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VvpM, an Extracellular Metalloprotease of Vibrio vulnificus, Induces 
Apoptotic Death of Human Cells

A pathogenic bacterium, Vibrio vulnificus produces various 
extracellular proteases including the elastolytic metallopro-
tease, VvpE. In silico analysis of its genome revealed a VvpE- 
homologous protease, VvpM whose proteolytic activity was 
abolished by specific inhibitors against metalloproteases. To 
investigate whether this newly identified protease has patho-
genic role in host interaction in addition to proteolytic role, 
human cell lines were incubated with recombinant VvpM 
(rVvpM). rVvpM-challenged cells showed typical morpho-
logical changes found in cells under apoptosis. Apoptotic 
cell death was further evidenced by estimating the Annexin 
V-stained cells, whose proportions were dependent upon 
the concentrations of rVvpM treated to human cells. To elu-
cidate the signaling pathway for VvpM-induced apoptosis, 
three MAPKs were tested if their activation were mediated by 
rVvpM. ERK1/2 was phosphorylated by treatment of rVvpM 
and rVvpM-induced cell death was blocked by a specific inhi-
bitor against ERK1/2. In rVvpM-treated cells, the cytosolic 
levels of cytochrome c were increased in a VvpM concentra-
tion-dependent manner, while the levels of cytochrome c in 
mitochondria were decreased. Cell deaths were accompanied 
by apparent cleavages of procaspases-9 and -3 to the active 
caspases-9 and -3, respectively. Therefore, this study demon-
strates that an extracellular metalloprotease of V. vulnificus, 
VvpM induces apoptosis of human cells via a pathway con-
sisting of ERK activation, cytochrome c release, and then 
activation of caspases-9 and -3.
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Introduction

Vibrio vulnificus is a human pathogen that causes foodborne 
diseases including a fatal septicemia characterized by a rapid 

pathogenic progression and a high mortality rate (Strom 
and Paranjpye, 2000). Investigation of pathogenic charac-
teristics of this pathogen has revealed that human blood 
cells and Jurkat T-cell lines were killed by live cells of V. 
vulnificus in a necrotic manner (Kim et al., 2008a, 2009). It 
has been further characterized that NADH oxidase-derived 
production of reactive oxygen species (ROS) and a subse-
quent ROS-dependent activation of MAPKs, p38 and ERK1/2 
MAPKs are the major pathways responsible for the V. vul-
nificus-induced cell death (Kim et al., 2008a). In addition 
to occurrence of necrosis by V. vulnificus, live bacterial cells 
were able to induce apoptosis in a human macrophage cell 
line (Kashimoto et al., 2002).
  Bacterial surface components such as capsular polysaccha-
rides (Park et al., 2006), a lipoprotein (Goo et al., 2007), and 
lipopolysaccharides (Bahrani and Oliver, 1990), are well- 
known virulence factors involved in pathogenic interaction 
between V. vulnificus and host cells. Iron acquisition (Wright 
et al., 1981), fermentation efficiency (Lee et al., 2011), and 
motility (Kim and Rhee, 2003; Lee et al., 2004) of V. vulni-
ficus are also important in its pathogenicity. In addition, 
extracellular proteins secreted by V. vulnificus are critical 
virulence determinants, which include a cytolytic VvhA he-
molysin (Wright et al., 1985), a contact-dependent RtxA 
toxin (Lee et al., 2007; Kim et al., 2008b; Park et al., 2012), and 
an elastinolytic VvpE protease (Kothary and Kreger, 1987; 
Miyoshi et al., 1987).
  Among the extracellular factors of V. vulnificus, an elas-
tase VvpE, which is a 45-kDa zinc-metalloprotease belong-
ing to the thermolysin family, has been extensively studied. 
Although a vvpE-deficient mutant V. vulnificus was not al-
tered in its ability to kill mice compared with the wild type, 
VvpE protein itself showed to be highly cytotoxic to mice 
and human cells (Jeong et al., 2000). An injection of purified 
VvpE into experimental mice enhanced vascular permea-
bility and caused hemorrhagic damage. VvpE also degrades 
the type IV collagen in the vascular basement membrane of 
human cells, leading to destruction of the basement mem-
brane and breakdown of capillary vessels (Miyoshi et al., 
1998). Two serine proteases sized by 59 and 53-kDa have 
been identified from the culture media grown by V. vulnificus, 
which are encoded by vvsA and vvpS, respectively (Wang et 
al., 2008; Lim et al., 2011). VvpS was shown to be an auto-
lytic exoprotease, of which C-terminal domain has a hydro-
lyzing activity toward peptidoglycan. Recently, an exopro-
tease VvpM, which is presumed to be a zinc-metalloprotease, 
has been isolated from the culture supernatants of V. vulni-
ficus (Lee et al., 2013).
  The present study shows that this newly identified VvpM 
caused death of the human cells accompanying changes in 
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cellular morphologies indicating an apoptosis. Apoptosis 
has been considered as one of the representative pathways 
for cell death, in addition to necrosis. Cell shrinkage, changes 
in nuclear morphology, and appearance of vacuoles in cyto-
plasm are the typical characteristics of apoptosis while re-
taining barrier function of plasma membranes. In addition, 
activation of apoptotic pathway involves the sequential ac-
tivation of caspases (Hitomi et al., 2008; Zhang et al., 2009). 
In this study, we thus examine the effects of VvpM treat-
ment on host cell response and death, and further define the 
cellular pathways responsible for the VvpM-induced cell 
death by monitoring key markers for apoptosis.

