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A B S T R A C T

The voltage-dependent anion channel (VDAC) is a mitochondrial outer membrane protein whose fundamental
function is to facilitate and regulate the flow of metabolites between the cytosol and the mitochondrial inter-
membrane space. Using coarse-grained molecular dynamics simulations, we investigated the dependence of
VDAC selectivity towards small inorganic anions on two factors: the ionic strength and the lipid composition. In
agreement with experimental data we found that VDAC becomes less anion selective with increasing salt con-
centration due to the screening of a few basic residues that point into the pore lumen. The molecular dynamics
simulations provide insight into the regulation mechanism of VDAC selectivity by the composition in the lipid
membrane and suggest that the ion distribution is differently modulated by POPE compared to the POPC bilayer.
This occurs through the more persistent interactions of acidic residues located at both rims of the β-barrel with
head groups of POPE which in turn impact the electrostatic potential and thereby the selectivity of the pore. This
mechanism occurs not only in POPE single component membranes but also in a mixed POPE/POPC bilayer by an
enrichment of POPE over POPC lipids on the surface of VDAC. Thus we show here that computationally-in-
expensive coarse-grained simulations are able to capture, in a semi-quantitative way, essential features of VDAC
anion selectivity and could pave the way toward a molecular level understanding of metabolite transport in
natural membranes.

1. Introduction

The voltage-dependent anion channel (VDAC) forms the major
transport pathway through the mitochondrial outer membrane for
small inorganic ions, ATP/ADP exchange as well as for the fluxes of
other metabolites and cofactors (Camara et al., 2017; Colombini, 2004;
Homblé et al., 2012). At least one VDAC isoform is found in all or-
ganisms possessing mitochondria. Upon exposure to voltages higher
than about ± 20 mV, the canonical VDAC, reconstituted in planar lipid
bilayers, exhibits a transition from an open state to lower conductance
states, which are no longer permeable to metabolites (Hodge and
Colombini, 1997; Rostovtseva and Colombini, 1997, 1996). This tran-
sition has been proposed to occur through a gating process set up by
VDAC to control metabolite flux through the mitochondrial outer
membrane (Camara et al., 2017; Colombini, 2004; Hodge and
Colombini, 1997). The VDAC open state is biochemically and

biophysically well characterized. It features a moderate anion se-
lectivity towards small inorganic ions (Colombini, 1989; Hinsch et al.,
2004; Homblé et al., 2012) which has been reported to be sensitive to
several factors such as the presence of specific residues, the ionic
strength and the lipid composition (Krammer et al., 2011; Mlayeh et al.,
2017, 2010; Peng et al., 1992; Zambrowicz and Colombini, 1993).

The molecular mechanisms of VDAC functions are unquestionably
related to its three dimensional structure and conformational changes.
In 2008, three atomic level structures of the mammalian VDAC isoform
1 were reported (Bayrhuber et al., 2008; Hiller et al., 2008; Ujwal et al.,
2008) and others followed more recently (Choudhary et al., 2014;
Hosaka et al., 2017; Jaremko et al., 2016; Schredelseker et al., 2014). In
all these structures, VDAC adopts a unique β-barrel fold composed of 19
β-strands and a N-terminal α-helix leaning onto the inner barrel wall
about half way along the pore (Fig. 1). Although these structures have
been a matter of some debate (Colombini, 2016, 2009; Hiller et al.,
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2010) several electrophysiological data obtained in planar lipid bilayers
were reported to corroborate the VDAC structures representing its open
state (Choudhary et al., 2014; Hiller et al., 2010; Krammer et al., 2015,
2014, 2011; Lee et al., 2011; Noskov et al., 2013; Rui et al., 2011;
Teijido et al., 2014; Villinger et al., 2010; Weiser et al., 2014; Zachariae
et al., 2012).

The determination of VDAC open state structures have paved the
way for unraveling the basic principles of the channel functions and
regulations using theoretical studies as they represent a powerful ap-
proach for understanding a variety of biological molecular processes. In
particular, all atom (atomistic) molecular dynamics (MD) and Brownian
dynamics (BD) simulations have been used to investigate the me-
chanism of small inorganic ion and metabolite translocation through
VDAC (Fig. 1) (Choudhary et al., 2010; Krammer et al., 2015, 2014,
2013, 2011; Lee et al., 2011; Mlayeh et al., 2017; Rui et al., 2011). They
showed that VDAC selectivity towards small inorganic anions is pro-
moted by the distribution of charged residues inside the pore creating,
at low salt concentration, a favorable electrostatic potential and that it
diminishes with increasing concentration due to a screening of the
protein charges (Krammer et al., 2014, 2013). Likewise atomistic MD
simulations proposed a mechanism rationalizing the regulation of plant
VDAC selectivity occurring upon a change of choline into ethanolamine
phospholipid head group which would arise from specific interactions
made by acidic residues only with the ethanolamine group (Mlayeh
et al., 2017).

