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Vibrio vulnificus hemolysin (VVH) is thought to be a member of the cholesterol-dependent cytolysin (CDC)
family of pore-forming toxins. To date, the structure-function relationships of CDCs produced by Gram-
negative bacteria remain largely unknown. We show here that the aromatic ring of phenylalanine residue
conserved in Vibrionaceae hemolysins is essential for oligomerization of VVH. We generated the VVH mutants;
substituted Phe 334 for Ile (F334I), Ala (F334A), Tyr (F334Y), or Trp (F334W); and tested their binding and
oligomerizing activity on Chinese hamster ovary cells. Binding in all mutants fell by approximately 50%
compared with that in the wild type. Oligomerizing activities were completely eliminated in F334I and F334A
mutants, whereas this ability was partially retained in F334Y and F334W mutants. These findings indicate that
both hydrophobicity and an aromatic ring residue at the 334th position were needed for full binding activity
and that the oligomerizing activity of this toxin was dependent on the existence of an aromatic ring residue at
the 334th position. Our findings might help further understanding of the structure-and-function relationships
in Vibrionaceae hemolysins.

Vibrio vulnificus hemolysin (VVH) is a pore-forming toxin
produced by the Gram-negative bacterium Vibrio vulnificus (6,
11). VVH binds directly to cholesterol and is oligomerized in
vitro. Once VVH forms the VVH-cholesterol complex, it can
no longer bind to susceptible cells (10). Therefore, VVH could
be considered a member of the cholesterol-dependent cytoly-
sin (CDC) toxin family (35).

A wide variety of Gram-positive and some Gram-negative
bacteria produce CDCs, which require cellular cholesterol to
exert their cytotoxicity (22, 38). Structure-function relation-
ships between CDCs produced by Gram-positive bacteria
(gpCDCs) have been studied intensively for over a decade,
whereas CDCs produced by Gram-negative bacteria remain
largely unknown. On the other hand, it is well known that some
Vibrionaceae bacteria, such as Vibrio vulnificus, Vibrio cholerae,
Aeromonas hydrophila, and Aeromonas sobria, produce pore-
forming toxins/hemolysins. Among them, it was reported that
VVH and Vibrio cholerae cytolysin (VCC) required cholesterol
to exert their activity (12, 35). Thus, Vibrionaceae hemolysins
are thought to be members of the CDC family. The general-
ized toxic steps are thought to be similar for both gpCDCs and
Vibrionaceae hemolysins (22); i.e., monomers interact with a
susceptible cell membrane, these monomers are assembled to
form oligomers by membrane fluidity, and transmembrane
pore formation follows (5, 22, 27, 30, 37). Although gpCDCs
and Vibrionaceae hemolysins have common toxic steps, the
following differences exist between them. (i) There is no sim-
ilarity in amino acid sequences. (ii) gpCDCs have a highly

conserved tryptophan-rich motif, which is involved in mem-
brane recognition (3, 9, 27), whereas this motif does not exist
in Vibrionaceae hemolysins. (iii) gpCDCs, such as perfringoly-
sin and intermedilicine, are composed of four domains,
whereas Vibrionaceae hemolysins are composed of two or three
domains (21, 24, 25). (iv) Vibrionaceae hemolysins form pores
that are smaller (2 to 3 nm in diameter) (33, 36) than those
formed by gpCDCs (approximately 30 nm) (1, 2, 19).

Recently, the crystal structure of VCC was determined (21).
VCC is composed of three domains, namely the cytolysin do-
main, the �-trefoil lectin domain, and the �-prism lectin do-
main (21). The proposed mechanisms of action of VCC are as
follows: (i) monomer binding to cell surfaces via interactions
with the cytolysin domain, (ii) binding to carbohydrate recep-
tors by the �-prism lectin domain, (iii) oligomerization via the
cytolysin domain, and (iv) pore formation by insertion of a
stem-loop from the cytolysin domain into the cellular mem-
brane (21). On the other hand, from the analysis of the VVH
amino acid sequence, it has been predicted that VVH is com-
posed of two domains (21) and is missing the �-prism lectin
domain, which binds to carbohydrate receptors on the cellular
membrane (21). Therefore, the structure and functions of
VVH are thought to be slightly different from those of VCC.
Thus, analysis of the structure-function relationship of VVH
will aid in the understanding of the evolutionary process of
CDCs as well as of the toxic mechanism of VVH.

