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"We prefer to take our chance of cholera and the rest than be bullied into health. There ís

nothíng a man hates so much as being cleaned against hís will - it is a posítive føct that

many have died of a good washing, as much front the initiation of the nerves as from the

exposure of the cuticle, no longer protected by dírt"

The Times

London. lst August, 1854.
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ABSTRACT

Vibrio clrcIerae O1, the aetiological agent of cholera in man, exists as two

biotlpes, Classical and El Tor. Both biotypes elaborate a range of extracellular

proteins which have been implicated in pathogenesis. Strains of the El Tor biotype

were originally distinguished on the basis of producing a soluble haemolysin that is

excreted into the growth medium. Although Classical strains never produce this

haemolysin, Southern hybridization demonstrates that they contain DNA essentially

homologous to the entire gene. The structural gene (hIyA) has been cloned from both

biotypes and the nucleotide sequence cletermined. Analysis of the nucleotide sequence

revealed that the Classical strain 5698 carries an 11 base pair deletion in hIyA. This

would result in the production of a truncatecl protein product of 27 kDa (HlyA*¡ *hi.h

can be visualized in E.coli minicells. A oligodeoxynucleotide was synthesized that

spans this deleted region and used to probe a range of Vibrio strains. DNA

hybridization analysis implied that all V.cholerae strains of the Classical biotype were

deleted in this region.

The haemolysin is excreted from V.cholerae as an 80 kDal protein

whereas E.colí K-12 cells harbouring the cloned gene accumulate this protein in the

periplasmic space, indicating that E.coli does not possess the complete machinery to

allow effective excretion of the haemolysin. The HlyA protein is translated with a

signal sequence, characteristic of extracellularly located proteins of Gram negative

bacteria. Once the HlyA protein is excreted from V.cholerae it is readily cleaved

initially to two peptides of 65 kDa and 15 kDa.

An antibiotic resistance cartridge was inserted into the N-terminal region

of htyAwhich inactivated both the 80 kDa haemolysin as well as HlyA*. Isogenic hlyA+

and hlyA mutants were constructed by the introduction of this mutation via conjugation

and reciprocal recombination into the V.cholerae chromosome. These mutants were



used to assess the potential role of the haemolysin in pathogenesis. As well as being

haemol¡ic, the HlyA protein was shown to be c¡olytic for cultured human epithelial

and mouse macrophage cells. A possible explanation as to why Classical strains of

V.choleraehave retained the genetic information to encode HlyA* was suggested when

it was observed that this N-terminal domain caused fluid accumulation in ligated ileal

segments of rabbits suggesting that it functions as a second enterotoxin in Vcholerae.

Export of the haemolysin requires the translation of the HlyA protein at

the surface of the cytoplasmic membrane and translocation across this membrane, the

periplasmic space and the outer membrane. The mechanism by which this occurs is ill

understood. A second adjacent gene , hIyB , has been shown to have a role in

haemolysin production. Cell fractionation studies have localized the HlyB protein to

the outer membrane. By site directed mutagenesis specific hlyB mutants have been

constructed. These mutants are clefective in the export of HlyA in early to mid-

exponential phase growth. It is suggested that the HlyB protein is necessary for

effective export of the HlyA protein in V.cholerae but is not sufficient for excretion in

E.coli K-12.
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Chapter 1

INTRODUCTION

1.1 VÍbrÍo cholerae

Vibrio cholerae belongs to the genus Vibrio within the Vibrionacae

family, which also include the genera Aeromonas, Photobacterium, Plesiomonas and

Lucibacterium (Shewan and Veron, 1975; Bauman and Schubert, 1984). Wbrio

cholerae was first described in 1854 as the aetiological agent of the diarrhoeal disease

cholera by Pacini (Hugh, 1964). The transmission of cholera occurs via the faecal-oral

route with ingestion of water contaminated with human faecal material being

acknowledged as the major source.

Vibrio cholerae is a Gram negative, facultatively aerobic motile rod with a

distinct curved morphology. It is usually 0.3-0.4 ¡.rm wide and 1.5-2.0 prm long with a

single polar sheathed flagellum (Davis et al., 1980). The organism prefers alkaline

growth conditions and is extremely sensitive to acid.

1.1.1 Biotype Differentiation

V.cholerae can be subdivided into six O-groups based on the O-antigen of

the lipopolysaccharide. Within V.cholerae 01, two biotlpes, Classical and El Tor can

be defined on the basis of a number of characteristics which are discussed below

(Feele¡ 1965). Since the turn of the 19th century, seven cholera pandemics have

occurred. The first six pandemics were caused by Classical strains of V.cholerae. It was

thought at first that V.cholerae of the El Tor biotype were non-pathogenic as they were
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only associated with a mild diarrhoea. However, in L962, the World Health

Organtzation (WHO) defined the disease caused by these El Tor strains as true

cholera. Furthermore, the current seventh pandemic which initiated in South-East

Asia is due to the El Tor biotype, indicating that Vcholerae of both biotlpes are

pathogenic for man.

The two biotypes of V.cholerae Ol were originally differentiated by the

capacity of the El Tor isolates to produce a soluble haemolysin for sheep erythrocytes.

However, considerable variation in the haemolytic phenotype is now seen. Since El

Tor isolates were not always haemolytic, alternative methods to differentiate Classical

and El 'lor V.cltolerae were sought. It was noted that El Tor but not Classical strains

could agglutinate chicken erythrocytes and were resistant to the antibiotic polym¡xin B

(Gan and Tjia, 1963; Roy e/ a1.,1965; Gangarosa et al., t967). Flowever, exceptions to

the above properties were not uncommon (Rizvi et a1.,1965; Pesigan et a1.,1967). The

most reliable test available to date is the sensitivity of Classical V.cholera¿ strains to

Mukerjee's group IV vibriophages, to which El Tor isolates are resistant (Monsur et aI.,

1965; Mukerjee and Roy, 196l).

1.1.2 Serotype Differentiation

V.cholerae OL strains of both biotypes can be subdivided further into

three serotypes depending on the antigenic specificity of the heat-stable polysaccharide

fraction of the bacterial lipopolysaccharide. These serotypes are Inaba, Ogawa and

Hikojima and differentiation between them is based on the presence of three antigenic

factors termed A, B and C. Strains of the Inaba serotlpe express the A and C antigens

while the Ogawa serotype possess A" B and only trace amounts of C (Burrows et aI.,

1946; Sakazaki and Tamura, 1971.; Redmond et aI ., 1973; Redmond, L979) and the

third rare serotypic subclass, Hikojima, has A B and C antigens (Burrows et al., L946).

Ffowever, the Hikojima serotype is extremely unstable and it has been speculated that

such strains ale in fact segregating diploids (Bhaskaran and Sinha, 1971).
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Alternatively, Hikojima strains may represent the other subclasses undergoing

seroconversion at an elevated frequency. Such serotype changes have been reported

both in man (Gangarosa et al., L967) and in germ-free mice (Sack and Miller, 1969). It

has been suggested by Oæ and co-workers (L978, L979) that vibriophage CP-TI, by

means of a lysogenic conversion, could be responsible for these seroconvertants.

Flowever, DNA hybridization e4periments using cloned CP-T1 fragments as probes

could not detect CP-T1 as a prophage in supposed lysogens indicating that

seroconversion is not due to the presence of CP-TI (Guidolin and Manning, L985).

The rlb region of V.cholerae which encodes the O-antigen side-chains of the

lipopolysaccharides of the Inaba and Ogawa serotypes have been cloned and expressed

in E.coli K-12 (Manning et al., 1986). Detailed restriction analysis implies that the

regions are extremely closely related and that only subtle changes are involved in

serotype conversion (Ward et a1.,1987). These regions are currently being sequenced

from both Inaba and Ogawa serotypes to ascertain the presence of any differences that

may help in the understanding of serotype conversion (U. Stroeher, personal

communication).

1.1.3 Pathogenesis

Cholera is an acute diarrhoeal disease of humans caused by the ingestion

of contaminated food or drinking water. The induction of disease by V.cholerae o-1.

occurs after the organisms have passed through and survived the gastric acid barrier of

the stomach and successfully entered the small intestine. Gastric acid provides a

substantial barrier to infectionby V.cholerae as the infectious dose can be lowered from

L08 to 10a organisms if stomach acidity is neutralized by sodium bicarbonate prior to

infection (Cash et al., 1974a, 1974b; Nalin et al., 1978). Colonization of the small

intestine occurs via adherence to the mucosal epithelium, and is important as the

vibrios must be able to compete with the normal intestinal flora as well as resist normal

gut peristalsis (Dixon,1960:. Freter, 1974; Ofek and Beachey, 1980). However, the final
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diarrhoeal response is multifactorial. Motility and chemotaxis are involved in

penetration of the mucous layer of the small bowel (Jones et al., L976; Yancey et al.,

L978; Freter and O'Brien, 1981; Attridge and Rowley, 1983a). Proteases,

neuraminidases and DNases are liberated to degrade the mucus and allow close

association with the gut so that toxins liberated by the bacterium can be effectively

delivered (Peterson et al., 1972; Schneider and Parker, 1978; Pierce et aI., 1935).

Therefore, colonization of the small intestine and the release and action of the

enterotoxin(s) are two essential steps in the manifestation of a diseased state and a

considerable effort has been given to understanding both of theSe processes.

1.1.4 Adhesion by V.cholerae

Motility, chemotaxis and extracellular protein production are factors that

enhance V.cholerae colonization by permitting a close association with the intestinal

epithelium. However, the nature of the actual structures involved in adherence have

been the subject of speculation for a number of years. Surface structures such as

lipopolysaccharide, flagellar sheath, outer membrane proteins, fimbriae and

haemagglutinins have all been implicated as possible adherence factors (Jones et al.,

1976; Jones and Freter, 1976; Chitnis et al., 1982; Hanne and Finkelstein, 1982;

Attridge and Rowley,l983a,1983b; Kabir, 1983; Kabir and Showkat,1983; Ehara et al.,

1986,1987).

Bales and I-ankford (1961) suggested that the interaction between

Vcholerae and erythrocytes may mimic that of the organism with the intestinal

epithelium and these tests are now employed as a means to examine adhesive

properties. Hanne and Finkelstein (1982) studied both Classical and El Tor strains of

Vcholerae 0L for their haemagglutinating ability. These workers have described four

haemagglutinins (HA s) of which three are cell-associated and one is excreted into the

culture supernatant. These HA's can be distinguished by their resistance or sensitivity

patterns to various sugars, requirement for divalent cations and species of erythrocytes
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upon which they act. The potential roles that these structures play in adhesion is still

open to debate.

Fimbriae (pili) are the hair-like appendages that protrude into the

external medium from the bacterium. They vary widely both in their dimensions, their

number and their distribution on the organism (Sokatch, 1979). Fimbriae have been

postulated as organelles that may mediate attachment and the first evidence for the

presence of fimbriae on the surface of V.cholerae cells was reported by Tweedy et al.

(1968) but could not be confirmed by subsequent investigations (Nelson et al., L976,

L977). It was Ehara et al. (1986) who first provided definite evidence for the

production of fimbriae on pathogenic El Tor strains providing a strong correlation

between colonization and fimbriae production" Pathogenic V.cholerae strains that

colonized the intestinal epithelium were shown to produce fimbriae whereas non-

pathogenic strains that failed to produce fimbriae were unable to effectively colonize

\ the gut (Ehara et aI., 1986). Taylor and co-workers (1987a) isolated, by transposon

mutagenesis of the Vcholerae genome, a mutant that demonstrated a marked decrease

in the intestinal colonization of suckling mice. This insertion mutant was shown to lie

in the gene that encodes the major subunit of a pilus structure of V.cholerae. This pilus

was termed the Tcp pilus (loxin co-regulated pilus) as it was shown that its production

was co-regulated with the cholera enterotoxin (CT) and the structural gene was

subsequently named, tcpA (Taylor et aI., I98la; Peterson et aI., 1988). Concomitant

with the loss of this pilus was loss of the ability to haemagglutinate mouse erythrocytes

in the presence of L-fucose, a sugar shown to inhibit the majority of the

haemagglutinating ability of V.cholerae 0395 (Taylor et aI., L987a). The Tcp- strains

showed a marked decrease in intestinal colonization which seems to indicate that this

fimbrial structure may play an extremely important role in the pathogenesis of

Vcholerae 01 in humans.
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1.1.5 Cholera toxin production

Cholera enterotoxin (CT) is now recognized as one of the most

important virulence factors produced by Vcholerae becatse it is primarily responsible

for the severe diarrhoea associated with the disease (De, 1959; Finkelstein, 1973). CT

has been studied extensively and is well characterized in terms of structure, function,

biological activity and regulation (Van Heyningen,1977; Holmgren, L981; Mekalanos,

1985). Cholera enterotoxin is a heat-labile multimeric structure of 85 kDa. The

molecule is composed of an A subunit (27 kDa) surrounded by a ring of five B subunits

(11.6 kDa) (hspalluto and Finkelstein, 7972; Ludwig et aI., 1986). Alone, both

subunits have been shown to be non-toxic. The A subunit, although synthesized as a

single polypeptide is cleaved to form two fragments Ar(22 kÐa) and Ar(5 kDa)

(Mekalanos et al., L979; Pearson and Mekalanos, L982). In order for the A subunit to

be active and toxic, this cleavage must occur and it has been suggested that the soluble

haemagglutinin/protease is the enzyme responsible for this cleavage (Booth et al.,

1984). The B subunits possess a very high affinity for their cell-surface receptor,

ganglioside GM' which allows the A chain to traverse the membrane and activate the

target cells adenylate cyclase complex (Gill and Meren, 1978:. Cassel and Pfeiffer,

1e78).

CT and the heat-labile toxin (LT) of E.coli are both structurally,

immunologically and genetically related (Moseley and Falkow, 1980; Spicer and Noble,

1982; Mekalanos et al., 1983). The degree of DNA homology is such that by using

probes directed against the E.coli heat-labile toxin, the cholera toxin genes could be

identified in toxigenic V.cholerae strains, but not in non-toxigenic or environmental

strains (Moseley and Falkoq 1980). The cholera toxin genes ctxA and ctxB were

subsequently cloned and the nucleotide sequence determined (Pearson and Mekalanos,

7982; Mekalanos et al., 1983; Lockman and Kaper, 1983; Lockman et al., 1984). The

genetic organization of both LT and cholera toxin is similar where the genes for the A

and B subunits form an operon with the A cistron preceeding the B cistron. However,



7

the LT operon (eltAB) appears to be located on plasmids (Dallas et al., 1979) whereas

the cholera toxin operon has been shown to exist on the chromosome of both Classical

and El Tor V.cholerae strains (Kaper et al., 1981a; Pearson and Mekalanos, L982;

Mekalano s et al., 1983).

Vcholerae strains of the Classical biotype all contain two copies of the

cholera toxin operon (cnAB) that are widely separated on the bacterial chromosome

(Pearson and Mekalanos, 1982; Mekalanos et aI., 1983). Although it was originally

thought that El Tor strains only had a single copy of the ctxAB operon (Moseley and

Falkow, 1980; Kaper et a1.,1981a), a number of El Tor strains have subsequently been

identified that carry ctxAB duplications (Mekalanos, 1983). Such strains have their

copies arranged on large tandem repeats which are either 7 kb or 9.7 kb in length. This

variation in size was accounted for by the presence of different numbers of copies of a

2.7 kb repetitive sequence (RS1) at the junction of these duplications (Mekalanos,

1983, 1985). Directly repeated copies of RS1 are found both upstream and

downstream of the cfiúB operon and amplification of this region of DNA would now

seem to be responsible for the hypertoxigenic phenotype of El Tor variants upon

intestinal passage in rabbits (Mekalanos, 1983). This amplification (and deletion) is

RecA dependent indicating that homologous recombination, presumably between the

RSL elements, is involved.

When the cloned V.cholerae OI ctxAB operon was expressed in E.coli it

was discovered that only 4Vo of the amount of toxin was made compared to that

produced by the wild-type Vcholerae (Pearson and Mekalanos, t982). Consequentl¡ it

was suggested that E.coli lacks a positive regulatory element that promotes efficient

expression of the ctxAB operon inV.cholerae. Miller and Mekalanos (1984) cloned the

positive regulatory geng (toxR) and showed it to increase expression of the toxin genes

in E.coli. ToxR was thought to act on the ctxAB promoter rather than the structural

genes as ToxR was unable to effect the expression of LT genes in E.coIí (Miller and

Mekalanos, 1984). The LT genes display significant homology with cholera toxin
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structural genes but the LT promoter displays no significant homology with the ctxAB

promoter (Mekalanos et al., 1983). The nucleotide sequence of toxR was determined

and the gene product is a 32.5 kDa transmembrane DNA-binding protein (Miller et al.,

1987). This protein activates transcription by binding to the tandemly repeated

sequence TTTTGAT directly upstream from the ctxAB promoter (Miller et a1.,1987).

Southern hybridization analysis has demonstrated that forR is not only present in all

toxigenic Classical and El Tor strains of Vcholerae, but also in non-toxigenic strains

which lack the ctxAB operon.

A second regulatory gene designated for^S has now been identified and

lies downstream from foxR (Peterson et a1.,1988; Miller et a1.,1989). The ToxS protein

acts in trans wtth ToxR and is required for activation of expression of the ctxAB genes

by ToxR (Miller et al., 1989). Miller et al. (7989) demonstrated that ToxS does not

directly activate the toxR promoter nor does it cause ToxR to activate its own

promoter. Therefore, ToxS may act to modify ToxR in such a way as to make it

competent for transcriptional activation of the ctxAB promoter. At least 12 different

transcriptional units have been demonstrated to be regulated by this system ('laylor et

al., 1988). These include cholera toxin, the Tcp pilus involved in intestinal

colonization, the ompU gene which encodes a 38 kDa outer membrane protein and the

Acf colonization factor (Miller and Mekalanos, 1984; Taylor et al., L987a, I98lb;

Miller, 1985 - cited by Taylor et a1.,7987a; Manning, 1988).

1.1.6 Molecular Approaches to live cholera vaccines

Considerable effort has been applied to the construction of a live oral

vaccine that could induce a strong and lasting immunity against V.cholerae o.7.

Essentially, the two methods by which these vaccines are being constructed are:

(1) removal of the genes that encode virulence determinants, and

(2) e4pression of V.cholerae protective antigens in an avirulent but immunogenic host

of another species.
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Environmental isolates of V.cholerae (l-1. that are non-toxigenic and lack

the cnAB operon were evaluated as candidates for live oral cholera vaccines (Cash er

al.,l974b; I-evine et a1.,1982). However, these isolates either colonized the gut poorly

or failed to do so at all and provided no protection upon rechallenge of a virulent strain

(Cash et al., 1974b; I-evine et aI., 1982). By nitrosoguanidine mutagenesis Honda and

Finkelstein (1979a) isolated a mutant, Texas Star SR, in an El Tor strain which was

defective in the production of the A subunit but could still produce the B subunit of

cholera. The exact mutation in ctxA was not defined and theoretically reversion of this

mutation to again produce an active toxin was a consideration. Furthermore,

nitrosoguanidine mutagenesis induces multiple mutations, which remained unidentified

in this strain. When Texas Star-SR was tested in volunteers,24Vo of the recipients

experienced mild diarrhoea (I-evine et aI., 1984). The use of this prototype strain in

human trials (I-evine et aI., L983) indicated that live attenuated V.cholerae strains as

vaccine candidates had potential.

A normal cholera infection leads to the production of antitoxin

antibodies, the majority of which are directed against the B subunit of the toxin

(Holmgren, 1981). Several V.cholerae 01 vaccine strains have been produced using

recombinant DNA techniques to precisely remove both the A and B subunits of the

cholera enterotoxin, or just the A subunit (Kaper et a1.,1984a,1984b; Mekalanos et al.,

1983). These strains, when tested in volunteers, were immunogenic and protected

against rechallenge of wild type V.cltolerae strains. However, over 50Vo of volunteers

developed mild clinical diarrhoea, presumably due to other toxins that had not been

removed or perhaps even the act of colonization itself (Levine et a1.,1988).

Both 01 and non-Ol serotypes of V.cltolerae produce a variety of

cytotoxins (Nishibuchi et al., 1983; Madden et al., 7984; O'Brien et aI., 1984; Sanyal er

al., 1984; Yamamoto et al., 1986), some of which have been shown to stimulate

secretion by the intestinal mucosa. Two potential candidates to e4plain this residual

diarrhoea are the Shigalike toxin (O'Brien et al., 1984) and the El Tor haemolysin
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(Yamamoto et al., 1984,1986; Ichinose et a1.,1987). Kaper et al. (L986) constructed a

small deletion in the structural gene for the haemolysin, hlyA, but no relief from the

mild diarrhoea was observed (I-evine et a1.,1988).

ActxA mutant in the Classical Vcholerae strain 5698 that phenotypically

does not produce the Shiga-like toxin causes significantly fewer diarrhoeal episodes in

volunteers than ctx mutants which still produce the Shiga-like toxin (Iævine et al.,

1988). This observation suggests that the Shiga-like toxin may be partially responsible

for producing the mild diarrhoeal reactions seen in the recipients of live oral V.cholerae

vaccine candidate strains.

The mild diarrhoea which is detected may also be due to the efficient

colonization of the intestinal epithelium by V.cholerae. Smith and Linggood (1971)

demonstrated that E.coli strains that contain K-88 fimbriae encoding plasmids cause

mild diarrhoea in piglets in the absence of a plasmid encoding the enterotoxin.

Conversely the same strain carrying the plasmid which encodes the enterotoxin but

lacking the K-88 fimbrial plasmid was unable to cause diarrhoea. These results suggest

that efficient colonization of the intestine can lead to mild diarrhoea. If this is the case

for V.cholerae, then the prospects for a live oral attenuated vaccine strain free from all

side effects are not promising, since Pierce et aI. (1988) have demonstrated that the

ability to colonize the intestine is the major determinant of the immunizing efficiency

of V.cholerae.

An alternative method of producing a live oral vaccine has been

attempted by cloning protective V.cholerae antigens into an avirulent Salmonella typhi

host (Manning, 1987, L989a, 1989b). A problem arises in that one must identify not

only immunogenic antigens of. V.cholerae blut also protective ones. Potential antigens

that would be advantageous to have expressed and display protective immunity include

the B subunit of cholera toxin (Curlin et al., 1975; Svennerholm et al., 1982), the Tcp

pilus (Taylor et al., 1988; Sharma et al., 1988) and the O-antigen region of the

lipopolysaccharide (Clements et aI., 1982; Manning et a1.,1986). Forrest et al. (1989)
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orally immunized human volunteers with the live oral typhoid vaccine S.typhi Ty21.a

(Germainer and Fürer, 1975) carrying the V.cholerae lipopolysaccharide O-antigen

genes. This resulted in significant levels of specific IgA in the gut. Whether one can

express all the required antigens to produce an effective, long lived immune response

into the avirulent host is yet to be evaluated, but may be the answer to an effective oral

cholera vaccine.

I.2 ßxtracellular Proteins of VÍbrio cholerae

V.cholerae 01, produces a wide range of proteins which are released into

the extracellular medium and may contribute to intestinal colonization or pathogenesis.

These include the cholera enterotoxin (CT) (see above), haemolysins, proteases,

deoryribonucleases, neuraminidase and haemagglutinins.

1.2.1 Neuraminidase

The structural gene, nanH, for the neuraminidase of V.cholerae 01 was

cloned from a Classical strain (Galen et aI., 1987; Vimr et aI., 1988). The

neuraminidase is capable of cleaving sialic acid residues from a wide range of

glycoconjugates. Positive clones were identified by their ability to cleave a fluorogenic

substrate. This enzyme has the ability to hydrolyse di- and tri-sialosyl gangliosides to

GM, gangliosides. It has been suggested that this enzqe may play a role in

pathogenesis by increasing the density of GM, receptors on intestinal cells to which the

B subunit of cholera enterotoxin can bind. Kabir and co-workers (1984) have

presented epidemiological and experimental evidence that the neuraminidase is

associated with increased virulence of V.cltolerae.

As predicted from its extracellular location, nucleotide sequence analysis

of. nønH reveals the presence of a potential signal peptide of 24 amino acids that is

similar to the signal peptides found on other excreted proteins. The mature protein
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predicted from the DNA sequence has a size of 75.9 kDa. When expressed in E.coliK-

12, the V.cholerae nanH gene product was not excreted into the growth medium but

most of the enzyme was retained in the periplasmic space.

By the introduction via recombination of an insertionally inactivated

nanH gene back into the parent V.cholerae genome,-the possible role of neuraminidase

in the pathogenic mechanism of cholera was investigated. Surprisingly, however, it was

found that the mutant with the inactivated nanH gene was unaffected in its virulence

(Galen et a1.,1987).

1.2.2 D eoxyribonucleases (DNases)

The Dnases produced by Vcholerae Ol can be found both excreted into

the extracellular medium or as part of a pool of active enzpe located in the

periplasmic space (Young and Broadbent, 1985). It has been suggested that the

DNases belong to a group of extracellular proteins that are excreted into the growth

medium vta a periplasmic intermediate. As a result of these extracellular DNases,

V.cholerae has a limited ability to accept foreign plasmids (Focareta and Manning,

1987). This phenomenon has also been seen in Serratía marcescens by Timmis and

Winkler (1973) who demonstrated that an extracellular DNase was implicated as the

reason for poor efficiency of transformation.

The role of the extracellular DNases in the pathogenesis of cholera has

not yet been clarified but it has been suggested that they may play a role in the

colonization of the small intestine. Ferencz et al. (1980) found that DNA" possibly

from intestinal mucous cells was a significant component of the mucous layer in the gut.

Thus, the DNases of V.cholerae may aid colonization of the intestine by degradation of

this DNA-rich mucous layer.

Structural genes encoding extracellular DNases have been cloned

independently by two groups (Newland et aI., 1985; Focareta and Manning, 1987).

Newland et al. (1985) designated their gene xds and subsequently localized the region
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of DNA encoding the nuclease activity to 3.5 kb. A pollpeptide of 100 kDa was

produced in E.coli minicells. By transposon facilitated recombination, Newland and co-

workers (1985) mapped the location of their xds gene between the pro-l and ile-201

markers on the Et Tor chromosome. In contrast to these findings, Focareta and

Manning (1987) localized the gene for a 24 kDà ÐNase on a I.2 kb DNA fragment.

The chromosomal location of this gene has yet to be mapped. Although the DNase is

found extracellularly in V.cholerae, cell fractionation studies have shown the protein to

accumulate in the periplasmic space when cloned into E.coli K-12. After determining

the nucleotide sequence, an ORF of 690 bp was found corresponding to a protein

product of 26.4 kDa. This protein has a tlpical amino-terminal leader peptide of 18

amino acids. The size of the mature protein after cleavage of this signal sequence

would be 24.2 kDa which is in excellent agreement with the size observed on SDS-

polyacrylamide gel electrophoresis under non-denaturing conditions, where it was also

possible to detect DNase activity (Focareta and Manning, 1987). The differences

between the two DNases have been resolved by Southern hybridization analysis which

show both DNases to be genetically unrelated (Focareta, 1989).

Deletion mutations were introduced into the V.cholerae chromosome in

one, the other or both of these DNases (Focareta, 1989). It was found that the strains

carrying either one of the single mutations were now able to be transformed, albeit

with a low efficiency. However, the strain carrying both mutations gave a further 10-

fold increase in the number of transformants, indicating that the inability of wild-type

V.cholerae strains to be transformed with plasmid DNA was due to the presence of the

two extracellular deoryribonucleases (Focareta, 1989).

1.2.3 Soluble Haemagglutinin

The soluble haemagglutinin is present in all strains irrespective of

biotype or serotype and found in cell-free supernatants (Finkelstein and Hanne, 1982;

Hanne and Finkelstein, l9S2). More recently, it has been referred to as the soluble
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haemagglutinin/protease (SHA/protease) due to the proteolytic activity it exhibits

(Finkelstein et al., 1983; Booth et al., 1983, 1984). This enzqe has the ability not only

to agglutinate erythrocytes but also to hydrolyze fibronectin, ovomucin and lactoferrin

(Finkelstein et a1.,1983). Booth et al. (1984) suggested that the SHA/protease was an

endogenous enzyme of. V.cholerae Íesponsible forthe cleavage of the A subunit of

cholera enterotoxin which results in the activation of the toxin. When purified, un-

nicked cholera toxin was incubated with SHA/protease it was converted to the nicked,

active form. But if the SHA/protease was inhibited, then nicking was prevented

(Booth et a1.,1984). This protein may also be involved in the adherence of.V.cholerae

bacterium to the intestinal epithelium, therefore representing an important virulence

factor in the pathogenesis of V.clrclerae (Finkelstein et al., 1978).

I.2.4 Haemolysins

The production and release into the medium of a haemolysin for sheep

erythrocytes was originally one of the criteria for differentiating between the Classical

and El Tor biotypes of V.cholerae 01 (Gardner and Venkatraman, 1935). However,

recently this has become an unreliable test as strains that produce no haemolysin but

have other biochemical properties characteristic of the El Tor biotype have been

isolated (de Moor, 1963). Furthermore, Richardson e/ aI. (L986) have reported that

Classical vibrios exhibit haemol¡ic activity when assayed using chicken and rabbit

erythrocytes.

V.cholerae non-Ol clinical isolates that do not produce a cholera-like

enterotoxin still induce diarrhoea. These strains have been shown to produce a

haemolysin that has been implicated as a potential diarrhoeagenic factor (Mclntyre

and Feeley, 1965). The haemolysin produced by these non-Ol isolates was shown by

Yamamoto et aI. (1986) to be biologically, physiochemically and immunologically

indistinguishable from the haemolysin produced by El Tor strains of.V.cholerae Ol.
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The El Tor haemolysin has been purified and shown to be a 61-65 kDa

protein (Yamamoto et aI., 1986). The structural gene, hlyA, that encodes this protein,

has been cloned independently by two groups and a 80 kDa protein product identified

(Manning et al., 1984; Goldberg and Murph¡ 198a). E.coli K-12 cells containing the

cloned V.cholerae hlyA gene produce only small zones of haemolysis on agar plates

containing sheep erythrocytes which is in stark contrast to the large zones seen with

wild-type Vcholerae (Manning et al., 1984; Mercurio and Manning, 1985). This is due

to the fact that although the haemolysin is produced in E.coli, it is unable to be actively

excreted into the extracellular medium but accumulates in the periplasmic space

(Mecurio and Manning, 1985). This problem can be alleviated by introducing the

cloned genes into a tolA mutant strain of. E.coli which has a leaþ outer membrane

allowing release of periplasmic proteins (Bernstein et al., 1972; Anderson et aI., L979).

The zones of haemolysis are then comparable to those detected in the V.cholerae

parent. The same phenomenon has been observed when haemolysins and other

extracellular proteins from a number of bacterial species were introduced into E.coli

(Pearson and Mekalanos, 1982; Coleman et al., 1983; Kehoe et al., 1983; Focareta and

Manning, 1987; Vimr et aI., 1988). Therefore, the inability of E.coli to actually excrete

these proteins may be due to the absence of additional determinants required for

release, as E.coli secretes these proteins into the periplasm but lacks the specific

excretion mechanism to release soluble proteins into the extracellular medium.

Furthermore, the presence of the 80 kDa protein in the E.coli periplasm compared to

the 65 kDa extracellular form seen in V.clrclerae seems to indicate that a major

cleavage within HlyA occurs upon release from the periplasmic space.

When V.cholerae El Tor strains regardless of their haemolytic phenotype,

Classical strains and V.cholerae non-O1 strains were analysed by Southern blot

hybridization, all were shown to contain DNA homologous to the hly locus (Goldberg

and Murphy, 1984; Brown and Manning, 1985). In addition, Richardson et al. (1986)

have cloned two haemolytic determinants from the ClassicalVcholerae strain 395. One
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is identical to the El Tor hlyA structural gene while restriction analysis and Southern

hybridization have shown the second determinant to be unique. Goldberg and Murphy

(1985) have analysed the hly loci from a non-haemolytic El Tor strain and a haemolytic

revertant as well as from a non-haemol¡ic Classical strain using restriction

endonucleases. They described a deletion of approximately 20 bp in the å/y locus of

the Classical 5698 strain with respect to the El Tor hlyA gene. Furthermore, the hlyA

genes of a haemolytic and non-haemolytic El Tor strain were proposed to differ by a

10-15 base pair insertion (Goldberg and Murphy, 1985).

Other genes involved in haemolysin production have also been identified.

Manning et al. (1984) have identified a neighbouring gene, hIyB and postulated that it

plays a role in haemolysin production as Tn1725 insertions in hlyB cause a decrease in

haemolytic activity. Furthermore, a gene that may be resposible for the regulation of

hlyA was found tightly linked to toxR on the chromosome, and designated hlyR (von

Mechow et a1.,1985).

Despite numerous studies on the epidemioloW of V.cholerae haemolysin,

the exact role of the El Tor haemolysin in the disease process has not been elucidated.

The haemolysin purified by Honda and Finkelstein (1979b) was cytotoxic, cardiotoxic

and rapidly lethal for mice but was only 20 kDa in size. Furthermore, it was noted that

cholera patients, infected with El Tor strains, were afflicted with dysentery, which

suggests that the integrity of the intestinal epithelium had been destroyed, perhaps by

the haemolysin (Vasil et aI., 1974). In addition, non-toxigenic El Tor strains that

produce a diarrhoeagenic factor correlating with the haemolysin have been isolated

(Mekalanos et al., 1983; Sanyal et al., 1983; Ichinose et al., 1987). McCardell et al.

(1985) and Spira et al. (1986) have described a cytolysin that is identical to the El Tor

haemolysin and is produced by non-OL and 01 strains of Vcholerae. This cytolysin

causes fluid accumulation in the rabbit gut as well as being cytotoxic for Chinese

hampster ovary (CHO) and Y-1 adrenal cells.
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13 Haemolysins from non-cholera VÍbrÍos

1.3.1 VÍbrio damsela cytolysin

Wbrio damsela is a halophilic organism that causes skin ulcers and fatal

disease in temperate-water damsel fish and wound infections in humans (Love et al.,

1,981; Morris et al., 1982). Kreger (1984) has described a correlation between the

ability of this organism to cause disease in mice and the production in vitro of large

amounts of a cytolytic toxin. This toxin has a size of 57 kDa and is antigenically distinct

from cytolysins isolated from other Vibrionaceae. This extracellular cytolysin is active

against mouse erythrocytes and is found in the growth medium in amounts that vary

widely between V.damsela strains. This toxin was shown to be lethal for mice after

intraperitoneal, intravenous and subcutaneous administration (Kreger, 1984).

Furthermore, subcutaneous injection caused grossly observable changes similar to

those observed during lethal experimental infection caused by subcutaneous

administration of V.damsela (Kreger, 1984). The role of this toxin in the pathogenesis

of the disease caused by V.damsela in its natural hosts is still under investigation.

I.3.2 VibrÍo fluvialis cytolysin

Vibrio fluvialis is a halophilic bacterium that has been isolated from

marine environments as well as from humans exhibiting severe diarrhoeal disease

implicating it as a potential enteric pathogen for humans (Blake et aL.r 1980). Studies

with culture supernatants of V.fluvialis reveal that it elaborates a wide range of

extracellular proteins. These include haemolysins/cytolysins, proteases, non-

haemol¡ic cytolysins and a factor which causes CHO cell elongation similar to cholera

enterotoxin (Lockwood et al., 1982). Wall et al. Q98\ noted that although the culture

supernatants possessed haemolytic and cell-killing activities, they were not separable by

gel filtration. Furthermore, although this cytolysin has not yet been proven to be

involved in the pathogenesis of V.fluvialis in humans, the presence of blood in the

diarrhoea of patients suggests tissue destruction of the intestine.
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1.3.3 Vibrio vulnificus cytolysin

Wbrio vulnificus, associated with wound infections, septicaemia,

meningitis and pneumonia was found to elaborate heat-labile extracellular toxins in

large amounts (Poole and Olive\ 1978; Blake et al., t979; Kelly and Avery 1980;

Kreger and I-ockwood, 1981). The bacteriologically sterile culture supernatants of

mid-exponential phase cultures of a virulent isolate of Vvulnificar possessed haemolytic

activity against mammalian erythrocytes, cytotoxic activity for CHO cells, lethal activity

for mice and vascular permeability activity in guinea pig skin (Kreger and Inckwood,

1981). In addition, these four toxic activities could not be separated by gel filtration

and the specific activity of the toxins was directly proportional to the virulence of the

strain (Kreger and I-ockwood, 1981). A monoclonal antibody raised against the

haemolysin which completely neutralized the haemol¡ic activity also abolished the

lethal activity for mice (Okada et a1.,1987). Thus, since the monoclonal antibody has

specificity for a single antigenic epitope, it has been suggested that the haemolysin is

identical to the lethal toxin present in the extracellular growth medium of. Vwlníficus.

