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The vacuolating cytotoxin VacA is a major virulence factor of Helicobacter pylori, a bacterium responsible for gastrodu-
odenal ulcers and cancer. VacA associates with lipid rafts, is endocytosed, and reaches the late endocytic compartment
where it induces vacuolation. We have investigated the endocytic and intracellular trafficking pathways used by VacA, in
HeLa and gastric AGS cells. We report here that VacA was first bound to plasma-membrane domains localized above
F-actin structures that were controlled by the Racl GTPase. VacA was subsequently pinocytosed by a clathrin-indepen-
dent mechanism into cell peripheral early endocytic compartments lacking caveolin 1, the Rab5 effector early endosomes
antigen-1 (EEA1) and transferrin. These compartments took up fluid-phase (as evidenced by the accumulation of
fluorescent dextran) and glycosylphosphatidylinositol-anchored proteins (GPI-APs). VacA pinocytosis was controlled by
Cdc42 and did not require cellular tyrosine kinases, dynamin 2, ADP-ribosylating factor 6, or RhoA GTPase activities.
VacA was subsequently routed to EEAl-sorting endosomes and then sorted to late endosomes. During all these different
endocytic steps, VacA was continuously associated with detergent resistant membrane domains. From these results we
propose that VacA might be a valuable probe to study raft-associated molecules, pinocytosed by a clathrin-independent

mechanism, and routed to the degradative compartment.

INTRODUCTION

Gastric infection by Helicobacter pylori is associated with
chronic gastritis, peptic ulceration, and gastric cancer in
humans (Blaser and Atherton, 2004). Among different viru-
lence factors of H. pylori, such as those encoded by the cag
pathogenicity island, the BabA adhesin or urease, the VacA
cytotoxin (Leunk et al., 1988; Cover, 1996; Boquet et al., 2003;
Cover and Blanke, 2005) is an important pathogenic deter-
minant involved in the bacterial colonization of the stomach
(Salama et al., 2001).

The mature VacA cytotoxin (M,: 90 kDa) exhibits the
structure of an A-B toxin with a N-terminal (p34; M,: 34 kDa)
and a C-terminal (p58; M,: 58 kDa) subunit, with an exposed
protease-sensitive loop between these two fragments
(Cover, 1996). The p34 fragment contains a short N-terminus
hydrophobic domain required for vacuolation and thus may
be assimilated to the effector domain (A) of an A-B toxin
(Boquet et al., 2003; Cover and Blanke, 2005). The p58 sub-
unit (B) is responsible for the cytotoxin binding to the cell
(Garner and Cover, 1996) through a motif localized in the
middle of p58 (Pagliaccia et al., 1998). VacA binds on one or
several receptor (s) to the cell plasma membrane (Cover and
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Blanke, 2005). Monomers of VacA oligomerize in the
plane of artificial lipid bilayers, or in the cell plasma
membrane, to form anionic channels (Czajkowsky et al.,
1999; Szabo et al., 1999; Tombola et al., 1999; Gauthier et al.,
2004). VacA channels are subsequently endocytosed
(Gauthier et al., 2004) and reach their final endocytic des-
tination, the late endosomes (Papini ef al., 1994; Ricci et al.,
1997). The VacA channel, by inducing a chloride ions
influx into late endosomes, activates the proton pump
vATPase, leading to the accumulation of osmotic species
such as NH,Cl, and results in late endosomes swelling
(Papini ef al., 2001; Gauthier ef al., 2004; Cover and Blanke,
2005). The cytotoxin also could escapes from endosomes
to the cytosol to target mitochondria (Galmiche et al.,
2000; Willhite and Blanke, 2004; Blanke, 2005; Cover and
Blanke, 2005).

Interestingly, the exact intracellular pathway followed by
the cytoxin has not yet been deciphered. Using VacA-in-
duced vacuolation as an experimental readout of the cyto-
toxin internalization as well as the inhibitors of clathrin
function such as the dominant-negative mutant forms of Eps
15, dynamin 2, and intersectin, we have previously shown
that, in epithelial HEp2 cells, VacA activity is not blocked
when the clathrin- or dynamin-dependent pathways of en-
docytosis are inhibited (Ricci et al., 2000). Furthermore,
VacA-induced vacuolation is highly sensitive to the disrup-
tion of the actin cytoskeleton (Ricci et al., 2000; Gauthier et al.,
2004; Li et al., 2004). These data support the notion that VacA
may be endocytosed through an actin-dependent pathway
that is independent of both clathrin and dynamin (Ricci ef al.,
2000).
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VacA associates with lipid rafts (Patel ef al., 2002; Schraw
et al., 2002; Gauthier ef al., 2004) and requires cholesterol for
cell binding and internalization (Patel et al., 2002; Schraw et
al., 2002) as well as glycosylphosphatidylinositol-anchored
proteins (GPI-APs) for its full vacuolating activity (Ricci ef
al., 2000; Kuo and Wang, 2003; Gauthier et al., 2004). How-
ever, in all likelihood GPI-APs, which are components of
lipid rafts, are not the cell surface receptors for VacA
(Schraw et al., 2002; Kuo and Wang, 2003; Gauthier et al.,
2004). Lipid rafts represent highly ordered, rigid lipid mi-
crodomains thought to be mostly, but not solely, internal-
ized by clathrin-independent pathways. An increasing num-
ber of different endocytic pathways have been described for
lipid rafts (Conner and Schmid, 2003; Parton and Richards,
2003; Mayor and Riezman, 2004). Importantly, different cell
invasive pathogenic bacteria or their virulence factors have
been shown to use lipid rafts to interact with host cells
(Lafont et al., 2004). VacA may thus constitute an invaluable
marker for dissecting one of these, not yet well characterized
endocytic mechanisms for lipid rafts.

In the present study, using purified VacA, we have inves-
tigated the mechanism by which this lipid raft-associated
cytotoxin binds to the cell surface, is endocytosed, and sub-
sequently, routed to the degradative compartments, in HeLa
and gastric epithelial AGS cells.

