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The voltage-dependent anion channel (VDAC) serves as the major pore for metabolites and electrolytes in the
outer mitochondrial membrane. To refine our understanding of ion permeation through this channel we
performed an extensive Brownian (BD) and molecular dynamics (MD) study on the mouse VDAC isoform
1 wild-type and mutants (K20E, D30K, K61E, E158K and K252E). The selectivity and the conductance of
the wild-type and of the variant channels computed from the BD trajectories are in agreement with experi-
mental data. The calculated selectivity is shown to be very sensitive to slight conformational changes which
may have some bearing on the variability of the selectivity values measured on the VDAC open state. The MD
and BD free energy profiles of the ion permeation suggest that the pore region comprising the N-terminal
helix and the barrel band encircling it predominantly controls the ion transport across the channel. The over-
all 12 μs BD and 0.9 μs MD trajectories of the mouse VDAC isoform 1 wild-type and mutants feature no
distinct pathways for ion diffusion and no long-lived ion–protein interactions. The dependence of ion distri-
bution in the wild-type channel with the salt concentration can be explained by an ionic screening of the
permanent charges of the protein arising from the pore. Altogether these results bolster the role of electro-
static features of the pore as the main determinant of VDAC selectivity towards inorganic anions.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The voltage-dependent anion channel (VDAC) is the major pore of
the outer mitochondrial membrane. As a major pathway for solute
translocation, VDAC plays a central role in energy production [1].
There is also growing evidence that VDAC is involved in calcium
and apoptotic signaling though its precise role remains enigmatic
[2–4]. Moreover, VDAC participates in important pathologies like
cancer [5–7].

The regulation and function of VDAC can differ depending on the
studied organism and the isoform type ([8,9] and references therein).
All organisms with mitochondria have at least one isoform in
common with similar electrophysiological properties (viz., conduc-
tance, voltage-dependence and selectivity) [10–12]. The physiological
significance of this canonical isoform in the mitochondrial metabo-
lism was suggested to be strongly correlated to its voltage-
dependence [13]: at voltages close to 0 mV, the channel exists in a
human VDAC isoform 1; MD,
; NMR3, hVDAC1 NMR struc-
chloride; NK
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l values
32 2 6505382.
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fully open state whereas upon higher voltages it switches to partially
closed states. VDAC open state is characterized by a high conductance
compatible with the magnitude of the metabolite flow through mito-
chondria and bya slight preference for inorganic anions over cations.
[10,11]. In contrast, in its closed states, VDAC is no longer permeable
to metabolites and shows a lower conductance for small ions with a
preference for cations [1,10,11,14]. The open state of VDAC from
various species including plants, animals and fungi features a simi-
lar selectivity and conductance [1,15–28]. Its selectivity has also
been shown to be sensitive to several factors such as the ionic
strength in yeast and plant [18,25,29], the lipid composition in
plant [30] and to the introduction of single point mutations in
yeast [17,18].

Three experimental 3D structures determined by X-ray crystallog-
raphy and/or NMR of recombinant mouse (mVDAC1) and human
VDAC isoform 1 (hVDAC1) refolded from inclusion bodies reveal a
large pore formed by 19 antiparallel β-strands closed by two parallel
strands [31–33]. In contrast to earlier structural models [34–36], in
which the N-terminal region (residues 1 to 20) was proposed to be
part of the barrel or to lie outside the barrel, all three 3D structures
agree on the location of this segment inside the pore. These structures
diverge however on the exact position of the N-terminal region, on its
local structure and on its interactions with the barrel [31–33]. For the
sake of clarity, the three experimental structures will be referred to as
wild-type (wt) structures hereafter.
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As some biochemical and functional data were reported to be at
odds with these structures their biological significance has been
questioned [35,37]. Since the proteins were refolded from inclusion
bodies, it was proposed that the 3D structures might not be in the
native conformation [35]. However these 3D structures are coherent
with data reported in previous structural and bioinformatic studies
of VDAC channels purified from fungi, plants and mammals
[8,38–42]. Other reports examined the 3D structures in the light of
electrophysiological data obtained in planar lipid bilayer and con-
cluded that these data correlateswell with the 3D structures [43,44].
Several theoretical studies also demonstrated that these structures
are anion selective like the VDAC open state [29,45–48]. That might
not be enough to corroborate these structures. Further studies should
be thus carried out showwhether the recombinant protein is either in
the nativeor in some other conformational state. The present work is
in line with this strategy.

