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Decisive structural elements in water and ion
permeation through mechanosensitive channels of

large conductance: insights from molecular
dynamics simulationfy
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In this paper, a series of equilibrium molecular dynamics simulations (EMD), steered molecular dynamics

(SMD), and computational electrophysiology methods are carried out to explore water and ion

permeation through mechanosensitive channels of large conductance (Mscl). This research aims to

identify the pore-lining side chains of the channel in different conformations of MscL homologs by

analyzing the pore size. The distribution of permeating water dipole angles through the pore domains
enclosed by VAL21 and GLU104 demonstrated that water molecules are oriented toward the charged
oxygen headgroups of GLU104 from their hydrogen atoms to retain this interaction in a stabilized
fashion. Although, this behavior was not perceived for VAL21. Numerical assessments of the secondary

structure clarified that, during the ion permeation, in addition to the secondary structure alterations, the

structure of Tb-MscL would also undergo significant conformational changes. It was elucidated that
VAL21, GLU104, and water molecules accomplish a fundamental task in ion permeation. The mentioned
residues hinder ion permeation so that the pulling SMD force is increased remarkably when the ions
permeate through the domains enclosed by VAL21 and GLU102. The hydration level and potassium

Received 27th April 2022
Accepted 9th June 2022

diffusivity in the hydrophobic gate of the transmembrane domain were promoted by applying the

external electric field. Furthermore, the implementation of an external electric field altered the

DOI: 10.1039/d2ra02284b

rsc.li/rsc-advances vicinity of ARG11 and ARG98.

1. Introduction

Transporting ions and water molecules through the trans-
membrane domain in a cell is considered one of the processes
that the proper functioning of cells depends on entirely."”* Ion
permeation through the transmembrane proteins is a method
for ion transport across the membrane. Mechanosensitive (MS)
channels are pervasive membrane proteins in prokaryotic and
eukaryotic cell membranes, and their gating function results in
some conformational changes to reach the open and closed
states in response to mechanical stimuli such as tension, shear,
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distribution pattern for potassium ions in the system while intensifying the accumulation of Cl™ in the

and pressure.® These proteins play a pivotal role in physiological
processes such as sense of touch, hearing, and regulation of
blood pressure as transducers of mechanical stimulations into
an electrical signal.”*?* Understanding the nature of mechano-
transduction at the atomic level provides a more comprehensive
insight into improving therapeutic plans.

Besides adjusting the cell volume, water permeation through
transmembrane plays an essential role in the cell migration
mechanism.”*** Molecular dynamics (MD) simulation is
a numerical method providing a descriptive viewpoint for the
role of the structural components of membrane proteins in the
gating process. Beckstein et al. have performed a numerical
study about the energy barriers for permeation in nanopores
using the potential of mean force ions and drew a comparison
between MD simulation results and continuum-electrostatic
calculations.’ They found that the continuum-electrostatic
model does not consider the role of water molecules in the
pore, thereby cannot represent this barrier properly. MD
simulation was used to determine the different molecular
structures of the MscL during the gating process.”” MD simu-
lations have been implemented on Mycobacterium tuberculosis
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of bacterial MscL (Tb-MscL) embedded in a bilayer membrane
and of its helical bundle alone in the solvent.*® It was found that
the spatial structure of the helix bundle is not stable at physi-
ological pH, while this behavior is stabilized by decreasing the
pH condition. The gating function of MS channels is also
investigated in the presence of a membrane, and it was found
that the flattening of the transmembrane helices leads to
a significant increase in pore radius.” Moreover, the crucial role
of water molecules as a facilitating agent in ion permeation is
investigated. The potent structural elements of the protein in
the gating process are identified by applying force to the protein
structure. The threshold value of the force that makes the
channel open and causes a significant change in the channel
diameter and conductance was evaluated by MD simula-
tions.””** Similar to this study, Gullingsrud et al. assessed the
effects of the lateral tension of the membrane on the channel
opening state.” Jonggu et al. utilized the MD simulations to find
the reciprocal impacts of membrane and protein on each other
during the gating function.”® Based on their observations, the
opening of the channel may be ascribed to applying an explicit
lateral bias force to each of the five subunits of MscL in the
radially outward direction. Additionally, MD simulations were
employed to describe the interplay of the main structural
segments of the channel during the opening.”***

In a theoretical study, Haselwandter et al. explored the
effects of the shape of membrane proteins, including the olig-
omeric state of the protein, on free energy alterations.?® It was
demonstrated that the lateral pressure across the membrane
has no observable role as a stimulation factor in gating func-
tion, while the membrane tension plays a crucial role in
gating.*”

