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OSCA/TMEMBG63 protein families are recognized as typical mechanosensitive (MS) ion channels in both plants and
animals. Resolved OSCA and TMEMS63 structures have revealed that these channels are forming dimer and monomer,
respectively. Despite the distinguished architectures, OSCA and TMEMG63 serve similar functions in multiple physiolog-
ical processes. Recently, human TMEM63A (hTMEMG63A) structure was identified, allowing for investigation into the
activation mechanism of hTMEMG63A through molecular dynamics (MD) simulations. In this study, we performed multi-
scale MD simulations toward hTMEMG63A, aiming to reveal how lipid binding regulates h\TMEMG63A activation. Our
results identified two regions on the surface of hTMEMG63A, exhibiting a preference for lysophosphatidylcholine (LPC)
lipids. Further conformation analyses clarified the activation mechanism of h\TMEMG63A induced by LPC insertion. These
simulation results provide detailed insights into the h"TMEM63A-lipid interaction and significant conformational changes
associated with hTMEMG63A gating, thereby shed lights on the MS ion channel activation mechanism driven by lipid

plugging.

Keywords: molecular dynamics simulation, membrane proteins, conformational changes, protein—-membrane

interactions
PACS: 87.15.ap, 87.14.ep, 87.15.hp, 87.15.kt

DOI: 10.1088/1674-1056/ae172d

1. Introduction

Mechanical sense is one of the fundamental physiological
processes that occurs in all organisms.!!! Membrane proteins
play a crucial role in sensing external mechanical forces and
undergoing conformational changes to transmit these stim-
uli into cytoplasm./?l Mechanosensitive (MS) ion channels,
one of the force-electric transducers, are widely expressed
among prokaryotic and eukaryotic living organisms and are
involved in various biological processes, including vascu-
lar development, touch, and hearing sensation.[>*! Based on
the paradigms of how MS ion channels respond to the me-
chanical stimulus, the MS ion channels can be categorized
into two types. One of the paradigms is known as ‘tether
gating model’,® which includes MS ion channels such as
NompC whose ankyrin repeats can sense the mechanical force
from the intracellular side.[%® Another paradigm is known
as ‘force from lipid’,!”! representing that the MS ion chan-
nel can be activated by the force from the bilayer. This ac-
tivation principle is observed in diverse MS ion channels,
involving MS KT ion channel TRAAK and TREK,[0-12]
bacterial MscL and MscS,[!314 OSCA in plants,[>~291 and
TMEMS63 in mammals.!?!! Previous research on OSCA fami-
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lies have demonstrated their contributions to plant stem growth
and the regulation of turgor pressure, which affects plant-cell
size and shape.*”l) TMEM63 families, the animal homolo-
gous channel families of the plant OSCAs, are proposed to
be associated with global development delays and epileptic
encephalopathy. [>’]

In recent years, we have witnessed the determination of
structures of OSCA1.1, OSCA1.2, and OSCA1 from Ara-
bidopsis thaliana, revealing that these ion channels adopt a
dimeric architecture.!!>16201 These OSCA channels exhibit
a framework that bears resemblance to the calcium activated
channel TMEM16, known for its ability to scramble lipids

5.4l The calcium binding at trans-

and transport chloride ion
membrane helix M6 of TMEM16 straightens its pore forming
helix results in the activation of TMEM16.!>! The cryo-EM
structures of OSCA channels have unveiled the presence of a
lipid molecule bound to the lower stage of the channel,!'%2°]
which is considered to be equivalent to the calcium binding of
TMEM16.1>*1 This suggests the binding lipid may be linked
to the activation of OSCA channels. Notably, in contrast to
the dimeric architecture of OSCA and TMEM16 channels, re-
cent high-resolution TMEMG63A structures have revealed its

[20,21

assembly as a monomer. I Despite this difference, the ar-
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chitecture of TMEMG63A shares similarities with the subunit
of dimeric OSCA channels. Moreover, it has also been ob-
served that there is a lipid positioned at the lower stage of
TMEMG63A channel coordinating to W473, E571, and W613,
which is proposed as the critical factor for TMEM63A activa-
tion since TMEM63 channels are the animal orthologs to the
OSCA channels.

