡To(vlv) methanol and the ûansfer time was thr at 500m4. After transfer, the

nitrocellulose sheet was incubated for 30 min n S%o(wlv) skim milk powder in TTBS

(0.05zo(vlv) Tween 20, 20mMI Tris-HCl, o.9%o(wlv) NaCl) to block non-specific protein

binding sites. The primary antiserum was diluted 1/100 in TTBS, 0.027o(wlv) skim milk

powder and incubated with gentle agitation at room temperafü e for 2-16 hr. The nonspecific

antibody was removed by washing the ninocellulose sheet three times for 10 min in TTBS

with shaking. Bound antibody was detected using an anti-antibody coupled with horseradish

peroxidase and peroxidase subsfate. This was accomplished by incubating the filær rot 2-16

hr (gentle agitation) with goat anti-rabbit IgG coupled with horseradish peroxidase (Nordic

Immunology) at a dilution of 1/5,000 in TTBS. The filter was then washed four times (5 min

intervals) with TTBS, followed by two 5 min washes in TBS (20mM Tris-HCl, 0.97o(wlv)

NaCl). The antigen-antibody complexes were then visualized using peroxidase subsftate

(g.gmg 4-chloro-1-napthol dissolved in 3.3 ml -20oC methanol added to 16.5 ml TBS

containing 15 ¡rl hydrogen peroúde) which was added and allowed to incubate for 10-15 min

with shaking, as described by Hawkes et al. (1982)'

2.17 .8 Transfer for N-terminal sequencing

Samples were run in SDS on I5Vo polyacrylamide gel and st¿ined with Coomassie

blue G250, the protein of interest was excised and rerun to femove any contaminants.

Samples were subsequently transfered to polyvinylidene difturide (PVDF) @ioRad) at 200
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mA for 2 hr in a Trans-Blot Cell @iorad). The transfer buffer used was 25mM Tris-HCl pH

8.3, lg2m¡¿1 glycine and I\Vo(vlv) methanol. Proteins were stained for 10 min in

0.025To(wlv) Coomassie blue R-250 in  }Vo(vlv) methanol. The membrane was dest¿ined in

507o(vlv) methanol and subsequently air dded. The membrane rwas send to A. Gooley

(Macquarie University Sydney) to be analysed on a 4704 Applied Biosystems P¡oÛein

Sequencer.

2.!8 Preparation of rabbit antisera

Adult rabbits were obtained from the Cennal Animal House of the University of

Adelaide for the production of antisera to partially purfied protein by subcutaneous

immunization. The rabbit was immunized without adjuvant by subcutaneous injection of the

gel homogenates on day 1, day 10 and day 17. The rabbits wefe bled by cardiac puncfi¡fe

under anesthesia 10 days after the last immunizafion.

2.L9 Lipopotysaccharide procedures

z.Lg.l Preparation of whole celt lysates (WCL)

Whole cell lysates (WCL) were prepared by the method of Hitchcock and Brown

(1983). Cells were glown overnight in NB and 1.5 ml was spun down in an Eppendorf

centrifuge for 5 min. The pellets were solubilized ln 50 pl of lysing buffer containing

27o(wlv) SDS, 47o(v/v) Ê-mercaptoethanol, L\Vo(vlv) glycerol, lM Tris-HCl pH 6.8, and

g.l7o(w/v) bromophenol blue. Lysates were heated at 100oC for 10 min. 2.5 ¡tg of
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hoteinase K solubilized in 10 pl of lysing buffer was added to each sample and incubaæd at

60oC for 2-4hr. Samples were stored at -20oC'

2.19.2 LPS silver staining

Silver staining of LPS in polyacrylamide gels was performed using the method.of

Tsai and Frasch (1982). The following procedure was used:

i) fixation overnight tn407o(vlv) ethanol, IÙ%o(vlv) acetic acid;

ä) oxidarion for 5 min with o.T%o(wlv) periodic acid in 407o(vlv) ethanol, IÙ%o(vlv)

acetic acid;

üi) 4 washes with \ilater at 30 min each;

iv) staining for 10 min, in a solution containing 28 ml 0.1N NaOH, 2 ml concenftated

NH4OH and 5 ml2}q/o(wlv) AgNQ in a total volume of 150 ml;

v) developing in a solution of 50 mg citic acid and 0.5 ml formaldehyde in 1 litre. The citric

acid was dissolved in water and heated to 37oC and formaldehyde added just before

use. Distilled, deionized water which had been passed through a series of Millipore

filærs and had a conductivity of not more than 18 mega ohms/cm was used to rinse all

glassware and in the preparation of solutions'

2.19.3 Isolation of LPS from V- cholerae

LpS was isolated from several strains during the course of these studies for

sensitizarion of red blood cells (RBCs) for haemagglutination inhibition assay (HrA). LPS

was exfracted from cells with ho¡ 907o(w/v) phenoVwater using the procedure of Wesçhal

and Jann (1965). A 100m1 bacterial saline suspension (20mg/fül dry weight) was heated to
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6goc. An equal volume of 9y7o(vlv) phenoVwater þrewarmed to 68oC) was mixed into ttre

cell suspension and stirred continuousþ at 68oC for 30 min The mixture was allowed to cool

and the resulting phases separated by centrifugation in glass buckets (1500rpm' 20min,

Coolspin MSE). The aqueous phase was collected and stored at 4oC. The phenol phase was

re-extracted with half the original volume of prewarmed water (6soc) for 30 min with

stirring, and the phases again separated by centrifugation. The aqueous phases were

combined and dialysed against 5 liters of water, overnight at 4oC. Insoluble material was

pelleted by centrifugation (500g for 5 min at 4oC in an SS34 rotof, Sorvall). The LPS was

precipitated from the supematant with 5-6 volumes of cold l00%o ethanol containing 250mg

of sodium acetatepowder. The precipitate was collected by centrifugation (4000g for 30min

at 4oC in a GSA rotor, Sorvall) and resuspended in 25ml of distilled water containing 5mM

MgCl2. A small quantity (approximately 1mg) of DNAse and RNAse I was added, and

incubated for 60 min at room tempefature. This was followed by the addition of pronase (I-2

mg) and further incubation for 30 min The mixture was again centrifuged at low speed (300g

for 10 min at 4oc in an SS34 rotor, Sowall), before deposition of LPS by ultracentrifugation

(100,0009 for 2 hr at 4oC; 60Ti rotor in a Beckman L8-80). Each pellet'was resuspended in

5ml distilled \ilater, of which 0.25m1 was used for dry weight determination and 0.1ni1 for the

estimation of protein by Lowry's method (t owry et aL,1951) using BSA as a standard' All

preparations were stored at 4oC.

2.20 Haemaggtutination inhibition assay (HIA)

LpS was alkali freated prior to use by ove¡night incubation of LPS at room

tempärature in the presence of .25M NaOH, the LPS was subsequently neunalized to pH 7.0

by the addition of HCL A haemagglutination assay was performed by adding 25 ltl of sheep

red blood cells (SRBC), sensitized with alkali fieated, purified LPS, to 25 ¡tl of 2-fold
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dilutions of the appropriate antiserum. V. cholerae Ogawa LPS was obøined from S.

Attridge. The monoclonal antibodies cr-A (208) and o-C (138) were as described in Ward ¿/

at. (19g7). Monoclonal antibody a-B (VCO8) was obt¿ined from Wellcome Diagnostics,

Kent U.K. Trays were incubatîÀ rt 37oC for 60 min and the haemagglutination end point

determined. Four haemagglutinating units of antibody were used in the HIA.

The HIA was performed as follows. The antigen being tested (LPS) was diluted out

serially n 25 pl volumes. 25 ¡tl, of anti-serum (4 haemagglutinating units, as described

above), was then added to each well. The frays were incubated at37oc for 60 min and then

an equal volume, i.e. 50 pl, of sensitized SRBC was added to each well. The trays were

incubated for a further 60 min at37oc and the end points determined.

2.2L ElectronmicroscoPY

2.21.1 Preparation of protein A'gold

Colloidal gold (10nm-15nm diameter) was úeated with dexfran, activated with

gluøraldehyde and then coupled to protein (Pharmacia), according to the method of Hicks

and Molday (1984).

2.21.2 Immuno-gold electron microscopy

Immuno-gold labelling was performed using an adaption of the method from Levine

et al. (19g4). plastic coated glids were placed face down on 40¡rl of a washed bacterial

suspension. Excess liquid was removed and the grid was placed face down on a drop of anti-

serum for 15 min After thorough washing, the grids were placed on drops of Protein A-gold

for 15 min After fu¡ttrer washing, the grids were examined with a JEOL JEM 1005 elecEon
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microscope, using an accelerating voltage of 60 kv. All incubation and wash solutions

consisted of PBS, p}J7 .2 and Ilo(wlv) of BSA.

Cells were initially resuspended in PBS with lmM MgCl2 and all subsequent wash solutions

included I%o(wlv) of BSA.

Z.ZZ In vivo assay for virulence using the infant mouse cholera

model

The infant mouse cholera model was first described by Ujüye et al. (1968) and

subsequently extended by Chaicumpa and Rowley (1912)'

3-4 day old infant mice used in these studies wefe removed from their parents about

5-6 hr before use, to permit emptying of stomach contents. Unless stated otherwise, the

challenge strain was grown on nutrient agar with appropriate antibiotic selection where

necessary at37oc. organisms were either simply diluted or spun down and resuspended in

peptone saline (g.l7o(wlv) solution of protease-peptone lDifco] in saline). After appropriate

dilution, 0.1 mt aliquots were administered orally to infant mice using a smooth-tipped

hypodermic needle (22g). Afær challenge, the mice were not returned to their mothers but

were kept in tissuelined plastic cont¿iners in a laboratory incubator at25oC.

Fortry-eight hours after challenge, the survival of mice within each gtoup was noted

and plotæd.

2.23 V. cholerøe motititY assay

Mot'ility was tested by swarming of the bacteria in soft agar and is based on a

modifi.cation by S. Atnidge (PhD Thesis, University of Adelaide, 1979) of the sloppy agar
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overray method devised by stocker (1949). A fresh curture of a æst organism was diluted

and plated onto NA such that 100-200 colonies would develop per plaæ. Following

overnight incubation, each plate was overlaid with 5fnl of O.3Vo soft agar, allowed to set at

room temperature and incubated at3Tocfor 2-3hr. Colonies which comprise motile bacteria

develop a halo as the organisms swim in the soft agar overlay.
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Chapte13

Characterization of the locus associated with serotype

conversion in V. cholerøe

3.L Introduction

The specie sVibrio cholerae is divided into several serogroups on the basis of their O-

antigens (Sakazaki and Tamura, L97t). The disease, Asiatic cholera, is caused only by

strains belonging to serogroup 01. The 01 serogroup is divided into two major serological

qn)es, Ogawa and Inaba. Snains of the Ogawa gfoup express three antigens' A' B and C'

whereas Inaba süains express only A and C antigen. It is on the basis of these antigens that

the serotype is determined (Redmond et al., 1973; Burrows et al., 1946b; Sakazaki and

Tamura, I97l).

The genes determining the biosynthesis of the O-antigen from sûains O17 (Ogawa)

and 5698 (Inaba) have been cloned and expressed in E. coli K-12 (Manntng et al" 1986)'

preliminary analysis suggested that the function(s) associated with serotype determination

mapped within a 20kb SøcI (SsrD fragment. This fragment has been completely sequenced

from O17 þRMBI) and 569B (pEVX20XFig. 3.1) It was therefore necessary to subclone

this region in order to subject the contained genes to detailed genetic analyses which may aid

in understanding the mechanism of serotype specificity and conversion' This chapter

describes the characterization of the serotype locus and identifies the gene necessary for

interconversion between the Inaba and ogawa sefotypes.
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Figure 3.1: Genetic organization of the 20 kb SøcI fragment encoding O-antigen

biosynthes is tn V.cholerae Ol -

The upper line shows a restriction map of the SacI fragment containing the genes involved in

O-antigen biosynthesis (Ward and Manning, 1989). The lower part shows the positions

within the coding region of the various rfb genes. The regions cont¿ining the genes for

perosamine biosynthesis, úansport and modification have been identified by homology to

genes from other species. Arrows indicate the direction of nanscription'

Plasmid pPM2l29, containing the 3kb ClaI fragment in pUC18, has been shown by slide

agglutination with typing sera to convert 5698 to its Ogawa form'
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3.2 Results

3.2.1. The 3kb Clnllragment from V. cholerac 0L7 cosmid pRMBI can convert Inaba

to Ogawa

Genetic manipulation in V. cholera¿ has been hindered due to the exfra-cellular

deoxyribonucleases which make fansformation difFrcult (Focareta and Manning, 1987;

1gg1). The most efficient method for introducing cloned genes back into v- cholerae is by

conjugal mobilization. The vectors described by Simon et aI. (1983) are readily suitable for

this purpose. A similar mobilizable plasmid, pPM2101, has been consfucted and used for

the reintroduction of cosmid clones into 7. cholerae (Fig. 3.2) (Sharma et a1.,1989) .

The 3kb Clalfragments frompEVX2g (Inaba) and pRMBI (Ogawa) weré cloned into

the clal site of pPM2101 to generate pPM12l23 and pPM2l22, respectively (Fig' 3'3)'

plasmids ppM2101, ppM2I22 and ppM2I23 werc innoduced into the v. cholera¿ sfrains

o17(Og), 569B(In), BM69(In) and c4411(Og) and the serotypes of the sEains were

determined by slide agglutination. Only the innoduction of pPM2t22 nto 5698 and BM69

was able to alter the serotype, suggesting that the Ogawa form is dominant' This is

supported by the f,rnding that pPM2l23[n O17 does not altef the serotype even though the

plasmid copy number gives a gene dosage of approximately 30(Inaba): l(ogawa)' This

agrees with the data presented by Moroîa et al. (1990). Thus, the 3kb Clal fuagment

cont¿ined within ppMl2l22 can mediate the conversion of 5698 from the Inaba serotype to

the Ogawa form.

To facilitate further studies and to permit construction of deletions within the 3kb

ClaI rcgion, the fragment was cloned from pRMBI into the AccI site of pUC18' This

plasmid was design ateÀ PPM2L29 -



Figure 3.2: Construction of pPM2101.

The cosmid cloning vector pHC79 was cleaved with EcoRI and the protruding ends filled

using Klenow fragment of DNA polymerase I. Plasmid pSUP201-1 was cleaved with

BamÍn, the fragment containing the RP4 mobilizatton region (Mob) was isolated and the

protuding ends filled. The cleaved pHC79 and Mob fragment were ligated and the ligation

transformed into strain 517-1 selecting for TcR. The correct constructs were selected by

tfreir ability to be mobilized into strain SM10 selecting for TcR (pPM2101) and KmR

(counterselection for 517-1) and confumed by resnicdon analysis (Sharma et a1.,1989).
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Figure 3.3: Constuction of pPM2l22 andpPM2I23

The plasmids pEVX2Q and pRMBI contain the 20kb SøcI fragment encoding biosynthesis of

the Inaba and Ogawa O-antigens of V. cholerae OI, respectively. The constructions of

ppg2l22 and pPM2l23 werc identical except that pPM2123 was generated using pEVX2O.

pRMBI DNA was cleaved with CtaI and the fragments were ligated to the mobilizable

vector ppM2101 which had also been cleaved lvith ClaL Tlte ligation was fransformed into

the strain DH5. Clones were selected by ApR and screened for TcS due to insertional

inactivation of the f¿f resistance gene. The plasmid generated was designated pPM2l22

(Ogawa) frompRMBl and pPM2I23 (Inaba) frompEVX2O'
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3.2.2 lnaba and ogawa strains appear to have no conserved alterations within the 3kb

CIøI region.

The sequence of the 3kb clalfragment from pRMBI is discussed in chapter 4 and is

shown in Fig. 4.2 . Thesequence variations between pRMBI and pEVX2O across this region

are shown in Table 3.1.

The most obvious difference is an 8bp deletion (TAAAAGGC) from base 16'3'14-

l6,3g2in the rfbR geneof pEVX2O (Inaba). To determine if this difference is conserved in

other strains across the Inaba and Ogawa serotypes, a 16nt synthetic oligodeoxynucleotide

(oligo)5'GATGTAAAAGCCTGCT3'spanningthedeletionwasused.Theoligowas

radioactively labelled and used to probe genomic DNA from 26 v. cholerae 01 stains (Fig'

3.4). The results show that not all Inaba strains have this 8bp deletion and also that this

deletion can occuf in ogawa sftains, as observed with sftain F.J234, although, this change

appeafs to be rare in Ogawa sftains. This result suggests that rfbR is not the seroty¡le

converting gene, since the 8bp deletion leads to a fiameshift and a truncated RfbR protein'

Thus, the other regions of sequence divergence in the 3kb cIaI fragment needed to be

analysed.

Comparison of the sequence of the Chlftagment of pEVX2Q and pRMBI revealed a

variation which could be investigated by Southern analysis. A base change at nt I7 
'672

resulted jn a DraI site in the rfbT gene from pEVX20. Plasmids pEVX20, pRMB1,

ppç2l22and ppM2123 wereanalysed by DralresEiction endonuclease digestion (Fig. 3'5)'

The Dralrestriction pattcrns seen with pRMBI and pPM2122 as well as with pEVX2O and

pPw2l23corresponds to the sequence data. Plasmid pPM2I29 was used as a radioactively

labelled probe to screen chromosomal DNA of 26V. chalerae 01 sfiains digested with Dr¿I

(Fig. 3.6 A and B). The southern hybridization analysis revealed that all V. cholerae sfrains

examined contain the 3kb ClaI rcgion, but that the DrøI polymorphism determined by

sequence analysis is not conserved within the Inaba and Ogawa serogloups' Furthermofe' no



Table 3.1 Sequence variation within the 3kb CløIlragment between Ogawa strain O17 and

Inaba Strain 5698

There are three sequence differences within the 3kb Clalfragment. The first of these is an 8bp

deletion in the Inaba strain leading to a truncated protein for RfbR instead of a 26kDa protein.

The second change leads to an amino acid substitution from glutamine in Ogawa, to a lysine in

Inaba in RfbT and also generates a DraI site in 5698 (underlined). The third base substitution

leads to a TGA stop codon in the rfbT gene of the Inaba strain 5698 instead of a glycine

(Ogawa). This gives rise to a 27þ,Ða fruncated protein instead of the 32þ'Da protein in Ogawa

strain O17. The first two of these changes have been probed, using an oligo. and Southern

hybridization, respectively.



Table 3.1: Sequence variation across the 3kb C/øI fragment

cTAcTAGATGTAAAAGGcTGcTTGATTAcGATTGAT

Leu Leu Asp Va1 Lys Gly Cys Leu IIe Thr Ile Asp

1637 4

Leu I-,eu Asp G .lyl errA spT yrA øp* **

CTA CTA GAT G TGC TTG ATT ACG ATT GAT

Ogawa

Inaba

TCA TTA TAT

Ser Leu T\rr

Ser Leu T\rr

TCA TTA TAT

AÄA AAT ACA

Lys Asn AsP

Lys Asn AsP

AIV\ AI\T ACA

TTT CAA

Phe GIn

L7 672

Phe LYs

TTT AAA

Ogawa

Inaba

Ogawa

Inaba

GAA AAG CAT AAT GGA ATT GAA TAT

Glu Lys His Asn G1Y Ïle Glu T\rr

r7 840

G1u Lys His Asn ***

GAI\ A¡\G CAT AAT TGA ATT GAA TAT



Figure 3.4: Oligonucleotide serotytrling of V. cløIerae Ol

Genomic DNA from 26 V. cholera¿ 01 snains was blotted onto nihocellulose. Plasmids

pEVX2p, pRMB1, ppMt2l22 and pPM2123 were used as controls. The DNA was probed

with the end labelled oligonucleotide #286 (5'GATGTAAAAGGCTGCT3') which spans the

gbp deletion in the rfbL gene of Inaba stain 5698. After probing the filter was subjected to

autoradiography. Stains and their respective serotypes are shown above the autoradiograph.

