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Targeting of Helicobacter pylori VacA to mitochondria
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ne of the major virulence factors of

Helicobacter pylori is the vacuolat-
ing toxin VacA. It has been known for a
long time that the toxin enters host cells
by endocytosis. On the other hand there
is ample evidence that VacA is able to
trigger apoptosis and this effect has been
attributed in part to interactions with
mitochondria. However, for 10 years
it was difficult to reconcile the obvious
accumulation of VacA in endosomes with
mitochondrial targeting. The accessibil-
ity of the mitochondria to the toxin was
enigmatic. In our new study, we investi-
gated the activities of p34, the toxic sub-
unit of VacA, in more detail. We found
that the p34 N-terminus carries a unique
targeting sequence for import into mito-
chondria and for insertion into the mito-
chondrial inner membrane. By forming
an anion channel in this membrane,
the toxin has the ability to interfere
directly with mitochondrial functions.
Taking into account additional results
from independent studies, we discuss the
implications of our findings with respect
to intracellular traffic, the remarkable
possibility of a direct transfer of VacA
from endosomes to mitochondria and
VacA-dependent cell death.

Several important virulence factors of AH.
pylori were already identified many years
ago.! Most prominent are the urease of the
bacteria and the toxins CagA and VacA:
the urease helps the bacteria in keeping the
environment at a neutral pH.? CagA is a
protein which is injected into host cells by
a type IV secretion system and interferes
with signalling pathways.> The vacuolat-
ing toxin VacA is released by the bacteria
using a C-terminal autotransporter. VacA
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binds to the outer surface of host cells and
is internalized by endocytosis.*® Inside the
cells, VacA can target mitochondria and
at least in some cases, it triggers the release
of cytochrome ¢ and apoptosis.®” Until
recently, it was completely unclear how
and why VacA produces these effects.

p34 is the Toxic Subunit of VacA

The VacA toxin is secreted by the bacteria as
a single polypeptide of about 88 kDa. The
polypeptide chain is easily cleaved at a site
of a protease-sensitive loop to form a dimer
of two subunits, p34 and p58, that remain
non-covalently associated (Fig. 1).%>% It
is currently not clear to which degree the
polypeptide is cleaved in vivo. Proteolytic
processing is obviously not a prerequisite
for toxicity. The p34 part is essential and
sufficient to trigger cell death,® while sub-
unit p58 is essential for binding of the toxin
to target cells.*> VacA is able to assemble
in hexameric rosettes, p58 forming spike-
like protrusions on the outside, p34 form-
ing the internal core. Under appropriate
conditions VacA can also form heptamers,
dodecamers or tetradecames. In mem-
branes, the complexes form anion channels
of low conductivity, apparently with a pref-
erence for chloride ions.

In our study,” we isolated p34 and
found that the purified subunit was able
to form both hexamers and anion chan-
nels. The electrophysiological charac-
terization was carried out by Michael
Meinecke together with Anke Harsman in
the laboratory of Richard Wagner at the
Institute for Biophysics of the University
of Osnabriick. Reconstituted in a planar
lipid bilayer, p34 showed a conductivity of
about 12 pS. The values closely resembled
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Figure 1. Subunits of VacA. The VacA toxin is initially secreted as a polypeptide of about 88 kDa.
The toxin is easily cleaved to yield the two subunits p34 and p58. Both subunits stay connected by
non-covalent interactions. Different values were reported for the precise size of the subunits. Reli-
able data obtained by mass spectrometry were published by Nguyen et al.2 The name VacA refers
to the ability of the toxin to cause a formation of vacuoles in target cells.** For entry into the cells,
both the p58 part and a segment of p34 are required. Correspondingly, vacuolization is depen-
dent on the p34 part and a portion of p58. Upon cytosolic expression, p34 alone is sufficient to
trigger cell death.® The upper part shows the N-terminal residues of p34.

the conductivity of the holotoxin as pub-
lished in previous studies.” To our knowl-
edge, there is currently no evidence that
p34 ever separates from the p58 subunit
under in vivo conditions. However, it is
remarkable that the p34 part alone is able
to form the ion channel independently
of the p58 subunit. In our experiments,
the p34 hexamers showed a surprising
stability, suggesting that p34 may act as
an independent unit. The p34 complexes
were retained even in the presence of 4 M
urea. Oligomers of other proteins easily
dissociate under such conditions."
Oligomerization and channel forma-
tion of p34 were not only independent of
subunit p58 but also independent of the
hydrophobic N-terminal part of p34. This
observation was particularly puzzling
because the N-terminal 32 residues of p34
had previously been thought to form the
ion-conducting channel.*>'? Is the func-
tion of the p34 N-terminus dependent on
interactions with the p58 part of the toxin?
Remarkably, data of previous studies have
already indicated that the p34 N-terminus
of intact VacA might not be essential for
pore formation: a mutant VacA protein
lacking residues 627 oligomerized prop-
erly and showed a conductivity similar
to the wild-type protein.”® Strikingly, the
current was detectable only after a sig-
nificant delay when compared with the
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wildtype VacA.” Similar effects were also
described for the s2 subtype of the VacA
toxin which is produced by some strains of
H. pylori. The s2 subtype carries an addi-
tional peptide of 12 hydrophilic residues
at the N-terminus. It forms membrane
channels at a reduced rate as compared
to the common sl type, but the channels
exhibit similar anion selectivities.'* If the
p34 N-Terminus is not essential for chan-
nel formation, what then is the function of
this part of the toxin?

