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In studies of ion channel systems, due to the huge computational cost of polarizable force
fields, classical force fields remain the most widely used for a long time. In this work, we
used the AMOEBA polarizable atomic multipole force field in enhanced sampling simula-
tions of single-channel gramicidin A (gA) and double-channel gA systems and investigated
its reliability in characterizing ion-transport properties of the gA ion channel under dimer-
ization. The influence of gA dimerization on the permeation of potassium and sodium ions
through the channel was described in terms of conductance, diffusion coefficient, and free
energy profile. Results from the polarizable force field simulations show that the conductance
of potassium and sodium ions passing through the single- and double-channel agrees well
with experimental values. Further data analysis reveals that the molecular mechanism of
protein dimerization affects the ion-transport properties of gA channels, i.e., protein dimer-
ization accelerates the permeation of potassium and sodium ions passing through the double-
channel by adjusting the environment around gA protein (the distribution of phospholipid
head groups, ions outside the channel, and bulk water), rather than directly adjusting the

conformation of gA protein.
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I. INTRODUCTION

In living organisms, the transport of ions through
pores in membranes plays a key role in a series of life
processes such as intercellular communication, signal
transduction, osmotic stress response, and muscle con-
traction. Ion channels are widespread membrane pro-
teins that allow specific kinds of ions to pass through
the channel under an electrochemical gradient, thereby
regulating the potential difference between two sides of
the cell membrane [1-3]. The imbalance of ion channels
can cause a range of diseases such as muscle paralysis
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and epilepsy, so ion channels are also extremely impor-
tant drug targets.

The cell membrane is a crowded environment. For
example, 25% of the area of the red blood cell mem-
brane is occupied by proteins, and the proportion can
reach 40% in the bacterial outer membrane [4-6]. Many
membrane proteins are not uniformly distributed in the
cell membrane, and the aggregation of membrane pro-
teins, especially ion channels in the cell membrane, con-
stitutes an important strategy for organisms to regulate
signal transduction [7-11]. For example, Weingarth et
al. employed solid-state NMR technology to identify
that KcsA potassium ion channels in the open state
could aggregate in the cell membrane, and the aggre-
gated KcsA shows a higher ion-transport efficiency [11].
Further coarse-grained molecular dynamics (MD) simu-
lations revealed that the MO helix near the N-terminus
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of the KcsA channel could simultaneously control open-
ing/closing and aggregation of the channel.

Gramicidin A (gA) studied here is one of the simplest
ion channels. It is consisted of two monomers connected
head-to-head by hydrogen bonds, and each monomer
contains only 15 residues. Available data from experi-
ments [12-15] and simulations [16] both show that gA
can aggregate to form double-channel in phospholipid
membranes.

With the development of computer technology,
molecular dynamics (MD) simulations are becoming in-
creasingly important in studies of biological systems
[17-20]. In MD simulation studies of ion channel prop-
erties, due to the huge computational cost of polariz-
able force fields, classical force fields remain the most
widely used for a long time. For classical force fields like
AMBER [21] and CHARMM [22], the atomic charge
is fixed during the simulation since the charge redis-
tribution caused by local environmental changes is not
well considered. However, when the ion passes through
the channel, the local environment of the ion changes
greatly, and the movement of the ion also causes the sur-
rounding environment to change, making it difficult for
the classical force fields to accurately describe the ion
permeation process. For example, experimental data
[23, 24] show that the free energy barrier for a potas-
sium ion passing through the gA channel should be less
than 10 kcal/mol, while most simulation data [25-28]
with classical force field yield a free energy barrier more
than 10 kecal/mol. Furthermore, the channel conduc-
tance calculated from simulations with a classical force
field is three orders of magnitude lower than that from
experiments [25, 26, 29].

Recently, we have developed AMOEBA polarizable
force field parameters for different types of phospholipid
molecules [30] and calculated the free energy changes
of KT and Na™ passing through the gA channel using
the AMOEBA force field. The results were in good
agreement with experimental values, showing high re-
liability of polarizable force field in ion channel simu-
lations [31]. In this work, enhanced sampling simula-
tions of single-channel and double-channel gA systems
with AMOEBA polarizable force field were performed
to investigate the differences in free energy and con-
ductance of K and Na™ passing through single- and
double-channels. Moreover, the molecular mechanism
of dimerization affecting the channel function was re-
vealed by employing free energy decomposition and co-
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ordination atom analysis.