Inaba (I), Ogawa (O) and Hikojima (H)'
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Figure 3.5: Analysis of the rfbT gene from shains O17 (Ogawa) and 5698 Qnaba) by

restriction endonuclease digestion.

The 24.gkb plasmids pEVX2O and pRMBI were cleaved with the restriction endonuclease

Dral. plasmids ppw2t22 and ppM2123 wercincluded to show that the Dralpolymorphism

was contained within the 3kb ChI fragment. The fragments of interest are marked by

¿rrrows. I' ppy12l23 there is a new band at -500bp the smaller 300bp fragment is not visible

on the gel. Sppl phage DNA digested with EcoRI was used as a size marker. SPP1 EcoRI

restriction fragment sizes in kb; 8.37, 7.2, 6.05, 4.9,3-55,2.63, I.73, I'61, t'29, I'I9, '99,

.86, .63, .48, .38 .
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Figure 3.6: Southern analysis of chromosomal DNA isolated from Inaba and Ogawa

serotypes of V. chalerae Ot.

Genomic DNA of 26 V. cholerae 01 sûains was digested with the restriction endonuclease

DraI andelectrophoresed on a I7o agarose gel. The plasmids pRMBI and pEVX2O were

used as positive and negative conftols. Afær fransfer to ninocellulose the filter was probed

wittr a[32p]-dcTp nick translated pPM2122, washed and subjected to autoradiography. The

serotype of each sftain is given in brackets; as either Inaba (t), Ogawa (O) or Hikojima (H).

The 860bp DNA fragment of interest is identified by an anow. The two smaller fragments of

560bp and 300bp are also indicated.

Panel A contains those sfrains that have been used throughout this study.

panel B includes a number of environmental isolates as well as Hikojima strains.



tl
I

56
sB

 I
r]

{r
 0

1?
 [

o]

pE
V

X
zo

 [
I]

pR
M

B
I 
[o

]

I
w

P
E

w
zo

 [
I]

P
R

M
B

1 
[o

]

cA
4o

1 
[r

]
16

21
 u

l
21

?5
61

 [r
]

A
A

13
ee

3 
[I]

A
A

14
0?

3 
[O

]
H

-l 
[o

]
64

 [
o]

35
8 

[r
]

B
M

6e
 [r

]

I

þ ''

I I
t

t¡
K

uk
i 

[I]
cA

41
1 

[o
]

cN
eo

oo
 [

I]
N

sw
lo

 [o
] 

t
N

S
m

4 
[o

]
B

14
e 
ul

 
I

M
?e

l [
o[

43
3 

[H
]

16
03

 [H
]

16
02

 [
H

]
1O

?4
-?

S
 [

o]
11

s6
-?

s 
[0

]
c5

 [
o]

a t

t

I
I 

c3
1 

[o
[

ve
o 

[r
]

I
? 3

a

fr
ll

a



75

other changes in the Dralfragments in either number or length were detected. Thus, it was

not possible to identify any conserved differences between Inaba and ogawa shains' which

could be responsible for serotype.

The third sequence divergence between pEVX2Q and pRMBI is a point mutation at

position 17,840. This base substitution leads to a stop codon nrfbr in the Inaba stain 5698

leading to a fiuncated protein of 27kÐa instead of the predicted RfbT of 32kDa. This change

is not easily detected by probing and requires the cloning of dbT genes from a number of

sfrains (see ChaPær 4).

3.2.3Rfbristhegenerequiredforserotypeconversion

since no conserved change appeared in either rfbR ot (bT it was decided to firstly

determine exactly which gene was involved in serotype specifîcity by site-directed

mutagenesis of each of the open reading frames within the 3kb Claltegion'

plasmid ppM2l29 was used as tre basis for a series of restriction endonuclease

generated deletions and for the insertion of a kanamycin resistance (KmR) cartridge to

determine which of the four genes within the 3kb clal fuagment are required for serotype

specifrcity. The relative position of the 3kb CIaI fragment within the 20kb SøcI o-antigen

region is shown in Fig. 3.1. Each gene within the 3kb cla!ftagment of pPM2l29 was either

completely or partially removed by deletion (Fig- 3.7). Plasmid pPlrt[2l32 ts a Hincn'

deletion of pP]y'1|t2g which completely removes rfbT and ompX' This clone is no longer

able to conveft stain 5698 (Inaba) to ogawa when innoduced by elecfroporation- Rfbr is

required for this conversion since the entire ompX gene is not present npPM2l29' Several

other deletions, pPM2134, pPM2133 and pPM2135 have rfbR and (bs either completely or

partially removed. Most of ompXis also deleted in pPM2135. These plasmids are still able

to convert 569B from Inaba to ogawa. That is except when rfbr is removed, these plasmids



CXm N StH Sp E E Xb C

16kb 1?kb 18kb 19kb

Cornplernentation
of Inaba to Ogawa

pPM2129 T.þR s r.þT otnpX +

+
+
+
+
+

a pPM2t32
pPM2134
pPM2133

pPMZ135
pPM2137
pPM2138
pPM2139

r

-

¡
V

V
V



Figure 3.2: Localization of the gene encoding synthesis of the Ogawa specific B antigen

A physical map of ppM2I29 and the relevant restriction sites is shown at the top. Plasmid

pPlld2l29 containing the 3kb Clalfragmentfrom pRMBI was cloned into pUC18' Plasmid

ppM2I32 was obtained by a deletion from the Hinctr site through to a Hinctr' site in the

vector leaving rfbR and rfbs nøct but removng rÍbT. Plasmid pPM2133 and pPM2134

represent Nru]lStul and HincnlXmnl deletions, respectively. These plasmids intemrpt or

remove rfbR and rfbs,batleave rfbT and the C-terminal coding region of ompX' Plasmid

ppM2135 is a deletion clearly showing that only rfbT is required for seroty¡re specificity.

plasmids ppw2l37,ppM213g and ppM2139 contain the KmR cartridge inserted into the

Nrul,Sr¿¿I and SpeI sites of ppM2l29, respectively. Insertions are indicated by the triangles'

The ability of the various plasmids to mediate conversion from Inaba strain 5698 to ogawa is

indicated and was determined by slide agglutination using typing sera'

C, Clal;E, EcoR[; H, Hincn;N, NrøI; Sp, SpeI; St, SøI; Xb'XbaI;Xm'XmnL
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are able to convert 5698, from expressing A and C antigens to expressing the A, B and C

antigens. Thus, it seems most likely that (bT is the only gene required for the Ogawa

serotype specificity. To confirm this, a number of insertion mutånts (pPM2I37 , pPM2138

and ppM2139) were constructed (Fig 3.7). The insertions clearly showed that none of the

other genes played a role in serotype specificity and that only the insertion n rÍbf had any

effect on the ability of the plasmid to mediate serotype conversion.

The deletions have been consfucted in such a way that a promoter in front of dbR

could still lead to Íanscripnon of rfbr. However, the KmR insertions n rÍbR and rfbs

indicate that rfbR and rfbs are not required for serotype specificity and that rfbT ptobably has

its own promotgl since the KmR cartidge is expected to be polar.

3.3 Summary and Conclusion

During the course of this study, the region necessary for serotype specificity could be

further localized (Morona et aI., 1990) and it was anticipated to lie within a 3kb Clar

fragment which contains three complete ORF designated rÍbR, rfbs and rfbT and a partial

oRF called ompx (see chapær 4). By deletion and insertion mutagenesis it was possible to

show that dbR añ rfbs as well as ompX are not required for the determination of serotype

specificity. Indeed, the data imply thatrfbr due to the 8 bp deletion is not required for O-

antigen biosYnthesis.

Thus, it has been shown conclusively that the rfbT gene is the only gene needed for

serotype conversion from the Inaba to Ogawa form and that, in merodiploids, the Ogawa

form is dominant. Therefore, the rfbT gene product is responsible for synthesis of the B

antigen seen in Ogawa sfrains, but appears to play no role in the expression of the O-antigen

in Inaba sfains. This is further discussed in Chapter 5. A number of other V- cholerae OL

strains of the Inaba, Ogawa and Hikojima serotypes have been analysed in order to detect a
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possible conserved difference between sfrains of the various serotypes. These studies have

not revealed any conserved change either n rÍbR or n fbT. The change leading to a stop

codon and prematu¡e termination of translation n rÍbT of 569B is consistent with the notion

that Inaba shains are defectiv e in rJbT , and this is examined in Chapter 4'
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Chapter 4

Genetic Char acterization of the rfbf Gene from Inaba and

Ogawa Strains of Vibrio cholerøe Ot

4.1 Introduction

It had not been possible to show a conserved DNA change between Inaba and Ogawa

sfains by dot blot and Southern hybridization. However the rfbT gene of the Inaba strain

5698 has an amber mutation leading to a truncated protein of 27kDa instead of a 32kDa

protein in Ogawa sEain O17. Consequently it was decided to look at a number of Inaba and

Ogawa snains more closely and to examine the degree of variability of the region

surrounding and within therfbT gene'

The advenr of pCR (Mullis et ø1.,1986; Saiki and Gelfand, 1939) and the cloning and

sequencing of pCR products has provided a useful tool to look at a number of sfiains without

having to make extensive cosmid or plasmid banks and subsequently isolaæ the cloned

genes. Thus, the minor change leading to a stop codon trt rfbT in strain 5698 can be readily

examined in other Inaba strains. In this chapter, the nucleotide sequence of rfbT is analysed

and the sequen ce of rfbT from 7 snains determined. A promoter in front of dbT is identi-fied

by primer extension and confrrmed by cloning into the promoter detection vector pPM3024'

Based on the sequence datz amechanism is proposed for seroty¡le conversion from Inaba to

Ogawa and vice versa.
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4.2 Results

4.2.1 Nucleotide sequence determination of dbT ftomOlT and 5698

The nucleotide sequenc e of rfbT was deærmined as part of the sequencing of the 20kb

SøcI fragment which encodes O-antigen biosynthesis in V. clølerae Ol. The sequencing

strategy of the 3kb Clalfragment encoding rÍbR, rfbs, rfbT andpart of ompX is shown in Fig'

4.1, the sequence of this region is shown nBig 4'2'

4.2.1.1. Nucleotide sequence analysis of dbT

The rfb region of V. chalerae Ol is an operon of approximately 18kb, and the ORF's

have been defined by the order in which they are franscribed within this operon. Analysis of

the nucleotide sequence of the 3kb Clalfragment from strain o17 has revealed three oRF's

called rÍbR, rfbs and rfbT. The oRF's or rfbR and rfbs could encode proteins of TlcDa and

2TkDarespectively. The oRF for rfbT has two possible initiation codons (ATG-met) at

nucleotide positions l7l4ï and 17190. The correct initiation codon was determined by N-

terminal analysis which is discussed in Chapær 6. The ORF codes for 286 amino acids

which when üanslated would give rise to a protein of 32kDa. The 32kDa protein conelates

well with a protein seen on Coomassie blue stained SDS-PAGE as described in Chapter 6.

No polarity was observed with plasmids pPM2l37 and pPM2138 (sections 3.2.1 and

3.2.2)which contain a KmR carnidge upstream of rfbT. This seems to indicate the presence

of a promoter in ftont of rfbT. Analysis of. E.coli promoters has defined nvo consensus

hexamer regions (Pribnow, 1g75, t976; Schaller et a1.,1975; Takanami et al., t976; Seeburg

et al., 1977; Hawley and McClure, 1983). The "Pribnow box" is a sequence located 10nt



Figure 4.1: Strategy used for dideoxy sequencing of the 3kb ClaI fragment'

The 3kb Clal fragment was cloned into M13 in nvo orientations. The fragment was

sequenced using -40 universal primer and synthetic oligodeoxynucleotides. The synthetic

oligo allowed the sequencing of both the Inaba and Ogawa clones. The numbers below the

arrows refer to the oligonucleotide in our laboratory collection. The -40* nrro\il is sequence

derived from a subclone fused to the V. clnlerae ompV gene'
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Figure 4.2: Nucleotide sequence of the 3kb clal fuagment of the o-antigen opefon

V.cholerae OI7.

The sequence of the 3kb clarftagmentis shown. This region contains three complete genes

rfbR, rfbs arñ rfbT and part of ompX,which is transcribed in the opposite orientation to the

rfb genesand has not been shown on the sequence. The nucleotides are numbered relative to

the 20 kb sequence of the søcl (sstl) fragment from o17. The amino acids are numbered

relative to the st¿rt of each protein. The * represent the stop codons

A more detailed diagram of the upstream region of rfbT can be found in figure 4'3'



16038 16048 16058 16068 16078 1-6088 16098 16 r.0I 16118 r6728 161 38 16 r.4I

5 .ATCGA TTTTGGTCATGCTCGCTTAGATTTCCTTAAACGATATGGTCACTTTTAÀGCTGGAATGCCTTCTGCGGATACGCTÎTCTCGTGTGATGGGTÀTGA TTAATCCTGTAGCTTTGCAA

20

16158 16168 16248 16258 L6268

AGAÀGCTTCAÎTACCTGGÀTGAAGGACTGC CA îACACTAACGGATGGTGAAGTTATTGCCATCGACGGTGAAACAÎTACGCGGCTCTTATGACCGCTCGAAAGGCAÂAGGAACAATCCAC

IDFGHARLDFLKRYGHF*

RSFITWMI(DCH

rfÞRM P S A D T L S R V M G t'f I N P V A L a

1

1611 8 16188 16198 1,6208 1621'8 16228 16238

TLTDGEVIAIDGETLRGSYDRSKGKGTIH
2I

]-627 I r6288
ATGGTGA.ACGCTCTTGT

MVNALA
61

60

l.6298 16308 16318 r6328 16338 1_63 48 l_63 58 163 68 t63'l I 16388

TACAGCAÀATGGAATGAGCATTGCGCAACTGAAGGTTGATTCTAÀGAGCAACGAGATTACCGCGATCCCCAÀGCTACTTGACTTACTAGATCTAÀAÀGGCTGC
TANGM s ] G a I, KVD s K s N E I TA I P KLLD L L DVKG

oKKIAaK]LDKEADYLLAVKGNQGMLEQAF

100

16398 16408 16 418 L6428 L643 8 )-6448 164 58 1.6468 1,64'18 16488 16498 16508

TTGATTACGATÎGATGCAATGGGC TGC CAÀÀÀGAAÂATAGCACAGAAAATTCTTIGATAJ\,¡\GAÀGCGGATTATTTATTGGCGGTCAAÀGGTAATCAGGGAAÎGCTTGAGCÀÀGC CTTTGAT
D

140

16568 16578 16588 16598 16608 16 618 76628

LITIDAMGC
101

16518 16528 16538 15548 16558
GATTATC TTCGAATGGÀCATGC TTCACGAC TTCGACGG TAGTTC TTATAGTAC

D Y L R M D M L H D F D G S S Y S T

r4L

ACAAGAAAAAAGTCACGGÀAGAATAGAAACGAGAGTGGCTTTAGTGAATCGCGATTTGTCGGTTTTG

Q E I( S H G R f E T RVA LV N R D L S VL
180

L6638 16648 16658 16668 166?8 16688 16698 16?08 16?18 L6'728 1'6738

GGTGATATTGA.ACATGAATGGCCTGAGCTTAAATCAÀTGGGCACCGTGGCTTCAATTCGACAÀGAATCGGCAGTCGCAACAGAGCAÀGATGTGAGTATTCGTTACTÀCAT

G D I E H EW P E L I( SMGTVA S T RO E S AVAT E Q DVS I RYY I

167 48
ATGCTCTAAA
csK

2I

220
181

1.67 58 L67 68 1.677I 16788 761 98 16808 16818 L6828 16838 16848 16858 16868

GAATTGGAAGC TCAAÀC GTTAC TTGAAGCGAC TTGÎTC TCAC TAGGGGGT AGAGGTCATGGATTGGTCACTTGATACCGCATTTTGTGAGGACAÀTTCÀCGCATTAGAGCGGACGÀTCGA

E L E A O T L'L E A T C S H *

22t 234

AEAFARIROIC
îâ

rfbs M D V,r S L D T A F C E D N S R I R A D D R

1

168'7I 16888 16898 169 08 169 18 r6928 16938 t-6948 169s8 16968 169't I 16988

GCÀGAGGC C TÎÎGCAÀGGÀTCAGGCAGA TATGTII'TGAACCTATTAi\j\GAGCGAACCCACGTTTAAÀGGTGGîATCA,¡U\CGTAjU\CGGATGAACTGCGCAÀ TGÀACGAAAAGTACCTAAGT

L N L. L K S E P T F K G G I K R K R M N C A M N E K Y L S

6t



16998 17008 L7oL8 L7028 17038 1,1048 1?058 17068 1?078 1?088 17098 17108

AAGGTTCTTGAAAGCCTTACGîGACGGTGATGTÎCATGCGGTTTCCGTGCTAAAGGCTTTGGATGAAÀTTCCTTCTAJU\TGTCAATAÀ.AATGGCAÀATCCATTATTGGTCAACAATGCCC
KVLESLT**
62 68

17L18 11128 111,38 L1L48 17158 L1768 1'71-18 1?188 17198 17208 I12I8 77228

TTTCAGGTCCTCA.AACCTGCATCTGCAAGTTGAîTCTGTATGTTATTTTTTACGCTAATATTATTTAAAATTGAGGTAGTAAÎGAÀÀCATCTAÀTÀAÀAÀÀCTATGTACAAA'AATTÀÀTT
rfbrM K H L I K N Y V A K L I

113

17238 L.7248 r.t258 r't268 t1218 11288 r72g| 17308 17318 17328 17338 1?348

AAAÀCAGAGCTTGATGCTATTCAGTCAAAGTCTGTTCATGATAÀTCGAAÃ,ClTCATTTACAÀTGGAGAGTTTTîAÀTTCTTGAÂAGCGAÀTTTGGATTGCATTGTTTTCCCAGAGTGCAG
K T E L D A I Q S K S V H D N R N F T Y N G E F L I L E S E F G L H C F P R V O

L4 53

1?358 1..7368 11378 17388 1?398 t-?408 r't4r8 L1428 L1438 17448 7'7458 r''1468

TTGAACCATGCTTTAAGCTACAAÀAACCCAAACTTTGATTTAGGTATGCGTCACTGGATTGîTÀÀTCATTGTAÀGCATGACACCACTTATATTGATATCGGTGCAÀACGTIGGA'ACTTTC
L N H A L S Y K N P N F D L G M R H W T V N H C I( H D T T Y I D 1 G A N V G T F

54 93

r-.Ì478 17488 1.7498 17508 1?518 1.1528 1,1538 11548 17558 17568 1'7578 17588

TGTGGAATCGCTGCTCGTCAIATTACACAJ\GGAJUUU\TTATAGCGATAGAACCACTCACAGAAÀTGGAAÀATAGTATTAGGATGAÀTGTTCAATTAÀÀTAÀTCCACTAGÎTGAGTTÎCAT
CGTAARH I TAGK I IA I E P LTEMENS T RMNVOLNN PLVEF H

133
94

17598 1?608 1,1618 r'1628 1.7638 L'?648 17658 17668 1,'7618 17688 L'7698 17708

CATTTTGGCTGTGCAATAGGTGAGAÄTGAAGGGGAÀÀATATTTTCGAAGTTTATGAGTTTGATAÀTAGGGTGTCATCATTATATTTTCAAAAAÀÀTACAGACAîAGCAGATAAGGTTAAA

HFGCA I G ENEGEN T F EVY EFDNRVS S LY FQKNTD TADKVK
1,3 4 7'.7 3

]^'77]-8 t7'7 28 1'7738 11'7 48 L7'7 58 77''t68 1,717 8 17'7 88 7't7 98 17808 1?818

