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Abstract

Many coarse-grained (CG) molecular dynamics (MD) studies have been performed

to investigate biological processes involving proteins and lipids. Since CG force fields

(FFs) in these MD studies often use implicit or non-polar water models to reduce com-

putational costs. CG-MD using water models cannot properly describe electrostatic

screening effects owing to the hydration of ionic segments, and thus cannot appro-

priately describe molecular events involving water channels and pores through lipid

membranes. To overcome this issue, we developed a protein model in the pSPICA FF,

in which a polar CG water model showing the proper dielectric response was adopted.

The developed CG model greatly improved the transfer free energy profiles of charged

side chain (SC) analogues across the lipid membrane. Application studies on melittin-

induced membrane pores and mechanosensitive channels in lipid membranes demon-

strated that CG-MDs using the pSPICA FF correctly reproduced the structure and

stability of the pores and channels. Furthermore, the adsorption behavior of the highly

charged nona-arginine peptides on lipid membranes changed with salt concentration,

indicating the pSPICA FF is also useful for simulating protein adsorption on membrane

surfaces.
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1 Introduction

Molecular dynamics (MD) simulations have become a well-established method for providing

deep insight into phenomena in biological systems at the molecular level. MD simulations

have been used to reveal the structure, dynamics, and thermodynamic properties of various

biological molecules such as lipids and proteins. With significant improvement in computer

performance and the development of computational algorithms, MD simulations that allow

the calculation of such properties are now relatively easy to achieve using all-atom (AA)

force fields (FFs).1 However, biological processes, especially those involving multiple pro-

teins, essentially require microsecond and tens-of-nanometer scales; therefore, even with the

powerful hardware and software currently available, most of these processes are still beyond

the capabilities of AA-MD simulations.

Coarse-grained (CG) MD simulations are alternative approaches used to address molecular-

level events that occur over longer time and larger spatial scales.2 Many CG models and

coarse-graining schemes have been proposed and developed to simulate biological phenom-

ena involving lipids and proteins.3–10 SPICA is the one such quantitative CG model that en-

ables highly accurate simulations of biological and soft material systems.11 It was originally

developed to precisely predict morphological changes in self-assembled structures formed by

surfactants and lipids,12–16 and has recently been extended to simulate peptides and pro-

teins.17–19 In the CG parameterization scheme of the SPICA protein model, the following

properties were well reproduced: experimental solvation free energies of protein side chain

(SC) analogues, dimerization free energies of several transmembrane peptides, radial distribu-

tion functions (RDFs) between SC analogue dimers, and transfer free energy of SC analogues

across lipid membranes obtained from AA simulations using CHARMM36,20 the penetra-

tion depths and tilt angles of peptides on lipid membranes obtained from the Orientations

of Proteins in Membranes (OPM) database. Owing to the SPICA parameterization scheme,

which combines the top-down and bottom-up approaches, the developed protein model re-

produces several thermodynamic properties and reasonably predicts the structure of protein
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aggregates. However, because SPICA employs an explicit CG water model represented by a

single uncharged Lennard-Jones (LJ) particle, it is difficult to capture molecular processes,

particularly those involving the water pores formed by proteins in lipid membranes.

pSPICA is an alternative CG model based on a polar water model and was developed for

the simulation of lipid membranes.21 Except for the differences in the polarity of the water

model and treatment of electrostatic interactions, pSPICA is almost identical to SPICA, and

the interaction parameter optimization procedure in pSPICA follows that in SPICA. There-

fore, pSPICA can reproduce several experimental thermodynamic properties and distribution

functions of the AA-MDs. Thanks to the polar CG water model, CG-MD simulations with

pSPICA successfully predicted the free energy barriers required for lipid flip-flop with water

defects comparable to AA results, changes in the morphology of charged lipid aggregates

with salt concentration, and membrane electroporation in an imbalanced ion distribution.

These are typical cases in which the SPICA FF using the non-polar water model fails to

show high performance. In addition to surface and elastic properties comparable to those of

the experiment, CG-MDs performed with pSPICA can provide more realistic electrostatic

interactions necessary to capture membrane water defects and pores, which are important

for many biological processes.22,23

In this study, to overcome the limitations arising from the use of non-polar CG water to

simulate lipid-protein systems, we developed a CG protein model that is fully compatible

with the lipid and water models in the pSPICA FF. Protein interaction parameters were

adjusted to reproduce several thermodynamic quantities and structural data from both the

experiments and AA-MD simulations, following the optimization protocol used in the SPICA

