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Clostridium perfringens iota-toxin is a binary toxin composed of an enzyme component (Ia) and a binding
component (Ib). Each component alone lacks toxic activity, but together they produce cytotoxic effects. We
examined the cytotoxicity of iota-toxin Ib in eight cell lines. A431 and A549 cells were susceptible to Ib, but
MDCK, Vero, CHO, Caco-2, HT-29, and DLD-1 cells were not. Ib bound and formed oligomers in the
membranes of A431 and MDCK cells. However, Ib entered MDCK cells but not A431 cells, suggesting that
uptake is essential for cellular survival. Ib also induced cell swelling and the rapid depletion of cellular ATP
in A431 and A549 cells but not the insensitive cell lines. In A431 cells, Ib binds and oligomerizes mainly in
nonlipid rafts in the membranes. Disruption of lipid rafts by methyl-3-cyclodextrin did not impair ATP
depletion or cell death caused by Ib. Ib induced permeabilization by propidium iodide without DNA fragmen-
tation in A431 cells. Ultrastructural studies revealed that A431 cells undergo necrosis after treatment with Ib.
Ib caused a disruption of mitochondrial permeability and the release of cytochrome c. Staining with active-
form-specific antibodies showed that the proapoptotic Bcl-2-family proteins Bax and Bak were activated and
colocalized with mitochondria in Ib-treated A431 cells. We demonstrate that Ib by itself produces cytotoxic

activity through necrosis.

Clostridium perfringens type E, which produces an iota-toxin
consisting of an enzyme component (Ia) and a binding com-
ponent (Ib), causes antibiotic-associated enterotoxemia in
calves and lambs (18, 23). Ib binds to a receptor and transfers
Ta into the cytosol, where Ia ADP-ribosylates actin. Each com-
ponent lacks toxic activity alone, but together they act in binary
combinations to produce cytotoxic, lethal, and dermonecrotic
activities (3, 17). Iota-toxin belongs to a family of binary actin-
ADP-ribosylating toxins that includes Clostridium botulinum
C2 toxin, Clostridium spiroforme iota-like toxin, Clostridium
difficile ADP-ribosyltransferase, and vegetative insecticidal
protein (VIP) from Bacillus cereus (3).

ITa ADP-ribosylates skeletal muscle a-actin and nonmuscle
B/vy-actin (2). Crystallography of Ia complexed with NADPH
and site-directed mutagenesis revealed that it is divided into
two domains, the N domain (residues 1 to 210), which is re-
sponsible for interaction with Ib, and the C domain (residues
211 to 423), which is involved in the catalytic activity of ADP-
ribosyltransferase (19, 27). Furthermore, we reported the
structure of a Michaelis complex with Ia, actin, and a nonhy-
drolyzable NAD™ analogue (28). Based on this structure, we
revealed that Glu-378 on the EXE loop of Ia is in close prox-
imity to Arg-177 in actin, and we proposed that the ADP-
ribosylation of Arg-177 proceeds by an SN1 reaction (28).

Ib binds to cells, forming oligomers to create ion-permeable
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channels (4, 11, 25). Iota-toxin enters host cells and induces
toxicity by exploiting the cell’s endogenous pathways as follows
(3-5, 20). Through its C-terminal part, Ib recognizes distinct,
though as-yet-unidentified, receptors on the cell surface, a
membrane protein sensitive to pronase (24). Ib specifically
binds to a receptor on the cytoplasmic membrane of cells and
accumulates in lipid rafts, and the Ia bound to the oligomers
formed on the rafts then enters the cell (6, 13). Ia and Ib are
transported to the early endosome, where acidification pro-
motes cytosolic entry of Ia (6, 13). Then Ia binds to G-actin in
the cytosol and ADP-ribosylates it, thereby blocking the po-
lymerization of actin and eventually intoxicating cells (4, 20).

Ib displays significant homology with the protective antigen
(PA) of anthrax toxins (54.4% similarity overall) and C2II
(39.0%), suggesting that they have similar modes of action (3,
14). PA (15) and C2II (3) bound to cell surface receptors and
interacted with the enzyme components edema factor and le-
thal factor for PA and C2I for C2II, respectively, mediating
their entry into target cells. The crystal structure of PA and
C2II reveals four domains (15, 21). The N and C termini in the
binding component, designated domain I and domain IV, re-
spectively, represent the docking site for the enzyme compo-
nent and the binding site for the cells. We reported that the
conserved Ca”*-binding motif in the N-terminal region of Ib
plays a role in the interaction of Ib with Ia in the presence of
Ca®" (9).

