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ABSTRACT

Heterogeneity is essential for multicomponent lipid membranes. Especially, sterol-induced
domain formation in membranes has recently attracted attention because of its biological
importance. To investigate such membrane domains at molecular level, coarse-grained
molecular dynamics (CG-MD) simulations are a promising approach since they allow to
consider the temporal and spatial scales involved in domain formation. In this paper, we
present a new CG force field, named SPICA, which can accurately predict domain formation
within various lipids in membranes. The SPICA force field was developed as an extension of
a previous CG model, known as SDK (Shinoda-DeVane-Klein), in which membrane
properties such as tension, elasticity, and structure are well reproduced. By examining
domain formation in a series of ternary lipid bilayers, we observed a separation into liquid-
ordered and liquid-disordered phases fully consistent with experimental observations.
Importantly, it is shown that the SPICA force field can detect the different phase behavior that

results from subtle differences in the lipid composition of the bilayer.



INTRODUCTION

Cellular membranes are composed of various lipids and proteins. Accumulated evidences
suggest that membrane constituents are not randomly mixed, but heterogeneously
distributed!-2. Especially, the high affinity of cholesterol (CHOL) for saturated lipids induces
phase separation, into liquid-ordered (Lo) and liquid-disordered (Ld) phases®*, in membranes.
Since the coexistence of Lo and Ld phases plays an important role in biological processes,
such as cell signaling, sorting, and membrane fusion>®, the formation of membrane domains
driven by CHOL is a process of great interest. Several researchers have experimentally
detected domain formation in model vesicles. Macroscopic phase separation has been directly

observed using fluorescence microscopy®!’

, and other spectroscopic techniques could also
detect the existence of domains'!"'4. In addition, the presence of domains enriched in CHOL
and sphingolipids, known as lipid rafts, has been postulated'>. However, since lipid rafts are
dynamic domains and assumed to have submicron scales, the presence of lipid rafts in vivo is

still unclear!®'7,

To complement experiments, lipid membranes were also investigated by means of molecular
dynamics (MD) simulations. Atomistic simulations were employed to characterize the
physical and structural properties of lipids in atomic detail. In addition, the development of
accurate all-atom (AA) force fields enabled us to address various membrane problems. For
example, the propensity of hydrogen bond formation between sphingomyelin (SM) and
CHOL was studied using the CHARMM!8- and Slipid® force fields. In addition, AA-MD
simulations probed features of lipid rafts, such as condensed packing and increased rigidity?!-
22 However, because of the computational cost of these simulations, the accessible simulation
time using AA force fields was limited to the early stage of phase separation, and it was
difficult to observe the fully separated state. Coarse-grained (CG) models readily extended
the simulation time by reducing the degrees of freedom of the system and allowing a larger
integration time step. The MARTINI force field is one of the most widely used CG force
fields in membrane studies3-?4. It was firstly employed to conduct the phase separation of a
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/1,2-dilinoleoyl-sn-glycero-3-
phosphocholine (DLiPC)/CHOL ternary bilayer?®. Subsequent CG simulations using the
MARTINI force field investigated the characteristics of lipid domains?®-28, Shinoda et al.
proposed a different CG force field, which was designed to reproduce thermodynamic

properties such as surface/interfacial tension and density?*3°. A recent extension of this force



field included CHOL for phase separation studies®'. Although these CG force fields
successfully simulated domain formation in membranes, further optimization and
development is still required to improve their accuracy. For example, MARTINI could not
reproduce the phase separation experimentally detected in a DPPC/1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)/CHOL bilayer?. Besides, despite the importance of SM in domain

formation, to our knowledge, there is not an accurate CG SM model.

