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Clostridium perfringens iota-toxin is composed of an enzymatic component (Ia) and a binding component (Ib). Ib binds to a cell
surface receptor, undergoes oligomerization in lipid rafts, and binds Ia. The resulting complex is then endocytosed. Here, we
show the intracellular trafficking of iota-toxin. After the binding of the Ib monomer with cells at 4°C, oligomers of Ib formed at
37°C and later disappeared. Immunofluorescence staining of Ib revealed that the internalized Ib was transported to early endo-
somes. Some Ib was returned to the plasma membrane through recycling endosomes, whereas the rest was transported to late
endosomes and lysosomes for degradation. Degraded Ib was delivered to the plasma membrane by an increase in the intracellu-
lar Ca2� concentration caused by Ib. Bafilomycin A1, an endosomal acidification inhibitor, caused the accumulation of Ib in en-
dosomes, and both nocodazole and colchicine, microtubule-disrupting agents, restricted Ib’s movement in the cytosol. These
results indicated that an internalized Ia and Ib complex was delivered to early endosomes and that subsequent delivery of Ia to
the cytoplasm occurs mainly in early endosomes. Ib was either sent back to the plasma membranes through recycling endosomes
or transported to late endosomes and lysosomes for degradation. Degraded Ib was transported to plasma membranes.

Clostridium perfringens type E, which produces an iota-toxin
consisting of an enzyme component (Ia) and a binding com-

ponent (Ib), causes enterotoxemia in calves, lambs, and piglets
(24, 26, 28). Ia ADP-ribosylates skeletal muscle �-actin and non-
muscle �/�-actin (1, 3), and Ib binds to the cell, forming oligom-
ers (15, 18, 30). The components lack toxic activity when each is
injected alone, but together they have cytotoxic, lethal, and der-
monecrotic effects (1, 24, 26). Iota-toxin belongs to a family of
binary actin-ADP-ribosylating toxins that includes Clostridium
botulinum C2 toxin, Clostridium spiroforme iota-like toxin, Clos-
tridium difficile ADP-ribosyltransferase, and vegetative insecti-
cidal protein from Bacillus cereus (1, 26).

Crystallography of Ia revealed that it is divided into two do-
mains, the N domain (residues 1 to 210), which is responsible for
interaction with Ib, and the C domain (residues 211 to 413), which
is involved in the catalytic activity of ADP-ribosyltransferase (25,
32). We described the structure of a Michaelis complex with iota-
toxin, actin, and a nonhydrolyzable NAD� analogue (33). Based
on this structure, we provided some insight into substrate recog-
nition. In particular, we were able to show that Tyr62 on loop I and
Arg248 on loop II in Ia play an essential role at the actin-toxin
interface. We also proposed a common reaction mechanism for
the actin-targeting mono-ADP-ribosylating toxins whereby an
oxocarbenium intermediate is formed following the cleavage of
the nicotinamide moiety from NAD�. Rotation then allows for
the release of the conformational strain and the formation of a
second cationic intermediate. Finally, the nucleophilic attack on
Arg177 of the target actin leaves the ADP-ribose group covalently
bound to this target protein (33).

Ib binds to cells, forming oligomers to create ion-permeable
channels (15, 18, 30). Recently, we reported that Ib alone caused
the death of A431 and A549 cells (21). Ib bound and formed oligo-
mers in the membranes of A431 cells. However, Ib did not enter
A431 cells. Ib also induced cell swelling and the rapid depletion of
cellular ATP in both A431 and A549 cells but not in insensitive cell
lines. Moreover, Ib induced permeabilization by propidium io-

dide without DNA fragmentation in A431 cells. Ultrastructural
studies revealed that A431 cells undergo necrosis after treatment
with Ib. We demonstrated that Ib by itself produces cytotoxic
activity through necrosis (21). On the other hand, Ib enters
MDCK cells via endocytosis and did not cause cell death, indicat-
ing that internalization of Ib is required for cellular survival and
suggesting a role for endocytosis as an innate cellular defense
mechanism against small membrane pores (21).

