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Molecular Dynamics Studies of Ion Permeation in VDAC
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ABSTRACT The voltage-dependent anion channel (VDAC) in the outer membrane of mitochondria serves an essential role in
the transport of metabolites and electrolytes between the cell matrix and mitochondria. To examine its structure, dynamics, and
the mechanisms underlying its electrophysiological properties, we performed a total of 1.77 ms molecular dynamics simulations
of human VDAC isoform 1 in DOPE/DOPC mixed bilayers in 1 M KCl solution with transmembrane potentials of 0, 525, 550,
575, and 5100 mV. The calculated conductance and ion selectivity are in good agreement with the experimental measure-
ments. In addition, ion density distributions inside the channel reveal possible pathways for different ion species. Based on these
observations, a mechanism underlying the anion selectivity is proposed; both ion species are transported across the channel,
but the rate for Kþ is smaller than that for Cl� because of the attractive interactions between Kþ and residues on the channel wall.
This difference leads to the anion selectivity of VDAC.
INTRODUCTION
The voltage-dependent anion channels (VDACs) are 30-kDa
transmembrane (TM) proteins found in the outer membrane
of mitochondria. They provide important conducting path-
ways for simple ions such as Kþ, Cl�, and Ca2þ, and small
molecules like pyruvate and ATP, between the cytosol and
the intermembrane space in mitochondria (1). There is
also evidence that VDACs are involved in cancer cell
metabolism (2) and release of apoptotic proteins from mito-
chondria (3). Isoforms of VDACs exist in many organisms.
In human mitochondria, three VDAC isoforms (hVDAC1,
hVDAC2, and hVDAC3) have been identified (4). Although
they all provide exchange pathways for ions and metabolites
between the mitochondria and cell matrix, their expression
profiles and physiological properties are different (5).
VDAC1 shows characteristic electrophysiological proper-
ties (e.g., single-channel conductance, anion selectivity,
and voltage dependence) that are shared in VDACs across
different eukaryote species from yeast to human (6). There-
fore, it is presently the most extensively studied VDAC iso-
form. Studies of VDACs from rat liver mitochondria reveal
moderate anion selectivity. The selectivity ratio between
Cl� and Kþ is ~2:1 in 1.0:0.1 M KCl asymmetric solution
(7), and the single-channel conductance ranges from
3.9 nS to 4.5 nS in 1.0 M KCl solution (8). When inserted
into planar phospholipid membranes with low TM potential
(~510 mV), VDACs are open and preferentially transport
anions. Increasing the TM potential to ~530 mV, however,
shifts the channels into a slightly cation-selective closed
state with reduced single-channel conductance of 1–2 nS
(7). Given the gating threshold of VDAC and the mitochon-
dria resting TM potential of about�180 mV (9), VDACs are
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presumably closed in the outer membrane of mitochondria
at the resting state.

hVDAC1 was first cloned and expressed in human
B-lymphocyte cells (10). It consists of 283 amino acids,
with alternating hydrophobic and hydrophilic residues in
many regions, consistent with b-strands in a TM b-barrel
(11). Recent NMR and x-ray structures of human and mouse
VDAC1 (12–14) confirm the b-barrel architecture of the
channel. In both structures of hVDAC1 (12,14), there are
19 b-strands, with the first and last strands parallel to each
other, forming a cylindrical barrel of ~30 Å in diameter.
A part of the N-terminus forms a short a-helix that extends
into the channel lumen (Fig. 1). Of the 179 residues residing
in the pore lining, 17 are acidic and 20 are basic, as might be
anticipated for a channel that is mildly anion-selective but
also transports cations. VDAC1 orientation in the mitochon-
dria membrane, i.e., whether both the N- and C-termini face
the cytosol (15,16) or the intermembrane side (17), is still
under debate.

