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Background: VDAC1 was shown to undergo oligomeric assembly, an event that is coupled to apoptosis induction.
Results: Structure- and computation-based predications of VDAC1 oligomerization sites were confirmed.
Conclusion: Upon apoptosis induction, VDAC1 undergoes conformational changes and oligomerization.
Significance: Dissection of VDAC1 dimerization/oligomerization provides structural insight into the oligomeric status of
cellular VDAC1 under physiological and apoptotic conditions.

The outer mitochondrial membrane protein, the voltage-de-
pendent anion channel (VDAC), is increasingly implicated in
the control of apoptosis. Oligomeric assembly of VDAC1 was
shown to be coupled to apoptosis induction, with oligomeriza-
tion increasing substantially upon apoptosis induction and
inhibited by apoptosis blockers. In this study, structure- and
computation-based selection of the predicated VDAC1
dimerization site, in combination with site-directed mutagene-
sis, cysteine replacement, and chemical cross-linking, were
employed to identify contact sites betweenVDAC1molecules in
dimers and higher oligomers. The predicted weakly stable
�-strandswere experimentally found to represent the interfaces
betweenVDAC1monomers composing the oligomer. Replacing
hydrophobic amino acids with charged residues in �-strands 1,
2, and 19 interfered with VDAC1 oligomerization. The proxim-
ity of �-strands 1, 2, and 19 within the VDAC1 dimer and the
existence of other association sites involving �-strand 16 were
confirmed when a cysteine was introduced at defined positions
in cysteineless VDAC1 mutants, together with the use of cys-
teine-specific cross-linker bis(maleimido)ethane. Moreover,
the results suggest that VDAC1 also exists as a dimer that upon
apoptosis induction undergoes conformational changes and
that its oligomerization proceeds through a series of interac-
tions involving two distinct interfaces. Dissection of VDAC1
dimerization/oligomerization as presented here provides struc-
tural insight into the oligomeric status of cellular VDAC1 under
physiological and apoptotic conditions.

The voltage-dependent anion channel (VDAC)2 in the outer
mitochondrial membrane is a multifunctional channel protein
mediating cross-talk between the mitochondria and the cyto-
sol. VDAC1 regulates mitochondrial membrane permeability

to ions and small molecules, such as Na�, K�, Ca2�, Cl�, ATP,
NADH, succinate, and malate (1–3). It is now also recognized
that VDAC1 is involved in many physiological and pathophys-
iological processes, including Ca2� homeostasis (2, 3), energy
metabolism (1–5), and cell apoptosis (2–4, 6–8).
Over the years, numerous proposals explaining the organiza-

tion, structure, and transmembrane topology of VDAC1 have
been offered. These proposals, guided by biochemical and bio-
physical findings (2, 9–11) as well as by low resolution electron
microscopy (EM), all showed VDAC1 to comprise 13–19
�-strands forming a�-barrel configuration around a cylindrical
channel with a diameter of 20–30 Å (12, 13). Recently, the
topology and three-dimensional structure of recombinant
human VDAC1 (hVDAC1) and murine VDAC1 (mVDAC1)
were solved byNMR spectroscopy (14, 15) and x-ray crystallog-
raphy (16). These studies revealed that VDAC1 adopts a �-bar-
rel architecture, comprising 19 �-strands with a horizontally
oriented �-helix N-terminal positioned midway within the
pore. It should be noted that some concern about this structure
has been expressed (17).
The existence of VDAC1 as oligomers has been demon-

strated using various approaches. Purified and membrane-em-
bedded mammalian VDAC1 were shown to assemble into
dimers, trimers, tetramers, and higher oligomers by cross-link-
ing using five different cross-linking reagents, findings later
verified by fluorescence resonance energy transfer (FRET) anal-
ysis of purified VDAC1 labeled with FITC/EITC and reconsti-
tuted into liposomes (18). High resolution atomic forcemicros-
copy of purified native outer mitochondrial membrane from
potato tubers (19) or yeast (20) showedVDAC to be distributed
in an equilibriumofmolecular states, ranging from singlemem-
brane-embedded pores to hexamers and high order oligomers
(19), even extending to arrays containing up to 20 molecules
(20). In addition, analysis using symmetry operators on the
NMR-based structure of recombinant hVDAC1 implied the
formation of a parallel dimer (14), whereas analysis of the crys-
tal packing of mouse VDAC1 revealed an anti-parallel dimer
that further assembles into hexamers (21). Despite these
reported differences in the relative arrangement of human and
mouse VDAC1 dimers, in both cases, the dimer interface is
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formed by �-strands 1, 2, 18, and 19 and potentially extends to
include �-strands 3 and 4 (14, 21).
VDAC1 is now recognized to be a major regulator of mito-

chondria-mediated apoptosis, mediating the release of apopto-
tic proteins, such as cytochrome c, from mitochondria and
interacting with pro- and anti-apoptotic proteins (2–4, 6–8,
22–25). Although it is accepted that multiple pathways and
mechanisms of cytochrome c release can co-exist within a sin-
gle model of cell death, depending on the cell type and the
nature of the stimuli (26), the molecular architecture of the
cytochrome c-conducting channel has yet to be determined.
Previously, we proposed that VDAC1 oligomers function in
apoptosis by forming a pore large enough to mediate the pas-
sage of cytochrome c (3, 18, 23, 25, 27, 28). Indeed, using chem-
ical cross-linking, we demonstrated that the oligomeric assem-
bly of VDAC1 in cultured cells is highly enhanced (up to
20-fold) upon induction of apoptosis by various agents (e.g.
STS, curcumin, As2O3, etoposide, cisplatin, TNF-�, H2O2, UV
irradiation, or VDAC1 overexpression), all of which act via
mitochondria but through different mechanisms (28, 29).
Moreover, when we employed bioluminescence resonance
energy transfer (BRET2) tomonitor VDAC1 oligomerization in
living cells, we noted that incubation with apoptosis inducers
enhanced the BRET2 signal, whereas exposure to apoptosis
inhibitors prevented this enhancement (29). These findings
support the hypothesis that VDAC oligomerization is involved
in cytochrome c release and, therefore, in apoptosis.
In this study, site-directed mutagenesis, combined with cys-

teine substitution, chemical cross-linkers, and computational
analysis, was employed in order to identify contact sites in the
VDAC1 oligomer under physiological and apoptotic condi-
tions. We identified two forms of dimeric VDAC1, one with a
contact site involving �-strands 1, 2, and 19 and the second

involving �-strands 16 and 17. Moreover, the results suggest
that VDAC1 exists as a dimer that undergoes conformational
changes upon apoptosis induction to assemble into higher olig-
omeric states with contact sites also involving �-strand 8.