Previous studies have reported that MS ion channels fol-
lowing the ‘force from lipid’ principle, such as MscS and
TRAAK, are dependent on the lipid attachment for their ac-
tivation. The resolved MscS structures illustrate that lipids
block the ion transport pathway as a lock in the channel.!'3]
In the non-conductive state of TRAAK, the ion transport
pathway is obstructed by the lipid tail penetration.!'”! Re-
cently, investigations have uncovered that the OSCA chan-
nel may be activated under the binding of lyso-lipids, par-
ticularly in the lipids anchor sites situated at the extracellular
cavity between the two OSCA subunits.!'32% Given the sim-
ilarities between TMEMG63A and OSCA, an intriguing ques-
tion arises: is the TMEMG63A activation also modulated by
lyso-lipid binding? Recent developments in computer hard-
ware and simulation algorithms have established molecular
dynamics (MD) simulation as a reliable method for investi-

s.[26-281 1y this work, we set up

gating various biological issue
a series of TMEMG63A-bilayer systems containing lysophos-
phatidylcholine (LPC) and phosphatidylinositol bisphosphate
(PIP2) and performed multi-scale MD simulations to investi-
gate the specific lipid binding sites along TMEMG63A surface
and the conformational changes induced by the lipid binding.
In the coarse-grained (CG) MD trajectories, we observed that a
lipid trapped into the intracellular entrance of the TMEM63A
ion pathway with its head group approached the pore form-
ing helices. Further analyses identified two key regions, re-
gion I (S538-E539-1542) and region 1I (D189-N190-D191),
which are serving as LPC binding pockets coordinating at
the TMEMG63A surface, where both the regions are located
in proximity to the pore forming helices of TMEM63A. Sim-
ilar to dimeric MS channel OSCA, the presence of conical
lipids such as LPC surrounding TMEMG63A likely leads to hy-
drophobic mismatch, promoting the MS channel gating. Our
all-atom (AA) MD simulation results indicate that LPC in-
sertion into the bilayer results in dilation of the upper pore
of TMEMG63A. In addition to LPC binding residues identified
above, we also extracted other vital residues that may directly
regulate TMEMG63A gating, providing more comprehensive
insights into the activation mechanism of ion channels follow-
ing the ‘force from lipid’ principle.

2. Results

Specific lipids such as LPC and PIP2 have been reported
to attach to the surfaces of ion channels, thereby regulating the

behavior of the ion channels. In this work, multiple human
TMEMG63A (hTMEMG63A)-bilayer simulation systems were
established with varying bilayer compositions (DPPC:LPC
=4:1, DPPC:PIP2 =4 : 1, DPPC:LPC:PIP2 =3:1:1, de-
noted as 20%LPC, 20%PIP2, and mix, respectively), aiming
to investigate the distinct lipid binding regions along the hT-
MEMBG63A surface. Figures 1(a)-1(c) show the overview of
these init "\TMEMG63A-bilayer systems. After all the simula-
tions were finished (Figs. 1(d)-2(f)), we first analyzed the root
mean squared deviation (RMSD) of hTMEMG63A for all the
systems. The RMSD values for the 20%LPC systems range
from 0.3 nm to 0.45 nm during the latter part of the sim-
ulation trajectories (Fig. S1A), while the systems containing
PIP2 (20%PIP2 and mix) exhibit smoother fluctuations, with
RMSD values hovering around 0.3 nm throughout the trajec-
tories (Figs. SIB&C). The above RMSD analysis results indi-
cate that all the systems were reaching reasonable equilibrium,
allowing us to proceed following investigations toward these
equilibrated systems.

