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Epidemic Vibrio cholerae possess the VPI (Vibrio pathogenicity island) essential virulence gene cluster. The
VPl is 41.2 kb in size and encodes 29 potential proteins, several of which have no known function. We show that
the VPI-encoded Orf4 is a predicted 34-kDa periplasmic protein containing a zinc metalloprotease motif. V.
cholerae seventh-pandemic (El Tor) strain N16961 carrying an orf4 mutation showed no obvious difference
relative to its parent in the production of cholera toxin and the toxin-coregulated pilus, motility, azocasein
digestion, and colonization of infant mice. However, analysis of rabbit ileal loops revealed that the N16961 orf4
mutant is hypervirulent, causing increased serosal hemorrhage and reactogenicity compared to its parent.
Histology revealed a widening of submucosa, with an increase in inflammatory cells, diffuse lymphatic vessel
dilatation, edema, endothelial cell hypertrophy of blood vessels, blunting of villi, and lacteal dilatation with
lymphocytes and polymorphonuclear leukocytes. The mutant could be complemented in vivo with an orf4 gene
on a plasmid but not with an orf4 gene containing a site-directed mutation in the putative zinc metalloprotease
motif. Although its mechanism of its action is being studied further, our results suggest that the Orf4 protein
is a zinc metalloprotease that modulates the pathogenesis and reactogenicity of epidemic V. cholerae. Based on

our findings, we name this VPI-encoded protein Mop (for modulation of pathogenesis).

Vibrio cholerae is responsible for the life-threatening diar-
rheal disease called cholera. Cholera is a major public health
concern because of its high transmissibility and death-to-case
ratio and its ability to occur in epidemic and pandemic forms
(19, 31). According to the World Health Organization (WHO),
an estimated 120,000 deaths from cholera occur globally every
year (37), and cholera continues to be a scourge throughout
much of the world, with seven global pandemics recorded since
1817 (31). The explosive epidemic nature and severity of the
disease and the potential threat to food and water supplies
have prompted the listing of V. cholerae as an organism in
biological defense research.

Studies on the pathogenesis of V. cholerae have identified
several critical virulence factors, such as cholera toxin (CT),
which is primarily responsible for the profuse secretory diar-
rhea characteristic of the disease (6), and the toxin-coregulated
pilus (TCP) essential colonization factor and receptor for the
phage encoding CT (34, 36). The pathogenesis of V. cholerae is
still not well understood, as live attenuated vaccines from
which known toxin genes have been deleted still cause reacto-
genicity in human volunteers (12, 33). This suggests that other
as yet unidentified factors are involved in the pathogenesis of
V. cholerae.

The V. cholerae pathogenicity island (VPI) is found in all
epidemic V. cholerae strains and is typically absent from non-
pathogenic strains (20, 23). The VPI is thought to be one of the
genetic factors required for the emergence of epidemic V.
cholerae (20). The VPI has been completely sequenced in both
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sixth- and seventh-pandemic strains; it is 41.2 kb in size (21)
and encodes 29 potential proteins (21), including those in-
volved in the synthesis of TCP (34) and accessory colonization
factors (30) and in virulence regulation (5, 8, 9, 15, 16, 24, 29).
Evidence that the VPI contains a phage-like integrase, excises
from the chromosome, and can be horizontally transferred
suggests that it is phage-like in properties (4, 20, 22, 23). The
VPI also encodes several open reading frames with unknown
but presumably important function. In pursuit of our interests
in the factors involved in the emergence, pathogenesis, and
persistence of epidemic V. cholerae and pathogenicity islands,
we hypothesized that the VPI-encoded Orf4 has a role in the
pathogenesis of epidemic V. cholerae strains.

