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Thermostable direct hemolysin (TDH), a major virulence factor of Vibrio parahaemolyticus, induces cytotox-
icity in cultured cells. However, the mechanism of TDH’s cytotoxic effect including its target molecules on the
plasma membrane of eukaryotic cells remains unclear. In this study, we identified the role of lipid rafts,
cholesterol- and sphingolipid-enriched microdomains, in TDH cytotoxicity. Treatment of cells with methyl-f3-
cyclodextrin (MBCD), a raft-disrupting agent, inhibited TDH cytotoxicity. TDH was associated with detergent-
resistant membranes (DRMs), and MBCD eliminated this association. In contrast, there was no such asso-
ciation between a nontoxic TDH mutant and DRMs. The disruption of lipid rafts neither affected hemolysis nor
inhibited Ca®* influx into HeLa cells induced by TDH. These findings indicate that the cytotoxicity but not the
hemolytic activity of TDH is dependent on lipid rafts. The exogenous and endogenous depletion of cellular
sphingomyelin also prevented TDH cytotoxicity, but a direct interaction between TDH and sphingomyelin was
not detected with either a lipid overlay assay or a liposome absorption test. Treatment with sphingomyelinase
(SMase) at 100 mU/ml disrupted the association of TDH with DRMs but did not affect the localization of lipid
raft marker proteins (caveolin-1 and flotillin-1) with DRMs. These results suggest that sphingomyelin is
important for the association of TDH with lipid rafts but is not a molecular target of TDH. We hypothesize that
TDH may target a certain group of rafts that are sensitive to SMase at a certain concentration, which does not

affect other types of rafts.

Vibrio parahaemolyticus is a Gram-negative marine bacte-
rium that is a major pathogen of food-borne gastroenteritis
associated with seafood consumption (3, 15, 22). Most clinical
isolates of V. parahaemolyticus show hemolysis on Wagatsuma
blood agar, known as the Kanagawa phenomenon (KP), which
has been recognized as being closely associated with the patho-
genic trait of V. parahaemolyticus for humans (31, 41). Ther-
mostable direct hemolysin (TDH), the factor responsible for
KP, consists of 165 amino acids and forms a tetrameric struc-
ture under aqueous conditions (10). TDH is considered to be
one of the major virulence factors of V. parahaemolyticus and
exerts a variety of biological activities such as hemolytic activ-
ity, cytotoxicity, cardiotoxicity, and enterotoxicity (15, 32, 37).
Previously reported animal experiments showed that the dele-
tion of tdh lowers the pathogenicity of V. parahaemolyticus
strains (36, 38).

The hemolytic activity of TDH has been well characterized
and discussed. TDH forms pores of approximately 2 nm on
erythrocyte membranes and causes colloidal osmotic lysis and
is therefore considered to function as a pore-forming toxin (14,
27). The sensitivities to TDH differ among erythrocytes from
different animal species, and TDH can cause the hemolysis of
erythrocytes from human, rabbit, and sheep but not horse (15).

* Corresponding author. Mailing address: Laboratory of Genomic
Research on Pathogenic Bacteria, International Research Center for
Infectious Diseases, Research Institute for Microbial Diseases, Osaka
University, Suita, Osaka 565-0871, Japan. Phone: 81-6-6879-4257. Fax:
81-6-6879-4258. E-mail: iida@biken.osaka-u.ac.jp.

¥ Published ahead of print on 23 November 2009.

603

While previous investigations indicated that G-,-ganglioside is
a functional receptor for TDH on erythrocytes (45, 46), other
studies reported contradictory findings (54, 55). In addition,
TDH was found to be capable of exerting a cytotoxic effect on
glycosphingolipid-deficient GM95 cells (G. Tang and T. Iida,
unpublished data), which indicates that G-ganglioside is not
the only functional receptor for TDH on cultured cells. In
clinical courses of V. parahaemolyticus infection, cytotoxicity
caused by TDH may be important to destroy intestinal epithe-
lial cells and cause bloody, mucous stool (15). So far, several
reports have highlighted the mode of action of TDH on cul-
tured cells (5, 33, 34, 39, 48, 49), for example, that TDH
induces Ca?”" influx into cells (34, 48) and modulates cytoskel-
etal organization (5). However, the mechanism of action of
TDH upon the plasma membrane of target cells and its func-
tional receptor(s) remains unclear.