Papatheodorou et al. (22) reported that iota-toxin enters target
cells via the lipolysis-stimulated lipoprotein receptor (LSR). Iota-
toxin enters host cells and induces toxicity by exploiting the cell’s
endogenous pathways as follows (3, 4, 8, 26). Ib specifically binds
to a receptor on the cytoplasmic membrane of cells via the C-ter-
minal domain and accumulates in lipid rafts, and the Ia bound to
the oligomers of Ib formed on the rafts then enters the cell (11, 19).
Ia and Ib are transported to the early endosome, where acidifica-
tion promotes cytosolic entry of Ia (8, 26). Ia then binds to G-actin
in the cytosol and ADP-ribosylates it, thereby blocking the poly-
merization of actin and eventually intoxicating cells (1, 3, 26).
Although the mechanism of cell rounding induced by iota-toxin
has been investigated in detail, the endosomal trafficking pathway
of internalized Ib is unknown. MDCK cells provide a good model
system to study the binding and internalization of Ib (19, 21, 29).
In this study, we have analyzed the intracellular trafficking of Ib
using MDCK cells.
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MATERIALS AND METHODS
Materials. Rabbit anti-Ib antibody was prepared as described previously
(23). Bafilomycin A1 (BAF), nocodazole, colchicine, cytochalasin D, chol-
era toxin subunit B (CTB), mouse anti-Golgi 58K antibody, and anti-
mouse IgG–fluorescein isothiocyanate (FITC) were obtained from Sigma
(St. Louis, MO). Mouse anti-early endosome antigen 1� (anti-EEA1�)
and anti-�-actin antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), and mouse anti-lysosome-associated membrane
protein 2 (anti-Lamp2) antibody was obtained from AbD Serotec (Ox-
ford, United Kingdom). Horseradish peroxidase-labeled goat anti-rabbit
IgG, horseradish peroxidase-labeled sheep anti-mouse IgG, and an ECL
Western blotting kit were purchased from GE Healthcare (Tokyo, Japan).
Dulbecco’s modified Eagle’s medium (DMEM) and Hanks’ balanced salt
solution (HBSS) were obtained from Gibco BRL (New York, NY). The
expression vector for GFP-Rab11 was prepared as described previously
(31). Alexa Fluor 488-conjugated cholera subunit B, Alexa Fluor 568-
conjugated goat anti-rabbit IgG, Alexa Fluor 488-conjugated goat anti-
mouse IgG, CellLights lysosome-green fluorescent protein (GFP),
CellLights endoplasmic reticulum (ER)-GFP, and 4=,6=-diamino-2-phe-
nylindole (DAPI) were obtained from Molecular Probes (Eugene, OR).
Fura-2 acetoxymethyl (AM) ester was obtained from Dojindo Laborato-
ries (Kumamoto, Japan). Ten to 20 percent Tricine-SDS gels, Tricine-SDS
sample buffer, and Tricine-SDS running buffer were purchased from In-
vitrogen (Tokyo, Japan).

Expression and purification of Ia and Ib. Recombinant Ia was puri-
fied from culture supernatants of Bacillus subtilis ISW1214 carrying a
plasmid containing the Ia gene, as described previously (17). Ib was ex-
pressed, fused with glutathione S-transferase (GST) in Escherichia coli
BL21, as described previously (18).

Cell culture and assay of cytotoxicity. Madin-Darby canine kidney
(MDCK) cells were obtained from Riken Cell Bank (Tsukuba, Japan).
Cells were cultured in DMEM supplemented with 10% fetal calf serum
(FCS), 100 units/ml of penicillin, 100 �g/ml of streptomycin, and 2 mM
glutamine (FCS-DMEM). All incubation steps were carried out at 37°C in
a 5% CO2 atmosphere. The test for cytotoxicity was done on MDCK cells.
The cells were cultivated in FCS-DMEM. For cytotoxicity assays, the cells
were inoculated in 48-well tissue culture plates (Falcon, Oxnard, CA).
Various concentrations of Ia and Ib were mixed in FCS-DMEM and in-
oculated onto cell monolayers. The cells were observed for morphological
alterations at 4 h after inoculation, as described previously (18). To mea-
sure the effects of BAF, nocodazole, and colchicine on the cytotoxicity of
iota-toxin, MDCK cells were preincubated with these agents at 37°C for 1
h and then incubated with Ia and Ib at 37°C for 4 h.