AATAGCCAAGTTCTGGTTAGAÀAGTTAAGTAGTTTAGATATATCGCCTACTAACTCTGTAGTTATAÀÀAATTGATGCTGAÀGGCGCAGAAÀTAGAGATÀTTAAACCAGATTT
N

r74

17838
ACAGA.AÂAGCATAÀ

TEKHN
214

17848 17 858 17868 r7e78 17888 17898 17908 1?918 I7 928 17938 L7948

TGGAATTGAATATTATATTTGCTTÎGAATÎTGCAAÎGGGTCATATACAGAGGTCTAÀTAGAÀCTTTTGAIGAGAITTITÀÀCATÀATÀ'AACTCAÀÀÀTTCGGAÀGT

SaVLVRKLS S LD I s PTNsvVI K I DA EGAE I E I LNA I Y

G I EYY I C FE FAMGH I QRS NRTFDE I FNT INS KFG

l'7 828
ACGAÀTTC

EF
21,3

s
253



1?958 L7968 t1978 1?988 L1998 18008 18018 18028 18038 18048 18058 18068

AAGGCATATTTTATTCATCCATTATCATCCGCTGAACATCCTGAGTTTAATAAAGCÀÀCGCAGGATATTAATGGGAÀTATCTGTTTTAÀATATCÎATCATAÀAATAÀTTÎAATATATTCC
KtiY F I H P L S SA E H P E F NKATQ D I NGN I C F KYVS *

254 286

180?8 18088 18098 t-8108 18118 18128 18138 18148 18158 18168 181?8 18188

GTATGTCATTGCAAGTTCAACAGACATTTCCGAAGAGTTCACTATACAGTTTAGTATAGCTTTGTGCATAGCGATGTGCTGTGAATTCCTGTTCAAAÀCGTTTGCGAGCATTAATACCTA

t-8198 18208 t82I8 18228 18238 t-8248 18258 18268 L82?8 18288 18298. 18308

ATîTTTCACAAAGTTTTGTATCAÎGTTCTATTTTTAÂCATTGCATCGGAAÀAGCTTTGACTGTCAGCTGGCGGAÄCAÀCTAÀCCCTGTTTCGCCATTGATGTTCACATA.AGATGAACCTG

18318 18328 1 8338 t-8348 18358 18368 183?8 18388 18398 18408 18418 18428

TGCCAATATCACTACTAATAÀTGGCTTTACAGTACATTTGTGCTTCGATAÀGTGATATACCAAAAGCTTCTGAGCGTAGGTGAGATGGGAÀÀACAÀAÀGCTTTAGAÀAGTAAATGTAATA

18438 18448 18458 18468 L8418 18488 18498 18508 18518 18528 18538 18548

TGACTTTGTCTTCCTCAGAAATGÀÀTCCTACTAGCTîAACGTTTTCAAGATTGTGTTTGGCAATATAÀGACTCTAGTTTTAClCTTTCCGGACCGTCACCAGCAÀTTATAACAGGTAGCT

18558 18568 185?8 18588 18598 18608 18618 18628 18638 18648 18658 18668

GGTTGATTTTTGCTGCTTCAAGTAAGAAATCTAGACCCTTGTAGTACCGTAATACGCCAACAAÀTAJ\GAJ\'\'\'U\CCTTCCCCTACTTÎTTCTCGCCATTTATTAATATTATCGTTTGATG

18678 18688 18698 1B? 08 187 1B r87 28 18738 187 4B 187 58 187 68 7877 I 18? 88

GGATAGGATAAGTATTCîCATCAACGGCAAGTGGAÀTTATTTTTACCTTATTTTTATGCCTTÀACAÀATTCTCGCTTGTGTGTGCATATTGÎGGTGATGTTGCCACÀÀGGATATTTGCTT

18?98 18808 18818 18828 18838 18848 18858 18868 18878 18888 18898 18908

TATCGGAÀTGATACGTTACAÀTACTTGGATTCGATGAGCCAJ\AIAJ\,¡\GAGAGAÀAGTCTCGATTTAJUU\,¡\,\TGACTCTCAAGTGGTTGATÀTAATÎTCTTTÀÀGCACTTTTGÀCGAÀTAA

18918 18928 18938 18948 18958 18968 r.8978 18988 18998 19008

CGGTTGGCCATGGATAÀîGGTAATGGATTAÎGTCAGCCCATTTTGAAÀGTTÎCTTGAATTGTCTAATTAGCTTCCACGAGAAîCCATTTGAAGAGATTTCAATCGAT 3 '
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upsEeam from the messenger RNA starl The consensus sequence is Tgg AgS T¿S AOO ASO

T96, where the subscript represents the precentage occurrence of the base most frequently

found in that position (Siebenlist et a1.,1980; Hawley and McClure, 1983). The other site is

termed the "-35 tegion" and is 35 bases upsheam of the tanscriptional sta¡t (hibnow, t979;

Hawley and McClure, 1983; Studnicka, 1987). The -35 region has been implicated as the

initial recognition site for RNA polymerase. There is also a consensus sequence for this

region: T¡Z Tg¿ GgS AOS CS+ A+SftIawley and McClure, 1983). The role of the individual

bases within the hexamers has been closely analysed by site direcæd mutagenesis. Changes

within this sequence have marked effects by decreasing/increasing the promoter activity

(Rosenberg and Court, 1979;Hawley and McClure, 1983)'

A third region has been identified by Gentz and Bujard (1985). This consists of a

hexamer of ,,A"'s centered around the -43 position and may play an additional role in

promoter activity. The use of primer extension analysis on rfbT (section 4.2.4) has enabled

the previously discussed promoter sequences to be localize'd. A promoter was detected 5'to

the rfbT ORF that shows homoloiy with both the "Pribnow box" (-10 region) and the "-35

region',. A possible "-10 region" is located between nt 17074 uñ I7O79 and reads

(TAAAAT) (Fig. a.3). The sequence shows remarkable homology to the consensus

sequence and differs only at the cenfial T which shows the greatest variability. This region is

in fact at -I5 which is not optimal. The reasons for this may be that the spacing in V.

clnlerae shows greatff variabitity. The primer extension analysis (section 4.2.4) differs for

the actual mRNA staft between V. cholerae and E. coli it is thus possible that some

processing of the 5' end of the mRNA has occurred. The corresponding -35 region located

between nt 17051 and 17056 (Fig a.3) is ATGAAA where 4 of the 6 bases are identical to

the E. colj consensus sequence. The change from a C to an A at position 17055 is not

unusual since the C is present in only 54Vo of E. coli promoters, but the T to A change at nt

17051 may have an effect on ptomoter efficiency. Both the hlyA and MFRHA promoters



Figure 4.3: Upsfream region of rfbT.

The t44 nt upsEeam of the translational start are shown. The E. coli consensus promoter

sequences for the "pribnow box" and the "-35 region" are shown above the putative rÍbT

promoûer. The Shine-Dalgarno (S.D.) sequence and corresponding ribosome binding siæ

(RBS) a¡e also indicated. The 5' end of the mRNA was deærmined by primer extension on

total RNA preparations from V. cholerae and, E. coli harbouring the cloned rfbT gene and is

indicated by an rurow.

The first few amino acids of RfbT are shown and are based on N-terminal protein sequence

analysis (Chapter 6).



TTGACA TATAAT V

TTT GGA TGA AAT TCC TTC TAA ATG TCA ATA AAA TGG CAA ATC CAT TAT

-35 -10 mRNA start

TGG TCA ACA ATG CCC TTT CAG GTC CTC AAA CCT GCA TCT GCA AGT TGA
S. D.

T AAG GAG GTG ATC

TTC TGT ATG TTA TTT TTT ACG CTA ATA TTA TTT AAA ATT GAG GTA GTA

RBS

ATG AAA CAT CTA ATA AAA AAC TAT GTA CAA AAA TTA ATT AAA ACA GAG

Met Lys His Leu IIe Lys Asn Tyr VaI GIn Lys Leu Ile Lys Thr GIU
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from v. cholerae show similaf sequence divergence (williams and Manning , 1991; A.

Barker personal communication ).

The spacing benveen the -10 and -35 regions appeÍIrs to play an important role for

promoter s6ength. The limits of the spacing are 15 to 21 nt, with maximal strength at l7+l

nt (Rosenberg and Court, 1979;Harley and McClure, 1983). The 17 nt spacing between -10

and -35 regions seen in the rfbT promoter is optimal for the E. coli consensus promoter

region. The region upstream of rfbT shows no homology to the -43 hexamer, but this is not

unusual and has been seen with other V. cholerae promoters such as the hlyA (Williams and

Manning, 1991).

For efficient initiation of tanslation of the mRNA a ribosome binding site (RBS) is

required which is usually 5-8 nt from the initiation codon (ATG). The ribosome binding site

displays homology with the free 3' end of the 165 IRNA, and is often referred to as a Shine-

Dalgarno sequence (shine and Dalgarno, 1974). The shine-Dalgarno sequence is

s'AAGGAGGU 3' and any mutations in this region drastically reduce the level of

translational initiation (Gold et al, l9g!: Kozak, 1983). The optimal spacing of the RBs

from the start codon is 7 nt and spacings of less than 5 and gteater than 9 are rare. Reducing

this spacing results in less efficient fianslation (Gold et aI, l98l; Kozak, 1983). The RBS

upstream of rfbr is 5'AUUGAGGU 3' which shows sEong homology to the shine-Dalgarno

(5'AAGGAGGU 3') consensus sequence although the spacing is only 4 nt from the AUG start

which could result in less than optimal nanslation. The RBS for 4fbT shows the same spacing

and homology as that for hlyA (Í,ltniams and Manning, 1991).

4.2.1.2. Transcriptional Terminators

Analysis of the sequence downstream of rfbT has not identified a Rho-independent

terminator. There appears to be no region after the stop codon which can form the secondary
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strucfire characteristic of Rho-independent terminators (Rosenberg and Court, 1979)- The

characteristics of a Rho-dependent terminator are less well defined although Rho-dependent

transcriptional termination elements have been defined in a number of systems (Court et al-,

1980; St¿nssens et al., 1986; Stewart et aI., 1936). The most coÛlmon feaU¡re of Rho

dependent termination is a C over G rich region upstream of the 3' endpoint of the mRNA

(Alifano et a1.,1991). Since the 3' end of the mRNA is not known, the possibility exists that

rfbT hasa Rho dependent terminator. It is unlikely that the mRNA of rfbT continues far into

ompX since it is tanscribed from the opposite süand'

4.2.2. Cloning of other rfbT genes

With the avaitability of the sequence for the rfbT gene it was possible to synthesize

rwo synthetic oligodeoxynucleotide primers, #292 (s'.CCAAACACAATCTTGfu{A 3')and

#2g3 (5' TTTGCTGACAATATGTGG 3') which could be used to PCR amplify this region

from V. cholerae genomic DNA. These primers bind to base pair position 18488 and t5977

respectively within the 20kb sequenced SøcI fragment. It was decided to use sfrains of both

El Tor and classical biotypes and both Inaba and Ogawa sefotypes for the amplifrcation and

cloning. The region amplified was larger than the structural gene and this allowed the PCR

product to be cleaved intemally with rwo resfriction endonucleases and the cloning of a

HincnlHindm 1.15kb fragment into pBluescript Ivs ffig a.a). This approach was taken

instead of direct cloning of the PCR fragments which seemed to have avery low efficiency'



Figure 4.4: Cloning of variou s rfbT genes from Inaba and Ogawa sfrains'

Two oligonucleotides #292 and#293 wereemployed to PCR amplify a region of DNA from

a number of strains. The pCR product was cleaved with HíncWHindltr and ligated to

HíncIIHíndIII cleaved pBluescript lvs. The ligation was üansformed into E' coli sfra:n

DH5 and potential clones screened by cleavage with HincvHindltr. Two clones from each

PCR amplificatíon were used for sequencing'
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4.2.3. Nucleotide sequence determination and analysis of various rfbT genes

A number of clones from each PCR reaction were sequenced using forward and

reverse dyeJabelled M13 primers on double sfanded ptasmid DNA. EcoRI deletions were

generated and this allowed the sequence data to be extended further using M13 primers.

Those regions not covered by the M13 primers wefe sequenced using two synthetic

otigo/primers and dye-labelled terminators. All sequencing was carried out on a 3734

Applied Biosystems DNA sequencer. Fig. 4.5 shows the sequencing snategy employed.

Two independent clones were sequenced from each sûain to rule out any changes which may

have arisen from the lack of fidelity of Taq polymerase in the PCR amplification. This was

done to ensure that any sequence divergence seen between strains rwas not a PCR affefact-

Analysis of the sequence of the rfbT gene a number of strains has revealed several

differences between the Ogawa and Inaba serotypes (Table 4-I ). T\e DraI polymorphism

previously investigated ( section 3.2.2 ) by Southern analysis is not conserved \Mithin

serotypes. The same base involved in the Dralpolymorphism i.e. nt 17672 changes from C

ro T in O1T to 5698 also varies in C4401 (kraba) andZl7561 (Inaba) in ttrat the C is deleted.

It is unusual to find two different changes in the same base. This may indicate that this

region is prone to sequence variation. As predicted, all Inaba strains have an alteration in

which the rfbT reading frame is prematurely terminated, leading to a truncated RfbT protein

(Table 4.1). This implies that even a small truncation at the carboxy terminus of the RfbT

protein destroys its activitY.

One of the original variations seen between O17 and 5698 was a G to T base

substitution leading to a stop codon and a truncated RfbT protein in 5698. This stop codon is

not conserved in the different Inaba sffains, suggesting that the Inaba serotype appears to be

derived from random mutations in the Ogawa rfbT gene. Two of the strains sequenced,

CA401 arñ 217561 have exactly the same sequence variations and this may indicaæ that

these two strains are closd related although, their dates of isolation are well separated.



Figure 4.5: Sequencing strategy used for PCR products'

The relative position of the HíncIlilindltr fragment within the 20kb SacI region is shown on

the top line. Cloned pCR products were sequenced using either dye-labelled primers (ie. -21

universal primer or reverse primer), or dye-labelled dideoxyterminators with synthetic

oligonucleotides #196 and #277. The PCR clones were cleaved with EcoRl to facilitate

sequencing with dye primers. The region sequenced covered the whole of rfbT including the

5'mRNA. Although both strands were not entirely sequenced the dat¿ were unambiguous.
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Table 4.1: Nucleotide sequence changes in the få region of different Vibrio cholerøc Ol

strains relative to strain O17 (Ogawa).

ConsequenceChanges

G6654 to A

Del(T1637g to C163g5)

Cg672to A

Ggg44toT

C1g6g6 to G

T19631 to G

A1¡,T2gto G

no changes

C inserted aftetT17976

Gg327 toT

TACA17495 to ACAC

Cg6T2deIeteÀ

Gg3y7 toT

TACA17495 to ACAC

Cnendeleted

no effeÆt,lies in an intergenic region

frameshift in RfbR, gives a truncated piotein

ntT-QtO3 to K163

RfbT-G219 to stop

ORF2-Y47 toD47

no change to RfbT-R1gg

frameshift RfbT-S 2634E to F263Rstop

RfbT-L46 to'W46

RfbT-T1g2 to H1g2

frameshifü RfbT-Q163KNTDI to

Kl63IQTstop

RfbT-L46 to W46

RfbT-T162 to H1g2

frameshift: RfbT-Q163KNTDI to

Kl63IQTstoP

s69B (C/t)

H-l (E/O)

64 (Cto)

BM69 (E/Ð

cA401 (C/Ð

z1756r (ClD

b Th" biotypes and seroqæes are abbreviated : C, classical; E, El Tor; I,Inaba; O, Ogawa'
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Other strains have a random scattering of changes and there is no correlation between the

biotypes i.e. El Tor and classical strains.

All of the Ogawa strains sequenced, O17, H-l and 65, have an ORF corresponding to

a protein of 32y.Da. The only sequence yariation seen between Ogawa süains was in H-l in

where there was a conservative base substitution, giving rise to the same amino acid. It thus

appe¿ìrs that the Ogawa rfbT gene is highly conserved'

4.2.4. Promoter identifrcation and localization

since plasmids ppM2I27 and pPM2l28 are unable to mediate serotn)e conversion

and all deletions and insertions in rfbR and rfbs have no effect on rfbT expression this

suggested the presence of a promoter immediately prior to rfbT. Isolated tot¿l RNA was used

in a Northern blot using pPM2l29 as a probe but no message for either rfbR, rfbs or rfbT

could be detected. Thus, it appears that there is little message fot rfbR , rÍbs and fbT' This

is not surprising due to the lack of an identifiable -43 sequence and the less ttrat optimal

position of the -10 region. Therefore primer extension analysis was performed. This is a

more sensitive method of detecting mRNA, and it identifîes the 5' end of the message' The

extension was performed on toøl RNA isolated fromV.cholerae sÍains and E-colí strains

with or without the rfbT clone using oligo #381 (5'AGACTTTGACTGAATAGC 3') which

binds at base pair positio n L726I (Fig a.6 ). Both o17 and 5698 produce mRNA fot rfbT as

does the E.coti strain carrying the rfbT clone, implying that the promoter in front of rfbT is

recognized in both V. clølerae and E.coli. There is a difference seen in the extension product

tn E. coilcompared to v. cholerae. In E. coti the messenger RNA is one base longer' This

difference does not markedly affect the actual spacing between the fiansrþtional staft point

in relationship to the putative promoter. No extension product was detected tn E.cofi ftom

ppl|d2l34 (HincnlXrn¿I cutdown Fig. 3.7), which does not contain the putative promoter'



Figure 4.6: Primer extension analysis.

Total cellular RNA was isolaæd from the various sfrains shown. Primer extensions were

performed by using oligonucleotide #381 hybridized to the RNA and extended with AlvtV

reverse transcriptase. The position of the major extension product is indicated by the aro\¡t'-

The correqponding sequencing ladder was obt¿ined using the same oligonucleotide as a

prirner with pPM2L29 as temPlate.
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Figure 4.7: Cloning of the rfbT promoter into pPM3024'

Using two oligonucleotides, #381, #163, and PCR amplification an apptoximately 300bp

fragment is generated. The pcR product was cleaved with Dral and Hínc[. to genefate two

fragments of 70bp and 200bp. The 200bp fragment containing the rfbT promotet was cloned

into the promoter detection vector pPM3024 via the Srn¿I siæ. The resultant plasmids were

designaæd pPM2I79 and pPM2180 which are both in the same orientation.
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This plasmid, however is still able to mediate serotype conversion. This might be explainedif

the dbT gene was being nanscribed at a very low level from a vectof promoter sequence.

Since no extension product was detected of a differing size, this would point to the putative

vector promoter to be distal form the insert. This result may also be explained if there are

very low levels of mRNA from this new promoter region'

The primer extension provides the precise 5' end of the mRNA fot rfbT and it is thus

possible to identify the putative promotor sequences as discussed in Section 4.2.1.1-

To confirm the primer extension result and to rule out the possibility that the message

detected came from processing of a larger mRNA, a small 200bp DraUHinctr' fragment was

cloned into the promoter detection vector pPM3024 (Williams and Manning' 1991XFig 4.7)-

This vector can be used in a chloramphenicol acetyl fansferase (CAT) assay tnV- chalerae.

The clones , ppM2l79 and ppM2180, confirm the presence of a promoter within this region

and shows that it is active in both V. ch.olerae and E. colí (Fig4.8). The relative strength of

the promoter can be gauged by comparison to the positive confiol vector pPM3035 which

contains the promoter for the kanamycin resist¿nce carfüdge, this promoter was chosen since

it is active tnV. chnlerae; in E. coli the rfbT promoter appears to be weaker than the promoter

in ppM3035 although inV. cholerae thepromoters appear of approximately equal sEength.

4.2.5. RNA SecondarY Structure

The start of the r/DZ 6RNA is 99 nt prior to the start of fianslation, leaving a long 5'

untranslated øil (Fig. 4.9). A potential secondary sfructure of a 114 nt region, from the

*RNA start to just inside rfbT is represented in Fig. 4.9 and has a free energy of -27 -6

kcaVmol. It is interesting to note that the AUG start codon and the ribosome binding site

(shine Dalgarno) (AUUGAGG) are conøined within this proposed secondary structue of the

'RNA. 
Thus, it could be necessary to eliminate the secondary structüe prior to translation.