Membrane-protein interaction gives a new insight into the
reciprocal effects of the lipid chains on the opening mechanism
of the channel.”® MD simulation can indicate how the interac-
tion between the membrane and MS channel affects the gating
function of the channel under varying conditions. Elmore et al.
investigated the effects of the lipid composition at a molecular
level.” They found that different headgroups of the lipids result
in structural changes in the C-terminal domain of Tb-MscL and
result in notable alterations in protein-lipid interaction. The
thinning procedure was studied for a membrane surrounding
an E. coli-MscL structure.*® Based on this study, thinning the
membrane allows speeding up the structural changes in MscL.
Furthermore, MD simulation is utilized to evaluate the efficacy
of the distribution of lateral pressure profiles on different lipid
compositions.**

Apart from molecular dynamics simulations, experimental
techniques and theoretical analysis give clues for a more
advantageous perception of hydrophobic interactions in
a membrane protein. Wiggins et al. presented theoretical rela-
tions for the free energy of the inclusion-bilayer system.** They
utilized deformation energy relations for a continuum envi-
ronment to derive analytical relations for the free energy of the
system during various membrane deformation scenarios.
Developed experimental techniques such as quantitative fluo-
rescence microscopy and quantitative Western blots give
insight into the mean number of MscL per cell and the variable
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distribution of these channels in membrane from cell to cell.** A
single-cell-based assay technique studied the influence of
osmotic downshock on the physiology of mechanosensitive
channels and cell lysis.** Furthermore, the inhibition process of
mechanosensitive channels by AlexaFluor molecule or a peptide
such as GsmTx4 is investigated based on MD simulation or
experimental techniques.***® In recent years, reconstruction of
transport cycle in membrane transporters has been performed
by free energy calculations and non-equilibrium work analysis
to choose the most preferred pathways for conformational
changes in some of the membrane transporters.*** According
to the preceding studies, it seems that despite previously
remarkable efforts, the determinant role of structural agents in
the MscL pore is scarcely investigated that will be addressed in
the present work. In this research, the authors seek to examine
the underlying points of structural changes in the pore-lining
side chains in the closed configuration of the channel to
permeate different single ions. The steered molecular dynamics
(SMD) technique has been utilized in ref. 39-44 to investigate
structural determinants in pore-lining side chains of membrane
proteins in the closed/inactive state. By implementing the SMD
technique, mechanical forces are applied to part of the system,
e.g., the substrate, to drive it along a predefined direction.
Commonly implemented using a constant force or a constant
velocity, this method is beneficial for exploring possible
permeation pathways through a membrane protein. In SMD
simulation, a vertical bias force is applied to the chloride and
potassium ions separately to pull them through the interior
pore of a mechanosensitive channel with an almost constant
velocity. Finally, we determine whether the application of an
external electric field (even several times higher than the normal
range) could lead to conformational changes in the MscL
channel, that normally is activated by a mechanical stimulus, in
such a way that affect the permeability of water and ions, and
change the configuration to open/semi-activated state. It was
previously demonstrated that besides protein dipoles, pore
hydration can be influenced by electric fields in both wild type
MscL and its V23T mutant.*” The effects of an external electric
field on the electrostatic potential of the system, distribution of
water and ions in the pore, and the density of ions in the system
will be discussed in this stage.

2. Materials and methods

In this section, further details about the system specifications,
equilibrium, and non-equilibrium simulations are provided,
and then the pore-lining side chains in the interior pore of the
channel are introduced.

2.1. Structural analysis of Th-MscL and modeling procedure

Mechanosensitive channels are structurally composed of small
subunits with the approximate molecular weight of 15 kDa,*®
that, based on cross-linking observations and electron micros-
copy studies,” ™ are oriented in space in a specific fashion as
a homopolymer. Continuing to verify MscL structure in E. coli,
the homologs of the protein were discovered in more than 20

© 2022 The Author(s). Published by the Royal Society of Chemistry
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prokaryotic types.*** Tb-MscL as the homologous structure of
E. coli-MscL with a homopentamer crystalline structure
(Fig. S1f) composed of transmembrane and cytoplasmic
regions.*® The height of Tb-MscL in the Z direction reaches ~85
A, and the transmembrane helix bundle along with cytoplasmic
domains are about 50 A and 35 A in length, respectively (panels
(c) and (d), Fig. S1t). The spatial structure of Tbh-MscL, along
with the constituent domains, is outlined in Fig. S1.f Each
subunit in Th-MscL, with a relatively uncomplicated folding
structure, is correlated to the channel by the fivefold axis.

The inner transmembrane helix (TM1: residue ID 15 to 43) is
connected to the outer transmembrane helix (TM2: residue ID
69 to 89) by extracellular loops (residue ID 44 to 68). The outer
transmembrane helix, extending from the extracellular side to
the cytoplasmic domain, is connected to the cytoplasmic helix
(H3: residue ID 69 to 89) by a cytoplasmic loop (residue ID 90 to
101). In Fig. S2,T the transmembrane view for the position of Tb-
MscL in the membrane together with the sequence of the
constructive residues of a subunit is illustrated.

