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ABSTRACT

V.choterae 01 produces a number of extracellular enzymes, several of which have

been implicated in the virulence of the organism. These include the

haemolysin(s), neuraminidase, cholera lectin (or soluble haemagglutinin) and

cholera toxin. V.cholerae also secretes an extracellular deoxyribonuclease

(DNase), but its role in the pathogenesis of the organism has not been

determined. The gene encoding the extracellular DNase ol V.cholerae has been

cloned and expressed in E.coli K-12. This study has sought to characterize the

DNase at the DNA level and determine the role it may play in the virulence and

general physiology of V.cholerae. The DNase has also been used as a model for

the extracellular secretion of proteins in Gram-negative bacteria.

The extracellular DNase of V.cholerae has been cloned by cosmid packaging

and the gene localized to a 1 .25kb DNA fragment. The gene product can not be

visualized directly by Coomassie blue staining and has been detected indirectly

via a DNA-hydrolysis assay after SDS-PAGE electrophoresis. The region of

DNase activity migrates at a Mr24,000. The protein retains enzymatic activity in

SDS, indicating that it is not readily denatured, but is inactivated with the addition

of B-mercaptoethanol, implying disulphide bridging in this prote¡n.

The normally extracellular DNase in V.cholerae, is localized in the periplasmic

space when expressed in E.coli. This suggests that E.coli either lacks the

necessary secretion machinery, or that it does not recognize the secretion signals

on this protein. The DNase gene has been sequenced, and codes for a protein of

Mr26,400. The ORF has a typical N-terminal signal sequence, and cleavage of

this signal peptide results in a mature protein ol Mr24,2OO. The presence of a

signal sequence on this protein is consistent w¡th other exported proteins, and

although it is sufficient to export the DNase from the cytoplasm to the periplasm in

E.coli, additional factors are required for its secretion into the extracellular

environment.

Site-specific mutagenesis of the DNase gene (DNase-1) in the V.cholerae

chromosome, has led to the identification of a second unrelated DNase (DNase2).



lnactivation of this second DNase (cloned by Newland et al., 1985), has resulted in

a totally DNase negative phenotype of V.cholerae El Tor. While inactivation of

these Dnases does not appear to attenuale V.cholerae as demonstrated with the

infant mouse model of infection, these strains are now able to be transformed with

plasmid DNA.

The construction of gene fusions with a series of carboxy-terminal deletions of

the DNase to B-lactamase, have demonstrated that the DNase cannot supply the

necessary export signals for their extracellular secretion, although these proteins

are exported to the periplasm. The nature of the export signals have not been

determined and may not simply require a primary sequence but also involve a

specific conformation of the protein.



ACKNOWLEDGEMENTS

I would like to thank Dr. Paul Manning for his supervision and especially his

enthusiasm.

My thanks and appreciation also go to the members of the Lab. with whom I

have had many helpful discussions. Thanks also to Chris and Kerri for their

time and effort. A final thank you to my sister Magda for typing this thesis and

to Deborah for her suPPot't.

I am also indebted to Dr. Connor Thomas for his computer expertise



This thesis contains no material which has been accepted for the award of

any other degree or diploma in any University and to the best of my knowledge

and belief, this thesis contains no material previously published or written by

another person, except where due reference is made in the text of the thesis.

The author consents to the thesis being made available for photocopying and

loan, if applicable and if accepted for the award of the degree.



Abbreviations

A adenine

aa amino acid

Ab antibody

ATP adenosine 5'{riphosPhate

BHI brain heart infusion

bp base pair

BSA bovine serum albumin

CAT chloramphenicol acetyltransferase

C cytosine

cha chicken erythrocyte haemagglutinin

Cm chloramphenicol

cpm counts per minute

CT cholera toxin

DNA deoxyribonucleic acid

DNase deoxyribonuclease

dNTP deoxyribonucleoside triphosphate

ddNTP dideoxyribonucleoside triphosphate

DDT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EM electron microscope

EMS ethyl methanesulphonate

Et Br ethidium bromide

G guanine

Gm 1 Galatosyl-N-acetyl-galactosaminyl-Sialosyl-Lactosyl ceramide

Gm gentamycin

HA haemagglutinin

Hly haemolysin

lg immunoglobulin



lM inner membrane

I PTG isopropyl-Ã-O+niogalactopyranoside

kb kilobase pairs

kDa kilodalton

Km kanamycin

Lb Luria broth

LPS lipopolysaccharide

LT heat labile toxin

MFRHA mannose-fucose resistant haemagglutinin

mRNA messenger ribonucleic acid

NA nutrient agar

NAG non-agglutinable

NB nutrient broth

nt nucleotide

NTG nitrosoguanidine

OD optical density

ORF open reading frame

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PEG polyethylene glycol-6000

pmx polymyxin

R resistant

RBC red blood cell

RF replicative form

Rif rifampicin

RNA ribonucleic acid

RNAP RNA Polymerase

rpm revolutions per minute

S sensitive

SD Shine-Dalgarno

SDS sodium dodecyl sulphate

SEM scanning electron microscope

SHA soluble haemagglutinin



Sm streptomycin

s/s single stranded

T thymine

Tc tetracycline

TEM ED N, N, N', N'-tetramethyl-ethylene-diamine

Tn transposon

Tris Tris (hydroxymethyl) aminomethane

6 temperature sensitive

U uracil

UV ultraviolet

v/v volume per volume

w/v weight per volume

X-gal N,N'-dimethyl formamide
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CHAPTER 1

INTRODUCTION

1-1Vibrío cholerae

Vibrio cholerae of the 01 serotype is the causative agent of cholera, a severe

diarrhoeal disease found only in man. The genus Vibrio belongs to the family

Vibrionaceae; which also includes the genera Aeromonas, Plesiomonas,

photobacterium and Lucibacterium (Shewan and Veron, 1975). Vibrios are

Gram-negative, motile rods and have a distinctive curued morphology with a

single polar flagellum. V. cholerae is a facultative aerobe which grows well in

media that are usually too alkaline (pH9.0 to pH9.6) for the growth of other

bacteria. However, the organism is unusually sensitive to acid, and normal

stomach acid is vibriocidal (Giannellaet a|.,1973).

1.1 .1 Biotype differentiation

Vibrios which are agglutinated by a cholera polyvalent O antiserum belong to the

O-1 serotypic subgroup, the serotype as defined by Gardner and Venkatraman

(1gg5). Within the 01 serotype are two biotypes, classical and El Tor (Feeley,

1965), both of which are capable of causing human cholera. The classical biotype

has been responsible for all the major epidemics, until the onset of the seventh

panademic, when El Tor V. cholerae were found to be the causative agent (Kamal,

1974). These two biotypes were initially differentiated by the ability of El Tor

strains to produce a soluble haemolysin. However, since the early discovery of El

Tor strains, considerable variation has been seen in their haemolytic nature, and a
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number of other differentiating characteristics are now used. El Tor strains are

resistant to the antibiotic polymyxin B, and can agglutinate chicken erythrocytes

when grown on solid media, whereas classical strains cannot. (Barua and

Mukherjee, 1963; Gan and Tiia, 1963). The most reliable test has been the

sensitivity of classicalV. choterae to the group lV phages of Mukerjee , to which El

Tor vibrios are resistant (Mukeriee and Roy, 1961; Monsur et a|.,1965).

1 .1 .2 Serotype differentiation

V. choterae strains of either bioÇpe can be further divided into three serotypes;

lnaba, Ogawa and Hikojima, which are defined on the basis of possessing specific

antigens (A,B and C) that are associated with the O-antigen of the

lipopolysaccharide (Burrows et a1.,1946). The two major subclasses of O-antigen

are termed Ogawa and lnaba. Strains of the Ogawa serotype have the antigens A

and B and a small amount of C, whereas those of the lnaba serotype have the A

and C antigens (Burrows et al., 1946; Redmond et al., 1973; Sakazaki and

Tamura, 1971). The third less common and apparently unstable serotype,

Hikojima, expresses high levels of all three antigenic factors A,B and C (Burrows

et al., 1946; Redmond et al., 1973; Sakazaki and Tamura, 1971). lt has been

suggested that Hikojima strains may represent segregating diploids (Bhaskaran,

1g71), or alternatively, that these strains could represent subclasses undergoing

seroconversion as such serotype changes have been detected (Gangarosa et al.,

1967; Sack and Miller, 1969). Bacteriophage CP-T1 has been implicated in these

Serotype changes by means of a lysogenic conversion (Ogg et al., 1978, 1979)'

but failure to detect any CP-T1 DNA in reported V. cholerae lysogens (Ogg et al.,

1979), does not support this conclusion (Guidolin and Manning, 1985).

1.1.3 History of Cholera

Cholera has been endemic in India for centuries, and from time to time has

caused devastating epidemics in other parts of the world. Since 1817 seven
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worldwide pandemics have occurred. The latest pandemic spread in the 1960's

from tndonesia to the far East, lndia, the Middle East, Africa, and later to some

parts of Europe (Cvjentanovic and Barua, 1972). ln this pandemic the causative

organism was identified as V. cholerae El Tor, and importantly, this was the first

time that this biotype was shown to be responsible for a pandemic. The El Tor

biotype was named after the quarantine station at which it was first isolated

(Gotschlich, 1905 - cited by Pollitzer, 1959), and differed from the classical biotype

which had been responsible for the six pandemics of this period, in that it was

thought to lack the capac¡ty to cause cholera in man. The El Tor vibrios were

originally thought not to be true V. cholerae, and therefore were given the names

V.paracholerae or V.eltor. The seventh pandemic which is still in progress, saw

the ElTor biotype replacing the classicalvibrios, and it was at this time the disease

caused by the El Tor strains was defined as true cholera (Kamal, 1974).

Biochemical studies conducted by Hugh (1965), demonstrated that both vibrios

were nearly identical, leading to the acceptance of the biotype designation. lt is

now apparent that organisms of either biotype are capable of causing cholera in

its severest form. ln 1982 diarrhoea due to the classical biotype reappeared in

epidemic form in Bangladesh (Samadi et a|.,1983).

Cholera has been a significant disease throughout the world in recent history,

and this has resulted in an intensive research effort over the last twenÇ years.

Major advances have been made in our understanding and treatment of the

infective process, with a concerted push now being made towards the

development of an effective vaccine against this disease.

1.1.4 Pathogenesis

Naturally acquired cholera has been described only in humans, and usually

involves the ingestion of these organisms in contaminated drinking water or food

(typically seafood). ln a non-immune individual, there are a number of non-

specific defence mechanisms. Gastric acid constitutes quite an effective barrier to

infection, as has been demonstrated in a number of volunteer studies, where the

minimum effective dose required to elicit choleraic diarrhoea by oral administration
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can be reduced significantly, provided that sodium bicarbonate is given

concommitantly to neutralise stomach acidity (Cash et al., 1974a,b; Nalin et al-,

1g7B). V. cholerae organisms that successfully pass through this gastric acid

barrier must also overcome small intestine peristalsis and a mucous layer coating

the small intestine, which work together to prevent colonization.

Colonization of the small intestine by V. cholerae is an essential first step ¡n the

infectious process (Finkelstein, 1984). This process is multifactorial and involves

motility (Guentzel and Berry, 1975i Yancey et al., 1978), chemotaxis (Freter and

O'Brien, 1981), protease production (Schneider and Parker, 1978),

haemagglutinins (Finkelstein and Hanne, 1982), cholera enterotoxin (Pierce et al.,

lgBS) and a number of other extracellular and surface-associated factors

(Manning, 1987). Adhesion to the intestinal epithelium facilitates the effective

delivery of the toxin(s) to its síte of action leading to the second phase of the

disease process: the effect of the toxin(s) upon the host.

1-1-5 Adhesion

Vibrio cholerae 01 organisms must first penetrate the mucous layer of the small

intestine to reach the enterocytes to which they attach. A potent mucinase is

thought to assist the entrance into the mucous blanket covering the mucosa

(Schneider and Parker, 1982). Motility is also regarded as a factor contributing to

virulence, in terms of promoting adherence (Attridge and Rowley, 1983; Guentzel

and Berry, 1gZ5; Yancey et al., 1978), facilitating penetration of the intestinal

mucous blanket (Jones et al., 1976). The locomotion of these bacteria is believed

to be guided by chemotactic stimuli (Freter and O'Brien, 1981).

Although motility, chemotaxis and extracellular enzyme production are

propert¡es that enhance colonization by V.cholerae, the molecular components

actually involved in adherence by these organisms to the intestinal mucous have

been the source of considerable speculation. Among the surface antigens that

have been implicated as being involved in adhesion are lipopolysaccharide (LPS)

(Chitnis et a1.,1982), flagellar sheath protein and other flagellar antigens (Attridge

and Rowley, 1983a, 1983b) major outer membrane proteins (Kabir, 1983; Kabir
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and Showkat, 1983) and various haemagglutinins (Bhattachariee and Srivastava,

1978; Hanne and Finkelstein, 1982; Jones et a1.,1976; Jones and Freter, 1976).

The haemagglutinins have received the most attention, because analagous

studies with enterotoxigenic strains of Escherichía coli have shown that

haemagglutination assays can serve as screening tests to establish the presence

of adhesins that attach to receptors on small intestinal mucosa (Burrows et al.,

1976; Jones and Rutter, 1974; Moon et al., 1979).

A variety of haemagglutinins produced by vibrios have been described, and

studied as possible mediators of attachment (Bhattacharjee and Srivastava, 1978;

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

and Freter, 1976). Hanne and Finkelstein (1982) have characterized the

haemagglutinating patterns exhibited by classical and El Tor strains of V.

cholerae. Four distinct haemagglutinins (HAs) have been described by these

workers, of which three are cell-associated in V. cholerae 01. One is sensitive to

L-fucose and resistant to D-mannose and requires Ca2* for HA activity, and is

found in classical strains (Hanne and Finkelstein, 1982; Holmgren et al., 1983).

The second type is resistant to L-fucose and sensitive to D-mannose and requires

no Caz* for HA activity, and is distributed among El Tor biotype strains

(Bhattacharjee and Srivastava , 1978; Hanne and Finkelstein, 1982). The third type

is resistant to both L-fucose and D-mannose, and is detected in both classical and

El Tor strains in liquid cultures by using chicken erythrocytes (Booth and

Finkelstein, 1986; Hanne and Finkelstein, 1982). The fourth HA can be detected in

cell-free supernatants and has been termed "cholera lectin" or soluble

haemagglutinin (SHA). More recently, ¡t has been referred to as the

SHA/protease due to its proteolytic activ¡ty (Booth et al., 1984; Finkelstein et al.,

1984), and is found in both classical and ElTor strains.

Although the role of haemagglutinins as mediators of attachment to host

epithelíal cell surface receptors has been postulated in many reports

ldnattacharjee and Srivastava, 1978; Finkelstein and Hanne, 1982; Jones and

Freter, 1976), the detection of structures such as fimbriae, correlating with these

haemagglutinins, has been the source of considerable debate over the years.

Evidence of fimbriae in V. choterae was presented as early as 1968 fl-weedy and

Park, 1968), but this isolated report could not be confirmed by subsequent
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investigations (Nelson et al-, 1976; Nelson et al., 1977). This lead to the belief that

adherence was the result of a more direct interaction(s) between the surface coat

of the vibrios and the tips of the microvilli of the host intestinal epithelial cells. lt

was not until as recently as 1986 that there was definitive evidence of fimbrial

production in V. choterae. Ehara and coworkers (1986), detected peritrichously

distributed fimbriae 5-7nm diameter on pathogenic El Tor isolates. Contradictory

to this, Booth and Finkelstein (1986) could not detect fimbriae on vibrios, but this

may reflect the importance of the appropriate growth conditions required for

fimbriae production (Ehara et al., 1986; Taylor et al., 1987a). lmpoftantly, a

correlation between the colonization properties of V. cholerae and the presence of

fimbriae could be shown. Pathogenic strains produced fimbriae and were able to

colonize rabbits in vivo, while non-pathogenic strains unable to produce fimbriae

did not colonize (Ehara et al., 1986). Subsequently, Taylor and coworkers

(1g87a) isolated mutants oÍ V. cholerae with a decreased capacity for intestinal

colonization of suckling mice, by means of transposon TnphoA (Manoil and

Beckwith, 1985) mutagenesis of the y. cholerae chromosome. The TnphoA

mutants resulted in the loss of a 20.5kDa protein, the major subunit of a V.

cholerae fimbrial structure. This colonization factor was designated TcpA Soxin

co-regulated pilus) as it was shown to be co-ordinately regulated with cholera

toxin ffaylor ef al., 1987a: Peterson et al., 1988). V. cholerae cells expressing

these pili were able to haemagglutinate mouse erythrocytes, and although the

nature of the host receptors recognized by the pilus are unknown,

haemagglutination was detected in the presence of L-fucose, a sugar that inhibits

most of the haemagglutination mediated by V. cholerae strain 0395. This propefty

was lost in tcpA::TnphoA mutants (l-aylor et al., 1987a). A defect in intestinal

colonization concommitant with the loss of fimbriae in tcpA mutants has been

observed, and it has been proposed that this pilus is an important colonization

factor of V. choterae 01 in man fl-aylor et al., 1987a; Herrington et al., 1987; Shaw

et al.,1gg7). Finally, cholera toxin itself has been suggested to contribute to the

mucosal adherence of V. cholerae (Pierce et al., 1985), however, this notion has

been disputed (Finn et al., 1987).
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1.1.6 Enterotoxin Production

As V. cholerae organisms successfully associate with the mucosa of the proximal

small intestine, they elaborate cholera enterotoxin. In contrast to the events

leading to colonization, the effects of cholera enterotoxin are well understood.

The protein itself is one of the best understood with respect to structure, function

and biological activity (for reviews see Holmgren, 1981; Van Heynigan, 1977).

Cholera toxin was first purified and characterized by Finkelstein and Lospalluto

(1970), and this enabled the role of the toxin in pathogenesis of the disease to be

studied (Finkelstein, 1972; Pierce et al., 1971; Carpenter et al., 1974). Cholera

toxin is ãMr84,OOO protein, composed of one A subunit (M]7,OOO) and five B

subunits (M, 11,600). The A subunit , although synthesized as a single

polypeptide chain, is usually proteolytically nicked to form two disulphide-linked

polypeptides, A, (Mt22,OO0) and A2 (M,5,000) (Gill, 1976; Mekalanos ef a/.,

197ga). Each B subunit has a high binding affinity for its cell surface receptor ,

ganglioside-GM1. The A1 polypeptide is an enzyme and promotes the activation

of adenylate cyclase in target cells by catalyzing the ADP-ribosylation of a GTP-

binding regulatory component of the cyclase complex (Gill et al., 1976). The

resulting accumulation of cyclic AMP in the intestinal mucosa leads to the severe

fluid loss, characteristic of cholera. The secreted fluid is low in protein and rich in

electrolytes, including Na*, K*, Cl-, and HCO'' lt is this Severe dehydration via

fluid loss which if not treated promptly , can result in death.

The capacity to produce cholera toxin or a cholera-like enterotoxin is not limited

to V. cholerae 01. Enterotoxins which are both biologically and immunologically

similar to cholera toxin have been isolated from a number of non-01 V. cholerae

(Yamamoto et al., 1983a, 1983b; Craig et al., 1981), and non-cholera vibrios

(Kaper et al., 1981; Zinnaka and Carpenter, Jr.,1972). The heat-labile (LT)

enterotoxin of E coli also belongs to this family of adenylate cyclase activating

enzymes, and DNA Sequence analysis has shown the LT genes to be 78o/o

homologous to the cholera toxin genes (Mekalanos et a1.,1983). However, the LT

operon eltA,B appears to be exclusively located on plasmids (Dallas et al., 1979;

Finkelstein, 1973), while the cholera toxin operon is located on the bacterial

chromosome (Pearson and Mekalanos, 1982; Mekalanos et a|.,1983).
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1.2 Vaccines

An initial clinical episode of cholera provides potent, long-lived protective

immunity, and is the means of natural immunity acquired in endemic regions

(Black et a1.,1981; Cash etal., 1974). This immuniÇto re-infection can also be

demonstrated experimentally in animals (Cray et a1.,1983; Tokunaga et al-, 1984).

The ability to obtain such potent and lasting immunity, has resulted in a worldwide

effort to obtain a suitable and effective vaccine.

The approaches taken towards vaccine development can be essentially divided

into two categories:

(i) Killed whole cells and/or toxoids with the method of delivery of these

antigens being either parenteral or oral.

(ii) Live oral cholera vaccines; i.e. either attenuated V. cholerae or

heterologous organisms that express cholera antigens'

1.2-1 l(led vaccines

Antibacterial and antitoxic immunity both play roles in protection against cholera,

but there has been much debate on which is more ¡mportant (Holmgren and

Svennerholm, 1977; Levine et al., 1983a; Majumdar et al., 1981). Killed vaccines

can therefore be discussed in terms of killed whole cell vaccines and toxoids

aimed at st¡mulating antibacterial and antitoxic immunity, respect¡vely'

1.2-1.1Toxoids

Stimulation of antitoxic immunity aimed at preventing cholera, has been largely

carried out by the use of purified cholera toxin which has been inactivated in vitro-

Treatment of purified cholera toxin with formaldehyde results in a toxoid that

exhibits very little toxic activity, and when administered parenterally, stimulates

antitoxic antibodies (Northrup and Chisari,1972). Unfortunately the toxoid reverts

to partial toxicity making it unacceptable for use (Northrup and Chisari, 1972).



9

While cholera toxin is highly immunogenic, nearly all of the ant¡bod¡es are directed

against the B subunit (Peterson et a1.,1979; Svennerholm, 1980; Holmgren,1981).

Svennerholm et al., (1982a) used a B-subunit vaccine to stimulate antitoxic

immunity. The major advantages to this, were its complete safety since it cannot

revert to a biologically active form as with toxoids, and that it retained its capacity

to adhere to toxin receptors on enterocytes. However, animal studies have

shown the B subunit to be less potent than the complete toxoid in stimulating an

antitoxin response (Pierce et al., 1982). lt is therefore likely that toxoid or B

subunit vaccines would need to be used in conjunction with killed whole cells to

stimulate both antibacterial and antitoxic antibodies for an efficient protective

effect. Oral immunization also appears to be the more attractive route as it

provides a longer lasting intestinal antibody response than parenteral

administration (Cash et al., 1974; Finkelstein,1984).

1.2.1.2 ldled whole cells

Killed whole V. cholerae vaccines have been used as parenteral vaccines since

the turn of the century and are still commercially available. They have been shown

to stimulate high titres of serum vibriocidal antibodies (Feeley and Gangarosa,

lgBO), and do confer some protection against the homologous V. cholerae

serotype (Feeley and Gangarosa,1980), albeit for a short time. Killed vibrios have

also been used as oral vaccines. Killed whole cells administered orally stimulate

the appearance of antivibrio antibody (Freter, 1972), and challenge of vaccinees

given killed whole cells orally has shown some protection (Cash et a|.,1974).

1 .2.1 .3 Combination vaccines

With the understanding that cholera stimulates the production of both

antibacterial and antitoxic antibodies in the intestine, emphasis has been given to

combining both elements in an oral vaccine to provoke an immune response

against cholera toxin as well as the organism itself (Svennerholm and

Holmgren,1976; Svennerholm et al., 1982a; Svennerholm et a|.,1984).

Vaccines consisting of killed whole V. cholerae organisms and the purified B
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subunit of cholera toxin have been extensively evaluated. A single dose

consisting of 2.5mg of the B subunit and 5x1010 k¡lled vibrios stimulated a local

secretory immunoglobulin A (slgA) antitoxin response and,in most, a slgA anti-

LpS response comparable to responses induced by cholera (Svennerholm et al.,

1gg4). Three doses, each comprising 5mg of B subunit and 2x1011 killed vibrios

or the killed vibrios alone, were stud¡ed for protective efficacy in North American

volunteers (Black et al., 1987). The combination oral vaccine provided 64"/"

protection against cholera and the oral killed V. cholerae vaccine gave 56%

protection. ln a field trial subsequently performed in Bangladesh, an area where

cholera is endemic, three doses of 1mg of B subunit and 1011 killed whole vibrios

were found to provide 62o/o etficacy, while the k¡lled-vibrio vaccine alone gave 53%

protection in the year after vaccination (Clemens et al., 1987). Results of studies

with oral toxoid/killed whole-cell vaccíne combinations demonstrate complete

safety. However, the protective efficacy is only moderate, and multiple doses are

required to induce the protection.

The molecular cloning and analysis of V. cholerae genes provides a means of

modifying them by site-directed mutagenesis and the re-introduction of these

modified genes back into V. cholerae. Taylor et al., (1988b) have constructed

several V.cholerae strains which are deleted encoding the gene for the A subunit

of cholera toxin (CT), but catry a mutation which significantly increases the

expression of the TCP pilus and the B subunit of CT. These two components

have been estimated to represent up to 2Oo/o of the total bacterial cell protein in

these strains. Killed cells which have produced increased amounts of B subunit

and have a large number of pili on their surface, could greatly improve the

protective efficacy of killed whole-cell cholera vaccines and such strains are

currently being evaluated.

Although the major attraction of a non living cholera vaccine is its safety,

parenterally or orally adminístered, killed whole cell and toxoid vaccines have

been shown to be largely ineffective in producing long-lasting immunity, as they

appear to lack the ability to induce local immune responses (slgA) in the intestine

(Levine, 1980; Cash et al., 1974).
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1.2.2 Live vaccines

Since the natural disease cholera is capable of inducing prolonged immunity

(Cash et al., 1974; Levine et al., 1983b), the use of attenuated ,non-toxinogenic

mutants oÍ v. cholerae as live oral cholera vaccines has become increasingly

popular. The obseruation that live v. cholerae are more immunogenic than killed

vibrios when administered orally (Gash et al-, 1974; Levine et al', 1983a)' is

consistent with the view that live bacteria are especially efficient at delivering

protective antigens to responsive mucosal lymphoid tissue (Pierce et al', 1988)'

Live V. cholerae are readily translocated from the bowel lumen to submucosal

lymphoid tissue by epithelial M cells that overlie Peyer's patches. This, however, is

not the case with killed V. cholerae, where the uptake of killed vibrios by M cells is

not detected (owen et al., 1986). Long-term protection against the disease is

therefore probably mediated by intestinal secretory lgA antibodies and directed

against a variety of bacterial antigens (Fubara and Freter,1973)'

Non-toxinogenic V.cholerae 01 strains from environmental sources have been

isolated and evaluated as potential live oral vaccine candidates (Cash et al-, 1974;

Levine et al.,1gg2). These strains failed to colonize or did so minimally, and failed

to provide protection in experimental challenge studies (cash et al., 1974; Levine

et al.,1gg2). The first laboratory attenuated v. choterae strain was a chemically

mutagenized El Tor Ogawa (Honda and Finkelstein, 1979)' This strain'

designated Texas star-sR, was able to produce the immunogenic B subunit while

failing to produce detectable A subunit or the holotoxin. This strain was tested in

human volunteers, and although significant protection was afforded against re-

infection, 24o/o ofthe volunteers experienced a mild diarrhoea (Levine et al-,1984).

The Texas Star strain therefore suffered a significant drawback in that it still gave

rise to unacceptable side-effects. The method of attenuation, nitrosoguanidine

mutagenesis, induces multiple mutations which may have remained unidentified in

this strain. lmportantly, the nature of the mutation in the A subunit was not

identified, and the possibility of reversion to a biologically active toxin was also a

consideration. Although such a strain was clearly not acceptable, its use in trials

(Levine et al.,1gg3b) did support the concept of using attenuated live oral strains

to mimic infection derived immunity to cholera'
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The need to construct attenuated V. cholerae strains without the possibility of

reversion to virulence, has led to the application of genetic engineering to

overcome these problems.The molecular cloning of the cholera toxin genes, has

allowed specific deletions in the toxin genes to be introduced into certain

pathogenic strains oÍ V. cholerae (Kaper et al., 1984a; Kaper et al-, 1984b;

Mekalanos et a1.,1983). These strains have been fed to volunteers, and although

the volunteers are highly protected to subsequent challenge, a mild diarrhoea is

induced by the immunization (Kaper et al., 1985). The precise reason for this

reactogenicity is unknown, but may be related to the heavy colonization of the

small intestine by these vibrios. Another possible factor is that these strains

produce another toxin(s), one of which is related to Shiga toxin (Madden et al.,

1984; O'Brien et a1.,1984).

The ability of live attenuated strains to colonize efficiently is an important factor

for immunizing efficacy (Owen et a\.,1986; Pierce et a\.,1988). Early studies have

emphasized the role of mucosal colonization for bacterial immunogenicity and

resistance to re-colonization as a defence against re-infection (Holmgren and

Svennerholm,1977). This protection to re-infection can be explained in two ways.

protection may be due to secretory antibodies preventing colonization by binding

to and blocking specific colonization factors on the organism. Therefore the best

colonizers produce these factors abundantly and are the most efficient at evoking

specific immune responses to these ant¡gens. Secondly, efficient mucosal

colonization could aid in the delivery of a number of antigens (not necessarily

colonization factors) to mucosal lymphoid tissue and therefore a more vigorous

immune response to these antigens.

It has been proposed that the act of colonization to the small intestine by

adherent vibrios, could itself be responsible for the mild diarrhoea seen in

attenuated V. cholerae vaccines (Pierce et al., 1988; Taylor et al-, 1988b). High

numbers of bacteria multiplying in the usually sterile ileal environment could

disrupt the local balance to induce a fluid outpouring. Therefore , with the process

of colonization being essential for a protective immune response, it may not be

possible to construct a non-reactive live attenuated oral V. cholerae vaccine.

However,there may be a combination of factors which contribute to the

reactogenicity of these strains, such as a haemolysin/cytotoxin or a Shiga-like
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toxin (Levine ef a/., 1988). lf this were the case, then the deletion of the genes for

such cytotoxins could result in an efficient and protective live oral vaccine without

the adverse side effects.

1 .2-2.1 Heterologous vaccines

Due to the problems of reactogenicity that are associated with attenuated live oral

V. cholerae vaccines, the potential for heterologous carrier strains carrying V.

cholerae protective antigens has also received attention in recent years. This

strategy, however, necessitates the identification of the important protective

antigens, with the components of the cell envelope involved in adhesion and

colonization being the main targets. Recombinant DNA technology and the recent

advances in our understanding of the genetics of V. cholerae has made such a

task feasible.

Of prime importance in such a strategy is the need for a well suited carrier host.

Attenuated Salmonellae seem well suited to this task (Stevenson and Manning,

1gB5; Germanier and Furer,1975). The major advantage of these strains is their

abil¡y to efficiently penetrate the gut lymphoid tissue (Peyer's patches), while

attenuated V. cholerae organisms are thought to only enter by the normal

sampling mechanism of the M cells (Owen et al., 1986). Therefore an improved

response could be expected from immunization with an attenuated Salmonella

with the added advantage of stimulating an immune response to the Salmonella

host.

The major problem confonted by using a heterologous organism for a carrier

strain, is the identification of the antigens in V. cholerae which are not only

immunogenic, but also protective. To date, a number of such antigens have been

defined, and these include LPS (Clements et al., 1982), cholera toxin (Curlin et al.,

1975; Svennerholm et al., 1982a) and the TCP pilus (l-aylor et a/., 1988b; Sharma

et al.,1g8B). The live oral typhoid vaccine, S. typhiTy2la (Germanier and Furer,

1g7b), has been used as a carrier for the y, cholerae LPS O-Antigen (Manning,

1987). The oral immunization of volunteers with such a strain has led to

encouraging levels of specific lgA in the gut (Manning,1987). The incorporation

of a number of antigens into an attenuated Salmonella carrier could further
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improve the protective capacity in such an oral immunization programme

1.3 Genetics of V. cholerae

The mechanism of disease of V. cholerae 01 has come under considerable study

over the years, with the resulting advance in our knowledge of the disease

process of this organism. The genetics of V. cholerae, however, has remained

less developed by comparison with other bacterial systems (e.g. E coli and S.

typhímurium). The past decade has seen a major advance in our understanding

of V. cholerae at the molecular level with the application of genetic techniques,

and the recognition of the contribution that these studies can make in determining

the virulence factors elicited by this organism.

1.3.1 Genetic MapPing

Conjugal gene transfer in V. cholerae is mediated by the naturally occurring

conjugative P plasmid or P factor (Bhaskaran, 1960). The V. cholerae conjugation

system resembles the F-mediated system of E. coli, except that recombination

frequencies are much lower, and non-selected markers are only poorly linked to

selected markers (Bhaskaran, 1960; Parker et al., 1979). Unlike F, P does not

appear to stably integrate into the bacterial chromosome to form Hfr donors

(Datta et al., 1973; Sublett and Romig, 1981 ; Wohlhieter et al., 1975). Parker and

co-workers (1979) constructed a relatively coherent linear chromosomal map of

the classical strain 162. However, this mapping procedure was inefficient

because transfer frequencies were so low, and the resulting map could not be

circularized because linkage was not detected between the his-1 and pro-2

markers that comprised its termini.

Johnson and Romig (1979) developed a transposon-facilitated recombination

fl-fr) system in V. cholerae that increased the efficiency of chromosomal gene

transfer. Their Tfr donor strains contained copies of the ampicillin resistance

transposon Tn7 inserted into both the P plasmid and the bacterial chromosome
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(Johnson and Romig, 1979; Sublett and Romig, 1981). The identical copies of the

transposon Tnl in the chromosome and the P factor, provided homology for P

factor integration. The improved donors initiated high-frequency transfer from

origins specified by the chromosomal Tnl insertion site (Johnson and Romig,

1g7g). By using classical Tfr donors the order of most of the genes on the

classical strain 162 map were confirmed, and significant linkage was detected

between the previously unlinked pro-2 and f¡rs-1 markers (Sublett and Romig,

1981). Using a modification of this Tfr system, Green et al., (1983) found the El

Tor biotype markers for haemolysin production (hly), chicken erythrocyte

haemagglutination (cha) and polymyxin B resistance (pmx) to be closely linked to

each other, and were located between lhe pyrA and hrs loci on the genetic map of

V. cholerae. They also found that the segment of the ElTor genetic map including

the loci pro-pyrA-leu-ura was inverted with respect to the map of the classical V.

cholerae strain 162, and that the three El Tor biotype markers (hly, cha and pmx)

were located in this region (Newland et a1.,1984). The resulting genetic map from

these and other studies, has shown that the classical and ElTor strains are similar

in most respects, with perhaps the inversion of the region containing the El Tor

biotype locus being the most significant.

1.3.2 Cholera toxin (CT)

CT is probably the best studied molecule produced by V. cholerae, in terms of its

structure and its biological function. The genes encoding this enterotoxin have

also come under considerable examination-

phenotypically non-toxinogenic mutants oÍ V. cholerae werc first isolated from

previously toxinogenic strains by the use of the mutagenic vibriophages VcAl and

ycActsl (Mekalanos et al., 1982). These mutants were shown to be deleted for

part or all of the toxin genes, by probing with DNA corresponding to the genes for

the heat-labile (LT) enterotoxin of E coli. l-f had previously been found to be very

closely related to GT in both its structure, antigenicity and mode of action

(Clements and Finkelstein, 1979; Gill et al., 1976). Furthermore, Southern blot

analysis utilizing probes from the LT genes, demonstrated that toxigenic strains of
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V. cholerae possessed DNA sequences homologous to the LT genes (Moseley

and Falkow, 1980). This sequence homology was made use of to clone the

enterotoxin genes from the classical V. cholerae strain 5698 (Pearson and

Mekalanos, 1982; Kaper and Levine, 1981). DNA sequence data of the cloned CT

and LT genes, revealed extensive homology between the heat-labile toxin genes

(eltA9) of E. cotiand the cholera toxin genes (ctxAB). Both the A and B cistrons

showed approximately 75o/o DNA homology, and this was reflected at the amino

acid level with the A and B polypetides showing 78% and 80% homology,

respectively (Mekalanos et a/., 1983). These workers also showed the V. cholerae

CT genes were present as a single transcriptional unit, similar to that of the E. coli

LT genes, with the gene for the A subunit (ctxA) being transcribed first. The A

subunit is expressed as a single polypeptide which is subsequently proteolytically

nicked to give rise to the A1 and A2 subunits. The gene for the B subunit (cfxB)

has a more efficient ribosome binding site, giving rise to the one to five

stoichiometry of A to B subunits (Mekalanos et al., 1983; Dallas and Falkow,

1g7g). The genes for LT have been found to exist mainly on plasmids while those

of cholera toxin are chromosomally located (Dallas and Falkow, 1980; Spicer ef

ã1., 1981. Futhermore, although sequence data show a striking homology

between the LT and CT genes, this homology is immediately lost upstream of the

structural gene within the promoter regions (Mekalanos et al., 1983), and

suggests that these genes may have had a common origin but have evolved

separately to suit their hosts.

The structural genes which constitute the cholera toxin operon, cfxAB, have

been genetically mapped and shown to lie between the naland hrs genes on the

V. choterae El Tor chromosome (Sporecke ef al., 1984). The classical strains of V. 
.

cholerae have two widely separated copies of ctxAB, one of which maps at the

same position on the chromosome as in El Tor strains, while the location of the

second copy is at present unknown (Sporecke ef al., 1984; Mekalanos, 1983). V.

cholerae strains of the El Tor biotype were originally reported to contain only a

single copy of the cholera toxin operon (Moseley and Falkow, 1980; Kaper et al.,

1981). However, a number of El Tor strains have now been shown to contain

multiple copies of ctxAB arranged on large tandem repeats (Mekalanos, 1983).

The size of these repeats is variable, and has been shown to be due to a
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difference in the copy number of a smaller 2.7kb tandemly repeated sequence,

designated RS1 (Mekalanos, 1983). The RS1 sequence is located at the novel

joint of these duplications, as well as upstream and downstream of cilAB

(Mekalanos, 1983; Mekalanos, 1985). The cholera toxin operon therefore

appears to be located on a variable genetic e¡ement composed of a central core

region containing ctxAB,flanked by direct repeats of RS1.

This genetic element is capable of increasing its copy number within a strain,

and can be selectedÍor in vivo by infection with V. cholerae in animal models, and

thus has been implicated in the enhancement of its pathogenicity (Mekalanos,

1gB3). This gene amplification relies on recombination occurring within copies of

RS1 that flank the INAB genes, and has been shown to be dependent on the recA

gene product otV. choterae (Goldberg and Mekalanos, 1985a, 1985b).

The cloning of the ctxA? operon of V- cholerae into E. coli, resulted in a

significant decrease in toxin production when compared to V. cholerae (Pearson

and Mekalanos, 1982). While it was thought possible that ctxAB transcriptional

and translational signals were not recognized efficiently by the E. coli synthetic

machinery, an alternative explanation for this difference was that E. colilacked the

V. cholerae regulatory genes. Mutations at a locus called tox caused a sharp

decrease in toxin production in the classical strain 5698 (Baine et al., 1978. The

chromosomal locations of these fox mutations have been mapped and lie

between cys and fmf, while ctxAB lies between hrs and nal (Mekalanos et al.,

1g7g). These mutations were therefore clearly at a locus distinct from the CT

structural genes. Consistent with the idea of a positive regulatory protein(s) acting

to increase expression of the cfxAB operon, was a study of the promoter regions

from a varíety of ctxAB copies cloned from both El Tor and classical strains

(Mekalanos et al., 1983). The sequences of these promoters were found to be

identical, except for the number of tandem repetitions of the sequence TTTTGAT

located about 80 base paírs upstream of the staft of cfxA (Mekalanos et a1.,1983).