Figure 4.8: Promoter detection by chloramphenicol Eansacetylase (CAT) assay.

CAT was assayed by thin layer chromatôgraphy of V. clnlerae srun O17 and E- coliDHS

cell lysates containing either: -ve confiol plasmid, pPM3OZ; +ve control plasmid,

ppM3035; the rfbT promoter clones plasmids pPlvl2l79 or pPM2180. O = origin; U =

unmodified chloramphenicol; M = monoacetylated chloramphenicol.
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Figure 4.9: Predicted mRNA secondary structure of the 5i end of the ,/b? mRNA

The 5' untranslated mRNA of rfbT is 99 nt in length. The ribosome binding site (RBS);

GAGGUA and the AUG st¿rlinitiation codon a¡e both indicated by asærisks 1*)- Both of

these regions are involved in the proposed secondary sfiucture of the mRNA . The free

energy of this strucfire is -27.6 kcaVmol and was deærmined using DNASIS computer

software (Salser, 1977).
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The suggested secondary structure would reduce the level of translation and thus regulate the

amount of RfbT produced, since the involvement of the RBS in secondary structure

represents a major factor in ribosome accessability and thus translation efficiency (McCarthy

et a1.,1985).

4.3 Summary and Conclusions

Using pCR clones of the rfbT gene it has been possible to show that Inaba shains

appear to have random mutations within the rfbT gene leading to a non-functional truncated

RfbT protein. There appears to be no correlation between the strains regardless of serotype

or biotype. rt was surprising to find that nt 17672 shows great variability although these

changes do not always lead to a truncated product. Furthermore C4401 andZl7561 show

the same sequence variations which is surprising since these stains have markedly different

isolation dates. The rfbT gene is conserved in Ogawa sfrains and the only sequence

difference detected led to a conserved amino acid substitution.

Sequence analysis has revealed a region in front of rfbT which shows strong

homology with the E. coli d0 
"orr"trsus 

promoters. Primer extension using RNA from V'

cholerae and E. coli has allowed the 5' end of the message to be mapped and the rfbT

promot€r to be identified. The prosence of the plomoter was confumed by cloning the region

prior to the 6RNA start of rfbT nto the promoter detection vertor pPM3024. The vector

ppM3035 with has the KmR carnidge promoter cloned into it was used as a positive confrol

promoter. The rfbT promoter clones, pPM2L79 and pPM2180 which are both in the same

orientation, appear to be weaker in activity tt E. coli than the positive confiol pPM3035'

although they have similar strength tnV. cholerae. The tlbT mRNA has a long 5' tail which

has the potential to form a strong secondary structufe and which may have a marked

influence on the translation of the rfbT message. The poor spacing of the -10 region
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combined with the lack of a "-43 sequence" in the dbT ptomoter suggests that it is not a

strong promoter, which together with the weak activity detected in the CAT assays, may

explain the inability to detect mRNA on a Northern blot. The spacing of the -10 region

probably plays the gteatest role in this low activity since the hlyA promoter is strongly

transcribed and it also lacks an identifiable -43 sequence. Footprinting of the DNA using

RNA polymerase can be used to confirm the presence of a promoter in front of rfbT- To

determine if the message is degraded at the 5' end a phosphate exchange reaction could be

done to determine if the terminal phosphate is stil present (Alifano et a1.,1992). The søbility

of the message is unknown and this also plays an important role in the ability to detect

message in a Northern blot.
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Chapter 5

Analysis of the expression of the A, B and C antigens of

the o-antigen on v. cholerøe oL and rfb mutants

5.1, Introduction

The A, B and C antigens associated with the 01 serotype have been localized to the

O-antigen of the LpS; but the exact chemical composition of these antigens is unknown. The

expression of the three antigens is highly variable, in ttrat Inaba sfains express high levels of

A and C antigen whereas Ogawa strains express A and B but express very liüIe C. There also

appears to be variation in the amount of B antigen expressed in different Ogawa strains

(Sakazaki and Tamur a, I97I). Using serotype converted sfiains, it should be possible to look

at the expression of the B antigen on the cell surface This was done using two approaches;

haemagglutination inhibition and direct immunogold electronmicroscopy. Both of these

methods rely on the use of monoclonal antibodies which recognize the three antigens A, B

and C. Furthermore using these approaches it should be possible to answer the,question of

whether or not the B antigen is a modified form of the C antigen or if the B antigen is

independent of C.

Chemical fractionation of the LPS molecule and haemagglutination inhibition assays

should help to more clearly def,rne the epitopes presented by the three antigens, and may help

in identifying the antigens themselves-

The use of western blots, also provides a moanq of looking at the expression of the B

antigen and deærmining its association with a (definite) fraction of the LPS molecule.

This chapter also analyses the importance of LPS and seroty¡re on virulence of V.

ch.olerae Ol. This was done using a mutant n rfbT which converts an Ogawa strain to the
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Inaba form. The use of tansposon mutants within the rfb operon were used to examine the

role the LPS ptays in virulence and the expression of various surface components.

5.2 Results

5.2.1 Construction of an rfbT matant

5.2.1.L Introduction of a KmR cartridge into rfbT

The nucleotide sequence of the rfbT gene has been determined ild, by

complementation and mutation analysis, it has been shown to be required for the conversion

of an Inaba strain expressing the A and C antigens to the Ogawa serotype, expressing A, B

and C. However, it has not been shown that rfbT is necessary in an Ogawa sfain for

expression of the B antigen. Therefore, the KmR carfidge from plasmid 1225 was cloned

into the SpeI site nrfbf to generate anrfbT mutant. Fig. 5.1 shows the stepwise consfruction

of the plasmid pPM2139 conøining the mutant rfbT gane.

5.2.1.2 Subcloning into plasmid pRK290

plasmid pRIg9O was developed by Dilttn et ¿/. (1980) and can be used as an efficient

cloning and mobilizing vector, in a wide variety of Gram-negative bacteria. This plasmid

contains two unique cloning sites, EcoR[ and Bgl[I,encodes fc\ atd can be mobilized from

E. colí K-12 strains SM10 or 517-1 which have the RP4 fiansfer genes integrated into the

chromosome (Simon et aI., 1983). This facilitates the conjugation of pRK290 into V.

cholerae in the same way as pPM2101 (see Section 3.2.I). The 4.1kb PstUBamIil' fragment
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Figure 5.1: Construction of plasmid pPM2139 containing au t'åT::I(mRmutation-

plasmid pplvl2:Z9 was cleaved with SpeI to create a blunt end siæ into which the KmR

cartridge was cloned. plasmid 1225 wascleaved with H,r?dtr, allowing the purification of the

KmR cartridge from the ApR vector. Purified KmR carnidge was ligated wittr SpeI cleaved

pP|tr1r2l29 to genemtÊ plasmid pPM2l39-
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from ppM2l39 was cloned into the BglII site of pRI990 (Fig. 5.2). The resultant plasmid

designated pPW2l4}was selected using both TcR and KmR '

5.2.I.3 Construction of rfbT::KmR strains of V' cholerac

plasmid ppM2I42 was introduced into sfrain O17 by conjugation from 517-1 and

transconjugants were selected as TcR, KmR and SmR. Plasmid pPHIII (Beringer et al',

1978) was then innoduced into these fiansconjugants by selection for GmR. Since both

pRK290 and pPHIII belong to the IncP incompat¿bility group' these plasmids are unable to

co-exist within the same cell. Therefore by selecting for KmR G-R, and screening for TcS,

cells can be isolated in which a reciprocal recombination event has occurred and pPM2t42

has been expelled from the cell. Such a cell would now have the intact rfbT gene replaced

with the defective rfbT::KmR gene (Fig. 5.3). Cells with the KmR GmR phenotype no

longer behave like Ogawa cells in ttrat they do not agglutinate with anti-Ogawa typing sera,

indicating the loss of the B antigen (Table 5'1)'

In order to assess the effects of the rfbT matanon on virulence it was necessary to

remove the plasmid ppHlJI from the mutant sfiains, since it has been observed that this

plasmid attenuates V. choleras sfrains in an unknown mannef (Alm et al., 1991)' The

possibility that the innoduction of pPHIJI alters the sefotype of the sEain was ruled out by

slide agglutination. The removal of pPHIJI was achieved by incompatability, as it was for

ppl|d2I42 (section 5.2.6.2)(Fig. 5.3). In this case the IncP plasmid pME305 was innoduced

via conjugation. This plasmid has a temperature sensitive replicon (Rella et a1.,1985) and

can only replicate at the permissive temperature of 30oC. Thus, once pPHIJI was displaced

the strain could be grown at42oCto cure it of pME305. This yielded süain y874 (Fig. 5.3)'

which could be complemented by the reintroduction of pPM2129, thus restoring the

expression of the B antigen.
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Figure 5.2: Construction of plasmidpPM2L42.

plasmid ppg2l39 was cleaved withPstl andBamlil.to generate a 4.1kb fragment containing

the mutant fbT::KmR gene. The protruding ends were blunt ended with Klenow fragment of

DNA polymerase I. The vector, pRK290, was cleaved with Bgltr and the profiuding ends

filled. The cleaved pRK2gO and ppM2139 DNAs were ligated and transformed into snain

S17-1 selecting for TcR and KmR. The resulønt plasmid was designateÅpPM2l42.



Figure 5.3: Introduction of a t'åT::KmR mut¿tion into the chromosome of V. chalerae.

plasmid ppM2l42 (TcR, KmR) was mobilized from E. coli sftain 517-1 into I/. clnlerae

O17. The resultant transconjugants were Sm\ TcR and KmR. Recombination between the

chromosome and pPM2I42 was allowed to occur. Plasmid pPHIII (GmR), which also

belongs to the IncP incompatability group, was infioduced via conjugation into the V.

cholerae strain containing pPM2l42. Sm\ KmR, GmR colonies were then selecæd and

screened for TcS . The V. clnlerae sfiains in which the fåT::KmR mutation had recombined

into ttre chromosome were isolated and analysed furttrer using Southern hybridization (Fig.

s.4).

plasmid pME305, a temperature sensitive replicon derivative of RP4 and incompatible with

ppHlJI, was introduced into the V. cholerae fåT::I(mR mutant sfrain by conjugation. The

transconjugants were selected by Km\ TcR and screened for GmS to ensure the loss of

ppHlJI . The strains were then grolvn at 42oC to cure plasmid pME305 and to produce

isogenic plasmid-free strains except for the rfbT::I(mRmutation. This sfiain was designated

v874.

In the diagram B = Bg[n,S = Sp¿I and C = ClaI-



cbrorrosorne

c

Gm

chroroosome

c

pPHIJI

IG!,

(B) s

ch¡ornosorne

c

pME305

I(m

pPIIIJI

chromosome

cGm



Tabte 5.1: Stide agglutination of serotype converted strains.

The snains were agglutinated with either anti Inaba or anti Ogawa typing sera

(Wellcome). All sfrains rwere grown overnight on antibiotic containing nutrient agal

plates, resuspended in saline and then agglutinated'

The plasmids used are pPM2101, pPM2122 and pPM2I23 which are: -ve control,

rfbT fromOgawa snain O17 and rfbT fromlnaba strain 5698 repectively'

Slide Agglutination

anti-Ogawaanti-InabaSnain/plasmid

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

oL7

O17 [pPMZI01-]

O17 [pPM2t22]
O17 [pPMzI23]
5698

5698 [pPM210U

5698 lpPM2t22l
s69B ÍpPM2I23l
BM69

BM69 [pPM2101]

BM69 lpPMzrz2l
BM69 lpPMzr23l
C4411

C4411 [pPM2101]

CA4l t [pPM2t22]
C4411 [pPM2123]

v874
v874 [pPM2I22]
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To conf¡m that the t'åT::KmR mutation had been recombined into the chromosome

of. V. cholerae, genomicDNA of GmR, Km\ TcS cells was exúacted and digested with the

restriction endonuclease EcoR[. An oligo which binds within the rfbT gene (#tr96 :5'

TTTCGAAGTTTATGAGTT 3') was labelled wittr digoxigenin-ll-duTP using terminal

transferase and used as a probe in Southern hybridization. Since the KmR carridge contains

no sites for EcoR[, the fragment expected in the V.

chaleraechromosome with the recombined insertion should be 1.lkb larger i.e. an increase'in

fragment size from 5.4 kb to 6.5 kb. This was confrmed by the Southern hybridization (Fig.

s.4)

5.2.2 lmmunogold Electron-microscopic Studies on Serotype Converted Strains

Using monoclonal antibodies and immunogold elecfionmicroscopy it is possible to

directly quantitate the B and C antigens on the cell surface. P¡ior to immunogold and HIA

studies all sfains containing pPM2101, pPM2l22 and pPM2L23 wete tested by slide

agglutination using tWing sera (Table 5.1). The Inaba sfrains 569B and BM69 altered in

their agglutination patrern only when carrying pPM2l22. All other plasmids had no effect on

the serotyping of Inaba or Ogawa sftains. The O17 rfbT matant (V874) could only be

agglutinated with anti-Inaba sera, but the inüoduction of plasmid pPM2I22 complemented

the rfbT mutant which led to the same agglutination pattern as the O17 parent (Table 5-1).

The monoclonal antibodies, H8 and 13B, corresponding to anti-B and anti-C

respectively, were used on 17 strains (see Table 5.2) for the quantitation of the relative levels

of the various antigens using immunogold electronmicroscopy. The number of gold particles

in a given area rwere counæd on four different cells and the average calculaæd (Table 5.2). In

569B although the level of B expressed is significantly increased when pPlÑ4.2l22 is present

the level of C expressed on the cell surface does not alter significantly when taking the



Figure 5.4: Southern hybridization analysis of t'bT::KmR mutant, V874.

Genomic DNA of V. choler¿¿ strains O17, 5698 and V874 was digested with the restriction

endonuclease EcoRI and electrophoresed on a 0.87o agarose gel. After fansfer to

nitrocellulose, the filær was probed with an digoxigenin-lld-UTP 3' end labelled

oligonucleotide #1g6 (5'TTTCGAAGTTTATGAGTT3'). The 5.4 kb EcoRI fragment

harbouring the rfbT locus presenr in O17 and 5698 is absent in V874. A new 6-5 kb EcoRI

fragment containing the KmR carftidge was detecæd. The change in fragment size is

indicated by arrows. Sppl phage DNA cleaved with EcoRI was used as a size standard on

the ethidium bromide stained agarose gel (not shown). Size of SPPI EcoRI fragments in kb;

8.3'7,7.2,6.05,4.9,3.55,2.63,1.73, t.6L, r.29- l-19,.99, .86, .63, .48, -38 .
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Table 5.2: Immunogold electronmicroscopic quantitation of B and C antigens by Immunogold

electronmicroscoPY.

euantitation of the B and C antigens was undert¿ken using monoclonal antibodies which

recognize the B and C antigens. The number of gold particles bound were counted in a given area on

the cell surface and are given in ttre table. This was done on four individual cells per group and the

average taken after subnacdon of the background. All sfrains were grown overnight on antibiotic

containing nutrient agar plaæs. The same antibodies were used for the HIA assays and in the

determination of antigens on degraded LPS. Strains o17 and c4401 are ogawa, 569B and BM69

are Inaba.

Immuno gold Elecnon Micro scoPY

anti-Canti-BSnain/ plasmid

12.2 + 9

14.0 t 7.5

15.7 + 8

rt.2 t 6.4

94.5 + 18

97.3 + 20.7

66.0 t 16.3

64.5 + 8.1

64.3 + rl.3

63.5 t 12.4

73.5 t t4

75.6 + 11.8

6.0+4

10.0 + 6.5

t2.0 + 2

8.0 19

95.0 + 20.3

54.5 t 13

57.9 + 10.5

63.0 + 8.7

43.3 t 13.7

2.0t1
r.5+2

35 t 5.8

1.0 + 1.5

3.0+2

3.7 ! 2.5

136 + 29.3

2.9 ! 3.4

104 r 19.1

135 ! 25.9

170 + 56.6

86.5 + 14.4

5.0 + 3.7

oI7

O17 [pPM2t01]

O17 [pPM2t22]

Or7 lpPM2tz3l

5698

5698 [pPM2101]

s69B ÍpPM2t22l

5698 E)Pjllzl23l

BM69

BM69 [pPM2101]

BM69 lpPM2r22l

BM69 [pPM2t23]

CA4Ol

C4401 [pPM2101]

C4401 lpPMzrz2l

C4401 lpPMztz3l

v874
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st¿ndard deviation into account i.e. does not appear to be a simple conversion from c to B.

The same result is seen with 8M69. In the serotype converted shains the level of the C

antigen does not vary significantly regardless of whether the Inaba or Ogawa rfbT gene is

innoduced. However in the case of the rfbT mutant (VS74) the level of antigen C is

increased in the absence of the B antigen compared to the O17 parent which shows low levels

of C antigen. A possible reason for the apparent lack of variability of the C antigen

expression upon introduction of the cloned rfbT gene may have to do with the plasmid

insøbiJity. An experiment determining plasmid stability of pPM2122 has shown that after

overnight incubation 40Vo of.the cells have lost the plasmid and subsequently only 60Vo of the

cells are actively producing the B antigen. This is confirmed by the ptesence of a few cells

which appeil to lack the B antigen even if they are supposed to carry pPM2I22'

The rfbT mutant repfesents a true serotype converted sftain since the mutation acts

like the wild type rfbT gene from Inaba süains. In the mutant there is only a single copy per

cell integrated into the chromosome and is thus, under the same confiol as in an Inaba stain.

The mutant represents a serotype converted sftain not from Inaba to Ogawa but from Ogawa

to Inaba and allows a more accurate analysis of antigen expression and suggests that the B

and C antigens may not be independent. Thus the ideal serotype converted shain would

contain a chromosomally integrated rfbT gene from O17 in 5698 to convert from Inaba to

Ogawa.

Figure 5.5 shows a number of serotype converted strains probed with monoclonal

antibodies to the B and C antigens.

5.2.3 Haemagglutination Inhibition Assay using LPS from Serotype Converted Strains

LpS was exftacted from derivatives of four strains, either the wild type sfrain, or

harbouring one of the plasmids pPM210l, pPM2l22 ot pPM2l23. The LPS was used in



Figure 5.5a: Inrmunogold electronmicrographs.

Electronmicrographs showing binding of monoclonal antibodies to the B and C

antigen of V. clnteraeLPS. Antibodies were used at 1 in 50 dilution, the gold particles were

10nmin diameter. The black bars represents 330nm.

A. 5698 cr-C

B. 569BtpPM2101l cr-C

C. 5698[pPMl2t22] a-C

D. 569BlpPM2l23) a-C

E. 5698 cr-B

F. 5698þPM210U cr-B

G. 569BlpPM2l22l ø-B

H. 569BlpPM2l23l cr-B
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Figure 5.5b: Immunogold electronmicrographs.

Electronmicrographs showing binding of monoclonal antibodies to the B and C

antigens of V. cholerae LPS. Antibodies were used at 1 in 50 dilution. The gold particles

were 10nm in diameær. The black bars represents 330nm.

A. O17 cr-B

B. O17 a-C

C. V874 o-B

D. V874 a-C
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haemagglutination inhibition assays (HIA) to determine the minimal inhibitory concentation

of LpS for a given monoclonal antibody. Three monoclonal antibodies 208, H8 and 138,

were used and recognize the antigens A, B and c, respectively.

