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Electrostatics Explains the Shift in VDAC Gating with
Salt Activity Gradient
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ABSTRACT We have analyzed voltage-dependent anion-selective channel (VDAC) gating on the assumption that the states
occupied by the channel are determined mainly by their electrostatic energy. The voltage dependence of VDAC gating both
in the presence and in the absence of a salt activity gradient was explained just by invoking electrostatic interactions. A model
describing this energy in the main VDAC states has been developed. On the basis of the model, we have considered how
external factors cause the redistribution of the channels among their conformational states. We propose that there is a
difference in the electrostatic interaction between the voltage sensor and fixed charge within the channel when the former is
located in the cis side of membrane as opposed to the trans. This could be the main cause of the shift in the probability curve.
The theory describes satisfactorily the experimental data (Zizi et al., Biophys. J. 1998. 75:704-713) and explains some
peculiarities of VDAC gating. The asymmetry of the probability curve was related to the apparent location of the VDAC voltage
sensor in the open state. By analyzing published experimental data, we concluded that this apparent location is influenced
by the diffusion potential. Also discussed is the possibility that VDAC gating at high voltage may be better described by
assuming that the mobile charge consists of two parts that have to overcome different energetic barriers in the channel-

closing process.

INTRODUCTION

The voltage-dependent anion-selective channel (VDAC) is
a voltage-gated charged channel from the mitochondrial
outer membrane. Purified from mitochondria and placed
into a phospholipid membrane, it exhibits two main con-
ductive levels (connected through the gating process): a
high-conductance state (the open state), for zero or very low
transmembrane voltages; and low-conductance states
achieved at both positive and negative applied transmem-
brane voltage (Colombini et al., 1996). The reversal poten-
tial measurements of point mutants (Peng et al., 1992) have
shown that the apparent VDAC charge in the open state is
positive, but it is negative in the closed state. The gating
mechanism for VDAC is still under discussion, but a great
deal of evidence indicates that some charged regions of the
channel (called the “voltage sensor”) move across the mem-
brane during the gating process (Colombini et al., 1996;
Song et al., 1998). This mechanism can be represented as
follows. VDAC has a positively charged, mobile voltage-
sensing domain, which can be either inside or outside
VDAC. Its displacement, change of channel radius, and
concomitant inversion in ion selectivity are the main events
in the gating process. The mobile voltage-sensing domain is
located inside VDAC in the open state, but it is located
somewhere outside in the closed state. Moreover, there are
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two different closed states: trans-closed (or “closed-N fol-
lowing the notation of Zizi et al., 1998), when the voltage-
sensing domain is in the #rans solution, and cis-closed (or
“closed-P”), when it is in the cis solution.

The charge of the sensor accounts for the voltage depen-
dence of the VDAC conductivity. It contains both positive
and negative charges, but its net charge is positive (Thomas
et al., 1993; Ermishkin and Mirzabekov, 1990).

The dependence of the channel’s open-state probability
on the applied voltage V' is one of the main characteristics of
VDAC gating. In the absence of a salt activity gradient, the
maximum open-state probability corresponds to very low
voltages, V' ~ 0, but a salt activity gradient induces a shift
in the voltage needed to open the channel. The gradient
favors channel closure for one gating process (negative) and
opening for the other. Generally speaking, the probability
curve of VDAC obtained in experiments shows a few im-
portant features (Zizi et al., 1998): it is bell-shaped, centered
around zero applied voltage in the absence of a salt activity
gradient; its peak is shifted to the region of negative volt-
ages in the presence of a salt activity gradient; the steepness
of the voltage dependence is not the same for voltages
greater and lower than the peak voltage; and the asymmetry
of the probability curve depends on the type of salt. In
particular, VDAC channels placed in charged soybean
phospholipids show a symmetrical gating processes, but
when placed in pure neutral lipids, the two gating processes
display a slightly different voltage dependence (Zizi et al.,
1998).

The shift of the open-state probability curve in the pres-
ence of an activity gradient has been explained by invoking
a transfer of kinetic energy from salt ions to the mobile
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Sketch of the three states among which channels redistribute. An illustration of the total electric potential profile (which includes a positive

applied transmembrane potential and potentials caused by charges within VDAC’s pore) is shown. g; < 0 is the fixed charge within the channel, and ¢,,, >
0 is the net charge of the voltage sensor (the mobile charge); | ¢, | > | ¢¢| for VDAC, so that the net charge in the channel open state is positive. See main

text for details.