Miller and Mekalanos (1984) reported genetic evidence supporting a role for

these repeats in toxin expression in V. cholerae. These investigators cloned a

positive regutatory gene from V. cholerae that regulated synthesis of cholera toxin

at the transcriptional level, and termed it foxR (Miller and Mekalanos, 1984). The

toxp gene has subsequently been identified as coding for a 32,527 dalton protein
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and the nucleotide sequence pred¡cts a transmembrane structure, with the DNA

binding domains of the ToxR protein in the cytoplasmically located N-terminal

portion (Miller et a\.,1987). ToxR is thought to exeft its effect at the transcriptional

level by binding to the tandemly repeated copies of the 7bp sequence upstream of

the transcriptional start point (Miller et al., 1987). Genetic evidence has also

shown that the cloned foxR gene corresponds to the previously described fox

locus (Miller and Mekalanos, 1985).

Recent studies have identified a second regulatory gene called foxS, which

enhances the activity of foxR (Peterson et al., 1988). The foxS gene is in the same

transcriptional unit as foxR, and its properties are consistent with it encoding a

periplasmic protein. These authors have suggested a working model for the foxR

regulon, in which the membrane inserted ToxR must dimerize to b¡nd to the

specific repetitive DNA sequences that define its binding sites near the promoters

of the toxR-regulated genes. Environmental, physical or nutritional parameters

influence the periplasmically located ToxS. The ToxR,S system has now been

shown to regulate not only the cfx operon, but also a number of other virulence

factors and outer membrane proteins oÍ V. cholerae, in either a positive or

negative fashion fl-aylor et a1.,1987a; Peterson et a1.,1988; Miller and Mekalanos,

1988; Miller et al., 1989).

1.3.3 Or¡ter Membrane Proteins

The cell envelope oÍ V. cholerae is typical for Gram-negative bacteria in its

structure and composition. The outer membrane contains lipopolysaccharide

(LpS) and a small number of major outer membrane proteins (Kabir, 1980; Kelley

and Parker, 1981; Manning et al., 1982). A group of proteins with sizes in the

range of 43 to 47 kDa probably represent the major cell porins, with the 45 kDa

protein being the most abundant species (Kelley and Parker, 1981; Manning et al.,

1gB2). These porins are sígnificantly larger than those found in enteric bacteria

such as E. coti and S. typhimurium (DiRienzo et al., 1978). ln addition to these

proteins, there is an OmpA-like heat-modifiable 35 kDa protein (Alm ef a/., 1988)

and the OmpV protein oÍ 25 kDa (Stevenson et al., 1985), which probably
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represent the major structural proteins of the V. cholerae outer membrane.

The gene for the 25 kDa outer membrane protein oÍ V.cholerae has been

cloned, and termed ompV (Stevenson et al., 1985). Although the OmpV protein is

a major outer membrane protein inV. cholerae (Manning and Haynes, 1984), the

gene is poorly expressed in E. coli (Stevenson et al., 1985). This is in marked

contrast to the cloned 22 kDa dalton minor protein oÍ V.cholerae, which when

present tn E. cotiis expressed in large amounts (Manning et a1.,1985). A number

of possibilities exist for the low expression oÍ ompV, but analysis of the nucleotide

sequence of this gene points towards the role of a positive regulatory element

being required for proper gene expression (Pohlner et al., 1986a). Pohlner et al.,

(1986a), however, postulate that this positive regulator acts at the level of

translation of the ompV mRNA compared with ToxR which functions at the level of

transcription (Miller and Mekalanos, 1984). The initiation codon and ribosome

binding site of the ompV gene fall within a region capable of forming a stem-loop

structure in the RNA. This is thought to be responsible for the low level of

expression, by inhibiting the binding of the mRNA to the 163 ribosomal subunit. lt

has been proposed that a positive regulatory element is involved which is present

inV. cholerae but absent from E coli (Pohlner et al-,1986a).

The immunogenicity of OmpV has also been investigated. The derived amino

acid sequence of this protein has marked hydrophilic regions, several of which

have been shown to correspond to the antigenic determinants on either the native

or denatured forms of the protein (Pohlner et a1.,1986a, 1986b). OmpV is present

in all V. cholerae strains of both biotypes and serotypes (Manning and Haynes,

1gB4). The importance of OmpV in the virulence of V. cholerae is uncertain as a

transposon insertion in the ompV gene does not affect colonizing ability of the

organism or reduce its pathogenicity in the in vivo models tested (l-aylor et al.,

1e87b).
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1 .g.4 LiPoPolYsaccharide (lfs)

TheLPSolV.choleraehasasimilaroverallstructuretothatofotherGram-
negative organisms. lt consists of a lipid A region which is the hydrophobic

port¡on and forms part of the lipid bilayer of the outer membrane' the core

oligosaccharide, and the o-antigen (Luderitz et al', 1966; Gmeiner et al'' 1971)'

The chemical composition of the core and o-antigen regions have been

determined, but neither the structure of the LPS molecules nor the chemical

nature of the antigens (A,B and C) have been defined (Redmond, 1978, 1979; Sen

etal.,1g7g,1gg0;HisatsuneandKondo,lgS0).Ogawabutnotlnabastrains

possess the sugar 4-amino-4-deoxy-L-arabinose and so it is thought that this

SugarcouldbeassociatedwiththeBantigen(Redmond,1978).

The genes determining an o-antigen have been well defined in salmonella

(Levinthal and Nikaido, 1969; Nikaido et a1.,1967), but very little is known about

thegeneticsofo-antigenbiosynthesisinv.choterae,althoughthegenescoding

for the o-antigen of the lnaba and ogawa serotypes have been cloned and

expressedinE.cotiK-12(Manningetal.,1986).Thesecosmidclonesare
capable of expressing their serotype specificity and therefore the information

required for determining the ogawa or lnaba serotype must be present on the

cloned DNA. Analysis of the DNA coding for both these serotypes has defined the

o-antigen region to be contained within a 19kb ssfl fragment' with no differences

being detected in the restriction patterns of the lnaba and ogawa regions (ward er

al., 1987). This suggests that only minor changes are involved in serotype

conversion.

The oag locus, responsible for serotype specificity, has been mapped between

the i/v and arg loci of v. choterae (Bhaskaran, 1959; Parker et al'' 1979)'

Transposon insertion mutants have been isolated and mapped by southern

hybridization analysis to the region of the V' choterae chromosome determining

o-antigen biosynthesis. These chromosomal mutations have also been shown to

map betw een ilv and arg (Ward and Manning, 1989), confirming it to be the Same

locus as that described by Bhaskaran (1959) and Parker et al'' (1979)' ward et
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at., (1987) have suggested that the locus encoding O-antigen biosynthesis, oag,

be redesignated rtb, in accordance with the established convention (Hitchcock ef

a/., 1986).

1.3.5 Fimbriae

One of the first reports of a haemagglutinin associated with a pilus-like structure in

V. choterae was by Taylor et al., (1987). This pilus has been termed TCP for toxin

co-regulated pilus, as its expression is coordinately regulated with cholera toxin by

toxR (Peterson et a/., 1988). This pilus shares the same mannose- fucose resistant

haemagglutination pattern (MFRHA) as that described by Hanne and Finkelstein

(1982). However, at least two distinct MFRHA's are inferred from results of

Southern hybridization analysis (V. Franzon - personal communication). V.

cholerae mutants defective in the TCP pilus do not colonize in both the infant

mouse model and humans (l-aylor et al., 1987a,1988b; Herrington et a1.,1987).

Genetic analysis of this region by transposon TnphoA (Manoil and Beckwith,

1985) insertion mutagenesis, has led to the tentative organization of the fcp

operon (l-aylor et al., 1988b). The authors have based their model of operon

organization on that for the pyelonephritis-associated pili (PAP) operon of

uropathogenic E coli (Lindberg ef a/., 1986), where the major structural subunit,

tcpA, makes up the pilus structure, while the actual adhesin is located at the tip of

the pilus fl-aylor et al., 1988b; Lindberg et al., 1987). The fcpA gene coding for

the major structural subunit has been cloned and sequenced (R.Faast-personal

communication). This gene codes for a20.5 kDa protein, and the deduced amino

acid sequence shows strong homology to the pilins of other bacteria such as

Nelsseria gonorrhoeae, Pseudomonas aeruginosa and Bacteroides nodosus

fl-aylor et al., 1988b). The proposed tip adhesin of the fcp operon, TcpG has not

as yet been identified, but Franzon ef a/.,(1988) have detected amino acid

homology of their MFRHA with PapG, the tip adhesin in the PAP pilus system

(Lindberg et al., 1987). This suggests that their MFRHA may be a tip adhesin,

although it probably belongs to another pilus system in V. cholerae distinct from

TCP.
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The genes for TCP have been shown by Southern hybridization to be present in

both classical and El Tor biotypes of V. cholerae, but not in non-toxigenic

environmental El Tor isolates fl-aylor et al., 1988b). However, the fcp genes are

only expressed in classical strains fl-aylor et al., 1988b). Sharma et al., (1988)

have shown that the functional fcp genes cloned from a classical strain can be

introduced into an El Tor strain with the subsequent expression of the TCP pilus

on the cell surface. This points towards the ¡dea that ElTor strains do not express

the TCP pilus due to a defect in one of the úcp operon genes. Whether this defect

is in a fcp structural gene, or one of the regulatory or assembly genes remains to

be seen.

Hall ef at., (1988) have shown that V. cholerae strains express at least two other

types of fimbriae. TcpA fimbriae are 5-6nm in diameter and form bundles of

parallel undulating filaments up to 1S¡rm long; Type B are 3nm wide and of wavy

morphology, and Type C are rigid isolated filaments 5-6nm wide and 180-800nm

long. A fourth, morphologically distinct fimbrial type has been found on

pathogenic El Tor organisms, but further studies are required to confirm these

observations (Hall et a1.,1988). These fimbriae, or at least their adhesins, could in

fact correspond to the other haemagglutinins of V. cholerae described by Hanne

and Finkelstein (1982). The role of these other fimbriae has not as yet been

established, although it appears that Type B and Type C are not as important as

TCP in adherence (Hall et a/., (1988). The fourth type of fimbriae which has been

seen only on El Tor strains (Hall et al., 1988), may functionally replace the non-

expressed TCP pilus in this biotype (Sharma et a1.,1988).

1.4 Extracellular proteins in Gram negative bacteria

The export and secretion of proteins are fundamental properties of living cells.

Gram-negative cells export polypeptides to the periplasmic and outer membrane

subcompartments of their cell envelopes, but few secrete proteins into the

extracellular environment (Pugsley and Schwartz, 1985; Davis and Tai,1980).

Gram-negative bacteria are not widely recognized tor their ability to secrete

proteins into the growth medium, but a number of species are able to do so,
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particularly those belonging to the Vibrionaceae and Pseudomonaceae.

proteins released into the extracellular environment by these organisms, must

cross both the ínner and outer membranes during their export. Very little is known

of how this occurs, despite an increasingly detailed understanding of the

mechanism of secretion of proteins across the cytoplasmic membranes of

eukaryotes and prokaryotes (for reviews see Hall and Silhavy, 1981; Randall and

Hardy, 1984; Oliver, 1985).

V. cholerae releases a variety of extracellular proteins. These include proteases

(Schneider et al., 1981; Young and Broadbent, 1982),haemagglutinins (Hanne

and Finkelstein, 1982), haemolysins (Manning ef al., 1984; Goldberg and Murphy,

1984; Richardson et al., 1986), DNases fl-san,1978), neuraminidase (Ada et al.,

1g61; Vimr ef a/., 1988),mucinase (Schneider and Parker, 1982) and cholera toxin

(Finkelstein, 1969). The study of the extracellular proteins of V. cholerae and

other Gram-negat¡ve organísms, has focused mainly on their involvement in the

virulence of the organism. The use of these proteins as models for extracellular

export , and the study of export defective mutants should help in understanding

this process.

fnterestingly, when the genes for extracellular proteins are cloned into E. coli,

they are usually localized in the periplasmic space. This phenomenum can be

demonstrated with a number of extracellular proteins of V. cholerae, including

chofera toxin (Pearson and Mekalanos, 1982), haemolysin (Mercurio and

Manning, 1985) and neuraminidase (Vimr et al., 1988). This has also been

observed in E. coli with the ertracellular enzymes of Aeromonas hydrophila

(Chakraborty et al., 1986; Howard and Buckley, 1986; Gobius and

Pemberton,1988) as well as Pseudomonas aeruginosa (Lory et al-,1983; Lory and

Tai, 1983; Coleman et a1.,1983), suggesting that E. colimay have a block in the

ertracellular export of proteins which is normally present in the natural host. The

nature of this block is unknown, but could be due lo E. coli not recognizing the

appropriate expor.t signals on these extracellular proteins, or simply a lack of the

necessary export machinery required for this process. The inability of E. coli to

secrete these extracellular proteins does not come as a complete surprise, since

as a rule it does not usually secrete any of its own proteins outside of the cell.

Most extracellularly located proteins are initially synthesized with amino-terminal
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signal sequences and are thought to initiate their secretion in a manner analogous

to the export of periplasmic and outer membrane proteins (Randall and Hardy,

1gB4). However, the pathway taken by secreted proteins as they traverse the cell

envelopes of Gram-negative bacteria and the role of additional extragenic factors

in the secretion of specific proteins remain to be elucidated. Clearly, a typical

signal sequence would not be sufficient to cause selective export of a protein

across the double membrane of a Gram-negative bacterium. A mechanism must

exist to differentiate soluble proteins destined for the periplasm from those

destined for the extracellular environment.

The simplest possible pathway for extracellular export would involve recognition

of the prote¡n by a receptor at zones of adhesion and co- or post-translational

movement across inner and outer membranes simultaneously. The results

obtained by Lory et al., (1983) appear to support such a model for the secretion of

exotoxin A by P. aeruginosa. Lory ef a/., (1983) obserued that the export of toxin

occurred as rapidly as the toxin was synthesized. Furthermore, they found that

when processing of this protein was inhibited by ethanol, the precursor was found

on the surface of the cell, with no detectable levels in the periplasm. These data

were used to devise a model in which exotoxin A is exported directly to the outer

membrane through areas of contact between inner and outer membranes, with

proteolysis being required for its immediate release into the medium. The

proteolytic step involves the removal of the signal peptide, but removal of a

peptide anchor subsequent to signal peptidase action might also be involved

(Davis and Tai, 1980; Lory ef a/., 1983). Alternatively, proteins could cross one

membrane and then the other enroute to the extracellular medium. This less

direct pathway for protein export would require transfer of the molecule across the

inner membrane, sorting either on the outside surface of the inner membrane or in

the periplasm, and transfer across the outer membrane. Such a multistage

pathway appears to be followed by the extracellular toxin, aerolysin, of

A.hydrophrla (Howard and Buckley, 1985).

A number of extracellular proteins oÍ Serratia marcescens seem to be an

exception to the rule of being localized in the periplasm when cloned in E. coli.

The extracellular serine protease and nucleases of S. marcescens when cloned

into E- coli, are secreted into the extracellular medium, with no evidence of cell
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lysis or concurrent release of cytoplasmic or periplasmic proteins, thereby

establishing it as a true form of extracellular secretion (Yanagida et al., 1986; Ball

et al., 1987; Clegg and Allen, 1985). No accessory genes are required for the

extracellutar release of these enzymes in E. coli, and therefore it appears that

E.cotiis capable of secreting certa¡n proteins extracellularly. This suggests that at

least in some cases , the information required for the secretion of ertracellular

proteins resides within the protein sequence itself.

lanagida et al., (1986) purified the serine protease of S. marcescens and

compared the nucleotide sequence of the cloned DNA and the N- and C-terminal

amino acid sequences of the secreted protease. They found the proenzyme was

processed not only at the N-terminal signal sequence but also the C-terminal part

of the proenzyme. These investigators have proposed that the N-terminal signal

sequence of the proenzyme and its processing are involved in secretion through

the inner cytoplasmic membrane, while processing of the large C-terminal part of

the proenzyme is involved in its excretion through the outer membrane. The

involvement of the C-terminal region in excretion of an extracellular protein has

also been seen with the lgA protease of Nerssena gonorrhoeae. This protein is

also exported to the external medium when cloned into E coli (Pohlner et al.,

1gB7). Thus, one cannot limit the study of extracellular secretion to the

identification of an additional secretory apparatus required for this process, as it

appears that in some instances at least, the information required for secretion

resides within the protein itself.

1 -4-1 E. col i haemolysin

The extracellular haemolysin, produced by some strains ol E. coli, is probably the

best studied example of an extracellular protein in E. coli. The haemolysin is

present in certain pathogenic strains of E. coli, particularly those that are isolated

from extra-intestinal infections in humans (Hughes et al., 1982; Minshew et al.,

1980 ) or from animal intestinal origin (Smith, 1963). The alpha-haemolytic

phenotype, i.e. the synthesis of active haemolysin and its secretion into the

surrounding medium, is controlled by determinants which are located either on



26

transmissible plasmids or the chromosome (de la Cruz et al., 1979; Goebel et al.,

1gT4). This determinant is a highly conserued 7.5kb sequence, and has some

characteristics of a transposon-like element (Zabala et al., 1984). Four genes

hlyA, htyB, hty} and hlyD are required for the synthesis and release of haemolysin

into the culture medium (Mackman et al., 1986; Wagner et al., 1983). The E. coli

haemolysin is a 107 kDa polypeptide encoded by the hlyA gene (Mackman and

Holland, 1984). The produclof hlyC, a 20kDa cytoplasmic protein, is required to

promote the formation of a haemolytically active 107kDa polypeptide by some

form of post-translational modification. However, hlyC is not required for the

export of HlyA (Nicaud et al., 1985). The secretion of HlyA is dependent on the

products of two additional genes, hlyB and hlyD (Mackman et al., 1986). HlyB

encodes two d¡st¡nct polypeptides: a 66kDa protein and a 46kDa prote¡n that

appears to derive from an internal translational start, and these are both

membrane bound (Felmlee et al., 1985b). A 53kDa protein is encoded by hlyD,

and ít is located primarily in the inner membrane (Mackman et al., 1986).

Secretion of the haemolysin, which involves translocation through both

membranes, appears to involve a novel mechanism, as the haemolysin does not

carry an N-terminal signal sequence (Felmlee et al., 1985a). Mackman et al.,

(1986) have proposed a model in which the Hly proteins B and D form a specific

complex, spanning the inner and outer membranes, that initially binds the 107kDa

protein and then promotes its direct translocation into the medium. The binding of

HlyA to HlyB and HlyD located in the inner membrane, and its excretion into the

medium, is probably the result of a direct interaction of HlyA with the secretion

machinery. Although the haemolysin does not possess an N-terminal signal

sequence, the C-terminal region appears to play a role in the secretion of this

polypeptide (Gray et al., 1986; Felmlee and Welch, 1988). Removal of the terminal

27 amino acids of HlyA does not destroy haemolytic activity, but is sufficient to

prevent the haemolysin from reaching the external medium (Gray et al., 1986).

This raises the possibility that the C-terminal region of the haemolysin includes a

specific topogenic sequence, and that this sequence is necessary for recognition

by the secretion machinery.

A possible role for HlyB in the secretion process has also been suggested (Gray

et al., 1986). Nucleotide sequence data of HlyB show two blocks of highly
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conserued sequences close to the C-terminus (Felmlee et al., 1985b), which

correspond to an ATP binding site similar to a number of E. coli and S.

typhimurium polypeptides that are involved in cytoplasmic membrane transport

systems (Higgins et al., 1985). One role for the HlyB peptide in HlyA secretion

may therefore be to provide energy for translocation through a proteinaceous

pore provided by HlyD (Gray et al., 1986). The failure of E coli to secrete

haemolysins encoded by other bacteria (Lory and Tai, 1983; Goldberg and

Murphy, 1984; Mercurio and Manning, 1985) may therefore be due to the

absence of additional hty determinants which are concerned with haemolysin

release in these organisms.

1 -4.2 V. cholerae haemolYsin

Many strains of V. choterae arc able to produce and secrete a haemolysin into the

culture medium (Honda and Finkelstein, 1979). Haemolytic activity is commonly

associated with the El Tor biotype but not the classical biotype of V. cholerae, and

this has been one of the means of distinguishing biotypes. However, non-

haemolytic El Tor strains have been isolated (Barrett and Blake, 1981;

Finkelstein,1966). The haemolysin determinant from V. cholerae El Tor has been

cloned by several groups, and although the protein is secreted to the external

medium in V. choterae, it is found localized in the periplasmic space ol E. coli

(Goldberg and Murphy, 1984; Manning et a1.,1984; Mercurio and Manning, 1985).

Two proteins, and their corresponding genes, hlyA and hlyB, have been

identified ( Manning et al., 1984; Alm and Manning, manuscript in preparation).

Transposon mutagenesis studies by these workers , have shown that the h/yA

gene codes for an 82kDa protein which corresponds to the haemolysin structural

gene. This protein size is in good agreement with Goldberg and Murphy, (198a)

who have also cloned the El Tor haemolysin. Recently, mutations in the hlyB

gene of the V. cholera" óhrorosome have been constructe d in htyB which inhibit

the secretion of the haemolysin from V. cholerae resulting in an accumulation of

the active haemolysin in the periplasm (R. Alm - personal communication).

Therefore, it appears that the V. cholerae haemolysin requires at least one other
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gene product for its secretion, although there may be other genes involved, as the

cloned V.cholerae htyA,B determinant in E. coli is not sufficient to export the

haemolysin beyond the periplasmic space (Mercurio and Manning, 1985).

ft is tempting to find similarities between the mode of secretion of the E. coli

haemolysin and that of the V. cholerae haemolysin. Although these proteins are

operationally similar, and both require a number of other genes for their secretion,

there are some essential differences in their mechanism of export. While the

haemolysin of E coli has no N-terminal signal sequence (Felmlee et al., 1985b),

the haemolysin oÍV. choteraeEl Tor has been shown to possess an 18 amino

acid typical signal sequence which is cleaved to give the mature 80 kDa protein

(Alm et a/., 1g88). Activation of the V. cholerae haemolysin does not appear to be

necessary, as the hlyA gene cloned alone exhibits haemolytic activity, in contrast

to that of the E. cotihaemolysin (Alm et a\.,1988; Nicaud et a\.,1985). A mutation

in htyB in V. choterae results in a periplasmic intermediate of HlyA, while there is

strong evidence that there is no periplasmic intermediate in the secretion of the

HlyA protein of E coli (Gray et a1.,1986; Felmlee and Welch,1988). Finally, lhe hly

determinant of E. coli carrylng a deletion of hlyA, is unable to complement the

htyA gene of V. cholerae for secretion into the external medium (unpublished

results).

Secretion of at least some extracellular proteins in Gram-negative bacteria

appears to be a two-step process: initial translocation, facilitated by an N{erminal

signal sequence across the inner membrane, and mediated by specific outer

membrane proteins to the exterior of the cell (Pugsley and Schwartz,1985). The

hly determinant of V. cholerae comprises the essential elements of this process,

and although secretion of the haemolysin to the outside of the cell can not be

demonstrated in E. coli,lhe cloning of additional genes (for specific outer

membrane prote¡ns) may facilitate this. On the other hand, the E. coli hly

determinant seems to follow a more novel secretion process which is independent

of an N-terminal signal sequence and devoid of a periplasmic intermediate. This

could reflect the fact that the E. colí hly determinant is on a transposon-like

element (Zabala et al., 1984), and has evolved its own export pathway which is

self-contained and thereby making it functional in any bacterium in which it may

reside, in particular E. coli.
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1-4.3 Choleratoxin (CT) and Heat-labile enterotoxin (LÐ

CT of V. cholerae and LT of enterotoxigenic E- colí, arc structurally and

functionally similar oligomeric proteins comprised of six subunits, an A subunit

that activates adenylate cyclase and five B subunits which bind to GM1-

ganglioside receptors (Gill et a1.,1981; Lonnroth and Holmgren, 1973). Extensive

studies on the export of heat-labile enterotoxins (LT) from E. colíhave shown that

the toxin subunits are initially synthesized as precursors which are rapidly

processed and translocated across the inner membrane into the periplasm (Hirst

et al., 1983; Hirst ef a/., 1984a; Hofstra and Wilholt, 1984). Surprisingly, the

assembled holotoxin remains within the periplasm of E. colí and is not secreted

through the outer membrane (Clements et al., 1985; Hofstra and Wilholt, 1984).

This contrasts with V. choterae which efficiently secretes cholera toxin into the

surrounding medium (Mekalanos et al., 1983). However, LT is secreted into the

medium when plasmids encoding it are transferred into V. cholerae (Hirst et al.,

1984b; Neill et al., 1983).
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Many of the steps in the export and secretion of CT and LT are presumably

common in both V. cholerae and E. coli. This includes synthesis of subunit

precursors, translocation across the cytoplasmic membrane, maturation and

subunit assembly (Palva et al., 1981; Mekalanos et al., 1983; Hirst ef a/., 1983).

The capacity of V. choterae to secrete cholera toxin into the extracellular medium

is, however, an additional step not found in the export of LT by E. coli. This is

unlikely to be due solely to differences between cholera toxin and LT, because the

cloning of the ctxAB genes in E. coli results in the accumulation of cell-associated

CT (Pearson and Mekalanos, 1982). Studies on the synthesis and location of CT

and LT in V. choterae imply that these toxins are secreted via a periplasmic pool.

Treatment of V. cholerae with lincomycin causes the accumulation of CT in the

peripfasm (Levner et al., 1980), while pulse chase experiments have detected

newly synthesized (radiolabelled) toxin subunits entering the periplasmic

compartment very rapidly after synthesis. The efflux of these radiolabelled

subunits from the periplasm coincides with the appearance of radiolabelled

subunits in the medium (Hirst and Holmgren, 1986).

The site of assembly of A and B subunits during their expoft is also relevant to

the mechanism of toxin secretion, because this governs whether V. cholerae

secretes the subunits separately or as an assembled holotoxin. The A subunits of

LT are only secreted when they are synthesized in a strain that also produces B

subunits (Hirst et al., 1984b). This implies that the two subunits must assemble

prior to their secretion in order to facilitate an extracellular location for the A

subunit. However, in strains that produce only B subunits, it was found that these

were efficiently secreted into the medium even though no A subunits were

synthesized (Hirst et al., 1984b). Therefore, an association between A and B

subunits is not a prerequisite for the B subunits to enter the secretory step of the

export pathway.

Although the nature of the secretory step in V. cholerae is unknown, several

physiological features could be responsible for this event. These include: (i) a

"leaky" outer membrane that allows passive diffusion into the medium, (ii)

modification enzymes that alter the structure of secreted proteins and cause them

to adopt a secretory proficient conformation, or (iii) a secretory apparatus that

recognizes and mediates the secretion of proteins through the outer membrane.
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While a leaky outer membrane seems highly unlikely, as periplasmic enzymes of

V. choterae are not generally found in the external medium (Neill ef a/., 1983), the

modification of the protein may be relevant. CT has been shown to have nicked A

subunits when secreted from V. cholerae (Lonnroth and Holmgren, 1973), but un-

nicked A subunits when cell-associated in E. colí(Pearson and Mekalanos, 1982).

However, the holotoxins of both porcine and human LT can be completely

secreted from V. cholerae without their subunits being nicked (Hirst et a1.,1984b).

V.cholerae may contain a "secretory apparatus" which mediates the secretion of a

protein by some specific interaction. The B subunits of LT and CT may contain

important domains necessary for this interaction with the secretory apparatus,

with the A subunit only being secreted by virtue of its association with the B

subunit pentamer. The nature of the interaction between the B subunits and the

secretory apparatus, and the identity of the latter remain to be elucidated.

Although Gram-negative bacteria appear to display more than one type of

mechanism for the secretion of extracellular proteins to the external environment

(Davis and Tai, 1980; Lory ef a/., 1983; Gray ef a/-, 1986; Pugsley and Schwaftz,

1gB5), the V¡brionaceae appear to generally utilize a two stage process for the

secretion of their proteins, where the proteins are chanelled via the periplasm to

the external environment. This notion is supported by the isolation of secretion

defective mutants of Aeromonas hydrophila which accumulate extracellular

proteins in the periplasmic space (Howard and Buckley, 1983). The Vibrionaceae,

however, may poSSeSS more than one type of secretion pathway, as mutants

defective in the export of extracellular proteins, do not necessarily affect the

secretion of others (Holmes et a1.,1975; Howard and Buckley, 1983).

1.5 Nudeases

Nucleases are phosphodiesterases which either require a terminus for hydrolysis

(exonuclease) or do not require a terminus (endonuclease). Exonucleases do not

act on circular DNA, either single-stranded or double-stranded, but require a chain

terminus, either a 3' end, a 5' end, or both. These nucleases can be further

distinguished by their preference for a single-stranded or a duplex DNA and by the
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production of mono- or oligonucleotides. Examples of this type of exonuclease

are the exonucleases | - Vl of E coli (Kornberg, 1974), bacteriophage T4 encoded

exonuclease, (Lehman, 1971) snake venom phosphodiesterase (Khorana, 1961)

and Mammalian DNase lV (Lehman, 1971). The DNA polymerase I of E. coli, also

known as exonuclease I and lV, has both 3'-> 5'and 5'-> 3'exonuclease activity,

required for its proofreading and exision-repair function (Brutlag and Kornberg,

1972). Exonuclease V or the RecBC nuclease ol E. coli which functions in

recombination, acts on both single-stranded and duplex DNA and also has both 3'

-> S' and 5' -> 3' exonuclease function. Snake venom phosphodiesterase on the

other hand completely degrades the DNA, and also acts on RNA (Khorana, 1961).

The endonucleases, which do not require a terminus, often show a strong

preference for either single-stranded DNA or duplex DNA. A second

characteristic of endonucleases is recognition of base sequences. This was once

thought to be a property of only restriction endonucleases, which recognize a

sequence of usually four to eight nucleotides of a duplex. While recogniton of

base sequences is most strictly defined for the restriction endonucleases,

sequence preference appears to characterize all endonucleases. For example,

bacteriophage T4-encoded endonuclease lV has a cytosine-specific cleavage site,

while pancreatic DNase I and spleen DNase ll produce digests with characteristic

frequencies of oligonucleotides. The sequences of the 3' and 5' termini of the

products form a pattern distinctive for each enzyme (Afinsen et a1.,1971).

1.5.1 Extracellular Nucleases

A number of bacteria secrete extracellular nucleases. These include the

streptococcal extracellular deoxyribonucleases A,B,C and D (Wannamaker,

lgSB), the micrococcal nuclease oÍ Staphylococcus aureus (Davis et al., 1977),

the exonuclease of Bacillus subfilis (Kerr et al., 1967), the nucleases of Serratía

marcescens (Eaves and Jeffries, 1963) and the deoxyribonuclease(s) of V.

cholerae (Isan, 1978).

A group of four immunologically and electrophoretically distinct nucleases

designated DNase A,B,C and D are known to be secreted into the growth medium

by many strains of group A streptococci (Wannamaker, 1958). DNase B is

generally produced in the greatest amount, with lesser levels of DNases A,C and
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D. DNases B and D endonucleolytically degrade both single-stranded and

double-stranded DNA, as well as RNA. These enzymes have an absolute

requirement for divalent cations (Wannamaker ef al., 1967; Citak and Grey, 1980).

ln the case of staphylococcal nuclease, three types are known to exist, although

they probably represent precursor forms of the micrococal nuclease (Davis et al.,

1977). The specificity of this enzyme is not known, although it has a marked

preference for denatured DNA (Davis et al., 1977). S. marcescens produces a

number of nucleases (Eaves and Jeffries, 1963) and two of these have been

cloned (Clegg and Allen, 1985; Ball et al., 1987). One of the extracellular

nucleases of S. marcescens has been purified and characterized extensively

(Nestle and Roberts, 1969a). The purified nuclease is able to attack both single-

stranded and double-stranded DNA and RNA (Nestle and Roberts, 1969b).

Dígestion of RNA and DNA by the S. marcescens nuclease results in the

production of oligonucleotide fragments of definite length; essential¡y only di-, tri-

and tetranucleotides terminating in a 5'-phosphate. When the S. marcescens

nuclease is compared with other nucleases, it is found to most closely resemble

two nucleases from organs of higher animals (Nestle and Roberts, 1969b). These

enzymes, isolated from chicken pancreas and rat liver, are both Mgt* and Mn2*

activated endonucleases which cleave both RNA and DNA (Eley and Roth, 1966;

Curtis et a1.,1966). V. cholerae produces a number of nucleases flsan, 1978) but

these enzymes have not been purified, and their mode of action and substrate

specificity is not known.

1.5-2The Deoxyribonucleases of V- cholerae

The DNases of V. cholerae are true extracellular proteins flsan, 1978), and there

appears to be a periplasmic pool of active enzyme as well as them being found in

the extracellular medium (Young and Broadbent, 1985). Lincomycin, a potent

inhibitor of protein synthesis, increases the synthetic rate and the periplasmic pool

size of CT (Levner et al., 1980) and a similar effect can be seen with DNase

production (Young and Broadbent, 1985). This suggests that the DNase(s)

belong to a group of extracellular proteins of V. cholerae that are secreted into the

medium via a periplasmic PathwaY.

The role of the DNase(s) in the pathogenesis of cholera has not been
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determined. While the role of CT in the disease process has been clearly

established (Finkelstein, 1969,1972;), the effect of DNase may be more subtle. A

possible clue as to the role of DNase(s) in the infectious process has come from

the findings of Ferencz et a/., (1980). These investigators found that DNA was a

significant component of the small-intestinal mucous. Although the origin of DNA

at this site is unknown, it was speculated that the DNA originates from the

intestinal mucous cells which show a rapid turnover. The importance of the small-

intestinal mucous for cotonization has been examined (Freter and Jones, 1976),

and the role of colonization in the disease process discussed previously (see

section 1.1.4). The DNase(s) of V. choterae could facilitate the degradation of the

DNA-rich, viscous mucous covering of the small intestine and along with motility

and other colonization factors aid in the efficient colonization of this surface by

these organisms. Mutants oÍ V. choterae deficient in DNase(s), would help in

evaluating the extent to which these enzymes contribute to the virulence of V-

cholerae.

The DNase also may have a role in nutrition. DNA is a good carbon and

nitrogen source, and also a source of bases. lsolates of V. cholerae arc usually

prototrophic, but when auxotrophs are isolated, they usually have a pur ot pyr

requirement which would be compensated for by the presence of the DNase

(Bhaskaran,1955).

1.5.3 Transformation in V. cholerae

Another less direct consequence of the extracellular DNases of V. cholerae, is the

role they may play in preventing the uptake of foreign DNA into the cell. When

compared with other enteric organisms, V. cholerae has a low incidence of R

plasmids (Hedges et al., 1977: Prescott et al., 1968). The limited ability of V.

cholerae to accept and maintain foreign plasmids may be a reflection of the

DNases produced by this organism. To date, no suitable and reproducible

transformation or transfection system has been developed inV. cholerae.

The production of an extracellular nuclease in S. marcescens has also been

associated with obtaining low yields of plasmid DNA and poor transformability
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fl-immis and Winkler, 1973; Winkler, 1968). The isolation of nuclease negative

mutants oÍ S. marcescens termed nuc enabled the preparation of plasmid DNA

from this organism in high and reproducible yields, supporting the view that DNA

degradation was due to the extracellular nuclease present in lysates of cell

suspensions fl1mmis and Winkler, 1973). Reid et al., (1982) showed that with

inactivation of this nuclease, six of eight S. marcescens strains tested could be

transformed with the plasmid pBR322. Based on the properties of the S.

marcescens endonuclease (Eaves and Jeffries, 1963; Nestle and Roberts,

1g6gb), various heat treatments were incorporated into the transformation

protocols in an attempt to inactivate this enzyme (Reid et al., 1982). The optimal

conditions for transformation were 65VzC for one minute pre-treatment and 6 hours

incubation with DNA; longer periods of incubation severely reduced the viability of

the cells. lt should also be noted that the high transformability of ceftain E. coli

strains coincides with the loss of the E coli periplasmic DNase encoded by endA

(Hanahan, 1983).

The importance of transformation and transfection systems in any bacterial

species is seen with the ever-increasing use of recombinant DNA technology to

genetically manipulate bactería. The main interest in V. cholerae has of course

resided in its potential for vaccine development, either as a modified and

attenuated strain, or for the cloning of its protective antigens into heterologous

carriers.

The introduction of recombinant DNA molecules into V. cholerae has proved to

be a tedious process, and this has usually involved the indirect and often

inefficient method of bacterial conjugation. With the advent of mobilizable cloning

vectors, the process of conjugation has become more efficient in transferring

recombinant DNA from one bacterial species to another. The broad host range

lnce/p-4 group plasmids RSF1010 and R3008, isolated from Salmonella (Guerry

et at., 1974) and the R1162 plasmid oÍ P. aerugínosa (Holloway and Krishnapillai,

1g7S) have been modified to provide additional endonuclease cleavage sites and

effective markers such as antibiotic resistance genes, that can be used for the

selection of plasmid-carrying transformant bacteria (Bagdasarian et al., 1979;

Bagdasarian et a/., 1981). These small plasmids of 8-9kb can be transferred

among different bacterial strains by mobilization (i.e. are Mob*) if conjugaltransfer
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functions are provided by a coexisting transfer-proficient fl-ra+) plasmid. This

property of the vectors has enabled them to be used for the cloning of DNA from

and into almost any Gram-negative bacterial strain (Bagdasarian and Timmis,

1s82).

The second group of broad host range plasmids that have been studied

extensively are the lncP-1 conjugative plasmids RP1, RP4, RK2 and R68 (Burkardt

et al.,1g7g). A Tra, tetracycline resistant deletion derivative of the RK2 plasmid,

pRK2go of 20kb in length has been constructed for use as a cloning vector (Ditta

et al.,1ggo). This vector can be mobilized into a range of Gram-negative bacteria

by plasmids that specify the RK2-type plasmid transfer system. The disadvantage

of this vector, however, is the low number of suitable cloning sites. More recently,

mobilizable cloning vectors utilizing the Mob region of the RP4 plasmids have

been constructed (Simon et a1.,1983; Simon, 1984). These plasmids are pBR322

and pACyC184 based, with the RP4 mobilization origin cloned into them, and can

be efficiently mobilized by plasmids carrying the RP4 transfer [ra) genes. This

Tra region has also been integrated into the E. colichromosome to produce hosts

to serve as donors in mobilization (Simon ef a/., 1983). This latter group of

mobilizable plasmids utilize the pMBl (Bolivar et al., 1977) and P15A replicons

(Chang and Cohen, 1978), respectively, and are therefore not as broad in their

host range as the previously described mobilizable cloning vectors.

