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Summary. Whole mitochondrial membranes isolated from Neu-
rospora crassa were reconstituted into liposomes and patch
clamped. Clear activity characteristic of the mitochondrial chan-
nel VDAC was found, namely: open state conductance of 650 pS
(in 150 mm KCl, 1 mm CaCl,, 20 mm HEPES, pH 7.2), voltage-
dependent closure at both positive and negative potentials,
change in conductance upon channel closure of about 450 pS in
response to negative and positive potentials, and increased volt-
age dependence in the presence of Konig’s polyanion. This is
the first clear demonstration of VDAC single channels using the
patch-clamp technique, even though others used this method
before to study whole mitochondrial membranes and liposomes
containing mitochondrial proteins. We also found one other chan-
nel with a conductance change of about 120 pS.
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Introduction

Ionic channels are a special class of membrane pro-
teins that allow passive transport processes to occur
through aqueous pores. They are regulated by such
different means as ligand binding, mechanical
stretch, or a transmembrane voltage. Voltage-de-
pendent channels are important in many physiologi-
cal processes such as muscle movement, orientation
in bacteria, and fertilization (Jan & Jan, 1989). They
are also found in a variety of organelles, e.g. synaptic
vesicles (Thomas et al., 1988), endoplasmic reticu-
lum (Schmid et al., 1988), sarcoplasmic reticulum
(Holmberg & Williams, 1990), nuclear envelope
(Mazzanti et al., 1990), and in mitochondria (Co-
lombini, 1979; cf. also the Table).
The first discovered (Schein, Colombini & Fin-
~ kelstein, 1976) and best characterized intracellular
channel is VDAC (voltage-dependent anion-selec-
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tive channel) of the mitochondrial outer membrane
(Colombini, 1989; Dihanich, 1990). It is probably the
major pathway between the cytosol and the mito-
chondrial intermembrane space. VDAC’s electro-
physiological properties were studied extensively in
planar phospholipid membranes. It is sensitive to
transmembrane potentials and responds symmetri-
cally to positive and negative voltages. VDAC has
a highly conducting open state of 4t04.5nSin 1 M
KCI (equivalent to about 700 pS in 150 mMm KCl,
since VDAC’s conductance in KCl is linear with
salt activity) and less conducting (‘‘closed’’) states
whose conductance averages at about 40% of that
of the open state (an expected value of about 300 pS
in 150 mm KCl) (Colombini, 1986). Its presumably
simple beta-sheet conformation (Blachly-Dyson et
al., 1990) makes VDAC an ideal model protein for
basic research on protein dynamics and function
(Mannella & Tedeschi, 1987).

Recently the patch-clamp method was intro-
duced to study the electrophysiological properties
of mitochondrial membranes (Sorgato, Keller &
Stithmer, 1987). A host of different ion channels
have been reported in the inner and outer mitochon-
drial membrane (cf. Table). But, despite the many
experiments done so far, clear VDAC activity was
not found. This led Févre et al. (1990) to believe
that their experimental protocol inactivated VDAC.
Sorgato et al. (1987) attributed a 350-pS conductance
change to VDAC, but prefer to leave the question
open in the light of their most recent experiments
(Moran et al., 1990).

We found it surprising that it should not be possi-
ble to detect VDAC with the patch-clamp method.
VDAC makes up as much as half the protein content
of the outer mitochondrial membrane (Mannella,
1982), and it is unlikely that all the protein is dena-
tured in the preparation. We also could not think of
any reason inherent in the patch-clamp method that
would prevent the detection of VDAC. Thus we
decided to patch clamp liposomes (Tank & Miller,
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1983) that contained reconstituted whole mitochon-
drial membranes. We expected to find VDAC, but
also a variety of other conductances as indicated in
the literature.

The results reported here suggest that VDAC is
the major mitochondrial channel that can be de-
tected with a slow time response. The voltage depen-
dence, open and closed state conductance, and sen-
sitivity to Konig's polyanion (Colombini et al., 1987)
are consistent with VDAC being present in most of
our patches. One channel with a behavior that can
be attributed to the 107-pS channel (Sorgato et al.,
1987) was also seen.

