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Abstract
The role of the voltage-dependent anion channel (VDAC) in
cell death was investigated using the expression of native and
mutated murine VDAC1 in U-937 cells and VDAC inhibitors.
Glutamate 72 in VDAC1, shown previously to bind dicyclo-
hexylcarbodiimide (DCCD), which inhibits hexokinase
isoform I (HK-I) binding to mitochondria, was mutated to
glutamine. Binding of HK-I to mitochondria expressing
E72Q-mVDAC1, as compared to native VDAC1, was
decreased by B70% and rendered insensitive to DCCD.
HK-I and ruthenium red (RuR) reduced the VDAC1 con-
ductance but not that of E72Q-mVDAC1. Overexpression
of native or E72Q-mVDAC1 in U-937 cells induced
apoptotic cell death (80%). RuR or overexpression of
HK-I prevented this apoptosis in cells expressing native but
not E72Q-mVDAC1. Thus, a single amino-acid mutation in
VDAC prevented HK-I- or RuR-mediated protection against
apoptosis, suggesting the direct VDAC regulation of
the mitochondria-mediated apoptotic pathway and that the
protective effects of RuR and HK-I rely on their binding to
VDAC.
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Introduction

Mitochondria play a crucial role in the induction of apoptosis.
The release of apoptogenic intermediates such as cyto-
chrome c from the intermembrane space appears to be a
central event in the initiation of the cascade that leads to
programmed cell death.1–4 Mitochondrial Ca2þ overload also
appears to induce both apoptotic and necrotic cell death.
Mitochondria respond to an apoptotic signal by an alteration in
the permeability of the mitochondrial membranes, termed
permeability transition (PT), and this, in turn, may leads to
apoptotic cell death.1–4 Two possible models have been
proposed for this membrane permeability change. In the first
model, an impairment of ATP/ADP antiport leads to hyperpo-
larization that promotes an osmotic matrix swelling.5 According
to the second model, the PT is due to the opening of a pathway
spanning both the inner and outer mitochondrial mem-
branes.2–4,6 The PT is thought to comprise the adenine
nucleotide translocase (ANT), cyclophilin D and the voltage-
dependent anion channel (VDAC).2–4,6–10

The Ca2þ binding component of the permeability transition
pore (PTP) has not yet been identified, although Ca2þ

modulation of the ANT has been suggested.11 On the other
hand, several studies have shown that VDAC is permeable to
Ca2þ and possesses Ca2þ binding site(s), suggesting the
involvement of these sites in the regulation of VDAC activity,
as well as of PTP opening.7,10,12

Ruthenium red (RuR), a hexavalent polysaccharide stain,
is known to interact specifically with Ca2þ -binding pro-
teins.7,10,13–16 RuR has been shown to inhibit several
mechanisms involved in intracellular Ca2þ regulation, including
the mitochondrial uniporter and the ‘rapid mode’ system,17

sarcoplasmic reticulum Ca2þ -ATPase activity,13 Ca2þ release
and ryanodine binding by the Ca2þ release channel/ryano-
dine receptor,14 the binding of Ca2þ to calsequestrin15 and to
calmodulin,16 as well as to prevent brain tubulin polymeriza-
tion.18 Recently, we have shown that RuR and the trivalent
cation Ru360, a derivative of RuR,19 can induce VDAC
channel closure in a time-dependent manner, stabilizing the
channel in a completely closed state.7,10,12 Both reagents also
inhibit PTP opening in rat liver and retinal mitochondria.7,10,12

RuR was further shown to inhibit cytochrome c release,
activation of caspases-3- and curcumin-induced apoptosis in
the U-937 cell line.20 Finally, RuR also inhibits both ursolic
acid-induced cell death in LH-6021 cells and microcystin-
induced cell death in cultured rat hepatocytes.22 However, the
mechanism(s) underlying the protective action of RuR against
apoptosis remains unknown.

Accumulating evidence indicates that mitochondrial-bound
isoforms of hexokinase isoform I and -II (HK-I and HK-II) play
a pivotal role in cancer by promoting cell growth and
survival.23 Recent studies indicate that in malignant cancer,
HK-II not only improves the cells energy supply but also
protects against cell death.24 Moreover, HK-I has been shown
to bind to a bilayer-reconstituted VDAC and to induce its

Cell Death and Differentiation (2005) 12, 751–760
& 2005 Nature Publishing Group All rights reserved 1350-9047/05 $30.00

www.nature.com/cdd



closure, prevent mitochondrial PTP opening and prevent
cytochrome c release. HK-I overexpression in leukemia-
derived U-937 or vascular smooth muscle cells protects
against staurosporine (STS)-induced apoptotic cell death.25

HK-II has also been shown to inhibit Bax-induced cytochrome
c release and apoptosis in HeLa cells.24

In the present study, we have investigated the relationship
between HK-I- and RuR-induced VDAC closure and protec-
tion against apoptotic cell death. A crucial role for VDAC in the
regulation of apoptotic cell death that is prevented by RuR
and HK-I was demonstrated. Overexpression of VDAC1 in
U-937 cells induced apoptosis that could be prevented by
HK-I overexpression, RuR or Ru360 in native but not in a
single amino-acid-mutated version of VDAC. These results
strongly support VDAC regulation of mitochondria-mediated
apoptotic pathways and show that the protective antiapoptotic
effect of RuR and HK-I are mediated via their interaction with
VDAC.