MATERIALS AND METHODS

Cell Lines, Bacterial Strain, Plasmids, Toxins, and
Antibodies

HeLa (from a human cervix carcinoma, a gift of T. L. Cover, Vanderbilt
University, TN) and AGS (from a human gastric carcinoma, ATCC number:
CRLt-1739) cells were cultured and transfected as previously described (Ricci
et al., 2000). Eukaryotic plasmid vectors used in this work are as follows: HA
Rac Q61L and HA Rac T17N (Doye et al., 2002), myc-Cdc42 T17N (J. de
Gunsburg, Institut Curie, Paris, France), GFP-ADP-ribosylating factor 6 (Arf6
WT) and GFP-ADP-ribosylating factor 6 mutant (Arf6 N122I; M. Franco,
CNRS, Sophia Antipolis, France), GFP-Dyn2 K44A (S. Schmid, Scripps Re-
search Institute, La Jolla, CA), and GFP-Eps15 mutant (ED95/295, A. Ben-
merah, INSERM U567, Paris, France). Both the decay-accelerating factor
(DAF) DNA fused to the GFP (used as a GPI-AP and termed throughout this
work GPI-GFP), and the DNA of caveolin 1 fused to the GFP (used as a
GFP-caveolin 1) were from A. Galmiche (Max Plank Inst. fiir Infektionsbiolo-
gie, Berlin, Germany). VacA was purified from the H. pylori 60190 strain
(ATCC 49503), according to Cover and Blaser (1992). Immediately before use
on cells, purified VacA (2 ug/ml in all this work) was acid-activated as
described (de Bernard ef al., 1995). The Clostridium botulinum C3 transferase
(Boquet and Lemichez, 2003) was produced as a recombinant protein. The
nontoxic double mutant aerolysin pan-GPI-APs marker ASSP-Alexa-546
(ASSP-546; Fivaz et al., 2002) was a gift of F. G. van der Goot (University of
Geneva, Switzerland). The cholera toxin B subunit (CTxB) and the monoclo-
nal antibody (Mab) directed against the CTxB subunit (Mab LT39) were both
from C. Czerkinsky and F. Anjuere (INSERM U 721, Nice, France). The rabbit
polyclonal IgG 958 anti-VacA was a gift of T. L. Cover. This antibody, directed
against the carboxy-terminal domain of the VacA p58 fragment (Garner and
Cover, 1996), was used throughout this work. This antibody did not react
with HeLa cells by immunofluorescence as previously shown by Garner and
Cover (1996) as well as with AGS cells (Supplementary Figure 1, A and B).
The Mab anti-human transferrin receptor (Mab 68.4) was from Zymed (South
San Francisco, CA). The Mab anti-early endosomes antigen-1 (EEA1; clone 14)
and Mab anti-flotillin-1 were from BD Biosciences (Le Pont de Claix, France).
The Mab anti-caveolin 1 (clone C060) (Transduction Laboratories, Lexington,
KY) reacted against a major M,, 22-kDa band (caveolin 1) by Western blot in
both HeLa and AGS cells (unpublished data). The Mab anti-HA (clone 16B12)
and the Mab anti-myc (clone 9E10) were from Babco (Richmond, CA). Texas
red-labeled and Cyb5-labeled secondary antibodies against rabbit IgG were
purchased from Molecular Probes (Eugene, OR) and anti-mouse secondary
antibodies labeled with FITC or Cy5 from Dako (A /S, Denmark). Phalloidin-
FITC and -TRITC were from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Texas red-labeled or FITC-labeled 70 kDa-dextran (Txrd-dextran, FITC-dex-
tran), FITC-wheat germ agglutinin (FITC-WGA), Texas red-labeled trans-
ferrin (Txrd-TF), FITC-transferrin (FITC-TF) were from Molecular Probes.
Epidermal growth factor (EGF) was from Sigma-Aldrich and the anti-phos-
photyrosine Mab (P-Tyr-100 sample 9411) from Cell Signaling (Beverly, MA).
Methyl-B-cyclodextrin and filipin were from Sigma-Aldrich.
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Treatment of Cells with Cytochalasin D, Genistein,
Exoenzyme C3, Amiloride, and Phorbol 12-myristate
13-acetate

The treatment of cells with cytochalasin D (Sigma-Aldrich) has been de-
scribed previously (Ricci ef al., 2000; Gauthier et al., 2004). The tyrosine kinase
inhibitor genistein (Sigma-Aldrich) was used at 100 ug/ml and the activity of
the drug was controlled by its ability to block tyrosine phosphorylations
located in focal adhesion points (unpublished data). Amiloride (Sigma-
Aldrich) was used at 10 ug/ml, and the activity of the drug was controlled by
its ability to decrease phorbol 12-myristate 13-acetate (TPA)-induced mac-
ropinocytosis (unpublished data). Cells were pretreated for 30 min at 37°C
with genistein before their transfer to 4°C. VacA was added in cold medium
for 1 h, rinsed, and transferred to warm medium in the presence of genistein
or amiloride for 30 min, fixed, and analyzed for VacA immunofluorescence.
The TPA (Sigma-Aldrich) was added to cells in DMEM at a final concentra-
tion of 30 nM for 30 min at 37°C to induce macropinocytosis. The C3 exoen-
zyme was added to cells at 50 ug/ml for 18 h. The activity of C3 on RhoA was
controlled by its ability to block stress fiber formation (unpublished data).
Cells were then processed as described for the genistein and amiloride treat-
ments.

Analysis of Lipid Rafts by Density Gradient

AGS cells (3 X 10°) were plated in 100-mm diameter tissue culture dishes 24 h
before use. Activated-VacA was added to cells at 2 pug/ml for 1 h in DMEM-
HEPES at 4°C. Cells were washed and transferred into warmed DMEM (37°C)
for the indicated periods of time. After triple rinsing with ice-cold phosphate-
buffered saline (PBS), cells were scraped off the dishes in calcium-free PBS and
centrifuged (1000 X g, 5 min, 4°C). Cells were lysed 30 min at 4°C in TNE
buffer (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA) containing 1%
Triton X-100 and a mix of protease inhibitors (Complete EDTA-free, Roche,
Basel, Switzerland). Optiprep 60 (Axis-Shield, Oslo, Norway) was added to
the lysate supernatant 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 added. On
centrifugation (100,000 X g, 2 h, 4°C), 10 fractions from the top to the bottom
of the tube were collected. Identical volumes of each fraction were analyzed
by SDS-PAGE and immunoblotting.

Association of VacA in Endocytic Compartments with
Detergent-insoluble Membranes

After VacA binding and upon pinocytosis of the cytotoxin for the different
periods of time, AGS cells grown on coverslips where rinsed at 4°C in PBS
containing calcium and magnesium and immersed for 30 s at 4°C in 4 separate
baths of 50 mM MES, 3 mM EGTA, 5 mM MgCl, (pH 6.4) containing or not
0.5% Triton X-100. After these treatments, cells were immediately fixed and
processed for immunofluorescence studies. For quantification by immuno-
blotting, AGS cells, grown on plastic dishes, were submitted to the same
treatments but lysed instead of being fixed. Identical volume of lysates were
analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence Studies

Immunofluorescence studies were performed as previously described (Ricci et
al., 2000; Gauthier et al., 2004). For LAMP1 and CTxB labeling, saponin (0.1%;
Sigma-Aldrich) was used instead of Triton X-100 for permeabilization and all
the immunofluorescence steps were performed using PBS containing 0.1%
bovine serum albumin (Sigma-Aldrich) and 0.1% saponin. For 2D deconvo-
lution or 3D reconstructions, fluorescence signals were analyzed using an
Axiovert 200 microscope (Carl Zeiss, Gottingen, Germany) equipped with a
shutter-controlled illumination system (Carl Zeiss) and a cooled digital CCD
camera (Roper Scientific, Evry, France). Images were recorded and recon-
structed using the Metamorph 2.0 image analysis software (Universal Imag-
ing Corporation, Evry, France) and QuickTime pro5 (Apple, http://store-
apple.com). For 3D reconstructions using confocal sections, the Image ]
software was used (http://rsb.info.nih.gov/ij/). For endocytic kinetics stud-
ies, VacA was incubated with cells for 1 h at 4°C in DMEM-HEPES. After
three washes in cold DMEM, cells were transferred to either DMEM, cytocha-
lasin D-DMEM, genistein-DMEM, C3-DMEM, or dextran-DMEM, pre-
warmed to 37°C, and incubated at the same temperature for the time indi-
cated in each experiment. Cells were then analyzed by immunofluorescence.
Transferrin endocytosis was monitored by FITC-TF or Txrd-TF: cells were
serum-depleted (to promote the recycling of free transferrin receptors) by
incubation in DMEM (15 min) and FITC-TF or Txrd-TF (200 ug/ml) was
added at 4°C together with VacA for 1 h. The ASSP-546 (0.5 ug/ml) endocy-
tosis was performed as described for transferrin but using non-serum-de-
pleted cells.

