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Abstract

Background

Outer membrane vesicles (OMVs) are known to release from almost all Gram-negative bac-
teria during normal growth. OMVs carry different biologically active toxins and enzymes into
the surrounding environment. We suggest that OMVs may therefore be able to transport
bacterial proteases into the target host cells. We present here an analysis of the Vibrio cho-
lerae OMV-associated protease PrtV.

Methodology/Principal Findings

In this study, we demonstrated that PrtV was secreted from the wild type V. cholerae strain
C6706 via the type Il secretion system in association with OMVs. By immunoblotting and
electron microscopic analysis using immunogold labeling, the association of PrtV with
OMVs was examined. We demonstrated that OMV-associated PrtV was biologically active
by showing altered morphology and detachment of cells when the human ileocecum carci-
noma (HCTS8) cells were treated with OMVs from the wild type V. cholerae strain C6706
whereas cells treated with OMVs from the prtV isogenic mutant showed no morphological
changes. Furthermore, OMV-associated PrtV protease showed a contribution to bacterial
resistance towards the antimicrobial peptide LL-37.

Conclusion/Significance

Our findings suggest that OMVs released from V. cholerae can deliver a processed, biologi-
cally active form of PrtV that contributes to bacterial interactions with target host cells.
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Introduction

V. cholerae is the causal microorganism of human diarrheal disease cholera that leads to severe
loss of fluid and electrolytes. The non-capsulated O1 and the encapsulated O139 are known to
cause the cholera disease among over 200 serogroups identified [1,2]. V. cholerae is a free-living
natural inhabitant of estuarine and coastal waters throughout world. This bacterium can sur-
vive in conditions of varying temperature, pH, and salinity. It can also survive in the presence
of bacteriovorous predators such as ciliates and flagellates [3,4]. Secreted cholera toxin (CTX)
is a major virulence factor responsible for causing the cholera disease [5]. Additional secreted
virulence factors have been described, including the hemagglutinin/protease (HAP), the multi-
functional autoprocessing RTX toxin and hemolysin A/cytolysin (VCC) [6,7].

In order to fully understand the pathogenesis and environmental persistence of V. cholerae,
it is essential to study not only the factors important for its survival inside the human host, but
also factors that might be essential for its environmental adaptation. In our earlier studies, we
established Caenorhabditis elegans as a model organism for the analysis of V. cholerae factors
involved in host interactions and survival of bacteria in the environment and demonstrated
that an extracellular protease, PrtV is a factor being necessary for killing C. elegans [8]. We also
showed that PrtV was important for the survival of V. cholerae against the grazing by the flagel-
late Cafeteria roenbergensis and the ciliate Tetrahymena pyriformis [8]. PrtV causes tissue dam-
age by directly degrading substrate proteins in host tissues, thereby inducing cell rounding and
detachment of tissue culture cells [9]. In our earlier studies, we demonstrated that PrtV could
modulate host inflammatory responses by interacting with V. cholerae cytolysin [10]

PrtV, a Zn>"-binding extracellular protease belonging to the M6 metalloprotease family,
contains M6 peptidase domain harboring conserved zinc-binding motifs (HEXXH) [8,9,11].
The biological functions of C-terminal two putative polycystic kidney disease domains (PKD1
and PKD?2) has not yet been fully investigated, although they have been suggested to be
involved in protein-protein or protein-carbohydrate interaction [12]. Our previous studies
provided a crystal structure model of the PKD1 domain from V. cholerae PrtV (residues 755-
838) and revealed a Ca™"-binding site which could control domain linker flexibility, presum-
ably playing an important structural role by providing stability to the PrtV protein [13]. The
biological roles of both PKD1 and PKD2 domains remain unknown. Although our results
from the C. elegans model [8] and from human ileocecum carcinoma (HCTS8) cell toxicity
assays [9] support that PrtV is disseminated as a biologically active protein, the mechanism(s)
for its secretion is yet unknown.

Membrane vesicles stand for a very basic and relevant mode of protein release by bacteria,
which has recently been referred to as the “Type 0” (zero) secretion system [14]. Outer mem-
brane vesicles (OMVs) (diameter ~20-200 nm) are constantly discharged from the surface of
the Gram-negative bacteria during growth, and may entrap outer membrane proteins, LPS,
phospholipids, and some periplasmic components [15-17]. Recent studies showed that OMV's
from commensal and pathogenic bacterial species play a fundamental role in maturation of the
innate and adaptive immune systems [18-21]. Moreover, recent and earlier studies proposed
that bacterial pathogens can use OMVs to deliver virulence factors into host cells at local and
distal sites [16,22-27]. Little is known, however, about the specific mechanism(s) by which
OMVs are formed and released from the bacterial cells, and whether particular genes control
the release of OMVs. Interestingly, Premjani et al [28] showed that in Enterohemorrhagic E.
coli (EHEC), the omptin outer membrane protease OmpT could influence the OMV
biogenesis.

Furthermore, recent studies demonstrated roles of OMV's in antimicrobial peptide (AMP)
resistance of Escherichia coli and in cross-resistance to AMPs such as LL-37 and polymyxin B
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in V. cholerae [29-31]. In this study we have investigated if biologically active PrtV is released
via OMVs and tested the hypothesis that this protease plays a role in V. cholerae resistance
against host AMPs.

Results

Identification of PrtV in OMV preparations obtained from different V.
cholerae serogroups

In our earlier studies, we have shown that PrtV was secreted into culture supernatants of the V.
cholerae wild type strain C6706 as a 102 kDa protein that due to autoproteolytic cleavages also
resulted in two shorter forms (81 kDa and 37 kDa, respectively) with protease activity [9]. It
was suggested that all three forms are physiologically important. Immunoblot analysis was
used to confirm that PrtV is secreted by additional V. cholerae strains, i.e. the O1 El Tor strains
A1552 and P27459 (Fig 1A). Electron microscopy analysis of strain C6706 revealed the pres-
ence of OMVs surrounding the bacterial cells (Fig 1B). As cell supernatants samples include
not only soluble extracellular proteins, but also OMVs, we sought to assess if PrtV may be asso-
ciated with OMVs in V. cholerae. Vesicles were isolated from overnight cultures (16 h) of a
selection of strains as described in Material and Methods. The two forms of PrtV protein (81
kDa and 37 kDa) were detected by immunoblot in association with OMV's obtained from ten
out of thirteen tested strains, i.e. from V. cholerae non-O1/non-O139 strainsV:5/04, V:6/04,
KI17036, 93Ag19 and NAGV6 (Fig 1C, lanes 2-6); from O1 El Tor clinical isolates C6706 and
A1552 (Fig 1C, lanes 8-9); from classical O1 strain 569B (Fig 1C, lane 10) and from O1 envi-
ronmental isolates AJ4, AJ3 and AJ2 (Fig 1C, lanes 11-13). Interestingly, the non-O1/non-
0139 V. cholerae strain V52 (Fig 1C, lane 1) and the O1 El Tor strain P27459 (Fig 1C, lane 7)
have only one form of PrtV protein, the 81 kDa and 37 kDa form respectively. A Coomassie
blue stained gel was shown to estimate the loading amount of each sample (Fig 1D) Based on
these observations we propose that secretion of PrtV via OMVs may be common among V.
cholerae strains.

Detection of PrtV in association with purified OMVs of V. cholerae strain
C6706

To confirm the secretion of PrtV in association with OMVs, vesicles from strain C6706 were
isolated and purified using an Optiprep density gradient centrifugation, as described in Materi-
als and Methods. Analysis of the Optiprep fractions by immunoblotting using anti-PrtV poly-
clonal antibody revealed the presence of PrtV protein in fractions 7-10 (Fig 2A, upper panel).
The presence of outer membrane protein in these fractions was confirmed by immunoblotting
using anti-OmpU polyclonal antibody (Fig 2A, lower panel). As a control experiment, we ana-
lysed OMVs from the prtV mutant derivative of C6706 using the same approach. The absence
of PrtV in the density gradient fractions was confirmed by immunoblotting, whereas OmpU
was detected in fractions 5-10 (Fig 2B, upper and lower panels, respectively). Based on these
observations we concluded that PrtV was secreted in association with vesicles. To estimate
what percentage of the secreted PrtV was with associated with OMVs (i) total secreted PrtV in
the cell-free culture supernatants (before OMYV isolation); (ii) soluble PrtV (supernatant after
separation of the OMVs by ultracentrifugation); and (iii) OMV-associated PrtV (purified vesi-
cle sample) were examined for three independent cultures of the strain C6706 by immunoblot-
ting. The immunoblot analysis of a representative set of samples is shown in Fig 2C. For each
culture the amount of total secreted PrtV was given arbitrarily the value of 100. The results,
given as a percentage, indicated that most of the secreted PrtV was associated with vesicles
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Fig 1. Inmunoblot analyses of PrtV expression and secretion and ultrastructural analysis of V. cholerae surface structures. (A) Immunoblot
analysis of expression and secretion of PrtV in different V. cholerae O1 isolates. Bacterial strains were grown at 30°C and samples were collected at ODggg
2.0. Samples of whole cell extracts from overnight cultures (lanes 1-3, 5 pl) and culture supernatants (lanes 4—6, 10 pl, corresponding to tenfold
concentration compared with the whole cell samples) were loaded in the gel. Immunoblotting was done using anti-PrtV polyclonal antiserum. Lanes 1-3;
whole cell lysates; lanes 4-6: culture supernatants from wild type V. cholerae El Tor O1 strains A1552, C6706, and P27459 respectively. (B) Ultrastructural
analysis of V. cholerae by electron microscopy. An electron micrograph showing the flagella (open arrows) and OMVs (closed arrows). Bar, 500 nm. (C) PrtV
association with OMVs from different V. cholerae isolates. Immunoblot analysis of OMVs from different V. cholerae isolates using PrtV polyclonal antiserum.
Bacterial strains were grown at 30°C for 16 h and OMVs were isolated using the procedure described in Materials and Methods. 10 pl of OMV samples were
loaded forimmunoblot analyses and SDS-PAGE analyses by Coomassie blue staining. Lanes 1-6; OMVs from V. cholerae non-O1/non-O139 serogroup:
V:52, V:5/04, V:6/04, KI17036, 93Ag19, and NAGV6; lanes 7-9: OMVs from V. cholerae O1 El Tor clinical isolates: P27459, C6706, and A1552; lane 10:
OMVs from V. cholerae classical O1 strain 569B; lanes 11-13: OMVs from V. cholerae O1 environmental isolates: AJ4, AJ3, and AJ2. Lane 14, C6706 AprtV
mutant.

doi:10.1371/journal.pone.0134098.g001

(70 £ 5%), whereas a smaller fraction was present in a free soluble form in the supernatant
(30 £ 5%).

