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ABSTRACT A mechanism for regulating voltage-gated
channels is presented. The treatment amplifies the effect of the
applied membrane potential resulting in a dramatic increase in
the channel’s voltage dependence. Addition of a large polyval-
ent anion to the medium bathing a phospholipid bilayer
containing the voltage-dependent channel from the mitochon-
drial outer membrane, VDAC, induced up to a 12-fold increase
in the channel’s voltage sensitivity. The highest polyvalent
anion concentration tested resulted in an e-fold conductance
change for a 0.36-mV change in membrane potential. On the
low end, a concentration of 2 uM resulted in a 50% increase
in VDAC voltage dependence. A mechanism based on polyval-
ent anion accumulation in the access resistance region at the
mouth of the pore is consistent with all findings. Perhaps the
voltage dependence of voltage-gated channels is amplified in
vivo by polyvalent ions. If so, the control of excitable phenom-
ena may be under much finer regulation than that provided by
membrane potential alone.

Excitability is a phenomenon important for many physiolog-
ical processes, including nerve conduction, muscle excita-
tion, hormone release, and egg fertilization. In their investi-
gations into the basis for excitability in the squid giant axon,
Hodgkin and Huxley (1) demonstrated the existence of separate
voltage-dependent conductances for sodium and potassium
ions that were responsible for the generation of action poten-
tials. Subsequently, the planar bilayer and patch-clamp tech-
niques have revealed that voltage-dependent conductances are
the result of voltage-gated channels. In these channels, the
membrane potential determines the probability of the channel
existing in a particular conducting state. The steeper the voltage
dependence, the more responsive the cell is to small changes in
the membrane potential. The probability of finding the sodium
and potassium channels of the squid giant axon in a high
conducting state increases e-fold for 4 and 5-6 mV, respectively
(1). Concerning this voltage dependence, Hodgkin and Huxley
(1) noted: *‘One of the most striking properties of the membrane
is the extreme steepness of the relation between ionic conduc-
tance and membrane potential.”” We now report a mechanism
that steepens the voltage dependence of the voltage-gated
channel of the outer mitochondrial membrane, VDAC. The
channel’s voltage dependence is increased to values up to an
order of magnitude greater than those observed in squid sodium
and potassium channels.

VDAC is the major permeability pathway through the outer
mitochondrial membrane (2-9). Each channel is in a highly
conductive (open) state at zero and low membrane potentials
but is converted to a low conducting (closed) state at higher
(>20 mV) positive or negative potentials (10). The voltage
dependence of VDAC is normally an e-fold change for 5-7
mV (10-12), but the addition of the polyvalent anion dextran
sulfate increases the voltage dependence to as much as an
e-fold change for 0.5 mV.
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A model is presented to account for the observed phenom-
ena. It is proposed that significant access resistance at the
mouth of VDAC channels results in voltage-dependent ac-
cumulation of polyvalent anion at the channel mouth. Elec-
trostatic interactions between a polyvalent ion at the mouth
and gating charges on VDAC would result in an augmented
probability of channel closure.

EXPERIMENTAL PROCEDURES

Materials. Dextran sulfate (8 kDa and 500 kDa) and polyas-
partic acid (15 kDa) were obtained from Sigma. Dextran sulfate
(8 kDa) was further purified by gel filtration through a Sephadex
G-25 column, lyophilized, and stored (desiccated) at room
temperature. Cultures of a wall-less mutant of Neurospora
crassa (FGSC 326) were grown as described (13) except the
Nelson’s medium B was supplemented with 2% (wt/vol) man-
nitol (Sigma)/0.75% (wt/vol) Bacto nutrient broth/0.75%
(wt/vol) Bacto yeast extract (Difco).

VDAC Isolation. Mitochondrial outer membranes were
isolated essentially as described by Mannella (13), supple-
mented with dimethyl sulfoxide to 15% (vol/vol), and stored
at —70°C. Prior to experimentation, Triton X-100 [final
concentration 1% (vol/vol)] was added to an aliquot and
allowed to stand at room temperature for at least 30 min.