The modeling process was initiated using the crystal struc-
ture of Tb-MscL obtained at a resolution of 3.5 A from X-ray
diffraction (PDB entry 20AR).* In the next step, a complete
membrane patch was prepared. A patch of palmitoyl-oleoyl-
phosphoethanolamine (POPE) membrane with the size of (126
x 126) A% was built by the membrane-builder plugin of VMD?*
and used as the bilayer natural environment. The protein was
embedded in the membrane patch and aligned with the
membrane properly. The “z” axis is assumed to be the
membrane normal. The positioning of the channel in the
membrane was performed based on consistent patterns of the
charged, polar, and nonpolar segments of the channel and the
membrane. The alignment of the channel in the normal
direction of the bilayer membrane is in agreement with the
electron paramagnetic resonance findings.>> Subsequently, it
was essential to take out the minimum number of the lipid and
water molecules so that the protein does not overlap any lipid or
water molecule. The system was then solvated using the
SOLVATE command in VMD.** A water box with the specified
size of (117 x 117 x 153) A% in x, y, and z directions, respec-
tively, was built to solvate the system, and the solvent atoms
within 1.5 A of the solute were removed from the system.

Furthermore, a specific ion concentration of 0.3 M KCI was
created, and the system was neutralized and prepared for
proper long-range electrostatic interactions. Finally, after all of
the steps above, the simulation system contained ~156 000
atoms, including 35 029 water molecules and 332 lipid head-
groups. The final structures of the membrane-protein system
are the input structures of the MD simulations. Fig. S4af
depicts the final configuration of the system of study and the
sizes of different parts.

2.2. MD simulation: assumptions and method of
implementation

All simulations were carried out steadily using the parallel
molecular dynamics program NAMD?®® with a non-bonded cutoff
of 12 A. In each step, the simulation was performed using 1 fs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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timestep. Periodic cell dimensions were set up to (120 x 120 x
156) A® in x, y, and z directions, respectively. Langevin ther-
mostat with the damping coefficient of 5 ps™" was used to set
the temperature of the system on the constant amount of 310 K.
Moreover, the pressure of the system was controlled at
a constant level of 1 bar using the Langevin piston.** The piston
period was set to 200 fs, with a decay time constant of 50 fs, and
piston temperature of 310 K. It is worthwhile to mention that
a CHARMM?27 parameter file for lipids®>** and CHARMM?22 for
proteins®*® with NBFIX modification was used as the system
force field. This modified force field contains the corrected
parameters for non-bonded interaction between -carbonyl
oxygens and potassium ions. The particle mesh Ewald (PME)
method was utilized for the full long-range electrostatic inter-
actions,* and the PME grid spacing was considered 1 A. General
holonomic constraints were imposed on the covalent bonds of
hydrogen atoms using the SHAKE algorithm.®

Molecular dynamics simulation was carried out in three
general stages: equilibration of the system, steered molecular
dynamics simulation (SMD) to permeate ions inside the pore,
and non-equilibrium simulation under an external electric
field. The equilibrium stage consists of four distinct steps. In
the first step, the process of melting lipid tails was performed
for 2 ns at 310 K by fixing all system components except the
hydrophobic lipid tails. The implementation of this step mini-
mizes the energy of the tails and results in a slight curvature
disorder in hydrophilic sections of the lipid tails. In the second
step of equilibrium simulation, minimization will be accom-
panied by an equilibrium state constraining the protein to relax
the environment thermodynamically. In the third equilibrium
step, the system will be further equilibrated by releasing the
protein structure. In the last step of equilibrium simulation,
a production run on this setup was performed to equilibrate the
membrane protein structure to extract the equilibrium param-
eters of the system. As the first stage, more than 102 ns of
equilibrium simulations were performed on the system.

The free energy profile of water can be evaluated as a func-
tion of longitudinal position of the molecules inside the pore
during 102 ns using distribution of the water molecules. To
calculate the free energy barrier for permeating water mole-
cules, the Boltzmann equation for the free energy and the
probability of the water molecules through the channel was
utilized. It is worth mentioning that the longitudinal probability
is proportional to the density of water along the pore. To eval-
uate the energy barrier for water through the pore, eqn (1) was

utilized:**
n(z)=C exp( — 11315?> (1)

In eqn (1), n(z) denotes the number density of the water mole-
cules, while kg, T, and A represent Boltzmann constant,
temperature, and free energy, respectively. C is a constant to
adjust the free energy level of water to zero at the bulk solvent.
Before investing computer time in relatively lengthy free-
energy calculations, SMD simulations will be used to gain
a qualitative picture of the permeation pathway of the ions
through the pore-lining residues of the channel. Hence, after

RSC Adv, 2022, 12, 17803-17816 | 17805
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Table 1 MD simulation steps along with the simulation time and temperature for each step