In this paper, we present an optimized CG lipid force field coined SPICA (Surface Property
fltting Coarse grAining). The SPICA force field is developed based on the previous CG
model by Shinoda et al.?-*1>33-3¢ which is often called SDK (Shinoda-DeVane-Klein). Most
of the lipid parameters were adopted from the conventional SDK force field and the
parameters of new CG beads were determined by the same strategy of SDK model. In
addition, CHOL parameters were further optimized to accurately predict the experimentally
known phase behavior of lipid mixtures. Although the previous SDK CHOL model?!
succeeded in showing membrane domain formation in a ternary mixture, the miscibility
temperature was underestimated and the partitioning of CHOL into different domains was
poorly described. To solve these issues, we considered distribution functions on top of
thermodynamic quantities in the optimization process. In addition, we have increased the
number of lipids in the available library within the SPICA force field. Since many
experimental studies of lipid domain formation have been performed on lipid mixtures
containing SM, we have developed a SM model, which should be useful to address questions
related to the lipid raft hypothesis. Features of SM membranes, such as hydrogen bonding
and dense packing, were considered. Polyunsaturated lipids were also added to the SPICA
lipid library for a variety of applications. We have conducted AA-MD simulations,
extensively validated by their comparison with experimental results, to yield the reference
data for CG modeling. To test this new CG lipid force field, we simulated several ternary
bilayers: DPPC/DOPC/CHOL, DPPC/DLiPC/CHOL, N-stearoyl-D-erythro-
sphingosylphosphorylcholine (SSM)/DOPC/CHOL, and SSM/POPC/CHOL. The phase
behaviors of these ternary bilayers were examined and validated by comparing with

experimental results.

METHODS



All-atom molecular dynamics

We performed AA-MD simulations to produce reference data for CG modeling. AA-MD
simulations were conducted using NAMD?7 with the latest version of the CHARMM 36 (C36)
force field'® 3840, All simulations were carried out in the NPT ensemble. Langevin dynamics
with a 5 ps! damping coefficient was used to maintain a constant temperature for each
system at 323 K. A Nosé-Hoover Langevin piston*! was used to maintain the pressure at 1
atm. The Langevin piston period and decay were set to 200 and 100 fs, respectively. For
bilayer simulations, semi-isotropic coupling was used to control the cell fluctuations. The
temperature was set above the main transition temperature of a pure lipid bilayer. The time
step size for the integration of the equations of motion was 2 fs, and we performed at least 1
us of MD simulation for each system to evaluate the equilibrated membrane properties. The
first 50 ns of every trajectory were discarded as equilibration, and the last 950 ns were used
for the analyses. For the SM membrane, the equilibration of the AA systems in the presence
of CHOL required ca. 500 ns. Therefore, in these cases, only the last 500 ns were considered
as production and used for the analyses. Long-range electrostatic interactions were taken into
account by the particle mesh Ewald method*>*3. Lennard-Jones interactions were smoothly
truncated at a cutoff distance of 12 A by applying a force-switching scheme in the range of 10
to 12 A. We carried out a series of AA-MD simulations of lipid membranes containing CHOL
at different CHOL/lipid molecular ratios (1:9, 2:8, 3:7, and 4:6) to evaluate the effect of
CHOL on the membrane properties. We also conducted MD simulations of mixed lipid
membranes without CHOL. Details of each system are given in Table SI1. The initial

configurations for the simulations were built with CHARMM-GUI*,

Coarse-grained molecular dynamics

We have carried out all CG-MD using the LAMMPS software*®’. Temperature (323 K, unless

otherwise described) and pressure (1 atm) were controlled using a Nosé-Hoover thermostat*¢-
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and a Parrinello-Rahman barosta , respectively. A semi-isotropic coupling scheme,
where the pressures normal and lateral to the membrane are controlled separately, with a
response time of 5 ps was employed. The long-range electrostatic interactions were calculated
using the particle-particle particle-mesh (P3M) method™’. The simulation time step was set to