The strategy of using mobilizable cloning vectors, however, does have its

disadvantages. The cloning of recombinant DNA, and subsequent manipulation

of this DNA is limited to using these vectors, most of which lack the usual large

aftay of unique restriction endonuclease cloning sites present in other cloning

vectors. This system also requires the additional conjugation step, and usually

requires another plasmid present encoding the necessary transfer functions.

The relatively new technique of transformation by electroporation, whereby living

cells are subjected to a rapidly changing high-strength electric field to produce

transient pores in their outer membranes to facilitate diffusion of DNA into the cell,

has proved successful with larger cells such as plant and mammalian cells

(Fromm et al., 1985). Attempts to permeablize small cells such as bacteria,

however, have until recently , met with only limited success (Calvin and Hanawalt,

1e88).
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The ability to demonstrate transformation in V. cholerae, by inactivation of the

extracellular DNase(s), would be an important step to facilitate genetic

manipulation in this organism.

The importance of the DNase to all these processes can best be established by

the construction of V. cholerae mutants specifically deficient in extracellular

DNase(s).

1.6 Aims of this Study

The study of V. cholerae at the molecular level, has led to a dramatic increase in

our knowledge of this organism. Attention has focussed mainly on the virulence

factors elaborated by V. cholerae and their contribution to the infectious process.

tt is now apparent that this organism depends on a variety of virulence properties

rather thari any single trait. V. choterae also belongs to a select group of Gram-

negative organisms that are capable of secreting a number of proteins into the

extracellular environment. While the process of secretion through the cytoplasmic

membrane in both prokaryotic and eukaryotic cells is now well understood, the

molecular mechanisms for the subsequent correct localization of proteins outside

the cell remain largely to be elucidated.

The objectives of this study are to characterize the extracellular DNase(s) at the

DNA level, with the aim of developing a transformation system to facilitate genetic

manipulation of V. choterae; and to determine the role of the DNase in the

pathogenicity of this organism. Finally, the V. cholerae DNase provides a model

system for the study of secretion of extracellular proteins from a Gram-negative

bacterial cell.
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CHAPTER 2

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 g/litre) with added sodium chloride

(NaCl) (5 g/litre) was the general growth medium îor E.coli K-12 strains.

V.cholerae strains were grown in Brain Heart Infusion (BHl) (Difco) prepared as

directed by the manufacturers. Luria broth (LB) and 2x TY medium was prepared

as described by Miller (1972). Minimal A medium (M13 minimal media) was also

prepared as described by Miller (1972) and supplemented prior to use with

MgSOo, glucose and thiamine-HGl to concentrations of 0.2 mg/ml, 2 mg/ml and

50 ¡rg/ml respectively.

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

of blood. DNA-agar consisted ol 2"/" Herring Sperm DNA (Sigma) dissotved in

nutrient agar by boiling for 1Omin. Soft agar contains equal volumes of NB and

NA. H agar consisted of bacto-tryptone (16 g/litre) (Difco), NaCl (8 g/litre) and

bacto-agar (12 g/litre) (Difco). H top agar was like H agar but also contained

8 g/litre bacto-agar.

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

concentrations: ampicillin (np) 25 yglml; chloramphenicol (Cm)

25 yg/ml:kanamycin (Km) 50 ¡rg/ml; tetracycline Cfc) 10 ¡rg/ml lor E.coli and

a yg/mlfor V.cholerae strains.
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lncubations were at 37oC unless otherwise specified. Normally, 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 lnstruments

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. The chemical mutagen, ethyl-methane- sulfonate, was also

purchased from Sigma. Caesium chloride (Cabot) was technical grade. Ethylene-

diamine-tetra-acetic-acid, disodium salt (EDTA) was Analar analytical grade.

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 bisacrylamide 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-S'-triphosphate, sodium salt (ATP) and dithiothreitol (DTI) were

obtained from Sigma. The substrate 5-Bromo-4-chloro-3-indolyl-B-D-galacto-

pyranoside (X-gal)), 5-Bromo-4-chloro-3-indoyl-phosphate (X-pho) and isopropyl-

p-D-thiogalacto-pyranoside (IPTG) were purchased from Boehringer-Mannheim.

M13 sequencing primer and ¡32P1-dCTP, at a specific activity of 1,700 Ci/mMole

were obtained from BRESA (Adelaide). The -35 sequencing primer was obtained
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from New England Biolabs. ¡3ss1-tvtethionine (1,27O Ci/mMole) was purchased

from Amersham. Phosphorylaled BamHl, EcoRl, Hindlll and Psfl linkers (8-mer)

were purchased from New England Biolabs, lnc., Beverley, Mass. Linkers were

obtained in a lypholized form and resuspended in 0.1 ml of TE buffer, pH 8.0 and

stored frozen at -20oC.

2.3 En4ymes

The following enzymes were obtained from Sigma: deoxyribonuclease I (DNase l),

ribonuclease A (RNase A) and lysozyme. Pronase was from Boehringer-

Mannheim.

Restriction endonucleases Accl, Bam{l, Bglll, Clal, EcoRl, H,ndlll, Kpnl, Mlul,

Ndet, Nrul, Pstl, Pvul, Pvttll, Sa/|, Sau3A, Smal, Taql, Xbal and Xäol were

purchased from either Boehringer-Mannheim, New England Biolabs, Pharmacia

or Amersham. Nuclease Bal31 nuclease was purchased from New England

Biolabs.

DNA modifying enzymes were purchased from New England Biolabs [f4 DNA

ligase), Amersham Cf4 DNA polymerase) and Boehringer-Mannheim (DNA

polymerase l, Klenow fragment of DNA polymerase l, AMV Reverse Transcriptase

and molecular biology grade, calf intestinal alkaline phosphatase).

2.4 Maintenance of bacterial strains

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 10 ml bottle of NB and grown with shaking at 37oC for 16 h. The

other half was streaked onto two nutrient agar plates and incubated at 37oC for

16 h. Antibiotics were added to the media when appropriate. lf the colony form
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was uniform, single colonies were selected and picked off plates for subsequent

storage or use. Short-term storage of strains in routine use was acheived by

suspension of freshly grown bacteria in glycerol (32"/o v/v) and peptone (0.6%

w/v) at -7OoC. Fresh cultures from glycerols were prepared by streaking a loopful

of the glycerol suspension onto a nutrient agar plate (with of without antibiotic)

folfowed by incubation at 37oC for 16h iust 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 O.25x4 in. freeze

drying ampoules and the end of each ampoule was plugged with cotton wool.

The samples were then lyophilised 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

40c.

2.5 Bacterialstrains

Vibrio cholerae and other strains used are listed in Table 2.1. Strains of the El Tor

biotype were distinguished from the Glassical biotype by resistance to the

antibiotic polymyxin B (50 units/ml) and sensitivity to biotype specific typing

phages. Table 2.2 describes the E.coliK-12 strains used in this study.

2.6 Plasmids

The R-factors, plasmids and cloning vectors which were used in this study are

listed in Table 2.3.



42

2.7 Antisera

2.7.1 Arrtiserum production

Antiserum against the denatured form of the p-lactamase was prepared as

follows:

Antiserum to the denatured form of the protein was raised to bands extracted

from polyacrylamide gels. This was accomplished by electrophoresing cell

periplasmic preparations (10 mg/ml) on a SDS polyacrylamide gel, staining a strip

with Coomassie Brilliant Blue to identify the location of the desired band, then

aligning this strip with the gel and excising the corresponding location. The strip

was washed in distilled water to remove SDS and then homogenized and injected

with 1 part to 5 of Span85:Paraffin oil. Rabbits were immunized subcutaneously,

by three repeated injections at fortnightly intervals'

21.2 Selective absorption of antiserum by intact cells

The antiserum was absorbed by mixing 2 ml of antiserum with 10s E.coti K-12

cells, incubating at 37oC for 60 min and removing the cells by centrifugation

(5,000 rev/min, 10 min). This process was repeated a second time with

incubation at 4oC overnight. The serum was then filter sterilized, using aO.22ym

pore Millipore filter (Millipore Corp., Bedford Mass.).

2.8 Transformation procedure

Transformation was performed essentially by the method described by Brown ef

al. (1979). E.coli K-12 strains were made competent for transformation with

plasmid DNA as follows: an overnight shaking 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 lor 20 min, pelleted at 4"C in a bench
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centrifuge, resuspended in half volume of cold 100mM 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 with DNA (volume made to 0.1 ml with TE buffer: 1omM Tris-HCl, 1mM

EDTA, pH 8.0) and left on ice lor a further 30 min. The cell/DNA mixture was

heated at 42oC tor 2 min and then 3 ml BHI was added followed by incubation

with shaking at 37oC tor 1-2 hours. The culture was plated onto selection plates

directly or concentrated by centrifugation and plated. Cells with sterile buffer were

included as a control.

When transforming the V.cholerae DNase negative mutants, V.cholerae strains

and E.coti DH1 were all grown in Luria broth to an ODu* of 0.6, washed with

1omls of cold 5OmM MgCl, and resuspended in 2mls of cold 50mM CaCl, and left

overnight at 4oC. Dilutions of each culture were plared onto nutrient agar plates

as well. The following day, before use, the competent cells were all standardized

to a concentration of 1x1Os cells/ml (using the 10-6 dilution of each of the cultures

plated onto nutrient agar the night before).

2.9 DNA extract¡on procedures

2.9.1 Plasmid DNA isolation

Plasmid DNA was isolated by one of the three following procedures:

Method 1: Rapid plasmid preparation by the boiling method of Holmes and

Quigley (1981) was performed as follows: Cells from 1 ml of a 10 ml shaking

overnight culture were pelleted (this yielded about 10e cells) in an Eppendorf 5414

centrifuge for 30 secs, resuspended in 50 ¡rl STET buffer (5%(w/v) sucrose,

51"(v/v) Triton X-100, 50mM EDTA, 50mM Tris-HGl, pH 8.0). Lysozyme (5mg/ml;

5 ¡rl) was added and the suspension left at room temperature for several min.

Samples were then placed in boiling water for 35 secs 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 -

2OoC for 10 min. DNA was pelleted by centrifugation in an Eppendorf centrifuge
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for 10 min, washed once with 1 ml 7O"/o(w/v) ethanol, dried in vacuo and

dissolved in 20 ¡rl TE buffer. This method was also scaled up for use with 10 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, 1970).

Cells were resuspended in 0.4 ml 25o/o(wlv) sucrose in 50mM Tris-HCl, pH 8.0.

Lysozyme (50¡.11, 10 mg/ml 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 15 min. 0.5

ml TET buffer (50 mM Tris-HCl, 66 mM EDTA, pH 8.0, O.4o/o 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 5414), washed once with 1 ml 7Oo/o(vlv)

ethanol, dried and resuspended in 50¡rlTE buffer.

Method 3: large scale plasmid purification was performed by the three step alkali

lysis method (Garger et a|.,1983). Cells from a litre culture were harvested (6,000

rpm, 15 min, 4oC, GS-3, Sorvall) and resuspended in 24 ml solution 1 (50mM

glucose, 25mM Tris-HCl, pH 8.0, 1OmM 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 (0.2M NaOH,

17"(wlv) 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 4.8) and

incubation on ice for 15 min, protein, chromosomal DNA and high molecular

weight RNA were removed by centrifugation (8,000 rpm, 20 min, 4oC, GSA,

Sorvall). The supernatant was then extracted with an equal volume of a TE

saturated phenol, chloroform, isoamyl alcohol mixture (25:2a:1). Plasmid DNA

from the aqueous phase was precipitated with 0.6 volume of 100%(v lv) propan-2-

ol at room temperature for 10 min and collected by centrifugation (10,000 rpm at

4oC, 35 min, GSA, Sorvall). After washing in 7Oo/o(v/v) ethanol, the pellet was
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dried in vaccuo 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 a/. (1983). The DNA band was removed

by side puncture of the tube with a 19 gauge needle attached to a 1 ml syringe.

The ethidium bromide was extracted using CsCl saturated isopropanol. CsGlwas

then removed by dialysis overnight against three changes of 2 litres TE at 4oC.

DNA was stored at 4oC.

2.9.2 Preparation oÍ V.cholerae genomic DNA

V.cholerae genomic DNA was prepared according to Manning et al. (1986). Cells

from a 20 ml shaking overnight culture were pelleted in a bench centrifuge for 10

min and washed once with TES buffer (50mM Tris-HCl, pH 8.0, 5mM EDTA,

50mM NaCl). The pellet was then resuspended in 2 m|25"/o sucrose, 50mM Tris-

HCl, pH 8.0 and 1 ml lysozyme (10 mg/ml in 0.25M EDTA, pH 8.0) was added and

the mixture incubated on ice for 20 min. TE buffer (0.75 ml) and 0.25 ml lysis

solution (so/o(wlv) sarkosyl, 50mM 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

two extractions each with TE saturated phenol and diethyl ether. The genomic

DNA was then precipitated from the solution by the addition of two volumes of

cold 95%(v/v) ethanol. The precipitate was washed twice with 70%(v/v) ethanol,

dried in vacuo for 60 min and dissolved in 1 ml TE buffer. This was achieved by

heating to 56oG for several min. This generally yielded high molecular weight

DNA at concentrations ranging from 0.5-1.0 mg/ml.

2.10 Analysis and manipulation of DNA
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2-10.1 DNA quantitation

The DNA concentration was determined by measurement of absorption at 260 nm

and assuming an Ar* of 1.0 is equalto 50¡lg DNA/ml (Miller, 1972).

2.10.2 Restriction endonudease digestion of DNA

Cleavage reactions of the restriction enzymes Hindlll, BamHl, EcoRl, Pstl, Clal

and Xbal were performed using SPK buffer (10x: 200mM Tris-HCl, pH 8.0, 50mM

MgClr, 5mM dithioerythritol, 1mM EDTA, 500mM KCI and 50% glycerol). The

remaining restriction digests were carried out as described by Davis ef a/. (1980).

0.1-0.5¡rg of DNA or purified restriction fragments were incubated with 2 units of

each restriction enzyme in a final volume of 20 yl, at 37oC, lor 1'2 hours. The

reactions were terminated by heating at 65oC for 10 min. Prior to loading onto a

gel, a one tenth volume of tracking dye (15o/o(wlv) Ficoll, O.1Yo(wlv) bromophenol

blue) was added.

2.10.3 Analytical and preparative separation of restr¡ct¡on fragments

Electrophoresis of digested DNA was carried out at room temperature on

horizontal, 0.6o/o, 0.8"/" or 1o/o(wfv) agarose gels (Seakem HGT), 13 cm long, 13

cm wide and 0.7 cm thick. Gels were run at 100V for 4-5 hours in TBE buffer

(67mM Tris base, 22mM boric acid and 2 mMEDTA, final pH 8.8). After

electrophoresis the gels were stained in distilled water containing 2yglml ethidium

bromide. DNA bands were visualized by trans-illumination with UV light and

photographed on either Polaroid 667 positive film or 665 negative film.
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For preparative gels Sea Plaque (Seakem) low-gelling-temperature agarose at a

concentration of 0.6%(w/v) was used for separation of restriction fragments,

which were recovered by one of the following methods.

Method 1: DNA bands were excised and the agarose melted at 65oC. Five

volumes of 20mM Tris-HCl, 1mM EDTA, pH 8.0 buffer was added and the agarose

extracted with phenol:water and then phenol:chloroform (both 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.

Method 2: After separation of fragments had occurred, the gel was lightly stained

with ethidium bromide and the bands visualized by long-wave UV light. The

agarose in front of the desired restriction fragment was removed and dialysis

tubing was placed, such that the DNA moved into this well by electrophoresis and

could subsequently be collected by a pasteur pipette. The ethidium bromide was

extracted using isoamyl alcohol, followed by dialysis overnight against TE at 4oC,

with at least three changes. DNA was stored at 4oC.

2.10.4 lsolation of DNA fragments less than 1,0ü)bp

Digested DNA was end-labelled using a-¡32e¡-dCte. Prior to loading onto the gel,

a one-tenth volume of tracking dye (10x : 1"/"(w/v) bromophenol blue, 50o/"(v/v)

glycerol, 37.5mM EDTA) was added. The sample was then loaded onto a 3Ol"

poryacrylamide gel. The gel was electrophoresed at 400 V until the tracking dye

reached the bottom of the gel after which the glass plates were separated and the

get placed on film for 30 min. The gel slices which contained the labelled DNA

fragments were located by super-imposing the autoradiograph over the gel. The

DNA band was excised and the DNA was eluted by soaking the gel slices

overnight in 400¡rl of gel elution buffer (500 mM ammonium acetate, 10 mM

magnesium acetate, 1mM EDTA and O.1"/"(wfv) SDS, pH 7.6) and the

supernatant was ethanol precipitated.
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2.10-5 Calculation of restriction fragment size

The size of restriction enzyme fragments were calculated by comparing their

relative mobility with that of EcoRl digested Bacillus subtilis bacteriophage SPP1

DNA. The calculated sizes of the SPPI EcoRl standard fragments used differ from

those published (Ratcliff et al., 1979) and were calculated with the program

DNAFRAG (Rood and Gawthorne, 1984) using bacteriophage lambda and

plasmid pBR322 as standards. The sizes (kilobases, kb) used were: 8.0; 7.1; 6.0;

4.78;3.44; 2.77; 1.93; 1 .88; 1 .55; 1 .43; 1.2; 1.O3; O-7; O.48.

2.10-6 In vitro cloning

DNA to be subcloned (3 ¡.rg) was cleaved in either single or double restriction

enzyme digests. This was combined with 1 pg of similarly cleaved vector DNA,

then ligated with 2 units of T4 DNA ligase in a volume of 50¡rl in a final buffer

concentration of 20mM Tris-HCl, pH 7.5, 10mM MgClr, 10mM dithiothreitol

Pl-D, 0.6mM ATP for 16 hours at 4oC. The reaction was stopped by heat

inactivation of the T4 DNA ligase at 65oC for 10 min. The ligated DNA was then

used directly for transformation of strain DH1. Transformants were screened for

insertional inactivation of the appropriate drug resistance (Ap or Tc), wherever

possible, prior to plasmid DNA isolation.

210-7 Generation of deletions using nudease Bal31

DNA (200¡rl) was digested with the appropriate restriction endonuclease and heat

inactivated at 65oC for 10 min. The linearized DNA was then digested with Bal31

(the digest contained 225 ¡rl linearized DNA, 30mM Tris-HCl, pH 8.0, 2mM MgCl*

12mM CaClr, 0.25mM NaCl, 3 units Bal31) and samples were taken from the

digest at various times (1 min intervals) and the reaction stopped by the addition

of 10 ¡.rl GEBS (GEBS: 2Oo/"(v/v) glycerol, 50mM EDTA, O.OSo/"(w/v) bromophenol

blue, 0.5%(w/v) sarkosyl). The samples were desalted in 1 ml Sepharose CL-68
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columns, dried in vacuo and resuspended in 20¡rl of water. The ends were filled in

with Klenow by adding 2.5¡rl of 10x nick translation buffer [10x :0.5M Tris-HCl, pH

7.2, O.1 M MgSOo, 1 mM DTT, 500¡.rg/ml BSA (Pentax Fraction V), and 1 pl each

of dNTP's (2mM)l and 5 units/¡rl of Klenow and incubating at room temperature

for 30 min. The reaction was stopped with 5¡rl GEBS and heated at 65oC for 10

min. The DNA was desalted and dried down as before and the linkers were

ligated to the DNA. Linker ligation was performed by adding 10¡rl of 1x linker

kinase buffer (10x :0.66M Tris-HCl, pH 7.6, 1OmM ATP, 1OmM spermidine,0.lM

Mgçlr, 150mM DTT,2 mg/ml BSA), 3¡¡l of phosphorylated linkers and 2 units of

T4 DNA ligase and incubated overnight at 4oC. The reaction was stopped with 30

¡rl of 1/4 GEBS and heated at 65oC for 10 min. The DNA was desalted and

digested with the appropriate restriction endonuclease to cleave the linkers,

heated at 65oC for 10 min and then ligated overnight at 4oC. The ligated DNA

was transformed into E.colí K-12 strain DH1 and the sizes of the deletions were

determined by isolating plasmid DNA, digesting with appropriate restriction

endonucleases and analyzing the digests on a O.8"/"(w/v) agarose gel.

2.10.8 Dephosphorylation of DNA using alkaline phosphatase

0.1-0.S¡rg of digested plasmid DNA was incubated with 1 unit of molecular biology

grade alkaline phosphatase for 30 min at 37oC. The reaction was terminated by

the addition of EDTA, pH 8.0 to give a final concentration of 3mM followed by

heating at 65oC for 10 min. The reaction mix was then extracted twice with hot TE

saturated phenol and twice with diethyl ether. DNA was precipitated overnight at -

2OoC with two volumes of absolute ethanol and 1/10 volume of 3M sodium

acetate, pH 8.0. The precipitate was collected by centrifugat¡on (15 min,

Eppendorf 5414), washed once with 1 mlTO%(v/v) ethanol, dried in vacuo and

dissolved in TE buffer.
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2.10.9 End-filling with l(enowfragment

protruding ends created by cleavage with restriction endonucleases were filled in

using the Klenow fragment of E.coli DNA polymerase l. TypicallY,lyg of digested

DNA, 2yl of 1ox nick-translation buffer (Maniatis et al., 1982), 1yl of each dNTP

(2mM) and 1 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.

2.10.10 End-filling with T4 DNA polymerase

plasmid DNA was cleaved and cohesive ends converted to blunt ends with T4

DNA polymerase in a final volume of 25 ¡.rl containing 2¡rg DNA, 2 units T4 DNA

polymerase, 1yl of each dNTP (2mM) and 1¡rl of 10x T4 DNA polymerase buffer

(Maniatis et a1.,1982). After a 5 min incubation at 37oC, the reaction was stopped

by heating at 650C for 10 min. Salt, unincorporated nucleotides and enzyme were

removed by passage through a Sepharose CL-68 column.

2.10.11 Ligation of Linkers to blunt DNA ends

Phosphorylated linkers were ligated to blunt ends generated by T4 DNA

polymerase by overnight incubation of 1¡rg plasmid DNA with approximately 3¡rl

linkers and 4 units T4 DNA ligase in a final volume of 10¡rl of 1x linker-kinase buffer

(Maniatis et al., 1982).
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2-10.12 Construction of gene banks

ln cosmid vector pHC79

Genomic fragments of approximately 40 kilobases (kb) were obtained by

controlled partial digestion with the restriction endonuclease Sau3A (Maniatis ef

at., 1gB2). The cosmid vector used was pHC79 (Hohn and Collins, 1980) which

was restricted with Bam{l and treated with alkaline phosphatase to prevent self-

ligation. The two DNAs were mixed, ligated overnight and packaged tn vitro into

bacteriophage lambda using a Promega Packagene kit. The packaged phage

were then used to infect E.coli K-12 strain DH1. Cells harbouring cosmid clones

were detected by plating onto nutrient media containing Ap. At least 90% of

colonies were Tcs.

2.10.13 Nick translation method

Nick translation reactions with DNA polymerase I were modified from Maniatis ef

at. (1982) and carried out as follows: 25yCi a-¡s2R1-dCTP (1 ,7OO Ci/mmole in

ethanol) was dried in vacuo in an Eppendod tube, resuspended with 80 ¡rl water,

10 ¡rl of 10x nick translation buffer (500mM Tris-HCl, pH 7.2, 100mM MgClr, 1mM

DTT, 500¡rg/ml BsA) 1pl each of 2mM dATP, dGTP, dTTP. DNA (1¡rg) was

added and incubated at 37"C for 10 min. DNA polymerase I (5 units) was added

to the mix and allowed to incubate at 16oC for 2 hours. ¡32e1-labelled DNA was

separated from unincorporated label by centrifugation through a mini-column of

Sepharose CL-68.

2.10-14 Southern transfer and hybridization

Bidirectional transfers of DNA from agarose gels to nitrocellulose paper

(Schleicher and Schll) were performed as described by Southern (1975) and

modified by Maniatis ef a/. (1982).
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prior to hybridization with radio-labelled probe, filters were incubated for 4 hours

at 44oC in a pre-hybridization solution containing 5Oo/o(v lv) formamide, 50 mM

sodium phosphate buffer, pH 6.4, 5 x SSC (0.34M NaGl, 75mM sodium citrate, pH

7.0), 5x Denhardt's reagent and 83 yglml 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/¡rg) was

added and hybridization allowed to occur tor 16-24 hours at 44oC.

Filters were washed twice with shaking at 37oC for 30 min in 2 x SSC, containing

0.1"/"(wlv) SDS. This was followed by two further washes in 0.1 x SSC plus

O.1o/"(wlv) SDS at 65oC. After drying in air (15 min, room temperature), the filters

were covered in plastic wrap and placed on film for autoradiography at -70oC with

intensifying screens.

2.10.15 Kinasing single stranded DNA

Single stranded DNA (primers) were kinased using gamma-[32e1-dRte. The

reaction mix consisted of 100mM DTT, 1¡rl 10X kinase buffer, 3 units of

polynucleotide kinase, 10¡rl of gamma-[32P1 and 60¡¡g of primer. This reaction mix

was made up to 10¡rl in water and incubated at 37oC for 30min. The 10X kinase

buffer consisted of 500mM Tris pH7.4 and 100mM MgGlr.

2.11 lsolation and analysis of RNA

2.11.1 lsolation of cellular RNA

Total cellular RNA, from V. cholerae, or E. coliwas isolated by a modification of

the methods of Aiba ef a/. (1981) and Glisin et al. (1974). An overnight shaking

culture was diluted 2O-fold (in nutrient media, as indicated), and incubated with

shaking, until the culture reached an O.D.u*= 0.8. Sodium azide (NaN.) was
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added to a final concentration of 15mM, and the cells were chilled on ice for 10

min. Cells were harvested by centrifugation (7000 RPM, 10 min., 4oC, SS34,

Sorvall) and resuspended in 3 ml 0.02M Sodium acetate pH 5.5, 0.5% SDS,

ImMEDTA, 10 mMNaN.. 3 ml. phenol (equilibrated in 0.02M sodium acetate, pH

S.5) was added and the mixture incubated at 60oC for 5 min. with gentle shaking.

After briefly spinning in a bench centrifuge, to separate the phases, the aqueous

phase was re-extracted with phenol. Nucleic acid was precipitated from the

aqueous phase by the addition of 3 volumes ethanol and chilling at -70oG for 30

min., followed by centrifugation (15000 RPM), 30 min., 4oC, SS34, Soruall). The

pelletwas resuspended in 3 m|.0.02M sodium acetate pH 5.5,0.5"/" SDS, 1mM

EDTA, reprecipitated, and recentrifuged, as above. The final precipitate was

redissolved in 4.5 ml. 0.1 M EDTA pH8.0, with an equal volume of 7.5M Caesium

chloride in 0.1mM EDTA pH 8.0, layered onto 2.5 ml. of 5.2M Caesium chloride in

a Beckman 9/16" x3 1f 2" polyallomer tubes and centrifuged at 3000 RPM, for 18

hours, at 20oC in an SW-41 rotor in a Beckman L8-80 ultracentrifuge. The

resulting pellet of RNA was dissolved in 201yl0.1M EDTA pH 8.0, precipitated

twice using one tenth volume of 3M sodium acetate pH 4.5 and two and a half

volumes of ethanol, washed with 70% ethanol, and resuspended in 200 ¡rl 0.1M

EDTA pH 8.0. Samples were stored at -70oC.

2.11-2 Electrophoresis of RNA fragments

Polyacrylamide gel electrophoresis

tn vitro produced RNA was separated from unincorporated label by

electrophoresis through 6% acrylamide/9M urea. Gels were prepared using glass

plates 16.5 cm x22cm and spacers and combs of high density polystyrene 0.5

mm thick. Gels were pre-electrophoresed for 30 min at 500 V constant voltage for

2 1/2 hours, by which time the bromophenol blue dye front had reached the

bottom of the gel. The electrophoresis buffer contained 89mM Tris base, 89mM

boric acíd and 2.5mM EDTA pH8.3, and samples were loaded in a formamide/dye

mixture as described by Sancar et al. (1982).

After electrophoresis, the glass plates were separated by heating one side of the
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gelwith hot running water, the gel generally binding to the cold plate. The gelwas

covered in plastic wrap and placed on X-ray film for autoradiography, lor 16-24

hours at room temperature, without the use of intensifying screens.

211.3 Primer Extension Analysis of RNA

The RNA to be extended (20¡rg) was mixed with 10ng of kinased primer, and

made up to 100¡rl by the addition of 5¡rl4M NaGl and water. This was precipitated

by the addition of 300p1 of ethanol and dried in vacuo. The pellets were

resuspended in 10¡rl hybridization buffer, spun down and heated to 75oC for

3min. This mix was then spun down and incubated at 42oC for 60min. The

hybridization mix was then spun down and 24yl of extension mix added. 10 units

of AMV reverse transcriptase was added and incubated at 42oC for 60 min. The

reaction mix was ethanol precipitated by the addition of 3.0¡rl of 3M NaAc pH5.5

and 100¡.rl ethanol. The pellets were then resuspended in 2yl of water and 3¡.rl of

formamide loading buffer, and boiled at 100oC before loading. The extension

product was run on a6/" polyacrylamide gelwith a sequencing reaction used as a

marker. The hybridization mix consisted of 1OmM Tris pH 8.3 and 200mM KCI

made in water. The extension mix consisted of 10mM Tris pH8.3, 14mM MgCl,

14mM DTT and 700¡rM of each deoxynucleotide. Formamide loading buffer was

made up as 95% deionized formamide and 100mM NaOH with 0.1% bromophenol

blue.

2.12 Mutagenesis

2.12.1 Chemical mutagenesis

The chemical mutagen ethyl methanesulfonate (EMS) was used in an attempt to

mutagenize the V.cholerae chromosome. A culture of V.cholerae was grown to

late exponential phase in Luria broth, and one volume of this culture was mixed

with an equal volume of freshly prepared stock solution of EMS (0.1m| of EMS in
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2.5m1 of minimal medium warmed to 37oC). This mixture was aerated on a

shaking incubator at 37oC for 2 hours. The culture was then diluted 1O-fold into

fresh minimal medium, and allowed to grow out for several hours followed by

plating for single colonies onto nutr¡ent agar. V.cholerae cells were patched onto

DNA-agar and duplicated onto nutrient agar plates. Mutants defective for DNase

production were screened by looking for colonies without a zone of clearing on

DNA-agar plates after the addition of 1N HCl.

2.12.2 Transposition with Tn1725

Tnl72S (Cmt) transposition to plasmid DNA was performed in the following

manner: Plasmid pRU669 (R,.1::Tnl725) (Ubben and Schmitt, 1986) was

transferred by conjugation, into an E.coli K-12 derivative harbouring the target

plasmid. This was achieved by mating for 3 hours at 30oC in a standing culture

which consisted of 0.1 ml of an overnight culture of G600 [R,.1::Tn7725] with 0.9

ml of the culture to be mutagenized and 1 ml BHI broth. Following plating of 0.1

ml of mating mix on NA containing Cm and Ap, independent exconjugants were

purified and used for growing up an overnight cultures at 37oC in NB containing

both antibiotics to select for the transposon (Cm) and the plasmid (Ap). Triton X-

100 lysates (10 ml) prepared from these cultures were used to transform C600,

again selecting for both the plasmid and the transposon. Following overnight

incubation at 37oG, transformants were randomly chosen for analysis of their

plasmid DNA.

2.12.3 Transposition with TnPhoA

The plasmid pRT291 was used which carried TnphoA on pRK290. The mobilizing

strain SM10 (Simon et a1.,1983) was used to transfer pRT291 by conjugation into

V.cholerae selecting for exconjugants by means of the SmR of V.cholerae. The

strain was then superinfected with pH1Jl, selecting for SmR,GmR and KmR.

Colonies that came up were Tcs because of the loss of pRT291 due to its

incompatability with pPHlJl, yet retained KmR because TnphoA had transposed

from pRT291. X-pho (Oyg/ml) was incorporated into the selection plates at the
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last step, with colonies producing an active, exported hybrid protein coming up as

blue colonies. Blue colonies were only detected after 48 hours incubation at

370C.

2.12.4 Oligonucleotide sitedirected mutagenesis

Oligonucleotide mutagenesis was carried out us¡ng the pMa/c phasmid vector by

the gapped duplex DNA method (Stanssens ef a/., 1986). The desired gene

(DNase) to be mutagenized was cloned into the EcoRl site of the pMc-type

phasmid and s/s DNA was isolated in a similar manner to that described for M13

s/s DNA. A derivative of M13 was used which preferentially packaged this

phasmid DNA. This derivative, M13K07, was obtained from Pharmacia. The

phasmid pMa5-14 was digested with EcoRl and 0.1 pmole of this DNA was mixed

with 0.S pmole of the s/s DNA. To this mix 5¡rl of 1.5M KGI/100mM Tris-HCl,

pH7.5 and the volume adjusted to 40¡rl with HrO. The reaction was incubated at

IOOoC for 4min., and then placed at 65oC for 5min. and allowed to coolto RT.

For the gap-filling and sealing reactions, 8¡.rl of the hybridization mixture and 8

pmoles of the phosphorylated mutagenic oligonucleotide were placed in an

Eppindorf tube, The mixture was heated to 65oC for Smin. and then allowed to

cool to RT. To this, 24ylH"O and 4¡110Xfill-in buffer (625mM KCl,275mM Tris-

HCl, 150mM MgOlr, 20mM DTT, 0.5mM ATP and 0.25mM of the four dNTP's,

pH7.5), 1¡rl T4-DNA ligase and 1pl DNA polymerase (Klenow) was added, mixed

and incubated for 45min. at RT. This mixture was stored on ice until it was used

for transformation.

The filled-in gdDNA was transformed into the E.colistrain WK6mufS. For selection

of transformants, the antibiotic (Ap) to which resistance was encoded by the

gapped strand was used. A 100¡rl aliquot of the transformation mixture was used

to inoculate a 1Oml broth supplemented with Ap. The following day, phasmid DNA

was prepared from this culture. The mixed phasmid DNA population obtained

was allowed to segregate by transforming the su- strain WK6 and selecting for Ap.

Phasmid DNA was isolated from this strain and screened for the mutation.
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2.13 Protein analysis

2.13-1 Minicell procedures

Minicells were purified and the ptasmid-encoded proteins labelled with [tus]-

methionine as described by Kennedy et al., (1977) and modified by Achtman ef a/.

(1979). This involved separation of minicells from whole cells (500 ml overnight

culture in LB medium) by centrifugation through two successive sucrose

gradients, pre-incubating to degrade long lived mRNAs, then pulse labelling with

[3sS]-methionine in the presence of methionine assay medium. Minicells were

subsequently solubilized by heating at 100oC in 100 ¡rl of 1x sample buffer

(Lugtenberg et al., 1975).

2-13.2 Bacterial cel l-f ree coupled transcri ption-translation

The prokaryotic DNA-directed translation kit was obtained from Amersham, and

this system was essentially as described by DeVries and Zubay (1967), and

modified by Collins (1979). Reactions were carried out according to

manufacturers specifications.

2.13.3 SDS Polyacrylamide Gel Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on 11-2Oo/"

gradients for proteins using a modification of the procedure of Lugtenberg et al.

(1975) as described previously by Achtman et al. (1978). Samples were heated at

IOOoC for 3 min prior to loading. Gels were generally electrophoresed at 100 V

for 5 hours (11-2Oo/o gradient gels). Protein staining was achieved by incubation,

with gentle agitation overnight at room temperature in 0.06f"@/v) Goomassie

Brilliant Blue G250 (dissolved in 5"/"(vlv) perchloric acid). Destaining was

accomplished with several changes oÍ 5"/o(vfv) acetic acid, with gentle agitation

for 24 hours.
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Size markers (Bio-Rad) were phosphorylase B (92.5 kDal), bovine serum albumin

(66.2 kDal), ovalbumin (45 kDal), carbonic anhydrase (31 kDal), soybean trypsin

inhibitor (21.5 kDal) and lysozyme (14.4 kDal).

2.13.4 Silver Staining

The modified procedure of Morrissey, (1981), was used to detect proteins in

polyacrylamide gels. Following electrophoresis, the gel was pre-fixed in 50%

methanol, 10olo âcêtic acid for 30min., and 5% methanol, To/o acetic acid for a

further 30min. The gel was fixed for 30min. in 10% glutaraldehyde (Univar) and

rinsed with several changes of deionized HrO for 2 hours. The gelwas soaked for

3Omin. in 5¡rg/ml DTT and 0.1% silver nitrate was added after rinsing. After

30min. the gel was rinsed with deionized HrO and developer added. The

developer (50¡rl STloformaldehyde in 100m1 3% sodium carbonate) was changed

twice and left until the desired level of staining was attained. Staining was stopped

by adding 5ml 2.3M citric acid directly to the developer and agitating for 1Omin.

2.13.5 Ar¡toradiography

SDS-PAGE gels were dried on Whatman 3MM chromatography paper at 60oC for

2 hours 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 with ¡32e1-phosphate labelled DNA, the gels were

exposed to film tor 6-72 hours at -70oC, using intensifying screens.

2.13.6 Cell fractionation

The cell fractionation procedure was a modification of that described by Osborn ef

al., (1972). Cells were grown in BHI to mid exponential phase at 37oC (50m1,

ODu* of 0.6). Gells were pelleted in a Sorvall SS-34 rotor, (10,000rpm for 10 min.

at 4oC) and resuspended in 1ml of 2Oo/o sucrose, 30mM Tris-HCl pH8.1,

transferred to SM-24 tubes and chilled on ice. Cells were converted to

sphaeroplasts with 0.1m| of 1mg/ml lysozyme in 0.1M EDTA pH7.3 for 30min. on
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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 3ml 3mM EDTA pH7.3. Cells were lysed by 60, 1s

bursts with a Branson ultrasonifier. Unlysed cells and large cell debris were

removed by low spin centrifugation (5,000rpm, Smin. at 4oC). The supernatant

containing the membranes and the cytoplasm was centrifuged at 35,000rpm in a

50Ti rotor for 60 min. at 4oC in a Beckman L8-80 ultracentrifuge. The supernatant

(cytoplasmic fraction) was collected and the membrane pellet was resuspended in

2}o/o sucrose, 1OmM Tris-HCl pH7.8, I mMEDTA. The separation of the outer and

inner membrane fractions was performed by using a step gradient between 55%

and 3O"/o sucrose. The membrane bands were collected, pelleted by

centrifugation and suspended in 0.1m| of pH6.8, 1OmM sodium phosphate buffer.

Proteins present in the culture supernatant (extracellular fraction) were

precipitated by the addition of ammonium sulphate to a concentration of either

4Oo/o o1 80% saturation at 4oC. After centrifugation, the protein pellet was

dissolved in 40mM Tris-HCl pH7.5, 2mM MgGl, and then dialysed against multiple

changes of the same buffer.

2-13-7 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 secs, Eppendod 5414). The cell pellet

was resuspended in 100p1 of 1x sample buffer (Lugtenberg ef a/., 1975) and

heated at 100oC for 3 min prior to analysis by SDS-PAGE gel electrophoresis.

The remainder of the sample was stored at -20"C for future use.

2.13-8 Western transfer and protein blotting

The procedure used was a modification of that described by Towbin ef a/. (1979).