Simulation time

Stage Step description (ns)
(1) Equilibrium simulation (a1) Shortening (melting) of the lipid tails (lipid tail minimization) 2
(b1) Minimization and equilibration with protein constrained 2
(c1) Equilibration with protein released 2
(d1) Production run 100
(2) Steered MD simulation (a2) Pulling the potassium ion with constant velocity 32
(b2) Pulling the chloride ion with constant velocity 32
(3) Non-eqSrium simulation by inducing voltage gradient (a3) Applying external electric field 15

extracting the equilibrium data and ensuring the equilibrium of
the system, the steered molecular dynamics process is used to
evaluate the ion permeation in the MscL channel numerically.
In this case, the ion on the extracellular side of the channel will
be pulled toward the cytoplasmic side at a constant velocity. As
the forces imposed are usually orders of magnitude greater than
would be experienced in a living system, the interpretation of
the results is often limited to a qualitative description of the
possible behavior of the substrate and protein. The equilibrated
configuration of the system is used as the input structure for the
steered simulation stage. A potassium and chloride ion in the
system were placed and fixed individually in the extracellular
part and central cavity axis during the equilibrium simulation.
The K" and Cl~ were fixed on the extracellular side of the
channel in equilibrium simulation will be pulled individually
toward the cytoplasmic side at a constant velocity of 0.002 A
ps~* and spring constant k = 1 kcal mol~* A~2 The pulling
velocity of the ions toward the pore was considered to be as low
as possible to make the physiological conditions of permeation
more realistic. Fig. S3bt illustrates the simulation setup for the
SMD simulation to pull the ion toward the cavity.

(@

Fig. 1

As the last stage of the simulations, an external electric field
E = 0.1463 kcal mol ™ A™* e ! is applied to the equilibrated
structure of the system. According to the dimensions of the
system along the Z-axis, the external electric field can be
applied by an approximate electric potential gradient of
800 mV across the membrane. The mentioned voltage is more
than eight times the ordinary voltage gradient in physiological
conditions of a vast majority of ion channels, and in so doing,
the impact of a strong electric field on ion permeation through
the closed configuration of the channel is detected. The
simulation was carried out in the NVT ensemble in this stage.
Moreover, in Table 1, all simulation steps and the simulation
time for each step are briefly presented. The equilibrium and
SMD procedures were repeated three times separately to
enhance the primary form of analysis robustness and ensure
convergence.

3. Results and discussion

In this section, three types of analysis on the water and ion
permeation results through the channel will be provided.

ASP108

<
VALI111 )

4 302 -1 0 1 2: 3 4 5
Pore Size (A)

(b)

(a) Graphical representation of the pore-lining side chains of Tb-MscL along with the solid surfaces depicting the spatial shape of the

interior pore, (b) pore size along the z-axis for the closed structure of Tb-MscL.
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Fig.2 Time evolution for positions of water molecules, Cl~, and K* along the Z axis. Each water molecule is represented by a blue dot. Cl~ and K*
are illustrated by green and red dots, respectively. The discontinuous white region around z ~ 5 A corresponds to the dewetted VAL21 domain of

the pore.

3.1. Remarks on pore-lining residues of MscL homologs

Dimensions of the interior pore are calculated using the
molecular structure of the E. coli-MscL in open, extended, and
closed conformations of E. coli-MscL derived from the results
of the research conducted in ref. 24 and 62. More details about
the shape and pore size of E. coli-MscL are described in
Section S2.f Fig. 1 illustrates the most critical pore-lining
residues of Tb-MscL together with their type and position in
the interior pore of the channel. Based on Fig. 1, it is clear
that, compared to the closed configuration of E. coli-MscL in
Fig. S2,T the Tb-MscL structure has a completely tight region
for a water molecule to permeate. This section has been
completely blocked in the initial structure due to the steric
constraints caused by acid and charged side chains GLU104.
As illustrated in Fig. 1, the interior pore of the channel
includes polar, non-polar, basic, and acidic side chains from
top to bottom. Since the principal part of the transmembrane
region is formed by non-polar segments, the water molecules
do not aggregate. As perceptible in panels (a) and (b) of Fig. 1,
three side chains that operate as filters possibly have more
vital molecular interaction with the ions, including the non-
polar side chain VAL21, the acidic side chain Glu104, and
the polar side chain THR115. It will be pointed out in Section
3.4 that VAL21 side chains interact selectively with permeating
ions based on the electrostatic interaction with oppositely
charged ions. The narrowest gate of the channel in the
undeformed structure of the protein corresponds to the gating
domain of GLU104. The THR115 side chain in the cytoplasmic
domain is considered a nucleophilic side chain, and given this
premise, THR115 will have a remarkable physical interaction
with the positively charged ion naturally. The SMD force
required for ion permeation through the different side chains
reveals the effectuality and performance of each side chain on
oppositely charged ions.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.2. Equilibrium simulation of Tb-MscL