Immunoblot analysis. The samples were incubated in 2% SDS sample
buffer at 37°C for 5 min and subjected to SDS-PAGE. Alternatively, the
protein samples were analyzed by 10 to 20% Tricine-SDS-PAGE (Invit-
rogen), according to the manufacturer’s instructions. For Western blot
analysis, the proteins on SDS-polyacrylamide gels and Tricine-SDS-poly-
acrylamide gels were transferred to polyvinylidene difluoride membranes
(Immobilon P; Millipore). The membranes were blocked with Tris-buff-
ered saline (TBS) containing 2% Tween 20 and 5% skim milk and incu-
bated first with a primary antibody against Ib or �-actin in TBS containing
1% skim milk, then with a horseradish peroxidase-conjugated secondary
antibody, and finally with the antibody from an enhanced chemilumines-
cence analysis kit (GE Healthcare).

Immunofluorescence analysis. Cells were plated on a polylysine-
coated glass-bottom dish (Matsunami, Osaka, Japan) and incubated at
37°C in a 5% CO2 incubator overnight in FCS-DMEM. To study the
internalization of Ib, Ib (1 �g/ml) was incubated with cells at 4°C for 1 h in
FCS-DMEM. After three washes in cold FCS-DMEM, cells were trans-
ferred to FCS-DMEM prewarmed to 37°C and incubated at the same
temperature for various periods. 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 NH4Cl 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 containing 4% bovine
serum albumin (BSA), followed by primary antibody (rabbit anti-Ib an-
tibody, mouse anti-EEA1 antibody, mouse anti-Lamp2 antibody or
mouse anti-Golgi 58K 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-con-
jugated anti-rabbit IgG or anti-mouse IgG-FITC) 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 A1 laser scanning con-
focal microscope (Tokyo, Japan) (20, 21). Nuclei were stained with DAPI.

To study the localization of lysosome-GFP and ER-GFP, MDCK cells
were seeded and grown at 37°C for 12 h on polylysine-coated glass-bot-
tom dishes before transfection with CellLights lysosome-GFP or Cell-
Lights ER-GFP according to the manufacturer’s instructions. Twenty-
four hours later, they were treated with Ib, fixed, permeabilized, and
blocked as described above. For experiments with GFP-Rab11, cells were
transfected with Nucleofector (Amaxa, Koln, Germany) according to the
following program: MDCK cells, kit L, program A24. Briefly, 1 � 106

MDCK cells were pelleted and resuspended in 0.1 ml of solution L and
then electroporated with 2 �g of pGFP-Rab11 plasmid. The electropo-
rated cells were resuspended in 0.35 ml of complete medium. Of this
solution, 0.1 ml was seeded on polylysine-coated glass-bottom dishes and
incubated at 37°C. After 24 h, they were treated with Ib, fixed, permeab-
ilized, and blocked as described above. All images represent a single sec-
tion through the focal plane. Images shown in the figures are representa-
tive of at least three independent experiments and were produced with
Adobe Photoshop (20, 21).

Measurement of intracellular Ca2� concentrations. MDCK cells
were seeded in a 35-mm poly-L-lysine-coated glass-bottom dish and cul-
tured at 37°C for 20 h. The cells were washed three times in wash buffer
(Ca2�-free Hanks’-HEPES buffer containing 2.5 mM probenecid and 1%
[wt/vol] bovine serum albumin) and then loaded with the intracellular
Ca2�-sensitive fluorescent indicator fura-2 AM (4.5 �M) (Dojindo,
Kumamoto, Japan) for 30 min at 37°C in dye-loading buffer (Hanks’-
HEPES buffer containing 2.5 mM probenecid, 1% [vol/vol] FBS, and
0.05% Pluronic F-127). After being washed three times with wash buffer,
cells were incubated in assay buffer (Hanks’-HEPES buffer containing 2.5
mM probenecid and 1% [wt/vol] bovine serum albumin) for an addi-
tional 15 min at 37°C in the measurement equipment to allow for hydro-
lysis of the acetoxymethyl ester. The culture dish was placed on the stage of
an inverted microscope (TMD-300; Nikon, Tokyo, Japan), which was
equipped with a chamber controlled at 37°C. The fura-2 absorption shift
that occurs upon binding was determined by scanning the excitation spec-
tra at between 340 and 380 nm while monitoring emission at 510 nm. The
resultant fluorescence images were analyzed every 30 s from the individual
cells with a fluorescence analyzer (Aqua-cosmos; Hamamatsu Photonics,
Hamamatsu, Japan) using an ultra-high-sensitivity television camera
(charge-coupled device [CCD]). The imaging system was standardized
with a fura-2 calcium-imaging calibration kit (Invitrogen) as described
previously (5). Heat-inactivated Ib was prepared by heating at 95°C for
10 min.

