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Gramicidin A (gA) is a kind of antibiotic peptide produced by bacillus brevis and it can dimerize across lipid bilayers
to form a monovalent cation channel. In this work, we investigate the impact of cholesterol in the lipid bilayer on the binding
of potassium ions with the gA channel and the transport of the ions across the channel. The results indicate that cholesterol
can significantly influence the conformational stability of the gA channel and cause the channel deformation which inhibits
the potassium ion binding with the channel and transport across the channel. The work provides some molecular insights
into understanding of influence of lipids on the activity of gA channel in both model membranes and plasma membranes of

intact cells.
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1. Introduction

Gramicidin A (gA) is a linear antimicrobial peptide and
produced by bacillus brevis.!?l In biomedicine, gA not only
serves as antibiotics against gram-positive bacteria but also
functions as therapeutic agents for cancer.>~!!1 Composed of
15 alternating L- and D-amino acids, gA can form either a
single-stranded helical dimer in a head-to-head manner or a
double-stranded intertwined helix in model membrane,>!2!
depending on the property of the solvent in which gA is dis-
solved before incorporated into the lipid bilayer.!!>!4] The
single-stranded gA dimer with a larger radius can transport
monovalent cations such as potassium ions (K*) and sodium
ions (Na') whereas the double-stranded one is considered a
non-channel conformation.[!?! Due to its simple structure, gA
is an ideal model for studying the conformation, dynamics,
and functions of ion channel in the plasma membrane of intact
cells and for synthesis of artificial ion channels for biomedical
applications.[1:15-17]

The conformation of gA channel is unstable and shows a
high sensitivity to its environments, which is highly involved
in the formation and ion-transport activity of the channel. It
has been shown that the membrane spontaneous curvature or
the membrane deformation induced by the hydrophobic mis-
match effect is a key factor influencing the dimerization or
lifetime of gA channel, and the large curvature or deformation
of membrane could hinder the formation of gA channel.[!8-221
Recently, Foreman-Ortiz et al. found that the local deforma-
tion of the lipid bilayer perturbed by an anionic nanoparti-
cle may reduce the activity but extend the lifetime of gA

channel.*! In a supported lipid bilayer, Su ef al. indicated
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that a negative transmembrane potential can reduce a tilt angle
of gA channel and thus facilitate the cation transport across the
channel.?*) Furthermore, once two gA channels are connected
by a linker, their lifetime will be significantly increased.[>~27]

Cholesterol (CHOL), as a major lipid component of
plasma membranes of mammalian cells, exhibits signifi-
cant impact on the conformation and activity of a variety
of ion channels.?®-4l For gA, some experimental studies
have shown that gA channel inactivation occurs in CHOL-
containing erythrocyte membranes and the rate of channel in-
activation is strongly dependent on the phospholipid-to-CHOL
molar ratio in the membrane.[?>*! The reduction in ion se-
lectivity of gA channel requires that one gA interacts with at
least five CHOL molecules, while the activity of gA channel is
likely unaffected if the amount of CHOL in the membrane is
low. Besides the direct interaction of CHOL with gA, CHOL
can also influence the formation of gA channel through reg-
ulating the lateral packing and mobility of lipids as well as

37.38]1 However, the molecular mecha-

the bilayer thickness.|
nism of the effect of CHOL on the function of ion transport
of gA channel remains elusive.

In this study, we systematically investigate the effects of
CHOL on the interactions of K* ions with gA channel in
model membranes by employing the all-atom molecular dy-
namics (MD) simulations. We examine the binding of K™ ions
with gA channel in the model membranes with varying CHOL
concentration using the unbiased MD simulation. The results
indicate that the increase of CHOL in the membrane results
in the deformation of the gA channel and inhibits the binding
of KT ions with the channel. Furthermore, using biased MD
simulations, we calculate the transferring free energy of a K+
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ion from the binding site at the entrance of the gA channel to
the center of the channel in the lipid bilayers with different
CHOL concentrations, and energetically reveal the influence
of CHOL on the transport of K™ ion across the channel.