The gene that encodes this cytolysin was cloned into E.coli K-12, and when used as a

DNA probe, homologous gene sequences were detected in all V.vulnificus strains but

were absent in strains tested from 29 other bacterial species including both OL and

non-Ol, serotypes of V.cholerae (Wright et a1.,1985).

The activity of the V.vulnificus haemolysin involves a temperature-

independent binding step and a temperature-dependent cell degradation step. The

haemolytic activity can be inhibited by the addition of divalent cations which act to

stabilize the erythrocyte membrane and by cholesterol, which suggests that cholesterol

constitutes the haemolysin binding site on the erythrocyte membrane (Shinoda et al.,

1985). This cholesterol-binding activity was utilized by Yamanaka et al. (1987) to

prepare specific anti-haemolysin antiserum by immunizing experimental animals with

haemolysin-bound liposomes.
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L.3.4 Yibrio metschnikorü cytolysin

Wbrio metscltnikov¡ï has recently been implicated as a cause of diarrhoea

in humans and the organism is found widely distributed throughout rivers, seafood and

sewerage (I-e,e et al., 1978). Miyake and co-workers (1988) have purified an

extracellular cytolysin from Vmetschnikovü. The purified cytolysin is a heat-labile

protein with a molecular size of 50 kDa. The protein was active against calf

erythrocytes and this lysis could be inhibited by divalent cations (Miyake et a1.,1988).

Biological activities of this cytolysin include fluid accumulation in the intestines of

infant mice and increased vascular permeability of rabbit skin. Furthermore, the

cytolysin lysed cultured Vero and CHO cells (Miyake et al., L988). All of these

biological activities were neutralized by the addition of anti-cytolysin antibody. This

c¡olysin possesses no immunological cross reactivity with haemolysins from other

Vibrio species including both 01 and non-Ol serotypes of Vcholerae, V.vulnifícus and

V.fluvíalis indicating that it is a new haemolysin (Miyake et a|.,1988).

1.3.5 Kanagawa phenomenon of VibrÍo parahaemol¡ticus

Vparahaemolytícus is a major cause of diarrhoea and gastroenteritis that

is associated with seafood consumption (Blake et a1.,1980). A number of extracellular

virulence factors have been described including a thermostable direct haemolysin

(TDH), a Chinese hampster ovary cell elongation factor and others involved in

cytotoxicit¡ adherence and invasiveness (Honda et al.,1976a; Blake et a1.,1980). This

organism can be classified based on the expression of TDH which can be detected on a

special blood agar medium (Wagatsuma medium). The haemolytic activity on

Wagatsuma medium is termed the Kanagawa phenomenon, and a Kanagawa

phenomenon positive phenotlpe is closely associated with pathogenicity in humans, as

96.5Vo of clinical isolates are Kanagawa phenomenon positive whereas 99Vo of

environmental isolates are Kanagawa phenomenon negative (Miyamoto et al., 1969;

Takeda, 1983; Honda et aI., L976a). This virulence factor has received the most
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attention (Sakurai et aI., L973; Miyamoto et a1.,1980).

The lethal toxin from a culture supernatant of a Kanagawa phenomenon

positive V.parahaemolyticus strain was purified extensively and was demonstrated to be

identical to the TDH (Honda et aI.,I976b). The lethal effect on mice was extremely

rapid; a dose of 5 ¡.rg kill the animals within 60 secs when injected intravenously

(Honda et a1.,7976b). Honda et aI. (L976c) have described marked cardiotoxic activity

for mice and rats associated with the TDH. The lethal toxin (TDH) primarily affects

the heart, and thus' explains why intraperitoneal injection was less effective than

administration via the intravenous route (Honda et al., I976b). When administered

intraperitoneally, the toxin must enter the blood stream before affecting the heart,

where the rhythmic heart beat is significantly disturbed (Honda et al., 1976c)"

Furthermore, it has been reported that the TDH possesses enteropathogenic activity

giving a positive reaction in the rabbit ileal loop assay and causing diarrhoea in

monkeys (Zen-Y oji et aI., 191 4).

The gene encoding the TDH has been cloned into E.coli K-12 and the

nucleotide sequence determined (Kaper et al., 1984c; Nishibuchi and Kaper, 1985).

The structural gene, tdh, encodes a 18.5 kDa mature protein with a 24 amino acid

signal peptide. When the tdh gene was expressed in E.colí, TDH activity was detected

in cell lysates. In contrast, the TDH was produced extracellularly, like the parent strain

when introduced into in a Kanagawa phenomenon negative strain of

V.parahaemolytícus (Nishibuchi and Kaper, L985). When used as a DNA probe, the tdh

gene detected no homologous DNA with Kanagawa phenomenon negative strains, and

failed to correlate completely with the Kanagawa phenomenon positive reaction

(Kaper et aI., 1984c). From the sequence of rdl¿ Nishibuchi er aI. (7985) further

developed synthetic oligodeoxyribonucleotide probes of 19 to 2l nt to provide a more

suitable method for the definition of Kanagawa-phenomenon positive strains from

those that are only weakly positive. These workers tested 12L Wbrío strains other than

V.parahaemolytícus, with the tdh gene probe, and only V.hollísae reacted positively.
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V.hollísae reacted with the probe under low stringency suggesting that it possesses tdh-

related sequences (Nishibuchi et aL.,1985).

A clinical isolate of Vparahaemolyticus that was assessed to be

Kanagawa phenomenon negative by conventional assays such as the Wagatsuma agar

test, a modified Elek method and a DNA colony hþridization test was still haemol¡ic

(Honda et a1.,1988). DNA homology was slight but the haemolytic determinant, found

in the extracellular medium was shown to be immunologically related but not identical

to the TDH (Honda et a1.,1988). It appears to be composed of two subunits and exists

as a dimer like the TDH but it differs in its haemolytic activity on erythrocytes from

various animal sources (Honda et a1.,1988)

1.4 Haemolytic determinants of other Gram negative bacteria

Synthesis of haemolysins has been reported throughout a broad spectrum

of Gram negative species. The isolation of the genes and their products in conjunction

with studies in animal models has helped elucidate the contribution of haemolysins to

pathogenesis. Haemolysins have been demonstrated to play an important role in the

virulence of many bacterial infections. Furthermore, haemolytic strains of

Pseudomonas aeruginosa and E.coli are usually associated with clinical disease, but

rarely isolated from the environment (Al-Dujail and Harris, 1975; Waalwijk et al.,

re82).

1.4,1 Escherichia coli haemolysin

The best studied haemolysin with respect to genetics, excretion and

regulation is the c-haemolysin of Escherichia coli. E.coli associated with extra-intestinal

infections in humans conmonly excrete this a-haemolysin (Hughes et al., 1985;

Minshew et al., 1978), although pathogenic isolates of E.colí from animal intestinal

origin also possess a haemol¡ic phenotype (Smith, L963). The genetic locus resposible

for the synthesis and excretion of the a-haemolysin is found either on Iarge
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transmissible plasmids for animal infections or in the bacterial genome in the case of

human infections (Goebel et al., 19741' Minshew et aI., 1978; De la Cruz et al., 1980;

Müller et a1.,1983).

It was demonstrated by Waalwijk et al. (1982) that the introduction of a

plasmid bearing the haemolysin genes of E.coli into-a non-haemol¡ic strain resulted in

a marked increase in the virulence of the strain in mice, strongly suggesting that the

haemolysin contributes to the pathogenicity of E.colí. DNA-DNA hybridisation

analysis has demonstrated that the plasmid encoded haemolysin determinants display

considerable homology with the chromosomal determinants, which suggest a common

origin (De la Cruz et al., 1980). A 1.9 kb insertion sequence (IS91) was found on a

plasmid carrying the haemolysin locus which was subsequently shown to be present on

other plasmids (Zabala, 1982; De la Cruz, 1983). Zabala et al. (L984) demonstrated

that the haemolysin determinant possesses some of the characteristics of a transposable

element suggesting that it may have spread by illegitimate recombination or

transposition events aided by this insertion element.

A more precise analysis of the role of the haemolysin in the pathogenesis

of disease has been examined. The production of haemolysin by E.coli was

demonstrated to induce release of histamine from rat mast cells and leukotrienes from

human polymo¡phonuclear leukocytes (Scheffer et a1.,1985; König et a1.,1986). These

mediators cause enhancement of vascular permeabilit¡ chemotaxis, aggregation of

granulocytes and other inflammatory disease processes (Scheffer et al., 1985). The

level of leukotriene production was directly dependent on the amount of haemol¡ic

activity in the culture supernatant. Bacterial strains that could produce the haemolysin

but failed to excrete it as well as hly mutants failed to release these inflammatory

mediators (König et a1.,1986).
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Haemolysin production has also been suggested to facilitate acquisition

of essential iron from the environment. Iron is required by the bacterium to establish

and maintain infections, and the haemoglobin present in erythrocytes represents a rich

iron source. Iæbek and Gruenig (1985) demonstrated that upon the addition of extra

iron (FeClr), a significant reduction in haemolytic activity was detected. Furthermore,

haemolytic activity could be greatly increased in some isolates by reducing the Fe3+

concentration by the addition of iron chelators. These workers suggested that

haemolysin excretion in E.coli is directly related to bacterial iron metabolism, however,

excretion may be differentially regulated among E.coli strains.

The haemolysin determinant is highly conserved and four genes, hlyA,

hlyB, hlyC and hlyD have been identified as necessary for the synthesis and release of

active haemolysin into the culture medium (Wagner et a1.,1983; Mackman et al., 1986).

Complementation analysis between specific deletion mutants have aided in defining

the function of these four genes.

T\e hIyA gene product, HlyA is the haemolysin proper and exists as a LLO

kDa polypeptide (Felmlee et al., 1985a). The product of hIyC, a 20 kDa cytoplasmic

protein is required to activate HlyA (Nicaud et a1.,1985). It has been suggested that

HlyC acts by post-translationally moditlng HlyA and this does not involve extensive

glycosylation or phosphorylation (Mackman et a1.,1986). Nicaud et al. (1985) showed

conclusively that HlyA can be excreted efficientl¡ although as an inactive polypeptide,

to the external medium in the absence of the hlyC gene product. Hence HlyC plays no

part in either the synthesis or excretion of HlyA (Nicaud et a1.,1985). Excretion of the

cr-haemolysin across both the cytoplasmic and outer membranes occurs via a

mechanism different from the leader-peptide dependent pathway described for other

membrane-translocated proteins in Escherichia coli (Randall and Hardy, 1984; Pugsley

and Schwartz, L985). The extracellular release of the E.coli haemolysin represents an

intriguing cellular event. It appears analogous to the example in eukaryotic cells where

ovalbumin is excreted without the removal of a leader/signal peptide (Palmiter et al.,
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L978). Furthermore, E.coli efficiently secretes recombinant-derived ovalbumin (Fraser

and Bruce, L978) across the cytoplasmic membrane suggesting that the presence of a

cleavable signal peptide is not an absolute requirement in Gram negative bacteria.

HlyA is released from the cell without any N-terminal processing indicative of signal

peptide cleavage, with only the formylated methionine missing (Felmlee et a1.,1985a).

The passage of HlyA from the cytoplasm across both membranes and its release from

the cell surface requires the function of two further cistrons, hIyB and hlyD which

complete the hly determinant (Wagner et a1.,1983).

Analysis in E.coli minicells of the DNA containing the hlyB cistron

reveals two membrane-bound protein products of 77 kDa and 46 kDa (Felmlee et al.,

1985b). Nucleotide sequence analysis of this cistron indicates that hlyB would encode a

peptide of 79.9 kDa (Felmlee et a1.,1985b). Either the 46 kDa peptide is a proteol¡ic

cleavage product of HlyB or alternatively there may be a second internal start codon

within the ORF encoding HlyB. It was noted that an internal methionine codon

preceeded by a potential ribosome binding site existed and this would give rise to a

t¡anslated product of 46 kDa (Felmlee et aI., 1985b). Furthermore, the first 21 amino

acids of this potential product possesses a signal-like sequence which would enable it to

become membrane bound (Felmlee et a1.,1985b). It is not yet precisely known whether

the haemolysin transport function assigned to the hlyB gene product is carried out by

either or both of the 77 kDa and 46 kDa protein products. The hIyD cistron encodes a

53 kDa protein which is inserted primarily in the inner membrane (Mackman et al.,

1e86).

Cellular fractionation indicated that during normal excretion, haemolytic

activity does not accumulate in the periplasm. Furthermore, upon the removal of hlyB

or hlyD, haemolytic activity, hence HlyA does not accumulate in the periplasm (Gray et

al., t986; Oropeza-Wekerle et al., 1989). Thus, the lack of strong evidence for a

periplasmic intermediate of HlyA has led to a number of models being proposed for

the excretion of the haemolysin (Mackman et a1.,1986). These include the passage of
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HlyA protein directly to the extracellular space through specific export sites or pores

formed by HlyB and HlyD from the cytoplasmic membrane to the outer membrane,

traversing the periplasm. Alternatively, the inner membrane localized export proteins

HlyB and HlyD interact with HlyA" followed by the concomitant budding of a vesicle

which fuses to the outer membrane and then everting to release HlyA into the medium.

These models both require a specific interaction between HlyA and either one or both

of the export proteins. The models suggested by Mackman et al. (1986) do not

differentiate between the roles that HlyB and HlyD play in excretion nor whether both

together form a complex that is recognised by HlyA. Although the excretion of HlyA

does not involve any N-terminal processing of a signal peptide, Gray et aI. (1986)

implicated the carbory-terminal region of the protein as essential for effective

excretion of HlyA. These workers demonstrated that upon removal of 27 aa's from the

carbory-terminal end of the protein, although the remaining polypeptide retained its

haemolytic activity, its excretion to the extracellular medium was inhibited.

Furthermore, a23 kDa polypeptide representing the C-terminal portion of HlyA which

does not contain a classical signal sequence is excreted with the same efficiency as the

entire HlyA protein provided the HlyB and HlyD export functions are also present

(Nicaud et a1.,1986). This supports an excretion mechanism in which the C-terminal

portion of HlyA contains a specific topogenic sequence which interacts with the

secretion machinery located in the inner membrane allowing it to be then directly

transferred to the medium.

Gray et al. (1986) found two blocks of conserved sequences at the C-

terminal end of HlyB which correspond to an ATP-binding site similar to those found

in a number of E.coli and Salmonella typltimurtum polypeptides involved in cytoplasmic

membrane transport systems (Higgins et al., 1985). Thus, a possible role for HlyB

could be as a transducer to provide energy for translocation of HlyA through a

proteinaceous pore generated by HlyD (Gray et a1.,1986)
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1.4.2 Haemolysins of Aeromonas species

The Gram negative enteropathogen Aeromonas hydrophíla, associated

with foodborne disease in humans elaborates a plethora of extracellular determinants.

These include an enterotoxin, proteases and two haemolysins, one of which is cytotoxic

(Kaper et a1.,1981b; Ljungh and Wadstrom, 1983; Rahim et al., 1984:' Chakraborty ef

al., 1984). Although the roles of these exotoxins in the pathogenesis of Aeromonas

infection is poorly understood, the cytotoxic haemolysin (aerolysin) has been strongly

implicated as an essential virulence factor (Donta and Haddow L978; Kaper et al.,

1981b; Burke et aI., 1982). A.hydropltla isolated from a patient suffering diarrhoea

produces a haemolysin that is a cytotoxic enterotoxin which causes fluid accumulation

in infant mouse intestines and rabbit ileal loops as well as eliciting cytotoxic effects on

cultured cells (Asao et al., 1984). However, a second haemolysin isolated from

A.hydrophila strain CA-l1 is shown to be antigenically similar to the aerolysin.

Although it is also a cytotoxic enterotoxin, the specific biological activities vary from

those of the aerolysin. The significance, if any, of these two haemolytic determinants

which are immunologically and biologically similar is yet to be understood.

The aerolysin has been purified, shown to have a size of 57 kDa and is

toxic for both rat and human erythrocytes and Vero culture cell lines (Howard and

Buckley, 1982, L985; Asao et al., 1984, 1986). The structural gene for the aerolysin,

aerA, has been cloned and expressed in E.coli, and although normal processing

involving removal of its signal sequence occurred, no haemolytic activity was detected

in culture supernatants of growing cultures (Howard and Buckley,L986; Chakrabortyer

al., 1986). This suggests that the aerolysin is not actively excreted in E.coli

(Chakraborty et al., 1986). The work of Wong et al. (1989) demonstrated that in

contrast to E.coli, A.salmonicída can export A.hydrophila aerolysin and phospholipase

to the extracellular medium without cell death or disruption. It was also shown by

these workers that a periplasmic intermediate is part of the normal route of export in

Aeromonas species.
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Adjacent genes both upstream and downstream of. aerA were shown to be

involved in controlling the expression and activity of the structural gene. These genes

have been designated aerB and aerC (Chakraborty et a1.,1986). Reduced haemolytic

activity was seen with plasmids lacking aerB, but this was not as a result of the loss of

transport function. The upstream gene, aerC is postulated to act as a regulatory gene

involved in modulating the expression of aerolysin (Chakraborty et a1.,1986).

1.4,3 Pseudomonas aeru ginosa haemolysin

P.aeruiginosa strains produce two products which display haemolytic

activity, a heat-stabte glycolipid and a heatJabile phospholipase C (PLC). The gene for

the extracellular PLC has been cloned into E.coli, and the resultant expression and

transport ,was poor with the enzyme remaining cell-associated (Vasil et aI., 7982;

Coleman et a1.,1983). The PLC gene has been sequenced, and shown to possess a 38

aa N-terminal signal sequence, removal of which results in a mature product of 78.2

kDa (Pritchard and Vasil, 1986).

The role in pathogenesis of both of these determinants is unclear,

although the PLC has been implicated as a major factor in lung and urinary tract

infections (Kurioka and Liu, L967; Berka et aI., 1981). In contrast, the heat-stable

glycolipid determinant has been suggested to have a role in ocular and pulmonary

infections (Liu, 197 9).

1.4.4 Haemolysin of SerratÍa marcescens

Senatía marcescens, a Gram negative opportunistic pathogen causes

bacteraemia, keratitis and infections of the urinary and respiratory tract (Maki et al.,

1973). The virulence determinants of this organism are still being elucidated, however,

a cell-bound haemolysin which causes the release of inflammatory mediators has been

strongly implicated (König et al., 1987). It has been demonstrated that haemolytic

isolates induce the release of leukotrienes C4 and Bo from polymorphonuclear
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leukocytes and histamine from rat mast cells (König et a1.,1987). By stimulating the

release of these compounds the haemolysin could increase vascular permeability,

oedema formation and granulocyte accumulatior¡ all factors which are characteristic of

Serrafia infections.

In contrast to other bacterial haemolysins, the Serratia haemolysin is

membrane associated and haemolytic activity is not found in the extracellular growth

medium (Braun et al., 1985). Poole et al. (1988) have cloned and subsequently

sequenced the 7.3 kb DNA fragment which encodes haemol¡ic activity from

S.marcescens. Two open reading frameg sltlA and shIB were identified. The

haemolysin proper is encoded by shlA and is expressed as a 165 kDa pollpeptide,

whereas the shlB gene product is 61.9 kDa (Poole et al., 1988). Signal sequences are

present at the amino-termini of both proteins as is expected with their outer membrane

location. Both shlA and shlB are essential for haemolytic activity (Braun et al., 1987),

and although ShlA has been shown to interact with the erythrocyte membrane, this

interaction, the lysis of the erythroc¡e and an active ShlA protein depend upon a

functional shlB gene product (Poole et a1.,1988). The inactive ShlA protein produced

in a shlB mutant strain remains internalized in the bacterial cell and exists in a different

conformational state than the active ShlA. The active ShlA haemolysin firmly

integrates into the erythrocyte membrane, forms a transmembrane channel and can

only be released under harsh conditions that also dissolved other erythrocyte

membrane proteins (Schiebel and Braun, 1989). Lysis of the er¡hrocyte can be

progressively prevented by saccharides of increasing molecular weight and Dextran 4 (4

kDa) totally inhibited lysis (Braun et al., L987) Prevention of cell lysis by the

saccharides was due to counterbalancing the osmotic stress and not by preventing

channel formation in the erythrocyte membrane (Braun et a1.,1987).

Specificalty constructed deletion mutants were used to determine the

domains necessary for lytic activity, integration into the erythrocyte membrane and

association with ShlB. Removal of aa's from the C-terminal end reduced haemol¡ic
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activity, but a 37Vo deletion failed to completely abolish haemol¡ic activity. However,

elimination of 547o of the gene resulted in a non-haemolytic phenotype even though

this truncated product was still able to associate with the erythrocyte membrane (Poole

et a1.,1988). An inactive polypeptide of 261 aa's from the N-terminus was the smallest

protein that could still be excreted (V. Braun, personal communication). Therefore,

the data suggest that the N-terminal region is the target for ShlB association as well as

conferring the ability to associate with the erythrocyte, whereas the C-terminal end

contains at least some of the channel-forming ability which results in lysis of the

erythrocyte (Poole et al., 1988; V. Braun, personal communication). The ShlA and

ShlB polypeptides are transported across the cytoplasmic membrane in a signal-

sequence dependent fashion, however, passage of ShlA across the outer membrane so

that contact can be made with the erythrocyte requires a functional ShlB protein. ShlA

is made active by ShlB either at the onset of excretion or during translocation. Once

associated with the erythrocyte, each ShtA protein integrates and forms a small water-

filled channel through which water and solutes up to approximately 1000 Da can

diffuse.

The haemolysin may also play a role in pathogenesis by providing the

bacterium with essential iron. The ability to establish infections depends somewhat on

the ability to acquire iron, and the haem-bound iron present in the erythrocyte would

represent an additional iron source. Expression of the shlB,A locus has been examined

under varying conditions of iron stress. Production of iron regulated proteins such as

iron-specific chelators, siderophores, and membrane associated receptors is enhanced

as a result of iron limitation. This increase is mediated in E.coli by the product of the

/rzr locus (Hantke, 1982). Poole and Braun (1988) demonstrated that restricting the

avaitability of iron resulted in a marked increase in the haemolytic activity. The site at

which this iron regulation acts is located upstream of the shlB,A locus where a

nucleotide sequence which exhibits some homology with the "Fur-consensus" sequences

of E.coli can be seen (Poole and Braun, 1988).
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1.5 Haemolysins of Gram positive bacteria

Synthesis of haemolysins has been reported throughout a spectrum of

Gram positive bacterial species. The haemolysins of the Gram positive bacteria

Staphylococcus aureøs and Streptococcus pyogenes, are known to be vital in the

establishment and maintenance of infections. With the exception of q-toxin of

Staphylococcus aureus, all genetically analyzed Gram positive haemolysins are

sulftrydrl-activated (SH-activated) cytolysins. These haemolysins share common

biochemical properties such as sensitivity to orygen and binding to cholesterol which is

the assumed membrane receptor for these c¡olytic proteins. Furthermore, these

proteins display immunological cross-reactivity. The problems with excretion seen for

Gram negative bacteria are also not encountered as there is no outer membrane to

cross.

1.5.1 Sta phylococcus aureus haemolysin

S.aureus produces a range of extracellular products which have been

considered as potential virulence factors (Easmon and Adlam, 1984; Jonsson et al.,

1985). The q-haemolysin has been implicated as the most important product in causing

tissue damage and in establishing and maintaining infections (Freer and Arbuthnott,

1933). Kehoe et al. (1983) cloned the S.aure¿¿s a-haemolysin gene into E.coli. The low

amounts of haemolysin produced were not excreted into the culture supernatant but

remained associated with the cell. When this clone was introduced into Bacillus

subtilís, active a-haemolysin was detected in culture supernatants of growing cultures,

where immunoprecipitation with antior-haemolysin antiserum identified proteins of 33

kDa and 34kDa (Fairweather et a1.,1983).
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L.5.2 Haemolysins of Strcptococcus species

The haemolysins from the human pathogens S.pyogenes (Streptolysin O)

and S.pneumoniae (Pneumolysin) have been cloned (Kehoe and Timmis. 1984; Patonet

al., 1986). Streptolysin O possesses tissue-damaging and cytolytic properties and

inhibits chemotaxis of human neutrophils suggesting that it plays a role in the

pathogenesis of streptococcal infections (Andersen and Van Epps,1972; Van Epps and

Andersen, 1974; Alouf, 1980). Two forms of streptolysin O are detected in E.coli, tvtth

molecular weights of 68 kDa and 6L kDa. Two polypeptides of size 69 kDa and 60 kDa

can be identified in culture supernatants of S.pyogenes, suggesting that a similar

proteolytic cleavage occurs in both organisms (Kehoe and Timmis, L984). However,

studies by Suzuki et al. (1988) have demonstrated that the haemol¡ic determinant has

a molecular size of 64 kDa and suffers no proteol¡ic cleavage.

When the cloned pneumolysin gene was expressed in E.coli, active

pneumolysin accumulated in the cytoplasm (Paton et a1.,1986). Pneumolysin, unlike

the other thiol-activated toxins which are excreted by their producing bacteria, is found

primarily in the pneumococcal cytoplasm (Johnson, 1977). The cloned pneumolysin

gene directs the production of two polypeptides (56 kDa and 53 kDa) which are

precipitated by antiserum directed to streptolysin O (Walker et al., 1987). Analysis of

the predicted aa sequence from the determined nt sequence revealed no obvious signal

sequence associated with the N-terminal domain of the pneumolysin (Walker et aI.,

1e87).

Paton et aI. (1983) demonstrated that mice immunized with a purified

pneumolysin preparation survived significantly longer than control mice when

challenged with a virulent strain of s.pneumoniae. This toxin also inhibits migration of

human polymorphonuclear leukocytes, and therefore has the potential to inhibit

phagocytic clearance of invading pneumococci as well as interfering with the

establishment of a humoral immune response (Paton and Ferrante, L983).
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The genes encoding these determinants share aa and DNA sequence

homology with each other and also with the perfringolysin O gene isolated from

Clostridium perfringens (Tweten, 1988). Isolation and characterization of well-defined

specific mutations within the coding sequences of these three determinants would

permit more complete studies on structure, mode of-action, synthesis and release of the

toxins as well as their exact contribution to the pathogenesis of the respective bacterial

infections.

L.5.3 Li steria monocyto genes haemolysin

The haemolysin from L.monocytogenes is a determinant associated with

the pathogenesis of this organism in humans and animals" Only haemolytic strains are

isolated from patients suffering listeriosis, and these are the only strains which are

virulent and possess the ability to invade host cells (Groves and Welshimer, 1977;

Vicente et a1.,1985; Kathariou et a1.,1987; Portnoy et a1.,1988). A transposon insertion

mutant which resulted in a non-haemolytic phenotype was avirulent and spontaneous

loss of the transposon resulted in the recovery of the Hly+ phenot¡pe and also restored

virulence (Gaillard et al., 1986). Portnoy et aI. (1988) describes three Hly- avirulent

mutants that upon reverting to a Hly+ phenotype regained the ability to multiply in

infected tissue cells. Mutants lacking haemolytic activity were unable to multiply in

murine macrophages and fibroblasts and some but not all human cell lines (Gaillard er

al., t987; Portnoy et a1.,1988)

The gene that encodes this haemolysin (Listeriolysin O) has been cloned

and expressed in E.coli and its nucleotide sequence determined (Vicente et aI., L985;

Mengaud et al., 1988). The predicted aa sequence revealed a putative 25 aa signal

sequence, the cleavage of which would result in a mature excreted product of 58 kDa

(Mengaud et a1.,1988). The protein sequence displays a high degree of homology with

those of streptolysin O and pneumolysin, including the region surrounding the unique

cysteine residue which is thought to be vital for lytic activity. DNA hybridization
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analysis revealed that all L.monocytogenes strains possessed DNA homologous to the

listeriolysin O gene, even the phenotypically non-haemolytic strains but the reason for

this has yet to be determined (Mengaud et al., L988). Furthermore, no homology was

detected with any other Listeria species, which may prove extremely useful in the

development of a L.monocytogenes specific probe for accurate and rapid identification

of this bacterium. Recently however, using DNA probes that encoded the listeriolysin

and surrounding sequences, I-eimeister-Wächter and Chakraborty (1989) detected

homologous listeriolysin genes in the species L.ivanovíí and L.seeligen as well as in

L.monocytogenes. Sequences unique to L.monocytogenes were found to be located

downstream of the listeriolysin gene (Leimeister-Wächter and Chakraborty, 1989).

There is now evidence for a second haemolytic determinant present in a

high percentage of pathogenic L.monocytogenes strains, a p-listeriolysin which has been

implicated in human listerial infections (Parrisius et aI., 1986). When the cloned p-

listeriolysin gene or synthetic oligonucleotides constructed from the determined

nucleotide sequence of this gene are used as probes against Listería species, only those

B-haemolytic L.monocytogenes strains reacted. The synthetic probe could also detect

L.monocytogenes in artificially spoiled food indicating its potential use as a detection

mechanism for L.monocytogenes (Datta et al., 1987, 1988). The relationship between

the two forms of listeriolysin and their individual importance in human disease is not

yet clarified.

1.6 Aims of this thesis

Vclrclerae 01 is a member of a select group of Gram negative bacteria

that possess the ability to excrete a large range of proteins out of the cell into the

extracellular environment. Much of the work on this organism has centered on these

extracellular products, particularly cholera toxin, and their contribution to the

pathogenesis of disease. Virulence is multi-factorial, and the El Tor haemolysin

although apparently not essential is thought to play a role in pathogenesis.
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The aims of this study are to characterize the El Tor haemolysin at the

protein and DNA level, and to determine the relevance of the non-haemolytic

phenotlpe in Classical strains which still possess the hly genes. By site directed

mutagenesis of the cloned gene, specific mutants will be constructed to determine the

role that this haemolysin plays in pathogenesis. - In an attempt to gain a better

understanding of the role of accessory proteins in the secretion\excretion of the

haemolysin, the genes flanking hIyA wrll be examined.
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CHAPTER2

MATERIALS AND METHODS

2.1 Growth media

The following nutrient media were used for bacterial cultivation.

Nutrient broth (NB) (Difco), prepared at double strength (16 gllitre) with added

sodium chloride (NaCl) (5 g/litre) was the general growth medium for E.coIí K-12

strains. V.cholerae strains were routinely grown in Brain Heart Infusion (BHI) (Difco)

prepared as directed by the manufacturers, or Luria broth. Luria broth (LB) and 2 x

TY medium was prepared as described by Miller (L972). Minimal A medium (M13

minimal media) was also prepared as described by Miller (1972) and supplemented

prior to use with MgSOa, glucose and thiamine-HCl to concentrations of 0.2 mgf ml,2

mg/rnl and 50 pglml, respectively.

NA is nutrient agar, which is blood base agar (Difco) prepared without

the addition of blood. Blood agar is NA which is supplemented with sheep erythrocytes

to a final concentration of 5Vo prior to use. CFA agar was as described elsewhere

(Evans et a1.,1977). Soft agar contains equal volumes of NB and NA. H agar consisted

of bacto-tryptone (L6 g/litre) (Difco), NaCl (8 g/litre) and bacto-agr (12 gllitre)

(Difco). H top agar was like H agar but also contained 8 g/litre bacto-agar. Casein

agar was according to I-ennette et al. (1980).

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

concentrations: ampicillin (ep) 25 vg/ml; chloramphenicol (C-) 25 yelrrd;

kanamycin (Km) 50 yg/nrl; tetracycline (Tc) 70 yg/ml for E.coli and 4 ¡tg/rnl for

V.cholerae strains.
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Incubations were at 3JoC unless otherwise specified. Normall¡ liquid

cultures were grown in 20 ml McCartney bottles or 125 ml side-arm flasks. Optical

densities (OD) were measured at 650 nm using a Unicam Instruments

spectrophotometer which had been adapted to read side-arm flasks.

2.2 Chemicals and reagents

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

sodium dodecyl sulphate (SDS) and sucrose were from BDH Chemicals. Tris was

Trizma base from Sigma. 2'-2'-dipyridyl was from Sigma. Caesium chloride (Cabot)

was technical grade. Ethylene-diamine-tetra-acetic-acid, disodium salt (EDTA) was

Analar analytical grade from Ajax Chemicals.

Antibiotics were purchased from Sigma (ampicillin, kanamycin sulphate),

and Calbiochem (tetracycline, chloramphenicol). All other anti-microbial agents (dyes,

detergents and antibiotics) were purchased from Sigma Chemical Co., BDH Chemicals

Ltd., Glaxo, or Calbiochem.

The following electrophoresis grade reagents were obtained from the

sources indicated: acrylamide and ammonium persulphate (Bio-Rad), ultra pure N,N'-

methylene bis-acrylamide and urea (BRL).

The four deoxyribonucleotide triphosphates (dATP, dCTP, dGTP and

dTTP) and their corresponding dideoxy-ribonucleotide triphosphate homologues

(ddATP, ddCTP, ddGTP and ddTTP), were obtained from Boehringer-Mannheim.

Adenosine-5'-triphosphate, sodium salt (ATP) and dithiothreitol (DTT) were obtained

from Sigma. X-gal (5-Bromo-4-chloro-3-indolyl-B-D-galacto-pyranoside) and IPTG

(isopropyl-p-D-thiogalacto-pyranoside) were purchased from Boehringer-Mannheim.

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

Ci/mMole were obtained from BRESA (Adelaide). The -35 sequencing primer was

obtained from New England Biolabs. ¡35s1-Methionine (I,270 Ci/mMole), [3sS]-dATP

(>1000 Ci/mMole) and Sequenase was purchased from Amersham. Phosphorylated

MluI and EcoRI linkers (8-mers) were purchased from New England
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Biolabs, Inc., Beverley, Mass. Linkers were obtained in a lypholized form and

resuspended in 0.L ml of TE buffer, pH 8.0 and stored frozen at -20oC.

23 Enzymes

Deoxyribonuclease I (DNase I) and lysozyme were obtained from Sigma.

Pronase was from Boehringer-Mannheim.

Restriction endonucleases BamHI, BgIII, ClaI, EcoRI, HindIfI, MIuI,

NruI, Pstl, Sau3A and Taql were purchased from either Boehringer-Mannheim, New

England Biolabs, Pharmacia or Amersham.

DNA modifying enzymes were purchased from New England Biolabs (T4

DNA ligase), Amersham (T4 DNA polymerase) and Boehringer-Mannheim (DNA

polymerase I, Klenow fragment of DNA polymerase I).

2.3.1 Synthesis of oligodeoxynucleotides

Oligodeorynucleotides (oligos) were synthesized using reagents

purchased from Applied Biosystems or Ajax Chemicals (acetonitrile). Synthesis was

performed on an Applied Biosystems 381A DNA synthesizer. Oligos were routinely of

a purity that no further purification was required.

2.4 Maintenance of bacterial strarns

For long time storage, all strains were maintained as lyophilized cultures,

stored in vacuo 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 transferred to a L0 ml bottle of NB and grown with shaking

overnight at the appropriate temperature. The other half was streaked onto two

nutrient agar plates and incubated overnight at the appropriate growth temperature.

