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The N-terminal 34 kDa fragment of Helicobacter
pylori vacuolating cytotoxin targets mitochondria
and induces cytochrome c release
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The pathogenic bacterium Helicobacter pylori pro-
duces the cytotoxin VacA, which is implicated in
the genesis of gastric epithelial lesions. By transfect-
ing HEp-2 cells with DNAs encoding either the
N-terminal (p34) or the C-terminal (p58) fragment of
VacA, p34 was found localized specifically to mito-
chondria, whereas p58 was cytosolic. Incubated in vitro
with purified mitochondria, VacA and p34 but not p58
translocated into the mitochondria. Microinjection of
DNAs encoding VacA-GFP and p34-GFP, but not
GFP-VacA or GFP-p34, induced cell death by
apoptosis. Transient transfection of HelLa cells with
p34-GFP or VacA-GFP induced the release of
cytochrome ¢ from mitochondria and activated the
executioner caspase 3, as determined by the cleavage
of poly(ADP-ribose) polymerase (PARP). PARP
cleavage was antagonized specifically by co-transfec-
tion of DNA encoding Bcl-2, known to block mito-
chondria-dependent apoptotic signals. The relevance
of these observations to the in vivo mechanism of
VacA action was supported by the fact that purified
activated VacA applied externally to cells induced
cytochrome c release into the cytosol.
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Introduction

Several studies have provided evidence that the patho-
genic bacterium Helicobacter pylori is the major risk
factor for gastroduodenal diseases (Atherton, 1997). The
vacuolating cytotoxin VacA has been reported to be an
important pathogenic factor, although its precise role in
H.pylori virulence is still unknown (Cover, 1996; Reyrat
et al., 1999). VacA-induced vacuolation has been
observed in most epithelial cell types studied, including
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gastric epithelial cells (Cover, 1996; Reyrat et al., 1999).
Vacuoles have been suggested to originate from an
intermediate compartment between lysosomes and late
endosomes (Molinari et al., 1997). They express the late
endosomal marker Rab7 (Papini et al., 1994), and their
formation depends on the presence of sub-vacuolating
concentrations of weak bases such as ammonia (Cover
et al., 1992; Ricci et al., 1997, Sommi et al., 1998).
Recently, it has been reported that purified VacA forms
pores with a relative selectivity for anions both across
planar lipid bilayers (Czajkowski et al., 1999; Iwamoto
etal., 1999; Tombola et al., 1999) and in HeLa cell plasma
membranes (Szabo et al., 1999). According to Szabo ef al.
(1999), endocytosed VacA channels might stimulate the
turnover of the endosomal V-ATPase by increasing the
membrane permeability to anions, leading to accumulation
of osmotically active species such as NH,Cl. VacA also
decreases the trans-epithelial electrical resistance of
polarized epithelial monolayers (Papini er al., 1998;
Pelicic et al., 1999). This effect, probably due to the
modulation of tight junctions, takes place in the absence of
weak bases (Papini er al., 1998; Pelicic et al., 1999),
indicating that VacA may exhibit activities other than
induction of vacuolation.

In its mature form, VacA has a molecular weight of
~90 kDa (Cover, 1996). VacA released by H.pylori is often
cleaved into two subunits of 34 kDa (the N-terminal
fragment ‘p34’) and 58 kDa (the C-terminal fragment
‘p58’), which remain associated by non-covalent inter-
actions (Cover, 1996; Reyrat et al., 1999). Purified VacA
toxin forms oligomeric structures of ~1000 kDa (Lupetti
et al., 1996; Cover et al., 1997). Recent work suggests that
the toxin is able to bind a cell receptor (Massari et al.,
1998) through a segment of the p58 domain (Garner and
Cover, 1996; Pagliaccia et al., 1998). Upon binding, VacA
could either be endocytosed and accumulated in late
endosomes where vacuoles originate (Ricci ef al., 1997,
Sommi et al., 1998), or translocated across the plasma
membrane into the cytosol where it could exert its action
(Molinari et al., 1998). Studies addressing the latter
mechanism have revealed that vacuolation could be
obtained by cytosolic expression of the toxin molecule in
HeLa cells (de Bernard et al., 1997, 1998; Vinion-Dubiel
etal., 1999; Ye et al., 1999). In these studies the minimal
intracellular vacuolating domain of VacA was found to
encompass p34 and <200 residues belonging to the
C-terminal moiety of p58 (de Bernard er al., 1998; Ye
etal., 1999). Very recently a protein (VIP54) co-localizing
with the intermediate filament protein vimentin was found,
by the yeast two-hybrid screening method, to be a possible
cytosolic target of VacA (de Bernard et al., 2000).