domain (Zizi et al., 1998). Collisions of ions with the
voltage-sensor region on the protein wall forming the
VDAC pore as these ions move according to their elec-
trochemical gradient was proposed to impart net kinetic
energy to this mobile region, resulting in a bias in the
probability of the channel being in a particular confor-
mational state. However, this approach does not explain
other features of the gating in presence of the activity
gradient. Here we propose a complementary explanation
based only on electrostatic interactions and show that
some additional useful information can be extracted from
the voltage dependence of the channel’s open-state prob-
ability. In general, there are a lot of electrostatic inter-
actions that influence the gating process. We show here
that it is possible to make a simple model based only on
a few main interactions. In particular, the interaction of
the charged voltage sensor with the externally applied
field and with the fixed charge of the channel determines
the main characteristics of the gating process. We de-
scribe VDAC as a three-state system, i.e., it is assumed
that the channel may be in one of these three main states:
open state, when the mobile sensor is inside the channel;
trans-closed state, when it is facing the trans solution;
and cis-closed state, when it is facing the cis solution
(Fig. 1). Then, by modeling the electrostatic interactions
existing in the system, we analyze the distribution of the
channels among these states in the absence and in the
presence of a salt activity gradient. We show that the
initial unequal occupancy of the trans-closed state and
cis-closed state at zero applied voltage and in the pres-
ence of a salt activity gradient is the cause of the shift in
the open-state probability curve. Moreover, this differ-
ence in occupancy is, in turn, the result of different
electrostatic interactions of the voltage sensor with the
channel’s fixed charge, when the former is on the cis side
of membrane as opposed to the trans side. The model
developed explains not only such basic characteristics of
VDAC gating as the shift in the presence of an activity
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gradient, but also other minor details such as the asym-
metry in the probability curve and its behavior at high
applied voltages.

THEORY
The model of VDAC charge distribution

VDAC contains a number of charged residues that line the
aqueous pore (Colombini et al., 1996). Generally, VDAC
can undergo conformational changes under the influence of
external factors such as the applied electric field and con-
centrations of constituents in surrounding solutions. Some
of these rearrangements result in easily observable effects
(such as channel closing and opening), but others produce
no easily detectable effects (Rostovtseva et al., 2000). In
most cases, the structural rearrangements change the chan-
nel charge distribution. In this connection, all charged res-
idues within the channel can be divided into two groups: a
group of relatively immobile “fixed” residues, located al-
ways inside the channel (their net charge, hereafter denoted
as channel fixed charge ¢y, is negative); and a group of
relatively mobile residues located inside the channel in the
open state and outside the channel in the closed state (their
net charge, hereafter denoted as channel mobile charge ¢,,,,
is positive). The mobile charge is considered to be the same
as the charge on the voltage sensor. To simplify the math-
ematical treatment, we introduce the apparent axial location
of this mobile charge as

1
xm=—1+;2qj(xj+l)

J

(see its formal determination below in Eq. 4). ¢; and x;
denote the charge of the jth residue and its axial coordinate,
respectively (both dimensionless, i.e., g; is in e units; x in L
units where 2L is the length of the channel, and x origin is
at the channel midpoint); the sum extends over all mobile



Shift of VDAC Gating

TABLE 1 List of symbols

C, Activity on frans side

C, Activity on cis side

G Charge of mobile voltage-sensing domain in VDAC

q¢ Fixed charge within the pore of VDAC

V Transmembrane potential of the applied electric field in
cis-trans

Vmax  Value of the applied transmembrane voltage that gives
maximum probability P, ..

Shift of V,,,, due to salt gradient, C; # C,

7, " Donnan potentials at cis and trans sides of the membrane in the

closed state of VDAC, respectively

AV,

max

E Energy of ith state (in A7 units)

P Probability of ith state

P Relative probability open versus closed

P, P(V = 0) in the absence of salt activity gradient

Prax  P(Vina)

N Total number of channels in the system

N Number of channels in ith state, where i = open (op),
cis-closed (cis), trans-closed (tr)

et Constant dependent on the channel radius and length

X Axial coordinate

Xm Apparent axial location of mobile charge ¢,,

All magnitudes are dimensionless.

charge residues (see Table 1). By assuming that cis-closed
state corresponds to the location of all voltage sensor
charges at x; = 1, one obtains x,,, ~ +1 in this state. A
similar statement holds for trans-closed state at x; = —1; it
leads to x,, = —1. In the open state, charged residues are
located inside the channel, i.e., in this state —1 < x; < 1 so
that —1 < x,, < 1. x,, = 0 corresponds to an apparent
location of ¢,,, exactly in the channel midpoint for the open
state of VDAC. Hence, the deviation of x,,, from 0 describes
actually the displacement of apparent mobile charge from
the channel midpoint. Any variations of external conditions
that result in a change of the local electric field will affect
g;» thus changing x; and therefore x,,,.

Reversal potential measurements (Peng et al., 1992) have
demonstrated that VDAC’s fixed charge, gy, is negative, but
the mobile charge is positive. It is worth noting that this
description of mobile charges is the simplest one. Generally,
mobile charges can be described by a few groups, each one
having its own energy barrier. We will show below that the
representation of the channel’s mobile charges by at least
two charged groups gives a better description of VDAC
gating at high applied voltages.

The probabilities of VDAC states

Let us consider N VDAC channels reconstituted into a
membrane bathed by an aqueous electrolyte solution with
activities C, on the frans side and C, on the cis. The bulk of
the trans solution is taken as virtual ground when an exter-
nal electrical field is applied. In accordance with the above
discussed charge model, we describe here the overall chan-
nel charge as consisting of two parts: a negative fixed
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charge, ¢y < 0, located always inside the channel; and a
positive mobile charge, ¢,, > 0, located inside the channel
in the open state and outside the channel in the closed state.
This modeling of channel charges gives the simplest de-
scription of VDAC as a three-state system, i.e., the channel
can be in one of these three different states: open state, when
the mobile charge ¢,, is inside the channel; frans-closed
state, when the mobile charge g, faces the trans solution;
and cis-closed state, when the mobile charge ¢,, faces the
cis solution (Fig. 1).

