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The vacuolating cytotoxin VacA is an important viru-
lence factor of Helicobacter pylori. Removing glycosylphos-
phatidylinositol-anchored proteins (GPI-Ps) from the cell
surface by phosphatidylinositol-phospholipase C or dis-
rupting the cell actin cytoskeleton by cytochalasin D re-
duced VacA-induced vacuolation of cells (Ricci V., Gal-
miche, A., Doye, A., Necchi, V., Solcia, E., and Boquet, P.
(2000) Mol. Biol. Cell 11, 3897–3909). Using the fluorescent
dye 6-methoxy-N-ethylquinolinium chloride, an indicator
for cytosolic chloride, we have investigated the role of ei-
ther GPI-Ps or actin cytoskeleton in the activity of the se-
lective anionic channel formed by VacA at the plasma mem-
brane level. Removal of GPI-Ps from HeLa cell surfaces did
not impair VacA localization into lipid rafts but strongly
reduced VacA channel-mediated cell influx and efflux of
chloride. Disruption of the actin cytoskeleton of HeLa cells
by cytochalasin D did not affect VacA localization in lipid
rafts but blocked VacA cell internalization and inhibited
cell vacuolation while increasing the overall chloride trans-
port by the toxin channel at the cell surface. Specific en-
largement of Rab7-positive compartments induced by VacA
could be mimicked by the weak base chloroquine alone,
and the vacuolating activities of either chloroquine alone
or VacA were blocked with the same potency by the anion
channel blocker 5-nitro-2-(3-phenylpropylamino)-benzoic
acid shown to inhibit VacA channel activity (Tombola, F.,
Oregna, F., Brutsche, S., Szabò, I., Del Giudice, G., Rappuoli,
R., Montecucco, C., Papini, E., and Zoratti, M. (1999) FEBS
Lett. 460, 221–225). We suggest that formation of functional
VacA channels at the cell surface required GPI-Ps and that
endocytosis of these channels by an actin-dependent proc-
ess increases the chloride content of late endosomes that
accumulate weak bases, provoking their enlargement by
osmotic swelling.

The VacA cytotoxin (1, 2) is an important pathogenic deter-
minant involved in Helicobacter pylori bacterial colonization
(3). VacA is a single chain protein (molecular mass, 90 kDa)

that contains N-terminal (p34; molecular mass, 34 kDa) and
C-terminal (p58; molecular mass, 58 kDa) polypeptide domains
(4). The purified cytotoxin forms hexamers or heptamers (5, 6)
that can assemble into dodecamers (5). Cells such as HeLa
incubated with monomeric VacA (but not with the oligomeric
form of the toxin) in the presence of weak bases such as NH4Cl,
developed large Rab7-positive intracellular vacuoles (i.e. late
endosomes) (7). Purified VacA must be “activated” by a rapid
acid or alkaline treatment to render it monomeric (2). VacA-
induced vacuolation strictly requires an active V-ATPase on
the endosomal membrane to allow vesicular acidification (2).

Oligomerized VacA monomers form anion-selective channels
in artificial lipid membranes (8–11). The presence of similar
anionic channels formed by VacA was then detected at the level
of the plasma membrane of HeLa cells and found only when the
toxin was activated (11, 12). There is evidence that links the
formation of VacA anionic channel to the toxin-induced vacuo-
lation (2). However, it is not clear where the VacA channel is
formed in the cell because vacuolation can be induced by intra-
cellular expression of the toxin (2). The toxin may assemble a
channel directly at the cell surface (12) or, after endocytosis
and translocation into the cytosol, may form a pore in the
limiting membrane of intracellular compartments such as late
endosomes (13, 14). The notion that VacA channel structure
and activity observed in artificial lipid bilayers (8–11) might be
similar to those found in living cells (11, 12) has been also
challenged recently (15). For instance, both the number of toxin
oligomers and the characteristics of the molecular ultrastruc-
ture of the VacA channel were found to be different from those
observed in artificial lipid bilayers (15).

VacA is endocytosed by cells (16–18) via a clathrin-independ-
ent pathway (18). Treatment of highly sensitive cells to VacA
with PI-PLC,1 which specifically removes proteins anchored to
the plasma membrane via a GPI link (19), reduced and delayed
VacA-induced cell vacuolation (17, 18). It has been furthermore
reported that although GPI-Ps were not apparently required
directly for the binding of VacA to cells (17, 20), the toxin may
exploit the GPI-Ps pathway of endocytosis (17). Although
GPI-Ps appear to freely diffuse throughout the cell plasma
membrane, they may reside preferentially in detergent-resis-
tant membrane domains (named lipid rafts (21)) (22) and, in
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certain cases, be endocytosed via a clathrin-independent path-
way (23). In addition, treatment of cells with the cholesterol-
sequestering drug nystatin or �-methylcyclodextrin, known to
disrupt lipid rafts, strongly impaired VacA activity (18, 20, 24).
This indicated that lipid rafts are involved in the molecular
mechanism of VacA-induced vacuolation. Accordingly, it has
been shown that VacA is associated with lipid rafts (20, 24).