The current view of the plasma membrane is that it is
heterogeneous rather than a homogeneous “sea of phospho-
lipids,” which was the classical concept (13, 26, 43). The
plasma membrane contains specialized cholesterol- and
sphingolipid-enriched microdomains, which are known as
“lipid rafts.” Since lipid rafts are biochemically character-
ized by their insolubility by nonionic detergents, e.g., Triton
X-100 at 4°C, the isolation of lipid rafts as detergent-resis-
tant membranes (DRMs) is commonly used for their analysis
(16, 29). Lipid rafts have also been implicated in important
biological events such as signal transduction, protein sorting,
and membrane trafficking (19, 43, 44). Moreover, these mi-
crodomains are reportedly subverted by various infectious
agents like pathogens and toxins to facilitate their infectious
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processes such as binding, internalization, and signaling (30,
40). In particular, various bacterial pore-forming toxins includ-
ing aerolysin and cholesterol-dependent cytolysins were previ-
ously reported to optimize their oligomerization via the con-
centration in lipid rafts (1, 25), which prompted us to address
the relationship between lipid rafts and the toxicity of TDH
because of the pore-forming nature of TDH.

In the study presented here, we assessed the role of lipid
rafts in TDH cytotoxicity and hemolysis. Our data indicate that
the cytotoxicity of TDH requires an association with lipid rafts,
which is disrupted by the depletion of cholesterol or sphingo-
myelin.

MATERIALS AND METHODS

Antibodies and reagents. Methyl-B-cyclodextrin (MBCD), sphingomyelin,
cholesterol, and sphingomyelinase (SMase) from Bacillus cereus were purchased
from Sigma (St. Louis, MO); antibodies to caveolin-1 (Cav-1) and flotillin-1
(FIt-1) were purchased from BD Biosciences (Franklin Lakes, NJ); anti-trans-
ferrin receptor (TfR) was purchased from Zymed (South San Francisco, CA);
and anti-lysenin antibodies were purchased from Peptide Institute Inc. (Osaka,
Japan).

Preparation of toxins. TDH and R7 were prepared by introducing plasmid
pKK223-3 harboring the gene for TDH or R7 into Escherichia coli IM109 by
means of transformation. Expressed proteins were purified by a series of column
chromatography steps described previously (49). Lysenin was purchased from
Peptide Institute Inc.

Cytotoxicity assay. Cytotoxicity was evaluated as previously described (24).
HeLa, Rat-1, and CHO-K1 cells were obtained as described elsewhere previously
(49). LA-1, LY-A/hCERT, LY-B, and LY-B/cLCBI cells were provided by the
Cell Bank, Riken BioResource Center (Tsukuba, Japan), through the National
Bio-Resource Project of the MEXT, Japan. HeLa cells were exposed to TDH at
20 pg/ml for 3 h. Rat-1 cells, which are highly sensitive to TDH, and CHO-K1
cells, which are less sensitive to TDH, were exposed to TDH at 10 pg/ml for 30
min and at 100 wg/ml for 3 h, respectively. After centrifugation at 300 X g for 10
min, the supernatants were collected, and the lactate dehydrogenase (LDH)
released into the supernatant was measured with the Cytotox 96 nonradioactive
cytotoxicity assay (Promega, Madison, WI) according to the manufacturer’s
instructions. The LDH release (percent cytotoxicity) was calculated by using the
following equation: (optical density at 492 nm [OD,49,] for experimental release —
OD,y, for spontaneous release)/(OD,o, for maximum release — OD,q, for
spontaneous release) X 100. The spontaneous release was the amount of LDH
released from the cytoplasm of untreated cells, whereas the maximum release
was the amount of LDH released from toxin-untreated cells that were totally
lysed with the lysis buffer included in the Cytotox 96 nonradioactive cytotoxicity
assay kits (Promega).

Isolation of DRMs by sucrose gradient centrifugation and analysis of DRMs
of the gradient. DRMs were isolated as previously described (2, 8, 42, 43).
Briefly, cells were washed with phosphate-buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 10 mM KH,PO,, and 2 mM KH,PO, at pH 7.4) 3 times and lysed
with 1.75 ml of 1% Triton X-100 in Tris-buffered saline (TBS) (10 mM Tris-HCI
at pH 7.4 and 150 mM NaCl) for 30 min on ice. After centrifugation at 800 X g
for 10 min, the postnuclear supernatant was mixed with an equal volume of 80%
sucrose in TBS. The mixture was then placed at the bottom of the ultracentrif-
ugation tube and successively overlaid with 6 ml of 30% sucrose in TBS and 3 ml
of 5% sucrose in TBS. After centrifugation at 35,000 rpm for 18 h at 4°C in an
SW41 rotor (Beckman Coulter, Fullerton, CA), 1- or 2-ml fractions were col-
lected from the top of the tube. Proteins of each fraction were precipitated with
10% trichloroacetic acid (TCA) and analyzed by means of sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis. For immunoblotting, proteins
of the gels were transferred onto nitrocellulose membranes, and TDH and R7
were detected with an anti-TDH monoclonal antibody (50).