Before the atomic structures of VDACs were determined,
models for ion selectivity and voltage dependence were
primarily based on functional studies (18,19). It is now
possible to examine the ion permeation at the atomic level.
Based on the crystal structure of mouse VDAC1 (13) and
continuum electrostatic calculations, Choudhary et al. (20)
rationalized the anion selectivity of the wild-type channel
by computing the free energy required to transfer different
ion species from bulk solution into the channel. Since the
calculations were performed on a static structure, structural
dynamics, which may alter the electrophysiological proper-
ties of the channel, was not considered in computing the free
energies. In addition, the free energies were calculated by
placing a single ion along the pore axis, neglecting its lateral
freedom as well as the effects from other ions. This work
presents results from a total of 1.77 ms molecular dynamics
(MD) simulations of hVDAC1 in DOPE/DOPC mixed
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FIGURE 1 Molecular representation of hVDAC1 from the first NMR

model (PDB:2K4T). Top view (A) and side view (B) showing a-helices

(red), b-strands (yellow), and loops (green). Charged residues that line

the channel wall are highlighted in stick representations. The figures

were produced using the molecular visualization program PyMOL (46).
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bilayers bathed in 1 M KCl solution at TM potentials of
0, 525, 550, 575, and 5100 mV. The results are dis-
cussed in terms of the channel stability and dynamics in
membranes, its electrophysiological properties, ion diffu-
sion constants inside the pore, and the molecular mecha-
nisms underlying its anion selectivity.
FIGURE 2 Average electrostatic potential profiles of the systems with

Vmp ¼ �100 (black), �75 (red), �50 (green), �25 (blue), 25 (magenta),

50 (cyan), 75 (maroon), and 100 mV (orange) along the z axis. The average

electrostatic potential profile from the systems with Vmp ¼ 0 is subtracted

from the original V(z; Vmp) profiles (Fig. S2) to illustrate the influence

of the applied electric field on the electrostatic potential throughout the

simulation system. The established potentials, i.e., V(�40; Vmp) � V(40;

Vmp), during the simulations are �10454, �7255, �5354, �2557,

3151, 48511, 7452, and 10253 mV for Vmp ¼ �100, �75, �50,

�25, 25, 50, 75, and 100 mV.
METHODS

Simulation of hVDAC1 in explicit membrane
bilayers without TM potential

The structure of hVDAC1 was taken from the first model of the NMR

structures (PDB:2K4T) (12) using the PDB Reader module in

CHARMM-GUI (http://www.charmm-gui.org) (21) with a positively

charged N-terminus and a negatively charged C-terminus. The channel

was centered at z ¼ 0 and reoriented to make its pore axis parallel to

the membrane normal (i.e., the z axis). Both the N- and C-termini were

placed in the lower half of the simulation cell with z < 0. To best resemble

the lipid compositions used in the structure determination (12), a mixed

lipid bilayer containing dioleoylphosphatidylethanolamine (DOPE),

dioleoylphosphatidylcholine (DOPC), and cholesterol (22) was generated

with a ratio of 40:40:1 (PE/PC/Chol) by CHARMM-GUI Membrane

Builder (23). Both the top and bottom leaflets contain 81 lipid molecules,

with the same lipid composition ratios. KCl (1.0 M) was also added to

hydrate and neutralize the system (217 Kþ, 219 Cl�, and ~12,500 waters),

resulting in a simulation system of 88.9 � 88.9 � 85.7 Å3. To enhance

sampling of hVDAC1 conformation and ion motions, three independent

hVDAC1 systems, denoted S1_0, S2_0, and S3_0, were built, with total

atom numbers of 63,749, 63,710, and 63,884, respectively; the suffix indi-

cates that the applied voltage is 0. The number of water molecules is

different in each system because the systems were generated independently

by CHARMM-GUI Membrane Builder with lipid molecules of different

conformations and positions. After 700 ps equilibration, each system

was subjected to an initial 5-ns production. All the simulations were

carried out in NPgT ensemble (i.e., constant pressure Pz ¼ 1.0 atm along

the z axis, surface tension g ¼ 20 dyn/cm (24), and temperature T ¼
303.15 K) using biomolecular simulation program CHARMM (25) with

all-atom parameter set PARAM22 (26) including the dihedral cross-term

corrections (CMAP) (27), C27r lipid parameters (28), and the modified

TIP3P water model (29). Trajectories were generated with a 2-fs time

step and bonds with hydrogen were constrained with the SHAKE algo-

rithm. We used the same options for nonbonded interactions in the input

scripts provided by the CHARMM-GUI Membrane Builder (23); the van

der Waals interactions were smoothly switched off at 11�12 Å by a
force-switching function (30) and the electrostatic interactions were calcu-

lated using the particle-mesh Ewald (PME) method with a mesh size of

~1 Å for fast Fourier transformation, k ¼ 0.34 Å�1, and a sixth-order

B-spline interpolation (31).
Simulation of hVDAC1 in explicit membrane
bilayers with TM potentials

