Microbiology (1996), 142, 2165-2174

Printed in Great Britain

A putative integrase gene defines the distal
end of a large cluster of ToxR-regulated
colonization genes in Vibrio cholerae
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A large cluster of virulence genes encoding proteins involved in Vibrio
cholerae accessory colonization factor (ACF) expression and toxin-coregulated
pilus (TCP) biogenesis is flanked by sequences that resemble bacteriophage
attachment (att) half-sites. Adjacent to the attlL-like site is a gene (int) that

encodes a protein related to the integrase family of site-specific recombinases.
The putative vibrio integrase appears to be most closely related to the
Escherichia coli cryptic prophage (CP4-57) integrase protein (52 % identity, 73%
similarity). Genomic analysis of numerous V. cholerae strains (01, non-01 and
0139) revealed that only vibrios capable of causing epidemic Asiatic cholera
possess the TCP-ACF colonization gene cluster in association with the
integrase. The fact that the integrase gene is absent in avirulent strains
suggests that epidemic strains of V. cholerae obtained the TCP-ACF
colonization gene cluster via horizontal transfer.
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INTRODUCTION

Vibrio cholerae, a Gram-negative bacterium, is the etio-
logical agent of the severe diarthoeal disease Asiatic
cholera. This syndrome tresults from the ingestion of food
or water contaminated with the bacterium, followed by
colonization of the small bowel and the subsequent
secretion of cholera toxin (CTX) by the vibrios. Intra-
intestinal survival of 7. cholerae is a poorly understood
process requiring the expression of a number of co-
ordinately regulated virulence factors (DiRita, 1992) in
otder to overcome the host’s natural defence mechanisms.
Prior to intestinal colonization the vibrios must survive
exposure to the gastric acid of the stomach, localize in the
small bowel, and penetrate the mucous gel protecting the
intestinal microvilli. Following penetration of the pro-
tective mucous gel, the vibrios colonize the epithelial cell
surface of the microvilli. At some point in the colonization
process, the synthesis of CTX, toxin-coregulated pilus
(TCP) (Taylor et a/., 1987) and an additional accessory
colonization factor (ACF) (Peterson & Mekalanos, 1988)
occurs. Production of TCP and ACF enhance the ability

Abbreviations: ACF, accessory colonization factor; CTX, cholera toxin;
TCP, toxin-coregulated pilus.

The GenBank accession number for the nucleotide sequence reported in
this paper is U02372.

of 1. cholerae to successfully colonize the intestinal
epithelium (Taylor e 4/, 1987; Peterson & Mekalanos,
1988). Recent studies have shown that the #;p and acf gene
clusters are physically linked on the 7. cholerae chromo-
some, suggesting that the TCP and ACF factors may
interact in some manner to promote successful coloni-
zation of the small bowel (Everiss ¢# a/., 1994a, b). The
action of CTX triggers the characteristic, profuse di-
arrhoea associated with this disease, promoting dissemi-
nation of the organisms back into the environment.
Synthesis of CTX, TCP and ACF are controlled at the
transcriptional level by a DNA-binding protein, ToxR, in
response to environmental stimuli (Miller & Mekalanos,
1988). Transcriptional activation of these 7. cholerae
virulence genes can occur either directly by ToxR binding
to the heptanucleotide TTTTGAT (Miller & Mekalanos,
1984), or indirectly via ToxR-regulated control of a
second transcriptional activator, ToxT (DiRita et a/.,
1991; DiRita, 1992). ToxT is a member of the AraC family
of transcriptional activators that regulates the expression
of a number of genes involved in 7. cholerae virulence
(acfA, tep A, tepC and #cpl ) as well as several genes whose
roles in virulence have not been established (a/d.A4 and
tagA) (DiRita et 4/., 1991; DiRita, 1992; Higgins ef a/.,
1992; Parsot & Mekalanos, 1991, 1992). The activation of
7. cholerae virulence factors by ToxT, a transcriptional
activator dependent on ToxR for expression, represents
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an environmentally responsive regulatory cascade that is
responsible for the coordinate activation of genes in-
volved in I/, cholerae colonization of the small bowel
(DiRita, 1992). These genes belong to the ToxR regulon
and are referred to as ToxR-activated genes (TAGs)
(Peterson & Mekalanos, 1988).

In numerous pathogenic bacteria virulence genes have
been identified on mobile genetic elements, which may
facilitate transfer of these genes between bacterial species
(Finlay & Falkow, 1989). Work by Pearson ez a/. (1993)
has demonstrated that the 1. cholerae CTX genes encode
two additional toxins: the zonula occludens toxin (g0?)
(Fasano ef al., 1991; Baudsry ef /., 1992) and an accessory
cholera enterotoxin (ace) (Trucksis ez a/., 1993). Both these
toxins, as well as a cote encoded pilin (cep), are located
within a mobile genetic element. Karaolis ef a/. (1995)
have inferred, based on polymorphism within the 1.
cholerae housekeeping gene encoding the aspartate-semi-
aldehyde dehydrogenase (asd), that horizontal transfer of
the U7, cholerae O antigen genes may occur, suggesting that
7. cholerae could show a high level of intraspecies genetic
exchange. Additionally, the atypical V. cholerae codon
usage for the genes within the TCP locus has led to the
proposal that the TCP gene cluster may be part of a larger
genetic element (Ogierman & Manning, 1992; Kaufman
et al., 1993).