Marvaud et al. and Stiles et al. (10, 24) reported that Ib
strongly binds to the cell surface receptor of Vero and MDCK
cells, which are sensitive to iota toxin, but not that of FRHL-
103 and MRC-5 cells, which are highly resistant to the toxin.
Knapp et al. (8) reported that Ib forms cation-permeable chan-
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nels in artificial lipid membranes. We revealed that the Ib-
induced release of K* from the cells is dependent on the
formation of oligomers by Ib in Vero cells, but the oligomers
do not induce cytotoxicity (11). We cannot explain why the
formation of an oligomer does not lead to cytotoxicity. Fur-
thermore, little is known about the biological activity of Ib.
Here, we investigated the cytotoxic activity of Ib in six cell lines
and identified two sensitive cell lines. The results indicate that
Ib induces rapid necrosis among the sensitive cells.

MATERIALS AND METHODS

Materials. Recombinant Ib was expressed, fused with glutathione S-trans-
ferase (GST), in Escherichia coli BL21, as described previously (11). Rabbit
anti-Ib antibody was prepared as described previously (17). Methyl-B-cyclodex-
trin (MbCD), Z-VAD-FMK, staurosporine, propidium iodide (PI), ethidium
bromide, 3-methyladenine, and a protease inhibitor mixture were obtained from
Sigma (St. Louis, MO). Mouse anti-caveolin-1, anti-Lyn, and anti-B-actin anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Horse-
radish peroxidase-labeled goat anti-rabbit immunoglobulin G (IgG), horseradish
peroxidase-labeled sheep anti-mouse IgG, and an enhanced chemiluminescence
(ECL) Western blotting kit were purchased from GE Healthcare (Tokyo, Ja-
pan). Dulbecco’s modified Eagle’s medium (DMEM) and Hanks’ balanced salt
solution (HBSS) were obtained from Gibco BRL (New York, NY). Mouse
anti-cytochrome ¢ antibody (6H2.B4) was purchased from BD Bioscience (To-
kyo, Japan). Alexa Fluor 568-conjugated goat anti-rabbit IgG, Alexa Fluor 568-
conjugated goat anti-mouse IgG, MitoTracker red CMXRos, Cellular Lights
Mito-GFP BacMam 1.0, Hoechst 33342, and 4',6'-diamino-2-phenylindole
(DAPI) were provided by Molecular Probes (Eugene, OR). Rabbit anti-Bax-NT
and anti-Bak-NT antibodies were purchased from Millipore (Tokyo, Japan).
Rabbit anti-active caspase 3 antibody was obtained from Promega (Tokyo,
Japan). All other chemicals were of the highest grade available from commercial
sources.

Cell culture. Human epithelial carcinoma cells (A431), human lung adeno-
carcinoma cells (A549), human colon epithelial carcinoma cells (DLD-1), human
colon carcinoma cells (Caco-2), African green monkey kidney cells (Vero),
Madin-Darby canine kidney cells (MDCK), and Chinese hamster ovary cells
(CHO) were obtained from Riken Cell Bank (Tsukuba, Japan). Human colon
adenocarcinoma cells (HT-29) were purchased from DS Pharma Biomedical
(Osaka, Japan). They were cultured in DMEM supplemented with 10% fetal calf
serum (FCS), 100 U/ml of penicillin, 100 wg/ml of streptomycin, and 2 mM
glutamine (FCS-DMEM). All incubation steps were carried out at 37°C in a 5%
CO, atmosphere.

Cell viability. Cell viability was determined by the MTS (3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;  Pro-
mega) inner salt conversion assay (MTS assay). The absorbance was read at 490
nm using an enzyme-linked immunosorbent assay plate reader. Cell viability was
calculated as mean absorbance of the toxin group divided by that of the control
(12). In some experiments, heat-inactivated Ib was prepared by heating at 95°C
for 10 min.