Despite the steady increase in computational power, applications of
atomistic MD which provide a detailed insight into the role of specific
interactions in biological systems are still limited to relatively small
systems and/or to rather fast processes. In contrast simulations of
coarse-grained (CG) protein models which assume different levels of
reduced representation of proteins and of their molecular surroundings,
e.g. lipids, water, ions (Baaden and Marrink, 2013; Ingólfsson et al.,
2014; Morriss-Andrews and Shea, 2014) offer advantages over the
atomistic ones as they enable simulations of longer time-scales and/or
larger molecular systems (Stansfeld and Sansom, 2011). However, there
are important limitations to the CG models as well. The major drawback
is the neglection of the atomistic degrees of freedom. For instance, the
CG Martini force field, in which the parameterization is based on free
energies, may lead to modified enthalpies due to the inherent entropy
loss on coarse graining (Periole and Marrink, 2013). An increasing
number of CG MD studies on membrane proteins has been published
(Bradley and Radhakrishnan, 2013; Dreyer et al., 2013; Hung and
Yarovsky, 2011; Ingólfsson et al., 2014; Kmiecik et al., 2016; Vorobyov
et al., 2016; Yefimov et al., 2008) and CG models, in particular the
MARTINI one, were fairly successful in identifying lipid binding sites, in
particular, in α-helical membrane proteins (Arnarez et al., 2013;
Sengupta and Chattopadhyay, 2012; Stansfeld et al., 2009; Yin and
Kindt, 2012). In that respect β-barrel membrane proteins have been
more sparsely studied (Dreyer et al., 2013; Yin and Kindt, 2012).

In this study we examined the capacity of CG MD simulations to
describe the permeation of small inorganic ions through the β-barrel
shaped pore mouse VDAC1 (mVDAC1). The role of two particular fac-
tors affecting VDAC selectivity are particularly addressed: one is the salt
concentration and the other is the nature of the membrane phospho-
lipid headgroup.

2. Material and methods

2.1. Brownian dynamics simulations

All BD inputs were created with the GCMC/BD module (Lee et al.,
2012) of the CHARMM GUI server (Jo et al., 2008) using the mVDAC1
crystal structure (Ujwal et al., 2008). All BD simulations were per-
formed using the GCMC/BD program (Im et al., 2000). The parameters
were taken as described elsewhere (Krammer et al., 2014). To describe
the diffusion profile of the ions inside the pore a position-dependent
scaling of the diffusion coefficient was applied (Lee et al., 2012; Paine
and Scherr, 1975). All simulation time lengths are summarized in
Table 1.

2.2. All-atom molecular dynamics simulations

The mVDAC1 protein (PDB ID: 3EMN) was inserted in a lipid bilayer

Fig. 1. Side view of the 3D structure of mVDAC1 (PDB ID: 3emn (Ujwal et al.,
2008)) shown as a white transparent cartoon. The N-terminal helix is high-
lighted in yellow. The basic residues found in MD simulations to be important
for ion translocation are also depicted as atom-type colored sticks and labeled.

Table 1
Overview of the performed simulations. For each simulation type (BD, atomistic and CG MD) the simulation length of each trajectory and the number of trajectories
per system (in brackets) are given. Atomistic (AA) and CG MD simulations were performed in either POPC or POPE except a CG MD which was carried out in an equal
mixture of POPC and POPE lipids.

0.05 M 0.1 M 0.15 M 0.2 M 0.4 M 0.6 M 0.8 M 1.0 M

BD 2 μs
(10)

1 μs
(10)

500 ns
(10)

500 ns
(10)

250 ns
(10)

200 ns
(10)

100 ns
(10)

100 ns
(10)

AA (POPC) / 100 ns
(5)

100 ns
(5)

75 ns
(5)

75 ns
(3)

50 ns
(2)

50 ns
(2)

50 ns
(2)

AA (POPE) / 100 ns
(5)

100 ns
(5)

75 ns
(5)

75 ns
(3)

50 ns
(2)

50 ns
(2)

50 ns
(2)

CG (POPC) 1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

CG (POPE) 1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

1 μs
(5)

CG mix (POPC/POPE) / / / 10 μs
(5)

/ / / /
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using the CHARMM-GUI web server as previously described (Krammer
et al., 2011). The atomistic MD trajectories were generated with the
program NAMD2.9 (Phillips et al., 2005). The CHARMM36 force field
(Best et al., 2012) with CMAP corrections (MacKerell et al., 1998) was
used for protein, ions, and water. The lipid molecules were described by
a united atom force field (Lee et al., 2014). All other parameter settings
were defined as described elsewhere (Krammer et al., 2011). A time
step of 2 fs was used for the simulations with neighbor list updated
every 2 steps. Depending on the salt concentration value, two to five
independent trajectories of mVDAC1 embedded either in POPE or POPC
bilayers were performed and the time span of the simulations ranged
between 100–500 ns (Table 1). The POPE/POPC containing systems
comprised 180/155 lipids and about 8900/9100 water molecules.