EXPERIMENTAL PROCEDURES

Materials—DL-Dithiothreitol (DTT), 1,5-difluoro-2,4-dini-
trobenzene (DFDNB), EGTA, EDTA, leupeptin, phenylmethyl-
sulfonyl fluoride (PMSF), sodium selenite, and staurosporine
(STS)were obtained fromSigma.Monoclonal anti-VDACanti-
bodies raised to the N-terminal region of VDAC1 were pur-
chased from Calbiochem-Novobiochem (Nottingham, UK).
Ethylene glycol bis(succinimidylsuccinate) (EGS) and bis(ma-
leimido)ethane (BMOE) were obtained from Pierce, and horse-
radish peroxidase (HRP)-conjugated anti-mouse antibodies
were obtained from Promega (Madison, WI). Anti-actin anti-
bodies were obtained from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA), Dulbecco’s modified Eagle’s medium
(DMEM) and the supplements, fetal calf serum, L-glutamine,
and penicillin/streptomycin, were purchased from Biological
Industries (BeitHaemek, Israel). Blasticidin was purchased
from InvivoGen (San Diego, CA). Puromycin was purchased
from ICN Biomedicals (Eschwege, Germany). siRNA was syn-
thesized by Dharmacon (Lafayette, CO), from where the trans-
fection reagent, DharmaFECT1, was also obtained.
Plasmids and Site-directed Mutagenesis—DNA encoding

rVDAC1 (24) was cloned into the BamHI/NotI sites of the tet-
racycline-inducible pcDNA4/TO vector (Invitrogen). VDAC1
mutations were generated by PCR using the QuikChange
mutagenesis method, using rVDAC1 or �Cys-rVDAC1 (30) as
cDNA templates (Table 1).
Cell Lines and Growth—T-REx-293 cells (HEK-293 cells that

express the tetracycline repressor) were grown in DMEM, sup-

TABLE 1
Oligonucleotides used for VDAC1 mutagenesis
Nucleotide substitutions leading to amino acid changes are in boldface type and underlined.

Substitution Mutagenic primer Template

I27R Forward: AATAAAACGTGATTTGAAAACGAAGTCCGAG rVDAC1
Reverse: CAAATCACGTTTTATTAAGCCAAAGCCG

L29R Forward: CACGGAGGA CACCAAAGTGAACGGCAGTCTG rVDAC1
Reverse: CTTTGGTGTC CTCCGTGTTGGCAGAACCTG

S43L Forward: GGAATTTACTCT CTCAGGTTCTGCCAACACGGAG rVDAC1
Reverse: GTCCGAGAATGGATTGGAATTTACTCTCTCAGGTTC

T51D Forward: GCTTGGTCGAGGACTGGAATTTCAAGC rVDAC1
Reverse: CCAGTCCTCGACCAAGCTTGTGGCCAC

L277R Forward: CCTGGGCGCTGATGTGGACTTTG rVDAC1
Reverse: CAAAGTCCACATCAGC GCCCAGG

C127A Forward: GTCGACCCTGATGCCGCCTTTTCGGCCAAAG rVDAC1
Reverse: CTTTGGCCGAAAAGGCGGCATCAGGGTCGAC

L125R Forward: ATCAACCGGGGCTGTGATGTGGACTTTGAC rVDAC1
Reverse: CACAGCCCCGGTTGATATGCTCCCTCTTG

C232A Forward: CCACCCTGT TATGCCGATCTTGGCAAG rVDAC1
Reverse: CGGCATAACA GGGTGGCACAGCCAT

Q249L Forward: GTACACTCTGACCCTAAAACCAGGTATCAAACTG rVDAC1
Reverse: GTCTAATTGGCTTAGGGTACACTCTGACCCTA

L29C Forward: CACGGAGTGCACCAAAGTGAACGGCAGTCTG �Cys-rVDAC1
Reverse: CTTTGGTGCACTCCGTGTTGGCAGAACCTG

T51C Forward: GGTGAACAAGAAGTTGGAGTGTGCTGTCAATCTCGCC �Cys-rVDAC1
Reverse: GGCGAGATTGACAGCACACTCCAACTTCTTGTTCACC

T204C Forward: CAGGTCGACCCTGATTGCGCCTTTTCGGCC �Cys-rVDAC1
Reverse: GGCCGAAAAGGCGCAATCAGGGTCGACCTG

A231C Forward: GCTTGGTTGT GGACTGGAATTTCAAGC �Cys-rVDAC1
Reverse: CCAGTCCACA ACCAAGCTTGTGGCCAC

L277C Forward: GCTTGGTTGT GGACTGGAATTTCAAGC �Cys-rVDAC1
Reverse: CCAGTCCACA ACCAAGCTTGTGGCCAC
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plemented with 10% fetal calf serum, 2 mM L-glutamine, 100
units/ml penicillin, 100 �g/ml streptomycin, 1 mM sodium
pyruvate, and non-essential amino acids, and maintained in a
humidified atmosphere at 37 °C with 5% CO2. T-REx-293 cells
stably expressing the pSUPERretro vector encoding shRNA-
targeting hVDAC1 (hVDAC1-shRNA) and that showed a low
(20–30%) level of endogenous hVDAC1 expression were
grown with 0.5 �g/ml puromycin and 5 �g/ml blasticidin.
Cell Transfection—T-REx-293 cells were transiently trans-

fected with plasmid pcDNA4/TO encoding native rVDAC1,
mutated rVDAC1, or mutated �Cys-rVDAC1 using calcium
phosphate (CaHPO4). Protein expressionwas induced by tetra-
cycline (0.5–1.5 �g/ml) for 24–48 h.
For CaHPO4-based transfection, cells (6 � 105) were seeded

onto a 60-mm culture dish plate and grown in 3 ml of DMEM,
supplementedwith 10% fetal calf serum, 2mM L-glutamine, 100
units/ml penicillin and 100 �g/ml streptomycin. Plasmid DNA
(0.2–1.0 �g) was added to 250 �l of sterile CaCl2 (240 mM) and
mixedwith 250�l of sterileHEPESbuffer (280mMNaCl, 10mM

KCl, 1.5mMNa2HPO4�H2O, 12mM glucose, 50mMHEPES, pH
7.05, with NaOH). The mixture was applied to the T-REx-293
cells. Cells were maintained in a humidified atmosphere at
37 °C with 5% CO2 for 16 h, at which time the medium was
replaced with 3 ml of fresh medium.
VDAC1 Silencing and siRNA Transfection—Selective silenc-

ing of endogenous hVDAC1 was achieved using an shRNA-
expressing vector. Nucleotides 483–501 of the hVDAC1 cod-
ing sequence were chosen as the target for shRNA specific to
human VDAC1. The hVDAC1-shRNA-encoding sequence
was created using the two complementary oligonucleotides
indicated below, each containing the 19-nucleotide target
sequence of hVDAC1 (nucleotides 483–501), followed by a
short spacer and an antisense sequence of the target: Oligo-
nucleotide 1, AGCTTAAAAAACACTAGGCACCGAGATT-
ATCTCTTGAATAATCTCGGTGCCTAGTGTG; Oligonu-
cleotide 2, GATCCACACTAGGCACCGAGATTATTCAAG-
AGATAATCTCGGTGCCTAGTGTTTTTTA. The hVDAC1-
shRNA-encoding sequence was cloned into the BglII and
HindIII sites of the pSUPER retroplasmid (OligoEngine,
Seattle, WA) containing a puromycin resistance gene. Tran-
scription of this sequence by RNA-polymerase III produces a
hairpin (hVDAC1-shRNA). Different clones of T-REx cells
expressing low level of endogenous VDAC1 were scanned.
Clone C4, showing the highest reduced VDAC1 expression
(30% of the level in non-treated cells; see Fig. 2C), was
selected and used.
For VDAC1 silencing by siRNA, T-REx-293 cells were

seeded into 6-well plates (2.5 � 105 cells/well). After 24 h, cells
were transfectedwith humanhVDAC1-directed siRNA (25nM)
using DharmaFECT1 transfection reagent, according to the
manufacturer’s instructions (Darmacon).
Chemical Cross-linking—Control T-REx 293 cells or T-REx