The actin cytoskeleton appears also to play an important role
in VacA-induced vacuolation. It was first reported that condi-
tional expression of dominant positive or negative mutant
forms of Rho GTPases, well known regulators of F-actin struc-
tures organization, were able to modulate the vacuolation in-
duced by VacA (25). Then it was shown that disruption of the
actin cytoskeleton by CD was able to decrease the toxin-in-
duced vacuolation of HEp-2 cells without impairing the intra-
cellular activity by which VacA provokes the formation of large
vacuoles (18).

In the present work we have examined the effects of the re-
moval of GPI-Ps from the cell surface or the disruption of the
actin cytoskeleton, treatments both known to reduce VacA-in-
duced vacuolation (18), on the activity of the anion-selective
channel formed by the toxin in HeLa cells. We have shown that
GPI-Ps are lipid raft components required for the formation of
active or fully functional VacA channels at the level of the cell
surface but not for the cell binding of the toxin. In contrast,
disruption of the actin cytoskeleton of HeLa cells did not interfere
with the VacA pore transport of chloride ions and even increased
its anion channel function. Finally, we have shown that specific
swelling of Rab7-positive compartment, a characteristic feature
of VacA (2), could also be achieved with low concentrations of the
weak base chloroquine alone and that the anion channel blocker
NPPB inhibited not only the VacA-induced vacuolation but also
the chloroquine-induced vacuolation.

EXPERIMENTAL PROCEDURES

Cell Line, Transfection, Bacterial Strain, VacA Toxin, and Anti-
bodies—HeLa cells (human cervix carcinoma), a gift form Dr. T. L.
Cover (Vanderbilt University, Nashville, TN), were cultured and trans-
fected as previously described (18). The cells were transfected with
eukaryotic vectors allowing the expression of proteins fused to the green
fluorescent protein (GFP), namely: GFP-Rab 7, a fusion at the N ter-
minus of Rab 7 with GFP; and GFP-Rab 5, also a fusion at the N
terminus of Rab 5 with GFP. These constructs were kindly provided by
Dr. A. Galmiche (INSERM U452, Nice, France).

The VacA-producing H. pylori 60190 strain (ATCC 49503, with a type
s1a/m1 vacA genotype) was used to produced the cytotoxin. Purification
of VacA was achieved according to Cover and Blaser (26). Immediately
before use on cells, purified VacA was activated according to de Bernard
et al. (27).

The anti-VacA rabbit polyclonal IgG 958 (16), kindly given by Dr.
T. L. Cover (Vanderbilt University), was used throughout this work.
The anti-CD55 was a rabbit polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) directed against the GPI-P CD55 (28), whereas
the mouse mAb anti-CD59 (29) was a gift from Dr. M. Deckert (IN-
SERM U576, Nice, France). The mAb anti-flotillin-1 was from BD
Biosciences (Le Pont de Claix, France). Secondary antibody against
rabbit IgG labeled with Texas Red was from Molecular Probes (Eugene,
OR). Anti-mouse IgG antibody labeled with fluorescein isothiocyanate
as well as anti-rabbit and anti-mouse IgG antibodies conjugated with
horseradish peroxidase were from Dako (A/S, Denmark). Phalloidin-
fluorescein isothiocyanate was from Sigma-Aldrich.

Neutral Red Dye Uptake, Acridine Orange Assay, Time Lapse Imag-
ing, PI-PLC, CD and NPPB Cell Treatments, Immunofluorescence, and
Immunoblotting—The degree of cell vacuolation was quantified by
means of neutral red dye uptake assay and was expressed as micro-
grams of neutral red/micrograms of cell protein (30). In experiments
using chloroquine without VacA to induce cell vacuolation, after triple
rinsing in HBSS cells were incubated for 5 h in HBSS containing 1 mM

chloroquine. In experiments testing the effect of NPPB (Calbiochem, La
Jolla, CA) on cell vacuolation, NPPB was added in HBSS-NH4Cl or
HBSS-chloroquine.

The pH-sensitive fluorescent dye acridine orange (Sigma-Aldrich) (5

�g/ml) was incubated with living cells for 10 min at room temperature
in phosphate-buffered saline in the dark. After three washes in phos-
phate-buffered saline, the living cells where then directly observed by
confocal microscopy (Leica TCS-SP, Heidelberg, Germany).

For time lapse imaging, the cells were filmed for 2 h in constant
conditions of 5% CO2 and 37 °C and observed by phase contrast optics
using an Axiovert 200 microscope (Carl Zeiss, Göttingen, Germany)
with shutter-controlled illumination (Carl Zeiss) and cooled digital CCD
camera (Roper Scientific, Evry, France). The images were recorded at 1
frame/30 s and accelerated at 10 frames/s in the videos using Meta-
morph 2.0 image analysis software (Universal Imaging Corporation,
Evry, France) and QuickTime pro 5 (Apple).

The treatments with PI-PLC and CD (Sigma-Aldrich) were per-
formed as previously described (18), excepted that the incubation of
cells with PI-PLC (in HBSS containing cycloheximide to prevent further
synthesis of GPI-anchored proteins) was performed for 2 h at 37 °C. The
anion channels blocker NPPB was added, after VacA intoxication, at
the indicated concentrations. The immunofluorescence studies were
performed as described previously (18). For immunoblotting, the pro-
teins were resolved on 10% SDS-PAGE followed by transfer on nitro-
cellulose membranes (Amersham Biosciences).