The probability P' of the ith channel state is determined
by its energy E'

i N exp(—E)
P=N="7s

3 exp(—E") |
—exp(—E®) + exp(—E") + exp(—E®)’ (1)

where N is the total number of channels in the system; N is
the number of channels in ith state; £’ is the energy of ith
state (dimensionless, in A7 units); S is the partition function
of the system; and i = open (op), cis-closed (cis), or
trans-closed (tr). A slightly different way to express the
propensity of the channel to be in the open state is to define
the relative probability to be open versus closed, P,

N°P Per

T 1-pr

Por v~

exp(—E)
= exp(_Ecis) + exp(_Etr) . (2)

Because it is straightforward to convert P with P°? and
mathematical expressions for the former become much
simpler, we will derive expressions for P in our treat-
ment.

Each energy term, £, includes all interactions involved in
VDAC. Some of them are sensitive to external effects such
as the applied electric field or the concentration of constit-
uents in the surrounding solutions. But others, e.g., the
energy of chemical bonds, are almost insensitive to such
effects, in particular, to the applied voltage. Therefore, for
our purpose, we divide each energy E' into two terms: one
part, E.,.., is dependent on the external voltage (i.e., the
voltage in its immediate surroundings), which changes with
the conformational state of VDAC, and another part, Eg .,
includes all other interactions. This is a standard approach.
Here we make the assumption that the salt activity gradient
influences mainly the electrostatic term. Therefore, in ana-
lyzing the voltage dependence of gating, we will consider
mainly the interactions of the mobile charge ¢, with the
externally applied electric field and with the fixed charge g;.
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The probability curve in the absence of a salt
activity gradient (C, = C,)

Let V be the potential in cis-solution associated with the
applied electric field. This applied electric field changes the
energy, E', of each VDAC state and, consequently, the
relative probability to be open, P. We will call the function
P(V) the open probability. Our aim is to develop the ana-
lytical expression for P(V). For that, we have to consider
first of all the electrostatic interaction of the mobile charge,
g, With the applied electric field in each conformational
state of VDAC mentioned above.

The interaction of the voltage sensor with the externally
applied field depends on the location of its charged residues
and their dielectric environment. The electric potential in-
side the channel near the frans entrance is nearly zero, and
it is close to ¥ near the cis entrance. Similar assumptions
have been used in the modeling of VDAC reversal potential
in the open state, provided end-effects are taken into ac-
count (Zambrowicz and Colombini, 1993; Levadny and
Aguilella, 2001). Because the interaction energy of the
externally applied field with the voltage sensor depends on
sensor location, the level is lower if the sensor is located
closer to frans entrance than to cis one. From the general
expression for electrostatic energy

Ey= E %V(Xj)
j

(where v(x) is the potential profile of the externally applied
field), by assuming that the applied electric potential profile
inside VDAC is linear, i.e., v(x) = (x + 1)V/2, one can
represent the interaction energy of the mobile charges (of
the sensor) with the applied electric field in the open state as

EY = 2 qv(x) = qulra + DVI/2, 3)
j

where the apparent location of g,, is determined by the
distribution of mobile charges and by the applied electric
field profile in the open state,

2 1
Yt = Y gvin) = — Y g+ 1. (4
qm J ql'n _]

In our approach, x,, describes the location of charged resi-
dues of the mobile sensor. But, generally speaking, as seen
from Egs. 3 and 4, x,, has a more general meaning. x,, may
change as a result of charge displacement (already dis-
cussed) and as a result of variation of the electric field near
each charge residue without any physical displacement of
the charged group (Song et al., 1998).

As for closed states, the description of their electrostatic
energies is obvious (see equations below). The energies of
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the open (E°P), and closed (E™, E°®) states in the absence of
a salt activity gradient (C, = C,) are

EP = (xm + l)qu/Z + nghera (Sa)
ECiS = QmV + Eglthers (Sb)
Er = E(cxlther' (SC)

All potentials and charges are dimensionless, i.e., in k7/e
and e units, respectively. The terms E., . correspond to
interactions that do not influence the voltage dependence of
the probability curves. They include the energy of hydro-
gen-bond breakage during channel closure (Colombini et
al., 1996), the interaction energy of fixed charges with the
applied electric field, and the interaction of ¢,,, with ¢;. For
simplicity, we assume that the interactions that do not
influence the voltage dependence are the same for both
closed states. As it is known, channel opening is 1000 times
faster than the channel closure (Colombini, 1979). This fact
allows one to estimate the difference between E. . in
different states as ESy,., — E% . ~ 7 (kT units).