The N-terminal Residues
of p34 Act as a Mitochondrial
Targeting Sequence

p34 is essentially a hydrophilic protein,
however the N-terminal 32 residues are
different. Many of these residues are hydro-
phobic, and they are devoid of charged
side chains, the lysine in position 33 being
the first charged residue of the sequence
(Fig. 1). In our study, we found that the
p34 N-terminus is essential in targeting of
p34 to the mitochondria.” This observation
was surprising because a similar targeting
structure has to date not been identified in
any endogenous mitochondrial protein.”
The p34 N-terminus appears to be both
essential and sufficient for mitochondrial
targeting. The primary receptor structure
for p34 at the mitochondrial outer surface
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seems to be Tom20, a component of the
outer membrane TOM complex that is
usually required for import of endogenous
mitochondrial proteins.” Tom40, the cen-
tral component of the TOM complex,
mediates the import of p34 into the mito-
chondria. Our data indicate that p34 even-
tually accumulates in the mitochondrial
inner membrane. Considering that holo-
VacA can also be imported into mitochon-
dria,® it is conceivable that the holotoxin
may similarly translocate to the inner
membrane. This conclusion was recently
supported by an independent study using
isolated mouse liver mitochondria and the
3S-labeled toxin synthesized in reticu-
locyte in vitro.'® Many experiments have
thus confirmed the capability of VacA to
enter mitochondria, but how is it possible
for a toxin to target mitochondria if it is
trapped in endosomes?

The Fate of VacA
Inside Target Cells

What exactly happens to VacA after endo-
cytosis? The name of the toxin refers to the
observation that in cell culture, the uptake
of VacA causes a massive formation of
small vacuoles containing protein mark-

endosomes.*’

ers of early and late
Unfortunately, the relevance of this strik-
ing phenomenon is not clear. Similarly
unclear is the subsequent fate of the toxin.
Initially it was assumed that VacA may
stay in the membranes, however some
data suggested that VacA or parts of VacA,
may interact with cytosolic partner pro-
teins.” We found that upon expression
in the cytosol, holo-VacA or p34 fused
to a GFP moiety were rapidly targeted
to mitochondria while p58-GFP stayed
in the cytosol.® From these observations
it was clear that both p34 and the holo-
toxin contained a mitochondrial targeting
sequence. However, it was not clear if in
vivo, in the infected tissue, an independent
p34 is indeed released with an opportunity
to target mitochondria. In fact, our data
did not reveal if only p34 or whether the
entire VacA toxin targets the mitochon-
dria in vivo.

It is therefore noteworthy that essential
features of the VacA holotoxin are retained
in the purified p34 subunit:’> Both p34

and VacA show mitochondrial import
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upon expression in mammalian cells, both
proteins carry the same mitochondrial tar-
geting sequence (p34 corresponds to the
N-terminal part of VacA), assemble in
stable hexamers and form anion channels
of similar conductivity. Eventually, both
proteins—upon cytosolic expression—are
able to trigger apoptosis. p34 is obviously
the toxic subunit of VacA, irrespective of
the presence or absence of p58.

VacA Transfer from Endosomes
to Mitochondria

What then is the fate of the VacA toxin in
the infected cells? What is the pathway of
the toxin from the endosomal membranes
to mitochondria? The diphtheria toxin is
a famous example of an A/B-toxin that
initially accumulates in endosomal mem-
branes and subsequently releases its toxic
A subunit into the cytosol." It is tempting
to speculate that VacA may act in a similar
manner. Alternatively, VacA or the toxic
subunit p34, could be transferred from
endosomal to mitochondrial membranes
by direct contact. It is remarkable that cur-
rently there is a general tendency in cell
biology, to acknowledge that there may be
more relations between the different intra-
cellular membrane systems than previously
anticipated. It is well established that ER
membranes can be directly connected to
mitochondrial outer membranes through
specific structures.” It is therefore conceiv-
able that membranes containing VacA mol-
ecules may similarly get in direct contact
with mitochondria, thus facilitating a direct
transfer of VacA or of a VacA subunit.
Direct support of this notion was
recently provided by a spectacular study
on the intracellular traffic of VacA, using
a combination of fluorescence micros-
copy and cell fractionation.”® The authors
added VacA to mouse embryonic fibro-
blasts and found that the toxin first accu-
mulated in endosomes, but subsequently
localized to mitochondria. Interestingly,
they observed that in VacA-intoxicated
cells, endosomes were juxtaposed to mito-
chondria. The association of the endo-
somal and mitochondrial membranes
was dependent on the presence of VacA.
Moreover, the authors found that an intact
N-terminus of the toxin was essential for
the transfer to the mitochondria. In their
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Figure 2. Intracellular traffic of VacA. (1) Binding of VacA (red) to target cells. (2) Endocytosis.