Hemolysis assay. Human erythrocytes from healthy volunteers were exposed
to MBCD at 37°C for 1 h. After three washings with PBS, erythrocytes suspended
in PBS (4%, vol/vol) were incubated with 10 wg/ml TDH at 37°C for 30 min. PBS
and Triton X-100 (1%, vol/vol, final concentration) were used as negative and
positive controls, respectively. Following centrifugation at 300 X g for 10 min, the
supernatants were collected, and their optical density was measured at 570 nm to
determine the percentage of hemoglobin released.
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Ca** influx. Intracellular Ca®* levels of HeLa cells were monitored by incu-
bating the HeLa cells with Fluo 4-AM (5 uM) for 30 min. After washing with
Dulbecco’s modified Eagle medium, the cells were then incubated with TDH at
37°C for 30 min, Fluo 4-AM was excited at 485 nm, emission was detected at 538
nm, and Ca®* influx was expressed as AF(Fsg min — Fo min)/Fo min-

Depletion of cellular sphingomyelin. For the exogenous depletion of sphingo-
myelin, HeLa cells were treated with SMase for 1 h at 37°C. For the endogenous
depletion of sphingomyelin, we used LY-A, LY-A/hCERT, LY-B, and LY-B/
cLCBI cells as previously described (11).

Preparation of liposomes. First, sphingomyelin or cholesterol was dissolved in
chloroform at 10 mM. Both lipid solutions were then mixed in a glass tube at a
molecular ratio of 1:1. After the solvent had evaporated, the lipids were hydrated
in PBS for 1 h, and the suspension was vortexed and sonicated. This was followed
by the preparation of liposomes. For inhibitory experiments, TDH or lysenin was
incubated with the prepared liposomes at 0 to 10 mM at room temperature for
30 min, after which cells or erythrocytes were exposed to the mixture. Cytotox-
icity and hemolysis were determined as described above.

TLC. Lipids were extracted by using the Bligh and Dyer method (4). Extracted
lipids were spotted onto silica gel 60 F244 (catalog number 07589; Merck KGaA,
Darmstadt, Germany) and separated by thin-layer chromatography (TLC) using
a solvent system consisting of chloroform-methanol-water (65:25:4, vol/vol/vol).
After drying of the TLC plates, the lipids were detected by means of Coomassie
brilliant blue staining (35).

Lipid overlay assay. The lipid overlay assay was performed as previously
described (18). Briefly, aliquots of sphingomyelin or cholesterol (10 or 50 nmol)
were spotted onto silica gel 60 (catalog number 16835; Merck). The plates were
soaked in 0.4% polyisobutylmethacrylate in a chloroform-hexane (1:5) solution
for 5 s and dried, followed by washing with PBS for 5 min and blocking with 1%
fatty acid-free bovine serum albumin (BSA) in PBS for 1 h. The plates were then
incubated with 100 pg/ml TDH or 1 pg/ml lysenin for 1.5 h. After washing with
PBS, the plates were probed first with an anti-TDH or anti-lysenin polyclonal
antibody and then with horseradish peroxidase-conjugated anti-rabbit immuno-
globulin G antibody. The ECL system (GE Healthcare UK Ltd., Buckingham-
shire, England) was used for detection.

Fluorescent microscope analysis. HeLa cells were incubated with 40 pg/ml
TDH-Myc and with 5 pg/ml Alexa 546-conjugated cholera toxin B subunit
(CTxB) or 5 pg/ml Alexa 546-conjugated transferrin (Molecular Probes, Eugene,
OR) at 37°C for 30 min. After washing with PBS, the cells were fixed with 3%
(wt/vol) paraformaldehyde for 15 min, washed with PBS, incubated with anti-c-
Myc antibody (Cell Signaling Technology, Danvers, MA), and then incubated
with Alexa 488-conjugated anti-mouse antibody (Molecular Probes). A Nikon
(Tokyo, Japan) TE2000-U microscope was used for fluorescent microscopy.