RESULTS
Endocytosis of Ib into MDCK cells. We have shown that Ib can be
internalized by MDCK cells independently of Ia (18, 19). Thus, we
monitored the entry and intracellular trafficking of Ib using im-
munofluorescence. Incubation of MDCK cells with Ib at 4°C re-
sulted in plasma membrane staining consistent with the binding
of toxin components to a cell surface receptor (Fig. 1A). Upon the
transfer of cells from 4°C to 37°C, Ib was internalized. After 5 to 30
min at 37°C, Ib moved from the plasma membranes into intracel-
lular vesicles. After 60 min, Ib was no longer associated with the
cell membranes and localized into vesicles in a perinuclear area.
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From 120 min onwards, immunofluorescent signals were ob-
served in plasma membranes. To investigate the activity of Ib that
was transported from cytoplasmic vesicles to plasma membranes,
MDCK cells were preincubated with Ib at 4°C for 60 min, washed,
and incubated with the medium alone at 37°C to allow internal-
ization. Ia was then added to the cells at 0 to 240 min after the
incubation at 37°C. As shown in Fig. 1B, 100% of the cells were
round after 4 h when Ia was added immediately after washing (0
min). Most cells were round after 4 h when Ia was applied after 30
min of incubation. On the other hand, the addition of Ia after
60 min decreased the cell rounding activity, and the addition of Ia
after over 120 min did not cause cell rounding. Next, to test the
binding and oligomerization of Ib on MDCK cells during the in-
cubation period, the cells 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 dis-
solved in Tricine-SDS sample buffer (Invitrogen) and analyzed by

Tricine-SDS-PAGE. Ib was detected by Western blotting with
anti-Ib antibody (Fig. 1C). When the 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 the cells were incubated with Ib
at 37°C, the level of the Ib monomer decreased and that of the Ib
oligomer increased in a time-dependent manner during the first
60 min. Later, both bands decreased, and they disappeared at 240
min. Under these experimental conditions, degraded Ib was not
detected using the anti-Ib antibody. These results suggest that af-
ter internalization, Ib is degraded in the vesicles and transported
to plasma membranes.

Endocytic trafficking of Ib. To investigate the endocytic traf-
ficking of Ib, we studied whether endocytic markers were associ-
ated with intracellular compartments containing Ib (Fig. 2A and
C). Cells incubated with Ib for specific periods of time at 37°C
were fixed, permeabilized, and immunostained with antibodies
against Ib and endocytic markers. Ib colocalized with early endo-

FIG 1 Intracellular trafficking and oligomerization of Ib in MDCK cells. (A) MDCK cells were incubated with Ib (1 �g/ml) at 4°C for 1 h, washed, and incubated
at 37°C for the period indicated. Cells were fixed, permeabilized, and stained with anti-Ib antibody and DAPI. The 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 �m. (B) MDCK cells were incubated with Ib (500
ng/ml) at 4°C for 1 h. The washed cells were incubated at 37°C for the period indicated. The cells were treated with Ia (100 ng/ml) and incubated at 37°C for 4
h. Pictures were taken. The total number of cells and number of round cells were counted from the pictures, and the percentage of round cells was calculated.
Values are given as the mean � standard deviation (SD) (n � 3). (C) Cells were incubated with Ib (1 �g/ml) at 4°C for 1 h. The cells were rinsed and incubated
at 37°C for the period indicated. They were lysed in Tricine-SDS sample buffer (Invitrogen). The cell lysates were subjected to Tricine-SDS-PAGE and Western
blot analysis of Ib and �-actin as a control. A typical result from three experiments is shown.
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some antigen 1 (EEA1), a marker of early endosomes, after 15 min
but not after 30 min. In cells that had been transfected with a
plasmid encoding GFP-Rab11, a marker of recycling endosomes,
Ib colocalized with GFP-Rab11 for 15 and 30 min but not 60 min.