By combining Eq. 2 with Egs. 5, one gets the relative
probability of the channel open state,

exp(—XmgmV7/2)

P=F cosh(g,V/2) (6)

where P, is the probability to be open at V' = 0, and,
generally, it is not equal to the maximum probability, P,
which is

ax»’

Prax = Po(1 = x) (1 + )02, (7

and it is reached at V,,, = In[(1 — x)/(1 + x,))/q,, At
X, =0,V,=0,and P,,, = P, Then the expression for P
becomes

max

Pmax
P= cosh(g,V/2)" ®)

The probability curve in the presence of a salt
activity gradient (C, < C,)

The terms E,.. in Egs. 5 contain the electrostatic interac-
tion between the mobile charged domain and the channel
fixed charge as well as other contributions. This interaction
does not have a V-dependent influence on the relative prob-
ability P in the absence of a salt activity gradient. This is the
reason why we did not consider explicitly this interaction
above. However, in the presence of a salt activity gradient,
C, < C, (trans < cis), the interaction of these charges in the
cis-closed state differs significantly from the same in the
trans-closed state. The physical origin of the difference is
obvious: in cis-closed state the voltage sensor interacts with
fixed channel charge through the solution in the cis-half of
the channel, where the average concentration is greater than
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that in the trans-half of the channel. Therefore, the mobile
charge is more screened in the cis-closed state than in the
trans-closed state. The electrostatic interaction between
charges is weaker in the former case. Taking into account
that g,,q, < 0, it means that the #rans-closed state becomes
energetically favorable in comparison with the cis-closed
state in the presence of a salt activity gradient.

So, the interaction of ¢,,, with ¢; in the closed states has
to be considered explicitly if there is a salt activity gradient.
The potential ¢' of the electric field created by fixed charges
in ith (trans- or cis-) solutions can be estimated, e.g., from
the common solution of the Poisson—Boltzmann equation
for a charged cylindrical pore (see, e.g., Serensen and
Koefoed, 1974), which implicitly assumes a homogeneous
distribution of fixed charge along the pore wall,

¢ =ag. ©

Parameter « is determined by the channel size (radius R and
length 2L), and, for closed VDAC in a 1:1 electrolyte
solution, it is & = 0.26/R*L nm® ~ 0.04. In summary, the
corresponding expressions to Eqs. 5 are now

E® = (x, + 1)gnV/2 + EX.., (10a)
. o'
E* = qm<V * qr > + Egthers (10b)
G
tr @ cl
E" = mefa + Eothcr' (IOC)
From Eq. 2 and Egs. 10, one gets
explxmgm(AV e — V)/2
PIV) = 4 Pl ) ]’ (1
COSh[qm(A Vmax - V)/z]

where AV, is the shift of the applied transmembrane
voltage that gives maximum probability, P, for the open

max>
state,

1 1
AVmax = aqf<cvl - Q) . (12)

As can be seen, Eq. 11 becomes Eq. 6 when C;, = C,. 4 is
a constant given by

Lop cosh[gnA V2] 3
P explgn(2e, - DAV 21 Y

This can also be interpreted in the framework of the Donnan
approach, assuming that fixed charge in the channel ¢; gives
rise to Donnan potentials 7' and 7' at the cis and trans
sides of the membrane, respectively. Moreover, they are not
equal in the presence of a salt activity gradient (see Fig. 1).
Taking into account that 7' = agy/C; (this approximation of

the Donnan potential is valid when the equivalent fixed-
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charge volume density in the channel is lower or compara-

ble to bulk concentration) one can represent AV, .. as

AV o = (7" + 7). (14)

According to Eq. 14, the shift of the probability curve is
given by the difference between the Donnan potentials of
the frans and cis sides in the closed state of VDAC.

The main assumptions made above are: 1) VDAC is
represented by a three-state system; 2) the total energy of
each state is divided into two terms, one of them dependent
on applied voltage and another nondependent; 3) linearity of
applied voltage profile is assumed; 4) for simplicity, we
describe the real set of voltage sensor charges as a single
apparent mobile charge; and 5) we assume that channel
fixed charges are homogeneously distributed along the
channel wall.

MATERIALS AND METHODS

VDAC channels were isolated from the mitochondrial membranes of a
wall-less mutant of the fungus, Neurospora crassa (Mannella, 1982).
These channel-forming proteins were reconstituted into planar phospho-
lipid membranes made by the monolayer method of Montal and Mueller as
described previously (Colombini, 1987). Recordings were made under
voltage-clamp conditions. To generate conductance-voltage plots, triangu-
lar voltage waves were applied at 5 mHz and the portion of the record in
which the channels were reopening was used (The portion in which the
channels closed is kinetically delayed). Thus, the results represent a quasi-
equilibrium conductance/voltage relationship between the open state and
easily accessible closed states. See Zizi et al., 1998, for further details.

RESULTS AND DISCUSSION

The gating in the absence of a salt activity
gradient (C, = C,)

Figure 2 shows a comparison of the normalized probability
of VDAC being in the open state, P°P/Pyr., calculated
according to Egs. 2 and 6 for two activities of KCI, with
values obtained from conductance measurements reported
by Zizi et al. (1998). The conductance was measured in a
multichannel membrane with equal activities on both sides.
The best fit to experimental data was obtained for ¢, =
+3.4 for both activities. As can be seen, despite the sim-
plicity of the model, the agreement between theory and
experiment is rather good for almost the whole voltage
range. However, the agreement becomes worse in regions of
high voltages, and the discrepancy is more pronounced in
dilute solutions (see Fig. 2 b). This gives an indication that
the model used in the derivation of Eq. 6 (based on a single
mobile charge) needs modification to explain the proba-
bility curve at high voltages. We will later comment on
the channel behavior at high voltages (both positive or
negative).