Colocalization Index Method

Cells were analyzed by fluorescence and confocal microscopy and fully
reconstructed to observe the total vesicles population. All positive vesicles for
each endocytic markers used in this work were counted for each cell. Two
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Figure 1. VacA binds membrane domains
localized above F-actin structures on the sur-
face of epithelial cells. HeLa cells (A, C, and
D) or AGS cells (B) were incubated with
VacA at 4°C for 1 h, washed, fixed, and pro-
cessed for the detection of VacA by 3D-re-
constructed indirect immunofluorescence
using a video microscope. (A and B) Local-
ization of VacA on membrane domains sus-
tained by F-actin (FITC-phalloidin). VacA is
shown alone in black and white in the full
size cell pictures and in red in the zooms.
Actin is shown in green in the zooms. For A
and B see also Supplementary Videos 1 and
2. In C, surface membrane domains contain-
ing VacA or transferrin receptor (TFr; zoom,
VacA: red, and TFR: green). In D, during the
last 15 min of VacA binding at 4°C, cells were
incubated with FITC-WGA before fixation in
order to detect all cell surface details. The
two upper pictures and zooms 1 and 2 rep-
resent 3D-reconstructed indirect VacA im-
munofluorescence or direct FITC-WGA fluo-
rescence of cells. The two lower pictures
represent the 2D-deconvoluted VacA and
WGA fluorescence (in negative and black
and white) of the cells basal plane. VacA is
concentrated on certain membrane exten-
sions (long arrows and zoom 1) unlike WGA
that binds to the entire cell surface and is also
found on retraction fibers observed in cell
junctions (short arrows and zoom 2). Scale
bars, 10 uwm.

different markers that labeled the same vesicle were considered as colocal-
ized. Results are expressed as colocalization indexes for which 1 represents
100% of colocalization between two endocytic markers. For example, the
ASSP/VacA colocalization index represents the ratio of the number of ASSP-
546 positive vesicles colocalized with VacA to the total number of vesicles
containing ASSP-546 (with or without VacA). Conversely, the VacA/ASSP
colocalization index is the ratio of the number of VacA-positive vesicles
colocalized with ASSP-546 to the total number of vesicles containing VacA
(with or without ASSP-546). Colocalization indexes were determined for each
cell and the results represent the average value of n cells colocalization
indexes (n is given in each figure).

RESULTS

VacA Binds Membrane Domains Localized above F-actin
Structures

We first examined the plasma membrane structures on
which VacA was associated at 4°C. When VacA was bound

4854

to HeLa (Figure 1A and Supplementary Video 1) or AGS
(Figure 1B and Supplementary Video 2) cells for 1 h at 4°C,
the cytotoxin was not uniformly associated with the cell
surface but was mostly found on domains localized above
F-actin structures, particularly on membrane extensions. No
colocalization between the cytotoxin and either transferrin
receptors (Figure 1C) or caveolin 1 (Supplementary Figure
1A) was observed at the level of the cell surface. Notewor-
thy, VacA was not associated with all cell membrane exten-
sions decorated by a fluorescent lectin, a wheat germ agglu-
tinin known to bind N-acetyl neuraminic acid and N-acetyl
galactosamine residues (Adair and Kornfeld, 1974), but se-
lectively associated with some of these structures located
mostly at the cell leading edges (Figure 1D). Of note, the
cytotoxin VacA was not bound on retraction fibers observed
between cells (Figure 1D).

Molecular Biology of the Cell
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A C
HelLa cells AGS cells

1 basal confocal Total Total
section cell reconstruction cell reconstruction

10 min

non perrmeabilzed

Figure 2. Time course of VacA endocytosis in HeLa cells. (A) HeLa cells were incubated with VacA at 4°C for 1 h, washed, and incubated
for various periods of time at 37°C. Cells (permeabilized or not) were fixed, processed for the detection of VacA immunofluorescence, and
observed by confocal microscopy. After 5 min, VacA (red) was concentrated in punctuate fluorescence patterns associated with F-actin (green;
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Dynamic of VacA Internalization Process

We next examined the dynamics of the VacA internalization
process. On transfer of HeLa cells to warm (37°C) medium,
the toxin was taken up relatively rapidly. After 5 min at
37°C, cytotoxin molecules were already detected in intracel-
lular vesicles (Figure 2 A). Of note, the transfer of the cells
from 4 to 37°C likely overestimated the real timings of VacA
internalization because of the rewarming process, as already
suggested by Maxfield and McGraw (2004). VacA and F-
actin were clearly found at the same location during the
early steps of the entry process (Figure 2A, 5 min, zoom 1).
Internalized cytotoxin molecules were surrounded with F-
actin structures that appeared to entrap endocytosed VacA
(Figure 2A, 5 min, zoom 1).

After 10 min of endocytosis, VacA was internalized into
tubulovesicular intracellular compartments localized at the
top of the cell (Figure 2A, 10 min, zoom 2) and predomi-
nantly at the cell basal periphery (Figure 2A, 10 min, zoom
3, and Supplementary Video 3; Figure 2B and Supplemen-
tary Video 4). Clearly, these structures were intracellular
and not localized at the level of the cell surface because they
were not detected in nonpermeabilized preparations (Figure
2A, 10 min, nonpermeabilized condition). VacA endocy-
tosed for 10 min was not any longer closely associated with
actin filaments (Figure 2A, zoom 3, and Supplementary
Video 3). After 30 min at 37°C, some VacA-containing ves-
icles were observed scattered in the cytosol albeit the cell
peripheral VacA-positive intracellular compartment still
contained cytotoxin molecules (Figure 2A, 30 min). After 120
min at 37°C, VacA was only observed in vesicular structures
scattered throughout the cytosol (Figure 2A, 120 min).