These results indicate that the A antigen is invariable and completely independent of

the B and C antigens. The C antigen also appears not to be affected by the introduction of

either pPM2101, pPM2l22 or pPM2l23. The expression of the C antigen on Ogawa sfiains

is approximately one-fifth of the expression on Inaba sfrains by immunogold, this result is not

confirmed by HIA where there appears to be only a two fold difference- This may be due to

several factors such as the inaccuracy of HrA using two-fold dilutions and also thaq in the

HIA, purified LPS was used and not whole cells.. The level of the B antigen is invariable in

ogawa strains and is dependent upon the intoduction of pPM2l22 tnto Inaba sûains' The

results are summ anzeÅ in Table 5.3 and closely resemble those of the immunogold

electronmicroscopy. The antisera were diluted t\ryo-fold across the haemagglutination trays'

The snains used ol7, cA411, 5698 and 8M69, were two ogawa and two Inaba isolates'

These results do not give a clear idea of whether or not the C antigen is converted to B. This

is possibly due to a number of factors such as the dilution factor and that the plasmid

ppM2l22 is unst¿ble tn V. cholerae (secton 5.2.2). Thus, the lower levels of C antigen on

Ogawa cells does not appear to be due to conversion to B. From the HIA the expression of C

remainsunchangedindicatingthatBisindependentofC.

5.2.4SDs.PageAnalysisofserotypeConvertedStrains

The LPS ftom the four different sets of sfiains was subjected to SDS-PAGE and

subsequently visualised using the silver staining procedure (Fig 5.6). The gel used was a7 '5-

25Vo hryperbolic gradient gel with twice the normal concenftation of SDS. It was found that

this concenfration of SDS gives better resolution for V. ch.olerae LPS molecules with O-



Table 5.3: Haemagglutination inhibitions for quantitation of antigens'

Strain b Ptasmid

Haemaggtutination inhibitiona with

Monoclonal antibodY

cr-A cr'B o-C

0.156 -c 0.078

0.156 - 0.078

0.078 0.018 0.078

0.078 - 0.078

0.039 0.009 0.039

0.039 0.005 0.039

0.039 0.009 0.039

0.078 0.005 0.039

0.039 0.018 0.078

0.156 0.018 0.078

0.078 0.018 0.078

0.156 0.009 0.078

0.078 - 0.078

0.156 - 0.078

0.078 0.039 0.078

0.156 - 0.078

s6eB (I)

c4411 (O)

o17 (o)

BM6e (I)

no plasmid

pPM2101

pPM2l22

pPM2l23

no plasmid

pPM2101

pPM2l22

pPM2I23

no plasmid

pPM2101

pPM2L22

pPM2I23

no plasmid

pPM2101

pPM2l22

pPM2l23

HIA was carried out using ¡ro fold serial dilution of the purified LPS antigens and

monoclonal antibodies to the A,B and C antigens'

a Haemagglutination inhibition is measured as the lowest amount of LPS (pg)

required to inhibit the agglutination of sheep erythrocytes coated with 0162

(ogawa)LPS.LPSusedwaspurifiedfroml00mlcultures

b Th" serotype of the sftains are indicaæd; I,Inaba; O, Ogawa'

c -, indicates no inhibition was observed implying the absence of the antigen

corresponding to the particular antibody'



Figure 5.6: Silver st¿in of serotype-converted sfrains'

SDS-pAGE analysis of whole cell lysates from O17, 5698, BM69 and C4411 containing

either no plasmid, pPM2101 ,pPM2t22 or pPM2123 and súain V874. T\e7.5-20Vo gelwas

silver søined to show the LPS. Cell lysates were prepared from lml cultures containing

2x109 cells/rnl. Cells were treared wittr Proæinase K in 100p1 of lysing buffer. 5pl samples

were loaded.
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antigen attached. No detectable difference in the banding pattern of the complete LPS

molecules (O-antigen plus core plus lipid A) was detected in the sEains regardless of

seroqæe.

The association of the B antigen with the LPS was demonstated using SDS-PAGE on

a l5Vo polyacrylamide gel and western blotting (Fig 5.7). A polyclonal antiserum raised to

O17 and extensively absorbed Ìyith 5698 to remove any antibodies to the C and A antigens

was used in the western blot. All the Ogawa sfrains (O17 and C4411) and the Inaba stains

which had been convefted ro Ogawa (569BtpPM2l22laú BM69[pPM2l22]) expressed the

B antigen on their O-antigen. T\e rfbT mutant, V874, shows no B antigen associaÛed with

any portion of the LPS. This confirms the slide agglutination and immunogold

electronmicroscopic results section 5.2.2 and 5.2.3 (Table 5.1,5.2). No B antigen could be

detected associated with the core-lipid A region of the LPS. The lower levels of staining of

the serot¡le converted sfains is possibly due in part to plasmid instability in that not all of

the cells contain ppw2l22 (section 5.2.I), and that in the HIA and immunogold labelling

monoclonal antiserum was used and not the absorbed polyclonal sera. The B antigen is thus

diluted on the cell surface after each cell division in those cells not harbouring the plasmid.

5.2.5 Bxpression of the Antigens A, B and C on Chemically Degraded LPS

Acetone dried cells were prepared from five sfrains (O17, 5698, BM69[pPM210U'

BM69tppM2I22l and BM69lpPM2l23l) and were sent to Dr. J. Redmond (Macquarie

University, Sydney). The LPS was exfacted and subjected to various chemical freatments.

Samples of this degraded LPS were then analysed by.haemagglutination inhibition for the

presence of the three antigens, A, B and C, this was done so that any reactive material could

be further anaþsed by Nuclear Magnetic Resonance (NMR) spectroscopy.



Figure 5.7: Western blot anaþsis of seroty¡te converted V. clnlerae sfrains.

Panel A:

Cell lysates of V. cholerae stains O17, 5698, BM69 and C4411 containing either no

plasmid, pPM2101,pPM2l22 or pPlvl2l23 were run in SDS on a l5%o polyacrylamide gel

and transferred via electroblotting to ninocellulose. Using a senrm raised to O17 and

absorbed with 5698. The B antigen can be detected exclusively in the O-antigen fraction of

thE LPS.

Panel B:

SDS-PAGE analysis of whole cell lysates from O17, 5698, BM69 and C4411 containing

eirher no plasmid, pPM2101, pPl[.d2l22 or pPM2I23 and strain V874. The I57o

polyacrylamide get was silver st¿ined to show the LPS. Cell lysates were prepared from 1

ml cultures containin g 2x109 cells/ml. Cells were teated with proteinase K in 100p1 of

lysing buffer. 5pl samples were loaded.



È-

Þ
c)
o
Io

ro
õ-L
È5Pc
3-i
o +

l.
!
È

c)
o
Io

t

È-o
Y. orOã

^\ 0a(l ô
Or
o +

Ifl

BM69

BM69 [pPMã01]
BM6s [pPM2123]
BM6e [pPM2122]
ot7
01? [pPM2101]
01? [pP]r21231
o17 lpPt{2t221
c4411

cAarl IpPM2101]

cAa[ [pPM2123]
cAall IpPM2122]
5698

56eB IpPM2101]

56sB IpPM2É3]
s69B [pPM2122]

v874

t

tC'

BM69

BM6s IpPM2101]

BM6e IpPM2123]

BM69 [pPM2122]
o1?

01? [pPM210l]
01? [pPM2123]

o11 lpPl1'2r22)
cA411

CAa11 [pPM2101]

cAa11 [PPM2123]

CAal1 [pPM2122]
v8?4

5698

5698 [pPM2101]

5698 [pPM2123]
s6sB IpPMz122]

.-



95

of the samples tested, only the hydrazine heated reacetylated LPS showed any

inhibition indicating the presence of the A, B and c antigens (Table 5.4) although the levels

of the three antigens was reduced by 1000 fold. The alternative freaünent, hydrazine fteated'

feacetylated, lTo formic acid for t hr at 100oC appeared to desfroy the C and B antigens,

although it left a small amount of the A antigen intact. Thus, it apppears that the A antigen is

more stable than either B or c. The level of the A antigen is very low compared to the

phenol water extracted LPS. The A antigen inhibits to 3mg whereas the congol LPS inhibits

to 0.03mg. Other Íeatments such as periodate oxidation, and acid and base hydrolysis also

desüoy the antigens. This would indicaæ that the antigens are labile and are readily lost

during treafinent of the Lps. Therefore ress aggresive degradation protocols are required to

be able to identify the three antigens such as bacteriophage degradation of the LPS'

5.2.6 Virulence of V. chol.erøc fá mutants

5.2.6.L Virulence orv. cholera¿ mutants lacking the o-antigen

A number of Cp-Tl phage-resistant üansposon-insertion mutants of sfain 5698 have

been isorated (Tabre 5.5) (ward and Manning, 19g9). These mut¿nts are rough i.e- lack the

O-antigen, which is not surprising since CP-TI uses the O-antigen as its receptor (Guidolin

and Manning, 1936). These mutånts have ftansposons inserted within the genes for

perosamine biosynthesis and are thus defined t'b mutants.

The effect of a loss of the O-antigen on the virulence of.V. cholerae was examined in

the infant mouse cholera model. The mutant sfiains were markedly attenuated, with mice

readily surviving doses approximately 50 to 100 fold þigher than the LDso of the smooth

conEol sftains (Table 5.5). The loss of the o-antigen also affects two surface associated

functions involved in virulence; adherence and motility (Freter and o'Brien, 1981; Attridge

and Rowley 1983; Taylor et a1.,1987; Sharma et a1.,19S9)' Elecnonmictoscopy was used to



Table 5.4: Haemagglutination inhibition a¡¡says on chemicatly degraded LPS.

The LpS used was waterþhenol exûacted from acetone dried cells and then

chemically degraded by hydrazine, Initial concentration of LPS was 200mg/m1. The

monoclonal antibodies used recognize the three antigens A, B and C' The

concengations given in the Table are final levels of inhibition by LPS in mg/ml' The

control Lps 0162 and 56g8 is from waterþhenol exnacæd cells without hydrazine

treatment. N/D indicates no detectable inhibition at 200mg/m1. Monoclonal

antibodies used were 208 ctA, H8 qB and 13B c¿C'

HAI assay of hydrazine fteated reacetylated LPS

anti-Canti-Banti-AStrain/ LPS

18.75

4.70

9.40

2.30

18.75

1.7 x L0-2

7 .5 x I0-4

2.30

N/D

N/D

2.30

N/D

1x 10-3

N/D

1.50

0.35

0.75

0.35

0.75

5 x 10-4

1x 10-3

ol7

569B

BM69 [pPM2101]

BM69 [pPM2r22]

BM69 lpPMzI23l

0162 LPS

5698 LPS



Table 5.5: Virulence of 5698 and its fú mutants in the infant mouse cholera model.

Strain Mutation

5698

v661

v663

v665

v669

Y67l

,fb+

rfb-2

rÍb-6

rÍb-7

rÍb-9

rfb-10

Survivala

Dose

fi1 108

10
83
73
88
88
87

Survivala is measured as the number of mice from a group of eight that were still alive at 48hr

after receiving the challenge dose

One experiment (of three), in which some of the mice died from a challenge with the y'ä mut¿nts

is shown. The LD5g of 5698 for infant mice was 5x105 bacteria. The results were consistent

across all three exPeriments.
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examine both toxin co-regulated pilus (TCP) and the flagella. Since these two structures are

known to be responsible for adherence and motility respectively. No TCP was detected on

the surface of cells of stain 5698 mutants grown in CFA broth. Examination of the flagella

revealed both sheathed and what appeared to be unsheathed flagella; no other differences

could be detected between rough and smooth shains. Motility studies using soft agar overlay

revealed that the O-antigen mutants showed reduced zones of swarming (Fig 5.8), indicative

of reduced motility, i.e. flagellar function'

Analysis of the cell envelope of the rfb mutarûs by SDS-PAGE revealed an altered

protein profile in which one protein reduced and another markedly increased. This is

consistent amongst the mutants (Fig 5.9). An altered protein profile has been observed in

other bacteria with LpS defects. One possible explanation is that there is a co-requirement

for intact LpS for the proteins to be conectly incorporated into the outer membrane (

Hancock and Reeves, 1975; Ames et a1.,|9/4;Lagtenberg et a1.,1976).

Thus, V. cholerae sgains lacking O-antigen do not appear to be able to assemble pili

(TCp) on the cell surface, furthermore, a large amount of the major sfiuctural subunit, TcpA,

accumulates in the periplasm of these mutants (data not shown). It is thus reasonable to infer

that complete LPS is required for fully functional flagella and the assembly of TCP-

5.2.6.2 Effect of the fáT::KmR mutation on virulence in the infant mouse cholera

model

The V. cholerae strain O17 and its rfbT mutant (V874) were assessed for virulence in

the infant mouse cholera model. The infant mice were innoculated inra-gastrically with

various doses of bacteria and were subsequently checked at regulil intervals over a period of

4g hr for their state of health and survival (Fig. 5.10). Two süains of mice were used due to a

change in the availability of LacA mice. The Swiss mouse süain used was extensively tested

and gave the same virulence pattern in the infant mouse cholera model. V. cholerae O17 and



Figure 5.8: Moülity of V. clnlerae få mutants in soft agar'

Strains 569B and V663 (569B rlb-6) were plated out at a density to give 100-300 colonies

per plate. The colonies lvere overlaid vnth 0.37o nutrient agar and incubated for 2-3 hr at

37oC. Motility is detected by the diffuse zone around the colonies.

A. 5698

B. V663



A

B



Figure 5.9: Analysis of the cell envelope of Y. clnlerae t'b mutants.

Cell envelopes of strain 5698 and its rÍb mutants were run in SDS on a l57o polyacrylamide

gel. panel A shows the protein profrles after staining with Coomassie blue G-250. A number

of the major membrane proteins alter in their expression, these are indicated by the affows.

panel B is SDS-pAGE analysis of whole cell lysates from 5698 and the fb mutants. The

mutants lack the O-antigen/tipidA-core region. The L57o polyacrylamide gel was silver

st¿ined to detect the LpS. Cell lysates were prepared from 1ml cultures containing 2x109

cells/ml. Cells were treated with proæinase K in 100¡rl of lysing buffer. 5pl samples were

loaded.
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Figure 5.10: Effect of the t'bT::KmR mut¿tion on virulence in the infant mouse cholera

model.

The V. clnlerae sEain O17 and its mutant V874 were administered intragastically to infant

mica The number of deaths at each time point was re¡orded. Six mice were used for each

strain.

panel A is for L¿cA mice given either low (1x106) or high (1x107) doses of organisms.

panel B is for Swiss mice given either low (1x104) or high (tx105) doses of organisms.

The LD50 for strain o17 was 1x105 in LacA and 5x104 in swiss mice.

1t
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yg74 showed no significant difference in either the rate of death of the infant mice or the

overall death rate after 4g hl. Since o17 and Y874 can be considered as isogenic ogawa and

Inaba strains, respectively, this indicates that the serot¡le i.e. the expression of the B antigen

on the lipopolysaccharide does not affect its virulence. This is the first time isogenic sftains

have be¡n used in a study of the virulence of ogawa versus Inaba. This result however, does

not rule out the possibility that a change in serotype is important for evading the immune

response of the host.

5.3 Summary and conclusions

Inaba sfrains, such as 5698 and 8M69, are readily sefotype-converted by the

introduction of the rfbT gene from an Ogawa sfain' Using NMR and HIA on chemically

modifi.ed LpS and silver staining to check for any alteration in the mobility of the LPS it was

hoped that the B antigen may be structurally or chemically identified. This has not been

possible since the three antigens A,B and C appeaf to be very labile and are desnoyed by

most chemical treatments. Using HIA assays and immunogold elecfonmicroscopy it has

been shown that the three antigens are surface-associated and that the expression of these

antigens appeafs to be independent. However expression of the C antigen on the rfbT mttanl'

V874, increased markedly compared with the O17 parent. These data suggest that the

expression of B and C are linked, and that C is converted to B or masked by the B antigen'

The serotype-converted sfains 5698 shows lower expression of the B antigen compared to

wild type ogawa strains in both HIA, western blots and IEM. This is probably due to

plasmid loss. The serotype converted BM69 only shows lower levels of the B antigen in the

western blot. The súains for the silverst¿ining and western blot were grown in broth and not

on plates which may contribute to plasmid loss'

Virulence studies using the infant mouse cholera model, showed that the presence of

the B antigen is unimportant for pathogenesis per se. Its involvement in avoiding the
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immune fesponse of the host" howevef, cannot be ruted out ftom these experiments' other

mut¿nts in the rfb operonwhich affect o-antigen biosynthesis have a marked effect on the

organism by reducing its virurence. This may be due in part to the reduced motility and the

lack of TCP on lb mutants since both are known virulence factors' Furthermore rough

sEains lacking the o-antigen afe more susceptible to non-specific host defense mechanisms

such as bile salts and PH.
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Chapter 6

Characterization of the RfbT protein

6.1- Introduction

The genetic locus determining the Ogawa serotype specificity tnV. chaler¿¿ has been

cloned and sequenced. An open reading frame encoding the RfbT protein of approximately

32-34v,Dahas been shown to be responsible for this activity.

Over-expression and purification of the protein would allow specific antiserum to be

raised and facilitate N-terminal amino acid sequencing. This is important since it was not

known which of the two possible ATG start codons represents the actual start.

The cellular compartmentalization of proteins involved in O-antigen biosynthesis in

V. clnleraehas not been determined. Thus, the localization of RfbT could indicate where the

O-antigen is modified to produce the B antigen, and perhaps shed light on the pathway by

which O-antigen and LPS are exported. Localization can be achieved with the use of a

specific antiserum to RfbT and by cell fractionation. This chapter looks at the

overexpression of the RfbT protein. The protein is partially purified for N-terminus

sequencing and the raising of specific antibodies. The localization of RfbT in both E- coli

and V. cholerae is under taken. ln E. colí the protein is localized to a cellular compartment

by labelling RfbT witfr ¡3Str-methionine. h y. cholerae the proæin was localized by the use

of specific antibodies to RfbT.
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6.2 Results

6.2.L Expression of RfbT in minicells

plasmids ppM2101, pPM2l22 and pPM2123 were ftansformed into the E. colíK-t2

minicell sfrain DS410. plasmid pPM2l22 cont¿ins three complete open reading frames

corresponding to the V. clnlerae RfbR, RfbS and RfbT proteins. The RfbT protein.of

ppy2l23 is predicted to have a size of 2TkDa compared to the 32kDa protein encoded on

ppM2I2Z. From the minicell data (Fig. 6.1) a protein corresponding to approximately 32kDa

is encoded by plasmid pPM2l22. There appears to be a product of 27kDa n pPlvl.2l23

which is obscured by the products of the ampicillin resistance gene, bla, which comigrate in

the region of 25-30kDa (Fig. 6.1). In no case could candidates for RfbR and RfbS be

detected: the reasons for this is that rfbT has its own promoter while rfbR and y'bS do not.

Furthermore, rfbR and rfbs do not have ribosome binding sites since they are tanslationally

coupled to the rest of he rfb operon.

6.2.2 Expression of RfbT from Ogawa in pTTQ181

Since the expression of RfbT in the minicell stain was low it was decided to attempt

to over-express the protein in a different system. The 3kb ChI fragment was cloned from

pRMBI into the AccI site of the expression vector pTTQ181 (Stark, 1987), and was

designated ppw2126. Plasmid pTTQ181 is pUC based and contains the P1u, promoter which

is inducible with IpTG. This system should be expected to allow overexpression of the genes

encoded on pPM2126. Cells harbouring the induced clone were fractionated and the

fractions run in SDS on a l57o polyacrylamide gel which was st¿ined with Coomassie blue

G-250. There \ilas no observable difference between the control pTTQl8l and the induced

pp¿2l26 clone. This result indicates that the RfbT protein is not overexpressed to a readily



Figure 6.1: Expression of plasmid-encoded proæins in the minicell producing strain DS410.

plasmid-encoded proteins were analysed using ¡he E. coli minicell producing strain DS410.