In any case, under these conditions of no salt activity
gradient, the single mobile-charge model accounts for the
two basic features of VDAC gating: the bell shape of the

Biophysical Journal 82(4) 1773-1783
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FIGURE 2 The normalized VDAC open probability P°P(V)/P:E, as a

function of transmembrane voltage V without a salt activity gradient in KCl
solutions. () 1 M solution. (b) 0.1 M solution. Experimental points (dots)
are from Zizi et al. (1998). The curves show the theoretical calculations
according to Egs. 2 and 6, by using ¢, = +3.4 and x,,, = 0 as parameter
values.

probability curve, i.e., closure observed at both positive and
negative potentials with virtually the same steepness of
voltage dependence; and maximum open probability
achieved at V,,, ~ 0.

VDAC gating in the presence of an applied electric field
can be described in the framework of the model developed
here. The change in the VDAC gating process (i.e., the
change in the relative population of channels in the three
states, which determines the probability curve) comes from
the difference in the relative electrostatic energies of the
states. At V' = 0, there are a certain number of VDAC
channels in each state. An applied electric field induces a
redistribution of channels among the states. For example,
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from Egs. 5, a positive voltage increases the energy of the
open state in comparison with the energy of the #rans-closed
state (similarly, for V' < 0, the energy of the open state
increases in comparison with that of the cis-closed state).
Thus, a positive voltage causes a new equilibrium to be
established by transforming some number of open channels
to the trans-closed state. However, this voltage also in-
creases the energy of cis-closed state in comparison with the
open state, causing some number of cis-closed channels to
transform to the open state. From Egs. 1 and 5 or from Egs.
1 and 10, one can obtain that the maximum probability of
the channel being in the open state is reached when the
energy of both closed states is the same (provided x,,, = 0).
Therefore, the total number of open channels decreases with
any nonzero applied voltage. As shown in Fig. 2, this is the
case for VDAC. Hence, recalling the physical meaning of
parameter x,, in the present model, one can conclude that
the apparent location of mobile charge g, of VDAC in the
open state is near its midpoint. This explains both the
above-mentioned features of VDAC gating.

Note that the estimated quantity of mobile charge, ¢,,, =
+3.4, shown in Fig. 2 is of the same order of magnitude as
those obtained from selectivity and site-directed mutagene-
sis experiments. For instance, it was reported from reversal
potential measurements that the net charge on the walls
forming the pore of yeast VDAC in the open state is ~+3e,
and around —3e in the closed state (Peng et al. 1992;
Zambrowicz and Colombini, 1993). By assuming that the
value of the mobile charge is the difference between the net
charge in the open state and the closed state, one gets that
apparent VDAC mobile charge is +6e. The dual mobile
charge model gives an even closer agreement (see discus-
sion below).

The gating in presence of a salt activity gradient
(Ci < Cy

The VDAC probability curve P(V) changes in the presence
of a salt gradient (Zizi et al., 1998). The results of the
experiments are shown in Fig. 3, together with the predic-
tions of our model. Two sets of experimental measurements
are shown: for KBr, and for NaCl. Both have in common the
ten-fold salt activity gradient across the membrane (0.06 on
trans side and 0.6 on cis one). The shift in the peak voltage
toward negative voltages is approximately the same for both
salts (~20 mV). From these experimental data, one can
conclude that there are two main effects of the salt gradient
on VDAC gating: the maximum of the probability curve
shifts to the region of negative applied transmembrane
voltage, i.e., AV, < 0; and the probability curve becomes
asymmetrical.

The solid lines in Fig. 3 are the results of fitting the model
to the data by adjusting ¢,,, and x,,,. In the case of KBr, best
fits were obtained for ¢,,, = 3.2 and x,, = —0.3, whereas, for
NaCl, the values were ¢, = 3.5 and x,, = —0.4. The model

ax
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FIGURE 3 The normalized VDAC open probability P°P(V)/P;r  in the

max
presence of a salt activity gradient (0.06 in trans side and 0.6 in cis side)

for two different salts. (a) KBr. (b) NaCl. Experimental points (dots) are
taken from measurements (Zizi et al., 1998). The curves show the theo-
retical calculations according to Eqgs. 2 and 11. The best-fit values of the
adjustable parameters are shown on each panel.

describes experimental data reasonably well. Note that, ac-
cording to the model, the fixed charge ¢, determines the sign
of AV, (see Eq. 12), but the mobile charge ¢,, and x,,
determine the effective gating valence, which is a measure
of the steepness of the voltage dependence (see Eq. 11).
Actually, dIn P/dV = —¢g,,(1 + x.))/2 for V> V.., and
dln P/AV = g (1 — x, )2 for V<< V.