Il. MATERIALS AND METHODS
A. Simulation systems

The initial structure of single-channel gA was
derived from the NMR structure in the Protein
Data Bank (PDB ID 1JNO). The protein-membrane-
solution system was constructed via the CHARMM-
GUI (http://www.charmm-gui.org/) server from which
the single-channel gA was embedded in a phospho-
lipid bilayer composed of 96 dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). The DMPC bilayer was then
filled with the solvent of 15 A thickness on each side and
1.0 mol/L NaCl was added to neutralize the net charge
of the system. The single-channel gA system was equi-
librated in 10 ns NPT simulation, and the last frame
of the trajectory was used as the initial structure for
subsequent umbrella sampling simulations (FIG. 1(a)).

The structure of the double-channel gA was obtained
by molecular docking of two single-channel gAs. Three
representative structures with the highest ZDOCK [32]
docking scores were embedded in a phospholipid bi-
layer consisting of 96 DMPC by CHARMM-GUI, re-
spectively. Each DMPC bilayer was then filled with the
solvent of 15 A thickness on each side and 1.0 mol/L
NaCl was added to neutralize the net charge of the
system. To obtain a more reasonable double-channel
structure, eight independent equilibrium NPT simula-
tions of 300 ns were carried out for each representative
system. Then, the trajectories were collected and clus-
tered based on protein backbone atoms, and the clus-
ter center with the highest population was used as the
initial structure for subsequent double-channel system
umbrella sampling simulations (FIG. 1(b)).

All simulations for equilibrium stage processes were
carried out in OpenMM [33]. The AMOEBA force field
parameters for K*, Na®™, Cl~ and water were taken
from the amoebaprol3.prm file of the TINKER [34]
package. The parameters for D-amino acids in gA were
obtained from corresponding L-amino acids while the
parameters for the formyl, ethanolamide groups, and
DMPC were obtained from our previous work [31]. For
simulation setup, the cutoff of the non-bonded interac-
tions was 10 A, and the PME [35] algorithm was used
for electrostatic interactions. The time step was set to
2 fs. The temperature was maintained at 330 K us-
ing Andersen thermostat, and the pressure was kept at
1.0 bar using Monte Carlo anisotropic barostat. Mu-
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FIG. 1 Simulation systems for (a) single- and (b) double-
channel of gA.

tual polarization was used, which employed the self-
consistent field (SCF) with the Direct Inversion in It-
erative Subspace (DIIS) method [36] to calculate the
induced dipole moment. The convergence threshold of
the induced dipole moment in SCF iteration was set to
0.0005 D.

B. Umbrella sampling

In this work, umbrella sampling [37] was employed
for enhanced sampling MD simulations of ions passing
through the gA channels, and for double-channel sys-
tem, one of the two gA channels was chosen. The ion
position away from the center of the channel in the z
direction was set as the reaction coordinate, and a har-
monic potential was applied to restrain the movement
of the ion in specified coordinate ranges. To ensure
sufficient sampling of the ion passing through the chan-
nel, a 7 ns umbrella sampling simulation was conducted
for each window, and the last 6 ns trajectories were
collected for subsequent analysis. All umbrella sam-
pling simulations were carried out in OpenMM, with
the Plumed [38] package to apply harmonic potentials
and monitor the change in reaction coordinates.

For K, 72 sampling windows in 0.5 A interval were
set to cover the reaction coordinate from —18 A to 18 A
(2=0 at the center of the channel). The restraint with
a force constant of 10 kcal-mol~*A~2 was applied to
restrain movements of the KT in each window. For
Nat, 73 sampling windows in 0.3 A interval with force
constant of 15 kcal-mol~!'-A~2 were set to cover the
reaction coordinate region from —11 A to 11 A, while
the region from —18 A to —11 A and 11 A to 18 A
were sampled by 28 windows in 0.5 A interval with force
constant of 10 kcal-mol~'-A=2. In addition to the z-
direction restraint, a flat-bottom potential with force
constant of 5 kcal-mol~*-A~2 was also applied to limit

DOI:10.1063/1674-0068/cjcp2103046

Ion Conductivity of Gramicidin A Channel 473

the ion motion in the XY-plane to within 5 A of the
channel centerline.