2.3. Coarse-grained molecular dynamics simulations

All CG MD simulations were carried out using GROMACS4.5.5 (Van
Der Spoel et al., 2005), with the MARTINI2.2 force field (Marrink et al.,
2007; Monticelli et al., 2008) and the polarizable water model
(Yesylevskyy et al., 2010). Energy minimization was carried out using
steepest descent algorithm. A shift potential was applied to non-bonded
interactions with the standard cut-offs in the MARTINI force-field.
Temperature of each molecular group in the system was weakly cou-
pled to a thermostat at 300 K using the v-rescale algorithm (Bussi et al.,
2007) with a coupling constant of 1 ps. Semi-isotropic pressure cou-
pling was maintained at 1 bar independently in the plane of the bilayer
and perpendicular to the bilayer using Parrinello-Rahman's barostat
algorithm (Parrinello and Rahman, 1981) with a coupling constant of
12 ps and a compressibility of 3 × 10−4 bar−1. Initial velocities for the
simulations were chosen randomly from a Maxwell distribution at
300 K. Bond lengths were kept constant using the LINCS algorithm
(Hess et al., 1997). A time step of 20 fs was used for the simulations
with neighbor list updated every 10 steps. Periodic boundary conditions
were maintained along x, y and z direction. Each system comprises 266
lipids and about 6700 water sites. Five independent trajectories of 1μs,
1 μs and 10 μs were performed with mVDAC1 embedded either in POPE
or POPC or in equal mixture of POPE/POPC bilayers (Table 1). The last
2 μs were analyzed in the case of the POPE/POPC mixture trajectories.

2.4. Analysis of the trajectories

For all simulations the ratio of the time-averaged number of
chloride (NCl

−) and potassium (NK
+) ions inside the pore was calcu-

lated. VDAC pore location was defined from −15 to 15 Å along the z
axis in the BD simulations. In both atomistic and CG MD simulations the
pore was defined as a cylinder with a radius of 17 Å, and a length
ranging from −15 to 15 Å along its inertia main axis aligned with the z
axis normal to the membrane and after centering of the protein.

The time-averaged multi-ion free energy profile along the pore axis
at 0.1 M and 1.0 M KCl was computed using all atomistic and CG MD
simulations for each of the two ionic concentrations. The free energy of
an ion species i inside the channel at a position z was calculated using
the following equation (Marrink and Berendsen, 1994):

=G z RTln C z
C

( ) ( )
i

i

bulk

where R, T, Ci(z) and Cbulk are the gas constant, the temperature, the
concentration inside the pore at z, and bulk concentration of the ionic
species i, respectively. Ci(z) was determined by dividing the simulation
box into 1 Å wide slices. This method has been successfully used for the
determination of the free energy profile of small compounds inside
protein pores (Luo et al., 2010; Wang et al., 2007) and also of ions
inside human VDAC1 (Rui et al., 2011) and mVDAC1 (Krammer et al.,
2015, 2013, 2011).

Different interactions were monitored in the atomistic and CG MD
trajectories. An interaction between Cl−/K+ ions and oxygen atom of

acidic or nitrogen of basic residue sidechains was counted for a distance
less than 4 (atomistic MD) and 6 (CG MD) Å, respectively. Likewise, an
interaction between acidic residue and lipid head groups was defined to
occur for a distance between the nitrogen of the lipid and the side chain
oxygen atom of acidic residue less than 5 (atomistic MD) and 7 (CG MD)
Å, respectively. The use of different distances for atomistic and CG MD
analyses account for the different van der Waals radii values in the two
force fields.

The electrostatic potential maps were obtained using the PMEpot
module of vmd with the default values (Aksimentiev and Schulten,
2005).

The maximum occupancy time was defined as the longest time a
given POPE or POPC head group was bound at a particular site and
calculated with the g_mindist module from GROMACS. The values were
normalized for all simulation lengths. A value of one implies that the
same head group was present at the site during the entire simulation,
and zero implies that it was never present at that site.

The spatial density of POPE and POPC was calculated over the full
trajectories using g spatial from GROMACS. For infinitely long sam-
pling, the total occupancy corresponds to the average spatial density.