Antibiotics were added to the media when appropriate. If the colony form was

uniform, single colonies were selected and picked off plates for subsequent storage or

use. Short-term storage of strains in routine use was as a suspension of freshly grown

bacteria in glycerol (32% v/v) and peptone (0.67o w/v) at -70oC. Fresh cultures from
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glycerols were prepared by streaking 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.

Bacterial strains were prepared for long-term storage by suspension of

several colonies in a small volume of sterile skimmed milk. Approximately 0.2 ml

aliquots of this thick bacterial suspension were dispensed into sterile 0.25 x 4 in. freeze

dryrng ampoules and the end of each ampoule was plugged with cotton wool. The

samples were then lyophilized in a freeze drier. After the vaccuum was released, the

cotton wool plugs were pushed well down the ampoule and a constricton was made just

above the level of the plug. The ampoules were evacuated to a partial pressure of 30

microns and then sealed at the constriction without releasing the vacuum. Finally the

ampoules were labelled and stored at 4oC.

2.5 Bacterial strains and plasmids

T\e Vibrio clnlerae and other strains used are listed in Table 2.L. Strains

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 describes the Escherichia coli K-12 strains used in this study.

The plasmids and phage cloning vectors which were used in this study are

listed in Table 2.3.

2.6 Transformation procedure

Transformation was performed essentially according to the method

described by Brown et al. (1919). E.coli K-12 strains were made competent for

transformation with plasmid DNA as follows: an overnight shaken culture (in NB) was

diluted 1:20 into BHI and incubated with shaking until the culture reached an OD of

0.6 (4 x 108 cells/ml). The cells were chilled on ice for 20 min, pelleted at 4oC in a

bench centrifuge, resuspended in half volume of cold 100 mM MgCl, centrifuged again

and resuspended in a tenth volume of cold 100 mM CaClr. This was allowed to stand

for 60 min on ice before addition of DNA. Competent cells (0.2 ml) were then mixed
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with DNA (volume made to 0.1 ml with TE buffer: L0 mM Tris-HCl, L mM EDT,\ pH

8.0) and left on ice for a further 30 min. The cell/DNA mixture was heated at 42oCfor

2 min and then 3 ml BHI was added followed by incubation with shaking at37oC for L-

2 h: The culture was then plated onto selection plates directly or concentrated by

centrifugation and plated. Cells with sterile buffer were included as a control.

2.7 lronStarvation

Overnight cultures grown in LB (2 ml) were centrifuged and the cells

resuspended in 20 ml fresh LB containing 0.2 mM, 0.3 mM or 0.5 mM2'-2'-dipyridyl.

They were incubated at 37"C with aeration to an ODuro of 0.6. The cultures were then

tested in a liquid haemolysis assay (as described in Section 2.15)

2.8 Bacterial Conjugation

Overnight broth cultures grown in BHI or LB were diluted 1 in 20 and

grown to early exponential phase with slow agitation. Donor and recipient bacteria

were mixed at a ratio of L:L and the cells pelleted by centrifugation (5000 rpm, 5 min,

bench centrifuge). The pellet was gently resuspended in 200 yl of broth and spread

onto a nitrocellulose membrane filter (0.45 ¡rm, type HA" Millipore Co.p.) on a NA

plate. This plate was incubated for 6-L6hat37oC. The cells were then resuspended in

10 ml NB and samples plated onto selective agar and incubated overnight at 37oC.

2.9 DNA extraction procedures

2.9.1 Plasmid DNA isolation

Plasmid DNA was isolated by one of the four following procedures:

Method L: Rapid plasmid preparation by the boiling method of Holmes and Quigley

(1981) was performed as follows: Cells from 1 ml of a L0 ml shaken overnight culture

were pelleted (this yielded about 10e cells) in an Eppendorf 5414 centrifuge for 30 sec,

resuspended in 50 ¡rl STET buffer (5% (w/v) sucrose, 57o (v/v) Triton X-100, 50 mM
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EDTA! 50 mM Tris-HCl, pH 8.0). Lysozyme (5 mg/rnl; 5 ¡rl) was added and the

suspension left at room temperature for several min. Samples were then placed in

boiling water for 35 sec and immediately spun for 10 min in an Eppendorf centrifuge.

The chromosomal pellet was removed and plasmid DNA in the supernatant

precipitated with 0.6 volumes of propan-2-ol at -20oC for L0 min. DNA was pelleted

by centrifugation in an Eppendorf centrifuge for L0 min, washed once with 1 n[70Vo

(*/u) ethanol, dried in vacuo and dissolved in 20 ¡;lT'E buffer. This method was also

scaled up for use with 1.0 ml cultures.

Method 2: Triton X-100 cleared lysates were prepared from 10 ml overnight cultures

by a modification of the procedure of Clewell and Helinski (1969, L970). Cells were

resuspended in 0.4 ml 25% (w/v) sucrose in 50 mM Tris-HCl, pH 8.0. Lysozyme (50

¡.r1, 10 mglml freshly prepared in HrO) and 50 ¡rl of 0.25M EDTA,, pH 8.0 were added

to cells in Eppendorf tubes and left to stand on ice for 1.5 min. 0.5 ml TET buffer (50

mM Tris-HCl, 66 mM EDTA, pH 8.0, 0.4Vo Triton X-100) was added followed by a

brief mixing by inversion of the tubes. The chromosomal DNA was then pelleted by

centrifugation (15,000 rpm,20 min,4oC, SS34, Sorvall). The supernatant was extracted

twice with TE saturated phenol (pH 7.5) and twice with diethyl-ether. Plasmid DNA

was precipitated by the addition of an equal weight of propan-2-ol and allowed to stand

at -70oC for 30 min. The precipitate was collected (10 min, Eppendorf 541.4), washed

once with 7 mll}To (v/v) ethanol, dried and resuspended in 50 ¡rl TE buffer.

Method 3: I-arge scale plasmid purification was performed by the three step alkali lysis

method (Garger et a1.,1983). Cells from a litre culture were harvested (6,000 rpm, L5

min, 4oC, GS-3, Sorvall) and resuspended in24 ml solution 1 (50 mM glucose, 25 mM

Tris-HCl, pH 8.0, 10 mM EDTA). Freshly prepared lysozyme (4 ml of.20 mg/ml in

solution 1) was mixed with the cell suspension and incubated at room temperature for

10 min. Addition of 55 ml of solution 2 (0.2 M NaOH, 7%o (w/v) SDS), followed by 5

min incubation on ice resulted in total lysis of the cells. After the addition of 28 ml

solution 3 (5M potassium acetate, pH a.8) and incubation on ice for 15 min, protein,
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chromosomal DNA and high molecular weight RNA were removed by centrifugation

(8,000 rpm, 20 min, 4oC, GSA, Sorvall). The supernatant was then extracted with an

equal volume of a TE saturated phenol, chloroforrq isoamyl alcohol mixture (25:24:l).

Plasmid DNA from the aqueous phase was precipitated with 0.6 volume of L00%o (v/v)

propan-2-ol at room temperature for 10 min and collected by centrifugation (10,000

rpm at 4oC,35 min, GSA, Sorvall). After washing in7|Vo (v/v) ethanol, the pellet was

dried in vacuo and resuspended in 4.6 ml TE. Plasmid DNA was purified from

contaminating protein 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 L9 gauge needle attached to a L ml syringe. The

ethidium bromide was extracted using isoamyl alcohol. CsCl was then removed by

dialysis overnight against three changes of 2 litres TE at 4oC. DNA was stored at 4oC.

Method 4: Small scale plasmid purification was performed by the three step alkali lysis

method using a modification of Garger et al. (1983). Overnight bacterial cultures (1.5

ml) were tránsferred to a microfuge tube and harvested by centrifugation (45 sec,

Eppendorf 5414), and resuspended in 0.1 ml solution 1 (50 mM glucose,25 mM Tris-

HCl, pH 8.0, L0 mM EDTA). The addition of 0.2 ml solution 2 (0.2 M NaOH, 1%

(w/v) SDS) followed by a 5 min incubation on ice resulted in cell lysis. After the

addition of 0.15 ml solution 3 (5M potassium acetate, pH a.8) and a 5 min incubation

on ice, protein, chromosomal DNA and high molecular weight RNA were collected by

centrifugation (90 sec, Eppendorf 5414). The supernatant was transferred to a fresh

tube and extracted once with TE-saturated phenol and once with diethyl ether.

Plasmid DNA was precipitated by the addition of 2x volume 100Vo ethanol and a 2 min

incubation at room temperature. The DNA was collected by centrifugation (15 min,

Eppendorf 541.4), washed v¡tth 707o (v/v) ethanol and dried in vacuo. The pellet was

resuspended in 40 ¡i 1x TE.



42

2.9,2 Preparation of V.cholerae or E.coli genomic DNA

Whole genomic DNA from either V.cholerae or E.coli was prepared

according to Manninget al. (1986). Cells from a 20 ml shaken overnight culture were

pelleted in a bench centrifuge for 10 min and washed once with TES buffer (50 mM

Tris-HCl, pH 8.0, 5 mM EDTA,, 50 mM NaCl). The pellet was then resuspendedin2

nI25Vo sucrose, 50 mM Tris-HCl, pH 8.0 and L ml lyso4rme (10 mglÍ:J in 0.25 M

EDTA pH 8.0) was added and the mixture incubated on ice for 20 min. TE buffer

(0.75 rnl) and 0.25 ml lysis solution (sVo (w/v) sarkosyl, 50 mM Tris-HCl, 0.25M

EDTA, pH 8.0) were added, together with 10 mg solid pronase. The mixture was

gently mixed, transferred to a 50 ml Ehrlenmeyer flask and incubated at 56oC for 60

min. This was followed by three extractions with TE saturated phenol and two with

diethyl ether. The genomic DNA was then transferred to dialysis tubing and dialysed

against 5 litres 1x TE buffer for 16 h with one change.

2.L0 Analysis and manipulation of DNA

2.10,1 DNA quantitation

The concentration of DNA in solutions was determined by measurement

of absorption at 260 nm and assuming an Aruoof L.0 is equal to 50 pg DNA/ml (Miller,

re72).

2.10.2 Restriction endonuclease digestion of DNA

Cleavage reactions with the restriction enzymes HindIIl, BamHI, EcoRl,

PsrI and Clalwere performed using SPK buffer (10x: 200 mM Tris-HCl, pH 8.0, 50 mM

MgClr, 5 mM dithioerythritol, L mM EDTA, 500 mM KCI and 50% glycerol). The

remaining restriction digests were carried out as described by Davis et al. (1980). 0.1-

0.5 pg of DNA or purified restriction fragments were incubated with 2 units of each

restriction enzqe in a final volume of 20 ¡;J, at 37oC, for l-2 h. The reactions were

terminated by heating at 65oC for L0 min. Prior to loading onto a gel, a one tenth
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volume of tracking dye (L5Vo (*/u) Ficoll, 0.IVo (w/v) bromophenol blue, 0.1 mg/rnl

RNase A) was added.

2.10.3 Analytical and preparative separation of restriction fragments

Electrophoresis of digested DNA was carried out at room temperature

on horizontal,0.6Vo,0.8Vo or lVo (* /u) agarose gels (Seakem HGT), 13 cm long, 13 cm

wide and 0.7 cm thick. Gels were run at 100V for 4-5 h in TBE buffer (67 mM Tris

base, 22 mM boric acid and 2 mM EDTA., final pH 8.8). After electrophoresis the gels

were stained in distilled water containing 2 yg/ml ethidium bromide. DNA bands were

visualized by trans-illumination with UV light and photographed using either Polaroid

667 positive film or 665 negative film.

For preparative gels Sea Plaque (Seakem) low-gelling-temperature

agarose at a concentration of 0.6%o (*/u) was used for separation of restriction

fragments, which were recovered by the following method. DNA bands were excised

and the agarose melted at 65oC. Five volumes of 20 mM Tris-HCl, L mM EDTA, pH

8.0 buffer was added and the agarose extracted with phenol:water (1 g/ml) and then

phenol:chloroform (1 g/ml). Residual phenol was removed with chloroform and the

DNA precipitated with two volumes of ethanol and one tenth volume of 3M sodium

acetate, pH 5.0. DNA was collected by centrifugation (15 min, Eppendorf 5414),

washed once with 70Vo (v lv) ethanol and dried ín vacuo before being resuspended in Lx

TE buffer.

2.10.4 Calculation of restriction fragment size

The size of restriction enzyme fragments were calculated by comparing

their relative mobility with that of EcoRI digested Bacillus subtilís bacteriophage SPP1

DNA. The calculated sizes of the SPP1 .ÐcoRI standard fragments used differ from

those published (Ratcliff er al., 1979) and were calculated with the program

DNAIIRAG (Rood and Gawthorne, 1984) using bacteriophage lambda and plasmid

pBR322 as standards. The sizes (kilobases, kb) used were: 8.37;7.2;6.05;4.90; 3.55;

2.63; 1..73; 1.6L; 1..29; 1.19;0.99;0.86; 0.63; 0.48; 0.38.
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2.L0.5 Dephosphorylation of DNA using alkaline phosphatase

0.1-0.5 pg of digested plasmid DNA was incubated with 1 unit of

molecular biology grade alkaline phosphatase (Boehringer-Mannheim) for 30 min at

37oC. The reaction was terminated by the addition of EDTA" pH 8.0 to a final

concentration of 3 mM followed by heating at 65"e for 10 min. The reaction mix was

then extracted twice with hot 56oC TE saturated phenol and twice with diethyl ether.

DNA was precipitated overnight at -20oC with two volumes of absolute ethanol and

1/10 volume of 3M sodium acetate pH 8.0. The precipitate was collected by

centrifugation (15 min, Eppendorf 5414), washed once with I ml70Vo (v/v) ethanol,

dried in vacuo and dissolved in TE buffer.

2.10,6 End-frlling with Klenow fragment

Protruding ends created by cleavage with restriction endonucleases were

filled in using the Klenow fragment of E.coli DNA polymerase I. Typically, 1 ¡.rg of

digested DNA 2 yl of LOx nick-translation buffer (Maniatis et aI., 1982), 1 ¡.rl of each

dNTP (2 mM) and L unit Klenow fragment were mixed and incubated for 30 min. The

reaction was stopped by heating at 65oC for 10 min, followed by removal of

unincorporated dNTPs and enzyme by centrifugation through a Sepharose CL-68

column.

2.10,7 Ligation of Linkers to blunt DNA ends

Phosphorylated linkers were ligated to blunt ends generated by Klenow

fragment of E.colî DNA polymerase I by overnight incubation of 1 ¡.rg plasmid DNA

with approximately 3 ¡.rl linkers and 4 units T4 DNA ligase in a final volume of L0 ¡rl of

Lx linker-kinase buffer (Maniatis et a1.,1982).

2.10.8 Nick translation

Nick translation reactions with DNA polymerase I were modified from

Maniatis et al. (1982) and carried out as follows: 25 yCia-¡32f1-dCTP (1,700 Ci/mmole

in ethanol) was dried in vacuo in an Eppendorf tube, resuspended with 80 ¡rl water, 10
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¡.rl of LOx nick translation buffer (500 mM Tris-HCl, pH 7.2, L00 mM MgClr, 1 mM

DTT, 500 yg/ml BSA) 1 ¡.rl each of 2 mM dATP, dGTP, dTTP. DNA (L ¡rg) and

DNase (10 mg/ml; 1 ¡rl) was added'and incubated at 37oC for 10 min. DNA

polymerase I (5 units) was added to the mix and allowed to incubate at 1,6oC for 2h.

¡32P1-labelled DNA was separated from unincorporated label by centrifugation through

a mini-column of Sepharose CL6B.

2.10.9 Southern transfer and hybridizatio

Bidirectional transfers of DNA from agarose gels to nitrocellulose paper

(Schleicher and Schüll) were performed as described by Southern (1975) and modified

by Maniatis et al. (1982).

Prior to hybridizafion with radio-labelled probe, filters were incubated

for 4 h at44oC in a pre-hybridization solution containing 50Vo (v/v) formamide,50

mM sodium phosphate buffer, pH 6.4,5 x SSC (0.34 M NaCl, 75 mM sodium citrate,

pH 7.0), 5x Denhardt's reagent (O.lVo Ficoll, 0.lVo polyvinylpyrrolidone, 0.lVo fraction

V BSA) and 83 yg/ml single stranded Herring Sperm DNA (Sigma) (Maniatis et al.,

1982). Pre-hybridization fluid was discarded and replaced with fresh hybridization

buffer (as for pre-hybridization solution, with the exclusion of Herring sperm DNA).

Denatured probe (approximately 106 cpm/pg) was added and hybridization allowed to

occur for 16-24 h at 44oC.

Filters were washed twice with shaking at 37oC for 30 min in 2x SSC,

containing O.LVo (w/u) SDS. This was followed by two further washes in 0.1x SSC plus

0.1.Vo (*/Ð SDS at 65oC. After dryrng in air (15 min, room temperature), the filters

were covered in plastic wrap and placed oh film for autoradiography at -70oC with

intensifying screens.

2.10.10 Kinasing single stranded DNA

Single stranded DNA (primers) were kinased using gamma-132P]-dATP.

The reaction mix consisted of L00 mM DTT, I yI 10x kinase buffer, 3 units of

polynucleotide kinase, L0 ¡.rl of gamma-[32P] and 60 Vg of primer. This reaction mix was
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made up to 10 ¡rl in water and incubated at 37"C for 30min. The 10X kinase buffer

consisted of 500 mM Tris pH7.4 and 100 mM MgClr.

2.1:0.lI Dot Blots with single stranded DNA

Strains to be tested were grown up'overnight on agar plates. These

colonies were transferred to nitrocellulose discs (Schleicher and Schüll) and the

colonies lysed by the following method. The nitrocellulose disc was placed colonies up,

on Whatman 3MM paper soaked in 0.5 M NaOH and allowed to stand for 5 min. The

discs were then subsequently treated for 5 min incubations by placing them sequentially

on Whatman 3MM paper soaked in the following solutions: 0.1 M NaOH, 1.5 M NaCl;

LM Tris-HCl pH 7.5 (x2);0.5 M Tris-HCl pH 7.5, 1.5 M NaCl. The discs were then air

dried, followed by baking under vaccum between Whatman 3MM sheets for 2 h at

80oC. All bacterial debris was removed by a 2 hour wash at 65"C in 3x SSC p\ts 0.2Vo

SDS. Prior to hybridization, nitrocellulose discs were incubated for 4-5 h at 42oC in"l.5

ml of pre-hybridization solution containing 56.25 ml 4 M NaCl, 22.5 mI1 M Tris-HCl

pH7.6,9 ml0.25 M EDTA,25 ml50x Denhardt's reagent,2.5 ml denatured Herring

Sperm DNA made to a final volume of 250 ml and a final concentration of 0.27o SDS.

Pre-hybridization fluid was discarded and replaced with fresh hybridization buffer (as

for pre-hybridization but with the exclusion of Herring Sperm DNA). The kinased

single-stranded probe was added, and hybridization allowed to occur for 1.6-24 h zt

42oC. Filters were removed and washed twice for 30 min in 6x SSC. After air drying

(15-20 min at room temperature), the discs were placed for autoradiography at -70oC

with intensifying screens.

2.ll Protein analysis

z.llJ Minicell procedures

Minicells were purified and the plasmid-encoded proteins labelled with

[3sS]-methionine as described by Kennedy et al. (1977) and modified by Achtman et aI.

(1979). This involved separation of minicells from whole cells (500 ml overnight
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culture in LB medium) by centrifugation through two successive sucrose gradients, pre-

incubating in minimal medium to degrade long lived mRNAs corresponding to

chromosomally encoded genes, then pulse labelling with [3sS]-methionine in the

presence of methionine assay medium. Minicells were subsequently solubilized by

heating at L00oC in 100 ¡rl of Lx sample buffer (Lugtenberg et al., 1975) and analysed

by SDS-PAGE. Fractionation of minicells and extraction with Sarkosyl was according

to Achtmanet al. (1979).

2,11,2 Ammonium Sulphate precipitation

Bacterial supernatants and the periplasmic contents of cells were

dispensed and various amounts of solid ammonium sulphate added" Once dissolved,

the solution was left for 16 h on ice at 4oC. The precipitate was collected by

centrifugation (L5,000 rpm, 20 min, 4oC) and resuspended in 1 ml water. The

supernatants were dialysed for 16 h at 4oC against water. Samples were mixed with an

equal volume of 2x sample buffer (Lugtenberget a1.,1975), heated to 100oC for 3 min

and analysed by SDS-PAGE.

2.LL.3 SDS Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was usually

performed on Ll-20Vo polyacrylamide gradients using a modification of the procedure

of Lugtenberg et al. (L975) as described previously by Achtman et ø1. (1978). Samples

were heated at 1000C for 3 min prior to loading. Gels were generally electrophoresed

at 100 V for 5 h. Proteins were stained with gentle agitation overnight at room

temperature in 0.06%o (w/v) Coomassie Brilliant Blue G250 (dissolved in 57o (v/v)

perchloric acid). Destaining was accomplished with several changes of 57o (v/v) acetic

acid, with gentle agitation for 24h.

Size markers (Pharmacia) were phosphorylase B (94 kDa), bovine serum

albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), soybean trypsin

inhibitor (20.1 kDa) and a-Lactalbumin (1a.a kDa).
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2.11.4 Autoradiography

SDS-PAGE gels were dried on Whatman 3MM chromatography paper at

60oC for 2h on a Bio-Rad gel drier. [3sS]-methionine autoradiography was performed

at room temperature for 1-7 days without intensifying screens using Kodak XR-100

film. For autoradiography wittr ¡32f¡-phosphate labelled DNA the gels were exposed

to film for 6-72 h at -70oC, using intensifying screens.

2.I1.5 Cell fractionation

The cell fractionation procedure was a modification of that described by

Osborn et al. (1972). Cells were grown in BHI to mid exponential phase at 37oC (50

ml, ODuro of 0.6). Cells were pelleted in a Sorvall SS-34 rotor, (10,000 rpm, 10 min,

4"C) and resuspended in L ml of 207o sucrose, 30 mM Tris-HCl pH 8.L, transferred to

SM-24 tubes and chilled on ice. Cells were converted to sphaeroplasts with 0.1 ml of 1

mg/ml lysozyme in 0.1 M EDTA pH 7.3 for 30 min on ice. Cells were centrifuged 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 3 mM

EDTA pH7.3. Cells were lysed by 60 x 1sec. bursts with a Branson Ultrasonifier.

Unlysed cells and large cell debris were removed by low speed centrifugation (5,000

rpm, 5 min, 4"C). 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 I-8-80

ultracentrifuge. The supernatant (cytoplasmic fraction) was collected and the

membrane pellet was resuspended in 25Vo sucrose, 10 mM Tris-HCl pH 7.8, 1 mM

EDTA. The separation of the outer and inner membrane fractions was performed by

using a step gradient between 55Vo and 307o sucrose. The membrane bands were

collected, pelleted by centrifugation and suspended in 0.1 ml of 10 mM sodium

phosphate buffer pH 6.8.
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2,L1.6 Whole cell preparation

1 ml of an overnight culture (1x10e cells) was placed in a microfuge tube

and the cells were collected by centrifugation (30 sec, Eppendorf 54L4). The cell pellet

was resuspended in 100 ¡.rl of lx sample buffer (Lugtenberg et al., L975) and heated at

100oC for 3 min prior to analysis by SDS-PAGE gel-electrophoresis. The remainder of

the sample was stored at -20oC for future use.

2.11.7 Western transfer and protein blotting

The procedure used was a modification of that described by Towbinet al.

(1979). Samples were subjected to SDS-PAGE and transferred to nitrocellulose

(Schleicher and Sqhüll) at 200 mA for 2 h in a Trans-Blot Cell (Biorad). The transfer

buffer used was 25 mM Tris-HCl pH 8.3, I92 mM glycine and, 5%o (r/u) methanol.

After transfer, the nitrocellulose sheet was incubated for 30 min in 5Vo (*/u) skim milk

powder in TTBS (0.05Vo (v/v) Tween20,20 mM Tris-HCl, 0.9Vo (*/v) NaCl) to block

non-specific protein binding sites. The antiserum was diluted 1/1000 in TTBS, 0.02Vo

(*/u) skim milk powder and incubated with gentle agitation at room temperature for 2-

L6 h. The antibody was removed by washing the nitrocellulose sheet three times for 10

min in TTBS with shaking. Bound antibody was detected using an anti-antibody

coupled with horseradish peroxidase and peroxidase substrate. This was accomplished

by incubating the filter for 2-16 h (gentle agitation) with goat anti-rabbit IgG coupled

with horseradish peroxidase (Nordic Immunolory) at a dilution of 1/5000 in TTBS plus

0.2%o (*/u) skim milk powder. The filter was then washed four times (5 min intervals)

with TTBS, followed by two 5 min washes in TBS (20 mM Tris-HCl, 0.9%o (*/u) NaCl).

The antigen-antibody complexes were then visualized using peroxidase substrate (9.9

mg 4-chloro-L-napthol dissolved in 3.3 ml -20oC methanol added to L6.5 ml TBS

containing 15 ¡rl hydrogen peroxide) was added and allowed to incubate for 10-15 min

with shaking, as described by Hawkes et al. (1982).
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2.12 Ì|{l3 cloning and sequencing procedures

2.12.I Preparation of M13 replicative form (RF) DNA.

Fresh 2xTY broth (10 ml) was inoculated with 10 ¡rl of an overnight

culture of JM101 (in M13 minimal medium). A single plaque of M13mpL8 or

Ml3mp19 picked from an H agar plate with a sterile toothpick was added to this bottle.

The culture was grown at 3JoC with vigorous shaking for 6 h. Bacterial cells were

¡emoved by centrifugation (5,000 rpm, L0 min, bench centrifuge) and the supernatant

added to 1 litre NB containing 10 ml of a shaken overnight culture of JML01.

Following incubation for 14 hour at 37oC with shaking, replicative form (RF) DNA

was prepared as described above for plasmid DNA purification.

2.12.2 Cloning with M13mp18 and M13mp19

The M13 vectors, M13mp18 and M13mp19 (Messing and Vieira,1982;

Vieira and Messing, 1982) were used for selective cloning of restriction enzyme

generated DNA fragments. Stocks of M13 vectors cleaved with various enzyme

combinations were stored at 4oC, after heat inactivation of enzymes. Plasmid DNA

was cut with the appropriate enzyme combinations for subcloning into the ML3 vectors.

The ligation conditions used for bhrnt 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 ¡-rl of ligation buffer. Ligation with T4 DNA ligase was

carried out overnight at 4oC.

2.12,3 Transfection of Jl\{101

Strain JM101 was made competent for transformation/transfection as

described in section 2.6. 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 pl), 100 mM IPTG (a0 ¡rl) and ZVo (*/u) X-gal in N, N'-
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dimethyl formamide (a0 ¡rl) and finally 4 ml H top agar. The mixture was poured as an

overlay onto an H agar plate and incubated overnight at 37oC.

2.12.4 Generation of stepwise deletions

Deletions of increasing size were made in the PstI - EcoRI fragment

containing the hlyA gene using M13mp18 and M13mpL9 harbouring this fragment. The

method employed to construct these overlapping deletions w¿rs the "Qclone System"

(#77200) available from Integrated Sciences.

Once a single stranded template had been purified, a short synthetic

oligodeorynucleotide was annealed to the 3' end of the cloned insert at the end of the

M13 polylinker generating a restriction site (either HindIII for Ml3mpl8 or EcoRI for

M13mp19). Once the DNA had been digested by the corresponding enzyme, single-

stranded 3' to 5' exonuclease digestion was performed by T4 DNA polymerase for

various lengths of time depending on the size of deletion required. After heat-

inactivation, the deletion products were tailed with dA's (M13mp18) or dG's

(M13mp19) using terminal deoxyribonucleotidyl transferase (TdT) thus producing a

short homopolymer tail at the 3' end. Fresh oligodeoxynucleotide was annealed to the

deletion products joining the two ends of the molecule. The remaining nick was sealed

with T4 DNA ligase. The product was then used to transfect competent E.coli JM101

cells and individual plaques picked and screened for the size of insert. A suitable set of

deleted clones were then subjected to DNA sequencing.

2.12.5 Screening M13 vectors for inserts

White plaques were picked from X-gal, IPTG plates with sterile

toothpicks and added to L ml 2 x TY broth in microfuge tubes containing a 1:100

dilution of an overnight culture of JM101. These tubes were incubated for 5 h at 37oC.

The cells were pelleted by centrifugation (30 sec, Eppendorf 54t4) and 0.1 ml of

supernatant was used to inoculate 10 ml NB containing 0.1 ml JM101 (overnight

culture). This mixture was incubated with shaking at 37oC overnight. RF DNA5

suitable for restriction analysis, was prepared by the Triton X-100 cleared lysate or the
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miniprep method (section 2.9.1). After restriction erø¡yme digestion, DNA was

examined on wo (*/u) agarose gels.

2.12.6 Purifrcation of single stranded template DNA

M13 RF DNA containing appropriate inserts were reintroduced into

JM101 and single white plaques from this transfection picked with sterile toothpicks to

inoculate 2 ml2x TY broth containing 20 ¡i of an overnight culture of JM101. After

vigorous shaking at37oC for 6 h, the culture was transferred to Eppendorf tubes and

centrifuged for 10 min. The supernatant was transferred to clean tubes and

recentrifuged for 5 min. Two methods of lysing phage and collecting single stranded

phage were employed. They are 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 ml2ÙVo (wlv) PEG, 2.5 M NaCl. These tubes were then

incubated at room temperature for 15 min. The phage were pelleted by centrifugation

for 5 min in an Eppendorf 5414 centrifuge and the supernatant discarded. Following

another short spin (10 sec), the remainder of the PEG/NaCI supernatant was removed

with a drawn out Pasteur pipette. The pellets were resuspended in 0.2 ml TE buffer.

Redistilled TE saturated phenol (0.1 ml) was then added to the phage suspension and

the tubes were briefly vortexed. After standing for 15 min at room temperature, the

tubes were centrifuged for 2 min and 0.15 ml of the top phase transferred to clean

tubes. To the aqueous phase 6 yl of 3 M sodium acetate pH 5.0 and 400 ¡.rl absolute

ethanol was added. Single stranded DNA was precipitated at -20oC overnight,

followed by centrifugation for 15 min in an Eppendorf centrifuge. DNA pellets were

washed once with I ml707o (v/v) ethanol followed by centrifugation. After dryng in

vacuo the pellets were resuspended in 25 yl TE buffer and stored at -20oC until

required.
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Method 2 z 1. nI of the supernatant was added to a microfuge tube containing 250 ¡rl of

a20VoPEG/3.5 M ammonium acetate solution. This was vortexed well and incubated

on ice for 30 min. The phage was collected by centrifugation (15 min, Eppendorf 5414)

and all the supernatant carefully removed. The pellet was dissolved in 100 ¡rl lx TE

buffer. 50 ¡rl redistilled phenol was added and the tube vortexed for 2 min followed by

incubation at room 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 phenol/chloroform with 100 ¡rl lx TE buffer, spun as before and

the aqueous phases combined. The whole was then extracted with an equal volume

phenol/chloroform (three more times). This was then extracted with chloroform and

250 yl of the supernatant transferred to a microfuge tube containing 125 ¡i 7.5 M

ammonium acetate. After addition of 0.75 ml 95Vo ethanol the tubes were stored

overnight at -20oC. The DNA was collected by centrifugation (15 min, Eppendorf

54L4), and the pellet washed twi'ce wtth 95% ethanol. The pellet was dried in vacuo

before resuspending DNA in20 pl distilled water.

2.12.7 Dideoxy sequencing protocol with Klenow fragment

The method was based on that described by Sanger et al. (L977,1980).

Stock solutions of the four dNTPS and ddNTPs were 10 mM in TE buffer and stored

frozen at -20oC. Working stocks of the dNTPs were made by diluting to 0.5 mM with

TE. Working stocks of the ddNTPs were diluted to the following concentrations in TE:

ddATP (0.1 mM), ddCTP (0.1 mM), ddGTP (0.3 mM) and ddTTP (0.5 mM). The

deo4ynucleotide mixes (4, C, G, T ) were made for each of the four sequencing

reactions, with [32P]-dCTP, as follows:
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Components

0.5 mM dATP

0.5 mM dCTP

0.5 mM dGTP

0.5 mM dTTP

10x TE buffer

No

ddNTP

A"(¡rl) C.(¡rl) G'(¡rl) T.(¡rl)

7vl

1,4 ¡i

7vl

14 yl

Mixes

7vl

14 yl

40

10

7vl

74 yl

40404

40640

40

10

40

5

40

40

10

6

10

Mixes of No and working solutions of ddNTPs were made by the addition of the

following combination of components:

Components Mixes

Ao +ddA C" +ddC Go +ddG To +ddT

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 ¡rl

template, 1 ¡rl M13 primer, 1 ¡rl 10 x TM buffer (100 mM Tris-HCl, pH 8.0, 50 mM

MgClr) andZ ¡.rl water. The mixture was heated at 65oC 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 yl of annealed DNA. 5 ¡rCi of ¡32P1-

dCTP was dispensed into each of four tubes marked A, C, G and T and dried. The

solution of appropriate No/ddN mix was used to resuspend the dried label. The

¡o/ddN label mix (2 ¡rl) was aliquoted into each of four tubes (one for each

sequencing reaction) containing 2 ¡i of annealed DNA To the side of each tube was

added 2 ¡i Kkenow fragment (0.125 units/¡.rl TM buffer). These components were

simultaneously brought together by a brief spin in an Eppendorf 5474 centrifuge and
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the reaction mixes incubated at37oC for 15 min. Chase solution (2 pl), consisting of

0.25 mM of each dNTP and 0.025 units Klenowf ¡;J, was added to the side of each tube

and the chase reaction started by another brief spin. After 15 min at 37oC, 4 yl

formamide dye mix (95%o (w/v) formamide, 0.L%o (*/Ð rylene cyanol, O.lVo (w/v)

bromophenol blue, L0 mM 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 ¡rl

loaded onto 6Vo polyacrylamide denaturing gels (see below). For re-running, these

samples were boiled for 60 sec immediately prior to loading.