C. Trajectory analyses
1. Free energy calculation and decomposition

After the completion of umbrella sampling simula-
tions, the free energy profile of ions passing through the
channel could be reconstructed using the g_-wham [39]
module of the GROMACS [40] package. The free energy
profile is asymmetric due to the simulation artifacts
caused by the finite size of periodic systems [25, 29],
the slow motion of phospholipid molecules [41, 42], and
gA tilting [43-45] during MD simulations. To address
this issue, the free energy profile was symmetrized us-
ing the method previously reported [29], and the free
energy at z=+18 A was used as the reference point by
setting its free energy to 0.

Since the free energy change is equivalent to the ther-
modynamic reversible work in this process, the total
free energy change can be decomposed into the contri-
butions of different components [23]:

Wa (2) = Wa (20) = — Z/de' (Fa(2)) (1)

In this work, the free energy change was decomposed
into the contributions of DMPC+bulk ions, bulk water,
single-file water in the channel, and the gA channel itself
(and the second gA channel).

2. lon coordination number

The radial distribution function (RDF) was calcu-

lated using the g_rdf module in GROMACS, and the
coordination number n. of K* or Na® could be ob-
tained by integrating the RDF g(r):

R
Ne = 47Tp/0 r2g (r)dr (2)

where p is the concentration of oxygen atoms, and R is
the position of the first minimum point for the RDF of
ion-oxygen in bulk (K* is 3.6 A, and Na* is 3.2 A) [31].

3. Diffusion coefficient and maximum conductance

According to the one-dimensional Nernst-Plank equa-
tion, the diffusion coefficients of ions at different posi-
tions in the channel are required for the calculation of
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channel conductance. Here the GLE-HO [25, 46, 47]
(Generalized Langevin Equation for a Harmonic Oscil-
lator) method was used to calculate the ion diffusion
coefficient. In the GLE-HO method, the diffusion coef-
ficient D(z;) of the ion in the sampling window z; could
be expressed as a function of the normalized velocity
autocorrelation function C(t, z;) of the ion motion in
this umbrella sampling window:

D (z;)=lim —C(s2) <522>i<22>i

A 2 %) 2\ /22 (3)
5200 (s, 25) [5(62%); +(22), /5] — (62%) (%),

gmax

62 —1 +
- (b
T L2 < (2)" " exp (

where L is the effective length of the gA channel (28 A),
and e is the charge quantity of K™ or Na™.

I1l. RESULTS AND DISCUSSION
A. Free energy profiles during the KT /Na™ permeation

To ensure the convergence of free energy calculations,
the cumulative umbrella sampling simulation time for
K* or Na't reaches 500 ns or 700 ns for both single-
and double-channel systems, respectively. The free en-
ergy profiles of ions passing through the gA channels
are shown in FIG. 2. The free energy barrier obtained
from simulations based on the AMOEBA force field is
much lower than that based on the classical force field
CHARMM27 [25, 26] and is closer to the experimen-
tally determined free energy range [23, 24]. This result
shows that the polarizable force field, which explicitly
considers the polarization effect, can characterize the
ion permeation process more accurately than classical
force fields.

As shown in FIG. 2, for both single- and double-
channel systems, the free energy barrier (relative to
the binding site at the channel entrance) of KT passing
through the channel is lower than that of Na™, show-
ing good agreement with the ion selectivity of the gA
channel [23]. There are several local minima in the free
energy profiles of both KT and Na¥t, which correspond
to different ion binding sites in the gA channel. For
both single- and double-channel systems, the positions
of these binding sites are the same, whereas the free en-
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where C(s, z;) is the Laplace transformation of C(t, z;):

C(s,2)= /000 dte™*'C (t, z;) (4)

Based on the one-dimensional Nernst-Plank equation
and small-field approximation, the maximum conduc-
tance of the gA channel can be calculated by the fol-
lowing equation [25, 48-50]:

12f Single channel (AMOEBA)
—— Double channel (AMOEBA)
——— Single channel (CHARMM27)

o @ K

(b)

Free Energy (kcal/mol)

2 L
-16 -8 0 8 16 -16 -8 0 8 16
Z Position (A)

FIG. 2 Free energy profile of (a) K™ and (b) Nat when
ion passing through single- and double-channels. The free
energies from the CHARMM?27 force field were taken from
Refs.[25, 26].

ergies of corresponding binding sites in double-channel
are higher than those in the single-channel system, indi-
cating that the binding affinity of ions to double-channel
gA is weaker than that to single-channel gA. The differ-
ence is more striking for Nat. As shown in FIG. 2(b),
the free energy barrier of Na® passing through the
double-channel gA (5.77 kcal/mol) is significantly lower
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FIG. 3 Diffusion coefficients of (a) K* and (b) Na*.

than that of the single-channel (6.24 kcal/mol), suggest-
ing that gA dimerization actually affects the ion perme-

ation process.

B. Comparison for conductance of gA channels

Calculations of the diffusion coefficients of K+ /Na*t
at different locations in the channel can further reveal
the differences in the process of ions passing through
single- and double-channel gAs. As shown in FIG. 3,
the diffusion coeflicients of ions in the channel are sig-
nificantly smaller than those outside the channel, and
there are several extreme points for the diffusion co-
efficients of both KT and Na*. The location of these
extreme points is consistent with the distribution of the
extreme points of the free energy shown in FIG. 2. In
line with the free energy profiles, the diffusion coeffi-
cients of Na™ at all local minima are smaller than those
of KT, which further shows that K+ is easier to pass
through the gA channel. For single- and double-channel
systems, there is essentially no difference in the location
of these extremal points. However, for both ions, espe-
cially for Na™, the diffusion coefficients at most minima
of the double-channel system are slightly higher than
those in the single-channel system, indicating that the
diffusion rate of ions passing through consecutive bind-
ing sites in the double-channel is faster than that in the
single-channel.

The maximum conductance of ions passing through
the gA channel could be estimated using the GLE-HO
equation with the diffusion coefficients and free energy
profiles. As shown in Table I, the calculated conduc-
tance of Na® passing through the single-channel gA is
much lower than that of KT, and the conductance of
both ions is very close to relevant experimental val-
ues, respectively, indicating that the conductance ob-
tained from the AMOEBA force field is more reliable
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TABLE I Conductance when ion passes through single- and
double- gA channels.

Ton Single channel Double channel
Expt. Simu. Simu.
K™ 23.8 [14], 26.0 [26] 29.5 36.9
Nat 12.4 [14], 14.8 [26]  15.5 24.2
(a) al  —— water ——gA K
Sq
2
54
£
(@]

Q.

\S]

Coordinatign Number

0
Z Position (A)

FIG. 4 Coordination numbers of (a) K™ and (b) Na® with
oxygen atoms when ion passing through single- and double-
gA channels. The dashed and solid lines refer to the co-
ordination numbers in single- and double-channel systems,
respectively.

than those from classical force fields [25, 26, 29]. When
passing through the double-channel, K+ and Nat both
exhibit higher conductance than in single-channel. This
result is consistent with the previous report [13], reflect-
ing the reliability of the AMOEBA force field to accu-
rately describe the ion-transport properties of single-
and double-channel gAs.

C. Rearrangements of coordination atoms during the
Kt /Nat permeation

In the solution environment, ions can form coordi-
nation interactions with oxygen atoms of bulk water.
Upon entering the narrow gA channel, the dehydration
determines the selectivity of the channel for different
ions. To describe the changes of coordination atoms
when the ion passes through the channel, we further
calculated the coordination number of the ion with oxy-
gen atoms and the distribution of distances between the
ion and carbonyl oxygen atoms at different positions in
the channel.
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FIG. 5 Distances between K (a, b) or Na® (c, d) with coordinating carbonyl oxygen atoms when ion passing through
single- and double- gA channels. OO0 refers to the oxygen atom on the formyl group of gA. 02, O4, O5, 06, O7, 09, and
011 refer to the carbonyl oxygen of Gly2, D-Leu4, Alab, D-Val6, Val7, Trp9, and Trpll of gA, respectively.