Materials and Methods

PREPARATION OF THE
PHOSPHOLIPID/PROTEIN POWDER

Whole mitochondrial membranes of Neurospora crassa at a final
concentration of 0.66 mg protein/ml buffer A (1 mm KCI, 1 mm
4-(2-hydroxyethyl)-piperazineethanesulfonic acid (HEPES) (so-
dium salt, pH 7.0), 15% vol/vol dimethylsulfoxide (DMSO)) were
purified after Colombini (1980). One ml of this suspension was
diluted in 10 ml buffer B (1 mm KCl, 1 mm HEPES (pH 7.0)) and
centrifuged for 20 min at 10,000 X g to remove the DMSO. The
pellet was resuspended in 1 ml buffer B (giving solution 1). Then
18.4 mg phosphatidylcholine (Avanti 810051) and 1.6 mg phospha-
tidic acid (Avanti 840101) were dried down with nitrogen, resus-
pended in 1 ml buffer B and sonicated (Solution 2). Solutions 1
and 2 were mixed, sonicated, and distributed over five microfuge
vials (i.e., 400 ul per vial). Various dilutions of this mixture with
20 mg soybean phospholipids (purified as in Kagawa & Racker,
1971) per ml of buffer B were made and lyophilized. A 1:7 dilution
(5 pl of the mixture plus 35 ul soybean-phospholipids solution
per vial) gave channel activity and was used throughout the exper-
iments. Lower dilutions yielded no good seals while higher dilu-
tions resulted in less activity.

PaTcH-CLAMP GLASS

Capillary tubes (Garner glass 7052, 1.1 mm inner diameter, 1.5
mm outer diameter) were pulled with the DKI C700 vertical puller
equipped with a Chromel A wire by the two-stage process basi-
cally described in Hamill et al. (1981). The open electrodes had
resistances of 1-10 MQ in 150 mM KCl buffered solution and tip
diameters between 1-4 um. The electrodes were neither polished
nor coated.

EXPERIMENTAL CONDITIONS

Big multiwalled liposomes (up to 100 um) were made by resus-
pending one vial of the Iyophilisate of the 1: 7 dilution with gentle
swirling in 100 ul buffer C (made of 150 mm KCl, 20 mm HEPES
(sodium salt, pH 7.2), 1 mm CaCl,, passed through a 0.45 um
filter). One wl of this suspension was put onto a petri dish of 3 cm
diameter and diluted with 2 ml of buffer C. As seen under the

microscope (600 x ), some of the liposomes adhered to the surface
of the plastic dish. The electrode (filled with buffer C) was lowered
to a liposome under positive pressure and gently pressed against
it. Slight suction resulted in an increase in resistance from 1-10
to 200-1000 MQ (sometimes seals formed spontaneously). Seal
formation was monitored with an oscilloscope (Nicolet 310) while
applying rectangular voltage pulses. Then the electrode was
pulled away from the liposome. In about half of the experiments
the electrode was exposed to air for about 2 sec. Every second
try gave a tight seal, and 90% of the membranes showed channel
activity with 1-6 channels per patch. In the experiments with the
modulator the electrode contained an additional 5 ug/ml Konig's
polyanion in buffer C (Colombini et al., 1987). Patches lasted for
up to 20 min. All experiments were performed at room temper-
ature.

ELECTRONICS

Triangular and rectangular waves were applied with a Wavetek
(model 184) function generator. The patch was voltage clamped
using an operational amplifier (532K from Analog Devices) in the
inverted mode. A I GQ) feedback resistor was used. The Ag-AgCl
electrode in the patch pipette was connected to the negative input
of the amplifier and thus was held at virtual ground. The command
voltage was applied to the Ag-AgCl electrode in the bath. The
output from the amplifier was recorded with a chart recorder
(Kipp & Zonen BD41) with a pen response time of 0.4 sec for 0
t0 95% full scale deflection. All reported voltages refer to the bath
whose potential was controlled relative to the potential within the
pipette.