Statistical analysis. Statistical significance was determined by using the # test.
A P value of <0.05 was considered statistically significant.

RESULTS

MBCD inhibits TDH cytotoxicity. To examine whether lipid
rafts are involved in the cytotoxicity induced by TDH, the effect
of MBCD on TDH cytotoxicity to HeLa cells was tested, and it
was found that the pretreatment of the cells with MBCD sig-
nificantly inhibited such cytotoxicity (Fig. 1A). We also tested
other cell lines, that is, Rat-1 cells, which are highly sensitive,
and Chinese hamster ovary K1 (CHO-KI1) cells, which are
somewhat resistant to TDH (49). As shown in Fig. 1B and C,
both cell lines pretreated with MBCD became resistant to the
cytotoxic effect of TDH. Since MBCD disrupts lipid rafts by the
depletion of cholesterol, we also examined whether TDH in-
teracts directly with cholesterol, but the addition of an excess
amount of cholesterol to the culture medium did not affect
TDH cytotoxicity. Moreover, a lipid overlay assay showed no
detectable interaction between TDH and cholesterol (data not
shown). These results suggest that cholesterol depletion inhib-
its TDH cytotoxicity but that TDH does not interact directly
with cholesterol.

Association of TDH with lipid rafts. To investigate the role
of lipid rafts in TDH cytotoxicity, we next assessed whether
TDH is associated with lipid rafts. For the isolation of DRMs,
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FIG. 1. Effect of methyl-B-cyclodextrin (MBCD) on cytotoxicity of
TDH. MBCD inhibited TDH cytotoxicity for HelLa, Rat-1, and
CHO-KI1 cells. Each cell line was exposed to TDH at 20 pg/ml for 3 h
for HeLa cells, at 10 pg/ml for 30 min for Rat-1 cells, and at 100 pg/ml
for 3 h for CHO-K1 cells. Cytotoxicity was evaluated by determining
the quantity of lactate dehydrogenase released. PBS was used as a
negative control (0%), and the lysis buffer included in Cytotox 96
nonradioactive cytotoxicity assay kits (Promega) was used as a positive
control (100%). Data are presented as the means for triplicate exper-
iments. Error bars represent standard deviations (SD). Asterisks indi-
cate significant differences from the results obtained with nontreated
cells (P < 0.05).

MBCD (mM)

TDH-treated HeLa cells were lysed with 1% Triton X-100 on
ice, and the lysate was fractionated by sucrose gradient ultra-
centrifugation. As expected, the lipid raft marker proteins
Cav-1 and Flt-1 were found in low-density DRM fractions, but
the nonraft protein TfR was present in non-DRM fractions
(Fig. 2A). TDH was detected in both DRM and non-DRM
fractions. Next, the effect of MBCD on the association of TDH
with lipid rafts was examined. After the pretreatment of HeLa
cells with MBCD, they were incubated with TDH, and the
Triton-insoluble fractions were separated. The majority of
Cav-1 and FIt-1 was redistributed in non-DRM fractions, con-
firming the disruption of lipid rafts as a result of the treatment
with MBCD. TDH was not detected in Triton-insoluble frac-
tions but was completely localized in non-DRM fractions (Fig.
2B). These results indicate that TDH is, at least partly, asso-
ciated with lipid rafts.

A mutant toxin of TDH is not associated with lipid rafts. R7
is a mutant of TDH with a single amino acid substitution of
serine for glycine 62 (47). R7 was isolated by in vitro mutagen-
esis and found not to induce hemolytic activity, cytotoxicity, or
Ca?" influx in erythrocytes but to competitively inhibit the
binding of wild-type TDH to erythrocytes and cultured cells
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(49). To examine whether R7 is associated with lipid rafts,
DRMs were isolated from R7-treated cells, and the location of
R7 was analyzed. The result showed that, unlike TDH (Fig.
2A), R7 was not found in DRM fractions (Fig. 2C). This
indicates that the mutant toxin of TDH is not associated with
lipid rafts.