The study of these high-resolution structures, which are as-
sumed to represent the open state of VDAC, with computer model-
ing and simulation tools gives the opportunity of unraveling the
fundamental principles of ion translocation through the channel in
atomic detail. Recent theoretical studies were carried out to get in-
sight into the selectivity of mVDAC1 [48] and hVDAC1 [45,47] using
two approaches: Poisson–Nernst–Planck (PNP) and Brownian dy-
namics (BD), respectively. Detailed all-atom molecular dynamics
(MD) simulations were also performed to study the importance of
the residue E73 for the dynamics of mVDAC1 [49] and to investigate
the conductance and selectivity of the hVDAC1 structure [46].
Moreover, a combined MD simulation and continuum electrostatics
study examined the salt concentration dependence of mVDAC1 se-
lectivity [29].

Although these studies showed a preference of all three experi-
mental structures for chloride over potassium regardless of the
approach used [29,45–48] discrepancies arise in particular on the
mechanism of selectivity. For example, in the study of hVDAC1 [46]
the selectivity was reported to partially arise from interactions
between K+ and a few protein residues hindering thereby the trans-
location of cations relative to anions. Such interactions were not
observed in the mVDAC1 MD study [29]. These discrepancies might
originate either from structural differences between the two 3D
structures and/or from the approximations inherent to the different
modeling techniques. The fact that a significant variability in the
selectivity computed by BD was observed for the 20 hVDAC1 NMR
conformations [45] gives some support to the impact of conforma-
tional disparities.

To address the issue of the origin of selectivity and conductance in
mVDAC1 wt and mutant proteins we resorted mainly to two theoret-
ical approaches, namely MD and BD. The latter approach has the clear
advantage over MD to be many orders of magnitude faster. It thus
permits to rapidly calculate current–voltage (I/V) curves which can
be directly compared to the physiological measurements. This
approach was successfully applied to the study of several β-barrel
channels [45,47,50,51]. The all-atom MD method offers a level of
structural and dynamic atomic details that is essential to grab some
of the features of ion permeation.

In the work presented here, MD and BD simulations were
performed to study ion permeation across mVDAC1 structure. The
salt concentration dependent variation of the distribution of ions
inside the channel determined from BD matches remarkably well
with that previously obtained in a MD study [29]. According to our
BD simulations, the mVDAC1 structure seems to be slightly more
anion-selective than the other two hVDAC1 structures [45,47]. To
ascertain whether the encountered deviation ensues from structural
differences among the experimental structures we investigated the
impact of conformational changes on the selectivity computed by
BD on snapshots of a MD trajectory generated from the crystal
mVDAC1 structure.
Several experimental studies have revealed that the selectivity of
yeast VDAC1 (yVDAC1) can be altered by the substitution of single
charged residues inside the channel [17,18,25]. We thus selected 5
substitutions of charged residues among the yVDAC1 mutants
whose selectivity was measured and that are conserved between
yeast and mammals, namely K20E, D30K, K61E, E158K and K252E
(numbering refers to mammalian sequences). The first three mutants
feature a significant change in selectivity whereas E158K and K252E
alter the selectivity of the channel in a negligible way [17,18]. We
then investigated by BD and MD the transport of ions through these
mVDAC1 mutants to refine our understanding of the molecular
determinants governing ion translocation across molecular pores.
Our simulations indicate that ion electrodiffusion is mainly guided
by the distribution of fixed charges in the channel and point to a
particular region in the pore that plays a significant role in the selec-
tivity mechanism.

2. Material and methods

2.1. Molecular dynamics simulations

A preexisting equilibrated MD system of mVDAC1 (PDB ID: 3EMN
[31]) embedded in POPE and in the presence of 0.1 M KCl (for more de-
tails see [29]) was used as a starting point for simulating the wt and
mutant (K20E, D30K, K61E, E158K and K252E) protein. After addition
of another 0.1 M KCl, the system was equilibrated for 12.5 ns using
the following sequence: 2.5 ns with all protein atoms fixed, 2.5 ns
with all backbone atoms fixed, and 7.5 ns with no restrained atoms.
All simulations were carried out using the NAMD program [52] as
described elsewhere [29]. For each system a 150 ns trajectory was pro-
duced. The production of such a trajectory took about 21 days using
64 cpus of our in house cluster (Quad-Core 2.3 GHz AMD Opteron Pro-
cessors). The single mutant proteins were generated using the Mutate
module in VMD [53]. The free energy profiles of ion permeation were
computed as described in the Supplementary material.