To further examine the OMV's from the wild type and prtV mutant strains, gradient frac-
tions number 8 from C6706 and its prtV mutant were analysed. As shown by SDS-PAGE and
Coomassie blue staining (Fig 3A), the OMV fraction from these two strains exhibited almost
identical protein profiles. Immunoblotting confirmed the presence of PrtV in the C6706 OMV
fraction only (Fig 3B, upper panel). As was observed in Fig 1C, we detected two PrtV bands at
81 kDa and 37 kDa, respectively. The 37 kDa might be an autoproteolytic form of PrtV protein
in the OMVs. As judged by the protein profiles (Fig 3A) and the intensity of the OmpU band
in the OMV samples from the wild type C6707 and the prtV mutant (Fig 3B, middle panel),
the amount of OMVs released from the wild type and the prtV mutant was very similar. The
total protein content of each OMV sample was measured using the Bicinchoninic Acid (BCA)
assay kit as described in the materials and methods. It showed that OMV's from the wild type
and AprtV mutant bacteria contain 1,090 pg/ml and 1,270 pg/ml protein, respectively. We used
nanoparticle tracking analysis (NTA), a new method for direct, real-time visualization of nano-
particles in liquids [32]. In this system, OMVs can be observed by light scattering using a light
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Fig 2. Presence of PrtV in OMVs from V. cholerae strain C6706. To detect the PrtV and the OmpU proteins in the density gradient fractions, immunoblot
analyses were performed using polyclonal anti-PrtV and anti-OmpU antisera, respectively. (A) Immunoblot detection of PrtV (upper panel) and OmpU (lower
panel) in density gradient fractions of OMV's from the wild type V. cholerae strain C6706. (B) Immunoblot detection of PrtV (upper panel) and OmpU (lower
panel) in density gradient fractions of OMVs from the prtV mutant. (C) Immunobot detection of PrtV in the whole cell lysate (lane 1), culture supernatant
before ultracentrifugation (lane 2), supernatant after the removal of OMVs (lane 3), and OMV sample (lane 4).

doi:10.1371/journal.pone.0134098.9002

microscope. A video was taken, and the NTA software can track the brownian movement of
individual OMVs and calculate the size and concentration of OMVs. The amount of OMV par-
ticles measured by nanoparticle tracking analysis using the NanoSight equipment are shown in
Fig 3C and 3D, the OMV samples from the wild type C6706 and AprtV mutant contained 7.5 x
10"%/ml (Fig 3C) and 8.5 x 10'?/ml OMV-particles (Fig 3D) respectively. The size distribution
of OMVs isolated from both the wild type and AprtV mutant was in the 50-250 um diameter
range with the majority of the OMV particles at 105 um from both the wild type and the AprtV
mutant V. cholerae (Fig 3C and 3D). Interestingly, an extra peak representing 155 pm diameter
sized OMVss was observed in the wild type OMV sample (Fig 3C). It could be considered that
the soluble form of PrtV might form particles showing up as 155 nm on the nanoparticle track-
ing analysis since this method presumably cannot distinguish between different types of parti-
cles. The morphology of OMV's was examined by transmission electron microscopy, which
also revealed similar sizes and morphology of OMVs from the wild type and the prtV mutant
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Fig 3. SDS-PAGE, immunoblot analyses, Nanoparticle tracking analysis and electron microscopic analyses of OMV samples from the wild type
strain C6706 and the prtV mutant. (A) SDS-PAGE and Coomassie blue staining of OMVs samples from V. cholerae wild type C6706 (lane 1) and its
derivative prtV mutant (lane 2). (B) Immunoblot analysis of PrtV protein in the OMV samples from the wild type strain C6706 (upper panel, lane 1) and the
prtV mutant (upper panel, lane 2) using anti-PrtV polyclonal antiserum. Immunoblot analysis of OMV samples using anti-OmpU antiserum as a OMV marker
(middle panel) and anti-Crp polyclonal antiserum as a cytoplasmic protein marker (lower panel). (C) Nanoparticle tracking analysis measurement of OMV's
isolated from the wild type V. cholerae strain C6706 showing the sizes and total concentration of OMVs. (D) Nanoparticle tracking analysis measurement of
OMVs isolated from the AprtV mutant showing the sizes and total concentration of OMVs. (E) Electron microscopy of OMV's from the wild type V. cholerae
strain C6706 (a) and the prtV mutant (b). Immunogold labeling of OMVs from V. cholerae wild type strain C6706 (c) and the prtV mutant (d). White arrow
points to gold particles associated with OMVs. Bars; 150 nm.

doi:10.1371/journal.pone.0134098.9003

(Fig 3E, panels a and b). To test for possible contamination from lysed bacterial cells in these
gradient fractions, immunoblotting was also carried out using antiserum against the cyto-
plasmic cAMP receptor protein (Crp). As this revealed no Crp reactive bands (Fig 3B, lower
panel), we concluded that there was no detectable cytoplasmic contamination in these samples.
In order to visualize the association of PrtV with OMVs, we carried out electron microscopy
analysis and immunogold labeling using PrtV polyclonal antiserum. OMV-associated several
gold particles were observed in the wild type strain, whereas no gold particles were associated
with OMVs isolated from the prtV mutant (Fig 3E, panels c and d). Taken together, our results
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strongly support the idea that the PrtV protein is associated with OMV's released from V.
cholerae.

Full-length and auto-proteolytically digested forms of PrtV may be
differentially associated with OMV's upon extracellular release

To analyze how PrtV may be released from the bacterial cell via OMVs, we first determined the
subcellular localization of the PrtV protein in the C6706/pBAD18 and C6706/pBAD::prtV
strains using a fractionation assay. According to our findings, full-length, 81 kDa PrtV was
present in the whole cell (Fig 4A, lane 1), cytoplasmic (Fig 4A, lane 3), and extracellular frac-
tions (Fig 4A, lane 7), but not in the periplasmic fraction (Fig 4A, lane 5). Crp and B-lactamase
were used as marker proteins to confirm the cytoplasmic and periplasmic content, respectively,
of the fractions. The 37 kDa form of PrtV was abundant in the periplasmic fraction (Fig 4A,
lane 5) and in the OMYV fraction (Fig 3B, upper panel, lane 1), suggesting that the full-length
protein is subject to proteolytic cleavage in the periplasmic space. Moreover, it could be
hypothesized that the 37 kDa form is packaged as a part of the OMV luminal content during
vesicle biogenesis. Our hypothesis was also supported by the Fig 2C results in which the 37kDa
form is only in the OMYV, not found in the supernatant.

To investigate how the different forms of PrtV may be carried by OMVs, a proteinase K pro-
tection assay was performed. When OMV's obtained from strain C6706 were incubated with
proteinase K in the presence of SDS (1% w/v) to rupture the membrane of the vesicles, both
forms of PrtV were proteolytically digested (Fig 4B, upper panel, lane 2). As an assay control,
PMSF was used to inhibit proteinase K activity, resulting in slight proteolytic cleavage only of
the two forms of PrtV (Fig 4B, upper panel, lane 3). Interestingly, only the full-length form of
PrtV was digested by proteinase K in the absence of SDS, suggesting that the 37 kDa processed
form was protected from proteinase K digestion by the vesicle structure (Fig 4B, upper panel,
lane 1). As a control, OmpU immunoblot detection was shown (Fig 4B, lower panel). These
results support our suggestion that the protected 37 kDa form may be carried inside the vesicle
lumen upon release from the bacterial cells, whereas the full-length form might be associated
on the surface of OMVs.

PKD-domains in PrtV are required for its association with OMVs

The PrtV protein was shown to have two C-terminal two PKD-domains (PKD1 and PKD2)
(http://merops.sanger.ac.uk/; http://pfam.sanger.ac.uk/ and [9]). NCBI conserved domains
analysis (http://www.ncbi.nlm.nih.gov/Structure/cdd) suggested that the PKD-domains could
function as ligand-binding sites for protein-protein or protein—carbohydrate interactions.
PKD-domains are also found in some microbial collagenases and chitinases [33], as well as in
archeael, bacterial and vertebrate proteins [34]. In our earlier studies, the results suggested that
the PKD1 domain might have a role in Ca*" dependent stabilization of PrtV since secreted
PrtV was not stable when the bacteria were grown in a defined medium with low concentration
of Ca™" [13].