2.12.8 Dideoxy sequencing protocol with Sequenase

The dideory chain termination preocedure of Sanger et al. (1977) was

modified to encompass the use of Sequenase (modified T7 DNA polymerase) in place

of Klenow (Tabor and Richardson, 1987). All reagents were stored at -20oC. Two

types of labelling and termination mixes were used, namely the dGTP mixes and the

dITP mixes. The contents of the dGTP mixes are as follows :

Labelling Mix (dGTP):

ddG Termination Mix (dGTP):

7.5 pM dGTP, dCTP and dTTP

80 ¡rM dNTP, 8 ¡rM ddGTP,

50 mM NaCl

80 ¡rM dNTP, 8 ¡rM ddATP,

50 mM NaCl

80 ¡rM dNTP, 8 pM ddCTP,

50 mM NaCl

80 ¡rM dNTP, 8 ¡rM ddTTP,

50 mM NaCl

ddA Termination Mix (dGTP):

ddC Termination Mix (dGTP):

ddT Termination Mix (dGTP):

The dITP mixes were used to reduce gel artifacts due to secondary

structures in DNA synthesized in the sequencing reaction (Barnes et a1.,1983; Gough

and Murray, 1983). The dITP mixes were as follows :
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Labelling Mix (dITP): 15 ¡rM dITP, 7.5 yM dCTP,

7.05 ¡rM dTTP

160 ¡rM dITP, 80 ¡rM dATP, dCTP

dTTP, 1.6 ¡rM ddGTP,50 mM NaCl

160 ¡rM dITP, 80 pM dATP, dCTP

dTTP, 8 ¡rM ddATP, 50 mM NaCl

160 pM dITP, 80 sM dATP, dCTP

dTTP, 8 ¡rM ddCTP,50 mM NaCl

160 10HpM dITP, 80 ¡rM dATP, dCTP

dTTP, 8 ¡rM ddTTP, 50 mM NaCl

ddG Termination Mix (dITP):

ddA Termination Mix (dITP):

ddC Termination Mix (dITP):

ddT Termination Mix (dITP):

Normally the labelling mix was diluted 1:5 with water to obtain the

working concentration, however, to read long sequences in a single reaction, a dilution

of 4:5 was used. The synthetic primer \üas annealed to the template achieved by

incubating 7 ¡rl template (5-10 nM), 1 ¡.rl primer (500 nM) and2 pl5x Sequenase buffer

(200 mM Tris-HCl pH7.5,100 mM MgCl", 250 mM 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 room temperature. To the annealed mixture, 2 ¡.rl of the

appropriately diluted labelling mix, 1 pl DTT (0.1 M), 0.5 ¡rl ¡a-3sSJ-dRT? (1000

Ci/mmol) andZ ¡rl of diluted Sequenase (1:B dilution in lx TE buffer) was added, spun,

mixed, resuspended and then incubated for 5 minutes at room temperature. 3.5 ¡rl of

this mix was then aliquoted into four microfuge tubes, prewarmed to 37oC, labelled A"

C, G and T, each containing 2.5 ¡i of the corresponding termination mix, then spun

briefly to start the termination reaction. After 5 minutes at37"C,4 pl Stop solution

(95Vo formamide,20 mM EDTA, 0.05% bromophenol blue, 0.05Vo rylene cyanol ) was

added to each of the reactions. Reaction mixes were heated to 100oC for 2 min and

immediately 1.2 ¡rl loaded onto the sequencing gel. For re-running, these samples were

kept at -20oC for up to 2 weeks and heated to 100oC for 3 min prior to loading.
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2.12.9 Double stranded sequencing

Plasmid DNA Q-a yglml) was diluted to a volume of 18 ¡rl with water.

The DNA was denatured by the addition o12 ¡i of 2 M NaOH and incubated for 5 min

at RT. To this mix, 8 ¡rl of 5M ammonium acetate pH 7.5 was added with L00 pl of

700Vo ethanol to precipitate the DNA. The supernatant was removed and the pellet

washed in70%o ethanol. The pellet was dried in vacuo and dissolved in 7 yl of water. 2

pl of sequencing buffer (lx TM) and 1 ¡rl of primer (0.5 pmol) was added to the DNA

and heated to 37oC for 20 min. The labelling and termination reactions were run

exactly as described for M13 single stranded template DNA.

2.12.L0 DNA sequencing gels

Polyacrylamide gels for DNA sequencing were prepared using glass

plates 33 x39.4 cm and 33 x 42 cm. Spacers and combs were high density polystyrene

(0.25 mm thick). The gel mix contained 70 ml acrylamide stock (5.7Vo (*/u)

acrylamide,0.3Vo (*/u) bis-acrylamide, 8M urea in Lx TBE buffer (89 mM Tris base,

89 mM boric acid, 2.5 mM EDTA, pH 8.3), 420 yI25Vo ammonium persulphate and

110 ¡rl TEMED (N,N,N',N'-tetramethyl-ethylene-diamine, Sigma). After thorough

mixing this gel mix was poured into a clean gel sandwich and the comb inserted.

Polymerization took place for 60 min, with the gel in a horizontal position. The gel was

mounted onto the sequencing apparatus and a waterjacket was attached to the outside

plate of the gel. This consisted of a plastic bag wedged between two 0.3 cm thick

spacers and a third plate. The plastic bag was filled with 1x TBE buffer and this was

sufficient to evenly distribute heat throughout the gel. Gels were pre-electrophoresed

at700 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 1200V (33 mA). After 4 h

the samples were reloaded into a second set of wells on the same gel. The gel was

further electrophoresed, initially at 700 V, then 7200 V for 2.5 hour by which time the

bromophenol blue dye front from the second loading, had reached the bottom of the

gel. Plates were separated and tissue paper was used along the borders of the gel to

hold it to the plate during the fixation procedure which involved slowly washing the gel
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using 2.0 litres of 10Vo (v/v) acetic acid, 20Vo (v/v) ethanol in a 60 ml syringe. The gel

was then dried at L00oC for 20 min. Plastic wrap was used to cover the gel before

placing on film for autoradiography. Autoradiography was performed at room

temperature, without the use of intensifying screens , for 16-24 h.

2.12.1L Analysis of DNA sequences

Sequencing data was analysed using the following computer programs:

Nucleic Acids Analysis System, version 1.7; the IBI Pustell Sequence Analysis Program

version 4.0 and the LKB DNA and protein analysis programs, DNASIS and PROSIS.

2.13 Animal experiments

2.L3.L Infant mouse cholera model

This method was first described by Ujiiye et al. (1968) and adapted by

Attridge and Rowley (1983a) to assess the virulence of V.cholerae strains. Five to six

day old infant mice (weight,2.4-2.7 g) were taken from their mothers about 6 hr before

use, to permit the emptying of stomach contents. Infant mice in groups of 8 were given

0.1 ml of bacterial suspension that was administered orally by means of a smooth-

tipped hypodermic needle. After challenge, the mice were kept on tissue paper in

plastic containers at25oC. The number of mice surviving within each group was noted

up to 48 h after challenge. The mice to be examined histologically had their intestines

removed and fixed in phosphate-buffered formalin. Thin sections of tissue were cut,

mounted on slides and stained with haematoxylin and eosin and examined under an

Olympus BH-z light microscope.

2.13.2 Rabbit Ileal loops

Enteropathogenicity in ileal loops of adult rabbits was carried out

essentially as described by Sinha and Srivastava (1978). Bacterial strains were grown to

mid exponential phase in LB and L ml samples were injected into closed ileal loops of

adult rabbits. Autopsies were performed at various times after inoculation. The
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amount of fluid accumulated within the loops was measured. Viable counts were

performed on NA to determine the inoculum injected into each loop. The rabbits were

deprived of food for 24 h and of water 12 h before the e4periments. The loops to be

examined histologically were fixed, mounted and examined as for the infant mice

intestines.

2.L4 In vitro Cytotoxicity experiments

2.L4.L Cytotoxicity for HEp-2 cells

Cytotoxicity for cultured human epithelial cells (HEp-2) was assayed as

follows. Bacterial strains were grown overnight at 25oC on CFA agar and a loopful

resuspended in 200 yI phosphate-buffered saline (PBS) to a density of 10ó cells/ml.

HEp-? cell monolayers were washed with PBS and then incubated with 50 ¡rl of the

bacterial suspension for 15 minutes at37oC. The monolayers were then washed with

PBS and the cells fixed with -20oC methanol (2 min). The monolayers were examined

by light microscopy after staining with Giemsa stain for 5 minutes.

2.14,2 51Cr release assay

The 51Cr release in vitro cytotoxicity assay used was a variation of

Brunner et al. (1968) which is essentially similar to Thorn et al. (1974). P815 cells

labelled with ¡srcr]-chromate were used as the target cells. The assay was simplified

and scaled down using plastic tissue culture trays (Flow l-aboratories), each with 96

flat-bottomed wells (approximately 0.3 cm2 in area and 0.3 ml in capacity). Dilutions of

suspensions of bacterial cells or culture supernatants were mixed with target cells and

dispensed into the trays so that each well contained 104 ¡srCr]-labelled P815 cells. Each

e4periment also included wells containing target cells only. The trays were then

covered and incubated at 37oC for 4 h in a CO, incubator (l00Vo humidit¡ SVo COrin

air). Quadruplicate wells were assayed for srCr release by removing 100 ¡rl from each

well using an automatic pipette. The total releasable srcr, usually about 80Vo of. the

inco¡porated label was determined by mixing a 1 ml sample of slcr-P815 cells with 4
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drops of chloroform. The results were expressed as the percentage cytolysis which was

defined by the equation:

%o cytolysis = (experimental SlCr release - S.R). x 100

(total releasable srcr - S.R.¡

where S.R. is the spontaneous slCr release.

2.L5 Liquid Haemolysis assay

Bacterial cultures at various stages of growth in LB were tested as

follows: cells were collected by centrifugation (45 sec, Eppendorf 5414) and the

supernatant transferred to a fresh tube and kept for analysis. The cells were

resuspended in fresh Luria broth and subjected to sonication (60 x 1 second pulses,

Branson Ultrasonifier) on ice. The cell contents, extracellular growth medium and

whole bacterial cultures from the various stages of growth were subjected to analysis.

These samples were mixed with an equal volume of 5Vo washed sheep red blood cells

in PBS and incubated at 37oC. 300 ¡rl was taken at each designated time point and

spun in a microfuge for 45 sec to pellet the erythrocyte and bacterial cells. The

supernatant (200 ¡.rl) was then removed and placed in a 96-well tissue culture tray

(Flow I-aboratories). This was subsequently diluted two-fold across the tray. Samples

were read at 4t4nm on a ELISA reader (Titertek Multiscan, Flow Laboratories) to

determine the amount of haemoglobin released. The total releasable haemoglobin was

determined by the addition of 2 drops LÙ%o SDS to a 1:'/-. mixture of 5%o sheep

erythrocytes and LB.
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Table 2.1 : Vibrionaceae strains

Strain Biotype/Serotlpe

V.cholerae

o17

MAK757

H-1

t621.

Ph8

RV79

NSW14

M79t

26-3

3083

909

T51

r074-78

tt96-78

N16961

JBKTO

Ph9

BL49

KB5

RV69

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Ogawa

El Tor, Inaba

El Tor, Inaba

El Tor, Inaba

El Tor, Inaba

Classical, Ogawa

Classical, Ogawa

Classical, Ogawa

Classical, Ogawa

Sm\ uly+

leu, trp,Hly-

Hly-

Hly*

Hly*

leu, trp,}Ily+

Hly*

RV79 Yc{l::arg

Hly*

Hly*

his-2,HIy+

Hly*

Tox-,Hly+

Tox-, Hly+

Hly*

ctxA,Hly+

Hly*

Hly*

Hlv-

P+, arg-I, his-7

ílv-l,}l.ly-

Hly-

met,}lly'

029

903

Genotlpe/

Phenotype

Source

ICBhaskaran

D.C.Deb

D.Sharma

J.E.Ogg

D.Rowley

J.Mekalanos

P.Desmarchelier

J.Mekalanos

R.Finkelstein

R.Finkelstein

J.E.Ogg

D.Rowley

S.Attridge

S.Attridge

J.Kaper

J.Kaper

D.Rowley

P.Desmarchelier

D.Rowley

C.Parker

D.Rowley

J.E.Ogg
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Strain

5698

Biot)¡pe/Serotype

Classical, Inaba

Classical,Inaba

Classical, Inaba

Genotlpe/

Phenotype

Sm\ nonmotile,

Hlv-

Hlv-

Hly-

Source

K.Bhaskaran

C.Parker

D.Rowley

D.Sharma

D.Sharma

IMVS, Adelaide

P.Desmarchelier

P.Desmarchelier

P.Desmarchelier

P.Desmarchelier

IMVS, Adelaide

M.Atkinson

M.Atkinson

M.Atkinson

CA4O1

5698-165

Vmímicus

V.fluvialß

V. p ar ahaemoly tícu s 725 6 / 85

V.cholerae non-O1 #52

V.cholerae non-Ol #59

Vcholerae non-Ol #65

V.cholerae non-O1 #67

Pasturella multicida

Aeromonas sobria Al97

Aeromonas cøviae 4321,

Aeromonas hydro phila AE-18

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*

Hly*
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Table 2.2 z EscherÍchÍa colÍK-L2 strains

Strain Genotlpe/Phenot]¡pe

DH1 F-, gyrA-96, recA-L, relA-L,

endA- l, thi-L, hsdR-[1,

sapE-44,lambda-

tolA mutant of DHl

F-,minA, minB, rpsL

F' [traD-36, pro A, B, lac Ie,

lacZ, ôMl5f, supE, thí-I,

ôpac-proA,Bl

F-, supF, MpE, ltsdR, galK,

trpR, metB,lacY

RP4-2-Tc::Mu-Km::Tnl

pro, hsdR

RP4-2-Tc::Muthi, tlq

leu, supE

Source

B.Bachmann

T.Focareta

D.Sherratt

A.Sivaprasad

L.Enquist

U.Priefer

U.Priefer

E851

DS410

JM101

L8392

s17-1

sM10

GC1 F-, hsdR T.Meyer
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Table 2.3: Plasmids and cloning vehicles

Plasmid/Phage Antibiotic Marker Reference

Bolivar et al. (1977)

Prentki et al. (1981)

Churchward et al. (1984)

Rella et al. (1985)

Beringer et al. (1978)

Manning et al. (1984)

Manning et al. (7984)

Manning et aI. (1984)

Manning et al. (1984)

Manning et al. (1984)

Manning et al. (1984)

T.Focareta (unpublished)

Ditta et al. (7980)

Simon et al. (1983)

Simon et aI. (1983)

J.Hackett (unpublished)

Messing & Vieira (L982)

Messing & Vieira (1982)

pBR^322

pBR325

pGB2

pME305

pPHIJI

pPM431

pPM698

pPM657

pPM610

pPM685

pPM642

pPM1287

pRK290

pSUP2O1-1

pSUP205

J225

M13mp18

M13mp19

Ap, Tc

Ap, Tc, Cm

Sp, Sm

Tc

Gm, Sp, Sm

Tc

Tc, Cm

Tc, Cm

Tc, Cm

Tc, Cm

Tg Cm

Tc

Tc

Ap, cm

Cm, Tc

Ap, Km
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CHAPTER3

CHARACTERTZLTION OF THE hly
LOCUS OF V.cholerae 01

3.1 Introduction

Strains of Vcholerae Ol, the aetiological agent of cholera in man, can be

subdivided into two biotypes : Classical and El Tor. Haemol¡ic activity due to the

production of a soluble haemolysin commonly has been associated with the El Tor but

not the Classical biotype. Furthermore, El Tor strains have been isolated which display

a non-haemolytic phenotlpe (Barrett and Blake, L981). Analysis of non-haemol¡ic

strains of both biotypes by Southern hybridization demonstrates that DNA homologous

to the El Tor haemolysin structural gene and surrounding region is present in isolates

of both biotypes irrespective of haemolytic phenotype (Goldberg and Murphy, 1985;

Brown and Manning, 1985).

The genetic locus determining production of the El Tor haemolysin has

been cloned and a size of 80 kDa for the mature product of the structural gene, hIyA,

has been determined in E.coli K-12 (Manninget al., 1984; Goldberg and Murphy,1984,

1935). Mecurio and Manning (1985) demonstrated that the protein remains in the

periplasm in E.coli whereas the bulk of the haemol¡ic activity is extracellular in

V.cholerae. However, Yamamoto et al. (1986) purified the extracellular product from

V.cholerae and showed it to have a size of approximately 65 kDa, suggesting that a

significant portion is cleaved from the protein upon release from V.cltolerae. Whether

this cleavage is necessary for the release of the haemolysin fromV.cholerae is unknown,

but it is clear that E.coli K-12 cannot export either this protein or several other
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extracellular proteins of V.cholerae beyond the periplasm (Pearson and Mekalanos,

1982; Newland et a1.,1985; Focareta and Manning, L987; Vimr et a1.,1988).

A detailed molecular and genetic analysis of the haemolysin is needed in

order to understand the possible role that this protein may play in the pathogenic

process of V.cholerae. This chapter describes characterization of both the haemolysin

and the DNA that encodes this protein in order to gain insight into the production and

export of HlyA. The corresponding region from a non-haemolytic Classical strain is

also analysed.

3.2 Results

3.2.1 Classical strain 5698 carries a hly4mutation

Transformation of plasmid DNA in V.cholerae is not yet feasible due to

the action of the deoxyribonucleases (Focareta and Manning, 1987). Thus, the only

efficient method of introducing cloned DNA into V.clrolerae is conjugal mobilization.

The mobilization vectors described by Simon et al. (1983) possessed suitable restriction

sites to enable recloning of the å/y locus from plasmid pPM431 (Manning et al., 1984).

The 6.4 kb PsrI fragment encodes the structural gene, hlyA, f.or the haemolysin and two

potential accessory genes, hlyB and hlyC (Manning et al., L984). This fragment was

cloned into the PsrI site of vector pSUP201-L to generate plasmid pPM2001 (Figure

3.1). In order to analyse the roles of the hlyA and hlyB genes independently, both

genes, present on separate PstI - EcoRI fragments were cloned into plasmid pSUP205

to generate plasmids pPM2004 (hlyB) and pPM2005 (hlyA) (Figure 3.2).

Plasmids pPM2001 and pPM2005 were introduced into the non-

haemolytic Classical strain 5698. In both cases, the haemolysin produced by these

strains was present in the extracellular medium (Figure 3.3). Strain 5698 mimicked the

El Tor strain O17 upon introduction of either of the plasmids harbouring the cloned

hIyA gene. This implies that 5698 possesses a structural gene defect and not an

inability to secretef excrete the protein since pPM2005 lacks the hlyB gene. This is in

excellent agreement with results obtained by Goldberg and Murphy (1985) who



Figure 3.1 Construction of the mobilizable plasmid pPM2001.

plasmids ppM431 and pSUPz}l-l were digested with PsrI. The 6.4 kb PstI fragment

from pPM43L containing the /r/y locus was cloned into the PsrI site of pSUP201-1. The

colonies were selected on Cm blood agar plates and one such clone was designated

pPM2001.
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Figure 3.2 Construction of plasmids pPM2004 and pPM2005'

plasmids pPM2001 and pSUP205 were digested with PsrI and EcoRI. Both the 3.5 kb

pstl - EcoRlfragment containing hIyA andthe2.9 kb EcoRI - Pstl fragment containing

hlyB were cloned into pSUP205 and the representative plasmids were designated

pPM2004 and pPM2005 respectively.
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Figure 3.3 Haemolytic activity of Vcholerøe strains.

The haemol¡ic activity of the following strains was detected by growth on nutrient agar

containing SVo sheep erythrocytes. The strains are : OL7 (El Tor, Hly*); 5698

(classical, Hly-); 5698 + pPM2001; 5698 + pSUP201-1;5698 + pPM2005. With the

introduction of the structural gene alone (pPM2005), the non-haemolytic Classical

strain 5698 mimics the parental El Tor strain O17.
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demonstrated slight differences in the restriction enzpe pattern between the hlyA

genes from the two biot¡pes of V.cholerae.

Colonies of the Classical strain 5698 harbouring pPM2001 were screened

on blood agar for a non-reciprocal recombination event in which the defective

chromosomal gene was recombined into the plasrnid, but the hlyA gene from the

plasmid did not recombine back into the 5698 chromosome, resulting in a non-

haemolytic phenotlpe (Figure 3.4). Plasmid pPM2002 which was derived from such an

event (Figure 3.4) was isolated and its restriction pattern compared to pPM2001. No

noticeable difference was detected between plasmid pPM2001 and pPM2002 when

using restriction enzymes that have a 6 bp recognition sequence (Figure 3.5; panel A).

However, plasmid pPM2002 has an identical Sau3Aand TaqI restriction pattern to the

cloned defective hlyA gene of 5698 (Goldberg and Murphy, 1985) and consequently

contains the structural defect present in 5698 (Figure 3.5; panel B).

Plasmids pPM2001, pPM2002 and the vector pSUP201-1 were

transformed into the E.coli K-12 minicell producing strain DS410, and the plasmid

encoded proteins analysed. Plasmid pPM2002 differs from the parent pPM2001 in that

it does not lead to the production of the 80 kDa HlyA protein (Figure 3.6). However, a

truncated protein product of 27 kDa, designated HlyA* can be detected (Figure 3.6).

This is further supported by results obtained when the plasmids were introduced into

5698 and whole cell samples subjected to Western blot analysis (Figure 3.7). However,

although both the 80 kDa and 65 kDa forms of HlyA were detected with the antiserum

to the 65 kDa form of HlyA in 5698[pPM200l], HlyA* was not seen in

5698[pPM2002].

It can therefore be concluded that the Classical strain 5698 does not

possess a defect in excretion, but a structural gene defect that results in a non-

haemolytic phenotlpe and the production of a27 kDa truncated protein. These data

also suggest that the region cleaved from the 80 kDa form of HlyA to produce the 65

kDa form is at the N-terminus.



Figure 3.4 Non-reciprocal recombination of the hly locus in 5698 harbouring plasmid

pPM2001.

Colonies of Classical strain 5698 harbouring ptasmid pPM2001 were patched onto Cm

blood agar plates. The majority of the colonies now displayed a haemolytic phenotype.

In one of these colonies a non-reciprocal recombination event has resulted in the

defective chromosomal structural gene replacing the hlyA+ gene on the plasmid, but

the plasmi d htyA+ gene has not recombined into the 5698 chromosome. This

produces a non-haemolytic colony as indicated by the arrow.





Figure 3.5 Analysis of the htyA genes from strains of the Classical and El Tor biotypes

by restriction endonuclease digestion.

The 3.5 kb PslI - EcoRI fragment encoding hlyA from plasmids pPM2001 and pPM2002

were cloned into vector pBR322 to generate plasmids pPM2011 and pPM2012

respectively.

panel A illustrates plasmids pPM2011 (tracks A) and pPM2012 (tracks B) after

digestion with a variety of restriction enzymes that have a 6 bp recognition sequence

but no difference could be detected. SPP1 phage DNA digested with EcoRI was used

as a standard and the size of the fragments generated in kb are shown on the right.

panel B illustrates pPM201l. and pPM20\2 digested with Saz3A. The only fragments

which differ are indicated by arrows and suggest that a small deletion has occurred in

the Classical strain. Plasmid pBR322 digested with HaeIII was used as a standard and

the fragment sizes are shown on the right.
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Figure 3.6 Analysis of plasmid encoded proteins.

Plasmid encoded proteins were analysed using the E.coli minicell producing strain

DS410. Minicells harbouring the plasmids were purified on sucrose gradients, labelled

with [3ss]-methionine and solubilized in SDS sample buffer. The plasmid encoded

proteins were visualized by autoradiography after electrophoretic separation in SDS on

an "1,"1,-20Vo polyacrylamide gradient gel. The HlyA, HlyB and chloramphenicol

acetyltransferase (Cat) proteins are indicated. The HlyC protein described by Manning

et al. (1984) present in DS410[pPMa31] is also indicated. The truncated hIyA product,

HlyA*, in pPM2002 is indicated by an arrow.
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Figure 3.7 Western blot analysis of Classical strain 5698 carrying plasmids.

Whote cell preparations of 5698 carrying the plasmids pPM2001, pPM2002 and

pSUP201-L in Lx sample buffer were separated on a 75Vo polyacrylamide gel. The

proteins were then transferred to nitrocellulose. The antiserum used was raised against

the purified 65 kDa form of HlyA. It can be seen that 5698[pPM2001] produces both

the 80 kDa and 65 kDa forms of HlyA. In contrast, 5698[pPM2002) and

569B[pSUP20L-L] do not produce either form of HlyA'
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3.2.2 HlyA is exported as an 80 kDa protein

As mentioned previously, the extracellular form of HlyA in V.cholerae

has been purified and shown to be approximately 65 kDa in size (Yamamoto et al.,

1986). However, when the cloned hlyA gene is expressed in E.coli K-12, an 80 kDa

form remains localized in the periplasmic space (Mecurio and Manning, 1985). This

can be visualized on blood agar by comparing a wild type E.coli and a tolA mutant

which has a leaþ outer membrane and releases periplasmic proteins (Bernstein et al.,

1972; Anderson et al., L979). Upon introduction of both pPM2001 and pPM2005 into

the wild type and tolA mttant strains of E.coli, a marked difference in the zones of

haemolysis could be detected (Figure 3.8). Using antiserum raised against the purified

65 kDa extracellular form of HlyA in Western blot analysis only the 65 kDa form of

HlyA could be detected in the V.cholerae culture supernatant, whereas the periplasmic

fraction of E.coli DH1[pPM431] contains both forms of HlyA (Figure 3.9). Cell

fractions of. E.coli K-L2 harbouring pBR322 and pPM43L and V.cholerae strains 5698

and Ol7 were examined on blood agar plates for haemol¡ic activity (Figure 3.10).

After taking into account the relative concentrations of the fractions and the

distribution of the 65 kDa and 80 kDa forms of HlyA, it is not possible to say whether

both forms are haemolytically active or only the 65 kDa form after cleavage has

occurred. This is compounded by the instability of the 80 kDa protein which rapidly

breaks down into the 65 kDa form and also smaller proteolytic products (see section

3.2.3).

Culture supernatants of the V.clrcIerae strain O17 in exponential phase

growth were precipitated with trichloroacetic acid (TCA) and analysed by SDS-PAGE

and Western blotting. The culture supernatant of V.cholerae O17 contained both the

80 kDa and 65 kDa form of HlyA (Figure 3.11). Analysis of the periplasm of

E.coli[pPM43l] clearly demonstrated the degradation of HlyA into a number of smaller

products which could still react with the anti-65 kDa antiserum.

Cell fractionation of E.coli SM10[pPM2005] and V.cholerae

O17[pPM2005] localized the 80 kDa haemolysin in the periplasm of E.coli and

extracellularly in V.cholerae (Figure 3.I2). A marked increase in amounts of HlyA



Figure 3.8 Effect of. atolA mutation in E.coli on the expression of haemolysin.

Haemolysis on blood agar containing 5%o sheep erythrocytes of E.coli strain DHI'

(panel A) and its toIA mutant, E851 (panel B) harbouring the plasmids pPM2001,

pPM2004, pPM2005, pSUP201-L and pSUP205.

panel A: In DH1, the HlyA protein remains trapped within the periplasmic space and

is only released upon cell lysis and consequently only small zones of haemolysis are

seen with plasmids pPM2001 and pPM2005. As expected, the hIyB clone alone

(pPM200a) and the two vectors produced no haemolysis.

panel B: In E851, the toIA mutation results in a leaky outer membrane, thus allowing

release of periplasmic proteins. The zones of haemolysis caused by EB51 harbouring

plasmids pPM2001 and pPM2005 are considerably larger.
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Figure 3.9 Western blot analysis of V.cholerae O17 culture supernatant and E.colí

DH1[pPM43 1] periPlasm.

The periplasmic fraction of E.coli DH1[pPM431] and the culture supernatant of

V.cholerae O17 were analysed by SDS-PAGE followed by Western blotting, with

antiserum ro the purified 65 kDa form of HlyA. The 80 kDa form of HtyA in the E.coli

periplasm is indicated with an arrow whereas the smaller 65 kDa form present in the

V.cholerae supernatant is shown by an arrowhead. The presence of proteolytically

digested epitopes of HlyA in the periplasm of DH1[pPM431] that ale still

immunoreactive can also be seen.
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Figure 3.L0 Haemolytic activity of cell fractions.

periplasmic, membrane and cytoplasmic fractions as well as culture supernatants of the

strains DH1[pBR322],DIH1 [pPM431], O17 and 5698 were added to preformed wells in

nutrient agar containing5To sheep erythrocytes and incubated overnight at 37oG Both

the periplasmic fraction of DH1[pPM431] and the culture supernatant of O17

displayed marked haemolytic activity. Traces of haemol¡ic activity were detected in

the other fractions. No activity was seen with any fractions of the strains DH1[pBR322]

and 5698.
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Figure 3.11 Analysis of cell fractions of E.coli andV.cholerae.

Periplasmic fractions of E.coli K-12 DH1 (lane 2) and DH1[pPM431] (lane 1) and the

culture supernatant of. V.cholerae strain O17 after TCA precipitation (lane 3) were

analysed by SDS-PAGE followed by staining with Coomassie Brilliant Blue (panel A)

or Western blotting with antiserum to the purified 65 kDa form of HlyA (panel B).

The 80 kDa form of HlyA in the E.coli periplasm is indicated by the arrows, and the

marked proteol¡ic degradation within the periplasmic fraction can also be seen. The

V.ch.olerae supernatant contains both the 80 kDa and 65 kDa form of HlyA.
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Figure 3.I2 l-ocalizationof HlyA in E.coIí andV.cholerae.

Analysis of E.coti SM10[pPM2005] and Vcholerae O17[pPM2005] cell fractions.

Supernatant (s), periplasmic (p), membrane (m) and cytoplasmic (c) fractions were

analysed by SDS-PAGE followed by staining with Coomassie Brilliant Blue" The

culture supernatants were precipitated with TCA and resuspended in sample buffer

prior to loading. The 80 kDa form of HlyA is indicated by an arrow and is present in

the periplasm of E.coli and the supernatant of V.cholerae but is not visualized in any

other fractions.
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protein is seen when plasmid pPM2005 is present in strain O17 indicative of a gene

dosage effect due to the gene being present on a high copy number plasmid. This can

be more easily seen in Figure 3.13 which shows the relative amounts of HlyA protein in

the supernatants of Ol7 and O17[pPM2005] and the periplasm of SM10[pPM2005].

3.2.3 Puriflrcation of the HlyA protein

The procedure reported by Yamamoto et al. (1986) for the purification of

the HlyA protein involves ammonium sulphate precipitation followed by dialysis.

Following this procedure, Yamamoto and co-workers purified the 65 kDa form but not

the 80 kDa HlyA protein. The differences in size were originally attributed to

excretion in V.cholerae but analysis of the effects following ammonium sulphate

purification and dialysis help explain this result.

Periplasmic fractions of V218 (E.coli K-12[pPM431]) were saturated to

various levels with ammonium sulphate, the precipitate collected and the ammonium

sulphate removed by extensive dialysis. The samples were then analysed by SDS-

PAGE. Most of the HlyA protein, both 80 kDa and 65 kDa forms, was precipitated by

40Vo ammonium sulphate saturation with very little remaining in the supernatant

(Figure 3.14).

As mentioned previously, if culture supernatants of exponentially

growing V.cholerae Ol7[pPM2005] are precipitated with TCA then the 65 kDa form is

not visualized by staining with Coomassie Brilliant Blue (Figure 3.15) whereas the 80

kDa form is seen instead. However, if the HlyA protein is concentrated by ammonium

sulphate rather than TCA, marked cleavage into the 65 kDa form is seen (Figure 3.15).

This cleavage appears to be very specific and a peptide (a) probably corresponding to

the smaller of the products (Figure 3.15) with a size of 15 kDa is also evident.

Yamamoto et al. (1986) used 60Vo ammonium sulphate saturation to concentrate the 65

kDa protein from Vcholerae culture supernatants. Thus, it is clear why these workers

purified a 65 kDa form since virtually all of the 80 kDa HlyA protein had been cleaved

to the 65 kDa form (Figure 3.15). The amount of ammonium sulphate needed to



Figure 3.13 Gene dosage effect of plasmid pPM2005.

Periplasmic fractions of E.coti strains SM10[pSUP205] and SM10[pPM2005] and TCA

precipitated culture supernatants of V.clnlerae strains O17, O17[pPM2005] and 5698

were analysed by SDS-PAGE followed by staining with Coomassie Brilliant Blue. The

80 kDa form of the haemolysin is indicated by an arrow. The presence of plasmid

pPM2005 in strain OLI markedly increases the amount of HlyA seen in the

supernatant, even when compared to the periplasmic fraction of E.coli strain SM10

carrying the same plasmid.
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Figure 3.14 Ammonium sulphate precipitation of HlyA'

periplasmic fractions of V218 (E.coli K-12[pPM431]) were saturated to 307o, 40Vo,

50Vo, 60Vo and 70Vo with ammonium sulphate. The precipitate was resuspended in

sample buffer whereas the supernatant was dialyzed against water and then mixed with

equal volumes of 2x sample buffer. Samples were analysed by SDS-PAGE followed by

staining with Coomassie Blue. Most of both forms of the HlyA protein was

precipitatedby 407o ammonium sulphate and are indicated by arrows.
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Figure 3.15 Analysis of V.cholerae cultttre supernatants.

Culture supernatants of.V.clølerae strain O17[pPM2005] were analysed by SDS-PAGE

for HlyA following precipitation with TCA or with 40Va, 50Vo or 60Vo ammonium

sulphate followed by dialysis. The cleavage products of HlyA ('a' and 'b') are indicated

by arrows.
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precipitate HlyA differs in E.coli ardV.cholerae probably due to the difference in ionic

environments between the culture supernatant and the periplasm.

Yamamoto and co-workers (1986) reported the presence of several

immunoreactive bands smaller than 60 kDa and proposed that they were proteol¡ically

digested epitopes of the haemolysin. Attempted purification of the 80 kDa HlyA

protein from the periplasmic fraction of E.coli K-12[pPMa31] by ion exchange resulted

in significant degradation into many proteolytic products that were immunoreactive

with the anti-65 kDa antiserum (Figure 3.16). The cleavage of the 80 kDa HlyA

protein is not inhibited by the protease inhibitor phenyl-methyl-sulphonyl fluoride

(PMSF) or EGTA.

3.2.4 Protease activity of HlyA

The marked degradation seen in HlyA during purification suggested

either that a protease was being co-purified, or that HlyA possessed endogenous

protease activity. In addition, the more extensive the purification of HlyA" the more

degradation that was observed. Examination of E.coli DH1[pPMa31] and

DH1[pBR322] and V.cholerae OL7 and its hlyA:.I(mR mutant (Section 5.2.1) on casein

agar revealed no difference in protease activity attributable to HlyA. Thus, if HlyA

does have proteolytic activity it is clearly specific, also suggested by the sizes of the

cleavage products.

3.2.5 Iron regulation of HlyA

The ability to establish and maintain infections often depends on the

ability of the bacteria to acquire essential iron. It has been well documented that many

bacteria including E.coli, N.gonorrhoeae and V.cholerae possess high-affinity iron

transport systems. Growth in vitro under low-iron conditions leads to the expression of

iron-regulated proteins such as iron-specific chelators or sideophores and membrane

associated receptors (Mclntosh and Earhart, 1976; Norquist et al., 1978; Neilands,

1982; Sigel and Payne, L982; Sciortino and Finkelstein, 1983; Braun, 1985). ln E.coli

this increase is mediated by the product of the prr locus (Hantke, 1982). The haem-



Figure 3.16 Proteolytic degradation of HlyA.

Ion exchange fractions generated during purification of the 80 kDa HlyA protein from

the periplasm of E.coli K-12[pPM431] were analysed by Coomassie Blue staining

(panel A) or'Western btotting (panel B) with anti-65 kDa antiserum. The 80 kDa form

is indicated by an arro% but the large number of proteolytic fragments that are still

immunoreactive are evident.
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bound iron present in erythrocytes represents an excellent, additional iron source for

microbial pathogens. Thus, the haemolysin may play an important role in virulence by

increasing the availability of iron in the host where iron is restricted.

To investigate whether the El Tor haemolysin is regulated by iron, the

haemolytic activity of culture supernatants grown in iron-starved conditions were

analysed. Overnight cultures grown in LB were subcultured into LB contaiting2'-2'-

dipyridyl and grown to an ODuro of 0.6, which corresponds to a viable count of

approximately 2 x 108 organisms. The bacterial cells were removed by centrifugation

and supernatants incubated t¡ttth 5%o sheep erythrocytes. The haemolytic activities are

shown in Figure 3.L7. It is clear that restricting the iron availability in the medium

markedly increases the haemolytic activity of the bacterial strain.

3.2.6 Homologr of hlyAwith other Vibrionaceae

Most V.cholerae strains of the non-OL serotype produce a large amount

of a haemolysin. It has been demonstrated by Yamamoto et al. (L984,1986) that this

non-OL haemolysin resembles that of El Tor strains. These workers showed both

proteins to be approximately 60 kDa in size. Furthermore, no biological,

physiochemical or immunological differences could be identified between the two

purified haemolysins (Yamamoto et al., 1986). In addition, when the DNA that

encodes the El Tor haemolysin was used as a radiolabelled probe, strong homology was

seen within the genomic DNA of haemolytic non-OL strains of V.cholerøe (Brown and

Manning, 1985). In order to ascertain whether DNA homology existed throughout the

Vibrionaceae family, fhe hlyA gene present on the 3.5 kb PstI - EcoRI fragment was

used to probe genomic DNA from a variety of species.