2.2. Brownian dynamics simulations

All BD inputs were created with the GCMC/BD module [47] of the
CHARMM GUI server [54] and all simulations were performed using
the GCMC/BD program [55] (for further simulation details see SI).
The equilibrium BD simulation time of the mVDAC1 crystal structure
was 0.5, 0.4, 0.2, 0.15, 0.1, 0.05, 0.05 and 0.05 μs at 0.1 , 0.2 , 0.4 , 0.6 ,
0.8 , 1.0 , 1.2 , and 1.4 M KCl, respectively. These simulations were
used to evaluate the distribution of ions in the pore. The conductance
of the mVDAC1 crystal structure, the hVDAC1 mixed crystal/NMR
structure (PDB ID: 2JK4 [33]), and the hVDAC1 NMR conformation #3
(NMR3; (PDB ID: 2K4T [32]) was determined in the absence of a salt
gradient from 0.5 μs BD trajectories in 0.1 M KCl and NaCl concentra-
tion at ±50 mV and from 0.05 μs BD trajectories in 1.0 M KCl con-
centration at ±100 mV. The reversal potential and the conductance
were also computed from non-equilibrium 0.2 μs BD simulations
performed in 1.0 M/0.1 M (trans/cis) KCl and NaCl gradients respec-
tively, applying a membrane potential ranging from −50 mV to
50 mV with a stepsize of 10 mV. To get satisfactory statistical conver-
gence all BD simulations were repeated 10 times each using a different
set of random numbers. Each point calculation took about 14 h using
a single cpu (Quad-Core 2.3 GHz AMD Opteron Processor). The free
energy profiles of ion permeation were computed as described in the
Supplementary material.

3. Results

In the first part of this study (see Sections 3.1 and 3.2), we exam-
ined the molecular basis for the selectivity and conductance of VDAC1
wt using BD simulations performed on the mammalian structures.
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The ion distributions at different salt concentrations computed by BD
on mVDAC1 structure were compared to previously published data
obtained from equilibrium MD [29] and confronted to experimental
measurements. Because of the deviation observed for mVDAC1
between the computed and the experimental selectivity, we investi-
gated, in the second part of the study (see Section 3.3), the impact
of the protein flexibility on the selectivity and conductance computed
from BD simulations performed on different MD conformations. The
third part (see Sections 3.4 and 3.5) of this work is devoted to the
study of the ion transport through several mVDAC1 single point
mutant proteins using MD and BD approaches in order to gain a
more detailed insight into the molecular mechanism determining
VDAC selectivity.

3.1. Ion distribution in mVDAC1 wt at different KCl concentrations

The distribution of ions inside the pore was estimated from equi-
librium BD simulations performed on the mVDAC1 crystal structure
at different KCl concentrations ranging from 0.1 M to 1.4 M. The
computed time-averaged number of chloride (NCl-) and of potassium
ions (NK

+) inside the pore, as well as the NCl-/NK
+ ratio, a measure

of VDAC preference towards anions, clearly vary with the bulk ionic
concentration (Fig. 1 and Fig. 5): NCl- and NK

+ increase with
increasing KCl concentration whereas the NCl-/NK

+ ratio decreases.
The dependence of the NCl-/NK

+ ratio with salt concentration is in re-
markable agreement with that obtained from MD trajectories [29]
(Fig. 1) albeit the NCl- and NK

+ numbers derived from all BD simulations
are lower than their corresponding MD values (see Supplementary
material for more details). Both approaches thus describe a congruent
concentration-dependent preference of VDAC for anions.

3.2. Conductance and selectivity of VDAC1 wt

3.2.1. Selectivity of VDAC1 wt
The reversal potential is the electric potential difference at zero

net current and is determined from I/V curves. These curves were
calculated from BD simulations performed on mVDAC1 structure in
a tenfold 1.0 M/0.1 M KCl concentration gradient in the presence of
a transmembrane electrical potential difference (Fig. S2). The reversal
potential is a measure of the selectivity of the channel: a positive
value indicates a preference towards anions. On mVDAC1 the
computed reversal potential value is 16.6 mV indicating indeed an
anionic selective channel. It is about 5 mV higher than the experi-
mental values (about 10–12 mV) measured on VDAC proteins from
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fungi, insects, mammals and plants [16–22,56] (Table 1). One can
provide different reasons to explain this discrepancy. First one cannot
exclude that the crystal and physiological structures of mVDAC1
show differences that would affect the selectivity. Second the BD
method suffers from a number of approximations that may impact
the computed value of selectivity. For instance a recent paper [47]
showed that a decrease of about 10 to 20% in the selectivity can be
observed using different scaling methods for the diffusion coefficient
of the ions inside the pore. Third the computed value was determined
on a single conformation that represents the average structure in the
crystal whereas the experimental data are average values obtained
from several individual measurements.