After 5 ns equilibration, nine different TM potentials (Vmp) ranging from

�100 mV to 100 mV in 25-mV increments were applied to the three

systems, resulting in a total of 27 systems; e.g., S2_n100 is originated

from S2_0 with Vmp ¼ �100 mV. For each system, a 65-ns MD trajectory

was then generated in the NPgT ensemble with the same conditions

described above. Applying TM potentials greatly enhances the sampling

of ion crossing events and therefore increases the statistical significance

of the calculated electrophysiological properties of the channel. Neverthe-

less, it should be stressed that because of the gap between the current

simulation times (tens of nanoseconds) and the time required for the

open-to-closed transition of the channel (seconds), the simulations with

high TM potentials are unlikely to provide any gating information or to alter

the channel’s conductance and selectivity significantly. Nine different TM

potentials are employed to improve the conformational sampling of

hVDAC1 as well as to evaluate the channel’s I/V characteristics at various

TM potentials. Fig. S1 in the Supporting Material shows the last snapshots

of system S1_n100, S2_0, and S3_p100.

Vmp was established by applying an external constant electric field across

the membrane system (32), Vmp¼ V(z¼�Lz/2)� V(z¼ Lz/2), where Lz is

the system size in the z axis. The direction of the electric field was parallel

to the membrane normal. To verify that Vmp was implemented correctly

during the simulations, we calculated the electrostatic potential along the

z axis, V(z), by solving Poisson’s equation,

d2VðzÞ
dz2

¼ �4prsysðzÞ; (1)

where rsysðzÞ denotes the system charge distribution along the z axis. The

V(z) profiles and the potential differences across the bilayers in Fig. 2

and Fig. S2 validate the applied Vmp during the simulations.
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RESULTS AND DISCUSSION

Structural stability and dynamics of the
hVDAC1-membrane systems

The overall stability of hVDAC1 during the simulations
with different Vmp was examined by the root-mean-square
deviations (RMSDs) of the b-barrel backbone atoms. The
RMSDs are averaged for the last 60 ns and plotted with
standard deviations for all systems in Fig. 3 A. The averaged
RMSDs are similar for different Vmp, ranging from
1.650.1 Å in system S2_p50 to 2.550.3 Å in system
S1_n25. Although the overall RMSD is small, the b-barrel
is flexible in some regions, especially the channel wall
near the N-terminal a-helix (�4.0 Å % z % �2.0 Å).
In particular, the changes of the xy cross section of the
channel in this region suggest a large breathing motion;
i.e., the ratios of the short and long axes (b/a) under different
TM voltage conditions vary from 0.65 to 1.0 with an average
of 0.88 (Fig. S3). The breathing motion is likely related to
the dynamics of the N-terminal helix (residues 6–10), which
is believed to play a key role in channel gating as a voltage
sensor (6). In all the simulations, its center-of-mass position
varied from �10.0 Å to 6.4 Å along the z axis (Fig. S4, A
and B), whereas the hydrophobic interactions between
FIGURE 3 (A) Average backbone RMSD in all systems for the last 60 ns,

with S1 (red), S2 (green), and S3 (blue). (B) Backbone RMSF for systems

S1_n100 (red), S1_0 (green), and S1_p100 (blue), and from 20 NMR

models (PDB:2K4T) (black dash). The RMSF of the NMR models was

calculated with respect to the average NMR structure. The residue span

of the b-strands is shown in boxes (orange).
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Tyr7 and Leu10 in the a-helix and the pore lining residues
Val143, Leu150, and Ala170 are well maintained (Fig. S4
C). It is interesting to note that the helix movement is
biphasic; since the overall charge of the N-terminal region
(residues 1–23) is positive, the helix moves toward the
negative z direction when Vmp < 0, and vice versa.