Let us consider now the physical origin of the shift in the
probability curve induced by the salt gradient, in the frame-
work of our model. The main question is: why does the
maximum number of open channels correspond to some
nonzero transmembrane voltage? As it happens, in the ab-

sence of the salt activity gradient, a negative voltage de-
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creases the energy of the open state in comparison with that
of the frans-closed state, but it increases the energy of open
state in comparison with the energy of the cis-closed state.
In contrast to the case of no activity gradient, the energy of
the cis-closed state at /' = 0 is higher than the energy of the
trans-closed state. This imbalance vanishes at some nega-
tive voltage determined by Eq. 12.

The direction of the shift is mainly governed by the sign
of the total Donnan potential drop across the channel in its
closed state, which is the same as that of the channel fixed
charge ¢, (see Eq. 14). Because the fixed charge is negative,
the maximum open-state probability is achieved at some
negative value so that AV, .. < 0. It would be interesting to
check whether other voltage-gated channels with a positive
fixed charge exhibit an opposite shift of the probability
curve.

According to Eq. 12, the absolute value of AV, depends
essentially on the ion activities of the bathing solutions.
Hence, the shifts AV, ,, as a function of the activity gradient
can be a good test for the model developed here. If the salt
activity in the frans-solution is kept constant, and the ac-
tivity in the cis side is increased, the Donnan potential on
the cis side decreases, and the total Donnan potential drop
decreases monotonically approaching asymptotically a lim-
iting value 7. According to Egs. 12 and 14, the shift AV,
also approaches a limiting value AV% = 7" = ag/C, =
1.4 (40 mV) (forx,, = 0,R = 1.1 nm, 2L = 7.5 nm, C, =
0.06) as the activity gradient becomes very big. A simple
estimation demonstrates that AV, . reaches 85% of its
limiting value AV, with 10-fold activity ratio. Our model
predicts that the variation in | AV, | has to be in the range
of 5-10% as the activity ratio is changed from 10- to
20-fold. This prediction was tested experimentally (see Ma-
terials and Methods) and the results are shown in Fig. 4. The
very small increment in AV, . (a few mV) when the activity
ratio is increased two-fold is in agreement with our theory.
Note that this monotonic behavior with an asymptotic limit
is not easily distinguishable from that predicted by the
kinetic energy transfer mechanism (Zizi et al., 1998).

It is worth noting, however, that we have used here the
simplest treatment of the Donnan potential drop, which
assumes that the salt activity in the cis-solution does not
influence the Donnan potential on the trans-side. Such an
influence can appear for high-activity ratios, where total
Donnan potential drop decreases with increases of the ac-
tivity ratio (Zambrowicz and Colombini, 1993; Levadny
and Aguilella, 2001). So one cannot exclude the possibility
of a nonmonotonic behavior of | AV, . | in the region of
high activity ratios.

Asymmetry of the probability curve: salt effects

Here we discuss the deviation of the probability curve from
an ideal bell-shape form or, from another point of view, the
difference in steepness of the voltage dependence for pos-
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FIGURE 4 The effect of salt activity gradient on the shift AV, along

the voltage axis. The normalized open probability P°P(V)/Ppr, of VDAC in
the presence of two different KCl salt gradients: filled symbols, a 10-fold
activity ratio (0.06 in trans vs. 0.6 in cis); open symbols, a 20-fold activity
ratio (0.06 in trans vs. 1.2 in cis). See main text for details. The shift in the
gating process and limitations in the voltage that could be applied without
membrane breakage resulted in closure of only some of the channels at
high potentials (triangular wave went up to —70 mV). Nevertheless, the
channels that did close reopened as the voltage declined, indicating the
location of V,,. The double-ended arrow shows the shift of the peak along

max*

the voltage axis as the salt gradient was increased from 10- to 20-fold.

itive and negative gating processes. We call this character-
istic of the system “asymmetry of the probability curve,”
because, besides a pure geometrical treatment, this phenom-
enon also reflects an asymmetrical behavior of channel
gating. We will show that this feature can be connected with
some biophysical characteristics of VDAC.

The following points will be considered: 1) why the
probability curve becomes asymmetrical in the presence of
an ion activity gradient; 2) why asymmetry is different in
different salts; and 3) why VDAC channels in charged
phospholipids show a symmetrical gating processes, but in
neutral lipids they exhibit asymmetrical gating. As is seen
by comparing Fig. 2 with Fig. 3, the probability curves
having an almost ideal bell-shape form in experiments with
equal salt activities on both sides of the membrane trans-
form into asymmetrical curves in the presence of a salt
activity gradient, the asymmetry depending on the type of
salt in the bathing solutions. Another experimental fact
comes from a comparison of VDAC gating in charged lipid
membranes and in neutral ones. In particular, VDAC chan-
nels placed in charged soybean phospholipids show sym-
metrical gating processes, but, when placed in pure neutral
lipids, they exhibit asymmetrical gating (Zizi et al. 1998).