In AGS cells, VacA internalization appeared similar to
that of HeLa cells. On 5 min of transfer to warm medium,
most VacA molecules were localized to vesicular structures
at the basal cell periphery (Figure 2C, 5 min). After 10 min of
endocytosis VacA immunofluorescent signals increased in
the basal cell peripheral compartments (Figure 2C, 10 min).
Compared with HelLa cells, the AGS cell peripheral VacA-
positive compartments were more polarized and no major
accumulation of the cytotoxin could be observed in compart-
ments at the top of the cell (Figure 2C and Supplementary
Video 5). On 30 min of transfer of cells to 37°C, some large
vesicles containing VacA, located slightly at the rear of the
previous basal peripheral compartments in which VacA ac-
cumulated at early time points, were observed (Figure 2C, 30
min). At the same time, the basal cell peripheral VacA-
positive compartments clearly disappeared (Figure 2C, 30
min). After 120 min of transfer to warm medium, VacA was
observed in vesicles scattered throughout the cytosol (Figure

Figure 2 (cont). zoom 1, arrows: colocalization, between VacA and
actin (yellow). After 10 min, VacA started to label tubulovesicular
endocytic structures (detected only under permeabilized conditions
by contrast to nonpermeabilized cells presented in the bottom row).
These compartments are at the top of the cell (zoom 2) or at the cell
basal periphery, rear of F-actin structures (zoom 3 and Supplemen-
tary Video 3). After 30 min, and moreover after 120 min, VacA was
found in vesicular structures scattered throughout the cytosol. (B)
Rotation (40° between each frame) in the Y plane of a typical
tubulovesicular endocytic structure labeled by VacA (extracted
from zoom 3 panel A), reconstructed in 3D (see also Supplementary
Video 4). (C) AGS cells were process as for HeLa cells. VacA was
localized on membrane protrusions (time 0 min). VacA was then
endocytosed in a seemingly polarized manner (times 5 and 10 min)
and reached larger endocytic compartments at 30 min. After 120
min, the toxin labeled only smaller vesicular compartments scat-
tered throughout the cytosol. Scale bars, 10 wm.
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2C, 120 min). Noteworthy, VacA was never observed clus-
tered in a perinuclear compartment in HelLa or AGS cells
after 30 or 120 min of endocytosis.

VacA Is Associated with Lipid Rafts in Endocytic
Compartments

VacA is documented to bind to lipid rafts (Patel ef al., 2002;
Schraw et al., 2002; Gauthier et al., 2004). Furthermore, the
role of lipid rafts in the VacA cell internalization process was
reinforced by the demonstration that depletion of plasma
membrane cholesterol by methyl-g-cyclodextrin inhibits cell
binding and endocytosis of VacA (Schraw et al., 2002; Patel
et al., 2002). On HelLa cells treatment with methyl-gB-cyclo-
dextrin, no VacA could be observed in cells after 10 min of
endocytosis, although the endocytosis of transferrin was
mostly conserved (Supplementary Figure 1D). In AGS cells
the different cell endocytic structures reached successively
by one wave of the cytotoxin were clearly defined (Figure
2C). We decided to next test the association status between
VacA and lipid rafts for 0, 10, 30, and 120 min of endocytosis.
As shown in Figure 3A, VacA continued to be found in the
low-density fractions after treatment with Triton X-100 and
gradient centrifugation, together with the lipid raft marker
flottilin 1 but not with transferrin receptor, a nonrafted
protein. This suggested that VacA was associated with lipid
rafts all along its intracellular trafficking. To further ascer-
tain this point, we took advantage of the recent technique
used to demonstrate that the SV40 virus was continuously
associated with lipid rafts in endocytic compartments dur-
ing its intracellular trafficking (Damm et al., 2005). For this
purpose, AGS cells were incubated with VacA for 1 h at 4°C,
washed and the cytotoxin was endocytosed for 0, 10, 30 and
120 min. For each time, cells were treated or not with Triton
X-100 at 4°C, to extract or not nonrafted proteins (as de-
scribed in Materials and Methods). After fixation, cells were
processed for the immunofluorescence detection of both
VacA and the transferrin receptor. The VacA immunofluo-
rescent signal was present in both the control and Triton
X-100-treated preparations (Figure 3B). At difference, the
transferrin receptor was only detected in the control prepa-
rations (not treated with Triton X-100; Figure 3B), indicating
that nonrafted proteins were largely extracted. This sug-
gested that each endocytic compartments reached by VacA
contained lipid rafts and that the cytotoxin remained asso-
ciated with these membrane domains during its endocytosis
and intracellular trafficking. The association of VacA in the
control and Triton X-100-extracted cell preparations was
quantified by immunoblotting. Similar amounts of VacA
were associated with cells at the different timings of endo-
cytosis in Triton X-100-extracted or control preparations
(Figure 3C). A slight decrease of the VacA amounts was
noticed as a function of time (Figure 3C) probably due to
degradation of the cytotoxin. At difference, the amounts of
transferrin receptor were largely decreased in Triton X-100-
extracted preparations compared with flottilin 1 (Figure 3C).

VacA Exploits a Constitutive Actin-dependent Cell
Endocytic Pathway Different from Macropinocytosis,
Independent of Clathrin, Dynamin, Tyrosine
Phosphorylation, RhoA, and Arf6 GTPases Activities

We next studied the effects of factors known to modulate
characterized endocytic pathways. Disruption of the F-actin
cytoskeleton by cytochalasin D (CD) blocked VacA endocy-
tosis, but not that of transferrin, in both HeLLa and AGS cells
(Figure 4 A). Expression of the ED95/295 Eps 15 dominant-
negative protein in HeLa or AGS cells (Benmerah et al., 1999)
blocked the clathrin pathway (as shown by inhibition of the

Molecular Biology of the Cell
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Figure 3. Association of VacA with lipid rafts during endocytosis
and intracellular trafficking. (A) AGS cells were incubated with
VacA for 1 h at 4°C, washed and warmed for 0, 10, 30, or 120 min
at 37°C. For each time point, cells were processed for lipid rafts
analysis by flotation gradient after Triton X-100 extraction as de-
scribed in Materials and Methods. Identification of the proteins in
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transferrin endocytosis) without interfering with VacA en-
docytosis (Figure 4B). Expression of the dominant-negative
form of dynamin 2 (Dyn2K44A) in HeLa or AGS cells, which
efficiently inhibited the endocytosis of transferrin (Damke et
al., 1995; Oh et al., 1998), was without effect on VacA inter-
nalization (Figure 4C).

Expression of the dominant-negative form of Arf6 (Arf6
N122I; Honda et al., 1999) did not block VacA endocytosis in
HeLa or AGS cells (Figure 5A). Arf6N122I was active be-
cause, at difference with the wild-type form of the GTPase
that was strictly associated with the cytoplasmic face of the
cell plasma membrane (Figure 5A), the mutant was localized
in endocytic compartments (Figure 5A) as reported (Honda
et al., 1999). Treatment of HeLa (Figure 5B) or AGS cells
(unpublished data) by the C3 transferase, to inhibit RhoA
activity, did not block VacA internalization. As a control for
C3 transferase activity we observed that treated-cells had
lost their stress fibers (unpublished data), clearly indicating
that RhoA was inhibited (Boquet and Lemichez, 2003).