293 cells transfected to express native, mutated rVDAC1 or
mutated �Cys-rVDAC1 (3 mg/ml) were cross-linked by incu-
bation with different concentrations of EGS (50–300 �M) or
DFDNB (100–200 �M) in PBS, pH 8.3 (15–30 min, 30 °C), and
the reaction was stopped by adding SDS-PAGE sample buffer.
For cross-linking with BMOE, cells were incubated with the

reagent (0.1–1 mM) in PBS, pH 7.2, at 30 °C, and after 30 min,
the reaction was terminated by adding DTT (10 mM). Samples
(30 �g) were subjected to SDS-PAGE and immunoblotting
using anti-VDAC antibodies. Protein concentrations were
determined with the Lowry method, using BSA as a standard.
Gel Electrophoresis and Immunoblot Analysis—SDS-PAGE

was performed according to Laemmli (31). Gels were stained
with Coomassie Brilliant Blue or electrotransferred onto nitro-
cellulose membranes for immunostaining. Membranes con-
taining the transferred proteins were blocked with 5% nonfat
dry milk and 0.1% Tween 20 in Tris-buffered saline and then
incubated withmonoclonal anti-VDAC1 antibodies (1:10,000),
followed by incubation with HRP-conjugated anti-mouse IgG
secondary antibodies (1:10,000). An actin-specific polyclonal
antibody (1:10,000) was used as a loading control. After treat-
ment with the appropriate primary and secondary antibodies,
enhanced chemiluminescence (Pierce) was performed. Quan-
titative analysis of the bands was carried out using EZQuant-
Gel one-dimensional software analysis according to parameters
defined by the software algorithms for band and lane depiction.
Identification of Weakly Stable Regions by Computational

Modeling—The empirical energy for each of the 19 VDAC1
�-strands from the crystal structure was calculated using the
statistical mechanics model described in Ref. 32. Briefly, the
energy for each residue consists of two terms. First, each resi-
due is assigned an energy value of burying this residue at the
particular depth in the lipid bilayer and with the orientation of
its side chain, as seen in the crystal structure. There are two
possible side chain orientations, namely facing the lipid envi-
ronment or facing inside the barrel. This value is called the
“single body term.” Second, each residue interacts with two
residues on separate neighboring strands through strong back-
bone hydrogen bond interactions, side chain interactions, and
weak hydrogen bond interactions, which collectively make up
the two-body energy term. Strand energy is the summation of
both single body and two-body energy terms over all residues in
the �-strand. Those strands with energy higher than the mean
energy of all the strands were regarded as weakly stable. To
identify themost unstable residue in a strand, we calculated the
empirical energy required to insert that residue at its proper
depth in the lipid bilayer with the corresponding side chain
orientation (single body term), as seen in the crystal structure.
The residues that required relatively high empirical energy to
insert into the lipid bilayer were termed as weakly stable resi-
dues. The empirical energy function (TmSIP) used is derived
from bioinformatics analysis of �-barrel membrane proteins
(32–34). Those strands with energy higher than the mean
energy of all of the strands were regarded as weakly stable.
Because TM �-barrels are diverse, the mean energy value var-
ies, and there is no strict universal cut-off value.

RESULTS

To identify the interfaces between VDAC1 molecules in the
oligomeric states under physiological and apoptotic conditions,
we performed computational analysis, combined with site-di-
rected mutagenesis and cysteine substitution and chemical
cross-linking. Together, these approaches enabled us to map
out possible interfaces between VDAC1 molecules.
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Structure- and Computation-based Selection of Predicated
VDAC1Dimerization Site—It has been proposed that the inter-
face in a VDAC1 dimer involves amino acid residues located in
�-strands 1, 2, 18, and 19 from both VDAC1 monomers (14,
21), as depicted in Fig. 1A. In addition to this structural predic-
tion, we performed bioinformatics analysis based on a recent
study in which weakly stable regions were computationally
identified in �-barrel membrane proteins. It was found that
these weakly stable regions strongly indicate the existence of
protein-protein interaction sites. Using 25 �-barrel membrane
proteins, the oligomeric state of each protein was predicted
correctly, and the protein-protein interaction interfaces were
recovered at an accuracy of 78% (32).
The calculated oligomerization index (32) of 2.47 corre-

sponds to a value in the range where bothmonomeric and olig-
omeric �-barrel proteins have been observed. Although the
analysis presented in Ref. 32 was based on bacterial TM �-bar-
rels, we assume that it is applicable to mitochondrial proteins.
This is reasonable, because the outer membrane insertion rec-
ognition machineries of bacteria and mitochondrial �-barrel
membrane proteins are interchangeable (33, 34), and they share

a similar evolutionary pattern (35). Therefore, we conclude that
VDAC1 probably forms transient oligomers.

�-strandswith energy value higher than themean value (3.53
for VDAC1) were predicted to be weakly stable. Weakly stable
regions often signal the existence of an oligomer, because the
strands located in the interface of protein-protein interactions
are considerably less stable without their interaction partners.
There are four unstable regions in VDAC1. Strands 1 and 2
comprise the first unstable region (I); strands 7–9 form the
second region (II); and strands 13 and 17 form the third (III) and
fourth (IV) unstable regions, respectively (Fig. 1B).
Identifying VDAC1Dimerization Site—To verify the involve-

ment of the region that includes �-strands 1, 2, and 19 (i.e. the
first unstable region) in VDAC1 oligomerization, we replaced
amino acids in rVDAC1 �-strand 1 (Ile-27 and Leu-29), in the
�-2-�-3 connecting loop (Thr-51), and in �-strand 19 (Leu-
277) with arginine or aspartate in order to interfere with
VDAC1 oligomerization.
To monitor the effects of these mutations on VDAC1 oligo-