The root-mean-square-deviation (RMSD) of the backbone of Tb-
MscL was calculated to examine the stability of Tb-MscL
conformation in the bilayer environment. RMSD for the
protein backbone resulting from the equilibrium simulation is
displayed in Fig. S5a.t It can be deduced from Fig. S5af that the
protein structure was ordinarily equilibrated after 10 ns.
Accordingly, the molecular configuration of the system after 32
ns equilibrium simulation can be used for starting non-
equilibrium stages. A severe deviation was observed in some
of the residues of Tb-MscL, including, but not limited to, ASN49
on segmentl; PRO93 on segment2; and ILE39, THR40, PRO41,
GLN110 on segment3. The residues with the maximum devia-
tion concerning their initial structure were identified by the
RMSD heatmap, as illustrated in Fig. S5b.T The common feature
of the severely deviated residues is that they belong to the
cytoplasmic and periplasmic loops of the protein. The weak
interaction of the loop parts with the membrane results in
a drastic deviation and, consequently forms hydrogen bonds
with solvent molecules.

3.3. Water molecules inside transmembrane cavity

One of the determinant parameters in discovering the function
of membrane channels in a particular structural condition is to
explore the water flow mechanism through the channel pore. It
is noteworthy that the high permeability of water molecules in
biological structures will allow them to penetrate the domains
of the channels in which the presence of aqueous ions can be
restricted spatially and make the gate filters of the channel wet
in the intervals of simulation time. Dehydration factor depends
on the size, type of pore-lining side chains (e.g., hydrophobic or
hydrophilic), and the potential of the channel for conforma-
tional changes.®® Hence, the accumulation of water molecules
in the transmembrane pore domain is not merely an indicator

RSC Adv, 2022, 12, 17803-17816 | 17807
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(a) The cumulative number of water molecules in the transmembrane region throughout 100 ns simulation, (b) free energy profile for

water molecules in the transmembrane domain (calculated by Boltzmann inversion of the water density number within the pore) for the closed
state of Tb-MscL. The vertical lines represent the position of VAL21 and THR25 inside the pore, (c) contour plot of the number density of the

oxygen atoms of water molecules in the system.

of the channel opening. In this section, firstly, by evaluating the
distribution of water molecules and ions, the wettability of the
transmembrane domain will be examined over the simulation
time. The presence of water molecules in the adjacent regions of
the two gating side chains (VAL21 and GLU104) will be dis-
cussed. Accordingly, the probability of the dipole moment angle
of the permeating water molecules through the gating side
chains is calculated to explore the difference existing between
the molecular interactions of the water molecules and the side
chains. Afterward, the cumulative distribution of water mole-
cules within the transmembrane area is evaluated, and the
energy barrier for the permeation of water molecules through

17808 | RSC Adv, 2022, 12, 17803-17816

the hydrophobic side chain VAL21 is obtained. Besides, the
contour plot for the distribution of the density of water mole-
cules in the YZ plane is presented in this section.

Fig. 2 depicts the presence of water molecules together with
chloride and potassium ions within the channel throughout the
simulation time. It is inferred from Fig. 2 that the narrow
hydrophobic region located in the transmembrane structure of
the Tb-MscL channel prevents the permeation of water in most
of the simulation intervals. Hydration occurs by forming an
unstable single water chain in the narrow region of the trans-
membrane domain (e.g. [16-17] ns or [34-35] ns). Moreover, Cl™~
and K do not permeate or even accumulate in transmembrane

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Panels (a) and (d) represent the top view of VAL21 and GLU104 side chains respectively. Panels (b) and (c) illustrate the distribution
heatmap for hydrogen and oxygen atoms of water molecules in the narrow area enclosed by VAL21 side chains. Panels (e) and (f) illustrate the
distribution heatmap for hydrogen and oxygen atoms of water molecules in the narrow area enclosed by GLU104 side chains.

areas. Accordingly, it is inferred that hydrophobic gating occurs
in the narrow region enclosed by VAL21 side chains.

In order to evaluate the free energy barrier of water mole-
cules permeating through the hydrophobic region formed by
VAL21 side chains in the transmembrane domain, the cumu-
lative number of water molecules throughout the 100 ns
simulation is depicted in Fig. 3a. Accordingly, extreme subsi-
dence in the number of water molecules in the narrow hydro-
phobic region is detected. As previously outlined by Sansom
et al.,** free energy alterations of water molecules as a function
of their position inside the channel can be obtained using the
water distribution in different regions. More details are pre-
sented in Section S8.f Free energy profile obtained from
distributions of water molecules is displayed in the panel b of
Fig. 3. It is concluded from Fig. 3b that in the transmembrane
domain of the interior pore, the VAL21 side chain has the
highest amount of the energy barrier for permeation of water
molecules (about 4.5 kcal mol ), and afterward, the free energy
profile drops significantly. This drop implies that the water
molecules accumulate in the adjacent regions of the cyto-
plasmic loops.