Generation of Planar Lipid Bilayers. Planar phospholipid
membranes were generated by the monolayer method of
Montal and Mueller (14) as described (10), using soybean
phospholipids (purified as described in ref. 15). A Saran
partition separated two compartments (labeled cis and trans),
each containing 1 M LiCl and 5 mM CaCl,. Triton X-100-
solubilized outer membranes (3-5 ul) were added to the cis
side of the membrane (while stirring) and VDAC was inserted
spontaneously. Channel insertion could be halted by the
addition of 30-50 ul of a sonicated 1% (wt/vol) dispersion of
soybean phospholipid in water.

Analysis of Voltage Dependence of VDAC. The analysis of
the voltage-dependent properties of VDAC follows a modi-
fication of described procedures (10, 16). A symmetrical
4-mHz triangular voltage wave (from *10 to =75 mV
depending on the experiment) was applied to a VDAC-
containing membrane, and the resulting current was record-
ed. The recordings were digitized and converted to conduc-
tance values. Only that part of the wave during which the
electric field was decreasing with time was used for subse-
quent analysis.

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

In (G — Gnin/Gmax — G) = (—nFV + nFV,)/RT. [1]
G, Gnax, and G, 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
temperature, respectively. V, is the voltage at which one-half
of the channels are closed, and n is a measure of the steepness
of the voltage dependence. (G — Gmin/Gmax — G) is equal to
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the ratio of the number of open to the number of closed
channels. Plots of In(G — Gpin/Gmax — G) vs. V yielded n and
Vo.

RESULTS

Effect of Dextran Sulfate on Voltage Dependence of VDAC.
Channels were inserted into a planar phospholipid membrane
bathed on both sides by 1 M LiCl/5 mM CaCl,. Steps of
voltage were applied to the membrane and ion permeability
was monitored by measuring the current flow through the
membrane. If the channels in the membrane were voltage
independent, the current would increase linearly with volt-
age. In the case of VDAC, however, if the applied voltage is
large enough, the current decreases with time as channels
close. In the control recordings (Fig. 1), channel closure
began at 10 mV applied potential but was not clearly evident
until 15-20 mV were applied. By contrast, in the presence of
25 mM dextran sulfate (8 kDa), channel closure was evident
and complete at 3 mV applied potential. Higher membrane
potentials further increased the rate of closure (similarly with
negative voltages). Thus, dextran sulfate dramatically in-
creased the probability of VDAC closing, so that the channels
closed completely at transmembrane voltages at which they
would normally have been open.

The amplification of the voltage dependence of VDAC is a
function of dextrar sulfate concentration in the medium. This
is illustrated in Fig. 2 by the conductance-voltage relation-
ships. In the absence of dextran sulfate, the probability of
finding VDAC in the open state decreased by a factor of e for
every 6.3-mV increase in transmembrane potential. As little
as 6 uM dextran sulfate increased the voltage dependence of
VDAC. At 25 mM, VDAC exhibited an extremely high
voltage sensitivity, an e-fold change in the probability of
being open for 0.5 mV. The entire population of channels thus
shifted from the open to the closed conductance state over a
very narrow potential range. Note that the higher voltage
dependence was accompanied by channel closure at lower
voltages (Figs. 1 and 2). These changes were quantitated as
n and V, and are plotted in Fig. 3.
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Effect of Dextran Sulfate on Conformational Energy of
VDAC. The energy difference between the open and closed
states has both voltage-independent and voltage-dependent
components. The intrinsic conformational energy is the
energy difference between the two states in the absence of an
electric field. This can be measured by applying a potential
that closes one-half of the channels. At this potential (V,,), the
open and closed states are equally probable—i.e., the con-
formational energy difference is balanced by the application
of a voltage. This energy difference is nFV,.

The voltage-dependent energy component is nF'V. Dextran
sulfate increases the voltage dependence of VDAC by in-
creasing the parameter n (Fig. 3). It produces a parallel
decrease in V,, so that nF'V, remains essentially constant. The
results are consistent with the conclusion that dextran sulfate
simply alters the voltage dependence of VDAC without
changing the total energy needed to close the channels (i.e.,
the conformational energy at V = 0). (For a similar treatment,
see refs. 11 and 12.)

Effect of Other Polyvalent Anions. The steepening of the
voltage dependence of VDAC was not caused uniquely by
dextran sulfate (8 kDa). A higher molecular mass dextran
sulfate (500 kDa) and a homopolymer of aspartic acid
produced similar results (Table 1).

