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The Helicobacter pylori vacuolating cytotoxin (VacA) induces the degenerative vacuolation of mammalian
cells both in vitro and in vivo. Here, we demonstrate that plasma membrane cholesterol is essential for
vacuolation of mammalian cells by VacA. Vacuole biogenesis in multiple cell lines was completely blocked when
cholesterol was extracted selectively from the plasma membrane by using 3-cyclodextrins. Moreover, increas-
ing plasma membrane cholesterol levels strongly potentiated VacA-induced vacuolation. In contrast, inhibiting
de novo biosynthesis of cholesterol with lovastatin or compactin had no detectable effect on vacuolation. While
depletion of plasma membrane cholesterol has been shown to interfere with both clathrin-mediated endocytosis
and caveola-dependent endocytosis, neither of these two internalization pathways was found to be essential for
vacuolation of cells by VacA. Depleting plasma membrane cholesterol attenuated the entry of VacA into HeLa
cells. In addition, B-cyclodextrin reagents blocked vacuolation of cells that were either preloaded with VacA or
had VacA directly expressed within the cytosol. Collectively, our results suggest that plasma membrane
cholesterol is important for both the intoxication mechanism of VacA and subsequent vacuole biogenesis.

Helicobacter pylori infection of the human stomach is a sig-
nificant risk factor for the development of peptic ulcer disease
and gastric cancer (34). H. pylori secretes a vacuolating cyto-
toxin (VacA) that induces degenerative vacuolation of mam-
malian cells both in vitro and in vivo (6, 24). VacA has been
directly implicated in the epithelial erosion preceding the for-
mation of both gastric and duodenal ulcers (13). Orally admin-
istered VacA causes gastric mucosal degeneration and inflam-
matory cell recruitment in mice, two key events in the
development of gastric ulcer disease (54). Furthermore, only
toxin-producing strains induce a pathology similar to that
found in ulcer patients (25). Recently, VacA™ H. pylori strains
were shown to outcompete VacA™ strains in a mouse coloni-
zation model, suggesting that VacA may also be important for
the establishment of H. pylori infection within a host (46).
Despite considerable evidence that VacA is an important vir-
ulence factor in H. pylori pathogenesis, the mechanism of
VacA-mediated cellular intoxication has not been determined.

Considerable evidence supports the hypothesis that VacA
functions from an intracellular site of action (2, 57). The toxin
binds and enters mammalian cells by a slow, temperature-
dependent process (17). Indirect immunofluorescence studies
have localized internalized VacA to both the cytosol (17) and
membrane-bound vesicles (51). VacA also induces vacuole
biogenesis when it is expressed directly within the cytosol of
transiently transfected mammalian cells, further supporting
the idea that the toxin acts intracellularly (9, 11, 62). Yeast
two-hybrid analysis revealed interactions between VacA and a
protein of unknown function that colocalizes with the interme-
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diate filament protein vimentin (8). Recently, VacA was re-
ported to translocate to the mitochondria and induce the re-
lease of cytochrome ¢ (16). While these data collectively
support an intracellular site of action for VacA, the mechanism
of toxin entry into cells has not been elucidated.

The first step for VacA entry into target cells is the interac-
tion of the toxin with the plasma membrane. Mature VacA is
organized into amino- and carboxyl-terminal domains (p37 and
p58, respectively) (7, 41, 48, 54), both of which are essential for
toxin activity (9, 27, 54, 61, 62). Residues 480 to 700 of the toxin
have been identified as residues that are especially important
for cell line-specific recognition and binding (39, 55). Alterna-
tive methods employed to measure VacA binding to target
cells have yielded contrasting results. When fluorescence-acti-
vated cell sorting was used, VacA binding to sensitive cell lines
was reported to be saturable, suggesting the presence of a
specific toxin receptor (26). However, at least three separate
proteins have been implicated as the VacA receptor (37, 49,
58, 59). In contrast to fluorescence-activated cell sorting-based
approaches, classical ligand-binding experiments performed
with radiolabeled VacA indicated that the toxin may not bind
specifically to a single cell surface component (28, 43). Several
previous studies have shown that VacA readily associates with
artificial lipid membranes in the absence of protein receptors
(30, 31, 38). Collectively, these data imply that interactions
between VacA and target cells are complex.

Identification of cellular determinants that are essential for
vacuolation will likely yield critical information regarding the
mechanism of VacA intoxication. Here, we investigated the
importance of cholesterol for VacA-mediated cellular vacuo-
lation. Cholesterol not only is a principal structural component
of membranes but has also emerged as an important regulator
of membrane trafficking within cells (21). Moreover, the im-
portance of cholesterol for the cellular entry of toxins, as well
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as bacterial, viral, and parasitic pathogens, has been recently
documented (1, 18, 50). Our results support the hypothesis that
plasma membrane cholesterol is essential for cellular vacuola-
tion induced by VacA.

MATERIALS AND METHODS

Materials. Cell culture media, fetal bovine calf serum (FBS), neutral red
solution, phosphate-buffered saline (PBS), penicillin-streptomycin, cell dissocia-
tion buffer, proteinase K solution (RNA grade), and trypsin-EDTA were pur-
chased from Life Technologies, Inc. (Rockville, Md.). H. pylori strain 60190 (=
ATCC 49503) and the HeLa (= ATCC CCL-2), CHO-K1 (= ATCC CCL-61),
AGS (= ATCC CRL-1739), and Vero (= ATCC CCL-81) cell lines were re-
ceived from the American Type Culture Collection (Manassas, Va.). Bisulfite-
free brucella broth, vancomycin, methyl-B-cyclodextrin (MBCD), hydroxypropyl-
B-cyclodextrin (HPCD), cholesterol (B-cyclodextrin [B-CD]-complexed soluble
form), filipin, nystatin, saponin, digitonin, lovastatin, compactin, chlorpromazine,
diphtheria toxin, cholera toxin, transferrin, an Infinity cholesterol reagent kit,
bovine serum albumin (BSA), ovalbumin, polyvinylpyrrolidone (PVP), Triton
X-100, anti-mouse immunoglobulin G-alkaline phosphatase conjugate, bromo-
phenol blue, dithiothreitol, and most common laboratory chemicals and reagents
were obtained from Sigma (St. Louis, Mo.); 25- and 75-cm? plastic flasks, eight-
well chamber slides, and 96-well plates were obtained from Corning (Cambridge,
Mass.). The TNT T7 coupled reticulocyte lysate system, RNase inhibitor, 5-bro-
mo-4-chloro-3-indolylphosphate (BCIP), and nitroblue tetrazolium were pur-
chased from Promega (Madison, Wis.). [**S]methionine (1,175 Ci/mmol) and
[*H]cholesterol (82 Ci/mmol) were obtained from NEN (Boston, Mass.). Scin-
tiverse SX18-8 scintillation fluid was purchased from Fisher Scientific (Pitts-
burgh, Pa.). A LIVE/DEAD viability kit was acquired from Molecular Probes
(Eugene, Oreg.). Mammalian protein extraction reagent (M-PER), Coomassie
Plus protein assay reagent, protein G-Sepharose, IODO-GEN-precoated iodi-
nation tubes, a Micro Bio-Spin chromatography column, and the bicinchoninic
acid (BCA) protein assay were purchased from Pierce (Rockford, IIl.). A Cal-
Phos mammalian transfection kit was bought from Clontech Labs Inc. (Palo
Alto, Calif.). '*Iodide (sodium salt; 16 Ci/mg) was purchased from Amersham
Life Science (Arlington Heights, Ill.). Protease inhibitor cocktail set III was
bought from Calbiochem (La Jolla, Calif.). Thin-layer chromatography (TLC)
plates (Poly-gram Sil-G 60) were purchased from Whatman Inc. (Clifton, N.J.).
Centricon 100 centrifugal microconcentrators were bought from Millipore (Bed-
ford, Mass.).

