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The mitochondrial permeability transition pore may comprise VDAC
molecules

II. The electrophysiological properties of VDAC are compatible with those of the
mitochondrial megachannel
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The electrophysiological properties of isolated mitochondrial porin (VDAC), reconstituted in planar bilayers or proteoliposomes, resembie those

of the mitochondrial megachannel believed to be the permeability transition pore. In particular, a correspondence was found with regard to the

voltage dependence: VDAC was driven to closed states by potentials of either sign, but the effect was not symmetrical; voltages negative in the

compartment to which VDAC was added were more effective. The results are consistent with the hypothesis that the PTP may consist of two

cooperating VDAC channels, plus presumably an adenine nucleotide carrier dimer and a third component known to be part of the mitochondrial
benzodiazepine receptor.

Permeability transition; Patch-clamp; VDAC; Porin; Mitochondrial channel; Rat liver mitochondria

1. INTRODUCTION

As detailed in the accompanying paper [1], the prop-
erties of the mitochondrial megachannel (MMC),
thought to coincide with the permeability transition
pore (PTP) [2-5], suggest that it might be formed by a
pair of VDAC molecules, along with other components.
We report here on an electrophysiological study of the
isolated rat liver mitochondria VDAC, and compare the
results to those obtained with the MMC/PTP.

2. MATERIALS AND METHODS

Rat liver VDAC was prepared [6] as a solution (4.5-6 ug protein/ml
by the Lowry method) in 3% Triton. As documented in Fig. 1, the
preparation did not contain any contaminants visible in gel electro-
phoresis patterns, even after storage at —80°C for several months. The
electrophysiological properties of VDAC were investigated using the
planar bilayer technique [7], employing phosphatidylethanolamine
(Avanti Polar Lipids) membranes, and by patch-clamping giant porin-
doped azolectin liposomes. Incorporation of VDAC into the li-
posomes was achieved by filling the patch pipette with a suspension
obtained by diluting the VDAC preparation 1000- to 5000-fold in the
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Abbreviations: pS, picoSiemens; nS, nanoSiemens; MMC, mitochon-
drial megachannel; PT, permeability transition; PTP, permeability
transition pore; VDAC, voltage-dependent anion channel (mitochon-
drial porin); ADC, adenine nucleotide carrier; mBzR, mitochondrial
benzodiazepine receptor; HEPES, 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid.
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experimental medium. Azolectin (Sigma Type II) was purified by
acetone precipitation. Appropriate controls were carried out to ex-
clude artifacts due to residual Triton, in both experimental ap-
proaches. In the case of the bilayer experiments, each membrane was
observed at various voltages for a few minutes prior to the addition
of VDAC, to exclude the possibility of channel-like artifacts. Data
were recorded on tape and analyzed off-line using the Axon’s pClamp
5.5.1 program set. Experiments were conducted in symmetrical 0.5 M
or 0.15 M KCl, 0.1 mM CaCl,, 20 mM HEPES-K*, pH 7.2. All
experiments on VDAC-doped liposomes were conducted in low-salt
medium. Voltages quoted are those of the compartment to which
VDAC had been added (cis compartment or pipette interior).

3. RESULTS

The behavior of VDAC in planar bilayers bathed in
high-salt solutions was largely in agreement with the
published reports (for review see [8]): VDAC mainly
exhibited less-than-full size gating events, and closed
under the influence of an applied potential of either sign
above 20-30 mV. The activity was generally ‘slow’, but
at times the channel flickered at a high frequency be-
tween states (not shown). We found the voltage depend-
ence of VDAC to be a function of the salt concentration
of the medium: the response to a voltage pulse of a given
size became less marked as [KCl] decreased. A quantita-
tive study of this behavior will be published elsewhere
(Szabo et al., in preparation). Because of this property,
and because the half-size state of the MMC is more
evident at high salt concentrations, many of the experi-
ments were conducted in 0.5 M KCl. We confirmed that

Published by Elsevier Science Publishers B.V.