DISCUSSION

Theory. These observations have suggested a model for the
effect of dextran sulfate. For a highly conductive channel like
VDAC, a major impediment to ion flow through its pore may
be the rate at which ions diffuse from the bulk phase to the
mouth of the pore (17, 18). If access were a limiting step, flow
through the channel in response to an applied potential would
result in depletion of anions at one end of the channel and
their accumulation at the other (conversely for cations). A
local positive potential would develop in the vicinity of the
channel mouth on the anion-deficient side. (Anion build-up at
the opposite end of the channel would induce a local negative
potential there.) Dextran sulfate should partition into this
positive region where it can interact with VDAC. Further-
more, as the transmembrane potential is increased, the flow

e
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Fic.1. Effect of dextran sulfate (8 kDa) on voltage-dependent closure of VDAC. Upper and lower traces (performed on separate membranes)
show current in the presence and absence, respectively, of dextran sulfate. Applied voltages (trans minus cis) are indicated below the current
traces. Arrows indicate peak instantaneous current. In the presence of dextran sulfate (25 mM), current was constant at 0 and 1 mV. Increasing
the voltage to 3 mV initially increased the current ohmically. Current then decreased as the channels began to close. At 5 mV, closure was too
rapid for the instantaneous current to be monitored by the chart recorder. In the absence of dextran sulfate, VDAC did not begin to close below

10 mV. Closure was still slow at 20 mV.



Proc. Natl. Acad. Sci. USA 84 (1987)

4898 Biophysics: Mangan and Colombini
RELATIVE CONDUCTANCE
X o 1.0 X
Xx X ]
XX X H +ﬁ xxx
X o + x
xx H r Xx
X o + + 0 x
XX
X + + x
X o o
)«X o +1 0.8 F + Xy
X a + o x
X X
xx EP . i N + X
X DD X
xX 8] + + o
xxxx o’ + o X
X 4 0.6 | + XX
X DDUDD + o Xy
» I o + + o XK
x BPonogon e i + o "o
)2<X ha. - ; UEI xxé(
X
X --/ o XXX
g X0 “m CoPo :pmmnu XXX s 9
{1 o0a } XX %Xxx&
-60 -40 -20 [o] (0] 20 40 60

APPLIED VOLTAGE (mV)

Fic.2. Dependence of voltage sensitivity of VDAC on dextran sulfate (8 kDa) concentration. All dextran sulfate additions were symmetrical.
In these experiments, the voltage was varied continuously, the current was monitored, and the conductance was calculated. Each point
represents the average of four determinations. The results were then normalized to the maximum conductance. The data shown were collected
in the absence of dextran sulfate (X) and in the presence of dextran sulfate at 6.25 uM (0) and 25 mM (+). The voltages were changed at rates
of 1.2, 0.56, and 0.16 mV/sec, respectively. The respective voltage dependences are e-fold for 6.3, 2.0, and 0.5 mV. Voltages are cis relative

to trans.

of ions through the channels would increase, resulting in a
greater depletion of anions at one end of the pore and,
consequently, a larger local positive potential and more
dextran sulfate partitioning. Thus, the build-up of dextran
sulfate near the membrane would itself be voltage dependent.
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Fi1G. 3. The parameters n and V, as a function of dextran sulfate
(8 kDa) concentration. Each symbol represents an average determi-
nation made from three or four triangular wave applications to a
VDAC-containing membrane.

A highly schematic representation of the potential and
dextran sulfate concentration profiles postulated by this
theory are presented in Fig. 4 (Inset).

Quantitation. In the absence of dextran sulfate, the prob-
ability of a channel being in the open or closed state is a
function of the balance between the intrinsic conformational
energy and the energy provided by an applied potential:

RT In(closed/open) = nF(1 — 2r) V — AG, 2]
where r is the fraction of the potential falling in the bulk
phase; (1 — 2r) corrects for that portion of the applied
potential not felt by the channel; AG i$ the conformational
energy difference between the open and closed states; open
and closed are the probabilities of finding a channel in the
open or closed conformation, respectively; and n, F, R, and
T are the same as for Eq. 1.