Fig. 1. Overview of hTMEMG63A-bilayer systems. Ice blue surface
represents MS ion channel hTMEMG63A. Lipid DPPC, LPC, PIP2 are
shown as grey spheres, pink spheres, and marine spheres, respectively.
(a)—(c) Init systems refer to 20%LPC, 20%PIP2 and mix. (d)—(f) Sys-
tem overview of 20%LPC, 20%PIP2 and mix after 1000-ns MD simu-
lation.

The lipid diffusion rate within biological bilayers is af-
fected by multiple factors, including bilayer composition and
the presence of membrane proteins. Here, we examine the
lipid diffusion properties of two distinct lipid species, LPC and
PIP2, in the absence and presence of hTMEMG63A embedded
within the bilayer. As shown in Figs. 2(a) and 2(b), the diffu-
sion coefficient of LPC is 26.3+2.9 um?/s when hTMEMG63A
was embedded in the bilayer, compared to 60.2 4 6.3 um?/s in
the solo bilayer. Similarly, for PIP2, the diffusion coefficient
(Figs. 2(c) and 2(d)) is 13.44 1.3 um?/s with \TMEMG63A
embedded, and 42.1 £4.8 umz/s in the absence of the protein.
These results indicate that no matter LPC or PIP2, both reflect
enhanced diffusion capability when hTMEMG63A is absent. A
similar trend was also observed in 20%LPC and 20%PIP2 sys-
tems (Fig. S2). These findings illuminate that h\TMEMG63A
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insertion inhibits the lipid diffusion along the bilayer, possi-
bly due to the interactions between the protein and the bilayer
lipids. Employing the radial distribution function (RDF), we
explored neighboring lipid condition around the \TMEMG63A.
RDF calculations were performed for LPC and PIP2 for hT-
MEMG63A in 20%LPC, 20%PIP2 and mix systems, the results
are shown in Figs. S3A-D. The observed convergence of the
curves in each panel indicates the reproducibility of lipid dis-
tribution across five independent simulations for each system
configuration, which demonstrates that the lipids tend to lo-
calize within a protein surrounding shell whose radius equals
0.5 nm, corresponding to the first peak in each curve. The
above RDF analyses roughly reveal that both LPC and PIP2
are able to accumulate in proximity to the hTMEMG63A. To
further probe the LPC and PIP2 binding sites along the hT-
MEMG63A surface, we calculated the contact probability of
each hTMEMG63A residue with LPC and PIP2 molecules. The
last 700-ns CG trajectories were extracted for analysis and the
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results calculated from mix systems are presented in Figs. 2(e)
and 2(f), in which Fig. 2(e) displays the value of every residue
LPC or PIP2 contact probabilities, while Fig. 2(f) depicts the
hTMEMG63A 3-D structure colored according to the contact
probability value to intuitively visualize the residue distribu-
tion. These analyses demonstrate that the majority of hT-
MEMG63A surface residues are occupied by PIP2 molecules,
as evidenced by the predominantly blue coloration in Fig. 2(f).
Notably, there are still two regions that are able to detect LPC
contact signals (highlighted by dashed lines in Fig. 2(e)), indi-
cating these residues exhibit a preference for LPC over PIP2.
These LPC-preferential residues are situated close to the pore-
forming helices of hTMEMG63A, which may trigger pore di-
lation upon hTMEMG63A activation. Overall, the lipid con-
tact probability analysis identifies critical residues involved
in lipid-hTMEMG63A interactions, providing valuable insights

for our subsequent investigations.
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Fig. 2. (a)—(d) The lipid mean squared deviation (MSD) in distinct systems. The dashed lines point out the trajectories that did linear fitting to calculate the
diffusion coefficient. (a)—(b) The diffusion coefficient of LPC in mix systems with the presence and absence of hTMEMG63A. (c)—(d) same as (a)—(b) but for
PIP2. (e) The LPC and PIP2 contact probabilities of hTMEMG63A in mix systems. (f) Colored "\TMEMG63A structure based on the results shown in (e).

