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Abstract Proper cell activity requires an efficient exchange
of molecules between mitochondria and cytoplasm. Lying
in the outer mitochondrial membrane, VDAC assumes a
crucial position in the cell, forming the main interface
between the mitochondrial and the cellular metabolisms. As
such, it has been recognized that VDAC plays a crucial role
in regulating the metabolic and energetic functions of
mitochondria. Indeed, down-regulation of VDACI1 expres-
sion by shRNA leads to a decrease in energy production
and cell growth. VDAC has also been recognized as a key
protein in mitochondria-mediated apoptosis through its
involvement in the release of apoptotic proteins located in
the inter-membranal space and as the proposed target of
pro- and anti-apoptotic members of the Bcl2-family and of
hexokinase. Questions, however, remain as to if and how
VDAC mediates the transfer of apoptotic proteins from
the inter-membranal space to the cytosol. The diameter of
the VDAC pore is only about 2.5-3 nm, insufficient for the
passage of a folded protein like cytochrome c¢. New work,
however, suggests that pore formation involves the assem-
bly of homo-oligomers of VDAC or hetero-oligomers
composed of VDAC and pro-apoptotic proteins, such as
Bax. Thus, VDAC appears to represent a convergence point
for a variety of cell survival and cell death signals. This
review provides insight into the central role of VDAC in

V. Shoshan-Barmatz (D<) - N. Keinan - H. Zaid
Department of Life Sciences,

Ben-Gurion University of the Negeyv,
Beer-Sheva 84105, Israel

e-mail: vardasb@bgu.ac.il

V. Shoshan-Barmatz - N. Keinan - H. Zaid

The National Institute for Biotechnology in the Negev,
Ben-Gurion University of the Negev,

Beer-Sheva 84105, Israel

mammalian cell life and death, emphasizing VDAC
function in the regulation of mitochondria-mediated apo-
ptosis and, as such, its potential as a rational target for new
therapeutics.
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Introduction

The mitochondrial voltage-dependent anion channel
(VDAC) was first identified in 1976 and has been
extensively studied since. The VDAC family proteins
includes three isoforms, VDACI1, VDAC2, and VDACS3,
all are located on the mitochondrial outer membrane
(OMM). In this review, we will focus on VDACI.

It is well established that VDAC regulates the energy
balance of mitochondria and the entire cell by serving
as a common pathway for metabolite exchange between
mitochondria and cytoplasm (Colombini 2004; De Pinto
et al. 2003; Granville and Gottlieb 2003; Lemasters and
Holmuhamedov 2006; Shoshan-Barmatz and Gincel 2003;
Shoshan-Barmatz and Israelson 2005; Shoshan-Barmatz et
al. 2006; Tsujimoto and Shimizu 2002; Vyssokikh and
Brdiczka 2003). Over the past few years, several hypoth-
eses and mechanisms have been postulated for and against
a role for VDAC in OMM permeability and the subsequent
release of apoptosis-promoting factors (Abu-Hamad et al.
20006; Baines et al. 2007; Rostovtseva et al. 2005; Shoshan-
Barmatz et al. 2006, 2008; Tsujimoto and Shimizu 2002;
Yuan et al. 2008).

Several recent reviews have focused on VDAC as an
essential player in apoptosis as well as on the contribution
of VDAC to the function of mitochondria in cell life
and death (Granville and Gottlieb 2003; Lemasters and
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Holmuhamedov 2006; Shoshan-Barmatz et al. 2006, 2008;
Shoshan-Barmatz and Gincel 2003; Shoshan-Barmatz and
Israelson 2005; Tsujimoto and Shimizu 2002). However, a
review questioning some of these findings has also
appeared (Rostovtseva et al. 2005). Despite the body of
work pointing to VDAC as a key player in apoptosis, major
unsolved questions in the field remain. The most pressing
ask how mitochondrial pro-apoptotic proteins are released,
how this event is regulated and what functions VDAC plays
in these processes. The present review outlines current
knowledge related to the role of VDAC in coordinating
communication between mitochondria and cytosol and in
the regulation of apoptotic cell death. Specifically, we
highlight recent results related to the interaction of VDACI1
with hexokinase (HK) and the modulation of VDAC
function upon such interaction. Possible therapeutic appli-
cations based upon the modulation of VDAC functions
affecting cell life or death will also be considered.