In order to test the role of the PKD-domains in OMV-associated secretion of PrtV, we con-
structed expression plasmids encoding either the wild type prtV gene or a prt VAPKD1-2 allele.
These clones and the empty pBAD18 vector were introduced into the prtV mutant of V. cho-
lerae strain C6706. Bacterial culture supernatants before and after ultracentrifugation, and
OMVs were isolated from these three strains, and the OMV-associated secretion of PrtV and
PrtVAPKD1-2 was analyzed by immunoblotting. Unlike full-length PrtV, the full-length
PrtVAPKD1-2 protein was not detected in association with OMVs (Fig 5A, lane 6) although
the full-length PrtVAPKD1-2 was observed in the supernatants, indicating that it was stable
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Fig 4. Inmunoblot analysis of sub-cellular localization of PrtV protein in V. cholerae. (A) Immunoblot analyses of cell fractions from V. cholerae wild
type strain C6706 (lanes 1, 3, 5, and 7) and the prtV mutant (lanes 2, 4, 6, and 8) using anti-PrtV serum (upper panel), anti-Crp antiserum (middle panel), and
anti-B-lactamase antiserum (lower panel). Lanes 1 and 2: whole cell lysates; lanes 3 and 4, cytoplasmic fractions; lanes 5 and 6, periplasmic fractions; lanes
7 and 8, culture supernatants. Asterisks indicate the 81 kDa PrtV protein (B) Proteinase K susceptibility assay. OMVs from V. cholerae wild type strain C6706
were treated with 0.5 ug ml™" of proteinase K (PK), 1% SDS and/or the proteinase K inhibitor PMSF (1 mM) as indicated. Samples were examined by
immunoblot analysis using polyclonal anti-PrtV antiserum (upper panel). Lane 1: OMVs treated with only PK; lane 2: OMVs treated with SDS and PK; lane 3:
OMVs treated with SDS, PMSF, and PK; lane 4: control OMVs. The same membrane was re-probed with OmpU antiserum as an internal control (lower

panel).

doi:10.1371/journal.pone.0134098.g004

and translocated from the bacterial cells grown in LB media containing 50 pg/ml carbenicillin
and 0.01% arabinose. Interestingly, the processed 37 kDa form of PrtV could be detected in
OMV:s regardless if the strain expressed wild-type PrtV or PrtVAPKD1-2 (Fig 5A, lanes 3 and
6). As a control, OmpU immunoblot detection was shown (Fig 5B). Taken together, the find-
ings suggested that the PKD domains might have a role for secreted full-length PrtV in its asso-
ciation with OMVs.

Determination of mechanism of PrtV translocation

Our findings prompted us to determine which secretion system might be involved in secretion
of PrtV through the outer membrane and thereafter into the culture supernatant and/or
OMVs. To test if the type I secretion system is needed for PrtV secretion, we constructed tolC
and hlyD in-frame deletion mutants of V. cholerae wild type strain C6706 because the TolC
and HIyD proteins are essential components of the type I secretion system of bacteria [35]. We
compared secretion of PrtV in the t0lC and the hlyD mutants with the wild type strain C6706
by immunoblot analysis. We observed no difference in the levels of secreted PrtV in the wild
type and the mutants (Fig 6A, lanes 1-3). A Coomassie blue stained gel was included to verify
equal sample loading (Fig 6B).

Similarly, to assess the possible involvement of the type II secretion system, we examined
the secretion of PrtV in the epsC mutant in comparison with the O1 El Tor wild type V. cho-
lerae strains 3083 and TRH7000. In previous studies, it was described that EpsC is required for
the secretion of substrate proteins such as cholera toxin, protease(s), and chitinase(s) through
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cloned wild type allele of prtV; lanes 4—6: the AprtV strain carrying the cloned prtVAPKD allele; lanes 7-9: the
AprtV strain carrying the pBAD18 cloning vector. Lanes 1, 4 and 7 were loaded with supernatant samples
before ultracentrifugation (Sup1). Lanes 2, 5 and 8 were loaded with the supernatants after ultracentrifugation
(Sup2). Lanes 3, 6 and 9 were loaded with the OMV samples.

doi:10.1371/journal.pone.0134098.g005

the type II secretion system of V. cholerae [36]. As shown in Fig 6B, PrtV was not secreted
from the epsC mutants of either the V. cholerae strain 3083 or TRH7000 (Fig 6B. lanes 4 and
7). Moreover, trans-complementation of epsC restored the secretion of PrtV into the culture
supernatants (Fig 6B, lanes 5 and 8).

OMV-associated PrtV is biologically active

In our earlier studies, we demonstrated that PrtV is an active protease as it is able to cleave pro-
teins such as fibrinogen, fibronectin and plasminogen. We also showed that purified PrtV
exhibited a dose-dependent cytotoxic activity towards mammalian cells [9]. To test the biologi-
cal activity of vesicle-associated PrtV, we incubated HCTS cells with OMVs obtained from the
wild type strain C6706, the prtV mutant, and the strain expressed PrtVAPKD. According to
our findings, no apparent morphological changes of the epithelial cells were observed when the
cells were treated with OMVs from these strains for 6 h (Fig 7B, 7C and 7D). However, after 12
h incubation, rounding and detachment of the HCT8 cells was observed when incubated with
OMVs from both the wild type strain and the strain expressed PrtVAPKD (Fig 7F and 7H). A
similar result was obtained when the cells were treated with purified PrtV (20 nM) for 6 h (Fig
71). In contrast, such morphological effects on the cells were not observed when the cells were
treated with vesicles isolated from the AprtV mutant (Fig 7C and 7G) or with buffer (Fig 7A
and 7E). Thus, based on these results we concluded that OMV-associated full length PrtV and
PrtVAPKD1-2 were both biologically active. Moreover, taking into consideration that OMVs
isolated from the bacterial strain harboring only PrtVAPKD alle contain only 37 kDa form
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Fig 6. PrtV secretion in type | secretion mutants of V. cholerae O1 El Tor strain C6706. (A) PrtV
secretion was analyzed using culture supernatants of V. cholerae wild type strain C6706 and its mutant
derivatives. Lane 1: C6706; lane 2: AtolC; lane 3: AhlyD; lane 4: AprtV. (B) A Coomassie blue stained gel as a
control for sample loading. Lane 1: C6706; lane 2: AtolC; lane 3: AhlyD; lane 4: AprtV. (C) PrtV secretion in
type Il secretion system mutants of V. cholerae O1 El Tor strains. Lanes 1 and 2: culture supernatants of wild
type C6706 and AprtV; lanes 3, 4 and 5: culture supernatants of wild type 3083, AepsC and AepsC strain
carrying the cloned epsC allele; lanes 6, 7 and 8: culture supernatants of wild type TRH7000, AepsC and
AepsC strain carrying the cloned epsC allele.

doi:10.1371/journal.pone.0134098.g006

suggesting that the biological activity that we observed might be mainly due to the action of 37
kDa form.

V. cholerae OMVs are internalized into HCT8 cells independently of PrtV

To investigate if OMVs isolated from V. cholerae can internalize into HCTS cells, confocal
microscopy analyses were performed for the detection of the internalized vesicles. For this pur-
pose, we labeled samples of OMVs isolated from the wild type V. cholerae strain C6706 and the
prtV mutant containing 3.5 x 10'" and 4 x 10'" OMV-particles, respectively, with a red fluoro-
chrome, PKH26. The use of this fluorescent marker to monitor cell trafficking and function
has been well documented in earlier studies [37-40]. After incubating the cells with OMV sam-
ples (either WT C6706 or the prtV mutant) for 1 h, we observed that several wild type OMVs,
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Fig 7. Analyses of biological activities of PrtV. HCT8 cells were treated with 50 yl OMVs (total protein concentration 60 pg/ml) from the wild type V.
cholerae strain C6706 and the prtV mutant. Cells were treated with 20 mM Tris-HCI as a negative control (A, E), with OMVs from the wild type strain C6706 (B
and F) or from the prtV mutant (C and G) or from the the prtV mutant/pAPKD PrtV (D and H) or with 20 nM purified PrtV protein for 6 h as a positive control (I).
The treatment was performed for 6 h (A, B, C, D) and for 12 h (E, F, G, H). Bars represent 10 ym.

doi:10.1371/journal.pone.0134098.9007

appearing as red dots surrounding the nuclei of the effected cells (Fig 8B). Similarly, OMV's
obtained from the prtV mutant were internalized into the HCT8 cells (Fig 8C). Based on these
observations we concluded that there was indeed internalization V. cholerae OMV's were inter-
nalized into the HCTS cells regardless of the presence of PrtV.

