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Abstract Vibrio vulniWcus YJ016 contains three genes
encoding proteins homologous to repeats-in-toxin proteins.
One of these genes, vva0331, possesses a long open reading
frame of 13,971 bp in length and resides on the small chro-
mosome between two gene clusters encoding a type I secre-
tion system and several regulatory proteins, respectively.
Bioinformatic analysis revealed that VVA0331 consist of
nineteen 87-amino acid repeats, two Arg-Gly-Asp motifs,
four cysteine residues, an outer membrane protein domain,
a polysaccharide-binding site and several motifs related to
cell adhesions. These features are distinct from those of
typical repeat-in-toxins and autotransporter adhesins. Real-
time quantitative PCR analysis indicates that vva0331 gene
expression is activated at 30°C and regulated by iron. In
addition, VVA0331 is present primarily in a secreted form
as determined by cell fractionation assay and Western blot
analysis. No signiWcant diVerence in Hep2 cell adherence,
cytotoxicity, and virulence was observed between the wild
type and vva0331 mutant strains. In contrast, these strains

exhibited apparently diVerent outer membrane protein pro-
Wles, and antiserum raised against C-terminal region of
VVA0331 reacted with an 85-kDa outer membrane protein
of V. vulniWcus YJ016.

Keywords Vibrio vulniWcus · RTX · Agglutination · 
Outer membrane proteins

Abbreviations
RTX Repeats-in-toxin
TISS Type I secretion system
VcRtxA Vibrio cholerae RtxA
Q-PCR Real-time quantitative PCR
g3pdh Glyceraldehyde-3-phosphate dehydrogenase
OmpA Outer membrane protein A
TCA Trichloroacetic acid
CHO Chinese hamster ovary cells
vWf Von Willebrand factor

Introduction

Vibrio vulniWcus, a motile Gram-negative rod-shaped bac-
terium, is a natural habitant of marine environments. The
microorganism causes three major syndromes in human
hosts: wound infection, primary septicemia, and gastroen-
teritis. The mortality rate in soft patients with tissue infec-
tion caused by the pathogen is about 25%, in septic patients
is up to 50%, and for all three illnesses is 37% (Blake et al.
1979; Chiang and Chuang 2003; Gulig et al. 2005). Addi-
tionally, V. vulniWcus infections frequently occurred in
individuals with liver diseases or immunosuppression.

Vibrio vulniWcus can express various virulence-associated
factors, including capsular polysaccharides, lipopolysaccha-
rides, extracellular hemolysin/cytolysin, metalloprotease, pili,
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Xagella, siderophore, and repeats-in-toxin (RTX) proteins
(Chiang and Chuang 2003; Gulig et al. 2005). The RTX
proteins are commonly secreted by a type I secretion sys-
tem (TISS) and are present widely in Gram-negative human
and animal pathogens. The common structure of RTX
includes a carboxyl-terminal calcium-binding domain of
acidic glycine-rich nonapeptide repeats. A typical rtx
operon comprises four genes, rtxA, rtxC, rtxB, and rtxD,
encoding the cytolytic toxin, an essential acyltransferase,
an ATP-binding cassette transporter, and an uncharacter-
ized protein, respectively (Coote 1992; Lally et al. 1999).
The Vibrio cholerae RtxA (VcRtxA) has cytotoxic activity
and cell rounding ability resulting from depolymerization
of actin cytoskeleton (Lin et al. 1999; Fullner and Mekal-
anos 2000; Sheahan et al. 2004). Recent Wndings further
suggest that VcRtxA is associated with growth phase regu-
lation and is independent of quorum sensing (Boardman
et al. 2007).

The genomic DNA sequence of V. vulniWcus YJ016, a
strain isolated from a primary septicemia patient, has been
determined (GenBank accession number NC_005140)
(Chen et al. 2003). Three rtx loci were annotated in the
genome: a complete rtx gene cluster (vva1030-6) and an
incomplete set (vva0331-3) lacking rtxC are on the smaller
chromosome; another rtxA gene vv1546 is on the large
chromosome. The gene vva1030 (GenBank accession num-
ber NP_937086) encodes a product essential for cytotoxic-
ity in INT-407 cells and virulence in mice (Lee et al. 2007),
whereas the functions of the other two rtxA genes, vva0331
(NP_936387) and vv1546 (NP_934339), remain obscure.