10 fs. In order to optimize the parameters for CHOL, we repeatedly performed 30 ns MD



simulations of a DOPC membrane containing 30% of CHOL. The membrane properties of
the CG systems were calculated from the 500 ns simulation trajectories. In the CG-MD
simulations for testing the domain formation in ternary lipid mixtures, 4 ps-long MD
simulations were conducted. In a series of MD simulations for optimizing the CG interaction
parameters, fully hydrated lipid membrane systems containing 128 lipids were used. The
initial configurations of the CG systems were prepared by mapping equilibrated AA
snapshots into CG beads using the CG-it tool?*. To build the ternary mixtures, we constructed
systems with unit cells having 300 lipids for each composition (Table S1) using CHARMM-
GUI. Then, the initial configuration of every ternary mixture was prepared by replicating
(3%x3) each of these unit cells in the directions lateral to the bilayer. For ternary mixtures,

temperature was set to 298 K, which is below miscibility transition temperature®.

The coarse-grained model

The SPICA force field basically maps 3-4 heavy atoms into one CG bead. For example, three
water molecules are represented by one CG water bead. The SPICA force field exploits the
same functional form as the SDK model. The bonded interactions are described by
conventional harmonic functions

U, = Zkb(’/}j _’”0)2

bond

U, = Z ke (‘9,'jk - ‘90 )2

angle
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where k, and fk, are the force constants and 7, and ¢, are the distance and angle at the
energy minimum. Since these simple harmonic functions can only represent unimodal
distributions, if the distribution obtained from the AA-MD simulation is bimodal, its average
and dispersion values are targeted. A 1-3 correction term

U™ = Z[Unb ()= (e )] for 7, <7y, 2

1-3

is often required to avoid an angle collapse. The dihedral term has a form analogous to that

found in the CHARMM force field,
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The dihedral term is only used to better describe the conformational states of the CHOL tail.
The nonbonded interactions are described by the familiar LJ and Coulomb potentials. The LJ
potential has two different forms; the interactions involving water are modeled with the LJ12-

4 function, while those involving any other pairs are described using the LJ9-6 function
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where o, is the distance where the energy equals to zero, and & is the minimum energy.

This separation is required to avoid freezing water and accurately reproduce the
thermodynamic properties of the liquid state.?***3* The LJ interaction is simply truncated at

15 A. The electrostatic interactions are described by typical Coulomb potentials

Uy (1) = —— 22 (5)
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For better accuracy, the SPICA force field does not truncate the electrostatic interactions at a

given cut-off distance; the long-range electrostatic forces are instead calculated using a non-

cutoff scheme like the P3M method>?. A relative dielectric constant value of g =80 1s used

to take into account the screening effect of water.

Phospholipid modeling

To extend the lipid library, we introduced new CG beads for SM and polyunsaturated lipids.
Table 1 lists the CG beads newly developed in this work, and the CG mapping of each lipid is

shown in Fig. 1.

Table 1. CG segment name and the corresponding all-atomic functional group

CG segment all-atom
PEP -CO-NH-
OAD -CH-OH-




GL2 -CH2CH-
CMD -HC=CHCHa:-

o PHS(PH)
@ < N
O \

SSM

Figurel. CG mapping of SSM, PSM, and DLiPC. Dashed line circles are bead types from the
standard SDK force field, and solid line circles are newly introduced bead types. The names

within parentheses indicate the bead types that, by analogy, we took from the previous force

ﬁeld30-31, 34-35

The bond stretching and angle bending parameters were fitted to reproduce the distribution
functions obtained from AA simulations. For nonbonded interactions, we mostly adopted the
parameters of similar, already existing, bead types**-3!-3*35 For example, the parameters of
the PEP and OAD beads were taken from the ASN* and OA? beads, respectively. The
parameters were further tuned to precisely reproduce the correct membrane properties. It is
worth noting that the phosphate group of SM is replaced by a new bead type PHS (-PO4-(-1)).
Although the chemical structure of the phosphate group is the same in SM and glycerolipids,
the phosphate interaction of SM is somewhat different because the phosphate group in SM
forms hydrogen bonds with the amide and hydroxyl groups. Thus, we renamed the phosphate
bead (PH) to PHS, and slightly modified the phosphate interaction parameters of SM to
satisfy electron density profile, and RDFs. For polyunsaturated lipids, we added a new bead
type, CMD. Analogously to the other beads, the intramolecular parameters were determined
using AA-MD results as reference. The nonbonded parameters were basically taken from the
CMD?2 bead (-HC=CH-), though the parameters were scaled to adjust the thermodynamic and

structural properties of the membrane.