ANALYSIS OF THE DATA

The conductance at any time in a membrane containing one or a
few channels was analyzed manually by determining the slope of
the records generated with a triangular wave (see Fig. 2). Only
events that decreased and subsequently increased the conduc-
tance were analyzed (except for channel insertions and exser-
tions, ¢f. Results). The conductance (G) equals the change in
current (dl) per time interval (dt) divided by the change in voltage
(dV) per time interval:

G = dl/dt - di/dV. 0))

The analysis of the voltage dependence is as described by Schein
et al. (1976). A 5 mHz triangular voltage wave was applied to the
membranes and the resulting current recorded. The recordings
were digitized and converted to conductance values by dividing
the current at any time by the corresponding voltage value. Only
that part of the wave during which the electric field was decreasing
with time was used for subsequent analysis, since channel open-
ing of VDAC is much faster than channel closure.

Assuming a two-state process, the conductance: voltage
curves were fitted to the Boltzmann distribution as follows:

0[(Gyyy — GG — Gpin)] = (RFV — nFVQ)/RT. @

G, Gy, and Gy, are the conductance at any voltage V, the
maximum conductance (all channels open), and the minimum
conductance (all channels closed), respectively. F, R, and T are
the Faraday constant, the gas constant, and the absolute tempera-
ture, respectively. V, is the voltage at which one-half of the
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channels are closed. The value of # is a measure of the steepness
of the voltage dependence. (G, — G)/(G — Gy, is equal to the
ratio of the number of closed to the number of open channels.
Plots of In{(G,, — G (G — Gp)] vs. Vyielded n and V; (see
Fig. 4).

Results

Whole mitochondrial membranes reconstituted into
liposomes were patch clamped. Every second patch
gaye a tight seal, and 90% of the membranes con-
tained 1-6 channels. Clear channel activity was
found. We found, as did Moran et al. (1990), that it
does not make a detectable difference to measure in
the attached or in the excised patch-clamp mode.
This is presumably due to the liposome membrane
containing so many channels that it does not contrib-
ute a significant series resistance. Only once was an
increase in the conductance of the patch observed
after air exposure. The change in conductance of this
membrane was 290 pS in the 150 mm KCI solution
(buffer C, see Materials and Methods).

Figure 1 shows a record of current flowing
through a membrane patch (top trace) in response
to different applied potentials (lower trace). At ele-
vated positive potentials discrete current drops were
recorded and interpreted as channel closings events.
The channels closed at relatively slow rates (many
seconds), but when the voltage was returned to zero
the channels reopened rapidly. The reopening was
detected by the elevated current following the imme-
diate reapplication of a membrane potential. Fast
opening and slow closure are a characteristic of
VDAC channels. In this experiment, the channels
did not close readily at negative command voltages.

Typically, after 5-10 min the channels appeared
to leave the patch (perhaps by diffusing into the
glass-membrane seal region). The right side of Fig.
1 and the inset show the loss of a channel in two
ways: (i) as a slow, continuous reduction in current
and (ii) as a discrete drop in current. Once a channel
was lost, it did not return.

The presence of voltage-gated channels in these
patches is also demonstrated in Fig. 2. Here the
voltage was changed continuously with time in the
form of a slow (5 mHz) triangular wave. Thus the
current should also have changed in a triangular
fashion except when changes in conductance oc-
curred. In the positive voltage region (right side of
figure) channel closures (downward deflections) oc-
curred as the voltage was rising while openings (up-
ward deflections) were observed as the voltage de-
clined. Approximately five channels closed and re-
opened in a narrow voltage region, indicative of
steep voltage dependence. As in the case of VDAC,
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Fig. 1. Current record in a patch containing two channels at
the beginning. The recording was made on liposomes containing
whole mitochondrial membranes by using the patch-clamp
method as described in Materials and Methods. The upper trac-
ings are the current records in response to the applied voltages
shown below. The solution contained 150 mM KCl, 20 mMm
HEPES (sodium salt, pH 7.2), 1 mM CaCl,, 0.45 wm filtered. The
sign of the applied potential refers to the bath. There is a 3-min
gap in the middle of the record. Time progressed in the direction
indicated by the 1-min long time arrow. The inset presents a
recording made on a different patch of membrane under the same
conditions. The voltage-induced conductance changes with posi-
tive potentials for the left side of the chart were: 0.49 and 0.58 nS
for the upper and lower conductance levels in the first puise; 1.0
nS for the second pulse (probable simultaneous closure); and
0.47,0.51, 0.47, and 0.47 nS for the third pulse. Similarly for the
right side, the conductance changes were: 1.02 nS for the first
pulse; 0.13, 0.45, 0.57, and 0.57 nS for the second. The nondis-
crete conductance drop toward the end of the second positive
potential pulse on the right side resulted in a total conductance
decrement of 0.27 nS. In the inset, the conductance changes
were 0.47, 0.47, 0.45, and 0.10 nS followed by a slow baseline
decrement of 0.03 nS (the applied voltage was 55 mV)