2. Model and methods
2.1. System setup

In this work, we focus on the effect of CHOL on the in-
teractions of K* ions with gA channel. According to the rel-
evant experimental system,3>! we built the lipid bilayers us-
ing dimyristoylphosphatidylcholine (DMPC) and CHOL with
varying molar ratios. We considered three lipid bilayers: one
unitary bilayer composed of pure DMPC, and two binary bi-
layers composed of DMPC and CHOL with molar ratios of
8:2 and 6: 4, respectively. The molar concentration of CHOL
in the three lipid bilayers are 0 mol%, 20 mol%, and 40 mol%,
respectively. A channel of gA dimer (PDB:1JNO) was in-
serted into the lipid bilayers. Each lipid bilayer was solvated
by about 9100 TIP3P water molecules, and 0.15 M potassium
chloride (KCl) was added to the system. All the systems were
built using the membrane builder module of the web-based
tool CHARMM-GUI (www.charmm-gui.org). 33!l Figure 1
shows the molecular structures of the lipids, a gA channel and
a lipid bilayer consisting of DMPC and CHOL inserted with a
gA channel.
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Fig. 1. (a) The molecular structures of DMPC and CHOL with their
headgroups displayed with beads. (b) Illustration of a gA channel
shown with ribbons. (c) A lipid bilayer composed of DMPC and CHOL,
inserted with a gA channel.

2.2. All-atom MD simulations
In this paper, all systems were simulated by using all-
atom MD simulations, and the CHARMMZ36 force field was

adopted for the simulations.[*>~*4] The simulations were per-
formed with GROMACS (version 2020.4) package.!*40] The

ensemble of constant particle number, pressure, and tempera-
ture (NPT) was used for the simulations. The temperature was
maintained at 303.15 K by the velocity-rescaling temperature
coupling scheme with a time constant of 1 ps,”! and the pres-
sure was controlled at 1.0 bar by a Parrinello-Rahman semi-
isotropic barostat with a time constant of 3 ps.[*8) The long-
ranged electrostatic interaction was calculated using the parti-
cle mesh Ewald (PME) method and the nonbonded Lennard—
Jones interaction was cut off at 1.1 nm.

Each simulation was run for 500 ns with a 2-fs time
step after energy minimization and equilibrium simulations,
and five copies of simulations with different initial conditions
were performed for each system to guarantee the validity of
the results. The initial size of the simulation box is about
8 x 8 x 8.5 nm>, and the periodic boundary conditions were
applied in all three directions.

2.3. Calculation of the potential of mean force

Besides the unbiased simulations, to estimate the free en-
ergy barrier of the transport of K ions across the gA channel
in the lipid bilayers with different CHOL concentrations, the
biased simulations were also performed to calculate the poten-
tial of mean force (PMF) of the K™ ion transferring from the
binding site W15 at the entrance of the gA channel to the cen-
ter of the channel using the umbrella sampling technique. We
took the state that the KT ion binds to W15 of the gA channel
in the unbiased simulations as the initial state for calculating
the PMF between the K™ ion and the gA channel and pulled
the K* ion from the W15 residue of gA to the center of the
channel using a pull MD simulation. It is notable that, during
pulling of the K ion, gA channel may undergo a dramatic
deformation and the ion may be pulled out of the channel. To
avoid the occurrence of this case, one should carefully check
the initial state of each sampling window to ensure that the ion
locates in the channel in all the windows. Once ion is pulled
out of the channel in one or more windows, the pull simula-
tion should be restarted with a different initial condition. A
total of 12 sampling windows were generated with an interval
of 0.1 nm along the z-direction, ranging from 0 to 1.2 nm from
the K™ ion binding site at the entrance of gA channel to the
center of mass (COM) of the gA dimer. In each window, the
position of the K* ion was restrained by a harmonic potential
with a force constant of 1000 kJ-mol~!-nm~2. Each window
was simulated for 50 ns, and the trajectory was used for calcu-
lating the PMF with the weighted histogram analysis method

using the program gmx wham in GROMACS package, 4%

and the convergence and error were estimated. °!]

2.4. Data analysis

The visualization of MD trajectories was realized by the
software of Visual Molecular Dynamics (VMD).5? The con-
tact frequency (number of contacts per nanosecond) of K
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ions/CHOL with gA channels as well as the number of con-
tacts of KT ion with its binding site at the entrance of gA chan-
nel were calculated using the gmx mindist tool in GROMACS
with a cut-off distance of 0.4 nm. The root-mean-square de-
viation (RMSD) of gA was calculated using the tool gmx rms
in GROMACS to estimate the conformational stability of gA
channel. The number of hydrogen bonds between the two
monomers of the gA channel was analyzed using gmx hbond
with a cut-off distance of 0.4 nm. The thickness of lipid bi-
layer and the length of gA were obtained using the MDAnaly-
sis package.>3 Here, the lipid bilayer thickness was measured
by the distance between the nitrogen (N) atoms in the head-
groups of DMPC lipids in the two leaflets of lipid bilayer, and
the gA length was defined by the distance between the trypto-
phan residues W15 and W30 at the ends of the two monomers
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in the two leaflets of the bilayer.

