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The voltage-dependent anion channel (VDAC) and the adenine nucleotide translocase (ANT) have central
roles in mitochondrial functions such as nucleotides transport and cell death. The interaction between
VDAC, an outer mitochondrial membrane protein and ANT, an inner membrane protein, was studied in
isolated mitochondria and in vitro. Both proteins were isolated from various mitochondrial sources and

Keywords: reconstituted in vitro using a biomimetic system composed of recombinant human VDAC isoform 1 (rhV-
Eha“nd DAC1) immobilized on a surface plasmon resonance (SPR) sensor chip surface. Two enriched-prepara-
1posome

tions of yANT (ANT from heart, mainly ANT1) and {ANT (ANT from liver, mainly ANT2) isoforms
interacted differently with rhVDAC1. Moreover, the pharmacological ANT inhibitors atractyloside and
bongkrekic acid modulated this interaction. Thus, ANT-VDAC interaction depends both on ANT isoform
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identity and on the conformation of ANT.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Mitochondria play multiple roles in cellular pathophysiology
such as energy and lipid metabolism, reactive oxygen species pro-
duction and detoxification and cell death [1]. These organelles are
delimitated by two membranes that differ largely by their compo-
sition, surface and function. The outer membrane (OM) constitutes
a permeable barrier that allows metabolites, ions and water fluxes
trough dedicated channels such as the voltage-dependent anion
channel or porin (VDAC) [2]. VDAC is the most abundant OM inte-
gral protein. It is expressed as three isoforms in mammals, VDAC1
to 3, which span the OM with 19 B strands [3]. VDAC channel can
be modulated by calcium (Ca?*), anion superoxide, phosphoryla-
tion and interaction with cytosolic proteins, all of which influenc-
ing cell metabolism and cell fate [4]. In contrast, the inner
membrane (IM) delimitates the boundary between the intermem-
brane space and the matrix. The exchange of metabolites and ions
on IM is mainly mediated by mitochondrial carriers [5]. One of
them is the adenine nucleotide translocase (ANT) [6], which is
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encoded by three or four tissue-specific isoforms in mammals,
namely ANT1 to ANT4. In normal conditions, ANT is a stoichiome-
tric ADP/ATP translocase, but in the presence of various ligands
in vitro (e.g. Ca®"), ANT can behave as a channel, whose conduc-
tance can be enhanced by interaction with Bax [7-9]. The bovine
ANT1 has been co-crystallized with carboxyatractyloside confirm-
ing in silico prediction of six transmembrane helices with N and C
terminus facing the intermembrane space [10]. However, despite
a lack of consensus on the monomeric versus dimeric status of
ANT, it can be found in hetero-oligomers, such as the permeability
transition pore (PTP) [8,11,12] and the ATP synthasome [13]. These
associations would depend on tissue and pathophysiological con-
ditions [14].

Previously, an ANT-VDAC interaction has been evidenced by co-
immunoprecipitation and co-localization approaches [11,15]. This
interaction might occur at definite contact sites between OM and
IM to facilitate metabolites channeling and/or, upon stimulation,
to trigger a sudden phenomenon named permeability transition
(PT) [16]. How ANT and VDAC interact is crucial either for the
understanding of basic molecular mechanisms of mitochondrial
(dys) function or for drug design, but to our knowledge, the inter-
action is poorly characterized. Therefore, we demonstrated for the
first time the direct interaction between ANT and VDAC in vitro and
unraveled some aspects of its regulation in isolated mitochondria
and in a biomimetic system by SPR.
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2. Material and methods
2.1. Isolation of mitochondria and functional assays

Mitochondria were isolated from freshly excised rat heart or li-
ver according to [17,18]. Mitochondrial swelling was assessed by
the decrease the mitochondrial suspension (25 pg proteins) in
optical density at 540 nm and depolarization was monitored by
using an 1 pM rhodamine 123 fluorescence dequenching assay
(Lexc: 485 nm, Aep: 535 nm) as previously described [17].

2.2. Immunoprecipitation

ANT was immunocaptured from rat heart mitochondrial ex-
tracts by using monoclonal antibody against ANT1 cross-linked
to agarose beads (MitoSciences, Eugene, Oregon, US). The immune
complexes were separated by SDS-PAGE and electro-transferred
for western-blot detection by chemiluminescence, using antibod-
ies against ANT (MitoSciences) and VDAC (Genosphere, Paris,
France).