Results

Recently, we have shown that VDAC is highly permeable to
Ca2þ and possesses Ca2þ binding sites and that VDAC
channel activity is completely inhibited by both RuR and
Ru360.7,10,12 However, their binding sites in VDAC are not
known. The primary amino-acid sequence of VDAC1, as
deduced from its cDNA sequence, contains no features of
EF-hand structures representing high-affinity Ca2þ binding
sites. However, aspartate–glutamate-rich regions including
residues Glu87, Asp88 form potential low-affinity Ca2þ binding
sites, and, based on the proposed VDAC tertiary structure, are
predicted to face the pore.26,27 To identify possible Ca2þ

binding sites in VDAC and their involvement in VDAC
regulation of cell life and death, recombinant murine VDAC
(mVDAC)1 or rat VDAC (rVDAC)1, modified by site-directed
mutagenesis, were constructed and expressed in Sacchar-
omyces cerevisiae (S. cerevisiae) and U-937 cells. Accord-
ingly, recombinant native and mutated VDAC1 were
expressed in the S. cerevisiae strain lacking VDAC1 (M22-
2)28 from which mitochondria were isolated and tested for HK-
I binding, and VDACs purified from these mitochondria were
tested for their bilayer-reconstituted channel activity. Finally,
we examined the effect of native and mutated VDAC
expression in U-937 cells on cell survival and RuR and HK-I
protection against apoptotic cell death.

HK-I binds to yeast mitochondria expressing
native but not E72Q-mutated mVDAC1

VDAC glutamate 72 (Glu72) was shown to interact with
the carboxyl-modifying reagent dicyclohexylcarbodiimide
(DCCD).29–31 Such modification was shown to inhibit HK-I
binding,32 and to induce VDAC channel closure.30,31 Thus, it
is expected that the HK-I binding activity of VDAC mutated at
Glu72 would be reduced or eliminated. Therefore, binding of
HK-I to mitochondria isolated from yeast expressing native or
E72Q-mVDAC1 was compared (Figure 1a). In addition,
VDACs in which Glu87, Asp88 were changed to glutamine
and aspargine (E87Q, D88N) were also examined in terms of

HK-I binding (Figure 1a). The results show that the HK-I
binding activity of E72Q-mVDAC1 was decreased by 70% in
comparison to HK-I binding to native recombinant mVDAC1 or
E87Q,D88N-mVDAC1 (Figure 1a). Moreover, as expected,
DCCD had no effect on the residual HK-I binding of the E72Q-
mVDAC1 mutant, while it inhibited HK-I binding to mitochon-
dria expressing native or E87Q,D88N-mVDAC1 (Figure 1b).

Figure 1 HK-I binding to isolated yeast mitochondria expressing native and
mutated mVDAC and inhibition by DCCD. Yeast mitochondria (2 mg/ml) were
incubated for 15 min at 251C without (a) or with the indicated concentrations of
DCCD (b) in a solution containing 420 mM mannitol, 140 mM sucrose, 10 mM
Hepes, pH 7.4 (buffer A). The treated mitochondria were centrifuged at
20 000� g for 10 min and washed with 1 ml buffer A. The mitochondria were
then resuspended in 125 ml incubation buffer (0.6 M sorbitol, 1 mg/ml BSA, 5 mM
Mg-Hepes, pH 7.8) and 50 ml of the mitochondria was incubated for 1 h at 41C
with 75 mU HK-I. Mitochondria were centrifuged for 10 min at 15 000� g and
HK-I activity in the supernatant and the pellet was determined as described under
Materials and methods. In (a), the control represents the amount of HK-I bound to
the mitochondria expressing wild-type mVDAC1. HK-I bound (100%) in the
different experiments was between 30 and 35 mU HK-I. In (b), control activity
(100%) represents the amount of HK-I bound without DCCD to mitochondria
expressing native (30 and 35 mU), E72Q-mVDAC (9–11 mU) or E87Q,D88N-
mVDAC (26–29 mU). HK (1 U) represents reduction of 1 mmol of b-NADþ per
min at pH 7.4 at 251C (50 ng HK-I is about 1 mU). Quantitative analysis of HK-I
binding was performed by ANOVA and t-test; Po0.001 (***) was considered
statistically significant. Means7S.E.M. are shown (n45)
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HK-I interacts with native but not with
E72Q-mutated purified mVDAC1 to induce
channel closure

We have shown that purified HK-I directly interacts with
bilayer-reconstituted rat liver VDAC and induces its closure.25

Thus, the effect of HK-I on the channel activity of recombinant
native and E72Q-mVDAC1 was considered next. The purity of
the VDAC and HK-I preparations used is demonstrated in
Figure 2b. As observed with native VDAC1, E72Q-mVDAC1
is stable in a long-lived, fully opened state at �20 mV and
showed different subconductance states at �40 mV
(Figure 2a). Similar to the results obtained with rat liver-
purified VDAC,25 in all experiments performed in this study, at
either�20 or�40 mV, addition of purified HK-I to recombinant
native mVDAC1 induced channel closure to stable substates
with a conductance reduced by 42.7574.8% at �20 mV and
5470.6% at �40 mV (mean7S.D., n¼ 6 different experi-
ments). Subsequent exposure to glucose-6-phosphate (G-6-
P) reopened the HK-I-closed channel (Figure 2a). In contrast,
addition of HK-I to E72Q-mVDAC1 had no effect on its
channel activity, nor did G-6-P addition have any effect on
channel behavior (Figure 2a).