FF. CG-MD simulations with the obtained parameter sets yields results that were in good

agreement with the reference data. In addition, several CG-MDs were performed in appli-

cation studies to validate the model. CG-MDs of melittin peptides forming transmembrane

pores were conducted to compare the stability of the pores using polar and non-polar wa-

ter models. The mechanosensitive channel of large conductance (MscL), a homopentamer
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channel, was used to assess whether the stability and structure of the protein assembly were

comparable to those of AA-MDs. Furthermore, the adsorption of nona-arginine (R9) pep-

tides on lipid membranes at different salt concentrations was simulated. These application

studies demonstrate the importance of electrostatic screening effects, which were properly

accounted for by employing a polar CG water model. The pSPICA FF parameters are freely

available from the SPICA website (https://www.spica-ff.org). The protein parameters were

employed in our previous work on the antimicrobial actions of melittin (version 1.0).24 The

parameters were further optimized in this work and distributed as version 1.1.

The remainder of this paper is organized as follows. In Section 2, we describe the details of

pSPICA, that is, the potential functions, the introduced protein model, and the simulation

methods used in this study. Section 3 presents the results of CG parameterization and

application studies of lipid-protein systems. The conclusions of this study are presented in

Section 4.

2 Methods

2.1 Coarse-grained model

This subsection outlines the protein CG model of pSPICA.21 The CG modeling scheme of

pSPICA basically follows that of SPICA. The definitions of the CG units of the proteins

in pSPICA was the same as those used in SPICA. The backbone (BB) atoms of one amino

acid are represented by a single CG unit (GBB or ABB) placed on the α-carbon atom. The

SC atoms are mapped to 0–4 CG units placed at the center of mass of the heavy atoms in

each CG unit, as shown in Figure S1. The protein models established in this study are fully

compatible with the pSPICA lipid and water models. The pSPICA water model represents

three water molecules as two charged CG units linked by a rigid bond. The LJ interaction

was considered only for the negatively charged CG unit of the water model. The standard
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Coulomb potential function was used to describe electrostatic interactions:

Ucoul(rij) =
qiqj

4πε0εrrij
, (1)

where qi is the partial charge of ith particle, ε0 is the permittivity in vacuum, and εr is the

relative dielectric constant. A value of εr = 3.2 is applied in pSPICA to reproduce experi-

mental values of bulk water properties, such as the density, surface tension, and electrostatic

permittivity. For the LJ interaction, the following three function types (LJ12-5, LJ12-4, and

LJ9-6) were used separately:

ULJ(rij) =
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where εij and σij are the minimum energy and distance at which ULJ equals zero because the

prefactors of all LJ functions are determined to satisfy ULJ(σij) = 0 and min{ULJ(rij)} =

−εij. The LJ12-5 function was applied to the pairs of water and ions. The interaction for

pairs between the uncharged CG units and water were described using the LJ12-4 function.

The LJ9-6 function was applied to pairs other than those described above. All the LJ

interactions are truncated at a distance of rcut = 15 Å. For bonded interactions, the bond

stretching and angle bending are expressed by the following harmonic potentials:

Ubond(r) = kbond(r − r0)
2, (3)

Uangle(θ) = kangle(θ − θ0)
2, (4)

5



where kbond and kangle are the force constants, and r0 and θ0 are the equilibrium length

and angle, respectively. The following bonded interaction for the dihedral angle was also

employed to maintain the cyclic SCs (phenylalanine and tyrosine) in the plane:

Udihedral(ϕ) = kdihedral[1 + cos(ϕ− d)], (5)

where kdihedral and d are the force constant and phase of the dihedral angles, respectively. To

preserve the secondary structure of the proteins in the CG simulations, an elastic network

model (ENM) described by harmonic potentials was employed. Elastic network bonds were

generated between protein BB units within a distance of 9 Å. The force constant of the

harmonic potential for the elastic network was selected as 1.195 kcal/Å2/mol.

The bonded parameters for the CG proteins in pSPICA were the same as those in SPICA.

For nonbonded interaction parameters between uncharged SCs, we employed the same pa-

rameters as those determined in a previous study for SPICA protein modeling.17,25 Other

LJ interactions were optimized by carrying out a series of CG simulations of proteins in this

work, as described later.

2.2 Simulation setup

The CG protein structures used in the simulations were prepared by mapping crystal struc-

tures obtained from the PDB databank (https://www.rcsb.org). We used the CHARMM-

GUI membrane builder26 to generate configurations of fully hydrated lipid membranes and

mapped them to a CG representation. The mapping from AA to CG was performed using

a set of Python codes distributed at https://github.com/SPICA-group/spica-tools.