Volume 330, number 2

MW A
(kDa)

97.4 -
66.2 ~

45.0 -

31.0 -
21.5 -
14.4 -

Fig. 1. SDS gel electrophoresis of the rat liver VDAC preparation
used. Lane A, 2 ug protein, Coomassie-blue staining; lane B, 0.75 ug
protein, silver staining.

acidic pH values enhance the voltage sensitivity of
VDAC [9]. Thus an acid pulse at a given voltage led to
channel closure, a behavior qualitatively similar to that
exhibited by the PTP [5].

In the majority of the planar bilayer experiments with
isolated VDAC we observed a definite asymmetry of the
response to long-voltage pulses, as exemplified in Fig.
2. On average, the channels both responded more rap-
idly and closed more extensively when the applied volt-
age was negative in the cis compartment, indicating that
the molecules inserted in one preferential direction. A
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more detailed study of this behavior is under way. It
should be noted that even though the voltage depend-
ence of VDAC in bilayers is often spoken of as being
symmetrical about zero, asymmetry is actually often
observed (see for example Fig. 4 in [10] and Fig. 6 in
[11], and the brief discussion in [8]).

VDAC inserted into azolectin liposomes also be-
haved as a ‘slow’ channel (Fig. 3A), but often it showed
more lively activity, as in the example of Fig. 3B. As
expected, it operated in a variety of conductance levels
besides the full-conductance one of approx. 650 pS in
150 mM KCl (Fig. 3A). Large conductance steps, pre-
sumably arising from cooperative gating, were often
observed (Fig. 3A; see also Fig. 4). 1.0~1.3 nS activity
(Fig. 3B), the preferred size of the MMC, was encoun-
tered in about 20% of the experiments. Some of the most
common conductance variations corresponded to tran-
sitions often seen in mitoplasts (e.g. 530-550, 450470,
310-350, 220-250 and 110-130 pS). When subjected to
the voltage pulse protocol, for comparison purposes,
VDAC in liposomes responded in a manner reminescent
of MMC behavior [12]. Voltage pulses of the size nor-
mally used in experiments on the MMC (10-50 mV), in
0.15 M KCl, had only little effect, or resulted in the
disappearance of shallow substate levels at negative po-
tentials. Higher voltages however produced a pattern
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Fig. 2. Asymmetrical voltage dependence of VDAC in a planar bilayer. Part of a representative experiment in the 0.5 M KCl medium. Sampling

frequency, 5 kHz; filter, 3 kHz. Left side: all-point conductance histograms obtained by dividing the current amplitude histograms by the applied

voltage. The histograms were constructed from current records of the same length (about 10 s) for each couple of potentials of equal magnitude

and opposite sign. Right side: current records covering the voltage jumps and the initial part of the intervals used to construct the corresponding
histograms. The peaks following the onset of voltage are due to the capacitance-charging currents.
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Fig. 3. Current records from VDAC-doped azolectin liposomes. Representative record from patch-clamp experiments in symmetrical 0.15 M KCl

medium. (A) ‘Slow’ activity; V, —20 mV. Major conductance steps (from the left): 0.8, 0.65 and 1.7 nS; sampling frequency, 1 kHz; filter, 3 kHz.

(B) ‘Fast’ activity; V, 30 mV. Sampling frequency, 10 kHz; filter, 7 kHz. The inset shows, on an expanded time scale, a burst with a conductance

of 1.3 nS. (C) The behavior of VDAC under voltage pulse conditions. V, 100 mV; sizes of the conductance steps, 250-350 pS. Sampling frequency,
5 kHz; filter, 7 kHz.

similar to the one observed with mitoplast membranes:
at negative voltages high and stable conductance levels
predominated, while at positive voltages, frequent tran-
sitions to partially closed states took place (Fig. 3C).

The response of VDAC in liposomes to ‘slow’ voltage
changes was studied in symmetrical 150 mM KCl, the
conditions of most experiments on mitoplasts. As men-
tioned, under these conditions the VDAC was not
strongly influenced by voltage. A voltage dependence
could be observed in about '; of the experiments
(n=15). Also in this experimental system VDAC
showed a tendency to behave asymmetrically, as exem-
plified in Fig. 4.