3. Results and discussion

3.1. K" ions binding with gA channel in lipid bilayers with
varying CHOL concentration

Figure 2 shows the dynamic processes of K ions inter-
acting with the gA channel in the lipid bilayers composed of
pure DMPC (0 mol% CHOL), 8 : 2 DMPC/CHOL (20 mol%
CHOL), and 6:4 DMPC/CHOL (40 mol% CHOL). The re-
sults exhibit that, in all the three systems, one of the K™ ions
binds at the entrance of the gA channel at ~ 200 ns. It is
notable that, although there are many K™ ions in the systems,
only one K™ ion is observed to bind to the gA channel through-
out the whole simulation time.

t =490 ns

t =500 ns

t =500 ns

Fig. 2. Dynamic process of K ions (purple) interacting with the gA channel in the lipid bilayers composed of (a) pure DMPC, (b) 8 : 2
DMPC/CHOL, and (c) 6 : 4 DMPC/CHOL, respectively. For clarity, the K ion binding at the entrance of the gA channel is shown

with a larger size. The water molecules are shown in light blue.

However, the binding stabilities of K™ ions in the three
systems are different. In the lipid bilayer composed of pure
DMPC, the K™ ion stably binds with the gA channel in most
of the time within the stage of 200-500 ns of the simulation as
shown in Fig. 2(a). In the other two systems, the K™ ion binds
to the gA channel unstably within the period of 200-500 ns of
simulations and it separates from the binding site at the end of
the simulations as shown in Figs. 2(b) and 2(c). Additionally,

in the two CHOL-containing systems, the conformation of the

gA channel exhibits an extreme deformation. In all the three
systems, neither the K™ ion entering the channel nor transport
across the channel was observed due to the limitation of the
short time length of the simulations.

We further calculated the contact frequency of the Kt
ions with gA channel in the three systems and the contact
frequency of CHOL with gA in the CHOL-containing lipid
bilayers (Fig. 3). With increasing the CHOL concentration,
the contact frequency of K ions with gA channel obviously
decreases while the contact frequency of CHOL with gA in-
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creases, indicating that CHOL strongly interacts with the gA
channel and hinders the contacts between K™ ions and gA
channel.

To determine the binding sites of K ions with the gA
channel, we calculated the contact frequency of the K™ ion
with individual residues in gA, and the results are shown in
Fig. 4. The main residues involved in K* ion binding in-
clude W11, L12, W13, L14, and W15 of gA. The K" ions
contact with the residues of L12 and L14 with a relatively
high frequency, but the highest contact frequency appears at
the residue of W15. Thus, our simulations indicate that the
most possible binding site for K™ ion with gA channel is the
W15 (or W30) residue at the entrance of the channel. In the
previous experimental studies, it was also found that the bind-
ing site of K™ ion is near the entrance of the gA channel and

54,551 Therefore, our

W15 is the most possible binding residue. !
results are consistent with the experimental results.

Figure 5 further shows the number of contacts of K™ ions
with the binding site of W15 (or W30) at the gA entrance ver-
sus the simulation time. In the pure DMPC bilayer (0 mol%
CHOL), K ions contact the binding site frequently in the last
300 ns of the whole simulation as shown in Fig. 5(a). In the
other systems containing 20 mol% and 40 mol% CHOL, re-
spectively, the number of contacts between K ions and the

binding site becomes much less than that in the pure DMPC

bilayer and it reduces with the increase of the CHOL concen-
tration [Figs. 5(b) and 5(c)]. Thus, the contacts of K ions
with the binding site are unstable throughout the whole 500 ns
simulations in the CHOL-containing lipid bilayers.
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Fig. 3. Time-averaged contact frequencies of (a) KT ions with the gA
channel and (b) CHOL with the gA channel in the lipid bilayer with
different CHOL concentrations in the last 50 ns of the simulations.
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Fig. 4. Contact frequency of K ions with the individual residues of gA in the lipid bilayers composed of (a) pure DMPC, (b) 8:2

DMPC/CHOL, and (c) 6 : 4 DMPC/CHOL, respectively.