Fig. 3 B plots the backbone root-mean-square fluctuations
(RMSFs) of S1_n100, S1_0, and S1_p100 for the last 60 ns.
Similar RMSFs are observed for systems with different Vmp,
indicating minimal structural change upon the applied TM
potentials on the simulation timescale described here.
In each system, the RMSFs differ for residues residing in
different secondary structures; as expected, they are smaller
for residues in the channel wall (~0.5 Å) than for those in
loops or in termini (~2.0 Å). The RMSFs calculated from
the 20 NMR structure models (12) exhibit similar trends in
the conformational flexibilities of different channel regions
(Fig. 3B, dashed lines). The loop/terminus RMSFs are larger
in the NMR structure ensemble than in the MD simulations,
because the paucity of NMR restraints in those regions leads
to larger conformational uncertainties. Nonetheless, together
with the similar trends in the RMSFs fromMD andNMR,we
show that the simulations, with and without TM potentials,
maintain the channel stability with the integrity of its
secondary structures and reasonable dynamics during the
simulations. The generated trajectories can therefore be
used to further analyze the electrophysiological properties
and ion permeation mechanism of the channel.
Electrophysiological properties of hVDAC1
calculated from MD simulations

The electrophysiological properties of hVDAC1 are exam-
ined in terms of its conductance level and ion current ratio.
The conductance (G) of hVDAC1 was calculated based on
the accumulated ion crossing number (NK/Cl) for each ion
type (Fig. S5) and Ohm’s Law,

G ¼ Itotal
Vmp

¼ ðNK � NClÞq
Vmpt

; (2)

where Itotal is the total current and q is the charge of a mono-
valent ion. NK/Cl is either increased or decreased every 2 ps
by the net number of ions that cross z ¼ 0 in the positive
direction of the z axis. With NK/Cl in a given time interval
t, one can estimate the average current carried by each
ion using Eq. 2.

As shown in Fig. 4, the conductance values are similar in
all systems, with an average at 4.850.2 nS except in
S3_n75 (6.5 nS), S3_n50 (7.0 nS), and S3_p75 (2.8 nS).
The noticeable deviation from the mean in these three
systems arises from stochastic ion crossing events with
limited simulation timescales. Nonetheless, the calculated
conductance values agree well with experimental values of
~3.9–4.5 nS in the same KCl concentration (6). In addition,



FIGURE 4 Conductance calculated from the last 60 ns in simulation sets

S1 (red), S2 (green), and S3 (blue) as a function of applied voltage Vmp,

with average conductance and standard error (black). The dashed lines

indicate the range of experimental single-channel conductance.

TABLE 1 Average currents among three replicates at various

Vmp

Vmp

Itotal IK ICl

–Vmp þVmp –Vmp þVmp –Vmp þVmp

100 �498535 442542 �132517 166510 �366526 275533

75 �427532 310552 �138514 126525 �289520 183532

50 �259548 223519 �56517 88514 �203531 13455

25 �117517 134512 13517 5354 �10455 82512

Values (in pA) are shown as mean5SE.
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the fact that the MD conductance is very similar to the
conductance (4.950.6 nS) from longer-time Brownian
dynamics (BD) simulations (33) supports the statistical reli-
ability of the averaged MD conductance, even with the
stochastic nature of ion crossing events with small Vmp

and limited simulation timescales. The slightly higher value
of the computed G compared to experimental values is
partly associated with the low viscosity of the TIP3 water
model (see below for more details) (34).

Fig. 5 shows the total current (Itotal) and the currents
carried by Kþ (IK) and Cl� (ICl) as a function of applied
voltage. Although the difference in current magnitudes is
within the standard error at most voltages, there is a small
asymmetry of the currents (and thus conductance) at posi-
tive and negative TM potentials (Table 1 and Table S1);
a similar level of asymmetry was obtained in the BD simu-
lations of hVDAC1 under the same conditions (33). Such
conductance asymmetry was also observed in OmpF in E.
coli (35,36). This suggests that hVDAC1 passes Kþ ions
more easily in the negative direction of the z axis, whereas
the situation is reversed in the case of Cl�. The ion selec-
FIGURE 5 Current-voltage (I/V) relationship for the total (black), Kþ

(magenta), and Cl� (green) currents. The average current and standard error

at each voltage point are calculated from three independent simulations.
tivity (r) can be estimated from the ratio between ICl and
IK as r ¼ ICl=IK. Assuming the linearity of the I/V curve,
r can be evaluated by the ratio of the slopes of individual
ion currents. Using least-square linear regression, the calcu-
lated slopes of ICl and IK are determined as 3.2 and 1.6,
respectively, giving a ratio of 2.050.1. This ratio is in
excellent agreement with the 2:1 anion-selective ratio esti-
mated experimentally (6).