Samples were subjected to SDS-PAGE (11-2oo/o gradient gels) and transferred to

nitrocellulose (Schleicher and Schll) at 200 mA for 2 hours in a Trans-Blot Cell

(Biorad). The transfer buffer used was 25mM Tris-HCl, pH 8.3, 192mM glycine

and S%(v/v) methanol. After transfer, the nitrocellulose sheet was incubated for
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30 min in 5%(w/v) skim milk powder in TTBS (O.Oï%(v/v) Tween 20, 20mM Tris-

HCl, 0.9%(w/v) NaCl) to block non-specific protein binding sites. Antiserum was

diluted 1/1000 in TTBS, O.O2o/"(w/v) skim milk powder (unless stated otherwise)

and incubated with gentle agitation at room temperature for 2-16 hours. The

antibody was removed by washing the nitrocellulose sheet three times for 10 min

in TTBS with shaking. Detection of bound antibody was achieved by incubating

for 2-16 hours (gentle agitation) with goat anti-rabbit lgG coupled with horseradish

peroxidase (Nordic lmmunology) at a dilution of 1/5000 in TTBS plus 0.2%(w/v)

skim milk powder. The nitrocellulose sheet was then washed four times (5 min

intervals) with TTBS, followed by two 5 min washes in TBS (20mM Tris-HCl,

O.g%(w/v) NaCl). To detect the presence of the antigen-antibody complexes

peroxidase substrate (9.9 mg 4-chloro-1-napthol dissolved in 3.3 ml -20oC

methanol added to 16.5 ml TBS containing 15¡rl hydrogen peroxide) was then

added and allowed to incubate 10-15 min with shaking, as described by Hawkes

et al. (1982).

2.14 M13 cloning and sequencing procedures

2.14-1 Preparation of M13 replicative form (RF) DNA

Fresh 2xTY broth (10 ml) was inoculated with 10 pl of an overnight culture of

JM1O1 (in M13 minimal medium). A single plaque of M13mp18 or M13mp19

picked from an H agar plate with a sterile toothpick was added to this bottle. The

culture was grown at 37oC with vigorous shaking for 6 hours. Bacterial cells were

removed by centrifugation (5,000 rpm, 10 min, bench centrifuge) and the

supernatant added to 1l NB containing 10 ml of a shaken overnight culture of

JM101. Following incubation for 14 hour at 37oC with shaking, replicative form

DNA was subsequently prepared as described above for plasmid DNA

purification.
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2.14.2 Cloning with M13mp18 and M13mp19

The M13 vectors, M13mp18 and M13mp19 (Messing and Vieira, 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 M13 vectors. The ligation conditions used

for blunt ends and cohesive ends were identical. The reaction mixtures consisted

of the DNA to be cloned (100 ng) and the DNA vector (20 ng) in a final volume of

10 ¡rl of ligation buffer. Ligation with T4 DNA ligase was carried out overnight at

40C.

2.14-3 Transfection of JM101

Strain JM101 was made competent for transformation as described in section 2.8.

Competent cells (0.2 ml) were added directly to the ligation mixes and incubated

on ice for 30 min. This was followed by a 2 min heat shock at 42oC. Cells were

then transferred to sterile test tubes to which was added a mixture of JM101

indicator cells (200 ¡rl), 100 mM IPTG (aOpl) and 2Y"(w/v) X-gal in N, N'-dimethyl

formamide (Oyl) and finally 4 ml H top agar. The mixture was poured as an

overlay onto an H agar plate and incubated overnight at 37oC.

2.14-4 Screening M13 vectors for inserts

White plaques were picked from X-gal, IPTG plates with sterile toothpicks and

added to 1 ml 2xTY broth in microfuge tubes containing a 1:100 dilution of an

overnight culture of JM101. These tubes were incubated for 5 hours at 37"C.

The cells were pelleted by centrifugation (30 secs, Eppendorf) and 0.1 ml of

supernatantwas used to innoculate 10 ml NB containing 0.1 ml JM101(overnight

culture). This mixture was incubated with shaking at 37oC overnight. RF DNA,

suitable for restriction analysis,was prepared by the Triton X-100 cleared lysate

method (section 2.9.1). After restriction enzyme digestion, DNA was examined on

1%(w/v) agarose gels.
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2.14.5 Purification of single-stranded template DNA

M1g RF DNA containing appropriate inserts were reintroduced into JM101 and

single white plaques from this transfection picked with sterile tooth picks to

innoculate 2 ml 2 x TY broth containing 20 ¡.rl of an overnight culture of JM101.

After vigorous shaking at 37oC for 6 hours, the culture was transferred to

Eppendorf tubes and centrifuged for 10 min. The supernatant was transferred to

clean tubes and recentrifuged for 5 min. A 1 ml aliquot of the supernatant from

each tube was withdrawn and mixed in a fresh tube with O.27 ml2O/"(wlv) PEG,

2.S 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/NaC| 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 centrifugedtor 2 min and 0.15 ml of the top phase transferred to clean tubes.

To the aqueous phase was added 6¡rl of 3 M sodium acetate, pH 5.0 and 400 ¡rl

absolute ethanol. Single-stranded DNA was precipitated at -20oC overnight,

followed by centrifugation for 15 min in an Eppendorf centrifuge. DNA pellets

were washed once with 1 mlTOo/o(v/v) ethanol followed by centrifugation. After

drying in vacuo the pellets were resuspended in 25¡rl TE buffer and stored at

-20oC until required.

214.6 Dideory sequencing protocol

The method is based on that described by Sanger et al. (1977,1980). Stock

solutions of the four dNTPS and ddNTPs were 10mM in TE buffer and stored

frozen at -2OoC. 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 (0.1mM), ddCTP (0.1mM), ddGTP (0.3mM) and

ddTTP (0.5mM). The deoxynucleotide mixes (A, C, G, T ) were made for each of

the four sequencing reactions, with [32P]-dCTP, as follows:
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Components

0.5mM dATP

0.5mM dCTP

0.5mM dGTP

0.5mM dTTP

1OxTE buffer

No

ddNTP

Ao Co

4vl

Mixes

40yl

40yl

10¡rl

40¡Å

5¡rl

40pl

40¡À

10¡rl

Go

40fl

6¡rl

40l.i

10¡rl

40yl

6vl

10¡rl

To

40yl

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

7vl

14yl

7vl

14¡1

7vl

14yl

7vl

14yl

These 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 (100mM Tris-HCl, pH 8.0, 50mM

Ugclr) and 2yl 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 ¡1ot annealed DNA. 5¡rOi

of [32P]-dCTP was dispensed into each of four tubes marked A, C, G and T and

dried. The solution of appropriat. ¡o/ddN mix was used to resuspend the dried

label. The No/ddN label mix (2¡rl) was al¡quoted into each of four tubes (one for

each sequencing react¡on) conta¡n¡ng 2yl of annealed DNA. To the side of each

tube was added 2yl Klenow fragment (0.125 units/¡rl TM buffer). These

components were simuftaneously brought together by a brief spin in an

Eppendorf 5414 centrifuge and the reaction mixes incubated at 37oC for 13 min.

Chase solution (2yl), consisting of 0.25 mM of each dNTP and 0.025 units
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Klenow/¡.r|, was added to the side of each tube and the chase reaction started by

another brief spin. After 15 min at 37oG, 4yl lormamide dye mix (95%(w/v)

formamide,0.lolo(w/v) ><ylene cyanol, O.11"(w/v) bromophenol blue, 1OmM 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 yl loaded onto 6o/o

polyacrylamide denaturing gels (see below). For re-running, these samples were

boiled for 60 secs prior to load¡ng.

2.14.7 Double stranded sequencing

Plasmid DNA (2-a¡rg/ml) was diluted to a volume of 18¡rl with water. The DNA

was denatured by the addition of 2yl of 2M NaOH and incubated for Smin. at RT.

To this mix, 8¡.rl of 5M ammonium acetate pH7.5 was added with 100¡rl of 100%

ethanol to precipitate the DNA. The supernatant was removed and the pellet

washed in 7Oo/o ethanol. The pellet was dried in vacuo and dissolved in 7¡.i ol

water. The DNA had 2/ of sequencing buffer (1X TM) and 1¡.rl of primer added

(0.5 pmol), and was heated to 65oC for 2mín. and allowed to slowly cool to RT.

The labelling and termination reactions were run exactly as described for M13

single stranded template DNA.

2.14.8 DNA sequencing gels

Polyacrylamide gels for DNA sequencing were prepared using glass plates 33x

3g.4 cm and 33x 42 cm. Spacers and combs were high density polystyrene (0.25

mm thick). The gel mix contained 70 ml acrylamide stock (5.7"/o(wlv) acrylamide,

O.3"/"(wfv) bis-acrylamide,8M urea in IxTBE buffer (89mM Tris base,89mM boric

acid, 2.5mM EDTA, pH 8.3), 420/ 25o/o àtntnonium persuflate and 11064y1

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.

Potymerization took place for 60 min at 37oC, 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
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1x TBE buffer and this was sufficient to evenly distribute heat throughout the gel.

Gels were pre-electrophoresed at 700 V for 30 min. After the samples had been

loaded the gel was electrophoresed using a constant voltage (700 V) for 15 min,

which was increased to 1200 V (33 mA). After 4 hours the samples were reloaded

into a second set of wells on the same gel. The gel was further electrophoresed,

initially at 700 V, then 1200 V lor 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 by heating one side of the gel with hot running water. Generally the

polyacrylamide gel bound to the cold plate. 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 using 1.5 litres of 1}"/o(v/v) acetic acid,2Oo/o(vfv)

ethanol in a 60 ml syringe. The gel was then dried at 100oG 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 ,tor 16-24 hours.

2-14-9 Analysis of DNA sequences

Sequencing data was subject to analysis using the computer program Nucleic

Acids Analysis System, version 1.7, the lBl Pustell Sequence Analysis Program

version 4.0 and the LKB DNA and protein analysis programs, DNASIS and

PROSIS.

2.15 Construction of protein fusions

The method described by Broome-Smith and Spratt (1986) was used to construct

protein fusions of the DNase to p-lactmase. The vector pJBS633 used in this

method was kindly supplied by Dr.J.Broome-Smith. Single stranded DNA for

sequencing was packaged by the f1 phage variant lR1 (supplied by J.Broome-

Smith) and isolated as described for M13 s/s templates. The oligo-

deoxynucleotide (5'-CTCGTGCACCCAACTGA-3') to the mature B-lactamase

protein was synthesized on an Applied Biosystems Model 3814 DNA synthesizer.
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Sequencing reactions with these fusion proteins were carried out as described for

M13 dideoxy sequencing.

2.16 Animal experiments

2.16-1 lnfant mouse cholera model

This method was first described by Ujiiye et a/. (1968) and was used to assess the

virulence of V.choterae strains. lnfant mice were used at five to six days of age

(weight, 2.4-2.7 g) and were removed from their parents about 6 hr before use, to

permit the emptying of stomach contents. Mice (groups of 8) received 0.1 ml of

bacterial suspension that was administered orally by means of a smooth{ipped

hypodermic needle. After challenge, the mice were kept on tissue paper in plastic

containers at 25oC. Forty-eight hours after challenge, the number of mice

surviving within each group was noted.



Table 2.1: Vibrio cholerae strains

Strain Biotype/Serotype Genotype/Phenotype

met, lys, rif

SmR

spc201 ,met,trp::

Tnl

leu, trp

SmR, non-motile

P+,arg-1, hrs-1,

ílv-1

67

Source

J.E. Ogg

J.E. Ogg

K. Bhaskaran

R.K. Holmes

D. C. Deb

K. Bhaskaran

C. Parker

D. C. Deb

C.Parker

lab. stock

lab. stock

lab. stock

lab. stock

lab. stock

lab. stock

lab. stock

lab. stock

lab. stock

1621

v62

o17

GN7007

El Tor Ogawa

El Tor Ogawa

ElTor Ogawa

ElTor Ogawa

MAK757

569B

CA4O1

154

RV69

ElTor Ogawa

Classical lnaba

Classical Inaba

Classical lnaba

Classical Ogawa

V.cholerae non-01

V.costiculus

V. fluvialus

V.parahaemolyticus

V.mimicus

Aeromonas hydrophi la AE-18

Ae ro monas hyd ro ph i I a Th-4

Aeromonas hydrophila AH-1

Aeromonas hydrophí la AH-2



6B

Table 2.2: Escheríchia coli strains

Strain Genotype/Phenotype Source/Reference

DH1

DS41O

JM101

c600

s17-1

SMlO

MM294

WK6

WK6mutS

F , gyrA-96, recA-l, relA-1,

endA-l, th¡-l, hsd?-l 7, supE-44,

lambda- B. Bachmann

F-, minA, minB, rpsL, D. Sherratt

F' ltraD-36, proA,B, laclq,

lacZ, ôM151, supE,ollac - proA,Bl,

supE, thí -1 A. SivaPrasad

F , thr-1 , leu-6, tonA-1 , lacY-1 ,

supE-44, thi-1 J. Reeve

RP4-2-Tc::Mu-Km::Tn7f pro, ñsdÆ U. Priefer

RP4-2-Tc: :Mu thi, thr, leu,supE U. Priefer

pro, endA-l, hsd?, supF, B. Bachmann

Ò(ac-proA3), galE, rPsL f F'

laclc,TÂM15, proA+B+ W. Kramer

Ò(ac-proA9), galE, rpsL,

mutS2 1 5::Tn1 0 / F' I ac lc, 7^M1 5,

proA+ B+ R. Zell
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Table 2.3: Plasmids and cloning vectors

Plasmid Antibiotic marker Reference

pBR322

pRK290

pHC79Ap,

pRU669

pSUP205

pUC18

pUC19

M13mp18

M13mp19

pPHlJl

pJ85633

pACYC184

pBG50

pEG612

pMa5-14

pMc5-14

Ap, Tc

Tc

Tc

Rr"1::Tnl725/Cm,Km

Cm, Tc

Ap

Ap

Gm, Sp, Sm

Km, Tc

Cm, Tc

Cm

Ap

Ap

Cm

Bolivar et al., (1977)

Ditta ef a/., (1980)

Hohn and Collins(1980)

Ubben and Schmitt (1986)

Simon et al., (1983)

Vieira and Messing (1982)

Vieira and Messing (1982)

Messing and Vieira (1982)

Messing and Vieira (1982)

Ruvkun et al., (1982)

Broome-Smith (1986)

Chang and Cohen (1978)

Newland et al., (1985)

A. Brumby (pers. comm.)

stanssens et al., (1986)
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CHAPTER 3

Molecular Gloning and Character-

ization of the Deo4y-

ribonuclease of Vibrio cholerae

3.1 lntroduction

Vibrio cholerae produces a number of extracellular proteins.. These include

proteases, haemagglutinins, haemolysins, cholera toxin and deoxyribonucleases.

Many of these extracellular proteins have been implicated as important virulence

factors in V.cholerae (Schneider and Parker, 1978; Finkelstein and Hanne, 1982;

Finkelstein,1972; Manning, 1987). One of these extracellular proteins, the DNase,

is of particular interest not only in the role it may play in the pathogenesis of the

disease, but also in its involvement as a barrier to either transformation or

transfection in V.cholerae, presumably due to degradation of the exogenously

added DNA. Poor transformability associated with the production of an

extracellular DNase has been described in Serratia marcescens (l-immis and

Winkler, 1973; Reid et a|.,1982).

As the DNase belongs to this class of exported or extracellular proteins, it also

provides a good working model for the analysis of proteins exported from Gram-

negative bacteria. This chapter describes the cloning and molecular

characterization of the gene encoding this enzyme, and the identification of its

protein product.
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3.2 Resulüs

3.2.1 Gloning of the exúacellular DNase of Mbrio cf¡olerae

A cosmid gene bank derived Írom V.cholerae 017 was constructed using the

vector pHC79 (Hohn and Collins,1980). Vector DNA was digested with BamHl

inactivating the TcR gene, and ligated to the genomic DNA partially digested with

SauSA. This was followed by in vitro packaging and transfection into the E.coli K-

12 strain DH1, selecting for ApR colonies. 550 colonies (all Tcs) were patched

onto DNA agar containing Ap, and replicated onto nutrient agar conta¡ning Ap.

After incubation overnight at 37oC, the DNA plates were then flooded with 1N HCl,

and zones of hydrolysis due to DNase activity were able to be detected as regions

of clearing in the precipitated DNA. One clone capable of DNA hydrolysis was

detected amongst the 550 ApR,Tcs clones (Figure 3.1). This colony was purified

from the duplicate plate, and the plasmid in this strain was designated pPM1201.

This plasmid contained a DNA insert of about 35 kb, and E.coli K-12 DH1 cells re-

transformed with this plasmid retained DNase activity.

3.2.2 Subdones of pPM1201

Deletion derivatives of the plasmid pPM1201 were constructed by partial

restriction endonuclease digestion followed by dilution and ligation. The

restriction enzymes used were Bam{l, EcoRl, EcoRV, Hindlll and Psfl (Figure

9.2). One deletion derivatíve pPM1202, still producing the DNase after digestion

with EcoRl,contained the smallest fragment ol V.cholerae DNA (Figure 3.3).

lnterestingly, the 1.55 kb EcoRl fragment in pPMl 2O2 is not present in the original

cosmid clone (see below). This is presumably due to an EcoRl site being

introduced during the partial restriction endonuclease digestion and ligation

'procedure, or a deletion ocurring within a larger EcoRl fragment; and the EcoRl

site of this smaller DNA fragment ligating to the EcoRl site of the pHC79 vector.

However, further deletion of the 1.55 kb cloned V.cholerae DNA gave rise to a

1.25 kb EcoRl/Híndlll fragment present in the plasmid pPM1207 (see Figure 3.4).



Figure 3.1 Detection of the cloned DNase gene.

A nutrient agar plate containing Ap and 0.2o/o DNA (Sigma-Herring Sperm) was

used to screen for DNase positive clones. Colonies represent E.colí DH1 with

cosmid clones of V.cholerae 017 DNA. After overnight growth the DNA-agar plate

was flooded with 1N HCl, precipitating the DNA. The colony showing a zone of

clearing due to hydrolysis of the DNA, was identified as containing the DNase

gene of V.cholerae. The arrow indicates the original cosmid clone

DH1[pPM12011.
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Figure 3.2 Southern hybridization analysis of the DNase positive plasmid

pPM1201, and its deletion derivative pPM12O2.

(a) DNA was digested with the restriction endonucleases indicated and

electrophoresed on an agarose gel (0.8old. After transfer to a nitrocellulose filter,

the btock was probed with c-¡32e¡-dOte labelled EcoRllHindlll fragment of

pPM12O2. The agarose gel shows that the 1.55 kb EcoRl DNA fragment of

pPM1212is not present in the cosmid clone pPM1201. The 1.25 kb EcoRl/Hindlll

DNA fragment is present in both the cosmid clone pPM1201 and pPM1202.

(b) The corresponding autoradiograph shows the EcoRl DNA fragment of

pPM12O2lo be present as a 3.55 kb EcoRl band in pPM1201, whilethe 1.25 kb

EcoRllHindlll fragment is present in both pPM1201 and pPM1202. The arrows

indicate the restriction fragments on the cosmid clone which contain the

EcoRl/Hindlll DNA fragment encoding the DNase gene.
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Figure 3.3 Restriction endonuclease cleavage map of pPM1202.

This plasmid originated from the partial digestion of the cosmid clone pPM1201

with EcoRl and subsequent re-ligation. The EcoRl sites were used to subclone

this fragment which retained the DNase positive phenotype. The BamHl site

shown in brackets, was lost in the original cloning in which DNA paftially digested

with Sau3A was cloned into this site.
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This plasmid retained the DNase positive phenotype. This 1.25 kb fragment is

present in both the original cosmid clone and the 1.55 kb EcoRl cutdown (Figure

3.2).

There are no cleavage sites within the cloned V.cholerae DNA for the following

enzymes: Aatll, Acc| BamH.l, Bcll, Bglll, Clal, Hpal, Kpnl, Mlul, Ndel, Notl, Nrul,

Psfl, Sact, Sa/|, Scal, Smal, Ssfl, Xöal, )fiol and )ffia\.

3.2.3 Redoning of the DNase gene into ofüer vectors

When the 1.55 kb EcoRl fragment of pPMl2O2was recloned into the EcoRl site of

the vector pACYC184, a DNase positive phenotype was obtained irrespective of

its orientation, suggesting that the gene carried its own promoter. These plasmids

were designated pPM1203 and pPM1204. The EcoRl fragment of pPMl2O2was

also cloned into the vector pUC18 in both orientations, to give the plasmids

ppM120b and pPM1254. Expression of the DNase was also independent of

orientation in this vector, and did not require induction of the /ac promoter with

lpTG, thereby further establ¡sh¡ng the lack a requirement for external promoters

(Figure 3.4).

3.2-4 Transposon mutagenesis of pPMlã)2

plasmid pPM1202 was mutagenízed with the transposon Tn1725 (Ubben and

Schmitt, 1986). This transposon contains sites for the restriction endonuclease

EcoRl 15 bp from each end, and thus allows a simple and accurate method of

determining the point of insertion of the transposon in the DNA.

Tn1725 was transposed into pPM12O2lrom plasmid pRU669 (R,"1::Tn7725)

selecting for CmR derivatives of pPM1202. A total of 20 independent insertions

were isolated and mapped by restriction analysis with both EcoRl and Hrndlll.

These insertion derivatives showed either a positive or completely negative

phenotype. None of the positive insertions found were located on the cloned

fragment of DNA and therefore they were not further mapped. Small-scale DNA



Figure 3.4 Effect of gene orientation on DNase expression.

When the EcoRl fragment of pPMl2O2was cloned in both orientations into pUC18

(plasmíds pPM1205 and pPM1254), the cells expressed a DNase positive

phenotype. . Expression of the DNase was also independent of induction of the

external/ac promoter contained in the vector.

Digestion of pPM1254 and pPM1205 with Hindlll and re-ligation results in the

deletion of a portion of the cloned DNA and the polylinker region of the vector.

Cells harbouring pPM1207 with a1.25 kb insert still express DNase activity.
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preparations from these positive inseftions were also particularly difficult to

analyse because of the large amount of nuclease activity resulting in partial

degradation of the isolated plasmid DNA. This was not seen with DNase-

inactivating insertions. The insertions eliminating activity all mapped on the cloned

DNA fragment within a region of 0.6 kb, giving a minimum estimate of 22 kDa for

the DNase (Figure 3.5).

3.2-S Unker insertion mutagenesis of the DNase gene

The plasmid pPM12O7 was used to introduce various linker mutations into a

number of restriction endonuclease sites present on the 1.25 kb insert DNA. PsÍl

linkers were introduced into the Nael,Ball and EcoRV sites individually. Nael, Ball

and EcoRV are all restriction endonucleases that give rise to blunt-ended

fragments. The Psfl linkers were ligated directly to these ends and the resulting

plasmid derivatives were re-ligated. The Pstl linkers are I bp in length

(dGCTGCAGC), and an insetion within the DNase gene would cause a frameshift

mutation. Both Nael and Ball linker insertions resulted in a DNase negative

phenotype, while the EcoRV linker insertion site retained DNase activity (Figure

9.5). The location and nature of the lt/ael and Ball insertions are consistent with

the Tn1T25 DNase negative mutations, while the EcoRV linker insertion positive

phenotype defines the limit of the DNase gene to this restriction site. No further

suitable restriction endonuclease sites were available at the Hindlll end of the

cloned DNA, with the maximum coding size of the DNase gene now being

confined to a 1.07 kb DNA region, corresponding to a maximum protein size of 39

kDa.

3.2.6 Analysis of plasmid encoded proteins in E.coli minicells

Several plasmids were introduced into the E.coli K-12 minicell-producing strain

DS41O (Dougan and Sherratt, 1977). Minicells were purified from whole cells by

centrifugation through sucrose gradients and subsequent¡y the plasmid-encoded



Figure 3-5 Transposon and linker insertion mutagenesis of pPM12O2 and

pPM1207.

The top line indicates the sites of insertion otTn1725 within each of the plasmids.

These insertions were clustered within a 0.6 kb region result in a DNase negative

phenotype. No transposon insertions that gave a positive phenotype mapped

within the 1.55 kb EcoRlfragment.

Linker insertion mutagenesis of pPM12O7 to give the plasmids pPM1208,

pPM1209 and pPM1210, define the limit of the DNase at one end of the DNA

fragment to the EcoRV site. The open boxes indicate the site of insertion of the

Pstl linkers. The DNase gene can be localized to a 1.07 kb region of DNA.
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proteins were labelled with [ss]-methionine (Kennedy et al., 1977; Achtman et al.,

1g7g). These were visualised by autoradiography following electrophoresis in

SDS through an 11-2Oo/o linear polyacrylamide gradient gel.

The plasmid pPMl2O2was analysed in minicells, along with the Tn1725 DNase

negative derivatives. Plasmid pPM1202 shows a protein band at about 24 kDa,

which is very faint and probably reflects the fact that the DNase is poorly

expressed. The corresponding band is not present in the pHC79 vector alone

(Figure 3.6). The purpose of utilizing the transposon Tn1725 negative mutants

was to detect the truncated protein products produced by the insertions in the

structural gene. The size of these truncated protein products, would enable the

direction of transcription and the start point of the gene to be determined.

Unfortunately, no such products could be detected and this could be due either to

the rapid degradation of these truncated forms by proteolytic enzymes, or merely

not being visualized on the autoradiograph as the wild type gene itself appears to

be expressed in very low amounts.

3.2-7 ln vitro translation of pPM12O7

The protein products of the plasmid pPM12O7 and the cloning vector pUC18 were

analyzed using a prokaryotic DNA-directed translation kit. This cell-free bacterial

coupled transcription-translation system first described by DeVries and Zubay

(1967) and later modified by Collins (1979), allows the expression rn vitro of genes

contained on bacterial plasmids, provided that the relevant control signals such as

the Pr¡bnow box for initiation of transcription, and Shine-Dalgarno sequence for

translation are present. The system essentially utilizes an S-30 extract prepared

lrom E.coli and the necessary nucleotides and amino acids for the transcription

and translation of the plasmid encoded genes. The added radiolabelled [sS]-

methionine, allows the translated gene products to be visualized by

autoradiography after polyacrylamide gel electrophoresis.

The plasmid pPM1207 shows a band at the 24 kDa size range although this is a

minor band and presumably is due to the low expression of this gene, as is also

seen in minicells (Figure 3.6). The track containing the pUC18 vector alone does



Figure 3.6 Expression of plasmid encoded prote¡ns

(a) Plasmid encoded proteins in the E.coliK-12 minicell producing strain DS410.

Minicells harbouring the various plasmids were purified on sucrose gradients,

labelled with [sS]-methionine and solubilized in sample buffer. The plasmid

encoded proteins were visualized by autoradiography after electrophoresis on a

11-20"/" gradient polyacrylamide gel. The p-lactamase present in the vector in all

the plasmids has a size of 30 kDa, while the chloramphenicol transacetylase

(CAT) of the Tn1725 inseñion plasmids has a size of 25 kDa. The 24 kDa protein

is seen only in the track with pPM1202 which has a DNase positive phenotype.

(b) /n vítrotranslation of plasmid encoded proteins.

Plasmid encoded proteins were labelled with ¡3sS1-methionine using a cell-free

bacterial transcription-translation system. Samples were precipitated in 50% TCA

and run in SDS on a 15% polyacrylamide gel. Bands were visualized by

autoradiography. The 30 kDa protein represents the p-lactamase The reaction

containing pPM1207 shows a24 kDa protein (the putative DNase) not present in

the pUC18 vector.
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not have the corresponding band, and is consistent with the data obtained from

minicell analysis.

3-2-B Functional identification of the DNase protein and its cellular location

Cytoplasm, periplasm, inner and outer membranes and extracellular fractions of

E.coli K-12 containing the cloned V.cholerae gene were assayed for activity by

spotting 5Oìl of each fraction onto DNA-containing (O.2"/") agar plates. These

plates were incubated overnight at 37'C and flooded with 1N HC!. Fractions

containing the DNase resulted in a zone of clearing due to hydrolysis of the DNA

in the agar (data not shown). Activity of the V.cholerae DNase was found only in

the periplasmic fraction. Similar fractions were also assayed from V.cholerae O17

for DNase activity. ln contrast to E.coli K-12, activity was detected only in the

extracellular fraction, indicating that while the DNase is an extracellular protein in

V.cholerae, it appears to be confined to the periplasmic space of E.coli.

To determine the actual size of the protein with the DNase activity, an assay for

the DNase directly from a polyacrylamide gel was pedormed by using a

modification of a method by Rosenthal and Lacks (1977). The periplasmic

fractions were run on an SDS-polyacrylamide gel and the SDS washed from the

gel by gentle agitation in 0.04M Tris-HCl pH7.6, 2mM MgCl2 and O.O2o/o azide.

The washing solution was changed at 30 min. intervals for 3hrs. The

polyacrylamide gel was then placed onto a large DNA-agar plate and incubated

overnight at 37"C. The polyacrylamide gel was taken from the DNA-agar plate

which was subsequently flooded with 1N HCl. The distance of the bands of

hydrolysis relative to the gel were measured and compared to a duplicate half of

the same gelwhich had been fixed and stained in Coomassie blue.

E.cotistrains harbouring plasmids with an active V.cholerae DNase showed a

zone of hydrolysis corresponding to a protein size ol24 kDa. E.colistrains with

DNase negative plasmids, or the plasmid-free parent strain DH1 showed no

regions of hydrolysis on the DNA-agar. lnterestingly, while the E.coli strain DH1

(endA) used here lacks a periplasmic DNase (Hanahan, 1983), the E.coli strain

LE3g2 which does posess a periplasmic DNase (endA+ ), also showed a zone of
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clearing at the 24kDa region on the DNA-agar (Figure 3.7).

V.cholerae periplasmic fractions did not exhibit any zones of hydrolysis on the

DNA-agar, while extracellular fractions only had a region of DNase activity at the

24 kDa position, identical to the size detected when it is confined to the

periplasmic space of E.coli (Figure 3.7). However, with the addition of B-

mercaptoethanol to the electrophoresis sample buffer all activity was lost. This

implies that disulphide bridges are involved in the maintenance of a stable tertiary

conformation of the Protein.

The Coomassie blue stained portion of the polyacrylamide gel did not reveal any

significant band(s) at the 24 k}a position of DNase positive clones, which was not

also present in either DNase negative clones or plasmid-free E.coli DH1. The

DNase protein therefore, either stains very poorly with Coomassie blue, or more

likely, it is present in very small amounts due to a low level of expression of this

gene.

3.2-9 Silverstaining of cellfractions containing DNase agt¡W

ln an attempt to correlate the presence of a 24 kDa protein with the presence of

DNase activity, both periplasmic fractions of the E.coli clones and extracellular

fractions of V.choterae were prepared and run on an SDS-polyacrylamide gel and

stained with silver for greater sensitivity. The periplasmic fractions included E.coli

DH1 containing the DNase positive plasmid pPM12O7, the DNase negative

plasmid pPM1208 and DH1 alone. The eltracellular fractions of V.cholerae were

precipitated with ammonium sulphate and resuspended in one hundredth the

volume. Two ammonium sulphate fractions were used, 4Oo/o ãnd 8}o/o. The 4Oo/"

fraction contained some DNase activity, but the majority of this activity was

precipitated in the 80% fraction.

Silver staining of the periplasmic fractions ol E.colishow a band at the 24 kDa

position, which is present in the strain carrying pPM12O7, as well as that carrying

ppM1208. Plasmid free E.cotistrain DH1 also has a protein band at this position,

and so it is possible that this periplasmic protein co-migrates with the DNase

protein, thereby masking it. The DNase must therefore be produced in small



Figure 3.7 Fractíonation of cells to localize DNase activity

(a) Cell fractions of E.coli K-12 and V.cholerae 017 were electrophoresed in an

SDS-polyacrylamide gel (15"/"), and stained with Coomassie blue G-250. The

periplasmic fractions (p/p) represent the E.coli K-12 strain DH1 harbouring the

indicated plasmids; the E.coli K-12 strain LE392 which has its own periplasmic

DNase, and the V.cholerae El Tor strain 017. The extracellular fraction (s/n) was

from the V.cholerae strain 017.

(b) A duplicate gel to that in panel A was incubated overnight on a DNA-agar

plate and flooded with 1N HCI to detect DNase activity. The periplasmic fractions

(p/p) of E.coliclones with an active DNase have a band of DNA hydrolysis at the

24 kDa region. A similar size band can be seen with the periplasmic DNase of

E.coti LE392. The V.cholerae 017 strain also has a band of DNase activity of 24

kDa in the extracellular fraction (s/n).
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amounts as there does not appear to be a major prote¡n band in this region

specific for those strains where DNase activity is detected (Figure 3.8).

The V.cholerae extracellular fraction does show a protein in the 24 kDa region

(Figure 3.8) corresponding to the region where DNase activity can be detected

(Figure 3.7). Most of this prote¡n is in the 80% ammonium sulphate fraction where

the majority of the DNase activity is associated. This protein also appears to be a

minor component of the extracellular fraction further suggesting that the DNase is

not expressed at high levels in both V.cholerae and in E.coli, even when cloned

into a multi-copy plasmid. The sensitivity of detection of the DNase, however,

would appear to be greatly increased in the DNA-hydrolysis assay, as the DNase

enzyme amplifies its presence by virtue of the rapid turnover of DNA molecules

hydrolyzed per single DNase enzyme.

3.2-10 Bpression of the DNase in periplasmic leaky mutiants

A large zone of clearing around colonies is produced when V.cholerae is grown

on DNA-agar plates because the DNase is secreted to the outside of the cell and

can diffuse through the agar (Figure 3.9). However, E.coliclones containing the

V.cholerae DNase show very small zones of hydrolysis, because the protein is

confined to the periplasmic space and presumably, is only released upon cell

lysis.

To facilitate the release of the DNase, the cloned gene was introduced into a

periplasmic leaky mutant (tolA,B) oÍ E.coli K-12 (Bernstein ef al., 1972; Anderson

et al., 1g7g). This mutant strain, 8852, was isolated from the endA strain DH1

lacking the periplasmic DNase, so that expression of the cloned V.cholerae

DNase would not be masked. The tolA,B mutant strain was selected by isolating

E.colithat were resistant to colicin E1, essentially as described by Bernstein et al.

(1912), and the cross-resistnce to other group A colicins determined (Davies and

Reeves, 1975). The mutant colonies were also tested for their sensitivity to

deoxycholate. These checks were to distinguish between colicin-resistant

mutants which had lost or altered their colicin receptor sites, and these specific

colicin-tolerant (totA,B) mutants which still possesed the adsorption sites. The



Figure 3.8 Silver stained polyacrylamide gel of cell fractions containing DNase

activity.

Periplasmic fractions (p/p) of E.coli K-12 strain DH1 with the indicated plasmids;

and 4OV" and 80% ammonium sulphate precipitated fractions of extracellular

proteins (s/n) of V.cholerae 017 were run on a 15o/" SDS-polyacrylamide gel. The

gel was silver stained for greater sensitivity. The left half of the gel was loaded

with 100¡rl of each fraction, while the right half was loaded with 50¡rl. The arrow

indicates a band of 24 kDa in the 80% ammonium sulphate extracellular fraction of

V.cholerae 017 which correlates with the DNase activity detected in thís fraction.
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tolA,B mutants have been shown to be sensitive to the cationic detergent

deoxycholate (Nagel De Zwaig and Luria, 1967; Davies and Reeves, 1975), as well

as exhibiting a generalized loss of periplasmic proteins or "leaky" phenotype

(Anderson et al., 1 979).

Figure 3.9 shows the increased zones of DNA hydrolysis obserued, mimicking

the excretion observed with V.cholerae. This further supports the periplasmic

localization of the DNase in E.coli K-12 determined previously by assaying cell

fractions.

9.2-11 Distribution of the DNase gene in El Tor and Classical strains of

V.cholerae.

A number oÍ V.choterae El Tor and Classical strains were probed by Southern

hybridization analysis with the plasmid pPM12O7,in order to determine if the DNA

coding for the DNase was present in all El Tor isolates, and if this were also true

for Classical strains. All El Tor and Classical strains reveal a 3.55 kb EcoRl

homologous DNA fragment as seen in the original cosmid clone pPM1201 and not

the smaller 1.55 kb fragment detected in pPM1202 (Figure 3.10). This further

supports the idea that the 1.55 kb EcoRl fragment generated during the cutdown

of pPM1201 to give pPM12O2 is not the true size of the fragment, but probably

generated by a deletion internal to this fragment. However, while both ElTor and

Classicat strains have a 3.55 kb EcoRl fragment containing the DNase gene in

common, the smatler 1.25 kb EcoRl/Hindlll fragment is present only in the El Tor

isolates from which this gene was originally cloned (Figure 3.10). The Classical

isolates therefore appear to have lost the restriction endonuclease recognition site

tor Htndlll but still retain the 3.55 kb DNA fragment when digested with EcoRl and

Hindlll. Since this 1.25 kb EcoRl/Hindlll subclone was also present as a similar

sized DNA fragment in the V.cholerae El Tor chromosome, most of the further

work undertaken in the analysis of this gene lnvolved the use of this cloned

fragment.



Figure 3.9 DNA-agar plate oÍ V.cholerae, andlhe E.coli DH1 strain and its tolA,B

mutant harbouring pPM12O7 .

After overnight growth on DNA-agar the DNase activ¡ty was detected by

precipitation of the unhydrolysed DNA with 1N HCl.
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Figure 3.10 Southern hybridization analysis of whole genomic DNA of V.cholerae

ElTor and Classical biotypes.

The DNA was digested with EcoRl or EcoRl and Hindlll, transferred to

nitrocellulose, and probed with pPM1254 nick-translated with a-[32P]-dCTP. Both

El Tor and Classical strains have a 3.55 kb EcoRl fragment, while the 1.25 kb

EcoRl/Hindlll fragment is present only in the ElTor isolates.
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3.2-12 Distribution of the DNase gene amongstthe V¡brionaceae

The distribution of the EcoRl/Hindlll DNA fragment encoding the DNase gene

amongst bacteria belonging to the family Vibrionaceae was determined by

Southern hybridization using DNA extracted from bacteria belonging to this group,

and probing with pPM1207. DNA homologous to the DNase gene is not present

in the Aeromonas strains tested, and is present in only one of the non-cholera

Vibrios. Vibrio parahaemolytícus and Vibrio fluvialus do not contain any

homologous DNA, bul Vibrio mimicus does have a 3.55 kb homologous DNA

fragment in its chromosome (Figure 3.11). This 3.55 kb fragment is the same as

that seen in V.choterae Classical strains, where the Hrndlll site does not appear

to be present. The non-01 V.cholerae strain however, does have a 1.25 kb

EcoRt/Hindlll fragment s¡milar to the El Tor isolates (Figure 3.11). Therefore, DNA

homologous to the DNase gene appears to be restricted to the V.cholerae

species, with the exception of the V.mimicus.