OMV-associated PrtV protease contributes to V. cholerae resistance to
the host antimicrobial peptide LL-37
AMPs are believed to be a first line defense molecules against different pathogenic microorgan-

isms, including bacteria, viruses and fungi [41]. However, different pathogenic bacteria may
also be able to sense and resist AMP-mediated killing during the course of infection [42]. To

Fig 8. V. cholerae OMVs internalization into HCT8 cells. OMVs from the wild type strain C6706 and the prtV mutant were labeled with PKH26 red
fluorescence marker and subsequently the HCT8 cells were treated for 6 hrs with buffer (A), PKH26-labeled OMVs from V. cholerae wild type strain C6706
(B) or with OMVs from the prtV mutant (C). After the treatment, cells were fixed and actin filaments and nuclei were stained with phalloidin and DAPI,
respectively. Internalized OMVs are indicated with white arrows. Confocal Z-stack projections are shown in all images. The crosshairs indicate the positions
of the xz and yz planes. Bars represent 10 ym.

doi:10.1371/journal.pone.0134098.9008
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investigate the role of OMV-associated PrtV in bacterial protection against AMPs, OMVs from
the wild-type V. cholerae strain C6706 or its prtV mutant derivative were co-incubated for 1 h
with a sub-lethal concentration (25 pug/ml) of LL-37, a human amphipathic peptide. The wild
type V. cholerae strain C6706 was grown in LB medium with LL-37, without LL-37, and with
OMVs pre-incubated with LL-37. The growth of bacteria was monitored for 20 h at 30°C (Fig
9A). The growth of the wild type C6706 strain was reduced in the presence of LL-37 in compar-
ison to without LL-37 and characterized by a long lag-phase of growth (Fig 9A, compare a and
e). Interestingly, when the bacteria were grown in the presence of OMVs isolated from the
PrtV over-expressing strain, the growth was not affected by LL-37 (Fig 9A, compare a and d).
It suggested that OMV-associated PrtV might degrade LL-37 and protect the bacteria against
LL-37. The long lag-phase growth pattern in the presence of LL-37 was not observed when the
bacteria were grown either in the presence of OM Vs isolated from the wild type V. cholerae
strain C6706 or OMVs from the AprtV mutant (Fig 9A, compare e with b and c). It indicated
that the restoration of a shorter lag-phase by addition of OMV's was not PrtV dependent. We
also tested the effect of LL-37 on the expression of PrtV in the wild type C6706 strain by immu-
noblot analysis. There was no obvious difference of PrtV levels in the whole cell lysates from
the C6706 strain with or without LL-37 treatment (Fig 9B, upper panel, lanes 1 and 2). How-
ever, it may be that the LL-37 treatment permeabilizes cells, releasing the PrtV into the super-
natant. There was enhanced detection of PrtV in supernatants (Fig 9B, upper panel, compare
lanes 3 and 4) and associated with OMVs (Fig 9B; upper panel, compare lanes 5 and 6) when
the cells were grown in the presence LL-37, suggesting that V. cholerae releases increased
amounts of free and OMV-associated PrtV protein in response to the antimicrobial peptide
LL-37. Hence, based on these findings we concluded that OMV-associated PrtV may contrib-
ute to V. cholerae resistance to the human antimicrobial peptide LL-37.

Discussion

In our earlier studies, we discovered that the PrtV protease is essential for V. cholerae environ-
mental survival and protection from natural predator grazing [8]. Further studies showed that
PrtV has proteolytic activity and can effectively degrade human blood plasma components and
induce a dose-dependent cytotoxic effect in the HCT8 cell line [9]. Although the biological role
of PrtV protein as a secreted protease was characterized, the mechanism or pathway by which
PrtV protein might be released into the culture supernatant was not yet clarified. In this study,
we showed that the PrtV protein is efficiently secreted into the culture supernatants by the type
IT secretion system in multiple V. cholerae strains. Additionally, PrtV association with OMVs
was observed in samples from several different serogroups of V. cholerae, suggesting that
OMV-associated secretion of this protein is commonly occurring in V. cholerae.

Full-length PrtV protein contains 918 amino acids and consists of one M6 peptidase
domain, a zinc- binding domain, and two C-terminal Polycystic Kidney Disease domains
(PKD1 and PKD?2) [9]. While the PKD-domain has been also found in bacterial collagenases
[43], proteases [44], and chitinases [45]. The functional significance of the PKD1 and PKD2
domains in V. cholerae PrtV is not yet understood. Our recent studies suggested that the PKD1
domain in V. cholerae PrtV (residues 755-838) might have a role in stabilization of PrtV pro-
tein when the bacterial strains were grown in Ca™" depleted media. In this study, we observed
that the PKD-domains of PrtV were essential for the association of full-length PrtV with
OMVs. Outer membrane proteins or LPS on the surface of OMVs might be the factors, which
bind to PKD-domain(s) of the PrtV protein, as it was suggested that the PKD-domain has a
role in protein-protein interactions or protein-carbohydrate interactions. Currently, we are
analyzing how the PKD-domains of the PrtV protein interact with the surface of the OMVs.

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 12/22



el e
@ ) PLOS | ONE OMV-Mediated Transport of V. cholerae Protease, PrtV

A B
a m 6706 :(:\Ione ) wC Sup OMV
= (b) C6706 (Wt OMVs+LL-37
4 (c) C6706 (prtV mutant OMVs+LL-37) E BB S B &
34| *(d) C6706 (pprtV OMVs+LL-37) V A bi? N e 5
o (e) C6706 with LL-37) = = = H = =
% (f) PB medium only 0 + 0 + - T
pannxt &
4% % 2 3 4 5 6
A %
1.5 4 % *
£ & g R, * -. " <-PrtV (81 kDa)
S I ° 4
© " - o o
§ kL4407 4
0.75 ] A & - i
i A Q Asazzlzzr |
- R — <-PrtV (37 kDa)
5 (@]
 { (@]
021 655@99ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
0 5 10 15 20
Time (h)
wc Sup  OMV

- <o

Sup oMV

kDa

95_|
208

55._
43

35_1

26_

Fig 9. Analysis of role of OMV-associated PrtV in LL-37 resistance. (A) PrtV protein contributes to bacterial resistance against LL-37. V. cholerae O1 El
Tor strain C6706 was grown in the presence of OMVs pre-incubated with a sub-lethal concentration (25 pg/ml) of the antimicrobial peptide LL-37. Bacterial
growth was monitored spectrophotometrically at 600 nm for 20 h at 30°C. C6706 was grown under the following conditions: Open triangle (a) C6706 without
LL-37, closed rectangle (b) in the presence of wild type OMVs and LL-37, closed triangle (c) in the presence of AprtV OMVs and LL-37, closed star (d) in the
presence of OMVs from AprtV strain carrying the cloned wild type allele of prtV in pBAD18 and LL-37, open circle (e) in the presence of LL-37 and no OMVs,
open star (f) no bacteria, poor broth (PB) medium only. A statistically significant growth difference (* = P<0.05) was observed between curves (d) and (c). (B)
The antimicrobial peptide LL-37 induces more PrtV secretion in V. cholerae. Immunoblot analysis of expression and secretion of PrtV in response to the
antimicrobial peptide LL-37. V. cholerae O1 El Tor strain C6706 was grown at 30°C in the presence and absence of a sub-lethal concentration of LL-37

(25 pg/ml) and samples were collected at ODggg 2.0. Immunoblot was performed using anti-PrtV polyclonal antiserum (upper panel) and anti-Crp polyclonal
antiserum to detect Crp, a cytoplasmic protein marker (middle panel). Lanes 1 (without LL-37) and 2 (with LL-37): whole cell lysates; lanes 3 (without LL-37)
and 4 (with LL-37): culture supernatants; lanes 5 (without LL-37) and 6 (with LL-37) OMVs. Lower panel: SDS-PAGE and Coomassie blue staining of
samples from (A) and (B).

doi:10.1371/journal.pone.0134098.g009

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 13/22



@’PLOS ‘ ONE

OMV-Mediated Transport of V. cholerae Protease, PrtV

In our recent study, the crystal structure of the PKD1 domain from V. cholerae PrtV (resi-
dues 755-838) revealed a Ca(2+)-binding site which controls domain linker flexibility, presum-
ably playing an important structural role by providing stability to the PrtV protein [13].

In the type II secretion system (T2SS), proteins are first translocated via the inner mem-
brane to the periplasmic space and are then transported across the outer membrane by a termi-
nal branch of the T2SS [46,47]. In this study, we showed that PrtV is translocated to the
extracellular milieu via the type II secretion system. In general, type II secretion substrates are
not easily detectable during transit in the periplasm. In the case of PrtV, we could not detect
the full-length form of the protein in the periplsm, but a relatively high amount of a periplas-
mic truncated species was observed. Therefore, proteolytic processing might occur in the peri-
plasmic space resulting in a truncated PrtV protein that is packaged into the OMVs and
released from the bacterial cell by entrapment inside the lumen of the OMVs. It might be that
there is a tight binding/attachment between the processed 37 KDa form of PrtV and an inner-
leaflet component of the outer membrane. Further studies are needed to assess this possibility.

OMVs have been proposed to be vehicles for virulence factor delivery to the host cells and
play an active role in bacterial pathogenesis [15-19,48]. In order to monitor the activity of
OMV-associated PrtV, we treated a human colon carcinoma cell line (HCT8) with OMV's
from the wild type strain C6706 and from the prtV mutant. The HCTS cells treated with
OMVs from wild type strain showed significant morphological changes, whereas cells treated
with OMVs from the prtV mutant remained unaltered. Taken together, the results suggest that
a truncated 37 kDa PrtV protein was enough to cause biological effects on the target host cells
since it was the main form of OMVs associated PrtV. In our earlier studies, we demonstrated
that the 102 kDa PrtV protease is secreted from V. cholerae cells and undergoes several steps of
auto-proteolytic cleavage resulting in an enzymatically active 37 kDa form (amino acids 106-
434) and a 18 kDa form (amino acids 587-749) [9]. The 37 kDa form was shown to contain the
predicted catalytic domain with Zn** binding site and it displayed proteolytic activity when it
was measured using fluorescein-labeled gelatin. In an assay using human blood plasma as a
source of potential substrates for the PrtV protease, we observed that the extracellular matrix
proteins fibronectin, fibrinogen, and plasminogen were degraded by the PrtV protein [9]. The
mechanism(s) of interaction between PrtV and these substrates in vivo remain unknown.
OMVs might be a delivery system of biologically active PrtV to interact with extracellular
matrix proteins and to interfere with innate immune responses in wound or intestinal infec-
tions. In addition, the 37 kDa form might be protected by OMV structural components against
other proteases secreted by V. cholerae in the culture supernatant since free soluble 37 kDa
form was rarely detectable in the OMYV free culture supernatants. Furthermore, our data sug-
gest that OMV-associated PrtV protease may contribute to V. cholerae resistance against host
AMP. Presumably the OMV-associated PrtV has the potential to degrade the LL-37 antimicro-
bial peptide and thereby enhance bacterial survival by avoiding this innate immune defense of
the host.