Patch Clamp and MEQ Chloride Transport Assays—The whole cell
patch clamp configuration was used. To control the absence of cystic
fibrosis transmembrane conductance regulator channels in HeLa cells,
10 �M dibromo-AMPc (Sigma-Aldrich) plus 10 �M forskolin (Sigma-
Aldrich) were used. Whole cell currents were monitored with an RK 400
amplifier (Biologic, Münster, Germany). In all experiments the mem-
brane potential was clamped at �50 mV, and 400-ms pulses were
applied in 20-mV steps from �100 to �80 mV, with 3-s intervals
between pulses.

MEQ was synthesized in the laboratory and utilized according to
Biwersi and Verkman (31). Changes in fluorescence were recorded with
a CCD camera (Photonics Sci, Robertsbridge, UK). The results were
analyzed using the Axon software (Axon Instruments, Union City, CA).
For each experiment, fluorescence from microscopic fields, each con-
taining an average of 8–24 cells, was recorded and quantified. The
results are expressed as relative fluorescence F/F0, where F is the
fluorescence as a function of time, and F0 is the minimum fluorescence
recorded after fluorescence quenching with the final thiocyanate sub-
stitution (140 mM potassium thiocyanate, 3 mM calcium gluconate, 10
mM Hepes buffer, pH 7.4). The histograms represent the change rate of
the fluorescence (absolute values) of three independent experiments
during the substitutions with either NaCl medium (NM) or gluconate
medium (GM). The osmolarity of all media was adjusted with mannitol
to 340 milliosmoles.

Analysis of Lipid Rafts by Density Gradient—The cells (3 � 106) were
plated in 100-mm tissue culture dishes 24 h before use. Activated VacA
was added to cells for 1 h in HBSS at 4 °C. The cells were then washed
and transferred into warmed HBSS (37 °C) for the indicated period of
time. After triple rinsing with cold phosphate-buffered saline, the cells
were scraped off the dishes in calcium-free phosphate-buffered saline
and centrifuged (1000 � g, 5 min, 4 °C). The cells were then lysed 30
min at 4 °C in TNE buffer (25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA)
containing 1% Triton X-100 and a mix of protease inhibitors (Complete
EDTA-free; Roche Applied Science). Optiprep 60 (Axis-Shield, Oslo,
Norway) was added to the lysate at the bottom of an ultracentrifuge
tube (Beckman, Palo Alto, CA) to obtain a 40% final concentration. A
layer of Optiprep 30% (Optiprep 60 diluted in TNE) and a final layer of
TNE were respectively added. After centrifugation (100,000 � g, 2 h,
4 °C), eight fractions from the top to the bottom of the tube were
collected and analyzed by immunoblotting. The immunoblots were
scanned, and quantification of the signals was performed using the NIH
Image 1.63 software.

Ultrastructural Studies and VacA Immunogold Labeling—HeLa
cells treated with CD for 1 h and incubated with CD and acid-activated
VacA (2 �g/ml) for 4 h at 37 °C were fixed with 2% (w/v) paraformal-
dehyde (Sigma-Aldrich) or with a mixture of 2% (w/v) paraformalde-
hyde and 0.2% (w/v) glutaraldehyde (Sigma-Aldrich) in 0.1 M phosphate
buffer (pH 7.5) for 1 h. The cell pellets were washed with phosphate
buffer, embedded in 10% (w/v) gelatin, and infused in 2.3 M sucrose.
Mounted gelatin blocks were frozen in liquid nitrogen, and ultrathin
sections were prepared with an ultracryomicrotome (Leica, Vienna,
Austria). Ultrathin cryosections were collected with 2% (w/v) methyl-
cellulose, 2.3 M sucrose, and immunogold-labeled with VacA antibodies
and anti-rabbit IgG coupled to 10-nm gold particles.
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RESULTS

The VacA Channel Activity, Inserted in the HeLa Cell Plasma
Membrane, Can Be Tested by the Technique Using the Halide-
sensitive Fluorescent Probe MEQ—Incubation of HeLa cells for
30 min at 37 °C with 2 �g/ml of acid-activated purified VacA
induced a clear increase in the cell current studied by the whole
cell patch clamp technique as described previously (11, 12) (Fig.
1A). The current was inhibited by the addition of 100 �M of the
chloride channel blocker NPPB (Fig. 1A), indicating that VacA
caused a chloride flux as previously reported (11, 12). Channel
activity required toxin acid activation (not shown), and as
reported (12), no interference with cystic fibrosis transmem-
brane conductance regulator channel in HeLa cells appeared to
be possible because no current increase was detected after the
addition of forskolin and dibromo-AMPc to the patched cell
(Fig. 1A). Because the whole cell patch clamp technique does
not allow observation of channels in a large number of cells for
a long period of time or is cumbersome after various cell treat-
ments (such as CD or PI-PLC), we decided to use the fluores-
cent dye MEQ, an indicator for cytosolic chloride (31). In aque-