To gain further insights into the molecular mechanism
of VacA action, we performed cell transfections of DNAs
encoding either VacA, p34 or p58 linked to the green
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Fig. 1. VacA chimeric proteins expressed in HEp-2 cells by DNA
transfection. DNA constructs, fused with GFP, encompassing the VacA
cytotoxin or various fragments of the toxin were constructed in the
pEGFP-C1 and -N1 vectors under the control of the CMV promoter.
Numbers refer to mature VacA toxin amino acids (the first 33 amino
acids, corresponding to the signal sequence, are not included). p34 and
its fragments are represented by empty boxes and p58 by shaded boxes.

fluorescent protein (GFP). Since all data available to date
concerning a possible mechanism of action of VacA in the
cytosol have been obtained by expression of transfected
DNAs using the vaccinia virus system (de Bernard et al.,
1997, 1998; Vinion-Dubiel et al., 1999; Ye et al., 1999),
we wondered whether one or several modifications
induced by infection with the vaccinia virus could have
influenced the activity of the toxin in the cytosol.
Therefore, we expressed DNA constructs under the control
of the cytomegalovirus (CMV) promoter. This technique
allowed us to show that p34 is targeted selectively to
mitochondria. Using an in vitro mitochondrial import
assay, we studied the association of VacA or its fragments
with this organelle. Finally, we found that by targeting
mitochondria, VacA p34 induces cytochrome c release and
apoptosis.

Results

GFP-p34 expressed by transfection localizes to
mitochondria

Transfections of the various DNA constructs shown in
Figure 1 were performed using a eukaryotic expression
vector in which transcription is under the control of the
CMYV promoter. Expression of the DNAs encoding p34,
p58 or VacA, fused at either the N-terminus or the
C-terminus to GFP, was performed and the fluorescence
was observed by confocal microscopy. No expression of
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Table 1. Expression levels and subcellular localization of the different
constructs

Constructs Expression levels Subcellular
(% of detectable localization
GFP-positive cells)

p34-GFP <1 mitochondria

p58-GFP 17 £3 cytosol

VacA-GFP 0 -

GFP—p34 17 £3 mitochondria

GFP—p58 17 £3 cytosol

GFP-VacA 2*1 cytosol

Fig. 2. Intracytoplasmic expression of p34 and p58. Confocal
immunofluorescence microscopy of HEp-2 cells transfected with DNA
encoding GFP-p34 (A), GFP—p58 (C) or GFP-VacA (E). Expressed
proteins were stained with antibodies directed against p34 (B) and the
C-terminal part of VacA (D and F). Arrows indicate the presence of
non-transfected cells not reacting with specific antibodies. Bar, 10 um.

VacA-GFP was observed, and only very low expression
of p34-GFP could be detected, exhibiting a dot-like
distribution (Table I). In contrast, pS8—GFP expression
was observed in a large number of cells, with a cytosolic
distribution (Table I). Constructs encoding GFP-p34 and
GFP-VacA were expressed at higher levels than their
C-terminally fused counterparts (Table I). Whereas cells
transfected with GFP-p34 displayed GFP-labeled dot-like
structures (Figure 2A), as in the rare cells that expressed
p34-GFP (Table I), GFP-p58 and GFP-VacA-transfected
cells exhibited a cytosolic expression pattern (Figure 2C
and E). GFP-p34, GFP—p58 and GFP-VacA specifically
reacted with antibodies directed against VacA (Figure 2B,
D and F). Immunofluorescence staining for various



VacA p34 and mitochondria

Fig. 3. Transfected GFP—p34 localizes to mitochondria. HEp-2 cells, transfected with GFP—p34 (green, A), were stained with the anti-mitochondria
mAb 1273 (red, B). Merged images show yellow fluorescence indicating colocalization of the markers (C). Bar, 10 pm.

intracellular compartment markers revealed that the
GFP-p34-labeled structures were not early or late
endosomes, and they were not derived from the lysosomal
compartment, the Golgi apparatus or the endoplasmic
reticulum (not shown). When GFP—p34-transfected cells
were incubated with purified activated VacA, vacuoles
induced by the cytotoxin (in the presence of ammonium
chloride) did not co-localize with GFP—p34-positive
structures (data not shown). Rather, the GFP-p34 dot-
like structures co-localized with the mitochondrial com-
partment, as revealed by an antibody specifically directed
against this organelle (Figure 3). Furthermore, by ultra-
structural immunocytochemistry, GFP—p34 was found to
be located inside mitochondria (Figure 4). Both single
grains and small groups of grains were observed in ~30%
of the cell population, similar to the yield of transfected
cells, whereas virtually no labeling could be observed in
the remaining 70% of cells. Quantitative evaluation of
immunogold deposits (performed on 20 gold-positive
cells) revealed the presence of 3.67 £ 0.41 gold particles
per square micrometer of mitochondrial area, compared
with 0.29 = 0.04 gold particles per square micrometer of
surrounding cytoplasm. Localization of GFP-p34 to
mitochondria was also observed in other cell lines such
as HeLa or Vero cells (not shown).

In order to delineate sequences involved in mitochon-
drial localization of GFP—p34, the first 30 codons were
deleted from the DNA coding for this VacA fragment
(GFP-Ap34). Alternatively, stop codons were introduced
after the first 100 or 200 codons of p34 in GFP-p34 DNA
(Figure 1) to generate C-terminally truncated proteins.
None of the truncated proteins encoded by these DNA
constructs was targeted to mitochondria (Table II). These
findings suggest that the entire sequence of p34 is essential
for the targeting of GFP—p34 to mitochondria.

VacA and p34, but not p58, are imported in vitro
into purified mitochondria

The possible mitochondrial targeting of VacA and its
fragments, p34 and p58, was studied by a procedure that
had previously been used for the import of intrinsic
mitochondrial proteins (Rassow, 1999). VacA and its
fragments were produced and radiolabeled in vitro with
[*SImethionine using a rabbit reticulocyte lysate system.
Denaturing polyacrylamide gel electrophoresis demon-
strated that VacA and its subunits were produced with the
correct molecular weight (Figure 5A). Slow-migrating

Fig. 4. Immunolocalization of GFP—p34 by transmission electron
microscopy. Immunolocalization was performed on HEp-2 cells
transfected with GFP—p34, using anti-GFP antibodies and gold
colloidal particles. Arrows indicate the location of gold particles.