merization, we expressed the mutated rat (r)VDAC1 proteins,
I27R-, L29R-, T51D-, or L277R-VDAC1, in cells presenting low
levels of endogenous hVDAC1 (30% of non-treated cells). Low
levels of hVDAC1 were achieved either using cells stably
expressing hVDAC1-shRNA (cloneC4; Fig. 2C) or by introduc-
ing hVADC1-siRNA, both of which do not interfere with the
expression of rVDAC1. These T-REx-293 cells expressing
native or mutated rVDAC1 were treated with STS to induce
apoptosis. Cells expressing either native rVDAC1 or one of
the mutant rVDAC1s (i.e. I27R-, L29R-, T51D-, or L277R-
rVDAC1) were incubated with the cell-permeable cross-
linker, EGS, and immunoblotted with anti-VDAC1 antibodies
to reveal the profile of VDAC1 oligomers formed (Fig. 2A).
Wild type and mutant rVDAC1 were expressed at the same

level, albeit at levels 7-fold over the level in cells whose expres-
sion was silenced using specific siRNA (decreased by 70%) and
�2-fold higher than that of endogenous hVDAC1 (Fig. 2A, low
exposure panel). The results showed that, comparedwith native
rVDAC1 amounts, the levels of dimers and higher oligomeric
forms of VDAC1were greatly reduced (up to 95% decrease; Fig.
2A, high exposure panel) in cells expressing the I27R, L29R, and
T51Dmutations in �-strands 1 and 2 and in the L277R mutant
in�-strand 19. Thus, substitution of non-polar residues at posi-
tions assigned to the dimerization interface and facing the lipid
bilayer with either positively or negatively charged amino acids
interfered with VDAC1 oligomerization.
In the case of wild type rVDAC1, high VDAC1 expression

levels (2.3-fold increase; Fig. 2A, low exposure panel) shifted the
equilibrium of VDAC1 organization toward the formation of
oligomers, even without induction of apoptosis (Fig. 2A).
Indeed, we recently demonstrated that VDAC1 overexpression
is associated with rVDAC1 oligomerization (25). Accordingly,
although the expression level of native rVDAC1 is similar to
that of mutated rVDAC1, the expressed native but notmutated
VDAC1 shifted the equilibrium from the monomeric to the
oligomeric state.
It is also of note that interrupting rVDAC1 dimerization also

disrupted formation of all higher oligomeric states (i.e. trimers,

FIGURE 1. Proposed three-dimensional structure of a VDAC1 dimer and
the computational stability profile of VDAC1 transmembrane �-strands.
A, ribbon representation of the NMR-based hVDAC1 dimer structure (14). The
proposed strands involved in dimerization are marked (�1 and �19), with
residues at the dimer interface annotated. The distance between the mono-
mers is 3 Å at the cytoplasm-facing side and 9 Å at the intermembrane space-
facing side. B, empirical energy values of the 19 �-strands of VDAC1. There are
four unstable regions in VDAC1. Strands 1 and 2 comprise the first unstable
region (I). Strands 7–9 form the second region (II). Strands 13 and 17 form the
third (III) and fourth (IV) unstable regions, respectively.
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tetramers, etc.) (Fig. 2A). This suggests that dimerization is the
first obligatory step leading to VDAC1 oligomerization.
Next, we examined the contribution of amino acid residues

in the transmembrane domain to VDAC1 oligomerization
based on the depth of each amino acid in the bilayer and the

orientation of its side chain. This computational analysis
revealed that �-strand 2 is the most unstable strand, with resi-
due Ser-43 in �-strand 2, facing the lipid phase, predicted to be
the most unstable residue in the protein-protein interaction
interface and probably stabilized by protein-protein interac-

FIGURE 2. Mutations and cysteine substitution introduced at VDAC1 positions at the predicted dimerization site and empirical energy analysis point
to � strands 1, 2, and 19 as being proximal in dimeric VDAC1. A, native rVDAC1 and mutated I27R-, L29R-, T51D-, or L277R-rVDAC1 were expressed upon
induction by tetracycline (1.5 �g/ml, 24 h) in T-REx-293 cells treated with siRNA to reduce the expression level of endogenous hVDAC1, as described under
“Experimental Procedures.” 24 h post-induction, the cells (3 mg/ml), either treated or not with STS (3.5 �M, 4 h), were washed and incubated with the
cross-linker reagent, EGS (50 �M), for 15 min at 30 ºC, subjected to SDS-PAGE (10% acrylamide), and immunoblotted using N terminus-specific anti-VDAC1
antibodies. The detection films were also subjected to low exposures to demonstrate the low level of hVDAC1 in the siRNA-treated cells as well as the similar
expression levels of rVDAC1 in cells transfected with various plasmids. Quantitative analysis of band intensities of monomer (M.I.) and dimer (D.I.) in control
samples (�STS) and in samples treated with STS (�STS) is also shown. B, T-REx-293 cells stably expressing hVDAC1-shRNA (clone C4 in C) were transfected to
express �Cys-rVDAC1 or �Cys-rVDAC1 mutants (L29C, T51C, and L277C) and treated with STS (3.5 �M, 4 h). 24 h after induction of expression with tetracycline
(1.5 �g/ml), cells were incubated at 30 °C with the thiol-specific cross-linking reagent (CL), BMOE (100 �M), for 30 min or with EGS (50 �M) for 15 min. Cells were
subjected to SDS-PAGE (10% acrylamide) and immunoblotting using N terminus-specific anti-VDAC1 antibodies or anti-actin antibodies as loading control.
The positions of molecular mass protein standards are indicated. The arrow indicates the different mobility of the mutated VDAC-containing adducts at the
dimer position. C, the VDAC1 expression levels of T-REx-293 cells and different clones stably expressing hVDAC1-shRNA are shown. Clone C4 was used as
hVDAC1-shRNA cells. D, the contribution of residues in the transmembrane domains of �-strands 1 and 2 to overall stability, as revealed by empirical energy
analysis. E, the spatial positions of Ser-43, Gly-45, and Thr-49 (red), with respect to Ile-27, Leu-29, Thr-51, and Leu-277 (green).
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tions (Fig. 2D for empirical energy values for all of the residues
facing lipids in �-strands 1 and 2). Moreover, the spatial posi-
tion of Ser-43 places it in close proximity to Ile-27 and Leu-29
(Fig. 2E), consistent with the experimental observations.
To further identify VDAC1 dimerization sites, we replaced

selected amino acids with cysteine residues and subsequently
performed cross-linking with the thiol-specific cross-linking
reagent BMOE. WT rVDAC1 contains two cysteine residues,
Cys-127 and Cys-232, which, according to the three-dimen-
sional VDAC1 structure andmembrane topologymap, face the
lipid interface and the internal pore, respectively (14–16).
Therefore, we first constructed a cysteineless version of
rVDAC1, �Cys-rVDAC1, by replacing both Cys-127 and Cys-
232 with alanine residues (i.e. (C127A/C232A)-rVDAC1). We
then inserted a cysteine residue into�Cys-rVDAC1 at strategic
locations and performed cross-linkingwith BMOE. The forma-
tion of rVDAC1 cross-linked products was subsequently ana-
lyzed by immunoblotting with anti-VDAC1 antibodies.
Exposure of cells expressing �Cys-rVDAC1 to BMOE

resulted in no cross-linking products (Fig. 2B), indicating that
the reagent is specific for thiol groups. EGS, unlike BMOE,
reacts with primary amines and produced dimers and other
VDAC1-containing cross-linked products in cells expressing
�Cys-rVDAC1 (Fig. 2B). Cysteine substitution L29C (�-strand
1), T51C (in the loop connecting �-strands 2 and 3), or L277C
(�-strand 19) in �Cys-rVDAC1 allowed the formation of
dimers, stabilized by BMOE (Fig. 2B). These findings suggest
that positions Leu-29, Thr-51, and Leu-277 are close enough
within a VDAC1 dimer to allow BMOE (8 Å length) to cross-
react with cysteine residues located at these positions in each of
two VDAC1molecules composing the dimer. Interestingly, the