Materials and Methods
Bacterial strains and plasmids

The Vibrio cholerae strains used in this study are listed in Table 1. The bacterial strains were
grown in Luria-Bertani (LB) liquid medium at 37°C or at 30°C for 16 hours. Antibiotics were
used at the following concentrations when required: carbenicillin (Cb), 50 ug/ml rifampicin
(Rif), 100 pg/ml streptomycin (Sm). The mutants (AprtV, AtolC and AhlyD) were constructed
by deleting the entire open reading frame using previously described methods [8,49]. Primers
used in this study are listed in Table 2.
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Table 1. Bacterial strains used in this study.

Strains Relevant Genotype/Phenotype Reference/
Source

E. coli DH5a F~,880dlacZAM15,A(lacZYA-argF) U169 deoR, recA1, endA1, [57]
hsdR17 (rk’,mk*), phoA, supE44, K, thi-1, gyrA96, relA1

E. coli SM10Apir thi thr leu tonA lacY supE recA::RP4-2 Tc::Mu Km Apir [58]

V. cholerae A1552 O1 El Tor, Inaba, Rif? [48]

V. cholerae C6706 O1 El Tor, Inaba, Sm” [8]

V. cholerae O1 El Tor, Inaba, Sm? [59]

P27459

V. cholerae 569B  O1 Classical, Inaba [60]

V. cholerae C6706 AprtV derivative of C6706 [8]

AprtV

V. cholerae C6706 AtolC derivative of C6706 This study

AtolC

V. cholerae C6706 AhlyD derivative of C6706 This study

AhlyD

V. cholerae C6706 Apkd derivative of C6706 This study

Apkd

V. cholerae 3083 O1 El Tor, Ogawa [61]

V. cholerae 3083 AepsC derivative of 3083 [36]

AepsC

V. cholerae V52 037 serotype [62]

V. cholerae V:5/04 non-O1 non-O139 [63]

V. cholerae V:6/04 09 serotype [62]

V. cholerae 014 Argentina, 1993
93Ag19

V. cholerae non-O1 non-O139 Thailand, 1995
NAGV6

V. cholerae non-O1 non-O139 Sweden, 2006
KI17036

V. cholerae AJ-2 O1, Inaba Japan, 1981

V. cholerae AJ-3 O1, Inaba Japan, 1981

V. cholerae AJ-4 01, Ogawa Japan, 1981

doi:10.1371/journal.pone.0134098.1001

Isolation of OMVs from V. cholerae strains

OMVs were isolated from bacterial culture supernatants as described previously [16]. Briefly,
bacterial cultures grown at 30°C for 16 h were centrifuged at 5000 x g for 30 min at 4°C. Then

the supernatants were filtered through a 0.2-um pore size sterile Minisart High Flow syringe fil-
ter (Sartorjus Stedim) and ultracentrifuged at 100,000 x g for 2 h at 4°C in a 45 Ti rotor (Beck-
man). The vesicle pellet was resuspended in 20 mM Tris-HCI pH 8.0 buffer and the suspension
was used as the crude OMYV preparation. Samples were analysed by SDS-PAGE, electron
microscopy and immunoblotting.

Measurement of protein concentration and number of vesicle particles in
OMV preparations

Bicinchoninic Acid (BCA) Assay kit (Thermo Scientific Pierce, Rockford, IL) was used to mea-
sure total protein content. A NanoSight NS500 instrument (Malvern Ltd, Worchestershire,

UK) was used for determination of OMV particle size and concentration as described [50].
Briefly, samples were diluted 1:2,500 in Tris-HCl pH 8.0 buffer and loaded in the sample
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Table 2. Plasmids and primers used in this study.

Plasmids
pGEM-Teasy
pCVD442
pAtolC
pAhlyD
pApkd
pMMB66EH
Primer
TolC-A
TolC-B
TolC-C
TolC-D
HlyD-A
HlyD-B
HIyD-C
HlyD-D
prtV-F
prtV-R
prtVAPKD-F
prtVAPKD-R

doi:10.1371/journal.pone.0134098.1002

Relevant Genotype/Phenotype Reference/Source
CbR TA-cloning vector plasmid Promega
Cb" positive selection suicidal vector plasmid [64]
pCVD442-based suicide plasmid for generating Ato/C, Cb™ This study
pCVD442-based suicide plasmid for generating AhlyD, Cb™ This study
pCVD442-based suicide plasmid for generating Apkd, Cb? This study
epsC complementation plasmid, Cb" [65]
Sequence Source

5' CGCTCTAGAGGATCTGTTCGATGATCACS This study
5 TGTTAGTTTATAGTGGATGGGCATCGGTCCTATTCCTGACS This study
5'CCCATCCACTATAAACTAACAGTCGCGAAGAAGTAATCCATCTCS This study
5'CGCTCTAGACTTAACCATGCAGCAGAGS This study
5' CGCTCTAGAGGGAAATGGAGGCTAATTTTGS This study
5'CCCATCCACTATAAACTAACACTGCGGCGAAAGGCCTATTCAZ This study
5 TGTTAGTTTATAGTGGATGGGGCCCTATGAAACGTTGGATTG3' This study
5'CGCTCTAGACACTCGGAGTGGAGTAATACGS This study
5'CGCTCTAGACACTCGGAGTGGAGTAATACG3 [8]

5 AATAAAGCTTTTCGCATTGGCATGAGCCTTAS [8]

5' CGCGCGTCTAGACACCTTAAATAAGGAAATATT3 This study
5 CGCGCGAAGCTTTTAATTTTCCGTGGTGACTTTS This study

chamber. Videos were recorded for 60s and size of individual OMV's and total amount of
OMYV particles were analyzed by Nanoparticle Tracking Analysis software (NanoSight Ltd.).
All measurements were performed at room temperature.

OMVs purification by density gradient centrifugation

Optiprep density gradient purification was done as described previously [24]. Crude OMVs
samples suspended in 20 mM Tris-HCI pH 8.0 were added on the top of gradient layers and
centrifuged at 100,000 x g for 180 min at 4°C. After ultracentrifugation, the fractions were
sequentially collected from the top of the tube and were analyzed by SDS-PAGE and
immunoblotting.

SDS-PAGE and immunoblot analysis

Bacterial strains were grown at 30°C in LB medium to an ODgg, of 2.0 or for 16 h. Bacteria
were harvested by centrifugation at 18000 x g for 5 minutes. The resulting pellet was suspended
in 20 mM Tris-HCI (pH 8.0) buffer containing 8% SDS and 5% 2-mercaptoethanol. The super-
natant sample was precipitated 1:4 with 50% (w/v) trichloroacetic acid (TCA) and incubated
on ice for 15 minutes and subsequently centrifuged at 18,000 x g for 15 minutes at 4°C. The pel-
let was washed twice with ice-cold acetone, then air dried for 10 minutes at room temperature
and resuspended in 20 mM Tris-HCI (pH 8.0) buffer containing 8% SDS and 5% 2-mercap-
toethanol. The protein samples were separated by sodium dodecyl sulfate-13% polyacrylamide
gel electrophoresis (SDS-PAGE) and blotted onto a PVDF membrane [51]. Immunoblot analy-
sis was performed as described [52]. Full-length 81 kDa PrtV or cleaved 37 kDa were identified
using polyclonal rabbit anti-PrtV antiserum with the final dilution of 1:20,000 [10]. The anti-
OmpU (1:10,000 dilution) [53] antiserum was used to detect OmpU, a marker for the OMVs,
anti-B-lactamase antiserum (1:3,000) was used as a periplasmic protein marker after the cell
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fractionation and anti-Crp (1:5,000) antiserum [54] was used to detect Crp, a cytoplasmic pro-
tein marker. ECL anti-rabbit IgG, horseradish peroxidase-linked whole antibody (GE Health-
care) was used as a secondary antibody at a final dilution of 1:20,000. The immunoblot
detection was performed using the ECL+ chemiluminescence system (GE Healthcare, United
Kingdom) and the level of chemiluminescence was measured by using a luminescent image
analyzer LAS4000 IR multi colour (Fujifilm).

Construction of expression plasmids. DNA fragments containing the wild type prtV
gene and the prtVAPKD gene were amplified by PCR using C6706 chromosomal DNA as a
template and primers listed in Table 2. The PCR products were purified from the gel and
ligated into the pGEM-T Easy vector (Promega). After transformation into the Escherichia coli
strain DH50, plasmids were isolated with a Qiaprep Spin Miniprep kit (Qiagen). The prtV and
the prtVAPKD gene fragments were digested with Xbal and HindlIII enzymes and cloned into
the pBAD18 arabinose-inducible vector plasmid. The pBAD18-prtV and the pBAD18-
prtVAPKD vectors were then electroporated into the AprtV mutant of V. cholerae strain
C6706. As a negative control, the expression vector pBAD18 without an insert was introduced
into the mutant strain.

Electron microscopy and immunogold labeling

For the electronmicroscopic analysis, the OMV samples were stained with 0.1% uranyl acetate,
then placed on carbon-coated Formvar grids, and examined under an electron microscope.
Electron micrographs were taken with a JEOL 2000EX electron microscope (JEOL Co., Ltd.,
Akishima, Japan) operated at a voltage of 100 kV.

Immunogold labeling of OMV samples was performed as described previously [26]. Briefly,
50-pl (~3 pug of protein) of the OMV sample was treated with anti-PrtV polyclonal anti-serum
diluted in phosphate-buffered saline (PBS) for 30 min at 37°C. The OMV's were then separated
from the serum by centrifugation at 100,000 x g for 2 h at 4°C. The OMV samples were washed
three times with PBS. After washing, the OMV samples were incubated with the colloidal gold
probe suspension (Wako Pure Chemical Industries Ltd., Osaka, Japan) and the sample was
kept at room temperature for 30 min. The unbound gold particles were removed by subsequent
washing with PBS. After washing, the OMV samples were stained with 0.1% uranyl acetate on
carbon-coated Formvar grids and electron microscopic analysis was performed.