RuR induces channel closure of native but not
E72Q-mutated mVDAC1

The involvement of Glu72 in the divalent cation binding site of
VDAC was considered by examining the effect of the
hexavalent dye RuR on VDAC channel activity. RuR is known

to interact with several Ca2þ -binding proteins13–16 and to
inhibit Ca2þ transport in mitochondria,17 VDAC channel
activity and PTP opening.7,10,12,17 Purified recombinant native
and E72Q-mVDAC1 were reconstituted into a planar lipid
bilayer (PLB) as a single or multichannel and the currents
produced in response to voltages stepped from a holding
potential of 0 to �20 mV were recorded (Figure 3). As
demonstrated for rat liver and retinal mitochondria,7,12 in nine
of 10 different experiments performed in this study, RuR
inhibited recombinant native mVDAC1 channel activity and
stabilized the channel in an almost completely closed state.
The level of inhibition calculated from nine different experi-
ments was 89.272.8% (mean7S.D., n¼ 9). In contrast, the
channel activity of E72Q-mVDAC1 was not inhibited by RuR
in all 10 experiments (Figure 3a) or Ru360 (data not shown),
regardless of the concentrations or incubation time used. In
multichannel measurements, the channel conductance of
E72Q-mVDAC1 was the same in the absence or presence of
RuR over a voltage range from �60 to þ 60 mV (Figure 3b).
Thus, insensitivity of mutated E72Q-mVDAC1 to RuR was
conferred at all voltages tested. The results indicate that
Glu72 is involved in RuR interaction and in modifying VDAC
channel activity.

RuR protects against apoptotic cell death
induced by overexpression of native but not of
E72Q-mVDAC1

RuR was shown to protect against apoptotic cell death
induced by various stimuli.20–22 Such protection has been

Figure 2 HK-I inhibits channel activity of native but not E72Q-mutated mVDAC1. (a) Purified recombinant native or E72Q-mutated mVDAC1 was reconstituted into a
PLB in symmetrical solutions of 0.5 M NaCl as described under Materials and Methods. Currents through VDAC channel in response to a voltage step from 0 to �20 mV
or to �40 mV were recorded before and 5 min after the addition of HK-I (28.6 mU/ml). The dashed lines indicate the zero-current level. (b) Coomassie staining of purified
VDAC (0.2 mg) and HK-I (0.1mg) used in these studies
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suggested to result from RuR binding to intracellular
organelles or proteins responsible for Ca2þ buffering.
However, the effect of RuR may result from its interaction
with VDAC1, inducing its closure (Figure 3). Thus, to further
investigate the relationship between the protective effect of
RuR and its interaction with VDAC1, U-937 cells were
transfected with RuR-insensitive E72Q-mVDAC1 and the
effect of RuR on apoptotic cell death was addressed. First, the
efficiency of cell transfection was analyzed by transforming
U-937 cells to express green fluorescent protein (GFP) and
VDAC1-GFP. While cells expressing GFP showed diffuse
green fluorescence, cells expressing VDAC1-GFP showed
mainly punctuated fluorescence confined to membranes
(Figure 4c). Immunoblot analyses using anti-VDAC or anti-
GFP antibodies of cell extracts confirmed the expression of
VDAC1-GFP (Figure 4d). Similar results were obtained with
mitochondria isolated from the various cell types (data not
shown). It is noteworthy that the fused VDAC1-GFP was
highly protease sensitive and was readily cleaved to VDAC1
and GFP, as reflected in the appearance of GFP in the
VDAC1-GFP-expressing cells (Figure 4d).

Cells transfected with native, E72Q-mutated mVDAC1 or
mVDAC1-GFP, rVDAC1 or rVDAC1-GFP to induce over-
expression, resulted in increased apoptotic cell death (70–
75%), as characterized by enhanced nuclear fragmentation
indicative of apoptotic cell death. In contrast, control or

GFP-transfected cells showed about 14–16% nuclear frag-
mentation (Figure 4a and b and Table 1).

Preincubation of cells transfected to induce overexpression
of VDAC1 or VDAC1-GFP with 1 mM RuR for 18 h or with 5 mM
RuR for 5 h dramatically reduced their apoptotic cell death
(64–72% protection). RuR had no effect or even slightly
increased apoptotic death in control or plasmid-transfected
cells (Figure 4b and Table 1). Strikingly, the protective effect
of RuR on recombinant VDAC1 overexpression-induced cell
death was not observed in cells expressing E72Q-mVDAC1
(Figure 4b and Table 1). Given the RuR-insensitive behavior
of E72Q-mVDAC1, as reflected by the inability of RuR to
inhibit channel activity in this mutant (Figure 3), it appears that
RuR protection against apoptosis is exerted through its direct
interaction with VDAC. Moreover, the increase (over five-fold)
in the total level of VDAC1 protein in the transfected cells was
observed only upon exposure of cells expressing native
mVDAC1 to RuR but not in cells expressing E72Q-mVDAC1
(Figure 4e). This indicates that the apoptotic cell death
induced by VDAC1 overexpression leads to VDAC1 degrada-
tion that was prevented upon RuR binding to VDAC1 and
protecting against apoptotic cell death.