3.3 Conclusions

The gene coding for the extracellular DNase ot V.cholerae O17 has been cloned

via a cosmid gene bank, by screening clones capable of DNA hydrolysis on DNA

agar plates. The cosmid vector contain¡ng this gene was designated pPM1201,

with the deletion derivative pPM1207 containing the DNase gene on a 1.25kb

EcoRl / H i ndll I DNA fragment.

Transposon mutagenesis and frameshifting linker insertion mutations have

maximized the coding area of the DNase gene to a 1.07 kb segment of the cloned

DNA. This coding capacity allows for a maximum size of 38 kDa, and a minimum

of 22 kDa for the DNase, since transposon insertions covering 0.6 kb of this DNA

all give rise to a DNase negative phenotype.

Both minicell analysis and ín vitro protein translation, show a 24 kDa prote¡n

band present in clones expressing a DNase positive phenotype, while a band of

this size comigrates with DNase activity as well. This fits well within the coding

limits defined by mutations within this regíon appear to be well expressed when



Fr-gure 3.11 Southern hybridization analysis of whole genomic DNA of other

members of the Family Vibrionaceae.

The DNA was cleaved with EcoRl and Hrndlll, transferred to nitrocellulose, and

probed with ppM 1254 nick-translated with a-[32P]-dcTP. The v.cholerae (non

01) strain has an homologous band present ol 1.25 kb, while V.mlmicus has an

homologous band at 3.55 kb.
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compared to the larger amounts of p-lactamase or chloramphenicol

transacetylase present in the plasmids or transposon Tn1725 respectively, also

detected in these systems. However, lhe 24 kDa protein does not appear to be

expressed well when compared to p-lactamase or chloramphenicol

transacetylase present in the plasmids or transposon Tnl725, respectively, also

detected in these systems. The DNase which is an extracellular protein in

V.choterae, remains localized in the periplasmic space when cloned in E.coliK-12.

However, this is not surprising since a number of other extracellular proteins of

V.cholerae such as the haemolysin (Manning et a|.,1984; Mercurio and Manning,

1985) and cholera toxin (Pearson and Mekalanos, 1982) are also periplasmic

bound in E.coti. This is probably due to the inability of E.colito recognize certain

export signals on these proteins, or the lack of the necessary "export machinery"

to secrete these proteins to the outside of the cell.

While the DNase remains in the periplasmic space of E.coli, it is exported to

the outside of the cell in V.cholerae. with no DNase being detected in the

periplasm. This has been determined by assaying for DNase activity in the cellular

fractions of V.cholerae. The lack of any DNase being detected in the periplasm of

V.cholerae, however, maybe due to the rapid export of such a periplasmic poolto

the outside of the cell. Young and Broadbent (1982) obserued an accumulation of

both cholera toxin and a deoxyribonuclease in the periplasmic space of

V.cholerae when cells are pretreated with the antibiotic lincomycin. The DNase

detected in the extracellular fraction oÍ V.cholerae has the same size (24 kDa) as

that detected in the periplasm of E.coliwhen the cloned gene is introduced into

these cells. The extracellular export of the DNase of V.cholerae can be mimicked

in E.coli, if the DNase is introduced into E.coli tolA,B mutants (Bernstein et al.,

1972) which are leaky for periplasmic proteins (Anderson ef a/., 1979).

Fínally, the distribution of the DNase gene appears to be limited to the

V.cholerae species amongst the Vibrionaceae, with the exception of the

V.mimicus. Although ElTor and Classical biotypes of V.cholerae share a common

3.55 kb EcoRl fragment, the smaller 1.25kb EcoRl/Hindlll fragment encoding the

DNase structural gene is present only in the El Tor biotype from which it was

originally cloned. Strains of the Classical biotype and the non-cholera vibrio

V.mimicus do not appear to have the Hrndlll restriction endonuclease recogniton
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site which generates the smaller 1.25 kb DNAfragment.
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CHAPTER 4

Nucleotide sequence analysis and

genetic organization of the DNase

gene of V.cholerae

4.1 lntroduction

The ever increasing knowledge of gene expression and regulation has resulted

from the analysis of genes at their most basic level; the nucleotide sequence.

Gene expression is controlled, in part, at the level of RNA transcription. RNA

synthesis is regulated by a variety of specific signals encoded in the DNA, such as

promoters which specify initial sites for interaction with the RNA polymerase

(RNAP). Transcriptional regulation is achieved by modulating the efficiency with

which the RNAP can recognize and interact with these sites. Moreover, a number

of effector molecules are known which can positively or negatively influence the

interaction between RNAP and DNA. These effector molecules recognize

nucleotide sequence information in the DNA template which is adjacent to and/or

overlaps with a site of RNAP action.

Translation, the second stage in gene expression, involves the interaction of

ribosomes with the mRNA. A better understanding of the complex initiation

process, has shed some light upon the translational regulation which can be

exhibited at this level of gene expression. The observation of Shine and Dalgarno

in 1g74 that there was complementarity between the 3' end of 165 ribosomal RNA

and the sequences 5' to the initiation codon AUG constituted an important

breakthrough in the understanding of translational initiation (Shine and Dalgarno,
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1gT4). The 165 sequence 5' ACCUCG 3' was postulated to interact with a variable

mRNA domain just 5' to an initiation codon, with differing rates of translational

initiation the result of both the degree of complimentarity and the extent to which

that ¡RNA domain is free of intramolecular constraints so that it might interact

with 165 RNA.

The information on DNA sequences involved in the promotion and termination of

RNA transcription as well as translation initiation, has led to the recognition of

structural and functional similarities that occur among these sites. The most

strikíng feature of a promoter region required for the transcription of mRNA, has

been an area 10bp upstream of the mRNA startpoint known as the -10 region or

Pribnow box (Pribnow, 1975a), containing a 7bp sequence, generally homologous

to the sequence TATMTG (Pribnow, 1975b; Schaller et al., 1975). Sequence

similarity has also been noted among promoters in a region 35bp preceding the

mRNA startpoint (called the -35 or recognition region) fiakanami ef al., 1976;

Seeburg et al., 1977). This TTGACA hexanucleotide has been implicated to

function in the initial recognition of the promoter site by the RNA polymerase

(Schaller et a\.,1975). The recognition of these and other important regions in the

regulation and express¡on of genes has resulted directly from the analysis of

nucteotide sequence data, which is now being steadily amassed due to recent

advances in DNA sequencing technology.

This nucteotide sequence analysis can be extended to the class of exported

proteins present in both prokaryotes and eukaryotes. These exported proteins

usually have an N-terminal extension known as a signal peptide, which is cleaved

when they subsequently traverse a membrane to another compartment of the cell

(Blobel and Dobberstein, 1975a; lnouye et al., 1977). The signal peptides

themselves have several unique features (these will be discussed later in this

chapter), and although at the DNA level the nucleotide sequence can be highly

variabte, the am¡no acids and their relative position are restricted. ln this regard,

an expofted protein can usually be identified if the nucleotide sequence at the start

of a gene encodes such a sequence (von Heijne, 1983).

The analysis of prokaryotic nucleotide sequences has until recently

predominantly involved that of E. coli and its bacteriophages. ln contrast, the

nucleotide sequence of very tew V.cholerae genes have been determined. The
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recognition of the importance of a number of proteins of V.cholerae in the

virulence of this organism has led to the cloning and sequencing of the genes

encoding these virulence factors. These include the genes encoding cholera toxin

(Lockman and Kaper, 1983; Mekalanos ef a/., 1983), OmpV, an outer membrane

protein ol V.cholerae (Pohlner et al., 1986a), the El Tor haemolysin (Alm ef a/.,

lgBB), the ToxR protein, responsible for the co-ordinate regulation of a number of

virulence determinants (Miller et a1.,1987), and the genes for the biosynthesis of

the O-Antigen of V.cholerae (P. Manning - personal communication).

Nucleotide sequence analysis has shown the cholera enterotoxin genes (cfxAB)

to be highly conserved with respect to the heat-labile toxin genes (e/tAB) of E. coli

(Mekalanos ef a/., 1983) which supports the homology found at the protein level

and such data suggest that these functionally similar enterotoxins may have had a

common ancestral origin. Upstream regions of ctxA9 also have the repetitive 7bp

sequence TTTTGAT, and these repeat sequences have been shown to be

responsible for the regulation of the cfxAB operon via the transcriptional activator

ToxR (Mekalanos et a/., 1983; Miller et a1.,1984). ToxR has also been shown to

exhibit considerable amino acid sequence homology to a number of other

bacterial transcriptional activators (Miller et al., 1987).

ln light of the data obtained from nucleotide sequence determination, a better

understanding of how V.cholerae can regulate and express its gene products has

been reached (Mekalanos et al., 1983; Miller et al., 1987; Taylor et al., 1987a).

Thus, the analysis of the nucleotide sequence of genes both individually and

collectively can firstly, provide a great dealof information about the organism itself

and secondly, contribute towards the elucidation of processes or virulence

determinants common to a number of organisms. ln some cases this can also be

extended from prokaryotes to the higher order eukaryotes (e.9. the structure of

the signal sequence).

ln this chapter, the genetic organization of the gene encoding the extracellular

DNase of V.choterae is examined. The nucleotide sequence of the DNase gene

was determined and primer extension analysis located the start point of the

mRNA. The gene also appears to possess a signal sequence typical for an

exported protein. A detailed analysis of the genetic organisation of this gene

allows comparison with other exported proteins as well as other virulence factors.



B5

It also allows the construction of specific and defined mutations within this gene,

as well as enabling alterations to the control and level of expression of this gene.

4.2 Resuhüs

4.2.1 Generation of ftagments for nudeotide sequencing

The gene encoding the extracellular DNase has been localized to a 1.07kb region

on the plasmid pPM1207 (Chapter 3, Section 3.2.5). This plasmid, pPM1207,

contains the 1.25kb EcoRl/Hindlll DNA fragment which was used to generate a

series of deletions from both the EcoRl and Hindlll ends. These deletions were

used as a series of overlapping fragments which covered the 1.25kb stretch of

DNA from each end. ln this manner, the gene could be sequenced in both

directions; one strand being sequenced with the first set of deletions from the

EcoRl site, and the other strand sequenced with the deletions from the Hindlll site.

By varying incubation times, a series of deletions were generated from a given

restriction endonuclease site on the plasmid pPM1207, using Bal31 nuclease.

The plasmid pPM1207 was first digested with Hindlll and a time course of 1 to 15

minutes at 30oC in the presence of BalSl resulted in a series of deletions from this

end. Before re-ligation, synthetic H,ndlll linkers were added, to enable the ends of

the deletion to be defined precisely. The deletions from the EcoRl end of

ppMl2OZ were obtained in a similar manner, with the EcoRl synthetic linkers being

added before religation. The plasmids resulting from the deletion at the Hindlll

end of pPM12O7 were designated pPM1256 through pPM1259, while those

resulting from deletions at the EcoRl end were designated pPM1261 through

pPM1265 (Figure 4.1).

The deletions obtained by Bal31 nuclease generated a number of useful

overlapping fragments. However, a number of gaps not covered by overlapping

fragments were present in both directions. The insertion of Tn1725 into the

cloned DNA (Chapter 3; Section 3.2.4; Figure 3.5), enabled the use of the EcoRl

sites at either end of the transposon to obtain fragments commencing inside the

gene. These fragments were removed as EcoRllHíndlll pieces and recloned into



Figure 4.1 Generation of overlapping fragments for nucleotide sequence

determination.

Plasmid pPM1207 was digested with either Hindlll or EcoRl, and deletions from

either end were generated by varying the incubation time at 30oC in the presence

of Bal31 nuclease. The extent of the deletions were defined by the addition of

EcoRl or Hindlll linkers to the ends before re-ligation. The boxes represent the

EcoRl linkers, while the open circles represent the Hindlll linkers.

To complete the series of overlapping fragments for sequencing, the regions not

covered by the Bal31 nuclease deletions were supplemented by the use of

fragments obtained tromTn1725 insertions in this region of DNA. The EcoRl sites

present at either end of the transposon were used to obtain fragments

commencing inside the gene. These fragments were removed as EcoRl or

EcoRl/Hindlll pieces and cloned into the vector pUC18. The open triangles

represent the site of insertion of Tn1725 and the subsequent EcoRl site, while the

plasmid number in brackets corresponds to the original plasmid from which these

clones were derived (see Figure 3.5).
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pUC18 to give the plasmids pPM1266 and pPM1267, while fragments needed in

the other orientation were cloned as EcoRl pieces into pUC18 to give the plasmids

pPM1268 and pPM1269 (Figure 4.1).

4.2.2 Nudeotide sequenoe determination

Sequencing reactions were carried out according to the dideoxy chain termination

procedure of Sanger et al., (1977). Randomly terminated chains were separated

on ultra thin 6o/o polyacrylamide gels, in the presence of 8M Urea.

Autoradiography was used to visualize DNA fragments.

The fragments generated for sequencing were cloned directionally into

M13mp18 or M13mp19 (Yanisch-Perron et al., 1985). The deletions from the

Hindii,l end and the plasmids pPM1268 and pPM1269 from theTn1725 insertion

derivatives, were cloned into M13mp18. Deletions from the EcoRl end, and the

Tn1725 insertion derivatives pPM1266 and pPM1267 were cloned into M13mp19

(Figure 4.2). The M13 universal sequencing primer (17-mer) was used for all

sequencing reactions. ln order to accurately sequence the cloned DNA region

immediately adjacent to the polylinker site, the -40 M13 sequencing primer (17-

mer) was also used (Figure 4.2).

The complete nucleotide sequence of 1,272 base pairs has been determined in

both directions and shows a single open reading frame (ORF), within the limits of

this DNA fragment (Figure 4.3). Features of this ORF will be discussed firstly with

regard to the gene expression signals present on the DNA sequence, and

secondly, the presence of a characteristic signal sequence at the start of this

putative gene.

4.2.2-1 Nucleotide sequence of the DNase

The ORF begins 307bp after the Hindlll site, and terminates 70bp before the

EcoRV site. This corresponds to a protein of M16389. However, as might be

predicted for an exported protein, there is a typical signal sequence of 20aa at the

N-terminus. Cleavage of the signal sequence woufd give a mature protein of



Figure 4.2 Strategy employed for dideoxy sequencing of the 1,272 bp

EcoRllHindlll DNA fragment using M13.

Overlapping deletion fragments generated from the EcoRl end were cloned into

M13mp19 and sequenced using the M13 universal sequencing primer (USP),

while deletion fragments generated from the Hrndlll end were cloned into

M13mp18. The 1.25 kb EcoRllHindlll fragment from pPM1207 inserted into both

M13mp19 and M13mp18, was also sequenced using the -40 sequencing primer

to accurately determine the extreme ends of sequence at the junction of the

polylinker cloning site.
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Figure 4.3 Nucleotide sequence of the 1,272 bp Híndlll/EcoRl fragment of

cloned V.cholerae DNA.

The E.coliK-12 consensus promoter sequences for -43 (A's), -35 IFTGAGA) and -

10 regions are shown for comparison with the putative DNase

promoter. The transcriptional start points are shown by two upward arrows. The

transcriptional terminator (nt 1002 to 1022; see also Figure 4.4) is also indicated.

The termination codon is indicated by asterisks. The nt are numbered on the

right and the aa within the ORF are numbered below the sequence starting from

the initiation codon (Met). The likely cleavage site of the signal sequence (Ala-Ala)

is indicated by the larger upward arrow.



ÀÀGCTTGAGC CGAÀÀÀCCAC TCÀCACCTTT TCTGTCÀCTÎ CAGTÀCAGGG CÀÀÀÀCCTTC CACTÀCCGCT GTGTCGTCGT GÄÀTACCGCT CACCATTCGT

CGCCÀCÀÀTÀ ÀÀGTGCTGCG TGGTGÀÀGCT ACCTÀTCGCT CCÀÀAGCTGC CÀACÀÀÀÀCT TGATCTACCÀ AGCCTÀÀGCC TTTGÀTTGGC TGAGACCACT

TCTÀTAGGCT TTGCCTTGCT CTCGCTAÀÀA ACTÀACA.AÀÀ GCATCÄÀCGÀ CÀ.AÀCGGCCÀ ÀÀTTTATAÀT GTTAÀACTGÀ TAÀÀÀÀÀCCT ACTTATCTÀC

AÀÀÀÀÀÀ TTGACÀ TATAAT TI
GTCTTTT ATG ATG ATT ITT CGT TTC GTT ACC ÀCG CTT GCT GCT ÀGC TTA CCT CTG CTC ACC TTT GCC GCC CCC ÀTC TCT TTT AGT

Met Met ILe phe Àrg Phe VaI Thr Thr Leu Afa À]a Ser Leu Pro Leu Leu Thr Phe Ala,ÀIa Pro lle Ser Phe Ser

I ro 2ol
CAT GCC ÀÀÀ ÀÀT GÀÀ GCG GTG AÀG ATT TAT CGT GAT CAT CCG GTC TCT TTT TAC TGT GGC TGC GAG ÀTT CCG TGG CÀA GGC AÀÀ

His AIa Lys Àsn cLu AIa Vaf Lys IIe Tyr Arg Àsp His Pro VaI Ser Phe Tyr Cys GIy Cys GIu Ile Pro TrP Gln GIy Lys

100

200

300

30

AÀÀ GGC ATC CCG GÀT

Lys GIy Ile Pro Àsp

GTG CCG GCT TGG CÀÀ

VaI Pro Àla Trp Gl-n

CTG

Leu

60

TTT

Phe

40 50

GÀG AGT TGC GGC TAT CÀA GTG CGT ÀÀA AÀT GAG ÀÀT CGT GCT TCG CGG ÀTT GÀÀ TGG GÀÀ CAT GTG

GLu Ser Cys cl-y Tyr cl-n VaI Àrg Lys Asn Glu Àsn Arg ÀIa Ser Arg Ile Glu Trp GIu His VaL

70 80

TTC

Phe

t10
CAG

cIn

38s

469

553

637

72r

805

889

913

1 170

L267

r27 2

GGT CAT CAG TTG CÀÀ TGC TGG CAÀ CÀA GGT GGC CGT AÀÀ ÀÀC TGC ACT CGT ÀCT AGC CCT GÀG

GIy His Gln Leu GIn Cys Trp Gfn Gln GIy GLy Arg Lys Asn Cys Thr Àrg Thr Ser Pro GIU

90 100

ÀÀT CAG ATG GÀÀ GCC GAT CTG CAC ÀÀC CTC ÀCT CCG GCG ÀTT GGT GÀÀ GTG ÀAT GGC GAl CGC TCC ÀAC TTC ÀGT TTC ÀGT

Asn GIn Met Glu AIa Asp Leu His Àsn Leu Thr Pro Ala IIe GIy GIu Val- Asn GIy Asp Arg Ser Asn Phe Ser Phe Ser

r20 130

TGG AÀT GGC GTT GAT GGC GTC ÀCC TAT GGC CAÀ TGT GÀÀ ATG CÀÀ GTA ÀÀC TTC ÀÀÀ GÀG CGC ÀCT GCA ÀTG GCC CÀG AGC GTG

Trp Asn GJ.y Val Asp GIy VaI Thr Tyr cly cln Cys GIu Met Gln VaI Àsn Phe Lys GIu Àrg Thr Ala l'tet ÀIa GIn Ser VaI

140 150 160

CAG CGG GCG ATT GCG CGT ÀCT TÀT CTG TAC ÀTG ÀGT GAG CAG TAC GGT TTG CGA CTT TCC ÀÀÀ GCG CÀÀ

cLn Arg Al-a IIe AIa Àrg Thr Tyr Leu Tyr Met Ser GÌu GIn Tyr GIy Leu Àrg Leu Ser Lys AIa Gfn

170 180

CCG GTC ÀGC GÀÀ TGG GÀA TGT GTG CGT GAC CÀÀ AGA ATT GÀÀ AÀÀ GTG CAÀ

Pro vaÌ Ser Glu Trp GIu Cys VaI Arg Àsp Gl-n Arg Ile Gl-u Lys VaI Gl.n

TTT GTG CGT GAG CÀÀ

Phe VaI Arg GIu G1n

zLo 220

TGGGCÀGÀÀT CTCÀCCCTGC CCCTTGTÀTT TTGCCCACTT GCÀTCCÀTGT TÀGAGGCCÀG ÀTATCCCTCT 107O

GCA lGG ÀÀC ÀÀT CAG

ÀIa Trp Asn Asn GIn

ÀcG

Thr
190

GGC

cly

CÀÀ TTA ATG CÀG

GLn Leu l,let GIn

ÀÀC TCG AÀC CGC

Asn Ser Asn Àrg
TAT

Tyr
200

TGC

cys
CTG AÀC TGÀ

Leu Asn **r
230

TCCÀÀCTGÀÀ GTTACÀCTTT ACGTTGÀÀGA CGTÀÀCCTCG TTTÀÀTGATT ÀGÀÀTTATCC GÀTGCGCATC CCTCGÀÀTTT ATCÀTCCAGA ÀCCGÀTCCAC

CAGCTTGCÀC CGTTGCCCTG ATGAAGTGCC GCAGGGCATA TCGGTCGCGT ATGCGTGATG CÀCTGGCAÀÀ ATGCTGCTGT TTGATGTTTG GGGGCTGÀÀT

TC
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M?4163 which is in excellent agreement with the size of the protein found by both

minicell analysis and in vitro protein translation data, as well as the size of the

protein detected via a functional DNase assay (Chapter 3). The characteristics of

this signal sequence will be discussed in more detail in Section 4.2.4, while the

remainder of this section will deal with the expression signals present, adjacent to

the ORF.

A potential promoter can be detected at the Hindlll proximal end of the ORF by

virtue of the homology detected between this region and E.colí promoter

consensus sequences (Rosenberg and Court, 1979; Hawley and McClure, 1983),

(Figure 4.3). Wh¡le the homology to these consensus sequences and their relative

spacing is suggestive of a promoter structure, the degree of homology and

spacing cannot predict the "strength" or efficiency of promoters (Deuschle et a/.,

1986). ln fact, comparison of a synthetic "consensus promoter" to other known

promoters has put this consensus promoter in the class of inefficient or poorly

expressed promoters (Deuschle et al., 1986). Promoter function therefore also

appears to be influenced by structures and information outside the classical

promoter region (between + 1 and -36, + 1 being the first nucleotide transcribed).

Promoters having the most efficient transcriptional initiation signals, namely those

of the coliphages T5 and T7 also show homology around position -43 and

between + 1 and +20 (Gentz and Buiard, 1985; Kammerer et a1.,1986).

Based on the analysis of conserved sequences of efficient promoters (Gentz

and Bujard, 1985), a promoter sequence can be re-defined as extending from

position +20 to -50 (Kammerer ef a/., 1986). This region has been subdivided into

a "core" consisting of the -10 and -35 region, an upstream region centred around

position -43 consisting of a block of A's, and a downstream region consisting of

the conserved pentamer TTTGA and a stretch of purines between +9 and +18.

ln principle therefore, promoters with similar "core" regions may not necessarily

have identical signal strengths, since they may differ at these additional sites.

The importance of the predictive value of these "classical" RNAP recognition

sites, however, should not be underestimated. The extensive studies of structural

homologies and consensus sequences (Rosenberg and Court, 1979; Hawley and

McOlure, 1983) do support the importance to promoter function of the conserved

sequence elements. ln addition, over 100 promoter mutations have been
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documented with nearly all of the altered base pairs in the mutants conforming to

the general rule that down-mutations decrease homology and up-mutations

increase homology to the consensus sequence of this core region (Hawley and

McOlure, 1983)

The -10 region of the ORF shows perfect homology to the consensus sequence

proposed tor E. coti promoter sequences (Figure 4.3). Within the large group of

studied promoters, variation occurs from this hexamer sequence, TATAAT, with a

strong bias being displayed for four of these nucleotides. This hexamer sequence

can therefore be re-written as TAtAaT, with the capital letters representing bases

which are conserved in over 60% of the promoter regions studied (Siebenlist ef

al., 1980; Hawley and McClure, 1983). The importance of these bases in

promoter function has been well documented with base specific mutations in

these regions resulting in marked decreases in promoter activity (Rosenberg and

Court, 1979; Hawley and McClure, 1983). The last base of this hexamer, the T, is

the strongest conserved element and is almost invariant (Hawley and McOlure,

1983). This is thought to be one of the regíons where the critical contacts

between RNAP and the promoter occur, and an induced local melting or strand

separation of the promoter allows further interaction of the RNA-polymerase with

the DNA (DubendortÍ et a|.,1987).

The -3S region has been implicated in the initial recognition of the promoter site

by the RNA polymerase, prior to formation of the tightly bound initiation complex

(Schaller et al., 1975). By following the same pattern of conseruation of

nucleotides in various promoters (Hawley and McClure, 1983), the -35 recogniton

site can be written as TTGACa, with the capital letters representing nucleotides

which are over 60% conserved. The -35 region preceding the ORF in this case is

less conserved than its -10 counterpart (Figure 4.3). The conserved hexamer

TTGACa is represented by the sequence ICAAIQG, where 3 of the 6 bases are

identical.

Base changes that increase homology to this -35 consensus sequence result ín

promoter-up mutations (Hawley and McOlure, 1983), and it would be expected

that similar changes in the -35 region of the ORF would result in a more efficient

promoter. The base changes resulting from promoter-down mutations which

occur in the -35 region, however, are more difficult to interpret. Most of these
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mutations occur in promoters that are positively regulated and thus the mutation

may be affecting the positive regulation system rather than the direct interaction of

RNAP.

Although the nucleotide sequences upstream of the -35 region in most

promoters are generally A/T rich (Rosenberg and Court, 1979), conserved

sequence homologies are not observed. lnstead, the prominent feature of this

upstream region (USR), is the predominance of A's centred around positíon -43

(Gentz and Bujard, 1985). The USR of the ORF is rich in A's and this extends from

the -40 region to just past the -50 region. The downstream region (DSR) of the

oRF, (i.e. the transcribed sequence) does not have the conserved pentamer

TTTGA or the stretch of purines between the +9 and + 18 residues.

The information derived from the nucleotide sequence, taken collectively, is

highly suggestive of a functional promoter preceding the ORF. Utilizing the

above-mentioned parameters (and sequence homology), the prediction of a

promoter region can be very accurate (Siebenlist et al., 1980; Rosenberg and

Court, 1979; Hawley and McClure, 1983; Gentz and Bujard, 1985). However, it

should be stressed that although such a promoter region can be recognized,

nucleotide sequence and structural data are not sufficient to predict the

"strengths" of these Promoters.

4.2.2.2 Primer extension

To identify the site of transcriptional initiation, and to confirm the predicted

promoter of the putative DNase gene, primer analysis was performed. Cellular

RNA from the E.coti strain harbouring pPM1207 to enrich for DNase transcripts

was used as a source of mRNA. A 24nt synthetic primer

(3'TCAGTACGGTTTTTACTTCGCCAC 5') complementary to nt 383 through 406 of

the sequenced 1.25kb DNA fragment (Figure 4.3) was 5'[32P]-labelled, annealed

to the clone pPM12O7, and a sequencing ladder was prepared by the double-

stranded DNA dideoxy method. The primer was annealed to the RNA and

extended by AMV reverse transcriptase. The extension products were displayed

on a sequencing gel (Figure 4.4). The minor products could be due to minor

transcriptional initiation sites, but are more likely due to the premature stops of the



Figure 4.4 Primer extension mapping of the DNase promoter

The autoradiograph of a 6"/" polyacrylamide gel used to analyze a DNA primer

extended by reverse transcriptase is shown. Equivalent amounts of [32P]-end-

labelled DNA primer were used for both the primer extension and the sequencing

ladder. The sequencing ladder was generated by double-stranded dideoxy

sequencing of pPM1254 with Klenow. For the primer extension reaction, 20¡rg of

total RNA isolated from E.coli DH1 carrying pPM1254 was used, with the control

reaction utilizing total RNA from E.coli DH1 alone. The numbers correspond to

the nucleotide position and the arrows indicate the position of the start sites of the

mRNA (see Figure 4.3).
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reverse transcriptase along the RNA before reaching the 5' end of the full size

transcript. The major start sites are at position A"ruand Arru. These start sites are

consistent with the location of the predicted promoter (Figure 4.3). The presence

of two start sites can be accounted for by the slippage or flexibility often seen with

RNA polymerase when an initiation site is rich in A's (Rosenberg and Court, 1979).

4.2.2-9 Terminators

Termination of transcription occurs at the ends of genes and operons and is

important in preventing transcription from one region of the chromosome from

interfering with that of another. Transcription termination also occurs within genes

and operons and the associated sites, terminators, have three common features;

an inverted repeat sequence, U residues are found in the terminus of the RNA

transcript, and G/C rich sequences are found preceding the stop site. These

terminators offer a wide range in overall efficiency (i.e. strength) and dependence

on the protein termination factor, Rho.

An inverted repeat sequence can be found in all termination sites (Rosenberg

and Court, 1979) with the potential ability to form stable base-paired stem and

loop type structures. The sequence immediately proceeding the ORF, displays

such a region of hyphenated dyad symmetry (inverted repeat sequence), and the

formation of the potential stem and loop structure has a free energy of -

14.4kcal/mol ffinocco et a|.,1973), thereby making such a structure energetically

favourable (Figure 4.5). This region is rich in G/C sequences, and although the

G/C base pairs are important in stabilizing the intramolecular stem and loop

structure, they may also aid in termination by impeding RNA polymerase

movement on the template (Gilbert, 1976). Most of the terminated RNA

transcripts end in a run of 4 to I U residues, 20 (t4) nucleotides beyond the

centre of the dyad symmetry (Rosenberg and Court, 1979). These U's are

thought to aid in the release of the transcript. The proposed transcriptional

terminator following the ORF (Figure 4.5) has a run of 4 consecutive U's with the

transcript ending 20 nucleotides from the centre of the inverted repeat sequence.

Rho-dependent terminators generally do not encompass all of these elements in

their termination sites, and the RNAP does not terminate unless Rho is present,



Figure 4.5 A possible transcriptional terminator corresponding to nt gg8 to 1032

of the sequence in Figure 4.3.

This structure has a free energy ol -14.4kcal/Mol fl-inoco et a1.,1973), and

represents a possible Rho- independent terminator. The termination codon of the

gene is indicated by asterisks.
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although a substantial pause in the movement of the RNAP is observed in the

absence of Rho (Rosenberg et a\.,1978). On the other hand, RNAP usually stops

completely at Rho-independent termination sites and releases the transcript

without the requirement for added Rho protein (Rosenberg and Court, 1979). The

potential terminator site described in Figure 4.5, thus, appears to be typical of a

Rho-independent transcriptional terminator.

4.2-2.4 Translation lnitiation

The ribosome binding site and translation of this protein should also be

considered. A ribosome binding site consists essentially of an initiation codon, a

Shine-Dalgarno Sequence (complementary to the 3' end of 165 RNA), and

appropriate spacing between the two. The sequence TCTACGT iust prior to the

initiation codon of the ORF, shows poor homology to the conserved sequence

(AGGAGGT), which may explain the low levels of gene product expressed

(Chapter 3).

Mutations in the Shine Dalgarno region have been shown to drastically affect the

level of initiation of translation, and closer homology to this consensus sequence

(Shine and Dalgarno, 1974) usually corresponds to ribosome binding sites that

are "stronger" (Gold et al., 1981; Kozak, 1983). The spacing of the Shine-

Dalgarno sequence is 7 nucleotides prior to the initiation codon of the ORF, and

this correlates well with the average spacing of 7 nucleotides usually seen

(spacings less than 5 and longer than 9 nucleotides are rare). Reducing this

spacing results in mutations that affect translation (Gold et a|.,1981; Kozak,1983).

These structural and sequence similarities seen in ribosome binding sites,

however, follow the same rule as promoter regions where other factors are also

involved, as the initiation codon and polypurine tract (AGGAGG) are not the only

etements involved in the translation initiation process.
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4.2-g Signalsequenoe of the DNase

The existence of precursors for secretory proteins was first demonstrated by

Milstein et al., (1972). They showed that immunoglobulin light chains were

produced from precursors of slightly larger molecular weights. The signal

hypothesis which offered a precise description for the translation steps of

secretory proteins was proposed by Blobel and Dobberstein (1975a,b).

ln prokaryotes, the existence of the signal peptidê was first shown for the major

outer membrane lipoprotein (Halegoua et al., 1976; lnouye et al., 1977). Since

then the existence of signal peptides has been shown for many other prokaryotic

secreted proteins. A comparison of the general structure of different signal

peptides demonstrates that, independent of their origin, they share a number of

common features, and these can be related to their possible functional roles in

protein secretion (lnouye and Halegoua, 1980; von Heijne, 1983).

The rules which govern the structure of a signal peptide extend to five common

features. These features will be listed, and the signal peptide of the DNase can

then be discussed in terms of these elements.

1. One to three positively charged amino acids are

in the first five residues in the amino-terminal

region of the signal peptide (amino-terminal

basic region).

2. A hydrophobic sequence of 9-20 amino acids

follow the amino-terminal basic region

(hydrophobic domain).

3. One to two proline and/or glycine residues are

usually present within the hydrophobic domain.

4. The presence of a serine andf or threonine

residue(s) within the hydrophobic domain,

divides it into two regions of different

degrees of hydroPhobicitY.

5. An alanine or glycine residue (serine to a

lesser e)ftent) is present at the carboxy

terminus of the signal peptide (cleavage site).
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ln every known prokaryotic signal peptide, there is, without exception, one to

five positively charged amino acid residues (lysine and/or arginine and

occasionally histidine) located at the amino-terminal position (von Heijne, 1983;

Watson, 1984). The role of these positive charges is thought to be for the initial

interaction between the signal peptide and the inner surface of the negatively

charged cytoplasmic membrane. Figure 4.6 shows the proposed signal

sequence and cleavage site of the DNase, and compares it with other known

signal sequences of extracellular proteins and the outer membrane protein ompV,

otV. cholerae. The DNase (ORF) has a positively charged arginine residue at the

fifth position, while the other V. cholerae exported proteins have one or two

positively charged lysine residues within the first five amino acids. The

hydrophobic domain requires at least t hydrophobic residues, i.e. sufficient to

span a membrane. The V.cholerae signal peptides in Figure 4.6 all fit this rule,

with at least 15 consecutive hydrophobic amino acids.

Glycine and proline are known to be involved in the p-turn structure of proteins

and are often referred to as helix breaking residues. A helix breaking residue

frequently occurs 4 to 8 residues before the cleavage site (von Heijne,1983). The

DNase and OmpV have a proline and glycine residue, respectively, within this

hydrophobic core. The proline is 6 residues before the cleavage site, while the

glycine in OmpV is at the fifth residue from the cleavage site. Both cholera toxin

subunits A and B, and the haemolysin of V. cholerae do not have a proline or

glycine residue present in this region. The exact role of these amino acids in the

hydrophobic domain is not clear, although mutations that alter or delete the

glycine at position 7 of prolipoprotein show a reduction in the efficiency of signal

peptide cleavage by the signal pept¡dase (lnouye et al., 1984). The "helix-

bending" property of these residues may serve to bring the cleavage recognition

site into juxtaposition with the signal peptidase for efficient cleavage of the signal

peptide.

The fourth conserved feature of signal peptides is the presence of a serine or

threoníne residue that divides the hydrophobic domain into an extremely

hydrophobic centre, and a less hydrophobic portion towards the cleavage site.

This feature is common to all the V. cholerae signal peptides in Figure 4.6, but the

structural function of these residues is not well understood, although, it has been



Figure 4.6 Signal sequences of some exported proteins olV.cholerae

The signal sequences of some of the exported proteins of V.cholerae have been

determined. All have at least one positively charged residue at the N-terminal end,

a hydrophobic core, and a cleavage site at either an ala, ser, or gly residue,

consistent with the rules of von Heijne, (1983). The cleavage site of OmpV

(Pohlner et a/.,1986) and cholera toxin A and B (Mekalanos et al., 1983) have all

been determined by N-terminal analysis of the mature protein, while the DNase

and HlyA (Alm ef a/.,1988) show the proposed cleavage sites.



N TIRI.4INAL
PlSITiVI CHARGEI
RTS I DUT

HYDRDPHIBIC C!RT CLEAVAGE
SITE

hly A

om,pV

ctr A

ctu B

+
l4et Pr^o Lys

+ +
lYet Lys Lys

+
Met Vol Lys

+ +

(-l)

Leu Asn Arg Cys Asn Pr-o Ile Phe Thr lte Leu Ser Ato. Ite Ser

lle Ato Leu Phe Ite Thr Ato Ser Leu Ite Alo Gty Asn Ato Leu Ato

Ile Ite Phe Vot Phe Phe Ite Phe Leu Ser Ser Plre Ser Tyr Alo

Plre Vot Thr^ Thn Leu Ato Alo Ser Leu Pno Leu Leu Thr Pl're Alo

Ser^

ALo

As rr

I
Met Ile Lys Leu Lys

+
DNase t'1et þlet lle Plre Ar'9

Phe Gty Vot Phe Phe Thn Vo[ Leu Leu Ser Ser Ato Tyn Aio His trty TI

Alo



94

suggested that they are involved in the formation of a specific conformation

necessary for the translocation event (Wickner, 1983). The final aspect of a

signal peptide to be considered is the striking prevalence of amino acids with

small, uncharged side chains at the cleavage site. This position (-1) is filled by

alanine in most cases, with glycine being found to a lesser extent, and finally

serine in a small proportion of cases Watson, 1984). The DNase, OmpV and

cholera toxin subunit A all have an alanine cleavage site, while cholera toxin

subunit B has a glycine residue at position -1, and the haemolysin a serine (Figure

4.5). This rather strict requirement at the cleavage site may reflect signal

peptidase substrate specificity.

While the proposed signal sequence of the DNase, and the other known signal

peptides of V. cholerae (Figure 4.6) conform to the rules set for prokaryotic signal

peptides (von Heijne, 1983), the exact cleavage site of the DNase signal peptide

has yet to be confirmed experimentally and can only be predicted. The other 4

signal peptides and their cleavage sites illustrated in Figure 4.6 have been

determined by sequencing of the amino-terminal portion of the mature protein.

The low amounts of DNase prote¡n detected in either V. cholerae, or the

recombinant plasmid pPM1207 (Chapter 3, Section 3.2.9) has made the

purification of significant amounts of this protein, necessary for N-terminal amino

acid analysis, difficult.