In Fig. 3c, the contour plot for the number density of the
oxygen atoms of water molecules during the simulation time is

© 2022 The Author(s). Published by the Royal Society of Chemistry

illustrated. According to Fig. 3c, it is deduced that in the
hydrophobic gate of the transmembrane domain, the least
amount of water molecules can be detected over the simulation
time, which is in agreement with the free energy profile in
Fig. 3b. Furthermore, in the hydrophilic domains of the pore, in
particular, the hydrophilic domain enclosed by H3 helices,
a remarkable density of water molecules is observed.

As previously discussed in Section 3.1, the side chains VAL21
and GLU104 play a pivotal role in the gating sections of the
channel. Nevertheless, the above side chains have quite
different hydrophilic properties. The distribution heatmap of
hydrogen and oxygen atoms of water molecules in the narrow
domains enclosed by VAL21 and GLU104 is displayed in Fig. 4.
It is inferred from Fig. 4 that due to the hydrophobic nature of
VAL21, the distribution of the oxygen and hydrogen atoms of
water in the area enclosed by VAL21 side chains does not follow
a uniform or homogeneous pattern.

Water molecules are generally unlikely to be present or
accumulate in the hydrophobic region. As soon as a properly
open space is formed between the two adjacent VAL21 chains by
a conformational change in the position of TM1 helices relative
to each other, water molecules will permeate through the
opening. However, as already discussed in Section 3.1, due to

RSC Adv, 2022, 12, 17803-17816 | 17809
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Fig. 5 Distribution of the dipole moment of water molecules permeating through the narrow region enclosed by the side chains: (a) VAL21, and

(b) GLU104.

the acidic feature and charged headgroups of GLU104, oxygen
and hydrogen atoms of water are expected to have a relatively
different distribution pattern in the region enclosed by GLU104.
Water molecules are distributed more uniformly among the
GLU104 side chains than VAL21. In the spatial domain enclosed
by GLU104, due to the remarkable interaction between the
charged headgroups of GLU104 and water molecules, they are
distributed more densely at the corner points close to the side
chains than the central point. The distribution heatmap for
hydrogen and oxygen atoms of the water molecules is depicted
in panels (e) and (f) of Fig. 4.

Moreover, as a result of the attractive electrostatic interac-
tion between the hydrogen atoms of water and the oxygen

17810 | RSC Adv,, 2022, 12, 17803-17816

headgroups in GLU104, the hydrogen atoms of water accumu-
late in the vicinity of oxygen atoms of GLU104.

In order to determine the orientation of permeating water
molecules along the Z-axis, the distribution of the dipole
moments for water molecules permeating through the narrow
regions enclosed by VAL21 and GLU104 is illustrated in Fig. 5.

Asrevealed in Fig. 5a, when water permeates through VAL21,
the distribution pattern of the dipole moment of water does not
follow a specific trend. However, as anticipated in Fig. 5b, when
the water molecules permeate through GLU104, the dipole has
the highest frequency in the range of 55° < M, < 80°. It is
inferred from Fig. 5 that when the water permeates through the
GLU104 side chains, it is oriented toward the side chains from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the hydrogen atoms. In this case, the water molecules tend to
orient in a way that maintains their relatively strong interaction
with GLU104.

3.4. Ion permeation by steered molecular dynamics

As previously denoted in Section 2.2, the SMD process was
carried out by applying a variable bias force with an almost
constant velocity into the ion to move toward the channel cavity.
It makes the time evolution of the position of the particle
appear in an almost linear expression. However, considerable
interaction between the ion and specific side chains causes
a significant deviation from the linear behavior, and conse-
quently, sharp drops occur in the position. The position of the
permeating ions and the pulling SMD force was described in
more detail in Section S6.7

The non-bonded interactions energies between the ions and
VAL21 were obtained to investigate the selective function of the
VAL21 filter when interacting with different ions. Fig. 6 shows

10 T T T T T

T T T
— Chioride lon-VAL21
Potassium lon-VAL21

Electrostatic Energy (kcal/mol)
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View Article Online
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the non-bonded interaction energies between the ions and
VAL21 side chains during the permeation process.

Fig. 6 implies that in the case of pulling the chloride ion,
repulsive electrostatic energy exists between the ion and the
side chain before permeation. This energy will be altered to
attractive as soon as the ion permeates through the side chain.
However, for the permeation of K', the electrostatic energy
demonstrates an entirely converse trend than Cl~. Moreover,
regarding van der Waals energy, VAL21 interacts similarly with
both ions. Both ions experience a repulsive van der Waals
interaction during permeation, while the energy barrier for the
K" is higher than CI™.