The total coordination number and the coordination
number from water oxygen atoms or carbonyl oxygen
atoms of gA protein are shown in FIG. 4. During the
permeation of the ion, the total number of coordinated
oxygen atoms remains essentially constant (6.2 for K+
and 5.5 for Na™).
16 A), the ion can form coordination with the oxygen

Before entering the channel (|z|>

atoms of water outside the channel; in the process of
entering the channel (9 A<|z|<16 A), the water out-
side the channel that coordinates with the ion is gradu-
ally replaced by carbonyl oxygen atoms at the entrance
of the channel; after completely entering the channel
(|2|<9 A), only two single-file water molecules located
before and after the ion in the channel can form coor-
dination with the ion, and the carbonyl oxygen atoms
of different residues in gA can contribute ~4 additional
coordination numbers with the ion.

After the ion enters the channel, the carbonyl oxygen
atoms that form coordination with the ion are continu-
ously replaced. FIG. 5 shows the distance distribution
of the ion from carbonyl oxygen atoms at different posi-
tions as the ion passes through a series of binding sites
in the channel. It can be seen that there are always four
carbonyl oxygen atoms forming coordination with the
ion, and during permeation, two carbonyl oxygen atoms
at the same binding site are gradually replaced by two
carbonyl oxygen atoms at the next binding site, thus
maintaining the hydration state of the ion. The contin-

DOI:10.1063/1674-0068/cjcp2103046

uous replacement of coordinated carbonyl oxygen atoms
is also manifested in the fluctuation of the diffusion coef-
ficients (FIG. 3) and the distribution of extreme points
of the free energy profile (FIG. 2). These results are in
excellent agreement with our previous work [31].

When comparing the coordination number and coor-
dination atom rearrangement data (FIG. 4 and FIG. 5),
it can be found that, for single- and double-channel sys-
tems, there is almost no difference in the coordination
of ion with single-file water and gA carbonyl oxygen
atoms after the ion enters the channel. This indicates
that the higher conductance of the double-channel does
not come from the direct contribution of single-file wa-
ter or carbonyl oxygen atoms in the channel.

On the other hand, as shown in FIG. 4, for the
double-channel system, before the ion fully enters the
channel (|z|> 9 A), both K* and Na™ possess slightly
lower coordination numbers of water outside the chan-
nel than that for the single-channel system, suggest-
ing that water outside the channel may have a greater
contribution to the higher conductance of the double-
channel.

D. Free energy contributions during the K+/Na+
permeation

To quantify the contribution of different components
in the system to the ion passing through the gA channel,
we further decomposed the free energy change into the

(©2021 Chinese Physical Society
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FIG. 6 (a) Free energy decomposition of K*. The RDF
of (b) bulk cation and (c) phosphate group within DMPC
when ion passing through single- and double-gA channels.
The dashed and solid lines refer to the data in single- and
double-channel systems, respectively.

contributions of DMPC+bulk ions, bulk water, single-
file water in the channel, and the gA channel itself (and
the second gA channel). As shown by the dashed lines
in FIG. 6(a) and 7(a), the process of KT or Na™ pass-
ing through the single-channel can be described by the
following steps:

(i) Ton entry into the channel: This process is mainly
driven by the attraction of DMPC and gA protein to
the ion. It can be seen from FIG. 2 that the total free
energy profile has deep wells on both the outer and
inner sides of the channel entrance. The free energy
decomposition in FIG. 6(a) and FIG. 7(a) further show
that the ion-binding sites on the outer and inner sides
of the channel are located near |z|=12 A and |2|=9 A,
respectively. The electrostatic interaction of the DMPC
headgroup attracts the ion to the outside of the channel,
after which the attraction of the gA protein guides the
ion to the inner binding sites of the channel.