Measurement of ATP. Cellular ATP content was measured using a lumines-
cence assay (Cell-Titer Glo kit; Promega) following the manufacturer’s instruc-
tions. Briefly, cells were incubated with Ib at 37°C for specific periods. Final
luminescence was measured in a TopCount NXT microplate luminescence coun-
ter (Perkin-Elmer, Waltham, MA).

Sucrose gradient fractionation. The separation of lipid rafts was carried out by
flotation-centrifugation on a sucrose gradient (12, 13). A431 cells were plated in
100-mm-diameter tissue culture dishes 24 h before use. Ib was added to cells in
FCS-DMEM at 4°C for 1 h. The cells were washed and transferred into warmed
FCS-DMEM (37°C) for 1 h. They were then rinsed with Hanks balanced salt
solution (HBSS) and lysed by exposure to 1% Triton X-100 at 4°C for 30 min in
HBSS containing the protease inhibitor mixture. The lysate was scraped from the
dishes with a cell scraper and homogenized by passage through a 22-gauge
needle. The lysate was adjusted to contain 40% sucrose (wt/vol), overlaid with 2.4
ml of 36% sucrose and 1.2 ml of 5% sucrose in HBSS, centrifuged at 45,000 rpm
(250,000 X g) for 18 h at 4°C in an SW55 rotor (Beckman Instruments, Inc., Palo
Alto, CA), and fractionated from the top (0.4 ml/fraction). The aliquots were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Ib was detected by Western blotting as described for the immunoblot
analysis. Cholesterol contents were assayed spectrophotometrically using a di-
agnostic kit (Cholesterol C-Test; Wako Pure Chemical, Osaka, Japan).

INFECT. IMMUN.

Immunoblot analysis. The samples were heated in 2% SDS sample buffer at
95°C for 3 min, subjected to SDS-PAGE, and transferred to a polyvinylidene
difluoride membrane (Immobilon P; Millipore). The membrane was blocked
with Tris-buffered saline (TBS) containing 2% Tween 20 and 5% skim milk and
incubated first with the primary antibody against Ib, caveolin-1, or active caspase
3 in TBS containing 1% skim milk, then with a horseradish peroxidase-conju-
gated secondary antibody, and finally with an enhanced chemiluminescence
analysis kit (GE Healthcare).

Influx of propidium iodide. A431 cells on 96-well plates were incubated with
or without Ib and with propidium iodide (PI; 5 wg/ml) at 37°C. Then, the plates
were read with a spectrofluorimeter (Tecan, Tokyo, Japan) (excitation, 380 nm;
emission, 620 nm). The results were expressed as the percentage of fluorescence
obtained compared to nonintoxicated cells incubated with 0.5% Triton X-100 at
37°C.

DNA gel electrophoresis. A431 cells grown in 3.5-cm dishes were incubated
without or with Ib (250 ng/ml) at 37°C for various periods. DNA was extracted
using SepaGene (Sanko-Junyaku, Tokyo, Japan) according to the manufacturer’s
instructions, and 2 pg of DNA was then subjected to agarose gel electrophoresis
(1.5%), followed by ethidium bromide staining. Molecular weight standards were
from Takara-Bio (Shiga, Japan). As a positive control of DNA fragmentation,
A431 cells were incubated with staurosporine (10 nM) for 24 h and subjected to
gel electrophoresis.

Electron microscopy. A431 cells incubated with or without Ib were fixed in
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). After being washed in
the same buffer and fixed in 1% OsO, for 1 h, the specimens were washed again,
dehydrated in an ethanol series, and embedded in Epon 812. Thin sections were
cut with a Leica Ultracut UCT microtome, poststained with 2% uranyl acetate
and Reynolds lead citrate, and examined using a JEOL JEM-2000EX operated
at 80 kV as described previously (26).