In the next step, the secondary structure analysis was carried
out by VMD timeline plugin® for transmembrane helices (TM1
and TM2), Helix 3 (H3), and the cytoplasmic loop to evaluate the
structural alterations of the protein during the ion permeation.
More details about the frequency of secondary structures in Tb-
MscL during the equilibrium and SMD simulations are
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Fig. 6 Components of the non-bonded interaction energies in ion permeation through VAL21: (a) electrostatic energy for the ion-VAL21

interaction, (b) van der Waals energy for the ion—-VAL21 interaction.
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Fig.7 Conformational changes in transmembrane and cytoplasmic domains. (a) Schematic representation of the angles 6, (between TM1 helices
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represent the average value of the mentioned angles in panel (a) over the simulation time in cases of ClI™ and K* permeation respectively.
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Fig. 8 Salt bridge breakage, time variation of the distance between
GLU102 and LYS100, transparent rendering for other helices (the inset
figures demonstrate the position of the mentioned side chains in initial
steps of simulation and after salt bridge breakage respectively).

presented in Section S7.1 According to Fig. S7,t although the
frequency of secondary structures in H3 and TM2 helices during
the equilibrium and ion permeation conditions follows
a similar trend, it appears that some of the mentioned helices
undergo significant conformational changes during the ion
permeation. Thus, we investigate the conformational changes
of transmembrane and H3 helices during the ion permeation.
The moving average of the angles of TM and H3 helices with
vertical direction during the ion permeation is displayed in
Fig. 7. On this basis, it is concluded that the angle of TM helices
does not change significantly due to the steric constraints
applied by the bilayer environment. Nevertheless, despite the
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Fig. 10 Time variations of the position of water molecules and ions
within the channel in presence of the external electric field.

relative stability of the secondary structure during ion perme-
ation, the angle of H3 helices with the Z-axis reaches twice that
of its equilibrium value. It is important to note that if the
conformational changes in the channel occur utilizing a tensile
force in the membrane, the TM helices will have as much space
as possible to change their angle with the Z direction.?

In most cases, instead of exiting through the distal pore, ions
or water molecules exit through the side openings of the cyto-
plasmic domain.*® The formation of a side opening can occur
due to reshaping or breaking a salt bridge in the protein
structure. Subsequently, the salt bridges in the protein struc-
tures are searched and identified by VMD.** When the water
molecules permeate through a side opening in the cytoplasmic
domain, breaking a salt bridge between Lys100 and Glu102
causes a local deformation in the Tb-MscL structure leading to
the opening. The salt bridge breakage is illustrated in Fig. 8. The
structural deformation in this domain occurs so that the
average distance between Lys100 and Glul02 reaches almost
three times its initial level, and the salt bridge is broken.
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Fig. 9 Electrostatic potential heatmap as determined by VMD?*! in (a) equilibrium simulation, (b) presence of the external electric field.
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3.5. External electric field

In this section, the results associated with applying an external
electric field to the system are presented. Initially, alterations of
the electrostatic potential heatmap of the system due to the
external electric field are investigated, and afterward, the
possibility of electrowetting in the presence of the electric field
will be evaluated over a specific period. Finally, putative
changes in the ion density distribution in the presence of the
electric field will be discussed.

The electrostatic potential heatmap for the equilibrated
system and the system under the influence of the electric field
is shown in Fig. 9. The maximum inhomogeneity in electro-
static potential occurs at the interface layer between the
solvent and the bilayer/protein. Additionally, the electrostatic
potential heatmap in hydrophobic lipid tails demonstrates
a positive homogeneous level in this domain, while the
potential in the domains occupied by the solvent is moder-
ately inhomogeneous and negative. In this case, the potential
pattern is in agreement with the dipole potential of the
membrane provoked by interfacial dipoles. Nevertheless, by
inducing a transmembrane voltage difference, the electro-
static potential distribution in the solvent transforms from

(d) (e
(a) Graphical representation of ARG11 and ARG98 side chains. Panels (b) and (c) demonstrate the average density heatmap of Cl™ over the
simulation time under equilibrium and applying the external electric field conditions respectively. (d) Graphical representation of ASP108 and

GLU116 side chains. Panels (e) and (f) demonstrate the average density heatmap of potassium ions over the simulation time under equilibrium and
applying the external electric field conditions respectively.

Fig. 11

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a rather inhomogeneous state to a highly non-homogeneous
pattern with completely separable levels. By applying the
external electric field, the range of electrostatic potential of
the system will increase from ~10 V to ~14.2 V. It also seems
that the electric field decreases the thickness of the membrane
partly.

In Fig. 10, the position of the water molecules and ions
within the channel pore in the presence of the external electric
field over the simulation time is shown. As demonstrated by
Fig. 10, inducing a remarkable voltage difference across the
lipid bilayer leads to forming a single file of water molecules in
the hydrophobic narrow section of the channel in some time
intervals such as 8 < ¢ <11 ns. By applying the electric field along
the Z-axis, the dipoles of the water molecules orient in the same
direction as the electric field, and electrowetting occurs in the
mentioned time interval.