(ii) Ion migration in the channel: After the ion en-
ters the channel, it is completely isolated from the bulk
water, and the free energy contribution of the bulk wa-
ter reaches a plateau phase. At this time, the move-
ment of the ion is mainly driven by the gA protein and
the single-file water in the channel. At the center of
the channel, the contribution of single-file water is even
stronger than that of the gA protein. Since the free en-
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The dashed and solid lines refer to the data in single- and
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ergy contributions of DMPC, single-file water, and gA
protein are opposite to the contributions of bulk water,
the contributions of these components can be regarded
as energy compensation for the ion dehydration.

(iii) Ton exit from the channel: This process is the
reverse of the ion entry process, in which the ion moves
from the inner binding site of the channel to the outer
binding site of the channel and then dissolves again in
the bulk water.

The free energy decomposition data of ions passing
through the channel in this work are similar to those
previously reported [25, 31]. When comparing the con-
tributions of different components to the free energy, it
is clear that for the single- and double-channel systems,
the energy difference of the single-file water as well as
the gA protein is very small, which is consistent with
the results of the coordination numbers above. This
data further shows that the high conductance of the
double-channel does not originate from the contribu-
tion of the single-file water or the gA protein. For the
double-channel system, the other gA protein (gA2, the
solid magenta line in FIG. 6(a) and FIG. 7 (a)) con-
tributes almost zero free energy to the ion in the first
channel, indicating that when two gAs dimerize to form
a double-channel, the presence of the second channel
does not directly affect the movement of ions in the
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first channel.

However, the presence of the second channel directly
affects the distribution of cations, negatively charged
phosphate groups in the DMPC head group, and bulk
water at the entrance of the first channel. As shown
in FIG. 6(b, c¢) and FIG. 7(b, ¢), distributions of the
phosphate group and the bulk cation at the channel en-
trance are lower in the double-channel system than in
the single-channel system, and the distribution of phos-
phate group changes more than that of the cation. This
causes a weakening of the attraction of the DMPC and
the bulk ion, thereby reducing the free energy contribu-
tion of both (the solid green line in FIG. 6(a)). Besides,
the presence of a second channel also affects the distri-
bution of bulk water at the channel entrance, resulting
in a slightly lower coordination number for ions with
the bulk water in the double-channel system than in the
single-channel system (the solid blue line in FIG. 4). It
makes the contribution of the bulk water slightly weaker
in the double-channel system than in the single-channel
system.

In the double-channel system, the contributions of
DMPC and bulk ions and bulk water to the free energy
are weakened, but the magnitude of the free energy
change is greater for DMPC and bulk ions, which re-
duces the binding affinity of ions to the channel (FIG. 2)
and accelerates the diffusion of ions in the channel
(FIG. 3), resulting in a higher conductance of double-
channel gA. This result is consistent with the find-
ings reported by Kuyucak et al. [51] that phospholipid
head groups and bulk water outside the channel have
a greater effect on the conductance of gA channels in
different membrane environments, suggesting that gA
dimerization affects the cation-transport properties by
adjusting the environment around the gA protein rather
than directly adjusting the conformation of the gA pro-
tein.

IV. CONCLUSION

In summary, we performed umbrella sampling MD
simulations with AMOEBA polarizable force field to
study the mechanism of dimerization which affect the
ion-transport properties of gA channels. The calculated
conductance of KT and Na™ passing through the chan-
nels are in excellent agreement with the experimental
data. In the double-channel system, the second channel
affects the distribution of bulk ions, phospholipid head-
groups, and bulk water at the entrance of the first chan-
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nel, rendering the double-channel gA a higher conduc-
tance. This result indicates that the effect of gA dimer-
ization on ion passing through the channel is achieved
by adjusting the environment around the gA protein
and also shows that the AMOEBA polarizable force
field has high reliability in ion channel simulations.

It should be noted that only the simulation results of
single- and double-channel gAs in DMPC phospholipid
bilayers were compared in this work. In real cellular
environment, the composition of the membrane is ex-
tremely complex, and the aggregated form of ion chan-
nels is not limited to the two-channel structure. There-
fore, simulations with three-channel, four-channel, or
even more complex channel structures are required in
subsequent studies, and different types of phospholipid
molecules are also needed to systematically explore the
regulation mechanisms of protein aggregation on ion

channel function.
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