ous buffers, the fluorescence of MEQ is quenched by Cl�,
thereby allowing a quantification of this ion in the cytosol (31).
The cells were incubated with acid-activated VacA for 30 min
at 37 °C, loaded with MEQ at 20 °C for 5 min, and tested at
room temperature (20 °C) for the formation of chloride chan-
nels. Substitution of the NM by GM should lead to an increase
of MEQ fluorescence (dequenching) if chloride channels are
functional in the cell plasma membrane. A subsequent substi-
tution by NM should induce an influx of Cl� ions and thus a
quenching of MEQ fluorescence. As shown in Fig. 1B, in the
absence of VacA no modification of MEQ fluorescence was
observed by 10-min substitutions by either GM or NM. When
the cells were intoxicated with 2 �g/ml of acid-activated VacA,
iterative substitutions by GM followed by subsequent additions
of NM resulted in a series of increase and decrease in MEQ
fluorescence (Fig. 1B). The MEQ fluorescence technique there-
fore allowed us to measure the presence of channels for chloride
transport formed by the VacA toxin. VacA channels activity
appeared to be stable for a long time without any significant
decrease in the anion transport as expected if the toxin chan-

FIG. 1. Assays by patch clamp or by
the halide-sensitive fluorescent
probe MEQ of the VacA channel in-
serted in the HeLa cell plasma mem-
brane. A, I/V plots of whole cell patch
clamp recording from HeLa cells treated
with VacA (2 �g/ml) during 30 min (f,
n � 8), with VacA in the presence of 100
�M NPPB (Œ, n � 8), without VacA intox-
ication (�, n � 14), or without VacA but
in the presence of 10 �M dibromo-AMPc
and 10 �M forskolin (�, n � 9). B, HeLa
cells were incubated or not with VacA (2
�g/ml) for 30 min at 37 °C and loaded
with MEQ as described under “Experi-
mental Procedures.” Chloride-sensitive
dye MEQ fluorescence was estimated by
recording the fluorescence of microscopic
fields (each containing an average of 16
cells) with a CCD camera upon sequential
buffer substitution with GM followed by
NM. The relative fluorescence (F/F0) of
MEQ was measured as a function of time.
C, histograms representing variations of
the relative MEQ fluorescence slopes (ab-
solute values) during GM (white columns)
or NM (black columns) substitutions of
cells treated or not with VacA (0.5, 1, 2,
and 4 �g/ml) or nonactivated VacA (4 �g/
ml). Each histogram represents an aver-
age of three independent experiments
with a recording of 8–24 cells in each
assay.
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nels were endocytosed. This may be due to the fact that the
MEQ assay was performed at 20 °C, a temperature at which
there is a low activity of membrane internalization, thus pos-
sibly allowing toxin channels to stay at the cell surface. The
chloride channel activity of VacA appeared concentration-de-
pendent (Fig. 1C), and channel formation required the acid
activation of the toxin (Fig. 1C).

Depolymerization of Actin Cytoskeleton of HeLa Cells by CD
Blocks Toxin Endocytosis—We next examined whether PI-PLC
and CD treatments were also effective in reducing the VacA-
induced vacuolation in HeLa cells. For this purpose we used the
pH-sensitive indicator acridine orange that accumulates and
decorates the large vacuoles formed by VacA. As shown in Fig.
2A, incubation of HeLa cells with 2 �g/ml of VacA in the

presence of 5 mM NH4Cl for 4 h induced the formation of
numerous, large, acidic vacuoles as compared with untreated
preparation (Fig. 2A). Treatment of cells with PI-PLC before
their incubation with VacA strongly reduced the formation of
large vacuoles (Fig. 2A). The efficiency of PI-PLC treatment
was controlled by the ability of this phospholipase to remove
the GPI-P CD59 (29) (Fig. 2B).

As previously shown (18), depolymerization of the actin cy-
toskeleton by CD also blocked the formation of large acidic
vacuoles in HeLa cells (Fig. 2A). We next investigated whether
the entry of VacA was still occurring when cells were treated
with the actin-depolymerizing agent CD. For that purpose we
studied by indirect immunofluorescence and confocal micros-
copy the localization of the toxin incubated with HeLa cells for
1 h at 4 °C by the same procedure described by Garner and
Cover (16). As shown in Fig. 3A, cells incubated with VacA (2
�g/ml) for 1 h at 4 °C, then washed, and incubated for 30 min
at 37 °C internalized the toxin as evidenced by the presence of
numerous toxin-containing vesicles. Our results were different
from those of Garner and Cover (16) who found an accumula-
tion of VacA into intracellular vacuoles only 4 h after the onset
of toxin endocytosis. This may be due to the procedure of cell
permeabilization used. Indeed, Garner and Cover (16) used
methanol, whereas we utilized Triton X-100 for permeabiliza-
tion. Vesicles containing VacA were clearly inside the cell be-
cause they were visualized only under permeabilized condition
(Fig. 3A). When cells were treated with CD, before and during
VacA incubation, the toxin was strictly co-localized at the level
of the cell surface with large membrane protrusions formed by
nonspecific polymerized patches of actin known to be induced
by the treatment of cells with CD (32) (Fig. 3B). No internal
toxin-containing vesicles were observed in CD-treated cells
(Fig. 3B). Clearly, VacA was bound to the surface and sur-
rounded the actin patches present on the cytoplasmic face of
the plasma membrane (Fig. 3C). This localization of the toxin
in CD-treated cells was confirmed at the ultrastructural level
using immunogold labeling of VacA (Fig. 3D). Again, VacA
molecules were localized around these “cauliflower-like” mem-
brane protrusions induced by the CD treatment.