slow closing kinetics resulted in significant hystere-
sis, i.e., channels closed at higher voltages and re-
opened at lower voltages. As was the case for the
experiment illustrated in Fig. 1, channels closed
more readily at positive potentials.

Figure 3 shows a histogram of 185 conductance
changes observed when triangular waves were ap-
plied to patches containing channels (as in Fig. 2).
Only one broad peak around 450 pS is evident. The
values are widespread from 80 to 680 pS. The nine
largest events in the histogram (between 910 and
1350 pS) appeared to be single events but may also
have resulted from unresolved multiple events.

In order to compare the voltage dependence of
the channels observed in the patches to that reported
for VDAC channels reconstituted in planar phospho-
lipid membranes, the voltage-dependence parame-
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Fig.2. Currentrecord, inapatch containing atleast five channels,
in response to a triangular voltage wave. Experimental conditions
were as in Fig. 1. The applied voltage was changed linearly with
time in the form of a S-mHz triangular wave. The voltage axis at
the bottom shows the peak voltages of the triangular wave and
the beginning and ending voltage for the current record illustrated.
The base of the current-vector shows the location of zero current

50

[%2]

oy —

.0 _

5 40t

>

=

%

2 304

O

Y—

© 20+

—_

[}

0

£ 104

3

z
0 t + } + T l:t Lol
0 200 400 600 800 1000 1200 1400

Conductance (pA)

Fig. 3. Histogram of the changes in conductance obtained from
records such as the one illustrated in Fig. 2. Only one cycle of
the triangular wave was included per recording

ters were quantitated using records such as the one
illustrated in Fig. 2. The records were digitized and
conductances were calculated as a function of volt-
age. In order to reduce the fluctuations inherent in
records containing few channels, records made on
the same patch were often averaged. Figure 4A
shows an averaged conductance : voltage plot. The
conductance of the membrane decreased with in-
creasing voltage as more and more channels closed.
Figure 4B shows the same data fitted to a two-state
model (see Materials and Methods). In this experi-
ment, half the channels closed at 42 mV, i.e., the
parameter V, = 42 mV. The parameter » that quanti-
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Fig. 4. (A) Conductance to voltage relation for channels in one
membrane patch, Six records were averaged to obtain the results
illustrate in the figure. Experimental conditions were as in Fig. 1.
(B) The data plotted in A were fitted to a Boltzmann distribution
as described in Materials and Methods. At the point where the
data crosses zero on the y axis, the voltage corresponds to V
and the number of open channels equals the number of closed
channels. The parameter » is the slope divided by F/RT and
estimates the steepness of the voltage dependence (cf. Materials
and Methods). The straight line was generated by the method of
least squares

tates the steepness of the voltage dependence was
3.1. Averaging the values obtained by analyzing data
recorded from different patches yielded the follow-
ing: At negative applied potentials V, = 29 = SmV
(sp) and n = 4.4 = 0.9 (sp) for six patches; at
positive applied potentials V, = 38 + 6 mV (sp) and
n = 3.9 = 0.9 (sp) for seven patches.

We often observed an asymmetric voltage de-
pendence in the sense that the channels closed less
frequently at negative command voltages. When the
channels closed at negative potentials, it was at a
higher voltage (in the absolute sense) than at positive
potentials. In addition, the reopening with decreas-
ing negative potentials frequently occurred at lower
voltages (closer to zero) as compared to the behavior
at positive potentials.