A series of determinations of channel selectivity (not
shown) led us to the conclusion that both the MMC (in
mitoplasts) and VDAC in liposomes possess only a lim-
ited, practically indistinguishable, ability to discrimi-
nate between K* and CI~ (see also [3]).

4. DISCUSSION

The observations related above are consistent with
the hypothesis that a VDAC dimer may be the pore-
forming component of the PTP. Even in an artificial
membrane, without the (putative) partners which con-
cur to the formation of the PTP, VDAC exhibited a
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behavior (kinetics, voltage dependence, pH dependence,
selectivity) compatible with that of the MMC of the
mitoplasts. Quantitative differences, e.g. in the size of
potentials needed to elicit a response, ought to be con-
sidered in the light of reports that the properties of
isolated/reconstituted VDAC may differ from those of
the molecule in its native membrane [13,14]. Impor-
tantly, VDAC can exhibit cooperative behavior, result-
ing in conductance steps larger than expected for the
monomer, including the PTP-like 1.3 nS.

VDAC is generally thought to populate only the
outer mitochondrial membrane, while the PTP/MMC
connects the mitochondrial matrix and the environ-
ment, since the PT gives rise to osmotic phenomena and
the MMC is often observed in patch-clamp experiments
along with the ‘107 pS’ channel [15], thought to reside
in the inner membrane. However, the complete absence
of VDAC from the inner membrane is far from proven.
On the contrary, the available evidence would indicate
that some is present. For example, Pon et al. [16] iso-
lated membrane fractions from yeast mitochondria, ob-
serving that 4.8% of the total porin was present in the
inner membrane fraction. In the same study, immuno-
electronmicroscopy vs. VDAC in the whole mitochon-
dria produced 4.6% of counts on the inner membrane,
a remarkable coincidence. It should be stressed that the
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Fig. 4. Voltage depencence of VDAC in proteoliposomes. A representative patch-clamp experiment in symmetrical 0.15 M KCl medium. Current

(D) and voltage (¥) traces. The horizontal solid lines indicate the zero current and voltage levels. The average patch conductance is lower at negative

potentials. The large event at left (at ¥ = 35 mV) measures approx. 110 pA (3.1 nS) and may arise from the cooperative gating of 5 or more VDAC
molecules. Sampling frequency, 50 Hz.

physiological transmembrane potential would by itself
insure that the porin would remain closed.

Alternatively, the PTP might residue in contact sites.
PTP-like conductances have been observed in contact
site fractions [17]. EM photographs (not shown) indi-
cate that our mitoplasts retain outer membrane frag-
ments, and presumably contact sites, after osmotic
shock. The presence of VDAC in mitoplasts prepared
by this method has been reported [18], while other stud-
ies have indicated that exposure to Ca®* leads to forma-
tion of contact sites [19,20]. Whether the induction of
MMC activity by high Ca** might have something to do
with this latter phenomenon ought to be considered.
The PTP might well be preferentially localized at con-
tact sites: mitochondria isolated from highly glycolytic
tumor cells [21] or from glycogen-treated rats [22] are
resistant to permeabilization upon Ca?* loading. The
same mitochondria show few contact sites [23,24]. An
alternative explanation for these observations may be
that the contact sites might act as a conduit for the
passage of some VDAC molecules from the outer to the
inner membrane.

In conclusion, we propose that the PTP consists of
two cooperating VDAC molecules plus presumably two
copies of the ADC and one or more copies of the 18
kDa protein which concurs to form the mBzR. These
components would interact, giving rise to the observed
cooperative behavior and to the various properties of
the PTP. The large amount of available information on
the permeability transition and on the presumed com-
ponents of the pore should offer ample opportunities
for a thorough verification of this proposal. It should
be mentioned at any rate that the available data do not
exclude the involvement of channels resembling, but not
identical to, the VDAC. These might be, e.g. VDAC
isoforms [25], or the peptide-sensitive channel described
by the group of Thieffry and Henry (e.g. [26]).
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