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Abstract. The mitochondrial outer membrane channel,
VDAC, is thought to serve as the major permeability
pathway for metabolite flux between the cytoplasm and
mitochondria. The permeability of VDAC to citrate,
succinate, and phosphate was studied in channels recon-
stituted into planar phospholipid membranes. All ions
showed large changes in permeability depending on
whether the channel was in the open or in the low con-
ductance, ‘‘closed’’ state, with the closed state always
more cation selective. This was especially true for the
divalent and trivalent anions. Additionally, the anion
flux when the voltage was zero was shown to decrease to
5–11% of the open state flux depending on the anion
studied. These results give the first rigorous examination
of the ability of metabolites to permeate through VDAC
channels and indicate that these channels can control the
flux of these ions through the outer membrane. This
lends more evidence to the growing body of experiments
that suggest that the outer mitochondrial membrane has a
much more important role in controlling mitochondrial
activity than has been thought historically.
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Introduction

For metabolites to gain access to the mitochondrial ma-
trix, they must pass through both the inner and outer
membrane. While transport through the inner mitochon-
drial membrane is mediated by specific carriers, translo-
cation through the outer membrane is thought to be due
to the presence of VDAC channels.

VDAC is a highly conserved, highly regulated chan-

nel (Colombini, 1979; Colombini, Blachly-Dyson &
Forte, 1996). In addition to voltage, the channel has also
been found to be regulated by various polyanions (Man-
gan & Colombini, 1987; Colombini et al., 1987; Colom-
bini et al., 1989), a modulator protein (Holden & Co-
lombini, 1988; Liu & Colombini, 1991, 1992a), and
NADH (Zizi et al., 1994). By increasing the voltage de-
pendence of the channel, these agents lower the change
in membrane potential necessary to open/close the chan-
nel.

Channel closure results in both a selectivity change
(more cation selective in the closed state) and a reduction
in pore size. Thus, if anionic metabolites are more per-
meable in the open state and largely impermeable in the
closed state, the activities of mitochondria could be af-
fected by the conformational change or gating of VDAC
channels.

Experiments with isolated mitochondria (Gellerich
et al., 1987) and skinned muscle fibers (Saks et al., 1993)
have provided evidence that the outer mitochondrial
membrane limits the flow of adenine nucleotides. When
tested, treatments that close channels in reconstituted
conditions have also inhibited mitochondrial function,
including the flux of nucleotides into the mitochondria
(Colombini et al., 1987; Benz et al., 1988; Liu & Co-
lombini, 1992b).

These experiments lend evidence to support the idea
that VDAC can control the flux of metabolites through
the outer mitochondrial membrane, thereby influencing
the overall state of the mitochondrion itself. However, it
is difficult to determine if the observed effects are due to
effects of the channel alone, the channel interacting with
other proteins, or some other effect. The actual situation
in vivo may be very complex, as VDAC is known to
interact with a variety of other proteins, including hexo-
kinase (Linden, Gellerfors & Nelson, 1982; Fieck et al.,
1982, Nakashima et al., 1986), creatine kinase (Brdiczka,
Kaldis, & Wallimann, 1994), glycerol kinase (Fiek et al.,
1982), the benzodiazepine receptor (McEnery, 1992),Correspondence to:M. Colombini
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and the VDAC modulator (Holden & Colombini, 1988;
Liu & Colombini, 1991). To obtain more information on
the permeability of metabolites through VDAC itself, we
looked at the permeability of planar phospholipid mem-
branes containing VDAC to citrate, succinate, and phos-
phate. We report that channel closure drastically lowers
the permeability of VDAC to these metabolites.

Materials and Methods

All experiments were conducted using planar phospholipid membranes
made by the method of Montal and Mueller (1972) as revised by
Schein, Colombini and Finkelstein (1976) and Colombini (1987). The
voltage was clamped and the current recorded. Calomel electrodes
with saturated KCl bridges were used to interface with the aqueous
solutions on either side of the membrane. Unless otherwise indicated,
1% asolectin, 0.2% cholesterol in hexane was used to form the mono-
layers and subsequently the membranes. The solutions contained only
the salt of interest, although in some cases, a small amount of the Ca2+

or Mg2+ salt was added to get more stable membranes. Single-channel
experiments were generated by reducing the amount of protein added to
the chamber. The reversal potentials were determined by running a 5
mHz triangular wave from approximately +60 to −60 mV, and the point
at which the current trace crossed zero was taken as the reversal po-
tential for the open state. The closed state reversal potential was taken
by extrapolating the current trace for the channel in the closed state to
the zero current line. All chemicals were purchased from Sigma unless
indicated otherwise. Results are reported as means ± SE with the num-
ber of observations in parentheses.