In this study, we show that phenylalanine in the 334th posi-
tion (F334) is required for the binding and oligomerizing abil-
ity of VVH. In particular, the benzene ring of this phenylala-
nine is a prerequisite for its oligomerizing ability. Because of
the high conservation of this phenylalanine in other Vibrio-
naceae hemolysins, our results will contribute to a better un-
derstanding of the structure-function relationships of Vibrion-
aceae hemolysins.
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MATERIALS AND METHODS

Cell culture. Chinese hamster ovary (CHO) cells were grown in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM; Gibco BRL Life Tech-
nologies, Rockville, MD) supplemented with 2 mM glutamine, 2 mM sodium
pyruvate, and 10% heat-treated fetal calf serum. Cells were incubated at 37°C
under 5% CO2 in air in a humidified atmosphere.

Construction, expression, and purification of recombinant VVHs. The Qiagen
genomic tip (Qiagen, Hilden, Germany) was used for purification of genome
DNA as recommended by the manufacturer. VVH-encoding gene vvhA was
amplified without signal sequence by PCR with the primers 5�-CATATGCAA
GAATATGTGCCGATTGTT-3� (the underline indicates an NdeI site) and 5�-
CTCGAGGAGTTTGACTTGTTGTAATGT-3� (the underline indicates an
XhoI site), from the Vibrio vulnificus genome as the template. The amplified
DNA was ligated to the pGEM-T vector (Promega, Madison, WI), and the
sequence was confirmed by DNA sequencing. The NdeI and XhoI fragment of
this plasmid was inserted into pET29b (Novagen, Inc., Madison, WI) NdeI-XhoI
site. The resultant plasmid was designated pvvhA wt. pvvhA wt was introduced
into Escherichia coli JM109(DE3). The bacteria were cultivated in Luria-Bertani
(LB) broth containing 10 �g of kanamycin/ml until an optical density at 600 nm
of 0.6 was reached at 37°C, and then they were induced to produce the His-
tagged protein by adding 0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at
20°C for 16 h. After induction of the protein, the bacteria were suspended with
the binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 7.9).
The bacterial suspension was sonicated using a Vibra Ultrasonic (model VCX-
500; Sonics and Materials Inc., United States) and centrifuged at 21,000 � g at
4°C for 20 min. The supernatant was used for purification of His-tagged VVH.
The His-tagged VVH was purified with His-Bind resin according to the manu-
facturer’s instructions (Merck Biosciences, Darmstadt, Germany). After purifi-
cation, His-tagged VVH was dialyzed with 10 mM glycine-NaOH, pH 9.8, and
200 mM NaCl. The protein concentrations were determined by the methods of
Lowry et al. (15) and densitometry on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels with bovine serum albumin standard.

Random mutagenesis. Error-prone PCR was performed essentially as de-
scribed by Fromant et al. (4) using MnCl2 at a final concentration of 100 �M to
facilitate mutation with pVvhA wt as the template. Reactions were subjected to
20 cycles with the primers, 5�-CATATGCAAGAATATGTGCCGATTGTT-3�
and 5�-CTCGAGGAGTTTGACTTGTTGTAATGT-3�, under the following
conditions: 94°C for 30 s; 51°C for 30 s; and 72°C for 3 min. After PCR ampli-
fication, the PCR product was purified using a gel extraction kit (Qiagen) and
digested with NdeI and XhoI. This digested fragment was ligated into the NdeI
and XhoI site of pET29b and then transformed into the competent cells. The
expressed proteins were purified, and the cytopathic effect (CPE) on CHO cells
was determined. The mutation site was identified by DNA sequencing.