Computer analysis predicts Orf4 to be a zinc metallopro-
tease. Orf4 is encoded on the VPI (Fig. 1). Computer analysis
with PSORT predicts that orf4 is a single open reading frame
which, after cleavage of a putative 18-amino-acid signal se-
quence, results in a potential secreted periplasmic protein of
34 kDa. Although a BLAST search (1, 2) found no homology
of Orf4 with any protein in the database, a computer search of
the PROSITE database found that Orf4 contains a conserved
zinc metalloprotease motif (LVIHEFGHTL). These find-
ings suggest that Orf4 is a periplasmic zinc metalloprotease.
It is known that zinc metalloproteases are often involved in
the pathogenesis of bacterial pathogens (11, 13, 14, 26, 28,
32, 35) and are often involved in virulence by either degrad-
ing eukaryotic host-cell proteins or by modifying bacterial
proteins.

Cloning and mutagenesis of orf4. In order to determine
whether orf4 has a role in the pathogenesis of V. cholerae, we
constructed an orf4 mutant. The V. cholerae strain N16961 (EI
Tor, serogroup O1), which was isolated in Bangladesh in 1971
and is a representative of the current seventh cholera pan-
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FIG. 1. Schematic representation of the VPI in strain N16961, showing the location and the site of orf4 inactivation by the insertion of the
aphA-3 gene encoding kanamycin resistance. Triangles flanking VP1 represent phage-like attachment (att) sites.

demic which began in 1961 in Indonesia (25), was used in these
studies. The predicted 939-bp orf4 from strain DK224, a spon-
taneous streptomycin-resistant (Sm’) mutant derived from
N16961, was amplified by PCR by using primers KAR268
(5'-TCATCGCAAGCTGATAGA-3") and KAR67 (5'-ACCT
ACTTTAGGAAAAGAGCC-3') on a 2.5-kb PCR product.
The orf4 PCR product was then directly cloned into the TA
cloning vector pPGEM-T (Promega), creating plasmid pDK32,
and confirmed by DNA sequencing. The 850-bp aphA-3 gene
encoding kanamycin resistance and carried on pUCISK (27)
was obtained by Smal digestion. The aphA-3 gene was then
blunt end ligated in-frame into the EcoRV site of pDK32,
creating pDK44, which was confirmed by sequencing. Follow-
ing Sphl digestion, the 3.4-kb orf4::aphA-3 fragment was
cloned into the suitably digested suicide plasmid pCVD442
(10), creating pDK46. With Escherichia coli strain
SM10Apir(pDK46), allelic exchange was performed with the
N16961 Sm" strain DK224 to generate a nonpolar chromo-
somal orf4 Km" mutant, designated DK297 (Fig. 1), which was
confirmed by DNA sequencing. To construct a plasmid for
complementation, orf4 was amplified on a 1.15-kb PCR frag-
ment by using primers KAR453 (5'-CCCGAGCTCTTAGC
TAATACACAAGGTCG-3") and KAR455 (5'-CCCCCCG
GGACACTACTTTAGTGTCACCG-3'), and the fragment
was digested with Sacl and Smal and ligated into appropri-
ately digested pWSK29, creating pDK102. Introduction of
pDK102 into DK297, creating DK435, represented the com-
plemented strain. Additionally, we constructed a site-di-
rected mutation (His 224 Ala) in the putative zinc metallo-
protease (LVIHEFGHTL) motif of orf4 on pDK102,
creating pDK103. Plasmid pDK103 was transformed into
DK297, creating DK436. We found no difference in the
growth rate among the orf4 mutant (DK297), its parent
(DK224), the complemented strain (DK435), and the site-
directed mutant complemented strain (DK436).

The N16961 orf4 mutant is unaffected in CT, TCP, and
motility in vitro. For the determination of CT production,
cell-free culture supernatant was obtained from strains grown
in AKI broth at 37°C for 18 h with shaking at 200 rpm. The
expression of CT was measured in microtiter plates by gangli-
oside enzyme-linked immunosorbent assay (GM1-ELISA) by
using rabbit anti-CT antisera and goat anti-rabbit immuno-
globulin G (IgG) (heavy plus light chains) conjugated with
alkaline (Kirkegaard & Perry Laboratories, Inc.) and was read
at an optical density of 405 nm. Statistical analysis was per-

formed by using a one-way analysis of variance. We found no
obvious difference between the orf4 mutant and its parent
N16961 in CT production (data not shown). TCP production
was assayed by Western blotting with a Supersignal kit and
chemiluminescent substrate (Pierce) and was performed on
whole-cell lysates by using cells from the cultures described
above that were used for CT detection. Samples containing
equal amounts of protein were run on 4 to 20% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis precast gels
(Bio-Rad), transferred onto a nitrocellulose membrane
(0.45-pm pore size) (17), and reacted with rabbit anti-TCP and
goat anti-rabbit whole molecular IgG (Sigma). No obvious
difference in TCP production was observed (data not shown).
In addition, we found no difference in motility between DK224
and DK297 on 0.35% Luria-Bertani (LB) agar incubated at
37°C for 20 h.