The above analyses elucidate that several residues com-
prise the LPC-binding sites on the hTMEMG63A surface, in-
cluding the residue region S538, E539, 1542 (region I) and
D189, N190, DI91 (region II), which are highlighted in
Figs. 2(e) and 2(f). To further investigate the lipid behav-
ior around these two regions, the distance between the near-
est LPC lipid and the center of geometry of each region was
calculated. The results are presented in Figs. 3 and S4, in
which profiles are protruded by bold dots when the distance
is less than 0.6 nm. In one of the mix simulations, five LPC
molecules were found to be moving around region I (Fig. 3(a)),

while four LPC molecules were observed to diffuse towards
to region II (Fig. 3(b)), most of them have found their fa-
vorite positions and are bound to the h"TMEMG63A. Following
the guidance of the above analyses, typical frames were ex-
tracted to intuitively reflect the relative position between the
key LPC molecules and hTMEMG63A. Figure 3(c) shows the
structure after a 500 ns MD simulation, of which one LPC
molecule (LPC_I in Fig. 3(a)) is glued to the region I with
comfortable orientation. As the simulation progressed, an-
other LPC molecule (LPC_3 in Fig. 3(a)) moved towards to
region I and gradually substituted LPC_1 to fill the region cav-
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ity (Fig. 3(d)). Figure 3(e) exhibits the LPC binding posture
along region II. The right three panels display the zoom view
of the Figs. 3(c)-3(e), respectively. These results provide in-
sights into the molecular interactions between LPC and hT-
MEMG63A, which may contribute to understanding the role
that the lipid plays upon hTMEMG63A activation processes.
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Fig. 3. (a) The distance between the closest LPC molecule and the region I
constituted by the residue from S538 to 1542. (b) The distance between
closest LPC molecule and the region II including D189, N190, and D191.
(c) Overview of the LPC_1 orientation binding to region I. The white-grey
colored surface represents the h"TMEMG63A. The magenta highlighting area
indicates region I. LPC_1 is painted as pale-green, corresponding to the pro-
file of (a). (d) The snapshot of the LPC_3 is substituting the LPC_1. LPC_3
and LPC_1 are colored by brown and pale-green, respectively. (e) The snap-
shot of LPC_5 trapped into region II, in which LPC_5 and region II are shown
as ice-blue spheres and blue surface, respectively.

Following the CG simulation, we converted the final
structure of mix system and proceeded with a series of AA
MD simulations. We also conducted an AA MD simulation
towards hTMEMG63A-DPPC bilayer system (referred to as
‘pure’ system blow) as a control. Upon completion of the
AA MD simulations, the RMSD of each trajectory was cal-