In the presence of dextran sulfate, an additional energy
term is added:

RT In(closed/open) = nF(1 — 2r)V — AG + mPq4, [3]

where P, is the probability of finding a dextran sulfate

Table 1. Gating properties of VDAC in the presénce of
various polyanions

Concentration,
Agent M (mg/ml) n Vo
Dextran sulfate (8 kDa) 6 (0.05) 10.0 5.5
62 (0.5) 14.7 3.2
125 (1) 25.4 3.5
625 (5) 31.7 2.5
Dextran sulfate (500 kDa) 2 ) 529 2.7
, 10 (5) 64.7 1.3
Polyaspartic acid (15 kDa) 67 (1) 22.1 4.3
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FiG. 4. Model of the ultrasteep voltage dependence. (Inset)
Simple representation of the effect of access resistance (R,) on
voltage (V) (—) and dextran sulfate concentration (----) profiles
in the bulk phase and adjacent to the membrane in the vicinity of
VDAC. Anion depletion and cation accumulation on the low-
potential side induces a local positive region adjacent to the mem-
brane, relative to the bulk solution, into which dextran sulfate
partitions. R, channel resistance. The main figure shows probability
of VDAC being in the open state as determined from experiments (X)
and as predicted from Eq. 3 (curves). Dextran sulfate (8 kDa)
concentrations were 0, 6 uM, and 12.5 mM. Experimental proba-
bilities were generated from the corresponding conductance-voltage
relationships by setting the minimum conductance equal to zero
probability.

molecule at the mouth of the pore,* and m is a measure of the
electrostatic interaction between dextran sulfate and the
gating charges in VDAC. A reasonable expression for Pg4
might be
_ D'exp(zFrV/RT)
K + D exp(zFrV/RT)

where D is the dextran sulfate concentration in the bulk
phase, i is the power dependence of the dextran sulfate
concentration, z is the valence of dextran sulfate (=50), and
K is the effective concentration of dextran sulfate at the
mouth when P, is equal to 1. Fig. 4 shows the fit between
open probabilities obtained experimentally in the presence of
dextran sulfate and those predicted by Eq. 3. Allowing m, r,
i, and K to vary within reasonable ranges, lines were fitted to

(4]

*Since dextran sulfate (8 kDa) is too large to enter VDAC’s pore (19)
and could be expected to fully occupy the space immediately
adjacent to the channel mouth, it is more appropriate to use this
probability than the dextran sulfate concentration next to the
membrane when considering the extent of the electrostatic effects
of dextran sulfate on the gating behavior of individual channels.
This results in a function that saturates when the probability is 1.
The dextran sulfate concentration profile of Fig. 4 (Inset) is equally
representative of this probability.
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the data for 0, 6 uM, and 12.5 mM. The fitted values were as
follows: m = 25,000J,r =0.15,i=0.4,and K = 0.5 M. [When
calculated from Coulomb’s law, the pure electrostatic attrac-
tion between dextran sulfate and the gating charges of VDAC
(assuming a reasonable separation distance) yields an m value
of 2-3 x 10° J. This energy is an overestimation because the
calculation assumes point charges separated by a uniform
dielectric. The charge distribution and salt screening in 1 M
LiCl should greatly reduce the estimate.]

Predictions. This model makes several predictions, some of
which have been tested. Only those tests whose results are
complete are presented.

The theory stipulates that the effect on the voltage depen-
dence of VDAC is not dependent on a specific binding
interaction between VDAC and dextran sulfate. Rather, it is
the polyanionic nature of the molecule that is important for
increasing the voltage dependence of the channel. Similar
results should be obtained with other polyvalent anions. This
is the case. Table 1 shows that 67 uM polyaspartic acid
increased the voltage dependence of VDAC =6-fold while V,,
decreased. This is comparable to the results obtained using 62
uM dextran sulfate.

Second, in accordance with the Boltzmann relation, the
extent to which a polyvalent anion partitions into the local
positive region near the channel’s mouth depends on its
charge. Consequently, the greater the charge on the ion, the
larger should be the apparent increase in the voltage depen-
dence of VDAC. Indeed, 67 uM polyaspartic acid (15 kDa)
steepens the voltage dependence of VDAC to a significantly
greater extent than 62 uM dextran sulfate (8 kDa). Assuming
90% dissociation at pH 7.0 (20), polyaspartic acid has a
valence of 115, while that of dextran sulfate is only 50.
Dextran sulfate (500 kDa) also caused a much greater
steepening in voltage sensitivity of VDAC than a similar
concentration of dextran sulfate (8 kDa) (see Table 1).