Culturing H. pylori and purification of VacA. H. pylori 700392 was cultivated as
previously described (5). H. pylori was grown in culture flasks on a rotary plat-
form shaker for 48 h to the stationary phase at 37°C under a 5% oxygen-5%
carbon dioxide-90% nitrogen atmosphere in bisulfite- and sulfite-free brucella
broth supplemented with 5% FBS and 5 pg of vancomycin/ml. H. pylori cultures
were harvested by centrifugation at a relative centrifugal force of 7,500 by using
a Sorvall RC2-B centrifuge at 4°C. VacA was initially fractionated and concen-
trated by ammonium sulfate (50%) precipitation. The ammonium sulfate-satu-
rated pellet was resuspended and dialyzed into PBS (pH 7.2). Concentrated
VacA was further purified by fast protein liquid chromatography by using a
Superose 6 preparative grade resin in a HR16/50 column (Pharmacia, Piscat-
away, N.J.) previously equilibrated at 4°C in PBS (pH 7.2). Fast protein liquid
chromatography fractions were analyzed for VacA by immunoblot analysis by
using rabbit anti-VacA polyclonal antibodies (59). Fractions demonstrating
cross-reacting material were further analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) followed by Coomassie brilliant blue
staining. The fractions demonstrating the greatest degree of purity were pooled
and concentrated by using Centricon 100 centrifugal microconcentrators and
stored at 4°C until use.

Activation of VacA. VacA was acid activated as previously described by drop-
wise addition of 0.1 N HCI until the pH of the solution was approximately 3 (12).
The solution was incubated for 30 min at 37°C and then reneutralized by drop-
wise addition of 300 mM NaOH until the solution pH was approximately 7.

Cell culture. All mammalian cells were cultured as monolayers in 25-cm?
plastic flasks at 37°C under 5% CO,. HeLa cells were grown in 90% Dulbecco’s
minimal essential medium (DMEM). Vero cells were cultured in 90% Eagle’s
minimal essential medium with 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1
mM nonessential amino acids, and 1.5 g of sodium bicarbonate/liter. The
CHO-K1 and AGS cell lines were cultured in 90% Ham’s F-12 medium with 2
mM L-glutamine adjusted to contain 1.5 g of sodium bicarbonate/liter. All media
were supplemented with 10% FBS, 100 U of penicillin/ml, and 100 mg of
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streptomycin/ml. Twenty-four hours prior to each experiment, 100 wl of cells was
seeded into each well of a 96-well plate at a density of 1 X 10° cells/ml.

Manipulation of cell lines. Mammalian cell lines were pretreated with differ-
ent concentrations of each pharmacological agent for 1 h, unless otherwise
noted. The following stock solutions were prepared: 400 mg of MBCD per ml in
distilled water; 0.5 mg of HPCD per ml in distilled water; 50 mM B-CD-com-
plexed cholesterol (water soluble) in distilled water; 5 mg of filipin per ml in
methanol; 1 mg of saponin per ml in PBS; 1 mM digitonin in ethanol; 5 mg of
nystatin per ml in dimethyl sulfoxide; 1 mM lovastatin in 50% ethanol; 10 mM
compactin in ethanol; and 1 mg of chlorpromazine per ml in distilled water.
Acid-activated VacA diluted in DMEM containing 5 mM NH,CI was added to
the cells and incubated at 37°C for 24 h. In some experiments, cells were
preincubated with acid-activated VacA for 4 h at either 4 or 37°C and then for
an additional 24 h with MBCD, HPCD, or 3-CD-complexed cholesterol.

Analysis of cell vacuolation. VacA-induced vacuolation of HeLa cells was
assessed visually with an Olympus CK2 phase-contrast inverted microscope.
Vacuolation was quantified based on the uptake of neutral red by mammalian
cells as described previously (4). At the conclusion of each experiment, the
medium was aspirated from the cell monolayers. The monolayers were incubated
for 4 min with 100 ! of a neutral red solution (diluted 1:6 in DMEM) per well.
After the cells were washed once with 200 pl of PBS/well, they were incubated
with 100 pl of acidified ethanol (0.37% [vol/vol] HCI in 70% [vol/vol] ethanol).
Neutral red uptake was determined by using a Dynatech MR5000 microtiter
plate reader to measure the absorbance at 530 nm minus the absorbance at 410
nm.

The neutral red uptake readings for each well were normalized for total
protein. Cell monolayers were washed once with 200 wl of PBS/well and lysed
with 50 pl of M-PER/well. The total protein concentration was determined with
the Coomassie Plus protein assay reagent by using BSA as a standard. The value
for each well was normalized by dividing the neutral red uptake data by the total
protein concentration.

Cholesterol quantification. Cell monolayers were washed with PBS, detached
with dissociation buffer, lysed in a buffer containing 0.1% SDS, 1 mM Na,EDTA,
and 0.1 M Tris-HCI (pH 7.4), and homogenized by using a 19-gauge needle
attached to a 1-ml syringe (19). The cholesterol content was determined by using
the Infinity cholesterol reagent kit according to the instructions of the manufac-
turer. In each well, the total cholesterol content was normalized for total protein
concentration by using the Coomassie Plus protein assay reagent.

Analysis of mammalian cell viability. The combined LIVE/DEAD assay re-
agents were added to monolayers of HeLa cells grown in eight-well chamber
slides according to the manufacturer’s specifications. The cells were incubated
for 30 to 45 min at room temperature, washed three times with PBS, and
analyzed by visual inspection by using a fluorescence microscope (Olympus
BX60) to count the numbers of dead and living cells.