Materials and Methods

Cultures for bacteria and human cells
For V. vulnificus growth, LBS medium was prepared by addi-
tion of NaCl to LB (Bertani, 1951) at a final concentration 
of 2.5% (w/v) and V. vulnificus strains were grown at 30°C. 
A human colorectal carcinoma cell line, HCT-116 (10247, 
Korean Cell Line Bank) was grown in RPMI1640 medium 
(Gibco BRL, USA) supplemented with 10% heat-inactivated 
FBS, 2.0 mM L-glutamine, 100 U/ml penicillin G, 100 mg/ml 
streptomycin, 25 mM sodium bicarbonate, and 25 mM 
HEPES. A human colonic carcinoma cell line, HT-29 (HTB- 
38; American Type Culture Collection) was cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) 
supplement with 10% fetal bovine serum (FBS), 100 U/ml 
penicillin G, and 100 mg/ml streptomycin. These cells were 
incubated at 37°C in a humid atmosphere of 5% CO2.

Proteolysis assay of recombinant VvpM (rVvpM) secreted 
from V. vulnificus
In order to overexpress the rVvpM protein secreted from V. 
vulnificus cells, the plasmid pRK-VvpM_His6 containing the 
ORF of VvpM derived from V. vulnificus MO6-24/O was 
used as previously described (Lee et al., 2013). To purify 
rVvpM, a culture supernatant grown by V. vulnificus carry-
ing pRK-VvpM_His6 in the presence of 1.0 mM isopropyl-
thio-ß-D-galactoside (IPTG) was subjected to Ni+-NTA af-
finity chromatography (Qiagen, Germany). The presence of 
proteolytic activity in the purified rVvpM was examined by 
in vitro assay in a buffer (50 mM NaH2PO4, 300 mM NaCl, 
pH 8.0) including 0.5 mg/ml β-casein (33 kDa, Sigma-Aldrich, 
USA) as a substrate. To examine the effects of protease in-
hibitors on the proteolytic activity of rVvpM, 1.0 mM EDTA 
(Iizuka et al., 1993), 1.0 mM 1,10-phenanthroline (Felber et 
al., 1962), and 0.1 mM PMSF (Prouty and Goldberg, 1972) 
were added to the reaction mixtures. Resultant reaction 
mixtures were analyzed by SDS-PAGE.

Morphologic observation of human cell lines via transmi-
ssion electron microscopy (TEM)
HCT-116 or HT-29 cells were seeded in a 24-well plate (2 × 
105 cells/well) and incubated at 37°C for 24 h. At 70% con-
fluency, prepared cells were treated with 0.1 μM rVvpM at 
37°C for 6 h, and washed with pre-cooled PBS (pH 7.2). 
The harvested cells were fixed with 2% glutaraldehyde/2% 

paraformaldehyde solution at 4°C, and then embedded in 
paraffin. The sections of the prepared cells were observed 
under TEM (Philips/FEI), and the acquired images were cap-
tured using MegaView 3 camera (Olympus Soft Imaging 
Solutions).