(a) —— 0 mol% CHOL (b)

I, |
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——40 mol% CHOL

Number of contacts

0 100 200 300 400 500 O
Time (ns)

100 200 300 400 500 O
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100 200 300 400 500
Time (ns)

Fig. 5. Number of contacts between K ions with the tryptophan residue (W15) at the entrance of gA channel in the lipid bilayer
composed of (a) pure DMPC, (b) 8:2 DMPC/CHOL, and (c) 6 : 4 DMPC/CHOL, respectively.

To further explore the influence of CHOL on the deforma-
tion of gA channel, we compared the RMSD of the gA dimer
in the three systems as shown in Fig. 6(a). We find that, in
the pure DMPC lipid bilayer, the gA dimer maintains a rela-
tively stable conformation with the RMSD of ~ 0.15 nm. In

the other two systems containing CHOL, the RMSD of the gA
dimer is obviously larger than that in the pure DMPC lipid
bilayer, which indicates that CHOL can lead to the conforma-
tional instability of the gA channel. Interestingly, the confor-

mation of gA channel does not become more unstable with the
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increase of CHOL concentration. On the contrary, the RMSD
of gA channel in the lipid bilayer containing 20 mol% CHOL
exceeds the RMSD of gA in the lipid bilayer with 40 mol%
CHOL in the later stage of the simulations.

RMSD (nm)

0 mol% CHOL
—— 20 mol% CHOL
R 40 Illf)l% CHOL

0 100 200 300 400 500
Time (ns)

P 6»(b)

5

S |
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o4 | [
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2 of
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=

Z.
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0 mol% 20 mol% 40 mol%
CHOL CHOL CHOL

Fig. 6. (a) RMSD of the gA channel in the lipid bilayers with different
CHOL concentrations. (b) Time-averaged number of hydrogen bonds
between the two monomers of the gA channel in the lipid bilayers with
different CHOL concentrations in the last 50 ns of the simulations.

In the gA channel, two monomers are connected by hy-
drogen bonds. The number of hydrogen bonds between the
two monomers determines the conformational stability of the
channel. Figure 6(b) presents the number of hydrogen bonds
between the two monomers of the gA channel in the lipid bi-
layers with different CHOL concentration. It is shown that,
with increasing CHOL concentration, the number of hydro-
gen bonds between the two monomers of the channel reduces
monotonously. This result further indicates that the increase
of CHOL concentration in the lipid bilayer causes the rupture
of the hydrogen bonds between the two monomers of the gA
channel and results in the significant deformation of the chan-
nel.

Figure 7 shows the length of the gA channel and the dif-
ference between the bilayer thickness and the channel length
in the lipid bilayers with different CHOL concentration. We
find that, with the increase of the CHOL concentration, the
length of the channel reduces. Contrarily, the bilayer thickness
which is denoted by the total height of the histogram in Fig. 7
is increased by CHOL. Therefore, the mismatch between the
thickness of the lipid bilayer and the length of the gA channel
becomes stronger with increasing CHOL concentration. In the
lipid bilayer with higher CHOL concentration (e.g., 40 mol%),
the whole gA channel is embedded in the hydrophobic part of
the lipid bilayers and the K ions are difficult to spontaneously
penetrate the hydrophobic part of the lipid bilayer. Therefore,

the contacts between the ions and the channel decreases with
the increase of CHOL concentration as shown in Figs. 4 and
5.

i du 2 1ea

[

Length (nm)
N

0 mol%
CHOL

20 mol%
CHOL

40 mol%
CHOL

Fig. 7. Time-averaged length (/g ) of the gA channel and the difference
(dn)) between the bilayer thickness and the channel length in the three
lipid bilayers with different CHOL concentrations in the last 50 ns of
the simulations.

3.2. Influence of CHOL on the K™ ion transport across gA
channel

As mentioned above, we did not observe either the spon-
taneous entering of K™ ions into the gA channel or transport-
ing across the channel in the unbiased simulations because of
the limitation of the simulation time length. To estimate the in-
fluence of CHOL on the transport of K™ ions across gA chan-
nel, we pulled a K ion from the binding site W15 at the en-
trance of the channel to the center of the channel through the
biased simulations and calculated the PMF profiles as shown
in Fig. 8. The difference of the PMF at the channel center (the
COM distance of 0 nm) and the PMF at the binding site (the
COM distance of 1.2 nm) is the free energy barrier that the K*
ion needs to overcome as it enters the channel.