In vitro transcription and translation of VacA. 3S-VacA was generated with
the TNT T7 coupled reticulocyte lysate system used according to the manufac-
turer’s specifications; pET20b-VacA was used as the template in the presence of
[**S]methionine (specific activity, 1,175 Ci/mmol). pET20b-VacA harbors the
gene encoding full-length, mature VacA (residues 1 to 821) downstream of the
T7 promoter and replacing the Ndel-BamHI fragment of the parent plasmid,
pET20b, as previously described (63). Each reaction mixture was analyzed by
SDS-PAGE followed by imaging with a Fuji phosphorimager to determine the
efficiencies of the coupled transcription-translation reactions. In vitro translated
radiolabeled VacA was dialyzed three times at 4°C in binding buffer (50 mM
HEPES [pH 7.2], 100 mM sodium chloride, 1 mM calcium chloride, 1 mM
magnesium chloride, 100 mg of BSA/ml) and stored at —20°C. The VacA con-
centration was calculated by using the specific activity of radiolabeled methio-
nine. Known concentrations of radiolabeled VacA and nonradiolabeled, purified
VacA were acid activated and neutralized together (12).

Cell internalization assays. Ninety-six-well plates were seeded with 100 pl of
a suspension containing 1 X 10° HeLa cells/ml and incubated at 37°C for 24 h.
HeLa cell monolayers were pretreated with MBCD or PBS (pH 7.2) for 1 h at
37°C. Acid-activated, radiolabeled VacA (50 nM), which was able to induce
cellular vacuolation, and an equal volume of complete DMEM with 5 mM
NH,CI containing MBCD or PBS were added to HeLa cell monolayers. After
incubation for 5 h at 37°C, the cell monolayers were washed three times with
ice-cold 0.9% NaCl and treated with a freshly prepared 250-ug/ml proteinase K
solution for 30 min at 4°C. Proteolyzed cells were immediately placed in boiling
water for 5 min to inactivate the proteinase K. Radioactivity was quantified by
scintillation counting with a LS-6001C Beckman model 15617C scintillation
counter. The total protein in each well was quantified with the Coomassie Plus
protein assay reagent. Samples were analyzed by SDS-PAGE and subsequent
visualization with a Fuji phosphorimager.
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Cell binding assays. Ninety-six-well plates were seeded with 100 pl of a
suspension containing 1 X 10> HeLa cells/ml and incubated at 37°C for 24 h.
HeLa cell monolayers were pretreated with either MBCD or PBS (pH 7.2) for
1 h at 37°C before incubation at 4°C for 1 h. Chilled, acid-activated, radiolabeled
VacA and an equal volume of prechilled complete DMEM with 5 mM NH,Cl
containing MBCD or PBS were added to the monolayers. After incubation for
4 h at 4°C, the cells were washed rapidly three times with ice-cold binding buffer
and lysed in 100 pl of M-PER. Radioactivity was quantified by scintillation
counting of the samples resuspended in 2 ml of scintillation fluid. The recovered
radiation was normalized for the total protein concentration in each well.

Radioiodination of VacA. Purified VacA was radiolabeled with ' by using
IODO-GEN precoated iodination tubes as specified by the manufacturer. Ra-
diolabeled VacA was separated from free iodine by using a Micro Bio-Spin
chromatography column. Protein concentrations were determined by the micro-
BCA assay, and the specific activity of labeling was quantified by using an Apex
automatic gamma counter (model 28023; American Biomedical Consultants,
Smithville, Mo.).

Detergent extraction of cultured cells. HeLa cell monolayers (1 X 10° cells/ml)
were prechilled to 4°C and incubated with prechilled '*°I-VacA (0.05 to 25 pM)
at 4°C. After 4 h, HeLa cells were detached by using dissociation buffer and
collected by centrifugation at 300 X g for 5 min. Cells were resuspended in 0.5
ml of cold TNE buffer (25 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA)
supplemented with 1% Triton X-100 and 25 ul of protease inhibitor cocktail set
III per ml. The cells were incubated for 24 h at 4°C and centrifuged for 10 min
at 16,000 X g at 4°C. The radioactivity in the supernatant (detergent-soluble
fraction) and the radioactivity in the pellet (detergent-insoluble fraction) were
quantified by gamma counting.

Sucrose density centrifugation. Confluent monolayers of HeLa cells were
incubated with '?°I-VacA (1 to 25 uM) in complete DMEM (pH 7.4) for 4 h at
4°C. The cells were washed three times with ice-cold PBS, detached by using
dissociation buffer, and collected by centrifugation at 300 X g for 5 min. The cells
were resuspended in 0.5 ml of ice-cold TNE buffer supplemented with 1% Triton
X-100 and 25 ul of protease inhibitor cocktail set III per ml. The membranes
were solubilized by rotary shaking at 4°C overnight. Detergent-resistant mem-
branes (DRMs) were purified with a step sucrose gradient. The sucrose concen-
tration in the cell lysate was adjusted to 41% (in 10 mM Tris-HCI, pH 7.4), and
the lysate was loaded into the bottom of an SW40 Beckman tube and overlaid
with 8 ml of 35% sucrose, which was subsequently overlaid with 15% sucrose.
After centrifugation at 35,000 rpm using a Beckman XL-80 ultracentrifuge with
an SW40 rotor for 18 h at 4°C, 12 1-ml fractions were collected from the top to
the bottom of the sucrose gradient. The radioactivity in each fraction was quan-
tified by gamma counting.

VacA coimmunoprecipitation with cholesterol. VacA-cholesterol coimmuno-
precipitations were performed by using a previously described method (20).
VacA (0.1 to 5 uM) or buffer alone was incubated with [*H]cholesterol (25 to 100
nM) for 2 h at room temperature with agitation. The samples were centrifuged
at 18,000 X g for 5 min at 4°C. The supernatants were incubated with anti-VacA
antibodies (59) for 1 h at 4°C with agitation. Protein G-Sepharose (15 pl) was
then added, and incubation was continued for an additional 1 h at 4°C, again with
agitation. The samples were centrifuged at 18,000 X g for 10 min at 4°C, and the
supernatants were discarded. The pellets were washed four times with 1 ml of
PBS and then resuspended in 100 wl of SDS-PAGE sample buffer (0.28 M
Tris-HCI [pH 6.8], 30% glycerol, 1% SDS, 0.5 M dithiothreitol, 0.012% bromo-
phenol blue). The samples were heated for 10 min at 95°C, and the beads were
pelleted by centrifugation at 18,000 X g for 5 min. The radioactivity contained in
90 pl of the supernatant was determined by liquid scintillation counting. The
remaining 10 pl was analyzed by SDS-PAGE and immunoblotting by using VacA
antiserum (17) to verify that VacA was precipitated. Control experiments were
performed in the absence of VacA. Each immunoprecipitation was performed in
triplicate, and the entire experiment was repeated four times.