Unlike chlorine ions, the external electric field makes the
potassium ions diffuse in the interior pore by applying a force to
the ions in the same direction of the field vector (the Z-axis). As
shown in Fig. 10, potassium ions demonstrate an apparent
tendency to permeate through the channel under the voltage
gradient compared to the equilibrium state.
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In Fig. 11, the density heatmap of Cl~ and K" over the
simulation time under equilibrium conditions and applying the
external electric field is illustrated. According to Fig. 11b, the
applied force to chloride ions in the opposite direction of the Z-
axis make the ions accumulate in the vicinity of the positively
charged side chains ARG98, ARG11, and lower headgroups of
the membrane leading to an increase in the density of Cl™ in
these regions. Based on Fig. 11e, the accumulation of potassium
ions is evident in the adjacent domains of ASP108 and GLU116
side chains.

ASP108 and GLU116 are located inside the pore and on the
acidic domain of H3 helices. The mentioned side chains interact
with potassium ions by their negatively charged oxygen head-
groups, and as a result, potassium ions aggregate in the vicinity
of the oxygen headgroups. The density of potassium ions
decreases in the adjacent domains of the mentioned residues
due to the force applied to potassium ions in the Z direction by
the external electric field. Instead, the potassium ions aggregate
near the upper headgroups of the bilayer so that a portion of
them are trapped in the upper part of the membrane.

4. Concluding remarks

The acquired results of this study represent the role of the
determinant factors on the permeation of water and ions
through a mechanosensitive channel of large conductance. We
utilized biophysical parameters to investigate the different
events during water and ion permeation at the atomic scale. In
this regard, the pore-lining residues of Tb-MscL were identified.
Afterward, the hydration procedure in the hydrophobic trans-
membrane gate of Tb-MscL and the ion permeation were
investigated using steered molecular dynamics simulation.
Finally, an assessment was accomplished on how the water and
ion permeation and the electrostatic potential are affected by
inducing a remarkable voltage difference to the system. The
results of pore size analysis for closed, expanded, and open
conformations of E. coli-MscL illustrated that the pore size of
the channel in the open state would increase by approximately
six times as much as the size of the hydrophobic gate in the
closed and expanded states. The pivotal role of VAL21 side
chains, as the gating filters of the transmembrane region, and
GLU104 side chains in the cytoplasmic domain, in water and
ion permeation, was scrutinized, and the results were in
agreement with previous studies.*® It was also indicated that the
weak interaction between the extracellular loops and the
membrane compared to transmembrane helices increased the
RMSD level for the loops. It was identified by time evolution for
the position of water and ion in the transmembrane domain of
the pore that ionic conductance does not occur in the closed
structure of Tb-MscL under equilibrium conditions. However,
during some time intervals of equilibrium simulation, the
hydration of the hydrophobic gate was detected. The water
molecules in the hydrophobic gate enclosed by VAL21 side
chains have the minimum level of accumulation over simula-
tion time, and naturally, the maximum free energy barrier
(~4.5 kecal mol™"). The distribution heatmaps for water mole-
cules in the domain enclosed by VAL21 and GLU104 side chains
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are entirely different, and this is related to the nature of the
hydrophobic sidechain of VAL21 and the charged residue
GLU104. In order to explore the orientation of water molecules
during interaction with the mentioned side chains, the distri-
bution of the dipole moment of water molecules was calculated.

In the next step, the ions were conducted into the channel
pore in a constant velocity by applying a pulling force to Cl~ and
K" individually. The pore-lining side chains with the highest
interaction with the ions were identified by calculating the
pulling force obtained by SMD simulation. The SMD force
illustrated that THR115 interacts with K much stronger than
Cl™. However, the negatively charged ion required a higher SMD
force to permeate through the acidic side chains of Glu104 than
the positive one. The selective function of the non-polar side
chain VAL21 was investigated, and it was demonstrated that the
mentioned side chain interacts with oppositely charged ions
distinctly. The secondary structure analysis demonstrated that
during the ion permeation, in comparison with the equilibrium
state, the inner transmembrane helices partially lose their
alpha-helix structure, while the secondary structures of the
outer transmembrane helices and H3 helices are remarkably
preserved. Although their secondary structure is retained
during the ion permeation, H3 helices undergo a severe
conformational change resulting in a significant change in their
angles to the Z-axis.

In the next stage, a large external electric field was applied to
the system to explore the field influence on permeability and
ionic conductance. By evaluating the heatmap of electrostatic
potential for the system, it was determined that the electric field
not only turns the solvent electric potential to a heterogeneous
pattern but also modifies the potential distribution in the
membrane. Inducing the external electric field, in addition to
altering the degree of wettability of the channel, will distinctly
change the ionic density in the system.

Needless to say, the conclusions derived in this study
focused on the interaction of water molecules and oppositely
charged ions with pore-lining side chains of the channel. We
can neither declare to have determined the minimum pathway
for the opening of the channel nor reject the possibility of
designing an even more comprehensive paradigm to provide an
insight into details of permeation procedure in ion channels.
Nonetheless, we can express that, through the methods that
emphasize the nature of the factors affecting the functional
state of the ion channel, our general method makes it possible
to investigate the permeation procedure in ion channels in an
efficient manner.
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