Immunofluorescence studies. Cells were plated on a polylysine-coated glass-
bottomed dish (Matsunami, Osaka, Japan) and incubated at 37°C in a 5% CO,
incubator overnight in FCS-DMEM. To study the internalization of Ib, Ib (1
pg/ml) was incubated with cells at 4°C for 1 h in FCS-DMEM. After three washes
in cold FCS-DMEM, cells were transferred to FCS-DMEM or FCS-DMEM
containing Ia (1 wg/ml) prewarmed to 37°C and incubated at the same temper-
ature for 30 min. They were washed four times with cold phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde at room temperature. For
antibody labeling, the dishes were then incubated at room temperature for 15
min in 50 mM NH,CI in PBS and in PBS containing 0.1% Triton X-100 at room
temperature for 20 min. After being washed with PBS containing 0.02% Triton
X-100, the dishes were incubated at room temperature for 1 h with PBS con-
taining 4% BSA, followed by primary antibody (rabbit anti-Ib antibody) in PBS
containing 4% BSA at room temperature for 1 h. They were then washed with
PBS containing 0.02% Triton X-100, incubated with secondary antibody (Alexa
Fluor 568-conjugated anti-rabbit IgG) in PBS containing 4% BSA at room
temperature for 1 h, washed extensively with PBS containing 0.02% Triton
X-100, and analyzed under a Nikon Al laser scanning confocal microscope
(Tokyo, Japan). Nuclei were stained with DAPI.

To study the activation of Bax and Bak and release of cytochrome ¢, A431 cells
were seeded and grown at 37°C for 12 h on glass-bottomed dishes before trans-
fection with Cellular Lights Mitochondria-GFP BacMam 1.0 according to the
manufacturer’s instructions; 24 h later, they were treated with Ib, fixed, perme-
abilized, and blocked as described above. Cells were incubated with active-form-
specific anti-Bax, active-form-specific anti-Bak, or anti-cytochrome ¢ antibodies
and then with species-specific Alexa Fluor 488-conjugated secondary antibodies.

For experiments with MitoTracker red CMXRos, A431 cells were incubated
with MitoTracker red CMXRos (200 nM) and Hoechst 33342 (20 pg/ml) at 37°C
for 30 min before live cell imaging. All images represent a single section through
the focal plane. Images shown in the figures are representative of at least three
independent experiments and were produced with Adobe Photoshop v7.0.

RESULTS

Cytotoxicity of Ib. It has been reported that Ib alone has no
effect on living cells (3). To investigate the cytotoxicity of Ib,
the MTS assay was performed with a variety of cell types. As
shown in Fig. 1A, Ib caused death of A431 and A549 cells.
A431 cells were more sensitive to Ib than A549 cells. Ib did not
induce the death of Vero, MDCK, CHO, Caco-2, HT-29, or
DLD-1 cells. Cell viability was also assessed using ATP mea-
surements (Fig. 1B and C). Ib caused a rapid dose- and time-
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FIG. 1. Cytotoxicity and ATP depletion induced by Ib. (A) Cells were treated with various amounts of Ib at 37°C for 4 h. Cell viability was
determined via an assay with MTS, and the number of live cells is shown as a percentage of the value for untreated controls. (B) Cells were
incubated with various amounts of Ib at 37°C for 4 h before ATP was measured. (C) Cells were incubated with Ib (250 ng/ml) at 37°C for the
periods indicated before ATP was measured. Data are reported as percentages of the values obtained with untreated controls (means * standard
deviations for four independent experiments). Symbols (A, B, and C): @, A431; O, A549; B, MDCK; [, Vero; A, DLD-1; A, CHO; V, HT-29;
¥V, Caco-2. (D) Morphological changes of A431 cells upon treatment with Ib. A431 cells were cultured without or with Ib (250 ng/ml) at 37°C for
4 h. The cells were observed by phase-contrast microscopy. Magnification, X150.

dependent decrease in the ATP content of A431 and A549
cells, with an almost complete depletion 30 to 60 min after its
addition. Ib did not induce any depletion of ATP in the other
cells, which were not susceptible to Ib in cytotoxicity assays.
The morphological changes induced by Ib in A431 cells are
shown in Fig. 1D. The cells showed marked swelling but no
blebs. Similar results were obtained with A549 cells (data not
shown). Ib had no morphological effect on Ib-insensitive cells
(data not shown). No cytotoxicity or ATP depletion was
evoked by heat-inactivated Ib, and the cell death and ATP
depletion induced by Ib were completely neutralized by an
anti-Ib antibody (data not shown). These findings indicated
that Ib causes the death of A431 and A549 cells and also
induces rapid depletion of cellular ATP.