3. Results

3.1. Concentration dependence of VDAC selectivity

In the first step, we explored the permeation of inorganic ions
through mVDAC1 using CG MD simulations, and evaluated its se-
lectivity as a function of the KCl concentration. As a measure of the ion
selectivity, we considered the NCl

−/NK
+ ratio, where NCl

− and NK
+ are

the time-averaged number of chloride and potassium ions respectively
inside the pore, computed over the trajectories. The NCl

−/NK
+ ratio

inside the channel is higher at low salt concentration and decreases
non-linearly with increasing salt concentration in the CG simulations
(Fig. 2). This non linear decrease is in line with experimental data
(Krammer et al., 2014; Zambrowicz and Colombini, 1993). For com-
parison, we also calculated the NCl

−/NK
+ ratio from atomistic and BD

MD simulations. The dependence of this ratio with the salt concentra-
tion is quite similar in both BD and atomistic MDs, and more pro-
nounced compared to that of CG simulations (Fig. 2).

In the next step, we analyzed in detail the distribution of potassium
and chloride ions during the permeation events at the two extreme KCl
concentrations, 0.1 M and 1.0 M KCl. In the CG MD simulations at 0.1 M
concentration, no long-lived interactions are formed between protein
residues and chloride ions in the channel (Fig. S1A). Chloride ions in-
teract with basic residues in about 1.5–35 % of the MD trajectories with
the highest percentages observed for two arginine residues, R15
(34.2%) and R218 (20.6%) (Table 2A). The positively charged residues
that contribute to enhance the density of chloride ions in their vicinity
all point into the lumen of VDAC. In contrast, potassium ions formed
interactions with very few acidic residues, in less than 1.5% of the
trajectories (Table 2B) except for one ionic interaction formed with
D186 (∼10%). In contrast to the basic residues favoring the presence of
chloride ions the acidic residues interacting with potassium ions are
located at the rim of the channel.

Interestingly, although the trends are similar in the atomistic tra-
jectories, the main interactions of the chloride ions are formed not with
arginine but with two lysine residues, K12 (14.2%) and K20 (12.8%)
(Table 2A, Fig. S1B). Potassium ions were observed to interact with
very few acidic residues and with low percentages (≤1.5%) (Table 2B,
Fig. S1D). The main exception was the ionic interaction formed with
D264 located in an external loop that “traps” a potassium ion during the
simulations.

The overlap of ion positions along the trajectories provides a qua-
litative information on the average distribution of ions. In the CG si-
mulations performed at 0.1 M, the superimposition of the ion config-
urations reveals a few regions of higher chloride density (Fig. 3). The
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first site is located at the level of the helix, supported by interactions of
chloride ions with the helical residues, K12, R15 and K20 (see Fig. 1 for
localization of basic residues mentioned in the text). A second occurs on
the cytosolic side of the helix sandwiched between the helical residue
R15 and the cytosolic side residues R218 and K236. Another cluster,
roughly localized between the intermembrane space side and the helix,
is promoted by K96, K115 and K119 from adjacent β-strands as well as
K174. These clusters are also observed in atomistic MD trajectories
except that the magnitude of their densities differs compared to that
from CG MDs (Fig. 3). The pore lumen shows no particular cluster of
potassium ions.

At 1 M KCl the number of ions in the vicinity of charged residues
increases compared to the situation at 0.1 M in both CG and atomistic
trajectories. The percentage of the interactions between the ions and
charged residues is overall significantly higher illustrating the screening
of the charged residue upon increasing salt concentration (Table 2C, D
and Fig. S2).

The multi-ion free energy profiles of chloride and potassium per-
meation were computed along the VDAC pore axis from the CG MD and
atomistic MD trajectories at 0.1 M and 1 M KCl (Fig. 4). At 0.1 M salt
concentration, in CG as well as in the atomistic simulations, the Cl−

ions cross on either side of the pore, a quasi-symmetric barrier. These
two barriers arise from the presence of the lipid bilayer as both CG and
atomistic profiles computed in a system enclosing VDAC along with
bulk water and ions and excluding most lipids lack these peaks (Fig.
S3). Entering the pore from the intermembrane space side, chloride ions
encounter two shallow wells which comprise a region containing part of
the N-terminal helix (Fig. S4). These two minima merge into one
slightly deeper minimum in atomistic MDs. Further in the pore, another
deep well occurs between the helix and the cytosolic side (Fig. S4) in
both the CG and atomistic profiles albeit shallower in the latter. As for
potassium, a single barrier arises inside the pore, in the CG profile, at
the level of the N-terminal helix on the intermembrane side, whereas
two occur in the atomistic MDs that correspond to the two chloride
wells found on the intermembrane and cytosolic sides. Overall, the CG
and atomistic simulation chloride and potassium profiles in VDAC pore
indicates a preference for chloride versus potassium. However, the
energy difference between K+ and Cl− profiles at the location of the
energy wells is smaller for CG MD compared to atomistic MD. This is in
line with a lower selectivity found in the CG simulations compared to
that in the atomistic MDs (Fig. 2). At the higher salt concentration
(1.0 M), the energy wells of chloride are flattened and, the energy
barriers of potassium are significantly reduced relative to 0.1 M in both
CG and atomistic MDs (Fig. 4B).