(3) Accumulation in endosomes. (4) Endosome-mitochondria juxtaposition. (5) Import into
mitochondria, assembly in hexamers and formation of anion channels in the mitochondrial in-
ner membrane. Transfer of VacA from the endosomal membranes to mitochondria is essentially
dependent on an intact VacA N-terminus (provided by subunit p34 as shown in Fig. 1). The pore
forimport into the mitochondria is formed by the TOM complex (translocase of the mitochondrial

experiments, the complete VacA polypep-
tides made their way to the mitochondria.
Proteolytic cleavage or processing of VacA
was not observed.

Taking the data from this study®
together with the results from our own
investigations,” a completely new scheme
of an intracellular pathway of protein traf-
fic is emerging. Considering that the p34
N-terminus is a targeting signal and not
required for the formation of the p34 ion
channel,’ it seems reasonable to assume
that the N-terminus mediates the deci-
sive step in the transfer of the toxin from
the endosomal compartment to the mito-
chondria. The pathway of VacA to the
mitochondria that we propose is illus-
trated in Figure 2: (1) Binding of VacA to
target cells is dependent on subunit p58.
(2) VacA enters the target cells by endocy-
tosis. (3) It accumulates in early and late
endosomes. (4) It mediates a specific and
direct interaction of the endosomal mem-
branes with mitochondrial outer mem-
branes. (5) VacA is eventually imported
into the mitochondria. The transfer of
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VacA from the endosomal membranes
to the mitochondria is mediated by the
VacA N-terminus. The import pore for
translocation across the mitochondrial
outer membrane is provided by the TOM
complex. In this step, VacA thereby uses
the same import pore as endogenous
mitochondrial proteins. Inside the mito-
chondria, VacA forms anion channels of
about 12 pS in the mitochondrial inner
membrane.

Apoptosis. What happens to a eukary-
otic cell if the inner mitochondrial mem-
branes receive a conductance for chloride
ions? Little is known about the endogenous
ion channels in mitochondria. The only
mitochondrial inner membrane chloride
channel that was characterized at the molec-
ular level is mtCLIC/CLIC4.”" A study on
the molecular basis of Myc-induced apop-
tosis identified the gene encoding this chan-
nel as a target.*? Is this of relevance with
respect to VacA? It was repeatedly shown
that administration of VacA to cells causes
damage to mitochondria and leads to apop-
tosis.***?¢ VacA-dependent apoptosis can
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be prevented by preincubation of the cells
with the channel blocker NPPB (5-nitro-
2-[3-phenylpropylamino]
acid).”*  Strikingly, this reagent also
blocks the conductivity of holo-VacA#%
and p34.° This is currently the best evi-
dence of a direct link between the channel
activity of VacA/p34 and apoptosis.

Is anything known about the mecha-

benzoic

nisms of cell death that are triggered by
VacA? Several observations indicated a
participation of Bax and Bak in VacA-
dependent reactions.?”* However, the pre-
cise function of these factors in cooperation
with VacA is not clear. Insertion of VacA
into the mitochondrial inner membrane
should cause a rapid hyperpolarization,
followed by an inhibition of mitochon-
drial functions and eventually a dissipa-
tion of the membrane potential. Loss of
the mitochondrial membrane potential
can easily initiate a translocation of Bax to
the mitochondrial membranes and subse-
quent release of proapoptotic factors.>?!
However, the data reported by Calore et
al.?® indicate that Bax and Bak may play
a more specific role. Surprisingly, in Bax-
and Bak-deficient cells, VacA is no longer
observed in endosome-mitochondria juxta-
position, and VacA transport to mitochon-
dria is inhibited. Additional investigations
will be required to determine the molecu-
lar interactions and mechanisms that are
responsible for these effects.

In any case it is remarkable that in elu-
cidating the pathogenesis of H. pylori infec-
tions, for the first time a direct transfer of
a protein from endosomes to mitochondria
seems to have been identified. For 10 years
the field of research on VacA had the prob-
lem of a missing link between the accumula-
tion of VacA in endosomes and the obvious
effects of the toxin on mitochondria. The
concept of a direct transfer of VacA from
endosomes to mitochondria offers a means
to close the gap. It is tempting to specu-
late that other proteins, including other
pore-forming toxins may take similar path-
ways.”>?” Moreover, the new data establish
the mitochondrial inner membrane as an
attractive intracellular target for toxins to
interfere with the regulation of cell death
and survival. Bacterial toxins are again pro-
viding a fascinating tool box.
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