Most of our records show voltage-dependent
channel behavior for no longer than 15 min. Figure
5 illustrates two occasions in which channel loss was
recorded. In the bottom trace, the channel opens
up before it is lost in its open state. The loss of
conductance resulted in only a small downward de-
flection because the event occurred at a low poten-
tial. The dramatic decrease in slope, corresponding
to a conductance change of 650 pS, indicates the
loss of the channel. In the upper trace, the channel
seems to have been lost in the closed state, since no
reopening event was observed. The channel loss
was not associated with an abrupt current change
because it occurred close to 0 mV. The conductance
changed by 470 pS as evidenced by the change in
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Fig. 5. Two examples of channel loss from the patch. Experimen-
tal conditions were as in Fig. 2. Triangular voltage waves (5 mHz)
were applied, and arrows indicate the locations and value of the
peak voltages of these waves. In the upper trace a channel was
lost (small arrow) while in its closed state. No discrete change in
the current can be seen since the event occurred close to 0 mV,
but a change in the slope occurred. In the lower trace (from a
different patch) a channel responding symmetrically to voltage
was lost (small arrow) while in the open state

the slope of the record while going from + 68 to — 68
mV.

In order to obtain more evidence to support our
contention that the channels in the patch are indeed
VDAC, we used Konig’s polyanion, a substance
known to increase VDAC’s voltage dependence
(Colombini et al., 1987). The polyanion is expected
to increase the steepness of the voltage dependence
and cause the channels to close at lower potentials.
It is also known that polyanions act asymmetrically,
the voltage dependence is increased if the polyanion-
containing side is made negative (Mangan & Co-
lombini, 1987). Thus Konig’s polyanion was added
either to the pipette solution or to the bath. In gen-
eral, we found an increased voltage dependence with
the polyanion that is characteristic for VDAC (Fig.
6). The channels tended to reopen at much lower
voltages and the steepness was somewhat increased.
In the figure, the channels opened very close to 0
mV, resulting in very small current transitions, but
the increase in slope is evident. In the presence of
polyanion in the bath, the channels closed at nega-
tive potentials in contrast to observations made in
the absence of the polyanion (e.g., Fig. 2) or with
the polyanion present in the pipette.

No clear effects were observed resulting from
the application of suction to the patch. With voltage-
gated channels present in the membrane, as much as
50 mm Hg of suction was applied. No reproducible
shifts in the properties of the channels were found
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Fig. 6. The effect of Konig's polyanion on the channels. In this
experiment the electrode contained in addition to the normal salt
solution (¢f. Fig. 1) 5 ug/ml Kénig’s polyanion. Triangular voltage
waves were applied with voltages as indicated in the scale at the
bottom. The figure shows two successive cycles (indicated by
horizontal arrows). Note the small conductance changes in the
second cycle, while the channels are closed

(data not shown). Since we did not determine the
curvature of the patches on which suction had been
applied, the actual tension applied to the membrane
is not known.

Two of our recordings differed from all the oth-
ersin that the conductance increased with increasing
voltage. A 120-pS channel seemed to open up at
positive potentials (Fig. 7). At regative potentials,
little if any activity was observed over the expected
increase in the noise. But when positive potentials
are applied, the current increased and oscillated be-
tween two conductance levels separated by about
120 pS. This behavior was only seen twice in about
200 recordings. It is different from the other patches
where voltages higher than =25 mV resulted in a
decrease in current.

Discussion

The recording of the electrical characteristics of sin-
gle channels in a patch of membrane attached to the
tip of a glass electrode (i.e., patch clamping) has
proved to be a very powerful tool for studying chan-
nels present in a variety of membranes. For 15 years,
the mitochondrial channel called VDAC has been
isolated and reconstituted into planar phospholipid

-membranes. However, recent attempts to detect sin-

gle channels with the characteristics of VDAC by
the patch-clamp technique failed (e.g., Févre et al.,
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Fig. 7. Two successive cycles (indicated by arrows) of a re-
cording with events of about 120 pS. Triangular voltage waves
were applied to the patch with voltages as indicated in the scale
at the bottom. Experimental conditions were as in Fig. 2

1990; Moran et al., 1990; Catia Sorgato, personal
communication), even though VDAC’s presence in
the preparation could be shown by using an immu-
noblot (Catia Sorgato, personal communication).