Table II. Sequence requirements for GFP—p34 localization to
mitochondria

Constructs Subcellular localization
GFP-p34 mitochondria
GFP-Ap34 cytosol

GFP-Stop100 cytosol

GFP-Stop200 cytosol

forms of VacA and p58 were observed under blue native
gel electrophoresis conditions (Schigger and von Jagow,
1991), indicating that a sizeable proportion of p58 and
VacA, but not of p34, was produced in an oligomeric form
in the rabbit reticulocyte lysate (Figure 5B). These
proteins were incubated with isolated yeast mitochondria
to test their ability to interact with this organelle in vitro.
After an incubation period of 5 or 10 min at 25°C,
a proteolytic treatment was performed to remove
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Fig. 5. Denaturing/native blue gel electrophoresis of VacA, p34 and
p58 produced in the rabbit reticulocyte system. VacA, p34 and p58
were electrophoretically analyzed upon in vitro synthesis in a
rabbit reticulocyte lysate. (A) Under denaturing conditions (12%
SDS-PAGE), proteins were observed at their expected molecular
weight. (B) The same proteins were also resolved under native
conditions (using the blue native—PAGE technique, with a 3-16%
acrylamide gradient). This technique allowed the observation of
large oligomers formed by VacA and p58 (asterisk).

proteins that were not imported. Prior experiments had
demonstrated that VacA, p34 and p58 were equally
sensitive to treatment with proteinase K, since complete
degradation was observed with 10 pg/ml proteinase K
(Figure 6A). Under the conditions of our mitochondrial
import assay, similar amounts of VacA, p34 and p58 were
found to associate with purified mitochondria (Figure 6B).
However, after a short treatment with 30 pg/ml
proteinase K, only p34 and VacA were resistant to
proteinase K treatment (Figure 6B). Protection from
proteolysis was specific, as we observed no residual p34
or VacA proteins when reactions were performed in the
absence of mitochondria (Figure 6C). A quantification of
the import efficiency showed that ~20% of the initial
amounts of both p34 and VacA added to this assay were
imported under the experimental conditions (Figure 6C).
Similar efficiencies were found with the intrinsic mito-
chondrial proteins porin or the ADP/ATP nucleotide
transporter (AAC) studied under the same conditions
(data not shown). Compared with porin and AAC, p34
and VacA penetrated into mitochondria more quickly
(Figure 6D).

In order to determine the localization of p34 and VacA
after their import into mitochondria, we used two different
classical procedures for disruption of mitochondrial outer
membrane (i.e. to form mitoplasts), swelling and incu-
bation with low doses of digitonin. The marker proteins
AAC (a mitochondrial inner membrane protein partially
exposed to the mitochondrial intermembrane space) and
Mgel (a marker for the mitochondrial matrix) were used to
control the fractionation procedure. In the presence of
proteinase K, opening of the outer membrane resulted in a
mobility shift of the AAC, due to partial proteolysis of this
protein (Figure 7). Swelling experiments and digitonin
extraction showed that both imported p34 and VacA were
present either free in the mitochondrial matrix or associ-
ated with the inner membrane. Indeed, conditions that
allowed a near complete rupture of the mitochondrial outer
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Fig. 6. Import of p34, pS8 and VacA into isolated mitochondria.

(A) Sensitivity of p34, p58 and VacA to proteinase K. 33S-labeled p34,
p58 or VacA synthesized in reticulocyte lysates was diluted with

10 mM MOPS pH 7.4, and incubated with increasing amounts of
proteinase K for 10 min at 0°C. Proteolysis was stopped by addition of
PMSEF, and the samples were mixed with Laemmli buffer, separated on
SDS-PAGE and analyzed using a PhosphorImager. (B) Binding and
import of p34, p58 and VacA to mitochondria. Reticulocyte lysates
containing p34, p58 or VacA were incubated with yeast mitochondria
at 25°C for 5 or 10 min. For the determination of mitochondrial import
(right panel), samples were subsequently treated with proteinase K

(30 pg/ml) for 10 min at 0°C. The reaction was stopped by the
addition of 1 mM PMSF. After re-isolation of mitochondria, samples
were separated on SDS—-PAGE and analyzed on a PhosphorImager.

(C) Specificity of import. Quantification of the efficiency of the
mitochondrial import was performed taking into account total amounts
of initially added p34, pS8 or VacA. The import reaction was
performed for 10 min with the same conditions as in (B), in the
presence or in the absence of mitochondria. (D) Kinetics of import.
The reticulocyte lysates containing p34 (empty circles), VacA (filled
circles), the intrinsic mitochondrial proteins porin (empty squares) and
AAC (filled squares) were incubated together with mitochondria in
import buffer for 1, 2, 5 or 10 min. After a 10 min proteinase K
digestion, the samples were analyzed on SDS-PAGE and a

relative targeting efficiency was calculated, taking the 10 min import as
100%.

membrane in the absence of matrix opening did not render
p34 or VacA accessible to proteinase K (Figure 7).