The time-averaged electrostatic potential calculated from the CG
and atomistic trajectories at 0.1 M KCl reveals a positive potential in the
pore that accounts for the anionic selectivity of VDAC (Fig. 5). This is
consistent with mutagenesis experiments which showed the importance
of several basic residues, located in the lumen, for the selectivity of
yeast VDAC (Blachly-Dyson et al., 1990). In the electrostatic map ob-
tained from the atomistic MD (Fig. 5), the interior of the lipid appears
positively biased by about 1 V relative to the bulk of the solution in
agreement with experimentally measured dipole potentials (Wang,
2012). This is not the case for the potential calculated from the CG MD
trajectories which is negative and has been attributed to the water
model which cannot fully compensate for the lipid potential
(Yesylevskyy et al., 2010). Nevertheless, in both CG and atomistic
maps, the channel confines most of the positive electrostatic potential
that drives the chloride ions. Furthermore, the strongest positive po-
tential zones in the channel match the different highest densities of
chloride (Fig. 3).

3.2. Lipid head group affects VDAC selectivity

To contrast the selectivity of the POPE head group, we investigated
the permeation of ions through mVDAC1 embedded in a POPC bilayer.
In POPC, the VDAC selectivity decreases with the salt concentration in
both CG and atomistic MD (Fig. 6A) similar to that in POPE (Fig. 2). At
low salt concentrations, however, VDAC selectivity is less anionic in
POPC than in POPE irrespective of the resolution of the force-field, in
agreement with data recently reported on plant VDAC (Mlayeh et al.,
2017). Upon increasing salt concentrations, the selectivity in POPC and
POPE converges to a similar value.

A detailed comparison of NK
+ and NCl

−, the individual ion numbers
inside the pore, averaged over the CG trajectories is shown in Table S2.
It can be seen that the higher anion selectivity, at low salt concentra-
tion, in POPE compared to POPC membranes, arises mainly from a
decrease in the number of potassium ions together with a slight increase
in the number of chloride ions inside the pore (Table S2). A similar
trend is observed in the atomistic MD simulations. Thus to decipher the
molecular basis for this selectivity change the interactions formed be-
tween the ions and VDAC residues were monitored. As seen in POPE
bilayer no long-lived interactions are observed in POPC bilayer (Fig.
S5). At low salt concentration, the percentage of interactions formed by
chloride ions with basic residues is slightly higher in POPE versus POPC
lipid membrane environment whereas the reverse trend is observed for
interactions of potassium with acidic residues (Table 2A, B). The trends
are more pronounced in the atomistic simulations (Table 2A, B).

Fig. 2. Selectivity of mVDAC1. NCl
−/NK

+ ratio as a function of
the KCl bulk concentration computed with CG MD (cyan circle),
atomistic MD (AA) (blue square) and BD (green triangle) trajec-
tories. For each data point the standard error is shown as a bar. A
nonlinear least square regression using a power fitting function of
the type y = axb (a and b values are given in Table S1) was used to
fit the data points (solid lines). Only the CG MD and BD simula-
tions were performed at the very low 0.05 M KCl concentration as
atomistic MD lacked statistics at that concentration.

F. Van Liefferinge, et al. Chemistry and Physics of Lipids 220 (2019) 66–76

69



Table 2
Interactions between chloride or potassium ions and protein residues of VDAC. Percentage of interactions formed by chloride ions with
basic residue side chains (A, C) and by potassium ions with acidic residue sidechains (B, D) at 0.1 M KCl (A, B) extracted from 5-μs long
CG or 500-ns long atomistic (AA) MD simulations and at 1 M KCl (C, D) extracted from 2.5 μs CG and 500 ns atomistic MD simulations,
of mVDAC1 embedded in a POPE or POPC membrane. Only residues with a percentage higher than 5% (0.1 M) or 20% (1 M) in at least
one type of simulations are listed.