Site-directed mutagenesis. A QuikChange (Stratagene, La Jolla, CA) site-
directed mutagenesis kit was used. Various mutagenic primers were designed
individually according to the desired mutations. The cycling parameters for the
mutagenesis reactions were chosen based on the protocol suggested by the
manufacturer. After PCR amplification, the reaction mixture was digested with
10 units of the restriction enzyme DpnI for 1 h. Competent cells were trans-
formed by addition of 10 �l of DpnI-treated reaction mixture. Plasmid DNA was
purified using the Qiagen plasmid purification kit (Qiagen, Valencia, CA). The
desired mutation was confirmed by DNA sequencing.

Production of antibodies against VVH in rabbit. Fifteen-week-old New Zea-
land White rabbits were immunized subcutaneously with purified wild type (WT)
in complete Freund’s adjuvant (Difco, Detroit, MI) on day 0. On days 14 and 28,
the same rabbits were given booster shots of the same antigen in Freund’s
incomplete adjuvant (Difco). Immune rabbit serum samples were collected 10
days after the last immunization. Immunoglobulin G (IgG) was purified with an
Affi-Gel protein A MAPS II kit (Bio-Rad, Hercules, CA). Reactivity of the
purified IgG was confirmed by Western blot analysis against WT and native
VVH. The purified IgG was designated anti-VVH polyclonal antibody.

Observation of the CPE. CHO cells were incubated with the native VVH, WT,
or a series of F334 mutants at 37°C for 5 h. The cells were photographed using
a Leica FW4000 (Leica Micro systems, Wetzlar, Germany) fitted to the Leica
DMI6000 microscope, and images were processed for publication by using
Adobe Photoshop 7.0.

Cytotoxicity assays. Cytotoxicity was determined by a lactate dehydrogenase
(LDH) release assay. Cells were seeded in 24-well tissue culture plates at 1 � 105

cells/well. After 24 h, the cells were washed twice with Hanks balanced salt
solution (HBSS [Nissui Pharmaceutical Co., Ltd., Tokyo, Japan]), which was
then replaced with prewarmed DMEM. The indicated concentrations of the WT
or a series of F334 mutants (see Fig. 2) were inoculated into the wells and

incubated for 2 h at 37°C. After incubation, aliquots of medium samples (sample
LDH) were assayed for LDH activity using pyruvate as a substrate. Cells treated
with the VVH vehicle only (control LDH) were used to assess background LDH
activity, and cells lysed with 0.5% Triton X-100 were used to represent total LDH
activity. The percentage of LDH release was calculated as follows: (sample
LDH � control LDH)/(total LDH � control LDH) � 100.

Measurement of binding toxin on CHO cells. CHO cells were seeded in a
90-mm tissue culture dish at 1.5 � 106 cells/dish. After 48 h, the cells were
washed twice with HBSS, which was then replaced with DMEM. WT and the
series of F334 mutants were added to a final concentration of 20 �g/ml into the
dish and incubated at 4°C for 1 h. Only monomer could be detected at this
temperature. The cells were washed twice with phosphate-buffered saline and
lysed in a lysis buffer (25 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton
X-100). The protein concentrations of the lysates were normalized by the BCA
protein assay reagent kit (Pierce, Rockford, IL) and then applied to SDS-PAGE
at 38 �g/lane. The cell lysates were separated on 10% SDS-polyacrylamide gels
and transferred to an Immobilon-P transfer membrane (Millipore Corporation,
Bedford, MA) using the Bio-Rad Trans-Blot system. The membrane was blocked
for 12 h in phosphate-buffered saline with 0.05% Tween 20, which contained 5%
dry milk at 4°C. The presence of VVH (monomer) was detected using anti-VVH
polyclonal antibody. Cellular actin was detected by anti-actin monoclonal anti-
body (Chemicon International Inc., Temecula, CA). Primary antibodies were
detected using horseradish peroxidase-conjugated secondary antibodies and en-
hanced chemiluminescence (Amersham Biosciences, Buckinghamshire, United
Kingdom). The band intensities of monomer and actin were analyzed by densi-
tometry using a CS analyzer (ATTO Corporation, Tokyo, Japan). Binding ac-
tivities were calculated by dividing the band intensity of monomer by that of
actin.