Our computed reversal potential value for mVDAC1 is slightly
higher than the value calculated on the same structure using a
Poisson–Nernst–Planck (PNP) equation [48] suggesting that the
approximations made in the BD approach relative to those in PNP
may contribute to the discrepancy between the computed and exper-
imental selectivity (see Supplementary material for details). However
another or concomitant possible explanation is that irrespective of
the experimental conditions used measures performed in separate
experiments were reported to differ from each other by up to
10 mV [24]. In that respect our value can be regarded as in satisfacto-
ry agreement with the experimental data.

The inversion of the concentration gradient (0.1 M/1.0 M KCl
cis/trans) does not significantly affect the computed value of the
reversal potential (Table 1), indicating a symmetrical ion free ener-
gy barrier. This last result contrasts with the one obtained from BD
simulations of the mixed NMR/Xray hVDAC1 structure [47] but is
in agreement with a PNP calculation on mVDAC1 [48].

A quite large dispersion in the reversal potential was also obtained
from BD calculations on the 20 NMR conformations of hVDAC1
performed in a 1.0 M/0.1 M KCl gradient [45]. A few of these conforma-
tions featured a very good agreement of its reversal potential with the
experimental average value, in particular the conformer 3 (NMR3)
with ΔVrev≈1 mV. Likewise a BD study performed on the mixed
NMR/crystal structure of hVDAC1 gave rise to a computed reversal po-
tential [47] also close to the experimental data (ΔVrev≈2 mV) [47].
All these results prompted us to calculate the reversal potential
from BD simulations on the mixed crystal/NMR structure and on
the NMR3 conformer of hVDAC1. The values are almost identical to
those previously published (Table S1, [45,47]) ruling out that differ-
ences in the simulation parameters could explain our higher reversal
potential computed for mVDAC1.

We also performed BD simulations of mVDAC1 and of the K20S
mVDAC1 mutant in a 1.0 M/0.1 M NaCl gradient. A chloride selectiv-
ity higher in NaCl than in KCl is obtained for the wt (Table 1). Further-
more the anion selectivity computed for the K20S mutant is
significantly decreased relative to that of the wt. These two results
are in agreement with measurements made on N. crassa, rat, and
mouse VDAC [57].

Comparison of our BD values with experimental data indicates that
the BD approach despite its approximations, a fixed protein structure
and a continuum description of the solvent, can simulate fairly well
several aspects of VDAC selectivity. Our calculations on the different
experimental structures therefore suggest that the deviation of the
selectivity value computed on mVDAC1 from the experimental data
may lie in part in some particular features of the mouse crystal
structure.

3.2.2. Conductance of VDAC1 wt
The conductance of mVDAC1 was computed from BD simulations

performed in various symmetric conditions of KCl (0.1 M and 1.0 M)
and of NaCl (1.0 M) (see Table 1). In 1.0 M KCl solution, the conduc-
tance is about 1 nS lower than the average experimental values
(about 4 nS)measured on the open state of VDAC from different spe-
cies [10,12,22,58]. A closer look at the experimental distribution of



Table 1
Electrophysiological properties of mVDAC1. Reversal potential determined from non-equilibrium BD simulations and channel conductance determined from equilibrium BD sim-
ulations of the mVDAC1 wt and K20S mutant in potassium and sodium chloride.

Salt Protein Reversal potential in 1.0 M/0.1 M
(0.1 M/1.0 M) [mV]

Conductance in 1.0 M [nS] Conductance in 0.1 M [nS]

BD Exp. BD Exp. BD Exp.