By contrast, we found characteristic VDAC be-
havior in most of our measurements. We observed
a voltage-dependent change in conductance from
an open to a less conducting ‘‘closed’” state with
increasing membrane potential. The location of the
switching region (V;), around 30 mV, compares fa-
vorably with VDAC (Colombini, 1989). The ability
of individual channels to close at both positive and
negative potentials is also a characteristic of VDAC.
The magnitude of the conductance change upon
channel closure (Fig. 3) and its variability are both
qualities possessed by VDAC. The slow rate of
channel closure and its fast opening rate also corre-
spond with what would be expected for VDAC chan-
nels. The few estimates of open channel conduc-
tance, when corrected for KCl activity, are also
consistent with VDAC. Finally, Kénig’s polyanion
increased the voltage dependence of the observed
channels as it does for VDAC (Colombini et al.,
1987).

Conductance changes corresponding to those

reported here for VDAC’s closure (see Fig. 3) were
found by Moran et al. (1990). However, since these
investigators did not observe an associated voltage
dependence, they did not attribute these changes to
the presence of VDAC. Thieffry et al. (1988) as-
sumed that denaturation during the preparation of
the mitochondrial membranes was responsible for
VDAC not being observed in their experiments.
Considering the slow rate of VDAC closure and the
short time scale examined by these investigators, it
is possible that they missed these changes.

The histogram (Fig. 3) shows nine values be-
tween 910-1350 pS that appeared to be single events.
Since we often saw channels responding almost si-
multaneously we attribute these events to being un-
resolved multiple events. However, it must be noted
that Zoratti, Petronilli and Szabo (1990) reported a
1300-pS channel and Moran et al. (1990) describe
conductances around 1000 pS in mitochondrial
membranes. Thus we cannot exclude the possibility
that some of the events we observed could be other
types of channels.

The origin of some of the low-conductance tran-
sitions (80—200 pS) observed could be channels origi-
nating from the inner (Kinally, Campo & Tedeschi,
1989) or the outer membrane (Moran et al., 1990;
Catia Sorgato, personal communication). We indeed
found sometimes very small events (e.g. in Fig. 6).
Small conducting units could be a reason for the
histogram ranging over such a broad interval.

An important characteristic of VDAC is its abil-
ity to close at both positive and negative transmem-
brane potentials. Figure 5 (upper trace) shows a re-
cord where the channel is closing at positive and
negative potentials. The loss of the conductance that
responds to positive potentials is always linked to
the loss of that responding at negative potentials,
indicating that they are due to the same conducting
entity. In addition, the total decrement in conduc-
tance is consistent with the loss of only one channel.
These findings indicate that one channel responded
to both positive and negative potentials rather than
two channels oriented in opposite directions.

When the voltage dependence was quantitated
by fitting to a two-state system, the values of the
voltage-dependent parameters are quite similar to
those reported for VDAC (Colombini, 1989). The V,
values are slightly higher (29 and 38 mV for negative
and positive voltages, respectively, as opposed to
20 mV), but this is not uncommon. Such a change
could result from a very small change in conforma-
tional energy difference between the open and
closed states and can arise by simply changing the
phospholipids in the membrane.

A more interesting observation is the difference
in V, values that depend on the sign of the applied



U.R. Wunder and M. Colombini: Patch Clamping VDAC in Liposomes 89

Table. Single-channel recordings of mitochondrial channels using the patch-clamp technique