2.3. Production of proteins

A recombinant human C-terminated histidine-tagged VDAC iso-
form 1 (rhVDAC1) was produced into E. coli XL-1 Blue strain (Agi-
lent, US) according to [19]. Briefly, the biomass was suspended in
buffer A (1:50 v/v, 20 mM Tris, pH 7.9, 200 mM NaCl and 1 mM
PMSF). Inclusion bodies were solubilized in buffer B (1:20 v/v,
6 M urea-HCl, 20 mM Tris-HCI, pH 7.9, 500 mM NacCl, and 10%
glycerol) at 4 °C for 30 min. The denatured protein was purified
using a Ni-NTA (nitrilotriacetic acid) resin (Qiagen, Germany). It
was refolded at 4 °C into refolding buffer (25 mM sodium phos-
phate pH 7.0, 100 mM NaCl, 1 mM EDTA, 5 mM DTT, 2% lauryl
dimethylamine oxide (LDAO)).[20] Single channel activity of VDAC
was measured in azolectin planar lipid bilayers. Chambers defined
as cis and trans contained 1 M KCl, 10 mM HEPES, pH 7.4 with
0.5 mM CaCl,, where cis was virtually grounded. Proteins were
added to the cis chamber and the amplified current signals (ampli-
fier BLM 120, Bio-logic) were filtered and analyzed as previously
described [21].

2.4. ANT purification and ADP/ATP exchange measurement

Heart ANT was purified to homogeneity from rat hearts accord-
ing to [8,22] and from liver in the presence of protease inhibitors
cocktail from Roche (Bale, Switzerland) and phenylmethanesulfo-
nylfluoride (PMSF). Protein concentration was determined by
BCA assay and ANT containing fractions were checked for purity
using silver staining and western-blot for ANT, VDAC and Cyclophi-
lin D (Mitosciences). ANT was reconstituted into phosphatidylcho-
line/cardiolipin (1:45 w:w) liposomes (300 ng ANT per mg lipid)
and its function was measured as described [15].

2.5. Protein interaction measurements using SPR

SPR measurements were performed on a Biacore 2000 instru-
ment using Nitrilotriacetate (NTA) sensors chips. thVDAC1 in inter-
action buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 0.005%
surfactant P20) was injected at a flow rate of 20 uL min~'. rhV-
DAC1 coverage was between 850 and 1600 RU corresponding to
85-160 ng/cm? (2.5-4.6 pmol/cm?). Regeneration of the Ni NTA
surface could be obtained after injection of running buffer contain-
ing 350 mM EDTA at pH 8.3. For interactions, proteins were in-
jected for 300s at a flow rate of 20 pL min~'. The amount of

protein bound to the surface was measured 200 s after reversion
to running buffer.

2.6. Mass spectrometry analysis

The identity of ANT and VDAC was confirmed by nano liquid
chromatography (LC) coupled to tandem mass spectrometry (MS)
as described [23].

3. Results

It is well known that isolated mitochondria treated by Ca?* un-
dergo permeability transition (PT) [24]. Mitochondria were iso-
lated from rat liver and heart by standard procedures and treated
by agents to modify the conformation of ANT and determine the
impact of these molecules on membrane permeability. Thus,
atractyloside (Atra) that inhibits ANT ADP/ATP translocase activity
at low doses can also induce PT when used at higher doses (Fig. 1).
In contrast, bongkrekic acid (BA), inhibits the translocase function
[25,26], but does not induce PT (Fig. 1). Here, we found that Atra
induced a dose-dependent decrease in the absorbance of the mito-
chondrial suspension and in the inner transmembrane potential,
A¥m (Fig. 1A, B). BA, whose chemical structure is not related to
Atra (Fig 1C, D) but binds also to ANT, fully inhibited Atra-induced
swelling and depolarization (Fig. 1A, B). This indicates that a
change in ANT conformation can affect membrane permeability
and ANT interaction with partners.

Irrespective of isoform identity, VDAC has been described to co-
immunoprecipitate with ANT in many tissues or cells such as rat
liver and human cancer cell lines. Here, we observed that using a
specific anti-ANT1 mAb, ANT could be co-immunoprecipitated
with VDAC from heart mitochondria in the presence of the surfac-
tant lauryldimethylamine-oxide (LDAO) (Fig. 1E). Interestingly,
ANT1 and 2 isoforms were found in the immune complex together
with VDACT, 2 and 3 when analyzed by liquid chromatography and
mass spectrometry (Table 1). When mitochondria were pre-treated
with Atra and BA, both compounds affected the conformation of
ANT since they interrupted the interaction of the ANT-VDAC com-
plex (not shown).