Assay for protease activity and location of Orf4 in cell frac-
tions. We attempted to detect Orf4 protease activity in differ-
ent cellular fractions of V. cholerae. In order to measure pro-
tease activity of the supernatants, an azocasein digestion assay
was used (26). To prepare cell-free supernatants, strains were
inoculated into 15-ml glass test tubes containing 3 ml of tryptic
soy broth (and antibiotics when appropriate) and incubated at
37°C with shaking at 250 rpm for 6 h, after which 1 ml was
transferred into a 1-liter flask containing 150 ml of fresh tryptic
soy broth (and antibiotics when appropriate) and incubated at
30°C at 250 rpm for 24 h. Following centrifugation at 6,000 rpm
in a Sorvall RC-5B machine for 20 min, the supernatants were
filtered through 0.22-pm-pore-size filters (Millipore) and con-
centrated 20-fold with a Centricon-Plus 20 membrane (molec-
ular weight, 10,000) at 4°C. For the azocasein digestion assay,
50 wl of supernatant was added to 800 pl of azocasein (2
mg/ml) in 0.1 M Tris-HCI (pH 8.0) and incubated at 37°C for
1 h. The reaction was stopped by the addition of 160 wl of 50%
trichloroacetic acid, and samples were centrifuged at 13,000
rpm for 15 min. The absorbance of the reaction was read at 366
nm on a Smartspec 3000 (Bio-Rad) spectrophotometer. We
did not detect any significant difference in the protease activ-
ities of the (20-fold-concentrated) supernatants of DK224
and the orf4 mutant under the conditions tested (data not
shown). In addition, Western blot analysis did not detect
Orf4 in these supernatants with rabbit antisera generated
against an orf4::His tag fusion protein.

To obtain periplasmic extracts, cell pellets were washed with
cold phosphate-buffered saline (PBS) and resuspended in 5 ml
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FIG. 2. Gross examination of rabbit ileal loops revealed greater serosal hemorrhage in rabbit ileal loops inoculated with the orf4 (mop) mutant
strain DK297. These results were consistent in rabbits after 8.5 (» = 3) and 18 (n = 6) h of incubation.

of PBS. Polymyxin B was then added at a final concentration of
2 mg/ml, the sample was stirred on ice for 20 min and centri-
fuged at 10,000 rpm for 10 min at 4°C, and the supernatant was
collected and then concentrated 10-fold as described above.
The pellet was resuspended in 5 ml of cold PBS, sonicated on
ice five times at 7 W for 10-s intervals, and centrifuged at
10,000 rpm at 4°C for 10 min; the supernatant that was then
collected represented the soluble extract. We did not detect
any significant differences in the azocasein digestion activities
in the periplasmic extracts or soluble extracts of N16961 and
DK297 under these conditions, and we could not detect Orf4
in these factions by Western blotting (data not shown).
These data suggest that Orf4 in N16961 has very low expres-
sion in vitro under the conditions tested.