Next, we examined the trafficking of Ib to the late endosomes and
lysosomes. Ib did not colocalize with lysosome-associated mem-
brane protein 2 (Lamp2), a marker of late endosomes and lyso-
somes, after 15 min but did so after 30 and 60 min. Similarly, Ib

FIG 2 Colocalization of Ib and endosome markers in MDCK cells. (A) MDCK cells were incubated with Ib (1 �g/ml) at 4°C for 1 h, washed, and incubated at
37°C for the period indicated. Cells were fixed, permeabilized, and stained with DAPI and antibodies to EEA1, Lamp2, Golgi 58K, and Ib. MDCK cells were
transiently transfected with pGFP-Rab11, pGFP-lysosome, or pER-GFP. After 24 h of transfection, the transfected cells were incubated with Ib as described
above. Cells were fixed, permeabilized, and stained with anti-Ib antibody and DAPI. Ib (red), endosome markers (green), and the nucleus (blue) were viewed with
a confocal microscope. The experiments were repeated three times, and a representative result is shown. Bar, 5 �m. (B) Negative-control preparation. Cells were
fixed, permeabilized, and stained with Alexa Fluor 568-conjugated anti-rabbit IgG, FITC-conjugated anti-mouse IgG, and DAPI. (C) Quantification of colo-
calizations. The percentage of Ib/endocytic marker colocalization represents the ratio of the number of endosomal structures stained for Ib and for endocytic
marker to the total number of endosomal structures stained for endocytic marker. The percentage of colocalization was determined for each cell, and the results
represent the average � standard error of the mean (SEM) for several cells (n 	 10) obtained from at least three independent experiments.
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colocalized with lysosome-GFP, a lysosome marker, after 30 and
60 min. On the other hand, Ib did not colocalize with Golgi 58K, a
Golgi marker, and ER-GFP, an endoplasmic reticulum marker. In
contrast, negative-control preparations with the additions of Al-
exa Fluor 568-conjugated anti-rabbit IgG, FITC-conjugated anti-
mouse IgG, and DAPI failed to detect the fluorescence signals
without DAPI (Fig. 2B). We compared the internalization path-
ways of Ib and Alexa Fluor 488-labeled cholera toxin subunit B
(CTB). CTB is transported from the early endosomes to the en-
doplasmic reticulum (27). After incubation at 37°C for 15 to 30
min, Ib partially colocalized with CTB (data not shown). These
results indicate that internalized Ib is delivered to early endo-
somes, where sorting occurs. Some Ib is transported to the plasma
membrane in Rab11-positive endosomes. The majority of Ib goes
to late endosomes, which deliver Ib to lysosomes for degradation.

Effect of endocytosis inhibitors on intracellular trafficking
of Ib. Inhibitors that interfere with known intracellular trafficking
pathways were utilized to investigate the route of Ib. We reported
that treatment of Vero cells with iota-toxin in the presence of
bafilomycin A1 (BAF), which inhibits vacuole-type H�-ATPase
and prevents acidification of endosomes, resulted in decreased
translocation of iota-toxin from endosomes into the cytosol (18).
Treatment of MDCK cells with Ib in the presence of BAF had no
effect on the binding of Ib to plasma membranes at 4°C (Fig. 3A).
After incubation at 37°C, BAF clearly increased the accumulation
of Ib in the cytoplasmic vesicles compared with that in the absence

of an inhibitor. Disruption of microtubules with nocodazole and
colchicine inhibited the transport from early to late endosomes (7,
20). As shown in Fig. 3A, nocodazole and colchicine disrupted the
perinuclear localization of Ib, and Ib-containing vesicles were
scattered in the cytosol. Disruption of the F-actin cytoskeleton by
cytochalasin D blocked actin-mediated endocytosis (6). A non-
toxic concentration of cytochalasin D prevented the internaliza-
tion of Ib into cytosol (Fig. 3A). On the other hand, BAF inhibited
rounding of the cells induced by Ia plus Ib (Fig. 3B). In contrast,
nocodazole and colchicine did not inhibit iota-toxin-induced cell
rounding. These inhibitors themselves did not have any morpho-
logical effects under our experimental conditions. These results
indicated that Ia was translocated from acidic endosomes to the
cytosol and that iota-toxin was trafficked by microtubule-based
transport.