Detection of oligomer on CHO cells. CHO cells were seeded in a 90-mm tissue
culture dish at 1.5 � 106 cells/dish. After 48 h, the cells were washed twice with
HBSS, which was then replaced with DMEM. WT and the series of F334 mutants
were added to final concentrations of 10 �g/ml and 20 �g/ml, respectively. The
cells were incubated with toxin at 37°C for 1 h. Detection of oligomer was
performed by the same method described above in the section on the measure-
ment of binding toxin.

Homology modeling and template toxin. The modeling was performed using
the 3D-JIGSAW protein comparative modeling server (http://www.bmm.icnet
.uk/servers/3djigsaw). VCC was used as the template. VCC and VVH share 28%
identities and 46% positives in aligned amino acid sequences as determined by
BLAST2. We are confident that these two proteins are truly homologous, be-
cause both proteins have a lectin domain and pore-forming domain in the same
positions. The cysteine residues involved in the VCC disulfide bond are also
conserved at the same position in VVH (32).

RESULTS

Generating a noncytopathic mutant of VVH. The WT
showed a CPE in CHO cells similar to that of native VVH
purified from the culture supernatant of Vibrio vulnificus (Fig.
1). To investigate the functional key amino acid of VVH, we
performed a random mutagenesis analysis and screened for
noncytopathic mutants. Using a CPE assay, one clone with no
CPE was obtained (Fig. 1A). However, random mutagenesis
sometimes generates unfavorable mutants because of a frame-
shift or generation of a stop codon within the open reading
frame. Therefore, to determine whether this mutant toxin was
expressed as full-length VVH or not, the six-His tag which is
fused at the C-terminal end was detected using anti-His tag
antibody. As shown in Fig. 1B, the noncytopathic mutant was
found to be the same size as the WT by anti-His tag antibody
and anti-VVH antibody (Fig. 1B). These data indicate that the
noncytopathic mutant expressed full-length VVH. We ana-
lyzed the mutation site of this mutant by DNA sequence, and
it was revealed that phenylalanine 334 (F334) was replaced by
isoleucine. To reconfirm the loss of CPEs by this mutation, we
generated a point mutant (substituting Phe334 for Ile) by site-
directed mutagenesis, and this was designated the F334I mu-
tant.
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The F334I mutant could not induce cytotoxicity in CHO
cells. We next determined the cytotoxic activity of the F334I
mutant in CHO cells by using the LDH release assay. LDH is
an enzyme confined to the cytoplasm, and its extracellular
presence reflects cell damage. The F334I mutant could not
induce LDH release at the highest concentrations (7.2 �g/ml),
even though the WT induced LDH release of 82.4 � 3.7% at
the same concentrations (Fig. 2). The rate of LDH release
caused by the F334I mutant ranged from 0% to 5.2% through-

out this experiment (Fig. 2). These results indicate that F334 is
a critical residue for the cytotoxicity of VVH.

The aromatic ring of the 334th residue was needed for cy-
totoxicity of VVH. A benzene ring exists in a side chain of
phenylalanine but is absent in isoleucine. We investigated the
involvement of the benzene ring of F334 in cellular intoxica-
tion. To achieve this, three additional F334 mutants were gen-
erated by substitution of F334 to alanine (F334A), tyrosine
(F334Y), and tryptophan (F334W). The tyrosine and trypto-
phan mutants (F334Y and F334W) have a benzene ring and
indole ring in their respective side chains, while the isoleucine
and alanine mutants (F334I and F334A) do not (Fig. 3B). As
shown in Fig. 3A, F334A and F334I mutants could not induce
CPE, and the level of LDH release from F334A or F334I
mutant-treated cells was significantly reduced compared with
that of the WT (Fig. 3B). On the other hand, both F334Y and
F334W mutants caused a CPE and LDH release (Fig. 3A and
B). Thus, we concluded that the aromatic ring at the 334th
residue is needed for the cytotoxicity of VVH.

Hydrophobicity of the 334th residue was also needed for full
cytotoxicity of VVH. Although F334Y and F334W mutants
induced cytotoxicity, the percentages of LDH release of both
mutants were lower than that of the WT (Fig. 3B). The side

FIG. 1. Generation of noncytopathic mutant of VVH by random
mutagenesis. (A) CPE of VVH. The native VVH (1 �g/ml; purified
from culture supernatant of V. vulnificus), the WT (3 �g/ml), and the
mutant (10 �g/ml) were incubated with CHO cells for 5 h at 37°C
individually. (B) The mutant is expressed as a full-length VVH. The
WT and the mutant were blotted with anti-His antibody or anti-VVH
polyclonal antibody. Both the WT and mutant were found to be the
same size with both antibodies.