To discuss the form of the probability curve, it is neces-
sary first of all to determine the way to measure asymmetry.
In our model, x,,, can be treated as a quantitative measure of
the probability curve asymmetry, as used in Eq. 6. Figure 5
displays the normalized probability curves P(V)/P,,,, for
two limiting cases, x,, = —0.96 and x,,, = +0.96, and for
one intermediate situation, x,, = 0, obtained on the basis of
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FIGURE 5 The effect of apparent location of mobile charge on the
probability curve. The calculated open probability P°P(V)/Pgr. is shown
for two limiting cases, x,, = —0.96 (apparent location near cis-entrance)
and x,, = 0.96 (apparent location near frans-entrance), and for the inter-
mediate situation, x,, = 0 (apparent location in channel midpoint).

this equation. It is seen that the probability curve with x,, =
0 shows the ideal bell-shape form, but deviations of the
parameter x,, from 0 result in an asymmetrical probability
curve. The disadvantage of this parameter is that it is
difficult to get its value directly from experiments, but,
using our model, it is possible to connect it to a measurable
parameter, the gating valence (see below). Recalling that
X, = 0 means a midpoint location of the apparent mobile
charge in the channel in the open state, then the appearance
of an asymmetrical probability curve could mean displace-
ment of this apparent charge from the center of the channel
in this state. Hence, in accordance with our model, the
shallower slope (Fig. 5, dotted line) of the probability curve
in the region | V| > | V.. | means that the location of
mobile charge is closer to the frams-entrance, when the
channel is in the open state.

Zizi et al. (1998) reported differences in the values of the
positive, n,, and negative gating valence, n_, and these are
experimental measures of the gating asymmetry. The mean-
ing of these gating valences is the steepness (d In P/dV) of
the probability curve for the positive and negative gating
processes. Nevertheless, to discuss the asymmetry, it is
useful to introduce a single parameter. We use here the
“asymmetry index”, defined as the ratio n_/n_ . From Eq. 6,
one can get the relationship of our model parameter x,,, with
the index n_/n, <« (1 — x )/(1 + x,) =~ 1 — 2x,,.

The experimental index n_/n, varies from 0.8 up to 1.7
depending on the type of salt (n, and n_ were taken from
Table 2 in Zizi et al., 1998) corresponding to negative
values of x,, if n_/n, > 1 and positive values of x,, if
n_/n, <1.The case where n_/n, > 1 or x,,, < 0 is the case
of the salts of inorganic ions: LiCl, KCl, NaCl, KBr, and
RbBr. This means that the steepness of the voltage depen-
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FIGURE 6 Correlation between the calculated diffusion potential of ions
flowing through VDAC channels, Vg and an experimental index of
asymmetry in the presence of a 10-fold activity ratio for different salts. The
linear regression is shown by the dotted line, and the Pearson correlation
coefficient is 7* = 0.885. Data for n_. and n_ were taken from Table 2 in
Zizi et al. (1998). From Eq. 6 or 11, one can get the relationship of the
apparent location x,,, with this asymmetry index as n_/n, o 1 — 2x,. Vg
was calculated from the usual expression (See, e.g., Zambrowicz and
Colombini, 1993).

dence is greater for V' <V, than for V> V.. See in Fig.
3 the best-fit values of x,, for KBr (x,, = —0.3) and NaCl
(x,, = —0.4). For the salts of the organic anions, NaButyrate
and KAcetate, the probability curve exhibits an asymmetry
of opposite sign because n_/n, < 1 (i.e., x,, > 0).

Let us consider the possible underlying reason for the salt
dependence of the sign of the asymmetry index of channel
gating. An obvious candidate for the property of the salt that
could account for the results is the relative mobility of the
cation and anion. The difference in mobility generates a
diffusion potential V. This is the reason why we consid-
ered the correlation between the diffusion potential values
calculated for different salts and the corresponding values of
an experimental asymmetry index (Fig. 6). There is a clear
correlation between these two quantities: higher n_/n_ cor-
responds to higher Vg or, in the context of our model, a
higher Vg corresponds to a more negative value of x,,.
Because a negative value of x,,, corresponds to a location of
the mobile charge in the trans-half of the channel, Fig. 6
indicates that a higher Vy, corresponds to an apparent
location of the mobile domain closer to frans-entrance. This
finding would require that the mobile charge have some
mobility in the open state uncoupled to the gating process.
Further, this motion must not result in appreciable changes
in channel conductivity. The open state does generate a
substantial level of current noise (Rostovtseva and
Bezrukov, 1998) that might be a manifestation of this mo-
tion. Mechanistically, if the diffusion potential is positive
(as in the case of the inorganic ions) then its field pushes the
mobile charges closer to the frans entrance. Thus, the model
naturally links the ability of the salt gradient to shift the
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peak probability to the generation of an asymmetrical volt-
age dependence of the probability for the two gating pro-
cesses.

Similarly, a negative Vy;, which pushes the mobile do-
main closer to the cis-entrance, should result in a probability
curve exhibiting an opposite asymmetry. Just such behavior
was observed in solutions of organic ions (NaButyrate and
KAcetate). The best fit for the KAcetate probability data
(not shown) gave x,, = +0.3.

An analogous reasoning can also explain the difference in
VDAC gating in charged and neutral lipid membranes. In
the case of neutral phospholipids, there are no external
electrostatic effects, due to the net charge of the lipid, on the
mobile charges of the channel, hence their location is influ-
enced only by intrinsic interactions. Assuming the latter
effects cause the apparent mobile charge, ¢,,,, to be shifted
from the channel midpoint, then asymmetrical gating would
be the result. However, in the presence of charged mem-
branes (soybean phospholipid membrane) the lipid head-
groups from both surfaces interact with the mobile charges
in opposite directions, causing the channel midpoint to be
the energetically favorable position for the mobile charge,
q.,,- Therefore, the gating processes are expected to be
symmetrical in this case.