Third, the local positive region into which polyvalent ions
partition is due to anion depletion at the negative potential end
of the channel. Therefore, polyvalent anions should increase the
voltage dependence of VDAC only when present on the
negative side of the membrane. Fig. 5 shows the results of a
representative experiment in which dextran sulfate (125 uM)
was added to one side (the cis side) of a VDAC-containing
membrane. When this side was made negative (which should
result in dextran sulfate accumulation at the mouth of the pore),
VDAC exhibited ultrasteep voltage dependence. The channels
showed a tendency to close at —2.6 mV and closed completely
at —4.6 mV. Positive voltages of similar magnitudes applied to
the cis side (which should result in dextran sulfate depletion)
produced no closure. This observation is consistent with the
proposed model.

The model presented here correlates with the finding that
positive charges, probably lysine e-amino groups, are respon-
sible for gating in VDAC (11, 12, 21). A polyvalent anion,
accumulating near the channel mouth in a voltage-dependent
manner, could induce closure via electrostatic interactions
with the gating charges. Once closed, the channel would be
stabilized in that state by the proximity of the polyvalent
anion (recall that closed VDAC channels still conduct ions
but at a slower rate, so that the access problem may still
exist). These findings are also consistent with a recent report
that, in the closed state of the channel, VDAC’s gating
charges are more accessible to the negative side of the
membrane (21). This is the same side of the membrane where
the polyvalent anions are effective.

These results represent a unique way to control voltage-gated
channels. Channels could be opened and excitable phenomena
initiated by altering the effective concentration of a polyvalent
ion. This could occur as a result of protein phosphorylation, the
release of Ca2*, which could bind to and reduce the charge on
apolyvalent anion, pH changes, etc. Whether this phenomenon



4900 Biophysics: Mangan and Colombini

120
100 }
80

60 |

CURRENT (pA)

a0 |

20

VOLTAGE

APPLIED TO o 1.4 3.4

CIS SIDE
(mv)
(o]

-20 }

(PA)

CURRENT
i
[
o

I min

-80 |

-100 t
VOLTAGE

APPLIED TO © -0.6 -2.6

CIS SIDE
(mv)

Proc. Natl. Acad. Sci. USA 84 (1987)

o

I min

5.4 8.4

n B

FiG6.5. Asymmetry of effect of dextran sulfate (8 kDa) on voltage dependence of VDAC. VDAC was incorporated after dextran sulfate was
added to the cis side (final concentration, 125 uM). Upper traces show current responses to positive voltages applied to the dextran
sulfate-containing side of the membrane. In the lower traces, voltages of similar magnitudes but of opposite sign were applied to the same
membrane. Arrows indicate instantaneous current levels prior to channel closure.

is generally applicable or has any physiological relevance to
VDAC or any other channel has yet to be determined. How-
ever, in the case of VDAC, it is hard to imagine why the
voltage-dependent propertiés of VDAC have been so highly
conserved if not to regulate molecular traffic across the outer
mitochondrial membrane. The mechanism presented here is a
plausible method of control.

Two conditions are necessary if this model is to have
significance for the function of VDAC: polyvalent anion(s)
and a potential across the outer mitochondrial membrane.
Magnesium-binding proteins in the intermembrane space
may be candidates for in vivo counterparts of dextran sulfate
(22). The small amount of anion necessary to induce a shift
in voltage dependénce is biologically feasible. As little as 6.25
puM dextran. sulfate increased the voltage sensitivity of
VDAC 3-fold. The transmembrane voltage needed to accu-
mulate polyvalent anions at the channel mouth need not be
large and could be generated by a Donnan potential.

The effects of polyvalent (di- and trivalent) metal ions on
Na* and K* channels have been described (23, 24). How-
ever, unlike the effect we describe, those effects did not
result in an increase in the steepness of the voltage depen-
dence and were consistent with alterations in the membrane
surface potential. We encourage others to look for similar
effects in other voltage-gated channels.
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