Binding and internalization of Ib into cells. We reported
that Ib binds to Vero cells, forming an oligomer itself to create
ion-permeable channels (11). To test the binding and oligo-
merization of Ib on Ib-sensitive (A431) and -insensitive
(MDCK)) cells, the cells (5 X 10°) were preincubated with Ib in
DMEM-10% FCS at 4°C for 60 min, washed, and incubated in
the same medium at 37°C for various periods. The treated cells
were dissolved in SDS sample solution and analyzed by SDS—
7.5% PAGE without heating at 95°C. Ib was analyzed by West-
ern blotting with anti-Ib antibody (Fig. 2A). When the A431 or
MDCK cells were incubated with Ib at 4°C for 60 min, only the
Ib monomer (76 kDa) was detected. On the other hand, when
both cells were incubated with Ib at 37°C, levels of the Ib
monomer decreased and Ib oligomer increased in a time-de-
pendent manner, as reported previously (11). As shown in Fig.

2A, the binding of Ib to A431 cells was greater than that to
MDCK cells. The data indicated that Ib forms oligomers in
Ib-sensitive (A431) and -insensitive (MDCK) cells.

Husmann et al. (7) reported that Staphylococcus aureus al-
pha-toxin, an archetype of bacterial pore-forming toxins, en-
ters a particular cell type and that uptake of the toxin is es-
sential for cellular survival. We investigated the internalization
of Ib into A431 and MDCK cells. After the loading of both
cells with Ib at 4°C, binding to the plasma membrane was
readily detected by confocal immunofluorescence microscopy
(Fig. 2B, panel b). When Ib-treated MDCK cells were incu-
bated at 37°C for 30 min, Ib was present in cytoplasmic vesicles
(Fig. 2B, panel c¢). On the other hand, the persistence of Ib on
the membrane of A431 cells was confirmed at 37°C (Fig. 2B,
panel ¢). Furthermore, when A431 cells were incubated with Ia
plus Ib at 37°C, Ib was also detected in the plasma membrane
(Fig. 2B, panel d). The results demonstrate that the ability of
a cell type to survive membrane pore formation by Ib appears
to depend on its ability to internalize Ib.

We had reported that Ib binds to a receptor on membranes
and then moves to lipid rafts and that the Ia bound to Ib in the
lipid rafts is internalized in MDCK cells (13). To investigate
the binding of Ib to lipid rafts of A431 cells, Ib was incubated
with A431 cells in DMEM-10% FCS at 4°C for 60 min, and the
cells were treated with 1% Triton X-100 at 4°C for 60 min. The
membranes treated with Triton X-100 were fractionated by
sucrose density gradient centrifugation. The fractions were
subjected to SDS-PAGE and Western blotting using anti-Ib
antibody. As shown in Fig. 3A, the Ib monomer (75 kDa) was
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FIG. 2. Binding and formation of oligomers by Ib in A431 cells and MDCK cells. (A) Cells (1 X 10°well) were incubated with Ib (1 pg/ml)
at 4°C for 1 h. The cells were rinsed, incubated at 37°C for the period indicated, and subjected to Western blot analyses of Ib and B-actin (control).
A typical result from one of three experiments is shown. (B) Binding and internalization of Ib in A431 cells and MDCK cells. Cells were treated
without (a) or with (b) Ib (1 wg/ml) at 4°C for 1 h. After washing, cells were incubated with medium only (c) or with medium containing Ia (d)
at 37°C for 30 min. Cells were fixed, permeabilized, and stained with anti-Ib antibody and DAPI. Ib (red) and nucleus (blue) were viewed with a
confocal microscope. The experiments were repeated three times, and a representative result is shown. Bar, 5 pm.

found in the soluble fractions (fractions 6 to 9). When A431
cells preincubated with Ib at 4°C for 60 min were incubated at
37°C for 30 min, the Triton X-100-soluble fractions (fractions
6 to 9) showed two bands, a minor band corresponding to the
Ib monomer and a major band of about 500 kDa, which was
reported to be heptameric Ib (11) (Fig. 3B). The monomer and
oligomer of Ib were detected in the detergent-insoluble frac-
tions. Caveolin-1 was detected in the insoluble fractions (frac-
tions 2 to 4), where >85% of the cholesterol was detected (Fig.
3C and D), showing that fractions 2 to 4 are lipid rafts. The
result suggests that Ib forms an oligomer in the nonlipid rafts
of the plasma membranes of A431 cells at 37°C after the
binding of the monomer to membranes. Incubating the cells
with 10 mM MbCD, an efficient drug that extracts cholesterol
from membranes, did not alter the ATP content of untreated
cells and had no protective action against the rapid decrease in
cellular ATP caused by Ib (data not shown). Consistent with
these results, MbCD (10 mM) was found to have no protective
effect on cell viability after Ib was added (data not shown).
These findings demonstrate that removing cholesterol from
lipid rafts is not sufficient to protect cells against the rapid
injury caused by Ib.