This study attempts to identify the functional role of
vva0331, which encodes a protein with a theoretical mass
of 489 kDa and a pI of 3.57. Here we report the eVect of
diVerent growth condition on vva0331 expression and the
subcellular location of the gene product. Several biological
properties of a vva0331 knockout mutant were also charac-
terized. The Wndings provide important implication on the
possible functional roles of the large RTX-like protein.

Materials and methods

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table
S1. V. vulniWcus YJ016 (Chen et al. 2003) and its deriva-
tives were propagated at 30°C in Luria-Bertani (LB) broth
supplemented with 100 U ml¡1 polymyxin B (Sigma-Ald-
rich Co., St. Louis, MO). For growth in iron-replete condi-
tions, M9 minimal medium supplemented with either
10 �M ferric iron or 10 �M ferrous iron was used (Neilands
1981). Iron-limiting conditions were achieved by addition
of the iron chelator 2, 2�—dipyridyl (Sigma-Aldrich Co.) to

a Wnal concentration of 100 �M in M9 medium (Mourino
et al. 2004).

Database and bioinformatic analysis

The sequences of vva0331-5 were retrieved from the Gen-
Bank. The protein motif identiWcation was analyzed by
using Pfam, ScanProsite, RADAR and EMBL-EBI dat-
abases. Dot-matrix plots were produced by using the DOT-
MATCHER program in the EMBOSS database (http://
www.emboss.sourceforge.net/apps/cvs/) at a threshold of
30. A line parallel to the diagonal line in the output dot-
matrix plot indicates a direct repeat. The distance between
two parallel lines indicates the smallest repeat units. A line
exhibiting a higher dot density indicates a higher similarity
between the repeats. Thus, a dark square in the plot repre-
sents multiple short tandem repeats.

RNA puriWcation and Q-PCR

Total RNA was puriWed from mid-log-phase cultures of V.
vulniWcus YJ016 grown in LB broth under diVerent envi-
ronmental stimuli by using the TRI reagent. First-strand
cDNA was synthesized from 2 �g of DNase-treated RNA
samples in a 20 �l reaction volume using the SuperScript
First-strand cDNA Synthesis System (Life Technologies,
Carlsbad, CA). The real-time quantitative PCR (Q-PCR)
assays were performed by using ABI PRISM® 7500
Sequence Detection System and a SYBR-Green PCR kit
(Life Technologies). The threshold cycle (CT) values were
used to determine relative RNA levels of glyceraldehyde-3-
phosphate dehydrogenase (g3pdh) and vva0331 genes.
Primers speciWc to vva0331 (forward, 5�-CCGGAATTCA
CTTGGTACTTTGATCAT-3�; reverse, 5�-TCTGCCAGT
GGTTGACGACTTAGT-3�) and g3pdh (forward, 5�-TGA
CTATCAAAGTGGGAATTAACGG-3�; reverse, 5�-ATC
GAACTCCGATAGGTGCCCAAT-3�) were used to
amplify fragments about 200 bp in length. Statistical analy-
sis was performed using a Student’s t test (SigmaPlot ver-
sion 9; Systat Software Inc.) from biologically duplicate
samples. DiVerence was considered signiWcant if P values
were <0.01. Data with P values <0.001 are indicated by two
asterisks, whereas data with P values between 0.001 and
0.01 are indicated by a single asterisk.

Generation of vva0331 knockout mutants

For localization and functional studies of the vva0331 gene
product, two vva0331 mutant strains with a deletion at two
distinct regions of the gene were generated via the allelic
exchange strategy. Strain EY331 suVers an 800-bp out-of-
frame deletion (nucleotide positions 1,917 to 2,737) at the
repeat containing region. The other strain, LF138, has a
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1.1 kb deletion (nucleotide positions 1–1,149) comprising
the translation initiation codon and the Wrst RGD site
(Fig. 1b). The deletions in these mutant strains were con-
Wrmed by PCR, nucleotide sequencing, and Southern blot
analyses (Fig. S1).