All CG simulations for the parameterization were conducted using LAMMPS software.27

The bond length in the CG water was maintained at a constant length using the SHAKE

algorithm.28 Electrostatic interactions were calculated using the PPPM method.29 LJ inter-

actions were truncated at 15 Å. Energy minimization of the simulated systems was performed
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using the conjugate gradient method. The MD time step was set to 10 fs, to ensure energy

conservation in the NVE simulations using pSPICA. The system pressure was maintained at

1 atm using a Parrinello-Rahman barostat,30 and the system temperature was maintained at

310 K (physiological temperature) using a Nosé-Hoover thermostat.31,32 However, depend-

ing on the reference data, we slightly changed the system temperature in the simulations to

298, 303, and 308 K, as shown below. Strictly speaking, CG models are not temperature-

transferable because the lost entropy within the CG unit cannot be compensated in the

same way for different temperatures. As seen in a previous study, pSPICA showed good

temperature transferability from 290 to 363 K for water.21 Lipid membrane properties such

as area per lipid and thickness from CG-MDs with pSPICA were verified to be in good

agreement with experimental data at 298 to 323 K.21 Thus, the minor temperature change

in the parameterization of the pSPICA protein model should have a negligible impact on the

resultant parameters.

AA-MD simulations were conducted with the CHARMM36 FF33,34 and TIP3P water

model35 using GROMACS software36 to generate the reference data for the parameteri-

zation of the CG model. Energy minimization was performed using the steepest descent

method. The pressure and temperature of the system were set to the same conditions as

those calculated for the CG systems and maintained with a Parrinello-Rahman barostat30

and a Nosé-Hoover thermostat.31,32 Electrostatic interactions were calculated using the Par-

ticle Mesh Ewald (PME) method.37 LJ interactions were truncated at 12 Å with a smooth

switching function in a range of 10−12 Å. The geometric structure of the water molecules

was kept constant using the SETTLE algorithm.38 The LINCS algorithm39 was applied to

constrain all bonds involving hydrogen atoms (except for water molecules) and to use a

time-step size of 2 fs. The parameters of simulated SC analogues and their dimers, namely

non-protein molecules, were assigned based on the protein parameters of the CHARMM36

FF (for the details, see Supporting Information), and all configuration, topology, and pa-

rameter files required for AA simulations of both SC analogue monomers and dimers can be
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found at our repository presented in Data Availability section.

Errors of simulation results were calculated as the standard deviation from three replica

runs, unless otherwise noted. Simulation visualization and plotting were performed using

Visual Molecular Dynamics (VMD) software40 and Matplotlib,41 respectively. Additional

software used for analyses were Colvars module42 and MDAnalysis.43,44

3 Results and discussion

3.1 Parameter optimization

As mentioned above, we used the same LJ parameters for the pairs of uncharged SCs as in the

previous study,45 because the parameters had been already optimized for the experimental

density and surface tension of SC analogue liquid (not dependent on water models). In this

section, the other nonbonded parameters were determined according to the scheme shown

in Table 1. The optimization was conducted manually and systematically. The compound

names corresponding to the SC analogues are listed in Table S1.

Table 1: Order of optimization, target properties, and adjusted parameters in CG parame-
terization

Order target properties adjusted pair
I interfacial tension at SC analogue/water interface SCa–water
II hydration free energy of SC analogue SCb–water
III density of SC analogue solution SCc–water
IV radial distribution function of SC analogue dimers in water SCc–SC
V free energy profile of SC analogue across the lipid membrane SC–lipid
VI penetration depths and tilt angles of peripheral peptides/proteins BB–lipid/water
VII dimerization free energy of transmembrane helices BB–BB/SC
a uncharged hydrophobic
b uncharged hydrophilic
c charged
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3.1.1 Protein side chain parameters

First, we simulated SC analogue systems for parameter fitting with reference to the exper-

imental interfacial tension at the SC analogue/water interface, the experimental hydration

free energy of SC analogues, or the solution density and radial distribution functions (RDFs)

of SC analogues obtained from AA-MDs. In SPICA protein modeling, the parameters be-

tween uncharged SC analogues and water were determined with reference to the hydration

free energy data. However, this model was found to underestimate the interfacial tension

between the hydrophobic SC analogue and water compared to the experimental data. In

keeping with the original SPICA philosophy of accurately reproducing interfacial properties,

the reproduction of the interfacial tension at the SC analogue/water interface was prioritized

over the reproduction of the hydration free energy of the SC analogue. As pointed out in

SPICA protein modeling, reproducing the hydration free energy of a charged SC analogue

would overestimate its interaction with water. Using these parameters, water particles coor-

dinated to charged SC analogues would freeze, resulting in problems in sampling hydrated

protein structures. Instead, the interactions involved in the charged SC analogues were

adjusted by referring to the solution density and RDFs.