culated. The results, displayed in Fig. S5, show gradual con-
vergence of each profile throughout the simulations, demon-
strating the protein conformation of each system has accessed
stable state. To compare the conformational changes of hT-
MEMG63A during the simulations, the initial and the final hT-
MEMBG63A structure were superposed in Figs. 4(a) and 4(b).
As Fig. 4(a) shows, the hTMEMG63A conformations between
pure (skyblue cartoon representation) and mix (cyan cartoon
representation) systems are highly similar before the AA MD
simulation. However, after the AA simulation, significant dif-
ferences were observed in the conformation of hTMEMG63A
pore-forming helices (highlighted in Fig. 4(b)) between pure
and mix trajectories. In Figs. 4(b) and 4(c), it is evident that
helix-4 (residue 553-588) in the mix system moves away from
helix-6 (residue 461-492), while helix-4 remains nearly un-
changed in the pure system. To quantitatively investigate the
conformational changes in the both systems, we calculated the
distance matrices between residues P461-1482 of helix-4 and
residue G553-L573 of helix-6 in the initial and final structures
of pure and mix trajectories. To visualize the change in dis-
tance more intuitively, the distance deviation (Adistance) be-
tween final and initial structures was analyzed, the results of
pure and mix system are shown in Figs. 4(d) and 4(e), respec-
tively. According to the color heat map of Fig. 4(d), we can see
that the distance between the top residues of helix-4 and helix-
6 extend during the simulations, while the relative distances
between other residues remain in the initial status, suggesting
that only the extracellular side of hTMEMG63A pore enlarges
in pure systems. Compared to Fig. 4(d), Fig. 4(e) reveals a
broader range of regions where the residues’ relative distances
become wide, representing the pore-forming helix-4 and helix-
6 move apart and induce hTMEMG63A pore dilation during
the mix simulations. The above analyses have demonstrated
hTMEMG63A undergoes significant conformational changes
during the AA MD simulations. To explore the details of
the pore-forming helices motion, we extracted three pairs of
residues (Q465-F555, T469-Y559, W473-A562) from helix-
4 and helix-6 (Figs. 5(a) and 5(b)). These selected residues are
distributed along the ion pathway of hTMEMG63A, with their
sidechains oriented toward the pore. The distance deviations
for these residues are highlighted by three circles in Figs. 4(d)
and 4(e). Moreover, how the three distances evolve in the MD
simulation is a fancy issue, so we analyzed the Adistance be-
tween each frame and the initial frame. As can be seen in
the profiles shown in Fig. 5(c), Adistance-1 of the pure tra-
jectories gradually extend and maintain the expansive trend
during the entire trajectories, while the other two Adistances
do not exhibit significant changes in the simulations, demon-
strating that helix-4 does not experience dramatically confor-
mational changes in these trajectories. Conversely, not only
is the Adistance-1 increased in the mix trajectories but both
Adistance-2 and Adistance-3 also expanded (Fig. 5(d)), indi-
cating that helix-4 moves away from helix-6, resulting in dila-
tion of the "\TMEMG63A pore radius.
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3. Discussion

In this study, we investigated the diffusion coefficient of
LPC and PIP2 molecules in series of CG MD simulations, due
to the smoother energy landscape provided by the MARTINI
force field, the lipids in the CG simulation exhibit faster diffu-
sion compared to those in the AA force field. Previous studies
compared the diffusion coefficient of lipid in CG and atom-
istic models, demonstrating that the diffusion coefficients of
lipids in the CG model can be significantly higher than those
in AA model, with a difference of up to 10 times.!*”! Based
on this correlation, LPC and PIP2 diffusion coefficients in AA
model are estimated to be approximately 2.63 +0.29 pum?/s
and 1.34 £0.13 um?/s in the mix system. These values are
comparable to the lipid diffusion coefficient (4—10 um?/s) re-
ported in previous experiments. 3311 We noticed that LPC dif-
fusion coefficients are almost two times more than PIP2. By
combination of our RDF and lipid contact probability analy-
ses, we hypothesized that the distinct diffusion coefficients ob-
served for LPC and PIP2 are attributed to their different pro-
tein binding abilities. To preclude the protein impact on the
lipid diffusion, we performed a series of CG MD simulations
without hTMEMG63A. The results reveal that LPC continues
to diffuse more rapidly than PIP2, suggesting that the interac-
tion between lipid molecule and hTMEMG63A may be one of
the reasons influencing the lipid diffusion rate. In addition to
protein—lipid interaction, the topology structure of lipids may
also play a role in lipid diffusion ability. Distinguished from
PIP2, LPC features a single hydrophobic tail, which may facil-
itate its diffusion in the membrane. In contrast, PIP2 contains
a much larger and charged head group, which likely reduces
its mobility within the bilayer relative to LPC. Comparing the
diffusion coefficients calculated from the systems with and
without " TMEMG63A, we observed that both LPC and PIP2
reflect enhanced diffusion in the absence of the h\TMEMG63A.
The diffusion coefficients in the sole bilayer system are signif-
icantly higher than those in the hTMEMG63A-bilayer system,
which elucidates the presence of hTMEMG63A restricts the mo-
tion of both LPC and PIP2. We inferred that \TMEMG63A
embedding into the bilayer attracts and binds to LPC or PIP2
molecules, reducing their fluidity and consequently lowering
their diffusion coefficients.