FIG. 2. The F334I mutant does not induce LDH release. CHO
cells were incubated with various concentrations (conc.) of the WT or
F334I mutant for 2 h at 37°C. The cytotoxic effects on CHO cells were
assayed by the release of LDH. The results are expressed as a per-
centage of LDH release, as described in Materials and Methods. Data
are presented as means � standard deviations and represent three
independent experiments, each in triplicate wells. **, significant de-
crease compared with the LDH release of the WT at the same con-
centrations (analysis of variance and Tukey’s test, P � 0.01).

FIG. 3. The cytopathic and cytotoxic effect of F334 mutants on
CHO cells. (A) CPE of F334 mutants. The CHO cells were incubated
with the WT (3 �g/ml) and F334 mutants (3 �g/ml) for 5 h at 37°C
individually. (B) Cytotoxicity of the WT and F334 mutants. The CHO
cells were incubated with the WT (3 �g/ml) and F334 mutants (3
�g/ml) for 2 h at 37°C individually. The cytotoxic effects on CHO cells
were assayed by the release of LDH. The results are expressed as a
percentage of LDH release, as described in Materials and Methods.
Data are presented as means � standard deviations and represent
three independent experiments, each in triplicate wells. **, significant
difference compared with the LDH release of the WT (analysis of
variance and Tukey’s test, P � 0.01).
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chain structures of phenylalanine and tyrosine are very similar,
but tyrosine also has an additional hydroxyl group with a ben-
zene ring in its side chain. Therefore, we next compared the
hydropathy around the 334th residue in the series of F334
mutants by using the parameter of Kyte and Doolittle (14).
Interestingly, both F334Y and F334W cytotoxic mutants are
more hydrophilic than the WT (Fig. 4), whereas noncytotoxic
F334I and F334A mutants have a level of hydrophobicity sim-
ilar to that of the WT (Fig. 4). It seems likely that hydrophobicity
of the 334th residue is not essential for cytotoxicity. However,
even though both aromatic mutants (F334Y and F334W) could
induce cytotoxicity, the levels of LDH release in both mutants
were lower than that of the WT (Fig. 3B), suggesting that in
addition to an aromatic ring, hydrophobicity of the 334th residue
is also required for VVH to exert its full cytotoxicity. In other
words, the first essential factor is an aromatic ring, and hydro-
phobicity of the 334th residue might be a secondary prerequisite.
Of all amino acids, phenylalanine is the only one that has both an
aromatic ring and hydrophobicity in its side chain. Therefore,
VVH cannot exert its full cytotoxic ability if the F334 of VVH is
replaced by any other amino acid.

Both the aromatic ring and hydrophobicity of F334 are
essential for full binding activity. We showed that the benzene
ring and hydrophobicity of F334 of VVH are critical to induce
full cytotoxicity against CHO cells. Thus, we investigated the
functional role of F334 in VVH cytotoxicity. It has been
reported that the step of binding VVH to the cellular mem-

brane is temperature independent, whereas oligomerization is
temperature dependent (33). First, we investigated the binding
activity of all mutants to CHO cells. Equal concentrations of
the WT and the F334I, F334A, F334Y, and F334W mutants
were incubated with CHO cells for 1 h at 4°C individually. At
this temperature, only the binding of VVH to the cellular
membrane occurred. As shown in Fig. 5, the values of intensity

FIG. 5. Binding of F334 mutants to CHO cells. CHO cells were
coincubated with the WT (20 �g/ml) and F334 mutants (20 �g/ml) for
1 h at 4°C individually. The binding activity of the WT and mutant were
calculated as described in Materials and Methods. Data are presented
as means � standard deviations (n � 3). **, significant decrease
compared with the binding activity of the WT (analysis of variance and
Tukey’s test, P � 0.01).