TLC overlay assay. We used a TLC overlay assay adapted from a previously
described method (53). Different concentrations of pure cholesterol (0.1 to 5
mg/ml) were spotted onto TLC plates. The plates were dried and blocked with
1% ovalbumin in 1% PVP-PBS. After incubation for 3 h at room temperature,
the plates were incubated with either activated or unactivated 20 uM VacA or
with PBS alone. After overnight incubation at 4°C, the plates were washed twice
with PBS and incubated with a 1:2,000 dilution of anti-VacA antibodies in 3%
PVP-PBS for 24 h at 37°C. The plates were washed twice with PBS and then
blocked with 1% ovalbumin for 30 min at room temperature. The plates were
washed again and incubated with a 1:10,000 dilution of anti-mouse immunoglob-
ulin G-alkaline phosphatase conjugate for 1 h at 37°C. The bound conjugate was
detected colorimetrically by incubating the plates in 100 mM Tris-HCI (pH
8.8)-150 mM NaCl-1 mM MgCl, containing nitroblue tetrazolium-BCIP at
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37°C. The enzymatic reaction was stopped by lowering the pH of the solution.
This experiment was repeated five times.

Cholesterol antagonism of VacA association with HeLa cells. Acid-activated
1251-VacA (0.1 to 4 pM) was mixed with pure cholesterol (100 j.g/ml) or PBS and
incubated at 37°C for 1 h with agitation. The cholesterol-VacA mixture was
chilled to 4°C and added to prechilled HeLa cells. After incubation for 4 h at 4°C,
the cells were washed rapidly three times with ice-cold wash buffer and lysed in
100 pl of M-PER. Radioactivity was quantified by gamma counting. The total
protein concentration in each well was quantified by the BCA method. Each
binding reaction was performed in quadruplicate, and the entire experiment was
repeated at least four times.

Transfection of HeLa cells. HeLa cells were transfected with pET20b plasmids
expressing VacA under control of the T7 promoter (63). HeLa cells were first
infected with recombinant vaccinia virus (vI'7) bearing the T7 RNA polymerase
gene (15). Vaccinia virus stock was trypsinized at 37°C for 30 min with vigorous
vortexing every 5 to 10 min, and then 100 pl was added to HeLa cells (11). After
infection for 30 min at 37°C, the virus stock was removed, and HeLa cells were
transfected with plasmid DNA precipitates diluted in DMEM containing 2.5%
FBS at 37°C. The plasmid DNA precipitates were prepared by slowly adding 4 pg
of plasmid DNA in 100 wl of 0.25 M CacCl, to 100 pl of 2X HEPES-buffered
saline with frequently vortexing and then incubating the preparation at room
temperature for 25 min before use. Each DNA precipitate was diluted 1:10 in
DMEM with 2.5% FBS, and 100 pl was added to each well. The cells were
incubated for 2 to 4 h at 37°C, and the transfection reagents were removed. The
cells were washed twice with 100 wl of PBS (pH 7.2) and then incubated at 37°C
for 20 h in DMEM containing 2.5% FBS and 5 mM NH,CI.

Statistical analysis. Data analyses were conducted by using a Student paired
t test. A P value of less that 0.05 was considered statistically significant.

RESULTS

Depletion of cellular membrane cholesterol blocks VacA-
mediated vacuolation. Monolayers of HeLa cells were incu-
bated with purified VacA at 37°C. As previously reported (3,
24, 54), VacA induced the formation of small perinuclear vacu-
oles that were clearly evident after just 2 h. At the end of 24 h,
the vacuoles were fully developed and filled the cytosol of
nearly all the cells in the monolayers (Fig. 1A, panel a). To
investigate the importance of plasma membrane cholesterol in
VacA-mediated vacuolation, HeLa cell monolayers were pre-
treated for 1 h at 37°C with either 4 mg of MBCD/ml or 30 pg
of HPCD/ml prior to toxin application. Both of these B-CDs
selectively extract cholesterol from the plasma membrane with-
out damaging cellular viability (36). In stark contrast to results
obtained with VacA alone, MBCD or HPCD pretreatment
completely blocked VacA-mediated cellular vacuolation, even
after exposure of the monolayers to the toxin for 24 h (Fig. 1A,
panels b and c).

We confirmed that pretreatment of HeLa cells with either
MBCD or HPCD for 1 h at 37°C lowered the overall choles-
terol levels in the monolayers (Table 1). Neither MBCD nor
HPCD was detectably cytotoxic to HeLa cell monolayers at
concentrations that completely blocked VacA-mediated vacu-
olation (Fig. 1A, panels d, e, and f). To further confirm this
observation, cells were treated for 1 h at 37°C with 4 mg of
MBCD/ml or 30 pwg of HPCD/ml and then tested for viability
based on the uptake of calcein-AM (green fluorescence) or for
loss of viability based on uptake of ethidium homodimer-1 (red
fluorescence). Neither MBCD nor HPCD appreciably altered
the relative number of viable cells in monolayers of HeLa cells
(data not shown).

VacA-mediated vacuolation can be quantified by measuring
the uptake of the acidotropic dye neutral red by intoxicated
mammalian cells (6). HeLa cells that were pretreated with
either MBCD or HPCD and then incubated for an additional
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FIG. 1. MBCD and HPCD block HeLa cell sensitivity to VacA in a dose-dependent manner. HeLa cells were preincubated with either 4 mg
of MBCD/ml or 30 pg of HPCD/ml for 1 h at 37°C and then incubated with acid-activated VacA (75 pg/ml). After 24 h, the HeLa cell monolayers
were analyzed for vacuolation by phase-contrast microscopy (A) or quantification of neutral red uptake (B). (A) HeLa cells treated with VacA
alone (panel a), MBCD plus VacA (panel b), HPCD plus VacA (panel ¢), PBS (panel d), MBCD (panel e), or HPCD (photograph f). (B and C)
HeLa cell monolayers analyzed for vacuolation by determining uptake of neutral red, as described in Materials and Methods. The data are data
from a representative experiment performed at least in quadruplicate. The error bars indicate standard deviations.