In a previous study (18), we observed, at the ultrastructural
level by immunogold VacA labeling, an identical density of VacA
molecules in endosomal/vacuolar area in PI-PLC-treated or un-
treated cells intoxicated with VacA. This indicates that VacA
could be internalized in the absence of cell surface-associated
GPI-Ps (18). Using the indirect immunofluorescence technique
described for the CD treatment to observe VacA internalization,
we found that the PI-PLC treatment of HeLa reduced VacA
internalization (not shown).

Removal of GPI-Ps from the Cell Surface or Depolymerization
of the Actin Cytoskeleton Does Not Affect VacA Localization in
Lipid Rafts—We then investigated whether removing surface-
associated GPI-Ps from HeLa cells by PI-PLC or CD modified
the association of VacA with lipid rafts. Treatment of HeLa
cells with PI-PLC was effective because it strongly reduced the
CD55 immunoblot signal (CD55 being a GPI-P different from
CD59, shown in Fig. 2B). Removal of GPI-Ps did not modify the
association of VacA with lipid rafts (Fig. 4A). As shown in Fig.
4B, disruption of the HeLa cell cytoskeleton by CD also did not
modify the association of VacA with lipid rafts (Fig. 4B). Quan-
titative evaluations of VacA in lipid rafts in PI-PLC- and CD-
treated cells as well as in control preparations were performed.
No significant differences in the amounts of VacA associated
with lipid rafts were observed in PI-PLC- or CD-treated cells
compared with control preparations (Fig. 4C).

Removal of GPI-Ps from HeLa Cell Surface, but Not Depoly-
merization of the Actin Cytoskeleton, Reduces Both the Influx

FIG. 2. Removing GPI-Ps from cell surface or disrupting the
F-actin cytoskeleton decreases HeLa cells VacA-induced vacu-
olation. A, HeLa Cells grown on coverslips and treated or not with
PI-PLC plus cycloheximide or CD were incubated with VacA (2 �g/ml)
for 30 min at 37 °C excepted for control, then washed, and maintained
for 4 h in HBSS with 5 mM NH4Cl to allow the development of cell
vacuolation. The living cells were stained with acridine orange (see
“Experimental Procedures”) (acridine orange displays a red fluores-
cence at acidic pH and a green fluorescence at neutral pH). The pictures
represent one confocal section (representative for at least four inde-
pendent experiments). B, control of PI-PLC treatment efficiency. The
GPI-P CD59 was detected with a mouse monoclonal antibody followed
by a polyclonal fluorescein isothiocyanate-coupled secondary antibody.
Fluorescence analysis of confocal sections of cells not treated (left pic-
ture) or treated with PI-PLC (right picture) was performed with the
same laser excitation intensity. Scale bars, 10 �m.
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and Efflux of Cl� Induced by the VacA Channel—We then
tested the chloride conductance of the VacA channel in cells
depleted in GPI-Ps. HeLa cells treated with PI-PLC and incu-
bated with or without 2 �g/ml of activated purified VacA were
loaded with MEQ and then tested for chloride transport. As
shown in Fig. 5B, removal of GPI-Ps from the HeLa cell surface
reduced both the efflux (GM substitution) and influx (NM sub-
stitution) of chloride ions in cells compared with VacA un-
treated preparation (but incubated with cycloheximide as for
PI-PLC treatment) (Fig. 5A). Quantification of the influx and
the efflux of Cl� through the VacA channel in cells treated or
not by PI-PLC (or by cycloheximide alone, used in conjunction
with PI-PLC to block the resynthesis of GPI-Ps (18)) is shown
in Fig. 5C. Treatment of cells with PI-PLC reduced of about
50% both the influx and the efflux of Cl� by the VacA channel
(Fig. 5C). Cycloheximide alone did not interfere with the VacA
channel activity (Fig. 5C).

Using the MEQ fluorescence assay, we then tested whether
cell treatment with CD modified the VacA channel activity. As
evidenced by Fig. 5C, treatment of cells with CD was found to
increase both the influx and the efflux of chloride ions to about
40% in cells treated by VacA.