VacA-GFP and p34-GFP, but not GFP-VacA or
GFP-p34, induce apoptosis

Transfection of VacA-GFP, p34-GFP and GFP-VacA
DNAs cloned in the CMV vector resulted in expression of
the cytotoxin by very few or no cells (Table I). To
determine whether expression of VacA or p34 was
deleterious to cells, DNA encoding either VacA-GFP,
p34-GFP, GFP-VacA or GFP-p34 was microinjected into
HEp-2 cells and the morphology of microinjected cells
was observed at different times. A clear cytopathic effect
was evident soon after VacA—GFP and p34-GFP micro-
injection: 6 h after microinjection, 30-40% of micro-
injected cells exhibited cytoplasmic shrinkage, cell
rounding, membrane blebbing (Figures 8D and 9D) and
chromatin condensation (Figures 8F and 9F). After
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Fig. 7. Localization of the imported proteins into mitochondria. To
localize imported proteins in mitochondria, their outer membranes were
disrupted using either swelling, or a digitonin extraction protocol (as
described in Materials and methods). (A) Swelling. The amounts of
imported p34/VacA remaining protected after proteinase K treatment
were determined after formation of mitoplasts. Mitoplasts were
obtained with an osmotic shock of 15 min in 1 mM EDTA, 10 mM
MOPS pH 7.2. Immunodecoration of marker proteins AAC and

Mgel was performed in order to follow the degree of opening of
mitochondrial outer membrane. The accessibility of the inner
membrane protein AAC was detected by monitoring the formation of
the proteolytic fragment (asterisk). Integrity of the inner membrane was
determined using the matrix protein Mgel as a marker. Amounts of
proteinase K-protected proteins were quantified, and the values
obtained without swelling were set as 100% (control). (B) Digitonin
treatment. Graded concentrations of digitonin (from 0 to 0.5%) were
applied for 2 min at 0°C. Percentages of p34, VacA, AAC and porin
that were inaccessible to proteinase K were plotted for each digitonin
concentration.

overnight expression, VacA-GFP and p34-GFP micro-
injected cells could not be found, whereas all cells that had
been microinjected with DNA encoding GFP expressed
the protein, suggesting that cell death and detachment had
occurred. In contrast, no apparent toxic effect was
observed after GFP-VacA or GFP-p34 microinjection
(Figures 8A and 9A). Whereas GFP—p34 expression was
detected in all microinjected cells with its fluorescence
localized to mitochondria, GFP—VacA was only detectable
in a very low percentage of microinjected cells. As
observed after transfection (see Figure 2), injection of
DNA encoding GFP-VacA resulted in cytosolic expres-
sion at very low levels. Given the fact that no toxicity or
mitochondrial targeting of this protein could be detected,
we examined the possibility that GFP-VacA might be
degraded upon synthesis. To do so, HEp-2 cells were
treated with either a broad spectrum calpain/proteasome
inhibitor (N-acetyl-leucine-leucine-norleucine, MG101)
(20 uM) or a specific proteasome inhibitor (lactacystin)
(100 uM), prior to their microinjection with GFP—VacA or
VacA-GFP plasmids. MG101 and to a lesser extent
lactacystin allowed expression of GFP—VacA, but not that
of VacA-GFP (data not shown). This strongly suggests
that low GFP—VacA expression levels most likely resulted
from a degradation of the protein.

VacA p34 and mitochondria

The cytopathogenic effect observed with p34—GFP or
VacA-GFP was clearly reminiscent of an apoptotic
process (cell rounding, blebbing and chromatin conden-
sation). Thus, we examined the appearance of apoptotic
cells in a population of cells microinjected with
GFP-VacA or VacA-GFP constructs, using annexin V
binding as a marker (Bossy-Wetzel and Green, 2000). As
shown in Figures 8B and 9B, no apoptotic cells could
be detected in cells microinjected with GFP-VacA
(Figure 8B) or GFP-p34 (Figure 9B). In contrast, a
sizeable proportion of cells microinjected with VacA—GFP
(Figure 8E) or p34-GFP (Figure 9E) bound annexin V.
From these results we concluded that intracellularly
expressed VacA induces apoptosis, and that p34 is the
active moiety of the toxin in this process.