L277C-�Cys-rVDAC1 BMOE-cross-linked dimer was found
to migrate with lower mobility than the EGS-cross-linked
�Cys-rVDAC1 dimer or the BMOE-cross-linked L29C- or
T51C-�Cys-rVDAC1 dimers (Fig. 2B).
In contrast, in VDAC1 containing a single cysteine residue

(Cys-127) in �-strand 8 or a cysteine substitution at Thr-204 in
�-strand 14 (i.e. T204C-�Cys-rVDAC1), no dimers were
formed with BMOE (see Fig. 4,A and B), suggesting that within
a VDAC1 dimer under physiological conditions, �-strands 8
and 14 from two VDAC1 molecules are not in close enough
proximity to permit BMOE cross-linking.
Probing of Cysteine Residues of Wild Type VDAC1 Leads to

Identification of Second VDAC1 Dimerization Site—VDAC1
trimer, tetramer, hexamer, and higher oligomer formation
requires more than a single contact site between VDAC1
monomers. After verifying the involvement of the first unstable
region in dimer formation (see Fig. 1B), we considered addi-
tional unstable regions. In the second unstable region, com-
posed of �-strands 7–9, there are three unstable residues,
namely Thr-116 in �7, Cys-127 in �-strand 8, and Gly-140 in
�-strand 9 (Fig. 3A). Moreover, these three residues are spa-
tially located in the same region (Fig. 3B) and may form an
association site. Of these, Cys-127 is the most important
because it is the most unstable residue of the three (Fig. 3A).
Although Gly-117, Asp-128, and Val-143 are also unstable,
their side chains face inside the �-barrel and are not likely to be
involved in protein-protein interactions.
The third unstable region calculated is centered on �-strand

13. The instability of this strand stems from two modestly
unstable residues, Gly-192 and Gln-196. The crystal structure
ofVDAC1 (ProteinDataBank code 3EMN) shows a lipid bound

FIGURE 3. VDAC1 cysteine residues, Cys-127 and Cys-232, are the most unstable residues in the second and the fourth unstable regions. A, the
contribution of amino acid residues in the transmembrane domains of �-strands 7–9 to the overall stability of these strands. Thr-116, Cys-127, and Gly-140 are
unstable residues facing the bilayer. B, the spatial positions of Thr-116 (red) in �-strand 7, Cys-127 (green) in �-strand 8, and Gly-140 (red) in �-strand 9, forming
the second unstable region. C, contribution of amino acid residues in the transmembrane domains of �-strands 16 and 17 to the overall stability of these
strands. D, residues Ala-231 (green), Cys-232 (green) in �-strand 16, and Gln-249 (red) in �-strand 17 are in close proximity in the fourth unstable region.
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to Gly-192, suggesting that this weakly stable region may be
stabilized by protein-lipid interactions, a known mechanism
that is also observed in the structure of FhuA (36, 37). Because
we speculate that such modification does not have a dominant
effect on the oligomerization of VDAC1, it was not experimen-
tally addressed.
The fourth unstable region consists of �-strand 17, which is

locally unstable and is found right next to the most stable
�-strand (�-strand 18; see Fig. 1B) in the protein. It is possible
that �-strand 18 stabilizes the relatively unstable �-strand 17.
Specifically, unstable Gln-249 (Fig. 3C) in �-strand 17 is found
in spatial proximity to Cys-232 and Ala-231 (Fig. 3D), residues
that are the most unstable in �-strand 16 (Fig. 3C); all may play
an important role in oligomerization.
Considering the fact that the VDAC1 cysteine residues, Cys-

127 and Cys-232, are the most unstable positions in the second
and the fourth unstable regions, respectively, we probed these
residues to further explore VDAC1 oligomerization sites.

In addition to �Cys-rVDAC1-expressing cells, we con-
structed single cysteine-encoding (C127A or C232A)-rVDAC1
constructs and exposed the transformed cells to BMOE (Fig. 4).
When native rVDAC1, which contains two cysteine residues
(Cys-127 and Cys-232), was exposed to BMOE, we obtained
several rVDAC1-containing cross-linking products at the levels
of dimers, trimers, tetramers, hexamers, and other higher
molecular masses (Fig. 4A; see also Fig. 6A). This suggests that
both the second and the fourth unstable regions that contained
these cysteine residues are in close proximity and allowed
cross-linking with BMOE. Furthermore, the presence of
rVDAC1-containing bands corresponding to higher molecular
moieties, most probably corresponding to hetro-oligomeric
states of VDAC1 (according to their apparent molecular
masses), suggests that VDAC1 associates with other protein(s)
via one or both of its cysteine residue-containing unstable
regions. Because one of theVDAC1 cysteine residues is thought
to face the pore, whereas the other is exposed to the lipid phase

FIGURE 4. Cross-linking with BMOE reveals a possible VDAC1 oligomerization site and interaction site with an associated protein. T-REx-293 cells, stably
expressing hVDAC1-shRNA, were transfected to express rVDAC1 or C127A-, C232A-, or �Cys-rVDAC1 (A) or C127A-, A231C-�Cys-, or T204C-�Cys-rVDAC1 (B).
24 h after induction of expression with tetracycline (1.5 �g/ml), the cells were treated with STS (3.5 �M, 4 h). Cells were incubated with BMOE (100 �M) for 30 min
at 30 ºC and subjected to SDS-PAGE (10% acrylamide) and immunoblotting using N terminus-specific anti-VDAC1 antibodies. a and b adjacent to the
immunoreactive bands indicate the proposed VDAC1 oligomerization state, as illustrated in D. C, a schematic representation of hVDAC1 with the proposed
(14 –16) orientation of its cysteine residues shown, with respect to the bilayer and the pore. D, a proposed VDAC1 dimeric state (a) and a heterodimer formed
with a protein of a predicted mass of 60 kDa (b). E, proposed model for BMOE-induced conformational change. Cross-linking of �-strands 16 by BMOE induces
conformational changes in the VDAC1 dimer that allow further cross-linking of �-strand 8 to form higher oligomeric forms.
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(14–16), the interacting proteins could be membranal, cytoso-
lic, or located within the intermembrane space.
When C127A-rVDAC1 (containing a single cysteine, Cys-