Since immunoprecipitation failed to demonstrate whether
some specificity exist in the interactions of various isoforms, we
decided to explore the possibility of a direct interaction between
ANT and VDAC in vitro, using a recombinant human C-terminated
histidine-tagged VDAC isoform 1 [19]. The protein was recovered
as a highly purified fraction of about 0.5 mg/ml (15 pM) as shown
on SDS-PAGE (Fig. 2A). The secondary structure of the rhVDAC1
was appreciated from circular dichroism (CD) (Fig. 2B). The CD
spectra recorded in the far ultraviolet for rhVDAC1 in LDAO mi-
celles shows the basic features of beta-barrel porins, which are
large positive ellipticity below 205 nm and a broad, less intense
minimum centered near 215 nm. The channel activity of rhVDAC1
was checked by channel conductance measurements (Fig. 2C). At
low membrane potentials, typically below 30 mV (see recordings
at +10 mV), a permanently open state of channels was measured,
whilst at higher voltages (see recordings at +40 mV) closing events
and numerous sub conductance states were observed.

Next, we investigated the interactions of rhVDAC1 with two iso-
forms ANT1 and ANT2 that were obtained from rat heart and liver,
respectively; according to the known ANT isoform organ reparti-
tion [27-29]. 4JANT (ANT from heart, mainly ANT1) was purified
from rat heart mitochondria and ANT (ANT from liver, mainly
ANT2) from rat liver. Analysis by liquid chromatography and mass
spectrometry confirmed the presence of ANT1 and 2, but neither
ANT3 nor ANT4 in the fractions (not shown). ANTs were purified
to homogeneity in concentration of about 0.1 mg/mL (3 uM). The
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Fig. 1. ANT-VDAC interaction in mitochondria. (A) For swelling experiments, the mitochondrial suspension has been treated by various doses of atractyloside (Atra),
bongkrekic acid (BA) or not (Co.) and the optical density (at 540 nm) has been measured for 30 min. (B) Mitochondria pre-loaded with the 1 M Rhodamine 123, have been
treated as in (A) and fluorescence changes reflecting the transmembrane potential measurement have been measured simultaneously for 30 min. The values are means of
triplicate samples and the error bars indicate standard deviations. (C) Chemical formula of Atra. (D) Chemical formula of BA. (E) ANT has been co-immunoprecipitated with
VDAC from mitochondrial extracts. The immune complexes have been separated by SDS-PAGE and immunoblotted for ANT or VDAC. The experiment has been reproduced

three times and yielded to similar results.

Table 1

Identification of ANT and VDAC isoforms. Proteins were co-immunoprecipitated from
rat heart mitochondrial extracts in the presence of LDAO using an anti-ANT1
monoclonal antibody. Proteins were separated by SDS-PAGE and submitted to mass
spectrometry analysis.

Protein (acc. MW Sequence coverage Number of
number) (kDa) (%) peptides
ANT1 (Q05962) 329 72 41

ANT2 (Q09073) 32.8 67 36

VDAC1 (Q9Z2L0) 30.8 76 19

VDAC2 (P81155) 31.6 58 12

VDAC3 (Q9R1Z0) 30.7 64 23

purity of ANT preparations was checked by SDS-PAGE with silver
staining (not shown) and the absence of detectable contaminating
proteins, such as VDAC and cyclophilin D (CypD) was examined by
western blotting (Fig. 2D). To check the functionality of purified y
and [ ANT, their capacity to exchange ADP and ATP was measured
into proteoliposomes (Fig. 2E). As expected from literature [6,22]
both mitochondrial carriers exchanged ADP for ATP and failed to
exchange AMP. Of note, 4 and | ANT were inhibited by BA.

The interaction of 4JANT and ;ANT with immobilized rhVDAC1
was then evaluated by SPR. The presence of an Histag at the C ter-
minus of the protein allowed for an oriented immobilization of

rhVDACT1 on top of an Ni NTA surface. thVDAC1 was injected in
running buffer at concentrations ranging from 0.2 to 450 pM. A
maximum coverage of about 4000 RU corresponding to a surface
coverage of 4 ng/mm? of protein was obtained (data not shown).
A surface coverage of 1000-1800 RU (1-2 ng/mm?) was obtained
for injections of thVDACT solution of 0.4 uM and was used for sub-
sequent experiments. As controls, heat denatured jANT and ANT
bind neither to the rhVDAC1-coated chip nor to the free rhVDAC1
NiNTA surface. Ionic strength (mainly due to NaCl in our experi-
mental set-up) and surfactants are known to influence drastically
protein-protein interactions. Accordingly, the interaction of JANT
and ;ANT with immobilized rhVDAC1 was lowered when NaCl con-
centration increased (Fig. 3A). Moreover, a lower (4- to 5-fold)
ANT/rhVDAC1 level of binding compared to the yANT/rhVDAC1
for 75 mM NaCl was observed. Above 100 mM, the |ANT/rhVDAC1
interaction declined by 48-58% after one hour of incubation, [ANT/
rhVDACT interaction was not stable with time. This behavior was
not observed for yANT interaction towards rhVDAC1. Although
low, the interaction of JANT in the presence of high NaCl concen-
tration remained stable over time.