Many different processes of ligands internalization,
through lipid rafts or caveolae, induce and require one or
several cellular tyrosine phosphorylation (s) (Parton and
Richards, 2003). We tested whether, upon cell binding of
VacA, we could detect one or several proteins specifically
phosphorylated on tyrosine residues. As shown in Figure
5C, we observed that upon HelLa cell treatment with VacA,
no new tyrosine phosphorylation of cellular protein(s) could
be observed (in contrast with epidermal growth factor (EGF)
treatment). In addition, AGS or HeLa cells treated with the
tyrosine kinase inhibitor genistein exhibited a normal pat-
tern of VacA endocytosis (Figure 5B). The effect of genistein
was controlled by its ability to block the tyrosine-phospho-
rylations located in focal adhesion points (unpublished
data). We tested whether VacA might provoke its own in-
ternalization by triggering macropinocytosis, a process in-
duced upon stimulation with growth factors or other sig-
nals. For this purpose we used the measurement of HRP, a
bona fide and sensitive marker of fluid phase uptake (Swan-
son and Watts, 1995), in HeLa cells, in the presence or
absence of VacA. As a positive control for macropinocytosis,
cells were treated with the tumor promoter agent (TPA)
phorbol ester, a known inducer of macropinocytosis (Swan-
son and Watts, 1995). Although a great increase in HRP
uptake was observed in TPA-treated cells, HeLa cells incu-
bated with VacA showed an HRP uptake virtually identical
to that of control VacA-untreated cells (Figure 5 D). To
further ascertain this point, we tested whether amiloride, a
blocker of macropinocytosis (Swanson and Watts, 1995),
could inhibit VacA endocytosis. This drug did not inhibit the

each fractions of the gradient was performed by immunoblots using
the IgG 958 for VacA, the MAb anti-flotillin 1 for flotillin 1 (Flot 1;
a marker of lipid rafts), and the MAD anti-TFr (as a protein marker
excluded from lipid rafts). (B) VacA internalized in endocytic com-
partments is resistant to Triton X-100 extraction at 4°C by contrast to
TFr. AGS cells were incubated with VacA at 4°C for 1 h, washed,
and incubated for 0, 10, 30 or 120 min at 37°C. Cells were submitted
or not to Triton X-100 extraction at 4°C (as described in Materials and
Methods). Cells were fixed, processed for the detection of VacA and
TFr by immunofluorescence, and observed by confocal microscopy.
All pictures represent total cell reconstructions from confocal sec-
tions. Scale bar, 10 um. (C) VacA, Flot 1, and TFr protein levels
associated with control or Triton X-100-extracted AGS cells. The
cells were treated as in B except that after Triton X-100 extraction,
they were lysed and analyzed by immunoblots as in A. The histo-
gram represents the quantification of the presented immunoblots
(arbitrary units: A.U.).
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Cytochalasin D

Figure 4. VacA endocytosis is an actin-de-
pendent but clathrin- and dynamin 2-inde-
pendent mechanism. (A) HeLa or AGS cells
were treated with cytochalasin D for 60 min
and then rinsed. VacA was added for 1 h at
4°C with FITC-TF. Cells were rinsed and in-
cubated at 37°C for 30 min in the presence of
cytochalasin D and then washed, fixed, per-
meabilized, processed for the detection of
VacA, transferrin and actin (TRITC-phalloi-
din) by immunofluorescence, and observed
by confocal microscopy. Small arrows in the
zoom show that VacA (blue fluorescence)
remained at the surface of cytochalasin D-
depolymerized F-actin cells (red, short ar-
rows) at difference with transferrin (green,
long arrows). (B and C) HeLa and AGS cells
were transfected with the dominant-negative
form of Eps15 (ED95/295) or with the dom-
inant-negative form of dynamin 2 (Dyn 2
K44A). VacA was added for 1 h at 4°C to-
gether with FITC-transferrin. Cells were
rinsed and incubated at 37°C for 30 min,
washed, fixed, permeabilized, processed for
the detection of VacA and transferrin by im-
munofluorescence, and then observed by
confocal microscopy. In the zooms, stars:
transfected cells. All pictures were taken
from two confocal sections (HeLa) or a total
cell reconstruction from confocal sections
(AGS). Scale bars, 10 um.

dyn2K44A

entry of VacA into cells (Figure 5B), although it greatly
reduced the TPA-induced macropinocytosis of HRP (unpub-
lished data).

These data indicated that VacA did not induce its own
internalization but exploited a constitutive cell endocytic
pathway different from macropinocytosis, independent of
clathrin, dynamin, tyrosine phosphorylation, RhoA, and
Arf6 GTPases activities. Therefore, we named this endocytic
process “pinocytosis” a term covering all of the cell inter-
nalization mechanisms except phagocytosis (Conner and
Schmid, 2003).

VacA Is Pinocytosed into Caveolin-, Transferrin-, and
EEA1-negative Cell Peripheral Compartments That
Contain a Fluid Phase Marker and GPI-Aps

We subsequently studied which endocytic markers were
associated with the intracellular VacA-containing compart-
ments observed at the early time point of pinocytosis (10
min). In particular, we investigated whether these compart-
ments were associated with transferrin and the Rab5-effector
EEA1 protein, the two classical markers of sorting endo-
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somes (Zerial and McBride, 2001). We also investigated their
association with the fluid phase probe dextran and GPI-APs
or caveolin 1, which are known markers of endocytic com-
partments associated with lipid rafts (Pelkmans and Hele-
nius, 2002; Mayor and Riezman, 2004). The cell peripheral
intracellular compartments, reached by VacA after 10 min of
pinocytosis, did not colocalize with transferrin, EEA1 (Fig-
ure 6, A and D) and caveolin 1 detected by a mAb (Figure 6,
B and D). However, because the Mab anti-caveolin 1 reacted
in immunoblot with several minor bands in addition to the
main 22-kDa band, we expressed a GFP-caveolin 1 into cells,
to verify that VacA was not associated with caveolin 1
(Supplementary Figure 2A, Supplementary Videos 7 and 8).
The cholera B toxin subunit (CTxB), is also a marker of
caveosomes (Nichols, 2002). When CTxB and VacA were
endocytosed together in HeLa cells for 10 min, no colocal-
ization of the two markers could be observed, whereas CTxB
was largely found into caveolin 1-positive compartments
(Supplementary Figure 2B). Conversely, a clear colocaliza-
tion between VacA and the fluid phase marker Txrd-dextran
was observed in these compartments (Figure 6, C and D).

Molecular Biology of the Cell



Figure 5. VacA endocytosis does not re-
quire Arf6, tyrosine kinase, or RhoA activi-
ties, and is different from macropinocytosis.
(A) Cells were transfected with the wild-type
GFP-Arf6 (Arf6 WT, HeLa cells) or with the
dominant negative form of GFP-Arf6 (Arf6
N122I, HeLa and AGS cells). VacA was
added for 1 h at 4°C. Cells were rinsed and
incubated at 37°C for 30 min, washed, fixed,
permeabilized, processed for the detection of
VacA and GFP-Arf6 proteins by immunoflu-
orescence, and then observed by confocal mi-
croscopy. All pictures represent total cell re-
constructions from confocal sections. Scale
bar, 10 um. (B) Treatment of Hela cells with
genistein, C3 transferase, or amiloride did
not block the endocytosis of VacA. VacA was
added to the cells for 1 h at 4°C in each
condition (see Materials and Methods). Cells
were rinsed and incubated at 37°C for 30
min, washed, fixed, permeabilized, and pro-
cessed for the detection of VacA, actin, or
tyrosine-phosphorylation by immunofluo-
rescence. All pictures represent single confo-