Ib-induced Ca2� influx into MDCK cells. As shown in Fig. 1A,
degraded Ib was transported to plasma membranes. We investi-
gated the intracellular trafficking of degraded Ib. The fusion of
lysosomes with the plasma membranes might occur in the cells
upon rises in intracellular free-Ca2� concentrations. To examine
whether the Ib-induced elevation in the intracellular Ca2� con-
centration [Ca2�]i correlated with the internalization of Ib, the
effect of Ib on the increase was examined using MDCK cells (Fig.
4). Intracellular Ca2� levels were measured using fura-2, a fluo-
rescent Ca2� indicator. MDCK cells were loaded with fura-2 AM
and treated with various concentrations of Ib. [Ca2�]i was then

FIG 3 Effect of inhibitors on intracellular trafficking of Ib. (A) MDCK cells were incubated with bafilomycin A1 (50 nM), nocodazole (20 �g/ml), colchicine (50
�M), or cytochalasin D (0.5 �M) at 37°C for 1 h and then rinsed. Ib (1 �g/ml) was added and incubated at 4°C for 1 h. Cells were rinsed and incubated at 37°C
for 0 and 30 min. Cells were fixed, permeabilized, and stained with anti-Ib antibody and DAPI. The Ib (red) and nucleus (blue) were viewed with a confocal
microscope. The experiments were repeated three times, and a representative result is shown. Bar, 7.5 �m. (B) MDCK cells were pretreated with dimethyl
sulfoxide (DMSO), bafilomycin A1 (50 nM), nocodazole (20 �g/ml), or colchicine (50 �M) at 37°C for 1 h. The cells were incubated with Ia (100 ng/ml) and Ib
(100 ng/ml) at 37°C for 4 h. Pictures were taken. The total number of cells and number of round cells were counted from the pictures, and the percentage of round
cells was calculated. Values are given as the mean � SD (n � 3).
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estimated from the fluorescence intensity. The concentration in-
creased after the addition of Ib (within 15 min) in a dose-depen-
dent manner (Fig. 4). On the other hand, in Ca2�-free buffer, Ib
did not induce an elevation in the intracellular Ca2� level (data
not shown). We reported that extracellular Ca2� had no effect on
the binding of Ib to cells (16). No increase in [Ca2�]i was evoked
by heat-inactivated Ib, and the elevation in [Ca2�]i caused by Ib
was completely neutralized by an anti-Ib antibody (data not
shown). This result indicates that Ib promotes Ca2� influx from
the extracellular buffer during internalization by endocytosis.

DISCUSSION

In the present study, we first demonstrated the dynamics of the
intracellular trafficking of Ib. After the internalization of iota-
toxin into the cells, Ia is released from acidic early endosomes to
the cytosol, Ib is trafficked to lysosomes through an endocytic
pathway, and degraded Ib is transported to plasma membranes.

C. perfringens iota-toxin enters host cells and induces toxicity
by exploiting the endocytic trafficking (3, 26). Gibert et al. (9)
reported that an interleukin-2 (IL-2) receptor endocytic pathway
is used by iota-toxin. Ib recognizes specific cell surface receptors,
oligomerizes into heptameric ring structures on lipid rafts of
plasma membranes, forms transmembrane channels, and docks
with Ia (3, 11, 19). Recently, Papatheodorou et al. (22) reported
that LSR is a receptor for iota-toxin. After endocytosis through a
clathrin-independent and Rho-dependent pathway, iota-toxin
migrates until it reaches endocytic carrier vesicles (8, 9). Ia prob-
ably passes through the channel formed by oligomeric Ib follow-
ing a pH gradient, and in addition, a membrane potential gradient
is necessary for translocating Ia (8). Furthermore, it has been re-
ported that heat shock protein 90 (Hsp-90) and cyclophilin A are
crucial for translocation of Ia across the endosomal membrane
(14). In the cytosol, Ia ADP-ribosylates G-actin, resulting in actin
depolymerization and cell rounding. However, the intracellular
route of Ib after the early endosome has not been described in
detail. In the present study, we investigated the internalization of
Ib by endocytosis. When Ib was incubated with MDCK cells at
37°C, it colocalized with EEA1 after 15 min, indicating that it
reaches the early endosomes. Ib no longer localized with EEA1 at
30 min. After 15 to 30 min, it colocalized with Rab11 (10), indi-
cating that some Ib is delivered to the recycling endosomes. After
30 to 60 min, Ib colocalized with Lamp2 and lysosome-GFP, in-