VDAC from N. crassawas used in these experiments. The mi-
tochondria were isolated as previously described (Mannella, 1982).

EXPERIMENTAL CONDITIONS

A twofold concentration gradient of 200 to 100 mM was used for all
experiments. Solutions were made with either disodium succinate, tri-
sodium citrate, sodium phosphate, or potassium chloride. The succi-
nate and citrate experiments were brought to pH 7.2 with succinic acid
or citric acid. In the case of citrate and succinate, 1 mM calcium suc-
cinate or 1 mM magnesium citrate were added to the solutions to help
generate stable membranes.

The citrate experiments were performed using ultra-pure triso-
dium citrate from Amresco. For these experiments, the asolectin was
replaced by diphytanoyl phosphatidylcholine (DPyPC) to generate
more stable membranes. In addition, a separate set of experiments
were performed using 150 mM KCl and 1 mM citrate. In the latter
experiments, channels were inserted into the planar membrane in the
presence of 150 mM KCl and then either trisodium citrate or magne-
sium citrate was added to the chamber in order to bring the final
concentration of citrate up to 1 mM.

Two sets of experiments were conducted using sodium phos-
phate. In both experiments a twofold concentration gradient was used,
with 200 mM salt solution on the cis side and 100 mM salt solution on
the trans side. In the first set of experiments the pH was kept at 5.5,
thereby generating primarily phosphate with a single negative charge.
In the second set of experiments the pH was adjusted to 8.5 in order to
generate primarily phosphate with two negative charges.

The reversal potential of an ideally cation-selective membrane
was found by using an artificial cation-selective membrane (Ionac MC
3470). Alternatively, the reversal potential of gramicidin-doped mem-
branes was measured. The cation-selective membrane separated the

solutions of interest and the potential was measured with a voltmeter.
For the gramicidin experiments, 10mg/ml gramicidin in DMSO was
added to a bilayer separating the solutions of interest. The reversal
potential was monitored by determining the voltage that brought the
current to zero.

Since the same electrodes and the same solutions were used to
record reversal potentials for the ideally cation-selective membranes
and the VDAC-doped membranes, electrode asymmetries and liquid
junction potentials influence both sets of measurements in the same
way. However, reversal potentials after the membrane broke were re-
corded to correct the measured potential values.

Results

The permeabilities of VDAC channels to citrate, succi-
nate, phosphate, and chloride were examined in channels
reconstituted into planar phospholipid membran-
es. Since current was the measured parameter it was
crucial to distinguish between currents carried by the
cation and that carried by the anion as both can permeate
through VDAC. The zero-current or reversal potential
was used to estimate the relative flux of anions and cat-
ions. A twofold gradient was used because the reversal
potential is known to vary, in a highly nonlinear way
with the size of the concentration gradient, at more el-
evated salt gradients (Zambrowicz & Colombini, 1993).

To convert reversal potential values into permeabil-
ity ratios, activity ratios are needed. Since the counteri-
ons of the metabolic ions of interest were alkali metal
ions, the activity ratio of these ions was determined ex-
perimentally and used as an estimate of the needed salt
activity ratio.

ESTIMATION OF THE ACTIVITY RATIO

The activity ratio of the cation was determined by mea-
suring the equilibrium potential and using the Nernst
equation to calculate the activity ratio:

DV =
RT

zF
ln

a2

a1
(1)

WhereR is the gas constant,T is the absolute tempera-
ture,z is the valency,F is Faraday’s constant,a2/a1 is the
activity ratio of the cation andDV is the equilibrium
potential for the cation. The equilibrium potential for the
cation was estimated by measuring the potential across
an artificial cation-selective membrane separating solu-
tions of the two different concentrations. Alternatively,
it was measured by applying the same salt gradient to a
phospholipid membrane doped with gramicidin, a cation-
selective, pore-forming protein (Myers & Hayden,
1972). Since the results of these two different methods
were very close, the artificial membrane experiment was
taken as a good estimate of the equilibrium potential and
the cation activity ratio was calculated using this number.
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The cation activity ratio was used to estimate the salt
activity ratio. The relationship between the salt activity
ratio and that of the anion and the cation for the salt
Cv+Av− is:

Fa1s

a2s
G v5

= Fa1+

a2+
Gv+ Fa1−

a2−
Gv−

(2)

where v± 4 v+ + v− and v+ is the number of moles of
cations andv− the number of moles of anions produced
by the dissociation of the salt.as, a+, and a− are the
activities of the salt, the cation, and the anion, respec-
tively, with 1 and 2 referring to the two different salt
concentrations.