Flow cytometric measurement of cell death
HCT-116 or HT-29 was seeded in a 12-well plate (5 × 105 

cells/well) and incubated at 37°C for 24 h. After washing 
with FBS-free medium, the cells were treated with various 
concentrations of rVvpM (from 0.01 to 0.5 μM) at 37°C for 
6 h. As a positive control for the cell death, each cell was 
treated with 10 mM H2O2 for 3 h. Cells were then stained 
with Annexin V (BD Pharmingen, USA) at a final concen-
tration of 0.5 mg/ml, and the degrees of dye-binding were 
assessed using FACS analysis. FACS analyses were per-
formed at least 10,000 cells per sample with a FACScan 
(Becton Dickinson, USA).

Western blot analysis to examine MAPK activation in rVvpM- 
treated cells
HCT-116 cells (2 × 105 cells/well) challenged with 0.1 or 0.5 
μM of rVvpM for various lengths of time (2, 4, and 6 h) 
were treated in ice-cold lysis buffer [10 mM Tris-HCl, 5 mM 
EDTA, 130 mM NaCl, 1% (v/v) Triton X-100, 1% (v/v) PMSF, 
1% (v/v) protease inhibitor, pH 7.4] for 30 min. Ten micro-
gram of proteins in the lysate was subjected to SDS-PAGE 
and transferred onto a polyvinylidene fluoride membrane 
(Millipore Corp., USA). Membranes were blocked with 5% 
non-fat dry milk in TBST (Tris-buffered saline with Tween 
20; 150 mM NaCl, 50 mM Tris-HCl, and 0.1% Tween 20, 
pH 8.0), and then incubated overnight at 4°C with antibodies 
specific to the phosphorylated forms of MAPK (ERK1/2, 
JNK, and p38 MAPK: Cell Signaling Technology, USA). After 
incubating with horseradish peroxidase-conjugated secon-
dary antibodies, immunoreactive bands were visualized using 
an enhanced chemiluminescence system (Amersham Phar-
macia Biotech, USA). Membranes were then incubated in 
stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, and 
62.5 mM Tris-HCl, pH 6.7) at 55°C for 30 min to remove 
the antibodies bound to phosphorylated MAPK from the 
membranes, and re-probed with antibodies specific to both 
phosphorylated and unphosphorylated forms of each MAPK.

Treatment of human cells with MAPK inhibitors prior to 
rVvpM exposure
To investigate the role of each MAPK in rVvpM-induced 
death of HCT-116 cells, the cells (4 × 104 cells/well) were 
treated for 30 min with 10 μM PD98059 (Calbiochem, 
Germany) or SB202190 (Calbiochem), which is an ERK1/2- 
specific inhibitor or a p38-specific inhibitor, respectively. 
Pretreated cells were then exposed to 0.5 μM rVvpM for 3 h. 
Cell viability of HCT-116 cells was measured by MTS as-
says using CellTiter 96® Aqueous Non-Radioactive Cell 
Proliferation (Promega, USA), as directed by the manual. 
DMSO was used to dissolve the inhibitors, and the DMSO 
concentrations added to cell cultures were not exceed by 
1% of the culture volume, at which cellular viability of HCT- 
116 was not affected (data not shown).
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Fig. 1. Amino acid alignment of VvpM 
with VvpE. Both VvpE and VvpM show 
the presence of PepSY domain (desig-
nated by white letters in gray box) and 
M4 neutral protease domain (designated 
by black letters in gray box) that in-
cludes the conserved amino acid resi-
dues for the zinc-binding motif (marked 
by Zn) and for the catalytic sites (marked 
by C). Domains of FTP and PPC present 
in the N- and C-termini of VvpE are 
designated with black letters, and the 
signal peptide of VvpE was indicated 
by black box. The amino acid residues 
of N- and C-termini of the mature VvpE 
after the propeptides have been proc-
essed, are indicated with underlines with 
the amino acid positions, 197 and 511 
(Miyoshi et al., 1997). A putative signal 
peptide of VvpM (designated by black 
box) was predicted by the program 
SignalP 4.1 server and the N-terminus 
of the mature VvpM was identified by 
N-terminal sequencing, which is indi-
cated by underlining the amino acid 
positioned at the 182nd residue.