An hydropathy plot of the DNase protein, according to Kyte and Doolittle (1982),

(Figure 4.7), suggests that the protein is very hydrophilic, as expected for a water-

soluble protein. This is in agreement w¡th the location of the DNase protein in V.

cholerae where it is extracellular, and its periplasmic location in E.coli. There is,

however, a region of marked hydrophobicity at the amino-terminal portion of the

proposed pro-DNase protein. This region corresponds to the hydrophobic

domain of the predicted signal peptide of the DNase protein, while the end of this

region at about aa2O, correlates to the predicted cleavage site and N-termínus of

the mature protein (Figure 4.7). A predicted secondary structure according to

Chou and Fasman (1974a, 1974b,1978) is shown in Figure 4.8. ln particular, the

arrangement of the Cys residues is interesting. Cysno and Cys'o4 aS well aS CyS207

and Cysr* are closely linked to turn regions and in close proximity to each other,

and ít seems possible that they may be crosslinked. The other four residues are



Figure 4.7 Hydropathic nature of the pro-DNase

The predicted amino acid sequence of the precursor form of the DNase was

analyzed according to Kyte and Doolittle (1982) using a window of nine amino

acids. The protein is markedly hydrophilic as would be expected for a water-

soluble protein. The region of hydrophobicity at the N-terminus of this protein is

contained within the proposed signal sequence.
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Figure 4.8 Predicted secondary structure of the DNase protein according to

Chou and Fasman (1978)

The DNase does not display any helix-turn-helix domains which are common to

DNA-binding proteins (McKay and Steitz, 1 981 ; Ohlendort et al ., 1983)
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also closely linked to turn regions, but while Cysou, CyS¿z and Cys* are in close

proximity, Gysr-is located a good distance from these three cysteine residues in

this proposed secondary structure. Possibly they are involved in the formation of

the tertiary structure of this protein, as the reduction of disulphide bonds with p-

mercaptoethanol results in the loss of activity of the DNase (Section 3.2.8).

4-2.4 Recombinant system for the overexpression of the DNase

With the aims of obtaining high levels of expression, a system was constructed in

which the gene encoding the DNase of V-cholerae was placed under the control

of the strong IPTG-inducible fac promoter (Amann et al., 1983; DeBoer et al.,

1983). Nucleotide sequence analysis (Section 4.2.2) shows the DNase to have a

very poor potential Shine-Dalgarno site, and it was thought this may have been

the reason for the low level of protein expressed by the DNase gene. For this

reason, a vector was used which contained both the tac promoter and a

consensus Shine-Dalgarno sequence. This expression vector, pEG612, was

constructed and obtained from Anthony Brumby (Department of Biochemistry,

Adelaide University). The expression vector pEG612 utilizes the Ndel cloning site,

to clone the N-terminal portion of a gene at its startpoint of translation (AUG), into

this site, creating a gene fusion with the strong promoter and ribosome binding

site of the vector. Gene fusions constructed using this vector have resulted in the

high level expression of phage encoded proteins (A- Brumby - personal

communication).

No restriction endonuclease cleavage sites are present near the translation

initiation site of the DNase ORF, and this necessitated the construction of an Ndel

site by site-directed oligodeoxynucleotide mutagenesis. The

oligodeoxynucleotide 5'CTACTTATCTACGTCTCATATGATGATTTTTCG 3' (33-

mer) was used to mutagenize nt 289 through 321 to introduce an Ndel site (Figure

4.9). Plasmids with the introduced Ndel site could be identified by digesting with

Ndel as there are no other sites for this enzyme in the cloned DNA. The resulting

plasmid pPMl 271, was then used as a source of the DNase gene to clone into the

expression vector pEG612. The Ndel/EcoRV fragment of pPM1271 was cloned



Figure 4.9 Site-directed oligonucleotide mutagenesis to introduce an Ndel site at

the start of the DNase

Schematic representation of a single mutagenesis round. The amber mutations in

the Ap and Cm selectable markers are shown by closed circles. The mutation

itself is shown by the replacement of two T's with a CA in the oligonucleotide to

create an Ndel site, and is indicated by the arrowhead.

The individual steps of the process are as follows:

1. Cloning of the EcoRl DNA fragment of pPM1254 into pMc5-14. This vector

carries an amber mutation in the ApR gene and specifies CmR.

2. Preparation of s/s DNA of this recombinant from pseudoviral particles.

3. Preparation of a restriction fragment from the complementary pMatype

phasmid. pMa-type vectors contain the wild type ApR gene with an amber

mutation in the CmR gene.

4. Construction of gapped-duplex DNA (gdDNA) by in vitro DNA/DNA

hybridization. In the gdDNA the target sequences are exposed as s/s DNA.

5. Annealing of the synthetic oligonucleotide to the gdDNA.

6. Filling in the remaining gaps and sealing of the nicks by a simultaneous in vitro

DNA polymerase/DNA ligase reaction.

T.Transformation of a mufS host, i.e. a strain deficient in mismatch repair and

su+, selecting for CmR. This results in production of mixed phasmid progeny.

8. Elimination of progeny deriving from the template strand (pMc-type) by

retransformation into a suppressor free (su) host . Selection for ApR results in

enrichment of the progeny derived from the gapped strand, i.e. the strand from

which the mutagenic oligonucleotide has been incorporated. (For further details

of this procedure; see Materials and Methods).
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into pEG612 to give the recombinant plasmid pPM1272 (Figure 4.10).

lnduction of the DNase on pPMl 272 was achieved by growing cells harbouring

this plasmid until early exponential phase (ODu* of O.2) at 30oC. The temperature

was then shifted to 42oC with the addition of 100mM IPTG, and grown for a further

3 hours. The effect of raising the temperature was to increase copy number of the

plasmid as the vector pEG612 also exhibited thermo-inducible runaway

replication. The combined effect of a strong transcriptional and translational

signal, with the increased gene dosage provided by the runaway replication of the

plasmid, was expected to give a significant increase ín the level of protein

detected. However, analysis of fractions of cells harbouring the plasmid

pPM1272, showed no significant increase in amounts of protein. The plasmíd

pPM1272was shown to be under the control of the fac promoter, as cells without

the added inducer IPTG, did not express the DNase, while the addition of IPTG to

the plasmid pPM1272 gave a DNase positive phenotype. Cloning of the

Ndel/EcoRV fragment into the Ndel and Hrncll sites of pUC19 where there are no

transcriptional or translational signals present upstream, resulted in no expression

of the gene. Therefore, while both the transcriptional and translational signals

supplied by the expression vector pEG612 are recognized, when the DNase gene

minus its own signals is fused to them, the protein product is not overexpressed

as expected. The reason for this is not known, but it may be that the mRNA

transcript resulting from this gene fusion is unstable. lf the DNase mRNA is

unstable a possible method of overcoming this would be to construct a protein

fusion, by fusing the DNase downstream of a protein which itself is highly

expressed. Such a system has proved successful in overexpressing a number of

other prote¡ns from a wide variety of bacteria, utilizing the C-terminus of the 26

kDa glutathione S-transferase of the parasitic helminth Scfirsfosorna iaponicum,

as a fusion point (Smith and Johnson, 1988). This, or any alternate strategies

have however, at present not been employed.



Figure 4.10 Construction of a gene fusion of the DNase with pEG612.

The introduced Ndel site at the translational start site of the DNase in pPM1271,

was used to fuse the structural gene to the strong transcriptional and translational

signals of pEG612. The sequence above pPM1271 shows the change of the

dinucleotide TT to GA to create the Ndel used to clone into pEG612. The

sequence above pPM1272 shows the fusion point of the DNase to pEG612.
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4-3 Conclusion

Determination of the nucleotide sequence of the 1.25kb V.cholerae DNA fragment

present in pPM12O7 has identified a 690 bp ORF which could code for a 26 kDa

protein. This ORF has a potential signal sequence, and cleavage of this signal

peptide would give a mature protein size of 24kDa, which is in agreement with the

expected size of the DNase. The EcoRV site of pPM1207 lies outside this region

as expected since a mutation at this site has been shown to retain DNase activity

(Chapter 3; Section 3.2.5). As predicted the Ball and Nael sites lie within the ORF

since insertion of the 8bp Pstl linkers at both the sites resulted in a DNase

negative phenotype (Chapter 3; Section 3.2.5).

The nucleotide sequence upstream of the ORF reveals a potential promoter

structure with perfect homology at the -10 position but less conserved at the -35

RNA polymerase recognition region. The promoter has been shown to be

functional by fusion of an inactive ApR gene downstream of this region, and this

will be discussed in Chapter 6. Downstream of this promoter, and 7bp prior to the

initiation codon of the ORF is a potent¡al Shine-Dalgarno sequence, but this has

low complementarity to the consensus sequence. The lack of a strong

consensus S-D sequence could account for the low level of expression observed

with this gene. The positions of the promoter and Shine-Dalgarno regions are

supported by primer extension analysis, which puts the start of the message at

nucleotide position Arru and Arru (Figure 4.3). The two start sites for the mRNA

transcript are not surprising, as this region has three consecutive A's, and RNA

polymerase is known to have some flexibility at regions rich in A's (Rosenberg and

Court, 1979).

The DNase gene appears to have a good signal sequence which can be

expected for an exported prote¡n. This signal sequence was identified by use of

the rules proposed by lnouye et al., (1977),Inouye and Halegoua, (1980), and the

refined rules of von Heijne, (1983). This signal sequence also appears to be

functional, as the DNase is exported from the cytoplasm of E.coli into the

periplasmic space (although in V.cholerae the DNase is exported still further into

the extracellular medium). An hydropathy plot of the protein (Kyte and Doolittle,

1982) shows it to be markedly hydrophilic, indicative of a water-soluble protein,
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with the only region of hydrophobicity occurring at the N-terminus and probably

representing part of the proposed signal peptide. The secondary structure

predicted from this protein (Chou and Fasman, 1974a, 1974b, 1978) however,

does not exhibit the helix-turn-helix domains usually seen with DNA-binding

proteins. This could reflect the fact that the DNase does not interact with the DNA

in a specific way as seen with transcriptional activator and repressor proteins

(McKay and Steitz, 1981; Ohlendorl et a|.,1983). Computer homology searches

of both the nucleotide and amino acid sequence of the DNase using the GenBank

and EMBL Gene/Protein Sequence Database, has failed to f¡nd any other genes

with signifícant homologY.

Utilizing information gained from nucleotide sequence analysis, an attempt was

made to overproduce the DNase protein. Normal expression of the cloned DNase

is very low, and overexpression of this prote¡n could enable its purification, which

might allow the N-terminal sequence analysis of the mature protein to be

determined to define the signal pept¡dase cleavage site within the DNase; the

production of antisera specific for this protein; and the examination of its

enzymatic and physical properties. The expression vector used, consisted of a

strong inducible promoter and strong ribosome binding site, which was fused to

the translation initiation site of the DNase. Although the vector expression signals

were utilized by the DNase gene, an overproduction of the protein was not seen.

The reason for this is not known, but may be related to the stability of the mRNA.

lf this is the case, future work involving the overexpression of this gene may

require alternate strateg ies.
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CHAPTER 5

Construction and characterization of

defined mutations in the Vibrio

cholerae chromosome.

5.1 lntroduction

pathogenic bacteria in both man and animals exhibit a number of virulence

properties that facilitate the disease causing process. These virulence

determinants include the ability to avoid, resist or inactivate host defenses (see

Mims, 1982), cell surface structures that are responsible for adherence (Gaastra

and DeGraaf, 1982) aîd probably the best studíed and earliest recognized

bacterial pathogenesis factor, the production of potent exotoxins (Holmgren and

Lonnroth, 1980).

With the advent of recombinant DNA technology, rapid advances have been

made in understanding the molecular organization of bacterial pathogens. This

has been especially true in the analysis of enterotoxin structure and function (So

et al., 1976, 1978; Moseley and Falkow, 1980; Pearson and Mekalanos, 1982).

The cloning of a bacterial virulence factor, however, does not in itself determine

how the factor contributes to the infection of the host.

The analysis of microbial pathogenicity, therefore can efficiently proceed by

constructing specific mutants in the organism of interest, and evaluating these

mutants for virulence in either an animal host or in a model infection system.

Although such a concept is not at all original, it means that the true power of the

recent advances in DNA technology lies as much in the construction and analysis

of well-defined mutants as in the isolation and sequencing of genes. This can be
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best illustrated with the isolation of the first non-toxinogenic V.cholerae strain,

Texas Star-SR, by Honda and Finkelstein (1979). This strain was isolated with a

mutation in one of the cholera toxin structural genes. However, because the

strain was subjected to heaqy mutagenesis with the chemical mutagen NTG, other

phenotypic alterations unrelated to toxin production were present in this mutant,

which have included other virulence determinants since the resultant strain was a

poor colonizer. Additionally, as the nature of the mutation in the toxin structural

gene was unknown, reversion to a toxinogenic strain was also a possibility. The

subsequent cloning of the genes encoding cholera toxin (Pearson and

Mekalanos, 1982; Gennaro et al., 1982), allowed the introduction of defined

mutations in the cholera toxin genes, and the incorporation of these specific

deletions into the chromosome of an otherwise wild-type V.cholerae strain

(Mekalanos et a/., 1983; Kaper et al., 1984b), enabling such strains to be

evaluated as possíble vaccine candidates.

The increased application of genetic analysis to the study of bacterial pathogens

has resulted in the d¡scovery of new factors, as has been described for foxR and

foxS, which are responsible for the coordinate regulation of many virulence

determínants in V.cholerae (Miller and Mekalanos, 1984; Peterson et a|.,1988).

This approach is not limited to the study of the effects on virulence. For

example, defined mutations introduced into an organism can be used to study a

number of other cellular processes. This chapter describes the construction of a

DNase negative V.cholerae strain in order to evaluate the role it may play in the

pathogenesis of the disease, but also looks at a possible secondary role the

DNase may play in the overall physiology of the organism.

Extracellular nucleases have been shown to act as a barrier to the uptake of

exogenous DNA molecules, in both transformation and transfection in

S.marcescens fl-immis and Winkler, 1973; Reid et al., 1982\. The construction of

mutants deleted specifically for the DNase of V.cholerae has allowed the role the

DNase may play in this process also to be assessed. These defined mutations

have also led to the subsequent recognition of two distinct DNases being

elaborated by V.cholerae.
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5.2 Results

5.2.1 Construction of DNase negative Vibrio cholerae strains

5.2-1.1 Chemical mutagenesis with EMS

Attempts to isolate a DNase negative V.cholerae strain were originally carried out

using the chemical mutagen ethyl methanesulfonate (EMS). EMS is an alkylating

agent which is quite specific in its action, producing primarily GC-AT transition

mutations. This mutagen was chosen over NTG, because although ¡t has a similar

mutational effect, it is less likely to yield multiple mutations. Mutants defective for

DNase production were screened by looking for colonies without a zone of

clearing on DNA-agar plates after the addition of 1N HCl. Approximately 10,000

colonies were screened, but although a high proportion of these cells were

auxotrophs, no DNase negative V.cholerae mutants were isolated.

5.2-1.2 Transposon mutagenesis otVibrío cholerae with Tn5

Since the isolation of a V.cholerae DNase negative mutant by chemical

mutagenesis proved unsuccessful, transposon inseftion mutagenesis of the

V.cholerae chromosome was attempted. Advantages of using transposable

elements to isolate such mutants are several-fold. lnseftion mutations usually

result ín totally eliminating the expression of the gene; their phenotype is rarely

leaky. They are easy to map as the insertion of a drug-resistance transposon

enables a mutation to be located either by changes in the restriction pattern of a

DNA fragment or by genetically mapping the site of drug resistance. Finally, they

are easy to isolate and are almost always the result of only a single inseftional

event, so having secondary mutations in the same strains is not a problem. For

these reasons, mutagenesis of theV.cholerae chromosome was carried out using

the transposon TnS. lnsertions of Tn5 onto the chromosome were isolated by

selecting for KmR after introduction of the replication-defective (F',./ac::Tn5)

plasmid that harboured the transposon. Each KmR colony that grew was the
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result of a transposon-induced mutation, so in theory, fewer colonies would need

to be screened by this method in order to obtain the lesion in the desired DNase

gene, as opposed to the chemical mutagenesis method. Over 8,000 colonies

were screened in a manner similar to that described for EMS mutagenesis. Whilst

mutants for other extracellular proteins such as the haemolysin were obtained, no

DNase negative V.cholerae mutants were isolated.

5-2.1.3 Transposon múagenesis olV.cholerae with TnphoA

A modification of the transposon insertion mutagenesis method was attempted,

using the transposon TnphoA (Manoil and Beckwith, 1985). This transposon

TnphoA encodes for KmR, and utilizes the alkaline phosphatase gene (which is

deleted for its signal sequence) to select for exported proteins. ln-frame insertions

of TnphoA downstream of an exported protein results in hybrid proteins

composed of alkaline phosphatase fused to amino-terminal sequences of these

proteins. Such a hybrid gives alkaline phosphatase activity if the protein fused to

alkaline phosphatase contributes sequences that promote export and thus

compensate for the missing alkaline phosphatase signal peptide. The frequency

of an in-frame TnphoA insertion into an exported protein is about 1% (Manoil and

Beckwith, 1985), so that ¡f 100 TnphoA insertions with alkaline phosphatase

activity were screened, this would represent 10,000 colonies screened by the Tn5

insertion mutagenesis method if isolating a lesion in an exported gene, as this

former method highly enriches for this class of mutatant. ln fact, 250 colonies

were isolated which had KmR and alkaline phosphatase activity. A number of

mutations in extracellular proteins were isolated, including an extracellular

protease(s), but no DNase negative phenotypes were among these.

The failure to obtain a DNase negative V.cholerae by any of these methods

suggests that more than one gene may have been involved in DNase production,

and the isolation of a DNase negative mutant was not simply a matter of screening

for an insertion in a single gene.
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S-2.2 Site-specific recombination of a DNase negative mutant into the Vibrio

cholerae chromosome-

5.2-2.1 lnsertion of a KmR carÙidge ir¡to the DNase gene-

To ascertain if a mutation in a single gene was sufficient to isolate a DNase

negative mutant of V.cholerae, a mutation in the cloned DNase gene was

constructed in vitro, and recombined back into lheV.cholerae chromosome.

The system chosen was that utilized by Mekalanos et a/., (1983), and Kaper ef

al., (1g84), to introduce cholera toxin deletions back into V,cñolerae by in vívo

recombination. This system made use of the broad host range cloning vehicle,

pRK290, developed by Ditta and co-workers (1980). This plasmid is a deletion

derivative of the larger plasmid RK2, it is no longer capable of self-conjugal

transfer, but still retains a TcR phenotype. lt has unique cloning sites for the

restriction endonucleases EcoRl and Bglll.

To clone into the vector pRK290, a mutation within the DNase gene was

constructed in the plasmid pPM1254. This mutation consisted of the insertion of

Psfl linkers into the Ball site within the gene. The plasmld pPM1209, Chapter 3;

Figure 3.5, which contained Psfl linkers at this site was not suitable, as the gene

was contained on an EcoRl/Hindlll fragment and could not be cloned directly into

pRK290.

While the Psfl linkers introduced a mutation into the DNase, the introduced Psfl

site was used to insert an ant¡b¡otic resistance between the gene, to select for the

recombination of this mutant into the V.cholerae chromosome by the acquisition

of an antibiotic resistance, rather than screening for a DNase negative phenotype.

The antibiotic resistance gene inserted was a KmR of 1500bp. This cartridge was

first cloned into the EcoR! site of pUC18, and the rPsfl sites also present on the

ends of this cartridge were used to transfer the KmR gene into the Psfl site of

pPM1285 to give the plasmid pPM1286 (Figure 5.1).



Figure 5.1 Construction of the DNase negative, KmR plasmid pPM1286.

Plasmid pUCS was digested with Pstl, and Hindlll linkers added to eliminate the

Psfl site in the polylinker region, to give plasmid pPM1283. The EcoRl fragment of

the DNase was cloned into this newly constructed vector to give pPM1284. The

absence of a Psfl site in pPM1284 allowed the introduction of Psfl linkers into the

Ball site of the structural gene of the DNase. The open box indicates the added

Psfl linker. The resulting DNase negative plasmid pPM1285, was then inserted

with the KmR gene into the created Psfl site to give pPM1286. The KmR cartridge

was obtained as a 1500bp EcoRl fragment, and subsequent cloning into pUC18

allowed it to be isolated as a similar sized Psfl DNA fragment due to the presence

of internalPsfl sites within the gene cartridge.

The restriction endonuclease sites are as follows:

Ba:, Ball; B:BamHli E:Eco Rl ; H :Hrnd I I I ; P:Pstl
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5.2-2.2 Subdoning into plasmid pRK29O

As plasmid DNA cannot be transformed into V.cholerae and pRK290 cannot self-

transfer, a helper plasmid is required to mobilize pRK290 into V.cholerae.

However, helper plasmids usually carry a number of antibiotic res¡stances

themselves, and so to simplify the transfer system, a mobilizable derivative of

pRK290 was constructed. This was done by cloning the mobilization (mob) region

of the plasmid RP-4 (Simon ef a/., 1983) into the 8glll site of pRK290. fhe mob

region is present as a BamHl fragment in plasmid pSUP205 (Simon et a1.,1983),

and cloning of this fragment into the Bglll site of pRK290 results in a hybrid )Øoll

site being created, with the loss of both BamHl and Bglll recognition sites (Figure

5.2). This plasmid, pPM1287, can be efficiently mobilized from lhe E.coli K-12

strain 517-1, whích contains the transfer genes of RP-4 integrated into the

chromosome (Simon et al., 1983).

The EcoRl fragment containing the inactivated DNase gene (Section 5.2.2.1)

was cloned into pPMl 287, lo give pPMl288. This resulted in a KmR, TcR, DNase

negative plasmid, which could be efficiently mobilized from E.coli 517-1 into any

other strain (Figure 5.2).

5.2-2-9 Mobilization of pPMl 288 from E. col i into V. cho I erae

Plasmid pPM1288 was transferred lo V.cholerae strain V62 (El Tor, Ogawa) by

selection tor ríf , KmR, and TcR conjugants. V62 is a spontaneous rTmutant of the

V.cholerae strain 1621. Plasmid pPM1288 was also transferred to the V.cholerae

strain GN70O7 (Green et al., 1983) which is ApR by virtue of its Tnl insertion

between met and trp. This Ap resistance was used as another means to select

exconjugants which had received the plasmid pPM1288, by ptating for ApR, KmR

and TcR colonies. V.cholerae strains which had obtained plasmid pPM1288 were

purified for single colonies, and tested for sensitivity to V.cholerae specific

bacteriophage and agglutination with V.cholerae specific antiserum.



Figure 5.2 Construction of the DNase negative, KmR, mobilizable plasmid

pPM1288

The mobilizable derivative of pRK290 (pPM1287) was constructed by cloning the

mob region of RP4 from pSUP205 into the Bglll site of the vector. The mob region

isolated from pSUP205 as a 1.9kb BamHl fragment and cloned directly into the

Bglll site of pRK290 with the resultant loss of both restriction endonuclease

recognition sites, andthe creation of an Xholl siteto give pPM1287. The DNase

negative (KmR) gene was subcloned from pPM1286 into the mobilizable pRK290

plasmid (pPM1287) lo give the plasmid pPM1288. The plasmid pPM1288 can be

efficiently mobilized into V.cholerae, from the E.coli strain 517-1 containing the

RP4 transfer genes.

The restriction endonuclease sites are as follows

B:BamHli Bg:Bglll ; E: EcoRl ; X:Xhol I
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5.2.2-4 Construction of aV.cholerae strain with a DNase negative gene-

The GmR plasmid pPHlJl (Ruvkun and Ausubel, 1981) was transferred to strain

V62 [pPM1288] and GN7007 [pPM1288] by conjugation. This plasmid belongs to

the incompatability group lncP, which is the same as that of the plasmid RK2.

Since pPM1288 is a derivative of RK2 (pRK290 is a deletion of RK2), this plasmid

still retains its lncP incompatab¡l¡ty, and cannot co-exist in the same cell with

pPHlJl. By selecting for GmR, pPM1288 is not maintained in either V62 or

GN7OO7, and V.choterae cells retaining KmR must have undergone recombination

with the DNase negative, KmR construct (Figure 5.3). One hundred

transconjugants were selected which were either r/,GmR,Km* (V0Z) or

ApR,GmR,KmR lcttzooT). ,All of the colonies were Tcs, and since KmR could not

be due to pPM1288 which had been lost, a recombination event via the

homologous DNA provided by the DNase gene has must have inserted the KmR

into the chromosome of V62 and GN7007 (Figure 5.3). These strains were

designated V553 and V554, respectively.

Southern hybridization analysis was performed on several V.cholerae isolates

retaining KmR but not TcR. This was in order to see if the in vitro constructed

DNase mutation had inserted into the V.cholerae genome, as expected. Whole

genomic DNA was isolated from both the rif,Gmt,Tct and ApR,GmR,Tcs colonies

and probed with the plasmid pPM1207. Since the 1500bp KmR cartridge inserted

into the DNase gene has no EcoRl sites within it, the EcoRl fragment inV.cholerae

with the recombined gene would be 1500bp larger. Likewise, a Pstl digest would

yield two fragments not present in the wild type gene, as a Pstl linker was

introduced internal to the DNase gene into which the KmR cartridge was cloned.

The altered restriction pattern of the V.cholerae KmR, Tcs mutants, confirms that

the altered DNase gene has in fact replaced the wild-type gene on the V.cholerae

chromosome (Figure 5.4).

However, when these V-cholerae mutants are plated on DNA-agar plates they

have a DNase positive phenotype (see Figure 5.10). This is despite a mutation

being present in the DNase gene, and can only be explained if there is a second

DNase present. The presence of another DNase would also account for the

failure to obtain a DNase negative V.cholerae mutant by chemical or transposon



Figure 5.3 lntroduction of the defined DNase negative, KmR mutation into the

chromosome of V.cholerae 1621, rif ({62).

(A) plasmid pPM1288 fl-cR,Kmt) was mobilized from Ecoli strain 517-1 into

V.cholerae strain, V62. Resulting transconjugants were r/,KmR,TcR.

(B) Plasmid pPHlJl (Gm*), belonging to the

conjugation into V.cholerae V62 [pPM1288].

selected and screened for Tc sensitivity.

IncP group, was transferred by

rlf, GmR,KmR colonies were

(C) V.choterae cells in which the DNase negative mutation had recombined into

the chromosome were isolated. This strain was designated V553.

The restriction endonuclease sites are as follows:

Ba.,Ball; E:EcoRl ; H:Hrndlll ; P:Pstl
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Figure 5.4 Southern hybridization analysis of recombinants of V.cholerae strains

v62 (rif KmTcsGm) and GN7OO7 (ApRKmRrcsGmR¡.

Whole genomic DNA was digested with EcoRl or EcoRl and Psfl, and

electrophoresed on a 0.8% agarose gel. After transfer to nitrocellulose, the filter

was probed with o-¡32e1-dCTP nick translated pPM1207, washed and subjected to

autoradiography.

The arrows at 3.55kb indicate the expected size of the DNA fragments in the wild

type strain, and the increase in size (4.9kb) with recombinants when digested with

EcoRl. A decrease in size is seen when digested with EcoRl and Psfl from 2.9kb

in the wild type strains to 1.85kb in the recombinants. Recombinants of V62 are

labelled V553-1 to 3, while recombinants GN70O7 are labelled V554-4 to 6. The

extra bands (indicated with the open arrow heads) appearing in GN7007 and its

recombinants V554-4 to 6, are due to homology of the Ap gene of the inserted

Tn7 with the Ap gene present on the plasmid pPM1207.
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mutagenesis, as a mutation in this gene would be masked by the other DNase.

The presence of more than one nuclease has been seen in Streptococcus

species (Wannamaker, 1958), Sfrepfococcus species (Davis et al., 1977) and

Serratia marcescens (Eaves and Jeffries, 1963).

S.2.3 Sitespecific recombination of a second DNase negative mutant into

lhe V i b r i o c ho I erae chromosome.

The gene encoding a DNase was also cloned by Newland and co-workers (1985)

from a V.cholerae El Tor strain. This DNase (DNase-2), however, appears to be

distinct from the DNase (DNase-1) described in Chapter 3. The restriction map of

this gene, is different to that of the DNase-1 described here (Figure 5.5). These

authors also describe a 100kDa protein present in minicells, compared with the

24kDa protein of DNase-1. Therefore, it appeared that there were in fact two

different DNases, and a clone of this second DNase (DNase-2) was obtained by

the kind permission of Professor R.K. Holmes.

The clone of DNase-2 was present as a 6.6kb Bam{l fragment in the vector

pACYC184, and designated pBG50. However, when the activity of DNase-2 on

plasmid pBG50 was compared with that of pPM1203 (the 1.55kb EcoRl fragment

of DNase-1 cloned into pACYC184; Section 3.2.3), zones of clearing could be

detected around colonies after overnight incubation, with pPM1203 (DNase-1),

but no sign of DNase activity was detected with colonies containing pBG50

(DNase-2) until after at least 48 hours. Since both these clones were in identical

plasmid vectors, and in the same genetic background (E.coliDHl), it appears that

the DNase encoded on pBG50 is not as active in this type of qualitative assay as

that of pPM1203, or that because of its larger size it does not leak out of DH1 as

readily as DNase-1. Furthermore, this could explain why the second DNase was

not isolated during the cosmid cloning of the first DNase, as colonies containing

cosmid clones were incubated overnight only, before screening for DNase

producing cells.



Figure 5.5 Comparison of the two cloned extracellular DNases of Vibrio cholerae

The DNase cloned here in this study is present on a 1.25kb EcoRllHindlll

fragment on the plasmid pPM1207. The plasmid pBG54 represents the smallest

fragment encoding the DNase cloned by Newland et al., (1985). Alignment of the

common EcoRl site, shows there is no restriction site homology between the two

DNases.

*from: Newland etal., (1985)
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5.2.3.2 Subcloning into plasmid pRK2SÐ

Another mobilizable derivative of pRK290 was constructed by cloning the moö

region of pSUP205 (Simon et al.,1985) into its EcoRl site. The BamH.l fragment,

harbouring DNase-2 was then cloned into the Bglll site of pPM1289 losing both

the Bamïl and Bglll sites and creat¡ng an Xholl site (Figure 5.6).

5.2.3.3 lnsertion of an þR resistance cartridge into DNase2.

To determine if DNase-2 was responsible for the DNase activity still seen in

V.choterae mutants in the DNase-1 gene, a mutation was constructed by

introducing the ApR cartridge into the structural gene of DNase-2.

The ApR gene cartridge was constructed by digesting pBR322 with Haell. The

ApR gene (p-lactamase) was present on a 1.7kb fragment. This fragment was

isolated and Hindlll linkers were added. This 1.7kb fragment was then digested

with Hrndlll, as there was a Hindlll site about 250bp internalfrom one of the ends,

resulting in a 1 .4kb Hindlll fragment containing the ApR gene. This ApR gene

cartridge was then cloned into the Hindlll site of DNase-2, to give the plasmid

pPM1291 (Figure 5.7). Such a construct inactivated the second DNase.

5.2.3 -4 Mobilization of pPM 1 291 from E.col i irrto V.c holerae.

Plasmid pPM1291 was transferred loV.choterae strain V62 by selection for r/,KmR

and TcR exconjugants. Plasmid pPM1291 was also transferred to V553 (r/,KmR;

i.e. V62 with a mutation in the DNase-1 gene). TheV.cholerae strain GN7007 was

not used in this instance, because its ApR due to a Tnl inseftion, could not be

used to select for exconjugants, as the plasmid pPM1291 also carried ApR.

V.cholerae colonies which contained plasmid pPM1291 were purified and tested

for sensitivity to V.cholerae specific bacteriophages and agglutination by

V.chol erae specific antiserum.



Figure 5.6 Subcloning the second DNase (DNase-2) into the mobilizable

derivative of pRK290 (PPM1289).

plasmid pRK290 was made mobilizable by cloning the mob region of RP4, present

in pSUP2OS as a Bam{l fragment, into the EcoRl site of pRK290 to give the

plasmid pPM1289. Plasmids which had obtained this mob region, were selected

by their ability to be mobilized from E.coli strain 517-1 (containing the

complementing RP4 transfer genes).

1the Bamïl fragment from pBG50 encoding DNase-2 was cloned into the Bglll site

of pPM1289, with the resultant loss of both Bam{l and Bglll sites, to give the

plasmid pPM1290.

The restriction endonuclease sites are as follows

B:BamHl; Bg:Bglll; H:Hrndlll; P:Psfl; X:Xñoll
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Figure 5.7 Construction of an antibiotic resistance insertion mutation in DNase-2.

The ApR gene was isolated from plasmid pBR322 on an Haell fragment. The

addition oÍ Hindlll linkers, enabled this fragment to be cloned into the Hrndlll site

of the DNase genethereby inactivating it. The resultant plasmid was pPM1291.

The restriction endonuclease sites are as follows:

B:BamHl; E:EcoRl; H:Hindlll; P:Psfl; Ha:Haell; X:)fioll
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5.2.3.5 Construction of aV.cholerae strain with two DNase negative genes.

V.cholerae strains V553 and V62 with the DNase-2 mutation were selected for in

the same manner as described in Section 5.2.2.4 (Figure 5.8). Two different types

of mutants were constructed. The first had a mutation in the DNase-2 only,

recombined into the chromosome (V557), and selected by plating for nf,ApR,Tcs

colonies. The second contained the mutation in the DNase-2 gene, as well as a

mutation in DNase-1 and were selected by plating for r/,KmR,ApR,Tcs colonies,

(strain V555).

These strains were analyzed by Southern hybridization analysis to see that the

DNase-2 had undergone recombination and replaced the wild-type gene in the

V.cholerae chromosome. Whole genomic DNA was isolated from both the

nf,ApR,Tcs colonies, and the rif,ApR,KmR,Tcs cotonies and probed with pBG50.

Strains with the DNase-2 mutation, would give a 1.4kb larger BamHl fragment

than the wild-type gene, as a result of insertion of the 1.4kb Hindlll fragment

encoding ApR. Likewise, an EcoRl/Psfl digest would result in a number of

fragments different from the wild-type gene, because the introduced ApR cartridge

has an extra Pstl site. Figure 5.9 shows the altered pattern of V.choterae ApR,Tcs

(VS53) and KmR,ApR,Tcs U554) mutants, which confirms that the altered DNase-2

gene has replaced its wild-type gene on the chromosome.

When theV.choterae mutant (ApR,Tcs¡ with a mutation in DNase-2 only, is plated

onto a DNA-agar plate, this strain still has a DNase positive phenotype,

presumably due to DNase-1. The V.choterae strain (KmR,ApR,Tcs¡ with mutations

in both of the DNases however, has a completely DNase negative phenotype

(Figure 5.10). lt therefore appears that a mutation in only one of these DNases

can still produce a DNase positive phenotype inV.cholerae.



Figure 5.8 lntroduction of a defined mutation of the DNase-2 (np) into the

V.cholerae strain V553 harbouring a defined mutation in the DNase-1 (Km*).

(A) Plasmid pPM1291 was mobilized from E.coli strain

517-1 [pPM1291] into lheV.cholerae strain V553. Resulting transconjugants were

r/,KmR,Ap*,Tc*.

(B) Plasmid pPHlJt (GmR) belonging to the lncP group, was transferred by

conjugation into V.cholerae V553 [pPM1291]. GmR,rif,KmR,ApR colonies were

selected and screened for Tcs.

(C) V.cholerae in which the second DNase negative mutation had recombined into

the chromosome were isolated. This strain was designated V555.

The restriction endonuclease sites are as follows:

B:BamHl; E:EcoRl ; H:H i ndlll; P:Psfl.
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Figure 5.9 Southern hybridization analysis oÍ V.cholerae recombinants V557 and

v555.

Whole genomic DNA was digested as indicated, and electrophoresed on a 0.8%

agarose gel. After transfer to nitrocellulose, the filter was probed with a-[32P]-

dCTP nicked translated PBG50.

The arrow at 6.6kb indicates the expected size of the DNA fragment in V62, while

the arrow at 8.Okb shows the resultant increase in size with recombinants when

digested with BamHl. The EcoRl, and EcoRl and Pstl digests also show changes

in DNA fragment sizes with the recombinants when compared with the wild type

strain. V557-1 and 2 are recombinants with a single mutation in DNase-2, while

VS5S-3 and 4 represent V.cholerae strains with mutations in both DNase-1 and

DNase-2.
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Figure 5.10 DNA-agar plate of V62 and its mutant derivatives

V.cholerae strains were grown overnight on DNA-agar and the plate flooded with

1N HCl. DNase activity was seen as zones of clearing. V62 represents the wild

type V.cholerae, V553 is the mutation in DNase-1 (KmR), V557 the mutation in

DNase-2 (ApR), while V555 has a mutation in both DNases (KmR,ApR). A totally

DNase negative phenotype is only seen when both DNases are inactivated.
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5.2.4 Distribution of the second DNase in El Tor and Classical strains of

V.cholerae

To determine if this second DNase was present in both El Tor and Classical

strains, a number of strains were probed with pBG50 by Southern hybridization

analysis. As seen with the DNase-1 (Ghapter 3; Section 3.2.11), DNA

homologous to this second DNase is present in both El Tor and Classical strains

(Figure 5.11). However, as was noted with DNase-1, there was a restriction site

difference in these fragments between the biotypes. The BamHl fragment (6.6kb)

is larger (13.5kb) in the Classical strains when compared to the El Tor strains.

The 3.5kb EcoRl/Pstl fragment, which is the maximum determined size of DNase-

2 (Newland et a|.,1985) on the other hand, is identical in all strains (Figure 5.11).

It therefore appears that DNA homologous to this second DNase is found in both

biotypes of V.cholerae 01.

5-2.5 Distribution of the DNase'2 amongst the Vibrionaceae.

Whole genomic DNA from bacteria belonging to the family Vibrionaceae, was

probed with pBG50 by Southern hybridization, to determine if DNA homologous to

this BamHl fragment was present in these other species. The plasmid pPM1254

was also included to see if the two DNases shared any homology (Figure 5.12).

No homology exists between the two DNases, but the probe detects a larger

Bamïl fragment in the V.cholerae non-01 strain and also in V.mimícus. This

distribution of homologous DNA within the Vibrionaceae is identical to that of the

DNase-1 (Chapter 3; Section 3.2.12). However, some homology could be

detected in the V.parahaemolyticus and V.fluvialrs species. Presumably this

homologous DNA also represents a DNase.



Figure 5.11 Southern hybridization analysis of selected V.cholerae Classical and

ElTor strains.

Whole genomic DNA was digested as indicated, and electrophoresed on a 0.8%

agarose gel. After transfer to nitrocellulose, the filter was probed with a-[32P]-

dCTP nick translated pBG50.

The arrows indicate the fragment containing the DNase-2 cloned from the

V.cholerae El Tor strain 26-3. The EcoRl/Pstl DNA fragment is identical in both El

Tor and Classical strains, while the larger BamHl fragment varies between biotype

strains.
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Figure S.12 Southern hybridization analysis of bacteria belonging to the family

Vibrionaceae.

Whole genomic DNA was digested with BamHl, and electrophoresed on a 0.8%

agarose gel. After transfer to nitrocellulose, the filter was probed with a-[32P]-

dCTP nick translated PBG50.

Homology can be seen in V.mimicus and a V.cholerae non-01 strain. The arrows

indicate bands of low homology that are detected in V.parahaemolyticus and

V.ftuviatis. No homology is seen between pPM1254 (containing DNase-1) and

pBG50 (DNase-2).
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5.2.6.1 Construction of an ant¡b¡otic resistance free DNase negative

V.cholerae strain.

5.2.6.2 Recombination of an antibiotic resistance free mutation into the

DNasel stn¡cturalgene of Vä55.

ln order to fully evaluate the effect of the DNase negative mutations inV.cholerae

on transformation by exogenous DNA, the antibiotic resistance cartridges had to

be eliminated from the chromosome. AV.cholerae strain with a number of stable

antibiotic resistance markers is of limited use when trying to select for

transformants with plasmids carrying those same markers.