Effect of MBCD on TDH-induced Ca** influx into cultured
cells. As TDH was previously reported to induce Ca®* influx
into cultured cells (34, 48), we next examined whether MBCD
affects Ca®" influx into cultured cells induced by TDH. The
Ca?" indicator Fluo 4-AM was loaded onto HelLa cells, fol-
lowed by the addition of TDH. After incubation for 30 min,
intracellular Ca** levels were monitored (Fig. 3A). Similarly,
LDH release from HelLa cells, an indicator of cell death, was
evaluated 30 min after the addition of TDH (Fig. 3B). It was
found that MBCD could not inhibit the elevation of intra-
cellular Ca®™ levels induced by TDH (Fig. 3A), while LDH
release was effectively blocked by MBCD (Fig. 3B). Taken
together, these results suggest that although lipid rafts are
essential for the cytotoxicity generated by TDH, TDH forms
Ca®*-permeable pores on cellular membranes even without
the involvement of lipid rafts.

MPBCD has no effect on the hemolytic activity of TDH. Next,
we examined whether MBCD inhibits hemolysis induced by
TDH. In contrast to cytotoxicity, hemolysis induced by TDH
was not inhibited by MBCD (0 to 8 mM) (Fig. 4A). To exclude
the possibility that the concentration of MBCD used in this
study was not sufficient to disrupt the lipid rafts of erythrocytes,
the effect of MBCD on location of the raft marker protein Flt-1
was examined. Although Flt-1 was found in DRM fractions
from the erythrocytes that were not treated with MBCD, the
location of Flt-1 was altered in the nonraft fractions when
erythrocytes were treated with 4 mM MBCD (Fig. 4B). This
demonstrated that the concentration of MBCD used in this
study was sufficient for the disruption of lipid rafts and indi-
cated that, unlike for the cytotoxicity of TDH, lipid rafts are
not required for its hemolytic activity.

Depletion of cellular sphingomyelin inhibits TDH cytotox-
icity. Lipid rafts are microdomains enriched with cholesterol
and sphingolipids. Although glycosphingolipids are important
members of the sphingolipids, TDH is cytotoxic to glycosphin-
golipid-deficient mutant cells, GM95, which indicates that gly-
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FIG. 2. Association of TDH with lipid rafts. (A) HeLa cells were incubated with 10 pg/ml TDH at 37°C for 30 min. After the preparation of
DRMs, the locations of TDH, caveolin-1 (Cav-1), flotillin-1 (Flt-1), and transferrin receptor (TfR) were analyzed by immunoblotting. (B) MBCD-
pretreated HeLa cells were treated with 10 pg/ml TDH at 37°C for 30 min, and prepared DRMs were analyzed by immunoblotting against TDH,
Cav-1, Flt-1, and TfR. (C) HeLa cells were incubated with 10 pg/ml R7 at 37°C for 30 min. DRMs were prepared and then analyzed by

immunoblotting.
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FIG. 3. Effect of MBCD on Ca®* influx facilitated by TDH.
(A) Ca*" influx into HeLa cells facilitated by TDH or R7. HeLa cells
were pretreated with 4 mM MBCD or not for 1 h, followed by Fluo
4-AM loading for 30 min. Cells were incubated with TDH or R7 for 30
min, and intracellular Ca>" levels of cells were determined. Black
squares, TDH treated; white triangles, MBCD pretreated and TDH
treated; white squares, R7 treated. (B) Cytotoxicity of TDH or R7 for
HeLa cells for 30 min. Black squares indicate that HeLa cells were
treated with TDH, white triangles indicate that HeLa cells were pre-
treated with 4 mM MBCD for 1 h and treated with TDH, and white
squares indicate that HeLa cells were treated with R7. Data are from
three experiments + SD.