We have associated the parameter x,,, (and consequently
the asymmetry index n_/n ) with the location of the mobile
charge within the channel. However, as noted above, it may
have a more general meaning: describing the interaction of
the voltage sensor with the applied voltage. Therefore, the
changes in x,,, may not be the result of the motion of the
mobile charged domain but the result of changes in the
dielectric environment felt by these charges.

Minor structural charge displacements were also pro-
posed recently (Rostovtseva et al., 2000) to explain coop-
erativity phenomena in VDAC following changes in pH.
These authors concluded that these subtle cooperative struc-
tural changes may allow proteins to adapt to changes in their
environment. In our model, these changes would be a chan-
nel’s adaptive response to metabolic fluxes of charged sub-
stances with different mobilities.

The gating at high voltages

Let us now consider in detail VDAC gating under high
applied voltage. The experimental data (Zizi et al., 1998)
manifest that the steepness of the probability curve at rela-
tively small voltages is lower than the same at high voltages
and the transition from low to high steepness occurs at
higher voltage in concentrated solutions. This difference is
more clearly seen in a semi-logarithmic plot of the data.
Figure 7 shows the same data plotted in Fig. 2 by using a
logarithmic scale for probability.

From these data, it is obvious that the apparent mobile
charge (and hence, the mobile sensor also) is not the same
at low and high applied voltages, but consists of two parts
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FIGURE 7 Representation of Fig. 2 on a semi-logarithmic scale. The
experimental data have been divided into four data subsets shown by
different symbols, and regression lines are drawn for each one of them. The
values of ¢,,, and ¢,,,, shown in the panel have been obtained from these
regression analyses. Voltage threshold values are shown in both plots. See
main text for details.

at least (we denote them here ¢,,; and ¢,,,), which have to
overcome different energetic barriers AET; .. and AET.. in

the channel-closing process. Moreover, AET2 > AE™!
and ¢,, > ¢n;. Therefore, VDAC gating can thus be
rationalized in the following way: at low voltages, the
motion of ¢,,, is far more likely because the energy barrier
for the motion of g,,, is higher. Thus, channels gate with
shallower voltage dependence. However, because the effec-
tive energetic barrier AET2.. — (x,, + 1)¢,mo| V |12 decreases
with the increase of voltage, when the applied voltage
reaches the threshold value | V* | ~ 2AE™7. /g, »(x,, + 1),
the mobile charge, ¢,,,, also takes part in channel closure.
From Fig. 7, it becomes apparent that the average value of
steepness at low and high voltages is greater than the fitted
value for g,, obtained from our model, and it is closer to
reported values of the voltage sensor charge in the literature
(~5-6) (Peng et al., 1992).

Then a question arises: why do the barriers depend on the
concentration of the surrounding solution? An answer can

be given within the framework of the present approach. As
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mentioned above, Emg,, contains the term ag/C < 0 (see
Egs. 9 and 10). Therefore, the voltage needed to compensate
for the energy barrier scales inversely with salt activity
(| ¥* | = constant — 1/C), which explains the higher voltage
needed to cause the second set of charges to move in
concentrated salt solutions. Therefore, this discussion on
gating at high voltages in the framework of our approach
supports the main role of electrostatics in the gating process.

CONCLUSIONS

VDAC gating in the presence of a salt gradient has been
analyzed by assuming that the channel occupies conforma-
tional states based on their respective electrostatic energies.
The voltage dependence of VDAC gating, both in the pres-
ence and in the absence of a salt activity gradient, was
explained just by invoking electrostatic interactions. A
model describing this energy in the main VDAC states
(open, trans-closed, and cis-closed) has been developed. On
the basis of the model, we have considered the redistribution
of the channels into the various states upon external influ-
ences. According to this model, shifts along the voltage axis
of the open probability curve of VDAC arise from differ-
ences in the energy levels of the frans- and cis-closed states
that exist at zero transmembrane voltage. This difference is,
in turn, the result of different electrostatic interactions of the
voltage sensor with channel fixed charge within the pore,
when the former is on the cis side of the membrane and on
the trans side. The theory describes satisfactorily the exper-
imental data (Zizi et al. 1998) and explains the nature of the
probability curve and the difference in curve asymmetry in
different salts. The asymmetry of the probability curve was
connected with the apparent location of the VDAC voltage
sensor in the open state. By analyzing published experimen-
tal data, we concluded that this apparent location is influ-
enced by the diffusion potential. It was also shown that
VDAC gating at high voltage is better described by assum-
ing that the mobile charge consists of two parts that have to
overcome different energetic barriers in the channel-closing
process. The current model does not negate the concept of
kinetic energy transfer between the movement of the ions in
solution down their gradient and the sensor, resulting in a
shift in the open probability curve. It provides an alternative
explanation, and, indeed, both processes may be simulta-
neously influencing the gating of VDAC.
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