FIG. 4. The hydrophobicity around the 334th residue of F334 mutants. The hydrophobicity around the 334th residue of the WT and F334
mutants was analyzed using the parameter of Kite and Doolittle. Arrow indicates the hydropathy of the residue at position 334.
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of the WT and the F334I, F334A, F334Y, and F334W mutants
were 2.02 � 0.10, 1.10 � 0.32, 1.23 � 0.19, 0.99 � 0.20 and
0.95 � 0.21, respectively. The binding abilities of all F334
mutants were reduced to approximately 50% compared with
the WT (Fig. 5). Interestingly, there was no significant change
in binding abilities between cytotoxic mutants (F334Y and
F334W) and noncytotoxic mutants (F334I and F334A). These
results indicate that both an aromatic ring and hydrophobicity
of F334 were essential for full binding activity of this toxin. In
addition, the differences in cytotoxicity among these mutants in
spite of similarities in binding activity suggested that other
mechanisms were involved in the reduction in cytotoxicity by
these mutations.

Aromatic ring of 334th residue is critical for oligomerization
in CHO cells. Despite an apparent decrease in the cytotoxicity
of F334I and F334A mutants, both mutants could bind to CHO
cells at a level similar to those of F334Y and F334W cytotoxic
mutants (Fig. 5). Therefore, we investigated the oligomeriza-
tion ability of the mutants on CHO cells. In this assay, all
mutants were added in twofold concentrations of WT to get an
equal amounts of binding toxin (Fig. 6). We confirmed that the
binding amounts of the toxins were linearly increased in a
concentration-dependent fashion. Oligomers of the WT and
the F334Y and F334W mutants could be detected, whereas the
oligomers of the F334I and F334A mutants could not (Fig. 6).
Even when a threefold concentration of F334I was added to
the cells, no oligomers of this mutant could be detected (data
not shown). These data reveal that the aromatic ring of the
334th residue is essential for oligomerization of VVH. Al-
though F334Y and F334W mutants are both aromatic mutants
and have oligomerizing activity, the amount of oligomer is less
than that of the WT. This result indicates that the aromatic
ring at the 334th residue position is insufficient for full oli-
gomerizing activity and that hydrophobicity may also be re-
quired.

F334 sits on the short �-helix that is located between the
lectin and the pore-forming domains. We demonstrated that
F334 was important for membrane binding and oligomeriza-
tion of VVH (Fig. 5 and 6). To predict how F334 contributes

to both binding and oligomerization in VVH, we modeled the
three-dimensional structure of VVH by using the modeling
server 3D-JIGSAW and analyzed the location of F334 in this
model. The F334 sits on the short 	-helix located between the
lectin domain and the pore-forming domain (Fig. 7A). It is well
known that hydrophobic residues, such as phenylalanine, are
located inside molecules and contribute to the structural sta-
bility of protein (7, 23, 26, 29, 31). As expected, the side chain
of F334 looks toward the inside of the pore-forming domain in
this model of VVH (Fig. 7B).

F334 is highly conserved in other Vibrionaceae hemolysins.
A BLAST search revealed that Vibrio cholerae, Vibrio fluvialis,
Vibrio mimicus, Vibrio anguillarum, Aeromonas hydrophila, and
Aeromonas salmonicida produced cytolysins/hemolysins re-
lated to those of VVH and have 28%, 28%, 27%, 30%, and
30% identity, respectively, at the amino acid level (data not
shown). Although these are not high levels of identity, the
phenylalanine residue that corresponds to position 334 of
VVH is conserved in all of these cytolysins/hemolysins (Fig.
7C). This finding suggests that this phenylalanine may also play
an important role in other Vibrionaceae cytolysins/hemolysins.

DISCUSSION

The overall toxic mechanism of VVH has been thought to be
the same as those in other CDCs, but the structure-and-func-
tion relationships of VVH, including a site of binding to the
cells and an oligomer formation site, are still unknown. We
report here that the F334 residue of VVH, which is highly
conserved in Vibrionaceae hemolysin, could influence the bind-
ing and oligomerization steps in the intoxication process of
VVH. Furthermore, oligomerizing activity was dependent on
an aromatic ring at residue 334.