Cholesterol modeling

The definition of the CG segments and the topology of CHOL are the same as in the previous
model®!, in which the bond interaction parameters were fit to reproduce the distributions
obtained from AA-MD simulations, and the LJ potentials were determined by targeting
thermodynamic properties of small-molecule analogues. However, the cross interactions
involving CHOL beads were fitted by comparison with those of particles chemically similar
and already present in the previous CG parameter library. In this way, the structural properties
of CHOL were treated with a lower priority; this resulted in a poor prediction of the CHOL
partitioning in lipid mixtures. To optimize the cross interactions, we used the conventional
combination rule and multiplied g; by a scaling value. We repeatedly run 30 ns MD
simulations of the DOPC/CHOL (30%) system using various scaling values and chose the set
that better satisfied both the membrane properties and radial distributions obtained from an
AA-MD simulation on the same system. This system was chosen to optimize the interactions
of CHOL-CHOL and CHOL-phospholipid because the system could be quickly equilibrated,
and DOPC contains both CM (-CH2CH2CHaz-) and CMD2 (-HC=CH-) beads for the lipid tail.
Also sufficient CHOL molecules were needed to efficiently sample all relevant
conformations in the short simulation time. The interaction between the CMD bead (-
HC=CHCHz-) for polyunsaturated lipid and CHOL was scaled from the CMD2 bead. The
interactions between SM and CHOL were optimized by the same strategy in the system of
SSM/CHOL (30%), but only the interactions between CHOL and new beads, such as GL2,
PEP, and OAD, were tuned to satisfy the membrane properties.

Analyses

Analyses were performed with VMD?! and python codes written with SciPy, NumPy>2, and
MDAnalysis®}. To assess the CG parameters, we calculated the surface area per lipid
(SA/lipid), membrane thickness, area compressibility modulus (K4), and 2-dimensional radial
distribution function (2D RDF). The SA/lipid was calculated by dividing the area of the
membrane by the number of lipids in one leaflet. The membrane thickness was defined as the
average distance (dp-p) between the phosphate beads of the upper and lower lipid leaflets

along the direction normal to the bilayer (z-axis). The area compressibility modulus was



calculated by

kT (4)
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where k, is the Boltzmann constant, and 7  is the temperature. < A> and O-<2A>

indicate the average surface area and the dispersion, respectively. The segmental order para

meter in the lipid tail was computed by
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where ¢ is the angle between the bond vectors in the hydrophobic lipid tails and the bilayer

normal.

We calculated the flip-flop rate of CHOL according to the procedure in Ref. 54. The rate of
flip-flop is determined by

1

1
R S (8)
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where k, is the rate CHOL moves from the bilayer center to the equilibrium position, and
k. is the rate CHOL moves from the equilibrium position to the membrane center. k. can

be calculated by

k. =k, xexp(-AG,,,... / RT) 9)

enter

where AG__  is the free energy required to move CHOL from its equilibrium position in

er

the bilayer to the bilayer center. To estimate k,, we measured the time elapsed before CHOL

recovers its equilibrium position from the bilayer center. We run MD simulations for 2 ps to

obtain enough sampling of the events. We estimated AG

center

the hydroxyl group of CHOL (OAB bead) along the z-axis as follows:

from the probability density of

AG :_RTlnM (10)

1
center pOAB (Zeq)