In this report, we desctibe the identification of a 1.
cholerae gene, int, that encodes a protein related to the
integrase family of site-specific recombinases. The 1.
cholerae int is the distal marker for a DNA segment of
greater than 45 kbp encoding the 1. cholerae ToxR-
activated colonization determinants TCP and ACF. The
data presented herein showing the physical linkage of the
integrase gene to the ACF and TCP gene clusters supports
the hypothesis that these colonization factors are part of a
large genetic element involved in intestinal colonization
that may have been, at one time, part of a mobile element
acquired by 1. cholerae.

METHODS

Bacterial strains, phages, plasmids, media and reagents. The
bacterial strains, phages and plasmids used in this study are
listed in Table 1. Non-O1 strains of I, cholerae other than 0139
have been referred to as ‘nonagglutinating’ or ‘noncholera’
vibrios and are typically not associated with epidemic cholera
(Mortris, 1990). Escherichia coli and Vibrio cholerae strains were
maintained at —70 °Cin Luria-Bertani (LB) medium containing
20% (v/v) glycerol (Millet, 1972). E. coli strains were cultured
in LB broth or on LB agar at 37 °C. 1. cholerae strains were
cultured on LB agar at 37 °C or in LB broth pH 65 at 30 °C or
LB broth pH 84 at 37 °C as previously described (Peterson &
Mekalanos, 1988). Antibiotics, when necessary, wete used at the
following concentrations: ampicillin (Ap) 100 pg mI™*, kana-
mycin (Km) 30 pg ml™ and streptomycin (Sm) 100 pg ml™.
Restriction endonucleases were purchased from New England
Biolabs and T4 DNA ligase was purchased from Promega.
Enzymes were used according to the manufacturers’ recom-
mendations. Isotopes, [**S]dATPaS and [**P]dATP were put-
chased from Amersham. All other biochemical reagents were
purchased from Sigma unless otherwise stated. Restriction

2166

analysis, plasmid construction and molecular biology techniques
were petformed according to standard procedures (Ausubel ez
al., 1989; Sambrook e al., 1989). Reagents used in RNA
preparation and analysis were treated with diethyl pyro-
carbonate (DEPC) prior to use.

Genomic DNA isolation and analysis. Genomic DNA was
isolated from 1'5 ml overnight cultures of 1. cholerae (Ausubel
et al., 1989). V. cholerae cells were harvested by centrifugation
and resuspended in 567 pl TE (10 mM Tiis pH 80/1 mM
EDTA). SDS [30 pl, 10% (w/v) solution] and proteinase K
(3 pl, 20 mg ml™ solution) were added, giving final concen-
trations of 100 pg proteinase K ml™! and 0-5% SDS in 600 pl
TE. After incubation at 37 °C for 1 h, one-sixth vol. 5 M NaCl
was added and the sample was mixed by inversion. Cetyl-
trimethylammonium bromide (CTAB)/NaCl solution [80 pl,
10% (w/v) CTAB in 0-7 M NaCl] was added to the sample,
mixed by inversion and incubated at 65 °C for 10 min. The
solution was extracted once with an equal volume of chloto-
form/isoamyl alcohol, and once with an equal volume of
phenol/chloroform. The DNA was precipitated by adding
0-6 vol. isopropyl alcohol and the chromosomal DNA was
collected on a glass rod. The DNA was washed once with 70 %
(v/v) ethanol and resuspended in TE buffer pH 80.

DNA manipulations and analysis. Chromosomal DNA used in
slot blot analysis was denatured at 100°C in 04 M
NaOH/10 mM EDTA for 10 min and applied to Hybond N+
filters (Amersham) under alkaline conditions (Ausubel ¢/ 4.,
1989). Chromosomal DNA used in Southern analysis was
digested with Dral, size-fractionated on a 1:2% (w/v) agarose
gelin 1 x TAE (40 mM Tris, 40 mM acetic acid, 2 mM EDTA,
pH 80) and transfetred to a BioBlot-N+ membrane (Costar)
by capillary transfer in 10 x SSC (1 x SSC: 0-15 M sodium
chloride, 0-015 M sodium citrate, pH 7-0). Filters were baked
for 2 h in vacuo at 80 °C and prehybridized for 2 h in 6 x SSPE
(1 x SSPE: 150 mM NaCl, 10 mM sodium phosphate, 1 mM
EDTA, pH 7+4), 5x Denhardt’s solution [0-1 % Ficoll (Type
400), 0-1 % polyvinylpyrrolidone, 0-1 % bovine serum albumin
(Fraction V)], 0:5% SDS, 50% (v/v) formamide and 100 pg
denatured herring sperm DNA ml™" at 42 °C. The DNA probes
used in this study were derived as follows: fggD-specific probe,
0-7 kbp Dral fragment from pTAGD-1; #pl-specific probe,
~ 1-0kbp EwRV fragment from pTCPI-1; zoxT-spec-
ific probe, ~ 0:6 kbp HindIII/EcRI fragment from pB53.2;
acf-specific probe, ~ 42 kbp Sacl fragment from pMEK2; int-
specific probe, ~ 1:3kbp EwRV fragment from pMEK3;
ssr.A-specific probe, ~ 1:3 kbp Dral fragment from pMEK3;
and the probe derived from 1. cholerae SG34 downstream of the
ss7.4 gene that was used as a probe, ~ 3:0 kbp SacI/Bg/I1
fragment from ¢19. DNA restriction fragments used as probes
in Southern analysis were isolated by agarose gel electro-
phoresis, purified using GeneClean (Bio101) and labelled with
[*P]JdATP using a random primer labelling kit (Promega). The
unincorporated nucleotides were removed from the oligo-
nucleotide probes by G-50 spin-column purification (Sambrook
et al., 1989). The radiolabelled probe was heated for 5 min at
100 °C and added to the prehybridizing filters. Hybridization
was continued overnight at 42 °C. The filters were washed
as follows: 5 min in 2 x SSC/0-5% SDS at room temperature,
15 minin2 x SSC/0'1 % SDS at room temperature, 2 h in 0-1 x
SSC/0-5% SDS at 68 °C and 30 min in 0-2 x SSC/0-1% SDS at
68 °C. The washed filters were air-dried and exposed to Kodak
X-OMAT film at —70 °C with an intensifying screen (Fisher
Scientific) for 4-16 h.