Isolation of mitochondria and estimation of cytochrome c 
contents
HCT-116 was seeded in a 6-well plate (1 × 106 cells/well) and 
incubated at 37°C for 24 h in a 5% CO2 incubator. After 
washing with FBS-free RPMI medium, the cells were treated 
with various concentrations of rVvpM (from 0.01 to 0.5 
μM) for 6 h. Mitochondrial fraction was prepared from 
rVvpM-treated cells using QproteomeTM Mitochondrial Iso-
lation Kit (Qiagen, Germany) and the contents of cytochrome 
c in the fraction were measured using Human Cytochrome 
c Quantikine ELISA Kit (R&D Systems, USA), as directed 
by the manuals. A standard curve for cytochrome c quanti-
fication was plotted using various amounts of human cyto-
chrome c (R&D Systems) in the same assay. To compare cy-
tochrome c levels in cytosolic and mitochondrial fractions, 
western blot analyses were performed using the mono-
clonal antibodies specific to human cytochrome c (Cell Sig-
naling Technology).

Western blot analysis of caspase-9 and caspase-3
Fifty micrograms of the cell extracts treated with rVvpM 
were separated on 10% SDS-PAGE, and probed with anti- 
caspase-9 or anti-caspase-3 monoclonal antibodies (Cell 
Signaling Technology). A protein extract derived from cells 

treated with 5 μM staurosporine (STS) for 6 h was used as a 
positive control. A western blot of the same extracts using 
anti-β-actin antibodies (Cell Signaling Technology) was also 
done to provide a loading control.

Statistical analyses
Results were expressed as the averages ± standard deviations 
from at least three independent experiments. Statistical ana-
lysis for pairwise comparison was performed using Student’s 
t-test (SYSTAT program, SigmaPlot version 9, Systat Soft-
ware Inc.). A p-value <0.05 was considered statistically signi-
ficant and the p-values are presented in the corresponding 
figures with single asterisk (*) for 0.01<p<0.05 or double 
asterisks (**) for p<0.01.

Results

Identification of an additional extracellular metalloprotease 
produced by V. vulnificus
It has been previously observed that a V. vulnificus mutant 
deficient in both vvpE and vvpS genes encoding elastase and 
serine protease produced a certain level of exoproteolytic 
activity (Kim, J.-A. and Lee, K.-H., unpublished data). It 
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Fig. 2. In vitro proteolytic assay using a recombinant VvpM (rVvpM). 
rVvpM (0.4 μM) was incubated in a buffer including β-casein (0.5 μg/ml) 
as a substrate in the presence or absence of an enzyme inhibitor. Reac-
tion mixtures were then electrophoresed on a 10% SDS-PAGE to monitor
β-casein degradation. Lanes: 1, a protein size marker; 2, rVvpM only; 3, 
β-casein only; 4, β-casein and rVvpM; 5, β-casein, rVvpM and 1.0 mM 
EDTA; 6, β-casein, rVvpM and 1.0 mM 1,10-phenanthroline; and 7, 
β-casein, rVvpM and 0.1 mM PMSF.

              (A)                                       (B)

              (C)                                       (D)

Fig. 3. Transmission electromicrographs of HCT-116 (A, B) and HT-29 
cells (C, D) treated with rVvpM. HCT-116 and HT-29 cells were cultured 
for 6 h in the absence (A and C) or presence (B and D) of 0.1 μM rVvpM. 
Apparent cell shrinkage was observed in the rVvpM-treated cells accom-
panied by nuclear condensation and vacuole formation as indicated with 
arrows.