To determine whether RuR could prevent not only VDAC1
overexpression-induced cell death but also cell death induced
by STS, cells were preincubated for 2 h with either RuR or
Ru360 prior to cell exposure to STS. Both RuR and Ru360
dramatically decreased STS-induced apoptotic cell death by
over 60% (Table 1).

HK-I overexpression protects against apoptotic
cell death induced by overexpression of native but
not of E72Q-mVDAC1

Finally, the effect of HK-I overexpression on apoptotic cell
death of the GFP-tagged version of native and E72Q-
mVDAC1 overexpressing cells was examined (Figure 5a).
Cells were first transformed to overexpress HK-I and then
transfected with native mVDAC1-GFP or E72Q-mVDAC1-
GFP. Apoptotic cell death induced by native mVDAC1
overexpression (B75%) was dramatically reduced in the
cells overexpressing HK-I to a low level of apoptosis (o10%),
equal to the control. This protective effect of HK-I was not
obtained in cells overexpressing E72Q-mVDAC1-GFP, con-
sistent with its inability to bind HK-I (Figures 1 and 2).
Immunoblot analyses indicate that mVDAC1-GFP was
expressed in the transfected cells, as revealed by both anti-
VDAC and anti-GFP antibodies (Figure 5b). As shown, in cells
transfected to stably overexpress HK-I, with and without a
second transfection with mVDAC1-GFP or E72Q-mVDAC1-
GFP, the level of HK-I was about three- to four-fold higher than
in HK-I nontransfected cells.

Discussion

VDAC, a major mitochondrial outer membrane transporter,
plays an important role in apoptosis by participating in the
release of intermembrane space proteins including cyto-
chrome c.3,4,6,8–10,33–35 Investigating the role of VDAC in
cellular processes is, however, limited by a lack of tools such

Figure 3 RuR inhibits channel activity of native but not E72Q-mutated
mVDAC1. Purified native or E72Q-mVDAC1 was reconstituted into a PLB. (a)
Current traces were obtained in response to voltage steps from 0 to �20 mV.
Where indicated, RuR (50 mM) was added, and after 10 min of incubation,
recordings were made. The dashed lines indicate the zero-current level. In (b),
the average steady-state conductance of native or E72Q-mVDAC1 before (filled
circles) and 10 min after the addition of 5 mM Ru360 (open circles) as a function
of voltage was determined by measuring the average conductance of PLB
containing about 10 channels in symmetrical solutions of 1 M NaCl. The
conductance (G) at a given voltage (from �60 to þ 60 mV) was normalized to
the conductance at �10 mV (G0). Each point is the average of three different
experiments
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as specific, high-affinity toxins. In the present report, we have
shown that RuR and Ru360, which interact with purified VDAC
and inhibit its channel activity as well as the opening of the
PTP,7,10,12 also inhibited apoptotic cell death induced by STS
or by VDAC overexpression (Table 1, Figure 5). RuR was
shown to protect against cell death induced by different stimuli
including curcumin in U-937 cells,20 ursolic acid in HL-60
cells21 or microcystin in cultured rat hepatocytes.22 Since RuR
interacts with Ca2þ -binding proteins and inhibits their
activities,7,10,13–18 the inhibition by RuR of apoptotic cell death
induced by the various stimuli in different cell types suggests

that apoptosis is mediated by an intracellular Ca2þ signaling
pathway. The experimental data presented in this study
demonstrate that RuR and Ru360 exert their protective effect
on the apoptotic process by direct interaction with VDAC;
thus, VDAC plays a central role in apoptotic cell death.

VDAC divalent cation binding sites

Changes in intracellular Ca2þ concentration not only stimu-
late a number of intercellular events but can also trigger cell
death pathways including apoptosis.1 In isolated mitochondria,

Figure 4 RuR inhibited native but not E72Q-mutated VDAC1 overexpression-induced apoptotic cell death. U-937 human monocytic cells were transfected with a GFP-
containing plasmid or a plasmid encoding native or E72Q-mutated VDAC1. (a) RuR (1 mM) was added to the cells 56 h after transfection, and 22 h later, cell viability was
analyzed by AcOr/EtBr staining as described under Materials and methods (Bar¼ 12.5 mm). (b) In each independent experiment, approximately 200 cells were counted
for each treatment, in which early and late apoptotic cells were also counted. Quantitative analysis of apoptosis in the different cells was performed by ANOVA and t-test;
Po0.001 (***) was considered statistically significant. Data show the mean7S.E.M. (n¼ 4). (c) GFP or mVDAC1-GFP visualized by phase (Aþ B, bar¼ 1.25 mm) or
fluorescence microscopy (CþD, bar¼ 0.30 mm) 70 h after transfection. (d) Immunoblot analysis using anti-VDAC, anti-GFP or anti-actin antibodies 68 h after
transfection. Cells were washed with PBS, resuspended in a solution containing 1% Triton X-100 and protease inhibitors, sonicated and sample aliquots (50 mg of
protein) were subjected to SDS-PAGE and immunostaining. (e) Immunoblot analysis (using anti-VDAC or anti-actin antibodies) of VDAC in cells expressing VDAC1 or
E72Q-mVDAC1 with and without exposure to RuR performed 78 h after transfection. Cell extract was obtained as in (d) and 50 mg of protein was subjected to SDS-
PAGE
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Ca2þ induces PTP opening and release of cytochrome c.1–4,10