Arfé N122|

Arfé N122I

EGF Ctrl VacA
2' 5 10° 2'5'10' 2' 5’ 10° MW kDa
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AGS

cal sections. Vesicles containing VacA are
shown in the zooms for the different condi-
tions. Scale bar, 10 um. (C) Total P-Tyr anal- E
ysis in HeLa cells. At time 0, serum-starved
cells (18 h) were stimulated with EGF (0,66

G

113
538

37,4

wng/ml; EGF), untreated (Ctrl), or intoxicated
with VacA (VacA); after 2, 5, or 10 min of
treatment at 37°C cells were lysed and ana-
lyzed by immunoblotting with a Mab anti-
phosphotyrosine. The histogram represents D
the quantification of the total P-Tyr (arbitrary
units: A.U.). (D) Horseradish peroxidase
(HRP) uptake of control HeLa cells, of cells
treated with 30 nM TPA or of cells treated
with VacA. Incubation of cells with HRP and
assays for HRP cell internalization and de-
tection were performed as described (Stein-
man and Cohn, 1972). 0

Total
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We next tested whether the cell peripheral early endocytic
compartments containing VacA after 10 min of endocytosis
contained GPI-APs. On expression of a GPI-GFP (derived
from the DAF, see Materials and Methods), colocalization
between VacA and the GPI-GFP was clearly observed within
the cell peripheral early endocytic compartments reached by
the cytotoxin (Figure 7A). To demonstrate further the asso-
ciation of endogenous GPI-APs and VacA in these compart-
ments, we used the fluorescent pan-GPI-APs marker ASSP-
546, derived from the pore-forming toxin aerolysin (Fivaz et
al., 2002). When VacA and ASSP-546 were incubated to-
gether with HeLa or AGS cells for 1 h at 4°C and then
internalized for 10 min at 37°C, the cytotoxin was colocal-
ized with ASSP-546 in the cell peripheral endocytic compart-
ments (Figure 7B).

Taken together these observations indicated that at an
early time point of its endocytosis (10 min) VacA was inter-
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nalized into cell peripheral compartments devoid of trans-
ferrin, caveolin 1, and the EEA1 Rab5 effector but that con-
tained GPI-APs, together with a fluid-phase marker. Such
compartments have been described recently as the first sta-
tion in which non-cross-linked GPI-APs, pinocytosed by a
clathrin- and dynamin-independent mechanism, are accu-
mulated at an early time point of their endocytosis (Sabha-
ranjak et al., 2002). These compartments have been named
GPI-APs-enriched early endosomal compartments (GEECs;
Sabharanjak et al., 2002). VacA appeared thus to be accumu-
lated in GEECs at an early time point (10 min) of endocyto-
sis.

Pinocytosis of VacA Is Controlled by the Cdc42 GTPase

Because VacA pinocytosis is dependent of an intact actin
cytoskeleton, we tested whether VacA delivery, after 10 min
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Figure 6. At an early time point of endocytosis VacA reaches an intracellular compartment containing a fluid phase marker, different from
early endosomes or caveosomes. (A) AGS or HeLa cells were incubated with VacA and Txrd-T at 4°C for 1 h, washed, and incubated for 10
min at 37°C. Cells were then fixed, permeabilized, and processed for the detection of VacA (blue), the early endosomal marker EEA1 (green).
In zooms 1-4, short arrows: EEA1 and transferrin colocalization and long arrows: VacA-positive vesicles. (B) Cells were processed as in A
excepted that Caveolin 1 (green) was detected instead of EEA1 and no transferrin was added to the cells. All pictures were taken from single
confocal sections and presented for AGS cells with or without the VacA fluorescence (red). In zooms 1-6 short arrows: caveolin 1-coated
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Figure 7. VacA early endocytic compart-
ments contain GPI-APs. (A) HeLa cells or
AGS were transfected with GPI-GFP. Cells
were incubated at 4°C and VacA was added
for 1 h at 4°C. Cells were washed, incubated
with VacA in warm medium for 10 min, and
then processed for the detection of VacA (red)
and GPI-GFP (green) by confocal microscopy.
In zooms, arrows indicate the colocalization
between VacA and GPI-GFP (yellow). (B)
HeLa or AGS cells were incubated at 4°C for
1 h with the pan-GPI-APs marker ASSP-546
and VacA. Cells were washed and incubated
in warm medium with FITC-dextran (4 mg/
ml) for 10 min and processed for the detec-
tion of VacA (blue), ASSP-546 (red), and dex-
tran (green). Arrows in the zooms show the
colocalizations (white) between the markers.
All pictures in A and B were taken from
single confocal sections. Scale bars, 10 um.
The histogram represents the quantification
of colocalizations between VacA and ASSP-
546 by colocalization index. Results represent
the account average for at least 12 cells for
each column.

of endocytosis, was controlled by Cdc42 or Racl GTPases.
Either in HeLa or AGS cells, expression of the dominant-
negative form of Cdc42 (Cdc42 T17N) inhibited the VacA

Figure 6 (cont). structures and long arrows: VacA-positive vesi-
cles. (C) HeLa or AGS cells were incubated with VacA and FITC-TF
at 4°C for 1 h, washed, and incubated for 10 min at 37°C with
Txrd-dextran (4 mg/ml). Cells were fixed, permeabilized, and pro-
cessed for the detection of VacA (blue), transferrin (green), and
dextran (red) fluorescences. Pictures were taken from full cell re-
constructions using confocal sections. In zooms, short arrows:
VacA- and dextran-positive vesicles and long arrows: transferrin-
positive vesicles. Scale bars, 10 um. (D) Quantification of colocal-
izations between endocytic markers by colocalization index in Hela
cells. Results represent an account of at least four cells and each
column of the histogram is the average of at least four independent
experiments.
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and ASSP-546 immunofluorescent signals into the GEECs
(Figure 8, A and B). We could, however, detect ASSP-546 or
transferrin into vesicles different from those of the GEECs. In
contrast, no VacA fluorescent signal could be observed in
vesicles containing either transferrin or ASSP-546, after 10
min of pinocytosis, in cells expressing Cdc42 T17N (Figure
8A, zooms 1 and 2). To control that the inhibition of Cdc42
did not affect the cell binding of the cytotoxin, we tested
whether VacA was bound on Cdc42 T17N-transfected cells.
No gross modification of the cytotoxin binding was ob-
served at 4°C on Cdc42 T17N-transfected compared with
untransfected cells (Figure 9, A and B). In particular VacA
was bound on long cell protrusions as shown in Figure 1D.
In cells expressing Cdc42 T17N, after 10 min at 37°C, VacA
remained associated with the long membrane protrusions
and did not reach the GEECs as observed in nontransfected
cells (Figure 9A). We next tested whether expression of the
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Rac TI7N,

Rac T17N

Figure 8. VacA internalization into the
GEECs is regulated by the Cdc42 GTPase
activity. (A) HeLa cells were transfected with
the dominant-negative form of Cdc42 (Cdc42
T17N) or by the dominant-negative form of
Racl (Rac T17N). VacA was added for 1 h at
4°C together with FITC-TF or ASSP-546.
Cells were rinsed and incubated at 37°C for
10 min, washed, fixed, permeabilized, pro-
cessed for the detection of VacA, transferrin,
ASSP-546 and the transfected proteins by im-
munofluorescence, and then observed by
confocal microscopy. In the zooms, stars:
transfected cells, VacA: blue, ASSP-546 or
transferrin: red. Arrows in zooms 1 show
colocalizations between ASSP-546 and VacA
in the GEECs and arrows in zoom 2 the
GEECs in nontransfected cells. All pictures
were taken from one confocal section. Scale
bar, 10 um. (B) Identical as in A, but for the
effects of the dominant-negative form of
Cdc42 only on VacA endocytosis in AGS cells.
Stars: transfected cells. Scale bar, 10 um.