VacA Channel Allows Accumulation of Weak Base and Os-
motic Swelling of Late Endosomes—It is well documented that
acidic intracellular compartments such as lysosomes allow
weak bases (such as NH4Cl) to accumulate, provoking an os-
motic swelling and resulting in vacuolation (33). In this re-

spect, chloroquine has been described as the most efficient
weak base in causing cell vacuolation of macrophage lysosomes
(33). We therefore investigated whether a low concentration of
chloroquine (1 mM) could mimic VacA-induced cell vacuolation.
To this purpose, the cells were transfected either with GFP-
Rab7 or GFP-Rab5 DNA to trace which type of intracellular
compartments swelled under chloroquine treatment. The cells
were then incubated with chloroquine alone or with VacA in
the presence of 5 mM NH4Cl. As shown in Fig. 6A, the chloro-
quine-induced vacuoles in HeLa cells were selectively deco-
rated by Rab7 and were thus virtually identical to VacA-in-
duced vacuoles (Fig. 6A). The kinetics of vacuole formation in
HeLa cells by chloroquine alone (1 mM) or by this weak base at
1 mM in the presence of VacA are shown in Fig. 6B. Cell
vacuolation onset in chloroquine- or VacA/chloroquine-treated
cells was observed for 2 h after the addition of the weak base
(Fig. 6B). Vacuoles induced by chloroquine alone at early time
points were smaller than those induced by VacA plus chloro-
quine (Fig. 6B). The kinetics of vacuolation induced by chloro-
quine alone or VacA plus chloroquine are shown in the videos
in the supplemental material. The addition of 20 �M NPPB to
the culture medium efficiently blocked the formation of vacu-
oles induced by either chloroquine or VacA in the presence of 5
mM NH4Cl (Fig. 6, A and C), indicating that both processes
probably required Cl� channels. To investigate whether the
NPPB effects toward chloroquine-induced vacuoles and VacA-
induced vacuoles might be similar, we studied the dose-re-

FIG. 3. Disruption of HeLa cell cy-
toskeleton blocks VacA endocytosis.
A, control HeLa cells were incubated for
1 h at 4 °C with 2 �g/ml of VacA and then
rinsed with medium at 4 °C to remove
unbound toxin molecules. The cells were
then warmed up by the addition of me-
dium at 37 °C and incubated for 30 min at
37 °C. The preparations were then
washed, permeabilized (left panels) or not
(right panels) and processed for the detec-
tion of VacA by indirect fluorescence (red
fluorescence) and actin staining (green flu-
orescence) (see “Experimental Proce-
dures”). The arrows indicate intracellular
vesicles containing VacA. B, HeLa cells
were treated with CD (see “Experimental
Procedures”), and the cells were then in-
cubated with VacA (2 �g/ml) still in the
presence of CD and processed for immu-
nolocalization of the toxin as in A. Left
panels, permeabilized cells; right panels,
nonpermeabilized cells. C, merged images
between actin (green fluorescence) and
VacA (red fluorescence) bound to the sur-
face of HeLa cells treated by CD and then
by VacA (as in B). Squares a and b in the
left panel delimit two fields of a cell, re-
spectively, enlarged in panels a and b to
the right. D, left panel, immunolocaliza-
tion at the ultrastructural level, by immu-
nogold labeling, of VacA bound on HeLa
cells membrane protrusions induced by
the CD treatment. Right panel, enlarge-
ment of the field delimited by the square
in the left panel. The arrows indicate the
positions of VacA decorated by gold parti-
cles. Scale bars, 10 �m for A–C and 1 �m
for D.
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sponse relationship of NPPB-induced inhibition of vacuolation
using the neutral red dye uptake assay. We found that NPPB
exerted a concentration-dependent inhibition of vacuolation in
cells treated with chloroquine alone or VacA (plus NH4Cl) in a
similar fashion, with a 50% inhibitory dose at 5 �M of NPPB in
both experimental conditions (Fig. 6C). Finally, we have shown
that NPPB was also effective in inhibiting the vacuolating
effect of VacA in the presence of 0.1 mM chloroquine instead of
NH4Cl in the extracellular medium (Fig. 6C).

DISCUSSION

In the present work, we have shown that treatments of HeLa
cells by PI-PLC (which removes specifically cell surface-associ-
ated GPI-Ps) and by CD (which leads to the disruption of the
actin cytoskeleton) had opposite effects on the transport of
chloride ions by VacA channels but converging effects on the
toxin-induced vacuolation. Elimination of GPI-Ps from the cell
surface strongly affected the VacA channel activity without

interfering notably on the toxin endocytosis, whereas disrup-
tion of the actin cytoskeleton increased its overall chloride
transport activity and strongly blocked VacA cell internaliza-
tion. These data support the notion that the VacA pore is
formed at the cell surface level and upon endocytosis provokes
vacuolation.

That GPI-Ps are not required for VacA cell binding and
localization in lipid rafts is in agreement with a recent report
showing that, in CHO cells defective in GPI-Ps, VacA was
localized in lipid rafts and still able to induce vacuolation (20).
Moreover, our results also fit very well with the data of Kuo
and Wang (17) showing that there was no difference in VacA
binding between wild-type CHO cells, CHO cells treated with
PI-PLC, or CHO cells overexpressing the fasI GPI-Ps. There-
fore VacA, different from the pore-forming toxin aerolysin and
related molecules (34), binds cells on lipid rafts but independ-
ently of the presence of GPI-Ps.