VacA and p34 induce cytochrome c release and
activation of procaspase 3

Since mitochondria play an essential role in the onset of
apoptosis (Kroemer and Reed, 2000), we examined
whether p34 or VacA might elicit cell death by inserting
into mitochondria. Two biochemical events known to
accompany the apoptotic process were studied: (i) the
release of cytochrome ¢ from mitochondria into the
cytosol; and (ii) activation of the executioner caspase 3.
HeLa clone X1 cells (Gossen and Bujard, 1992) were used
in these experiments for their high yield of transfection.
The cytochrome c¢ content of cytosol from HeLa cells
transfected with DNA constructs encoding GFP,
GFP-p34, GFP-VacA, p34-GFP or VacA-GFP was
determined by immunoblotting using a specific antibody
directed against this protein. As shown in Figure 10A,
cytochrome ¢ was released only into the cytosol of cells
transfected with p34-GFP or VacA-GFP. In order to
monitor the activation of caspase 3 in cells expressing
p34-GFP, we studied the cleavage of the poly(ADP-
ribose) polymerase (PARP), known to be a specific target
for this caspase (Lazebnik er al., 1994). A construct
encoding a fragment of PARP containing the caspase 3
cleavage site was tagged with the c-myc epitope and co-
transfected with DNA coding for GFP, p34-GFP or
GFP-—p34. This technique allowed us to monitor select-
ively the activation of the executioner caspase in
transfected cells. As demonstrated in Figure 10B,
p34-GFP, but not GFP or GFP-p34, induced a marked
cleavage of PARP, identical to that elicited by UV-B
irradiation or staurosporin treatment of cells. Similarly,
VacA—GFP (but not GFP-VacA) induced PARP cleavage
(data not shown). Transfection of HelLa cells with
increasing quantities of p34 DNA revealed that the extent
of caspase 3 activation correlated well with the amount of
p34 present in mitochondria (data not shown). Activation
of terminal procaspases by a mitochondrial pathway is
known to be regulated by Bcl-2 family members
(Vander Heiden and Thompson, 1999). Indeed, Bcl-2
overexpression efficiently inhibited p34-GFP-induced
cleavage of PARP (Figure 10C). In contrast, overexpres-
sion of a dominant-negative form of FADD, which blocks
apoptosis induced by death receptors (reviewed by Nagata,
1997), failed to block this cleavage (Figure 10C). These
observations indicate that p34-induced caspase activation
involves a mitochondrial step.
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Fig. 8. VacA DNA microinjections. HEp-2 cells were microinjected with DNAs encoding GFP-VacA (A—C) or VacA-GFP (D-F). Microinjected
cells (white arrows) were observed 6 h after microinjection. The same microinjected preparations were used for phase-contrast observation (A and D)
and determination of annexin V binding (B and E). A separate coverslip was used for chromatin staining with DAPI (C and F). Bar, 10 um.

Fig. 9. p34 DNA microinjections. HEp-2 cells were microinjected with DNAs encoding GFP—p34 (A—C) or p34-GFP (D-F). Microinjected cells
(white arrows) were observed 6 h after microinjection. The same microinjected preparations were used for phase-contrast observation (A and D) and
determination of annexin V cell binding (B and E). A separate coverslip was used for chromatin staining with DAPI (C and F). Bar, 10 pm.

Finally, to extend our findings, we analyzed the action
of extracellularly applied toxin. Purified toxin, activated
by a brief acidic pulse (de Bernard ef al., 1995; McClain
et al., 2000), was applied to HeLa cell cultures at a final
concentration of 5 ng/ml. As can be seen in Figure 10D, a
clear release of cytochrome ¢ was observed in the cytosol
of cells after 24 h of toxin treatment.

Discussion

VacA is the only protein toxin known to be produced and
released by the bacterium H.pylori. When administered to
mice, this cytotoxin induces gastric epithelial lesions
reminiscent of those observed in H.pylori-colonized
patients (Telford et al., 1994). In the present study we
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made the new and unexpected observation that p34, the
N-terminal fragment of VacA, targets mitochondria when
it is expressed in the cytosol. Localization of p34 into
mitochondria was demonstrated to be highly specific, both
by confocal immunofluorescence microscopy and by
ultrastructural immunochemistry. Despite the fact that
we can not completely eliminate the possibility that p34
may interact with other cell compartments, these inter-
actions clearly appear to be very minor. Localization, by
immunofluorescence or by ultrastructural microscopy, of
VacA subunit p34 in mitochondria upon extracellular
application of the cytotoxin is most likely to be technically
impossible, since bacterial toxins that act intracellularly
introduce a very low number of their active subunits into
the cytosol (Yamaizumi et al., 1978; Falnes et al., 2000).
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Fig. 10. VacA and p34 induce cytochrome c release and PARP
cleavage. (A) Cytochrome c release in the cytosol. HeLa cells were
transfected with different VacA constructs. After overnight expression,
cells were collected and cytosolic fractions were prepared as described
in Materials and methods. Cytochrome ¢ was detected by western
blotting. (B) PARP cleavage. HeLa cells were co-transfected with a
DNA encoding a c-myc-tagged PARP fragment and either GFP or p34
constructs. After overnight expression, cells were lysed and cytosolic
extracts were analyzed for PARP cleavage by immunodetection with
the c-myc (9E10) antibody. The arrowhead indicates the size of the
intact PARP fragment, whereas the arrow indicates the cleaved PARP
fragment. Other bands are non-specific cross-reactants, recognized by
the anti-myc 9E10 antibody in control non-transfected cells. (C) Effects
of the overexpression, by DNA transfection into HeLa cells, of Bcl-2
or a dominant-negative FADD protein on PARP cleavage induced by
p34-GFP transfection. (D) Effect of extracellularly applied purified
activated VacA (5 pg/ml for 24 h) on the cytochrome ¢ content of
HeLa cell cytosol. For positive controls, apoptosis was induced

with either UV irradiation or 1 pg/ml staurosporine as described in
Materials and methods.