Minicells harbouring the plasmids pPM210I, pPM2l22 and pPM2l23 were purified on

sucrose gradients,labelled witrr ¡355r-methionine and solubilized in SDS sample buffer. The

plasmid-encoded proæins \¡vere visualized by autoradiography afær electophoretic separation

in SDS on a l17o polyacrylamide gel. The RfbT proteins from O17 (pPM2t22) and 5698

(pPM2I23) are indicated bY arows.



cî
c\l

cu

=F"g

cu
C\ì
Fl
N

=F.g

F{
O
Fl

^lE
F.
Ê



detectable level in this system. It was thus decided to use an alternate expression system

based on the T7 promoter/RNA polymerase system of Tabor and Richardson (1985)

6.2.3 Overexpression and purification of RfbT

6.2.3.L Overexpression of RfbT ogawa using Bluescript trus

The 3kb clar ftagment 'was cloned into ttre plasmid pBluescript IVs (expression

system) in both orientations. This plasmid can be used in conjunction with plasmids such as

pGpl-2 which contain the T7 RNA polymerase under the confiol of the l"P¡ regulatable

promoter. This system is designed to allow very high levels of expression of Senes cloned

downsfream of the T7 promoter (Tabor and Richardson, 1985). In one orient¿tion in

Bluescript IçtS the genes are under the confol of the T7 promoter, (PPM2I27), in the other

orientation þpM2128) they are inverted relative to the T7 promoter and thus can not be

overexpressed from the T7 pfomot€r (Fig. 6.2), although they are now under the contol of

the T3 promoter.

The T7 expression system uses two steps for over-expression, the initial step is a

temperature shift from 30oC to 42oC. This is necessary since the T7 RNA polymerase is

repressed by l.cl857 at 30oC but is induced by a temperature shift to 42oC. The second step

is the addition of rifampicin which inhibits the E. colí RNA polymerases but allows the fi

RNA polymerase to function. Since the genes cloned into pPM2t27 ate under the confrol of

the T7 promoter, this should lead to high level expression of RfbR, RfbS and RfbT.

Cycloserine \¡vas used to kill any cells that had acquire{ spontaneous nif\ This system gave

only low levels of RfbT expression, but was a significant improvement on the pTTQ181

expression because a protein corresponding to 32kDa could be visualized on a SDS-PAGE

gel (Fig. 6.3 and Fig 6.4).



Figure 6.2: Consrruction of plasmidspPM2l2T and pPM2128.

plasmid pRMBI and pBluescript IVS were digested with the resriction endonucleases C/¿I

and Accl,respectively. The 3kb CtaI fragment from pRMBI containing the rfbR, S, and T

genes and ompX'was cloned into pBluescript in both orient¿tions, thus placing the genes

either under the control of the T7 or T3 promoters. These plasmids were designated

pPM2l27 and pPM2 128, respectively.

ompX' is truncated omPX
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Figure 6.3: Purification of the RfbT protein using the T7 promoter/RNA polymerase system

in the presence of cycloserine.

DH5 cells containing pGpl-2 and pPM2127 wercinduced by a temperature shift from 30oC

to 42oC and the addition of rifampicin. Cycloserine was added to kill any spontaneous

rifampicin resistant cells. Exfiactions with 57o DOC were performed on whole membranes

after disrupting the cells in a French P¡essure Cell. Two sequential extractions were

performed on the membrane maærial (1o and 20¡ and the insoluble material removed by

centrifugation at 35,000rpm for t hr (2o petlet). The material was separated by

elecnophoresis in SDS on all%opolyacrylamide gel and st¿ined with Coomassie blue G250-

Panel A: extractions wofe canied out in the presence of 10mM MgC12.

Panel B: extractions wefe carried out in the absence of 10mM MgCl2

Material was either boiled in SDS loading buffer or heated to 370C prior to being run on

SDS-PAGE.

The molecular weight markers (M.V/.M.) wefe; 94,67 ,43,30,20.1 and I4.4.
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Figure 6.4: Purification of the RfbT protein using the T7 promoter/RNA polymerases

system.

DH5 cells containing pGpl-2 and either pPM2I27 or pBluescript þB/S) were induced by a

temperature shift from 30oC to 42oC and by the addition of rifampicin. Whole cells were

broken with a French pressure Cell and the whole membrane fraction collected by

ultracentrifugation (35,000 rpm for t hr) and subjected to various exhactions.

pB/S represents DH5 cells containing pBluescript IVS and, pPM2I?JI is the clone in which

rJbT is under the control of the phage T7 promoter.

The hacks corresPond to:

1: Whole membrane fraction

2: Soluble fraction after exfraction with 57o Sarkosyl in the presence of 10mM MgCl2

3: Soluble fraction afær lst extraction wí¡h 57o DOC in the presence of 10mM is'f:gCl2

4: Soluble fraction after 2nd extraction '¡¡tth 57o DOC in the presence of 10mM MgCL2

5: Insoluble fraction after extaction with 57o Sarkosyl and S?oDOC,

6: Soluble fraction after extraction of 5 with 4M Urea

7: Soluble fraction after exfaction of 5 with 8M Urea

8: Insoluble residue after detergent and urea exÚactions

The samples \ilere electrophoresed in SDS on a L57o polyacrylamide Gel and stained with

Coomassie blue G250.

panel A: Samples wefe boiled in sDS prior to loading on the gel

Panel B: Samples were heated to 37oC in SDS prior to loading on the gel

The position of the RfbT protein is indicated by the large arrow. The E. colí OmpA protein

and porins are indicated by the triangle and diamond respectively.

The molecular weight markers (M.W.M.) wefe; 94, 67 ,43,30,20-1 and 14.4.
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The expression of the protein could be further upregulated by omitting the

cycloserine. with this system, it was possible to partially purify the RfbT protein (Fig. 6.4).

This material was subsequently used for N-terminal analysis (Section 6.2-6) and the raising of

antibodies specific to RfbT (Section 6.2.5). The reasons for the difference in the levels of

expression benveen the presence and absence of cycloserine is not known' Since the action

of cycloserine is to stop peptidoglycan biosynthesis and this ties up the undecaprenol lipid

carrier this could indirectly affect proteins involved in LPS biosynthesis. The conshucts used

for the T7 over-expression lead to a long 5'mRNA tail of V. clnlerae origin, it may be at the

translational level that the lower production of RfbT occurs by some unknown feedback

system i.e. if there is no or little undecaprenol lipid carrier LPS production may be down-

regulated thus affecting the production of RfbT. Since both O-antigen and peptidoglycan

biosynthesis use the same undecaprenol lipid carrier'

6.2.3.2 Purification of RfbT from a low level producer

Several attempts were made to purify the RfbT protein from the low level producer

(DH5 [ppw2l27lpcp1-2] with cycloserine). upon cell fractionation the protein appeared to

be associated with the membrane fraction. Thus, it was decided to fy to exEact the protein

from the membrane by the use of va¡ious salts at differing concenftations ranging from

20mM to 500mM (Table 6.1). None of the salts appeared to have any effect on the

solubilization of the protein. Other exhactions were performed using a number of detergents

with or without the addition of magnesium chloride (Table 6.1). The procedure which gave

maximum pudty of RfbT involved two exfractions with deoxycholate (DOC) in the presence

of 10mM MgCt2 atiloc. This removed a number of contaminating proteins and left most of

RfbT associated with the insoluble fraction (Fig' 6'3)'

The partially purified RfbT protein was run on SDS-PAGE and the band

correspondin g to 32þ,Da RfbT protein was excised from the stained gel' The gel slice



Tabte 6.1: Extraction procedures with salts and detergents:

Satt

Licl

LiCl

Licl

Licl

NaCl

NaCl

NaCl

NaCl

Detergent

Tween20

Sarkosyl

NonidetP40

BRIJ35

DOC

Concn

10mM +10mM MgCl2

50mM t10mM MgCl2

100mM +10mM MgCl2

500mM +10mM MgCl2

10mM +10mM MgCl2

50mM +10mM MgCl2

100mM +10mM MgCl2

500mM tl0mM MgCl2

Concn

lEo +tÙrl¡MMgCl2

l7o llÛrnlvlMgCl2

17o t10mM MgCl2

17o +10rnM MgCl2

lEo +lÛrrù{IMgCl2

Exfiactions were carried out on membrane material using either LiCl or NaCl salts at

concengations ranging from 10mM to 500mM with or without the addition of Mgc12.

Other extractions were performed using various detergents such as Tween20,

sarkosyl, NonidetP40, Bfij35 and Doc with or without the addition of MgcI2.

All exfractions were carried out for 30min at room temparhre with intermittent vortexing.
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containing the RfbT protein was homogenized with Span oil and used for the primary

immunization of a rabbit to raise a specific antiserum to RfbT.

6.2.3.3 Purification of RfbT from a high level producer

Cells producing high levels of RfbT (section 6.2.3.I) were fracúonated and the

fractions run in SDS on a líVo polyacrylamide gel. As shown earlier section (6.2.3.2) the

RfbT protein appears to be associated with the membrane. A series of solubilizations were

carried out using either 5Zo Sarkosyl and 5Vo DOC in the ptesence of magnesium chloride. It

was decided to use the higher levels of detergent to try to solubilize the proæin out of the

membrane fraction. Further extractions with either 4M or 8M urea were performed on the

detergent insoluble material (Fig. 6.a). The major contaminating protein appeils to be

OmpA because it alters its mobility from 28kDa to approximately 43kDa with respect to

RfbT if the samples are solubilized at either 37oC or 100oC. Other contaminants migrating in

the proximity of RfbT are the E. coliporins OmpF and OmpC. The porins only enter the gel

if the samples are boiled prior to loading, otherwise the porins exist as himers which do not

enter the gel effectively. The RfbT protein is the major protein in the 4M or 8M urea

fractions, however some of the RfbT protein remains insoluble. This may be due to the

formation of intracellula¡ inclusion bodies and not due to insufficient urea or detergenl The

formation of inclusion bodies is not unusual for proteins which show high levels of

expression.

The RfbT protein migraæs at approximately 32kDa regardless of whether the samples

were boiled or heated to 37oC prior to loading on the gel. This would indicate ttrat RfbT

probably does not form dimers or frimers like porins. This size corresponds to that predicted

for RfbT from the nucleotide sequence.

The purified RfbT from the 4M and 8M urea fractions was run in SDS on a l5%o

polyacrylamide gel and the protein band excised. This material, which was considerably
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purer than the material from the low level producer, was homogernzeÅ, and used to boost the

rabbit that had previously been immunized with the partially purified RfbT from the low

level producer.

6.2.4 N-terminal amino acid sequence analysis of RfbT

From the nucleotide sequence analyses two possible stfft codons within the same

ORF could give rise to proteins of similar molecular size, 34kDa compared to 32kDa. The

32y.Da protein has a better ribosome binding site than the larger 34kDa protein.

Consequently, it was decided to determine the N-terminal amino acid sequence of RfbT in

order to confirm the identity of the protein and to confirm which of the two possible inframe

ATG start codons gave rise to the RfbT protein.

The 4M urea soluble fraction of RfbT was mixed with SDS sample buffer and run in

SDS on a l57o polyacrylamide gel. The RfbT protein was excised from the gel and

reelecfophoresed. This material was subsequently fransferred via electro-blotting to PVDF

protein sequencing membrane, and the N-terminal sequence was determined on an Applied

Biosystems 470 peptide sequencer (by A.Gooley, Macquarie University, Sydney)'

The N-terminal sequence for the 32kDa RfbT protein is shown below and

demonsfiates that the second ATG is the actual start of franslation of the protein. This result

more closely approximates the size predicted from SDS-PAGE gel and fits ttre better

ribosome binding site than if the first ATG codon was used'

N-terminal sequence: Met Lys His Leu Ile Lys Asn Trp VaI Glu Lys Leu tre Lys

6.2.5 Cellular location of RfbT in E. coli

DH5 cells containing pGPl-2 and either pBluescript IVS' pPMl2l27 or pPM2128

were labelled wittr 35lS]-methionine using the T7 polymerase expression system (Tabor and
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Richardson, 1985). The cells were subsequently fractionated into cytoplasm, periplasm,

inner and outer membfanes. The protein fractions were run in SDS on a l57o polyacrylamide

gel and visualized by autoradiography. The RfbT protein can be detected in the whole cells

and inner membrane fractions, although there is some protein seen in the other fractions

which may be due to contaminating inner membrane material (Fig. 6.5). The periplasmic

fraction also contains a significant amount of RfbT. This could be due to a number of

factors, such as small membrane vesicles formed upon sphaeroplasting which. can only be

removed from the periplasmic fraction by high speed ultracenhifugation. One other

possibility is that RfbT is on the periplasmic surface of the inner membrane and subse,quently

is solubilized to some extent upon the formation of sphaeroplasts. The protein material seen

in the ppy12t27 frack may either be breakdown products of RfbT or RfbR and RfbS.

6.2.6 Ståbility of labetled RfbT inE- coli

The T7 promoter/RNA polymerase expression system (Tabor and Richardson, 1985)

was used to specificalty label proteins under the confrol of the T7 promoter. This system has

the advantage over minicells that there are no bla gene products to interfere withrthe analysis

of the proteins. The proteins vr'ere labelled witl 35lS]-methionine and subsequently chased

for various lengths of time by the addition of cold methionine. The samples were run in SDS

on a l57o polyacrylamide gel and the proteins visualized by autoradiography (Fig. 6.6).

None of the time points from lmin to 60 min show any degradation of- the labelled RfbT.

This would indicate ttrat RfbT has a long half life and ttrat it is stable tn E. colí K-Iz.

Candidates for the other two proteins, RfbR and RfbS, could be visualized, although a longer

exposure of the autoradiograph does reveal these bands more clearly, it also reveals a number

of other bands, some of which correspond to proteins seen in the confrol tacks and possible

breakdown products. The poor expression of RfbR and RfbS is probably due to the lack of

any identifiable ribosome binding site since the dbR añ fåS genes are fianslationally



Figure 6.5: Cellular localization of the RfbT protein n E. coli using l35S]-mettrionine

labelled proteins.

High level expression was induced using the T7 transcription system (Tabor and Richardson,

19g5) and the franslated proteins were labelled $'ith [35S]-mettionine. E. coli DH5 celts

harbouring pGPl-2 and either plasmids pBluescript IVS, (pB/S),pPM2I27 and pPM2128

were used. The cells were fractionated and analysed in SDS on a t57o polyacrylamide gel

followed by autoradiography. RfbT could be detected in the whole cell, periplasmic and

inner membrane fractions. The small amount of RfbT seæn in the other fractions is likely to

be due to membrane contamination. The labelled RfbT protein is approximately 32kDa and

is indicated by an arrow.

Vf.C. is whole cells

Cyto. is cytoPlasmic fraction

Peri. is periplasmic fraction

I.M. is inner membrane fraction

O.M. is outer membrane fraction
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Figure 6.6: Stability of labelled RfbT tnE' coli'

proteins expressed from the fi promoter were labelled for 2min witrr l35s]-methionine in E'

coliD*Scells harbouring pGPl-2 and either pBluescript Iqs þB/s)'pPMZl28 or pPM2127'

The labelling was followed by a chase of cold methionine and samples were taken at 1 min, 5

min and 60 min after addition of the cold methionine. The proteins were analysed in SDS on

a l5lo polyacrylami.Ce gel followed by autoradiogaphy. The a¡row indicates the position of

the RfbT protein. The other two smaller aûows indicate the possible protein products of rfbR

and rfbS. The triangle. and diamond indicate RfbR and RfbS respectively'
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coupled to the rest of tlre rÍb opeton. The levels of the three proteins detected does not

correspond to the number of methionine residues, since, RfbT has only 5 residues whereas

RfbR and RfbS have 10 and 3 residues respectively. Mutants in RfbR and RfbS would help

in the identification of these proteins in the T7 polymerase system. The RfbR protein has an

expected molecular size of 27kDa and is probably the second band under RfbT, RfbS is only

¿l<Da and thus migrates well below the other two proteins. The only unique band in this

region is indicated atthe bottom of the gel (Fig 6.6).

6.2.7 Detection of RfbT inV- cholerac

The antiserum used for detection was raised against partially purifred RfbT. This

serum was absorbed 5 times overnight with the rfbT mutarú strain (V874) to lemove any non-

specific antibodies. Whole cell lysates were solubilized, and run on SDS-PAGE and and

probed with antiserum after transfer to a nitrocellulose filter (Fig. 6.7). In strain O17 the

senrm reacts most sfrongly with a32k<Daprotein and with a}7kÐaprotein in 569B (Fig. 6.7).

These sizes correspond to those expected from the sequence data of the RfbT protein in O17

and 5698.

6.2.8 Celtular localisation of RfbT inV- cholerøe

Results obtained from cell fractionation experiments in which membrane proteins

have been overexpressed may not necessarily reflect their true cellulan location (Tommassen,

19g6). This may well be the case with the E. coli fractionations to localize RfbT. In this case

the protein was over-expressed using the T7 promoter/RNA polymerase system'

Since the RfbT protein could be readily detected in whole cells of V. cholerae using

theantiserumtoRfbT,cellfractionations of V.choleraewere undertaken. Thecellswere



Figure 6.7: Deæction of RfbT tnV. clnlera¿ 01 snains O17 and 5698'

Whole cells of V. cholerae strains O17 and 5698 were analysed onalíVo polyacrylamide gel

followed by transfer to nitrocellulose. Using antiserum raised to gel-purified RfbT protein,

RfbT can be visualised on a'western blor o17 and 5698 have proteins of differing sizes as

predicted from the nucleotide sequence. The o17 RfbT is 32kDawhereas the 5698 protein

is 27 lÐa. The proteins are identified by arrows'
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fractionated and the fractions run on SDS- PAGE, the proteins hansferred to nitrocellulose

and probed with the antiserum. In both O17 and 5698, the RfbT protein was found

exclusiveþ in the inner membrane fraction (Fig. 6.8). These data confirm those obt¿ined

previously (Section 6.2.5) and suggest that RfbT is localized and acts at the inner membrane.

This supports the model that LPS is assembled and modified at or within the inner membrane

prior to export to the outer membrane (Robbins and V/right, 1971; Osborne, 1979; Muuord

and Osborne, 1983;) . Since the truncated RfbT product of 5698 is also found in the same

cellular location, it seems likely that the domain(s) of the protein which interact with the

membrane and are responsible for its location must be within the first 27kJ.a of the protein.

No corresponding protein was detected in fractions of the rfbT mutant,V7&4.

6.2.9 Computer analysis of the RfbT protein

6.2.9.1. Codon Usage and amino acid composition

A summary of the codon usage within the coding region of the 4fbT mRNA is shown

in Table 6.2. Table6.2 shows the rfbT codon usage compared to other sequenced v. cholerae

genes. Many of the genes sequenced from V. cholerae are involved in virulence. These

genes tend to have a G+C content of approximately 40Vo (P. Manning, personal

communication) compared to the overall G+C content of V. cholerae of 48Vo and may apply

a bias to the Table. The codon usage of rfbT is also compared to the othet rfb genes of V.

cholerae (Table 6.3).

Since the G+C content of rfbT is very low (31.77o) compared to the rest of tte rÍb

operon (39.I 7o) arñV. cholerae in general this leads to a predominance of amino acids such

as phenylalanine (6.97o), isoleucine (lI.I7o), asparagine (9.4Vo) and lysine (6.47o), when

compared to V. cholerae in general. Codons which use predominantly G and C are reduced

in RfbT such as leucine (6.2%o), serine (6.llo), alanine (4.87o) and arginine (3-0Vo) when



Figure 6.8: Cellular localization of RfbT tn V . cholerae lusing antisera.