A

Chloride

0.1 M POPE POPC

Residue # CG AA CG AA

K12 4.8 14.2 3.5 13.8
R15 34.2 8.9 34.5 5.2
K20 4.9 12.8 4.1 11.9
K32 1.5 5.4 0.8 3.6
K96 2.2 8.2 1.7 6.4
K115 1.4 6.9 0.4 1.4
K119 1.6 7.8 1.5 8
K174 1.4 7.5 1.1 8.1
R218 20.6 8.5 22.5 6.2
K236 11.2 12.2 9.7 11.6

B

Potassium

0.1 M POPE POPC

Residue # CG AA CG AA

E177 1.3 1 1.5 5.4
D186 10 1.5 13.3 4
D228 1.4 0.5 1.6 7.7
D264* 0.1 33.5 0.1 6

C

Chloride

1 M POPE POPC

Residue # CG AA CG AA

K12 24.6 40.5 22 49.5
R15 78.8 28 82.5 21.9
K20 34 37.2 30.9 44.8
K32 7.5 11 11.1 22.9
K34 12.3 18.4 7 20.9
K53 27.9 19.6 27.4 19.5
R63 21.9 11.7 20.1 12.4
R93 5.2 23.7 5.9 29.7
K96 7.7 12.4 16.8 42.8
K109 43.8 21.5 37.9 14.3
K113 8.2 22 7.8 14.2
K115 9.4 22.4 15.5 21.4
K119 8.4 25.6 9.1 46.4
R139 20.1 20.9 19.2 35.4
K161 21.9 17.5 20.4 25.5
K174 9.4 27.5 8.1 35.8
K200 22.3 35.5 23.3 28.3
R218 61.2 27.6 65.1 25
K236 35.6 44.4 51.9 26.1
K256 22.3 19.3 24.9 19.6

D

Potassium

1 M POPE POPC

Residue # CG AA CG AA

E36 19.8 20.7 19.2 27.3
E50 26.2 15.9 26.5 14.1
E59 12 16.3 12.8 28

(continued on next page)
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Since POPE and POPC have identical acyl chains, the difference in
the VDAC selectivity is likely to arise from the different nature of the
substituents on their headgroup nitrogen. The POPE polar head group
contains a primary amine (-NH3) while in POPC the nitrogen atom has
three methyl substituents (-N(CH3)3). We thus monitored the interac-
tions formed between the polar head of lipids and the side chain of
acidic residues in both lipid environment simulations. Remarkably, in
both CG and atomistic simulations, the POPE polar head forms a sig-
nificantly higher percentage of interactions with acidic residue side
chains reaching a highest 35% (CG) or 46% (atomistic) compared to
that of POPC which forms less frequent interactions with a maximum
percentage of about 27% (CG) or 26% (atomistic) (Fig. 6B, C). To in-
teract preferably with the POPE polar head these acidic residues which
are located at the rim of VDAC pore (Fig. 7C) have their side chains
oriented opposite the pore lumen. This should affect to a certain extent

the electrostatic potential at the mouth of the channel as shown indeed
by a more positive electrostatic potential (Fig. 5) which in turn should
favor the entrance of chloride ions promoting a higher anion selectivity
of VDAC. In contrast the fewer specific interactions between POPC and
the acidic side chains promotes a weaker positive electrostatic potential
at the mouth of the VDAC pore (Fig. 5) favoring the entrance of a higher
number of potassium ions and thus lowering the selectivity. The dif-
ference in selectivity between POPE and POPC fades with increasing
salt concentration. This does not result from a global screening of the
POPE-acidic residue interactions as they are not affected by KCl con-
centration (Fig. 6B, C) although some individual interactions are ob-
served to be either enhanced or weakened when going from 0.1 to 1 M
(Fig. 7A, B). These same acidic residues are however screened by a high
K+ concentration (Table 2) but this effect does not induce a decrease in
their interactions with POPE (Fig. S6). Thus fairly strong ionic

Table 2 (continued)

D

Potassium

1 M POPE POPC

Residue # CG AA CG AA

E66 46.5 18.2 46.2 20.3
D78 27.8 16.1 30.5 18.1
E88 30.9 14.9 28.2 15.6
D100 7.4 22.7 8.8 37.5
D132 21.7 14.1 23.7 20.3
E147 29.1 15.1 33.2 18.9
E158 20.4 19.3 22.1 21
D176 22.8 21.8 16.3 18.7
E177 20.4 5.7 20.3 36.5
D186 59.5 16.6 58.4 14.4
E189 41.5 23 41.8 23.9
E203 22.4 8.9 15.7 6
D228 14.6 4.9 21.1 26.1
D230 16.6 12.3 25.2 24.2
D264* 1.41 88.5 1.4 49.6
E73& 94.6 0 91 0

*The high percentage of interactions results from one potassium ion being trapped in an external loop containing D264 (B, D). &

Potassium ions penetrate the membrane along VDAC pore to interact with E73 (D) located in β-strand 4 which points to the hydro-
phobic part of the membrane in all determined 3D structures.