Proteinase K susceptibility assay

The assay was carried out as described previously [21,47]. Briefly, OMV's (150 ug/ml total pro-
tein concentration) were treated with proteinase K (0.5 ug ml™") either in the absence or pres-
ence of 1% SDS and incubated at 37°C for 30 min in 20 mM Tris HCI (pH 8.0). To neutralize
the activity of proteinase K, 1 mM phenylmethylsulfonyl fluoride (PMSF) was added and the
sample was incubated on ice for 30 min. The samples were analyzed by SDS-PAGE and immu-
noblot analyses using anti-PrtV and anti-OmpU antiserum.

Sub-cellular fractionation

V. cholerae O1 El Tor strain C6706 was grown at 37°C in LB medium to OD ¢y 2.0. Cell frac-
tionation to obtain sub-cellular fractions was performed as described previously [26,55].

Samples were analysed by immunoblot with anti-PrtV, anti-B-lactamase and anti-Crp poly-
clonal rabbit antibodies.
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Labeling of OMVs using the red fluorescent dye PKH26

OMVs isolated as described above from the wild type strain C6706 and AprtV mutant were
labeled using the red fluorescent dye PKH26 (Sigma). To maximize the dye solubility and
staining efficiency, the vesicle pellet was suspended in 500 pl of Diluent C, provided by the
manufacturer. PKH26 solution (2x10° M of PKH26 in 500 pl of Diluent C) was added to

500 pl of OMV's and mixed; the excess of unbound PKH26 dye was removed by two-step cen-
trifugations (100,000 x g, 30 minutes). After washing, the labeled vesicles were re-suspended in
20mM Tris HCI pH 8.0.

Cell line, culture conditions, and media used for the growth of cells

Human ileocecal colorectal adenocarcinoma (HCTS) cells (ATCC number CCL-244) were cul-
tured in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated fetal calf
serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 10 mM HEPES buffer solution, 100 pg/ml
streptomycin and 100 U/ml penicillin. The cells were cultivated at 37°C in 5% CO,
atmosphere.

OMV-associated PrtV activity assay

24-well plates (Thermo Scientific Nunclon) were seeded with HCTS8 cells and the cells were
grown to 50% confluence. The seeded HCTS8 cells were incubated with 50 ul of OMVs or Tris-
HClI buffer (as a control) for 12 h. 2% paraformaldehyde in PBS (pH 7.3) was used to fix the
cells for 10 min. After fixation, the cells were washed with PBS and incubated with 0.1 M gly-
cine at room temperature for 5 min. Subsequently, the cells were washed with PBS and permea-
bilized with 0.5% Triton X-100 (Sigma-Aldrich). Actin filaments and nuclei were stained using
Alexa Fluor 488 phalloidin (Molecular Probes) containing 1% BSA (Sigma-Aldrich) and DAPI
(Sigma-Aldrich) respectively. Cells were mounted in a fluorescence mounting medium
(DAKO), analyzed with a NIKON Eclipse 90i microscope, and photographed using a Hima-
matsu BW digital camera (12 bit) (Hamamatsu, Hamamatsu City, Japan).

Confocal microscopy

Cells were mounted with a fluorescence mounting medium (DAKO) containing antifade. Con-
focal microscopy was performed using a Nikon D-Eclipse C1 Confocal Laser with a NIKON
Eclipse 90i Microscope. Images were taken using a NIKON color camera (24 bit) with Plan
Apo NIKON 60X objective. Fluorescence was measured at 488 nm (FITC-CtxB and Alexa
Fluor 488-phalloidin, green), 405 nm (DAPI, blue) and 543 nm (rhodamine isothiocyanate
B-R18, red). Z-stack images were captured by using EZ-C1 3.80 imaging software.

Antimicrobial peptide susceptibility assay

OMVs from V. cholerae O1 El Tor C6706 and its prtV mutant derivatives were isolated as
described above. Isolated OMV's were diluted using 20 mM Tris HCI (pH 8.0) buffer to obtain
physiological concentration (1x) [adjusted to the initial bacterial culture volume]. The OMV
samples were co-incubated with 25 pg/ml of LL-37, a sub-lethal concentration, for 1 h at 37°C
prior to liquid growth inhibition assay using the V. cholerae O1 El Tor C6706 strain. Liquid
growth inhibition assays [56] were performed in PB medium (Poor Broth Medium: 0.5 M
NaCl, 1% bactotryptone, pH 7.5) and bacterial growth was monitored spectrophotometrically
at 600 nm for 20 h at 30°C using a TECAN multiscan microplate reader. To determine the
effect of antimicrobial peptide LL-37 on PrtV expression and secretion, V. cholerae O1 El Tor
C6706 were grown at 30°C in the presence of sub-lethal concentration of LL-37 (25 pg/ml) and
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samples were collected at ODgp 2.0. Using anti-PrtV polyclonal antiserum, PrtV protein
expression and secretion was monitored by immunoblot analysis. Anti-Crp polyclonal antise-
rum was used to detect Crp, a cytoplasmic protein marker.

Acknowledgments

This work was performed within the Umeé Centre for Microbial Research (UCMR) Linnaeus
Program. We are grateful to Dr. J. Gilthorpe for support in the use of NanoSight equipment for
nanoparticle tracking analysis.

Author Contributions

Conceived and designed the experiments: PKR SV MD TL] MA RL JO MS BEU SNW. Per-
formed the experiments: PKR SV MD TLJ. Analyzed the data: PKR SV MD TL] MA RL JO MS
BEU SNW. Contributed reagents/materials/analysis tools: MS BEU SNW. Wrote the paper:
PKR SV MD TLJ JO MS BEU SNW.

References

1. Faruque SM, Albert MJ, Mekalanos JJ (1998) Epidemiology, genetics, and ecology of toxigenic Vibrio
cholerae. Microbiol Mol Biol Rev 62: 1301-1314. PMID: 9841673

2. KaperJB, Morris JG Jr., Levine MM (1995) Cholera. Clin Microbiol Rev 8: 48-86. PMID: 7704895

Roszak DB, Colwell RR (1987) Survival strategies of bacteria in the natural environment. Microbiol Rev
51: 365-379. PMID: 3312987

4. Matz C, Kjelleberg S (2005) Off the hook—how bacteria survive protozoan grazing. Trends Microbiol
13: 302-307. PMID: 15935676

5. Levin BR, Tauxe RV (1996) Cholera: nice bacteria and bad viruses. Curr Biol 6: 1389-1391. PMID:
8939591

6. Finkelstein RA, Hanne LF (1982) Purification and characterization of the soluble hemagglutinin (cholera
lectin) (produced by Vibrio cholerae. Infect Immun 36: 1199-1208. PMID: 7047394

7. Olivier V, Haines GK 3rd, Tan Y, Satchell KJ (2007) Hemolysin and the multifunctional autoprocessing
RTX toxin are virulence factors during intestinal infection of mice with Vibrio cholerae El Tor O1 strains.
Infect Immun 75: 5035-5042. PMID: 17698573

8. Vaitkevicius K, Lindmark B, Ou G, Song T, Toma C, lwanaga M, et al. (2006) A Vibrio cholerae protease
needed for killing of Caenorhabditis elegans has a role in protection from natural predator grazing. Proc
Natl Acad SciU S A 103: 9280-9285. PMID: 16754867

9. Vaitkevicius K, Rompikuntal PK, Lindmark B, Vaitkevicius R, Song T, Wai SN (2008) The metallopro-

tease PrtV from Vibrio cholerae. FEBS J 275: 3167-3177. doi: 10.1111/j.1742-4658.2008.06470.x
PMID: 18479458

10. Ou G, Rompikuntal PK, Bitar A, Lindmark B, Vaitkevicius K, Wai SN, et al. (2009) Vibrio cholerae cytoly-
sin causes an inflammatory response in human intestinal epithelial cells that is modulated by the PrtV
protease. PLoS One 4: e7806. doi: 10.1371/journal.pone.0007806 PMID: 19907657

11.  Jongeneel CV, Bouvier J, Bairoch A (1989) A unique signature identifies a family of zinc-dependent
metallopeptidases. FEBS Lett 242: 211-214. PMID: 2914602

12. Bycroft M, Bateman A, Clarke J, Hamill SJ, Sandford R, Thomas RL, et al. (1999) The structure of a
PKD domain from polycystin-1: implications for polycystic kidney disease. EMBO J 18: 297-305.
PMID: 9889186

13. Edwin A, Rompikuntal P, Bjorn E, Stier G, Wai SN, Sauer-Eriksson AE (2013) Calcium binding by the
PKD1 domain regulates interdomain flexibility in Vibrio cholerae metalloprotease PrtV. FEBS Open Bio
3:263-270. doi: 10.1016/j.fob.2013.06.003 PMID: 23905008

14. Uhlin BE, Oscarsson J, Wai SN. 2014. Haemolysins, p 161-180 In Morabito S, editor. (ed), Pathogenic
Escherichia coli: molecuar and cellular microbiology. Horizon Press, Poole, United Kingdom.).