VDAC is essential for energy production and cell
growth

VDAC assumes an important role in energy production via
controlling metabolite traffic across the OMM. As such,
down-regulation of VDACI expression would result in
decreased energy production and thus, affect cell vitality.
Indeed, as we have demonstrated (Abu-Hamad et al. 2006),
silencing VDAC] expression arrests cell growth through a
reduction in energy production. In these experiments,
endogenous VDACI expression in transformed primary
embryonal human kidney T-REx-293 cells was suppressed
by about 70-90% when an shRNA approach was
employed, in which the shRNA was designed to target
human VDAC1 (hVDACI1) but not murine VDACI
(mVDACI). The decrease in hVDACI levels resulted in a
dramatic decrease in cell growth, a five-fold decrease in
ATP synthesis, as well as a decrease of about 50% in the
cellular levels of ATP and ADP, all of which were restored
by mVDACI expression (Abu-Hamad et al. 2006). Thus,
down-expression of hVDACI, leading to inhibition of cell
proliferation, involves disrupted energy production, possi-
bly explaining the slow growth of these cells. VDACI
silencing by shRNA also inhibited growth of other cell
lines, such as HelLa and MCF-7 (Koren and Shoshan-
Barmatz unpublished results).

VDACIT as a gatekeeper in mitochondria-mediated
apoptosis

The involvement of VDAC in cytochrome c release and
apoptosis had attracted interest on several fronts and has
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been the focus of several recent reviews (Granville and
Gottlieb 2003; Lemasters and Holmuhamedov 2006;
Shoshan-Barmatz et al. 2006, 2008; Shoshan-Barmatz and
Gincel 2003; Tsujimoto and Shimizu 2002; Vyssokikh and
Brdiczka 2003).

VDAC and PTP Mitochondrial permeability transition
(MPT) is thought to occur due to the opening of the
permeability transition pore (PTP), in response to various
pro-apoptotic stimuli (Halestrap et al. 2000; Juhaszova et
al. 2008; Kroemer et al. 2007; Lemasters 2007; Shoshan-
Barmatz and Gincel 2003; Tsujimoto and Shimizu 2007).
The PTP is proposed to be a relatively non-specific channel
and is composed of VDAC, the adenine nucleotide trans-
locator (ANT) and cyclophilin D (CypD) (Tsujimoto and
Shimizu 2007). The mechanism(s) responsible for PTP
opening or assembly have not yet been fully resolved. In
fitting with VDAC being proposed as a component of the
PTP, a variety of agents that inhibit PTP activity were also
shown to interact with VDAC, modify its channel activity
and prevent apoptosis. These include hexokinase-I (HK-I)
ruthenium red (RuR), the trivalent cation derivative of RuR,
Ru360, and NADH, all of which facilitates VDAC closure
(reviewed in Shoshan-Barmatz and Gincel 2003; Shoshan-
Barmatz et al. 2006). We suggest that RuR inhibition of
PTP opening is due to RuR interaction with VDAC since
RuR inhibited the channel activity of recombinant native
mVDACI1 but not of the E72Q-mVDACI mutant and
prevented the release of cytochrome ¢ and apoptosis in cells
expressing native but not mutated VDACI1 (Israelson et al.
2007a, b; Zaid et al. 2005). Recently, however, VDAC
proteins were reported to be dispensable for Ca”*- and
oxidative stress-induced PTP opening (Baines et al. 2007).
By contrast, recent studies reported that VDACI is an
indispensable protein for PTP opening and induction of
apoptosis (Tajeddine et al. 2008; Yuan et al. 2008). It was
found that reducing VDACI levels by siRNA attenuates
endostatin-induced apoptosis in endothelial cells, and that
endostatin-induced PTP opening is accompanied by an up-
regulation of VDACI1 expression (Yuan et al. 2008).
Similarly, siRNA-mediated depletion of VDACI strongly
reduced cisplatin-induced cytochrome c release and apo-
ptotic cell death (Tajeddine et al. 2008). These and other
reports strongly suggest that VDAC assumes a key function
in apoptosis, as discussed in the next section.