RNA isolation and analysis. Overnight cultures of 1. cholerae
were grown under ToxR-repressing conditions, in LB pH 8-4 at
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Table 1. Bacteria, phages and plasmids used in this study

Strain or plasmid

Relevant genotype or characteristics

Reference or source

Strains

V. cholerae
0395
KP1.17
C6709
0872
ANCO223
P27459
E7946
Al4456
AI1837
MO?2
MO10
SG34
vO7
1074-78
1196-78

E. coli
IM109

Plasmids

pUCI8

pBluescript IT KS*
pMEKI

pMEK2
pMEK3

pB53.2

pTAGD-1
pTCPI-1
pVM55

Bacteriophage
AGEM-11
$A13

#19

¢D12-2

01, classical/Ogawa, Sm®

0395 toxR::pVM55, ApE, Sm®
O1, El Tor/Inaba, Sm®

O1, El Tor/Inaba

01, El Tot/Ogawa

O1, El Tor/Inaba, Sm®

O1, El Tor/Ogawa, Sm®

Non-O1, Sm¥®, non-motile

0139, Sm*

0139, Sm®

0139

056

037

O1, El Tor/Ogawa, nonpathogenic
01, El Tor/Ogawa, nonpathogenic

F’ traD36 lacl® A(lacZ)M15 proAB/rec. AT
end A1 gyrA96 (Nal®) thi hsdR17 (t,, m;)
supE44 (mer A) rel A1 A(lac—pro.AB)

lacZ’, Ap®

lacZ', Ap®

pUC18 containing 16 kbp Sa/I fragment
from ¢A13, Ap®

pUC18 con ‘ning ~ 42 kbp acfC" Sacl
fragment ._om ¢A13, Ap®

pBluescript IT KS* containing ~ 4-4 kbp
BamHI fragment from pMEK1, Ap®

pUC18 containing 11 kbp EwRV /BamHI
fragment containing the Tnpho.4 fusion
junction from KP3.51(ac/B:: Tnpho.4),
Ap®, Km®

pBluescript II containing 1. cholerae tagD

pBluescript II containing 17, cholerae tcpl

pJM703.1:: EcoRI-Hpal(toxR), Ap®

Lambda replacement cloning vector

AGEM-11 containing 16 kbp a¢f™ partial
San3A fragment from 17, cholerae 0395

JGEM-11 containing ~ 16 kbp ssr.4*
partial Sax3A fragment from 17, cholerae
SG34

JGEM-11 containing ~ 16 kbp tagD™
partial Sax3A fragment from 17, cholerae
0395,

Laboratory stock
Laboratory stock

Peru*

Peru*t

Peru*

Bangladesh*

Bahrain*

Bangladesh*t

Bangladesh*

India*

India*

Waldor & Mekalanos (1994)
Waldor & Mekalanos (1994)
Levine ez al. (1982)

Levine ef al. (1982)

Promega

Yanisch-Perron ez al. (1985)
Stratagene
This study
This study
This study

Everiss ez a/. (1994a)

Hughes ef a/. (1994)
Harkey ¢f al. (1994)
Miller & Mekalanos (1988)

Promega
This study

This study

This study

* Recovered from patients with cholera.

t Serogroup has not been confirmed.

37 °C. These cultures were washed once with an equivalent
volume of PBS (Ausubel ez a/., 1989) pH 7:2, resuspended in an
equal volume of LB pH 65 and diluted 1:100 in 50 ml LB
pH 65 (optimal conditions for the expression of ToxR-activated

genes) (Peterson & Mekalanos, 1988) and grown with aeration
for 4 h at 30 °C (ODgq, ~ 1:0). Total RNA was isolated from
these cultures using the hot phenol method (Aiba ef 4/., 1981).
Isolated RNA was purified by centrifugation through a CsCl
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gradient (Ausubel e 2/, 1989), quantitated spectrophoto-
metrically and stored in diethyl-pyrocarbonate-treated water at
—70 °C. Total RNA from each 7. cholerae strain was denatured
in 50% formamide at 65°C for 10 min and applied to
nitrocellulose filters under high salt conditions (Ausubel ez a/.,
1989). Nitrocellulose filters containing the transferred RNA
were equilibrated in 5% SSC for 15 min, air-dried, baked 7
vacno at 80 °C for 2 h and prehybridized for 1 h in 6 x SSPE,
0-5% SDS, 5x Denhardt’s solution, 50% formamide with
100 pg herring sperm DNA ml™ at 42 °C. Radiolabelled probes
were added and hybridization continued overnight at 42 °C.
The filters were washed for 5 min at room temperature in
1x SSC/0-1% SDS, followed by three 20 min washes at 68 °C
in 0:2x SSC/0-1% SDS. The washed filters were air-dried and
exposed to Kodak X-OMAT film at —70 °C with an inten-
sifying screen for 4-16 h.