15. Beveridge TJ (1999) Structures of gram-negative cell walls and their derived membrane vesicles. J
Bacteriol 181:4725-4733. PMID: 10438737

16. Wai SN, Lindmark B, Soderblom T, Takade A, Westermark M, Oscarsson J, et al. (2003) Vesicle-medi-
ated export and assembly of pore-forming oligomers of the enterobacterial ClyA cytotoxin. Cell 115:
25-35. PMID: 14532000

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 19/22


http://www.ncbi.nlm.nih.gov/pubmed/9841673
http://www.ncbi.nlm.nih.gov/pubmed/7704895
http://www.ncbi.nlm.nih.gov/pubmed/3312987
http://www.ncbi.nlm.nih.gov/pubmed/15935676
http://www.ncbi.nlm.nih.gov/pubmed/8939591
http://www.ncbi.nlm.nih.gov/pubmed/7047394
http://www.ncbi.nlm.nih.gov/pubmed/17698573
http://www.ncbi.nlm.nih.gov/pubmed/16754867
http://dx.doi.org/10.1111/j.1742-4658.2008.06470.x
http://www.ncbi.nlm.nih.gov/pubmed/18479458
http://dx.doi.org/10.1371/journal.pone.0007806
http://www.ncbi.nlm.nih.gov/pubmed/19907657
http://www.ncbi.nlm.nih.gov/pubmed/2914602
http://www.ncbi.nlm.nih.gov/pubmed/9889186
http://dx.doi.org/10.1016/j.fob.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23905008
http://www.ncbi.nlm.nih.gov/pubmed/10438737
http://www.ncbi.nlm.nih.gov/pubmed/14532000

@’PLOS ‘ ONE

OMV-Mediated Transport of V. cholerae Protease, PrtV

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wai SN, Takade A, Amako K (1995) The release of outer membrane vesicles from the strains of entero-
toxigenic Escherichia coli. Microbiol Immunol 39: 451-456. PMID: 8569529

Bielig H, Dongre M, Zurek B, Wai SN, Kufer TA (2011) A role for quorum sensing in regulating innate
immune responses mediated by Vibrio cholerae outer membrane vesicles (OMVs). Gut Microbes 2:
274-279.doi: 10.4161/gmic.2.5.18091 PMID: 22067940

Bielig H, Rompikuntal PK, Dongre M, Zurek B, Lindmark B, Ramstedt M, et al. (2011) NOD-like receptor
activation by outer membrane vesicles from Vibrio cholerae non-O1 non-O139 strains is modulated by
the quorum-sensing regulator HapR. Infect Immun 79: 1418-1427. doi: 10.1128/IA1.00754-10 PMID:
21263023

ShenY, Giardino Torchia ML, Lawson GW, Karp CL, Ashwell JD, Mazmanian SK (2012) Outer mem-
brane vesicles of a human commensal mediate immune regulation and disease protection. Cell Host
Microbe 12: 509-520. doi: 10.1016/j.chom.2012.08.004 PMID: 22999859

Kaparakis-Liaskos M, Ferrero RL (2015) Immune modulation by bacterial outer membrane vesicles.
Nat Rev Immunol.

Kuehn MJ, Kesty NC (2005) Bacterial outer membrane vesicles and the host-pathogen interaction.
Genes Dev 19: 2645-2655. PMID: 16291643

Kouokam JC, Wai SN, Fallman M, Dobrindt U, Hacker J, Uhlin BE (2006) Active cytotoxic necrotizing
factor 1 associated with outer membrane vesicles from uropathogenic Escherichia coli. Infect Immun
74:2022—-2030. PMID: 16552031

Balsalobre C, Silvan JM, Berglund S, Mizunoe Y, Uhlin BE, Wai SN (2006) Release of the type |
secreted alpha-haemolysin via outer membrane vesicles from Escherichia coli. Mol Microbiol 59: 99—
112. PMID: 16359321

Rompikuntal PK, Thay B, Khan MK, Alanko J, Penttinen AM, Asikainen S, et al. (2012) Perinuclear
Localization of Internalized Outer Membrane Vesicles Carrying Active Cytolethal Distending Toxin from
Aggregatibacter actinomycetemcomitans. Infect Immun 80: 31-42. doi: 10.1128/IA1.06069-11 PMID:
22025516

Lindmark B, Rompikuntal PK, Vaitkevicius K, Song T, Mizunoe Y, Uhlin BE, et al. (2009) Outer mem-
brane vesicle-mediated release of cytolethal distending toxin (CDT) from Campylobacter jejuni. BMC
Microbiol 9: 220. doi: 10.1186/1471-2180-9-220 PMID: 19835618

Ellis TN, Kuehn MJ (2010) Virulence and immunomodulatory roles of bacterial outer membrane vesi-
cles. Microbiol Mol Biol Rev 74: 81-94. doi: 10.1128/MMBR.00031-09 PMID: 20197500

Premjani V, Tilley D, Gruenheid S, Le Moual H, Samis JA (2014) Enterohemorrhagic Escherichia coli
OmpT regulates outer membrane vesicle biogenesis. FEMS Microbiol Lett 355: 185—-192. doi: 10.
1111/1574-6968.12463 PMID: 24813639

Duperthuy M, Sjostrom AE, Sabharwal D, Damghani F, Uhlin BE, Wai SN (2013) Role of the Vibrio cho-
lerae matrix protein Bap1 in cross-resistance to antimicrobial peptides. PLoS Pathog 9: €1003620. doi:
10.1371/journal.ppat.1003620 PMID: 24098113

Manning AJ, Kuehn MJ (2011) Contribution of bacterial outer membrane vesicles to innate bacterial
defense. BMC Microbiol 11:258. doi: 10.1186/1471-2180-11-258 PMID: 22133164

Vanhove AS, Duperthuy M, Charriere GM, Le Roux F, Goudenege D, Gourbal B, et al. (2015) Outer
membrane vesicles are vehicles for the delivery of Vibrio tasmaniensis virulence factors to oyster
immune cells. Environ Microbiol 17:1152-1165. doi: 10.1111/1462-2920.12535 PMID: 24919412

Dragovic RA, Gardiner C, Brooks AS, Tannetta DS, Ferguson DJ, Hole P, et al. (2011) Sizing and phe-
notyping of cellular vesicles using Nanoparticle Tracking Analysis. Nanomedicine 7: 780-788. doi: 10.
1016/j.nan0.2011.04.003 PMID: 21601655

Orikoshi H, Nakayama S, Hanato C, Miyamoto K, Tsujibo H (2005) Role of the N-terminal polycystic
kidney disease domain in chitin degradation by chitinase A from a marine bacterium, Alteromonas sp.
strain O-7. J Appl Microbiol 99: 551-557. PMID: 16108796

Finn RD, Mistry J, Schuster-Bockler B, Griffiths-Jones S, Hollich V, Lassmann T, et al. (2006) Pfam:
clans, web tools and services. Nucleic Acids Res 34: D247-251. PMID: 16381856

Thanabalu T, Koronakis E, Hughes C, Koronakis V (1998) Substrate-induced assembly of a contiguous
channel for protein export from E.coli: reversible bridging of an inner-membrane translocase to an outer
membrane exit pore. EMBO J 17: 6487-6496. PMID: 9822594

Lybarger SR, Johnson TL, Gray MD, Sikora AE, Sandkvist M (2009) Docking and assembly of the type
Il secretion complex of Vibrio cholerae. J Bacteriol 191: 3149-3161. doi: 10.1128/JB.01701-08 PMID:
19251862

Kateb B, Yamamoto V, Alizadeh D, Zhang L, Manohara HM, Bronikowski MJ, et al. (2010) Multi-walled
carbon nanotube (MWCNT) synthesis, preparation, labeling, and functionalization. Methods Mol Biol
651: 307-317. doi: 10.1007/978-1-60761-786-0_18 PMID: 20686974

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 20/22


http://www.ncbi.nlm.nih.gov/pubmed/8569529
http://dx.doi.org/10.4161/gmic.2.5.18091
http://www.ncbi.nlm.nih.gov/pubmed/22067940
http://dx.doi.org/10.1128/IAI.00754-10
http://www.ncbi.nlm.nih.gov/pubmed/21263023
http://dx.doi.org/10.1016/j.chom.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22999859
http://www.ncbi.nlm.nih.gov/pubmed/16291643
http://www.ncbi.nlm.nih.gov/pubmed/16552031
http://www.ncbi.nlm.nih.gov/pubmed/16359321
http://dx.doi.org/10.1128/IAI.06069-11
http://www.ncbi.nlm.nih.gov/pubmed/22025516
http://dx.doi.org/10.1186/1471-2180-9-220
http://www.ncbi.nlm.nih.gov/pubmed/19835618
http://dx.doi.org/10.1128/MMBR.00031-09
http://www.ncbi.nlm.nih.gov/pubmed/20197500
http://dx.doi.org/10.1111/1574-6968.12463
http://dx.doi.org/10.1111/1574-6968.12463
http://www.ncbi.nlm.nih.gov/pubmed/24813639
http://dx.doi.org/10.1371/journal.ppat.1003620
http://www.ncbi.nlm.nih.gov/pubmed/24098113
http://dx.doi.org/10.1186/1471-2180-11-258
http://www.ncbi.nlm.nih.gov/pubmed/22133164
http://dx.doi.org/10.1111/1462-2920.12535
http://www.ncbi.nlm.nih.gov/pubmed/24919412
http://dx.doi.org/10.1016/j.nano.2011.04.003
http://dx.doi.org/10.1016/j.nano.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21601655
http://www.ncbi.nlm.nih.gov/pubmed/16108796
http://www.ncbi.nlm.nih.gov/pubmed/16381856
http://www.ncbi.nlm.nih.gov/pubmed/9822594
http://dx.doi.org/10.1128/JB.01701-08
http://www.ncbi.nlm.nih.gov/pubmed/19251862
http://dx.doi.org/10.1007/978-1-60761-786-0_18
http://www.ncbi.nlm.nih.gov/pubmed/20686974