Southern hybridization analysis revealed that the V.cholerae OL strains

O17 (El Tor, Hly+), 5698 (Classical, Hly-) and MAK757 (El Tor, Hly-) all contained

DNA fragments of the same size which displayed strong homology with the hlyA probe

(Figure 3.1S). flowever, in the non-OL V.cholerae strain #65, the probe hybridized to a

larger DNA fragment of 5.8 kb (Figure 3.18). V.mimicus DNA possesses a fragment of

the same size as the 01 strains, but the intensity of binding of the probe is less



Figure 3.17 The effect of iron limitation on haemol¡ic activity of V.cholerae.

Culture supernatants of.V.cltolerae strain O17 were grown to mid exponential phase in

either LB or LB + 0.2 mM 2'-2'-dipyriclyl and mixed wtth 5% sheep erythrocytes at

3ioc. In the presence of the iron chelator, the rate and amount of haemolysis is

dramatically increased.
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Figure 3.18 Homology of hlyA with other Vibrionaceae

The 3.5 kb PsfI - EcoRI fragment that encodes HlyA contained within vector pGBZ

represents plasmid pPM2008. This plasmid was radioactively labelled and used to

probe genomic DNA from a variety of Vibrionaceae strains. Strong homology is seen

with the V.clnlerae 01 strains of both biotypes and with V.cholerae non-OL #65. Some

homology is detected with Vntimrcus, Furthermore, slight homology can be seen with

Vftuvíalß. and two Aeromona.r isolates A32l and AL91 (shown by arrows) at the

stringency level used (Section 2.1,0.9). No significant homology can be detected with

the other Vibrionaceae"
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suggesting less homology. V.fluvialis DNA also possesses a fragment of size 6.5 kb that

displays very weak hybridization to the probe under the stringency level used (Figure

3.18). Slight homology was also detected with a 3 kb fragment in Aeromonas strains

A.sobria Algl and A.caviae A32I. No homology could be detected with A.hydrophila

AE-18, V.parahaemolyticus 1256 or Pasturella multícida.

33 Summary and Conclusions

By subcloning the hlyA and hlyB genes separately into mobilizable

vectors and reintroducing them back into the non-haemol¡ic Classical strain 569B, it

was possible to demonstrate that 5698 does not contain a defect in the excretion of

HlyA but rather in the structural gene itself. This confirmed the findings of Goldberg

and Murphy (19S5) which implied that 5698 possessed a small deletion in hlyA.

Plasmid pPM2002 was shown to represent the structural defect in 5698 and its

restriction pattern was identical to that seen with an independently isolated clone

(Goldberg and Murphy, 19S5). Furthermore, pPM2002 was shown by minicell and

Western blot analysis not to produce the mature 80 kDa HlyA protein but revealed the

presence of a truncated product of 2l kDa, designated HtyA*.

Purified haemolysin from V.clrclerae was 65 kDa (Yamamoto et a1.,1986)

whereas the form trapped in the E.coli periplasm was 80 kDa. However, by

concentrating V.clrclerae culture supernatants by TCA precipitation rather than with

ammonium sulphate, it is possible to visualize the 80 kDa form in the culture

supernatant. Western blot analysis enabled both the 80 kDa and the 65 kDa forms to

be seen. Therefore, it would appear that in V.clrclerae, the protein is exported out of

the cell as an 80 kDa protein ánd is cleaved extracellularly initially to give two

fragments 'a' artd'b' (Figure 3.15). Together with previous analyses (Manning et al.,

1984, Yamamoto et al., 1986) it is predicted that the 'a' fragment is derived from the

amino terminus. Truncated proteins which are produced in normal amounts but have

lost less than L0 kDa from the carboxy terminus as a result of Tn1725 insertion into the

gene are haemolytically inactive. Additionally, the haemolysin purified by Yamamoto

et al. (1986) that is 'b' has lost approximately 15 kDa but is still haemolytically active.
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Thus it can be concluded that the active site of the protein necessary for haemolysis is

found in the C-terminal portion.

The marked proteolytic degradation seen with HlyA may occur for two

reasons. Firstly, the HtyA protein may possess some endogenous protease activity and

either cleave other HlyA molecules or be autoproteolytic. Secondly, it may be that

during the dialysis following ammonium sulphate precipitation, a protease that co-

precipitates with the haemolysin can efficiently cleave the HlyA molecule. This seems

unlikely, as E.coli K-12[pPM431] periplasmic fractions show marked degradation where

ammonium sulphate was not used. However, it is obvious that the 80 kDa HlyA

protein is extremely unstable.

Haemol¡ic activity could be greatly enhanced by starving the bacterium

of iron by the introduction into the growth medium of the iron-chelator 2'-2'-dipyridyl.

This increased lytic activity on erythrocytes could release haem-bound iron and thus the

haemolysin may play an important role in the virulence of V.cholerae. The DNA

encoding HlyA is highly conserved throughout both OL and non-O1 serotypes of

V.cholerae. Vmimicus, V.fluvial¡s and two Aeromonas strains showed slight homology

wÍh hlyA.
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CHAPTER4

GENETIC ORGANIZATIOI\ OF THE
hIyAGENE FROM CLASSICALAND EL

TOR STRAII\S OF Vibrio cholerae

4.1 Introduction

The nucleotide sequence of very few Vcholerae genes have been

determined. These include the genes that encode the following proteins: cholera

enterotoxin (CT) (Lockman and Kaper, 1983; Mekalanos et a1.,1983; Lockman et al.,

198a); an extracellular DNase (Focareta and Manning, 1987); a major outer membrane

protein, OmpV (Pohlner et a1.,1986); ToxR and ToxS, responsible for the co-ordinate

regulation of a number of virulence determinants (Miller and Mekalanos, 1984; Miller

et al., L987; Miller et al., 1989); TcpA, the major pilin for the Tcp pilus (Faast et al.,

1989) and a group of genes involved in the production of the mannose-fucose resistant

haemagglutinin (Van Dongen et a1.,1987; Franzon et a1.,1989). The analysis of genes

at their primary level, the nucleotide sequence provides an insight into the expression

and regulation of these genes and simplifies protein sequence determination.

V.cholerae 0L strains of both Classical and El Tor biotypes contain DNA

that is essentially homologous to the cloned /r/y locus (Goldberg and Murphy, 1984;

Manning et al., 1984; Brown and Manning, 1985). Analysis of the DNA within the

vicinity of the structural gene, hIyA, using restriction endonucleases with a 4 bp

recognition sequence, allowed Goldberg and Murphy (1985) to detect a minor change

between the biotypes.
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In this chapter, the nucleotide sequence and genetic orgarization within

the 3.5 kb PsrI - EcoRI DNA fragment containing hlyA from both a haemolytic El Tor

and a non-haemolytic Classical strain is examined. The gene and the potential

regulatory regions that surroundhlyA arc analyzed.

4.2 Results

4.2.L Generation of overlapping fragments for sequencing

Manning et al. (1984) localized the structural gene for the haemolysin,

hlyA, by transposon and deletion analysis of plasmid pPM431 to a 3.5 kb PsrI - EcoRI

fragment. This fragment was cloned into the multiple cloning site polylinker of both

M13mp18 and Ml3mp19 (Vieira and Messing,1982). Sequential overlapping deletions

were made within this fragment by employing the exonuclease activity of T4 DNA

polymerase and varying the incubation times with this enzqe prior to heat inactivation

(Section 2.12.4). Deletions were made in both M13mp18 and M13mp19 so that the

gene could be sequenced by the dideoxy sequencing method in both directions using

the universal primer. Unfortunately, the deletions did not always overlap and so

synthetic oligodeoxynucleotides were employed to sequence across these regions. A

map of the sequencing strategy is shown in Figure 4.L.

4.2.2 Nucleotide sequence determination and analysis of hlyAfrom El Tor strain 0L7

The entire nucleotide sequence of the 3533 bp PstI - EcoRI fragment was

determined from both strands by the chain termination method (Figure 4.1) and is

shown inFigre 4.2.

4.2.2."1, Nucleotide sequence of hIyA

Analysis of the determined sequence revealed the presence of an open

reading frame (ORF) beginning at position Ll4l after the PsfI site, and terminating at

nt 3361,, 170 bases before the EcoRI site. This location of the ORF is in excellent

agreement \Mith that proposed by Manning et al. (1984) for the hlyA gene. This ORF



Figure 4.1 Strategy used for dideoxy sequencing of' hlyA

Overlapping deletions were made in the 3.5 kb PstI - EcoRI fragment cloned into

both ML3mp18 and M13mp19. The fragment was digested from opposite ends in

both vectors with T4 DNA polymerase, and universal primer used to generate the

nucleotide sequence. The M13mp18 clones are shown in blue while the Ml3mp19

clones are diaplayed in red. The 3.5 kb fragment was also sequenced with the -35

primer to accurately determine the extreme ends at the junction of the polylinker.

The regions indicated with an asterisk were generated using a specifically synthesized

oligodeoxynucleotide Primer.
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Figure 4.2 Nucleotide sequence of the 3.5 kb PstI - EcoRI fragment of cloned

V.cholerae DNA.

The E.colí promoter sequences for the "Pribnow box" and the "-35 region" are shown

under two potential hIyA promoters. The transcriptional terminator (nt 3401 to

3422) is indicated by head to head arrows. The nucleotides are numbered on the

right whereas the amino acids within the open reading frame that codes for HlyA are

numbered below the sequence beginning at the initiation codon (ATG-Met). The

signal peptidase cleavage site of the signal peptide is indicated by an upward arrow

head at Æurr.



CîGCAGGÀCG ÀTÀCCÀÀCÀÀ CGCÀCÀÍÀGG ÎÀTÀGGTTIç lTlACCTlGl ÀCITGT:IGÀÀ TTTGCGCGCG GCTÀÀCGÀCT TCîGCCÎCÀG GGGÀÀGCCCÀ

IGGITCÀGa\G GCGGCÀITAÀ CCGATÀÀGCT ÀGCAÀÀGCCÀ GCGÀÎTÀGÀÀ ÎÀGAGÀGTCÎ TÎTTrICÀîC GlrlÀCÎrcT TÀÎCÀÎlGÀG TÀÀICAGÀCG

TGÀGGÀÎCÍG GACÀGÀrCTG lGGGlÀlIGT GÀÀAGÀGGTÀ ÎTCÀßCÎGGÎ C-AÀîGÀÀÀÀC ÀCCC.ÀGCGGC TDCCCTÀGGT îGGÀÀGTÀÀG ÀîCAÀGTCÎÀ

GÎI¡GATGÀÀÀ GCÀ¡CÀCTÀT CÎTCTTCÎTÀ CÎIGÀÀGCGG CTÀqI€TGTC GGÎTÀGGCGG GÎÎCÀTT:T:IG AÎ¡GCÀTÀGT CÀÀÎCÎÀGTC ÎÎÀÎÀCGGGT

TcÀcTGÀca€ ÎTÀÀJIaTÀTG CI:IÎCITÀÎG TGTÀÀGCGTÀ ÎIGÀÀÀÎCT:T TÀGÀGTÎAÀÀ ÀTGGAGÀAGÀ Cr¡ÀÀCTCr TTIÀÀÀÍAAI ÎCÀÀÎTÀÀÎC

11T1ÀÀÀ1¡CÀÀ CI:IIÀTÀÀÀT îÀÀÎÎCÀGÀC TÀAÀÎAÀGTÎ c.ÀÀÀÎÎÀÀÀT TÀGGCTCÀIT.4ÀÀ1ÀÀTÀAG ÀÀÎÀTCÀGÎÀ ÀTICÎÎÀTÎT TÀGTÀÀGÀÀÎ

TÀÎlTTTÀCÀG CÀÀÀTÀÀÀÀÀ GIICÎ:EIÀ,GÀG GClÀÀÀÀTCf GAìGÀTCCGCÎ CIGÀÀTTT:TC ÀÀTTTIÀCCG TÀTTTÎÀCÀT TTÀGÀÀÀCÀT ÀÀGIGAÎÀÎÎ

IìCAGTÀÀGTÀ TGîGGÎGGC.À GÀÀÀÀTÀTÀT ÀCCÀÀÀÀCTC CTISGÀGÎ¡G CÀGGTÀGGCG GCåÀGÀGÀGC GAÀTCCTCÀÎ GÀGCÀTGGÀT ÀÀÀCîGîGîC

À TÀGG,ATGÀ ÀCGÀÀCGa\GC ÀCAÀCÀCCGC IGCCGCT:rcG ÀGÎÀÀGÀÀGG GGÀTÀÎGC,AT ÎITCTGCÎÀàÀ ÀGGÀTACGCG GTÀÀGCOGÎÀ GC.ÀGÎÀÀÀGC

CÀCÀCGC¡ÀÀ CrCÀÀGGÀîG ÀCGÀGGG!ÀÀ CCCÀÎGÀGÀC ÀCÀTGCÀÀÀÀ îGGGTÀTGTT CÎAÀ TÀCTT GÀÀÀÀTÀÎÀÀ GÀÀÎÀTAÀCÎ CÀÀCrcÀGÀÀ

ÎÎÀTÀGÀÀGÀ GÀI:ETÀ1AÀG C:AÀCTÀITÀÀ ÎI1IGÀGÎGTT I\GÀTÀTATIÎ CÎîG T:TEPI CÀGTÀG T:IG ÀGTÀTÀÀGîC ÀCTTI\GÎTIG GÀÀÀTCICIC
ÎIçÀC À TIIG ÀCÀ

r¡GTAÀÎÀÀC ÀCTAÀÀÀÀIA ÀCÀGÀGTCÀG TGÀGGAPTAÎ ÀîG CCÀ ÀÀÀ CTC ÀÀ1 CGT IGC GCÀ ÀÎC GCG ÀTÀ T¡C ÀCÀ ÀTÀ T1À ÀGC
ÎÀEÀÀF -r¡re¡-r EÀ GGÀ]:;m Het pro Ly6 ræu À6n Àr9 cy6 Arà rle Âla rle phe Thr ¡re rÆu ser

lo

GCÀ A1À TCC ÀGT CCÀ ÀCC CTG lIG GCÀ ÀÀT ÀTC ÀÀT GAÀ CCÀ ÀGÎ GGT GÀÀ GCG GCG GÀÎ All ÀTT ÀGT CÀÀ G1¡C GCT GÀT

Àlô IIe Ser Ser I'ro Thr I¿u tcu ÀIà.À6n Ile Àsn Gtu Pro Ser Gly Gl,u Àla Àlà Àsp lle ¡le S€r Gln vãl Àla ÀÊp

20^3040

ÀGÎ CGC lGG 1rÀ ÀCC TÀC ÀÀC ÀCÀ CÀA GÀC lAT CGT ÀTT GÀG CGT ÀÀT GCG ÀÀG ÀÀT GCC ÀÀG CC'G T1TA GCl T1À CÀT GÀÀ

ser Àrg 14) I€u rhr Tyr À6n Thr Gtn Àsp Tyr Àr9 lle Glu Àr9 Àsn Àla Lys Àsn ÀIa Lys Àr9 I€u Àla Leu HiÊ Glu

3so 360

Î\CG ÎCÀ ÀCÀ ÀTÀ CGC GÀC ÀGC ÀGÀ ÀÎC GCl ÀCÎ CÀÀ TCG TlC GÀC CGA I\GC r:¡T GTG GGT GÀÀ TÀC TÀC CCG GÎÀ GÀT GTÀ

ser ser Thr rle Àrg Àsp ser Àrg rle Àla thr crn ser phe Àsp Àrg cys Phe val Gly GLu lyr lyr Pro Var Àsp Val

3?o 380 390

ÀÀC CGl À1T ÀGC GCG c'¡G ÀCG 'I|AC GCG ÀGT TTT GTG CCG ÀÀÀ ÀTG GÀT GTG ÀlI1 1!ÀT N GCC ÎCÀ GCC ÀCÀ GÀG ÀCÀ GGC

A6n Àr9 rle ser Àla Leu Thr Tyr Àla ser Phe val Pro Lys Het Àsp va]' Ile lyr I,y6 Àla ser Àla Thr GIU lhr Gly

4oo 4Lo 12o

ÀGÎ ÀCG CAT 1:I:r ÀîC ÀîC GÀC rCT lCG GTC ÀÀ1 ÀTC CGC CCA ÀItC 1ÀT ÀÀC GGl GCI TÀ1 AÀG CÀC TÀC TÀT GlG GTC GGl

S€r Ihr À6p phe tle rle À6p S€r Ser val À6n Ile Àr9 Pro Ile Tyr À6n Gly Àlà Tyr Ly6 Hi6 Tyr lyr val vâl Gly

4jO 4¡¡0

GCT CAf CAG 'r'cc ÎÀC c,ÀT GGC TIl GÀA GÀT ÀCC CCÀ CCt CCT CGÀ ÀTC ÀCG AÀÀ TCG GCÀ ÀGC T¡1 ÀCG GTC GÀT TGG GÀÎ

ÀlÀ HiE cln ser tyr Hi6 Gly Phe GIu À6P Thr Pro Àrg Àrg Àrg lle Thr Lys ser Àla ser Phe thr val A6p Trp Àsp

.so 460 470

cÀc ccÀ GÎÀ rrc ÀcG cGT GGC CGC CCG G,rC ÀÀC CÎÀ CÀÀ ClIiI GCC ÀGC TA.r ÀÀc ÀÀc ccc TGl À11! CÀÀ GTC GÀÎ GCT Cå^

HisProvalPhelhrGlyGlyÀrgProvalAsn¡€uGlnIÆuÀIàserPheÀsnAsnÀrgcyaIleGInvalÀspÀlaGIn
,lgo 490 5oo

GGr CGC 1:1.G GCìG GCC ÀÀ1' ÀCG TGC GÀT ÀGC CÀG CÀÀ TCÀ GCG CÀÀ TCG TTC ÀTC TÀT GÀT CÀG CT:T GGl CGT TAl GTG ÀGÎ

GlyÀr9I¿uÀlôÀlaÀsnThrcy6ÀspserGlnGlnserÀlaGInserPheIIeTyrÀspGlnIÆuGlyÀrglyrvàlser
5lo 52o

GCG ÀGlr ÀÀC ÀCC ÀÀG c1rc TGT c1rr GAT GGI GAG GCA TTÀ GÀC GCÀ TTG C-AÀ CCC TGT ÀÀC CÀÀ ÀÀC ClG ÀCT CÀG CGT :¡GG

Àla ser Àsn .Ihr Ly6 Iæu cy6 IÆu Àsp GIy Glu Àla IÆu À6p Àlâ Leu Gln Pro cy6 Àsn GIn Àan IÆu Thr Gln Àrg lrp

53o 540 550

cÀc lcc cìc1r ÀÀÀ ccc ÀcA GÀT GAÀ Î,IG ÀCC ÀÀT GTC lAC ÀGC GGC GÀT GCC CIr GGÀ CAl GÀC ÀÀÀ CÀÀ ÀCC GGT GAG Crl

Glu f4, Àr9 Ly6 Gly Thr À6p GIu Leu Thr Àsn Val Tyr Ser Gly À6p Àla IÆu GIy Hi6 Àsp LyE Gln Thr Gly Glu fæu

560 570 58o

GGT lIG TÀ1 GCG ÀGC ÀGC ÀÀC GÀT GCG GTÀ ÀGT T¡À CGT ÀCC ÀÎC ÀCC GCT 1ÀT ÀCC GÀT GTG 1T:T ÀÀT GCG CAÀ GÀÀ ÀCf

cty Iæu ,I}yr Àla ser ser ÀÊn À6p Àla val sèr IÆu Àr9 fhr Ile Thr ÀIa 'tyr Thr ÀsP val Phe ÀEn ÀIa Gln Glu Ser

59o 600 610

t\CG CCG À1A c,IG GGT ÎÀC ÀCÀ CÀÀ GCG ÀÀÀ À!G ÀÀT CÀG CÀG CGT GlG GGÀ CÀÀ GÀT CÀÎ CCT TTG 1ÀT GTG CGA GCG GGT

ser pro Ile Leu GIy lyr Thr Gln GLy Ly6 ttet À6n Gln Gln Àrg val Gly Gln À5p His Àr9 I€u ryr val Àr9 Àla Gly

620 630

GCT GCC ÀI:r GÀÎ GCA 1,.rÀ GGG .rCC GCC TCC GÀT TTÀ ÎTG GlT GGT GGC ÀÀT GGl GGT ÀGC TIG ÀGÎ lCG GTG GÀT C¡G lCC

ÀlaÀlaIleÀ5pÀ¡.ôIÆuGlyserÀtdserÀ6pIÆuI¿uvãlGlyGlyÀ6nGlyGlyserIÆuserservàlÀ6pIêuser
640 6so 660

GGC GTG ÀÀÀ TCC ÀÎC ÀCG GCÀ ÀCC ÎCÎ GGT GÀT tl:rc CÀÀ .rÀT GGC GGl CÀC GÀG ITç G:¡G CCG CIG ÀCÀ ÎÎC ÀCC l|ÀC CAÀ

GlyvalLysserrlelhrÀIalhrserGlyÀ6pPheG].nTyrGlyGlyHisGluLeuvalÀIaIêuThrPhelhrTyEGln
670 680 690

GÀT GGÀ Cc:I CAG CÀÀ ÀCG GTÀ GGC TCG ÀÀÀ GCG 1ÀT GlC ÀCC ÀÀT GCT C¡T GÀÀ GÀC CGl lTC GÀT 1TÀ CCG GCT GCC OCl

Àsp Gly Àr9 Gln GIn thr val Gl'y Ser LyE Àla Tyr vaL Thr À6n AIa His GIu Àsp Àrg Phe Àsp Leu Pro ÀIa Àla Àla

700 710

ÀÀc ÀI¡c ÀcÎ cAA clc ÀÀÀ À1,r TGG TCT cÀc cÀT TGG ErC GrG ÀÀÀ GGG GrT CÀÀ rrr GÀÎ TDG ÀÀC lÀÀ ÀÀAG ÀGÀCCGîCÀÀ

Lys ¡le thr Gln (êu Lys Il'e TrP Ser À6p À6p Trp IÆu val Ly6 Gly val Gln Phe Àsp Iêu Àsn rr¡

72o 730 74o

-+

cÀTAcccÀrr ÀÀÀcÀÀlccÀ ¡cc¡rccrcr-cu^r¡rõc ccclTrrrÀT GTÀÎÎrÀÀrc rrcrîrÀÎrr ÀcrcArllÀT ccÀcÎrÀÀcÀ ÀT¡cÀGÀ'åÀc

ÀGAÀTÀATTI TGCCÀTÀCÎÀ CTTCÀÀÀGGC 1GÀÀCTTÀ14 TÀGGTGTÀCÀ GÀÀTTC

lo0
200

300
¡lOO

so0

600

700

800

900

too0
ll00

224r

2322

2403

2464

2365

2616

2721

2808

2A39

2970

3051

3t32

32t3

3294

3377

ÀGT CÀT GCÀ À1À ÀÀÀ TÀT TÀC ÀÀT GCl GCT GÀT TGG

Ser lli6 Àla Ile Eys Tyr lyr Àsn Àlà ÀIa Àsp lrp
50

rDG GlG Atr ÀÀC CÀG C-ÀÀ ÀÀÀ CGC GTl rIC GÎÎ GÀT

I€u val, I¡.e Àsn Gl-n Gì,n Lys Àr9 vÂl Iéu val Àsp

80

CAA TDC ÀGÀ ÀÀG GCT 1ÀI GGG GTG GGT lTT GCT ÀÀT

Gln Phe Àr9 Lys Àla lyr Gly val Gl,y Phe ÀLà Àsn

loo

GCÀ

ÀIa

GÀ1

À6P

Àc1

Thr

C¡G CGÀ

I€u Ar9

ÀÎG CÀÀ

Het Gln

C¡G TTT

lÆu Phe

cGl
Àr9

70

GCC

Àla

ÀcÀ

thr

CÀÀ GCC GÀÀ GÀC ÀÀC

Gln Àla GIU Àsp Àsn

60

Îrc AGl CÀG ÀTC ÀGÎ

Phe Ser Gln fle ser

cÀÀ ltt ÀTr GlC ÀîC
CLn Phe Ile vàl fle
r ¡.0

rTÀ CCG ÀGC 1IÀ GCl GÀG

IÆu Pro Ser IÆu Ala Glu

GCT GÀÀ GGT CÀÀ CCÀ GAG

Àla Glu Gly Gln À16 Glu
90

GÀÀ CÀÎ ÀåÀ GGG GÀÀ C¡G

clu His Ly6 Gly GIU Leu

r20

I r88

r269

r350

l¡¡31

¡.512

r593

t67 I

175 5

1836

t9 l7

1998

2079

Cc1T I:IÎ GÀÎ CÀG Gc:À GAÀ GÀG Gr! GAC CCT CÀÀ TTA CIIC GAÀ GCG CCG CGl ÀCC GgI CGC rrÀ 1IÀ GCG CGC I1CT GGT TTT

Pro Phe Àsp GIn Àlã Glu clu val À6p Pro Gln I¿u Leu GIu Àla Pro Àrg thr ÀIa À!9 I€u IÆu Àlâ Àrg Ser Gly Phe

130 140 150

ccÀ Àcr ccc ccÀ ccc ccÀ ÀÀc Àcc GAÀ ÀcÀ ÀÀT Àcc Îlc ccc cÀT GlG cGT rIT ÎÀC ÀrC ÀGT GTC ÀÀC Cer GCG ÀÎC ÀCG

Àla Ser Pro Àla Pro Àlà A6n Ser clu Thr Àsn Thr I€u Pro Hi6 Val Àr9 Phe lyr Ile Ser VaI Àsn Ar9 Àla lle Thr
160 r70

GÀT GÀ¡, GÀG AGT ÀCC II'T ÀÀC ÀÀC lCT lGG TTç TGG ÀÀÀ ÀÀC GÀÀ ÀÀG GCC ÀGÎ CGT CCG ÎÎC TGl ÀÀÀ GÀÎ GCC ÀÀI ÀîC

Àsp clu clu CyB Thr phe Àsn AEn Ser lrp Leu Trp Lys À6n Glu fys Gly Ser Àr9 Pro Phe CyE LyG Àsp Àla Àan IIe
rao 190 200

îCÀ I:DG ÀTT TÀT CGÀ GI:¡ ÀÀC CTÀ GÀG CGl TCÀ T¡G CÀÀ TÀC GGC À1T GîG GGl ¡CC GCG ÀCÀ CCG GÀT GCC ÀÀÀ ÀT1 GlG

Ser I€u fle Tyr Àrg Val À6n Iêu clu Àr9 Ser Leu Gln fyr GIy IIe Val GIy Ser ÀIa thr Pro À6p ÀIa LyÊ Ile vÀl

zLO 220 230

ccl ÀÎC
Àrg fle

1ÀT ÀCE

lyr thr
260

ÀÀc ÀÀl
Àsn À6n

ÀGC CÎÀ GAT GAT

Ser I€u Àsp Àsp

ÀCG 1TÀ GÀÎ GCC

Thr Leu Àsp Àla

ÀÀÀ GCG c.AG ÀÎC
Lys ÀIa Gl.n lle

290

ÀGC ÀCG GGÀ GCC

s€r Thr cly Àld
240

ÎÎC CGT GÀG TGG

Phe Àrg GIU lrp
270
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codes for 740 amino acids which, when translated would give rise to a protein of 81,981

Da. Furthermore, as might be predicted for for an extracellular protein, a typical

potential leader peptide is present at the N-terminal end. The first 25 amino acids

conforms well to the general rules defined by von Heijne (1984, 19S5) for signal

sequences, and will be discussed later (Section 4.2.3:I).

Analysis of a large number of E.coli promoter sequences has defined two

consensus hexamer regions (Pribnow, 1975a, 1975b; Schaller et al., 1975; Takanami et

al., 1976; Seeburg et al., 1977; Hawley and McClure, L983). The "Pribnow box" is

located 10 bases upstream from the initiation site. The "Pribnow box" consensus

sequence is Tro A* To, Auo Aro Tnu where the subscript represents the percent

occurrence of the base most frequently found at that position (Siebenlist et al., 1980;

Hawley and McClure, 1983). The other site is located 35 base pairs upstream of the

transcription initiation site and is termed the "-35 region" or "recognition sequence"

(Maniatis et al., 1975; Pribnow, 1979; Hawley and McClure, 1983; Studnicka, 1937).

The "-35 region" has been implicated in the initial recognition of the promoter site by

the RNA polymerase. Following the same pattern of conservation as before, the "-35

region" consensus sequence is T* Tro G^ Au, Cro Ao, (Hawley and McClure, 1983).

The importance of the individual bases within these hexamers in efficient promoter

function has been well characterized by specific mutations which result in a marked

decrease/increase in promoter activity (Rosenberg and Court, 1979; Hawley and

McClure, 1983).

A potential promoter can be detected 5' to the hlyA gene by virtue of the

homology displayed between this region and the known E.coli promoter consensus

sequences. The suggested "-L0 region" of this promoter is located between nt 1113 and

1118 (Figure 4.2) and reads T¡\rAú{ú4ú{. This sequence displays reasonable homology

with the consensus sequence, however, the last base of this hexamer which is usually

the most conserved does differ. A similar divergence from the consensus sequence is

also seen with the V.cholerae MFRHA putative promoter (Franzon et a1.,1989). The

corresponding "-35 region" located between nt 1088 and 1093 (Figure 4.2) is TTGGAA"

where 4 of the 6 bases are identical to the consensus.
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A second potential "-L0 region" can be detected between nt 1102 and

1107 (Figure 4.2) and reads TGTAAT. This hexamer also displays good hornology with

the E.coli consensus sequence, however the second base differs which is usually highly

conserved The corresponding "-35 region", GTCACT can be detected between nt 1078

and 1083 (Figure 4.2), although only 3 of the 6 bases match the consensus sequence.

The spacing between the -10 and -35 regions has been implicated to play

an important role in promoter strength. The limits of the spacing are 15 to 21 nt, with

promoter strength being maximal at 17 !_1nt (Rosenberg and Court, 1979; Hawley and

McClure, 1983). Thus, the 19 nt space between the -10 and -35 regions of the first

potential promoter is not optimal. However, the spacing between the alternative -L0

and -35 regions is 18 nt which is in the optimal range for E.colí consensus promoters

(Rosenberg and Court, 1979; Hawley and McClure, 1983)

Gentz and Bujard (1985) have identified a hexamer of A's centered

around position -43 which may play an additional role in promoter activity. The lack of

a"-43 region" coupled with the L9 nt spacing between the -10 and -35 regions suggests

that the promoter is not highly expressed (Gentz and Bujard, 1985). However, high

levels of HlyA are produced by V.cholerae which may indicate that hlyA is not

constitutively expressed but subject to a regulatory system. Indeed, von Mechow et al.

(1985) have mapped a potential regulatory gene, hlyR, which is tightly linked to the

well-characterized toxR locus. The possibility of hlyA being regulated will be discussed

later (Section 4.2.2.4).

A ribosome binding site is required for the efficient initiation of protein

translation. The ribosome binding site consists of the required initiation codon (AUG)

and also a sequence situated just upstrea4 of this codon that displays homology with

the free 3' end of the 165 RNA, known as a Shine-Dalgarno sequence (Shine and

Dalgarno, L974). The Shine-Dalgarno sequence is AAGGAGGU and mutations

leading to a further divergence from this region drastically reduce the level of

translation initiation (Gold et al., 1981; Kozak, 1983). The Shine-Dalgarno sequence

located 4 nt before the AUG start codon of hlyA is AGUGAGGU which displays

excellent homology to the consensus. This spacing is not optimal with the average
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being 7 nt and spacings of less than 5 and greater than 9 nt are rare. Reducing this

spacing results in less efficient translation (Gold et a1.,1981; Kozak, 1983).

There is a potential stem loop structure that incorporates the Shine-

Dalgarno sequence but not the initiation codon which could be formed in this region to

affect the expression of the gene (Figure 4.3). However, analysis of the stability of this

structure suggests that it is not energetically favourable (ôG : -'J..2 kCal/mol) and

would require some other factor to enable it to form.

4.22.2 Codon Usage

A summary of the codon usage within the coding region of the hlyA

mRNA is shown in Table 4.1. Table 4.2 shows the hlyA codon usage as compared to

the average usage in other sequenced V.cholerae genes. These genes include rorR

(Miller et al., 7987), ctxA,B (Mekalanos et aI., 1983), pac (Guidolin and Manning,

1988), ompv (Pohlner et al., 1986), Dnase (Focareta and Manning, 1987), tcpA (Faast

et a1.,1989) and a locus consisting of four genes including the MFRHA (Van Dongen et

al., 1987; Franzon et al., 1989; Franzon, V.L., Clark, C.4., Barker, 4., Williams, S.G.

and Manning, P.4., manuscript in preparation). It can be seen that the preferred

codon usage within hlyA conforms well with other sequenced V.cltolerae genes,

although the codon usage presented may be slightly biased since they represent a select

group of proteins, namely outer membrane and secreted proteins.

4.2,2.3 Ttanscriptional Termi nators

The termination of transcription occurs at an inverted repeat structure

with the potential ability to form a stable base-paired stem loop structure which may or

may not require the presence of the termination factor Rho (Rosenberg and Court,

1979). Analysis of the sequence after the UAA stop codon showed the presence of a

region of dyad symmetry followed by a poly-U tail 37 nt downstream from the stop

codon (Figure 4.4). This potential transcriptional terminator has a free energy value of

-19.4 kCal f mol according to Tinoco et al. (L973) and is typical of a Rho-independent

terminator.



Figure 4.3 Initiation stem looP.

This is a potential hairpin loop that may form at the beginning of hlyA. The free

energy of this loop is poor, at -"i,.2 kCal/mol and would require some other factor in

order for it to form. The Shine-Dalgarno sequence is shown in red and is paired in

the stemJoop while the initiation codon (shown in blue) is present in the loop-out.
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Table 4.L Codon usage within hlyA

UUU-Phe
UUC-Phe
UUA-I-eu
UUG-Iæu

20
12
15
t7

17
t9
5
4

UAU-Tyr
UAC-Tyr
UAA-ochre
UAG-amber

CAU-His
CAC-His
CAA-Gln
CAG-Gln

AAU-Asn
AAC-Asn
AuAA-Lys
AAG-Lys

GAU-Asp
GAC-Asp
GAA-Glu
GAG-Glu

UGU-Cys
UGC-Cys
UGA-opal
UGG-Trp

CGU-Arg
CGC-Arg
CGA-Arg
CGG-Arg

AGU-Ser
AGC-Ser
AGA-Arg
AGG-Arg

GGU-Gly
GGC-Gly
GGA-Gly
GGG-Gly

20
L2
1

0

10
3
29
13

18
23
23
7

5
J
0
10

23
11
5
1.

20
74
3
0

24
t3
6
7

CUU-I-eu
CUC-I-eu
CUA-I-eu
CUG-I-eu

CCU-Pro
CCC-Pro
CCA-Pro
CCG-Pro

ACU-Thr
ACC-Thr
ACA-Thr
ACG-Thr

GCU-Ala
GCC-AIa
GCA-AIa
GCG-Ata

6
4
4
12

AUU-Ile
AUC-Ile
AUA-Ile
AUG-Met

GUU-Val
GUC-Val
GUA-Val
GUG-Val

UCU-Ser
UCC-Ser
UCA-Ser
UCG-Ser

7
12
5
20

40
11
18
T7

5
7
7
9

J
1

6
13

5
1B
1.1,

T2

18
18
17
22
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Table 4.2 Comparison gf þlyA gene codon usage with the codon usage
amongst sequenced V.cholerae genes

Codon 4o hlvA 7o V-cholerae Codon %o hlvA ToV.chole,rae.