Given the structural variability in the NMR model struc-
tures (Fig. 3 B and Fig. S3), it is reasonable to ask whether
the electrophysiological properties calculated from MD
simulations using only one model are biologically relevant
and can be compared with experimental data. It is clear that
the MD simulations described here do not sample the barrel
conformations with the low b/a ratios (~0.65) that exist in the
NMR models. It would be computationally prohibitive to
performMD simulations with all NMRmodels and examine
the influence of structural variance on channel transport
properties. However, our coarse-grained BD simulation
study with all NMR models (33) indicates that the transport
properties of the model used in this MD simulation study
closely represent those calculated from the ensemble of all
the NMR models. Therefore, the ion transport properties
from these MD simulations are meaningful and can be
directly compared with experimental measurements.
Diffusion constants inside the hVDAC1 pore

An important determinant of the electrophysiological prop-
erty of the channel is the position-dependent ion diffusion
constant, D(z), inside the pore. Note that D(z) is an impor-
tant input for coarse-grained BD or PNP (Poisson-Nernst-
Planck) approaches to calculate electrophysiological prop-
erties of ion channels (35,36). The evaluation of D(z),
however, is not straightforward, because the effects of
systematic forces (e.g., ion-protein interactions) must be
removed (37). Following Im and Roux (36), D(z) is obtained
from the variance of a shifted Gaussian distribution along
the z axis,

DðzÞ ¼
�½DzðtÞ � hDzðtÞi�2�

2t
(3)

where DzðtÞ ¼ zðt þ tÞ � zðtÞ, t is a suitably small time
interval (several picoseconds), and hDzðtÞi is the average
Biophysical Journal 100(3) 602–610
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z displacement of an ion per unit time t arising from system-
atic forces. In free solution, hDzðtÞi ¼ 0, and Eq. 3 reduces
to the familiar Einstein relation (38).

Fig. 6 shows the averaged diffusion constant profiles
along the z axis for both Kþ and Cl� at Vmp ¼ 0. The
diffusion constants of Kþ and Cl� at540 Å (bulk solution)
are 0.30 Å2/ps and 0.29 Å2/ps, respectively. These values
are independent of t and ~1.5 times larger than the experi-
mental values in bulk solution, DK ¼ 0.19 Å2/ps and
DCl ¼ 0.2 Å2/ps, at 298.15 K (39). The discrepancy is the
result of the different temperature (303.15 K) used in the
simulations, the low viscosity of TIP3P water (34), and
other errors in the potential energy function. As expected,
the choice of t modulates the calculated diffusion constants
of both ion species inside the channel pore. With a small t
(e.g., t ¼ 1 ps), both ion types experience a 30% reduction
of diffusion constant (DK ¼ 0.21 Å2/ps, DCl ¼ 0.21 Å2/ps),
whereas the reduction is 50% (DK ¼ 0.15 Å2/ps,
DCl ¼ 0.15 Å2/ps) when a larger time interval is used (e.g.,
t ¼ 4 ps). The diffusion constant calculated from the larger
t represents the mobility of ions in the pore region more
precisely compared to the one calculated using a smaller t.
This is because the autocorrelation of an ion’s velocity is
nonzero in a small time interval. In other words, the velocity
of an ion is dependent on its previous velocity (i.e., the system
memory), and the evaluation of D(z) from Eq. 3 is biased
FIGURE 6 Diffusion constant profiles for Kþ (A) and Cl� (B) along the

z axis. The diffusion constant D(z) is calculated using different time inter-

vals: t ¼ 1 ps (black), 2 ps (red), 3 ps (green), 4 ps (blue), and 5 ps

(magenta). Using time intervals t ¼ 4 ps and t ¼ 5 ps, a 50% decrease

of D is observed when ions move from the bulk region to the VDAC

pore region.
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(40). Proceeding according to the previous MD study of
OmpF in E. coli (36), we determined the diffusion constants
for Kþ and Cl� in the VDAC pore with a time interval
t ¼ 4 ps. The resulting diffusion profiles along the z axis
can be used as inputs for BD or PNP calculations.
Mechanisms of hVDAC1’s anion selectivity

The good agreement between the calculated and experi-
mental electrophysiological properties of hVDAC1 supports
an investigation into the mechanisms underlying the anion
selectivity of the channel. We approach the problem by
examining the ion number density profile, ion hydration
number profile, and the cross-sectional ion charge distribu-
tion along the z axis.