Currently, the mitochondrial target of Ca2þ has not yet been
identified. Several lines of evidence suggest that VDAC
possesses Ca2þ binding site(s) (for a review see Shoshan-
Barmatz and Gincel10). Very little is, however, known about
the Ca2þ binding site(s) of VDAC or about its function. VDAC
has no EF-hand structure indicative of a high-affinity Ca2þ

binding site, although potential low-affinity binding sites,
composed of glutamate residues and aspartate-rich domains,
are present in VDAC. Based on the proposed VDAC tertiary
structure,27 these residues are predicted to line the VDAC
pore. In proteins, ionophores and divalent chelating reagents

(e.g. EGTA, EDTA), the ligation center for divalent cations
binds through a carboxylate group or neutral oxygen center.
DCCD, which specifically reacts with carboxyl groups, has
been shown to label specifically VDAC29–32 and inhibit its
channel activity.30,31 De Pinto et al.29 have identified Glu72 as
the DCCD binding amino acid in VDAC. Our results show that
replacement of Glu72 by glutamine eliminated RuR and
Ru360 inhibition of VDAC channel activity (Figure 2) and also
HK-I binding to isolated mitochondria (Figure 1). Since VDAC
channel closure by RuR was prevented in the presence of
CaCl2, and re-established by chelating Ca2þ with EGTA,7 and
since replacement of Glu72 with glutamine resulted in a loss of
RuR inhibition of VDAC channel activity, we suggest that
Glu72 participates in a Ca2þ binding site(s) or is required for
stabilizing VDAC in a conformation recognized by RuR,
Ru360 and HK-1.

A single amino-acid mutation in VDAC1 prevents
HK-I- and RuR-mediated protection against cell
death

Apart from RuR (Figure 2, Table 1 and Gincel et al., 7,12

Shoshan-Barmatz and Gincel,10 Bae et al.,20 Baek et al.,21

and Ding et al.22), overexpression of mitochondrial HK-I25 or
HK-II24 also reduces apoptosis induced by different stimuli.
We have shown that HK-I and RuR directly interact with
purified VDAC reconstituted into a PLB to induce channel
closure.7,10,12,25,31 Thus, it is probable that the effects of these
reagents in preventing cell death are related to their
interaction with VDAC. These reagents, however, are not

Figure 5 Overexpression of recombinant HK-I protects against apoptotic cell
death induced by overexpression of native but not mutated E72Q-mVDAC1.
U-937 cells were transfected with pcDNA3.1-HisA or pcDNA3.1-HisA-HK-I and
grown in the presence of 400 mg/ml of neomycin as described under Materials
and methods. The selected cells were then transfected with pEGFP, pEGFP-
mVDAC1 or pEGFP-E72Q-mVDAC1 and continued to grow in the presence of
neomycin (400 mg/ml). The viability of the double-transfected cells was analyzed
after 76 h. (a) In each independent experiment, approximately 200 cells were
counted for each treatment, in which early and late apoptotic cells were also
counted. Quantitative analysis of apoptosis in the different cells was performed
by ANOVA and t-test; Po0.001 (***) was considered statistically significant.
Data shown are the mean7S.E.M. (n¼ 4). (b) Immunoblot analyses of whole
cell extract (50 mg of protein) 60 h after transfection and using anti-VDAC, anti-
GFP, anti-HK-I or anti-actin antibodies

Table 1 RuR protects against apoptotic cell death induced by VDAC
overexpression or STS

Cells
transfected
with

Preincubation
with

Apoptotic
cells
(%)

Protection
(%)

None — 13.171.7
pEGFP — 15.471.8

RuR 16.871.6
pEGFP-rVDAC1 — 42.073.6

RuR 2472.67*** 72.2
pE-rVDAC1 — 44.073.2

RuR 27.173.2*** 63.6
pEGFP-mVDAC1 — 68.171.0

RuR 32.272.1*** 70.9
pEGFP-E72Q-mVDAC1 — 75.771.0

RuR 75.274.5 0
None STS 75.571.28

STS+RuR 44.272.9*** 34.1
STS+Ru360 54.273.1** 50.2

Control and transfected U-937 cells were incubated 2 h with or without RuR
(5mM) or Ru360 (5mM) and then exposed to 1.25 mM STS to induce apoptosis.
After 7 h, cells were stained with AcOr and EtBr as described in Materials and
methods. In each independent experiment, approximately 200 cells were
counted for each treatment, in which early and late apoptotic cells were also
counted. Results are from eight experiments similar to those shown in Figure 4.
Quantitative analysis of apoptosis in the different cells was performed by
counting apoptotic and nonapoptotic cells. Using ANOVA and t-test, Po0.01
(**) or Po0.001 (***) was considered statistically significant. Data are
means7S.E.M. (n¼8). The degree of protection by RuR was calculated for
the VDAC transfection- or STS-induced cell death (subtracting the cell death in
control)
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specific for VDAC, and thus either the reagent or over-
expression of HK-I could act via perturbation of cell physiology
via other, VDAC-independent, mechanisms. Indeed, the RuR-
insensitive E72Q-mutated VDAC provides an opportunity to
verify the relationship between RuR interaction with VDAC
and the ability of RuR to prevent apoptotic cell death.20–22

RuR-mediated protection against nuclear fragmentation in
U-937 cells appeared to abrogate apoptosis by modifying
VDAC function. This concept is further strongly supported by
the finding that the channel activity of E72Q-mutated VDAC
was not inhibited by RuR or Ru360. Expression of E72Q-
mVDAC in U-937 cells also induced cell death that could not
be prevented by RuR. Thus, although RuR can interact with
different Ca2þ -binding proteins in the cell, the results show
that a single amino-acid mutation in VDAC can abolish RuR-
mediated protection against apoptosis and indicate that RuR
exerts its antiapoptotic effect via a direct interaction with
VDAC.