DNA sequencing. The DNA sequence was determined by the
dideoxy chain-termination method (Sanger e7 a/., 1977), using
synthesized complementary oligonucleotide primers (Integrated
DNA Technologies), [**S]dATPaS and a Sequenase kit (United
States Biochemical) following the manufacturers’ protocols.
The nucleic acid and the deduced protein sequence were
analysed using the MacVector sequence analysis software
(International Biotechnologies). Protein and nucleic acid simi-
larity searches were performed against the non-redundant
databases using the National Center for Biotechnology In-
formation (NCBI) network server and the BLasT algorithm
(Altschul e a/., 1990).

RESULTS

Transcriptional analysis of genes downstream of the
ACF gene cluster

We have previously shown that the TCP and ACF gene
clusters are physically linked on the 1. cholerae chromo-
some and encompass greater than 20 kbp of contiguous
DNA sequence encoding at least 21 ToxR-activated genes
involved in intestinal colonization (Everiss ef a/., 1994a).
To identify ToxR-activated genes located downstream of
the previously characterized ACF genes, a series of
overlapping fragments isolated from cloned DNA down-
stream of the ACF gene cluster were used to perform
Northern blot analysis on RNA isolated from the fully
virulent classical 1. cholerae strain 0395. ToxR-activated
genes are expressed in 1. cholerae O395 but are not
expressed in KP1.17 due to an insertional disruption in
the transcriptional activator ToxR that prevents ex-
pression of genes belonging to the ToxR regulon. Except
for the foxR null allele, KP1.17 is otherwise isogenic to
strain O395. A recombinant clone was isolated from an
0395 genomic library that contained a 16 kbp DNA
fragment of the 7. cholerae chromosome encompassing
the acf gene cluster and ~ 10 kbp of downstream DNA
(Fig. 1). Plasmid pMEK1 DNA (Fig. 1) was digested with
BamHI and EcoRV, and each of the resulting six DNA
fragments were isolated, labelled with [**P]dATP, and
used as probes in RNA slot blot analysis. When the probes
generated from the 44 kbp BamHI DNA fragment
(encompassing probes 5 and 6 in Fig. 2) were used in
Northern analysis, a hybridization signal was produced in
RNA samples isolated from 17, cholerae O395 and the
ToxR-null strain KP1.17 (Fig. 2). The probes hybridizing
to the RNA isolated from the ToxR-null strain indicated

S Ss B E B DBB S B
PMEK1 | L I I I |
— ——p ——p | i)
m&?:};atfborﬂ orfWw orfV _'E 1'kbp
XV M VHDBg Bg D v st
PMEK3 H
int ssrA smpB orfl144 orfl01 smpA recN

1 kbp

Fig. 1. Physical map of the distal region of the ACF gene
cluster. The location of acf and additional genes as determined
by DNA sequence analysis are indicated. Arrows denote the
direction of transcription and the black box indicates the att
site. Restriction sites: B, BamHI; Bg, Bg/li; D, Dral; E, EcoRl; H,
Hindlll; M, Mscl; S, Sall; Sa, Sau3A; V, EcoRV; X, Xhol.

the existence of transcriptionally active, non-ToxR-
activated genes downstream of the acf gene cluster. These
constitutively expressed genes mark the distal limit of the
> 45 kbp gene cluster encompassing the ToxR-activated
TCP and ACF colonization determinants.

Identification, isolation and nucleotide sequence
determination of the V. cholerae 0395 int gene

The 4-4 kbp BamHI DNA fragment from pMEK! was
isolated and ligated into BamHI-digested pBluescript 11
KS™ generating pMEK3 (Fig. 1). The complete nucleo-
tide sequences of pMEK1 and pMEK3 were determined
using a series of subclones, complementary oligonucleo-
tide primers and exonuclease III deletions (data not
shown). Analysis of the nucleotide sequence of pMEK3
revealed a 422 amino acid ORF (Fig. 3) that could encode
a protein with a predicted molecular mass of 48-4 kDa and
a pl of 95. A polypurine region centred 10 nt upstream
of the putative initiation codon was identified (Fig. 3) that
may function as a ribosome-binding site (RBS) (Shine &
Dalgarno, 1974; Steitz & Jakes, 1975) in 1. cholerae.
Computer-assisted homology searches revealed similarity
between the protein encoded by this putative ORF and
members of the integrase family of site-specific recom-
binases. The highest degree of similarity detected, 73 %
(52% identity), was to the E. co/i cryptic prophage
integrase protein, SIpA (Fig. 4) (Kitby e# a/., 1994). Based
on the level of similarity between the predicted protein
and the integrase family of site-specific recombinases, we
have designated this 17, cholerae gene int (integrase).
Additionally, the DNA sequence upstream of the 1.
cholerae integrase gene showed identity with the proposed
E. coli CP4-57 attL site at nineteen of twenty nucleotides
(Fig. 5) and showed a significant degree of similarity to
the region of the E. co/i chromosome reported by Miczak
et al. (1991) that encodes the 10Sa RNA (ss7.A4), smpB,
smpA and reeN gene products (Fig. 1) (Chauhan &
Apirion, 1989; Rostas e 4/., 1987; Komine et a/., 1994).
The chromosomal region immediately upstream of the
putative 1. cholerae int shows 79-8 % nucleotide identity
with the E. cofi ssrA, and 89% and 88% amino acid
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V. cholerae KP1.17 (I | .‘

V. cholerae 0395 . . . . . .

Fig. 2. Slot blot analysis of RNA isolated from V. cholerae 0395 and KP1.17 under ToxR-regulon-inducing conditions (1)
and ToxR-regulon repressing conditions (R). Regions of pMEK1 used as probes are numbered 1-6 and depicted under the
physical map. Probes 5 and 6 identify non-ToxR-activated genes. Restriction sites: B, BamHl; V, EcORV.