The ATP/ADP binding sites of ANT are oriented either to the in-
ner (matrix, m-state) or to the outer (cytosolic, c-state) face of the
IM. Each of these states may be stabilized by binding of a specific
high-affinity ligand such as BA for the m-state, and Atra for the
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Fig. 2. Proteins production, purification and activity. (A) Western blot and SDS-PAGE of purified rhVDAC1. From left to right: protein ladder, immune revelation by an anti-
VDAC polyclonal rabbit serum, Coomassie blue staining. The calculated molecular weight for rhVDAC1 is 32 kDa. (B) Far-UV CD spectrum of refolded rhVDAC1 (0.5 mg/mL) in
25 mM sodium phosphate pH = 7.0, 100 mM NaCl, 1 mM EDTA, 2% LDAO buffer, at 20 °C in a 0.5 mm path length cell. (C) Current traces from VDAC single channels. Upper
part, applied voltage was +10 mV; lower part, applied voltage was +40 mV; the dashed lined represents the zero current level. (D) yANT was purified from rat heart and [ANT
from rat liver; their purity was analyzed by western-blotting after SDS-PAGE. The presence of ANT, VDAC and CypD was checked in isolated mitochondria (M), in
hydroxyapatite fraction (HA) and in enriched fractions (yANT and ;ANT). (E) The ADP/ATP exchange activity of ANT was measured into proteoliposomes. The ATP release
induced by ADP or AMP addition was evaluated by bioluminescence and expressed as percentage of 400 uM ADP. Experiments were done in triplicate into black 96 well-
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Fig. 3. |ANT and »ANT isoforms interactions with rhVDAC1. The levels of binding of ANTs to immobilized rhVDAC1 (about 1200 RU) are plotted as histograms in RU
(resonance units). The NaCl concentration was set upon ANTs overnight dialysis. The bars represent +SD for three independent experiments. (A) JANT versus | ANT interaction.
The grey bar represents 4ANT (injection of 105 pmol), the black bar is for |ANT (injection of 47 pmol) (B) 4ANT interaction as a function of conformation and NaCl
concentration. 105 pmol of 4JANT were injected per assay. Filled black bars represents yJANT control interactions, grey bars yJANT + BA (50 uM), white bars yANT + Atra
(250 uM). Interactions of yANT (C) and [ANT (D) with immobilized rhVDAC1 for 75 mM Nacl; filled black bars represents ANT control interactions, grey bars ANTs + BA, white
bars ANTS + Atra.

c-state [30-32]. An excess of BA (50 uM) or Atra (250 pM) was Untreated yANT (Control ANT), yANT+BA and HANT + Atra
added immediately at the end of the purification steps of ANTs. were injected on top of the rhVDAC1 surface for three salt
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concentrations (Fig. 3B). As expected, the level of jJANT and ANT
bound to immobilized VDAC was dependent of protein concentra-
tion and decreased when increasing the salt concentration
(Fig. 3B-D). Moreover, in the presence of BA, the binding level of
#ANT was found to decrease by 30-50% and when yJANT was puri-
fied in the presence of Atra, its interaction with rhVDAC1 was de-
creased by 80%. The binding of JANT to VDAC was stable for 5
hours and could be reversed upon injection of 0.5% SDS, a denatur-
ing surfactant. A similar behavior was observed for the interaction
of [ANT with the rhVDACT1 surface (Fig. 3D). In the presence of BA,
the binding level of |ANT was found to decrease by 50% and when
ANT was purified in the presence of Atra, its interaction with VDAC
was decreased by 80%.