suggests the presence of other exoproteases than VvpE and 
VvpS in the culture supernatant of V. vulnificus. Thus, its 
genome was analyzed to search the ORFs homologous to 
the amino acid sequences of VvpE (VVMO6_04367) or VvpS 
(VVMO6_01684). Among various homologous ones, at least 
six ORFs, VVMO6_03483, VVMO6_04535, VVMO6_01702, 
VVMO6_02450, VVMO6_03691, and VVMO6_04351, are 
shown to include tentative leader peptides at their N-termini, 
which were examined using the SignalP 4.1 server. VVMO6_ 
03483, which is composed of 595 amino acids, shows an 
overall similarity of 56.5% to VvpE composed of 609 amino 
acids. Domain analysis using the NCBI Conserved Domain 
Search predicts that the gene product of VVMO6_03483 
contains the domains of PepSY [peptidase propeptide and 
YPEB (a protein encoded by Bacillus subtilis ypeB gene)], 
and M4 neutral protease domain with Zn-binding sites (Häse 
and Finkelstein, 1993), suggesting it is a zinc-metalloprotease. 
Thus, it has been named by VvpM. While the domains of 
FTP (fungalysin/thermolysin propeptide) and PPC (prepep-
tidase C-terminal domain) are present in the N-terminus 
and C-terminus of VvpE, respectively, they are not discer-
nible in VvpM (Fig. 1).
  To examine the proteolytic characteristics of this putative 
metalloprotease, V. vulnificus carrying a broad-host-range 
vector pRK415 containing the His-tagged vvpM gene (Lee 
et al., 2013) was used to overexpress rVvpM. The size of 
purified rVvpM is ~55 kDa (lane 2 in Fig. 2), which is less 
than the calculated molecular size of the polypeptide after 
its 29-amino acid signal peptide is removed. N-terminal se-
quencing of rVvpM harvested from culture supernatant of 
V. vulnificus revealed that the N-terminal amino acid of the 
processed polypeptide starts from Gly at the 182nd amino 
acid residue of the putative VvpM ORF (Fig. 1). It suggests 
that the N-terminal region of VvpM polypeptide has been 
processed after removal of its signal peptide. However, it is 
not known if VvpM is further processed at the C-terminus. 
In vitro proteolytic analysis showed that rVvpM exhibits an 
efficient protease activity to β-casein as a substrate (Fig. 2). 
To investigate whether VvpM exhibits the typical proteoly-

sis shown by metalloproteases, its proteolytic activity was 
examined in the presence of an ion chelator or a specific 
inhibitor. Proteolytic activity of rVvpM was inhibited by ad-
dition of metalloprotease inhibitors, such as EDTA (Iizuka 
et al., 1993) or 1,10-phenanthroline (Felber et al., 1962), but 
not by a specific serine protease inhibitor, such as PMSF 
(Prouty and Goldberg, 1972), indicating that VvpM is a 
metalloprotease.

VvpM induces apoptosis in human cell lines
To investigate the functional role of VvpM, rVvpM was chal-
lenged to two human cell lines, HCT-116 and HT-29, and 
these two cell lines were monitored for their morphological 
changes. At 6 h after exposure to rVvpM (0.1 μM), both 
HCT-116 and HT-29 cells showed morphological changes, 
which have been previously described in the cells under 
apoptotic death (Kroemer et al., 2005). For example, cell 
shrinkage, nuclear condensation, and appearance of vacuoles 
were discernible in the rVvpM-treated cells (Fig. 3).
  When HCT-116 cells were treated with various amounts of 
rVvpM (from 0.01 to 0.5 μM), the degree of Annexin V- 
staining was gradually increased to 36 ± 3%, while the con-
trol HCT-116 cells showed about 8% (p=0.0222, Student 
t-test). Increased degree of Annexin V-staining by rVvpM- 
treatment is comparable to the extent of Annexin V-stain-
ing of HCT-116 cells exposed to H2O2, a known inducer 
for apoptosis (Fig. 4A). When another cell line, HT-29 was 
exposed to rVvpM, the similar effect was also observed (Fig. 
4B). About thirty percentage of cells were stained by Annexin 
V when HT-29 cells were challenged to 0.5 μM rVvpM 
(p=0.0148, Student t-test).