SSrA >
AGATCTM‘I'I‘CAGG‘I'I‘AGC%A:}"I‘CG‘I'I‘AGCG’IGTCGGTTCGCAGGCGG’ICGT‘GAAA'I‘PAAAGATCGACTAAGCA’IG’!‘AGTACCAAAGATGAA’IGG’I"I'I‘I‘C 100
a

GGACGGGGGTTCAACTCCCCCCAGCTCCACCAAATCATAGTTTAAAGACGTCTCCGGGCGTCTTTTTTCTTATATAAAACAATTAAAARATCAATAACTT 200

AGCATTCATAGCTATTCCACAAGATTCCATAGCAGCTTTGATTTTTAGGTACACTACAAGGTACACTGATTTTATCGTGTTAATCIGGTGTACCCATCAT 300
M 1
GGCAAAAAACACAGTAAAGCTGACAGATAAAGAGATCAAAGCCTCCAAACCTAGAGAGAAAGAATATAATCTTTTCGATGGTGATGGCTTGCGACTTAGA 400
A K NTV KLTUDIXETIZ KA ASI KPR REZ KETYNLTFUDUGDGTULRTULR 34

A\'ICAAACCTAACGG'I'I'CAAAGCAG’ICGA’I‘C'I'I‘CAACTACTATCGCCCCACAAACGGTAMCGAGCTAAC ’I"I‘AAGC'I'I'I’GGAA'IGTAC CCAGACA'I‘CTCCC 500
K N G S K Q W I FNYYRUPTNGI XK RANILSTFG Y P D I 67

TTTTACAAGCAAGAAAAAGCTTACTTTCTGCCAAAGAGCTGATCGCACAAGGCATCGATCCAC AAGACGATCGAMACGCCMCMCMGTACATAMGA 600

L L Q AR XK SLULSAIKUETLTIA AOQGTIDU®POGQDUDTZ RI KT RZ®QOQDQQ H K E 101
GATCCA'IGAGC ACACCTTTGAGAACGTCACAAAGGATTGGTTTGCCATCAAACAGAATGATGTGACACCGGATTACGCCC 'I'IGATA’I‘CTGGCG’I'I‘CA’I'I‘A 700
I H H T FENV T KDWFATIZ K OQNDVTUPDYATLTDTIW S L i34
GAGC TACATATCTI’CC CGCAC ATTTCCGACAAACCGGTAAAAGCGATCACCGCTCCGGAGATCATAGAACTAC ‘I’CMACCGAT'ICMGC CAAAGGTAGCC 800
L H F H I 8Ss DKUPV KA ATITAPETITITETL P I E A K G s 167
'I‘AGAAACCGTCAAACG'I'I"I'AACACAGCGAC'I‘CAA'ICAAG'IGXIGMC’I'I‘CGCCACTMC'ICCGG'IC'I'I‘A’I’CCAGGCCM’I‘C CATTAACTGGCATCAAAGC 900
L ETV XKRULTOQRILNEVMNTFA AT c G I Q ANPILTGTI KA 201
CGCCTTCMGMACCAAMMAGMCATGGCAGCACNACACCMCAGMC'IGCCCGMCTCANMCGCMTCGCTM‘IGCCAGTA’ICAMCGCACT 1000
A K K P K K ENMAALTU®PAETLU®PETLMMSA ATIANASTII KR RT 234
ACCCGTTGTTTACTTGACTGGCAACTACACACCATGACGCGCCCAGCGGAAGCATCTGGTGCACGTTGGGATGAAATTAATTGGGAAGAAAAGGTTTGGA 1100
T R CL L EWAO QUL HTMTRUPAEA BASTGA ARMWDETINWETEZKUVHW 267

CCATTCCTGCTGAAAGAATGAAAAAAAGAAGAGAACACCGCATCCCGCTCACAGAGCAGATGCTGGCGCTATTGGAAGTAATGAAACCGATAAGTGGCCA 1200
T I P A ERMEKTU K RREU HIR RIZPLTET GQMTILALTLTEVMEKTZPTISGH 301

TCGTGATTTTATTTTTCCGTCGGATAGAGCCCCGAAAAAGCCCTGCAACAGCCAAACGGC AAATA’ICGCA‘I'I‘GAMCGTATGGGGTI’ICCTGGAAGGCN 1300
R DF I F P S DR APIEKI KU PCNSUOQTANMMATLIKR RMG A G R L 334

G'I'I‘AGTCACGG’I'I'I'GCGC'I’C’ICTAGCGAGTACCACAC’]’CMCGMCMGGC'I'I'I‘GATCCAGAC‘I'IGGT’ICAGTCGGCA’I'IGGCTCACG’IGGACGATAACC 1400
V S H GUL R S L T T L NEQ GFDUPDILVESA AL AHVYVDTDN 367