Using an in vitro assay, widely used to study the import
of intrinsic mitochondrial proteins, we found that p34 and
VacA are translocated into this organelle. Most proteins
addressed to the mitochondria contain an N-terminal
cleavable polypeptide that is positively charged and
comprised of ~20 amino acids (Roise and Schatz, 1988).
However, several other proteins are specifically targeted to
mitochondria although they lack this typical signal
sequence (Kurz et al., 1999; Rapaport and Neupert,
1999; Schleiff et al., 1999). No classical mitochondrial
targeting sequence could be found in p34. Further
evidence that no single peptidic sequence was sufficient
to promote mitochondrial localization of p34 was brought
by the lack of mitochondrial localization of truncated
constructs, deleted either at the N- or the C-terminus of
p34. Therefore, interaction of p34 with mitochondria
requires different polypeptidic segments throughout the
molecule. In most cases, the precise elements that confer
the ability of mitochondrial proteins to be imported
without signal sequences are unknown (Neupert, 1997).
Recruitment of p34 to mitochondria indicates that this
toxin fragment has an affinity for a component present in
this organelle. We have recently observed that p34 and

VacA p34 and mitochondria

VacA were still imported into purified mitochondria after
these organelles had been pretreated with trypsin (data not
shown). We have also observed that p34 and VacA attain
the internal part of mitochondria, and remain either free in
the matrix or associated with the inner membrane.

The mitochondria has been shown to be an essential
organelle for apoptosis (Kroemer and Reed, 2000). It is
worth noting that previous attempts to express VacA in
eukaryotic cells have all relied on the use of the vaccinia
virus expression system (de Bernard et al., 1997, 1998; Ye
et al., 1999). Vaccinia virus is known to express potent
anti-apoptotic activities in infected cells (Gagliardini et al.,
1994; Garcia-Calvo et al., 1998), which might play a
permissive role in the expression of the cytotoxin. We
have observed that microinjection of the DNA encoding
p34 or VacA fused at their C-termini to GFP induced the
hallmarks of apoptotic cell death, including cell shrinkage
and blebbing, chromatin condensation and annexin V
staining. The apoptosis-inducing activity of p34 and VacA
was found to be strictly dependent on their ability to insert
into mitochondria and on the fact that their N-termini were
free. After transfection, VacA and p34 were found to
induce cytochrome c release from mitochondria and to
activate the executioner procaspase 3, as determined by
the cleavage of PARP. Release of cytochrome c¢ from
mitochondria induces oligomerization of the cytosolic
protein Apaf-1, which allows activation of procaspase 9
(Budihardjo et al., 1999). Caspase 9 in turn activates
‘terminal’ procaspases 3, 6 and 7, which are the effectors
of cell death (reviewed by Thornberry and Lazebnik,
1998). The fact that expression of Bcl-2 but not a
dominant-negative FADD inhibited p34-induced caspase
activation further supports our conclusion that mitochon-
drial localization is responsible for p34-induced apoptosis.
It is interesting to compare the sequence requirements on
VacA for vacuolation and for promotion of apoptosis
following transient expression of the toxin; similar to
induction of apoptosis, vacuolation seems to be critically
dependent on the N-terminal end of VacA (Vinion-Dubiel
et al., 1999; Letley and Atherton, 2000; Ye and Blanke,
2000). However, in contrast to the effect of p34 on
induction of apoptosis, vacuolation elicited by intra-
cellular expression of VacA strictly requires a portion of
p58 (de Bernard et al., 1998; Ye et al., 1999).

Pro-apoptotic activities of a growing number of
bacterial virulence factors are currently being described
(reviewed by Weinrauch and Zychlinsky, 1999; Gao and
Abu Kaik, 2000). The finding that extracellularly applied
VacA is able to cause gastric epithelial cell death has been
shown in different model systems (Rudi et al., 1998; Peek
et al., 1999). Our present data showing that externally
applied VacA induces cytochrome c release appear to be
consistent with these reports. However, it is noteworthy
that externally applied toxin failed to induce a significant
PARP cleavage (data not shown). Accordingly, mitochon-
drial dysfunctions without overt induction of apoptosis
have recently been reported after the application of
purified VacA on cultured gastric epithelial cells
(Kimura et al., 1999). It is likely that a threshold level of
mitochondrial damage is required for cell death
(Vander Heiden and Thompson, 1999). Intracellular
expression of p34 (or VacA) by transfection, as compared
with external application of VacA, results in a higher
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cytosolic accumulation of this toxin fragment. Rather than
being directly fatal for the cell, limited mitochondrial
damage induced by VacA released by the bacteria may
account for the observed sensitization of gastric epithelial
cells to apoptotic stimuli such as CD95 (Rudi ez al., 1998).
Increased levels of apoptosis have been well documented
in the gastric epithelium of patients colonized by H.pylori
(reviewed by Shirin and Moss, 1998). This increased and
sustained occurrence of cell death probably plays a causal
role in the appearance of atrophic gastritis, an established
pre-neoplastic condition (Shirin and Moss, 1998). Our data
therefore suggest that the cytotoxin might play a role early
during the process of gastric carcinogenesis.

VacA applied extracellularly apparently targets mito-
chondria, since it induces the release of cytochrome c. This
indicates that VacA or its p34 moiety is released into the
cytosol. Such a translocation could be accomplished in an
endosomal compartment, by a mechanism similar to those
described for A-B toxins such as diphtheria toxin or the
Bacillus anthracis toxic factors (reviewed by Falnes and
Sandvig, 2000). In this case, the channel-forming ability of
the toxin would be merely a side effect of the membrane
translocating activity of the toxin.