Author(s) Method Change in Selectivity Voltage Membranes used Species Remarks
conductance dependent
(substates) in Inner Outer Whole
150 mM salt
(pS}
Fevre et al., Tip-dip 330 (100, 140, Cationic Yes X Yeast Proposed as
1990 and 240) an outer
membrane
channel
Thieffry et al.,  Tip-dip 220 (100) Cationic Yes X Rat brain Proposed as
1988 an outer
membrane
channel
Moran et al., Patch-clamp 475 Not reported No X Rat brain Preparation
1990 on liposomes 550 No X enriched in
<100 No X contact sites
250 Yes X
1000 No X
Sorgato et al., Patch-clamp 107 Anionic Yes X Mouse liver
1987 on mitoplasts
Kinnally et al., Patch-clamp 45 Anionic No X Mouse liver
1989 on mitoplasts 120-150 Cationic Yes X
350 Cationic Yes X
1000 Not reported Yes X
Zoratti et al., Patch-clamp 1300 (many) Not reported Yes X Rat liver Proposed as
1990 on mitoplasts inner
membrane
channel

potential. These differences can be much more dra-
matic than indicated in the Results because, if the
channels closed very poorly or not at all, they could
not be analyzed. Although also observed in bilayer
experiments, this phenomenon was very consistent
in that channels closed less readily when negative
potentials were applied. However, when closure oc-
curred, the voltage dependence of opening tended
to be greater (i.e., n was greater). This more pro-
nounced hysteresis may be due to the curvature of
the membrane patch, which is likely not to occur in
the planar bilayers. Since evidence indicates that
VDAC carries a positively-charged sensor (Bowen,
Tam & Colombini, 1985; Doring & Colombini, 1985;
Mirzabekov & Ermishkin, 1989), a negative poten-
tial would move the sensor toward a compressed
membrane monolayer. This added structural con-
straint may explain the decreased tendency to close
and the delay in opening (the lower V, may be a
kinetic delay). Positive potentials would drive the
sensor to the monolayer under local tension. This
probably provides less steric hindrance, resulting in
more likely closure.

One problem with the patch-clamp method is

that it can only distinguish changes in conductances.
VDAC is a channel that does not close all the way
when responding to a voltage, thus leaving a residual
conductance. In the bilayer, VDAC usually inserts
in the open state, allowing one to determine the
entire open-state conductance. Voltage-dependent
closure results in the loss of only part of the conduc-
tance. By difference, the closed-state conductance
can be calculated. The size of the residual conduc-
tance cannot usually be determined with the patch-
clamp technique. We overcame this drawback, at
least in part, by examining channel losses. Figure 5
(upper trace) shows a channel that at first responded
symmetrically to applied voltage but then was lost.
The conductance change of 650 pS is consistent with
VDAC (Colombini, 1989). After correcting for salt
activity we expect about 700 pS.

Konig’s polyanion is known to specifically in-
crease VDAC’s voltage-dependence (Colombini et
al., 1987). We added 5 ug/ml to our normal solution
and found that the channel under investigation was
more sensitive to voltage (Fig. 6). Thus our results
support the hypothesis that we really saw VDAC
activity in our patches.
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An advantage of the patch clamp as compared
to reconstitution in planar membranes is the possibil-
ity to test channels for stretch sensitivity. Our at-
tempts to find any clear stretch-induced changes in
the voltage dependence of VDAC were not success-
ful. However, since we did not measure the curva-
ture of the patch, the actual tension applied may not
have been sufficient.

The only channel clearly different from the re-
cordings we attribute to VDAC had a conductance
change of about 120 pS and was seen in two patches
(Fig. 7). It behaved asymmetrically and its probabil-
ity of being open increased with increasing voltage.
It probably represents the channel of the inner mito-
chondrial membrane reported by Sorgato et al.
(1987).

The Table summarizes some of the mitochon-
drial channels that have been proposed to exist by
using the patch-clamp method. Most of the changes
in conductance reported by other authors are pres-
ent in our recordings (Fig. 3). Most of these can
be attributed to VDAC because they are associated
with its voltage-gating process, but we cannot ex-
clude the possibility that some are due to channels
superimposed on the VDAC conductance. It is also
possible that we did not resolve other channels since
we were looking at a slow time response. All other
investigators used a higher time response. Based on
our observations, we suggest that the large variety
of conductance changes reported by different inves-
tigators may represent the manifestations of just a
few channel-forming structures.

The issues raised by the recent reports on a
variety of different channels in the inner and outer
membrane of mitochondria (Table) still wait to be
resolved. The physiological role of these channels
remains unclear, especially in view of the presence
of the other mitochondrial transport systems.
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change Service (DAAD) for U.W.
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