Heterologous expression of truncated VVA0331 proteins 
and preparation of their speciWc antibodies

Three hexa-His tagged fusion proteins: LF-N120 contain-
ing residues 128-1167 (VRTXL-N120), LF-C80 containing
residues 3391-4076 (VRTXL-C80), and LF-C40 containing
residues 4330-4657 (VRTXL-C40), were, respectively,
produced in Escherichia coli, puriWed by using a nickel-
aYnity chromatography column, and used in antibody
generation in BALB/c mice (Fig. 1b). Mice were injected

intraperitoneally at 2-week intervals with the puriWed pro-
tein in complete Freund’s adjuvant (Sigma Chemical Co.),
then a booster injection of the puriWed protein emulsiWed
with incomplete Freund’s adjuvant (Sigma Chemical Co.),
and Wnally one further booster with the antigen alone.
Blood samples were collected from the tail of the
immunized mice, allowed to clot at room temperature, and
sera were stored at ¡20°C.

Subcellular localization of VVA0331 in V. vulniWcus 
YJ016

To determine the location of the 489-kDa RTX-like protein
in V. vulniWcus YJ016, a fractionation assay of bacterial
components was performed as previously described (Board-
man and Satchell 2004; Boardman et al. 2007). Concen-

Fig. 1 Schematic representa-
tion of vva0331 gene cluster and 
motif organization of the gene 
product. a Organization of the 
vva0331 gene cluster. The Wgure 
was constructed based on the 
nucleotide sequence of V. vul-
niWcus YJ016 (accession no. 
NC_005140). The arrows indi-
cate the transcription direction 
and the gene IDs are shown be-
low each coding region. The pre-
dicted functions are as follows: 
response regulator (vva0325), 
GGDEF family protein 
(vva0326), response regulator 
(vva0327), putative two-compo-
nent response regulator with 
EAL domain (vva0328), sensor 
kinase VieS (vva0329), putative 
RTX toxin (vva0331; black 
shading), RtxB-like secretion 
ATP-binding protein (vva0332), 
and RtxD-like transport protein 
(vva0333). b VVA0331 motif 
organization. Regions deleted in 
vva0331 mutants (EY331 and 
LF138) and truncated VVA0331 
recombinant fragments (VRTX-
N120, VRTX-C80 and VRTX-
C40) for antisera preparation are 
shown
123
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trated culture supernatants were prepared from 100-ml
bacterial cultures grown to an optical density of 0.4–0.6 at
600 nm at 30°C. Bacteria were precipitated by centrifuga-
tion, and the supernatant was Wltered through a 0.45-�m
pore size Acrodisc® syringe Wlter (Pall) to remove residual
bacterial cells. An equal volume of 20% trichloroacetic acid
(TCA) was added to the supernatant to precipitate secreted
proteins. For preparation of cell membrane and cytoplasmic
fractions, the bacterial pellet was washed with 2 mM
CaCl2, resuspended in 1 ml of ice-cold distilled water, bro-
ken by sonication, and centrifuged at 100,000£g for
30 min. The clariWed supernatant was collected and used as
the cytoplasmic fraction. The pellet, representing the mem-
brane fraction, was resuspended in 10 mM Tris–HCl (pH
8.0). Sodium lauroyl sarcosinate (Sarkosyl) extraction
method was used to prepare outer membrane fraction as
previously described elsewhere (Koga and Kawata 1986).
The membrane fraction was treated with 0.5% Sarkosyl in
10 mM Tris–HCl buVer (pH 8.0) at 30°C for 30 min to sol-
ubilize inner membranes. The insoluble material was recov-
ered by centrifugation at 200,000£g for 60 min, washed
with and resuspended in distilled water, and used as the
outer membrane preparation. The protein concentration was
quantiWed by the Bradford protein assay (Bradford 1976)
and these samples were resolved by using SDS-PAGE,
transferred to PVDF membranes, and incubated sequen-
tially with an anti-VVA0331 polyclonal antibody and a per-
oxidase-conjugated anti-mouse antibody. The VVA0331
proteins were detected by using a substrate kit (VECTORR

NovaRED™, Vector Laboratories, Inc.). The purity of
these fractions was also conWrmed by immunostaining with
a rabbit polyclonal �-galactosidase antibody (ABcam #
ab616). Protein size markers were the HiMark™ Pre-
stained HMW protein standards (Invitrogen).

Slide agglutination test

Vibrio vulniWcus YJ016 agglutination was performed on glass
slides by mixing 5 �l of the antiserum against VVA0331 with
a loopful of bacterial suspension for 5 min, and examined
under a light microscope. A distinct and immediately occur-
ring agglutination was registered as positive, while weak or no
agglutination in 5 min was considered negative.