The number density profiles of both Kþ and Cl� ions
along the z axis averaged for three independent simulations
with Vmp ¼ 0 (S1_0, S2_0, and S3_0) are shown in Fig. S6
A. It is not surprising that the average density of Cl� inside
the pore is higher than that of Kþ, consistent with the anion
selectivity of the channel. We also calculated the average
number of ions inside the pore by integrating the density
over the pore region (�15.0 Å % z % 15.0 Å). Table 2 lists
the resulting numbers of Kþ and Cl� inside the channel
pore and the ratios between them. The average ratio of 1.3
is 35% smaller than the average ratio of 2.0 calculated
from the ion currents (Table 1). This implies that Kþ ions
stay in the channel longer than Cl�. These differences in
crossing times of the two ion species appear to arise from
the attractive interactions between Kþ and the inner wall
of the channel, as seen in the Kþ density. In the middle of
the channel, there is a region (�2.0 Å % z % 2.0 Å) with
high Kþ density, whereas the density sharply decreases
when ions move from the middle to either end of the channel
(�12.0 Å% z%�8.0 Å or 8.0 Å% z% 12.0 Å). This indi-
cates that there are free-energy barriers for Kþ ions near
both openings of the channel, which prevent Kþ from either
entering or leaving the channel. In contrast, the density (and
corresponding free-energy profile) for Cl� is much
smoother, and thus, transport of Cl� ions across the channel
is more rapid.
TABLE 2 Average numbers of KD and Cl� ions inside the pore

and the nCl/nK ratios

nK nCl nCl/nK

n100 8.150.8 9.250.7 1.150.2

n75 6.950.6 9.550.4 1.450.2

n50 6.150.7 8.550.4 1.450.2

n25 7.050.3 10.050.3 1.450.1

0 5.450.5 7.550.6 1.450.3

p25 5.650.1 6.850.2 1.250.1

p50 5.850.2 7.650.9 1.350.2

p75 6.050.0 8.251.0 1.450.2

p100 6.551.1 7.850.3 1.25 0.3

Values are shown as the mean5SE.
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The variation of Kþ and Cl� density profiles correlates
with the different hydration conditions for the ions along
the pore axis. In channels with narrow passageways, like
gramicidin A (41) and KscA (42), ions are desolvated
upon entering into the channel or the selectivity filter, and
then form favorable interactions with the channel, i.e., the
channel provides the solvation partners. To examine such
hydration effects in hVDAC1 with a much larger aqueous
pore, we calculated the hydration number as a function of
the ion’s z-position. The total hydration number is further
decomposed into the contributions from water molecules,
counterions, and protein atoms (i.e., oxygen atoms for Kþ

and nitrogen atoms for Cl�). The hydration profiles for
systems with Vmp ¼ 0 are shown in Fig. S6, B and C. The
total hydration numbers for both Kþ (NK,total ¼ 8.350.2)
and Cl� (NCl,total ¼ 8.050.1) at any position along the z
axis inside the pore are similar. These numbers are also
similar to the total hydration numbers of both ion species
in the bulk KCl solution (NK,total ¼ 8.350.0 and
NCl,total ¼ 8.450.1). Note that the protein hydration for
Kþ reaches its peak in the middle of the channel, where
the highest Kþ density is found. This indicates that the Kþ

ions are close to the channel wall, possibly as a result of
specific attractive interactions. In contrast, protein hydration
of Cl� is constant throughout the channel.

To determine the specific residues involved in ion hydra-
tion, the cross-sectional ion charge distributions were eval-
uated for three slabs along the pore axis: �8.0 Å % z %
�4.0 Å; �2.0 Å % z % 2.0 Å; and 4.0 Å % z % 8.0 Å
(Fig. S7, A–C, respectively). Note that the charge distribu-
tions result from the summation of both Kþ and Cl�, so
that zero density at a certain region reflects the fact that
there are equal amounts of Kþ and Cl� in the region.
Near the openings of the channel (Fig. S7, A and C), the
overall positive charge density (rþ) is relatively small,
with the maxima at 6.0 � 10�3 e/Å3 in slabs A and C.
The major rþ are distributed in two zones on the xy plane.
One is in the vicinity of the first five b-strands of hVDAC1,
FIGURE 7 Overlay of ion trajectories for the last 10 ns of simulations in S1_n