Recently,25 we have demonstrated that HK-I induces VDAC
closure, suppresses the release of cytochrome c and inhibits
apoptotic cell death, thereby contributing to the survival
advantage of tumor cells. The results presented here clearly
demonstrate that a single mutation in VDAC molecule not only
diminished HK-I binding to VDAC (Figures 1 and 2) but also
prevented HK-I protection against cell death induced by
VDAC overexpression (Figure 5).

Relationship between VDAC closed/open
configuration and apoptosis

Published results provide evidence for two apparently
different hypotheses for the antiapoptotic activity of the
protein Bcl-xL: acting to promote VDAC closed conforma-
tion36,37 or acting to stabilize VDAC open conformation,
whereby its protective activity would be by restoring metabolic
exchange across the outer mitochondrial membrane without
inducing release of cytochrome c.5,38

Our results show that RuR and HK-I, which reduce VDAC
channel conductance, protected against cell death induced by
VDAC overexpression or by STS (Azoulay-Zohar et al.25 and
Figures 2–5), suggesting that decreased conductance by
VDAC does not interfere with metabolite exchange between
mitochondria and the cytosol, but prevents apoptotic cell
death. Nevertheless, it seems that the closed/open config-
uration of VDAC with respect to transport of ions and
metabolites is not directly applied to movement of intermem-
branal space proteins such as cytochrome c. A distinct VDAC-
associated pathway, an internal VDAC pore for movement of
small molecules and a large channel formed by VDAC
monomers for cytochrome c release have recently been
suggested.35

VDAC overexpression induced apoptotic cell
death

Overexpression of mVDAC or rVDAC1 or VDAC1-GFP or
E72Q-mVDAC1 in the U-937 cells resulted in cell death
characterized by nuclear fragmentation. About 70–85% of the
cells had died 70–78 h following cell transfection. Similar

results were obtained upon transfection of Jurkat cells with
rice or human VDAC.33 Taken together, these results indicate
that the cellular expression level of VDAC may play a crucial
factor in the process of mitochondria-mediated apoptosis.

The question, however, is how does enhanced VDAC
expression lead to cell death? Before discussing this point,
one should emphasize that an increase in the level of VDAC1
protein in the transfected cells was observed only upon
exposure of cells expressing native mVDAC1 to RuR but not
in cells expressing E72Q-mVDAC1 (Figure 4e). This indicates
that the apoptotic cell death induced by VDAC1 overexpres-
sion leads to VDAC (both endogenous and recombinant)
degradation, suggesting that VDAC becomes exposed to
proteases. It is noteworthy that several proteases such as Lon
and Clp are located in the mitochondria as well as in the
intermembranal space.39 The finding that VDAC degradation
accompanies apoptotic cell death may also suggest that the
breakdown of VDAC is the primary cause of the apoptosis,
although how this VDAC degradation is activated and
prevented by RuR is not clear.

It is possible that a transient increase in the VDAC levels
produces a significant increase in the leak of the outer
mitochondrial membranes, and this, in turn, decreases cell
viability. This suggestion is in line with the finding that
overexpression of VDAC (by five-fold, as visualized by
Western blot, Figure 4e) could only be observed upon
exposure of the native- but not mutated VDAC1-transfected
cells to RuR, a treatment that protects against cell death. It
thus seems that it is not an increase in the total amount of
VDAC but rather an increase in its functionality that is
responsible for the apoptotic cell death, since RuR decreases
VDAC channel conductance (Gincel et al.7,12 and Shoshan-
Barmatz and Gincel,10 Figure 3). Similarly, cells overexpres-
sing HK-I, which reduces VDAC channel conductance,
were resistant to VDAC overexpression-induced cell death
(Figure 5). These suggest that a functional VDAC is required
for triggering cell death; yet, the mechanism underlying VDAC
overexpression-induced cell death is not clear.

Recently, we have shown that a dynamic VDAC oligomer-
ization is involved in the release of cytochrome c from the
mitochondria and suggested that cytochrome c may cross the
outer mitochondrial membrane via the large flexible pore
formed between individual subunits of a VDAC tetramer.35 As
such, VDAC overexpression, which leads to increase in its
concentration, would encourage VDAC oligomerization, and
thus allow for release of proapoptotic proteins (such as
cytochrome c) from the mitochondrial intermembrane space.
Support for involvement of VDAC oligomerization in apoptosis
is presented in recent studies on the reagent As2O3, where its
apoptosis-inducing effect was attributed to an induction of
homodimerization of VDAC molecules.40 This effect could be
prevented by overexpression of the antiapoptotic protein
Bcl-xL.40 The relationship between VDAC overexpression-
induced apoptosis and VDAC oligomerization requires addi-
tional study, including direct monitoring of the oligomerization
process in live cells, both in control cells and cells over-
expressing VDAC.