Cell necrosis induced by Ib. We next investigated the pos-
sible mechanisms responsible for the rapid cell death caused by
Ib. Incubation of A431 cells with Ib (250 ng/ml) failed to
induce DNA ladder fragmentation, a hallmark of apoptosis,
even after incubation for up to 240 min (Fig. 4A). As a positive
control, DNA fragmentation was detected when A431 cells
were incubated for longer periods of time (24 h) with 10 nM
staurosporine, a well-known inducer of apoptosis (Fig. 4A). No
induction of apoptotic caspase 3 was detected in Ib-treated
cells (data not shown). Moreover, preincubating the cells with
20 uM Z-VAD-FMK, a broad-spectrum caspase inhibitor, and
3-methyladenine, an autophagy inhibitor, did not protect
against the rapid loss of cell viability caused by the toxin, as
assessed by MTS assay (data not shown). Loss of plasma mem-
brane integrity leading to increased permeability to cationic
dyes such as propidium iodide (PI) was found to be character-
istic of necrosis, or the so-called “necrotic stage” of apoptosis
(22). Therefore, the entry of PI into cells treated with Ib was
monitored. As shown in Fig. 4B, Ib induced the entry of PI into
cells in a time-dependent manner. PI entry into MDCK cells
with Ib was not observed. The results supported the idea that
Ib causes cell necrosis. Next, the cell damage induced by Ib was
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FIG. 3. Sucrose density gradient analysis of Ib-bound A431 cells. A431 cells were incubated with Ib (1 pg/ml) in DMEM containing 10% fetal
calf serum at 4°C for 1 h and then either analyzed (A) or washed, incubated at 37°C for 30 min, and then analyzed (B). Cells were solubilized in
1% Triton X-100, and detergent-insoluble fractions were floated on a step sucrose gradient. Aliquots of the nine fractions from the gradient were
analyzed by Western blot analysis using anti-Ib antibody (A and B) or anti-caveolin-1 antibody (C). (D) The distribution of cholesterol in the
sucrose gradient fractions was determined as described in Materials and Methods.

investigated by electron microscopy (Fig. 4C). When A431
cells were incubated with Ib at 37°C, the density of the cyto-
plasm and the nucleus decreased. In addition, swelling of the
nucleus and small vacuoles were observed. Consistent with
above results, ultrastructural studies revealed that A431 cells
treated with Ib display the morphological changes character-
istic of necrosis.

Ib caused a rapid decrease in the ATP content of A431 cells,
with almost complete depletion after 30 min, as shown in Fig.
1. We next tested whether Ib-induced ATP depletion altered
mitochondrial permeability. Mitochondria were visualized us-
ing MitoTracker red, a mitochondrion-specific dye that accu-
mulates in a membrane potential-dependent way. The staining
of mitochondria in control cells was homogenous, indicative of
actively respiring mitochondria; the mitochondria appeared to
be almost evenly distributed within the cell, particularly around
the nuclei (Fig. 5A). On the other hand, mitochondria in cells
treated with Ib for 15 min revealed a striking decrease in
fluorescent intensity (Fig. SA). Next, we used A431 cells ex-
pressing Mitochondria-GFP (Mito-GFP). In this experiment,
GFP with a mitochondrion-targeting signal (Mito-GFP) was
used as a marker for mitochondria. As shown in Fig. 5B, we
investigated whether Ib causes the release of cytochrome ¢
from the mitochondria to the cytosol. In control cells, cyto-
chrome ¢ immunoreactivity was not revealed in the cytoplasm.
On the other hand, Ib induced the release of cytochrome ¢
from mitochondria in the cytoplasm of cells within 30 min. It
has been reported that the proapoptotic Bcl-2-family proteins,
such as Bax, induce mitochondrial membrane permeabilization
and cytoplasmic release of cytochrome ¢ (1). We therefore
examined whether the Ib-induced release of cytochrome ¢
from mitochondria involved the activation of Bax. It had been