The SC analogue/water interfacial tensions were calculated to tune the LJ parameters

for hydrophobic SCs, namely, valine, leucine, isoleucine, and phenylalanine, against water.

Except phenylalanine, we used dimers composed of two SC analogues covalently linked to

each other to calculate the interfacial tensions, because the monomers of the SC analogues

exhibit a gas phase at the target temperature. We constructed two-component systems con-

sisting of approximately 350 hydrophobic SCs and 650 water particles. After confirming the

formation of the SC analogue (dimer)/water interface in the systems, we further performed

simulations as equilibration and production MD runs at 303 K in an NPzAT ensemble. The

production run lasted 20 ns, and the last 10 ns were used to estimate the interfacial tension

using a pressure tensor. The calculated interfacial tension values are listed in Table 2. For

the VAL dimer system, an experimental value obtained from the hexane/water system is
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shown. The values calculated using pSPICA were consistent with the experimental data.

Although the experimental values of the interfacial tension for the LEU and ILE dimer sys-

tems were not available, the calculated values captured the trend that the longer the alkane

chain, the greater the interfacial tension.46

The hydration free energies of the SCs were calculated to optimize the LJ parameters

between the uncharged hydrophilic SC analogues and water. We calculated the work required

to pull a single side chain from bulk water (1000 particles) to a vacuum perpendicular to

the vacuum-water interface in the NVT ensemble. The force constant and pulling velocity

were set as 1 kcal/Å/mol and 1 Å/ns, respectively. We estimated the free energy difference

by calculating the ten-times exponential average of the work using the Jarzynski equality.47

The system temperature was set to 298 K, as in the experiment. The obtained hydration free

energies of each SC are listed in Table 3 along with the experimental data. The difference

in the free energy between the CG model and experimental data was at most 0.18 kcal/mol

for TYR, and the agreement between the simulated and experimental hydration free energy

values was very good for all hydrophilic SC analogues.

The LJ interactions between charged SC analogues were adjusted to reproduce the ref-

erence data obtained from AA-MD simulations, including the RDFs of the two SC analogue

dimers and the density of the SC analogue dimer solution. The simulated systems consisted

of 24 SC analogue dimers, approximately 650 water particles, and counter ions. RDFs were

also used to fix the parameters between the charged and uncharged SCs. The system tem-

perature and pressure were set at 310 K and 1 atm, respectively. We performed 10 ns MD

simulations for each system in the NPT ensemble, and the last 5 ns were used to calculate

the RDFs and density. Table 4 lists the obtained densities of the charged SC solutions, which

were in good agreement with the experimental values. Moreover, all the calculated RDFs are

shown in Figure S2, indicating that they reproduced the AA results well. To verify that the

LJ parameters between the uncharged SCs, determined based on the Lorentz-Berthelot com-

bination rule, worked effectively in pSPICA, we calculated the potential mean force (PMF)
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between the SC analogues in aqueous solution, as plotted in Figure S3. The difference of

the first minimum between the CG and AA PMF was less than 1 kcal/mol. Thus, all LJ

interactions between the SC analogues and water were well-optimized with reference to the

AA-MD simulations and experimental data.

Table 2: SC analogue (dimer)/water interfacial tension (mN/m) at 303 K45,48

SC pSPICA Exp
ILE 52.3±0.4 · · ·
LEU 51.3±0.3 · · ·

VAL(PRO) 50.0±0.3 50.0
PHE 36.2±0.3 36.0

Table 3: Hydration free energy of SC analogues (kcal/mol) at 298 K49,50

SC pSPICA Exp
HIS −10.21± 0.25 −10.25
ASN −9.81± 0.03 −9.68
GLN −9.38± 0.08 −9.38
TRP −5.77± 0.20 −5.88
SER −5.20± 0.13 −5.06
THR −4.93± 0.04 −4.88
TYR −3.03± 0.07 −3.17
MET −1.68± 0.09 −1.48
CYS −1.23± 0.02 −1.24

Table 4: Density (kg/m3) of charged SC analogue dimer solution at 310 K

SC pSPICA CHARMM36
ASP 1089.2±0.5 1084.9±0.2
GLU 1085.9±0.1 1080.2±0.1
ARG 1040.7±0.1 1038.3±0.1
LYS 1021.0±0.1 1020.7±0.1

To tune the LJ parameters between the SC analogues and lipids, we calculated the trans-

fer free energy of the SC analogues from water to the lipid bilayer center. Free energy was
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calculated along the z-distance between the SC analogue and the membrane center. The tar-

get systems at atomic resolution consisted of 72 palmitoyloleoylphosphatydylcholine (POPC)

lipids and approximately 3750 water particles, and were neutralized with sodium or chloride

ions as needed. The systems for the CG model were almost identical to those obtained by

the CG mapping of the AA configuration. To calculate the free energy using the adaptive

biasing force (ABF) method,51,52 the AA simulations were conducted using NAMD 2.11.53