In conclusion, our data suggest that VDAC functions as a
stand-alone channel in RuR and HK-I protection against
apoptotic cell death, and thus plays a key role in the regulation
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of mitochondria-mediated apoptosis. VDAC interaction with
apoptosis-regulating proteins (such as HK-I) and its over-
expression inducing cell death may constitute an attractive
target for therapeutic intervention to suppress tumor growth.

Materials and Methods

Materials

Carboxymethyl (CM)-cellulose, n-decane, DCCD, G-6-P, glucose-6-
phosphate dehydrogenase (G-6-PDH), N-(-hydroxyethyl])piperazine-N0-
[2-ethanesulfonic acid] (Hepes), leupeptin, mannitol, PMSF, Ru360,
soybean asolectin, STS, sucrose and Tris were purchased from Sigma (St.
Louis, MO, USA). Cibacron blue-agarose was purchased from Amersham
Biosciences (Uppsala, Sweden). n-Octyl-b-D-glucopyranoside (b-OG)
was obtained from Bachem AG (Bubendorf, Switzerland). Lauryl-
(dimethyl)-amineoxide (LDAO) and RuR (97% pure) were obtained from
Fluka (Buchs, Switzerland). Hydroxyapatite (Bio-Gel HTP) was purchased
from Bio-Rad Laboratories (Hercules, CA, USA) and Celite from the British
Drug Houses (UK). Monoclonal anti-VDAC antibodies raised against the
N-terminal region of 31HL human porin (clone no. 173/045, Cat. No.
529538-B) came from Calbiochem-Novobiochem (Nottingham, UK).
Monoclonal antibodies against actin and against the GFPs were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal
antibodies against HK were kindly provided by Dr. John E Wilson
(University of Michigan, Ann Arbor, MI, USA). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit antibodies were obtained from Zymed
(San Francisco, CA, USA). HRP-conjugated anti-mouse antibodies were
obtained from Promega (Madison, WI, USA).

Yeast strains, media and cultivation conditions

The expression of native and mutated mVDAC genes was conducted in
the S. cerevisiae por1� mutant strain M22-2 (MATa, lys2 his4 trp1 ade2
ura3)28 under the control of the yeast porin1 (YVDAC1) promoter in a low-
copy number plasmid (pSEYC58). S. cerevisiae M22-2 and its evolved
mutant were cultured at 301C in selective minimal medium containing
ammonium sulfate, yeast nitrogen base, the required amino acids and 2%
glucose or in rich medium containing 1% yeast extract, 2% peptone (YP)
with 2% lactate (YPL) or glucose (YPD) at pH 5.5. Yeast M22-2 expressing
either native or mutated mVDAC1 cultured in medium containing glucose
showed a similar and high rate of growth (not shown). For HK-I binding,
mitochondria were isolated from yeast cultured in lactate containing rich
medium (to induce mitochondria biogenesis). Cultures were stored in
aliquots supplemented with 25% glycerol at –801C and were revived in
YPD medium at 301C.

Plasmids and site-directed mutagenesis

mVDAC1 cDNAs (obtained from WJ Craigen, University of Houston,
Texas, USA) were subcloned into plasmid pEGFP-N1 (Clontech) for
construction of VDAC1-GFP or VDAC1 expressing mammalian vector with
a neomycin-resistant gene serving as marker. Rat muscle VDAC1 cDNA
was cloned and sequenced (V Shoshan-Barmatz and R Ashley,
unpublished). Site-directed mutagenesis of mVDAC1 was carried out in
vitro by overlapping PCR amplification. Recombinant plasmid pSEYC58,
carrying wild-type mVDAC1 gene, served as the template for amplification
of the mutant VDAC genes. The mutated mVDAC1 genes were
constructed using the T7 and T3 universal primers, together with the
following primer: 50-GACGTTTACACAGAAGTGGAAC-30 (forward) and

50-GTTCCACTTCTGTGTAAACGTC-30 (reverse) to introduce the E72Q
mutation and 50-TCACTGTGCAGAACCAGCTTGC-30 (forward) and 50-
AAGCTGGTTCTGCACAGTGATC-30 (reverse) to introduce the E87Q
D88N mutations. All constructs were confirmed by sequencing.

Mitochondrial preparation

Mitochondria were isolated from yeast41 or U-937 cells42 using published
procedures.

Protein determination

Mitochondrial protein content was determined by the Biuret method,43

while hexokinase concentration was determined according to Bradford,44

using ovalbumin as the standard.

Rat brain HK-I purification, activity and binding to
mitochondria

Rat brain HK-I was purified as described previously.25 HK-I activity was
assayed by coupling NADH formation to the production of G-6-P by HK-I
and its subsequent oxidation by G-6-PDH in a reaction mixture containing
4 mM Mg-Hepes, 1 mM K-EDTA, 0.6 mM NADþ , 10 mM glucose, 1 mM
ATP, 1 mg/ml BSA, 20 mM K-Hepes, pH 7.8. HK-I binding to mitochondria
isolated from the different yeast strains (2 mg/ml) was carried out by a 1 h
incubation on ice of the mitochondria with HK-I (0–2 U/ml) in 0.1 ml of a
solution containing 420 mM mannitol, 140 mM sucrose, 1 mg/ml BSA,
5 mM Mg-Hepes, pH 7.8. Soluble and mitochondria-bound HK-I-contain-
ing fractions were separated and analyzed for HK-I activity.25 HK-I binding
was defined as the percent of activity present in the bound fraction relative
to the total activities found in the bound and free fractions combined.