Plasmid pPM1285, which carries the Psfl linker insertional inactivation in the

DNase-1 gene (see Figure 5.1), was used to clone the EcoRl fragment into

pPM1287 (pRK290 with the mob region of RP4) to give pPM1292. This plasmid

was mobilized into the DNase negative strain V555 as described previously

(Section 5.2.2.3). Loss of this plasmid was achieved by the introduction of the

plasmid pPHlJl (Gm*) belonging to the same incompatability group (lncP) as

pPM1292, and selecting for GmR colonies. V.cholerae strains harbouring this

constructed DNase-1 negative mutation were selected for as rif,ApR (Kms,Tcs)

colonies (Figure 5.13). However, unlike the previous methods where

recombination could be selected for directly by the acquisition of an antibiotic

resistance, these colonies had to be screened for loss of an antibiotic resistance,

namely KmR. Of the 2,000 colonies screened, only 6 had lost KmR. These 6

nf,Kms,Ap*,Tct colonies were purified and tested for sensitivity lo V.cholerae

specific bacteriophages and agglutination by V.cholerae specific antiserum. All

were identical and one example of this strain was designated V556.

5.2.6.3 Recombination of an antibiotic resistance free mutation into the

DNase-2.

The remaining antibiotic resistance on the chromosome was due to the ApR gene

inserted within the DNase-2 gene. To eliminate this marker, another mutation was



Figure 5.13 lntroduction of an antibiotic resistance free mutation in DNase-1, into

the DNase negative V.cholerae strain V555 (KmR,ApR).

(Ð To replace the KmR cartridge present in the structural gene of DNase-1, an

antibiotic resistance free mutation of the first DNase was cloned into pPM1287 to

give the plasmid pPM1292. This mutation of DNase-1 present on pPM1285 was

constructed previously as shown in Figure 5.1. The open box indicates the added

Psfl linkers to the DNase structural gene.

(B) Plasmid pPM1292 was mobilized from E coli strain

517-1 tntoV.cholerae strain V555.

Resulting transconjugants were rif,KmR,ApR and TcR.

(C) Plasmid pPHlJl (Gm*) belongs to the IncP group and was transferred by

conjugation into this V.cholerae strain. GmR,nf,ApR colonies were selected and

screened for both Tc and Km sensitivity.

(D) V.cholerae cells in which the antibiotic resistance free mutation lfms) had

recombined into the chromobome were isolated, and designated strain V556.

The restriction endonuclease sites are as follows

E:EcoRl ; P:Psfl, X:Xñoll.
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made in DNase-2. This mutation was constructed similar to that of DNase-1,

where a frameshift in the structural gene by the introduction of linkers resulted in a

DNase negative phenotype.

Plasmid pPM1290, (see Figure 5.6) was used to construct this mutant. Bam{l

linkers were added to the Hindlll site of DNase-2 after end-filling to create

pPM1293. This plasmid had a DNase negative phenotype, and was introduced

into V556 (r{Kms,Ap). Rtter selecting for the loss of the plasmid pPM1294 by the

introduction of pPHlJl (Gm), colonies were screened tor rif,Kms,Aps,Tcs,GmR

(Figure 5.14). Again, only 3 of 2,100 colonies screened had this phenotype.

These colonies were purified and tested in the same way for bacteriophage

sensitivity and V.cholerae specific antiserum agglutination. An example of this

strain was designated V751.

5.2-6-4 Constn¡ction of a plasmid free, antibiotic fiee, DNase negative

V.cholerae strain.

V.cholerae straíns that were DNase negative and had lost their chromosomally

located antibiotic resistances, however, still retained GmR,Spec*,Cm* encoded on

the plasmid pPHlJl. This plasmid was very stableinV.cholerae, and was retained

even after attempts to cure the strain by repeated generations of non-selection or

elevated temperature shifts.

The plasmid pPHlJl was cured from the DNase negative strain V751, by

introducing the plasmid pME305 (Rella et al., 1985), which also belongs to the

IncP incompatability group. Plasmid pME305 is TcR gene, and selection for TcR

V.cholerae resulted in the loss of plasmid pPHlJl. Plasmid pME305 was then

easily lost from this V.cholerae strain, as it was temperature sensitive for

replication, and incubation at 42oC overnight resulted in the immediate loss of this

plasmid (Figure 5.15). The resulting V.cholerae strain V752 was free of all

plasmids and all introduced antibiotic resistances, and had a rrf, DNase negative

phenotype.

Genomic DNA was isolated from this strain and probed with plasmids pPM1202

and pBG50 by Southern hybridization (Figure 5.16). When strain V752 was



Figure S.14 Introduction of an antibiotic resistance free mutation of the DNase-2,

into the ApR DNase negative V.cholerae strain V556.

(Ð To replace the ApR cartridge present in the structural gene of DNase-Z, an

antibiotic resistance free mutation of this DNase present in pPM1290, was

constructed to give pPM1293. The open box indicates the added Baml.{.l linker to

the Hindlll site present in the DNase structural gene.

(B) Plasmid pPM1293 was mobilized trom E.coli strain

517-1 into V.cholerae strain V556.

Resulting transconjugants were RfR,ApR and TcR.

(C) plasmid pPHlJl (Gm^) belongs to the lncP group and was transferred by

conjugation into this V.cfiolerae strain. GmR,R¡fR colonies were selected and

screened for both Tc and Ap and sensitivity.

(D) V.choterae cells in which the antibiotic resistance free deletion mutation (nps)

had recombined into the chromosome were isolated, and designated V751.

The restriction endonuclease sites are as follows:

B:BamHl; E:EcoRl ; H:Hind I I | ; P:Psf | ; X:Xhol l.
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Figure 5.15 Construction of a plasmid-free, DNase negative V.cholerae strain

(A) and (B) The plasmid pPHlJl, which was used to cure V.cholerae strains of the

pRK2go based plasmids cohtaining the DNase mutations constructed in vítro, also

encoded resistance to the antibiotics Sp and Cm as well as Gm. This plasmid is

very stable inV.cholerae. The open boxes represent the added Pstl and Bam|-.{.l

linkers in the DNase-1 and DNase-2 structuralgenes repectively

(C) tntroduction of the plasmid pME305 also belonging to the lncP incompatibility

group, resulted in the loss of pPHlJl.

(D) A temperature shift from 30o lo 42oC resulted in the loss of the plasmid

pME30b, which is temperature sensitive for replication. Colonies which had lost

this plasmid were screened for Tc sensitivity, with the resultant strain being

designatedVT52.
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Figure 5.16 Southern hybridization analysis of V.cholerae strains V62, V555 and

v752

Whole genomic DNA was digested with the indicated restriction endonuclease

and electrophoresed on a 0.8"/" agarose gel. After transfer to nitrocellulose, the

filters were probed with a-[32P]-dCTP labelled pPM12O2 (Panel A) or pBG50

(panel B). The V.cholerae strain V62 represents the wild type organism, while

V5S5 has a mutation in both the DNases with the antibiotic resistance caftridges,

andyls2has had the antibiotic resistances deleted from the chromosome.

(A) The extra band at 1.9kb present in all the tracks, is detected due to an

additional B00bp ol V.choterae DNA present beyond the EcoRl site of the clone.

The arrow present at 3.55kb is the size of the EcoRl fragment in the wild type

V.cholerae strain. Strain V555 shows the resultant increase in size to 5.0kb when

digested with EcoRl, while V752 has a similar size band to V62 (3.55kb) as the

extra 8bp due to the presence of Psfl linkers in the structural gene of DNase-1

cannot be detected. The mutation in V752 can only be detected if chromosomal

DNA is digested with Pstl and EcoRl.

(B) The 6.6kb Bamït fragment of DNase-2 present in v62, is seen as a 8.0kb

band in V5S5 due to the insertion of the ApR cartridge, as indicated by the arrows.

Digestion with BamHl in V752 results in two DNA bands present at 3.4kb and

g.2kb due to the added Bamïl linker in the DNase-2 structural gene. This

mutation however, cannot be detected when whole genomic DNA is digested with

EcoRl or EcoRl and Psfl.
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probed with pPM12O2, the EcoRl fragment is identical to the wild-type as an 8bp

increase in length by insertion of Pstl linker cannot be detected. When the

chromosomal DNA was digested with EcoRl and Psfl, the wild-type strain retains

the same, single band, while the mutant strain V752 now has two smaller

fragments by virtue of the inserted Pstl site in the gene.

Similarly, when lhe V.cholerae strain with a mutation in DNase-2 was digested

with EcoRl and Psfl, an identical band to the wild type can be seen. However, a

BamHl digest reveals two smaller bands due to the insertion of the BamHl linker,

while the wild type reta¡ns a single band of 6.6kb. The Southern hybridization

analyses oÍ Y752 confirm the presence of these defined mutations in the two

DNase genes.

5.2-7.1 Effect of the DNases olV-cholerae on fansformation"

5.2-7.2 Transformation of E.colistrains carrying the DNase gene.

The effect of extracellular DNases on the transformation efficiency of a bacterium,

has been clearly demonstrated in S.marcescens, where the inactivatíon of

nucleases produced by this organism, leads to the relatively efficient and

reproducible ability to take up DNA (Reid et a|.,1982). Evidence for the idea that

the extracellular DNase of V.cholerae is responsible for the inability of this

organism to transform DNA, is provided by a series of transformations into E.coli

strains harbouring plasmids producing the V.cholerae DNase-1. (l-able 5.1).

The transformation efficiency of E.colicells was significantly reduced in strains

expressing DNase-1. This also correlates with the amount of DNase produced.

For example, the plasmid pPM12O7 which contains the DNase-1 gene in pUC18,

results in several-fold more DNase activitythan pPM1203 which has the DNase-1

cloned into pACYC184. The plasmid vector pUC18 has a higher copy number

than pACYC184 (Chang and Cohen, 1978) and pPM12O7 is also in the correct

orientation to utilize the strong transcriptional signals in front of lacZ, while

pPM1203 contains the DNase gene in the opposite orientation to the CAT

promoter of pACYC184. Strains harbouring pPM1203 show a60o/" decrease in



Table 5-1: Transformation oÍ Escherichia coli K-12 harbouring various plasmids.

"The E coli K-12 hosts are strain DH1 and its tolA,B mutant (periplamic leaky)

E852 (see Chapter 3; Sectlon 3.2.10).

bPlasmid pPM1204 corresponds to the EcoRi fragment of pPM12O2 containing the

gene for the DNase cloned into the EcoRl site of pACYC184. Plasmid pPM12O7 is

the EcoRl/Hindlll fragment containing the DNase cloned into pUC18.

"The relative transformation frequencies were determined for both background

strains. Approx. 1¡rg of DNA was used to transform DH1[pACYC184] and E852

resulting in 1.5 X 10s and 1.69 X 105 transformants per ¡/g respectively. These

were given a relative frequency of 1.



Recipienta Transformingb

plasmid

Relativec

transformation

frequency

DH1[pACYC184] pPM12O7

DH1[pPM1204] pPM1207

DH1[pPM1207] pPM1204

E8s2[pACYC184] pPM12O7

E852[pPM1204] pPM1207

E852 pPM1204

1

1

0.31

0.008

0.062

0.009
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transformation frequency, with those harbouring pPM1207 resulting in a 99%

reduction. lt is clear that increasing the amount of DNase produced by the strain

leads to a decrease in the yield of transformants. This is most dramatic in the

tol{,B background which, because of its leaky phenotype, effectively mimics the

DNase excretion seen with V.cholerae.

5-2-7.3 Transformation of V.cholerae süains with mutations in the DNase

genes-

ln order to evaluate the role of the DNases in the transformation of DNA into

V.cholerae, straíns with mutations in either or both of the DNases were compared

with E.colt DH1 for their transformation efficiency using pBR322 DNA. The

pBR322 DNA used in this study, was isolated from E.coli K-12 and purified on a

CsCl gradient. Transformants were selected as either ApR or TcR. Examples of

presumed transformants were confirmed to contain the 4.4kb pBR322 by plasmid

extraction and agarose gel electrophoresis.

The transformation efficiency of V.cholerae was compared directly to that of

E.coli DH1. V.cholerae strain V62 (V.cholerae 1621 rif) d¡d not yield any

transformants when selecting for either Tc or Ap. This is consistent with

observations made in this laboratory over the past few years where no V.cholerae

strain has been able to be transformed with plasm¡d DNA. Mutations in one or

both DNases of V.cholerae, however, does result in transformants (Fable 5.2).

The efficiency of transformation of V752 which is defective for both DNases is

about 100-fold less than that of E.colí, but even so, sufficient numbers of

transformants are obtained for this strain to be useful as a general transforming

strain. Strain V553 (DNase-1) can be transformed at a similar efficiency to V752,

however; V557 (DNase-2) is not as competent. There does not appear to be a

significant additive effect.

lnterestingly, transformants selected on Ap plates all gave rise to colonies after

overnight incubation at 37oC. However, when Tc was used as selection the

V-cholerae transformants required 48 hours to produce similar sized colonies.

This was limited to the V.cholerae strains only. The reason for this is unknown,



Table 5.2: Transformation of V.cholerae DNase mutant strains

V.cholerae DNase mutant strains were transformed with 1¡rg pBR322 DNA/106

cells, and their transformation efficiency was compared with that of a wild type

V.cholerae strain (V62) and the E.colistrain DH1. The strain V553 has a mutation

in DNase-1, V557 a mutation in DNase-2 andV752 a mutation in both DNases.

^Tl'te V.cholerae strains with a mutation in either DNase-1 or DNase-2, retain a

chromosomal antibiotic resistance due to the presence of the antibioticR cartridge

in the inactivated DNase genes. The strain V752 with a mutation in both DNases

has had these gene cartridges eliminated from the chromosome.

bAll transformants, with the exception of V557, were selected for ApR' Since V557

was ApR due to the nature of the DNase-2 mutation, the plasmid pACYC184 was

used to select for CmR'

cThe relative transformation frequency was determined for DH1, resulting in 1.87 X

105 transformants per ¡rg of pBR322 DNA, and this was given a frequency of 1.



Recipient.

DH1

V553[KmR]

cV557[ApR]

v752

pACYC184

1

0

0.009



114

but it should be noted that V.cholerae strains are particularly sensitive to Tc and

similar incubation times are required in conjugation experiments.

Finally, it was reasoned, that the lower transformation efficiency seen with

V.cholerae strains when compared to E.coli, may have been due to restriction of

the incomíng pBR322 DNA by V.cholerae. Therefore pBR322 DNA was isolated

tromV.cholerae and purified on CsCl. No conclusions, however, could be drawn

from the transformation experiments using this V.cholerae "modified" pBR322. No

transformants were produced in any of the V.cholerae strains, selecting for either

Ap or Tc, and the number of transformants in E.coli DH1 (a restriction minus host)

were severely reduced (< 1x102 cells/¡rg DNA). The reason for this is unknown,

as the DNA appears identical to pBR322 isolated from E.coli when

electrophoresed on an agarose gel. The very low level of transformants of E.coli

DH1 seen with this plasmid DNA, suggests that the DNA may be modified in some

way that is not compatible with transformation.

5.2-7-4 Transformation oÍ aV.cholerae DNase negative stain with pPMlã)7

and pBGf).

To see ¡f the DNase positive phenotype of the V.cholerae DNase negative strain

V752 carrying mutations in both genes, could be restored, plasmids pPM1207 or

pBG50 were transformed into this strain (Figure 5.17). At this stage, it was no

longer necessary to mobilize or conjugate plasmids into V.cholerae, as this strain

could now be simply transformed, selecting for either npR lpeU1P:OT) or CmR

(pBG50). Upon acquiring either of these plasmids, the V.cholerae strain regained

its DNase positive phenotype, thereby confirming that these cloned DNases were

responsible for the DNase activity normally detected inV.cholerae.



[ -r

Figure 5.17 DNA agar plate of V62, V752, W52[pBG50] and V/52[pPM 12071.

Strains were grown on DNA-agar and the plate flooded with 1N HCl. DNase

activity was seen as zones of clearing. The DNase activity seen with the wild type

stra¡n can be restored by introducing the cloned DNase genes back into the

DNase negat¡ve mutant V752.
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5-2-8'-1 Mrulence of the V.cholerae DNase negative strain ìf752 in the infant

mouse cholera model.

V62 and its DNase negative variants were fed to infant mice at a range of

concentrations up to 1x107 organisms/mouse (Attridge and Rowley, 1983a), and

the mice incubated at 25oC tor 48 hours. No difference was detected in the

survival of the mice. ln fact, no mice died in any of the groups, suggesting that

V62 was totally avirulent.

V62 is a spontaneous rff mutant of V.cholerae El Tor 1621. The resulting

change in outer membrane structure of these rT mutants apparently causes

V.cholerae to lose its virulence, as these mutants do not survive as well in the

infant mice (S. Attridge - personal communication). In order to see the effect of

mutations in the DNase genes, these site-specific mutations had to be

reconstructed in another V.cholerae strain which still retained its virulence.

5.2.8-2 Construction of a DNase negative mutant inV.choleraeOlT.

The V.cholerae strain 017 (El Tor, Ogawa) was chosen to introduce these

mutations into the DNase genes, as it still retaíned its virulence, and was SmR

which enabled selection of V.cholerae exconiugants. Mutants in each DNase

gene, and both DNase genes were constructed essentially as described in

Section 5.2.2.1- 5.2.3.5, and free of the plasmid pPHlJl and pME305.

V.cholerae 017 mutants constructed were V753 (a mutation in the DNase-1),

V755 (a mutation in the DNase-2) and Y757 (a mutation in both DNases). The

antibiotic resistance markers KmR and ApR, were retained in these strains to

ensure that the mutations were maintained. Mutations in a single DNase retained

the DNase positive phenotype, while mutations in both DNases, resulted in a

DNase negative phenotype (Figure 5.18). These strains were also checked by

Southern hybridization analysis to ensure the mutation had recombined into the

chromosome (Figure 5.19).



Figure 5.18 DNA-agar plate of V.cholerae 017 and the introduced DNase

mutations.

V.cholerae strains were grown on DNA-agar and the plate flooded with 1N HCl.

DNase activity was seen as zones of clearing. V.cholerae O17 represents the wild

type strain, V753 has a mutation in DNase-1, V755 has a mutation in DNase-1,

while VTST has a mutation in both DNases. A totally DNase negative phenotype is

only seen when both DNases are inactivated.



V,cholerde 017

v753

v755

v7 57



Figure 5.19 Southern hybridization analysis of V.cñolerae 017 recombinants with

mutations in one or both DNase genes.

Whole genomic DNA was digested with the indicated restriction endonuclease,

and electrophoresed on a O.ïYo agarose gel. After transfer to nitrocellulose, the

filter was probed with a-[32P]-dCTP nick translated pPM1254 pr pBG50.

(A) Panel A has been probed with pPM1254. V.cholerae 017 represents the wild-

type strain, V753 has a mutation in DNase-1, while V757 has a mutation in both

DNases. The arrows at 3.5kb and 2.2kb indicate the DNA fragment size in the

wild-type strain 017, and the alteration in band sizes at 1.85kb and 4.9kb are seen

when the constructed mutations are introduced into the chromosome.

(B) Panel B has been probed with pBG50. The recombinants are designated

V755 (mutation in DNase-2) and V757 (mutation in both DNases). The arrows at

6.6kb, 9.3kb and 3.5kb indicate the size of the DNA fragment encoding DNase-2

in the wild-type strain 017, and the resulting change in fragment size of 8.0kb,

g.3kb and 2.25kb plus 1.gkb respectively in recombinants, when digested with

Bam1l,EcoRl and EcoRl and Psfl. V753 has a mutation in the DNase-1 only, and

no change in any bands are seen when probed with pBG50.



Þ
q ('l

V
.c

ho
le

ra
e 

01
7

v7
53

v7
57

V
.c

ho
le

rc
e 

0t
7

v7
53

v7
57

V
.c

ho
le

rø
e 

O
l7

v7
53

v7
55

v7
57

V
.c

ho
le

rq
e 

O
l7

v7
55

I 
v7

57
V

,c
ho

le
ra

e 
01

7

v7
55

v7
 5

7

^E
æ

R
I

^ã
co

R
I 
+

 P
s[

I

B
om

H
T

E
co

R
I

ãc
oR

I 
+

 P
sf

I

ó ol t Ò t +

@
P

9
o¡

 C
{)

a (r
l

t
I

1¡ ?

oQ ó(
o

N N
) (¡

+ (o

¿ t;
11



116

5.2.8.3 Virulence of V.cholerae O17 DNase negative mutants in the infant

mouse cholera model-

V.cholerae 017 and its DNase negative variants were grown in Luria broth

overnight at 37oC. Groups of 8 infant mice were orally administered with bacterial

suspensions at varying concentrations ffable 5.3) and after 48 hours, the number

of mice surviving within each group was noted. Concentrations were checked by

both cell counts as well as viable counts. No loss in virulence was seen in any of

the groups of mice with DNase mutants, and therefore appears that the

elimination of the DNase(s) is not sufficient to affect the virulence of V.cholerae.

5.3 Conclusions.

Attempts to construct a DNase negat¡ve mutant of V.cholerae by chemical

mutagenesis or by transposon insertion were unsuccessful. Site-specific

mutagenesis, in which a defined mutation in the cloned DNase-1 was recombined

into the chromosome of V.cholerae was used to determine the phenotypic effect

of such a mutation. The mutatíon in the DNase gene was constructed with an

internal antibiotic resistance marker, thus enabling selection for the recombination

event. Recombinants with this mutated gene, were confirmed by Southern

hybridization analysis, and the resulting phenotype of the V.cholerae strains were

still DNase positive.

Another DNase (DNase-2) of V.cholerae has been cloned by Newland et al.,

(1985). This clone was made available by Professor R.K. Holmes, and it has been

compared to the DNase (DNase-1) described here. The restriction endonuclease

cleavage data differ for both genes, as do the sizes for the proteins they encode.

Southern hybridization analysis shows no homology between the two genes, and

the DNase-1 appears to be more active, as E.coli cells expressing this DNase

show zones of activity after overnight incubation while 48 hours is required before

DNase-2 can be detected. The xds gene for DNase-2 cloned by Newland et al.,

(1985), has been mapped between pro and ile on the V.cholerae El Tor

chromosome and is immediately adjacent to the biotype locus. The chromosomal



Table 5.3 Comparison of virulence between V,cholerae 017 and its DNase

mutant derivatives.

Bacterial concentration

(organisms/mouse)

o17 V753

survivala

v755 v757

5X106 66

1X107 23

5X107 00

"Baby mice (groups of 8) suliving 48 hours after oral administration of bacteria.

Assays were repeated two times with each concentration.

N.B. The V.cholerae strain V62 (rif) and its DNase mutant derivatives did not kill

baby mice after 48 hours, even at 5 X 108 organisms/mouse.

45

2 1

00
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pos¡tion of DNase-1, however, has not been mapped.

The introduction of a mutation in the xds locus by site-specific recombination,

using an antibiotic marker to select for the event, still retains a DNase positive

phenotype. However, the double mutant is DNase negative. lt is clear that two

genetically unrelated DNases are elaborated by V.cholerae, although their cross-

reactivity at the protein level has not been tested.

The construction of a DNase negative V.cholerae mutant, allowed the evaluation

of the signíficance of DNase(s) to transformation. These mutants were first

constructed using antibiotic resistance markers to inactivate the genes, and these

markers were subsequently eliminated.

V.cholerae DNase negative mutants are capable of transforming DNA, while the

wild type V.cholerae are not. When compared to E.colí,V.cholerae does not yield

as many transformants, but it must be remembered that the transformation

system used has been optimized tor E.coli (Hanahan, 1983). A mutation in the

DNase-1, gives rise to a higher transformation frequency when compared to

mutants in xds. The V.cholerae double mutant V752 is most efficient, and this

strain is the most likely choice as a transforming strain. lntroduction of the

plasmids pPM12O7 or pBG50 by transformation into this strain, restores a DNase

positive phenotype. Clearly, the DNase(s) are involved in transformation in

V.cholerae, and their ¡nactivation permits transformation of exogenous DNA.

The loss of virulence in V62 due to the rif mutation, necessitated the introduction

of both the DNase mutatíons into another strain. The DNase mutations were

introduced into V.cholerae O17, a vírulent El Tor strain, and tested for virulence in

the infant mouse cholera model. No loss in virulence was detected in any of the

DNase mutant strains. However, although these proteins by themselves do not

seem to be essential virulence factors, they may still contribute in some way to the

overall pathogenic process. Since such strains still retain virulence, these could

be used as transforming strains to facilitate construction of mutations in other

known virulence factors.



118

CHAPTER 6

Gene and Protein fusions of the

DNase with TEM B-lactamase

6.1 lntroduction

The movement of molecules from the site of synthesis to a new location is a

fundamental property of biological systems. Gram-negative bacteria, for example,

export polypeptides to the periplasmic and outer membrane subcompaftments of

their cell envelopes and secrete proteins into the extracellular milieu. Many

bacterial species, but particularly those belonging to the Vibrionaceae and

Pseudomonaceae, secrete numerous proteins, that are usually either toxins or

degradatory proteins such as proteases and nucleases (Hirst et al., 1984b;

Howard and Buckley, 1985; Lory ef a/., 1983). Most of these extracellular proteins

are initially synthesized with amino-terminal signal sequences and are thought to

initiate their secretion in a manner analagous to the export of periplasmic and

outer membrane proteins (Randall and Hardy, 1984). However, the pathway

taken by secreted proteins as they traverse the cell envelope in Gram-negat¡ve

bacteria and the role of additional extrageníc factors in the secretion of specific

proteins remains to be identified.

E.coli on the other hand, does not usually excrete proteins except for a few

specific exoproteins encoded on extrachromosomal elements and

bacteriophages. For some proteins, such as q-haemolysin, bacteríocins and

toxins (Mackman and Holland, 1984; Jakes and Model, 1979; Pugsley and

Schwartz, 1985), the release of the exoprotein usually requires the presence of

other gene products. This implies that E.coli is not normally endowed with a

general extracellular secretory pathway.
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A variety of exoprotein genes have been cloned and expressed in E.coli. The

exoproteins appear to fall into two general classes with respect to their excretion

properties. Firstly, most of the exoproteins, including those of V.cholerae

(Guidolin and Manning, 1985), Aeromonas hydrophla (Howard and Buckley,

1986; Gobius and Pemberton, 1988) and various Pseudomonas aeruginosa

proteins (Lory et a1.,1983; Lory and Tai, 1983, Coleman et a1.,1983), are found in

the periplasm when expressed in E.coli. Some normally excreted proteins,

however, are capable of being excreted trom E.coli, and include the nuclease and

ser¡ne protease ol Serratía marcescens (Clegg and Allan, 1985; Ball ef al., 1987;

Yanagida et al., 1986), as well as the lgA protease of Nerssera gonorrhoeae

(Pohlner et a\.,1987). These proteins appear to fall into the second class, i.e. self-

secreting proteins.

The process of extracellular secretion (excretion) has been studied in two ways.

By isolating mutants that are defective only in the excretion of extracellular

proteins (Howard and Buckley, 1983; Wretlind and Pavlovskis, 1984; Hines et al.,

1988), ¡t has been possible to identify a number of genes essential for the

production of exoproteins. Gene fusions coding for hybrid proteins have also

been used to determine whether a protein destined for expott in one organism

can cross the membrane barrier in another (Palva et al., 1982; Ulmanen et al.,

1985). This chapter deals with the construction of DNase-B-lactamase protein

fusíons in an attempt to identify any additional intragenic information, contained in

the DNase, which is necessary for the export of extracellular proteins. Since the

DNase does not belong to the class of self-secreting exoproteins, these hybrid

proteins were analyzed in V.cholerae, where an interaction with the "secretion

machinery" not presentin E.coli, could occur.

6.2 Resufts

6.2.1 Construction of translational fusions of the DNase to TEM B-

lactamase-

The plasmid vector, pJBS633 (Broome-Smith and Spratt, 1986), was used to
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construct translational fusions of the DNase to the TEM B-lactamase. This vector

contains the coding region for the mature form of TEM B-lactamase which has

been engineered to introduce a unique blunt end cloning site (Pvull) at the start of

the coding region. ln pJBS633 the p-lactamase is not expressed since there is no

promoter, ribosome-binding site or signal sequence in front of the coding region.

A series of fusions were constructed to the carboxy-termina! end of the DNase

fused to the amino-terminus of the mature form of B-lactamase (Figure 6.1).

Plasmid pPM1254 was linearized by digestion with EcoRV, which cleaves 70 bp

downstream of the DNase structural gene. A time course of 1 to 15 minutes of

Bal31 digestion was performed with the linearized DNA. The 8al31 generated

fragments were then digested with Hindlll which cleaves 315 bp upstream of the

start site of the DNase gene, and includes the proposed ribosome binding site

and promoter region of this gene. These varying sized fragments were then

cloned into pJBS633 digested with Pvull and Hindlll. The Hindlll/Pvull digestion

removes all of the TcR gene present in pJBS633, and the various DNase carboxy-

terminal deletions can then be fused with the B-lactamase at the Pvøll site (Figure

6.1). KmR,Tcs transformants all contained Bat3l generated fragments cloned into

the vector pJBS633. The in-frame protein fusions were identified by patching

transformants onto Luria agar containing 200¡rg/ml Ap. ln-frame fusions resulted

in the p-lactamase being translated in the correct frame, with hybrid proteins

containing the active B-lactamase enzyme. Transformants with out of frame

fusions did not grow on Ap plates, as the B-lactamase was not translated. ln

effect, when the p-lactamase was in the correct reading frame, it was under the

control of the transcriptional and translational signals provided by the DNase

gene. Analysis of the recombinant plasmids revealed that a series of DNase-B-

lactamase fusions had been obtained, containing various amounts of the DNase

upstream of the B-lactamase (Figure 6.2).

6.2.2 Nucleotide sequence of the fusion junctions in the DNase.p-lactamase

hybrid proteins.

In order to determine the exact point of fusion of the DNase to the mature B-

lactamase, recombinant plasmids containing the proposed DNase-p-lactamase

hybrid genes were sequenced across the Pvull junction site. The plasmid



Figure 6.1 Construction of DNase-B-lactamase gene fusions

The plasmid pPM1254 (containing the cloned DNase gene) was digested and

linearized with the restriction endonuclease EcoRV. This cleavage site was

present 70bp after the DNase ORF. lncubation with Bal31 exonuclease at time

intervals of 1 to 15 minutes, resulted in a series of deletions of this gene at the

carboxy-terminl end of the protein. These deletions were then digested with

Híndlll, and the DNA fragments containng all or part of the DNase gene were

cloned into the Hindlll and Pvull site of pJBS633. The plasmid pJBS633 contains

the inactive bla gene, due to the deletion of its promoter, ribosome binding site

and signal sequence. In-frame fusions of the DNase with the ö/a gene produced

an active B-lactamase and were selected by screening for ApR'
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Figure 6.2 Gene fusions of the DNase with the B-lactamase of pJBS633.

A O.B% agarose gel showing DNA fragments of pPM1254 cloned into pJBS633.

The band at 3.8 kb is the vector pJBS633, while the smaller bands of varying size

represent the Bal31 deletions of the DNase. The two larger bands present in

pPM2815 and pPM2816 have had the vector portion of pPM1254 cloned into

pJBS633 and are ApR due to the p-lactamase present on this vector (pUC18).
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pJBS633 contains the pBR322 replication origin and it also has the phage f1

replication origin, thus enabling the production of single-stranded template DNA

for dideoxy sequencing. A primer to the mature B-lactamase which hybridised 40

nucleotides prior to the fusion junction was used, thus enabling the sequence

across the junction to be read (Figure 6.3).

Sequence data from these fusions verified that the ApR recombinant plasmids

contained in-frame fusions of the B-lactamase gene to the upstream DNase gene

(Figure 6.4).

6.2.3 Production of a p-lactamase specific antiserum.

The hybrid DNase-B-lactamase proteins in E.coli DH1 could not be visualized by

Coomassie blue stain¡ng of cellular fractions. This was not surprising, since the

genes for these hybrid proteins were under the control of the DNase expression

signals. The DNase itself was poorly expressed and could not be detected with

normal Coomassie blue staining (Chapter 3; Section 3.2). An attempt to

overproduce and purify the DNase in order to raise an antiserum proved

unsuccessful (Chapter 4, Section 4.0.0), so the highly expressed, periplasmically

located p-lactamase was isolated and used to generate an antiserum.

E.coli cells harbouring pUC18 were grown to mid-exponential phase,

sphaeroplasted and the shock fluíds (periplasmic fractions) of these cells were run

in SDS on a 15o/o polyacrylamide gel (Figure 6.5). A port¡on of this gel was stained

with Coomassie blue, whíle the remainder was washed in dístilled water to remove

the SDS. The stained portion of the gel was aligned with the unstained gel, and

the region corresponding to the p-lactamase was cut out and homogenized in 5

parts of paraffin oil/1 part Span85. A rabbit was then injected subcutaneously, by

three repeated injections at fortn¡ghtly interuals. The antiserum was absorbed

overnight with E.coli K-12, to remove cross-reacting E.coliantibodies before use.



Figure 6.3 Seqencing strategy of the DNase-B-lactamase gene fusions.

The phasmid pJBS633 contains both a ColEl and f1 origin of replication. Single-

stranded DNA of this vector was obtained by packaging into the f1 phage variant

lR1. The point of fusion of the DNase to the p-lactamase was determined by

using a primer 40 nucleotides prior to the start of the bla gene, and sequencing

back through the fus¡on point and into the DNase gene.

I
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Figure 6.4 Carboxy terminal deletion of the DNase fused to p-lactamase.

Sequencing of the gene fusions identified the point of insertion of the DNase gene

toB-lactamase. The plasmid pPM2801 has the complete DNase of 231aa fused to

the B-lactamase, while the remaining plasmids are progressively deleted at the

carboxy-terminus. The numbers in the right hand column represent the remaining

aa's of the DNase protein, while the aa immediately adjacent to the gene is the

point of the fusion.
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Figure 6.5 Polyacrylamide gel electrophoresis of periplasmic fractions ol E.coli

cells harbouring PUC18.

periplasmic fractions oÍ E.coti cells expressing B-lactamase (harbouring pUC18)

were prepared and run on a 15% polyacrylamide gel in SDS. The band present at

2gkDa represents the p-lactamase protein of pUC18, while this protein is not

present in the E.coti DH1 cells, alone. A portion of the gel was stained with

Coomassie Brilliant Blue to visualize the protein bands, while the remainder of the

gel was washed in distilled water to remove the SDS and then aligned to the

stained gel. The 29kDa region was cut out of the unstained gel, homogenized in

S parts to 1 of Span85 and Paraffin oil and injected subcutaneously into a rabbit to

raise anti B-lactamase antiserum. The numbers on the left hand side represent

the protein sizes in kDa.
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6.2-4 Western immunoblotting analysis of hybrid proteins in E.coli-

E.coliexpressing the gene fusions were screened for hybrid proteins using the B-

lactamase specific antiserum which reacts with the carboxy-terminal portion

(p-lactamase) of such proteins. Periplasmic fractions were run on a 15%

polyacrylamide gel and after transfer to nitrocellulose, were blotted with the B-

lactamase antiserum. lt was reasoned that since the DNase had a functional

signal sequence, the hybrid proteins would be exported into the periplasm.

Furthermore, both wild type DNase and B-lactamase are normally found in the

periplasmic space in E.coli.

Western blot analysis of the periplasmic fractions of E.coli strains harbouring

these gene fusions, reveals a series of hybrid proteins of different sizes

(Figure 6.6). The difference in size of each of the proteins corresponds to the

amount of the carboxy-terminus deleted from the DNase gene before fusion to the

B-lactamase.

When staining of the hybrid proteins is compared with the pUC18 encoded B-

lactamase under the control of its own promoter (Figure 6.6), the expression of

the 29kDa wild type B-lactamase is more marked. This presumably reflects the

increased expressíon of B-lactamase under its own expression signals, while the

levels of the hybrid proteins are indicative of the low level of expression which is

normally seen with the DNase. As seen in Figure 6.4, the band corresponding to

the p-lactamase is easily seen after Coomassie blue staining, while the DNase is

difficult to detect even after silver staining (Chapter 3; Figure 3.2.9).

The signal sequence of the DNase is still functional in the hybrid proteins, as

they are all exported from the cytoptasm to the periplasm. Therefore, while the

signal sequence of the DNase may not be sufficient for the eventual extracellular

location of this protein in V.cholerae, it is sufficient to transport both the wild type

DNase and the hybrid proteins from the cytoplasm across the inner membrane to

the periplasm. Perhaps this is also the case in V. cholerae, where the signal

sequence of the DNase is just required for export to the periplasm. There the

mature prote¡n is then free to interact with a specific "secretion apparatus" which

determines its final e)dracellular destination. This concept will be discussed in

greater detail later in the chapter. Many of the hybrid proteins also appear to have



Figure 6.6 Western blot analysis following SDS-PAGE of periplasmic fractions of

E.coli cells harbouring the DNase-p-lactamase gene fusions.

The blot was developed with absorbed (10e E.coli cells/ml) rabbit antiserum to

TEM B-lactamase, followed by goat anti-rabbit immunoglobulin G coupled with

horseradish peroxidose.The band at 29kDa represents the B-lactamase present

on pUC18. The bands of increasing size seen in the other tracks represent the

DNase-B-lactamase gene fusions (hybrid proteins) with serial carboxy-terminal

deletions of the DNase. The plasmid pPM2815 has a 29kDa protein band present,

as this is not a gene fusion, but has the ApR gene of pUC18 cloned into pJBS633.

The doublets present with pPM2801, pPM2802 and pPM2803 correspond to the

precursor and processed forms of these hybrid proteins. All tracks contained p-

lactamase in the sample buffer.



N
)

(o F o i I
h:

l
U q o z o iÚ o fr
l

fH t* lÞ

I I

I I

I

#

, p
U

C
lS

JB
S

ó3
3

pP
M

28
l4

pP
M

28
l3

pP
M

2B
t2

pP
M

2S
lt

I 
pP

M
2B

lO
pP

M
28

09
pP

M
28

0B
pP

M
28

07
pP

M
2S

tS
pP

M
28

03
pP

M
28

02
pP

M
28

0l
pP

M
28

05
pP

M
28

04
pU

C
lS

a¡
 

È
¡ I I

I



L23

an extra band which is about 2 kDa larger than their normal hybrid size. This is

suggestive of a precursor (pro-DNase-B-lactamase) and a mature, processed

form (DNase-B-lactamase). The fact that these proteins are hybrids could result in

the inefficient or improper processing of the proteins.

6.2.5 Detection of DNase act¡W in DNaseB-lactamase hybrid proteins.

The recombinant plasmids pPM2801, pPM2802 and pPM2803, coding for the

largest hybrid proteins have both DNase and B-lactamase enzyme activity.

Periplasmic fractions of E coli cells with the hybrid proteins, were examined on

duplicate non-denaturing polyacrylamide gels. The previous Western blot (Figure

6.6) was run under reducing/denaturing conditions (B-mercaptoethanol added to

the sample buffer), but in order to detect DNase activity after polyacrylamide gel

electrophoresis no p-mercaptoethanol can be present (Chapter 3; Section 3.2.8).