For the phase separation simulations, we quantified the enrichment of CHOLS in the saturated



lipid regions. In order to identify its neighboring lipid within the lipid leaflet, we used a 2-
dimensional Voronoi tessellation by selecting PH (phosphate) and OAB (hydroxyl) beads as
references for lipids and CHOL positions, respectively.>> Based on this tessellation, we

counted the number of CHOL-saturated lipid ( N, , ) and CHOL-unsaturated lipid

(N, ) contacts. The fraction of CHOL-saturated lipid contacts was measured as follows:

hol—unsat

N
q)c — v chol—sat (11)
+ N

chol—sat chol—unsat

RESULTS and DISCUSSION
Sphingomyelin and polyunsaturated lipid modeling

We newly modeled SM and DLiPC lipids to address various phase separation problems. The
bonded parameters were tuned to reproduce the bond and angle distributions obtained from
AA-MD simulations (Figs. S1 and S2). Table 2 summarizes the calculated membrane
properties. For the parameterization, we chose SSM because it contains all the bead types of
lipid tail required to easily extend the acyl chain of SM. Indeed, the membrane properties of
both SSM and N-palmitoyl-D-erythro-sphingosylphosphorylcholine (PSM) evaluated from
simulations performed using the present CG model are in good agreement with those
obtained from AA-MD simulations. The area compressibility modulus computed using the
present CG model deviates from that calculated using the atomistic force field. However,
considering the large statistical error of the AA-MD simulations, the discrepancy between
AA- and CG-MD simulation results is not excessively significant. Moreover, the area
compressibility modulus of SSM calculated in previous studies'® shows a value similar to that
obtained with our CG model. Thus, we consider that the area compressibility modulus is
within a reasonable range. The CG segmental order parameter (Fig. S3) and electron density
profiles (Fig. S4) were calculated and show good agreement with the corresponding AA

simulation results.



Table 2. Calculated membrane properties.

Livid SA/lipid [A?] Thickness,dp-p [A] Ka [mN/m]

1Pt AA CG AA CG AA CG
266 (50),

SSM 54.4 572 43.1 414 0 60y 460 (15)

PSMP 55.4 56.8 40.7 39.6 350 (50) 460 (15)
DLIPC 702 71.3 36.9 36.9 263 (10) 357 (5)

* Numbers within parentheses indicate standard errors.

2 The PSM data (produced at 48 °C) and Ka value for SSM are taken from Ref. 18.

Cholesterol model optimization
Crystal structure

The lattice cells parameters of CHOL crystal structure were estimated from simulations
performed in an anhydrous environment to assess the structural properties of the CHOL
model. The anhydrous CHOL model was prepared based on the experimental crystallographic
data (Fig. S5). Both CG- and AA-MD simulations were conducted on a triclinic cell at 310 K.
Table 3 compares the experimental crystallographic data of CHOL with those obtained from
the MD simulations. The lattice vectors calculated from the MD simulation show an overall
good agreement with the experimental crystallographic data, except for the SDK CHOL
model. The values calculated using the SDK CHOL model show a large deviation from the
experiment. This deviation is significantly reduced throughout the optimization process. The
relative errors between the experimental values and those obtained from the CG-MD
simulation using SPICA force field are within 5% with the exception of the y value. The
small error was inevitable because we optimized the CHOL parameters against membrane
properties, not to reproduce individual RDFs; furthermore, the parameterization was
performed in a DOPC membrane, not in an anhydrous environment. Nevertheless, our CG

model reproduces well the lattice cell parameters found in the experimental crystal structure.



Table 3. Lattice cell parameters for cholesterol crystal structure.

Experiment? AA® cc
SDK CHOL model*! Current work
a(A) 27.565 27.898 £+ 0.009 32.311 £0.135 26.817 +0.024
b (A) 38.624 35.904 £ 0.007 30.722 £0.118 36.783 £0.013
c(A) 10.758 10.731 £0.003 10.534 £ 0.009 10.723 £ 0.008
a(°) 93.49 93.513 £0.008 89.848 +£0.025 92.815 £ 0.055
£ (®) 90.90 90.882 £+ 0.004 90.151 £0.017 93.940 + 0.056
) ) 11715 119.662+£0.009 1432080210  108.380  0.042

2 Data taken from Ref. 56.

® MD simulation data were calculated from a 50-ns trajectory.

