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FIG. 4. Comparison of hap gene DNA regions of strain 3083 and the HA/protease-negative mutant HAP-1. (A) Southern blot of restriction
enzyme-digested chromosomal DNA hybridized with the radiolabelled 3.2-kb Hind111 DNA fragment containing the hap gene. (B) Restriction

maps of the hap gene regions.

sequences (31) can be identified just upstream (Fig. 2), we
predict that both start codons may be used. The length of the
signal sequence is ambiguous because of the presence of two
possible Ala-Ala cleavage sites (Fig. 2).

We have recently reported (20) that the V. cholerae
HA/protease is structurally, functionally, and immunologi-
cally related to the elastase of P. aeruginosa. Elastase is also
a zinc-dependent metalloprotease that has been shown to
degrade or inactivate a variety of biologically important
substances and is potentially involved in virulence of P.
aeruginosa (12, 21, 26, 33, 34). The structural gene coding
for elastase has been cloned (30) and sequenced (3). A
comparison of the amino acid sequences of the HA/protease
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and elastase revealed high homology (70% similarity) be-
tween the two mature proteins, although the homology of the
two prosequences was only 35%, and confirmed the previ-
ously observed relatedness of the two proteases. Recently
other bacterial extracellular zinc-containing metallopro-
teases have been compared with the P. aeruginosa elastase.
Bever and Iglewski (3) demonstrated amino acid sequence
homology of the elastase to Bacillus thermoproteolyticus
thermolysin, Bacillus subtilis neutral protease, and Serratia
sp. protease. The sequence of the gene for an extracellular
zinc metalloprotease from L. pneumophila revealed striking
amino acid homology to the elastase (5). It is of special
interest that the amino acid sequence of the HA/protease is

B

FIG. 5. Complementation of the HA/protease-negative mutant HAP-1 by pCH2. (A) Western blot of culture supernatants reacted with
polyclonal anti-HA/protease serum. (B) Macrocolonies grown on milk-containing medium. 1, 3083; 2, HAP-1; 3, HAP-1(pCH2); 4,

HAP-1(pACYC184).
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practically identical to that of the P. aeruginosa elastase in
the areas that were regarded to contain the zinc ligand and
active sites (3, 5). The elastase zinc ligands were presumed
to be His-337, His-341, and Glu-361; the active sites were
Glu-338, Tyr-352, and His-420 (5). In the HA/protease se-
quence these amino acid residues (Fig. 3) correspond to
His-343, His-347, Glu-367, Glu-344, Tyr-358, and His-426,
respectively. These sites are also conserved in B. thermo-

proteolyticus thermolysin, B. subtilis neutral protease, Ser-

ratia sp. protease, and L. pneumophila protease.

Very recently, Norquist et al. (28) reported considerable
homology of the first 20 amino acids of a zinc metallopro-
tease from the fish pathogen Vibrio anguillarum to the
elastase of Vibrio vulnificus (23) and P. aeruginosa (3), as
well as to the L. pneumophila protease (5). Also, the amino
acid sequence of an extracellular metalloprotease from Er-
winia chrysanthemi (13) has high homology to the metallo-
protease from Serratia species (27). A metalloprotease from
Pseudomonas cepacia (25) was shown to have antigenic
similarity to the P. aeruginosa elastase. The ubiquity and
conservation of these similar proteases in the microbial
world, in both pathogenic and nonpathogenic species (and in
the case of V. cholerae, including both pathogenic and
nonpathogenic serotypes [9, 22]), suggests that they may
provide some common survival advantage which is not
necessarily essential for virulence but which, in the case of
pathogenic species, may be associated with it.

E. coli carrying the hap gene on a plasmid did not show
extracellular proteolytic activity on milk-containing plates
and did not give specific bands in Western blots, indicating
that the transcription or translation signals of the hap gene
are not efficiently recognized by E. coli. Expression of the
hap gene in E. coli could provide a selectable system for
cloning V. cholerae regulatory, secretory, or processing
elements.

In the present study the cloned hap gene was inactivated
by insertion of the kanamycin resistance gene and intro-
duced into the chromosome of V. cholerae by homologous
recombination. This was accomplished by transforming plas-
mids into vibrio cells by electroporation, eliminating conju-
gational systems. After the original transformation with the
mutant gene construct, the cells were ‘‘supertransformed’’
with an incompatible plasmid with a different resistance
marker. By selecting for the appropriate phenotype, a de-
sired HA/protease-negative derivative of V. cholerae 3083,
named HAP-1, was isolated. These genetic manipulations
had no discernible effect on the biosynthetic abilities of
strain 3083 in that HAP-1 and HAP-1(pCH?2) were, like 3083,
capable of vigorous growth from small inocula in a com-
pletely chemically defined basal medium consisting of su-
crose and inorganic salts (i.e., syncase medium without
Casamino Acids [14a]). This recombinant HA/protease-neg-
ative mutant strain of V. cholerae will be very useful in
examining the role, if any, of HA/protease in the pathogen-
esis of cholera. Virulence, adherence, and detachment of the
mutant and parent strains will be compared in the infant
rabbit model and in cultured cells (8).

Young and Broadbent (36) previously described several
extracellular proteases in V. cholerae which could explain
the residual proteolytic activity of the HA/protease-negative
V. cholerae mutant. The purification and cloning of other
proteases should be easier with the HA/protease-deficient
strain.

The restriction map of the hap gene DNA region indicated
no similarity to previously isolated DNA reportedly encod-
ing a hemagglutinin of V. cholerae which had no protease
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activity (18), although it was selected by using the anti-HA/
protease serum prepared in our laboratory (16). Evidence
supporting the successful cloning of the structural gene for
the V. cholerae HA/protease in this study includes: (i)
absolute agreement of the previously determined N-terminal
amino acid sequence of the purified protein with the deduced
amino acid sequence within the open reading frame; (ii)
similarity of the hap gene structure (large prosequence) to
that of other zinc-containing metalloprotease-encoding
genes; (iii) strong homology of the deduced protein sequence
to the amino acid sequence of the P. aeruginosa elastase,
extending the previously reported similarities between HA/
protease and elastase; and (iv) ability of the cloned DNA
fragment to complement the hemagglutination and proteo-
lytic activities of the HA/protease-negative V. cholerae
strain HAP-1.
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ADDENDUM

Since this paper was submitted, an HA/protease from
Vibrio mimicus was shown to be immunologically cross-
reactive with the V. cholerae HA/protease (11a). Addition-
ally, the gene encoding a protein homologous to bacterial
metalloproteases was cloned from Listeria monocytogenes
(13a). The putative zinc-binding and active sites are also
conserved in this protease.
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