FIG. 4. Removing GPI-Ps from HeLa cell surface or disrupting their actin cytoskeleton does not affect VacA localization in lipid
rafts. Density gradients for lipid rafts analysis (see “Experimental Procedures”) of untreated or PI-PLC-treated cells (A) incubated with VacA
untreated or CD-treated cells incubated with VacA (B). In A and B, HeLa cells were incubated with VacA (2 �g/ml) for 1 h at 4 °C, washed, warmed
for 30 min at 37 °C, and lysed in 1% Triton X-100 at 4 °C. Identification of the proteins in each fraction was performed by immunoblot using the
IgG 958 for VacA, the mAb anti-flotillin for flotillin 1 (Flot 1) (a marker of lipid rafts), and the mAb anti-transferrin receptor (TFr) (as a protein
marker excluded from lipid rafts). Detection of CD55 by the mAb anti-CD55 was used to control the efficiency of the PI-PLC treatment. C,
quantitative evaluation of VacA in lipid rafts. Anti-flotillin 1 immunoblots were used to normalize the VacA signals.
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The presence of GPI-Ps on the cell surface, however, in-
creases the VacA-induced vacuolation of cells (17, 18). It is now
established that VacA does not use the clathrin-coated pit
pathway of endocytosis but rather a caveolae-like internaliza-
tion process requiring lipid rafts (18). GPI-Ps are components
of lipid rafts (21, 22), and it has been shown recently that VacA
may share a common endocytic pathway with GPI-Ps (17).

The mechanism by which VacA causes large Rab7-positive
vacuoles may involve the transport of chloride ions by toxin
channels (2, 11, 12, 35). This is likely because (i) the anion
channel blocker NPPB inhibits VacA-induced vacuolation (11,
12, this study); (ii) it is well established that VacA-induced
vacuolation requires the V-ATPase activity (2), and it has been
recently documented that the rate-limiting step in late endo-
some acidification by the V-ATPase is the endosomal influx of
chloride ions by specific channels that could be inhibited by
NPPB (36, 37); and (iii) VacA mutant proteins, with an im-
paired capacity to form active channels, are unable (or poorly
able) to vacuolate cells (38, 39). It is not clear, however, where
the toxin channel is formed in the cell. On one hand it is
hypothesized that the VacA channel might be formed at the
level of the cell plasma membrane and then endocytosed into
late endosome to provoke vacuolation (11, 12, 35). On the other
hand, the demonstration that vacuolation could be observed in
cells transfected with VacA DNA and expressing the toxin (13,
14) has pushed forward the idea that VacA, upon its translo-
cation into the cytosol, could form channels into endomem-
branes such as those of late endosomes (2, 13, 14). This latter
hypothesis was strengthened by the observation that expres-
sion into HeLa cells of a dominant negative mutant of VacA
was able to antagonize the cell vacuolation induced by the

wild-type toxin also expressed within the cytosol (39, 40). That
removing GPI-Ps from the cell surface strongly reduced both
the influx and efflux of chloride ions of the toxin pore and
greatly affected the formation of large vacuoles in cells indi-
cates that the VacA channel is formed at the level of the cell
surface and responsible for the vacuolation as postulated (11,
12, 35).

Our results do not indicate whether the removal of GPI-Ps
from the HeLa cell surface reduces the intrinsic chloride trans-
port of the VacA channel or the formation of active toxin pores.
The hydrophilic protein part of GPI-Ps may favor VacA inser-
tion into lipid rafts. Alternatively, lipid rafts may be modified,
as reported (41) when GPI-Ps are removed. This may alter the
composition of detergent-resistant lipid-rich domains modify-
ing for instance the capacity of VacA to form active channels.
Also, subtle changes in the lipid composition of lipid rafts
caused by GPI-Ps removal may affect the functionality of VacA
channels (15).

Different from GPI-Ps removal, disruption of actin cytoskel-
eton of HeLa cells by CD increased the overall chloride trans-
port activity by cells through VacA channels but inhibited large
vacuoles formation (depolymerization of the actin cytoskeleton
having been shown previously (18) to have no effect on the
process of VacA vacuolation per se). These results eliminate the
possibility that the VacA channel acts on cell vacuolation di-
rectly from the plasma membrane. Also, our observation that
CD treatment strongly reduced the endocytosis of the toxin
rules out the possibility that the VacA channel is formed in an
intracellular compartment possibly under the influence of an
acidic pH as reported in artificial bilayers (8) or in the cytosol
(13, 14, 39, 40). The facts that CD treatment blocked VacA

FIG. 5. Removing GPI-Ps from HeLa
cells surface inhibit both the influx
and the efflux of Cl� from cells in-
duced by the VacA channel, but dis-
ruption of the actin cytoskeleton in-
creased the cell overall transport of
Cl� by the toxin channel. A, typical var-
iation of MEQ F/F0 obtained upon iterative
GM followed by NM buffer substitutions of
HeLa cells treated with cycloheximide and
incubated with VacA (2 �g/ml) (average of
MEQ fluorescence of 14 cells). B, variation
of MEQ F/F0 obtained upon iterative GM
followed by NM buffer substitutions of
HeLa cells treated with PI-PLC together
with cycloheximide and incubated with
VacA (2 �g/ml) as in A (average of MEQ
fluorescence of 13 cells). C, histograms of
variations of the relative MEQ fluorescence
slopes (absolute values) during GM (white
columns) or NM (black columns) substitu-
tions. The cells were treated or not with
PI-PLC or CD and then intoxicated or not
with VacA (2 �g/ml) for 30 min (see “Ex-
perimental Procedures”) before MEQ fluo-
rescence recording. Each histogram repre-
sents an average of three independent
experiments with a recording of MEQ flu-
orescence of 10–23 cells for each assay.
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endocytosis, did not delocalize it from lipid rafts, increased the
overall transport of toxin-dependent transport of chloride ions,
and blocked vacuolation suggest that internalization of the
toxin pore induces vacuolation.