1000 snapshots. (A–C) Three different views by 120� rotation. Kþ (magenta) a

residues, a reference segment (yellow) of the channel is also shown, including res

Asp16, Asp30, Glu84, and Asn207 are presented in stick representation.
and the other is close to b-strands 11–14, which are on the
opposite side of the channel wall (Fig. S7). Although rþ
has a clear position preference, the negative charge density
(r�) is distributed throughout the pore, with slightly higher
values near the channel wall due to the protein-ion interac-
tions. The scenario shifts in the middle of the channel (slab
B), where concentrated positive charge is found. The
maximum value of rþ reaches 1.7 � 10�2 e/Å3, 4.3 times
larger than the maximum r� in the slab and 2.8 times larger
than the maximum rþ observed in slabs A and C. Further
investigation indicates that this accumulation arises from
attractive electrostatic interactions between Kþ and nega-
tively charged residues on the first five b-strands, especially
Asp30 and Glu84. It is of interest that mutations of the
corresponding residues, Asp30 to Lys and Lys84 to Glu, in
VDAC1 from Saccharomyces cerevisiae increase and
decrease the anion selectivity of the channel respectively
(43). The present simulation studies of hVDAC1 show that
these two residues form strong attractive interactions with
Kþ, which make Kþ permeation less effective. In contrast,
Cl� ions pass the channel relatively freely, without strong
interactions with residues on the channel wall. Consequently,
hVDAC1 conducts more Cl� ions than Kþ ions in a given
time interval, resulting in the observed anion selectivity.

An alternative way of examining the selectivity mecha-
nism is to characterize the pathway that each ion type takes
to travel across the channel. In a wide channel pore contain-
ing multiple ions, an overlap of ion positions during the
simulation offers information on the average pathways of
ions. For this reason, we superimposed ion trajectories
from the last 10 ns in system S1_n100 (Fig. 7). Although
it is not quantitative, the superposition of ions demonstrates
approximately the three-dimensional ion density inside the
pore. From Fig. 7, there are three clusters of the most popu-
lated Kþ ions: the first is near Asp30 on b-strand 1 toward the
channel opening with z < 0; the second is near Glu84 on
b-strand 5 in the middle of the channel; and the third is
between Asn207 on b-strand 14 and Asp16. These clusters
100. The trajectories are sampled every 10 ps, resulting in a superposition of

nd Cl� (green) are shown as spheres. To indicate the positions of involved

idues numbered 1 to 36 and 273 to 285. Important residues (yellow) such as
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are consistent with the observed positive charge density in
Fig. S7. There are no clearly defined paths for Kþ and
Cl� in hVDAC1, compared to the ones observed in the
OmpF channel from E. coli (36). The hVDAC1 channel
has an aqueous conducting pathway and transports both
ion species. However, the pathway for Kþ is more restricted
than that of Cl�. Kþ ions enter the channel from either side,
but they cannot proceed directly as do Cl� ions, although the
two have similar averaged diffusion constants inside the
pore. Once the Kþ ions are in the pore, they start to form
attractive interactions with the aforementioned four resi-
dues. As a result, their effective diffusion is reduced. Alter-
natively, the passageway of Cl� ions is not as restricted. The
majority of Cl� ions pass through the channel with minimal
interactions with the protein, and therefore their effective
diffusion is faster than that of the Kþ ions. The difference
in the effective diffusion rates of Kþ and Cl� determines
the anion-selective nature of the channel.

Although it is suggested that the channel’s anion selec-
tivity mainly arises from the net positive charges on the
pore lining (6), the proposedmechanism in this study supple-
ments rather than contradicts this prevailing view. Fig. 8
shows the one-dimensional multi-ion potential of mean force
(PMF) (44),Wa;1DðzÞ, for both Kþ and Cl�, from their equi-
librium distributions along the z axis, calculated using

Wa;1DðzÞ ¼ �kBT ln
�
CaðzÞ=Cref

�
; (4)

where a is the ion type and Cref is set to the bulk concentra-
tion so that Wa;1DðzÞ ¼ 0 in the bulk solution. Wa;1DðzÞ
represents the mean potential acting on an ion along the
channel axis, including contributions from protein-ion,
ion-ion, and ion-solvent interactions and the volume-exclu-
sion effect (i.e., variation in the ion-accessible cross-
sectional area). As shown in Fig. 8, the free-energy barriers
for Cl� at both entrances of VDAC are slightly lower
than that for Kþ, probably due to the net positive charges
of the pore. This limits Kþ from entering the channel.
In addition, the Kþ PMF shows a free-energy well with
FIGURE 8 The averaged one-dimensional multi-ion PMF for