The relationships between activity coefficients are
best seen for phosphate and KCl, where experimentally
measured salt activity coefficients are available. The ac-
tivity ratios for the individual ions and the salt were
determined and compared in Table 1. Given the close-
ness of the numbers, it is reasonable to use the cation
activity ratio as a good estimate of the salt activity ratio
where this number is unavailable in the literature.

For comparison we include theoretical values calcu-
lated from the Debye-Huckel theory.

MEASUREMENT OF THEREVERSAL POTENTIALS FOR THE

OPEN AND CLOSED STATES

These measurements were made on current records taken
from membranes containing 1 VDAC channel. In a few
instances, 2-channel membranes were used. Twofold
gradients of the anion of interest were present. No sig-
nificant levels of other anions were present in solution
(only OH− and trace contaminants in the salts). Trian-
gular voltage waves were applied and the currents re-
corded (e.g., Fig. 1). The linear change of voltage with

time produced linear segments in the current record
whose slope is the conductance and zero-current inter-
cept is the reversal potential. As the voltage changed,
the channel underwent transitions from the high-
conducting ‘‘open’’ state at low potentials to the low-
conducting, ‘‘closed’’ state at high potentials. By ex-
trapolation, reversal potentials were determined from the
open and closed states. Although different closed states

Table 1. Comparison of activity ratios

Compound Literature
salt
activity ratio1

Measured cation
activity ratios2

Debye-Huckel
activity ratios3

Na3citrate 1.68 1.65
Na2succinate 1.71 1.75
Na2HPO4 1.69 1.69 1.72
NaH2HPO4 1.81 1.78 1.87
KCl 1.86 1.86 1.84

1 from Stokes & Robinson
2 calculated using the cation reversal potential determined from artifi-
cial membrane experiment
3 calculated using Debye-Huckel equation and parameters from
Lange’s Handbook

Fig. 1. Single-channel current records in response to applied triangular
voltage waves. Twofold gradients of the indicated salt were present
(seeMaterials and Methods). On the abscissa are indicated the peak
voltages of the triangular voltage waves and the zero-voltage level. The
arrows and associated numbers indicate the measured reversal poten-
tials for the open and closed states of the channels. Note that the thin
lines are extrapolations used to estimate the reversal potential.
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are known to exist, the reversal potential of the most
frequently occupied closed states were recorded.

Figure 1 shows an example of a typical experiment
conducted for each anion. For most of the experiments
two relatively easy to identify states are evident: a lower
conductive, closed state and a higher conductive, open
state. Channel closure is indicated by an abrupt transi-
tion to a trace with a shallower slope. However, in some
instances there were some states that did not seem to
belong in either category and had different characteris-
tics. In general, these were too infrequent to adequately
classify.

The recorded traces from the citrate experiments
were unusual in that oscillations were seen in all experi-
ments, with only occasional closures of the channel to a
much lower conducting state. These oscillations were
not observed at physiological levels of citrate. Experi-
ments were conducted in which 1 mM of either sodium
citrate of magnesium citrate was added to the aqueous
medium consisting of 150 mM KCl after VDAC had
already inserted into the membrane. No oscillations
were induced in the channel (data not shown). Thus the
oscillation arises from the high citrate concentration.

Conductances and reversal potentials for the open
and closed states of VDAC were measured for solutions

containing succinate, citrate, chloride, and the two spe-
cies of phosphate. The slopes of the linear segments of
the single-channel records yielded the conductances of
each state occupied by the channel (short-lived states
were not measured). The corresponding zero-current po-
tentials of each segment yielded the reversal potential of
that state. Extrapolations were often needed to measure
this reversal potential (thin lines on figures). The distri-
butions of the reversal potentials of the states plotted
with their corresponding single-channel conductance are
illustrated in Figs. 2–6. One can clearly identify two
populations corresponding to a higher conductive, open
state and a lower conductive, closed state. It can also be
seen that the lower conductive closed state has reversal
potentials that are more negative than the open state,
therefore more cation selective.