ERK1/2 MAPKs are involved in the VvpM-induced cell death
Three MAPK subfamilies, ERK1/2, p38, and JNK, are well- 
known signaling kinases involved in signal transduction in 
response to various extracellular stimulants including patho-
genic bacterial components (Kyosseva, 2004). We thus in-
vestigated the role of MAPKs in VvpM-induced death of 
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    (A)

    (B)

Fig. 4. Annexin V-staining of rVvpM-treated HCT-116 (A) and HT-29 
cells (B). HCT-116 or HT-29 cells were treated with various concentra-
tions of rVvpM (from 0.01 to 0.5 μM) at 37°C for 6 h. Cells were then 
stained with Annexin V at a final concentration of 0.5 mg/ml, and the 
percentages of Annexin V-stained cells were determined by FACS analysis. 
The cells were treated with medium only or 10 mM H2O2 for 3 h were 
served as a negative control (NC) or a positive control for cell death, res-
pectively. Data are means ± standard deviations from three independent 
experiments and the p-values derived from comparison with the percen-
tages of Annexin V-stained cells of NC were presented (* for 0.01<p<0.05; 
** for p<0.01). The term, ns, stands for non-significant difference.

(A)

(B)

Fig. 5. Role of MAPKs in rVvpM-induced death of HCT-116. (A) Acti-
vation of MAPKs in rVvpM-treated HCT-116 cells. Lysates of HCT-116 
cells challenged with 0.1 or 0.5 μM of rVvpM for 2–6 h were subjected to 
western blot analyses using antibodies specific to the phosphorylated 
form of each MAPK (ERK1/2, JNK, and p38 MAPKs). After stripping 
the bound antibodies, the same membranes were re-probed with anti-
bodies specific to both phosphorylated and unphosphorylated forms of 
each MAPK. (B) Effects of MAPK inhibitors on rVvpM-induced death of 
HCT-116 cells. The cells pretreated with 10 μM PD98059 (an ERK1/2 in-
hibitor) or 10 μM SB202190 (a p38 inhibitor) were incubated with 0.5 
μM rVvpM. After 3 h, the viability of HCT-116 cells was estimated by 
MTS assay, as described in Methods. Relative viability indicates the per-
centages of viable cells with respect to the cells treated with 1% DMSO. 
p-values were presented with single asterisk (*) for 0.01<p<0.05 or double
asterisks (**) for p<0.01. The term, ns, stands for non-significant difference.

HCT-116 cells by determining if incubation with rVvpM 
activates MAPKs in HCT-116 cells (Fig. 5A). Increase of the 
phosphorylated forms of p38 and ERK1/2 were apparent in 
HCT-116 cells treated with 0.1 or 0.5 μM rVvpM for 2 h. 
On the contrary, the phosphorylated form of JNK was sli-
ghtly increased in only the HCT-116 cells treated with 0.5 
μM rVvpM.
  Role of two MAPKs, p38, and ERK1/2, in this process was 
assessed using a specific inhibitor against each MAPK (Fig. 
5B). For this purpose, we used the MTS assay, in which 
viable cells could be monitored by measuring their respira-
tory ability to uptake MTS and comparing to that derived 
from the negative control (NC), in which cells were treated 
by DMSO. Treatment of H2O2 resulted in 28% of the via-
bility relative to NC of this assay. HCT-116 cells treated 
with 0.5 μM rVvpM showed 74% relative viability. When 
HCT-116 cells were pretreated with 10 μM SB202190, a se-

lective inhibitor of p38 MAPK, their relative viability in the 
presence of rVvpM was the same as the rVvpM-treated 
cells. On the contrary, pretreatment of HCT-116 cells with 
10 μM of PD98059, a selective inhibitor of ERK1/2, re-
sulted in abolition of rVvpM effect on the cellular viability. 
This result indicates that ERK1/2 MAPKs play a role in 
VvpM-induced death of HCT-116 cells.
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               (A)                                                                                             (B)

Fig. 7. Western blot analyses of caspase-3 and caspase-9 in rVvpM-exposed cell lines. Fifty microgram of the extracts of HCT-116 (A) or HT-29 cells (B) 
exposed to various concentrations of rVvpM (from 0.01 to 0.5 μM) were separated on 10% SDS-PAGE. The protein blots were then probed with anti-cas-
pase-3 (the upper panels) or anti-caspase-9 (the middle panels) monoclonal antibodies. Extracts of the cells treated with medium only (NC) and 5 μM 
staurosporine (STS) for 6 h were included in these analyses as a negative and positive control, respectively. The level of β-actin in the same samples was 
monitored as a loading control (the lower panels).