AAGTACGCAG’IGCCTATAACCGCAC’ICACTACTTAGAACGCAGAAAACCAATGA’IGTGC'I’GG‘IGGAGCGAGCATATAGMGAGGCAGCCAGAGGTACCCT 1500
Q VR SAYNRTDYTULETZRTRBRIEKUPMMCWWSEUHTIETEAARA G L 401

ATC'I‘G’ICAC‘ICGTACAMGCAA’X'I’GAMMTAAACT’I’CCACCGCCCCCCACA’I’OGMGCAGATG’IGATC CTAACGGCATTCTTTTTGTTCTAAGAACTGG 1600
$ VT G T K QL KNIKULUPUPUPUPTWIZXKQM 422

TTGTCAGTGGAATACGCTTAACGCGGCGAGTATTTTTACCTCTAGCTCTGCACATCGTCGCTTTCAAAAGCGTCGAGATGCAAGTGTATTTGAACTAATT 1700
TGGCAAAATGGAATGATTAACAAAGGTATTGATTGGCGTTCTATATTAATGGATGGC TGCCAAACTARGGTTCCTTTAGCTAGCTCAAAAAAGGCAAGAA 1800
CCCAACAGACAGAGTAAAACAAGACGTAAAACGCAGTTTGTTGACGGATGAAAATGGATCGCCACGTGCTGTTGTCAGTGACGGAGCCAACGTTCACGAC 1 00
ATCAAATTTGTACTCAAARCTTTAGAAGCATTAGAGTGCTGTCGTCTGC TGGTACGTATCCCGATATCTCTTCGGCAGAAGCTCGAGAGAAAGCCTTGAG 2000
GATCGCAAACAGTTAGCGGATATCATGGATCC 2032

Fig. 3. Nucleotlde sequence of a Bglll ~BamH| DNA fragment containing the partial V. cholerae 0395 ssrA and int genes
and the deduced integrase amino acid sequence. The underlined segment indicates the putative ribosome-binding site
and the double-underlined region indicates the putative attl site. The transiation stop codon (TGA) is indicated by *

similarity to E. co/i SmpB and SmpA, respectively (data (Fig. 2) originates immediately upstream of the integrase
not shown). Further analysis has shown that the non- and corresponds to the 17. cholerae equivalent of the 10Sa
ToxR-activated transcript detected in slot blot analysis RNA (ssrA).

2169



M. E.KOVACH, M. D. SHAFFER and K. M. PETERSON

Int MAKNTVKLTDKEIKASKPREKEYNLFDGDGLRLRIKPNGSKQWIFNYYRPTNGKRANLSF 60
*il'* * ok x *t'ﬁ*l**ll I*I*l**i*' » Qi'l**t * % kkkwk |ﬁl| ¥* %
SlpA MARKTKPLTDTEIKAAKPKDADYQLYDGDGLTLLIKSSGSKLWQFRYYRPLTKQRTKQSF 60
Int GMYPDISLLQARKSLLSAKELIAQGIDPQDDRKRQQQVHKEIHEHTFENVTKDWFAIKQN 120
* k% |** I*** '* ili'l*i*'llli » I l* I** *I » l*l
Slpa GAYPAVSLSDARKLRAESKVLLAKDIDPQEHQKEQVRNSQEAKTNTFLLVAERWWNVKKT 120
Int DVTPDYALDIWRSLELHIFPHISDKPVKAITAPEIIELLKPIEAKGSLETVKRLTQRLNE 180
*k Hhkhk KxxkAXAAKN li** *l* || »® * || ||* * & ****l*i *t'*i
SlpA SVTEDYADDIWRSLERDIFPAIGDISITEIKAHTLVKAVQPVQARGALETVRRLCQRINE 180
Int VMNFATNCGLIQANPLTGIKAAFKKPKKENMAALTPAELPELMSAIANASIKRTTRCLLE 240
* li t ] **il* * * * * *il* *'klll * I*tlt' |l * k% l****l
Slpa VMIYAQNTGLIDAVPSVNIGKAFEKPQKKNMPSIRPDQLPQLMHTMRTASISMSTRCLFM 240

+
Int WQLHTMTRPAEASGARWDEINWEEKVWTIPAERMKKRREHRIPLTEQMLALLEVMKPISG 300
* k ok *lt*****l *****il | * dhkk hhkw *I* l*tll **I**I***‘**
S1lpA WQLLTITRPAEAAEARWDEIDFNASEWKIPAARMKMNRDHTVPLSDGALAILEMMKPLSG 300
+ 4+
Int HRDFIFPSDRAPKKPCNSQTANMALKRMGFAGRLVSHGLRSLASTTLNEQGFDPDLVESA 360
*It*ii* tll* dhkk * HIXkK *II* t*******'ti*l***l** **llil*
Slpa GREFIFPSRIKPNQPMNSQTVNAALKRAGLGGVLVSHGLRSIASTALNEEGFPPDVIEAA 360
+
Int LAHVDDNQVRSAYNRTDYLERRKPMMCWWSEHIEEAARGSLSVTGTKQLKNKLPPPPTWK 420
L2 2 2 N3 *Iii *t**l****'tli‘** **I' I ® **I lt I'I
S1pA LAHVDKNEVRRAYNRSDYLEQRRPMMOWWADLVKAADSGSIVLTHLSKIR 410
Int QM 422

Fig. 4. Computer-assisted alignment of the V. cholerae 0395 integrase (Int) predicted amino acid sequence with the E. coli
CP4-57 cryptic prophage integrase (SIpA) amino acid sequence (Kirby et al., 1994). Numbers on the right of the amino acid
residues indicated the residue number. Identical matches (52 %) are indicated by * and conservative changes (21%) are
indicated by |. The amino acids that are conserved in the P4 family of integrase proteins that are believed to be part of

the catalytic domain (Argos et al., 1986; Abremski & Hoess, 1992) are indicated by +.