4. Discussion

Many evidences support a functional interaction of ANT and
VDAC to facilitate metabolites channeling between cytosol and
mitochondrial matrix in physiological as well as in pathological
models, but structural knowledge of this interaction is scarce. Here,
experiments in cardiac and hepatic isolated mitochondria showed
clearly that pharmacological manipulation of ANT conformation by
Atra and BA affects differentially mitochondrial membrane perme-
ability as shown by swelling and A% m measurements. This means
that ANT conformation can impact indirectly on the entry of water,
solutes and metabolites into mitochondria, which is believed to oc-
cur, at least in part, through VDAC channels. In addition, mass
spectrometry analysis revealed that all isoforms of VDAC and
ANT1 and 2 can be found in immune complex(es). This confirmed
the existence of an ANT-VDAC interaction, but did not allow deter-
mining whether there is one unique complex or several sub com-
plexes with some preferential ANT/VDAC isoform associations.

Therefore, to gain more insights into the organization and the
regulation of the ANT-VDAC interaction, we purified ANT and
VDAC from various sources and reconstituted them in a previously
described biomimetic system. rhVDAC1 was produced in E. coli and
was refolded in 2% LDAO buffer. This surfactant was chosen accord-
ing to the comparative yields obtained for refolding VDAC using
different detergents and to mimic the conditions of co-immuno-
precipitation. The 15 pM protein fraction was more than 95% pure
as shown on SDS-PAGE gel. This protein micellar solution was
homogeneous and monodisperse with an hydrodynamic radius of
65 +3 nm as attested by quasi elastic light scattering measure-
ments. thVDAC1 show a similar folded conformation with high
B-sheet content similar to previous studies of mitochondrial and
refolded VDAC [33,34]. Single channel recordings show a perma-
nently open state at low membrane potentials while closing events
and numerous sub conductance states were observed at higher
voltages. This is one of the classical hallmarks of VDAC previously
described [3,35]. These results demonstrated that a full active rhV-
DAC1 was produced.

rhVDAC1 was immobilized via its Histag C terminus on top of
an Ni NTA surface for SPR binding measurements. 0.4 uM rhVDAC1
injections lead to a surface coverage of 1000-1800 RU (1-2 ng/
mmz2) of protein. This coverage corresponds to half of a monolayer
of immobilized rhVDAC1 and this chip serve as platform to inves-
tigate ANTs/rhVDAC1 interactions. NaCl concentration was found
to be a crucial parameter for ANT/rhVDACT1 interactions. As NaCl
concentration increased, the interaction of yANT and ;ANT with
immobilized rhVDAC1 was lowered. {ANT interaction with rhV-
DAC1 was 4- to 5-folds lower than that measured with yANT and
was abolished for NaCl concentrations above 100 mM. This may
be explained by a lower |ANT/rhVDACT1 affinity than that observed
for yANT isoform. Indeed, from experiments performed at 150 mM
NaCl with different ANT injected concentrations we estimated a Kp

4000 -

3000 -

RU

2000 -

1000 -

600 800 1000 1200
[ANT] (nM, injected)

Fig. 4. Determination of yANT and | ANT affinity constants for rhVDAC 1 interaction.
The binding capacity of ANT for immobilized rhVDAC1 is plotted for different
protein concentrations yANT (squares) and {ANT (triangles) at 150 mM NaCl. The
bars represent +SD for three independent experiments.

of around 140 nM for yANT, while that of ]ANT was around 310 nM
(Fig. 4). These results are in accordance with results showing that
ANT ATP/ADP translocase activity can be blocked for high chloride
concentration (above 200 mM) [36]. The authors explained this
observation by the shielding of positive charges within the ANT
binding site. This was confirmed by combining experimental inves-
tigations and molecular-dynamic simulation experiments that re-
vealed a strong modification on the topology of local electric
field related to the number of chloride ions inside the ANT cavity
[37].

The conformation of ANTs can be blocked by high affinity bind-
ing ligands, BA for the m-state, and Atra for the c-state. For jJANT
control, yJANT +BA and HANT + atra, the interaction with the
immobilized rhVDAC1 decreased when the salt concentration in-
creased in a similar manner. The level of both ANTs bound to
immobilized rhVDAC1 was concentration dependent and their
interaction was modulated by the two ligands BA and Atra. rhV-
DAC1 can interact either with yjANT (mainly ANT1) and [ANT
(mainly ANT2), the affinity of VDAC being better for JANT than
for |ANT. In the m-state (presence of BA), the binding level was
found to decrease by 30-50% for yANT and 50% for (ANT. In the
c-state (presence of Atra) the level of binding dropped by 80% for
both ANT isoforms.

In conclusion, both types of experiments used in this study
underscore the effect of ANT conformation and the role of isoform
identity on the ANT-VDAC interaction. The SPR platform, which al-
lows the real time measurement of the protein-protein interaction,
will be a useful tool for the basic study of putative partners of
VDAC or ANT and the development of new therapeutics targeting
the ANT-VDAC interaction.
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