UUU-Phe
UUC-Phe

AUG-Met
GUG-Met

AUU-Ile
AUC-Ile
AUA-Ile

GUU-Val
GUC-Val
GUA-Val
GUG-Val

100.0
0.0

15.9
27.3
tL.3
45.5

8.1
11.3
11.3
14.5
32.2
22.6

13.1
4.3
26.r
56.5

10.9
39.1.
23.9
26.L

48.0
26.0
72.0
1.4.0

GCIj-Ala
GCC-Ala
GCA-AIa
GCG-Ala

UAU-Tyr
UAC-Tyr

CAU-His
CAC-His

CAA-Gln
CAG-Gln

AAU-Asn
AAC-Asn

AAA-Lys
AAG-Lys

GAU-Asp
GAC-Asp

GAA-Glu
GAG-Glu

UGU-Cls
UGC-Cys

UGG-Trp

62.5
37.5

67.r
32.9

24.0
24.0
22.7
29.3

62.5
37.5

76.9
23.r

69.0
31.0

43.9
56.1

76.7
23.3

78.4
27.6

5r.4
48.6

62.5
37.5

100.0

53.5
25.6
11.6
2.3
7.0
0.0

27.8
18.8
25.6
27.8

56.9
43.1,

70.5
29.5

69.1,

30.9

52.0
47.0

74.7
25.3

76.8
23.2

64.5
35.5

67.5
32.5

100.0

38.2
21.3
1,5.2
5.1
1,5.7
4.5

28.6
35.7
35.7

UUA-I-eu
UUG-I-eu
CUU-I-eu
CUC-Iæu
CUA-I-eu
CUG-Leu

25.9
29.3
10.3
6.9
6.9
20.7

25.3
19.5
13.0
9.6
11.7
20.9

97.3
2.7

30.8
17.2
77.6
34.4

13.2
8.7
22.9
12.9
26.0
76.3

23.8
1.t.4
31.5
33.3

26.L
28.5
22.2
23.2

47.0
30.0
12.7
10.3

4t.5
46.3
t2.2

48.3
35.8
15.9

UCU-Ser
UCC-Ser
UCA-Ser
UCG-Ser
AGU-Ser
AGC-Ser

CCU-Pro
CCC-Pro
CCA-Pro
CCG-Pro

ACU-Thr
ACC-Thr
ACA-Thr
ACG-Thr

GGU-Gly
GGC-Gly
GGA-Gly
GGG-Gly

CGU-Arg
CGC-Arg
CGA-Arg
CGG-Arg
AGA-Arg
AGG-Arg

UAA-ochre 100.0
UAG-amber 0.0
UGA-opal 0.0



Figure 4.4 Transcriptional terminator

A typical Rho-independant transcriptional terminator exists after hlyA corresponding

to bp 3401 to 3422 in Figure 4.2. It has a potential free energy of -19.4 kCal/mol

(Tinoco et al., L973). The UAA termination codon is indicated by asterisks followed

by a spacer region of 37 bases.
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4.2.2.4 Possible regulation of hIyA

Analysis of the 5' precoding region of hlyA shows that no significant ORF

exists within an 1L40 bp region indicating that the provisional localization of the

potential hlyC gene mapped to this region was incorrect (Manning et al. 1984).

Additionally, when the 3.5 kb PslI - EcoRI fragment was cloned into pGB2 and

introduced into the E.coli minicell producing strain DS410, no HlyC product could be

seen (Figure 4.5). This suggests that the 22 kDa HlyC protein seen by Marning et al.

(1984) was not encoded by this region and was either an artificially generated fusion

with the BJactamase of the vector or came from the remaining EcoRI - PstI fragment

of the å/y locus. The 1140 bp 5' to the ATG codon are relatively AT rich (64Vo). This

is unusual for V.cholerae which has an average GC content of 47-49%o (Bauman and

Schubert, 1984). There are also two regions (nt 420 - 620 and 940 - 1140) which have

markedly lower GC content of 207o and27Vo, respectively. However, the hlyA gene is

typical with a GC content of 47.6Vo.

The ToxR protein which positively regulates the cholera enterotoxin

genes (cnA,B) has been shown to bind to multiple copies of the heptamer TTTTGAT

that lie before the cnAB operon (Miller and Mekalanos, 1984; Miller et a1.,1987). This

heptamer is not present before the lúyA gene but there are three copies of the

heptamer TATTTTA (nt 586-592, 60I-607 and 67I-677; Figure 4.2). The role of these

sequences is unknown but it is tempting to speculate that they may serve a similar

function to the heptamer that lies before the cnAB operon although they are not

contiguous. A further sequence, TAAATTA, is repeated 5 times (nt 412-4L7,483-488,

516-521, 531,-536 and 546-55L; Figre 4.2). Within the 5' precoding region there are a

large number of "AT-rich" regions that can be used to build up a consensus sequence

which displays dyad symmetry (Figure 4.6). This consensus may be an artefact due to

the unusually high AT content, however, this content itself is atypical. Thus, these

repeat sequences may play a role in the regulation of hlyA. In this regard it is

interesting to note a similarity with the known Fur binding sites of iron-regulated

proteins of E.coli. Poole and Braun (1988) demonstrated that reducing the level of iron

dramatically increases the haemolytic activity of S.marcescens. These workers reported



Figure 4.5 Expression of plasmid encoded proteins.

Plasmid encoded proteins were analysed using the E.coli minicell producing strain

DS410. Minicells harbouring the various plasmids were purified on sucrose

gradients, labelled with l3ss]-methionine and solubilized in SDS sample buffer. The

plasmid encoded proteins were visualized by autoradiography after electrophoretic

separation on an 11,-20% polyacrylamide gradient gel. The HlyA protein (pPM2008)

and the HlyA* protein (pPM2010) are indicated by arrows. A potential precursor

form of HlyA* is indicated with an arrowhead.
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Figure 4.6 Analysis of the S'-precoding region of hlyA.

An extremety AT-rich region is found prior to the start of the hlyA gene. Analysis of

this region has revealed the presence of a number of highly conserved repeat

sequences. Using these conserved regions, a consensus sequence was generated.

This sequence corresponds to a region of dyad symmetry indicated by head to head

arrows.
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the presence of a nucleotide sequence upstream of the shlAB locus that displays

homology with the "Fur-consensus" sequences of E.coli and is responsible for the iron

regulation seen with the haemolysin. This would explain increase in haemolytic activity

under iron-starvation (Secti on 3.2.5).

4.2.3 The HIyA protein

4.2.3.1 The signal sequence

The existence of a signal sequence in prokaryotes was first demonstrated

with the major outer membrane lipoprotein of. E.coli (Halegoua et al., 1976; lnotrye et

al.,1977). Many examples of signal sequences or leader peptides on proteins which are

located in the periplasm, outer membrane or excreted into the extracellular medium

have since been described. A comparison of different signal sequences from a variety

of origins has demonstrated that they share a number of common features which may

be related to their role in protein secretion (Inouye and Halegoua, 1980; von Heijne,

1983). These features include the presence of positively charged amino acids at the N-

terminal end (n region) followed by a hydrophobic stretch of 9-20 amino acids which

contain one or two helix-breaking residues such as Pro or Gly (h region). There is also

a c region at the C-terminal end of the hydrophobic segment (h region) within which

there is a suitable cleavage site for the leader peptidase. The residue at position -L is

usually Ala or Gly and to a lesser extent Ser. Usually one of these aa's is also found at

position -3 leading to the -3, -L rule as defined by von Heijne (L984,1985).

The first 25 aa's conform well to the rules defined for signal sequences

and within this region there are two potential cleavage sites (von Heijne, 1984,1985).

A comparison of the two putative HlyA signal sequences and those of other known

signal peptides for V.cholerae proterns is shown in Figure 4.7. There is a 'n' region of 6

aa's contairung? positively charged residues (Lys and A¡g). These are thought to play

a role in the initial interaction between the signal peptide and the negatively charged

phosphate residues of the phospholipids inserted in the inner surface of the cytoplasmic

membrane. This region is followed by a hydrophobic core ('h'region). The predicted



Figure 4.7 Signal Sequences of some V.cholerae exported proteins

The signal peptides of some exported V.cholerae proteins have been determined.

The positively charged amino acids at the N-terminal end are shown in red. All

leader peptides contain a hydrophobic core and a suitable cleavage site consistent

with the rules of von Heijne (1983). The cleavage sites of OmpV (Pohlner et al.,

1986), CtxA and CtxB (Mekalanos et a1.,1983), and nanH (Vimr et al., 1988) were

determined by N-terminal analysis of the mature protein, whereas those for the

DNase (Focareta and Manning, 1987) and HlyA are only predicted based on the

rules of von Heijne (1983, 1984,1985).
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signalpeptide cleavage site after Nu* does not conforms with the (-3, -1) rule (von

Heijne, 1984, L985). However, cleavage after Serrn does fit this rule. The broad

uninterrupted neutral/hydrophobic domain would permit insertion into the lipid

bilayer and enable spanning of the membrane in both cases. But, a helix-breaking

residue, Pror' is present in the hydrophobic core, and is usually 4-8 residues from the

cleavage site (von Heijne, 1983). If cleavage occurred after Ser* no helix-breaking

residue would be present, but precedents do exist for this with the DNase and OmpV

signal peptides which do not have such a residue in this region. This cleavage point

would place Pro' at position +2, which is not an uncommon configuration since it has

been postulated that these helix-breaking residues may act to place the cleavage site

into a position that allows more efficient cleavage by the signal peptidase (Inouye et al.,

1e84).

Due to the presence of two N-terminal extensions that conform

reasonably well to the rules set for prokaryotic signal sequences (von Heijne, L983), the

exact cleavage site could only be predicted. To confirm the cleavage site, N-terminal

analysis was performed on purified mature 80 kDa protein. The protein was purified

by precipitating culture supernatants of V.cholerae O17 with trichloroacetic acid,

electrophoresing this on a polyacrylamide gel and electroelution of the 80 kDa protein.

Figure 4.8 shows the first 50 amino acid residues of the HlyA precursor. Amino acid

sequence analysis defined the cleavage site after Ala.,r. This places the Pro' residue at

the -5 position which is optimal for the helix-breaker.

4.2.3? Analysis of the HlyA protein

A plot of the hydropathic nature of the predicted HlyA protein was made

according to Kyte and Doolittle (1982) (Figure 4.9). This plot suggests that overall the

protein is hydrophilic with a mean hydropathic value of -0.4. This overall hydrophilicity

is consistent with its extracellular location. However, there are a number of large

hydrophobic domains. Firstly the core of the signal sequence, but a large domain



Figure 4.8 N-terminal analysis of HlyA.

The first fifty amino acid residues of HlyA are shown. The arrow heads indicates

potential cleavage points as predicted according to the rules for signal peptides (von

Heijne, 19S3). The underlined residues are the amino acids unequivocally

determined by N-terminal analysis of the exported protein. The questioned amino

acids could not be precisely identified due to the high glycine content of the buffer

used. The solid arrow head therefore represents the cleavage point of the HlyA

signal peptide, after Alarr.
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Figure 4.9 Hydropathic nature of the pro-HlyA-

The amino acid sequence of the precursor form of the HlyA protein was analyzed

according to Kyte and Doolittle (1982) using a window of nine amino acids.
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between aa's 130 and 150 displays marked hydrophobicity. The other strong

hydrophobic region is found between residues 675 and 685.

The rules of Chou and Fasman (1974a, 1974b, 1978) were applied to

predict the secondary structure of HlyA from the predicted aa sequence (Figure 4.10).

The arrangement of the cysteine residues is most interesting. Cls, is removed with the

cleavage of the signal peptide, leaving an odd number of Cls residues. Q.rr' Cyrroo,

Qt.ro, Q.oru, Qtrro, Cytrru and Cysro, are all closely linked to turn regions and the pairs

qsrrr/Qtsrooi Clsonu/Clsrro; C}trru/CVss48 are very close to each other, making it

feasible to suggest that they may be cross-linked to form disulphide bridges. Cys.ro is

located some distance from the other pairs and this residue may be involved in the

tertiary structure of HlyA. Alternatively, Cys.ro may form part of the active site of the

haemolysin. Site directed mutagenesis using synthetic oligodeoxynucleotides of these

Qs residues to other amino acids may indicate whether they are located in critical

positions for effective protein function.

4.2.4 Nucleotide sequence of hlyAfrom Classical 5698

Nucleotide sequence analysis of the Classical hIyA gene in pPM2002

revealed only minor changes, which account for the slight difference in the restriction

patterns wtth Sau3A and TaqI of the El Tor and Classical hlyA genes (Goldberg and

Murphy, 1985). Analysis of the region of difference within the Classical hlyA gene

shows an eleven base pair deletion which would result in a frameshift leading to the

generation of a stop codon at its end (Figure 4.1,1). This premature stop codon would

produce a truncate d hlyA product (HlyA*), with a size of 26,918 Da. This is in

excellent agreement with the truncated protein product detected in E.coli minicells

(Section 3.2.1): This deletion occurs within a region of inverted repeat homology

(Figure 4.12) which may have looped out to generate the deletion in Classical 5698 by

homologous recombination, rendering it non-haemol¡ic. A hydropathy plot (Figure

4.9) predicts that the truncated polypeptide HlyA* generated by Classical strain 5698 is

still slightly hydrophilic with a mean hydropathic value of -0.2 and -0.4 after removal of

the signal peptide. The HlyA* protein still possesses the signal sequence and would



Figure 4.10 Predicted secondary structure of HlyA.

The amino acid sequence of the HlyA protein was subjected to analysis using the

algorithm of Chou and Fasman (1978). The various regions are represented as

follows:

a-helix:

B-sheet

B-turn:

The position of the Clsteine residues are indicated by arrows.
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Figure 4.ll Comparison of regions of hlyA of V.cholerae strains 5698 (Classical) and

O17 (El Tor).

A synthetic oligodeorynucleotide was employed as a primer 40 bases downstream of

the site of variation in the ltlyA gene observed in V.clnlerae strain 5698 (Classical).

The region of difference is an 11 bp deletion which results in a frameshift generating

a stop codon. The corresponding bases in strain O17 (El Tor) are boxed.
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Figure 4.12 A diagrammatic representation indicating the relative position of the

Classical deletion in hlYA.

Map of the region of DNA containing the hlyA gene of V.clrclerae showing the

differences between strains O17 (El Tor) and 5698 (Classical). The stretch of 11 bp

deleted in the Classical strain which results in a truncated protein product is shown.

The inverted repeat homology within this region is indicated by the head to head

afrows.
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therefore be secreted at least to the periplasmic space. However, whether this protein

still contains the topogenic sequences or signals required for export into the

extracellular medium is not known. After cleavage of the signal peptide, HtyA* would

contain only two Cysteine residues, Cysrsz and Cysroo.

4.2.5 Comparison of Vibrionaceae strains

V.cholerae strains of the Classical biotype are invariably non-haemolytic,

however, El Tor isolates differ in their haemol¡ic phenotype (De Moor, L963). The

Classical strain 5698 has been shown to possess an 11 bp deletion which would result in

its non-haemolytic phenotype. The question of whether all Classical isolates and

indeed non-haemolytic El Tor strains possess a similar deletion was investigated.

A L9 base oligodeoxynucleotide was synthesized that spans this 11 bp

deleted region with 4 nt on either side. This oligomer (5'-

CGGCATICATCTGAATGAT-3') was radiolabelled and used to probe whole

genomic DNA from 132 Vibrionaceae strains including non-Ol V.cholerae,

environmental V.cltolerae o-1. isolates as well as non-cholera and other Wbrio spp.

(Figure 4.13). The results show that all El Tor isolates regardless of their haemolytic

phenotype possess homology to this probe whereas the Classical isolates do not,

indicating that the genetic basis for the non-haemolytic phenotype in Classical and non-

haemolytic El Tor strains is clearly different. The V.cltolerae 0L El Tor haemolysin

has been shown to be immunologically related to the haemolysin produced by non-Ol

Vcholerae isolates, and furthermore, the genes that encode these proteins display very

strong DNA homology (Brown and Manning, 1985; Yamamoto et al., 1986; Section

3.2.6). The probe binds to all the non-Ol isolates tested. Amongst other organisms,

V.mimícus displays strong homology while V.fluvialís exhibits none (data not shown).

These data imply that all Classical strains tested have the same deletion

mutation in hlyA and that this L9-mer oligodeoxynucleotide is an effective probe to

distinguish between the two biotypes of V.cholerae OI, compared with the other

commonly used methods which are less reliable and often difficult to interpret.



Figure 4.13 Biotype specificity of V.cholerae 07

Autoradiograph of a nitrocellulose filter showing a sample of the L32 strains probed

with the labelled oligodeoxynucleotide that spans the lL bp deletion originally seen

in 569B (Classical). The strains, together with their biotype and haemolytic status,

are listed in Table 2.L
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4.3 Summary and Conclusions

A summary of the results presented in this chapter is shown in Figure

4.14. The nucleotide sequence of the hlyA gene was determined from a haemolytic El

Tor strain of V.cholerae (OL7), and contained an ORF which, when translated, would

give rise to a protein of 740 amino acid residues with a size of 82 kDa. The relatively

poor promoter region together with the extremely AT-rich precoding region are also

suggestive of additional regulatory functions. The HlyA protein has a tlpical 25 amino

acid signal sequence (von Heijne, 1984,1985) as determined by N-terminal analysis of

the purified protein. Computer homology searches of both the nt and aa sequence

using the GenBank and EMBL Gene/Protein Sequence Database, failed to find any

other prokaryotic haemolysins with any significant homology.

Classical strain 5698 contains a small deletion (Goldberg and Mu¡phy,

1985) which has now been confirmed, by sequence analysis, to correspond to an 11 bp

deletion resulting in a trunc ated hlyA product designated HtyA*. Analysis of the

sequence around the deletion shows a region of inverted repeat homology comprising

repeats of 6 bp with a 2 bp loop. Perhaps the formation of the potential stem loop

structure, although not very energetically favourable (ôG = -1.2 kCal/mol), has during

replication at some time past resulted in this deletion. We have confirmed that all

Classical V.clrcIerae strains tested harbour a similar deletion and that non-haemolytic

El Tor strains display that phenotype for another, as yet, unknown reason. Hydropathic

plots of HlyA and HlyA* suggest that they are extracellular. It is, however, interesting

to speculate that perhaps the hlyA region has been conserved in non-haemolytic

Classical strains because HlyA* is produced and has another, as yet unknown, function.

This will be discussed in Chapter 5.



Figure 4.14 Summary of. the organization of hþA inV.clnlerae strains Ol7 and 5698.

The relative position of the open reading frame that encodes the complete HlyA

protein in El Tor strain O17 is shown with respect to the surrounding restriction

endonuclease cleavage sites. The HlyA protein is produced as a precursor with a N-

terminal signal peptide (solid region). The Classical strain 5698 has an 11 bp

deletion leading to premature termination of translation and a truncated protein,

HtyA*. The position of the cysteine residues (C) are also indicated and may play a

role in the tertiary structure of the haemolysin.
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CHAPTER 5

COI\STRUCTION OF hIyAMUTATIOI\S
N V.choleraeAND THEIR EFFECT Ol{

BIOLOGICAL ACTIVITY

5.1 Introduction

Induction of diarrhoea by V.cholerae is multifactorial with the prime

virulence determinants being those which aid colonization and adherence of the gut

epithelium and the enterotoxins responsible for the fluid accumulation. Much of the

work with V.cholerae of the 01 serotype has concentrated on CT as the major

diarrhoeagenic agent responsible for the manifestations of cholera in humans. Some

non-OL isolates produce an enterotoxin that is similar to CT (Zinnaka and Carpenter,

1972; Craig et aI., 1981; Yamamoto et al., 1983a, 1983b), however, others lacking the

ctxA,B genes, have been isolated from clinical cases of diarrhoea indicating that there

are other factors which can generate a diarrhoeal response. These non-Ol strains have

been shown to produce a haemolysin, and, although its role in pathogenesis remains

unclear, it has been implicated as a potential diarrhoeagenic factor (Mclntyre and

Feeley, 1965). The haemolysin produced by non-Ol isolates has been shown by

Yamamoto et al. (1986) to be biologically, physiochemically and immunologically

indistinguishable from the haemolysin that is produced by El Tor strains of. V.cholerae

01. This is supported by Southern hybridization analyses which imply that the genes

are essentially identical (Brown and Manning, 1985).

A haemolytic factor from V.cholerae 01 characterized by Honda and

Finkelstein (I979b) was cytotoxic, cardiotoxic and rapidly lethal for mice. McCardell er

al. (1985) and Spira et al. (1986) have described a cytolysin that is produced by non-Ol
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and 01 strains of V.cholerae. This cytolysin causes fluid accumulation in the rabbit gut

as well as being cytotoxic for Chinese hamster ovary (CHO) and Y-l adrenal cells. It

has been proposed to be identical to the haemolysin produced by El Tor strains of

V.cholerae 01 (Maddenet aL,1984).

In order to evaluate the contribution that a particular determinant makes

to the disease process, it is necessary to construct specific mutations in the genes for the

respective molecules, followed by evaluating the virulence of these mutants either in

the animal host or in a model infection system. Classically, this has been accomplished

by chemical mutagenesis, however, it is not a directed procedure. For example, by

mutagenesis with NTG, Honda and Finkelstein (7979a) isolated a non-toxigenic

V.cholerae strain, Texas Star-SR that did not produce the A subunit of CT whilst

leaving the B subunit intact. However, due to the nature of the mutagenesis procedure,

other phenotypic alterations unrelated to toxin production are likely to be present, and

these may effect virulence. Furthermore, it is not possible to precisely define and

localize mutations obtained in this fashion and reversion to virulence can occur.

More recentl¡ recombinant DNA techniques have enabled precise

deletion mutations to be introduced into otherwise wild-type strains. This avoids the

possibility of reversion, and also leaves the genes for other determinants untouched.

Several V.cholerae 01 candidate vaccine strains have been constructed using

recombinant techniques to remove either the A or B subunit or both of the cholera

enterotoxin (Kaper et al., L984a,1984b). When these strains were tested in volunteers,

greater than50Vo developed mild clinical diarrhoea (Levine et a1.,1988), indicating that

another factor may be involved. To investigate the possibility that the El Tor

haemolysin may be this alternative diarrhoeagenic factor, further derivatives of these

strains were made Hly- by deleting a small HpaI - HpaI fragment in the structural gene

for the El Tor haemolysin. When these strains were tested, no relief from the mild

diarrhoea was seen (Kaper et a1.,1986; I-evine et a1.,1988).

This chapter describes the construction of a specific mutation in the hIyA

gene, which has been introduced by recombination into the V.cholerae chromosome to

produce isogenic hlyA+ and hlyA strains. The location of the mutation within the gene
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is such that both HlyA and the truncated HlyA* produced by Classical strains would

not be produced so that their role in the disease process could be evaluated.

5.2 Results

5.2.1 Construction of hlyAmutants

5.2.1.L Introduction of a KmR cartridge ínto hlyA

The structural gene for the El Tor haemolysin, hlyA, has been cloned and

sequenced. It has also been demonstrated that Classical strains possess an 11 bp

deletion leading to the production of a truncated protein, HlyA*, of 27 kDa, compared

to the 82 kDa wild type HlyA protein. In order to analyse the function of both the

HlyA protein and the truncated product HlyA* seen in Classical 5698, a KmR cartridge

was introduced into the MluI site early in the gene such that neither HlyA or HlyA*

could be produced. Figure 5.1 shows the stepwise formation of pPM2018 which

contains the 3.5 kb PslI - EcoRI fragment containing hlyA inactivated with the KmR

cartridge and converted to an EcoRI fragment with synthetic EcoRI linkers.

5.2.1.2 Subcloning into plasmid pPM1287

No generalized transformation system exists for the introduction of

plasmid DNA into Vcltolerae. Thus, conjugal mobilization is usually employed. Ditta

et al. (1980) developed a broad host range cloning vehicle, pRK290, which can be

mobilized at high frequency into various Gram negative bacteria using a helper

plasmid. Plasmid pRK290 confers TcR and contains single cloning sites for the

restriction endonucleases EcoRI and BglII. The mobilization (mob) region from RP4

was introduced into the BgilI site of pRK290 to form plasmid pPM1287 (Figure 5.2).

This plasmid can now be efficiently mobilized from the E.coli K-12 strains SM1.0 or

SL7-L, which contain the transfer genes of RP4 integrated into the chromosome (Simon

et al., 1983). The 5.1 kb EcoRI fragment containing the insertionally inactivated hIyA



Figure 5.1 Construction of the hIyA,KmR plasmid pPM2018'

plasmids pBR322 and pPM431 were digested with PsrI and EcoRI and the hlyA

encoding fragment cloned into pBR322 to give plasmid pPM2011. The KmR

cartridge was removed from plasmid J225 as a Pstl fragment, blunt ended with

Klenow fragment and synthetic MIuI linkers added. Plasmid pPM2011 was cleaved

çl¿th MtuI and the KmR cartridge inserted to give plasmid pPM2017. Plasmid

ppq20l7 was then digested with Ps¡I, blunt ended and synthetic EcoRI linkers added

to produce plasmid pPM201B. This then allowed the inactivated hlyA gene to be

removed as an EcoRI fragment'
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Figure S.Z Construction of the mobilizable plasmid pPM2019 harbouring a

hIyA::KmR mutation.

The mobilizable derivative of pRK290 (pPM1287) was constructed by cloning the

mob region of RP4 from pSUP20I-1. into the BglII site of the vector. Tlte mob region

isolated from pSUPz}Llr was as a 1.9 kb BamHI fragment and cloned directly into

the BgilI site of pRK290 with the resultant loss of both restriction endonuclease

recognition sites, and the generation of pPM1287. The hlyA::KmR gene was

subcloned from pPM2018 on an ^EcoRI fragment into pPM1287 to generate plasmid

pPM2019. The plasmid pPM2019 can be efficiently mobilized from E.colí strain SL7-

L which contains the RP4 transfer genes.
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gene from pPM2018 was purified and ligated into the single EcoRI site of pPMI287.

The resultant Tc\ KmR plasmid was designated pPM2019 (Figure 5.2).

52.L.3 Construction of hlyAl.Kn:R strains of V.cholerae

Plasmid construct pPM20I9 was introduced into various V.cholerae

strains by conjugation. V.clnlerae strains O17 (El Tor, Ogawa), 5698 (Classical,

Inaba), N16961 (El Tor, Inaba), JBK70 (El Tor, Inaba, ætx.A,B) and the two non-

toxigenic El Tor environmental strains 1074-78 and 1196-78 were made SmR by

selection for spontaneous chromosomal mutations and SmR, TcR, KmR transconjugants

harbouring pPM2019 were selected. Plasmid pPHIJI which encodes GmR (Beinger et

al., 1978) belongs to the IncP incompatibility group, as does RK2, from which pRK290

and hence pPMl287 is derived. Thus, plasmids pPHIJI and pPM2019 aÍe

incompatible. After allowing reciprocal recombination with the chromosome to occur,

pPM2019 was expelled from the V.cholerae strains by the introduction of pPHIJI by

conjugation. Selection for both KmR and GmR ensured that a double crossover

recombination event had occurred replacing the intact hlyA+ gene with the inactivated

copy (Figure 5.3). The introduction of this mutation results in the loss of haemol¡ic

activity in the Ol7 htyA::KmR mutant, V735, compared to the parent which can be

readily detected after growth on blood agar (Figure 5.4). In contrast, both the Classical

strain 5698, and its IrIyA::KmR mutant, V134, display a non-haemolytic phenotype. The

loss of haemolytic activity was confirmed by assaying the ability of whole cells and

culture supernatants to lyse sheep erythrocytes. Only O17 had any haemol¡ic activity.

To confirm that the in vitro constructed hlyA mutation had recombined

into the V.clrclerae chromosome as expected, whole genomic DNA of GmR, Km\ tcs

colonies was extracted, digested with PsrI and examined by Southern hybridization

using the intact hlyA+ gene present on the 3.5 kb PslI - EcoRI fragment cloned into

pGB2 (pPM200S) as a probe. Since the 1.5 kb KmR cartridge contains no PsfI sites, the

PsrI fragment in V.cholerae with the recombined mutation is 1.5 kb larger (Figure 5.5).

The constructions have been confirmed by digestion with HindIII which yields two

smaller fragments, not present in the wild-type hlyA+ gene, as the KmR cartridge



Figure 5.3 Introduction of a hlyA mutation into the V.cholerae chromosome.

Plasmid pPM2019 (T.*, KmR) was mobilized from E.coli strain S17-1 into the SmR

derivatives of the V.cholerae strains to be mutated (Panel A). The resulting

transconjugants were SmR, TcR, KmR. Recombination between the chromosome and

pPM2019 was allowed to occur (Panel B). Plasmid pPHIJI (G-o), also belonging to

the IncP incompatability group was conjugated into the V.clnlerøe strains containing

pPM2019 (Panel C). SmR, KmR, G*o colonies were selected for and screened for

Tcs (Panel D). Tlrte V.cholerae strains in which the hIyA mutation had apparently

recombined into the chromosome were then analyzed further.
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Figure 5.4 Analysis of the putative hlyA mutations.

V.cltolerae strains Ol7, 569B and their respective hlyA::YtrÍ mutants were plated

onto NA containing 5Vo sheep erythrocytes. The loss of haemolytic activity

compared to the wild-type in the Ol7 hlyA::KmR mutant is evident. The Classical

strain 5698 and its mutant show the expected non-haemolytic phenotype.
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Figure 5.5 Southern hybridization analysis of hlyA mutants.

Whole genomic DNA of the V.clnlerae strains and their hlyA::l(mR mutants were

digested with PsfI and electrophoresed on a 0.8Vo agarose gel. After transfer to

nitrocellulose, the filter was probecì with o-[32P]-dCTP nick translated pPM2008,

washed and subjected to autoradiography. The 6.4 kb PslI fragment harbouring the

å/y locus (open arrowhead) present in the wild-type strains is absent in all of the

htyA::l{mR mutants, but a new 7.9 kb fragment representing the 6.4 kb PslI fragment

containing the KmR cartridge was detected (solid arrowhead). A cross-reacting band

corresponding to pPHIJI can be detected in all of the mutants. SPP1 phage DNA

digested with EcoRI was used as a standard and the size of the fragments generated

in kb are showrl on the right.
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contains an internat É1¡¿dIII site. The parental strains and their respective mutants

were also subjected to Western blot analysis of trichloroacetic acid-precipitated culture

supernatants using an antiserum to the purified haemolysin (Figure 5.6) and confirmed

by haemolysis assays. These analyses and the altered restriction patterns of the

Vcholerae Gm", KmR, Tcs mutants demonstraie- the absence of both haemolytic

activity and the HlyA protein as a result of substitution of the wild-type chromosomal

hlyA+ gene with an insertionally inactivated substitute.

5.2.2 Eflect of the hlyA:zKmR mutation on virulence in the infant mouse model

Thus, in order to assess the affects of the hlyA::I(mR mutation on

virulence it was necessary to expell pPHIJI from the constructed mutant strains. This

was accomplished by introducing another IncP plasmid, pME305 which is temperature

sensitive for replication (Rella et al., 1985). This displaced pPHIJI and readily

permitted the strain to be cured by growth at 42oC (Figure 5.7). Previous work in this

laboratory has demonstrated that the presence of pPHIJI decreased the virulence of

the wild type V.cholerae strains (R. Faast, personal communication).

V.cholerae strains O17 and 5698 and their respective isogenic plasmid-

free hlyA::KmR mutants, V760 and V759 were tested for virulence in the infant mouse

model. After intragastric inoculation with various doses of bacteria, the mice were

checked regularly, their state of health noted and the effect of the strains on the

survival of infant mice assessed over 48 hours (Figure 5.8). The hypertoxigenic

Classical strain 5698 began killing the mice slightly earlier than its hlyA::KmR mutant.

However, this difference was quite marked with the El Tor strain O17 which killed the

animals 6-8 h earlier than its corresponding ltlyA::I(mR mutant. This shift was most

apparent at the lower dose of 5 x 106 organisms indicating that the loss of the

haemolysin attenuates the strain for the mice. Since both 5698 and O17 are affected

this suggests that both HlyA and HlyA* have activity. At a higher dose of (5 x 10?) the

increased amounts of cholera toxin produced appears to mask the loss of the

haemolysin.



Figure 5.6 Loss of HlyA protein in the hlyA::I(mR mutants.

Western blot analysis of trichloroacetic acid precipitated culture supernatants of wild

typeV.cholerøe strains and their respective hlyA::KmR mutants. The antiserum was

generated against the 65 kDa form of the haemolysin. The 80 kDa HlyA protein is

shown by an arrow and is present in the wild type strains but is not produced in the

hlyA::f(mR mutants nor 5698.
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Figure 5.7 Removal of plasmid pPHlJI.

Plasmid pME305, a temperature sensitive replication mutant of RP4, was introduced

into the \cholerae lilyA::lknR mutant strains by conjugation (panel A). The

transconjugants were selected by Km\ TcR and screened for Gms to ensure the loss

of pPHIJI (panet B). The strains were then grown at42oC to cure plasmid pME305

and produce isogenic plasmid-free strains except for the hIyA::l{mR nn¡tation (panel

c).
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Figure 5.8 Effect of the hlyA::KmR mutation on virulence in the infant mouse

cholera model.

TIte V.cholerae slrrains O1.7, 5698 and their respective hlyA;:Y:mR mutants were

administered intragastrically to infant mice. The number of surviving mice at each

time point was then recorded. The strains were administered with 5x106 organisms.

Although strain 5698 is hypertoxigenic, it is also non-motile which reduces its LDs.

significantþ
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At the time of death, the intestines of the infant mice were removed and

prepared for histological examination. Marked histological differences were detected

in the intestines of mice infected with 5698, O17, their hlyA::KmR mutants compared

with uninfected or mock-infected controls (Figure 5.9). Both 5698 anð O17 showed

significant sloughing off of the epithelium compared to their mutants. This damage

was most significant with O17, but was absent in both V759 and V760. In all cases the

villi of the V.clnlerae infected mice were swollen to almost fill the lumen and this was

most marked with the hypertoxigenic strain 5698 and its derivativeYTí9.

5.2.3 Effect of the HlyA protein on cultured cells

5.2.3.L 51Cr releas e in vitro cytotoxicity assay

The marked intestinal epithelial damage corresponding to the presence

of both HlyA and HlyA* l"d us to further investigate the cytolytic activity of the

haemolysin. A mouse antigen presenting tumour cell line (P815) was internally

labelled with srCr. Culture supernatants from exponentially growing V.cholerae cells

were incubated with the 5rcr-labelled PB15 for 4 h and then the amount of 51Cr

released was measured. The supernatants of these strains were diluted and checked for

l¡ic activity (Table 5.1). This provides us with an indication of the percentage of srCr-

P8L5 cells that had been lysed. Culture supernatants of the haemolytic strain OL7 and

the nontoxigenic environmental strain 1074-78 readily lysed the cultured cells, whereas

their respective hIyA;:I{mR mutants had lost this ability. The cholera toxin deleted

candidate vaccine strain, JBK70, used by Levine et al. (1988) and its parent strain Inaba

N16961, displayed reduced lytic activity. However, when plated on blood agar they

produced a smaller zone of haemolysis than O17 (Figure 5.10). This result was

confirmed by performing haemolysis assays on culture supernatants, where it was noted

that the haemolytic activity of JBK70 and Inaba N16961 was significantly less than that

of Ol7. If the haemolysin was responsible for lysis of P815 cells, then the lytic activity

of these strains would be expected to be much less than that of OL7. The Classical

strain 5698 and a non-haemolytic El Tor strain H-l did not show any significant lysis.



Figure 5.9 Histological examination of infant mouse intestines.

The intestines of the infant mice were removed at the time of death, preserved in

formalin, set in resin and thin sections cut. The sections were stained with

haematorylin and eosin and examined by light microscopy. The marked histological

differences between saline (panel A), uninfected (panel B), 5698 (panel C), 5698

hlyA::KmR (panel D), O17 (panel E) an<J O17 hlyA::KmR (panel F) are apparent.