The N16961 orf4 mutant is unaffected in the colonization in
infant mice. To determine whether orf4 has a role in intestinal
colonization, a procedure based on the method of Baselski and
Parker (3) was performed by using the infant mouse model. A
single colony of DK224 and the orf4 mutant (DK297) was
inoculated into 4 ml of LB broth containing appropriate anti-
biotics and incubated at 37°C overnight with shaking (250
rpm). The cultures were then centrifuged, and the cell pellets
were washed twice with PBS, resuspended in PBS, and ad-
justed to an optical density at 600 nm of 0.4 (~10°® cells); then,
5 pl of blue food coloring per ml of culture was added. Just
prior to mouse inoculation, the bacterial inocula were plated
to determine the actual number of CFU/ml administered.
Three-day-old suckling CD-1 mice were separated from their
mothers 1 h prior to inoculation with V. cholerae. The mice
were then orally inoculated with 100 pl (~107 cells) of either
DK224, DK297, or a mixture containing an equal amount of

DK224 and DK297 (coinfection). Three groups of seven mice
were used, with one group being used for each individual strain
and one for the coinfection. Mice were sacrificed after 18 h,
and their small and large intestines were removed, placed in 2
ml of PBS, and mechanically homogenized by using a Virsonic
60 (Virtis) blender; serial dilutions were then plated onto LB
agar supplemented with appropriate antibiotics to enumerate
V. cholerae CFU. Colonies obtained were streaked onto thio-
sulfate citrate bile salts agar to confirm their identity as V.
cholerae. We found no difference in the levels of intestinal
colonization by these V. cholerae strains (data not shown),
which supported the TCP production results and suggests that
Orf4 has no role in the intestinal colonization of infant mice by
strain N16961.

Rabbit ileal loop studies demonstrate that Orf4 modulates

TABLE 1. Virulence of the wild type and the orf4 mutant
in rabbit ileal loops”

Effect on rabbit ileal loop

Sample

Length FAR Tissue
Vol (ml) (cm) (vol/length) damageb
DK224 18 8.7 2.1 —/+
DK297 19.8 8.2 2.4 4
JBK70 1.9 5.6 0.3 -
PBS 0.6 53 0.1 -

“ Results are based on 18-h ileal loops. Results for volume, length, and FAR
are averages of values obtained from six rabbits.

® Similar findings of serosal hemorrhage and particulate matter in loop fluid
were observed in gross examination at 8 h. +, gross tissue damage; —, no visible
gross tissue damage.
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FIG. 3. Histology of ileal loops. Note the relatively normal tissue in loops inoculated with the N16961 Sm" strain DK224 (A) and the ctx4AB
mutant JBK70 (B) compared to the increased pathological changes in loops in response to the orf4 (mop) mutant DK297 (C). For a description

of pathological changes, see Results.

pathogenesis in vivo. We then studied whether orf4 had a role
in pathogenesis by using the rabbit ileal loop model. In these
studies, New Zealand White male rabbits (2 kg) (Covance
Research Products) were used. Ligated ileal loops were per-
formed essentially as described by De and Chatterjee (7) with
strains DK224, DK297, JBK70 (a ctxAB mutant of N16961
[18]), DK435, and DK436. The strains to be tested were inoc-
ulated from frozen glycerol stocks into 4 ml of AKI broth
(containing antibiotics where appropriate) and incubated at
37°C overnight at 180 rpm. Following incubation, 100 wl was
transferred to a 250-ml flask containing 10 ml of AKI broth
(containing antibiotics where appropriate) and incubated for
3 h at 37°C at 250 rpm. Bacterial cells were collected and
washed twice with PBS; the cell density was adjusted to 107
CFU/ml, and cells were plated to confirm the number of CFU/
ml. Prior to surgery, the rabbits were fasted for 24 h and fed
only water ad libitum. The rabbits were anesthetized, a lapa-
rotomy was performed, and the small intestine was tied off into
four loops (5 cm) with interloops (1 cm) between each main
loop. By using a 25-gauge needle, 1 ml (107 cells) of solution
containing either DK224, DK297, JBK70, DK435, or PBS as a
control was inoculated into each loop. The intestine was re-
turned to the peritoneal cavity, the incision was closed, and the
rabbits were returned to their cage and given water ad libitum.
The rabbits were sacrificed at 8 (n = 3) or 18 h (n = 6), the
peritoneal cavity was opened, and the small intestine was re-
moved. The loops were examined macroscopically; the fluid of
each loop was removed and measured, and an aliquot was
removed and plated onto LB agar containing appropriate an-
tibiotics to determine the bacterial concentration (CFU/ml)
and streaked onto thiosulfate citrate bile salts agar to confirm
the cells’ identity as V. cholerae. For histology, the loops were
fixed in formalin, sectioned, stained with hematoxylin and eo-