ImmunoXuorescence staining

To investigate whether VVA0331 is located on cell surface,
an immunoXuorescence staining was performed. Overnight
grown bacteria were collected by centrifugation at 3,400£g
for 5 min, and the precipitated cells were resuspended in
500 �l PBS containing 5% BSA, gently rocked for 1 h, and
then incubated for 1 h with 500 �l of an anti-VVA0331

antibody at a dilution of 1:200 in PBS-5% BSA. After
washing twice with 500 �l PBS, the bacterial cells were
incubated for 1 h with 500 �l FITC-conjugated goat anti-
mouse IgG at a 1: 100 dilution in PBS containing 5% BSA.
The cells were washed three times with PBS, and resus-
pended in 50 �l PBS. One drop of the cell suspension was
deposited onto a microscope slide, and viewed under an
epiXuorescence microscope.

Cell adherence and cytotoxicity assays

Bacterial adherence assays (Lee et al. 2004) were per-
formed on human laryngeal epithelial cell (HEp-2) mono-
layers grown in 24-well tissue culture plates in which
approximately 105 cells were seeded in each well and
grown overnight at 37°C in 5% CO2. The HEp-2 cell mono-
layers were washed twice with PBS, followed by the addi-
tion of serum-free MEM with Earle’s salts, then inoculated
with 100 �l of the diluted bacteria to give a multiplicity of
infection of 10, and incubated for 1 h. The monolayers
were then washed six times with PBS to remove non-adher-
ent bacteria. Following the last wash, the cells were lysed
with 0.1% Triton X-100 for 15 min. The bacteria were
recovered from the cells, serially 10-fold diluted, plated on
LB agar, and colony enumerated.

Cytotoxicity experiments were carried out on Chinese
hamster ovary (CHO) cells seeded in 96-well tissue culture
plates (Nunc, Denmark) at a density of 2 £ 104 cells/well
24 h prior to the experiment (Paranjpye et al. 1998). Bacte-
rial culture supernatant was centrifuged twice at 12,000£g
and Wltered through a 0.45-�m-pore-size Acrodisc® syringe
Wlter to remove bacteria. Twenty microliters of the clariWed
culture supernatant was added to the CHO cell monolayer
covered with 180 �l of serum-free F-12 medium and then
incubated at 37°C in 5% CO2 for 4 h. The cytotoxic activity
was determined by measuring lactate dehydrogenase
released from the cells using a Cytotox 96 Non-radioactive
cytotoxic assay kit (Promega, Madison, WI).

Mouse virulence assay

Pathogen-free female BALB/c mice of 6–8 weeks old were
purchased from the Animal Center of National Taiwan Uni-
versity College of Medicine for preparation of antibodies
and virulence assay. Studies with animals were performed
with the approval of the Animal Ethics Committee of
National Tsing Hua University. Groups of (n = 6) mice
were challenged by intraperitoneal injection with 0.1 ml
serial dilutions of the bacterial suspension in phosphate-
buVered saline and mortality was recorded at 72 h post
infection. The doses lethal to 50% of the mice (LD50) were
calculated by the method of Reed and Muench (1938).
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Results

Organization of vva0325-33 and functional domains 
in VVA0331

The vva0331 belongs to a large gene cluster comprising
genes encoding a partial TISS (vva0332–vva0333) and a
VieSAB-like three-component signal transduction system
(vva0325–vva0329) (Fig. 1a). VVA0331 is a very large
protein which shares 27% sequence identity with a putative
RTX family exoprotein in E. coli O157:H7 (Bauer and
Welch 1996). It was also annotated as an autotransporter
adhesin (vv2_1514) in V. vulniWcus CMCP6. Previous
repeat analysis using the RADAR program showed that the
N-terminal half of VVA0331 is organized by 19 tandem
repeats (Kuo et al. 2008). Use of the SMART program
(Letunic et al. 2006; Kuo et al. 2008) also identiWed two
internal repeats in the region (residues 140–1,200 and resi-
dues 1,219–2,278, respectively). In addition, it was noted
that two RGD containing motifs and a Legume lectin
domain in the N-terminal region, and an OMPA domain in
the C-terminal region (Fig. 1b). The OmpA domain is a
22-residue signature present in C-terminal region of outer
membrane proteins in many Gram-negative organisms. The
domain is also required for interaction of E. coli with host

molecules (De Mot et al. 1994; Hardham and Stamm
1994). Furthermore, a domain similar to von Willebrand
factor (vWf), a large multimeric glycoprotein found in
blood plasma, was predicted in VVA0331. Neither an
N-terminal signal peptide nor trans-membrane helices were
identiWed in VVA0331.