The distributions of the properties of the open and
closed state are rather narrow in the case of chloride (Fig.
2) and broader for the other anions. For citrate, the dis-
tribution is the broadest (Fig. 4). Most of the variation is
not due to error in the measurement but due to both intra-
and interchannel variability. The oscillations evident in
the citrate experiment are responsible for the wide vari-
ability.

Table 2 shows the average values. Note that all the
closed state reversal potentials are negative, indicating a
cation selective channel. In looking at these results it can
be seen that the closed state reversal potentials are very
close to the Nernst potential for the cation and that this
represents a large change in selectivity from the open
state. This also indicates that the closed state is indeed
‘‘closed’’ to the anionic metabolites.

ESTIMATION OF THE PERMEABILITY RATIOS

The permeability ratios were determined for each ion,
using the Nernst-Planck flux equations. This theory as-
sumes electrical neutrality in the permeability pathway.
While this is not quite correct, for large channels it may
be a better approximation than constant field. Starting
with the standard general flux equations:

f1 = −p1a1SRT
1

a1

da

dx
+ z F

dV

dxD (3)

f` = −p+a+SRT
1

a+

da

dx
+ z̀ F

dV

dxD (4)

wheref is the flux,p is the mobility/permeability.
Assuming electroneutrality, Eqs. 3 and 4 can be

combined to yield equations applicable to the situation
when the membrane potential yields zero current through
the channel. For the case of a monovalent cation and
anion, the flux of the anion is equal to the flux of the

Fig. 2. Single-channel conductance and reversal potential for channels
in KCl medium. In the lower panel, individual measurements of con-
ductance of a particular channel are plottedvs. the corresponding re-
versal potential (some points are overlapped). No distinction was made
between the open or closed state. However, events in the upper right
correspond to the open state while those in the lower left correspond to
the closed state. In the upper panel, these same observations (with
reversal potentials rounded to the nearest whole number) are plotted in
the form of a bar graph. The results plotted in each of Figs. 2–6 were
collected on different membranes but multiple measurements were also
made on the same channel in one membrane.
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cation (f− 4 f+), and the activities of ions are assumed
to be equal (a+ 4 a−). The result is:

DV =
RT

F

~p− − p+!

~p+ + p−!
ln

a2

a1
(5)

whereV is the zero current potential. Knowing the ac-
tivity ratio and the zero current potential, the permeabil-
ity ratio (p+/p−) can be determined.

Likewise, the permeability ratios for the case of di-
valent and trivalent anions can be found. In general for a
monovalent cation and an anion of valencyz,f+ 4 |z| f−

anda+ 4 |z|a−. Thus the equation becomes:

DV =
RT

F S p− − p+

p+ + |z|p−
D ln

a2

a1
(6)

The permeability ratios shown in Table 3 confirm the
high cation selectivity of the closed state for the divalent

Fig. 3. Conductance and reversal potential for channels in sodium
succinate medium. Details are as in Fig. 2.

Fig. 4. Conductance and reversal potential for channels in sodium
citrate medium. Details are as in Fig. 2.

Fig. 5. Conductance and reversal potential for channels in Na2HPO4

medium. Details are as in Fig. 2.

Fig. 6. Conductance and reversal potential for channels in NaH2PO4

medium. Details are as in Fig. 2.
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and trivalent anions. It is somewhat surprising that ci-
trate, given its size and three negative charges is not the
least permeable but this may be due to the oscillating
behavior. All of the ratios, even that of the monovalent
anions show a large change in permeability from the
open to the closed states (Table 3).

ESTIMATION OF THE ION FLUXES

Estimates of individual ion fluxes were obtained using
the current at zero voltage (V 4 0) and the permeability
ratios (p+/p−). The total current,I, is given by:

I 4 z+Ff+ + z−Ff− (7)

By substituting in the flux equations (Eq. 3 and 4), and
letting V 4 0 for the case where both the anion and
cation are monovalent:

IV=0) = FFp+RT
da

dx
− p−RT

da

dxG (8)

defining Y 4 p+/p−, we obtain the following equation:

IV=0 = FRTp+ Fda

dx
Y~Y − 1!G (9)

Rearranging then gives:

da

dx
=

IV=0

FRTp+Y~Y − 1!
(10)

The individual ion fluxes are then obtained by substitut-
ing Eq. 10 into the individual flux equations (Eq. 3 and
4), giving in the case of a monovalent cation and anion
the following equations:

f+ =
I(V=0)

FY~Y − 1!
(11)

f− =
IV=0

F~Y − 1!
(12)

The solution for anions of valency,z, is:

fz =
I~V=0!

|z|F~Y − 1!
(13)

The individual ion fluxes calculated in this way are listed
in Table 4. The large change in the calculated anion flux
between the open and closed states is evident in the table
and in Figure 7. In most cases the closed state only
allows about 5 percent of the anion flux as compared to
the open state. In contrast, the cation flux is similar in
both the open and closed state. Even though the closed
state has been shown to have a much smaller aqueous
pore (Zimmerberg & Parsegian, 1986; Colombini, 1989),
the selectivity change favors cation entry into the chan-
nel.