    (A) (B)

Fig. 6. Cytochrome c release from mitochondria of the rVvpM-exposed HCT-116 cells. (A) After treatment of HCT-116 cells with various concentrations 
of rVvpM (from 0.01 to 0.5 μM), mitochondrial fractions were assayed to quantify cytochrome c. For a negative control (NC), the cells treated with me-
dium only were included in the assay. The percentages of cytochrome c in the mitochondrial fractions of rVvpM-treated cells, which were derived from 
comparison with the cytochrome c content in NC, are presented as means ± standard deviations from three independent experiments with the p-values 
(double asterisks for p<0.01). (B) The levels of cytochrome c in the fractions of cytosol and mitochondria of the rVvpM-treated cells were analyzed by 
western blotting using monoclonal antibodies specific to human cytochrome c.

VvpM induces cytochorme c release from mitochondria
Mitochondrion is one of the important components in am-
plifying apoptosis signal by releasing cytochrome c and 
other proapoptotic proteins into the cytoplasm (Green and 
Kroemer, 2004), resulting in formation of apoptosome with 
Apaf1 and procaspase-9, activation of caspases, and subse-
quently death of cells (Wang, 2001). Thus, it was examined 
whether the release of cytochrome c occurred in mitochon-
dria of the cells challenged with rVvpM. Using mitochon-
drial fractions isolated from these rVvpM-treated cells, cy-
tochrome c level was determined by ELISA. Compared to 
the control cells, the amounts of cytochrome c in mitochon-
dria were significantly decreased in rVvpM-treated cells as a 
VvpM concentration-dependent manner (Fig. 6A; p<0.00001, 
Student t-test).
  This finding implies that cytochrome c might be released 

into cytoplasm upon exposure to rVvpM. To verify the re-
lease of cytochrome c from mitochondria to cytoplasm, wes-
tern blot analyses were performed with the cytoplasmic and 
mitochondrial fractions of rVvpM-exposed HCT-116 cells 
using cytochrome c-specific antibodies (Fig. 6B). Western 
blot of these fractions were also monitored for β-actin level 
as a loading control for protein amount in each samples. In 
untreated cells, more cytochrome c was apparent in mito-
chondria than in cytoplasm. When HCT-116 cells were 
treated with various amounts of rVvpM, the cytochrome c 
levels in mitochondrial fractions were decreased in a dose- 
dependent manner of rVvpM. In contrast, the cytochrome 
c levels in cytoplasmic fractions of HCT-116 cells were 
proportionally increased with added rVvpM. These data 
demonstrated that the V. vulnificus VvpM triggers death of 
HCT-116 cells via releasing cytochrome c from mitochon-
dria of rVvpM-treated cells.
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VvpM activates caspases in HCT-116 and HT-29 cells
In a subsequent experiment, we performed western blotting 
to monitor the occurrence of caspase-9 activation in HCT- 
116 and HT-29 cells. Activation of caspase-3 was also exa-
mined in the same cells, since caspase-3 is a substrate for 
activated caspase-9 (Green, 1998). As a positive control for 
activation of these caspases, two human cell lines were ex-
posed to 5 μM STS promoting activation of caspases (Bert-
rand et al., 1994). Marked activation of capsase-3 and cas-
pase-9 were observed in STS-treated cells as expected (Fig. 
7). For loading control, the same amounts of proteins in each 
sample were monitored by western blot analysis against 
β-actin. A gradual increase in proteolysis of procaspase-9 
and -3 was apparent in the rVvpM-treated HCT-116 cells: 
the active fragments of caspase-9 and -3 were generated 
from the 47-kDa procaspase-9 and 35-kDa procaspase-3, 
respectively (Fig. 7A). The HT-29 cells, which express a mu-
tant p53, also showed proteolyses of both procaspase-3 and 
procaspase-9 upon incubation with rVvpM (Fig. 7B), sugge-
sting that rVvpM-induced apoptosis might be independent 
of p53. In the case of HT-29 cell, however, the caspase acti-
vation was apparent when relatively high concentration of 
rVvpM (0.5 μM) was challenged. These results indicate 
VvpM is able to induce apoptosis in both HCT-116 and 
HT-29 cell, which occurs in a caspase-dependent manner.