The above CG MD results identified two distinct regions
capable of attracting LPC molecules: region I (S538, E539,
1542) and region II (D189, N190, D191). Further sequence
alignment analysis (Fig. S6) highlighted that region I, lo-
cated on the extracellular side of hTMEMG63A, is homolo-
gous to the lyso-lipid binding residues P499psca, N5000sca
and P5030sca of OSCA1.1.129T Although hTMEMG63A topol-
ogy (monomer) is distinguished from the dimeric OSCAL.1,
hTMEMG63A shares a similar structure with the single sub-
unit of OSCA1.1 channel, particularly regarding the topol-

ogy structure of their ion pathways, which are both primar-
ily composed of several transmembrane helices. In addition,
the LPC-binding residues in both hTMEMG63A and OSCA1.1
are distributed nearly to the extracellular side of the pro-
tein ion pathway. As previous work has reported,!'>?9 the
OSCA channel activation is regulated not only by the lyso-
lipids binding to the extracellular side of its dimer interface
but also by the non-conical phosphatidylcholine binding to
the bottom entrance of its pore. Another work has revealed
that a lipid is present at the lower stage of the ion path-
way of the OSCA channel, specifically around K436psca and
D5240sca.'”! Recent work also identified that lipid could
bind to \TMEM63A W473 and W613, which are homologous
to OSCA pore residues K4360sca and Q5730sca.??! Lipid
contact analysis with W473, ES71 (homologous to K436psca,
E5320sca) in hTMEMG63A revealed that a DPPC molecule
(DPPC._1 in Fig. 6(a)) is able to touch these residues (re-
gion III). In contrast to the LPC binding regions, only one
DPPC molecule remained bound to the region III throughout
the simulation trajectories, demonstrating the DPPC molecule
has trapped into the region III and prevented its exchange with
other lipid. The binding pose of the DPPC molecule, shown
in Fig. 6(b), demonstrates that its head group of DPPC_1 has
approached close to the W473, with its tail remains embedded
into the bilayer. This binding orientation is consistent with the
findings reported in the experimental study,”! in which has
discussed the conserved lipid binding mode within OSCA or
TMEMG63 ion pathway may be functionally analogous to the
calcium-binding site identified in the TMEM16 family.
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Fig. 6. (a) The distance between the closest lipid and region III (W473,
E571 and W613). (b) The related position between the DPPC_1 and re-
gion III. The right panel shows a zoom view of the lipid binding pocket
located at the intracellular entrance of the h\TMEMG63A ion pathway.