Expression of vva0331 in diVerent growth conditions

Shifting from room temperature to 37°C upon entering a
mammalian host is an important signal sensed by bacteria.
We determined the eVects of diVerent temperatures on
vva0331 gene expression by using Q-PCR. The result dem-
onstrated higher vva0331 gene expressions at 30 and 20°C,
increasing about 4.7-fold and 2.3-fold, respectively, com-
pared to that at 37°C (Fig. 2a). The result suggests that
vva0331 is not critical for the bacterial infections. Iron,
which plays a pivotal role in the pathogenesis of V. vulniW-
cus infection and growth (Gulig et al. 2005), also aVects
vva0331 gene expression. In the presence of 10 �M Fe2+,
vva0331 gene expression reduced to half of the control
(Fig. 2b). In contrast, a signiWcant increase (P < 0.01) in
vva0331 gene expression was observed under iron-limiting
conditions (Fig. 2c). Whether VVA0331 indeed partici-
pates in iron acquisition remains to be investigated.

Fig. 2 Expression of vva0331. 
The eVects of diVerent tempera-
tures (a), 10 �M iron supple-
ment (b), and iron-limiting 
conditions (c) on vva0331 
transcription were determined 
by Q-PCR. The data are the 
means § standard deviations 
(n = 2). Asterisks indicate values 
statistically signiWcantly diVer-
ent from the control values
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Localization of the 489-kDa RTX-like protein, VVA0331, 
in V. vulniWcus YJ016

Three recombinant hexaHis-tagged fusion proteins, VRTXL-
N120, VRTXL-C80, and VRTXL-C40, covering diVerent
regions of VVA0331 were constructed and used to generate

antibodies in laboratory mice. The antibodies generated
with VRTXL-N120, VRTXL-C40, and VRTXL-C80 could
recognize a protein of approximately 500 kDa in size spe-
ciWcally in the total cell lysates of wild type strain but not in
the EY331 and LF138 strains, as conWrmed by Western blot
analysis (Fig. 3 and Fig. S2). The anti-VRTXL-C80 serum

Fig. 3 Detection of VVA0331 
by Western blot analysis. Total 
cellular lysates of V. vulniWcus 
YJ016 and the vva0331 mutant 
strains grown in LB to stationary 
phase (OD600 = 2.0) were exam-
ined for the presence of 
VVA0331 by electrophores is on 
0.1% SDS-6% polyacrylamide 
gel, stained with Coomassie 
Blue (a), or immunostained 
using a mouse antiserum against 
VRTX-C80 (b). Lanes 1, 
V. vulniWcus YJ016; 2, EY331; 
3, LF138. Molecular weight 
markers are shown on the left
(in kDa)

Fig. 4 Localization of 
VVA0331 in diVerent cellular 
fractions. TCA concentrated cul-
ture supernatant and membrane 
fractions were resolved on a 
0.1% SDS-10% polyacrylamide 
gel and stained with Coomassie 
Brilliant Blue R250 (a), or on a 
0.1% SDS-6% polyacrylamide 
gel and detected with an antise-
rum speciWc to VRTXL-C80 (b). 
Lanes 1 and 2, TCA concen-
trated culture supernatant; 3 and 
4, membrane fraction. Lanes 1 
and 3, V. vulniWcus YJ016; 2 and 
4, EY331. Molecular weight 
markers are shown on the left (in 
kDa)
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was selected for VVA0331 localization due to its lower
background.