24 h with acid-activated VacA were assayed for neutral red
uptake. HeLa cells pretreated with MBCD (Fig. 1B) or HPCD
(Fig. 1C) prior to VacA application took up less neutral red
than cells treated with VacA alone, indicating that vacuolation
was inhibited. VacA-mediated cellular vacuolation, as quanti-
fied by neutral red uptake, was inhibited in a dose-dependent

TABLE 1. Cholesterol contents of HeLa cell monolayers

Treatment Cholesterol content (ug/mg)* P value
Untreated cells 29 + 7.9 (100)°
Cholesterol (100 wM) 43 +10.4 (150) 0.04
MBCD (4 mg/ml) 15 £3.1(53) 0.01
HPCD (30 pg/ml) 16 = 5.1 (56) 0.02

“The cholesterol content is expressed as micrograms of cholesterol per mil-
ligram of total cell protein after 1 h of incubation with cholesterol, MBCD, or
HPCD. The cholesterol content was calculated from the average of the results
obtained in four separate experiments, each performed in triplicate. P values
were determined for the cholesterol-, MBCD-, and HPCD-treated cells com-
pared to the untreated cells.

® The values in parentheses are percentages.

manner. Neutral red uptake was completely blocked when
either 4 mg of MBCD/ml or 30 pg of HPCD/ml was used to
pretreat HeLa cells.

Depleting membrane cholesterol with B-CDs has been
shown to reduce the number of caveolae and caveola-like
structures at the plasma membrane (44), which require cho-
lesterol to maintain their invaginated structural integrity (45).
Sterol-binding reagents that do not extract cholesterol from
the plasma membrane have also been shown to disrupt caveo-
lae and caveola-dependent processes in HeLa cells (35). Be-
cause pretreatment of cells with 3-CDs was shown to com-
pletely block cellular vacuolation, we next tested whether
formation of cholesterol complexes with sterol-binding agents
also inhibited the cellular action of VacA. HeLa cells were
pretreated for 1 h with filipin (0.01 to 2 wg/ml), digitonin (0.1
to 5 pM), saponin (0.01 to 1 pg/ml), or nystatin (1 to 100
pg/ml) and then incubated for an additional 24 h after appli-
cation of acid-activated VacA. In contrast to pretreatment of
cells with MBCD or HPCD, pretreatment of HeLa cells with
filipin (Fig. 2A), saponin, or digitonin (data not shown) had no
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FIG. 2. Effects of cholesterol-binding agents on cellular vacuolation caused by VacA. HeLa cells were pretreated with different concentrations
of filipin (A) or nystatin (B) for 1 h at 37°C and then incubated with acid-activated VacA (75 pg/ml). After 24 h, the HeLa cell monolayers were
analyzed for vacuolation by determining uptake of neutral red, as described in Materials and Methods. The data are data from a representative
experiment performed at least in quadruplicate. The error bars indicate standard deviations.

apparent effect on VacA-mediated vacuolation at any of the
concentrations tested. Moreover, preincubation for 1 h with
nystatin strongly potentiated the extent of cellular vacuolation
caused by VacA (Fig. 2B). Each of these findings indicates that
the formation of cholesterol complexes at the plasma mem-
brane with sterol-binding agents is not sufficient to block
VacA-mediated cellular vacuolation.

Because B-CDs extract cholesterol selectively from the
plasma membrane, we next determined whether inhibiting the
de novo biosynthesis of cholesterol at the endoplasmic reticu-
lum also blocked vacuolation induced by VacA. HeLa cells
were grown for 3 days in the presence of lovastatin (0.01 to 10
pwM) and/or compactin (1 to 40 wM). The monolayers were
incubated for an additional 24 h with acid-activated VacA and
then assayed for neutral red uptake. In contrast to the effects
of the B-CDs, pretreatment of cells with lovastatin or compac-
tin had no detectable effect on VacA-mediated vacuolation
(data not shown).

Extraction of membrane cholesterol with MBCD has re-
cently been reported to disrupt clathrin-dependent endocytosis
within HeLa cells, as well other mammalian cell lines (44, 52).
To investigate whether 3-CD blockage of VacA-mediated vac-
uolation was due to disruption of clathrin-mediated endocyto-
sis, we tested whether the reagent chlorpromazine, which in-
hibits clathrin-coated pit assembly (56), also blocks VacA-
mediated vacuolation. HeLa cells were pretreated for 1 h at
37°C with chlorpromazine, and then acid-activated VacA was
applied for an additional 24 h. Both microscopic analysis (data
not shown) and neutral red uptake measurements revealed
that chlorpromazine strongly potentiated VacA-mediated vac-
uolation in a dose-dependent manner (Fig. 3). In control ex-
periments, pretreatment of HeLa cells with chlorpromazine
inhibited diphtheria toxin-mediated cytotoxicity (data not
shown), which requires clathrin-mediated endocytosis for in-
toxication (33).

Increasing the plasma membrane cholesterol level potenti-
ates VacA-mediated vacuolation. Because depleting plasma
membrane cholesterol by 3-CD pretreatment blocked vacuo-
lation of HeLa cells by VacA, we hypothesized that cholesterol
levels in the membrane are important for modulating VacA-
mediated vacuolation. To test this hypothesis, we investigated
the effects of increasing the plasma membrane cholesterol level
on HeLa cells subsequently intoxicated with VacA. Monolay-
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FIG. 3. Chlorpromazine potentiates VacA-mediated vacuolation
of HeLa cells. HeLa cells were pretreated with different concentrations
of chlorpromazine for 1 h at 37°C and then incubated at 37°C with
acid-activated VacA (25 pg/ml). After 24 h, the monolayers were
analyzed for vacuolation by determining uptake of neutral red, as
described in Materials and Methods. The data are data from a repre-
sentative experiment performed at least in quadruplicate. The error
bars indicate standard deviations.
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FIG. 4. Cholesterol potentiates VacA-mediated vacuolation in a dose-dependent manner. HeLa cells were preincubated with 100 pM
cholesterol for 1 h and then incubated with acid-activated VacA (25 pg/ml). After 24 h, the HeLa cell monolayers were analyzed for vacuolation
by phase-contrast microscopy (A) or by quantification of neutral red uptake (B). (A) HeLa cells treated with VacA (panel a), cholesterol plus VacA
(panel b), PBS (panel c), or cholesterol alone (panel d). (B) HeLa cells analyzed for neutral red uptake, as described in Materials and Methods.
The data are data from a representative experiment performed at least in quadruplicate. The error bars indicate standard deviations.

ers of HeLa cells were pretreated with B-CD-complexed cho-
lesterol for 1 h at 37°C prior to application of acid-activated
VacA (60). Pretreating HeLa cells with cholesterol complexed
to B-CD resulted in an increase in cellular cholesterol levels
(Table 1) without detectable cytotoxicity or morphological
changes in the monolayers (Fig. 4A, panels c and d). However,
cholesterol pretreatment clearly potentiated cellular vacuola-
tion caused by VacA. At low VacA concentrations that in-
duced vacuole biogenesis in only 1 to 5% of the cells in a
monolayer, pretreatment with B-CD-complexed cholesterol re-
sulted in vacuolation of nearly the entire monolayer (Fig. 4A,
panels a and b). Consistent with these observations, HeLa cells
pretreated with B-CD-complexed cholesterol prior to VacA
application exhibited a dose-dependent increase in neutral red
uptake relative to the uptake in cells treated with VacA alone
(Fig. 4B). Collectively, these results suggest that the plasma
membrane cholesterol concentration modulates cellular vacu-
olation induced by VacA, with lower levels decreasing vacuo-
lation and higher levels increasing vacuolation.