Discussion

The permeability of the mitochondrial outer membrane
to nonelectrolytes has long been known to match that of
the VDAC channel. However, the ability of VDAC to
act as a conduit for the passage of metabolites, most of
which are negatively charged was not carefully exam-
ined before this work. More importantly, the ability of
VDAC to regulate the flow of metabolites had only been
examined indirectly by looking at the effects of agents,
known to close VDAC channels, on the permeability of
the outer membrane. The present work shows that

Table 2. Reversal potentials of the open (Eo) and closed (Ec) channel, the conductances of the open (Go) and closed (Gc) channel and the membrane
potential of a cation selective membrane and the reversal potentials of gramicidin in the given solution.

Species Eo (mV) Go (nS) Ec (mV) Gc (nS) Ecation

(mV)
EGramicidin

(mV)

Trisodium citrate −3.7 ± 0.2 (25) 0.67 ± 0.02 (25) −11.7 ± 0.4 (8) 0.28 ± 0.02 (8) −13.1 ± 0.1 (4) −13.8 ± 0.03 (3)
Disodium succinate −3.3 ± 0.4 (20) 0.62 ± 0.02 (20) −12.8 ± 0.2 (19) 0.30 ± 0.02 (19) −14.0 ± 0.1 (3) −14.5 ± 0.1 (5)
Na2HPO4 −3.1 ± 0.1 (40) 0.58 ± 0.004 (40) −12.3 ± 0.2 (27) 0.29 ± 0.03 (27) −12.9 ± 0.3 (5) −13.4 ± 0.1 (4)
NaH2PO4 4.6 ± 0.1 (43) 0.23 ± 0.002 (43) −11.6 ± 0.3 (29) 0.14 ± 0.01 (29) −14.8 ± 0.03 (4) −14.6 ± 0.1 (4)
KCl 10.7 ± 0.2 (15) 0.81 ± 0.01 (15) −11.1 ± 0.2 (21) 0.31 ± 0.02 (21) −15.9 ± 0.1 (3)

Table 3. Permeability ratios for each compound calculated using the
salt activity ratio (a2s/a1s) and/or the cation activity ratio (a2+/a1+)

Compound Calculated using the
salt activity ratio

Calculated using the
cation activity ratio

Open
u+/u−

Closed
u+/u −

Open
u+/u−

Closed
u+/u−

Na3citrate 2.7 ± 0.2 46 ± 8
Na2succinate 2.2 ± 0.2 93 ± 20
Na2HPO4 1.9 ± 0.04 91 ± 18 1.9 ± 0.04 91 ± 18
NaH2PO4 0.5 ± 0.01 8.8 ± 1.0 0.5 ± 0.02 10.5 ± 1.8
KCl 0.2 ± 0.01 6.1 ± 0.4 0.2 ± 0.01 6.1 ± 0.4
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VDAC is a good conduit for the flow of succinate, ci-
trate, and phosphate. It also shows that the transition of
VDAC from the high-conducting, open state to the most
easily accessible, lower conducting, ‘‘closed’’ state, re-
sults in a reduction in the flux of these metabolites that is
out of proportion to the reduction in pore radius (from
1.4 to 0.9 nm; Colombini et al., 1996). Despite this
‘‘closed’’ state still being permeable to a tetrose (stachy-
ose, Colombini et al., 1987), and even weakly to an
8-glucose cyclodextrin (gamma-cyclodextrin), it shows a
remarkable reduced permeability to the metabolic an-
ions. The channels become essentially ‘‘closed’’ to
these anions. Clearly, electrostatic effects must be in-
volved. This view is supported by the fact that the flow
of cations is not reduced much at all by the closing event.
The combination of the reduction in pore size and the
permeability change resulting from channel closing ac-
counts very well for these observations.