reported that activated Bax was associated with intracellular
membranes, principally the mitochondrial outer membrane
(29). We evaluated the subcellular distribution of activated Bax
in Ib-treated A431 cells expressing Mito-GFP using active-
form-specific anti-Bax antibodies and confocal microscopy. As
shown in Fig. 5B, activated Bax in Ib-treated A431 cells was
colocalized to mitochondria within 30 min. In addition, we also
observed the activation of Bak by Ib using conformational-
specific anti-Bax antibodies (Fig. 5B), indicating that activated
Bak, another Bcl-2 homolog, is also colocalized to mitochon-
dria.

DISCUSSION

In the present study, we demonstrated that Ib (i) shows
cytotoxicity in A431 and A549 cells, (ii) binds to nonlipid rafts
and forms an oligomer, and (iii) causes a rapid necrosis.

It has been reported that Ib possesses no cytotoxic activity
(3, 18, 20). We found that Ib binds to Vero cells, forming
homo-oligomers to create ion-permeable channels, but the oligo-
mers did not induce cytotoxicity (11). The finding suggests that
Ib forms channels comprising heptamers or hexamers in the
membrane (functional oligomers) and that the Ib oligomer is
inserted into the endosomal membrane (11). Knapp et al. (8)
reported that Ib was able to induce the formation of small
ion-permeable channels in artificial lipid bilayer membranes.
The putative channel-forming domain in Ib plays a role in the
formation of channels (8). Richard et al. (16) reported that Ib
alone applied apically or basolaterally induced a slow decrease
in the transepithelial resistance (TER) of Caco-2 cell mono-
layers and that Ib was transcytosed on the opposite cell surface.
In the present study, Ib induced marked swelling, ATP deple-
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FIG. 4. Effect of Ib on entry of propidium iodide (PI), DNA fragmentation, and ultrastructural change. (A) Nuclear DNA from untreated A431
cells (lane 0) and cells exposed to Ib (250 ng/ml) at 37°C for 1 to 4 h (lanes 1, 2, and 4) was analyzed by agarose gel electrophoresis. As a positive
control, A431 cells were treated with 10 nM staurosporine (Stau.) for 24 h. (B) Cells were incubated with Ib (250 ng/ml) and PI (5 pg/ml) at 37°C
for the periods indicated. Control cells (100%) were treated at 37°C for 30 min with 0.2% Triton X-100. Data are means * standard deviations
for four independent experiments. Symbols: @, A431; O, MDCK. (C) Ultrastructural changes caused by Ib. A431 cells were incubated without or
with Ib (250 ng/ml) at 37°C for 30 min. Cells were then processed for transmission electron microscopy as described in Materials and Methods.

Bar, 10 pm.

tion, and cell death among sensitive cells. Since no cell line has
been reported to be sensitive to date, the discovery that A431
and A549 cells are sensitive to Ib is a novel finding and may
resolve the role of Ib in pathogenicity.

We reported previously that Ib binds to a receptor in mem-
branes of MDCK cells and then moves to lipid rafts in the
membranes and that the oligomer of Ib formed in the rafts is
internalized (13). Here, we also showed that Ib enters MDCK
cells via endocytosis. On the other hand, the Ib monomer
formed oligomers on nonlipid rafts in membranes of sensitive
A431 cells. Moreover, Ib was located on the cell surface during
the intoxication process at 37°C. Husmann et al. (7) reported
that S. aureus alpha-toxin persistence in plasma membranes
was cell type dependent and that uptake of the toxin correlated
with the ability to survive attack by the pore former. Therefore,
the ability of a cell type to survive membrane perforation by Ib
appeared to depend on its ability to internalize Ib. The present
data indicate that internalization of Ib is required for cellular
survival and suggest a role for endocytosis as an innate cellular
defense mechanism against small membrane pores.