The system temperature and pressure were controlled at 310 K and 1 atm, respectively, using

a Langevin thermostat and a barostat,54 respectively. Six windows spanning from 0 to 30 Å

with a width of 5 Å were prepared, and 100 ns MD sampling was performed for each window

in the NPxyPzT ensemble. The free energy calculation setup for AA-MD simulations was

almost the same as that for CG-MD simulations. Because the convergence of free energy

calculations in AA-MD simulations is slower than that in CG-MD simulations, AA-MD sim-

ulations were performed for 200 ns as a production run for each window. The calculated free

energy profiles of the charged SCs across the POPC bilayer are shown in Figure 1. The AA-

and CG-MD results were in good agreement for all SC analogues. Similarly, almost identical

AA and CG free energy profiles were found for uncharged SC analogues, as shown in Figure

S4. It is important to note, the barrier height of the free energy for charged SC analogues

at the membrane center was well reproduced with the present pSPICA model, though this

was significantly underestimated by SPICA FF.17 The extra energy cost found in pSPICA

arose from the deformation of the membrane owing to the formation of water string (defect)

with charged SC analogues when inserted into the membrane center. Figure 2 shows the

water defects produced by the insertion of arginine into the membrane core. A similar water

defect was not observed by CG-MD with SPICA using non-polar CG water.17,55,56 As will

be shown later, the stability of the water string is directly related to the structural stability

of the narrow channel formed by proteins or peptides across the bilayer membranes.
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Figure 1: Transfer free energy profiles of charged SC analogues along the POPC bilayer
normal, obtained from CG-MD using pSPICA FF and AA-MD using CHARMM36 FF. The
error bars given represent standard errors, which can be smaller than line thickness of the
plots.
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Figure 2: Snapshots of a water defect on a POPC membrane owing to the insertion of
an arginine analogue, as modeled using (a) CHARMM36 and (b) pSPICA. The arginine
analogue is shown in orange. Lipid headgroups and tail particles are represented as VDW
spheres and licorice, respectively. Water is represented as transparent cyan.

3.1.2 Protein backbone parameters

The LJ parameters between the BB units and water/lipids were adjusted to reproduce

the penetration depth and tilt angle of the peripheral peptides obtained from the OPM

database.57 The reference data for 96 peripheral α-helical peptides extracted from the OPM

database were used for parameter optimization. In the initial configuration, each peptide was

placed approximately 20 Å away from a membrane consisting of 128 dioleoylphosphatidyl-

choline (DOPC) molecules. Approximately 3400–4800 CG water particles were used to hy-

drate the peptides and membranes in the system, and sodium or chloride ions were added to

maintain charge neutrality. To efficiently sample peptides interacting with lipid membranes,

it was necessary to avoid diffusion of the peptides from the membrane into the aqueous so-

lution. Thus, a wall potential was placed at a distance of 25 Å from the membrane surface

and applied only to the centers of mass of the peptides and lipid membrane to accelerate

their contact. The CG-MD simulation was run for 300 ns, and the last 100 ns of the MD

trajectories were used for analysis. The results obtained for the anchoring depth and tilt

angle of α-helical peptides are shown in Figure S5. For almost all the calculated peptides,
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the penetration depth and tilt angle simulated using pSPICA FF were in good agreement

with those of the OPM data.

We optimized the LJ parameters between the BB units and between BB units and SC

analogues with reference to the dimerization free energy of the transmembrane peptides.

As in a previous study,17 five types of the transmembrane peptides were used: WALP,58

GpA,59,60 SerZipper,61 EphA1,62 and ErbB1.63 The details of the simulated system are

provided in Table S2. The dimerization free energies were calculated by PMF along the

cylindrical distance between the centers of mass of the two peptides using the ABF method.

ABF sampling was performed for 500 ns in each of six windows of 5 Å width in a range of

3 to 33 Å. The calculated dimerization free energies are shown in Table 5. The obtained

PMFs are shown in Figure S6. The dimerization free energies estimated by CG-MD with

pSPICA FF captured the experimental data well, although the free energy of the EphA1

dimer slightly underestimated the experimental value.

Thus, we followed the modeling scheme of the SPICA protein and successfully generated

all necessary pSPICA parameters for the CG-MD of lipid-protein systems.