Cdc42 T17N

dominant-negative form of Racl (Rac T17N) might inhibit
VacA internalization into GEECs. Expression of Rac T17N
inhibited the delivery of VacA into the GEECs without mod-
ifying the entry of ASSP-546 or transferrin (Figure 8A). A
closer examination of RacT17N effects on VacA endocytosis
indicated that the dominant-negative form of Racl inhibited
the fluorescent punctuate pattern of the cytotoxin detected
at 4°C on the surface of Hela cells (Figure 9B; same results
were obtained with AGS cells” unpublished data). Expres-
sion of the dominant-positive form of Racl (Racl Q61L)
reinforced the membrane structures, on which VacA was
associated (Figure 9B). Remarkably, there was no increase in

4862

VacA cell fluorescence upon expression of the Racl Q61L in
cells (Figure 9B).

Altogether, these data showed that VacA was bound to the
cell surface on F-actin structures, which are localized under-
neath the plasma membrane and controlled by Racl. From
these structures VacA was pinocytosed into the GEECs by a
Cdc42-dependent mechanism and no major rerouting of VacA
to the clathrin pathway of endocytosis occurred when the
Cdc42 GTPase activity was inhibited. Dependence on the
Cdc42 GTPase, for the internalization of VacA into the periph-
eral cell compartments, reinforced thus the notion that the
cytotoxin was taken up into GEECs (Sabharanjak et al., 2002).

Molecular Biology of the Cell
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Figure 9. The binding of VacA to the cell surface is regulated by
Racl but not by Cdc42. (A) Association of VacA with Cdc42 T17N
transfected cells. HeLa cells were incubated with VacA at 4°C for
1 h, washed, and incubated for 0 or 10 min at 37°C. Cells were fixed,
permeabilized, processed for the detection of VacA and Cdc42 T17N
immunofluorescences, and observed by confocal microscopy. At 0
min, VacA is associated with membrane extensions (arrowhead) in
both control and transfected cells (stars). After 10 min at 37°C, VacA
remained mostly associated with the membrane extensions (arrow-
head) of Cdc42 T17N-transfected cells (stars) but was clearly inter-
nalized in the GEECs in nontransfected cells (arrow). The large

Vol. 16, October 2005

Pinocytosis of H. pylori VacA Cytotoxin

VacA Is Sorted from the GEECs to the Degradative
Pathway

We next analyzed the intracellular compartment to which
VacA was transferred after reaching the GEECs. In Hela
cells, upon 30 min of endocytosis at 37°C, some vesicular
structures were observed scattered throughout the cytosol
(away from the GEECs), colocalized with the Rabb5 effector
EEA1 (Figure 10A) and not with endogenous caveolin 1
positive vesicles (Supplementary Figure 1C). However, one
part of the VacA immunofluorescent signal was however
still confined to the GEECs (Figure 10A). The scenario was
different in AGS cells: after 30 min of endocytosis most of the
VacA immunofluorescent signal was transferred from
GEECs to large EEAl-positive vesicles (Figure 10A).

From 30 to 120 min the cytotoxin molecules were progres-
sively transferred from sorting endosomes to the LAMP1
compartment (Figure 10B). After 120 min, VacA-positive
vesicles colocalized almost entirely with the late endoso-
mal/lysosomal marker LAMP1 (Griffith et al., 1988; Figure
10, A and B).

DISCUSSION

In HeLa and AGS cells, VacA was observed to bind to
actin-rich membrane extensions at 4°C. We have shown that
formation of these VacA-associated F-actin-rich membrane
structures was controlled by the Racl but not by the Cdc42
GTPase. Indeed, upon expression of the dominant-negative
form of Racl, association of VacA on the cell plasma mem-
brane was abolished but conversely concentrated on mem-
brane folds upon expression of the dominant-positive form
of the GTPase. These observations are in agreement with the
report that expression of the dominant-negative form of
Racl (RacT17N) inhibits the VacA-induced cell vacuolation
(Hotchin et al., 2000). Interestingly, the transmembrane pro-
teoglycan syndecan-4, a receptor for the fibroblast growth
factor 2 (FGF2) also requires the activity of Racl to cluster
FGF?2 at the cell surface before pinocytosis (Tkachenko et al.,
2004).

VacA pinocytosis did not require tyrosine phosphoryla-
tion of cellular proteins and was independent of RhoA,
dynamin 2, and ARF6 GTPases activities. This process dif-
fers from most lipid rafts/caveolae-dependent endocytic
pathways (Parton and Richards, 2003). We have shown that
no increase in the cell fluid phase uptake could be detected

pictures show a negative black and white total cell reconstruction.
The small pictures show one medial confocal section of the corre-
sponding fields of the large pictures for Cdc42 T17N and VacA
fluorescences. (B) HeLa cells were transfected with either the dom-
inant-negative form of Racl (Rac T17N), Cdc42 (Cdc42 T17N), or by
the dominant-positive form of Racl (Rac Q61L). Cells were incu-
bated with VacA for 1 h at 4°C. Cells were washed, fixed, and
processed for immunofluorescence of actin, VacA, Racl, or Cdc42.
The pictures were taken from full cell reconstructions using confocal
sections. The histogram represents the quantification of VacA fluo-
rescence associated with the whole cell surface. For this purpose
cells were reconstructed totally using confocal sections. Each cell
area was determined using the fluorescence pattern of F-actin. This
area was used to delimit the VacA fluorescence at the surface of
each cell. The total fluorescence level of VacA was quantified. The
results are expressed as a difference between VacA fluorescence
level on transfected cells and that of surrounded untransfected cells
(results are express in %, untransfected cells being taken as the 100%
for each transfected construction). Quantifications were performed
using the Metamorph software. Results represent the account aver-
age of three independent experiences. Scale bars, 10 um.
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Figure 10. VacA is transferred from the GEECs to EEAl-positive
sorting endosomes and subsequently routed to LAMPI-positive
vesicles. (A) HeLa cells or AGS cells were incubated with VacA at
4°C for 1 h, washed, and incubated for 30 or 120 min at 37°C. Cells
were processed for the detection of VacA (red), EEA1 (green at 30
min), and LAMP1 (green at 120 min), by indirect immunofluores-
cence. Long arrows: VacA colocalization with sorting early endo-
some labeled with EEA1 (yellow). Arrowheads: VacA in the GEECs.
Zoom 1 shows the detail colocalization of VacA with EEA1-positive
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upon VacA intoxication. Furthermore, pinocytosis of VacA
was not inhibited by amiloride, a blocker of macropinocy-
tosis (Swanson and Watts, 1995). Consequently VacA pino-
cytosis is probably not induced by the cytotoxin and thus
not a macropinocytic process. Thus, VacA exploits most
likely a cell constitutive mechanism of pinocytosis.