Discussion

Among diverse exoenzymes secreted by V. vulnificus, exopro-
teases have been shown to play role(s) in interactions with 
its hosts (Oliver et al., 1986; Ham and Orth, 2012). Despite 
of the ambiguous role of an exoproteolytic elastase, VvpE 
in mouse lethality of V. vulnificus (Jeong et al., 2000), VvpE 
has been shown to degrade human vascular basement mem-
brane and capillary vessel, and to cause a dermonecrosis in 
mouse (Kothary and Kreger, 1987; Miyoshi et al., 1998). In 
silico analysis of V. vulnificus genomes showed the pre-
sence of multiple ORFs encoding proteases with the tenta-
tive but apparent signal peptides at their N-termini. A me-
talloprotease, VvpM was selected to investigate in this study, 
since VvpM shows the overall homology to the extensively 
studied VvpE but it does not have all the domains found in 
VvpE, such as FTP-domain at the N-terminus and PPC- 
domain at the C-terminus (Fig. 1). Thus, it was speculated 
that VvpM could exhibit different functions that have not 
been observed in VvpE. However, a proteolytic domain, M4 
neutral protease domain is present in VvpM and is highly 
homologous to the corresponding domain of VvpE. The 
amino acid residues at the Zn-binding motif and the cata-
lytic sites in this domain are conserved, and a metallopro-
teolytic nature of the VvpM activity was experimentally pro-
ven (Fig. 2). Both VvpE and VvpM have been shown to de-
grade the V. vulnificus hemolysin, VvhA (Lee et al., 2013).
  Incubation of HCT-116 and HT-29 cells with rVvpM 
showed that this metalloprotease was able to induce death 
of these human cells. rVvpM-induced cell death was charac-
terized by the typical morphological changes in cells under 
apoptosis, including chromatin condensation, cytoplasmic 
shrinkage, and membrane blebbing (Kroemer et al., 2005; 

McHugh and Turina, 2006) (Fig. 3). Some extracellular com-
ponents of Vibrio spp. have been reported to cause apoptosis 
in target cells. Lipopolysaccharide of V. fischeri induces apop-
tosis in the light organs of host squid Euprymna scolopes for 
development of mutualistic interaction (Foster et al., 2000). 
A hemolysin of V. harveyi induces apoptosis in its putative 
host, Paralichthy solivaceus via a caspase-dependent path-
way (Bai et al., 2010).
  Monitoring of the marker proteins for apoptosis revealed 
that the active, cleaved forms of caspase-3 and caspase-9 
were actually produced by rVvpM-treatment in a dose-de-
pendent manner (Fig. 7). VvpM-induced activation of cas-
pases-3/9 in an apoptotic pathway was mediated by mito-
chondrial release of cytochrome c (Fig. 6). The present study 
demonstrated that the amounts of cytochrome c was reduced 
in mitochondria but increased in cytosol upon exposure to 
VvpM, suggesting a release of cytochrome c from mitochon-
dria in rVvpM-exposed cells. Mitochondrial dysfunction, 
however, has been shown to be linked to necrosis in addition 
to apoptosis (Kroemer et al., 2007). Thus, it is possible that 
the release of cytochrome c by VvpM could be caused by 
multiple types of cell death, as previously shown in other 
systems (Galluzzi et al., 2012). A previous study has reported 
that live bacterial cells of V. vulnificus induced death of hu-
man cells via activation of p38 and ERK1/2 MAPKs (Kim 
et al., 2008a, 2009). In this study, ERK1/2 was shown to be 
a member of signaling components for VvpM-induced cell 
death, based on experiments using inhibitors blocking the 
specific MAPK activities (Fig. 5B). These results suggest that 
VvpM is one of the bacterial components involved in V. 
vulnificus-induced cell death mediated by activation of the 
ERK1/2 MAPKs.
  In the present study, we demonstrate the additional func-
tion of VvpM secreted by V. vulnificus, which leads apop-
totic death of human cells via signaling pathway composed 
of activation of ERK1/2 MAPK, cytochrome c release from 
mitochondria, and subsequent cleavage of caspase-3 and 
-9. To further investigate the in vivo roles of VvpM in in-
teractions of V. vulnificus with host(s), it is required to eluci-
date the specific conditions when/where vvpM expression is 
highly induced and/or VvpM activity are stably maintained.
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