VDAC and apoptosis There is substantial evidence suggest-
ing VDAC to be a critical player in the release of apoptogenic
proteins from mammalian mitochondria (Granville and
Gottlieb 2003; Lemasters and Holmuhamedov 2006;
Shoshan-Barmatz et al. 2006, 2008; Tajeddine et al. 2008;
Tsujimoto and Shimizu 2002; Vyssokikh and Brdiczka 2003;
Yuan et al. 2008). Cytochrome c release, the interaction of
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the pro-apoptotic protein Bax with VDAC and the triggering
of cell death were all inhibited by anti-VDAC antibodies
(Madesh and Hajnoczky 2001; Shimizu et al. 2001; Zheng et
al. 2004). In addition, mitochondria from VDAC-deficient
yeast were capable of releasing cytochrome c¢ in the presence
of Bax only when hVDAC was expressed (Shimizu et al.
1999). We have demonstrated inhibition of cytochrome ¢
release and cell death by HK in cells expressing native but
not mutated VDAC1 (Abu-Hamad et al. 2008). Similarly,
RuR interacts with native but not mutated VDACI1 to prevent
cytochrome c release and cell death (Israelson et al. 2007b).
RuR was shown to protect against cell death induced by
different stimuli, including curcumin in U-937 cells (Bae et
al. 2003), ursolic acid in HL-60 cells (Baek et al. 1997) and
microcystin in cultured rat hepatocytes (Ding et al. 2001).
We proposed that such protection results from the interaction
of RuR with VDACI (Gincel et al. 2001). The inability of
RuR to protect against apoptosis in cells expressing mutated
VDACI (Israelson et al. 2007b) suggests that RuR exert it
anti-apoptotic effect via direct interaction with VDACI.

Recently, it was demonstrated that siRNA-mediated
down-expression of VDACI prevented cell death induced
by cisplatin and strongly reduced cisplatin-induced release
of cytochrome ¢ and AIF and maturation of caspases-3
(Tajeddine et al. 2008). In addition, depletion of VDACI
strongly suppressed the cisplatin-induced activation of Bax
(Tajeddine et al. 2008). Reducing VDACI1 expression by
siRNA also attenuated endostatin-induced apoptosis (Yuan
et al. 2008).

VDAC1 over-expression induces cell death As discussed in
previous sections, silencing of VDACI expression inhibits
energy production and cell proliferation. On the other hand,
over-expression of human, murine, yeast, Paralichthys
olivaceus and rice VDAC was found to induce apoptotic
cell death, regardless of cell type (Abu-Hamad et al. 2008;
Ghosh et al. 2007; Godbole et al. 2003; Lu et al. 2007; Zaid
et al. 2005). Also, HeLa cells over-expressing VDACI
showed enhanced FNQI13-induced H,O, production and
cell death (Simamura et al. 2006). Recently, it has been
shown that VDACI over-expression in endothelial cells
enhanced the activation of caspase-9, elevated the produc-
tion of reactive oxygen species and endostatin-induced
apoptosis (Yuan et al. 2008). Taken together, these results
indicate that the cellular expression level of VDACI is a
crucial factor in the process of mitochondria-mediated
apoptosis.

The mechanism underlying the induction of cell death by
enhanced VDACI1 over-expression is unknown. Since cell
death induced by VDACI over-expression is prevented by
RuR (Israelson et al. 2007b; Zaid et al. 2005), Bcl2, 4,4'-
diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) (Godbole
et al. 2003) or by over-expressing HK-I (Abu-Hamad et al.