One gelwas transferred to nitrocellulose and immunoblotted, while the other was

layered onto DNA-agar (Figure 6.7). The plasmids pPM2801, pPM28O2 and

pPM2803, all expressed DNase activity which was present as a band of about

54kDa. Surprisingly, a further two bands were detected at about 26kDa and

24kDa. These two bands probably represent the DNase protein after cleavage

from the p-lactamase; the 26kDa form represents the precursor and the 24kDa

form is the mature protein. Again, the inefficiency of processing can be attributed

to the hybrid proteins being altered in their folding which affects the rate of

cleavage or accessibility to the signal peptidase. However,it is important that at

least, in the case of the larger hybrid proteins, both enzymatic propert¡es can be

displayed by the one protein. Presumably distinct domains exist, and a specific or

non-specific proteolytic cleavage results in the separation of the two proteins

because of their distinct individual folding. However, Western blot analysis (Figure

6.7) fails to detect the 29kDa form of the cleaved B-lactamase in the periplasmic

fraction. One poss¡b¡lity is that the 54kDa protein seen in the Western blot is

bifunctional and present in this form in the periplasm. The 26kDa and 24kDa

active DNase proteins could result from the cleavage of the bifunctional hybrid

proteins prior to their release into the periplasm. Plasmids pPM2801, pPM2802



Figure 6-7 DNase activity and Western blot analysis following SDS-PAGE of

periplasmic fractions of E.coli cells harbouring the DNase-p-lactamase gene

fusions.

(A) After SDS-PAGE, the gel was washed in 40mM Tris pH7.5, 2mM MgCl, for 3

hrs. to remove the SDS and layered onto a DNA-agar plate. After overnight

incubation at 37oC, the plate was flooded with 1N HCI and zones of activity were

visualized as regions of clearing. The wild type DNase in pPMl 207 has a protein

size of 24kDa, while the gene fusions of pPM2801, pPM2802 and pPM2803 also

retain DNase activity. These plasmids have bands of activity at 54kDa, 26kDa and

24kDa. The 54kDa band represents the DNase-p-lactamase, while the 26kDa

band corresponds to the precursor form of the wild type DNase and the 24kDa

the processed mature form of the DNase. No B-mercaptoethanol was present in

the sample buffer.

(B) A Western blot of a duplicate gel following SDS-PAGE. The blot was

developed with rabbit antiserum to TEM B-lactamase, followed by goat antirabbit

immunoglobulin G coupled with horseradish peroxidase. The band at 29kDa

represents the wild type B-lactamase of pUC18, while only the 54kDa hybrid form

of pPM2801, pPM2802 and pPM2803 can be detected. No B-mercaptoethanol

was present in the sample buffer.
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and pPM2803 which express both DNase and p-lactamase activity have carboxy

terminal deletions that still retain the last residue of the DNase at aa 228 (Figure

6.2). This cysteine is probably involved ín disulphide bonding elsewhere in the

DNase (Section 3.2.8), and helps to mark the end of the DNase as distinct from

the B-lactamase. lf the fusion proteins have a similar mode of post-translational

translocation as is normally displayed by the wild type B-lactamase (Koshland and

Botstein, 1982), proteolytic cleavage of the proteins at the fusion point could

occur, with the DNase segment containing the signal sequence being exported to

the periplasm, and the resulting B-lactamase remaining in the cytoplasm or

c¡oplasmic membrane. lnterestingly, expression from plasmids pPM2804 and

pPM2805 in which only four and five more codons than pPM2803 have been

deleted at the carboxy-terminus of the DNase (see Figure 6.4), results in a DNase

negative phenotype. These codons again include Cysrr' and so it is not

surprising that their loss leads to the loss of activity.

6.2.6 Þ1port of the DNase-p-lac'tamase hybrid proteins inV.cholerae.

Since V.cholerae normally excretes the DNase into the external environment, the

hybrid proteins have been examined in their natural host, to see how they interact

with components of the "secretion apparatus". lt was hoped that some insight

could be gained into whether the hybrid proteins could also be exported out of the

cell, and if specific sequences (information) present in the DNase itself were

required. The construction of the DNase negative V.cholerae mutant V752

(Chapter 5;Section 5.2.6.4), made this strain ideal for such a use. Firstly, the

background activity of the chromosomally encoded DNases was eliminated, and

secondly the ability of this strain to be transformed, simplified the introduction of

the varíous plasmids into V.cholerae.

V.cholerae strain V752 transformed with the plasmids encoding the hybrid

proteins and the derivatives, were analyzed for their ability to excrete these

proteins. Western blot analysis did not reveal the presence of the hybrid proteins

in the extracellular fractions. The wild type 29kDa p-lactamase protein encoded

on pUC18 could not be detected in the extracellular medium.



L25

When the periplasmic fractions of the V.cholerae strains were examined, (Figure

6.8A) a significant difference was detected in the expression of the hybrid proteins

compared lo E.coli. The 29kDa band corresponding to the mature B-lactamase

could be detected in each case. This suggests that the DNase-B-lacatamase

hybrids are probably cleaved after they have crossed the cytoplasmic membrane,

and the entire hybrid protein has entered the periplasmic space. This cleavage

may or may not be specific, but it is interesting to note that it seems to be precise

and quite efficient, as the 29kDa B-lactamase is quite prominent, with only the

larger hybrid proteins showing the higher molecular weight bands as well. This

may be indicative of a specific interaction of the DNase with a component not

present in E.coli.

When the ertracellular fractions of V.cholerae harbouring pPM2801, pPM2802

and pPM2803 were examined, the DNase activity could be detected (Figure 6.88).

This represents true excretion as extracellular fractions of a strain containing just

the more highly expressed wild type p-lactamase, did not reveal the presence of

this periplasmic protein, and hence no generalized leakage of periplasmic proteins

is involved. The DNase activity is assocíated with a 24kDa protein whereas the

54kDa hybrid protein remains in the periplasm. The fate of the DNase portion of

the other fusion proteins is unknown because they are DNase negative and the

antiserum only reacts with the B-lactamase. There is clearly a need to produce an

antíserum to the DNase in order to determine the location of the cleaved carboxy-

terminal deleted DNase segments of the hybrid proteins. Lack of excretion by any

of these deletions would presumably identify any regions present in the mature

DNase protein capable of interacting with the "secretion apparatus".

The periplasm¡c location of the hybrid proteins may also be an intermediate step

in the excretion of the DNase from the cell in normal circumstances. Previous

experíments (Chapter 3: Section 3.2.8) failed to detect a periplasmic intermediate

of the DNase in V.cholerae, but its increased expression when introduced on a

high copy number plasmid results in a detectable level of DNase act¡vity being

present in the periplasm. This is presumably due to the build up of the

periplasmic pool of DNase, which under normal circumstances is transient and

quickly exported outside the cell as is the case with cholera toxin (Hirst and

Holmgren, 1987). This would suggest that the DNase is exported to the periplasm



Figure 6.8 DNase-p-lactamase protein fusions inV.cholerae

(A) Western blot analysis following SDS-PAGE of periplasmic fractions of

V.cholerae cells harbouring the DNase-B-lactamase gene fusions. The blot was

developed with absorbed rabbit antiserum to TEM B-lactamase, followed by goat

anti-rabbit immunoglobulin G coupled with horseradish peroxidase. Although the

hybrid proteins of varying sizes can be seen as with E.coli, the 29kDa p-lactamase

protein can also be detected. The 29kDa protein is not detected in E.colíand is

presumably due to a protease present in the periplasm of V.cholerae but not in

E.coli.

(B) After SDS-PAGE, the gel was washed in 40mM Tris pH7.5, 2mM MgCl, for 3

hrs. to remove the SDS and layered onto a DNA-agar plate. The plate was

incubated overnight at 37oC, and then flooded with 1N HCl. Zones of activity

were detected as distinct bands of clearing. The wild type DNase can be detected

in the periplasm of V.cholerae at 24kDa and this presumably represents an

intermediate in the export process. The plasmids pPM2801, pPM2802 and

pPM2803 which still retain DNase activity, are all found in the periplasm (p/p) of

V.cholerae in 3 forms; the 54kDa hybrid protein, the 26kDa cleaved DNase

precursor form and the 24kDa wild type DNase. However, only the 24kDa form of

he hybrid proteins is found exported to the outside of the cell (s/n). Sample buffer

in both the Western blot and the DNase activíty assay, did not contain p-

mercaptoethanol
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in V.cholerae õy means of the signal peptide, as it also does when cloned into

E.coli, and subsequent excretion from the V.cholerae cell occurs due to the

interaction with specific "secretion machinery" which is not present in E.coli and

therefore explains its periplasmic location in E.coli.

6.2.7 levels of Apt confened by p-lactamase fusion proteins

To determine the level of ApR conferred by each fusion protein, an overnight broth

of each strain producing a fusion protein was diluted 105 fold and 4¡.rl spotted onto

NA plates containing increasing concentrations of Ap. The levels of ApR

conferred by the fusion proteins were compared with the wild type p-lactamase

present on pUC18. Plasmid pUC18 yielded minimal inhibitory concentrations

(MlC's) of 1600¡19 /ml of Ap, whereas the fusion proteins all gave MIC's between

500-600¡rg/ml in either E.coli or V.cholerae. Since these fusion proteins are under

the control of the DNase expression signals, the MIC is an indicator of the

strength of the promoter and ribosome binding site of the DNase gene. The

overall level of expression of B-lactamase activity is much lower than the wild type,

and the expression signals of the DNase appear to be utilized with the same

efficiency in E.coli andV.cholerae since they both give similar MIC's.

6.3 Condusions.

A series of carboxy-terminal deletions of the DNase protein fused to the mature

form TEM B-lactamase has allowed the analysis of the export of the DNase in both

E.coli and V.cholerae. ln-frame fusions were identified by the ability of cells

expressing these hybrid proteins to grow in the presence of high levels of Ap.

The proposed signal peptide of the DNase, discussed in Chapter 4, appears to

be functional in the hybrid proteins as it allows their translocation across the

cytoplasmic membrane. Both the DNase and p-lactamase are normally found in

the periplasm when present in E.coli, and this appears to be the case with the

hybrid proteins. The largest protein fusions, encoded on plasmids pPM2801,
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pPM2802 and pPM2803 have both DNase and p-lactamase activities. These

protein fusions can be identified as bands at 54kDa in both Western blots and

after overlay onto DNA agar plates. The DNA agar plates, also show two bands of

DNase activity at 26kDa and 24kDa. These are presumably the precursors and

mature forms of the DNase after cleavage of the hybrid proteins. These two

bands are not detected in a Western b¡ot, as would be expected because the

antiserum is directed only against the B-lactamase portion of the fusion proteins.

On the other hand, the 29kDa B-lactamase band should be visualized in the

Western blot of E.coli periplasmic fractions if cleavage of the hybrid protein was

occurring in the periplasm. lt may be that the cleavage that does occur, is at the

cytoplasmic membrane or in the cytoplasm and prevents the 29kDa mature B-

lactamase entering the periplasm as it does not possess its own signal peptide.

The secretion of B-lactamase is post-translational and has been shown to involve

three steps (Fitts et â1., 1987). The first step involves recognition and

translocation through the membrane. This is followed by cleavage of the signal

peptide, and finally the p-lactamase is released into the periplasm. A mutation

affecting any of these steps results in a membrane bound protease-sensitive form

of the protein (Fitts et al., 1987). Therefore, the cleavage that does occur in E.coli

to give the active 26kDa and 24kDa DNase proteins could be at the cytoplasmic

membrane, resulting in a membrane bound B-lactamase.

The DNase-B-lactamase fusion proteins expressed inV.cholerae, also appear to

be exported to the periplasm. One notable difference is the presence of both the

larger fusion protein and the 29kDa cleavage product. Cleavage between these

two proteins appears to occur in the periplasmic space, as both forms of the

protein are seen in a Western blot. When the largest hybrid proteins containing

the active DNase are examined on DNA-agar plates, the 54kDa,26kDa and 24kDa

forms are seen in the periplasm. The cleavage seen with these fusíon proteins ¡s

possibly non-specific, but it may also be the result of the interaction of these

proteins wíth a component present in the V.cholerae periplasm but not in E.coli.

The extracellular secretion of the DNase may be similar to that of cholera toxin.

Cholera toxin is transíently present in the periplasm before being secreted to the

outside of the cell (Hirst and Holmgren, 1987) and this is also true for HlyA

(Mercurio and Manning,1985; Alm,R. and Manning,P.A., manuscript in
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preparation). This periplasmic intermediate can also be detected in V.cholerae

when the DNase is present on a multicopy plasmid. Both cholera toxin and

presumably the DNase are then free to interact with the "secretion machinery"

present in the periplasm or the outer membrane, and be exported to the outside

of the cell.

The B subunit of cholera toxin appears to have the structural domains present

for recognition with the secretion apparatus, and the A subunit is secreted by

virtue of its assembly to the B subunit prior to export (Hirst et al., 1984b). While

the DNase* fusion proteins are present in several forms in the periplasm, the

54kDa hybrid protein, the 26kDa and 24kDa DNase and the 29kDa B-lactamase,

only the 24kDa proteín is expofted out of the cell. Both the p-lactamase and hybrid

protein remain in the periplasm. The B-lactamase therefore is not secreted with

the DNase although it is attached, as is the case with the A subunit of cholera

toxin. The carboxy-terminal deletions of the DNase, however, may help to

determine any structural domains or specific sequences necessary for the

interaction with the "secretion apparatus". This remains to be determined as

antiserum specific for the DNase is required to establish the fate of these

truncated proteins. lf the recognition process by the "secretory apparatus"

requires a folded or structural domain this may not be possible with the truncated

proteins. ln that case, internal deletions or size specific mutagenesis may be

required before this process can be analyzed further. The need for a DNase

specific antiserum is apparent for such experiments.
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CHAPTER 7

DISCUSSION

7.1 Introduction

V.cholerae secretes a variety of extracellular proteins. These include proteases

(Schneider ef al, 1981), haemagglutinins (Hanne and Finkelstein, 1982),

haemolysins (Manning ef al., 1984; Richardson et a|.,1986), neuraminidase (Ada

eta|.,1961;Vimref a/., 1988), choleratoxin (Finkelstein, 1969) and DNases (l-san,

1978). Many of these proteins are thought to be involved in the pathogenesis of

this organism, with the most notable virulence factor being the cholera toxin

(Finkelstein, 1969).

This study has centred on the cloning and characterization of one of these

extracellular proteins, the DNase. The role of the extracellular DNase in both the

pathogenesis of the organism and restricting transformation in V.cholerae has

been examined, and the question of why this protein belongs to the class of

extracellular proteins has also been addressed.

7.2 Gloning and characterization of the gene encoding the DNase.

ln this study an E.coli K-12 DH1 clone expressing the DNase of V.cholerae was

obtained from a cosmid library based on V.cholerae 017 (El Tor, Ogawa). One

positive clone was identified after screening on DNA-agar plates for colonies

surrounded by zones of hydrolysis. The cosmid clone containing this gene was

designated pPM1201.
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By deletion analysis, a 1.25 kb EcoRl/Hindlll DNA fragment still exhibiting

DNase activity was generated shown to be present in both the cosmid clone

pPM 1 201 and lhe V.cholerae O17 chromosome.

By transposon insertion mutagenesis of the cloned DNA, the maximum coding

region for the gene encoding the DNase was determined to be 1.07kb. These

insertions were all clustered within a 0.6kb region resulting in a DNase negative

phenotype, although no DNase positive insertions in this region were detected.

By use of linker insertion mutagenesis, an EcoRV site at 1.07kb distal to the Hindlll

end was identified that did not affect DNase production. The maximum size

protein that could be encoded on this DNA was limited to 35kDa, with a minimum

estimate of 22kDa being established by the transposon mutants.

7.3 ldentification of protein products.

Plasmids expressing the active DNase and transposon inseftion mutations were

introduced into the minicell strain DS410. Subsequent visualization of plasmid

encoded products showed a 24kDa protein in the DNase producing plasmid

pPM12O2, and this was lost in the transposon insertion derivatives with a DNase

negative phenotype. No truncated protein products were seen with the

transposon insertion plasmids, but this may simply have been due to degradation

of the smaller polypeptides. A similar size band ol 24kDa is also seen when

protein products of the plasmids containing the DNase gene are examined with an

in vitro coupled transcription/ translation system. The DNase gene product does

not appear to be expressed well, as the intensity of this band is greatly reduced

when compared with the 30 kDa B-lactamase (Achtman ef al., 1979) encoded by

the plasmid vector, or the 25 kDa chloramphenicol transacetylase (Close and

Rodriguez, 1982) encoded by the transposonTnlT2S (Ubben and Schm¡tt, 1986)

even though it contains 5 methionine residues.

A method was developed to visualize the DNase protein and determine its size

by means of its its enzymic activity, i.e. DNA hydrolysis. This method was a

modification of the procedure of Rosenthal and Lacks (1977), who used DNA-

containing polyacrylamide gels to determine the molecular weight of nucleases.
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Polyacrylamide gels after electrophoresis were stained in ethidium bromide, and

areas which did not take up the ethidium bromide were assigned as regions of

nuclease activity. Such a technique, however, proved inconsistent and difficult to

interpret and therefore the polyacrylamide gels were run without the addition of

DNA. When these these gels were overlaid onto large DNA agar plates, and

incubated overnight at 37oC, distinct bands of DNA hydrolysis were detected on

the DNA agar plates due to diffusion of the enzyme from the gel. Again, a protein

oÍ 24kDa consistent with the radiolabelled protein seen in minicells was visualized.

lnterestingly, DNase activity was only seen when the reducing agent

B-mercaptoethanol, was not present in the sample buffer. This suggested that

disulphide bonding was involved in the formation of the active enzyme complex.

7.4 Nucleotide sequence determination.

The nucleotide sequence of the 1.25kb EcoRllHindlll DNA fragment encoding the

DNase has been discussed extensively in Chapler 4, and the salient features of

this nucleotide sequence can be summarized here.

Firstly, the EcoRl /Hind[l DNA fragment contains an ORF of 690bp which would

code for a protein of 26kDa. This ORF is within the limits set by transposon and

linker mutagenesis, and is preceded by a consensus-like promoter region

(Rosenberg and Gourt, 1979; Hawley and McOlure, 1983). Although the promoter

region is suggestive of a good transcriptional initiator (Gentz and Bujard, 1985),

the ribosome binding site may not be an efficient translational initiator due to the

poor homology exhibited with the consensus Shine-Dalgarno sequence (Shine

and Dalgarno, 1974). Protein fusions described in Chapter 6, where the p-

lacatamase has been fused downstream to the DNase have been used to

measure the efficiency of these expression signals, based on the minimal

inhibitory concentrations (MlC's) of Ap required to kill growing cells. While the B-

lactamase under its natural promoter has an MIC of 1600¡rg/ml, protein fusions

using the DNase expression signals have MIC's of under 600¡rg/ml. Therefore,

while the DNase appears to have its own promoter, the combination of

transcription and translation expression signals lead to this protein being
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expressed at lower levels than the wild type p-lactamase. This observation is

consistent with the low levels of DNase protein which appear to be expressed.

Primer extension analysis identifies the mRNA start point just prior to this

promoter region, which confirms that this area of consensus promoter homology

is indeed the DNase promoter. In order to increase the expression of this gene, a

gene fusion was constructed in which both the strong fac promoter and ribosome

binding site were introduced prior to the start of the ORF. The anticipated

overexpression of the DNase protein did not result, although expression of the

gene was now under the control of the inducible fac promoter. The reasons for

the lack of high levels of protein product even under such strong expression

signals are not known, but it may be that the gene fusion construct itself was not

stable, possibly at the mRNA level.

7.5 Signal sequence of the DNase.

Although the ORF codes for a protein size of 26kDa, and a 24kDa DNase has

been detected, the extra 2kDa can easily be accounted for by the presence of a

signal sequence which is cleaved to give the mature protein. An N-terminal signal

sequence is usually found associated with exported proteins like the DNase.

Signal sequences generally exhibit little nucleotide or amino acid homology, but

the presence of positively charged amino acid residues at the extreme N-terminal

end and a long hydrophobic core are necessary components of a signal peptide.

The properties of the signal peptide of the DNase have also been discussed in

detail in Chapter 4, and it is suffice to mention here that the DNase signal

sequence conforms well with the rules established for signal peptides (lnouye and

Halegoua, 1980; von Heijne, 1983). This signal peptide also appears to be

functional in vivo as both the DNase and fusion proteins with the DNase signal

sequence are exported to the periplasm of E.coli (Chapter 6).

As the signal peptides from proteins inserted into, or translocated through, the

membranes of Gram-negative bacteria have liüle sequence homology, they have

not been considered to contain information related to the different final localization

of the proteins. However, the comparison of 43 signal peptide amino acid
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sequences of proteins with different final localizations in E.coli, by a multivariate

data analysis (where each amino acid was characterized by 20 physio-chemical

properties), yielded a different propefi profile for each class of signal peptide

(Sjostrom et al., 1987). Signal peptides from proteins localized to the periplasmic

space, the outer membrane, or the extracellular milieu (excreted proteins), were

separated into distinct groups. As a general rule, the hydrophobicity of the N-

terminal segment and the size of the hydrophobic core of the signal peptides

increased with an increased distance from the cytoplasm of the final localization

for the corresponding proteins.

Experiments with the outer membrane protein LamB have indicated that the

signal sequence alone does not suffice for its correct localization and that

additional information, present in the mature protein, is required (Benson and

Silhavy, 1983; Hall ef a|.,1982). Excreteion of extracellular proteins has also been

shown to involve sequences present in the mature protein, with these regions

being identified at the carboxy-terminus in both the lgA protease of

N.gonorrhoeae (Pohlner et al., 1987) and the c-haemolysin of E.colí (Gray et al.,

1987). The long signal peptide of the Bacillus subf/rs amylase which has been

cloned and is excreted in E.coli (Yang et al., 1983) is grouped with the signal

peptides ol E.coli excreted proteins (Sjostrom et al., 1987). This Bacillus signal

peptide can also mediate secretion of the periplasmic protein B-lactamase out of

the cell in E.coli (Nakazawa et a|.,1986). As the proposed signal sequence of the

DNase does not export the wild type DNase or the DNase-B-lactamase fusions

beyond the periplasm in E.coli, it does not belong to this class of signal peptides

for secreted proteins. The DNase-p-lactamase fusion proteins containing the

proposed DNase signal peptide are also not excreted in V.cholerae and remain

localized in the periplasm. This suggests that the signal peptide of the DNase may

not be involved in the final excretion of the protein, and supports the idea that the

excretion process involves two steps; the initial signal peptide dependent

translocation across the inner membrane, and the signal peptide independent

interaction with the "secretion machinery" present in V.cholerae. This evidence is

however, indirect, and the construction of site specific mutations in the signal

sequence of the DNase which resulted in the accumulation of precursors in either

the cytoplasm or inner membrane (with none being found in the periplasm) would
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conf¡rm such an hypothesis.

7.6 Gomparison of the DNase with DNA-binding proteins

Structural studies on proteins which interact with DNA, such as the cl repressor of

bacteriophage lambda (Ohlendort et a/., 1983) and the catabolite activator protein

(CAP) (McKay and Steitz, 1981), reveal highly conserved regions of the proteins

which form DNA binding domains with a common helix-turn-helix structure (Sauer

et a|.,1982; Pabo and Sauer, 1984).

A protein helical structure similar to that adopted by gene repressors and

activators is also evident is some nucleases (Argos, 1985; Saparito and

Gunningham, 1988). The type I restriction endonucleases have secondary

structure predictions which display two helical regions in conserved domains,

which may act in a fashion similar to that proposed for repressor and activator

molecules; namely, interaction with double-stranded DNA through helices and in

two successive major grooves on the same DNA side. One helical motif could

provide the specific recognition site and the other, the restriction site (Argos,

1985). The nfo gene of E.coli K-12 which encodes endonuclease lV also displays

this helix-turn-helix structure, although it does not share any similarity with the

functionally related endonuclease lll of E.coli (Demple et al., 1986; Saporito and

Cunningham, 1988).

The predicted secondary structure of the DNase according to Chou and

Fasman (1974a, 1974b, 1975) does not reveal any helix-turn-helix domains

(Figure 4.8), normally seen with DNA-binding proteins, but this may simply reflect

the fact that the DNase does not have a specific interaction with the DNA. There

are also 10 cysteine residues within the protein which are presumably crosslinked

in the active enzyme, thus accounting for the sensitivity to B-mercaptoethanol

(Chapter 3, Section 3.2.8). However, without further data on the possible

conformation of this protein, it is not possible to predict the interactions in the

tertiary structure and how the cysteine residues are involved in the maintenance of

the stable active enzyme.

Nucleotide and protein sequence comparisons with the type I restriction
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endonucleases and endonuclease lll and lV of E.coli, did not reveal any significant

homology. A computer search of both nucleotide and protein sequences using

the GenBank and EMBL Gene/Prote¡n Sequence Database, also did not reveal

any sequences with extensive similarity to the DNase.

7.7 Construction of a DNase negative V.cholerae mutant.

The construction of a DNase negative V.cholerae mutant using conventional

methods such as chemical and transposon insertion mutagenesis were

unsuccessful. Site-directed mutagenesis was attempted, in which a mutation

constructed in vitro in the cloned DNase was re-introduced inlo V.cholerae and

recombined into the chromosome, displacing the wild type copy. In order to

select for this recombination event, a KmR gene cartridge was introduced into the

DNase structural gene, such that incorporation of this constructed mutation would

give rise lo V.cholerae wíth the cartridge integrated into the chromosome.

V.cholerae strains isolated with this mutation still exhibited a DNase positive

phenotype, indicating that a second DNase was probably being expressed. This

fact also accounted for the failure to obtain a DNase negative mutant by chemical

or transposon insertion mutagenesis, as potential mutants were screened for the

phenotypic loss of DNase activity.

An extracellular DNase of V.cholerae has also been cloned by Newland and co-

workers (1985). This DNase (DNase-2) appears to be unrelated to the one cloned

here (DNase-1). The reported protein size of DNase-2 is 100kDa compared with

the 24kDa prote¡n of DNase-1. Analysis of V.cholerae tractions failed to detect

any other proteins with DNase activity apart from the 24kDa protein. As predicted,

Southern hybridization analysis does not demonstrate any homology between the

two DNase genes, since they are present on different sized fragments in the

V.chol erae chromosome.

A mutation in DNase-2, introduced into the V.cholerae chromosome by site

directed mutagenesis in a manner similar to that for DNase-1 also resulted in a

DNase positive phenotype. However, aV.cholerae strain containing a mutation in

both DNases gave a completely DNase negative phenotype. The re-introduction
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of plasmids containing either DNase gene into this V.cholerae double mutant

restored the DNase positive phenotype.

Clearly, the two DNases which are expressed in V.cholerae, are distinct from

each other at the DNA level. Whether this is also true at the protein level remains

to be determined, as antiserum directed against either DNase is at present

unavailable. DNase-2, encoded by the xds locus, has been mapped between pro

and ile, and this region of the chromosome is immediately adjacent to the biotype

locus of V.cholerae (Newland et a/., 1985). The position of DNase-1 on the

V.cholerae chromosome has not been mapped, but the insertion of a KmR

cartridge into the structural gene for DNase-1, makes the screening for

exconjugants receiving this region of the chromosome a simple matter, as the

KmR can be selected for in the recipient strain. The construction of the DNase

negative strain V555 with one antibiotic resistance (KmR) inserted in the DNase-1

gene and another (ApR) in the DNase-2 gene also allows the mapping of these

two genes relative to each other, as the antibiotic resistance markers can be used

to screen and select each locus. Although the maximum sized DNA fragments

encoding these DNases (1.25kb for DNase-1 and 3.5kb for DNase-2) are identical

in both ElTor and Classical strains, the larger DNA fragment (3.55kb for DNase-1

and 6.6kb for DNase-2) these genes were isolated from, vary between biotype

strains. Whether this is due to them being in an area of biotype variation, or the

result of restriction fragment length polymorphism, remains to be seen. The two

DNases also share the same distribution within the Vibrionaceae, with

homologous DNA being present in V.mimicus and V.cholerae non-01 strains,

while the DNase-2 also shows some homology with V.parahaemolyticus and

V.fluvialus. Presumably these homologous bands represent DNases, although

this has not been determined.

7.8 The role of the DNase inV.cholerae-

The construction of mutations in the DNases of V.cholerae permitted the

evaluation of their roles in the virulence of the organism. The use of the infant

mouse cholera model to test either single DNase mutants or double DNase
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mutants, did not reveal any loss of virulence in these organisms. The infant

mouse model is a sensitive assay for virulence. The DNase mutations first

constructed in a rif V.cholerae strain could not be tested properly due to the

reduction of virulence resulting from the nature of the rifampicin resistance

mutation. Although V.cholerae strain 017, lacking either or both DNases shows

no loss of virulence, they may still be contributing factors in the pathogenesis of

the disease. The process of disease in cholerae requires several virulence

attributes, ranging from cholera toxin (Finkelstein, 1969) to motility (Guentzel and

Berry, 1975), chemotaxis (Freter et al., 1981) and adherence fiaylor et al.,

1987a). While cholera toxin (Mekalanos et e|.,1983) and the TcpA pilus fl-aylor et

a|.,1987a) contribute greatly to this process, the role of the DNase may be minor.

Thus, taken individually it does not greatly affect the virulence of the organism, but

taken collectively with other minor virulence determinants a more dramatic effect

could be seen.

The DNase negative V.cholerae mutants were also tested for their ability to be

transformed with plasmid DNA. E.colístrains harbouring plasmids containing the

DNase showed a reduction in transformation efficiency, with the most marked

reduction demonstrated in tolA,B strains leaky for the periplasmic DNase, thereby

effectively mimicking the extracellular secretion of this protein seen in V.cholerae.

DNase-1 has the most marked effect on transformation with plasmid DNA.

Thus, strains lacking DNase-1 or both DNases can be reproducibly transformed

but not as efficiently as E.coli. lt must be remembered that the transformation

procedure used has been optimized Íor E.colí (Hanahan, 1983) and the plasmid

DNA was of E.coli orígin. Attempts to use isolated plasmid DNA from V.cholerae

resulted in a severe reduction in transformants with both V.cholerae and E.coli.

The reason for this is unknown.

The ability to transform DNA into an organism is very important, especially in the

case of V.cholerae, to facilitate genetic manipulations in an effort to produce a

suitable vaccine candidate. The relatively recent method of electroporation, has

been used to introduce DNA into a variety of eukaryotic cell types including both

mammalían cells and plant cell protoplasts. Attempts to use this method to

permeabilize small cells such as bacteria have met with only limited success. The

modified procedure of Calvin and Hannawalt (1988) has allowed this technique to



138

be used with bacteria, with the successsful uptake of DNA by V.cholerae being

demonstrated in one reported case (Stoebner and Payne, 1988). The efficiency of

this method of introducing DNA into V.cholerae, however, has not been

documented, and a major shortcoming of such a technique is the requirement for

the necessary apparatus which may not be readily available. The recent

development of a more etficient and time saving method of transformation by

Chung et al., (1989) makes this a more desirable alternative.

7.9 Export of the DNase inV.cholerae.

An understanding of the genetic information that enables proteins to be expofted,

and is responsible for their accurate targeting to non-cytoplasmic compartments,

is of basic biological interest. Much of our understanding of this process has

derived from work based on protein fusions. Early work involved mainly the use

of N-terminal portions of exported proteins fused to the cytoplasmic enzyme B-

galactosidase (Benson et a/., 1985; Silhavy and Beckwith, 1985). However, the

realization that B-galactosidase cannot be translocated across the cytoplasmic

membrane imposes severe limitations on the use of B-galactosidase fusions for

many studies of protein export fl-ommassen etal., 1985).

The use of B-lactamase circumvents the problems encountered with B-

galactosidase, as B-lactamase is normally a periplasmic protein. Protein fusions

with B-lactamase have resulted in its insertion into the outer membrane when

fused with the outer membrane protein, PhoE ffommassen ef a/., 1983), while

fusions with the periplasmic enzyme alkaline phosphatase result in the hybrid

protein remaining in the periplasm (Manoil and Beckwith, 1985). The outer

membrane protein LamB has sorting signals present in the mature protein

required for its correct localization to the outer membrane (Benson et al., 1984)

while the B subunit of cholera toxin contains the export signals necessary for the

excretion of the cholera toxin AB subunit complex (Hirst et a|.,1984b). The nature

of these signals could vary, from perhaps structural requirements necessary for

incorporation into the membrane in the case of LamB, to the recognition signals

required for interaction with the "secretion machinery" for extracellular export in
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the case of CtxB.

DNase-B-lactamase fusions were used to try to identify any intragenic

sequences of the DNase which may be responsible for directing DNase export

from the cell. The export of the lipase (/þ) gene ol Staphylococcus hyicus has

been studied in a similar manner, (Liebl and Gotz, 1986) and carried out in

Staphylococcus carnosus which simulates the conditions of the natural host but

avoids the background activity of a chromosomally encoded lipase. The amount

of hybrid proteins secreted was influenced by the length of the N-terminal lipase

portion. A significant concentration of secreted lipase-B-lactamase hybrid

proteins, comparable to that of the native lipase, was only found when the lipase

portion of these hybrids comprised more than 101 aa's, with the proposed lipase

signal peptide being 36 aa's long. Hybrid proteins containing fewer than the 101

aa's of the N-terminus of the l¡pase preprotein were detected in the cellular

fraction, indicating that the lipase possesses a domain adjacent to the signal

peptide that is essential for secretion. Similar studies with the N-terminal end of

Braun's lipoprotein fused to B-lactamase, have shown that at least 9 aa's as well

as the signal peptide of the lipoprotein are required for the localization of the p-

lactamase to the outer membrane of E.colí (Ghrayeb and lnouye, 1984). DNase-

B-lactamase protein fusions in E.coliwere all found in the periplasm, as is the case

normally with either wild type protein. The fusions are not secreted to the outside

of the cell in V.cholerae but remain in the periplasmic space. However, unlike in

E.colithese fusion proteins are cleaved in the V.cholerae periplasmic space, and

although thís may represent non-specific proteolytic cleavage between the

structural domains of the fused proteins, this protease may be the soluble-

haemagglutinin protease responsible for the "nicking" and activation of cholera

toxin in V.cholerae (Gi11,1976). When the genes for cholera toxin are cloned into

E.coli, the A subunit is found in an unnicked form (Pearson and Mekalanos, 1982),

while the LT o1 E.coli which is usually unnicked is found to be "nicked" when

introduced into V.cholerae (Neill ef a/., 1983). Although the hybrid proteins or the

mature B-lactamase are not excreted in V.cholerae, the fate of the DNase portion

of the cleaved fusion proteins is unknown as the antiserum is specific for the p-

lactamase. The largest fusion proteins containing both an active DNase and p-

lactamase enzyme, show the 24kDa DNase to be excreted from the cell after
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cleavage. This can be detected as a 24kDa band of DNA hydrolysis in the

extracellular medium of such strains. The production of antisera directed against

the DNase, would facilitate the localization of the progressively carboxy-terminal

deleted DNase fragments. This, however, is based on the assumption that only

primary sequences are involved in the interaction of exported proteins with the

"secretion apparatus".

LT of E.coli which is closely related in mode of action, subunit structure and

immunochemistry to CT of V.cholerae (Mekalanos, 1983), can be efficiently

excreted when introduced tnto V.cholerae (Neill ef a/., 1983). However, there are

differences in the primary aa sequence (Moseley and Falkow, 1980) and it seems

unlikely that these sequences are solely responsible for their cellular localizatíon in

V.cholerae. Some structural requirements may also be necessary. CT and LT

must also utilize the same pathway for excretion in V.cholerae, as mutants

defective in CT excretion are also defective in LT excretion (Neilleta/., 1983).

In the case of the DNase-B-lactamase hybrid proteins, the only proteins to be

excreted are the cleaved DNase molecules containing the last Cys (Cys22B)

residue. These molecules probably retain a similar folding to the wild type DNase

as they are still enzymatically active. lf there is also a structural requirement for

excretion, the introduction of mutations that affect the folding of this protein should

be examined. Site directed mutagenesis of the cysteine residues present in the

DNase would seem to be the most likely first choice.

The introduction of a plasmid encoding the wild type DNase in V.cholerae,

results in the accumulation of DNase in the periplasm not normally seen in an

otherwise wild type V.cholerae strain. This is probably a consequence of an

increase in the number of DNase molecules due to gene dosage caused by the

high copy number plasmid. This periplasmic intermediate suggests that the

DNase may follow a two-step secretion step as is seen with choler:a toxin (Hirst

and Holmgren, 1987) and haemolysin (Mercurio and Manning, 1985; Alm and

Manning, man. in prep.) Therefore, the periplasmic localization of the DNase seen

in E.coli may represent the first and intermediate step also occurring in

V.cholerae, and the lack of further export in E.coli being due solely to the lack of

any further "secretory apparatus" to enable the DNase to be exported in the

second and final step of the process. Extracellular proteins such as the DNase,
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however, should be distinguished from the class of self-secreting proteins of

S.marcescens (Hines et al., 1988) and lgA protease of N.gonorrheae (Pohlner et

a|.,1987) which may be independent of such a system.

7.10 Conduding Remarks.

The unique properg of some proteins to be exported out of the bacterial cell is an

interesting phenonemon. This has important implications in areas as widely

separated as the role of some excreted proteins in virulence (eg. haemolysin,

toxin) and the purely economic considerations of using bacteria to manufacture

a desired product that can be readily purified from a culture supernatant. ln the

case of the extracellular DNase of V.cholerae, this property is limited to the

V.cholerae host, implicating the existence of a specific excretion system not found

in E.coli K-12. The DNase itself must also possess some signal enabling it to

exported from the cell. Whíle thís system or "secretion apparatus" present in

V.cholerae has not yet been identified, recognition signals have been found in

some other exported proteins (Hírst and Holmgren,1987; Tommassen ef a/.,

1e83).

DNase-B-lactamase hybrid proteins are not excreted in V.cholerae. Fufther

research is required to establish whether this is solely due to the DNase needing

to maintain a correct conformation and therefore be able to interact with the

"secretion machinery". lt may simply be that specific sequence signals are

involved. A DNase specific antiserum may provide the answer by determining the

ultimate location of the cleaved DNase protein fusions which have been deleted at

the carboxy-terminus.

The DNase negative V.cholerae mutants created by site specific mutagenesis can

be readily transformed, and many exciting possibilities now exist for further

genetic manipulation of other postulated virulence factors. This method is not

limited to the strains described here but in theory may be applied to any Vibrio

isolate. For the first time these organisms may be manipulated in a similar manner

to other genetically well defined species such as E.colí and Sa/monel/a spp. This
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is particularly important in the context of research into live cholera vaccines.

DNase negative V.cholerae strains could be used as the basis for vaccine strains

because of the ease of introducing DNA required for the necessary genetic

engineering. This, together with their apparently unchanged virulence properties

in the animal model described here make them prime candidates for this type of

research.
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