232 in �-strand 16) was exposed to BMOE, dimers were
obtained (Fig. 4A), suggesting that within the rVDAC1 dimer,
the two Cys-232 residues face each other and are in close prox-
imity (�8Å) (Fig. 4C,a). Thus, althoughCys-232 in�-strand 16
is predicted to face the channel pore (Fig. 4B), according to
recent VDAC1 topology models (14–16), our results suggest
that this residue can also face the lipid phase, allowing dimer
formation. The fact that Cys-232 is a very unstable residue in
�-strand 16 (see Fig. 3B) supports the idea that it can change its
orientation toward the lipid phase. Therefore, the second
unstable VDAC1 region may serve as part of another VDAC1
contact site (see Fig. 7).
Furthermore, introducing a cysteine residue into �-strand

16, as in the A231C-�Cys-rVDAC1mutant, allowed formation
of a dimer (stabilized by BMOE) with the same mobility as
C232-rVDAC1 (Fig. 4B). These results taken together suggest
that bothAla-231 andCys-232 are in the proximity of a protein-
protein interaction interface but are not necessary the residues
that form the interaction site. This is also supported by our
computational analysis that predicts Gln-249, a spatial neigh-
bor of Ala-231 and Cys-232 (see Fig. 3D), to be unstable and
thus more likely to be involved in protein-protein interactions.
However, when C232A-rVDAC1 (containing a single cys-

teine residue, Cys-127 in �-strand 8) was expressed, no dimers
were obtained upon exposure to BMOE (Fig. 4A), suggesting
that Cys-127 in �-strand 8 is not found in the contact site
responsible for the formation of dimeric VDAC1.
In addition, the mutation C232A has a stabilizing effect on

the fourth unstable region of VDAC1 comprising �-strands 16
and 17 (data not shown). Thus, stabilization may reduce the
ability of the protein to form oligomers.
Finally, in cells expressing C232A-rVDAC1, a minor anti-

VDAC1 antibody-reacting protein band with a mobility of 90
kDa was observed (Fig. 4A). This band probably represents
VDAC1 cross-linked with a 60-kDa protein of unknown iden-
tity (Fig. 4D, b).
Stabilizing and Destabilizing Mutations in Second and

FourthUnstable Regions Change VDAC1Oligomerization State—
Computational analysis of the contribution of individual resi-
dues in the transmembrane domains of VDAC1 to the overall
stability of the �-strands can predict mutations that stabilize or
destabilize the protein and thus affect the oligomeric state.
Accordingly, we replaced the unstable residues Ser-43 in
�-strand 2 and Gln-249 in �-strand 17 with the stabilizing leu-
cine side chain. In addition, we replaced the stable residue, Leu-
125 in �-strand 16, with the unstable arginine side chain. Fig.
5A shows the calculated empirical energy values of the 19
�-strands of VDAC1. The normalized log ratio of the empirical
energy of the selected mutation with respect to the native resi-
due shows the local stabilizing and destabilizing effects of each
mutation. The spatial positions of Ser-43, Leu-125, Cys-127,
Cys-232, and Gln-249 are shown in Fig. 5B. Leu-125 and Gln-
249 are in close proximity to Cys-127 and Cys-232, whereas
Ser-43 is not close to either of these VDAC1 cysteine residues.

Next, we monitored the effects of these mutations on
VDAC1 oligomerization by expressing the mutant rVDAC1
proteins, S43L-, L125R-, and Q249L-rVDAC1, in cells present-
ing low levels of endogenous hVDAC1. These T-REx-293 cells,
expressing wild type or mutated rVDAC1, were treated with
STS to induce apoptosis, subjected to cross-linkingwith EGS or
BMOE, and immunoblotted with anti-VDAC1 antibodies to
reveal the profile of VDAC1 oligomers formed.
Mutation S43L showed the same oligomerization pattern as

native rVDAC1, with either EGS or BMOE (Fig. 5,C andD). On
the other hand, the BMOE cross-linker revealed that the desta-
bilizing mutation, L125R, reduced the dimer band (�50% less
relative to untreated rVDAC1; Fig. 5C) while increasing the
level of higher VDAC1-containing oligomers (1.3–6-fold
increase in the intensity of the hexamer band; Fig. 5C). This was
particularly true for the 90-kDa protein band that was obtained
with C232A-rVDAC1 (see Fig. 4, A and C, b). VDAC1 oligo-
merization was also obtained with the less specific cross-linker,
EGS (Fig. 5D). These results suggest that the mutated L125R-
rVDAC1 is unstable in the monomeric form and thus under-
goes stabilization via oligomerization to form higher oligomer
forms, with few dimeric species formed.
As expected, the stabilizingmutation, Q249L, in comparison

with rVDAC, reduced theVDAC1 oligomerization level (�40%
less, relative to rVDAC1; Fig. 5, C and D), as revealed by cross-
linking with either EGS or BMOE (Fig. 5, C and D). These
results suggest that the stable Q249L-rVDAC1monomer has a
lower tendency to form oligomers.
VDAC1 Undergoes Conformational Changes upon Apoptosis

Induction—The enhanced VDAC1 oligomerization observed
when apoptosis was induced with STS and using EGS as cross-
linker (16.1 Å length) to stabilize VDAC1 oligomers was not
observed when BMOE (8-Å length) was used (Figs. 2B and 4A),
suggesting that cross-linker length explains this observation.
To test this assumption, T-REx-293 cells stably expressing
hVADC1-shRNAwere transfected to express rVDAC1, treated
with STS, and then subjected to cross-linking with the primary
amine-reactive cross-linker EGS (16.1 Å length) or DFDNB (3
Å length) or with the thiol-specific cross-linker BMOE (8-Å
length). VDAC1 oligomeric forms, as revealed by immunoblot-
ting with anti-VDAC1 antibodies, showed an increase in
amount when apoptosis was induced with STS and EGS but
not when BMOE or DFDNBwas used to stabilize the VDAC1
oligomers formed (Fig. 6A). Identical cross-linking patterns
were obtained with BMOE and DFDNB, before and after
apoptosis induction, with a pattern appearing to resemble
that resulting from cross-linking with EGS after the induc-
tion of apoptosis (Fig. 6A, black rectangle). These findings
may result from differences in cross-linker lengths and flex-
ibility as well as from VDAC1 conformational changes that
occur upon apoptosis induction, as discussed below. Apo-
ptosis induced by STS or selenite treatment not only
enhanced VDAC1 oligomerization but also resulted in the
appearance of an anti-VDAC1 antibody-reactive band cor-
responding to monomeric VDAC1 with modified electro-
phoretic mobility (Fig. 6B, white arrow).
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DISCUSSION