Plasma membrane cholesterol modulates the vacuolation of
multiple cell lines. We next tested whether the importance of
plasma membrane cholesterol levels to VacA-mediated cellu-
lar vacuolation observed in HeLa cells could be reproduced in
other epithelium-derived cell lines. Notably, differences in cell
line sensitivity for VacA have been reported previously (10,
39), presumably because of differences in the plasma mem-
brane components required for cell binding and/or internaliza-
tion. Monolayers of Vero, CHO-K1, HeLa, or stomach-de-
rived AGS cells were pretreated with MBCD, HPCD, or
B-CD-complexed cholesterol for 1 h at 37°C prior to applica-
tion of acid-activated VacA. After 24 h, neutral red uptake was
quantified, and the results revealed that VacA-mediated vac-
uolation in each cell line was blocked by MBCD (Fig. 5A) and
HPCD (Fig. 5B) in a dose-dependent manner. These results
were verified by phase-contrast microscopy, which revealed
that there was complete blockage of vacuolation in each cell
line pretreated with 4 mg of MBCD/ml or 30 pg of HPCD/ml

(data not shown). Similarly, pretreatment of monolayers with
B-CD-complexed cholesterol potentiated vacuolation in all the
cell lines tested (Fig. 5C). These data indicate that plasma
membrane cholesterol levels modulate vacuolation induced by
VacA in multiple cell lines.

Plasma membrane cholesterol modulates VacA association
with target cells. To determine whether plasma membrane
cholesterol directly influences the mechanism of VacA cellular
intoxication, we investigated the effects of plasma membrane
cholesterol depletion on the uptake of VacA into cells. HeLa
cells were preincubated at 37°C with either 4 mg of MBCD/ml
or PBS (pH 7.2) and then incubated at 37°C for 4 h with
acid-activated **S-radiolabeled VacA (50 nM), prepared as
previously described (16). The cells were analyzed for VacA
that was resistant to proteinase K treatment. As previously
reported, VacA readily entered cells, as indicated by an SDS-
PAGE analysis that revealed the presence of full-length VacA
after proteinase K treatment (28, 43). To test whether deplet-
ing cholesterol from the plasma membrane affected internal-
ization, the cells were pretreated with MBCD at a concentra-
tion of 4 mg/ml, a concentration that completely blocks VacA-
mediated cellular vacuolation, and then for an additional 4 h
with acid-activated VacA. Pretreatment of HeLa cell mono-
layers with MBCD was found to decrease recovery of radiola-
beled VacA to less than 30% of the levels observed for control
monolayers pretreated with VacA alone (data not shown),
suggesting that depletion of membrane cholesterol reduced the
entry of VacA into target cells.

It is possible that attenuation of VacA internalization may
be due to a reduction in the association of VacA with MBCD-
treated cells. Independent reports from two separate groups
have indicated that VacA binds to mammalian cells in a non-
specific manner (28, 43). In agreement with these previous
studies, we detected dose-dependent binding of radiolabeled
VacA (0.5 to 50 nM) to HeLa cell monolayers (data not
shown). Similar to the earlier reports, we also found that as-
sociation of VacA (10 nM) with HeLa cells was not appreciably
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FIG. 5. Cholesterol modulates the sensitivity of multiple cell lines to VacA. CHO-K1, Vero, HeLa, and AGS cells were preincubated with
different concentrations of MBCD (A), HPCD (B), or cholesterol (C) for 1 h at 37°C and then incubated with acid-activated VacA. After 24 h,
cells were analyzed for vacuolation by quantifying the uptake of neutral red, as described in Materials and Methods. The data are data from a
representative experiment performed at least in quadruplicate. The error bars indicate standard deviations.

inhibited when the cells were coincubated with a 50-fold molar
excess of nonradiolabeled VacA (data not shown). We ex-
tracted membrane cholesterol using concentrations of MBCD
that completely blocked VacA-based vacuolation and tested
for association of VacA with cells. Cells were pretreated with
4 mg of MBCD/ml for 1 h at 37°C and then chilled to 4°C for
at least 1 h. Acid-activated radiolabeled VacA (50 nM) was
allowed to bind for 4 h at 4°C. The cells were then washed
extensively and lysed, and the recovered toxin was quantified
by scintillation counting. These experiments indicated that pre-
treating cells with MBCD lowered the level of recovery of
radiolabeled VacA to a level that was approximately 60% of
the level observed for control monolayers pretreated with PBS
alone (data not shown).

The demonstration that cholesterol-depleting drugs reduce
VacA association with cultured mammalian cells suggests that

VacA may directly associate with detergent-insoluble mem-
brane microdomains that are enriched in cholesterol, called
DRMs. To test this hypothesis, we incubated radiolabeled
VacA with monolayers of HeLa cells prechilled to 4°C, as
described above. After 4 h, the cells were extracted with 1.0%
Triton X-100, and the radiation in the soluble fractions and the
radiation in the insoluble fractions were separated by centrif-
ugation and quantified. In control experiments, we analyzed
HeLa cells pretreated with '*I-transferrin and '*I-cholera
toxin, which have been shown to separate primarily to the
detergent-soluble and -insoluble fractions, respectively. These
experiments revealed that radiolabeled VacA separated pre-
dominantly to the insoluble fraction, like cholera toxin (Fig.
6A). In contrast, transferrin was detected predominantly in the
soluble fraction.

To further investigate the idea that VacA associates with
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FIG. 6. Association of VacA with detergent-insoluble microdo-
mains. HeLa cell monolayers were incubated with acid-activated '*°1-
radiolabeled VacA (50 nM) (O), cholera toxin (10 nM) (m), or trans-
ferrin (10 pg/ml) (A) in DMEM containing NH,Cl (5 mM). After
incubation for 4 h at 4°C, the cells were washed three times with
ice-cold PBS, detached, and collected by centrifugation at 300 X g for
5 min. The cells were resuspended in 0.5 ml of cold TNE buffer
supplemented with 1% Triton X-100 and 25 pg of protease inhibitor
cocktail set III per ml. Membranes were solubilized by rotary shaking
at 4°C. (A) Radioactivity in the supernatant (detergent-soluble frac-
tion) and in the pellet (detergent-insoluble fraction) quantified as
described in Materials and Methods. (B) DRMs purified with a step
sucrose gradient, as described in Materials and Methods. The values
are the percentages of the total counts. The data are data from a
representative experiment performed at least four times. The error
bars indicate standard deviations.