2008; Azoulay-Zohar et al. 2004; Zaid et al. 2005), shown to
interact with VDAC, it seems that apoptosis induced by
VDACI over-expression is as apoptosis induced by various
stimuli. Recently, we have demonstrated that VDAC
oligomerization is involved in the release of cytochrome ¢
from mitochondria (Zalk et al. 2005). As such, VDACI
over-expression would encourage VDAC oligomerization,
and thus allow for release of pro-apoptotic proteins from the
mitochondrial intermembrane space. Indeed, we have found
that VDAC oligomerization is increased upon VDAC1 over-
expression (Keinan and Shoshan-Barmatz unpublished
results).

VDAC oligomerization and release of cytochrome c¢ All of
the apoptotic proteins known to translocate to the cyto-
plasm following an apoptotic stimulus reside in the
mitochondrial intermembrane space. Thus, only the perme-
ability of the OMM needs to be modified for their release
(Doran and Halestrap 2000; Halestrap et al. 2002; Martinou
et al. 2000; Tsujimoto and Shimizu 2002). Hence, VDAC
as an OMM channel could mediate cytochrome ¢ release.
Indeed, release of cytochrome ¢ via purified VDAC
reconstituted into cytochrome c-encapsulating liposomes
has been demonstrated (Madesh and Hajnoczky 2001; Zalk
et al. 2005). When considering models of VDAC-mediated
protein release, one should consider the molecular sizes of
the released proteins, ranging from 12 to 100 kDa. The
diameter of the VDAC pore is 2.5-3.0 nm, sufficient to
move nucleotides and small molecules but insufficient to
pass a folded protein, like cytochrome c. Our finding that
VDAC can exist as oligomers led us to propose that
oligomeric VDAC1 mediates the release of cytochrome ¢
(Zalk et al. 2005). Using purified rat liver (Zalk et al. 2005),
brain mitochondria (Shoshan-Barmatz et al. 2004) or
recombinant human VDAC (Shi et al. 2003), both purified
soluble VDAC and membrane-embedded VDAC were
shown to assemble into dimers, trimers and tetramers in a
dynamic process. Moreover, we have found that STS-
induced apoptosis was accompanied by a three—six-fold
increase in VDAC oligomerization (Fig. 1). Similarly, the
apoptosis-inducing effect of As,O; was attributed to an
induction of VDAC homo-dimerization that was prevented
by over-expression of the anti-apoptotic protein, Bcl-XL
(Zheng et al. 2004). It was also demonstrated that VDAC
oligomerization is encouraged in the presence of cyto-
chrome ¢ (Zalk et al. 2005). The supra-molecular organi-
zation of VDAC has also been demonstrated using atomic
force microscopy (Goncalves et al. 2007; Hoogenboom et
al. 2007) and NMR (Malia and Wagner 2007).

The protein-conducting channel could reside within a
VDACI1 homo-oligomer or hetero-oligomers containing
VDACI and pro-apoptotic proteins (Martinou et al. 2000;
Shoshan-Barmatz et al. 2006). It has been shown that
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Fig. 1 VDAC oligomerization as enhanced by apoptotosis induction.
A. Mitochondria (1 mg/ml) were incubated for 15 min at 30 °C in
10 mM Tricine, 150 mM NaCl pH 8.3, with or without EGS
(150 uM). B. STS-induced VDAC oligomerization, as revealed by
EGS-based cross-linking of T-REx-293 cells, before and after 2.5 h of

As;05 able to induce Bax and VDAC oligomerization (Yu
et al. 2007). Electrophysiological studies showed that Bax
and tBid increase VDAC pore size (Shimizu et al. 2000b;
Banerjee and Ghosh 2004). Thus, substantial evidence for
the formation of higher ordered VDAC-containing com-
plexes and the enhancement of supra-molecular assembly
of VDAC in cultured cells upon apoptosis induction
(Fig. 1) supports the involvement of VDAC oligomeriza-
tion in cytochrome c¢ release and, thus, in apoptosis.