cosphingolipids are not essential for the cytotoxicity of TDH.
Sphingomyelin, another important member of the sphingo-
lipids, is also a key component of lipid rafts (7). To inves-
tigate whether sphingomyelin is involved in the cytotoxicity
of TDH, we evaluated the effect of TDH cytotoxicity on
HeLa cells whose sphingomyelin was depleted. The HeLa
cells were treated with exogenous sphingomyelinase (SMase)
and then exposed to TDH. Interestingly, SMase reduced the
cytotoxicity of TDH in a dose-dependent manner (Fig. 5A).
Also, the SMase-induced depletion of sphingomyelin was con-
firmed by means of thin-layer chromatography (TLC) (Fig.
5B). Next, we tested the effect of the endogenous depletion of
sphingomyelin, for which we used two types of cell lines, LY-A
and LY-B, derived from CHO-KI cells and deficient in sphin-
gomyelin synthesis (6, 7, 11, 12). LY-A is deficient in the
intracellular trafficking of ceramide, which accounts for its
deficiency in sphingomyelin synthesis (6, 12). LY-B lacks a
component of serine palmitoyltransferase, which catalyzes the
first step of sphingolipid biosynthesis (11). These cells were
exposed to TDH, followed by an assessment of cytotoxicity,
which showed that LY-A and LY-B were more resistant to
TDH than their parental cells (Fig. 5C). The partial cytotox-
icity of TDH for LY-A and LY-B cells is related to the residual
contents of sphingomyelin in LY-A and LY-B cells, which are
~40% and ~15%, respectively, of the levels in their parental
cells (7). This led us to conclude that the cytotoxicity of TDH
was abrogated by both endogenous and exogenous depletions
of cellular sphingomyelin.
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FIG. 4. Disruption of lipid rafts in erythrocytes does not influence
hemolysis caused by TDH. (A) Erythrocytes were pretreated with
MBCD (0 to 8 mM) for 1 h at 37°C and washed with PBS. Nontreated
and MBCD-treated erythrocytes were subsequently exposed to 10
wg/ml TDH for 30 min at 37°C. Hemolysis was determined by mea-
suring the release of hemoglobin. Data are shown as means and SD
from three independent experiments. (B) Erythrocytes were not
treated with MBCD or treated with 4 mM MBCD for 1 h at 37°C and
then lysed with 1% Triton X-100 for 30 min on ice. DRMs were
prepared and analyzed by immunoblotting against Flt-1.

Non-
treatment

MBCD

TDH does not interact directly with sphingomyelin. The fact
that the depletion of sphingomyelin inhibited the cytotoxicity
of TDH raised the possibility that sphingomyelin is a target
molecule for TDH. To investigate this possibility, we examined
whether sphingomyelin/cholesterol liposomes inhibit the cyto-
toxicity of TDH. As shown in Fig. 6A and C, sphingomyelin/
cholesterol liposomes significantly inhibited the cytotoxicity
and hemolytic activity of lysenin, which is a sphingomyelin-
binding toxin produced by the earthworm Eisenia foetida (53),
indicating that the liposome preparations were appropriate for
this inhibition test. In contrast, the cytotoxicity and hemolytic
activity of TDH were not inhibited by the sphingomyelin/cho-
lesterol liposomes, as shown in Fig. 6B and D. In addition, we
performed a lipid overlay assay to evaluate the direct interac-
tion between TDH and sphingomyelin. Sphingomyelin was
spotted onto TLC plates, which were then probed with TDH or
lysenin, and no direct interaction between TDH and sphingo-
myelin was detected (Fig. 6E), demonstrating that sphingomy-
elin is not a direct target molecule for TDH.

Depletion of sphingomyelin results in a loss of association of
TDH with lipid rafts. Next, we examined the effect of sphin-
gomyelin depletion on the association of TDH with lipid rafts.
HeLa cells were treated with 100 mU/ml SMase and exposed
to TDH, followed by the isolation of DRMs. In SMase-treated
cells, Cav-1 and Flt-1 remained in the DRM fractions. How-
ever, TDH disappeared from DRM fractions and was found
only in non-DRM fractions (Fig. 7). This finding indicated that
the depletion of sphingomyelin inhibited the association of
TDH with lipid rafts, which may therefore result in the loss of
cytotoxicity due to TDH.
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FIG. 5. Depletion of sphingomyelin eliminates TDH cytotoxicity.
(A) HeLa cells were pretreated with SMase for 1 h at 37°C to deplete
cellular sphingomyelin. After washing with PBS, cells were incubated
with 20 pg/ml TDH for 3 h. Means and SD from three experiments are
shown. *, P < 0.01. (B) Thin-layer chromatography (TLC) analysis of
the content of cellular sphingomyelin. Lane 1, 1 pg of sphingomyelin;
lane 2, lipids extracted from nontreated HeLa cells; lane 3, lipids
from HelLa cells treated with 50 mU/ml SMase for 1 h. PE, phos-
phatidylethanolamine; PC, phosphatidylcholine; SM, sphingomye-
lin. (C) CHO-K1 cells; LY-A cells; LY-A/hCERT cells, which ex-
pressed human CERT and restored the trafficking of ceramide;
LY-B cells; and LY-B/cLCBI cells, which complemented the serine
palmitoyltransferase deficiency, were cultured in Nutridoma-BO
medium for 2 days to deplete sphingomyelin of mutant cells. Cells
were incubated with 200 pg/ml TDH for 3 h, and cytotoxicity was
determined. Data are from three experiments = SD. %, P < 0.01.
SMase was not cytotoxic even at the highest concentration used in
this study (100 mU/ml) (data not shown).