Panels E and C display markecl swelling of the intestinal #JS whereas the mutants

lack this obvious swelling. The epithelial border in panel E has also been

degenerated when compared to the mutant strain in panel F, and this effect is

attributable to the presence of the HlyA protein.
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Table 5.1

Percentage 5!Cr release from culture supernatants

o17

OlThlyA::I{nR

t074-78

L074-78h1y.,4::KmR

N16961

NI6961,hlyA::KmR

JBKTO

JBKT}htyA::KmR

5698

569BhlyA::KmR

H-1

H-lftly'::KmR

w
77.1 (s.3)

0.8 (3.2)

s1.1 (6.6)

0.6 (t.7)

36.1 (3.3)

-1.8 (2.4)

18.3 (4.6)

-4.s (1.0)

-1.0 (3.03)

-4.7 (1.2)

-1.0 (3.0)

r.2 (t.Ð

w
81.4 (0.s)

0.2 (2.2)

26.9 (1,.3)

1.2 (2.2)

11.6 (s.0)

-6.s (1.e)

r.4 (3.e)

-2.s (2.s)

-0.76 (3.2)

1,/32

7s.0 (r.7)

4.s (1.e)

Not determined

Not determined

Not determined

The culture supernatants were diluted 1/2, 1,/4 or l/32 and the amount of spontaneous

release has been deducted.



Figure 5.10 Haemolytic activity of V.clnlera¿ strains.

Tlte Vcltolerae strains JBK70, N16961, Ol7, 5698, 1074'78 and 1196-78 were grown

on NA containing 5Vo sheep erythrocytes. It can be seen that N16961 and its eftAB

mutant, JBK70 are far less haemol¡ic than O17 while H-1 and 5698 are clearly non-

haemolytic. The two environmental strains (1074-78 and L196-78) are only slightly

less haemol¡ic than O17.
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The haemotytic activities of the strains parallels the results observed with srcr-P815 cell

lysis.

5.2.3.2 Cytotoxicity in HEp-2 cells

Monolayers of cultured HEp-2 cells were prepared and incubated with

V.cholerae strains and their hlyA mutants. After incubation for 15 min at 37oC with

O17, the IIFp-2 cell monolayers were disrupted and significant cell degradation and

lysis had occurred whereas its hlyA::I{rnR mutant, V760, showed very little damage

(Figure 5.11). Both the non-hemolytic Classical strain 569B and its hlyA::I(mR mutant

did not produce any }{E,p-2 cell lysis after the incubation, however, there appeared to

be changes in the morphology of the H.E,p-Z cells in the presence of 5698 with the cells

becoming elongated. However, this cell elongation was not seen with the 5698

hlyA::I{mR mutant (Figure 5.11).

5.2.4 Fluid accumulation in ligated rabbit ileal loops

V.cholerae strains O77, 5698 and JBK70 and their respective hlyA::Y:rf

mutants were introduced into ligated ileal segments of adult rabbits. The amount of

fluid secreted into the rabbit gut was examined after 5 h and 12 h (Table 5.2). After 5 h

fluid accumulation was detected with strain 5698 but not with its hlyA::I{mR mutant.

Only after L2h did both 5698 and its irly.4::KmR mutant produce similar amounts of ,

fluid accumulation (Figure 5.12). The El Tor strain O17 produces a very viscous

mucoid fluid after 12 h and the fluid is visibly red when compared to the non-

haemolytic Classical strain. However, the O17 hlyA::I(mR mutant caused no fluid

accumulation after 5 h and the fluid seen after 12 h was less viscous and not noticeably

bloody. At 12 h the nontoxigenic strain JBK70 causes weak fluid accumulation that

corresponds to the mild diarrhoea seen in volunteers that had received this strain as a

vaccine (Levine et al., 1983). However, the JBK70 ltlyA::KmR mutant showed no fluid

accumulation.



Figure 5.11 Cytotoxicity on cultured HEp-2 cells.

Monolayers of cultured HEp-2 cells, a human epithelial cell line were incubated with

V.cholerae strains O17 and 5698 ancl their hlyA:KmR mutants, V760 and V759.

Panel A represents an uninfected monolayer, whereas Panels B and C ate

monolayers infected with strains O17 and V760, respectively. The cells in Panel B

show extensive lysis and only cell clebris can be seen after microscopic examination.

Panels D and E are monolayers infected with strains 5698 and Y759, respectively.

No significant lysis is seen with the Classical strain nor its hlyA::Í(mR mutant,

although cell elongation is seen in panel D but not in panel E.
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Table 5.2

Fluid Accumulation in Rabbit Ileal Loops

Strain Time (hr) in animal Fluid recoveredlml)

Luria broth 5 Nil

12 NiI

ot7 5 2.L

L2 t2.24

OlThIyA::Y'rÍ 5 Nil

12 13.22

5698 5 7.1

12 14.00

569BhtyA::KmR 5 Nil

t2 14.55

JBKTO T2 2.I

JBKT\htyA::KmR L2 Nil



Figure 5.12 Fluid accumulation in ligated ileal loops of rabbits.

1 ml of the bacterial cultures (2 x 108 organisms) were introduced into ligated

segments of the ileum in an adult rabbit. After 12 hours the rabbit was sacrificed and

the contents of the ligated loops examined. The amount of fluid in the segments is

listed in Table 5.2.
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5.3 Summary and Conclusions

It has previously been shown that a cytotoxin seen in V.cholerae of both

the 01 and non-Ol serotypes stimulates fluid secretion in the rabbit ileal loop assaf

and that this cytotoxin appears identical to the El Tor haernolysin (Madden et al.,

1984). In order to ascertain whether the haemolysin was responsible for these activities

as well as being an alternative diarrhoeagenic factor in non-toxigenic candidate vaccine

strains, a specific mutant in the structural gene, hIyA, was constructed. An insertion

mutation was introduced into the MluI site since this would not only prevent the HlyA

protein being made but also the truncated HlyA* product seen in the Classical

V.cholerae strain 5698 (Figure 5.13). The experiments reported here clearly indicate

that the El Tor haemolysin, HlyA, of V.cholerae has both cytotoxic (enterotoxic) and

cytolytic (haemolytic) activity. This is in agreement with observations by Yamamoto et

al. (7986) using purified haemolysin. However, the cytolytic activity is not associated

with the truncated protein, HlyA*, produced by Classical strains, t¡,pified here by strain

5698. This is consistent with previous observations (Chapter 3) which suggest that the

ability to lyse sheep erythrocytes rests in the C-terminal portion of HlyA" corresponding

to the region not expressed in HlyA* of Classical strains. Together with other data our

observations imply that the N-terminal region of HlyA which is conserved in Classical

strains in the form of HlyA* has enterotoxic activity.



Figure 5.13 Construction of the hlyA mutation.

Plasmid pPM2019 has the KmR cartridge inserted in the MIuI restriction site of the

htyA gene. This mutant would fail to produce both the HlyA and HlyA* product.

The Hly- mutant described by Kaper et al. (1986) was constructed by deleting the 398

base pair HpaI fragment which results in a non-haemolytic phenotype but may not

completely inactivate the truncatecl HlyA* product.
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CHAPTER 6

CHARACTERTZATIOI\ OF THE hTYB
GENEAND ITS ROLE II\HAEMOLYSI\

PRODUCTION

6.1 Introduction

Some Gram negative bacteria possess the ability to actively excrete

proteins irito the extracellular milieu. This necessitates the translocation of these

molecules across both the inner and outer membranes from one hydrophilic

environment (cytoplasm) to another (external medium) without being trapped in the

periplasmic space. The processes involved are poorly unde¡stood, however, models ,

have been developed for several proteins and in most cases require the function of

accessory genes.

Eschericltia coli associated with extra-intestinal infections in humans

commonly excrete an q-haemolysin (Hughes et aI., 1985; Minshew et al., 1978), and its

secretion into the extracellular medium is controlled by a group of genes that may be

located either on the chromosome or on transmissible plasmids (Goebel et al., L974).

The passage of HlyA from the cytoplasm across the cytoplasmic and outer membranes

and the release from the cell surface requires the function of two cistrons, hlyB and

hlyD and mutations in either gene leads to accumulation of intracellular haemolysin

(Wagner et al., 1983). The gene products of the hlyB and hlyD genes have been

localised in the cytoplasmic membrane of E.coli. The lack of a signal sequence on

HlyA or a periplasmic form of this protein has led to a number of models being

proposed for the secretion of the haemolysin (Mackman et a1.,1986; Oropeza-Wekerle,

L989; see Section 1.5.1).
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The production and excretion of haemolysin by Senatía marcescens

requires two genes shlA and shlB (Braun et a1.,1987). ShLA is the actual haemolysin,

while ShlB is required both for activation and for the release of the active protein from

the cell surface (Poole et a1.,1988).

Another example of an exôreted protein is the IgA protease produced by

pathogenic Neisseriae, such as N. gonorrhoeae (Pohlner et al., 1987). The mature

eÍT1urr,e has been reported to possess a size of 106 kDa, whereas nucleotide sequence

analysis demonstrates that the IgA protease is transcribed as a 169 kDa precursor. This

large precursor has been shown to be composed of three domains. Firstly, there is the

typical leader or signal sequence that is commonly seen with excreted proteins, and this

is thought to initiate the transport of the protein across the inner membrane barrier.

The second domain is the IgA protease itself and the last domain is a 'helper' region

that is located at the carboxy terminal end of the precursor that is involved in the

extracellular excretion of the mature protease (Pohlner et al., 1987). This 'helper'

domain has been proposed to act as a pore that traverses the outer membrane through

which the protease can travel. The IgA protease is postulated to fold into an active

conformation during extracellular transport through this pore, and is then released

autoproteolytically into the extracellular medium from the periplasm (Pohlner et al.,

1e87).

When expressed in E.coIí K-72, the V.cholerae haemolysin, HlyA" remains

localized in the periplasmic space (Mercurio and Manning, 1985) suggesting that

although the structural component had been cloned, additional information was

required for the protein to be exported from the cell. In additon to hlyA,Manninget al.

(1984) identified two further cistrons, ltlyB and hlyC,which also affected the production

of the haemolysin. The absence of hlyB in the clone of Goldberg and Murphy (1984)

probably accounts for the long incubation times required to detect activity in E.coli K-

12.

This chapter analyses the hlyB gene and seeks to describe the role of its

product in synthesis and export of HlyA by constructing specific hlyB::KmR mutants in

the V. c ho le ra e chr omo s ome.
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6.2 Results

6.2.1 Construction of hlvB mutants of V.cholerae

6.2,1.L Introduction of a KmR cartridge into hlyB

In order to analyse the function of the hlyB gene product, a specific

mutation in this gene needed to be constructed in V.cholerae. Plasmid pPM431, was

digested with PsrI and EcoRI, and synthetic EcoRI linkers were added so that the hlyB

gene could be cloned into pBR325 on a EcoRI fragment to generate plasmid pPM2014

(Figure 6.1). This was followed by the insertion of a KmR cartridge on a BamHI

fragment from plasmid J225 into the unique BamHI restriction site within å/yB.

Plasmid pPM201,4 was partially digested with BamHI so that the TcR gene was not

inactivated. Km\ TcR transformants were then selected, resulting in the isolation of

plasmid pPM2015. This plasmid provided both a non-functional hlyB gene, and also a

powerful selection (Figure 6.1). The inactivated /r/yB::KmR gene was subsequently

inserted into the single EcoRI cloning site within pPM1287 (Section 5.2.1.2) to generate

plasmid pPM2016.

6.2.L.2 Introduction of pPM2016 into V,cholerae

Plasmid pPM2016 was introduced into the V.cholerae strains O17 and

5698 by conjugation from E.coli strain 517-1. After allowing recombination, this

construct was then expelled from the V.cholerae strains by the introduction via

conjugation of an incompatible plasmid, pPHlJI. Selection for both KmR and the GmR

encoded by pPHIJI ensured that the V.cholerae cell had undergone a double crossover

recombination event that had replaced its effective copy of the hlyB gene with the

inactivated substitute (Figure 6.2).

To confirm the presence of the hIyB mutation in the chromosome of

V.cholerae strain OL7, whole genomic DNA was extracted and digested with either

EcoRI or PsrI + EcoRI and examined by Southern hybridization using pPM2009



Figure 6.1 Construction of the hlyB negative, KmR, mobilizable plasmid pPM2016.

The ,EcoRI - PstI fragment containing hIyB was cloned from pPM431 into the EcoRI

site of pBR325 after synthetic .EcoRI linkers were added to generate pPM2014. The

KmR cartridge from J225 was removed on a BamHI fragment and inserted into the

unique BamHl site in hIyB yrelding pPM2015. The EcoRI fragment containing the

inactivated hlyB::Y:rrf gene was then cloned into the unique EcoRI site of pPM1287

to give pPM2016.
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Figure 6.2 Introduction of ahlyB::KmR mutation into the chromosome of V.cholerae.

Plasmid pPM201.6 (Tc\ KmR) was mobilized from E.coli strain 51.7-1 into the

V.cholerae strains O17 and 5698 (panel A). The resulting transconjugants were Sm\

TcR, KmR. Recombination between the chromosome and pPM2016 was allowed to

occur (panel B). Plasmid pPHIJI (G-o), also belonging to the IncP incompatability

group was introduced via conjugation into theV.clrclerae strains containing pPM20l6

(panel C). SmR, KmR, GmR colonies were then selected and screened for Tcs (panel

D). The V.cholerae strains in which the hlyB::KmR mutation had apparently

recombined into the chromosome were isolated and analysed further.
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(EcoRI - PstI fragment encoding hlyB cloned into pGB2) as a probe (Figure 6.3).

There are no EcoRI sites within the KmR cartridge once it has been removed on a

BamHI fragment, however, there are two PsrI sites at each end of the cartridge which

are still present. Thus, digestion of the potential mutants with EcoRI results in an

increase in size of 1.5 kb of a chromosomal EcoR[ fragment carrying hlyB due to the

KrnR cartridge (Figure 6.3). Insertion of the KmR cartridge into the wild-t1pe 2.9 kb

fragment introduces two new PsrI sites (Figure 6.4). Upon digestion with EcoRI and

PsrI, the hlyB probe now hybridizes with the homologous fragments on either side of

the BamHI site, but with the KmR cartridge fragment not reacting (Figure 6.4).

Plasmid pPHIJI was also included to ascertain whether any cross-reaction would occur.

It can be seen in the mutant strains that some common bands within pPHIJI do

hybridize to the probe. These cross-reacting bands are probably due to the SpR gene

carried by both pPHIJI and pGB2.

6.2.2 Eflect of the hlyBmúation on haemolysin production in Vcholerae strain OL7

Tlte V.cholerae O77 hlyB mntant, Y745, was then assayed in order to

determine the effect of the mutation on haemolytic activity. Cells were taken at

different stages of growth, incubated with washed sheep erythrocytes, and samples

taken at 20 min intervals to follow the development of haemolysis with bacterial growth

(Figure 6.5). It can be seen that there is a significant lag in the rate of development of

haemolytic activity with the å/yB::KmR mutant. This seems to indicate that in the

mutant, the haemolysin is only released into the extracellular medium when the cells

enter stationary phase and are subject to autolysis.

This proposal, that the haemolysin was trapped within the cell during

growth, and only released due to cell lysis in stationary phase was examined. Cultures

of both O17 and its l¿lyB::KmR mutant were taken at various stages of growth, and the

cells separated from the extracellular medium by centrifugation. The cells were then

sonicated in fresh medium to release intracellular contents and both cellular and

extracellular fractions were assayed for haemolytic activity (Figure 6.6). This provided

an indication as to the relative haemol¡ic activity and its distribution at a particular



Figure 6.3 Southern hybridization analysis of hlyB::I{mR mutants.

Whole genomic DNA of the V.clnlerae parents and their å/yB::KmR mutants were

digested with EcoRI or EcoRI + PstI and electrophoresed on a 0.8Vo agarose gel.

After transfer to nitrocellulose, the filter was probed with a-¡32P1-dCTP nick

translated pPM2009, washed and subjected to autoradiography.

The 1.5 kb larger EcoRlfragment in the /l/yB::KmR mutants compared to the parents

is evident, whereas with the,EcoRI + PstI digest the wild-type fragment is split into

two smaller fragments due to the introduction of two PsrI sites at the ends of the KmR

cartridge. The cross reaction between plasmid pPHIJI and pPM2009, due probably

to the SpR encoded by both is evident. SPP1 phage DNA digested with EcoRI was

used as a standard and the size of the fragments generated in kb are shown on the

right.
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Figure 6.4 Diagrammatic representation of the fragments detected in Southern

hybridization of theV.cholerae Ol7 ltlyB tegion.

The fragments detected by Southern hybridization (Figure 6.3) can be explained

diagrammatically. Digestion of whole genomic DNA of. V.cholerae O17 and its

hlyB::I(mR mutant would give the red fragments upon digestion with ^ÐcoRI and the

blue fragments upon digestion with EcoRI + PstI. The insertion of the KmR

cartridge into the Batnlflrl site would effectively disrupt the hlyB coding sequence, and

increase the size of the EcoRI fragment by 1.5 kb. The EcoRI - PstI fragment would

be split into two smaller fragments due to the PslI sites at the ends of the KmR

cartridge.
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Figure 6.5 Haemolytic activity of.Vcholerae strains O17 and OI7 hlyB::KmR.

The haemolytic V.cholerae strain O17 and its /r/yB::KmR mutant were sampled at

various stages of e4ponential growth and incubated with sheep erythrocytes and the

development of haemolysis was measured over time.
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Figure 6.6 Haemolytic activity of culture supernatants and cell contents of Vcholerae

strains O17 and Ol7 hlyB::KmR.

V.cholerae strains O17 and O17 hIyB::KmR were sampled at various stages of

exponential growth and the culture supernatant separated from the bacterial cells.

The cells were then sonicated to release any internal proteins and both fractions

tested for haemolytic activity after 2h.
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stage of growth. In the case of the O17 å/yB::KmR mutant (V745), the haemolytic

activity was trapped within the cell during growth, and very little could be detected in

the culture supernatant. This contrasted with the parental strain, Ol7, in which the

majority of the haemolytic activity is seen in the extracellular medium. Only in

stationary phase is there significant haemolytic activity in the supernatant of V745.

Thus, HlyB would appear to be necessary for the release of active haemolysin during

exponential growth in V.cholerae.

6.2.3 Nucleotide sequence determination and analysis of hlyBfrom V.choleraeOLT

The 2.9 kb PslI - .EcoRI fragment that carries the hlyB gene was cloned

from pPM431 and ligated into M13mp18 and M13mp19. Sequencing was carried out

using the chain termination method of Sanger et aI. (1977, 1980) using Sequenase

enzqe. Universal primer was employed to sequence from both directions and then

synthetic oligodeorynucleotides were made to extend the sequence. A map of the

sequencing strategy showing the oligodeoxynucleotides used can be seen in Figure 6.7.

6.2.3.1 Nucleotide sequence analysis of hlyB

The sequence of the 2915 bp EcoRI - PstI fragment encoding hlyB was

determined in both directions (Figure 6.7) and is shown in Figure 6.8. Analysis of the

sequence revealed the presence of an ORF beginning 135 bp after the EcoRI site.

When translated, this ORF would give rise to a 548 aa protein of 60.3 kDa. However,

Manning et al. (L984) had estimated the size of HlyB to be 71 kDa by SDS-PAGE

analysis. The reason for this size discrepancy will be investigated later (Section 6.2.5).

The regulatory signals that are detected before the ATG start codon

resemble the consensus sequences (as discussed in Section 4.2.2.I). A potential

promoter can be detected 5' to the hlyB gene by virtue of the homology displayed

between this region and the known E.coli promoter consensus sequences. The "-L0

region" or "Pribnow box" located between nt 92 and 97 (Figure 6.7) is TATAGG, in

which 4 of the 6 nucleotides match the consensus sequence TATAAT. However, the "-

35 region", located between nt73 and 78 (Figure 6.7) is CTGACA. This is in excellent



Figure 6.7 Strategy used for dideory sequencing of hlyB.

The htyB gene was cloned into both M13mp18 and M13mp19. The 2.9 kb EcoRI -

Pstlftagment was sequenced with universal primer. Synthetic oligonucleotides were

constructed to extend the sequence in both directions. The strategy for sequencing

the M13mpL8 clone is shown in blue while the M13mp1,9 strategy is displayed in red.

The2.9 kb fragment was also sequenced with the -35 primer to accurately determine

the extreme ends at the junction of the polylinker. The regions indicated with an

asterisk were generated by double stranded sequencin g of. hlyB::Tn1Z25 insertions.
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Figure 6.8 Nucleotide sequence of the 2.9 kb EcoRI - Pstl fragment of cloned

V.cholerae DNA.

The nucleotide sequence of the 2915 base-pair region containing the hIyB gene (ú

i.35 to 1781). Tlne E.coli consensus promoter sequences for the "Pribnow box" and

the "-35 region" and the Shine-Dalgarno sequence are shown under the patative hlyB

promoter. The putative signal sequence site after Nu' is indicated with an upward

arrow. The transcriptional terminator (nt 1847 to 1868) is indicated by head to head

arrows. The nucleotides are numbered on the right whereas the amino acids within

the open reading frame that codes for HlyB are numbered below the sequence

beginning at the initiation codon (ATG-Met). The points ofTn1725 insertions in the

respective derivatives of pPM431 (Manning et a1.,1984) are indicated by arrowheads

above the sequence and are discussed in Section 6.2.5. The second ORF situated 3'

to ltlyB lies between nt 2M8 and2560. The potential promoter sequences are shown

with respect to the consensus sequences.
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agreement with the consensus sequence TTGACd where 5 of the 6 nucleotides are

identical. The spacing between these two hexamers is 14 nt which is not optimal for

maximum promoter strength (Hawley and McClure, 1983). Furthermore, as with the

putative hlyA promoter, the hexamer of A's centered around position -43 described by

Gentz and Bujard (1985) is not seen. The lack of'this region coupled with the L4 nt

spacing between the -10 and -35 regions suggests that this promoter, like the hlyA

promoter, is not highly expressed or is subject to regulation (Gentz and Bujard, 1985).

A Shine-Dalgarno sequence or ribosome binding site is homologous to

the free 3' end of the 165 RNA (AAGGAGGU), and the average spacing between this

sequence and the AUG initiation codon is 7 nt (Gold et a1.,1981; Kozak, 1983). The

potential Shine-Dalgarno sequence before hlyB, AGGU, is found 7 nt prior to the

AUG codon.

Beyond the UAA termination codon, there is a 65 nt spacer region which

is followed by a potential Rho-independent transcriptional terminator (Figure 6.9).

This region of dyad symmetry would form a stable base-paired stem loop structure with

a free energy value of. -24.4 kCal/mol (Tinoco et al., 1973). This is followed by a

stretch of four U's typical of a Rho-independent terminator (Rosenberg and Court,

reTe).

6.2.3.2 Codon and Base Usage

A summary of the codon usage within the coding region of the hlyB

mRNA is shown in Table 6.1. Table 6.2 shows the Vo codon usage in hlyB as compared

with the average usage in Vcholerae based on the sequences of known genes (Section

4.2.2.2).It can be seen that the preferred codon usage within hlyB conforms well with

that of other sequenced Vcholerae genes. The GC content of the 2.9 kb EcoRI - PstI

fragment is 48.4Vo which is typical of V.cholerae which is usually 47-49Vo (Bauman and

Schubert, 1984). The hlyB coding region has a GC content of 48.6Vo and the non-

coding regions in this fragment are not atypical as seen prior to the hIyA gene.



Figure 6.9 Transcriptional terminator.

A typical Rho-independant transcriptional terminator exists after hIyB corresponding

to bp 1847 To 1868 in Figure 6.7. It has a potential free energy of '24.4 kCal/mol

(Tinoco et a1.,7973). The UAA termination coclon is indicated by asterisks followed

by a spacer region of 65 bases.
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Table 6.1 Codon usage within hlyB

UUU-Phe
UUC-Phe
UUA-I-eu
UUG-I-eu

6
6
4
9

1

8
8
3
t4

UAU-Tyr
UAC-Tyr
UAA-ochre
UAG-amber

2
3
t
0

5
2
3
9

AUU-Ile
AUC-Ile
AUA-Ile
AUG-Met

GUU-Val
GUC-Val
GUA-Val
GUG-Val

CUU-Læu
CUC-Leu
CUA-I-eu
CUG-I-eu

UCU-Ser
UCC-Ser
UCA-Ser
UCG-Ser

18
L6
2
2T

4
13
7
t3

L2
t3
t4
30

CAU-His
CAC-His
CAA-Gln
CAG-Gln

AAU-Asn
AAC-Asn
Áüq\A-Lys
AAG-Lys

GAU-Asp
GAC-Asp
GAA-Glu
GAG-Glu

13
19
18
1

2L
4
31,
t4

CCU-Pro
CCC-Pro
CCA-Pro
CCG-Pro

UGU-Cls
UGC-C¡/s
UGA-opal
UGG-T¡p

CGU-Arg
CGC-Arg
CGA-Arg
CGG-Arg

AGU-Ser
AGC-Ser
AGA-Arg
AGG-Arg

GGU-Gly
GGC-Gly
GGA-Gly
GGG-Gly

2
0
0
1

73
1

8
2

9
8
2
1,

1

3
1

2

1

L7
8
4
18

8
5
12
7

3
0
2
2

I

ACU-Thr
ACC-Thr
ACA-Thr
ACG-Thr

GCU-Ala
GCC-Ala
GCA-Ala
GCG-Ala
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Table 6.2 Comparison gf þlyB gene codon usage with the codon usage
amongst sequenced V.cholerae genes

Codon d hlyB d V.cholerae Codon øn hIyB d V.cholerae

UUU-Phe
UUC-Phe

UUA-I-eu
UUG-I-eu
CUU-Iæu
CUC-Leu
CUA-I-eu
CUG-I-eu

AUU-I1e
AUC-Ile
AUA-Ile

8.7
L9.6
77.4
17.4
6.5
30.4

50.0
50.0

67.r
32.9

25.3
19.5
13.0
9.6
1.t.7
20.9

97.3
2.7

30.8
17.2
17.6
34.4

13.2
8.7
22.9
t2.9
26.0
76.3

23.8
1,1.4
31.5
33.3

26.7
28.5
22.2
23.2

47.0
30.0
12.7
10.3

17.4
18.8
20.3
43.5

40.0
60.0

7r.4
28.6

77.5
22.5

40.6
39.4

94.7
5.3

84.0
16.0

68.9
31.1

27.8
18.8
25.6
27.8

56.9
43.r

70.5
29.5

69.r
30.9

52.0
41.0

74.7
25.3

76.8
23.2

64.5
35.5

67.5
32.5

100.0

GCU.Ala
GCC-Ata
GCA-AIa
GCG-AIa

UAU-Tyr
UAC-Tyr

CAU-His
CAC-His

CAA-Gln
CAG-Gln

AAU-Asn
AAC-Asn

A,A,{-Lys
AAG-Lys

GAU-Asp
GAC-Asp

GAA-Glu
GAG-Glu

UGU-Cys
UGC-Cys

UGG-Trp

CGU-Arg
CGC-Arg
CGA-Arg
CGG-Arg
AGA-Arg
AGG-Arg

100.0
0.0

100.0

35.1
29.7
21.6
5.4
5.4
2.8

50.0
44.4
5.6

26.8
19.5
9.8
43.9

1,6.3
70.2
24.5
14.3
18.4
1,6.3

42.8
0.0
28.6
28.6

8.3
I
9

4
35
15

AUG-Met 100.0
GUG-Met 0.0

GUU-Val
GUC-Val
GUA-Val
GUG-Val

UCU-Ser
UCC-Ser
UCA-Ser
UCG-Ser
AGU-Ser
AGC-Ser

CCU-Pro
CCC-Pro
CCA-Pro
CCG-Pro

ACU-Thr
ACC-Thr
ACA-Thr
ACG-Thr

GGU-Gly
GGC-Gly
GGA-Gly
GGG-Gly

10.9
35.1
18.9
35.1

64.7
77.6
5.9
11.8

UAA-ochre 100.0
UAG-amber 0.0
UGA-opal 0.0

38.2
21.3
1.5.2

5.1
15.7
4.5

28.6
35.7
35.1



103

6.2.4 Analysis of the HlyB protein

6.2.4.1 The signal sequence

The extreme N-terminus of the predicted aa sequence of HlyB was

analysed. There are two positively charged Lys residues at postions 5 and 9. These are

followed by a stretch of 8 residues representing the hydrophobic core. The predicted

cleavage site is after AJa* This site conforms well to the (-3, -1) rule of von Heijne

(1984), with an Ala residue in both positions. Furthermore, this cleavage would place

the Pro, residue in the +2 position, a configuration that is not uncommon. The

absence of a helix-breaking residue (Pro or Gly) in the hydrophobic core of the leader

peptide has previously been seen with the OmpV and DNase signal sequences (Pohlner

et a1.,1986; Focareta and Manning, 1987).

6.2.4.2 The mature HlyB protein

A hydropathy plot according to Kyte and Doolittle (1982) of the aa

sequence (Figure 6.10) reveals that the HlyB protein contains several interesting

features. A region within the N-terminal portion from aa 23 to 52, and a stretch from

position 198 to 220 show marked hydrophobicity which is indicative of membrane

associated domains, as the uninterrupted hydrophobic stretch permits insertion into the

lipid bilayer. These two regions and a third somewhat less hydrophobic domain (aa363

to 382) are associated with continuous p-sheet structures as predicted by a Chou and

Fasman (1978) analysis (Figure 6.11). This sort of folding is indicative of potential

membrane associated domains forming a transmembrane channel, which in turn could

be lined with the other major B-sheet regions (aa 238 to 267 and 474 to 501) which

contain a number of hydrophilic residues. There are three large regions (aa 90 to 142,

164 to 195 and 517 to 548) which consist predominantly of hydrophilic residues. These

regions and the lesser hydrophilic region, aa 304 to 339, are all extended regions of a-

helix.



Figure 6.10 Hydropathic nature of HlyB

The amino acid sequence of the precursor form of the HlyB protein was anaþed

according to Kyte and Doolittle (1982) using a window of nine amino acids and

averugingeach group of three residues.
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Figure 6.11 Predicted secondary structure of HlyB.

The amino acid sequence of the HlyB protein was subjected to analysis using the

algorithm of Chou and Fasman (1978). The various regions are represented as

follows:

a-helix: f,

B-sheet: V

B-turn , A

random coil : .-

The position of the Cysteine residues are indicated by arrow heads.
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6.2.4.3 Localization of HlyB

The presence of a potential signal sequence at the N-terminus and of

numerous hydropathic domains suggest that HlyB is an outer membrane protein. In an

attempt to localize HlyB, E.coIí minicells harbouring pPM431 were fractionated and

the membranes extracted with Sarkosyl. HlyB was clearly membrane associated and

sarkosyl insoluble suggesting an outer membrane location (Figure 6.72).

6.2.5 Confrrmation of the location of hlyB by analysis of hlyB::TnT72íinsertions

As mentioned previously, Manning et aI. (I98\ estimated the size of

HlyB to be 71, kDa. In contrast, the size predicted from the nucleotide sequence is

significantly smaller at only 60.3 kDa. In order to account for this large discrepancy in

size, a number of transposon insertion mutants producing truncated HlyB proteins

were analysed.

Transposon insertion plasmids pPM698, pPM657, pPM610, pPM685,

pPM642 and the parent plasmid pPM431 were digested with EcoRI (Figure 6.13).

These transposon insertion plasmids were also analyzed in E.coli minicells (Figure

6.14) in an attempt to correlate the size of the truncated HlyB proteins with the point

of Tn1725 insertion. Flowever, the error in estimating the EcoRI fragments on an

agarose gel was too large and so the sites of insertion of Tnl725 in each of the plasmids

was precisely mapped by double-stranded sequencing using oligodeorynucleotide

primers that bind prior to the inverted repeats at the ends of Tn1725 (Figures 6.8 and

6.15). Plasmids pPM698 and pPM657 have the transposon located 268 and 1089 bp

from the EcoRI site, respectively, and do not show any indication of a truncated protein

product in E.coli minicells. Minicell analysis demonstrates that plasmid pPM610

produces a truncated peptide of 41..3 kDa, and the transposon is inserted 1395 bases

from the EcoRI site, whereas plasmid pPM685 which results in a truncated product of

46.3 kDa has the transposon inserted 1559 bases from the EcoRI site. In both cases the

size of the protein detected is consistent with the point of insertion within the sequence

allowing for cleavage of the predicted signal sequence. However, the site of insertion

in plasmid pPM642, which does not affect the size of the HlyB protein, maps at



Figure 6.12 Localization of HlyB.

E.coti minicells harbouring pPM431 were purified on sucrose gradients and labelled

with l3ss]-methionine. The minicells were then sphaeroplasted and sonicated and the

membranes separated from the periplasm and cytoplasm by ultracentrifugation

(Achtman et al., 1979). The membranes were then extracted with Sarkosyl. The

HlyA and HlyB proteins are indicated.
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Figure 6.13 Restriction analysis ofTú725 insertion plasmids.

The plasmids were digested with EcoRI in an attempt to map where the transposon

had inserted. The band in each track indicated by an arrow is the EcoRI fragment

that represents the distance from before the hlyB gene to the inverted repeat within

the transposon. SPP1 phage DNA digested with EcoRI was used as a standard and

the size of the fragments generated in kb are shown on the right.
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Figure 6.14 Plasmid encoded proteins in E.coli minicells.

Minicells harboring the various plasmids were purified on sucrose gradients, labelled

wittr ¡3sS1-methionine, solubilized in sample buffer and subjected to SDS-PAGE

followed by autoradiography of the dried gel. The HlyA, HlyB, L8.3 kDa and

chloramphenicol acetyltransferase (Cat) proteins are shown. The truncated HlyB

proteins in pPM610 and pPM685 are indicated by arrows. Plasmid pPM642 encodes

a HlyB protein indistinguishable from the wild-type.
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Figure 6.15 Determination of Tn1725 insertion points by double stranded

sequencing.

A synthetic oligodeorynucleotide that binds to the end of transposon Tnl725 was

used to sequence plasmid DNA of the various transposon insertion mutants" The

first base within the cloned 2.9 kb EcoRI - Pstlfragment beyond the end ofTnl725 is

indicated by the arrows.
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position 1825, only 45 bp after the translational stop codon. Clearly the size difference

between the protein products of pPM685 and pPM642 of 24.7 kDa could not be

encoded by the 219 bp between the point of insertion in pPM685 and the translational

stop codon. Thus, within the C-terminal end of HlyB there must be an unusual aa

sequence or composition which is responsible fot the abnormal movement of the

protein through a polyacrylamide gel system. A possible explanation is that this region

is very atypical in its distribution of charged aa's: there are 14 negatively charged aa's

compared to 4 positively charged. This C-terminal region also has a relatively low pI

(4.8) when compared to the remainder of the protein (5.9).

Upon insertion of a transposon, a small sequence within the target DNA

is repeated on each end of the transposon. Sequence analysis of the hlyB::Tn1725

insertions with oligodeorynucleotide primers that read out of both ends of the

transposon reveals a 5 bp target sequence.

6.2.6 Analysis of the 3' hlyB region

Another ORF exists after the HlyB coding region beginning at nt 2048

with a UAG termination codon at nt 2560 (Figure 6.7). This ORF codes for L71 aa's,

which, when translated would give rise to a 18.3 kDa protein. The function of this

protein, and any possible role it plays in the synthesis or export of the V.cholerae

haemolysin is unknown. However, based on both hydropathy plots and predicted

secondary structure of the aa sequence, it would be expected to be a cytoplasmic

membrane protein. The gene is preceeded by a sequence (AGAGGU) that displays

excellent homology to the known Shine-Dalgarno sequence. However, the 17 nt

spacing from the initiation codon is very atypical (Gold et a1.,1981; Kozak, 1983), and it

seems unlikely that this region acts as a translation initiation point. However, good

promoter consensus sequences with a 19 bp spacing are seen prior to the AUG start

codon.
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6.3 Summary and Conclusions - ',

The genetic organization of the ltly locus of. V. cholerae is summarized in
7.1

Figure 6C4. It is clear that hlyA encodes the structural gene for the haemolysin, and

that hlyB is encoded in a separate transcriptional unit and its product has an accessory

function in haemolysin production.