Regulation of VDAC permeability

Accumulated evidence suggests that VDAC activities can
be modulated by various physiological and non-physiolog-
ical ligands (reviewed in Colombini 2004; Shoshan-Barmatz
and Gincel 2003; Shoshan-Barmatz et al. 2006), such as
glutamate, divalent cations, adenine nucleotides, Koenig’s
polyanion, RuR, DCCD (dicyclohexylcarbodiimide) and
DIDS. Inhibition of PTP opening, release of cytochrome ¢
or apoptosis by these reagents is often related to their
interaction with VDAC.

Growing evidence also suggests that VDAC possesses
regulatory binding sites for Ca*" and nucleotides. While
binding sites for nucleotides (Yehezkel et al. 2006, 2007)
and Ca®" (Israelson et al. 2007a, b) have been localized, the
sites of binding of other ligands, as well as the physiolog-
ical significance of such modulators, await further study.

VDAC activities are also regulated via interaction with
associated proteins, most notably those of the apoptosis-
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incubation with STS (1.25 uM). Cells were washed with PBS and
incubated with EGS at 30 °C for 20 min, followed by SDS-PAGE (9%
acrylamide) and Western blotting using anti-VDAC antibodies. VDAC
monomers, dimers, trimers, tetramers and multimers are indicated

regulating proteins, mainly members of the Bcl2 family
(Shimizu et al. 1999, 2000a, 2001; Tsujimoto 2003) and
HK (see below). VDAC possesses binding sites for glycerol
kinase, HK-I, creatine kinase and forms complexes with
various proteins, such as the dynein light chain, the
benzodiazepine receptor, mtHSP70, the ORDIC channel,
and ANT (reviewed in Colombini 2004; Shoshan-Barmatz
and Gincel 2003; Shoshan-Barmatz and Israelson 2005).
VDAC also interacts with glyceraldehyde 3-phosphate
dehydrogenase (Shoshan-Barmatz and Israelson 2005;
Tarze et al. 2007) and gelsolin (Kusano et al. 2000). In
this review, we focus on the regulation of VDAC by Ca*",
ATP, glutamate and HK.

Adenine nucleotides are transported by VDAC, bind to
VDAC and regulate its activity The transport of adenine
nucleotides via VDAC has been demonstrated using isolated
mitochondria (Lee et al. 1996), VDAC reconstituted into
liposomes (Bathori et al. 1993) or in a PLB (Rostovtseva et
al. 2002). VDAC is also regulated by adenine nucleotides
and possess one or more nucleotide-binding sites (NBS)
(Florke et al. 1994; Yehezkel et al. 2006, 2007). Photo-
affinity labeling with benzoyl-benzoyl-ATP (BzATP), to-
gether with mass-spectral analysis and site-directed mutation,
we localized NBS(s) in VDAC. Two putative NBSs were
localized to a C-terminal region (positions 271-283) and
near the N-terminus (positions 19-25) of mVDACI. The
predicted N-terminal VDAC1-NBS seems to regulate OMM
permeability, and, therefore, serves to couple respiration with
cell survival (Yehezkel et al. 2007).
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Ca®" is transported by VDAC, binds to VDAC and
regulates its activity Intra-mitochondrial Ca*" modulates
critical enzymes such as of the TCA cycle and fatty acid
oxidation (Nichols and Denton 1995). Ca*" overload, on
the other hand, induces PTP opening (Tsujimoto and
Shimizu 2007). Accordingly, mitochondria are endowed
with multiple Ca®" transporters for the uptake and release of
Ca*" across their inner membrane (Gunter et al. 1998). We
have demonstrated that VDAC is permeable to Ca** and
possesses Ca>'-binding sites (Gincel et al. 2001). Ca**
transport by VDAC was further characterized (Tan and
Colombini 2007). It has also shown that the control of
OMM permeability by Ca*" is mediated via an interaction
with VDAC (Bathori et al. 2006).