Localization of c-Myc-tagged TDH. Finally, fluorescent mi-
croscopy was used for the imaging of TDH on cells. We con-
structed TDH tagged with c-Myc at its C terminus (TDH-Myc)
and used it for an immunofluorescence study. HeLa cells were
treated with TDH-Myc and with the Alexa 546-conjugated
cholera toxin B subunit (CTxB), which is a commonly used raft
probe, or with Alexa 546-conjugated transferrin (Tfn), which
stains cellular TR, a nonraft marker. The distribution pattern
of TDH-Myc was similar to that of CTxB (Fig. 8A) but not that
of Tfn (Fig. 8B). However, the fact that the localization of
TDH-Myc was not completely merged with that of CTxB sug-
gests that although TDH-Myc was shown to be associated with
lipid rafts, the lipid rafts recognized by TDH differ, at least
partly, from the Gy,,-lipid rafts recognized by CTxB.

DISCUSSION

Although TDH is recognized as a major virulence factor of
V. parahaemolyticus, the mechanism of its cytotoxicity remains
unclear. In this study, we examined the role of lipid rafts in
TDH cytotoxicity and found that (i) TDH is associated with
lipid rafts, while a nontoxic TDH mutant is not, and (ii) MBCD
eliminates TDH cytotoxicity and its association with lipid rafts.
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Based on these findings, we concluded that the cytotoxicity of
TDH is dependent on lipid rafts.

TDH is a pore-forming toxin that forms 2-nm pores on the
membrane of erythrocytes. Although many bacterial pore-
forming toxins form sodium dodecyl sulfate (SDS)-resistant
oligomers (51), to our knowledge, it has never been reported
that TDH can form such a stable oligomer. On the other hand,
it was previously reported that TDH forms a tetrameric struc-
ture in aqueous solution (10). The two-dimensional images
showed a square shape of a tetramer of TDH and suggested
the presence of a pore with a width of about 2 nm in the center
of the tetramer. This size is consistent with the size of pores on
erythrocytes observed previously (14). The pore in the center
of the tetramer of TDH might account for the hemolytic ac-
tivity of the toxin, and it seems to support our present finding
that hemolysis by TDH is independent of lipid rafts. In the case
of cultured cells, on the other hand, our finding demonstrated
that the pores formed by TDH are also thought to be enough
for Ca?" influx into cultured cells but not for cytotoxicity (Fig.
3). It was previously reported that when cultured cells are
pretreated with streptolysin O, a bacterial pore-forming toxin,
at a low and sublethal dose, the cells can repair the injured
plasma membrane (17, 52). Another study found that in re-
sponse to aerolysin, another pore-forming toxin, caspase-1 ac-
tivates lipid biogenesis, which could result in the repair of
damage to the membrane and consequently in cell survival (9).
We therefore hypothesize that pore formation by TDH in the
nonraft membrane may not be sufficient for cell killing because
nucleated cells may be able to repair their membrane damaged
by TDH. In contrast, cytotoxic action occurs only when TDH is
associated with lipid rafts. Because of the localization of TDH
in lipid rafts, an irreversible membrane disruption that cannot
be restored by the cells may occur and thus lead to cell death.
Recently, various bacterial pore-forming toxins were reported
to utilize lipid rafts (1, 25, 30). Lipid rafts are thought to serve
as concentration devices for the optimization of oligomeriza-
tion and pore formation by those pore-forming toxins on the
plasma membrane. It is thus possible that TDH also facilitates
its own cytotoxic effect as a result of concentration in lipid
rafts. The corresponding model is presented in Fig. 9.