DRMs, we fractionated detergent-extracted cells by density
gradient centrifugation. Radiolabeled VacA was incubated
with monolayers of HeLa cells at 4°C for 4 h. The cells were
detergent extracted with 1.0% Triton X-100, as described
above, and were fractionated by using sucrose density gradi-
ents. Individual fractions were collected, and the radiation in
each fraction was quantified. As demonstrated in Fig. 6B, cell-
associated VacA was enriched in the fractions collected from
the top of the sucrose density gradient. Control experiments
revealed that cholera toxin, but not transferrin, was enriched at
the top of the sucrose density gradient. Moreover, VacA alone
(in the absence of cells) was not enriched in fractions collected
from the top of the sucrose gradient (data not shown). Collec-
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tively, the demonstration that cell-associated VacA is deter-
gent insoluble and floats on the top of sucrose density gradi-
ents suggests that VacA may directly associate with DRMs at
the surfaces of mammalian cells.

Because VacA-mediated vacuolation is dependent on
plasma membrane cholesterol levels and because cholesterol is
a major component of DRMs, it is possible that VacA associ-
ates directly with cholesterol. We attempted to detect VacA-
cholesterol interactions by using three distinct approaches, as
described in Materials and Methods. First, we determined
whether preincubating VacA with cholesterol would antago-
nize association of the toxin with target cells. Second, we tried
to detect binding of VacA to purified cholesterol on TLC
plates. Finally, we investigated whether radiolabeled choles-
terol would coimmunoprecipitate with VacA. Repeated at-
tempts in which all three approaches were used failed to dem-
onstrate detectable interactions between VacA and cholesterol
(data not shown). These results suggest that VacA may asso-
ciate with DRM components other than (or in addition to)
cholesterol.

Plasma membrane cholesterol modulates vacuole biogene-
sis. To further investigate the relationship of plasma mem-
brane cholesterol to vacuolation, HeLa cells were preloaded
with VacA and then treated with MBCD, HPCD, or B-CD-
complexed cholesterol. In one experiment, acid-activated
VacA was incubated for 4 h with prechilled HeLa cells (4°C).
The cells were then extensively washed and incubated at 37°C
for an additional 24 h in the presence of either 4 mg of
MBCD/ml or 30 pg of HPCD/ml. Both visual inspection by
phase-contrast microscopy (data not shown) and neutral red
uptake measurements indicated that even after VacA was pre-
bound to HeLa cells, MBCD and HPCD completely blocked
vacuolation (Fig. 7A). In addition, cells treated with 100 pM
B-CD-complexed cholesterol after VacA binding exhibited in-
creased neutral red uptake relative to the uptake by cells in-
cubated with VacA alone (Fig. 7B).

Alternatively, HeLa cells were incubated with VacA for 4 h
at 37°C prior to application of either 4 mg of MBCD/ml or 30
g of HPCD/ml. The monolayers were incubated at 37°C for
an additional 24 h and then analyzed for vacuolation. In these
experiments MBCD and HPCD completely blocked vacuola-
tion, as assessed by either phase-contrast microscopy (data not
shown) or neutral red uptake (Fig. 7A). In addition, when cells
were treated with 100 pM B-CD-complexed cholesterol after
incubation at 37°C with VacA for 4 h, both microscopic exam-
ination and neutral red uptake data clearly demonstrated po-
tentiation of vacuolation (Fig. 7B). These data suggest that
modulating plasma membrane cholesterol also affects a step
downstream of toxin association and internalization.

VacA has been shown to induce cellular vacuolation when it
is expressed directly in mammalian cells by using a transient
transfection system (9, 11, 62). We employed this approach,
which bypasses the need for the toxin to be internalized from
the outside of the cell, to further investigate the importance of
plasma membrane cholesterol in vacuolation. HeLa cells that
had been previously infected with vI7 vaccinia virus expressing
T7 polymerase were transfected with pET20b-VacA harboring
the gene encoding full-length VacA under control of the T7
polymerase promoter (14, 62). MBCD (4 mg/ml) or HPCD (30
pg/ml) was applied to cells 4 h after transfection, and the
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FIG. 7. Effects of altering membrane cholesterol on vacuolation of
cells pretreated with VacA. HeLa cells were preincubated with acid-
activated (100 pg/ml) VacA for 4 h at either 4 or 37°C and then
incubated for an additional 24 h with 4 mg of MBCD/ml or 30 pg of
HPCD/ml (A). Alternatively, HeLa cells were preincubated with acid-
activated (25 pg/ml) VacA for 4 h at either 4 or 37°C and then
incubated for an additional 24 h with 100 uM cholesterol (B). The
HelLa cell monolayers were analyzed for vacuolation by determining
uptake of neutral red, as described in Materials and Methods. The data
are data from a representative experiment performed at least in qua-
druplicate. The error bars indicate standard deviations.

monolayer was incubated at 37°C. After 24 h, neutral red
uptake was measured. HeLa cell monolayers transfected with
plasmids expressing VacA exhibited vacuolation in 60 to 70%
of the cells and a detectable increase in neutral red uptake.
However, both MBCD and HPCD completely blocked cellular
vacuolation, as visualized by phase-contrast microscopy (data
not shown) and neutral red uptake (Fig. 8). In addition, when
cells were treated with B-CD-complexed cholesterol (100 wM)
after transfection, an increase in neutral red uptake was ob-

INFECT. IMMUN.

VacA +
cholesterol

VacA+ VacA+
MBCD  HPCD

Cellular vacuolation (% of control)
(neutral red uptake /ug protein)

0 -

HelLa cell treatment

FIG. 8. MBCD and HPCD block vacuolation of transiently trans-
fected cells expressing VacA. HelLa cells were transfected with pET20b
plasmids expressing VacA, as described in Materials and Methods.
After 4 h, 4 mg of MBCD/ml, 30 pg of HPCD/ml, or 100 wM choles-
terol was applied to the monolayers, which were then incubated at
37°C under 5% CO,. After 20 h, the cells were assayed for uptake of
neutral red. Data are expressed as percentages of neutral red uptake
by treated cells relative to the neutral red uptake by HeLa cells trans-
fected with a plasmid expressing full-length VacA-green fluorescent
protein but not treated following transfection. The data from two
separate experiments performed at least in quadruplicate were aver-
aged. The error bars indicate standard deviations.

served (Fig. 8). Significantly, these data suggest that in addition
to affecting the cellular intoxication mechanism of the toxin,
plasma membrane cholesterol is important for vacuole biogen-
esis.