In this study, we analyzed contact sites inVDAC1dimers and
higher oligomers under physiological and apoptotic conditions
using computational modeling and experimental approaches.
Based on bioinformatics analysis, four contact sites between
VDAC1 molecules were proposed and then confirmed using
site-directed mutagenesis and cysteine replacement combined
with chemical cross-linking. The results also suggest that
VDAC1 exists in equilibrium between monomers and dimers
that undergo conformational changes upon apoptosis induc-
tion to assemble into higher oligomeric states.
Dissection of First VDAC1 Oligomerization Sites—X-ray

crystallography of hVDAC1 suggested the formation of a par-
allel dimer (14), whereas analysis of the crystal packing of
mVDAC1 revealed an anti-parallel dimer, which further
assembles into hexamers (21). In both cases, the dimer interface
was proposed to be formedby�-strands 1, 2, 18, and 19, extend-
ing potentially to �-strands 3 and 4.
Our bioinformatics analysis (32) predicts that VDAC1 con-

tains four unstable regions. Strands 1 and 2 comprise the first
unstable region, strands 7–9 form the second region, and

strands 13 and 17 form the third and fourth unstable regions,
respectively. These unstable regions often signal the existence
of an oligomer andmay be located in the protein-protein inter-
action interface (32).
To experimentally probe the domains in rVDAC1 involved

in VDAC1 dimerization or oligomerization, a series of muta-
tions were introduced into rVDAC1, and the effects of these
mutations on VDAC1 oligomeric status were analyzed. When
residues in �-strands 1, 2, and 19 were mutated (i.e. I27R or
L29R from �-strand 1, T51D from �-strand 2, L277R from
�-strand 19), VDAC1 oligomerizationwas highly reduced, sug-
gesting that these residues are found at the interface between
two VDAC1 monomers in the oligomeric states (Fig. 2A).
Replacement of arginine or aspartate at the equivalent positions
in�Cys-rVDAC1with a cysteine residue allowed dimer forma-
tion (Fig. 2B), providing further support for the proposed loca-
tion of these residues at the dimer interface. These results are
consistent with previous structural findings showing that the
VDAC1 dimer interface is formed by �-strands 1, 2, 18, and 19
(14, 21). This site was also predicted by our computational anal-
ysis, which points to Ser-43 as being very unstable. The I27R

FIGURE 5. Effects of stabilizing and destabilizing mutations at �-strands 8 and 17 on VDAC1 oligomerization. A, the normalized empirical energy values
of 19 VDAC1 �-strands after the mutagenesis of S43L, L125R, and Q249L (shown on a logarithmic scale). Normalization was performed with the energy value
determined for the wild type protein, defined as zero. Mutations S43L and Q249L reduce the energy and stabilize the monomer, whereas L125R increases the
energy and, thereby, destabilizes the monomers, leading to oligomerization. B, the spatial positions of Ser-43 (red) in �-strand 2, Leu-125 (red), and Cys-127
(green) in �-strand 8 and Cys-232 (green) and Gln-249 (red) in �-strands 16 and 17, respectively. Leu-125 and Gln-249 are in close proximity to Cys-127 and
Cys-232, respectively, whereas Ser-43 is not close to either of the VDAC1 cysteine residues. C and D, native rVDAC1 and mutated S43L-, L125R-, or Q249L-
rVDAC1 were expressed upon induction by tetracycline (1.5 �g/ml, 24 h) in T-REx-293 cells treated with siRNA to express a low level of hVDAC1, as described
under “Experimental Procedures.” 24 h postinduction, cells (3 mg/ml) either treated or not with STS (3.5 �M, 4 h) were incubated at 30 °C with the thiol-specific
cross-linking reagent, BMOE (100 �M), for 30 min (C) or with EGS (50 �M) for 15 min (D). Cells were subjected to SDS-PAGE (10% acrylamide) and immunoblot-
ting using N terminus-specific anti-VDAC1 antibodies or anti-actin antibodies as loading control. The positions of molecular mass protein standards are
indicated. Quantitative analysis of dimer and hexamer band intensity, as -fold change from that seen in cells expressing wild type rVDAC is also presented.
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and L29R mutations found to reduce oligomerization (Fig. 2)
may provide Ser-43 with stabilizing interactions, which would,
in turn, reduce the tendency of the mutant proteins to partici-
pate in protein-protein interactions. In contrast, with VDAC1
containing a single cysteine (i.e.Cys-127 in �-strand 8 (Fig. 3A)
or Cys-204 in �-strand 14 (Fig. 4D)), no dimers or oligomers
were obtained upon cross-linking with BMOE, suggesting that
�-strands 8 and 14 are not located at the interface between two
VDAC molecules in a dimer. Thus, we propose a possible spa-
tial arrangement and orientation of the twoVDAC1monomers
within the dimer in which the dimer interface is formed by the
transmembrane �-strands 1, 2, and 19 (see Fig. 7A, a).
Second VDAC1 Oligomerization Sites—VDAC1 trimer,

tetramer, hexamer, and higher oligomer (18–20, 38) formation
requiremore than a single contact site between VDAC1mono-
mers. According to our computational study, VDAC1 cysteine
residues Cys-127 and Cys-232 are found to be part of the sec-
ond and the fourth VDAC1 unstable regions. We used BMOE,
a thiol-specific cross-linker, for probing these cysteine residues.
Indeed, dimers were obtained with VDAC1 containing a single
cysteine (Cys-232 in �-strand 16), suggesting that the Cys-232
residues from each of two VDAC1 monomers face each other
and are found in close proximity (�8 Å) within a dimer
arrangement (see Fig. 4, A and D, a). Although according to
recent VDAC1 topology models (14–16), Cys-232 faces the
channel pore, our results suggest that this residue might also
face the lipid phase and, in this position, be amenable for cross-
linking. Furthermore, VDAC1 dimers also formed when a cys-
teine substitute was made at Ala-231 in �-strand 16 of �Cys-
rVDAC1(see Fig. 4B), supporting the proposal that �-strand 16
participates in a distinct contact site within the VDAC1 dimer
(see Fig. 7A, b). These results are further supported by our com-
putational study, which predicts that �-strand 17 participates

in protein-protein interaction. We identified Gln-249, a spatial
neighbor of Ala-231 and Cys-232, to be very unstable and thus
more likely to be involved in protein-protein interactions.
No dimers were obtained upon expression of a single cys-

teine residue, Cys-127, in �-strand 8 and subsequent exposure
to BMOE (Fig. 4A), suggesting that Cys-127 in �-strand 8 is not
found in the contact site responsible for the formation of
dimeric VDAC1. This is surprising, because obtaining higher
order oligomers in native VDAC1 upon cross-linking with
BMOE (Fig. 4A) requires that both Cys-127 and Cys-232 be
available for cross-linking. Moreover, Cys-127 is the most
unstable of �-strands 7–9 (see Fig. 3A) and is likely to partici-
pate in protein-protein interactions. This may be explained by
assuming that Cys-127 only becomes accessible for cross-link-
ing once Cys-232 has already interacted with or has been cross-
linkedwith BMOE. In other words, cross-linking of�-strand 16
by BMOE may induce conformational changes in the VDAC1
dimer that allow further cross-linking of �-strand 8 to form
higher oligomeric forms (see model in Fig. 4E).