Table 5: Dimerization free energies of transmembrane peptides (kcal/mol)

Peptide dimer pSPICA Exp
WALP −3.2± 0.4 −2.2–−6.258

GpA −5.2± 0.1 −3.2–−7.559,60

SerZip −7.1± 1.2 < −861

EphA1 −2.1± 0.2 −3.7± 0.162

ErbB1 −2.6± 0.5 −2.5± 0.163

3.2 Applications

3.2.1 Antimicrobial peptides

Many MD simulations have been performed to investigate the interaction of antimicrobial

peptides (AMPs) with the lipid membrane and the mechanism of pore formation.24,64–76
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However, the stability of membrane pores induced by AMPs is strongly dependent on the

water models used in the CG-MD simulation,56 and the membrane water defect is an im-

portant event to be captured for pore simulations, especially when using CG models. In our

previous study, we successfully observed membrane pore formation induced by melittin, a

representative AMP, and focused on the pore formation process and its mechanism depend-

ing on the protein-lipid ratio.24 Here, we performed CG simulations to assess the stability of

the membrane pore formed by melittins. The initial configuration was generated by mapping

the AA configuration, obtained from the AA-MD in our study,76 to the CG configuration,

which consisted of 128 POPC lipids, six melittins, CG water, and counter ions. For compar-

ison, the CG-MD simulations of three replicas with different initial velocity were performed

using the pSPICA FF and SPICA FF. Figure 3a and 3b show the final snapshots after 1 µs

CG-MD using pSPICA and SPICA, respectively. Figure 3c and 3d show the time variation

of the number of CG water particles present in the pore formed by melittins simulated with

pSPICA and SPICA, respectively. In the simulations with pSPICA, the pore formed by the

melittins remained open, along with the water channel across the membrane. In contrast, in

the simulations with SPICA, the water channel across the membrane was completely closed,

though the melittins remained bridging across the membrane until the end of the simulations.

The results indicate that the stability of the water channel is quite different between the non-

polar and polar water models, even though they were built using the same parameterization

scheme. The radius of the pore in the CG-MD with pSPICA was estimated by calculating

the number density of the lipid tails along the lateral distance from the pore center (Figure

S7). The MD trajectory was analyzed from 0 to 0.4 µs, where all the melittins contributed

to maintaining the pore. The radial distance at which the number density first reached half

of the maximum was measured, as in the previous study.76 The estimated average radius

for the three runs was approximately 18 Å and similar to the previous AA-MD value of 22

Å,76 supporting that pSPICA can accurately predict the membrane pore structure formed

by AMPs.
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Figure 3: Snapshots of the final configuration of CG simulations using (a) pSPICA and
(b) SPICA. Melittin peptides, phosphate groups, and lipid tails are represented by brown
licorice, green VDW sphere, and gray transparent lines, respectively. CG water particles are
shown in a transparent red VDW representation. (c) and (d) show time evolution of the
number of CG water particles in the membrane pore maintained by melittin peptides in CG
simulations using pSPICA and SPICA, respectively. Each line shows 200 ns rolling average
for each different run.
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3.2.2 Mechanosensitive channel of large conductance

MscL are the assemblies of multiple transmembrane peptides that regulate ion permeation

in response to membrane tension. The detailed structure of MscL in Mycobacterium tu-

bercuosis was experimentally obtained,77 and based on the structure, gating of MscL has

been extensively studied using MD simulations.78–82 To compare the stability and structure

of MscL simulated using pSPICA to AA simulation results82 for validation, we performed

CG simulations of MscL (PDBID:2OAR) embedded in a DOPC membrane consisting of 365

lipids. The membrane was hydrated by 12003 CG water, and ions were added to realize 150

mM NaCl solution. The cytoplasmic region beyond Ala110 of the MscL residues was excised

in this simulation because it was suggested to be unimportant for MscL gating.78,80 The

system pressure in the simulation of MscL in the closed state was controlled at a hydrostatic

pressure of 1 atm. For the simulation of MscL in the open state, we applied a surface tension

of 75 mN/m according to the previous study,82 although the value appears to be larger than

experiments using patch-clamps.83 CG simulations with and without surface tension at 310

K were carried out for 1 µs each. The calculated root-mean-square deviation (RMSD) of the

MscL backbone with respect to the initial structure over time showed an increasing trend

for the three replicated MD runs under applied tension (Figure S8a), but not for the three

replicated MD runs without tension (Figure S8b). This indicates that in CG simulations

using pSPICA, the MscL embedded in the lipid bilayer responds appropriately to the ap-

plied tension and shows a transition from the closed to the open state. Although only one

of three replica runs provided the fully open structure of MscL within the 1 µs simulation

(Figure S8a: Run 1), the MscLs in the other two replica runs also show a structural change

to the open state, and it is probably only a matter of time before they open completely.