The AA MD simulations provided more detailed insights
into the gating mechanism of hTMEMG63A. Our AA MD re-
sults indicated a rapid increase in the distance within the up-
per pore of hTMEMG63A during the mix simulations, suggest-
ing the ion pathway of hTMEMG63A dilated with LPC inser-
tion. Although the LPC binding regions (S538, E541, 1542
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and D189, N190, D191) are positioned spatially away from the
pore-forming helices, helix-4 and helix-6, similar to OSCA,
LPC molecules regulate the channel activation through an al-
losteric effect. Previous studies have identified the upper pore
position as the narrowest section of the OSCA pathway,!">! in
which numerous hydrophobic residues are distributed, creat-
ing strong hydrophobic interactions that restrict the pore ra-
dius. A similar phenomenon was observed in hTMEMG63A’s
ion pathway. In the absence of LPC in the bilayer, only the dis-
tance between Q465 and F555 (Adistance-1) extended, while
other hydrophobic interactions remain unaffected during the
simulations. As Q465-F555 residue pair is situated at the top
entrance of hTMEMG63A ion pathway, which is very close to
the bulk water. It is logical that hydrophobic interaction be-
tween Q465 and F555 can be disrupted without LPC inser-
tion. Contrary to pure systems, the mix systems reflect much
differences in Adistance values, with both Adistance-2 and
Adistance-3 expanding, leading to an overall extension of the
hTMEMG63A pore. Comparing the two trajectories in mix sys-
tems, represented by the dark pink profiles (mix-1) and light
pink profiles (mix-2) in Fig. 5(d), it appears that the pore di-
lated more dramatically in mix-1 trajectory. All the Adistance
values in mix-1 trajectory fluctuated at higher levels than in the
mix-2 trajectory, particularly at the Adistance-2 position. Fig-
ure 5(b) shows the pair of residues T469, Y559 (Adistance-2)
are located in proximity to the hydrophobic core of the up-
per pore, which is hard to open due to numerous hydrophobic
residue distributions. Despite Adistance-2, Adistance-3 also
exhibits difference between mix-1 and mix-2 (see the bottom
panel of Fig. 5(d)). In mix-1 trajectory, the Adistance-3 en-
larged to 2.5 nm and remained stable during the simulation,
while Adistance-3 value in mix-2 trajectory just fluctuated to
2.5 nm and soon shrank to approximately 1.5 nm. The dif-
ferent tendency of Adistance-3 transformation may influence
the gating of Adistance-2, since the expansion of Adistance-2
is delayed after the extension of Adistance-3 extension in the
mix-1 simulation. We infer that the dilation of Adistance-3 is
the precondition for the opening of Adistance-2. The increase
in Adistance-3 reflects the separation of W473 from A562, dis-
rupting the hydrophobic interactions in the upper pore of hT-
MEMG63A. W473 also serves as the non-conical lipid binding
site of hTMEMG63A,1?%! and the lipid binding may facilitate
the outward motion of W473. Furthermore, the conforma-
tional change of W473 is able to reduce the hydrophobicity in
the upper pore of h\TMEMG63A, thereby promoting the disrup-
tion of the hydrophobic core and inducing further activation of
hTMEMG63A. Collectively, our AA MD results reveal that the
gating of hTMEMG63A is regulated by two critical hydropho-
bic locks, T469-Y559 and W473-A562. The T469-Y559 in-
teraction is more tightly bound, and its dilation requires the
disruption of the interaction between W473 and A562.

4. Conclusion

In this work, multi-scale MD simulations were employed
to investigate the activation mechanism of \TMEMG63A. Lipid
behavior analysis identified two LPC binding regions located
along the surface of hTMEMG63A. Further AA MD simula-
tions revealed the disruption of two key hydrophobic interac-
tions (T469-Y559 and W473-A562) within the upper pore of
hTMEMG63A plays a crucial role in its activation. Notably, the
interruption of W473-A562 is more substantial, which may
facilitate the opening of T469-Y559. These findings not only
provide theoretical guidance for further research towards the
detailed mechanism of hTMEMG63A activation but also offer
a reliable reference for future investigations that the ion chan-
nels shared similar architecture with hTMEMG63A.

5. Methods
5.1. Coarse-grained molecular dynamics simulation sys-
tems set up

All the MD simulation trajectories were obtained un-
der Gromacs 2020.51%21 with MARTINI force field.!*334 The
cyro-EM structure of hTMEMG63A,?Y! PDBID: 8GRS, was
downloaded from Protein Data Bank to serve as the initial
structure for the CG MD simulations. The structures and cor-
responding topology files for simulation were generated by
the script marinize.py.3*31 The bilayers we adopted in this
work were mainly composed of 1,2-dipalmitoyl-sn-glycero-
3-phosphorylcholine (DPPC), in addition with LPC or phos-
phatidylinositol bisphosphate (PIP2), the ratio of these com-
ponent is DPPC:LPC = 4:1 (20%LPC), DPPC:PIP2 = 4:1
(20%P1P2), DPPC:LPC:PIP2 = 3:1:1 (mix). Script insane.py
was utilized to put the lipid around h"TMEMG63A with a bilayer
shape. The sole bilayer ratio is coincide with the correspond-
ing hTMEMG63A-bilayer systems, using insane.py to place the
lipid molecules forming as a bilayer shape. Finally, both the
hTMEMG63A-bilayer structure and sole bilayer structure were
solvated into a 10 x 10 x 12 nm® water box, respectively. Na*t
and CI~ ions were added to neutralize the systems. The de-
tailed compositions of all the systems are shown in Table S1.