−100 mV 100 mV −50 mV 50 mV

KCl wt 16.6±2.4 10.2–11.8a 2.9±0.3 2.6±0.4 3.7–4b 0.5±0.1 0.5±0.1 0.45–0.58c

(−17.8±2.3)
NaCl wt 23.4±2.1 17–21d 2.8±0.5 2.7±0.3 3–4e – –

K20S 11.7±2.2 6d 2.4±0.5 2.6±0.5 3.3f – –

a Heliothis virescens, mais VDAC, mVDAC1 and yVDAC1[16–22,56].
b N. crassa VDAC, mVDAC1 [31,64].
c yVDAC, rat, maize, and bean VDAC [16,19,23,30].
d Rat, mouse and N.crassa VDAC [57].
e N.crassa, Dictostelium discoidem, rat VDAC, mVDAC1 and yVDAC [23,58–62].
f mVDAC1[57].
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conductance measures shows that the variation around the average
value of the measured conductances is at least 0.5 nS (see Fig. 2 in
[10]; Fig. 3 in [58]). Our values hence are not comprised within the
range of these values and slightly underestimate the experimental
measured conductance at 1.0 M KCl. Unlike the reversal potential
the exchange of KCl by NaCl only slightly affects the conductance
(Table 1). Different values (ranging from 3 to 4 nS) have been mea-
sured for VDAC conductance in 1.0 M NaCl [23,58–62] suggesting,
like the BD calculations, that the conductance of VDACmight not dif-
fer significantly between 1.0 M NaCl and KCl.

At 0.1 M KCl solution the computed conductance is about 0.5 nS in
excellent agreement with the average experimental data measured
on fungi, mammalian and plant VDAC which range from 0.44 to
0.58 nS depending on the species [11,23,58] (Table 1).

A possible explanation for the discrepancy at 1.0 M salt could arise
from the use in BD of a pre-calculated electrostatic potential assum-
ing a bulk salt concentration throughout the pore that could reduce
the computed conductance at 1.0 M in a more notable way than at
0.1 M.

For the sake of comparison we also computed the conductance on
the mixed crystal/NMR structure and NMR3 of hVDAC1 (see Table
S1). Our values are close to those calculated in other BD studies
performed on the same structures [45,47]. In contrast to the reversal
potential the conductance value barely depends on the 3D structure
with the exception of the mixed NMR/Xray hVDAC1 at 0.1 M KCl
(Table S1 to be compared with Table 1).

3.3. Influence of the local conformation on the BD electrophysio-
logical properties

In Section 3.2.1 our results suggested that the crystal structure of
mVDAC1 present features accountable for its higher computed reversal
potential relative to that of the hVDAC1 structures (Table 1, Table S1,
[45,47,48]). To explore the relevance of this conjecture we investigated
the impact of local fluctuations of the 3D structure on the calculated se-
lectivity by performing BD simulations of 10 conformations (named
conf1–10) extracted from a 150 ns MD simulation of mVDAC1 wt
(see Supplementary material; Tables S2 and S3, and Fig. S3).

3.3.1. The selectivity and the conductance of mVDAC1 MD conformations
The reversal potential and conductance values were determined

from the BD trajectories carried out on the 10 MD wt conformations
in an asymmetric 1.0 M/0.1 M KCl solution for several values of the
transmembrane potential. As shown in Fig. 2A, the 10 protein confor-
mations feature different reversal potential and conductance values.
The largest difference among the conformations is about 17 mV for
the reversal potential and 0.8 nS for the conductance. The reversal
potential value closest to the average experimental data is 14.2 mV
(obtained for conf4; Table S4). Several conformations feature a
conductance close to the average experimental value of 1.8 nS at
1.0 M/0.1 M KCl for yVDAC1 [17] (conf1-3 and 6; Table S4). No corre-
lation is found however between the channel conductance and the
reversal potential values as a function of the conformation number.
In support of this observation electrophysiological measurements
have shown that a conductance state may be characterized bya
broad range of reversal potential values (including a sign inversion)
[24,63].

3.3.2. The BD equilibrium energy profile for ion permeation
through mVDAC1

To further explore the importance of conformational fluctuations on
the selectivity and conductance multi-ion free energy profiles of chlo-
ride and potassium permeation were computed using the BD simula-
tions carried out in a symmetric 0.2 M KCl solution on three different
conformations of mVDAC1: the crystal structure and two selected MD
snapshots (conf4 and 8) (Fig. 2B). The two MD conformations were
chosen as their reversal potential ranges from the closest (conf4) to
the most distant (conf8) value to the experimental one [16–22,56].
The chloride and potassium permeation energy profiles through the
crystal structure are very similar to the ones described in an earlier
MD study [29]. Significant changes in these profiles are observed for
conf4 and conf8 (for more details see Supplementary material). The
comparison of the free energy profiles suggests that the difference in
selectivity computed for these conformations may arise from differ-
ences localized at about the middle of the pore where the N-terminal
helix is located. On the structural level the positive charge of several
residues (Supplementary material; Table S5 and Fig. S4) is less shielded
in conf8 which could explain the altered energy profiles and as a con-
sequence the high reversal potential of this conformation.