Fig. 3. Distribution of Cl− in CG and atomistic (AA) MD trajec-
tories. Positions of the Cl− ions within 6 (in CG) and 4 (in ato-
mistic) Å of the protein residues are superimposed using snapshots
extracted every 500 ps from the 0.1 M KCl trajectories in CG (A, C)
and atomistic (B, D) trajectories with POPE (A, B) or POPC (C, D).
Ions located in the neighborhood of R218, K236 or K12, K20 or
K96, K115, K119, K174 are colored in orange, green, and purple,
respectively. Those colored in red are in the vicinity of R15 which,
depending on its side chain orientation, belongs to the N-terminal
helix cluster formed by K12 and K20 or to the cytosolic side group
formed by R218 and K236. The position of these residues is shown
in Fig. 1. The protein is shown as a white transparent cartoon and
the N-terminal helix is colored in transparent yellow.
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interactions of acidic residues located at the rim of VDAC pore which
occurs with the head group of POPE head group and not POPC enhances
the anionic selectivity of the channel.

To examine further the role of phospholipid head groups on VDAC
selectivity we performed simulations of VDAC embedded in a bilayer
formed with an equal mixture of POPE and POPC in a 0.2 M salt con-
centration. As lateral diffusion of lipids is one of the major impediments
in simulations of lipid mixtures we only used the CG model for in-
creased sampling (Marrink et al., 2007). To get insight into the dis-
tribution of POPE/POPC, we analyzed the density of their polar head
around the VDAC barrel. In the course of these simulations the surface

of VDAC gets markedly enriched in POPE head groups compared to
POPC in particular on the intermembrane side (Fig. 8A and S7). To
identify the VDAC sites close to the local high lipid densities we then
examined the maximum occupancy of each type of lipid head group
around the acidic sidechains. We found that about 70% of the acidic
residues feature an increase up to 20% of their interactions with POPE
relative to POPC (Fig. 8B). For the sake of comparison, we also com-
puted the maximum occupancy in the pure POPE and POPC bilayer CG
simulations. Likewise, the acidic residues located at the rims of VDAC
pore feature a maximum occupancy of POPE significantly higher than
that of POPC (Fig. 8C) as in the POPE/POPC mixture CG simulations.

Fig. 4. The ion translocation profile through the pore is concentration dependent. The free energy profiles were computed at (A) 0.1 M and (B) 1.0 M KCl using the
CG MD (solid lines) and the atomistic (AA) MD (dotted line) trajectories. Permeation profiles were determined along the axis of the pore for K+ (purple) and Cl−

(green) in 5 μs CG and 500 ns atomistic trajectories using snapshots every 10 and 2 ps, respectively. The region inside the pore is highlighted by a grey background.

Fig. 5. Cross sectional view of electrostatic potential maps of VDAC along the x axis averaged over the whole CG MD in POPE (A), atomistic (AA) MD in POPE (B), CG
MD in POPC (C) and atomistic (AA) MD in POPC (D). Color coding of the electrostatic potential values in volts is also shown.
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4. Discussion

The molecular mechanisms through which VDAC regulates its se-
lectivity remain to be understood in detail. Here we show that CG si-
mulations performed with the MARTINI force field are able to capture
key features of two factors regulating ion selectivity, the salt con-
centration and the lipid composition, with the outlook towards meta-
bolite transport. Our results indicate that, at low salt concentration, the
distribution of basic residues in the lumen controls VDAC anionic se-
lectivity. Specific interactions of POPE lipids with acidic residues of
VDAC further modulate this selectivity.

Our simulations show that, in keeping with experimental data
(Krammer et al., 2014), the computed selectivity towards anions fades
as salt concentration increases. At low salt concentrations, the per-
meation of chloride ions is facilitated, by an overall electrostatic po-
tential created by the distribution of the charged residues in VDAC pore
and is hindered at high salt concentrations due to a screening of these
charged residues. The free energy surface profile for chloride and

potassium translocation through VDAC at 0.1 M provides further evi-
dence for the protein electrostatics as the main determinant of the pore
selectivity. The CG simulations point to two main pore regions which
are favorably sampled by the chloride ions. One is located between the
N-terminal helix and the extracellular medium and contains Arg15 and
Arg218 side chains which have been reported, in several studies to be
key partners of ATP during its permeation through VDAC1 (Choudhary
et al., 2014; Krammer et al., 2015; Noskov et al., 2013). The other re-
gion encompasses the part of the N-terminal helix oriented towards the
intermembrane space which contains K12 and K20. These two lysine
residues were reported to be involved in the binding of ATP (Choudhary
et al., 2014; Krammer et al., 2015; Noskov et al., 2013; Villinger et al.,
2014) and substitution, in S. cerevisiae VDAC, of the conserved K20 into
glutamate was found to induce a change in ion preference (Blachly-
Dyson et al., 1990). In contrast a fairly high energy barrier, matching
the shallowest chloride wells, prevents potassium from crossing the
pore. The quasi absence of potassium barrier in the pore region fea-
turing a deep chloride well can be rationalized by a favorable positive

Fig. 6. The VDAC selectivity is affected by the nature of the lipid. (A) The selectivity measured as the NCl
−/NK

+ ratio as a function of the bulk KCl concentration for
VDAC embedded in either POPE or POPC bilayer (CG MD/POPE (cyan spheres), CG MD/POPC (orange spheres), atomistic MD/POPE (blue square), atomistic MD/
POPC (red square)). For each data point the standard error is shown as a bar. The fitting procedure is described in Fig. 2. (B, C) Percentage of interactions formed
between the lipid head amine group of POPE (red bar) or POPC (blue bar) and the side chain of all VDAC acidic residues as a function of salt concentration in CG (B)
and atomistic (AA) (C) MD simulations.