Purification of VDAC

Native and mutated mVDAC1 were extracted with LDAO from
mitochondria isolated from yeast expressing various VDACs, and purified
by chromatography on hydroxyapatite followed by CM-cellulose where
LDAO was replaced by b-OG.10

VDAC channel recording and analysis

Reconstitution of purified VDAC into a PLB, multichannel current recording
and data analyses were carried out as described previously.7 Briefly, PLB
was prepared from soybean asolactin dissolved in n-decane (50 mg/ml) in
a chamber containing 10 mM Hepes/KOH (pH 7.4) and 0.5 or 1 M NaCl
(cis/trans). Only PLBs with a resistance greater than 100 GO were used.
Purified VDAC (about 1 ng) was added to the chamber defined as the cis
side. After one or a few channels were inserted into the PLB, excess
protein was removed by perfusion of the cis chamber with 20 volumes of a
solution (with the same composition as before perfusion), in order to
prevent further protein incorporation. Currents were recorded under
voltage-clamp mode using a Bilayer Clamp amplifier (Warner Instrument,
Hamden, CT, USA). The currents were measured with respect to the trans
side of the membrane (ground). The currents were low-pass filtered at
1 kHz, using a Bessal filter (Frequency Devices, Haverhill, MA, USA) and
digitized on-line using a Digidata 1200 interface board and pCLAMP 6
software (Axon Instruments, Union City, CA, USA). Sigma Plot 2000
scientific software was used for data analyses. Experiments were
performed at 23–251C.
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Gel electrophoresis and immunoblot analyses

SDS-PAGE was performed according to Laemmli.45 Gels were stained
with Coomassie Brilliant blue or electroblotted onto nitrocellulose
membranes46 and immunostained using monoclonal anti-VDAC, anti-
GFP, anti-actin or polyclonal anti-HK-I antibodies followed by incubation
with HRP-conjugated anti-mouse IgG for anti-VDAC, anti-GFP or anti-
actin antibodies, and HRP-conjugated goat anti-rabbit IgG for anti-HK-I as
secondary antibodies. Antibody binding was detected by chemilumines-
cence using a kit obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Tissue culture

The U-937 human monocytic cell line was grown under an atmosphere of
95% air and 5% CO2 in RPMI 1640 supplemented with 10% fetal calf
serum (FCS), 1 mM L-glutamine, 100 U/ml penicillin and 100mg/ml
streptomycin.

Cell transfection

Logarithmically growing U-937 cells were resuspended in RPMI 1640
supplemented with 10% FCS, 100 U/ml penicillin and 100 mg/ml
streptomycin at a concentration of 2.5� 107 cells/ml. Cells were
transfected to express rmVDAC1 or mVDAC1 using the vectors pEGFP,
pEGFP-VDAC1, pEGFP-E72Q-mVDAC1, pE-mVDAC1 or pE-E72Q-
mVDAC1. Transfection was performed by electroporation with a single
pulse from a Bio-Rad micropulser II with a capacitance extender unit
(200 V, 950 mF). Cells were incubated on ice for 10 min before and after
transfection, and then resuspended in 20 ml of RPMI 1640 supplemented
with 10% FCS, 1 mM L-glutamine, 100 U/ml penicillin and 100mg/ml
streptomycin. Transfection efficiencies were 68–72%, as assessed by
GFP expression. GFP-positive cells were viewed under a microscope
using a blue filter.

Double transfection

U-937 cells were transfected with pcDNA3.1-HisA or pcDNA3.1-HisA-HK-I
(neomycin resistance; provided by Dr. JE Wilson, University of Michigan)
by electroporation, and grown in complete RPMI 1640 with neomycin
(400mg/ml). After 12 days, the selected cells were transfected with either
pEGFP, pEGFP-mVDAC1 or pEGFP-E72Q-mVDAC1 and were grown in
the presence of neomycin (400 mg/ml). The viability of double-transfected
cells was analyzed during 48–76 h.

Treatment of cells

Cells were plated at a density of 5.4� 104 cells/cm2. in 24-well plates,
washed once with PBS and placed in serum-free medium. Cells were then
incubated with or without RuR or Ru360, under conditions indicated in the
legend to figures and table. Cells were also treated with 1.25 mM STS to
induce apoptosis and analyzed for viability 3, 5 and 7 h after STS addition.

Acridine Orange (AcOr)/ethidium bromide (EtBr)
staining of cells

To determine cell viability, cells were subjected to staining with 100mg/ml
AcOr and 100 mg/ml EtBr in PBS.47 Cells were centrifuged at 1500� g for
5 min at room temperature and resuspended in 25 ml of complete medium,
to which 2 ml of AcOr/EtBr solution was added. The cells were then

visualized by fluorescence microscopy (Olympus IX51) and images were
recorded on an Olympus DP70 camera, using an SWB filter.
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