Several lines of evidence suggest that VDAC possesses
Caz+—binding site(s) (Gincel et al. 2001; Shoshan-Barmatz
and Gincel 2003; Israelson et al. 2007b). The finding that
VDAC channel closure by RuR, a reagent shown to interact
with Ca?*-binding proteins, can be prevented by Ca*"
(Gincel et al. 2001; Israelson et al. 2007b), strongly suggests
that RuR and Ca®" share a common binding site(s). Recently,
we used AzRu, a newly-synthesized photoactivable reagent
(Israelson et al. 2005), to localize Ca”**-binding site(s) in
VDACI (Israelson et al. 2007a). We demonstrated that AzZRu
interacts with and closes native but not mutated VDACI, an
effect that was preventable by Ca®" but not Mg®". The
VDAC Ca®*-binding site(s) was localized based on ['**Ru]
AzRu binding to and inhibition of VDAC channel activity
of native but not E72Q- or E202Q-mutated VDACI1. Also
MALDI-TOF analysis showed AzRu bound to an E72- and
E202-containing peptide (Israelson et al. 2007a). Accord-
ingly, we suggested that the two glutamate residues, E72
and E202, located on two different cytosolic loops, form
the VDAC Ca**-binding site(s), or part thereof.

Glutamate is transported by VDAC and modulates VDAC
activity Glutamate is synthesized in the mitochondria. We
have shown that glutamate is transported by bilayer-

1P: IgG  Anti-HK-I

HK-I>

VDAC1>

Fig. 2 Co-immunoprecipitation of HK and VDAC by anti-VDACI or
anti-HK antibodies. The interaction between HK and VDAC in the rat
brain is demonstrated by immunoprecipitation performed on total rat
brain extract using anti-HK (N-19) or polyclonal anti-VDAC1 (N-18)

reconstituted VDAC and that Ca®* transport by VDAC is
modulated by L-glutamate (Gincel et al. 2000; Deniaud et
al. 2007; Gincel and Shoshan-Barmatz 2004). Glutamate (1
to 20 mM) was found to modulate the channel activity of
VDAC (Gincel et al. 2000). The effect of glutamate on
channel conductance is specific, since it was observed in
the presence of 1 M NaCl and not with aspartate or GABA.
Finally, inhibition of PTP opening by L-glutamate is highly
specific, as it is not obtained by D-glutamate, L-glutamine,
L-aspartate, or L-asparagine (Gincel and Shoshan-Barmatz
2004). These results suggest that VDAC possesses a
specific glutamate-binding site that modulates its activity.

The interaction of hexokinase with mitochondrial
VDAC, apoptosis and cancer

VDAC as the mitochondrial target of HK—characterization
of the VDACI-binding site Of the four mammalian HK
isozymes, HK-I and II are capable of binding to the OMM,
more specifically to VDAC (Robey and Hay 2006;
Shoshan-Barmatz et al. 2006; Wilson 2003). As a glyco-
lytic enzyme that consumes ATP in order to phosphorylate
glucose, HK binding to VDAC allows direct access to
mitochondrial ATP. However, as presented below, HK
binding to VDAC also protects against apoptotic cell death.
Our studies, relying on purified VDAC, isolated mitochon-
dria or cells in culture, suggest that the anti-apoptotic
activity of HK-I occurs via its interaction with VDAC to
modulate the mitochondrial phase of apoptosis.

We and others have provided several lines of evidence
for the interaction of HK-I and HK-II with VDAC: (a) HK-I
and HK-II dock onto the cytosolic surface of the OMM by
binding to VDAC (Abu-Hamad et al. 2008; Azoulay-Zohar
et al. 2004; Pastorino and Hoek 2003; Zaid et al. 2005). (b)
HK-I and HK-II include a hydrophobic N-terminal se-
quence capable of targeting the enzyme to mitochondria