Fig. 7. Percentage of interactions formed between the lipid head amine group of POPE and side chain of VDAC individual acidic residues at 0.1 (purple bar) and 1 M
(orange bar) KCl in CG (A) and atomistic (AA) (B) MD simulations. C. Locations of acidic residues forming interactions with the POPE amine group featuring a
percentage higher than about 10% in CG MD and atomistic MD. The only acidic residue which is not located at the rim of the channel but nevertheless interacts with
POPE head group is E73. This residue is located in the middle of β-strand 4 and points towards the hydrophobic membrane environment in all determined 3D
structures (C). The binding of dicyclohexylcarbodiimide, a chemical that covalently links acidic residues in a hydrophobic environment, to E73 supports this unusual
surrounding for an acidic residue (De Pinto et al., 1993).
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electrostatic potential created by a high density of chloride ions which
in turn favors the dwelling of potassium ions.

Although the distribution of ions in the pore lumen is similar in both
CG and atomistic simulations, the interactions between chloride ions
and arginine residues occur with a significantly higher percentage in CG
than in atomistic MD trajectories whereas the reverse is observed for
lysine. These differences might be rationalized by the description of
these two residue side chains in the MARTINI2.2 (Monticelli et al.,
2008) and the CHARMM36 force field (Best et al., 2012). In the CG
force field, the Lennard-Jones potential modelling the interaction of
chloride ions with the arginine aliphatic moiety is more attractive than
for lysine. In contrast in the atomistic force field the main difference in
these interaction potentials occurs via the charge distribution which in
lysine is localized on its small NH3 group whereas that of arginine is
scattered over the bulkier guanidinium group. These differences can
also provide a rationale for the lower selectivity observed in CG com-
pared to atomistic MDs at low salt concentration as VDAC pore is lined
by a significant higher number of lysine compared to arginine residues
(Table 2A; Fig. 1). An analysis of a set of 3D structures of proteins

containing chloride anions has shown that the sidechain of arginine
interacts much more frequently with chlorides than that of lysine
(Carugo, 2014), suggesting that these interactions may be better de-
scribed by the MARTINI force field.

Furthermore, our CG MD simulations also showed that, at low ionic
concentration, VDAC lumen is more selective to anions when embedded
in a POPE membrane compared to a POPC one as experimentally ob-
served in plant VDAC (Mlayeh et al., 2017). Our results point to several
acidic residues located at the rims of the β-barrel which form specific
persistent ionic interactions with POPE and significant less with POPC
although both POPE and POPC polar head amino group bear a single
positive charge. A higher anionic preference in POPE versus POPC is
also found in atomistic MD simulations. Furthermore, CG simulations of
VDAC performed in an equal mixture of POPE/POPC reveal an en-
richment of POPE head groups over POPC ones at the surface of VDAC
suggesting possible specific binding sites for POPE headgroups. This
enrichment indeed promotes the formation of specific interactions with
acidic residues at the edges of the pore as observed in trajectories
performed in pure POPE membrane. Such mixture atomistic

Fig. 8. Interaction of VDAC acidic residues with lipid molecules. (A) 2-D projections of the spatial density function (SDF) of POPE and POPC amine head group
around the intermembrane opening region of VDAC. The SDFs were calculated for a Z-slice 10 Å wide containing the intermembrane space head group region in the
POPE/POPC mixture CG simulations. A density color scale is shown on the right. (B–C) Normalized maximum occupancy calculated around each VDAC acidic residue
side chain, averaged over CG simulations in (B) POPC/POPE mixed bilayer and (C) pure POPE and pure POPC bilayers.
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simulations were not performed as they are much more computer time
consuming.

In conclusion, our results suggest that CG simulations are able to
reproduce, in a semi-quantitative way, features of salt and lipid-de-
pendent VDAC selectivity in agreement with experimental data. The
simulations reveal that interactions of the inorganic ions with a few
basic residues give rise to the anionic preference of the VDAC pore. The
molecular mechanism of lipid-dependent selectivity is related to the
lipid head group that modulates the anionic selectivity of the channel
by re-orientation of side chain residues from the pore. Our work is an
important step toward unraveling the detailed mechanism of metabolite
transport in VDAC.
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