To determine the location of VVA0331 in V. vulniWcus
YJ016, diVerent subcellular fractions were collected,
respectively, from V. vulniWcus YJ016 and EY331. The

»500-kDa protein band could be observed in culture super-
natant, but not in the membrane fraction of V. vulniWcus
YJ016 (Fig. 4). The purity of the fractions was veriWed by
using an antibody recognizing cytoplasmic protein �-galac-
tosidase (Fig. S3). The protein band intensity was rather

Fig. 5 Agglutination of V. vul-
niWcus with mouse antisera spe-
ciWc to diVerent VVA0331 
regions. The bacteria incubated 
with diVerent antisera were 
examined directly under a light 
microscope (400X) (a–e) or a 
Xuorescence microscope after 
immunoXuorescent staining 
(1000X) (f–g). (a) YJ016/0.85% 
NaCl (b) YJ016/anti-VRTXL-
N120 serum (c) YJ016/anti-
VRTXL-C80 serum (d) YJ016/
anti-VRTXL-C40 serum (e) 
EY331/anti-VRTXL-C40 serum 
(f) YJ016/anti-VRTXL-C40 
serum (g) YJ016/anti-VRTXL-
N120 serum
123
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weak suggesting that VVA0331 is secreted by V. vulniWcus
YJ016 in low quantities.

Agglutination of V. vulniWcus YJ016 by anti-VRTXL-C40 
serum

Unlike anti-VRTX-N120 and anti-VRTX-C80 sera, which
recognize VVA0331 in both cell-bound fraction and culture
supernatant, anti-VRTXL-C40 detected a »500-kDa pro-
tein band in cell-bound but not in the culture supernatant
fraction (Fig. S2). Evaluation of these sera by slide aggluti-
nation revealed that anti-VRTXL-C40 serum, but not the
other two antisera, agglutinated V. vulniWcus YJ016
eYciently (Fig. 5a–e). Furthermore, binding of polyclonal
sera against VRTX-C40 to the cell surface of V. vulniWcus
YJ016 could be detected by immunoXuorescence staining,
indicating that the C-terminal region of VVA0331 is pres-
ent in the outer membrane of V. vulniWcus (Fig. 5f–g). In
contrast, VRTX-N120 yielded only background immuno-
Xuoresence on V. vulniWcus YJ016.

The C-terminal portion of VVA0331 is located 
on the outer membrane

The presence of the C-terminal region of VVA0331 on the
outer membrane of V. vulniWcus was further conWrmed by
Western blot analysis. Anti-VRTXL-C40 serum speciW-
cally detected a major protein band of approximately
85 kDa only in V. vulniWcus YJ016 as well as several non-
speciWc proteins in both V. vulniWcus wild type and mutant

strains (Fig. 6). The result suggests that the C-terminal
region of VVA0331 was cleaved and present in the outer
membrane of the bacterium.

EVect of vva0331 deletions on cell adherence, cytotoxicity, 
and mouse lethality of V. vulniWcus

As the C-terminal portion of VVA0331 is located on the
outer membrane, we speculate that the protein may play a
role in the bacterial adhesion on the host cells. Neverthe-
less, standard bacterial adherence assay on the HEp-2 cells
did not reveal a signiWcant diVerence between V. vulniWcus
YJ016 and EY331, both retaining about 4–5% of input bac-
teria on the HEp-2 cell monolayer after extensive washing.

The cytotoxicity of the vva0331 mutant strains to CHO
cell line and their virulence in BALB/c mice were deter-
mined. The wild type and mutant strains were equally cyto-
toxic to CHO cells and exhibit a LD50 of 1–3 £ 106 CFU
(data not shown). These results showed no apparent diVer-
ence between V. vulniWcus YJ016 and EY331, indicating
that VVA0331 does not play major roles in these events.

Discussion

Unlike described previously (Chen et al. 2003), our bioin-
formatic analysis of VVA0331 sequence shows that the
structural features of the protein are distinct from typical
RTX proteins and autotransporter adhesins. For example,
the N-terminal region contains a repeat region but lacks a