Membrane properties

Physical and structural properties of lipid membranes containing different amounts of CHOL
were evaluated to assess the quality of the optimized CHOL CG model. The membrane
properties were evaluated using 1 ps AA- and CG-MD simulations. We confirmed the
equilibration of the systems by the convergence of the membrane area. Fig. S6 shows the
time evolution of the membrane area along the MD simulations. For both AA- and CG-MD
simulations, the surface areas were well converged within the simulation time. The last 500

ns of the trajectories were used for the analyses.

Figure 2 displays fundamental properties of DPPC, DOPC, and SSM membranes (membrane
area, thickness, and area compressibility modulus) as a function of CHOL concentration. The
membrane properties calculated from the CG-MD simulations show an overall good
agreement with those obtained from the AA-MD simulations, though slight deviations can be
observed. It is well known that lipid tails are tightly packed in the presence of CHOL because
of the rigid steroid ring structure. To identify the lipid packing status, we calculated the
SA/lipid. The SA values estimated from CG-MD nicely follow the trend of the AA simulation
results. As CHOL content increases, the SA/lipid decreases. This clearly indicates that the
hydrophobic chains of the membrane lipids are tightly packed in the presence of CHOLs. A

slightly smaller membrane thickness was calculated from the CG-MD simulations in



comparison with that obtained from the AA-MD trajectories, though the increase in the
thickness with the CHOL content is well captured by the CG-MD. An additional feature of
CHOL is that it increases the rigidity of the membrane. The calculated area compressibility
moduli also show good agreement with those obtained from the AA-MD simulations.
Especially, the significant increase in the rigidity of the membrane at high CHOL

concentration was well reproduced by the present CG model.
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Figure 2. Membrane area (A), thickness (d), and area compressibility modulus (Ka) as a
function of cholesterol content. The standard errors of SA/lipid and membrane thickness are
smaller than the symbols. The corresponding experimental values, if available, are plotted as

cross symbols®7-6!,

Radial distribution function

The CHOL model was optimized to provide a reasonable structure and distribution of CHOL
in multicomponent lipid membranes. We evaluated 2D RDFs between the center of masses of

the lipids in the membranes rather than conventional RDF between beads.
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Figure 3. Two-dimensional radial distribution functions of DOPC/CHOL membranes with
different CHOL content. The red dotted and blue dashed lines are the 2D RDF calculated
from the AA-MD simulation and using the previous version of the CG force field,
respectively. The black solid line is the result with the present CG model. (a) CHOL-CHOL,
(b) CHOL-DOPC, and (c) DOPC-DOPC RDFs.

Figure 3 shows the 2D RDFs between the center of masses of the lipids in DOPC/CHOL
membranes at different CHOL concentrations. 2D RDF plots for DPPC/CHOL and
SSM/CHOL are given in the SI (Figs. S7 and S8). The 2D RDFs obtained with the previous
CHOL CG model significantly deviate from those obtained using the atomistic force field. In
particular, the first peak of the CHOL-CHOL RDF, found near 6 A, is largely underestimated
when using the previous CG model for CHOL. Moreover, if CHOL concentration is 10%,
this first peak is hardly found. Moreover, the shape of the CHOL-DOPC RDF, obtained when
the previous version of the CG force field is employed, is inconsistent with the AA-MD result.
We suspected that the incorrect partitioning of CHOL in the ternary mixtures resulted from
the poor description of the 2D RDFs. Thus, we paid attention to improve these 2D RDFs

during the optimization process. As a consequence, the present CG model gives results that