sin, and examined for histopathology. The fluid accumulation
ratio (FAR) was determined by measuring the fluid (ml) in the
loops and dividing by the length (cm) of the loop.
Experiments showed no difference in virulence between
N16961 and DK224. Although there was no difference in the
total number of V. cholerae cells per loop, examination of loops
after 18 h with V. cholerae cells revealed obvious regions of
serosal hemorrhage (redness), necrotic areas, pseudomembra-
nous colitis (characterized by white flakey particles in the flu-
id), and fibrinopurulent tufts of exudate in the loop of each
rabbit inoculated with DK297 (Fig. 2). No major serosal hem-
orrhage was observed in any other loop in any of the rabbits.
Gross examination of the loops containing DK435 suggested
that normal in vivo virulence could be restored after comple-
menting the mutant with pDK102. However, pDK103, which
contains a site-directed (H — A) mutation in the putative zinc
metalloprotease (LVIHEFGHTL) motif of orf4, did not ap-
pear to restore wild-type virulence levels in DK297, further
suggesting that the Orf4 protein is a zinc metalloprotease.
While not statistically significant, we found only a slight in-
crease in the FAR in the DK297 loop (2.4) compared to that
in the DK224 loop (2.1) (Table 1). Similar findings in the level
of serosal hemorrhage and the FAR in the DK297 loops were
found in 8-h loops of three rabbits when the loop order was
reversed (data not shown). Therefore, gross pathological
changes were much greater in the loops inoculated with the
orf4 mutant of N16961 than in those inoculated with its parent.
While histology showed that the tissue from loops containing
DK224, JBK70, and PBS had a similar appearance, histology
revealed obvious differences between the orf4 mutant and its
parent DK224 (Fig. 3). The tissue of loops inoculated with
DK224 appeared to be within normal limits, with only slight
widening of submucosa. However, in sections from 18-h loops,
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the loops inoculated with the orf4 mutant DK297 generally
demonstrated a widening of the submucosa, with an increase in
heterophilic inflammatory cells in the mucosa, submucosa,
muscularis, and serosa. Also characteristic of the DK297 loops
were multifocal necrotic areas on the mucosa, diffuse lympha-
tic vessel dilatation, edema, and endothelial cell hypertrophy
of the blood vessels. The villi multifocally demonstrated short-
ening and severe lacteal dilatation, with moderate amounts of
inflammatory cells, including lymphocytes and lesser numbers
of polymorphonuclear leukocytes. Introduction of pDK102
into DK297 restored histopathology to within normal limits.
However, as described above, pDK103 did not appear to com-
plement the orf4 mutation in vivo. These in vivo results suggest
that the mutation of orf4 in N16961 results in a hypervirulent
epidemic V. cholerae strain. The results also strongly suggest
that orf4 has an important role in the pathogenesis of V. chol-
erae. Based on these findings, we propose to rename the VPI-
encoded protein Mop (for modulation of pathogenesis).

Comparison of sixth- and seventh-pandemic strains shows
that relative to the products of other VPI genes, Mop (Orf4)
has a higher level of variation (21). In that study, we found that
the seventh-pandemic sequence differs from the sixth-pan-
demic sequence by 2.3% of its nucleotides and includes five
amino acid differences. The amino acid polymorphisms in Mop
between sixth- and seventh-pandemic strains include those that
result in very different hydrophobicity properties. These differ-
ences might reflect functional differences in Mop expression
between these strains and suggest that Mop might be under
selective pressure in certain environments.

Although the exact function of Mop in epidemic V. cholerae
is not fully understood and is being studied further, its pre-
dicted location in the periplasm or close to the bacterial cell
surface would enable it to act on any secreted bacterial protein
or any host cell factor and affect pathogenesis. Based on the
results from this study, we propose that Mop, possibly in as-
sociation with other factors, modulates the pathogenesis and
reactogenicity of epidemic V. cholerae strains.
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