IgG

Anti-VDAC

<VDACI

< HK-I

antibodies (Santa Cruz). The precipitated proteins were detected by
Western blotting using anti-HK (a) or monoclonal anti-VDAC
(Calbiochem) antibodies (b)
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(Sui and Wilson 1997), also required for the interaction
with VDAC (Azoulay-Zohar et al. 2004). Indeed, a recent
study using mutant and N-terminally-truncated HK-I and
HK-II has shown that the enzyme activity as well as the
mitochondrial binding of HK-I and HK-II are essential for
their anti-apoptotic protective effects (Sun et al. 2007). (c)
HK-I directly binds to bilayer-reconstituted VDAC and
induces channel closure in a manner that is reversed by
glucose-6-phosphate (Azoulay-Zohar et al. 2004). (d) Using
rat brain extract, HK-I and VDAC could be co-immuno-
precipitated using either anti-VDAC or anti-HK-I anti-
bodies (Fig. 2). (¢) HK-I bound to isolated yeast
mitochondria expressing native mVDACI but not to
E72Q-mVDAC1 (Abu-Hamad et al. 2008; Zaid et al.
2005). (f) Consistently, HK-I-GFP co-localized with Mito-
Tracker, a mitochondrial marker, in T-REx cells expressing
native but not E72Q-mutated mVDACI1 (Abu-Hamad et al.
2008). (g) A single mutation in VDACI, ie. E72Q,
inhibited the interaction of HK-I with VDACI and
prevented HK-I-mediated protection against apoptosis
(Abu-Hamad et al. 2008; Zaid et al. 2005). Glu72 was
shown to interact with the carboxyl-modifying reagent,
DCCD, with such modification preventing HK binding to
mitochondria (Nakashima et al. 1986). In a similar manner,
HK-I protected against apoptosis induced by over-expression
of native but not of certain mutated VDACI1 (Abu-Hamad et
al. 2008; Zaid et al. 2005).

Although these and related studies offer strong support
for a direct interaction between HK and VDAC, with this
interaction being sufficient to allow cells to evade apopto-

Fig. 3 Models showing the pro- a
posed HK-interacting site on
VDACI. VDACI is presented
as a barrel with the amino acid
sequences of two of the three
cytosolic loops predicted
according to (Colombini 2004)
shown. Those amino acids that
when mutated prevented HK
binding, are indicated by circles.
In a, the interaction of HK with
loop 1 and loop 3, located on the
same VDACI molecule is
shown; while in b the interac-
tion of HK with loops located
on two VDAC1 molecules is
proposed
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sis, the VDACI sequences interacting with HK-I or HK-II
have only recently been identified and shown to correspond
to two cytoplasmic domains (Abu-Hamad et al. 2008).
Point mutations (i.e. E65Q, E72Q, K73L, D77N, E188Q
or E202Q) in these domains prevented HK-I binding to
mVDACI reconstituted into PLB. More importantly, HK-I
was no longer able to prevent cytochrome c¢ release and
subsequently apoptosis in T-REx-293 cells over-expressing
those mutants. By contrast, the G67A, N75A, KI109L,
K112L, K200L, or L201A mutations of VDACI1 did not
prevent the protection offered by HK-I over-expression
against apoptosis (Abu-Hamad et al. 2008). Thus, we
proposed that the HK-I binding site is located in two
cytosolic VDACI loops (see Fig. 3) and that the interaction
of HK-I with these sites results in inhibition of cytochrome
c release and protection against apoptosis.

Hexokinase, VDAC, apoptosis and cancer Cancer cells are
characterized by a high rate of glycolysis which serves as
their primary energy generating pathway (Mathupala et al.
2006; Pedersen et al. 2002; Pedersen 2007). The molecular
basis for this high rate of glycolysis involves a number of
genetic and biochemical events, including the over-
expression of the mitochondrial-bound HK-I and HK-II
(Bryson et al. 2002; Gottlob et al. 2001; Pastorino and
Hoek 2003). The elevated levels of mitochondria-bound
HK in cancer cells results in apoptosis being evaded,
thereby allowing cells to continue proliferating. The
molecular mechanisms by which HK promotes cell survival
are not yet fully understood. However, when taken together,
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the direct binding of HK to VDAC and the involvement of
VDAC in cell death, raise the possibility that the HK-
VDAC interaction lies at the base of apoptosis regulation
by HK. Indeed, over-expression of mitochondria-bound HK
in U-937, T-REx-293 or in vascular smooth muscle cells
suppressed cytochrome c release and apoptotic cell death,
as induced by different stimuli (Abu-Hamad et al. 2008;
Azoulay-Zohar et al. 2004; Pastorino et al. 2002; Zaid et al.
2005). A decrease in apoptosis and an increase in cell
proliferation have also been reported to be induced by HK-
II expression in the NIH-3T3 (Fanciulli et al. 1994) and rat
la cell lines (Gottlob et al. 2001). In addition, over-
expression of HK-II in HeLa cells inhibited Bax-induced
cytochrome c release and apoptosis (Pastorino et al. 2002).
As presented above, a single mutation in the VDACI
molecule (E72Q) diminished HK-I binding to VDACI1 and
prevented HK-I-mediated protection against cell death
induced by VDACI1 over-expression or STS treatment
(Abu-Hamad et al. 2008; Zaid et al. 2005). Collectively,
these studies strongly indicate that HK and VDAC are key
components in the regulation of apoptosis and that the
protective effect of HK against cell death is mediated via its
direct interaction with VDAC. Furthermore, these results
suggest that HK over-expression in cancer cells not only
assures an adequate supply of energy, but also corresponds
to an anti-apoptotic defense mechanism.