We modeled the three-dimensional structure of VVH to

FIG. 6. Oligomerizing ability of F334 mutants on CHO cells. The
WT (10 �g/ml) and F334 mutants (20 �g/ml) were incubated with
CHO cells for 1 h at 37°C individually. The whole-cell lysates were
subjected to SDS-PAGE followed by Western blotting with anti-VVH
polyclonal antibody.

FIG. 7. Conservation and localization of F334. (A) F334 is con-
served in other Vibrionaceae hemolysins. Box corresponds to F334 in
VVH. (B) Localization of F334 on predicted three-dimensional struc-
ture of VVH. F334 sits on the short 	-helix that is located between the
lectin and pore-forming domains. (C) The side chain of F334 looks
toward the inside of the pore-forming domain.
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better understand the function of F334 in VVH. In our model,
F334 sits on a short 	-helix that is located at a site immediately
adjacent to both the lectin and the pore-forming domain of
VVH (Fig. 7A). Past studies of the structure-and-function re-
lationships of leukocydin F (LukF) and staphylococcal 	-
hemolysin, which have structural similarity with VVH, showed
that these toxins bind to the cellular membrane via the bottom
of the rim domain (18, 28). For instance, LukF has a tyrosine
residue at the bottom of the rim domain, and this tyrosine
residue participates in the first attachment of LukF to the
cellular membrane (34). It is also well known that the trypto-
phan-rich motif of gpCDCs, which is necessary to recognize
and/or span the cellular membrane, exists at the bottom of the
CDC protein (3, 9, 27). According to our model of VVH, some
hydrophobic residues were present at the bottom of the rim
domain (data not shown). Therefore, VVH would also bind to
the cellular membrane via the rim domain. Although F334 is
not located in the rim domain of VVH (Fig. 7A), it clearly
affected binding activity on the cells (Fig. 5). One possible
explanation for this is that the lectin domain is also involved in
cell binding. Hazes reported that QxW triplet repeats (	, �,
and 
) in the lectin domain are conserved in many carbohy-
drate binding proteins (8) and are also fully conserved in the
VVH lectin domain (8, 21). It seems likely that the VVH lectin
domain could participate in cell binding by recognizing a car-
bohydrate-containing molecule on the cellular membrane. The
VVH lectin domain extends upward from F334 (Fig. 7B). It is
also well known that VVH binds to cholesterol in vitro (10, 35),
but the cholesterol binding site has not yet been defined. In-
terestingly, VVH does not have the tryptophan-rich motif that
is highly conserved in gpCDCs and is involved in membrane
recognition (3, 9, 27). Therefore, there is a great interest in
understanding whether or not both cholesterol and carbohy-
drate are required for VVH to bind to susceptible cells. Fur-
ther studies will be needed to define the cell binding mecha-
nisms of VVH.

Mutation of F334 to Ile or Ala eliminated oligomerizing
activity, whereas the Tyr and Trp mutants had oligomerizing
activity. This result indicated that an aromatic ring at residue
334 was critical for oligomerization (Fig. 6). This may be ex-
plained by the localization of the F334 residue and by the
direction of its side chain. As shown in Fig. 7C, the side chain
of F334 in VVH looks toward the inside of the pocket, which
is in the upper part of the �-sandwich in the pore-forming
domain core (Fig. 7B). Song et al. found histidine-48 in the
upper part of the �-sandwich and reported that it is a critical
residue for cell binding in 	-hemolysin (28). Moreover, hydro-
phobic residues are clustered in the upper part of the �-sand-
wich in LukF (20). These facts permit us to speculate that F334
participates in the structural stability of the �-sandwich in the
pore-forming domain rather than being directly involved in the
binding and oligomerization of VVH. However, to confirm this
it will be necessary to perform a structural analysis to deter-
mine whether or not the aromatic ring of F334 plays a role in
the stabilization of VVH structure. In addition, although the
oligomers of the VVH F334Y and F334W mutants could be
detected by Western blotting in our study, this finding should
also be confirmed by pore formation in all mutants using other
methods, such as single-channel recording (13, 16, 17).

Our findings will help in the design of future experiments to

further our understanding of structure-and-function relation-
ships in VVH and other Vibrionaceae hemolysins.
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