Materials and methods

Antibodies and reagents

Anti-mitochondria antibodies mAb 1273 were from Chemicon
(Temecula, CA). Polyclonal antibodies against the yeast mitochondrial
proteins AAC and Mgel were raised against the whole proteins after
expression and purification from Escherichia coli. Monoclonal anti-
cytochrome ¢ antibody (clone 7H8.2C12) was from PharMingen. Purified
annexin V and the anti-annexin V rabbit antibody were gifts from Dr
Francoise Russo-Marie (INSERM U332, Paris, France). Living Color
anti-GFP antibody was from Clontech (Palo Alto, CA) and Texas Red-
labeled secondary antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA). Rabbit polyclonal anti-VacA antibodies
(serum 958) directed against the VacA p58 C-terminal portion, and
purified VacA toxin were a gift from Dr Timothy L.Cover (Vanderbilt
University, TN). The anti-VacA p34 antibody (serum AC2) was a gift
from Dr Rino Rappuoli (IRIS Chiron, Siena, Italy). Lactacystin was from
Calbiochem (La Jolla, CA). All other reagents were of the highest
analytical grade available and were purchased from Sigma (St Quentin
Fallavier, France) or Boehringer Mannheim (Mannheim, Germany).

Eukaryotic cell cultures

HeLa clone X1 cells (Gossen and Bujard, 1992) and HEp-2 cells were
cultured in DMEM (Bio-Wittaker, Verviers, Belgium) with 7% fetal calf
serum (Bio-Media, Boussens, France) and 2 mM L-glutamine (Gibco-
BRL, Paisley, UK) at 37°C in an incubator with 5% CO,.

Construction and transfection into HEp-2 cells of DNA
encoding GFP-VacA fusion proteins

The eukaryotic expression vectors pPEGFP-C1 and pEGFP-N1 (Clontech),
encoding GFP under the CMV promoter, were used for easy identification
of transfected cells. Starting from the VacA gene cloned into the pQE30
vector (a kind gift from Dr Rino Rappuoli) (Telford et al., 1994), VacA
and its fragments (as shown in Figure 1) were amplified with the
following primers adding BamHI and Xhol sites: p34-5’, AAAAAAGGA-
TCCGCCTTTTTCACAACCGTGATCATTCCAGCC; p34-3’, AAAA-
AACTCGAGAGCGCTTTCATTTTTGTCGTTTTTAGCACC; p58-5,
AAAAAAGGATCCGAGAGCAGTCAAAATAATAGTAACACTCAG;
p58-3’, AAAAAACTCGAGAGAACGTGCATTGCTAGTGGTGTTT-
GTGGG; Ap34-5", AAAAAAGGATCCGGGCTCAAACAAGCCGAA-
GAAGCCAATAAA.

The amplified DNAs were digested and inserted into the pEGFP-C1
and -N1 vectors. Premature stop codons were introduced at positions
100 and 200 of the GFP—p34 construct using the QuickChange kit
(Stratagene, La Jolla, CA), with the following primers: Stop100-5’,
GGGCAACAGAATAAGCTTGAATGAGATATGAAAGACGCTGTA-
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GGG; Stop100-3", CCCTACAGCGTCTTTCATATCTCATTCAAGCT-
TATTCTGTTGCCC; Stop200-5’, GGGATCACTAGCGATAAAAA-
CTGAGAAATTTCTCTTTATGATGGT; Stop200-3’, ACCATCATA-
AAGAGAAATTTCTCAGTTTTTATCGCTAGTGATCCC.

Plasmid DNAs were produced, purified and then transfected into
HEp-2 cells using the transfecting reagent ExGen500 (Euromedex,
Souffelweyersheim, France) according to the manufacturer’s recom-
mendations, or into HeLa X1 cells using the calcium phosphate
precipitation technique (Chen and Okayama, 1987).

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 20 min, treated with
50 mM NH,CI for 1 min and permeabilized with 0.5% saponin or 0.1%
Triton X-100. The primary antibodies, diluted in phosphate-buffered
saline (PBS), were incubated for 30 min with cells. After several washes,
Texas Red-labeled secondary antibodies were diluted in PBS and
incubated with cells for 30 min. For annexin V staining, cells grown on
glass coverslips were incubated for 20 min at room temperature with a
concentration of 10 pg/ml of the protein in DMEM containing 5 mM
CaCl,, 140 mM NaCl, 25 mM HEPES pH 7.4. The samples were fixed
with 4% paraformaldehyde, and an anti-annexin V immunofluorescence
was performed. For cell nuclei observation, samples were fixed,
permeabilized and stained for 10 min in 50 ng/ml DAPI (4,6-
diamidino-2-phenylindole dihydrochloride) (Boehringer Mannheim).
Samples were mounted in Mowiol (Calbiochem) and observed with a
confocal microscope (Leica TCS-SP, Heidelberg, Germany).

Ultrastructural immunocytochemistry

Ultrastructural immunocytochemistry was performed as described
previously (Sommi et al., 1998). Briefly, 24 h after transfection, cell
monolayers were washed twice with cacodylate buffer, and fixed with
freshly prepared mixture of one part 2.5% glutaraldehyde and two parts
1% osmium tetroxide in cacodylate buffer for 40 min at 4°C. Fixed
monolayers were scraped and collected in cacodylate buffer, centrifuged
at 10 000 g for 10 min, and embedded in Epon—Araldite mixture.
Immunolocalization of GFP-p34 was performed by means of the
colloidal gold-labeling technique, using the Living Color anti-GFP
antibody as a primary antibody.