,The data presented here support the notion that the hlyB gene product

aids in the excretion of the V.cholerae haemolysin, as mutants in this gene have been

shown to lead to intracellular accumulation of active haemolysin. When O17

hlyB::I(mR cells were fractionated during various stages of growth, and analysed for

haemolytic activity, it couid be seen that the haemolysin was being trapped within the

O17 hlyB::KmR cells until they approached stationary phase at which stage it was

released presumably due to cell lysis. Coupled with the data that O17 cells produced

active haemolysin in the supernatant during all phases of growth, this indicates that the

hIyB::l{mR mutation was inhibiting the excretion of the haemolysin during active

growth of the V.cholerae cells. In this way the hlyB genes of both V.cholerae and E.colí

and the shlB gene of S. marcescens seem to have similar roles in the release of the

respective bacterial haemolysins. These proteins are all distinct and we know that the

export genes for the E. coli haemolysin cannot functionally replace those of V cholerae

(T. Focareta and P.A. Manning, unpublished data). Comparison of the haemolysin

determinants of these species does not reveal any significant homology at either the

DNA or protein sequence levels. Thus, the export of the V. cholerae El Tor haemolysin

seems unique. 
!

'. Analysis of a Kyte and Doolittle (1982) hydropathy plot and a Chou and

Fasman (1978) predicted structure of the HlyB'protein makes it tempting to speculate

that the HlyB protein in some way forms a pore through which the haemolysin can be

exported. Ttre hIyB gene product possesses a characteristic signal sequence seen on

secreted proteins which indicates that it may be localized in the outer membrane.



Figure 6.16 Genetic organízation of the 2.9 kb EcoRI - PstI fragment.

The upper line shows the restriction pattern of the EcoRI - PstI fragment which

encodes lílyB and the gene for the 18.3 kDa protein. The lower part of the figure

shows the location of the coding regions of these genes. The sites at which Tn1725 is

inserted in the various derivatives of pPM43L are shown.
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CHAPTER 7

DISCUSSION

7.1 Introduction

V.cholerae of the 0L serotype are subdivided into two biotypes, Classical

and El Tor (Feeley, L965; Sen, 1969), both of which are capable of causing human

cholera. These biotypes differ in several characteristics, with the El Tor strains

originally being identified as haemolytic, whereas Classical strains were not. However,

further differences such as resistance to polymyxin B and Mukerjee's group IV

bacteriophages have subsequently been identified (Monsur et a1.,1965).

V.cholerae, like other Vibrionaceae, excrete a plethora of extracellular

proteins including cholera toxin (Finkelstein, L969), proteases (Schneider et a|.,1981),

haemagglutinins (Hanne and Finkelstein, l9B2), neuraminidase (Vimr et aI., 1988),

DNases (Focareta and Manning, 1987; Tsan, 1978) and haemolysins (Manning et al.,

1984; Richardson et aI., 1986). All of these proteins are potentially important for either

colonization or the pathogenic effects of the organism. The studies undertaken here

have involved characterization of the /r/y locus determining production of the El Tor

haemolysin of V.cltolerae l-l-L, and the role of this protein in the pathogenesis of this

organism.

7.2 The /rlylocus in V.choleraeOl

The structural gene for the El Tor haemolysin, hlyA, and the surrounding

genes were cloned from V.clnlerae strain O17 into E.colí K-12 to generate plasmid

pPM431 (Manning et al., 1984). The plasmids pPM431 (Manning et al., 1984) or

pPM2005 (Section 3.2.5) were used as radiolabelled probes in Southern hybridization
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analysis for the presence of homologous DNA in a variety of O1 and non-O7 V.cholerae

strains. These results confirm previous observations (Brown and Manning, 1985) that

non-haemotytic strains belonging to both biotypes of Vcholerae 01 still contain DNA

homologous to that which encodes the haemolysin from strain OL7. This implies that

the genes are present but not expressed in these strains. In order to explain why the hly

locus is retained in non-haemolytic Classical strains, a series of experiments were

carried out using strain 5698 as an example. Strain 5698 was shown not to be defective

in its ability to excrete HlyA into the extracellular medium as the introduction of

pPM2005 (hIyA+ only) results in the haemolysin being efficiently transported to.the

extracellular medium. After introduction of plasmid pPM2001 into 5698, and

permitting a non-reciprocal recombination event to occur between pPM2001 and the

5698 chromosome, plasmid pPM2002 was isolated. The PslI - EcoRI DNA fragment

that carries the hlyA gene was recloned into pBP.322 to generate pPM20l2. This

plasmid displayed an identical restriction pattern to that seen by Goldberg and Murphy

(1985) who independently cloned the hlyA genes fromV.cholerae strains RV79 (El Tor,

Hly*) and 5698 (Classical, Hly-) (Goldberg and Murphy, 1984, 1985). They

demonstrated by restriction enz¡urr'e analysis with Saa3A and TaqI tbat the 5698 hlyA

gene carried a small deletion, rendering it non-haemol¡ic. This implies that pPIldZ}IZ

harboured the same defect seen in 5698. Subsequent analysis of pPM2002 in E.coli

minicells revealed not only the expected absence of the 80 kDa HlyA protein but also

the presence of a 27 kDa truncated peptide, designated HlyA*. The HlyA* protein is

conserved probably because it functions as an enterotoxin (Section 7.5).

Nucleotide sequence determination of the 6,442 bp PstI fragment

harbouring the hly locns from V.cholerae OIJ revealed the presence of 3 ORFs which

have the potential to encode proteins of size 82.0 kDa, 60.3 kDa and L8.3 kDa (Figure

7.1). The 82.0 kDa HlyA protein is the haemolysin proper and its properties are

discussed below (Section 7.3), whereas the 60.3 kDa HlyB protein effects release of

HlyA during mid-exponential growth (Section 7.4). The 18.3 kDa protein probably

corresponds to the HlyC product described by Manning et al. (1984). The function of

HlyC and whether or not it plays any role in the production, regulation or export of



Figure 7.1 The å/y locus.

The upper line shows the restriction endonuclease pattern of the PsrI fragment which

encodes the hly locus. The position of the ORF's encoding HlyA, HlyB and the L8.3

kDa protein are shown for the El Tor strain O17. The position of HlyA* in Classical

strain 5698 is also indicated. The solid regions in HlyA" HlyA* and HlyB represent

the N-terminal signal sequences.
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HlyA is unknown. The 18.3 kDa protein is relatively hydrophobic, does not possess a

characteristic signal sequence and would therefore likely to be in the cytoplasmic

membrane. The initial suggestion that the å/y locus exists as an operon can now be

refuted as powerful Rho-independent transcriptional terminators exist after both the

hlyA and hlyB genes. Thus, the effects seen by Manning et al. (1984) with Tn1725

insertions are possibly due to alterations in the copy number of the plasmid rather than

polarity caused byTn1725 as previously suggested.

The hlyA and hlyB genes are preceeded by typical promoter-like regions

based on their homology with the known consensus sequences for E.coli promoters

(Rosenberg and Court, t979; Hawley and McClure, 1983), however, in both cases the

spacing between the -10 and -35 regions is not optimal and a -43 region is lacking

suggesting that these promoters are not highly expressed or are subject to some form of

regulation (Gentz and Bujard, 1985). Both genes possess regions just prior to the AUG

start codons that exhibit excellent homology with the Shine-Dalgarno sequence (Shine

and Dalgano,1974).

Analysis of the 5' pre-coding region of hIyA reveals an extremely AT-rich

region. The GC ratio of this 1140 bp region is only 36Vo which is significantly less than

the average of 47-49%o for V.cholerae. This region was analysed for repeated

sequences. Prior to the start of the cholera toxin operon (cnAB) are multiple tandem

repeats (TTTTGAT) which are recog4ised by the DNA-binding protein, ToxR (Miller

et al., 1987). The binding of ToxR to these sequences results in the activation of

transcription. Copies of this sequence are not found 5' to hIyA, implying that hlyA is

not regulated by ToxR in a similar manner. But, not all ToxR regulated genes contain

copies of this repeat sequence in their control regions. Peterson et al. (1988) has

demonstrated that this sequence is not present prior to the start of the Tcp operon, yet

the expression of this pilus is regulated by ToxR. However, three copies of the

sequence TATTTTA are present upstream of the initiation codon for hlyA, as well as

five copies of TAúA,AfTA. The role of these sequences are unknown but it is tempting

to speculate that they may serve a similar function to the ToxR binding site in the

ctxAB system and act as a binding site for a positive regulatory factor. A gene that
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regulates haemolysin production in V.cholerae has been mapped in the vicinity of toxR

(von Mechow et a1.,1985). This gene has been designated hlyR and is widely separated

from the å/y locus on the chromosome. However, the differentiation of hlyR fuom toxR

rêsts on a single recombinant colony from a conjugation experiment (von Mechow e/

al., 1985). One possiblity is that hlyR actually represents toxS, the second component of

the forR,S system (Miller et a1.,1989).

Iron regulated proteins of E.colí often possess areas of dyad symmetry in

their promoter regions. The product of the fzr locus acts here to result as a negative

regulator of transcription (Hantke, 1982). Poole and Braun (1988) demonstrated that

haemolytic activity of S.marcescens could be dramatically increased by restricting the

amount of iron present in the growth medium. These workers also described a possible

Fur-binding site 5' to the S.marcesceres haemolysin operon (shlAB) (Calderwood and

Mekalanos, 1987; Poole and Braun, 1988). The haemolytic activity of V.cholerae Ol7 is

also markedly increased under iron-starved conditions. However, if a Fur-like protein

is involved in the regulation of the haemolysin, it clearly must be different from that of

E.coli since the activity of DH1[pPM431] does not increase under iron stress. Analysis

of the 5' precoding region reveals a sequence that displays homology to the consensus

"Fur-binding" site (Figre 7.2). The possibility that this region somehow regulates

expression of ltlyA under conditions of low-iron could help explain the role of a

haemolysin in pathogenesis, by facilitating the release of essential iron from

erythrocytes. However, the Fur-binding sites are usually present in the

promoter/operator region of the regulated genes. The site 5' to hlyA is 480 bp

upstream of the AUG start codon. Therefore, either the regulation system is different

to that described for E.colì and S.marcescens or the real hlyA promoter is present there.

Site-directed or deletion mutagenesis to change or remove the potential "Fur" binding

site, and its resultant effect on haemolysin expression under iron starved condidtions

could provide an indication of its importance. There are good potential promoter

sequences present in this region that incorporate the "Fur" binding site and mRNA

primer extension analysis using an oligodeoxynucleotide that binds to the N-terminal

region of hþA has localized the transcriptional initiation point between nt72l and 750



Figure 7.2 Potential "Fur-binding" site 5' to hlyA.

A possible "Fur-binding" site in the å/y locus of V.cholera¿ is shown. The nt sequence

of the Fur-binding consensus sequence in E.coli (Calderwood and Mekalanos, 1987)

and the region upstream of the s/l/ haemolysin determinant in S.marcescens (Poole

and Braun, 1988) have been reported previously. Solid lines indicate the identical

matches with the consensus sequence.
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(Figure 4.2) (S. Williams, personal communication). Analysis of this region reveals a

potential -10 region AAGTAT between nt 706 and 71.1. The putative -35 region

between nt 682 and 687 reads TAGAAA. However, the potential "Fur" binding site is

still 100 bases upstream. Closely linked to this potential promoter are five closely

related hexamers (ATTTTAC). Furthermore, three of these hexamers are in tandem

directly 5' to the predicted -35 region. These tandem repeats may function as binding

sites for the transcriptional regulatory element, HlyR, in the same way that ToxR

functions for the ctxAB operon.

Nucleotide sequence analysis of the Classical 5698 hlyA revealed an 11

bp deletion which accounts for the slight difference in restriction pattern in this region

seen by Goldberg and Murphy (1985). This change results in a truncated hlyA product

of 27 kDa as predicted from the size of HlyA* which was detected in E.coli minicells.

Using a 19 nt synthetic oligodeorynucleotide probe that spans this deleted region, a

wide range of Vibrio strains were analysed. The probe reacted with all El Tor strains,

regardless of their haemolytic phenotype, whereas all Classical strains failed to do so.

This indicates that the genetic basis for the non-haemol¡ic phenotype seen among

Classical strains and El Tor strains is different, and that the 19 nt oligodeoxynucleotide

is an effective probe to distinguish the two biotypes of.V.cholerae O'1.. Other commonly

used methods are less reliable and often difficult to interpret. Thus, the reason why

some El Tor isolates display a non-haemolytic phenotype remains unknown. Recently,

Rader and Murphy (1988) determined the sequence of the hlyA genes from El Tor

strains RV79 (Hly*) and RV79 (HlV ) and found the coding regions to be identical.

However, these workers have only sequenced from the BsTEII site (position926; Figure

4.2) to the EcoRI site. With the knowledge that the region upstream of this BsTEII site

harbours the hlyA promoter as well as the AT-rich region including the tandem repeats,

suggests that this may be the area of difference. Alternatively, another regulatory

protein or element may be responsible for the difference between Hly+ and Hly- El Tor

strains.
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73 The HIyA protein

T}le hlyA ORF codes for the 82.0 kDa HlyA protein which is produced

with an N-terminal hydrophobic stretch corresponding to a signal sequence. Such N-

te¡minal extensions a;re a common feature among excreted proteins, and are thought to

initiate the transport of the protein across the cytoplasmic membrane barrier. The

HlyA signal sequence conforms well to the rules defined by von Heijne (1984, 1985). It

has 2 positively charged residues (Lys, and Arg) within the N-terminal 6 aa followed

by a hydrophobic core and a good cleavage site after Aurr. This cleavage site was

determined by amino acid sequencing of the N-terminus of the mature 80 kDa protein,

It places Pro, at position -5 which is optimal for a helix-breaking residue. The

truncated HlyA* peptide produced in Classical V.cholerae strains also still possesses the

signal sequence necessary to initiate its transport out of the cytosol.

During purification of the 65 kDa extracellular form of HlyA from

culture supernatants of V.clnlerae, Yamamoto et al. (1986) identified a number of

smaller, immínoreactive peptides which were suggested to be proteolytically derived

epitopes of HlyA. The HlyA protein is extremely unstable and the effects of

ammonium sulphate precipitation have been discussed in Chapter 3. Western blot

analysis indicated that the 80 kDa form of HlyA was being degraded while trapped in

the E.coli periplasm, where the concentration of HlyA molecules is higher than in the

extracellular medium. These data are consistent with the HlyA protein being

autoproteol¡ic, however, it would appear that any protease activity that is associated

with HlyA must be relatively specific, since there is no detectable hydrolysis when

DH1[pPM431] is grown on casein agar. Furthermore, no change in protease activity

could be seen with strains O17 and V760.

Truncated HlyA proteins which are produced in normal amounts but

have lost less than L0 kDa from the C-terminus as a result of Tn1725 insertion into the

gene are haemolytically inactive (Manning et al., 7984). In addition, the haemolysin

purified by Yamamoto et aI. (1986) has lost approximately 15 kDa but still retains its

haemolytic activity whereas HlyA* detected in Classical strains is non-haemolytic.

These data imply that the active site of the haemolysin resides in the C-terminal
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domain and that the 65 kDa form of HlyA is the result of cleavage at the N-terminus

(Figure 7.3). Apossible cleavage site representing the junction between the 15 kDa N-

terminal region (a) and the 65 kDa C-terminal region (b) may be near residue Ægrur.

This directly follows a region that includes the most hydrophobic domain of the

protein. Yamamoto et al. (1986) assayed haemol¡ic activity during purificatión of the

65 kDa form of HlyA. Although haemolytic activity could be detected in the periplasm

of E.coli DH1[pPM431], proteolytic cleavage to the 65 kDa form also occurred. Hence,

because of the ready degradation of the 80 kDa protein into smaller fragments, it has

been difficult to determine whether the 80 kDa form of HlyA is haemolytically active.

One possibility is that the N-terminal domain (region a : 15 kDa; Figure 7.3) needs to

be cleaved off to activate the protein. One method attempted to determine the relative

activities of the two forms was to separate them on a polyacrylamide gel under non-

denaturing conditions and then overlay the gel onto blood agar. The proteins would

diffuse from the gel and if active, form zones of haemolysis on the blood agar. The

difficulties encountered while attempting this were that no SDS could be used

anywhere in the gel system as this caused lysis of the erythrocytes. Even extensive

washing could not remove all traces of the detergent. Additionally, the isoelectric

points of the 65 kDa and 80 kDa forms are similar and under non-denaturing

conditions would migrate too closely to be able to detect distinct zones of haemolysis

on the blood agar. If the cleavage of the 80 kDa protein could be prevented by site-

directed mutagenesis of the potential cleavage sites or by using protease inhibitors,

then it may be possible to determine whether both the 80 kDa and 65 kDa forms are

active.

Clsteine residues are known to be involved in tertiary structure of

proteins, and often hold the protein in a conformational state such that an active site is

formed. The haemolysins of Streptococcus pneumoniae (pneumolysin; Walker et al.,

1987), Streptococcus pyogenes (streptolysin O; Kehoe et dl., 1987), Clostridium

perfringens (perfringolysin; Tweten, 1988) and Lísteria monocytogenes (listeriolysin; '

Mengaud et al., 1987) all contain a unique Cys residue in a region of conserved aa

homology. Although this residue was considered essential, the precise role that it



Figure 7.3 The HlyA Protein.

Comparison of the hlyA locls from Vcltolerae strains O17 (El Tor, haemolytic) and

5698 (Classical, non-haemol¡ic). The position of the hIyA gene with respect to the

surrounding restriction nuclease cleavage sites is shown. The HlyA protein is

produced as a precursor with a N-terminal signal peptide (solid region) and upon

release from the cell, a further fragment is cleaved (a: crosshatched) to produce the b

(dotted) fragment. The Classical strain 5698 has an 11 bp deletion leading to early

termination of translation and a truncated protein, HlyA*. It is not known whether

the cleavage occurs after 'a'in HlyA*. The position of the cysteine residues (C) are

also ind';ated.
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played in activity was unclear. Oligonucleotide mediated site directed mutagenesis was

used to alter the unique Qs residue to Ser, Gly or Ala (pneumolysin) and Ser or Ala

(SLO) (Saunders et al., 1989; Pinkney et al., 1989). The modified toxins were

indistinguishable from the wild-types in terms of haemolytic activity, lytic and inhibitory

effects on human polymorphonuclear leukocytes and binding and insertion into the

erythrocyte membranes (Saunders et aI., L989). In addition, the modified SLO mutants

showed only slightly reduced activity levels (Pinkney et al., 1989). Furthermore, it has

been demonstrated that the IgA protease of. N.gononhoeae does not require its two Cls

residues for activity (Halter et al., 1989). These results indicate that the widely held

assumption that the ín vitro activtty of these proteins requires the "essential" Cys

residues is not true. However, in contrast, Cys residues are critical for both structure

and activity of the E.coli enterotoxin ST (Garièpy et a1.,7987). Mature HlyA has 7 Cys

residues after Cls, is removed with the signal sequence. There are three pairs of

residues (Cysrrr/Cysrooi Clsoru/Clsrro; Cysrru/CVs5as) that are close to each other and

may be involved in the tertiary structure of HlyAu whereas Cys:*o is relatively isolated

and may be associated with activity. However, the construction of specific mutants that

alter the Cls residues is necessary to determine whether any of them are critical in the

cytotoxic or cytolytic activities of HlyA.

7.4 Export of HlyA

HlyA remains localized in the periplasm when expressed tn E.coli K-12,

but is primarily extracellular inV.cholerae. The inability therefore of E.coli to excrete

the haemolysin beyond the periplasm may be due to the absence of additional

determinants concerned with release. However, excretion can be mimicked by

introducing the cloned genes into E.coli K-IZ tol mutants which leak periplasmic

proteins due to changes in their outer membranes (Bernstein et a1.,1972; Anderson ¿/

al., L979).

T\e hlyB gene exists in a separate transcriptional unit and encodes a ó0.3

kDa protein. By constructing a hlyB mutation in V.cholerae, it was demonstrated that

this protein is involved in the release of HlyA during the mid-exponential phase of
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growth. When cells of the mutant were fractionated during various stages of growth,

and analysed for haemolytic activity, it could be seen that the haemolysin was being

trapped within the cells until they approached stationary phase when it was released

presumably due to cell lysis. This contrasts with the wild-type cells which produced

active haemolysin in the culture supernatant during-all stages of growth, indicating that

the hlyB::KmR mutation was inhibiting the excretion of the haemolysin during active

growth of the V.cholerae cell. The HlyA protein, due to its intrinsic ability to initiate

transport across the cytoplasmic membrane via its signal sequence remains in the

periplasm in hIyB mutants of both E.coli and V.cholerde suggesting that the presence of

HlyB is irrelevant in E.colí. However, minicell analysis imply that HlyB is associated

with the outer membrane.

The HlyB protein possesses a N-terminal stretch of aa's that conform to

the rules of a signal sequence (von Heijne, 7984, 1985), with the predicted cleavage site

after the Nu' residue. This conforms with the (-3, -1) rule and places Prorn in the +2

position. However, N-terminal analysis of the mature protein needs to be performed to

confirm this. Analysis of a Kyte and Doolittle (1982) hydropathy plot and a Chou and

Fasman (1978) predicted structure of the HlyB protein makes it tempting to speculate

that the HlyB protein in some way forms a pore through which the haemolysin can be

exported. There aÍe a number of hydrophobic, p-pleated sheet regions that have the

ability to span the membrane. Furthermore, there is a C-terminal p-sheet domain

which is rich in negatively charged aa's. One possibility is that this region forms the

inner wall of the pore structure. This negatively charged domain is probably

responsible for the aberrent migration of HlyB in a polyacrylamide gel system.

V.cholerae produces a number of extracellular products of which HlyA is

only one example, that fail to be transported across the outer membrane barrier when

e4pressed in E.colí. This implies that V.clnlerae possesses a specific export system for

extracellular proteins that either has not been cloned or fails to function in E.coli. The

HlyA protein cannot excrete itself from the V.cholerae cell with any efficiency, as

extracellular haemolytic activity in a V.cholerae /r/yB::KmR mutant is only minimal until

the cells enter stationary phase when the cells are subject to autolysis. In contrast, the
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IgA protease of N.gononhoeae possesses the ability to initiate and complete excretion

to the extracellular environment. Extensive banks of V.cholera¿ chromosomal Tn5 and

TnphoA insertions using have been screened for the loss of a generalized transport

system based on their ability to excrete HlyA and DNase. However, such mutants have

not been detected. But, Tn5 and its derivatives- are known to "hot-spot" and this

phenomenon may be the reason why the desired mutations have not been isolated.

Alternatively such mutations are lethal to the bacterium due to the accumulation of

intracellular products. A further possibility is that V.clnlerae may possess individual

excretion systems for each of its extracellular determinants.

Both HlyA and the DNase are excreted via a two-step process, as

periplasmic intermediates are detected. In contrast, the c-haemolysin of E.coli is

excreted directly from the cytosol to the extracellular environment without a

periplasmic intermediate and without any N-terminal processing (Felmlee et al.,

1985a). The HlyB protein of E.coli does not possesses a signal sequence and associates

with the cytoplasmic membrane (Felmlee et a1.,1985b). Mutations in the E.coli hlyB

gene results in the cytoplasmic accumulation of haemolysin, and none is seen in the

periplasm (Gray et aI., 1986; Oropeza-Wekerle et al., 1989). Ttrc E.coli HlyB protein

possesses hydrophobic transmembranous domains which cross the inner membrane,

and are thought to form a pore through which the q-haemolysin can be exported.

Interestingly, the HlyB protein sequence displays homology to the identical halves of

the eukaryotic P-glycoprotein which crosses the lipid bilayer 12 times and acts to pump

toxins out of the cell (Kartner and Ling, 1989).

A possible model to explain haemolysin excretion inV.cholerae and when

the cloned genes are expressed in E.coli is as follows. The HlyA protein, via signal

sequence translocation crosses the c¡oplasmic membrane barrier to the periplasmic

space. It is here that HlyA comes into contact with the membrane associated HlyB

protein. HlyB possesses hydrophobic domains that are associated with p-pleated sheet

structures that may cross the outer membrane and form a specific pore. Figwe 7.4

illustrates the possible transmembrane organization of HlyB. The model maximizes

the hydrophobic amino acid interaction with the membrane. Whether HlyA needs to



Figure 7.4 Model of the transmembrane organization of the HlyB protein.

The HlyB protein is proposed to be synthesized with a N-terminal signal sequence

which gets cleaved and is localized in the outer membrane. Within the outer

membrane there are several transmembrane p-sheet domains which are proposed to

interact with the specific membrane environment to constitute a pore for release of

the HlyAprotein.
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be in a certain configuration that allows specific interaction with HþB is not known,

however, further defined mutations in both HlyA and HlyB will aid in the

understanding of this process. It would appear that HlyB can not function in E.coli and

that lipopolysaccharide mutants of V.cltolerae lacking the O-antigen side chains are

defective in haemolysin excretion (U. Stroeher,- personal communication). This

indicates that the HlyB protein may rely on a specific LPS interaction to function, an

interaction that would not occur in E.coli and could thus account for the periplasmic

location.

7.5 Role of HlyA in pathogenesis

It has been shown that a cytotoxin detected in V.clnlerae of both the 01

and non-O1, serogroups stimulates fluid secretion in the rabbit ileal loop assay, and that

this cytotoxin appears to be identical to the El Tor haemolysin (Madden et a1.,1984).

In order to ascertain whether the haemolysin was responsible for these activities as well

as being an alternative diarrhoeagenic factor in nontoxigenic vaccine strains, a

hlyA:.\(mR mutant was constructed. The site of this mutation was chosen specifically to

be the MluI site as a mutation here would not only prevent the HlyA protein being

made but also the HlyA* product seen in the Classical strain 5698 would be

inactivated. This enabled the following hypothesis to be tested; that the å/y locus has

been conserved in non-haemolytic Classical strains because the HlyA* protein has a

alternative function.

The studies untertaken here confirm that the El Tor haemolysin

possesses both cytotoxic and cytolytic properties. Several V.cholerae strains and their

hlyA::I{mR mutants were tested in the infant mouse model after the hlyA::I{rnR mutants

had been cured of the plasmid pPHlJI. This was performed as it has been shown that

the plasmid pPHIJI attenuated the strains in the infant mouse model. This may be due

to inhibition of expression of the Tcp pilus (R. Faast, personal communication) and

possibly other virulence determinants. Taylor et aI. (1987a) isolated a number of

tcpA::TnplrcA mutants still harbouring pPHlJI. Thus, the fact that they were less

virulent may be due to the presence of pPHlJI. This plasmid must be removed before
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any virulence assays can be performed. It was shown that the loss of the hlyA gene

product did not totally attenuate the strains, ostensibly due to the production of cholera

toxin. However, a significant effect on the virulence of the El Tor strain V760 was

observed. Both the number of animals dead after 48 h, and also the rate of death were

reduced in the mutant. Such a marked difference was not detected with the

hlpertoxigenic Classical strain 5698 and this was probably due to the large amounts of

cholera toxin as a result of the multiple copies of the ctxAB operon present. CT

presumably has a masking effect on any alteration that may have been caused by the

deletion of the HlyA* product. In order to eliminate the role of cholera toxin,

nontoxigenic strains were also mutated in a similar manner.

The candidate vaccine strain JBK70 has been shown to induce a good

immune response, significantly protect against challenge with wild type Inaba N16961

but cause mild diarrhoea in over 50Vo of recipients (I-evine et al., 1988). Kaper et al.

(1986) investigated the role of the El Tor haemolysin in the diarrhoeal response of

JBK70 by creating a small 400 bp deletion between two HpaI sites within the hlyA

gene. When this new recombinant strain, CVD104 was fed to volunteers, the same

residual diarrhoea was still observed. Removal of this HpaI fragment would only

decrease the HlyA* product by 3 kDa. It seems likely that this may not eliminate any

effects that HlyA* caused, unlike the mutation at the MluIsite which deletes 19 kDa of

the HlyA* product. This notion is supported by results obtained when these strains

were tested in rabbit ileal loops. After 5 h, neither Y759 nor V760 caused any fluid

accumulation whereas the parent strains had already caused fluid secretion into the

ligated ileum. When the rabbit was sacrificed after 12h,V759 (569BhlyA::KmR) and

V760 (OlThlyA::KmR) produced a comparable amount of fluid to their parent strains.

The nontoxigenic strain JBK70, devoid of the major diarrhoeagenic factor, cholera

toxin, still produced the slight diarrhoea seen by Iævine et al. (1988). In contrast to

their hlyA deletion mutant, the JBK70 hlyA::KmR mutant described here (V736) caused

no fluid accumulation at all in the ileal loop. These results seem to imply that early in

V.cholerae infections the HlyA* product causes some diarrhoea, and this is masked

later by the onset of the diarrhoea produced by cholera toxin. When the ability to
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produce both cholera toxin and this 27 kDa HlyA* product is removed, no fluid

secretion into the ligated ileum was observed.

It is tempting to speculate that the 15 kDa cleavage product that is

derived from the N-terminal end of the mature HlyA protein contains the cytotoxic

determinant. Thus, CVD104 still has the potential to produce this cytotoxic

determinant, whereas V736 does not. Furthermore, Yamamoto et al. (1986) purified

the haemolytically active extracellular product and estimated its size to be 65 kDa. On

the basis of the observations made here and other emerging data, it seems likely that

the El Tor haemolysin has dual functions, which are encoded by two distinct domains

within the one protein. The N-terminal domain represents the cytotoxin or the residual

diarrhoeagenic factor present in cholera toxin deleted strains. The larger C-terminal

domain possesses the haemolytic activity. It is also interesting to speculate that these

two domains are released as separate components following autoproteolysis.

To date, a general problem encountered with all immunogenic live

attenuated V.cholerae vaccine candidates is the production of mild diarrhoea in a

significant proportion of volunteers, making the vaccines unacceptable as a public

health measure against cholera. The observations reported here suggest that HlyA* is

expressed in Classical strains and of course its activity is also contained within HlyA in

El Tor strains. This activity leads to early fluid accumulation in rabbit ileal loops but is

masked later by the effects of cholera toxin, especially in hypertoxigenic strains such as

5698. It can be also readily envisaged that elimination of such an early effect by the

introduction of a hlyA mutation could account for the time shift in the death curves of

infected infant mice. Both the ability of JBK70 to produce HlyA and the mild fluid

accumulation seen in rabbit ileal loops, are eliminated with the introduction of the

ltlyA::Y:rf mutation. The results seen with strain 5698 and its mutant, V759 indicate a

cytotoncfenterotoxic role for HlyA*. Therefore, HlyA* may be at least in part

responsible for the residual toxicity and diarrhoea observed in the candidate vaccine

strains constructed to date. Thus, the removal of the entire hlyA region may help in

creating an attenuated V.cholerae vaccine strain that has the ability to stimulate high
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levels of antitoxic antibodies, confer protection to rechallenge and yet not cause any

significant adverse reactions.

7.6 Concluding Remarks

There are many documented examples of excreted bacterial proteins.

However, little information is available on the mechanism of export from the cell or

the sequences which are recognised within the protein during this process. Both the

DNase and haemolysin of Vcholerae are excreted via two-step mechanisms, as

periplasmic intermediates can be detected. By virtue of its signal sequence, the HlyA

protein of V.cholerae possesses the ability to cross the inner membrane of. E.coli- When

rhe hlyA gene is expressed alone in E.coli, the active HlyA protein accumulates in the

periplasmic space. This fact, coupled with the knowledge that the HlyB protein

possesses a putative signal sequence and has been localized to the outer membrane of

E.coli minicells, suggests that HlyB may form a channel composed of a series of B-sheet

domains, through which HlyA can efficiently pass to the extracellular medium from the

periplasmic space. Tlhe hlyB::KmR mutants constructed in this study show a reduced

efficiency to export HlyA to the culture medium in the exponential phase of growth.

Furthermore, O-Antigen mutants of V.cholerae possess a similar inefficiency (U.

Stroeher, personal communication). It is tempting to speculate that HlyB requires

some form of interaction with the lipopolysaccharide (LPS) to construct this

transmembranous channel, an interaction that would not be possible in E.coli K-12.

The interaction between HlyB and LPS and its effect on haemolysin transport is a

critical step in the understanding of protein export in V.cholerae. Site-directed

mutagenesis is necessary to help define the active sites within HlyA and to elucidate

the interactions between HlyA::HlyB and HlyB::LPS. This will entail analysis of:

(1) The importance of the Cys residues, not only in activity, but also in determining the

conformation of HlyA so that it is able to be exported.

(2) The presence of specific topogenic sequences present in HlyA that may act as

"recognition signals" for HlyB to initiate transport.
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(3) The hydrophobic regions of HlyB and assessing whether the introduction of

hydrophilic residues within the proposed transmembrane regions will affect pore

formation, and

(a) HlyB itself, to determine whether it can function as a pore in the absence of HlyA

A number of cytotoxins which also display cytolytic activity on

erythrocytes have been documented. The experiments reported here suggest that the

El Tor haemolysin (HlyA) has both cytotoxic (enterotoxic) and cytolytic activity. The

C-terminal domain of HlyA possesses the cytolytic activit¡ whereas the N-terminal

region also present in HlyA*, the truncated derivative produced by ClassicalV.cholerae

OL strains contains the enterotoxic activity. These studies have significant implications

in terms of cholera vaccine development. None of the attenuated strains constructed in

other laboratories have eliminated the ability to produce HlyA* and all retained some

diarrhoeagenic capacity. Inactivation of the ltlyA coding region by inserting a KmR

resistance cartridge in a Tox- strain resulted in no fluid accumulation in a rabbit ileal

loop assay and a lack of the cytotoxic effect seen in HEp-2 cells. This suggests that a

strain deleted for both the cholera toxin and haemolysin genes should be evaluated in

human volunteers as a potential cholera vaccine.

The dual activities possessed by HlyA imply that there must be two

discrete receptor recognition domains; one in the haemolysin (cytolytic C-terminus)

and the other within HlyA* (cytotoxic N-terminus). This raises several questions:

(1) Are the receptors the same or are the two activities directed at different cell

types?

(2) Is the proteolytic degradation observed in purification attempts an inbuilt

mechanism to separate these two activities into distinct peptides, and is HlyA

autoproteolytic?

(3) What are the modes of action of the two domains?

These unanswered questions provide a diversity of directions for further

research on the ft/y locus of V.cholerae O1.
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APPENDIX

Material contained in this thesis has been published or submitted for publication in the

following papers:

AJm, R.À, Stroeher, U.H., and Manning, P.A. (1988) Extracellular proteins of Wbrio

cholerae: nucleotide sequence of the structural gene (hlyA) for the

haemolysin of the haemolytic El Tor strain O17 and characterization of

the hlyA mutation in the non-haemolytic classical strain 5698. Molec

Microbiol2z 481-488.

AIm, R.4., and Manning, P.A. (1990) Characterizafion of the hlyB gene and its role in

the production of the El Tor haemolysin of Vibrio cholerae OL. Molec.

Microbiol. in press.

AIm, R.4., and Manning, P.A. (1990) A biotype-specific probe for Vibrio cholerae Ol.

I. Clín. Mícrobiol. in press.

Alm, R.4., Mayrhofer, G., Kotlarski, I., and Manning, P.A. The amino terminal

domain of the El Tor haemolysin of Vibrio cholerae is expressed in

Classical strains and is cytotoxic. Vaccine submitted for publication.

In addition, some of the material has been accepted for a patent in association with

F.H. Faulding and Co. Ltd.:

AIm, R.4., and Manning, P.A. (1989) Cholera vaccines.
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