3.4. MD study of mVDAC1 mutants

Single charged residues were shown, in site-directed mutagenesis
experiments, to affect the selectivity of yVDAC1 [17,18,25]. PNP calcu-
lations carried on a few mVDAC1 mutants and BD simulations
performed on hVDAC1 variants (NMR3) corroborated these experi-
mental data [45,48]. PNP and BD approaches ignore the flexibility of
the protein and the detailed hydration of the charged species and
thus might fail to determine the molecular reasons for the changes
in the selectivity upon the substitution of a single charged residue.
In that respect MD approach could be a more adequate method as it
includes protein structural dynamics and hydration.

We thus investigated by MD the transport of ions through five
mutants whose selectivity in yVDAC1 was reported to be affected in
different ways and that are conserved between yeast and mammals.
Experiments clearly show that the introduction of several point
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mutations in yVDAC1 do not influence the conductance of the
channel suggesting that no conformational change prone to induce
a decrease in conductance occurs uponmutation [17,18,25]. This find-
ing endorses the use of a modeled in-silico mutant structure for
further investigation. We therefore performed detailed all-atom equi-
librium 150 ns MD simulations of the mVDAC1 wt and point mutants,
namely K20E, D30K, K61E, E158K and K252E (numbering refers to
mammalian sequences), in a 0.2 M KCl solution (see Section 2.1 and
Supplementary material).

3.4.1. The anion preference of mVDAC1 is sensitive to specific charged
residue substitutions

The Ncl-/NK
+ ratio inside the pore computed using the equilibri-

um MD trajectories was used to describe the ion preference of
VDAC wt and mutants. As shown in Fig. 3B, this ratio is comparable
for the wt, K252E and E158K mutant proteins indicating a similar
preference towards anions. The D30K mutant channel reveals a pref-
erence for anions higher than the wt whereas the K20E and K61E mu-
tants feature a lower preference for anions (Table S6). A strong
decrease in anion selectivity is observed for K20E but not a reversed
selectivity as experimentally measured in yVDAC1. Overall, the agree-
ment between the computed and experimental selectivity values is
fairly good.

3.4.2. Specific interactions, pathways and electrostatic properties in the
MD trajectories

We analyzed the wt and mutant protein trajectories to search for
specific ion–protein interactions and/or specific ion pathways
through the pore. No specific long-lived (≥5 ns) interactions as well
as no pathways were identified except in the E158K mutant
trajectory which features a single long-lived salt bridge (see Fig. S5–
S8) formed far from the location of the K158 and hence unlikely to
ensue from the mutation itself (see SI).

Local changes in the electrostatic potential are observed in the
vicinity of the mutated residues (Fig. S9). Moreover the electric field
arising from the protein averaged over each MD trajectory indicates
the occurrence of an electrostatic force attracting anions from both
sides of the pore in all proteins. Differences in the electric field of
the different variants are seen, in particular around the N-terminal
helix region (Fig. S10): the electric field is stronger in the more
anion-selective D30K mutant whereas it is weaker in the moderately
anion selective K61E mutants relative to that arising in the wt
proteins. These data together with the absence of specific ion path-
ways and long-lasting ion–protein interactions support the idea that
changes in VDAC selectivity due to point charged residue substitution
originate from variations in the electrostatic properties arising from
the distribution of fixed charges in the pore, notably in the vicinity
of the N-terminal helix.

3.4.3. The energy landscape of ion permeation in mutants featuring a
change in selectivity is altered

The multi-ion free energy profiles of chloride and potassium
permeation were computed along the pore axis (Fig. 4) from the wt
and the five mutant trajectories. The free energy profile of the wt at
0.2 M KCl (Fig. 4A) is similar to the previously published profile for
mVDAC1 at 0.1 M KCl [29].