E. coli CP4-57 AACTCCCGCCAGCTCCACCA
V. cholerae 0395 AACTCCCCICCAGCTCCACCA
V. cholerae 1074-78 AACTCCCCCCAGCTCCACCA
V. cholerae SG34 AA;.TCCCCCCAGCTCCACCA

Fig. 5. Comparison of the putative attL sites from E. coli and V.
cholerae 0395, 1074-78 and S$G34. The base pair mismatch
between V. cholerae 0395 and E. coli is indicated by | and the
base pair mismatch between V. cholerae O1 (0395 and 1074-78)
and non-O1 V. cholerae SG34 is indicated by 1.

Identification of int sequences in El Tor and 0139
strains of V. cholerae

To ascertain if the integrase gene and surrounding
sequences were unique to 7. cholerae classical strain 0395,
slot blot analysis was performed on 13 additional 17.
cholerae strains. DNA fragments specific for zagD (Hughes
et al., 1994), tepl (Harkey et al., 1994), toxT (Higgins et al.,
1992), acf (Peterson & Mekalanos, 1988) as well as the inf
and ssr.A genes were used to determine if these sequences

wetre conserved in recent 1. cholerae O1 El Tor and non-
O1 isolates. Chromosomal DNA from eight O1 (seven El
Tor, one classical), three O139 and three non-O1 strains
were analysed. Slot blot analysis (Fig. 6) demonstrated
that DNA isolated from nine of the 7. cholerae strains
tested generated a hybridization signal when analysed
with all six probes. Four of the five 1. cholerae strains that
failed to hybridize with all but the ss7.4-specific probe are
nonpathogenic (Levine ef a/., 1982; Mortris, 1990). Analy-
sis of the 5574 region from the nonpathogenic O1, El Tor
V. cholerae strain 1074-78 revealed that numerous base
pair substitutions, insertions and deletions have occurred
in the DNA sequence between the 5574 and 7nt genes (data
not shown). The 5574 region of the non-O1 /. cholerae
SG34 chromosome has also been cloned (data not shown)
and the nucleotide sequence of the region downstream of
the 5574 gene determined. A single C to A transversion
was noted between the 1. cholerae O395 and SG34 art-like
sites (Fig. 5). The nucleotide sequence alignment between
0395 and SG34 ends at the last A residue of the proposed
att site and no int sequences were observed (data not
shown). In slot blot analysis a probe derived from ¢19
(Table 1), encompassing the DNA downstream of the
SG34 ssrA gene, hybridized to chromosomal DNA from
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Fig. 6. Physn:al map depicting the regions of the V. cholerae chromosome that were used as probes in the slot blot
analysis on chromosomal DNA isolated from 14 V. cholerae strains. Probes 2-7 were derived from V. cholerae 0395 and
probe 1 was derived from V. cholerae SG34. The black boxes indicate the att-like sequences. The arrow indicates the

direction of transcription of the integrase gene.

all 14 17, cholerae strains tested (Fig. 6, probe 1). This
probe did not hybridize with a recombinant phage, gD12-
2 (Table 1) that contains ~ 10 kbp of 1. cholerae DNA
sequences upstream of fzgD (data not shown). Since there
is ~ 35 kbp of DNA sequence between fagD and /nt, the
absence of hybridization between the SG34 derived probe
and ¢D12-2 indicates that the 17, cholerae chromosomal
element encompassing the ToxR-regulated TCP-ACF
colonization determinants is greater than 45 kbp. We are
currently isolating overlapping recombinant bacterio-
phage clones in order to identify the proximal end of the
TCP-ACF gene cluster.

DISCUSSION

Our efforts to define the distal limit of the 7. cholerae
ToxR-regulated gene cluster consisting of the TCP and
ACF colonization determinants have led to the identi-
fication of a linked gene that belongs to the integrase
family of site-specific recombinases. The 7. cholerae
integrase lies next to a gene (s57.4) encoding the [
cholerae equivalent of the E. co/i 10Sa RNA. Based on the
constitutive level of expression of ss7.4, we have defined

this region as the end of the ToxR-regulated TCP-ACF
gene cluster. Slot blot analysis of DNA isolated from 1.
cholerae O1 and non-O1 strains has revealed that the
region of the V7. cholerae chromosome encoding TCP,
ACF and the integrase is present in the Asiatic-cholera-
causing strains but absent from the non-cholera vibrio
strains tested.

The putative 1. cholerae integrase shows significant amino
acid similarity with the P4 family of integrases (Argos e#
al., 1980). These catalyse site-specific integration via DNA
nicking and strand exchange that is mediated through a
conserved catalytic domain within the carboxy-terminus
of the integrase protein (Argos ez al., 1986; Landry, 1989).
The 17. cholerae integrase contains the four highly
conserved catalytic domain residues (Fig. 4) (Argos et al.,
1986; Abremski & Hoess, 1992) and shows the highest
degree of amino acid similarity (73 %) with the E. co/i
CP4-57 cryptic prophage integrase, SlpA. In addition to
the extensive amino acid similarity between these two
proteins, 1. cholerae and E. coli show nucleotide identity at
nineteen of twenty positions within the a#zL.-like site
upstream of the 7. cholerae integrase and the CP4-57 a#2L
site. Both the 7. cholerae and E. coli CP4-57 integrase
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genes are located at very similar chromosomal sites i.e.
downstream of the gene (s57.4) that encodes the 10Sa
small stable RNA, further reinforcing the similarity
between these systems and these two proteins.