5.2. Coarse-grained molecular dynamics simulation

Prior to conducting MDs simulations for production, we
equilibrated the systems to eliminate irrational contacts and
achieve the desired target conditions. The systems were first
energy minimized for 5000 steps, followed by 0.5-ns NVT
(canonical ensemble) equilibration, performed with a time step
of 20 fs. After equilibration, the systems’ temperature and
pressure reached 310 K and 1.0 bar. Among each system,
five 1000-ns independent simulations were conducted under
the NPT ensemble (isothermal-isobaric ensemble), of which
the time steps were set to 20 fs. The V-rescale algorithm was

employed to maintain the system temperature at 310 K.[3%]
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The Berendsen algorithm was used to maintain the pressure
at 1.0 bar and the pressure coupling type was set to semi-
isotropic.3”! Both temperature coupling and pressure coupling
constant were 1.0 ps. The electrostatic interactions were cal-
culated with the reaction-field method. While van der Waals
interaction was cut off at a distance of 1.1 nm. The elas-
tic network with a force constant of 1000 kJ/mol/nm? and
a cutoff distance of 1 nm was applied to the protein to pre-
serve its conformation during the simulation. Additionally, the
LINCS (linear constraint solver) was implemented for bond

constraints. 38!

5.3. All-atom molecular dynamics simulation

After CG MDs simulation finished, the final structures
with pure DPPC bilayer and mix bilayer were converted to
atomistic model in CHARMM?36m force field,?*! serving as
subsequent AA MD initial structures. After the 5000-step en-
ergy minimization, the system was equilibrated for 0.5 ns in
the NVT ensemble and 1.5 ns in the NPT ensemble, with the
position restraints towards heavy atoms of hTMEMG63A grad-
ually reduced from 2000 kJ/mol/nm? to 50 kJ/mol/nm”. The
lipid molecules were also constrained with the force constant
gradually reduced from 1000 kJ/mol/nm? to 0. At the equili-
brated stage, v-rescale*®) and Berendsen!”! algorithms were
used to maintain the system temperature at 310 K and system
pressure at 1.0 bar, respectively. Both the coupling constants
were set to 1.0 ps. The cutoff distance of van der Waals in-
teractions was 1.0 nm, which is switched off from 1.0 nm to
1.2 nm. The particle-mesh-Ewald (PME) algorithm was uti-
lized to calculate the long-range electrostatic interactions. [°]
After the equilibration, all of the position restraints were re-
moved and 3 x 300 ns trajectories of hTMEMG63A-dppc sys-
tem (pure) and 2 x 300 ns trajectories of hTMEMG63A-mix
system (mix) were performed. At the production stage, the
pressure coupling algorithm was set to Parrinello-Rahman[*!]
to maintain the system pressure.

5.4. Data analysis
5.4.1. Diffusion coefficient calculation

The mean squared deviations (MSDs) of lipids were cal-
culated by Gromacs built-in analysis tool, gmx_msd. The lipid
motion in the bilayer can be considered as the two-dimensional
diffusion, in which the relationship between the MSD ((r?))
and the simulation time can be represented in the following
equation:

(r?y =4Dr, (1)

where ¢ is the simulation time and D is the lipid diffusion co-
efficient. We extracted the first 100-ns trajectories to do the
linear fitting to obtain the lipid diffusion coefficient.

5.4.2. Lipid contact probability

The protein-lipid interactions are considered when the
distance between the protein residue and lipid head group is
less than 6 A. Based on the above lipid diffusion coefficient
and protein RMSD analysis, the protein and lipids find their
favorable configurations during the initial 300-ns simulation
trajectories. Consequently, the first 300-ns trajectories were
excluded from the following lipid—protein interaction analysis.
We quantified the frames (frames_interact) in which generic
lipid L can interact with protein residue R in the final 700-
ns trajectory. Then, the ratio between the frames_interact and
total frames of the trajectory (frames_total) was calculated to
access the probability that residue R contacts with the lipid L.
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