Fig. 6 Outer membrane protein 
proWles of V. vulniWcus YJ016 
and vva0331 deletion mutants. 
The proteins were resolved on a 
0.1% SDS-10% polyacrylamide 
gel and visualized by staining 
with Coomassie Blue (a), or 
immunostaining with antiserum 
against VRTXL-C40 (b). Lanes 
1, V. vulniWcus YJ016; 2, 
EY331; 3, LF138. The »85 kDa 
protein is marked by an arrow-
head. The sizes of the molecular 
weight markers (BMA ProSieve 
Color Protein Markers; Rock-
land, ME) are shown on the left 
(in kDa)
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pore-forming domain and the repeats are diVerent from the
nine-residue glycine-rich repeats commonly found in the C-
terminal region of RTX toxins. Recently, Satchell (Satchell
2007) renamed V. cholerae RtxA toxin as multifunctional
autoprocessing RTX toxin, or MARTX, which represents a
larger group of RTX toxins produced by at least eight
Gram-negative species, including those in the genera Vib-
rio, Aeromonas, and Yersinia. The MARTX toxins are dis-
tinguished from other RTX toxins by both their large size
(>400 kDa) and novel repeat structures. Nevertheless, com-
parison of the repeat sequences in VVA0331 and V. vulniW-
cus RtxA, a MARTX protein, indicates that VVA0331 does
not have the same novel A, B, and C repeat structures pro-
posed for the MARTX toxins either in the repeat length,
relative locations or sequence similarity (Fig. 7c), and thus
likely represents a new family of RTX toxins.

A vWf domain and bacterial Ig-like domains were pre-
dicted in VVA0331. Proteins that incorporate the vWf
domain participate in numerous biological events such as
cell adhesion, migration, homing, pattern formation, and
signal transduction (Colombatti et al. 1993). The bacterial
Ig-like domain is commonly found in a variety of bacterial
and phage surface proteins, implying a role in cell adhesion
(Kelly et al. 1999). All these bioinformatic Wndings suggest
that VVA0331 may be an adhesion protein. Nevertheless,
we were unable to observe signiWcant diVerence in HEp-2
cell adherence between the wild type and a vva0331 mutant
strain. However, this Wnding does not rule out the possibil-
ity that VVA0331 may contribute to V. vulniWcus binding
to other cell types or non-cellular surfaces.

It is not clear how VVA0331 is secreted because the
N-terminus of VVA0331 does not possess a secretion sig-
nal sequence. No signiWcant consensus secretion features in
related proteins such as hemolysin (Kenny et al. 1992; Lin
et al. 1999) and autotransporters could be observed in
VVA0331. Furthermore, the TISS encoding gene cluster
adjacent to vva0331 is incomplete and lacks rtxC which
aids in the maturation of exported RTX proteins (Hender-
son and Nataro 2001; Desvaux et al. 2004). These Wndings
suggest that VVA0331 employs a novel secretion mecha-
nism. Interestingly, this study also shows that the C-termi-
nal region of VVA0331 is retained on V. vulniWcus YJ016
outer membrane. Consistent with the Wnding, bioinformatic
analysis has identiWed a possible outer membrane protein
domain in the VVA0331 C-terminal region.

The Q-PCR analysis demonstrated an up-regulation of
vva0331 at iron-limiting condition indicating that the gene
is regulated by iron. However, we did not Wnd the Fur box
or a transcription factor binding site related to iron regula-
tion within the upstream control region of vva0331 by regu-
lon prediction and promoter analysis of Virtual Footprint
(Munch et al. 2005) and the program BPROM (SoftBerry,
Mount Kisco, NY).

Our results demonstrate that VVA0331 protein was
secreted from V. vulniWcus YJ016 in exponential growth
phase. Nevertheless, the functional roles of VVA0331

Fig. 7 Comparison of repeat regions in VVA0331 and V. vulniWcus
RtxA (MARTX toxin, GenBank Accession Number NP_937086.1).
Dot-matrix plots were produced by using the DOTMATCHER pro-
gram at a threshold of 30. (a) VVA0331 vs. VVA0331; (b) V. vulniW-
cus RtxA; (c) VVA0331 vs. V. vulniWcus RtxA. The locations of A, B,
and C repeats proposed for MARTX proteins are indicated in (b)
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remain elusive. It may be worth pointing out that Rhee
et al. have not only examined the deletion mutant of
vv2_1514, an orthologous locus of vva0331 in V. vulniWcus
CMCP6, but also failed to detect signiWcant decreases in
the bacterial cytotoxicity (Kim et al. 2008). Thus,
VVA0331 may play only a minor role in bacterial viru-
lence. A vva0331 and vva1030 double mutant may provide
better answers in this aspect.

In conclusion, we describe the expression and localiza-
tion of a very large RTX-like protein in V. vulniWcus.
Mutants with a deletion at this locus showed very little dis-
cernible biological properties. Nevertheless, bioinformatic
prediction and its localization properties all suggest that
vva0331 likely plays a role to aid V. vulniWcus adhere and
survive in the environments.
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