Membrane-bound toxin molecules were found inside the
cell after 10 min at 37°C, associated with vacuolar compart-
ments predominantly localized just underneath the cyto-
plasmic face of the membrane. In particular, these compart-
ments were tubulovesicular structures localized at the cell
periphery. Those structures bear morphological similarities
with GEECs (Sabharanjak et al., 2002). In support that VacA
is pinocytosed into GEECs, we observed that the cytotoxin
was found after 10 min of pinocytosis in intracellular com-
partments containing GPI-APs together with a fluid phase
tracer (fluorescent dextran). These compartments were, as
shown for GEECs (Sabharanjak ef al., 2002), devoid of trans-
ferrin, and of the Rab5 effector protein EEA1. In contrast to
VacA, at the same time point of 10 min, transferrin colocal-
ized with the EEA1 marker, indicating that this molecule
had already reached EEAl-early endosomes, likely by the
clathrin-dependent pathway.

The early endocytic cell peripheral compartments reach
by VacA were not caveosomes (Pelkmans and Helenius,
2002), which have been implicated in the transport of SV40
virus, GPI-APs, CTxB, and Shiga toxin B subunits from the
plasma membrane to the Golgi apparatus (Nichols, 2002).
Indeed, VacA was never observed colocalized with endog-
enous caveolin-1-positive vesicles (even after 30 min of pi-
nocytosis) or with CTxB. In mouse embryonic fibroblasts, it
was recently reported that a portion of membrane-bound
CTxB reaches tubulovesicular structures with resembling
features of GEECs before being routed to the trans-Golgi
network (Kirkham et al., 2005). The fact that we did not
observe a colocalization between VacA and CTxB after 10
min of endocytosis may be due to the difference of cell types
(human epithelial cells vs. mouse embryonic fibroblasts).

Pinocytosis of GPI-APs into GEECs is controlled by the
Cdc42 GTPase activity (Sabharanjak et al., 2002; Mayor and
Riezman, 2004) and dependence on the Cdc42 is a main
feature of the GEECs pathway (Mayor and Riezman, 2004).
In agreement that VacA is pinocytosed into GEECs, we
found that expression of the dominant-negative form of
Cdc42 (Cdc42 T17N) blocked the internalization of the cy-
totoxin. Pinocytosis of VacA might thus follow the internal-
ization process described for non-cross-linked GPI-APs
(Sabharanjak et al., 2002). In favor of this hypothesis, intra-
cellular expression of a GPI-AP results in an increased of
VacA endocytosis (Kuo and Wang, 2003). At difference,
hamster ovary cells (Chinese Hamster ovary [CHO]) defi-
cient of GPI-APs were shown to exhibit a sensitivity similar
to high concentrations (25 ug/ml) of VacA compared with
their wild-type counterparts (Schraw et al., 2002). However,
it should be noted that CHO cells have been classified as
highly resistant cells to VacA (Leunk et al., 1988), suggesting
that they may lack a specific receptor for the cytotoxin or
may use a less efficient endocytic process than HeLa or AGS

endocytic vesicles in AGS cells. Zoom 2 shows the detail colocaliza-
tion of VacA with LAMP1-positive endocytic vesicles in AGS cells.
The images were taken from full-cell reconstructions using confocal
sections. Scale bars, 10 wm. (B) Quantification of colocalizations
between endocytic markers by colocalization index. Results repre-
sent an account of at least six cells and each column of the histogram
is the average of at least three independent experiments.
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cells. At difference with GPI-APs, which upon Cdc42 T17N
expression are shifted to the clathrin-dependent pathway
(Sabharanjak et al., 2002), VacA was not rerouted to the
transferrin-containing endosomes, because we did not ob-
serve any accumulation of the toxin in Cdc42 T17N-trans-
fected cells. One possible explanation might be that the
VacA receptor(s) is totally excluded from coated pit.

It is interesting to discuss our results with the different
views on the clathrin-independent endocytic routes de-
scribed for GPI-APs to date (Nichols, 2002; Sabharanjak et
al., 2002). According to the findings of Sabharanjak et al.
(2002) non-cross-linked GPI-APs are rapidly internalized
into peripheral tubulovesicular compartments (GEECs) that
accumulate fluid phase markers but devoid of transferrin.
Importantly, pinocytosis of GPI-APs in GEECs does not
depend on dynamin and caveolin-1 but is controlled by the
Cdc42 GTPase (Sabharanjak et al., 2002). From the GEECs,
GPI-APs are then routed back to the cell surface via their
transfer to recycling endosomes. At difference, Nichols
(2002) proposes that GPI-APs, upon their internalization
from the plasma membrane by caveolae invaginations, reach
caveosomes. From caveosomes GPI-APs are transferred to
the Golgi apparatus by caveolin-1-negative vesicles and sub-
sequently are sent back to the cell surface. Although VacA is
not a GPI-AP and given that GPI-APs are not receptors for
the cytotoxin, GPI-APs seem instrumental in the endocytosis
of VacA (Ricci et al., 2000; Kuo and Wang, 2003; Gauthier et
al., 2004). Pinocytosis of VacA into GEECs fits thus quite well
with the endocytosis of non-cross-linked GPI-APs described
by the Mayor’s group (Sabharanjak ef al., 2002; Mayor and
Riezman, 2004).

Late endosomes as a final destination for VacA endocyto-
sis is well described (Papini ef al., 2001). However, the early
steps of VacA pinocytosis have not yet been documented. As
we described above, after 10 min of pinocytosis, VacA was
into GEECs. The GEECs are described as early endosomal
compartments connected to recycling endosomes for the
internalization of non-cross-linked GPI-APs (Sabharanjak ef
al., 2002; Mayor and Riezman, 2004). At difference, VacA
was exclusively routed from GEECs to EEA1-positive early
endosomes (sorting endosomes; Zerial and McBride, 2001)
and never observed into a pericentriolar compartment (re-
cycling compartment). From sorting endosomes, the cyto-
toxin was transferred to the degradative pathway. As a
working hypothesis, we suggest that within the GEECs, the
tight association of VacA with lipid rafts might be the signal
for the selective transfer of the cytotoxin to the degradative
pathway. With regard to this hypothesis, it has been shown
that in BHK cells the high affinity of GPI-APs for lipid rafts
(that increases their time of residency into rafts) was a signal
for their selective sorting from GEECs to the degradative
pathway (Fivaz et al., 2002). Interestingly, GPI-APs, detected
by ASSP-546, were found associated with lipid rafts also in
late endosomes of BHK cells (Fivaz et al.,, 2002). In this
respect, we found that VacA was continuously associated
with detergent resistant membrane domains during its in-
tracellular trafficking. This may further support the notion
that the sorting signal into GEECs for the transfer of VacA to
the degradative pathway could be a tight association of the
cytotoxin with lipid rafts.
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