These findings correlate well with the current model
of the channel. In the open state, the pore-forming re-
gion of VDAC is thought to consist of 12 beta strands
and one alpha helix, with primarily nonpolar amino acid
residues facing the lipid bilayer, while the polar and
charged residues are in contact with water in the pore
(Blachly-Dyson et al., 1989; Blachly-Dyson et al., 1990;
Peng et al., 1992). In the open state, the net charge of the
residues lining the inner wall of the pore, is positive
thereby making the channel anion selective. Upon clo-
sure however, a subset of transmembrane strands are
thought to be removed from the pore causing both the
pore size to decrease and, by changing the net charge of
the pore, the selectivity to be inverted (Peng et al., 1992).
The large change in anion flux in these experiments may
be explained in that both effects of channel closure (the
change in size and selectivity) work together to limit
anion flux. However, in the case of cation flux, these
changes work in opposite directions and therefore the
flux does not change much.

The decrease in anion flux would limit the availabil-
ity of metabolites necessary for respiration. Even though
this is just a sampling of metabolites that would need to
gain access to the mitochondria, the evidence is compel-
ling that other metabolites would have similar changes in
permeability through VDAC, and therefore the outer

membrane. It is important to note that the divalent ions
succinate and HPO4

2−, showed large changes in perme-
ability in these experiments; clearly an additional nega-
tive charge drastically affects the permeability in the
closed state. It is likely that similar divalent ions would
show similar permeability characteristics. These results
also correlate well with previous experiments on intact
mitochondria in which agents that induce closure of re-
constituted channels have been shown to reduce the res-
piration of mitochondria (Benz et al., 1988; Benz, Kottke
& Brdiczka, 1990; Liu & Colombini, 1991; Lee, Zizi &
Colombini, 1994). These experiments provide an impor-
tant link between these two types of experiments in that
the permeability was measured directly for the channel
alone.

The permeability in vivo may be even more pre-
cisely regulated than these experiments indicate. In re-
ality, depending on the actual voltage difference across
the mitochondrial outer membrane, this reduction may
even be greater. In the presence of the VDAC modula-

Fig. 7. Fluxes of cations (lower panel) and anions (upper panel)
through VDAC channels in the open (solid bar) and closed (hatched
bar) state. The error bars are standard errors.

Table 4. Ion fluxes (× 106) in ions/sec

Anion Cation

Species Open Closed
% of
Open Open Closed

Na3citrate 3.4 ± 0.2 0.24 ± 0.06 7.0 25 ± 0.7 21 ± 2
Na2succinate 6.8 ± 0.4 0.31 ± 0.05 4.5 26 ± 1 25 ± 1
Na2HPO4 6.3 ± 0.1 0.29 ± 0.05 4.6 24 ± 0.3 23 ± 2
NaH2PO4 14 ± 0.2 1.6 ± 0.1 11.4 7.6 ± 0.1 12 ± 0.6
KCl 67 ± 0.5 4.5 ± 0.3 6.7 13 ± 0.5 26 ± 1
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tor, VDAC is known to enter a closed state of lower
conductance than that studied here. This may make the
channel even less permeable to these anions. It is un-
clear how all the different proteins that bind to VDAC in
vivo actually affect the function of the channel. Evi-
dence has been presented that the binding of kinases to
VDAC would allow the kinases to have direct access to
metabolite flux through VDAC (Adams et al., 1989,
Arora & Pederson, 1988; Rasschaert & Malaisse, 1990).
However, how the system functions as a whole is un-
known. It is possible, that given the local conditions,
VDAC might control very precisely any traffic through
the outer membrane, perhaps letting some substances in
while stopping others. VDAC also shows some hetero-
geneity of closed states, (Zhang & Colombini, 1990), it is
possible that in vivo these are very precisely regulated,
which in turn would regulate metabolite flux into and out
of mitochondria. VDAC could serve different roles de-
pending on either the cell type or changing conditions in
the cell. It has been speculated that VDAC present in the
contact sites could be in a different state than VDAC
located elsewhere on the outer membrane (Benz et al.,
1990; Adams et al., 1989). The in vivo properties of
VDAC probably depend on the integration of a number
of factors: the voltage present across the outer mem-
brane, the presence of modulator proteins, the binding of
different kinases, and which VDAC gene is expressed
(Blachly-Dyson et al., 1993).

While the entire system may be complex, the per-
meability characteristics of VDAC give the mitochondria
the ability to control the flux of metabolites through the
mitochondrial outer membrane, thereby giving it the
ability to regulate the level of mitochondrial activity.

This work was supported by grants from the Office of Naval Research
(N00014-90-J-1024) and the National Institutes of Health (GM 35759).
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