The energy profile of chloride permeation computed for E158K
and K252E mutants resemble the wt profile though the barrier sepa-
rating the two wells is slightly flattened. The K+ profile also looks
comparable with however a first higher maximum and the quasi
absence of the minimum well in K252E. These changes may explain
the slightly enhanced (about 10%) NCl-/NK

+ ratio for E158K and
K252E mutant relative to the wt (Fig. 4A, Table S6).

In contrast, the permeation profiles of the K20E, D30K and K61E
mutants are significantly altered relative to the wt (see Fig. 4B, C).
In the case of the K20E and K61E mutants the depth of the first energy
well in the Cl− profile is drastically reduced and the first energy bar-
rier for potassium is significantly lowered facilitating the crossing of
K+. These results agree with less anion-selective channels. The
permeation profile of the K61E mutant shows a first energy minimum
for potassium lower than the minimum for chloride, explaining
thereby the low NCl-/NK

+ ratio of this mutant protein compared to
that of the K20E mutant.

For the D30K mutant, only one large caldera-like minimum occurs
in the Cl− profile and the two energy barriers separated by an energy
well in the wt are replaced by one single higher barrier in the K+

profile. This generates an energy difference between Cl− and K+

permeation larger than in the wt in agreement with the higher
anion selectivity measured for the D30K mutant.

The major changes in the energy profile between the mutants
with an altered selectivity and the wt take place in a region of the
barrel located around the N-terminal helix. This region appears to
be particularly important for VDAC selectivity.

3.5. BD study of mVDAC1 mutants

Our detailed all-atom MD simulations on mVDAC1 wt and mutant
proteins clearly showed that the effect of substitution of residues
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located in the pore can be attributed to a change in the electrostatic
properties of the pore, with a major contribution from the region
localized roughly halfway of the channel, and not to the formation
of long-lived ion–protein interactions or to specific translocation
pathways. The level of detail in all-atom MD trajectories which are
quite computationally demanding and require long simulation times
to sample enough ion transport events may thus be not needed to
study the electrophysiological properties (selectivity, conductance)
of VDAC. As the electrostatics of VDAC plays a major role in ion flow
BD approach appears as a pertinent and less computationally expen-
sive method as shown in this study and in others [45,47,50].

BD simulations of several mVDAC1 variants were first performed in
asymmetric (1.0 M/0.1 M) KCl solution to compare the conductance
and the reversal potential values of the five mutant proteins to the wt
data. Equilibrium BD simulations of these mutants were also carried
out in symmetrical conditions (0.2 M KCl) to compare the ion perme-
ation energy profiles to the MD ones. To palliate the absence of protein
flexibility in the BD approach several structures of the mutant protein
were modeled based either on the crystal structure or on 10 protein
conformations extracted from the MD trajectories.

3.5.1. Reversal potential and conductance of mutant mVDAC1 proteins
As previously observed for the wt (see Section 3.3.2) the conduc-

tance and reversal potential values differ for all 11 conformations of
the five mutants (Fig. S11, Table S7). The variability of the reversal
potential of the different conformations ranges between about 6 mV
(for D30K) and 20 mV (for K20E). The computed conductance values
also show a certain variability upon the conformation (about 0.5 nS
for K20E and 1 nS for D30K).

For the sake of clarity, we will next focus on the data obtained for
the crystal structure and for the MD conformation having the com-
puted reversal potential value closest to the experimental data
(Fig. 5). The data for the other conformations can be found in Table
S7. The reversal potential values of the two K252E and E158K mutant
conformations are close to that of the wt, whereas the reversal poten-
tial of the K20E, D30K and K61E mutants are significantly altered
[17,18]. The K20E and the K61E mutants modeled using the
mVDAC1 crystal structure as a template give a reversed selectivity
(indicated by a negative reversal potential) lower than the average
experimental value. The same mutants modeled from the MD
snapshot produce a reversal potential closer to the experimental
value and no inversion of the selectivity. The D30K mutant built
either from the crystal structure or from the MD snapshot features a
selectivity higher than the wt, the E158K or the K252E mutant in
accord with experimental data [17,18] albeit the effect of this muta-
tion is overestimated. Overall the variation in the computed reversal
potential among the wt and mutant proteins follows the same trend
as experimentally observed (Fig. 5).
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3.5.2. Free energy profile, specific interactions and pathways
The free energy profiles of chloride and potassium permeation

computed from BD trajectories are in a relative good agreement
with the MD profiles (Fig. S12). Moreover, BD trajectories like the
MD simulations show no specific protein–ion interactions as well as
no particular ion pathways. The good agreement between MD and
BD results furthermore endorses the use of BD for the study of the
electrophysiological properties of VDAC mutants. Since the influence
of the protein on ion diffusion is mainly of electrostatic nature in
BD, these results once more stress the importance of the electrostatic
features of VDAC pore with respect to its selectivity.