The final snapshots of the closed and the open states are shown in Figure 4a and Figure 4b,

respectively. Figure 4c shows the radii of MscLs along the z-distance from the membrane

center calculated using the HOLE program.84 MD trajectories of 0.7 – 1.0 µs were used to

calculate the radius, as it took about 0.7 µs to reach the channel open state under membrane
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tension condition (Figure S8a: Run 1). The narrowest channel radius of 1.6 Å calculated

from CG-MD with pSPICA was within the radius range of 1.0–1.8 Å estimated from AA-

MD,82 although a lipid membrane composed of saturated lipids was used in the AA-MD.

These results indicate that MscL maintains the channel structure and responds reasonably

well to the applied surface tension in CG-MD with pSPICA, which is consistent with the

AA-MD results. We also performed CG-MD on the same system using SPICA to compare

ion transport across the membrane with that using pSPICA. The number of sodium and

chloride ions that passed through the membrane during the simulations are listed in Table 6.

Under surface tension, some ions could translocate across the membrane in the simulations

with both pSPICA and SPICA. MscL in the closed state simulated with pSPICA completely

blocked ion translocation, whereas CG-MD with SPICA allowed the translocation of some

ions across the membrane but not through MscL. The transfer free energy of CG ions (i.e.,

ions hydrated by a few water molecules) across the membrane was significantly underesti-

mated owing to the assumption of a large relative permittivity in SPICA FF.15 pSPICA can

thus provide a reasonable description of ion transport through MscL, which is consistent

with the AA-MD and experimental results.85,86 Note that the pore radius in the open state

of MscL is sufficient to allow the membrane transport of CG water, sodium ions, and chloride

ions in pSPICA.

Table 6: The number of CG sodium and chloride ions permeated through MscL during 1µs
CG simulations

Model State Sodium Chloride
pSPICA open 9 14

closed 0 0
SPICA open 30 9

closed 7 8
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Figure 4: Snapshots of MscLs embedded in DOPC lipid membranes. (a) closed and (b)
open states simulated with pSPICA. MscL is shown in transparent gray. Water and lipid
phosphate particles are represented by red and green particles, respectively. (c) Radius
profiles of MscL pores along the z-distance from the membrane center. The error bars are
given by standard deviation over simulation time.

3.2.3 Adsorption of nona-arginine onto lipid membranes

The present CG protein model was designed to target peripheral and transmembrane pep-

tides; reproducing protein adsorption on lipid membrane surfaces was not the main target.

However, to evaluate the performance of pSPICA in peptide adsorption, we chose R9, which

has been studied by AA-MD,87 as a model peptide and investigated how membrane ad-

sorption is modified by salt concentration using CG-MD. Bilayer systems (consisting of

200 POPC lipids and 12 R9 peptides) with different salt concentrations were prepared for

CG-MD. These membrane systems were hydrated with approximately 4600 CG water: one

system was simply neutralized by adding counter ions (chloride), and the other system was

adjusted to a 560 mM NaCl solution by adding more salt. CG-MD runs (1 µs) of three

replicas started with different velocity assignment for both systems were performed using

pSPICA. The final snapshots of the CG-MD runs in salt-free and 560 mM NaCl solution

are shown in Figure 5a and Figure 5b, respectively. The R9 peptides formed aggregates in

CG-MD, and the size of the aggregates in the 560 mM NaCl solution appeared to be larger

than that in the salt-free solution. Electrostatic repulsion among the R9 peptides suppressed

the aggregation of the peptides in the salt-free solution. In contrast, the electrostatic re-
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pulsion weakened by the screening effect of the salt promoted aggregation in the 560 mM

NaCl solution. These results are consistent with those of the AA-MD and experimental

studies.88 Figure 5c and 5d show the time evolution of the minimum distance between each

R9 and the membrane in the salt-free and 560 mM NaCl solutions, respectively. The min-

imum distance is about 5 Å, corresponding to R9 bound to the membrane surface. All R9

peptides in the salt-free system were adsorbed to the membrane surface immediately after

starting CG-MD, whereas some R9 peptides in the 560 mM NaCl solution showed reversible

membrane adsorption. The strong binding of R9 to the membrane surface and the propen-

sity for membrane-binding behavior depending on salt concentration were similar to those

observed in AA simulations.87,89,90 The reversible membrane binding might be caused by

the competition for the interaction of R9 peptides with their aggregates and the membrane.

These observations confirmed that pSPICA is useful for simulating protein adsorption on

the membrane surface.