@’PLOS ‘ ONE

OMV-Mediated Transport of V. cholerae Protease, PrtV

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ledgerwood LG, Lal G, Zhang N, Garin A, Esses SJ, Ginhoux F, et al. (2008) The sphingosine 1-phos-
phate receptor 1 causes tissue retention by inhibiting the entry of peripheral tissue T lymphocytes into
afferent lymphatics. Nat Immunol 9: 42-53. PMID: 18037890

Medina A, Ghahary A. Transdifferentiated circulating monocytes release exosomes containing 14-3-3
proteins with matrix metalloproteinase-1 stimulating effect for dermal fibroblasts. Wound Repair Regen
18:245-253. doi: 10.1111/1.1524-475X.2010.00580.x PMID: 20409149

Lehner T, Mitchell E, Bergmeier L, Singh M, Spallek R, Cranage M, et al. (2000) The role of gamma-
delta T cells in generating antiviral factors and beta-chemokines in protection against mucosal simian
immunodeficiency virus infection. Eur J Immunol 30: 2245-2256. PMID: 10940916

Sorensen OE, Borregaard N, Cole AM (2008) Antimicrobial peptides in innate immune responses. Con-
trib Microbiol 15: 61-77. doi: 10.1159/000136315 PMID: 18511856

Jochumsen N, Liu Y, Molin S, Folkesson A (2011) A Mig-14-like protein (PA5003) affects antimicrobial
peptide recognition in Pseudomonas aeruginosa. Microbiology 157: 2647-2657. doi: 10.1099/mic.0.
049445-0 PMID: 21700666

Matsushita O, Jung CM, Katayama S, Minami J, Takahashi Y, Okabe A (1999) Gene duplication and
multiplicity of collagenases in Clostridium histolyticum. J Bacteriol 181: 923-933. PMID: 9922257

Miyamoto K, Tsujibo H, Nukui E, Itoh H, Kaidzu Y, Inamori Y (2002) Isolation and characterization of
the genes encoding two metalloproteases (Mprl and Mprll) from a marine bacterium, Alteromonas sp.
strain O-7. Biosci Biotechnol Biochem 66: 416-421. PMID: 11999419

Perrakis A, Tews |, Dauter Z, Oppenheim AB, Chet |, Wilson KS, et al. (1994) Crystal structure of a bac-
terial chitinase at 2.3 A resolution. Structure 2: 1169-1180. PMID: 7704527

Sandkvist M (2001) Type Il secretion and pathogenesis. Infect Imimun 69: 3523-3535. PMID:
11349009

Sandkvist M (2001) Biology of type Il secretion. Mol Microbiol 40: 271-283. PMID: 11309111

Song T, Mika F, Lindmark B, Liu Z, Schild S, Bishop A, et al. (2008) A new Vibrio cholerae sSRNA modu-
lates colonization and affects release of outer membrane vesicles. Mol Microbiol 70: 100—-111. doi: 10.
1111/j.1365-2958.2008.06392.x PMID: 18681937

Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ, et al. (2002) Quorum-sensing reg-
ulators control virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci U S A 99: 3129-3134.
PMID: 11854465

Nordin JZ, Lee Y, Vader P, Mager |, Johansson HJ, Heusermann W, et al. (2015) Ultrafiltration with
size-exclusion liquid chromatography for high yield isolation of extracellular vesicles preserving intact
biophysical and functional properties. Nanomedicine.

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 227: 680-685. PMID: 5432063

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications. Proc Natl Acad SciU S A 76: 4350—4354.
PMID: 388439

Nakasone N, lwanaga M (1998) Characterization of outer membrane protein OmpU of Vibrio cholerae
O1. Infect Immun 66: 4726—4728. PMID: 9746570

Johansson J, Balsalobre C, Wang SY, Urbonaviciene J, Jin DJ, Sonden B, et al. (2000) Nucleoid pro-
teins stimulate stringently controlled bacterial promoters: a link between the cAMP-CRP and the (p)
ppGpp regulons in Escherichia coli. Cell 102: 475-485. PMID: 10966109

Wai SN, Westermark M, Oscarsson J, Jass J, Maier E, Benz R, et al. (2003) Characterization of domi-
nantly negative mutant ClyA cytotoxin proteins in Escherichia coli. J Bacteriol 185: 5491-5499. PMID:
12949101

Duperthuy M, Binesse J, Le Roux F, Romestand B, Caro A, Got P, et al. (2010) The major outer mem-
brane protein OmpU of Vibrio splendidus contributes to host antimicrobial peptide resistance and is
required for virulence in the oyster Crassostrea gigas. Environ Microbiol 12: 951-963. doi: 10.1111/j.
1462-2920.2009.02138.x PMID: 20074236

Hanahan D (1983) Studies on transformation of Escherichia coli with plasmids. J Mol Biol 166: 557—
580. PMID: 6345791

Miller VL, Mekalanos JJ (1988) A novel suicide vector and its use in construction of insertion mutations:
osmoregulation of outer membrane proteins and virulence determinants in Vibrio cholerae requires
toxR. J Bacteriol 170: 2575-2583. PMID: 2836362

Nesper J, Lauriano CM, Klose KE, Kapfhammer D, Kraiss A, Reidl J (2001) Characterization of Vibrio
cholerae O1 El tor galU and galE mutants: influence on lipopolysaccharide structure, colonization, and
biofilm formation. Infect Immun 69: 435—-445. PMID: 11119535

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 21/22


http://www.ncbi.nlm.nih.gov/pubmed/18037890
http://dx.doi.org/10.1111/j.1524-475X.2010.00580.x
http://www.ncbi.nlm.nih.gov/pubmed/20409149
http://www.ncbi.nlm.nih.gov/pubmed/10940916
http://dx.doi.org/10.1159/000136315
http://www.ncbi.nlm.nih.gov/pubmed/18511856
http://dx.doi.org/10.1099/mic.0.049445-0
http://dx.doi.org/10.1099/mic.0.049445-0
http://www.ncbi.nlm.nih.gov/pubmed/21700666
http://www.ncbi.nlm.nih.gov/pubmed/9922257
http://www.ncbi.nlm.nih.gov/pubmed/11999419
http://www.ncbi.nlm.nih.gov/pubmed/7704527
http://www.ncbi.nlm.nih.gov/pubmed/11349009
http://www.ncbi.nlm.nih.gov/pubmed/11309111
http://dx.doi.org/10.1111/j.1365-2958.2008.06392.x
http://dx.doi.org/10.1111/j.1365-2958.2008.06392.x
http://www.ncbi.nlm.nih.gov/pubmed/18681937
http://www.ncbi.nlm.nih.gov/pubmed/11854465
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://www.ncbi.nlm.nih.gov/pubmed/9746570
http://www.ncbi.nlm.nih.gov/pubmed/10966109
http://www.ncbi.nlm.nih.gov/pubmed/12949101
http://dx.doi.org/10.1111/j.1462-2920.2009.02138.x
http://dx.doi.org/10.1111/j.1462-2920.2009.02138.x
http://www.ncbi.nlm.nih.gov/pubmed/20074236
http://www.ncbi.nlm.nih.gov/pubmed/6345791
http://www.ncbi.nlm.nih.gov/pubmed/2836362
http://www.ncbi.nlm.nih.gov/pubmed/11119535

@’PLOS ‘ ONE

OMV-Mediated Transport of V. cholerae Protease, PrtV

60.

61.

62.

63.

64.

65.

Chatterjee S, Mondal AK, Begum NA, Roychoudhury S, Das J (1998) Ordered cloned DNA map of the
genome of Vibrio cholerae 569B and localization of genetic markers. J Bacteriol 180: 901-908. PMID:
9473045

Finkelstein RA, Boesman-Finkelstein M, Chang Y, Hase CC (1992) Vibrio cholerae hemagglutinin/pro-
tease, colonial variation, virulence, and detachment. Infect Immun 60: 472—-478. PMID: 1730478

Ishikawa T, Sabharwal D, Broms J, Milton DL, Sjostedt A, Uhlin BE, et al. (2012) Pathoadaptive condi-
tional regulation of the type VI secretion system in Vibrio cholerae O1 strains. Infect Immun 80: 575—
584. doi: 10.1128/IA1.05510-11 PMID: 22083711

Elluri S, Enow C, Vdovikova S, Rompikuntal PK, Dongre M, Carlsson S, et al. (2014) Outer membrane
vesicles mediate transport of biologically active Vibrio cholerae cytolysin (VCC) from V. cholerae
strains. PLoS One 9: e106731. doi: 10.1371/journal.pone.0106731 PMID: 25187967

Donnenberg MS, Kaper JB (1991) Construction of an eae deletion mutant of enteropathogenic Escheri-
chia coli by using a positive-selection suicide vector. Infect Immun 59: 4310-4317. PMID: 1937792

Furste JP, Pansegrau W, Frank R, Blocker H, Scholz P, Bagdasarian M, et al. (1986) Molecular cloning
of the plasmid RP4 primase region in a multi-host-range tacP expression vector. Gene 48: 119—131.
PMID: 3549457

PLOS ONE | DOI:10.1371/journal.pone.0134098 July 29, 2015 22/22


http://www.ncbi.nlm.nih.gov/pubmed/9473045
http://www.ncbi.nlm.nih.gov/pubmed/1730478
http://dx.doi.org/10.1128/IAI.05510-11
http://www.ncbi.nlm.nih.gov/pubmed/22083711
http://dx.doi.org/10.1371/journal.pone.0106731
http://www.ncbi.nlm.nih.gov/pubmed/25187967
http://www.ncbi.nlm.nih.gov/pubmed/1937792
http://www.ncbi.nlm.nih.gov/pubmed/3549457