The results indicate that, with increasing CHOL concen-
tration, the free energy barrier of the ion entering the channel
decreases. In the pure DMPC bilayer, the free energy barrier
is high, the K™ ion binds with W15 tightly and is relatively
difficult to separate from the binding site to enter the channel.
With increasing CHOL concentration, the Kt ion separates
from the binding site and enters the channel more easily indi-
cated by the lower free energy barriers. It is notable that we
do not consider the process of the K™ ion penetrating the lipid
bilayer from the solution and binding with gA channel. Due
to the hydrophobic interaction, the K™ ion is difficult to spon-
taneously penetrate the bilayer and bind with the gA channel
which is completely embedded in the hydrophobic part of the
bilayer as shown in Figs. 2 and 6. Thus, the PMF profiles only
imply that CHOL facilitates the KT ion entering the gA chan-
nel from the binding site at the entrance of the channel, but do
not indicate that CHOL can promote the transport of the K+
ions across the lipid bilayer since the ions have to penetrate a
hydrophobic layer before binding with W15 of the channel in
the CHOL-containing lipid bilayers.

058701-5
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—— 0 mol% CHOL
0 —— 20 mol% CHOL
—— 40 mol% CHOL
3 —25¢
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0.0 0.3 0.6 0.9 1.2
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Fig. 8. PMF profiles of a K ion transferring from the binding site of
W15 residue at the entrance of the gA channel to the COM of the chan-
nel. Here, the COM distance of 0 nm corresponds to the center of the
channel, and the COM distance of 1.2 nm corresponds to W15 residue
at the channel entrance. The inset illustrates the pulling pathway of the
K™ ion from the binding site to the COM of the gA channel. The errors
are shown with shadows.

The previous experiments indicated that CHOL may in-
hibit the transport of K ions across the gA channel but the mi-
croscopic mechanism is not very clear.3>3¢! The PMF profiles
shown in Fig. 8 indicate that the CHOL-induced inhibition of
K™ ion transport across gA channel may not be attributed to
the direct CHOL-gA interaction which facilitates the ions en-
tering the channel from the binding site W15 of gA. CHOL
enhances the mismatch between the length of the channel and
the thickness of the lipid bilayer and hinders the contacts be-
tween the ions and gA channel, leading to the reduction of
the probability of the transport of K™ ions across the chan-
nel. Additionally, the relevant experiment also showed that the
well-defined conformation of the gA channel is crucial for the
transport of K ion across the channel, and the activity of gA
channel may be destroyed if the channel is deformed.®! As
shown in Figs. 2 and 6, with the increase of CHOL concentra-
tion in the lipid bilayer, the gA channel is deformed extremely,
which deactivates the gA channel for the transport of the K+
ion. Therefore, our results agree well with the experimental
result.

4. Conclusions

Using both unbiased and biased MD simulations, we have
investigated the influence of CHOL in the lipid bilayer on the
interactions between K™ ions and gA channel from the molec-
ular scale. The results indicate that CHOL can increase the
thickness of the lipid bilayer but reduce the length of the gA
channel through deforming the conformation of the gA chan-
nel. Thus, the mismatch between the lipid bilayer and the gA
channel increases in the CHOL-containing lipid bilayers, and
the gA channel is completely embedded in the hydrophobic
part of the lipid bilayer, which inhibits the K* ion binding
with gA channel as well as the transport of the ions across
the channel, leading to dysfunction of gA channel. However,
once the K ion binds with the binding site at the entrance of
gA channel, CHOL can promote the ions entering the channel.

The findings are consistent well with the experiments and pro-
vide some molecular insights into understanding the transport
of K™ ions across the gA channel in the plasma membrane of
intact cell.

Additionally, our results reveal that, as an antimicrobial
peptide, gA exhibits selectivity towards most bacteria over eu-
karyotic cells, possibly due to the absence of CHOL in bac-
terial membranes. In the medical applications, for combating
the rare bacteria (e.g., borrelia or helicobacter) whose mem-
branes contain CHOL,7! it is advisable to refrain from using
gA as a candidate antimicrobial agent. Also, when utilized
an anticancer agent, some modification of gA might be neces-
sary to enhance its activity by reducing its interaction with the
cholesterol in the plasma membranes of cancer cells.
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