Whole cells (W.C.) of v. cholerae O17, 5698 and V874 were fractionated into cytoplasm

(cyto), periplasm (peri), inner (I.M.) and outer.membrane (O.M.). The fractions were

solubilized in SDS and the proteins separated on a !5Vo polyacrylamide gel and transferred to

nitrocellulose. Antiserum raised to purified RfbT was used in a'Western blot to detect the

protein. The only fractions to contain RfbT were whole cells and inner membrane. V874 (an

rfbT null mutant) did not react with the antiserum. The RfbT proteins are indicated by

¿uïows. Themolecularweightmarkers (M.W.M.) were; 94,67,43,30,20'landl4'4'

V/.C. is whole cells

Cyto. is cytoplasmic fraction

Peri. is periptasmic fraction

I.M. is inner membrane fraction

O.M. is outer membrane fraction
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Table 6.2: codon usage of rfbT compared_ to v. cholerae 01, the 4få operon of Y.

cholcrae and to E. cofi hlgh and low expressed genes'

Percent in Percent in
E. coli(hrgh) E.coli (tow)codon aa i,:ifå:;:i, þ'.."t¡

73.9
26.1
31.4
2n.9
22.5
4.3

t4.5
6.4

52.8
2t.4
25.8

100.0
39.0
10.3y.2
16.5
30.5

6.9
2t.l

9.3
18.4
13.8
32.3
11.1
42.4
14.l
36.0
16.4
29.3
t8.2
36.7
13.2
33.2
16.9
6.7
33.3
&.3
3s.7
6.7
33.3
63.4
36.6
6.3
33.7
78.0
22.0
67.2
32.8
&.7
35.3

100.0
u.7
14.6
16.9
4.1

n.0
12.8
43.0
19.8
23.0
14.2
41.2
29.4
29.4

LJIJU Phe 70-6
truC Phe 29.4
true Leu 28.2
UUG Leu 18.9
CUU Leu 17.9
CUC Leu 9.7
Cúe Leu 12.6
CUG Leu 12.6
Ãrru rle 50.7
AUC Ile 28.4
Áue Ile 20.9
AUG Met 100.0
Gtru val 34.5
cUC Val 15.7
GUA Val 25-l
GUG Val 24.7
Úcu Ser 209
UCC Ser 7-7
Úce Ser 21.6
UCG Ser ll-9
AGU Ser 22.1
AGC Ser 15.9
CCU Pro 30.5
CCC Pro 13'1
ÕÕe Pro 36.0
CCG Pro 20.5
ÃÕu rhr 26.6
ACC Thr 25-7
Àcn rhr n.3
ACG Thr 20-4
GCU Ala 31.7
GCC Alâ 16.2
ccn Ala 29.8
GCG Ala 22-4
Úeu rvr 6.4
UAC TYr 33.6
CAU Hïs 65-7
CAC His Y3
CAA Gln 65.7
CAG Gln 343
Ãeu Asn 62.3
AAC Asn 37-7
Arô\A Lvs 71.6
AAG Lís 2ß.4
CIU l3P 77-0
cAC As'D 23.0
GAA GIü &.5
GAG Glu 35.5
UGU Cvs 61.2
UGC Cis 38.8
UGc TiD 100.0
cGU Arï 28.1
Õcc ArE 2n.5
cGA Arã 15.6
CGG ArE 6.7
AGA AfE 2T.4
Ác,c ArË 7.6
ccu Glv 42.5
c'GC Gli 25-l
GGA Glv 17.9
e'GG Glí 14.6
UAA StoD 45.6
UAG Sto,þ n.2
UcA Sroip n.2

Percent in
ÌÍbT

75.0
25.0
55.5
11.1
11.1
5.5

11.1
5.5

53.1
9.4

37.5
100.0
6.6

0.0
20.0
13.3
20.0

6.6
40.0

6.6
26.6
20.0
28.6
t4.3
57.r
0.0

36.4
9.1

454
9.1

42.9
0.0

50.0
7.1

72:l
n.3
92.9

7.1
50.0
50.0
63.0
37.0
66.7
33.3
83.3
16.7
65.2
34.8
83.3
16.7

100.0
22.2

0.0
11.1
0.0

33.3
33.3
23.5
11.8
41.2
11.8

100.0
0.0
0.0

18.3
81.7
t.4
1.5
3.5
4.8
0.6

88.2
18,6
8t.2
o.2

100.0
50.6
6.8

262
16.4
38.8
34.4

2.L
3.6
1.6

19.4
6.1
1.0

11.9
81.0
40.3
52.2
3.0
4.5

38.8
8.8

2ß.6
25.8
2t+.5
75.5
18.4
81.6
10.7
89.3

5.5
94.5
79.0
2t.0
34.2
65.8
79.7
21.3
39.6
60.4

100.0
74i
25.0
0.0
0.2
0.0
0.0

58.4
40.0

0.5
1.1

95.8
42
0.0

&.9
35.1
16.4
15.3
t2.0
10.8
3.5

4t.9
49.5
39.6
10.9

100.0
26.0
22.8
15.7
35.5
t4.0
12.8
13.4
t6.2
16.1
n.4
16.0
15.5
23.5
45.0
37.8
21.0
37.0
26.2
15.3
28.4
22.3
34.0
65.2
34.8
60.0
40.0
38.9
61.1
53.6
46.4
72.5
n.5
68.3
31.7
65J
34.3
45.3
54.7

100.0
31.8
40.3
9.6

10.8
4.6
2.9

35.5
332
t4.6
16.7
51.1
4.2

M:I

This codon
manuscript
of38Vo. ln
for V. clnlerae and rfbT. The
E. coli (Anderson and Kurland' 1990).
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compared toV. cholerae (Table 6.3). However other amino acids such as glycine and proline

which also use a predominance of G and C do not show such a marked shift, although in all

amino acids there is a trend towards using the codons with the lower G+C content. For

amino acids such as proline the CCG codon is not used, nor is the GCC codon used for

alanine or the CGC and CGGcodons for arginine. These codons are normally used at 20.57o,

16.21o,20.5Vo and 6.77o respectively. The shift of RfbT from the V. cholerae codon usage is

less pronounced if RfbT is compared to the rest of the rfb operon (Table 6.2). This is due'to

tfte rfb operon having a low G+C content of 39.llo. Comparison of the rfbT codon usage

with that of E. colí (Andersson and Kurland, 1990) clearly shows that rfbT fits the V.

cholerae codon usage Table more closely, since there is a süong bias to the codons with a

high G+C content in E. colí for leucine, isoleucine, proline, glutamine, asparagine and

cysteine.

It is not possible to predict if the expression of RfbT is influenced to any degree by its

codon usage (Gouy and Gautier,1982; Robinson et a1.,1934). Other factors are also likely to

influence the expression of rfbT. T\e ribosome binding site infront of rfbT is not ideal, and

the possible secondary structure of the mRNA prior to rfbT and the less than optimal spacing

of the -10 region prior to the nanscriptional start point may also play a role in determining

the level of rfbT expression.

6.2.9.2 Hydropathy plots of RfbR, RfbS and RfbT

plots of the hydrophobic nature of the RfbR, RfbS and RfbT proteins were made

using the algorithm of Kyre and Doolittle (1982) (Fig. 6.9). The plot for RfbR suggests that

overall the protein is hydrophilic with a mean hydropathic value of -0.21. There is only one

broad hydrophobic domain between residues 80 and 110. However this region is interspersed

with a number of charged residues suggesting that there are no transmembrane domains.

Thus, RfbR is likely to be a soluble protein.



Tabte 6.3: Relative percentage of amino acids in proteins in V. cholerøcrthe rfb operon

andrfbT

Vo olaa
inrÍb
6.6
4.7
9.3
7.8
2.4
7.6
7.8
3.8
4.3
6.6
3.6
2.7
3.1
4.7
6.4
5.3
6.8
1.3
1.2
4.2

aa

Phe
Leu
Ile
Met
Val
Ser
Pro
Thr
Ala
Tyr
His
Gln
Asn
Lys
Asp
Glu
cys
Trp
Arg
Gtv

Vo ofaa
V. cholerae
4.7
9.3
6.9
2.3
6.8
8.3
3.4
5.4
7.0
3.8
2.3
4.t
5.4
5.9
5.4
6.0
r.2
1.1
4.4
6.2

7o ofaa
inrfbr

6.9
6.2

1 1.1
1.7
5.2
6.1
2.4
3.7
4.8
3.8
4.8
3.4
9.4
6.3
4.2
8.0
2.0
0.3
3.0
5.2

The table is constructed from 71 sequenceÃ V. clnterae OI genes. Tte rÍb opeton contains

17 ORFs fromwhich the relative percent¿ge of amino acids was cònstructed.



Figure 6.9: Hydropathy plot of the RfbR, Rfbs and RfbT proteins.

The amino acid sequences of RfbR, RfbS and RfbT proteins were analysed according to Kyte

andDoolittle(19s2)usingawindowofsixaminoacids.
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The plot for RfbS has a hydropathic index of -0.56 which also indicates that the

overall nature of this protein is soluble. Since neither RfbR or RfbS have a recognizable

signal sequence these proteins are likely to be cytoplasmic'

The plot for RfbT shows this protein to be hydrophilic with a mean hydropathic value

of -0.2g. RfbT has a number of hydrophobic domains although only the domains between

amino acids g6 to gg and l2l to 130, are large enough to faverse the membrane and thus act

as membrane anchors. The other hydrophobic domains all contain charged residues and are

thus unlikely to be tans-membrane. Consistent with its inner membrane location, RfbT does

not have an N-terminal signal sequence.

6.2.9.3 Secondary protein structure of RfbR, RfbS and RfbT

The secondary structures of RfbR, RfbS and RfbT were predicted using Chou, Fasman and

Rose analysis (Fig. 6. 10, 6.1 1 and 6.12) (Rose 1978; Chou and Fasman , 197 4a; I97 4b; 1978).

Neither RfbR nor RfbS have any domains, such as possible DNA binding domains,

which give a clue to their function. RfbR does, however, have large stretches of either beø-

sheet or alpha-helix. There appeil to be no hansmembrane domains since any hydrophobic

sffetches are interspersed with charged amino acid residues. Furthermore the only region

which is hydrophobic has both alpha-helix and beta-sheet'

RfbT appears to cross the membrane twice. The number of amino acids required to

cross the membrane varies depending upon the secondary structure of the region (Engelman

and Zacc¿¡^, 1980; Engelman et a1.,1980; Paul and Rosenbush, 1984). Regions of bet¿-sheet

require approximately nine residues to ftaverse the mcmbrane, whereas alpha-helical regions

require more residues. The region from amino acids 80 through to 95 is in a region

containing beta-sheet and thus there are enough residues to traverse the membrane- The

second region predicted to be involved in membrane anchoring is also in a section of beta

sheet from residue 118 to 139, the üansmembrane region is from residue l2l to 130.



FigUre 6.L0: Predicted secondary structufe of the RfbRprotein.

The amino acid sequence of the RfbR protein was subjected to analysis using the algorithm

of Chou, Fasman and Rose (1973). The protein is234 amino acids in length.
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Figure 6.11: Predicted secondary structufe of the RfbS protein.

The amino acid sequence of the RfbS protein was subjected to analysis using the algorithm of

Chou, Fasman and Rose (1978). The protein is 68 amino acids in length'
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FigUre 6.12: hedicæd secondily structufe of the RfbT protein.

The amino acid sequence of the RfbT protein was subjecæd to analysis using the algorithm

of Chou, Fasman and Rose (197S). The proæin is 286 amino acids in length.
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6.3 SummarY and conclusions

The RfbT proteins tnV. cholerae OI sfiains O17 and 5698 are 32kÐa and 27kDa'

respectively, as visualized in E. coli minicells. This result was confirmed by the use of

specifrc RfbT antibodies and'Western bloning inV. cholerae and coincides with the sizes

predicted from the nucleotide sequence.

Since the RfbT protein could not be detected by Coomassie blue staining in wild type

v. cholerøs attempts were made to over-express it. The difficulties observed when trying to

over-express RfbT suggest that RfbT is not translated efficiently. This is possibly due to the

long 5' 
'RNA 

leader (see chapter 4), and the poor ribosome binding site prior to rfbT, and

would appeã to play a role in regulating expression of the protein. However, using the T7

promoterþolymerase system, high level expression of RfbT was achieved and this allowed

the N-terminal amino acid sequence to be determined. This has confirmed the second of the

two possible ATG initiation codons as the correct start. The production of a specific

antiserum to RfbT made it possible to determine that the protein is localized in the inner

membrane as was predicted froni computer analysis of the amino acid sequence. This is the

probable site of O-antigen modification i.e. the addition of the B antigen to the LPS-

The labelling of the RfbT protein n E. coli K-L2 minicells and pulse chase

experiments indicates that RfbT is exfremely stable. Together with the low level of RfbT

protein in v. cholerae oI wild type, this tends to suggest that RfbT is only required in

catalytic amounts.
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ChapterT

Discussion

7.1 Introduction

V. clnlerae OI can be suMivided into rwo biotypes, classical and El Tor (Feeþ'

1965;Sen, 1969), both of which can cause cholera in humans. These biotypes can be further

subdivided into fwo cofffnon serotypes, Inaba and Ogawa, and a third rate serotype,

Hikojima.

The serotypes are differentiated by three antigens expressed on the O-antigen of the

lipopolysaccharide: Inaba sfiains express A and C antigens whereas Ogawa süains express A'

B and some C antigen. Hikojima strains are unstable but appear to express high levels of all

three antigens (Sakazaki and Tamura, 1971). The LPS of V. ctnlerae has been extensively

studied and although the three antigenic determinants wefe described many yeafs ago' the

chemical and genetic basis for these determinants is still unknown'

The expression of the B and C antigens is not fixed. Thus, an Ogawa strain can lose

the ability to produce the B antigen, and so become Inaba and an Inaba strain can gain this

ability, to become Ogawa. However, it is clear that this interconversion between the

Sefotypes is not equal, and the latter is said to occur at a much reduced frequency

(Shrivastava and 'White, 1947; Bhaskaran and Gonill, 1957; Sheehy et al., L966; Nobechi

and Nakan o, Lg67). Neither the reason for this switching nor the molecular mechanism

involved is understood. This thesis has thought to investigate these various problems.



1_t2

7.2 Results

7.2.1 Ther/äT tocus of v. cholerac oland serotype conversion

This laboratory has cloned and sequenced a 20kb S¿cI restiction fragment from V.

cholerae strains O17 (Ogawa) and 5698 (Inaba) (Manuscripts in prep.). This region encodes

the genes, y'b, necessary for O-antigen biosynthesis and assembly trtV. clnlerae (Manntng

et a1.,19g6; Ward et a1.,1987). Analysis of this sequence has allowed several interesting

regions to be identified by homology to other known sequenced genes. Thus, it has been

possible to predict the genes encoding: perosamine biosynthesis, teEonate biosynthesis and

export of the LPS or O-antigen,

The region of greatest divergence between the sequences from O17 (Ogawa) and

569B (Inaba) is in a 3kb clal fragment. This region was of prime interest, since it was

shown to encode the functions required for the expression of the Ogawa serotype, i.e. the B

anti genic determinant.

The DNA encoding the structural gene for the V. cholerae 01 RfbT protein and its

surrounding genes was cloned from sÍains O17 and 5698 into E. colí K-12 to generate

plasmids pp¡1¡12l22and ppM2123, respectively. These plasmids contain the 3kb Claltegion

which shows the greatest sequence divergence between Inaba and Ogawa. It is this region

which is involved in deærmination of the serotype of V. clnlerae 01 as either Inaba or

Ogawa. The 3kb CIal fragment contains three complete genes rfbR, rfbs and rtbT. Using

specific restriction endonuclease generated deletions and insertion mutants, it has been

conclusively shown that ffbT is the only gene required to convert an Inaba strain expressing

A and C antigens to the Ogawa form expressing A, B and C. The product of this gene can

conveft sfrains of both the classical (5698) and El Tor (8M69) biotypes from Inaba to

Ogawa.
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Nucleotide sequence anaþsis revealed three differences between Inaba (5698) and

ogawa (o17) within the 3kb clalrcgion The most sEiking difference is an 8bp deletion in

rfbR of 569B. Using an oligo probe spanning this region a number of Ogawa and Inaba

strains were probed to esøblish whether this change is conserved be¡¡veen seroqPes. This

revealed that not all Inaba strains have the deletion suggesting that the deletion is not a

conserved difference between Inaba and Ogawa. Since this deletion, which generaúos a

frameshift within rfbR, is present in both Inaba and some Ogawa sfrains ßJ234) it seems

unlikely thatrfbRplays an essential role in O-antigen biosynthesis.

The second se4uence alteration is a polymorphism in the number of DraI sites within

túre rfbT gene in 5698 and O17. This arises due to a base substitution (C to A) leading to an

amino acid replacement (Glutamine to Lysine). This could be a significant alteration, due to

the substitution of a neutral amino acid with a positively charged amino acid. This has been

shown to have significant effects in other proteins (Wissmann et al., 1991). V. cholerae

strains of various serotypes and biotypes were screened by Southern analysis, using

ppM2L23 as a probe. This has shown that the Dralrcstiction siæ polymorphism is also not

a conserved variation across serotypes.

The t¡ird se{luence divergence is a G to T base substitution, which leads to a TGA

stop codon n rfbT of 5698, resulting in a truncated protein of approximately 27kDa instead

of the functional 32þ,Ða protein. PCR was used to amplify the region of interest from a

number of Inaba and Ogawa shains. These regions containing the rfbT gene wele

subsequently cloned and sequenced. Sequence analysis of these clones has revealed that

Inaba strains appeil to have random scattering of changes Lrt rfbT,leading to truncated RfbT

proteins ranging in size from 17kDa to 30kDa. This implies that even small deletions in the

carboxy-terminus of the RfbT protein render it non-functional. The RfbT protein in different

Ogawa strains is highly conserved and any sequence divergence leads to a conserved amino

acid substitution. In the case of strain H-1, there is a base change from A to G which leads to

a change in the codon used but not the amino acid due to the third base wobble.
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These data imply that Inaba strains arise from mut¿tions n rfbT resulting in a non-

functional product. The sequence of the various Inaba and Ogawa süains may explain the

ability for seroty¡le conversion to occur in some strains and not in others. The change from

Ogawa to Inaba is more coÍìmon than the converse which is extremely rare (Shrivast¿va and

White, 1947; Bhaskaran and Gorrill, L957; Sheehy et a1.,1966). Itis easy to see how a

simple change can lead to the inactivation of rfbT and a consequent shift in seroty¡le from

Ogawa to Inaba. The reverse change from Inaba to Ogawa is thus less frequent since. a

precise reverting mutation is required in order to restore the gene such that a functional RfbT

protein is produced. From the literature it appears that not all Inaba stains can be converted

to Ogawa (Sack and Miller , 1969; Sakazaki and Tamura, !971; Salazar-Lindo et al., 1991).

This can be explained by the qæes and number of mut¿tions within rfbT. Some Inaba strains

have more than one change in the sequence and thus reversion of these sEains to Ogawa

would be very difficult since multþle precise changes would have to occur. It is also

unlikely that deletion mutations could be reverted. Thus, úrL dir"r"pancies in the literature

(Bhaskaran and Gonill,1957; Sack and Mller, 1969; Sakazaki and Tamuta, l97L;) as to the

possibility of Inaba to Ogawa changes are probably simply due to different types of t'bT

mutations in the stains being tested. It would be of particular interest to obain the current V.

cholerae 01 strains from the South American epidemic and look at their rfbT genes, since the

epidemic sfain has recently undergone serotype conversion from the Inaba to the Ogawa

form (Salazar-Lindo et a1.,1991).

7.2.2 lnvolvement of the fú locus in virulence otv. cholerae

Studies on rfb transposon insertion mutants with a total defect in O-antigen

biosynthesis, have shown that the flagella are poorþ functional and there are no toxin co-

regulated piti (TCp) on the surface of the cell. The transposon insertion mutants of sfrain
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5698 (Ward and Manning, 1989) are higtrly attenuated in the infant mouse cholera model,

presumably due to the absence of this colonization factor (Taytor et al., 1987; Sharma et al.,

19g9) and the reduced motility of these sfrains. It has been shown that defects in TcpA show

marked attenuation when compared to wild We V. cholerae (Taylor et aI,. 1987; R. Faast,

personal communication). It appears" that complete LPS is required for the coffect assembly

of TCp since large amounts of the major structural subunit TcpA accumulate in the

periplasm. The O-antigen mutants show much reduced swarming on soft agar overliay

indicating that incomplete LIS results in a defect in motility. This is possibly due to

incorrect flagella assembly or a down regulation of flagellar genes triggered by the change in

LpS (Komeda et al., Ig77). Alærnatively it may be related to the fact that theV- clnlerae

flagella is normally sheathed by the O-antigen. The loss of pili and flagella has been reported

in deep-rough mutants of E. coli K-12 but not in mutants only affecting the o-antigen. In this

case the loss of the glucose-I in the LPS was associated with the loss of flagella, the loss of

the pili is probably due to incorrect pilus assembly @arker et aI., 1992).