Kþ (magenta) and Cl� (green), calculated from simulations at zero TM

potential.
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a depth of 0.7 kcal/mol in the middle of the channel, a result
of the attractive interactions between Kþ and negatively
charged residues including Asp30 and Glu84. Compared to
the Cl� PMF, which is smooth inside the pore, such
a free-energy well for Kþ makes the Kþ permeation slow.
These two features of the Kþ PMF are likely to be the origin
of hVDAC1’s mild anion selectivity. The spatial preference
of both ion species inside the pore can also be illustrated
by the two-dimensional multi-ion PMF maps along the
pore axis (Fig. S8). Both the observation of homogeneous
Cl� PMF throughout the pore and the existence of potential
wells for Kþ in the middle of the channel further corroborate
the proposed selectivity mechanism. As mentioned above,
such ion distribution and thus the multi-ion PMFs are
largely dictated by electrostatic interactions between ions
and the charged residues on the channel wall; the impor-
tance of electrostatic interactions underlying the VDAC
anion selectivity is also illustrated by the electrostatic poten-
tial maps along the pore axis (Fig. S9), calculated from the
Poisson-Boltzmann continuum electrostatics (45).
SUMMARY AND CONCLUSIONS

To investigate the ion permeation and selectivity of
hVDAC1 and its underlying mechanisms, we have per-
formed sets of three independent all-atom MD simulations
of hVDAC1 embedded in DOPE/DOPC/cholesterol mixed
membrane bilayers at TM potentials of 0, 525, 550,
575, and 5100 mV. We generated a total of 1.77-ms
trajectories and analyzed them to elucidate channel stability,
electrophysiological properties, ion diffusion constants
inside the channel pore, and a possible ion selectivity
mechanism.

The overall hVDAC1 structure remained stable in each
simulation, as corroborated by its backbone RMSD and
RMSF (Fig. 3, A and B). The qualitative agreement between
the RMSFs calculated from different structural information
(i.e., the NMR models and the MD trajectories) illustrates
adequate sampling of hVDAC1 conformations.

The good stability and sampling of hVDAC1 allows for
the evaluation of important properties of the channel with
acceptable accuracy. The channel conductance, ion current
ratio, and ion diffusion constant can be readily calculated.
The conductance and ion current ratio of hVDAC1 are in
good agreement with experimental measurements, revealing
a functional channel with a conductance level around 4.8 nS
and an approximate 2:1 selectivity between Cl� and Kþ

(Figs. 4 and 5). Position-dependent ion diffusion constants
(Fig. 6) were obtained from a shifted Gaussian distribution
(Eq. 3.) to separate stochastic and systematic forces. These
diffusion constants can be used in BD or PNP calculations
for rapid evaluations of the channel electrophysiological
properties.

Based on the calculated ion density profile, ion hydration
profile, cross-sectional ion charge density distributions,



Ion Permeation Studies of VDAC 609
and position-dependent diffusion constants, we propose
a possible mechanism for ion permeation and selectivity
of hVDAC1. In this mechanism, both ion species can travel
across the channel. The determinant of the channel’s anion
selectivity is the transport efficiency of different ions. Cl�

is transported more efficiently than its counterions, which
are slowed down by attractive ion-protein interactions in
the middle of the pore. Residues involved in Kþ-protein
interactions are Asp16, Asp30, Glu84, and Asn207 (Fig. S6,
Fig. S7, and Fig. 7). Mutation studies also suggest the
importance of Asp16, Asp30, and Glu84 in yeast VDAC anion
selectivity (43). These residues appear to serve as traps for
Kþ ions as they pass through the middle of the channel. It
is such specific Kþ-protein interactions that increase the
average time Kþ ions spend in the pore. Together with the
higher free-energy barrier for Kþ to enter the channel
(Fig. 8), the Kþ-protein attractive interactions result in the
difference in ion transport rate for Kþ and Cl� and deter-
mine the anion selectivity of hVDAC1.
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