Mitochondrial import of VacA and its fragments,

p34 and p58

DNAs encoding VacA or the toxin fragments p34 or p58 were cloned into
the pET28a plasmid (Novagen). Transcription and translation of these
plasmids were performed in a rabbit reticulocyte lysate kit (T7 TNT
Quick coupled transcription/translation, Promega) in the presence of
[**S]methionine (Redivue, Amersham, UK). To study the mitochondrial
targeting of VacA, p34 and p58, we used the classical procedure
described for the study of the import of mitochondrial intrinsic
preproteins (Rassow, 1999). Briefly, mitochondria, isolated from
Sacchromyces cerevisiae as described in Daum et al. (1982) were
incubated (20 pg protein/100 pl assay) with reticulocyte lysate containing
the toxin in import buffer (3% w/v bovine serum albumin, 250 mM
sucrose, 80 mM KCI, 5 mM MgCl,, 2 mM ATP, 2 mM NADH, 10 mM
MOPS-KOH pH 7.2) at 25°C for 5-10 min. For protease protection
experiments, proteinase K (30 pg/ml) was added to import reactions for
10 min at 0°C. The reaction was stopped by addition of 1 mM
phenylmethylsulfonyl fluoride (PMSF). Mitochondria were then pelleted
by centrifugation at 16 000 g for 10 min at 2°C, rinsed with SEM
(250 mM sucrose, 1 mM EDTA, 10 mM MOPS pH 7.2) and resuspended
in sample buffer and submitted to SDS-PAGE separation. Gels were
analyzed for radioactivity with a PhosphorImager (Molecular Dynamics).

Mitochondrial subfractionation

Mitochondrial swelling was performed according to Rassow and Pfanner
(1991); after import, mitochondria were diluted with five times their
volume SEM buffer or EM (i.e. the same buffer without sucrose, in order
to induce a hypo-osmotic shock of the mitochondria) in the presence of
30 pg/ml proteinase K. After a 15 min incubation at 0°C, PMSF was
added and the mitochondria were pelleted, rinsed and resuspended in
sample buffer. Digitonin treatment was performed according to Wienhues
et al. (1992); after import, mitochondria were resuspended in SEMK
buffer (SEM plus 100 mM KCIl). Graded concentrations of digitonin
(from O to 0.5%) were applied for 2 min at 0°C. A 20-fold dilution in
SEMK buffer was performed in order to stop the action of digitonin, and
proteinase K was added to all the samples for 10 min at 0°C. PMSF was
then added and the mitochondria were pelleted, rinsed and resuspended
in sample buffer. After SDS-PAGE, proteins were transferred to



nitrocellulose membrane. Quantitation of radiolabeled proteins was
performed in parallel with immunodetection of marker proteins AAC and
Mgel, allowing an estimation of the degree of mitoplasting.

Microinjection of DNAs into cells

DNAs were microinjected into the nucleus of HEp-2 cells growing on
coverslips using an Eppendorf microinjecting system 5171 (Hamburg,
Germany). Each DNA was diluted at a final concentration of 40 ng/ul in a
130 mM KCl, 2 mM MgCl,, 50 mM Tris pH 7.4 solution, together with
5 mg/ml rhodamine-labeled dextran (Sigma) to identify microinjected
cells.

Assays for cytochrome c release and PARP cleavage

For the determination of cytochrome c release from mitochondria, HeLa
cells were transfected with the DNAs encoding different parts of the
toxin, and expression was allowed for 24 h. Once collected, cells were
washed twice in PBS and incubated for 30 min on ice in lysis buffer
[68 mM sucrose, 200 mM mannitol, 50 mM KCI, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol with 1X complete protease inhibitor
(Boehringer Mannheim)]. Cells were then lysed with 40 passages
through a 25G 5/8 needle, and centrifuged at 1500 g for 10 min.
Cytosolic extracts were recovered after centrifugation at 22 000 g for
15 min. For each condition, 20 ug of mitochondrial protein were loaded
on a 15% SDS—polyacrylamide gel, and an anti-cytochrome ¢ western
blot was performed. For the determination of procaspase 3 activation after
transfection with the DNAs encoding VacA p34 fragments, cells were co-
transfected with a construct encoding a fragment of the PARP tagged with
the myc epitope (J.C.Chambard, personal communication) and allowed to
express the proteins for 24 h. Control cells were triggered for apoptosis
with UV irradiation (7.5 mJ/cm?) or staurosporin (1 pg/ml), and
maintained in culture for 6 h. After cell lysis, cytosolic extracts were
prepared and analyzed by 10% SDS-PAGE. PARP cleavage was
analyzed by western blotting using the c-myc antibody (Mab 9E10).

Miscellaneous

Standard techniques were used for SDS-PAGE. Immunoblots were
performed on nitrocellulose membranes (Pharmacia Biotech). Secondary
antibodies coupled to horseradish peroxidase (Sigma) were used and
immune complexes were revealed by enhanced chemiluminescence
reaction. Blue native gel electrophoresis was performed as described in
Schigger and von Jagow (1991). Samples were resuspended in a loading
buffer containing 1% (w/v) digitonin, 20 mM Tris—HCI pH 7.4, 50 mM
NaCl, 0.1 mM EDTA, 10% (w/v) glycerol, 1 mM PMSF.
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