�-Strands 8 and 16 Play Role in Structuring VDAC1 Higher
Ordered Oligomers—An association site centered at VDAC1
�-strand 8 was also predicted by our computational study. Res-
idues Thr-116, Cys-127, and Gly-140 are unstable and likely to
play an important role in this protein-protein interaction site.
The results show that no dimers were obtained when BMOE
was introduced into cells expressing VDAC1 containing only
cysteine Cys-127, suggesting that �-strands 8 from each of two
VDAC1 monomers are not facing each other. However, when
both cysteine residues in the native rVDAC1 are available for
cross-linking with BMOE, higher order oligomers (trimers,
tetramers, hexamers, etc.) were formed (Fig. 4).
Our results also showed that mutations that are predicted to

stabilize or destabilize the region of �-strands 8 and 16 affect

FIGURE 6. The long cross-linker EGS but not the shorter reagents, DFDNB and BMOE, reveals increases in VDAC1 oligomerization and that VDAC1
undergoes conformational changes upon apoptosis induction. A, T-REx-293 cells stably expressing hVDAC1-shRNA (low hVDAC1 level) were transfected
to express rVDAC1. 24 h after expression induction by tetracycline (1.5 �g/ml), the cells were treated with STS (3.5 �M, 4 h). These were then incubated at 30 °C
with the thiol-specific cross-linking reagent BMOE (100 �M) or with the amine reactive cross-linker EGS (50 �M) or DFDNB (100 �M). Samples were subjected to
SDS-PAGE (10% acrylamide) and immunoblotting using N terminus-specific anti-VDAC1 antibodies. VDAC-containing dimers (Di), trimers (Tri), tetramers
(Tetra), and hexamers (Hexa) and the positions of molecular weight protein standards are provided. The black rectangles show the similar oligomerization
patterns obtained with the three different cross-linkers. The increase in VDAC1 oligomerization upon apoptosis induction is seen only with the long cross-
linker, EGS (16.1 Å) and not with either of the short cross-linkers, BMOE (8 Å) or DFDNB (3 Å). B, T-REx-293 cells were treated with STS (3.5 �M, 4 h) or selenite (25
�M, 4 h) and incubated with EGS (300 �M). The enhanced VDAC1 oligomerization and appearance of intramolecular cross-linked monomers upon apoptosis
induction are indicated by the white arrow.
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VDAC oligomer formation. Expressing Q249L-VDAC1, which
was predicted to stabilize the regions of �-strands 16 and 17,
resulted in a decrease in VDAC oligomerization. On the other
hand, expressing L125R, predicted to destabilize the region of
�-strand 8, shifted VDAC1 to higher oligomeric forms. Stabi-
lizing of �-strand 2 with the mutation S43L has no dramatic
effect on VDAC1 oligomerization. Altogether, these results
suggest that the two cysteine-containing �-strands 8 and 16
alone can allow formation ofVDAC1 higher oligomers.
VDAC1Oligomeric State and Conformational Changes Real-

ized upon Apoptosis Induction—Recently, using chemical
cross-linking and BRET2, we demonstrated that the oligomeric
assembly of VDAC1 in cultured cells is highly enhanced upon
induction of apoptosis by various inducers, all of which act via
mitochondria but through different mechanisms (28, 29).
These and other findings led us to propose that VDAC1 exists
in a dynamic equilibrium between monomeric and oligomeric
forms that shifts toward oligomerization upon apoptosis induc-
tion. We found that upon apoptosis induction, a new anti-
VDAC1 antibody-reactive band corresponding to monomeric
VDAC1 with modified electrophoretic mobility was obtained
(Fig. 6B, white arrow). This suggests that apoptosis induced
conformational changes in VDAC1 that were stabilized by
EGS-mediated, intramolecular cross-linking. In addition, the
dimer band obtained following apoptosis induction is wider
than the dimer band obtained without apoptosis induction,
suggesting that it is composed of heterogeneous dimers com-
posed of amixture of the twoVDAC1 conformations (i.e.native
and apoptosis-induced). In the higher oligomeric states, the
bands look more homogenous, suggesting that they are com-
posed of a single VDAC1 conformation, most likely the modi-
fied conformation (Fig. 6B).
Our results showed that cells incubated with the specific

cross-linker, BMOE,which reactswith cysteine residues (native
VDAC1 contains two cysteines), or EGS, which interacts with
lysine residues (native VDAC1 contains 25 lysines), generated
similar cross-linking products following apoptosis induction
(Fig. 6A). Interestingly, an increase in the level of dimers and
higher oligomers was obtained upon apoptosis induction and
cross-linking with EGS, with identical levels of dimers and olig-
omers being formed with or without apoptosis induction and
cross-linking with BMOE. This may reflect a situation whereby
VDAC1 molecules are present in a dimeric arrangement and

can be cross-linked with BMOE but not with EGS (see Fig. 7B,
a), implying that under physiological conditions, no lysine res-
idues in the dimer are located in positions allowing for cross-
linking with the 16.1-Å-long, inflexible EGS cross-linker.
Upon apoptosis induction, however, VDAC1undergoes con-

formational changes that relocate lysine residues to positions
that allow for their cross-linking by EGS. Such conformational
changes upon apoptosis induction are reflected in the observed
change in monomeric VDAC1 mobility (28) (Fig. 6B, white
arrow).
Taking these findings together, we propose that under phys-

iological conditions, a dynamic equilibrium exists between
monomeric and dimeric forms of VDAC1, with strands �1, �2,
�19 (Fig. 7A, a) or �16 and �17 (Fig. 7A, b) being found at the
dimeric interface. Cross-linking of �-strands 16 by BMOE
induces conformational change in a VDAC1 dimer that allows
further cross-linking of �-strands 8 to form higher oligomers
(Fig. 4,A andD). Upon apoptosis induction, formation of hexa-
mers could occur through the same scenario, involving apop-
tosis-induced conformational changes (Fig. 6B). Such oligo-
merization begins with the equilibrium between monomeric
and dimeric VDAC1 being shifted toward dimeric VDAC1,
concomitant with conformational changes occurring to further
encourage VDAC1 dimerization through interactions in the
region of � strand 16. Next, the dimers interact with other
VDAC1monomers or dimers to form trimers, tetramers, hexa-
mers, and larger oligomers, also probably via steps involving
�-strand 8 (Fig. 7B).

In summary, we found that the interface between two
VDAC1 monomers is formed by the unstable regions of the
protein, �-strands 1, 2, and 19, and by a second contact site
involving�-strands 16 and 17.Wehave shown thatVDAC1 can
exist under physiological conditions as a dimer that upon apo-
ptosis induction can undergo conformational changes and fur-
ther oligomerize to form higher oligomeric states involving
�-strand 8. Further experimentation will delineate the exact
nature of the conformational rearrangements of oligomeric
VDAC1 in physiological and apoptosis conditions.
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