In confrast to the rfb nansposon insertion mutants, the rfbT mutant is unaffected in O-

antigen biosynthesis, except for serotype specificity. The mut¿nt is unaltered in all other

respects. Strain O17 and its rÍbT mut¿nt V874, represent the first true isogenic Ogawa and

Inaba strains to be tested for the role of serotype specificity tnv. cholerae oI pathogenesis.

In naturally occurring Inaba and Ogawa sfrains it is not possible to rule out that other changes

have also occurred. The virulence studies indicate that the B antigen does not affect the

virulence of the organism per se, in that there is no change in the number or in the rate of

death of the infant mice. However, it is tempting to speculate that serotype conversion may

play a role in avoiding the immune response of the host. Evidence for this comos from the

observation that a relapse in the disease is often associated with a change in serotype

(Gangarosa et aI., 1967) and that a change in seroty¡le ofæn follows years of comparatively

low incidence of cholera (Venkatraman, 1947). In the recent epidemic of cholera in Peru

(South America) the very distinctive epidemic strain has changed serotype from Inaba to
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Ogawa (Salazar-Lindo et a1.,1991; K. V/achsmith personal communication)' This resulted in

increased incidence of cholera of the new serotype. The role of the immune response in

selecting serotype convertants is supported by blocking antibody production with

cyclophosphamide. In this case the serotype of the excreted organisms does not alter with

time (Sack and Miller, 1969). These observations shongly suggest that the B antigen may be

important ín vaccine development. Serotype specificity does not affect virulenceper se atd

converting a sûain from one serotype to another is a snaightforward but precise event'

Consequently it should be possible to readily gain permission to use serotype converted

forms of strains which have already been tested in humans (many of which are Inaba strains)

(Henington et a1.,1988; lævine et a1.,1988; Holmgren et al',1989; Clemens et aI" 1990)'

This would bypass much of the initiat fial work required to test organisms for human

therapeutic use.

7.2.3 Transcription and translation ol rfbT

Sequence analysis of the 5' region preceding rfbT has revealed a promoter-like

sequence homologous to the E. colí consensus sequence for o70 promoters (Rosenberg and

court, t979; Hawley and Mcclure, 1983). There is a defîned -10 and -35 region with

optimal spacing of 17nt. himer extension canied out on RNA from E' coli andv' cholerae

precisely defined the start of the message to be 99nt from the translational start and

demonstated that the promoter is recognized in both organisms. The +1 predicted from the

primer extension was 15 nt from the promoter predicted from the se4uence' This spacing is

less than optimal and may explain the lack of message in the Northern blot and the problems

encountered in the detection of RfbT in V. cholerae ce[s. The presence of a promoter has

been confirmed by cloning into the promoter detection vertor pPM3024. This reduced the

likelihood that the *"rrug" detected in the primer extension was the result of processing of a
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larger mRNA transcript. To ftuther confirm the presence of a pfomoter in this region RNA

polymerase footprinting could be done. To confirm the message stalt it is possible to do

phosphate exchange reaction to determine whether the message detected was either full

length or processed.

The ggnt long un-fanslated 5' end of the mRNA has the potential to form a sfrong

secondary structure (lyG -27.9KcaVmol). Both the ribosome binding siæ and the initiation

start codon are involved in forming this secondary struchue. This would lead to a reduccd

rate of translation of the mRNA and may indicate a form of nanslational control (Hall et al',

L982;McCarthy et a1.,19S5). This secondaly structure may also account for the difficulties

encountered while trying to over expfess RfbT in E. coli, and also in the detection j-n V'

ch.olerae.

7.2.4 TheRfbT Protein

The 3kb Clalfragment contains three complete open reading frames for RfbR, RfbS

and RfbT proteins. The RfbR protein does not appear to be involved in either serotype

determination of O-antigen production, since an 8bp deletion within the gene has been

detected in both Ogawa and Inaba süains. rfbs appears to be franslationally coupled to rfbR

and its product plays no role in serotype specificity and probably plays no role in O-antigen

production. However, no chlomosomal mutations have been isolated to confirm this. RfbT

has been shown to be soleþ responsible for the expression of the B antigen. Initial attempts

at over-production produced very little of no detectable ptotein. The T7 promoter/RNA

polymerase system (Tabor and Richardson, 1985) yielded significant amounts of protein

although RfbT was almost insoluble and could not easily be purified from the membrane'

This is presumably due to the formation of inÍacellular inclusion bodies which co-fractionate

with the membrane (schoner et a1.,1985; Tommassen, 1986). This proæin was used for
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immunization to generate a specific antiserum and for N-terminal analysis to confirm the

correct translational initiation site. The Rfbr protein was localized to the inner membrane in

E. coli using a sfain which over-expressed the protein, but this localization could be

misleading due to the insoluble nattue of the overproduced RfbT (Tomassen' 1986). By

using the antiserum raiscd to partially purified RfbT the protein could be localized in V-

cholerae,where it was detected exclusively in the inner membrane fraction of both sfrains

O17 (Ogawa) and 5698, (Inaba). The membrane localization of both the 32y,Da O17-form

and 27kDa569B-form indicates that the membrane anchoring domain(s) is within the fust

Z¡kDa. The region between residues 86 and 98 is hydrophobic and could represent such a

membrane spanning domain. A further region, from residue 121 to 130 also has this

potential. These domains are predicted to form a bet¿-sheet region and nine amino acids a¡e

enough to fiansverse the membrane @ngelman and Zaccu, 1980; Engelman et aI" 1980;

paul and Rosenbush, 1gg4). The distribution of the arginine and lysine residues in RfbT

suggests that the protein has a large periplasmic domain, with only residues 100 to 120 in the

cytoplasm (Fig. 7.1). This is based upon observations of other cytoplasmic membrane

proteins in which the arginine and lysine residues are found predominantly in the periplasmic

space (von Hejine, 1986). This correlates with the suggestion that the O-antigen is modified

with the B antigen post-synthetically, since the B antigen is not required for O-antigen

production. If the modification occured during O-antigen synthesis then removing the B

antigen by inactivatin g rfbT should lead to the accumulation of incomplete o-antigen repeat

units. Thus, the B antigen should first appear in the periplasm upon o-antigen

modification. The topology of RfbT with respect to the cytoplasmic membrane is of great

interest and could be probed by using phoA and lacZ gene fusions to rfbT Mætoil and

Beckwith, 1985, 1986; Tayl or et aI., 1987, 1989; Manoil et aI., 1990).

The other two proteins wittrin the 3kb CIaI fragment, RfbR and RfbS, appear to be

only weakly expressed in the T7 promoter/RNA polymerase system' Without the use of

plasmids lacking RfbR and RfbS the possible protein products seen in the T7 expression



Figure 7.1: Proposed model of the membrane topology of RfbT

The two possible membrane topology of RfbT was determined using the secondary

structure and hydropathy plot. The majority of RfbT must either be in the cytoplasm (top) or

perþtasmic (bottom). Using the rule from von Hejine (1936) the majority of the protein

should be in the periplasmic space.

Domain Residue no'

crl L-23

a2 36-59

B1 6s-77

þ2 81-9s

a3 96-119

B3 r20-t39

u.4 148-155

B¿ 207-22s

cr5 255-n3

ps ns-286

This membrane topology is speculative and the actual topology could be evaluated

genetically using tacZ andphoA gene fusions (Manoil et a1,.1990).
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system are only speculative. The reason for the poor expression is probably due to the fact

that rfbR and rfbs are translationally coupled with the upstream rfb genes which ale not

present on the constructs used. Therefore there are no franslational signals available for rfbR

arÅ rfbS. Examination of the sequence does not reveal a good RBS prior to either rfbR or

rfbs.

7.2.5 Characterization of the A, B and C antigens

The three antigens expressed on the V. chalerae 01 LPS have not been chemically or

structurally defined. The use of serot¡re-converted sfiains may help in the identification of

these antigens. The serotype converted strains and the rfbT mtúant V874 only vary in their

expression of the B and C antigens. Thus, there are no other detect¿ble alterations in the LPS

which may be present in naturally ocourring Inaba and Ogawa sfains, so any differences seen

when analysing the LPS from the serotype-converted shains must be due to the expression of

the B and/or C antigen(s).

The Inaba strains 5698 and BM69 were serotype-converted to express all three

antigens A,B and C. Some of these shains were used to exEact LPS (J. Redmond Macquarie

uni. sydney). The LPS was chemically degraded (Fie.1 .2) and analysed by NMR and HIA

assays. The cleavage of the fatty acids from the LPS by hydrazine fieatment did not deshoy

the three antigens when tested by HIA assays. All other treatments destroyed the antigens

indicating that these antigens are extemely labile. No difference could be detected in the

serotype-converted strains compared to the palent when analysed by NMR using either inøct

or degraded LpS (J. Redmond, personal communication). The reasons for this may be that

the B antigen is a single epitope per LPS molecule and is thus present below the level of

detection, or that this antigen is a very subtle change, such as an optical isomer

(Guhathakurt¿ et a1.,1986) or a modification in the type of linkage between the sugars of the



Figure 7.2: Schematic representation of V' cltolerae 01 LPS'

The LpS of V. clwterae ismade up of three distinct regions: The O-antigen, the core-

oligosaccharide and the lipid A. The Lps was extracted from acetone dried cells and

subjected to various chemical treatments'

The hydrazine treatment cleaves the LPS molecule at the fatty acids in the lipid A

(dashed anow) and at the tetronate substiUrting the perosamine residues' This Eeaünent is

designed to cleave of atl fatty acid residues'

periodate treaünent is specifically designed to remove the tefronate without affecting

the remaining fatty acids.

These treatments were ca¡ried out by J. Redmond (Macquarie University Sydney)'
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O-antigen. Anaþsis of wild type Inaba and Ogawa strains by silver staining reveals no

difference in the banding pattern of the O-antigen (Gosh and Campbell, 1985). This is

further supported by silver stain analysis following SDS-PAGE of LPS from seroty¡le-

converted süains, indicating that the B antigen does not significantly alter the molecular

weight of the O-antigen. Identification of these antigens may be possible with further work

using other degradation protocols in conjunction with HIA assays, NMR and the use of the

rfbT mutant.

Bacteriophages which use LPS as their receptor usuaþ have tail fîber associated

enzymes which degrade the polysaccharide chain (Lindberg, 1977). Thus the use of V.

cholerae bacteriophages such as CP-T1 and VoII could also be expected to sequentially

degrade the LpS yielding soluble O-antigen fragments. These soluble fragments can be

fractionated and can be tested for the presence of the A, B and C antigens by HIA. In

conjunction with silver staining and western blotting of the insoluble fraction the position of

the antigens on the O-antigen may be defined i.e. whether the B and C antigens are on the

distal perosamine or randomly disfiibuted along the O-antigen. The soluble material

generated in this way could be further analysed by NMR to possibly define the antigens

themselves.

7.2.6 Expression of the B antigen

Since Inaba strains have high levels of C antigen and no B antigen, and Ogawa strains

have lower levels of C and high levels of B, the expression of these antigens may be related.

It is possible that the B antigen is a moclifîed form of the C antigen, or that the B antigen

partially masks the C antigen on Ogawa cells. To examine this possibility the level of

expression of the three antigens A, B and C was examined using HIA assays and

immunogold elecfionmicroscopy. HIA assays using purifîed LPS from wild type and
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sefoq4)e-converted sfiains indicated that although, Inaba sfrains have higher levels of c

antigen, this does not change in the serotype converted strains which express all three

antigens. Thus, the B antigen does not appeil to be a modifred form of c nor does the B

antigen mask the c antigen. This suggests that the B antigen is independent of the expression

of the other two antigens, A and C. The Serotype-converted sÍains appear to express lower

levels of the B antigen compared to wild type Ogawa sfrains' This is due to'plasmid

instability. The level of A antigen remains const¿nt in all strains regardless of whether or not

they contain the. cloned rfbT genes. The A antigen is thus the true coÍlmon of group specific

antigen (Holme and Gusøfsson, 1985)'

The HIA assays were ca¡ried out using two fold serial dilution of the antigen (purified

Lps), which limits the detection sensitivity to a two fold difference in the expression of the

antigens. For thís feason the results of the HIA assays were checked by immunogold

electronmicroscopy. The use of monoclonal antibodies in immunogold electron-microscopy

allows more precise quantitation of the antigens. These results indicate that the expression of

the B antigen is independent of the c antigen, since the level of the c antigen does not alter

significantly upon the expression of the B antigen in the selotype-converted süains' The

Sefotype-converted sfrains expfess lower levels of the B antigen' which may be due to

plasmid instability and thus loss of the Ogawa rfbT gene' The plasmid søbility is

approximately 60Vo after overnight incubation. It has been observed in other species, such as

Shigella flexneri and Salmonella ryphimuriurn, that ApR plasmids can be unstable (R'

Morona Personal communication)'

The most interesting finding was that the rfbT mutant' Y874, expressed much higher

levels of the c antigen when compared to its wild type parent o17. This result contradicts

the HIA and immunogold studies on the other stains and indicates that the expression of the

C and B antigen are somehow linked, either due to conversion of C or by masking of the C

antigen. This confadiction is in pari due to the lack of plasmid stability. To confirm this
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fesult it is nesessary to construct a chromosomal serotype converted strain from Inaba to

Ogawa and subsequently check the expression of the B and C antigens'

7.3 Concluding Remarks and Future work

The mechanism of v. cholerae 01 serotype variation has been the subject of

controversy for many yeils. Initial reports found serotype conversion occurred only from the

Ogawa to the Inaba form,and suggestions of the feverse switch were met with scepticism'

The switch from Inaba to ogawa is now accepted, as a low frequency event although its

relevance in the pathogenesis of the organism is still open to question.

In this study, it has been shown conclusively that the switch from the Inaba to Ogawa

form and the consequent expression of the B antigen is mediated by a single 32kDa protein

(RfbT). The gene encoding this proæin is found at the end of the rJb gene cluster of V'

crnreraewhich encodes the genes for the enzymes required for o-antigen biosynthesis. The

rfbT geneappeats to be distinct from the other rfb genesin a number of ways' Its low G+C

content of 327o suggests it may have been acquired from a non-vibrio source' since we have

seen only one other protein with such a low G+C content (TcpNXogierman and Manning'

lgg2). It is possible that the low G+C content which causes the codon usage of RfbT to be

distinct is a form of translational control. This conelates with the fact that rfbT has its own

promoter which is independent of the rest of the rfb operonand the 20 structure of the mRNA

ptior to rfbT. The less than optimal spacing of the -10 region possibly plays a major

transcriptional role. Furthermore the possibility of co-tanscription from the other rfb genes

cannot be ruled out. Thus, there may well be both translational and transcriptional

regulation.

Cloning and sequencing of the rfbT genes from a variety of Inaba and Ogawa sfrains

has revealed a number of interesting points:
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1. the rfbT geneis highly conserved in Ogawa strains and

2. the rfbT genefrom four Inaba strains have random mut¿tions leading to truncated

RfbT proteins.

3.Thishaspermittedapossiblemechanismforserofileconversiontobeproposed.

From the sequen ce datait can be seen that a simple base change can convert a sftain of the

Ogawa setotype to Inaba. However, for the fevefse switch a precise or a number of changes

have to occur, depending on the natue of the mutation(s) in the Inaba sfiain' This may

explain why some Inaba sÍains appeaf to be able to serot¡le conveft to ogawa whereas

others, such as deletion mutations, cannot. Recent work examining stains from the South

American epidemic has shown that the sefotype switch can occur in nature (K' Wachsmith'

personal communication).

The use of specifrc antiserum to RfbT has allowed the protein to be localized to the

inner membrane. It is tempting to specurate that the modification of the o-antigen by the

addition of the B antigen occufs at either the inner membrane prior to export of the LPS or in

the periplasm. The use of lacz and phoA fusions to rfbT will help in determining the

membrane topology of this protein and more accurately implicate in which cellular

compartrnent the modification occurs'

since the expression of the B antigen is not necessary for the export of the LPS to the

cell surface, i.e. it seems to be a postsynthetic modification, it provides an excellent marker

for following o-antigen synthesis and transport. These are areas which are exfremely poorly

understood even in ôrganisms such as E. colí and S. typhímuriurn, where there are extensive

data (Muelhradt et al., !97 ;Bayer et a1.,1975; Osborn,1979; Rothfield et al" I98l; Raetz'

1990; Osborn et al.,l99l). The synthesis and incorporation of the B antigen could be

followed using a sftain in which rfbr was under the conÍol of an inducable regulatable

promoter. upon induction of rfbT,localization of the B antigen could be performed on cell

sections using immunogold electonmicroscropy with the anti-B monoclonal antibody'

Transport of the B antigen to the cell surface could be traced with time aftet rfbT induction'
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Mut¿tions affecting the ability to synthesize O-antigen have a marked effect on the

virulence of V. clnlerøe OI, but a mutation leading to the loss of the B antigen has no effect

on virulence in the infant mouse cholera model. It is possible that altered expression of the B

antigen may be used as a \ilay of evading the immune fesponse of the host' Manning et al'

1gg6 showed that antibodies to o-antigen were protective and that there was cross protection

between serotypes. Homologous protection \ilas better than heterologous and this implies

that the B and C antigens must be protective'

To date, the use of isogenic sfiains (RfbT+ and RfbT) for the preparation of LPS for

chemical degradation has not identified any of the three antigens' It appears as though the

three antigens A,B and c afe very labile, and are readily destoyed during chemical

modification. Expression of the B antigen does not involve a major change that can be

detected by either silver søining or NMR analyses. It would be of interest to use the o-

antigen f rom the rfbT mutant in the NMR since it shows a complete lack of the B

antigen but very high levels of the C antigen. The mutant (v874) thus shows a greater degree

of change in the expression of the C antigen compared to the plasmid-mediated sefotype

converted sfrains. Furthermore the level of the B antigen on the 01? parent is higher than on

the plasmid-converted strains. The difference in the level of expression may be due to

plasmid loss in the serotype-converted sEains. Thus, not all of the organisms are actively

producing the B antigen.

The use of HIA assays and immunogold elecronmicroscopy indicated that the C and

B antigens are independent in their expression. However problems associated with these

experiments wete:

1. the sensitivity of the HIA assay, and

2. theplasmid stability in plasmid converted sfrains'

To overcome these problems idealty a sfiain would have to be serotype-converted by

chromosomally inægrating the rfbT gene from an ogawa sfain into an Inaba süain (as

mentioned previously). The daø from the v874 rfbT mutant confadicts the HIA and



]-25

immunogold studies but probably represents a mofe accurate picture of serotype conversion'

For this feason the expression of the B and C antigen is likely to be linked'

ThesystemofserotypeconversioninV.chaleraeOlisdistinctfromanyofthe

previousþ discussed organisms such as Sh. flexnerí, S' typhímuriutn' N ' gonorrhoeae and H'

influenzae (chapter 1). Il'-tv. cholerae the serotype change is not associated with a specific

mechanism but rather by random mut¿tions within the rfbT gene which are selected by the

immune response of the host-

This thesis has resolved the paradoxical nature of the interconversion between the

serotypes of. V. chalerae. T'lisconversion has been shown to be mediated by the acquisition

or reversion of mutations in the rfbT gene, whose product probably functions as the final

modifier of the Lps molecule prior to its export to the cen surface. These studies provide a

concrete basis for future work to aid in the elucidation of LPS biogenesis'
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