We found that Ib induced cell swelling and cell death. Ib
induced activation of the proapoptotic Bcl homologues Bax
and Bak, known to cause mitochondrial membrane permeabi-
lization, and cytoplasmic release of cytochrome c. However, no
expression of the apoptotic enzyme caspase 3 was detected in
Ib-treated cells. Preincubating the cells with Z-VAD-FMK, a
broad-spectrum caspase inhibitor, did not protect against the
rapid loss of viability caused by Ib. Moreover, Ib did not induce
DNA fragmentation. These results indicate that even if Ib

induced activation of Bak and Bax, the cell death mechanism
caused by Ib did not result from the activation of a caspase-
dependent apoptotic process. Ib caused the entry of PI and
rapid cellular depletion of ATP, which is one of the early
signals leading to necrosis. The Ib-dependent increase in per-
meability by PI correlated with the loss of viability, further
supporting the idea that Ib caused necrosis. Moreover, ATP
levels decreased to below 90% of normal values within 60 min
of Ib treatment, at which point cells are considered necrotic,
since there is no longer sufficient ATP to maintain energy-
dependent apoptotic pathways. Ib treatment also results in the
permeabilization of mitochondrial membranes, reflected by
the release of cytochrome c into the cytoplasm and the loss of
MitoTracker staining. Mitochondrial dysfunction was a signif-
icant contributor to cytotoxicity; indeed, severe ATP depletion
could be sufficient to cause cell death. These results suggest
that Ib induces the mitochondrial dysfunction, which in turn
appears to contribute to ATP depletion. The proapoptotic
Bcl-2 homologs Bax and Bak are both critical regulators of
mitochondrial membrane permeabilization, with partially re-
dundant functions (1). Bax is a cytosolic, monomeric protein in
nonapoptotic cells; during apoptosis, it undergoes conforma-
tional changes near the amino and carboxyl termini to expose
the functionally crucial Bcl-2 homology domain 3 and translo-
cates to the mitochondrial outer membrane (29). Bak is largely
associated with the mitochondrial outer membrane and endo-
plasmic reticulum, even in healthy cells; it, too, changes con-
formation in response to apoptotic stimuli. Activated Bax and
Bak undergo homo-oligomerization and may participate in the
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FIG. 5. Ib induces mitochondrial dysfunction. (A) A431 cells
prestained with MitoTracker red and Hoechst 33342 were incubated
with Ib (250 ng/ml) at 37°C for 15 min and observed under a confocal
microscope. (B) A431 cells transfected with Mito-GFP were incubated
with Ib (250 ng/ml) at 37°C for the periods indicated. Cells were then
fixed, permeabilized, and stained with anti-cytochrome ¢ antibody,
active-form-specific anti-Bax antibody, or active-form-specific anti-Bak
antibody. Nuclei were stained with DAPI. Cells were observed by
confocal microscope. The images are representative of four experi-
ments. Bar, 5 pm.

formation of a large mitochondrial transition pore complex
that facilitates cytochrome c release (1, 29). Here, we demon-
strated that Bax was activated and localized to mitochondria in
A431 cells exposed to Ib. In addition to Bax activation in
Ib-treated A431 cells, we observed Bak activation by confocal
microscopy using conformation-specific anti-Bak antibodies.
These results indicate that Ib may utilize both Bax and Bak to
induce mitochondrial dysfunction. We found that Ib was asso-
ciated with plasma membranes even in A431 cells in which
cytochrome ¢ release had been induced. These results sug-
gested that Ib-induced cytochrome c release did not necessarily
require direct interaction of Ib with mitochondria; rather, an
alternative signaling pathway resulting in Bax and Bak activa-
tion appears to be important to the actions of Ib.

C. perfringens type E reportedly causes enterotoxemia in
calves and occasionally other young animals (23). Previous
works demonstrated the ADP-ribosylating nature of iota toxin,
but this toxin’s role in the pathogenesis of intestinal infections
was still unclear (2, 23). It has been reported that Ib alone
decreased the transepithelial resistance (TER) of Caco-2 cell
monolayers through the formation of pores resulting from the
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membrane insertion of Ib oligomers (16) and that the Ib
oligomer in cell membranes generates ion-permeable pores (8,
13). In the present study, we demonstrated that Ib alone in-
duced cytotoxicity in particular types of cells. Based on these
findings, A431 cells could be a useful model for improving our
understanding of the mechanisms involved in the cytotoxicity
of Ib.

In summary, we showed that Ib causes rapid depletion of
ATP and necrosis in A431 and A549 cells. These cells there-
fore offer an attractive new cell system that could be used to
analyze the cytotoxic action of Ib.
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