4. Discussion

Quite extensive BD simulations of mVDAC1 wt and mutants in
conjunction with MD simulations were performed to elucidate the
factors governing ion flow through VDAC. Noticeably the electrophys-
iological properties computed on the mVDAC1 recombinant structure
by BD and MD are in fairly good agreement with the experimental
data measured on native proteins.

The distribution of ions inside the pore computed from BD simula-
tions across mVDAC1 structure at different salt concentrations
indicates an anionic preference as experimentally reported. Further-
more the ion distribution ratio decreases with increasing salt concen-
tration in agreement with experimental data obtained on VDAC from
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different species [18,25,29] and with a recent MD study [29]. This loss
of selectivity at high concentration reflects the screening of the
permanent charges of the protein by counter-ions. The ability of BD
to depict the distribution of ions in agreement with MD and experi-
mental data may be promoted by the relative rigidity of the structure
of the barrel and the weak dehydration of permeating ions.

The computed selectivity and conductance values portrayed the
three VDAC1 high resolution structures as anionic channels in agree-
ment with experiments. Notwithstanding, the value of the reversal
potential computed for the mVDAC1 crystal structure deviates more
from the experimental data than that computed using the hVDAC1
structures. The BD simulations performed on several protein confor-
mations randomly extracted from a MD simulation of the mVDAC1
wt indicate that the computed reversal potential is rather sensitive
to the local protein conformation, in particular to the solvent-
accessibility of charged residues in the pore and to the formation/
rupture of ionic interactions between charged residues.

Voltage-dependence studies of VDAC have shown that one con-
ductance state, for instance the open state, can feature different
(even reverse) selectivity values [24,30,63]. This could be explained
by the existence of several “selectivity states” that would differ from
each other by modest structural changes which would not affect the
conductance. The molecular origin of these structural changes is
beyond the scope of this work. However the comparison of the exper-
imental 3D structures may give some hints. The mVDAC1 crystal
structure and the hVDAC1 mixed NMR/Xray structures which are
both regarded as depicting the open state, are remarkably similar
apart from the orientation of the N-terminal helix, which is turned
by almost 90° between the two structures. In the mVDAC1 structure
the charged residues of the N-terminal helix are almost completely
solvent exposed and oriented towards the pore unlike those in the
hVDAC1 structure. These differences could result in different selectiv-
ity values as indeed shown in our BD calculations.

To further investigate the molecular origin of the selectivity of the
pore, we studied using MD and BD simulations the ion transport of
mVDAC1 mutants some of which feature an altered selectivity relative
to VDAC wt [17]: K20E (cation-selective), K61E (less anion-selective),
D30K (more anion-selective), E158K and K252E (wt-like). The ion
preference computed from MD equilibrium simulations and the selec-
tivity computed from BD simulations of wt and mutant proteins are in
good agreement with experimental data. A strong reduction/inversion
of the selectivity in K20E, a reduction in selectivity in K61E, an increased
selectivity in D30K and a wt-like selectivity in E158K and K252K are
observed. EquilibriumMD and BD simulations led to similar ion perme-
ation profiles of either wt or mutants. These profiles show alterations
due to mutations of charged residues in agreement with the measured
changes in selectivity. They furthermore indicate that the region of the
pore encompassing a girdle of the barrel around the N-terminal helix
appears as a key player in the control of the channel selectivity.

The overall 0.9 μs MD and 12 μs BD trajectories on VDAC1 wt and
mutants suggest that the change in selectivity of the K20E, D30K and
K61E proteins ensues not from the existence of distinct ion pathways
and/or the formation specific long-lived ion–protein interactions but
from a change in the electric field inside the pore arising from the
alteration of the charge distribution. Thus, altogether our study clear-
ly shows that the selectivity is mainly determined by the electrostatic
pattern of the pore. If this pattern is altered by specific site mutations
or by changes in the protein structure or else is screened by a high
ionic concentration then the selectivity is altered accordingly.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.12.018.
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