We observed in HeLa cells with a disrupted actin cytoskele-
ton that VacA was clustered in protrusion-like structures in-
duced by CD. It has been proposed that actin filaments, assem-
bled at the tip of transmembrane proteins on the cytoplasmic
side of the plasma membrane, compartmentalize lipid rafts and
limit their mobility in a process called “pickets and fence” (42).
When the actin cytoskeleton is not properly assembled, there is
the possibility that large lipid rafts may thus be formed. This
may explain our observation of toxin clustering in CD-treated
cells without delocalization of VacA from lipid rafts. More im-
portantly, inhibition of the toxin endocytosis by CD indicates
that VacA relies on an actin-dependent process of internaliza-
tion. Together with the observation that VacA binds to lipid
rafts, it suggests that endocytosis of VacA utilizes a caveolae-

like form of endocytosis (23). The observation that the overall
transport of Cl� by the VacA channel was increased in CD-
treated cells could be mainly the consequence of the fact that,
upon inhibition of VacA endocytosis, a higher number of VacA
channels were maintained on the plasma membrane.

In the present study we have shown that cell vacuolation
induced by the weak base chloroquine alone could (like VacA)
induce the formation of large vacuoles, decorated specifically
with Rab7, which could be blocked by NPPB. The anionic
channel blocker NPPB has been reported, however, to decrease
the activity of the nonselective calcium-activated cationic chan-
nel, but 100 �M NPPB was required in this study to reduce only
to 50% the activity of this channel (43). We have shown in the
present work that as low as 5 �M of NPPB was required to
decrease 50% of the vacuolation of HeLa cells induced by 1 mM

chloroquine and that the same concentration of NPPB totally
prevented the vacuolation induced by 0.1 mM chloroquine (Fig.
6C). This indicates that chloride ions are probably specifically

FIG. 6. Chloroquine induces formation of large vacuoles specifically decorated by Rab7 that can be inhibited by the Cl�channel
blocker NPPB. A, HeLa cells were transfected with plasmid vectors encoding either the GFP-labeled small GTPase Rab7 or Rab5. Upon proteins
expression, the cells were intoxicated or not with 2 �g/ml of VacA for 30 min at 37 °C. Monolayers were then washed, and the cells not intoxicated
with VacA were placed in HBSS containing 1 mM chloroquine, whereas those intoxicated with VacA were placed in HBSS containing 5 mM NH4Cl
and incubated at 37 °C for 5 h in the presence or not of 50 �M NPPB. After fixation, the cells were analyzed by confocal microscopy. Scale bar, 10
�m. B, kinetics of vacuole development in cells treated with 1 mM chloroquine alone for 2 h or preintoxicated with VacA (2 �g/ml) for 30 min at
37 °C and then incubated (after washing with HBSS) with 1 mM chloroquine for 2 h. (See also supplemental video 1 for chloroquine alone and
supplemental video 2 for VacA plus chloroquine). Scale bar, 10 �m. C, neutral red dye uptake assays. Panel a, effects of NPPB on cell vacuolation
induced by 1 mM chloroquine. The cells were incubated with HBSS containing 1 mM chloroquine for 5 h and increasing concentrations of NPPB.
Panel b, effects of NPPB on VacA-induced cell vacuolation. The cells were intoxicated or not with 2 �g/ml of VacA for 30 min at 37 °C, and after
washing the cells were placed in HBSS containing 5 mM NH4Cl for 5 h. Panel c, effects of NPPB on VacA-induced cell vacuolation in the presence
of chloroquine. The cells were intoxicated with 2 �g/ml of VacA for 30 min at 37 °C, and after washing the cells were incubated in HBSS containing
0.1 mM chloroquine for 5 h at 37 °C.
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required for the cell vacuolation induced by chloroquine.
Two cellular activities of VacA, independent of vacuolation,

have been recently described. In epithelial cells, VacA induces
apoptosis by provoking the release of cytochrome c from mito-
chondria (1). In T-lymphocytes VacA blocks the nuclear trans-
location of the transcription factor NFAT in a similar fashion as
immunosuppressive agents such as cyclosporin A or FK506
(44). Both activities apparently require the ability of the toxin
to induce vacuolation (1, 44). Induction of cytochrome c leakage
and inhibition of NFAT nuclear translocation both necessitate
probably the translocation of VacA (or part of it) into the cytosol
(1, 44). With the notion that the VacA pore is formed at the
level of the plasma membrane and is endocytosed to provoke
the osmotic swelling of late endosomes, we propose that this
mechanism might be used in fact by the toxin to gain access to
the cytosol. Through the rupture of overswelled vacuoles, VacA
might indeed be released in the cytosol and could reach one (or
several) intracellular target(s).
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