dicating that Ib moves to the late endosomes and lysosomes. The
oligomeric band of Ib was detected after 15 to 60 min, and the
addition of Ia to cells preincubated with Ib at 37°C for 30 to 60 min
caused cell rounding. Therefore, some Ib is recycled back to the
plasma membranes through Rab11-positive recycling endosomes.
Recycling may be important for Ib to extend the entry of Ia. These
results demonstrate that Ib is endocytosed and sorted from early
endosomes to recycling endosomes or late endosomes and lyso-
somes. After 120 min, immunofluorescence signals of Ib were ob-
served in plasma membranes, and the Ib oligomer decreased and
disappeared at 240 min. It was reported that the acidification of
the endosomes triggers the conversion of the Ib oligomer into
pores and the insertion of Ib pores in endosomal membranes (8).
Lysosomes are in general responsible for the degradation of mem-
brane and extracellular proteins that enter cells by endocytosis (2).
Therefore, we proposed that, by fusing between lysosomes and
endosomes containing Ib, the luminal domain of Ib is degraded in
the lysosomal environment but not the membrane-inserted do-
main of Ib. It was reported that lysosomes move to plasma mem-
branes via a Ca2�-dependent step and fuse with the membranes,
indicating that lysosomes are the Ca2�-regulated exocytic vesicles
(2, 13). We showed that Ib induces an increase in Ca2� influx from
extracellular compartments during endocytosis. These findings
indicated that a rise in the intracellular Ca2� concentration caused
by Ib triggers the fusion with plasma membranes of lysosomes,
and degraded Ib is transported to plasma membranes. Further
studies are needed to understand the role of degraded Ib. We
demonstrated that among bacterial toxins, Ib caused the fusion of
lysosomes with the plasma membranes in the cells upon rises in
the intracellular Ca2� concentration. The Ca2�-regulated fusion
of lysosomes with plasma membranes induced by Ib might lead to
membrane repair after pore formation of Ib. Ib is useful for un-
derstanding this fusion process.

Bafilomycin A1, an inhibitor of vacuole-type ATPases, inhib-
ited the cell rounding in response to iota-toxin and caused the
accumulation of Ib in endosomes. This result was attributed to its
inhibition of intracellular acidification. After acidification of early
endosomes, Ib forms channels which mediate the passage of Ia
into the cytosol, as previously reported (8). It has been reported
that bafilomycin A1 also blocks endocytic transport (12). Thus,
since bafilomycin A1-induced endosome alkalinization does not
perturb endocytic trafficking, endosomal acidification is required
for the translocation of Ia and endocytic transport of Ib. Cytocha-
lasin D, an actin cytoskeleton-disrupting drug, affects the actin-
mediated endocytosis (6). We found that cytochalasin D blocked
the internalization of Ib, suggesting that actin filaments are re-
quired for the initial internalization of Ib. Nocodazole and colchi-
cine prevent the polymerization of microtubules and depress
membrane trafficking from early to late endosomes (12). In this
experiment, cell rounding by iota-toxin was not inhibited by
nocodazole and colchicine. As the disruption of microtubules by
nocodazole and colchicine does not inhibit the initial acidification
of endosomes (12), Ia is translocated from endosomes to the cy-
tosol. However, treatment of the cells with nocodazole and colchi-
cine restricted the transport of Ib toward the perinuclear region,
where the majority of lysosomes are localized, and caused the
dispersal of Ib-containing vesicles, indicating that intracellular
movement of Ib was impaired. The data support that after endo-
cytosis, Ia is translocated from acidic endosomes to the cytosol

FIG 4 Ib-induced increase in [Ca2�]i resulting from an influx of extracellular
Ca2�. MDCK cells were loaded with the intracellular Ca2� indicator fura-2
AM. [Ca2�]i was calculated as described in Materials and Methods. Changes in
[Ca2�]i induced by Ib were measured in cells in extracellular buffer containing
1.2 mM CaCl2. Ib was added at the time indicated by the arrow. The data
represent three independent experiments.
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and Ib is trafficked from early endosomes to late endosomes and
lysosomes by microtubule-based transport.

In conclusion, we demonstrated the intracellular route of Ib. Ib
is internalized, transported to early endosomes, and sorted into
recycling endosomes and late endosomes. From late endosomes,
Ib is delivered to lysosomes for degradation. Due to an increase in
the intracellular Ca2� concentration caused by Ib, the fusion of
lysosomes with the plasma membranes occurs and degraded Ib is
exposed at the cell surface.
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