Disruption of HK-VDAC interaction as an approach to
cancer therapy It has been shown that a HK-VDACI
interaction is critical for preventing induction of apoptosis
in tumor-derived cells (Abu-Hamad et al. 2008; Azoulay-
Zohar et al. 2004; Gelb et al. 1992; Zaid et al. 2005).
Accordingly, via mutagenesis of key VDACI amino acids,
we have disrupted the interaction of HK with VDAC and
identified the HK binding site (Abu-Hamad et al. 2008;
Zaid et al. 2005). Thus, promoting detachment of HK from
VDAC may be a promising cancer strategy. Indeed, in a
recent study (Arzoine et al. submitted), we used specific
peptides corresponding to the identified HK-I-binding site
of VDACI to interfere with the HK-VDACI interaction.
Moreover, these VDACI-based peptides detached HK
bound to mitochondria isolated from tumor cells. Thus,
interfering with HK binding to VDAC could be the basis
for a novel form for cancer treatment.

Recently (Goldin et al. 2008), we have shown that a
plant stress hormone of the jasmonate family, methyl
jasmonate (MJ), binds in a specific manner to HK and
leading to its detachment from mitochondria isolated from
several cancer cell types. The susceptibility of cancer cells
to jasmonates is dependent on the expression of HK. This
finding, thus, provide an explanation for the selective
effects of jasmonates on cancer cells. Among these lines,
it should be noted that intra-arterial injection of 3-

bromopyruvate, an inhibitor of mitochondrially-bound
HK, into tumors implanted in rabbit liver killed up to
90% of the tumor cells without significant damage to the
surrounding healthy tissue (Geschwind et al. 2002; Pastorino
et al. 2005).

To conclude, interfering with HK binding to VDAC can,
therefore, serve to guide development of a new selective
approach for cancer therapy.

Concluding remarks

Following the identification of VDAC as the OMM
channel, much has been learned about the protein’s
structure—function relationships and the manners in which
VDAC activity is modulated. Biochemical and molecular
approaches have revealed a remarkable diversity of regula-
tory mechanisms controlling VDAC function, ranging from
Ca’" and adenine nucleotides to phosphorylation and
specific associated proteins. Recent studies involving both
down- and over-expression clearly indicate that the expres-
sion level of VDAC is a critical element in cell life and
death and that VDAC plays a key role in the regulation of
mitochondria-mediated apoptosis. Thus, both targeted over-
expression and knock-down expression of VDAC in living
cells, as well as interfering with HK binding to VDAC,
open novel avenues for cancer biotherapy. However, many
interesting and important questions remain. These include
further information concerning the location of VDAC
modulator binding sites, characterization of the process of
VDAC oligomerization-coupled apoptosis and further
characterization of the interaction of anti-apoptotic proteins
with VDAC and regulation of the release of cytochrome c.
Finally, the identification of VDAC as playing a role at
critical control points in the apoptotic pathway points to
VDAC as a rational target for the development of a new
generation of therapeutics.
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