Several lines of evidence suggest that the 1. cholerae tcp,
acf and int are part of a genetic element that encompasses
> 45 kbp of the I, cholerae chromosome. The atypical
codon bias reported by Ogierman & Manning (1992) for
the TCP genes led them to suggest that the TCP gene
cluster was either recently acquired or was non-1". cholerae
in origin. Our studies indicate that the TCP-ACF gene
cluster is located in a region of the /. cholerae chromosome
that is analogous to the E. co/i CP4-57 cryptic prophage
integration site (Kirby e# /., 1994). When chromosomal
DNA from 14 strains of 1. cholerae was examined by slot
blot analysis for the presence of #p, acf and in¢ sequences,
an interesting pattern of hybridization was obsetved. The
V. cholerae O1 and O139 strains that have been associated
with Asiatic cholera hybridized to the #p-, acf~ and int-
specific probes whereas the non-O1 and nonpathogenic
O1 strains hybridized only to the atea of the . cholerae
chromosome that flanked the ToxR-regulated TCP and
ACF gene clusters. When the 574 region of the
chromosome from /. cholerae 1074-78, a nonpathogenic
O1 strain that did not hybridize to the #p-, acf~ ot int-
specific probes, was examined, only the 5" portion of the
integrase gene was present in this strain and numerous
base pair substitutions, insertions and deletions were
noted between the ss7.4 and /¢, as well as within the
portion of the in¢ gene that was present. The presence of
multiple base pair changes within the intervening DNA
sequence of the integrase and 10Sa RNA is similar to that
which frequently occurs when prophage undergo partial
deletion or illegitimate recombination (Campbell, 1992,
1994). Our sequence data indicate that a similar phenom-
enon may have occurred in V. cholerae 1074-78. 1. cholerae
SG34 is a non-cholera non-O1 strain that lacks #cp, a¢f and
any residual portions of the integrase gene near the ss7.4
region. This strain however, contains an intact a## site
suggesting that SG34 has never acquired the #p, acf and
int genes. These observations, taken together with the fact
that the TCP-ACF gene cluster possesses a gene (foxT)
encoding a transcriptional activator (ToxT) necessary for
TCP-ACF gene expression leads us to believe that the
TCP-ACF gene cluster was at one time part of a large
mobile genetic element.

Karaolis ef /. (1995) have proposed, on the basis of
polymorphisms within the 1. cholerae housekeeping gene
encoding the aspartate-semialdehyde dehydrogenase
(asd), that the O1 serogroup may arise from non-
toxigenic, non-O1 1/, cholerae via the horizontal transfer
of the O antigen. A similar horizontal transfer of the
element containing the TCP and ACF colonization
determinants may have occutred, possibly via a mech-
anism that is similar to that shown for the 17 kbp mobile
genetic element (SLP1) of Streptomyces coelicolor. The SLP1
element can undergo excision, conjugal transfer and
subsequent site-specific integration into the chromosome
of recipient S. coelicolor cells (Omer & Cohen, 1984). We
are currently attempting to develop an i vitro system to

determine if transfer of the tep—acf~int region from the 1.
cholerae chromosome can occur between 1. cholerae strains
in a similar manner. Preliminary mating experiments
between 7. cholerae O395 (tcp* acf™ int") and V. cholerae
VO7 (tcp acf int) have not resulted in the transfer of the
TCP-ACF gene cluster from pathogenic to nonpathogenic
vibrios. These results may not be surprising since we have
failed to detect an 7#¢ transcript under a vatiety of different
culture conditions (data not shown). In E. co/i, a small
basic protein (AlpA) has been identified that can act as a
positive regulator of s/p.A (integrase) expression. Over-
expression of AlpA results in an increase in transcription
of s{p.A, which subsequently leads to excision of the CP4-
57 prophage from the E. co/i chromosome (Trempy ¢# al.,
1994; Kirby ef al., 1994). A similar activator protein may
be required for expression of the 1. cholerae integrase and
the subsequent excision or transfer of this element from
the 17, cholerae chromosome.

Future studies will attempt to overexpress 7 in the donor
strain (#¢p" acf™) to determine if the integrase protein can
promote excision of the TCP-ACF gene cluster from the
att-like site downstream of the 1/, cholerae equivalent of
the 5574 gene. Additional studies will focus on delineating
the proximal end of the TCP-ACF element. Isolation of
the intact TCP-ACF element using a modified form of the
in vivo excision system developed by Pdsfai ef a/. (1994),
which allows the cloning of large (50-100 kbp) regions of
the bacterial chromosome, may permit the size and limits
of this element to be clearly defined and help identify the
number of genes present within the TCP-ACF element.
Isolation of the intact TCP-ACF element will also allow
studies to be petformed in which these colonization
factors are introduced into non-O1, noncholera vibtios
that possess #oxR but lack TCP-ACF sequences such as
V. cholerae VOT (Waldor & Mekalanos, 1994). These
recombinant 1/, cholerae strains can then be tested for their
ability to express TCP and ACF, and colonize the
intestines of infant mice. The introduction of the TCP-
ACF colonization element into nontreactogenic strains of
V. cholerae may thus provide an avenue for generating
efficacious live vaccine candidates.
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