When cells were treated with exogenous SMase, TDH was
found not to be associated with DRMs, while raft marker
proteins (Cav-1 and Flt-1) were still localized in DRM frac-
tions (Fig. 7B). This prompted us to speculate that TDH may
be associated with a certain type of lipid raft, which is disrupted
at a certain concentration of SMase. Although the flotation of
DRMs is generally used for analyses of lipid rafts, it has been
pointed out frequently that DRMs are not the same as lipid
rafts in living cells (28). Figure 8 shows the distribution of
TDH-Myc determined by means of indirect immunofluores-
cence microscopy, which indicates that the distribution of
TDH-Myc is similar but not identical to that of CTxB. This
suggests that TDH-associated rafts may differ from G,;-lipid
rafts. Recent biophysical approaches such as fluorescence res-
onance energy transfer and atomic force microscopy have
shown that lipid rafts of living cells are more dynamic than the
past model (13, 26, 43). Moreover, recent studies using the
sphingomyelin-specific binding toxin lysenin have demon-
strated that sphingomyelin-rich domains are distinct from
Gy -rich domains in the cytoplasmic membrane (20, 21, 23).
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FIG. 6. There is no direct interaction between TDH and sphingomyelin. (A to D) Liposomes including sphingomyelin and cholesterol were
incubated with TDH or lysenin for 30 min at room temperature, and the toxin-liposome mixtures were added to HeLa cells or erythrocytes. (A
and B) HeLa cells were incubated with liposomes and 1 wg/ml lysenin for 3 h (A) or 20 pg/ml TDH for 3 h (B). (C and D) Erythrocytes were
exposed to liposomes and 500 ng/ml lysenin for 30 min (C) or 10 pg/ml TDH for 30 min (D). Data are shown as means and SD from three
independent experiments. %, P < 0.01. (E) Binding of TDH or lysenin to sphingomyelin. Spotting of sphingomyelin (0, 10, and 50 nmol) onto the

TLC plates was followed by lipid overlay assays.

Thus, the heterogeneity of lipid rafts is steadily uncovered.
TDH-associated rafts seem not to be identical to Gy,,-rich
domains that are recognized by CTxB, as indicated by fluores-
cent microscopy. Although the fluorescent microscopic analy-
sis in our study was not enough to clearly demonstrate that
TDH associates with specific types of lipid rafts, it offered the
possibility that TDH may serve as a potent probe for a certain
group of lipid rafts in plasma membranes.

In conclusion, the results of our study demonstrate that the
cytotoxic effect of TDH on nucleated cells is dependent on
lipid rafts, while the hemolytic activity of TDH is not. It thus
seems that the mechanism of cytotoxicity by TDH is different

A Hela + TDH B HelLa/SMase + TDH

DRMs non-DRMs
123 45 6

DRMs non-DRMs
123456

| TDH TDH

Cav-1

Cav-1
Flt-1

FIG. 7. Depletion of sphingomyelin affects association of TDH
with lipid rafts. HeLa cells were incubated with 100 mU/ml SMase or
no SMase for 1 h and then exposed to 10 pg/ml TDH for 30 min.
DRMs were prepared and analyzed by immunoblotting against TDH,
Cav-1, Flt-1, and TfR. (A) Nontreated; (B) SMase treated.

from that of hemolysis by TDH. Sphingomyelin was found to
be important for the association of TDH with lipid rafts, al-
though TDH does not interact directly with sphingomyelin.
These results provided the possibility that TDH may target a
certain group of rafts that are sensitive to SMase at a certain
concentration that does not affect other types of rafts, which
would support the notion of the heterogeneity of lipid rafts. It

CTxB TDH-Myc Merged
+TDH-Myc
+CTxB
TDH-Myc Merged
+TDH-Myc
+Tfn

FIG. 8. Distribution of TDH on cells by fluorescent microscopy.
HelLa cells were incubated with TDH-Myc in the presence of Alexa
546-CTxB (A) or Alexa 546-Tfn (B) and fixed. The cells were then
probed with anti-c-Myc antibody and subsequently stained with Alexa
488-conjugated anti-mouse antibody. Images were obtained by fluo-
rescent microscopy. Arrowheads indicate nonspecific signals that were
observed with anti-c-Myc antibody even in the absence of TDH-Myc
(data not shown).
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FIG. 9. Model of hemolysis and cytotoxicity induced by TDH. In erythrocytes, TDH forms pores in the nonraft region on the membrane of
erythrocytes in the presence or absence of lipid rafts. The pores are enough for the colloidal osmotic lysis of erythrocytes. In nucleated cells, TDH
forms pores in the nonraft region on the plasma membrane in the presence or absence of lipid rafts. When lipid rafts are disrupted, nucleated cells
may repair the pores, resulting in cell survival. When lipid rafts are intact, TDH can be associated with these rafts, and concentrated TDH may
cause irreversible membrane disruption or other cytotoxic events in lipid rafts. The damage to the membrane that cannot be repaired by cells

results in cell death.

is also expected that TDH may prove to be a novel probe for
the differentiation of the heterogeneity of lipid rafts.
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