4 Conclusions

We extended the pSPICA FF to allow CG-MD simulations of biological systems including

proteins, using a polar water CG model. The interactions between uncharged SCs and

water were tuned by fitting the experimental solvation free energy of SC analogues and SC

analogue/water interfacial tension. For charged SC analogues, the calculated density of the

SC analogue dimer solution and the RDFs between SC analogue dimers obtained from the

AA-MDs were used to adapt the interaction. The transfer free energy profiles of SC analogues

across the lipid membrane calculated using the developed model showed excellent agreement

with those calculated using the CHARMM36 FF. The high free energy barriers around the

membrane hydrophobic core in the PMF profiles for the charged SCs obtained from CG-MDs

were comparable to those obtained from AA-MDs, reflecting properly sustained water string

formation due to the inserted charged SCs in the CG-MDs. The interactions related to the
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Figure 5: Snapshots of R9 peptides adsorbed on a POPC lipid membrane in (a) salt-free
and (b) 560 mM NaCl solution. Minimum distance between each R9 peptide and a POPC
lipid membrane during CG simulations at (c) salt-free and (d) 560 mM NaCl concentrations
for three different runs. Each peptide is indicated by a different color.
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BB units were optimized to reproduce the penetration depth and tilt angles of the peptides

on the lipid membrane, taken from the OPM database, and the dimerization free energy of

five types of transmembrane proteins. We then tested the developed model by performing

CG simulations on several lipid-protein systems. The membrane pore structure maintained

by multiple melittin peptides simulated with pSPICA was in good agreement with the result

observed in our previous AA-MD study.76 The MscL embedded in the lipid membrane was

stable in the simulation, and the radius of the MscL pore in the open state was in good

agreement with that calculated for AA-MD.82 In addition, ion transport across the membrane

through MscL was reasonable. The effect of salt concentration on the adsorption of cationic

R9 peptides on lipid membrane surfaces was adequately reproduced and was consistent with

the experimental and AA-MD observations.87,89,90 Although we thus successfully observed

the reasonable adsorption of the R9 peptides in our simulation, we may need to consider the

secondary-structure dependent BB parameters, as introduced in an improved SPICA protein

model,19 to address more generally the protein adsorption on the lipid membrane. The

developed CG protein model could correctly simulate molecular processes, especially those

involving transmembrane pores, and overcome the accuracy limitations of using uncharged

CG water models.

Data Availability

Topologies, initial coordinates, input files, and analysis codes for our MD simulations are

openly available at https://doi.org/10.5281/zenodo.10224805.

Supporting Information

The Supporting Information is available free of charge at http://pubs.acs.org/doi/***.
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logues. Comparison of AA and CG-MD results for radial distribution functions and potential

23



mean forces between SC dimers in aqueous solution. Transfer free energy profiles for un-

charged SCs across a POPC membrane. Penetration depths and tilt angles of peripheral

peptides on DOPC membrane. Free energy profile between transmembrane helices in lipid

membranes and the detailed information of the simulated systems. Density of lipid tail group

along lateral radial distance from the center of membrane pore generated by melittin pep-

tides. Time evolution of root-mean-square deviation of MscL. Preparation of SC analogues

for AA simulations. (PDF)

Acknowledgments

This study was supported by JSPS KAKENHI (grant number JP 21H01880). This research

used the computational facilities of Research Center for Computational Science, Okazaki,

Japan (Project:22-IMS-C108, 23-IMS-C095) and the Institute for Solid State Physics, the

University of Tokyo, Japan.

References

(1) Enkavi, G.; Javanainen, M.; Kulig, W.; Róg, T.; Vattulainen, I. Multiscale simulations

of biological membranes: The challenge to understand biological phenomena in a living

substance. Chem. Rev. 2019, 119, 5607–5774.

(2) Noid, W. G. Perspective: Advances, challenges, and insight for predictive coarse-grained

models. J. Phys. Chem. B 2023, 127, 4174–4207.

(3) Shih, A. Y.; Arkhipov, A.; Freddolino, P. L.; Schulten, K. Coarse grained protein-lipid

model with application to lipoprotein particles. J. Phys. Chem. B 2006, 110, 3674–

3684.

(4) Marrink, S. J.; Risselada, H. J.; Yefimov, S.; Tieleman, D. P.; De Vries, A. H. The

24



MARTINI force field: Coarse grained model for biomolecular simulations. J. Phys.

Chem. B 2007, 111, 7812–7824.

(5) Wan, C.-K.; Han, W.; Wu, Y.-D. Parameterization of PACE force field for membrane

environment and simulation of helical peptides and helix-helix association. J. Chem.

Theory Comput. 2012, 8, 300–313.

(6) Darré, L.; Machado, M. R.; Brandner, A. F.; González, H. C.; Ferreira, S.; Pantano, S.

SIRAH: A structurally unbiased coarse-grained force field for proteins with aqueous

solvation and long-range electrostatics. J. Chem. Theory Comput. 2015, 11, 723–739.
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