DISCUSSION

Cholesterol is essential for regulating the properties of
mammalian cell membranes. Over the past few years, the im-
portance of cholesterol homeostasis to lipid trafficking and
sorting in cells has become evident (21). Investigations into the
effects of modulating the levels of plasma membrane choles-
terol with B-CDs have revealed the importance of this sterol to
endocytic mechanisms involving vesicular trafficking (44, 52).
Because VacA is believed to enter mammalian cells by an
endocytic mechanism (17, 28, 43) and subsequently induces
vacuole formation by presumably altering vesicle trafficking
(29, 40), we wanted to test whether cholesterol-dependent
endocytic events are linked to the VacA intoxication mecha-
nism and/or vacuole biogenesis. The importance of cholesterol
to pathogenesis has been underscored by recent findings that
this sterol is critical for cellular entry of toxins (19, 47), as well
as a number of pathogens, including bacteria (18), parasites
(32), and viruses (1)

In this study, we demonstrated that plasma membrane cho-
lesterol is essential for vacuolation of mammalian cells by
VacA. Collectively, the finding that vacuolation could be
blocked by lowering cholesterol levels and the finding that
vacuolation could be potentiated by increasing cholesterol lev-
els suggested that the cholesterol concentration within the
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membrane is a critical factor for the extent of vacuole biogen-
esis induced by VacA. The importance of cholesterol localized
specifically to the plasma membrane is supported by the fact
that the B-CDs exchange cholesterol selectively at the cell
surface (42) and by our finding that blocking the de novo
synthesis of cholesterol at the endoplasmic reticulum had no
detectable effect on VacA-mediated vacuolation.

Depleting membrane cholesterol with B-CDs has been re-
ported to disrupt cholesterol and sphingolipid-rich microdo-
mains called lipid rafts or DRMs (23). DRMs can be localized
within caveolae but have also been reported to be present in
cells deficient in caveolae (22). Cholesterol is essential for the
structure and function of invaginated caveolae, as well as
caveola-dependent endocytosis (45). B-CDs directly disrupt
caveola structures at the plasma membrane, presumably by
facilitating the disassembly of lipid rafts within the caveolae
(44). Because cholesterol depletion inhibits VacA-mediated
vacuolation, we hypothesized that caveola-dependent endocy-
tosis might be important for toxin internalization and/or tar-
geting of vesicles required for vacuole biogenesis. However,
cholesterol-binding reagents, such as filipin, which is known to
disrupt cholesterol-rich microdomains localized to caveolae
and caveola-like structures (45) and has been shown to block
caveola-mediated entry of a number of bacterial pathogens
into HeLa cells (35), did not exert a detectable effect on VacA-
mediated cellular vacuolation. Thus, the inhibitory effects of
the B-CDs cannot readily be interpreted to be a direct result of
the disruption of caveolae, and the role, if any, of caveola-
mediated vesicular transport in VacA cellular activity requires
further investigation.

Depletion of membrane cholesterol with MBCD was re-
cently demonstrated to strongly attenuate clathrin-dependent
endocytosis (44, 52). Moreover, supplementing membrane
cholesterol levels resulted in recovery of clathrin-mediated en-
docytosis that had previously been blocked with MBCD (44).
Thus, we hypothesized that B-CDs may block cellular vacuo-
lation by inhibiting clathrin-mediated endocytic processes in-
volved in VacA internalization and/or vacuole biogenesis.
However, pretreatment of HeLa cell monolayers with chlor-
promazine, which disrupts endocytosis involving clathrin-
coated vesicles (56), did not have an inhibitory effect on vac-
uole biogenesis. Our finding that VacA-induced vacuolation is
not dependent on a clathrin-mediated endocytic mechanism is
in agreement with earlier work showing that transfection of
mammalian cells with dominant-negative proteins that exert an
inhibitory effect on clathrin-dependent endocytosis did not al-
ter the extent of vacuolation within monolayers intoxicated
with VacA (43).

While our results support the hypothesis that vacuolation of
mammalian cells by VacA does not require functional caveola-
or clathrin-dependent endocytosis, it is noteworthy that cho-
lesterol is also important for alternative endocytic processes,
collectively termed clathrin-independent endocytosis (47).
VacA induction of vacuolation requires that the toxin binds
and enters cells by a slow, temperature-dependent process (17,
28, 43) and then functions from an intracellular site of action.
Our results indicated that depletion of plasma membrane cho-
lesterol with MBCD decreased the amount of VacA internal-
ized into HeLa cells by more than 70% and also reduced
association of the toxin with cultured cells. Our data indicate
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that cell-bound VacA is associated with DRMs, suggesting that
VacA may directly associate with cholesterol-rich microdo-
mains. It is not clear whether VacA directly associates with
cholesterol or, alternatively, whether cholesterol is important
for the ordering of plasma membrane components needed for
productive toxin binding and cell entry. Attempts to demon-
strate that VacA directly associates with cholesterol were un-
successful, suggesting that VacA may bind to DRM compo-
nents other than (or in addition to) cholesterol. Treatment of
HEp-2 cells with phosphatidylinositol phospholipase C has
been shown to inhibit VacA-mediated vacuolation and inter-
nalization of the toxin, suggesting that one or more glycosyl-
phosphatidylinositol-anchored proteins within DRMs may be
important for VacA intoxication (43). While our results sup-
port the hypothesis that VacA entry into cells requires plasma
membrane cholesterol, the inability to block vacuolation by
disrupting caveola- or clathrin-dependent entry into the cell
suggests that VacA may enter cells by one or more clathrin-
independent endocytic pathways.

Notably, our results also imply that plasma membrane cho-
lesterol is important for vacuole biogenesis. Even after VacA is
preloaded and incubated with cells under conditions that have
been shown to promote cellular entry of the toxin, depleting
the membrane cholesterol blocked vacuolation in a monolayer.
Moreover, in transiently transfected cells in which VacA was
expressed directly within the cytosol in order to bypass the
membrane binding and internalization steps of intoxication,
vacuolation was also blocked by cholesterol depletion. Collec-
tively, these results indicate that depleting membrane choles-
terol disrupts an essential process for vacuole biogenesis, sub-
sequent to toxin entry. Whether this is clathrin-independent
vesicular transport or an alternative process remains to be
elucidated.

In summary, we have established that membrane cholesterol
is an important host cell component that modulates the extent
of cellular vacuolation caused by VacA. Our data suggest that
plasma membrane cholesterol may be important for the cellu-
lar activity of VacA by regulating entry of toxin into sensitive
cells and then modulating cellular processes that are essential
for vacuole biogenesis. Identification of the exact role of cho-
lesterol in the mechanism of VacA-mediated cellular vacuola-
tion may provide novel insights into toxin trafficking pathways
and mechanisms of vacuole biogenesis.
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