are in good agreement with those obtained from AA-MD and reasonably predicts CHOL
molecular partitioning. The overall shape and height of the peaks in the CHOL-CHOL RDF
are well reproduced by the present CG model. This is more evident in the CHOL-DOPC 2D
RDF. The distributions obtained by the present CG parameter set almost coincide with those
calculated using AA-MD. The DOPC-DOPC RDF does not show significant changes as the
CG parameters for the DOPC-DOPC interaction were not modified. In the case of
DPPC/CHOL membranes, the overall agreement between the 2D RDFs computed using the
present CG model and the atomistic force field is again very good. Only a minor difference
can be observed in the CHOL-DPPC 2D RDF, in which the first and second peaks are slightly
underestimated and overestimated, respectively (Fig. S7(a)). Similarly, the RDFs of the
SSM/CHOL mixture obtained using the present CG model show a good agreement with those
calculated from the AA-MD simulations. Although the second peak in the CHOL-SM RDF
exhibits a slight deviation from that calculated using the atomistic force field, the overall

shape and height of the peaks in the 2D RDFs are well reproduced by the present CG model.
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Figure 4. In-plane probability distribution of CHOLs. (a) Schematic description of the
orientation. The vector connecting OAB (the bead including the hydroxyl group) and CTBA
(the bead including the protruded methyl group) is aligned with the x-axis. The a-face is on
the smooth flat surface of CHOL, and the B-face is on the same side as the out-of-plane
methyl groups. (b, ¢) 2-dimensional probability distribution of center of mass of CHOL with
respect to the reference orientation. (b) AA-MD simulation shows the three-fold symmetry

axis indicated by the red arrows. (¢) CG-MD simulation shows the two-fold symmetry.



In addition to the 2D RDFs, we also analyzed the in-plane probability distribution of CHOL
to assess the orientational arrangement of CHOL in bilayer membranes. CHOL has an
asymmetric structure characterized by a smooth a-face and a rough B-face. Martinez-Seara et
al.%? showed that the spatial distribution of CHOL has a three-fold symmetry that results from
CHOL structure. To verify our model, the two-dimensional distributions of the center of mass
of CHOL molecules with respect to a reference orientation were calculated. In our calculation,
the reference orientation was determined by centering the OAB bead at the origin and
aligning the x-axis with the OAB-CTBA vector. For the consistency of the CG- and AA-MD
simulation results, the AA trajectory was mapped to the CG representation, and the
distribution was analyzed. Figure 4 displays the in-plane probability distribution of CHOL in
a DPPC bilayer with 20% CHOL. The AA simulation result shows the trilobed coordination
shells. The first shell locates at ~5 A, and the highlights at the a-, Bl-, and PB2-faces
demonstrate the three-fold symmetry of the CHOL distribution. Compared with the AA-MD
simulation, our CG model reproduces fairly well the in-plane distribution. It shows the three
distinctive coordination shells. As one can also see in the 2D RDF plots, the locations of the
shells in the CG model almost coincide with those found when using the atomistic model.
The peak at the a-face is well reproduced by the present CG CHOL model, but there is not a
clear separation into Bl-face and P2-face. Despite the two-fold symmetry at the first
coordination shell, the overall distribution of CHOL is well described by the present CG

model.

Order parameter

Deuterium order parameter has been widely used to evaluate the quality of trajectories
generated from AA-MD simulations. The C36 force field has been extensively examined, and
it has been proven to give a reasonable order parameter profile when compared to NMR
results'® 3% 6. Since the CG model cannot yield a deuterium order parameter directly
comparable to the NMR results, we mapped the AA-MD trajectory to the corresponding CG
sites and calculated the segmental order parameter for the hydrophobic tails using Eq. (7).
Figure 5 displays the calculated order parameters for various lipids in mixtures with different
CHOL content. The ordering effect of CHOL is reproduced by the present CG model as the
order parameter increases with CHOL concentration. Although the values calculated with the

present CHOL model are slightly lower than those obtained from the AA-MD trajectories, the



AA and CG order parameter profiles present an overall good agreement. Moreover, the higher
acyl chain order of SM in comparison with glycerolipid is well reproduced by the present CG

model.
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Figure 5. CG order parameters of various lipids in mixtures with different CHOL content.
The dashed and solid lines indicate AA- and CG-MD results, respectively. The color code is
presented in the SSM-sn2 plot.

Cholesterol flip-flop

One of the distinguishable features of CHOL is its higher flip-flop rate in comparison with
that of phospholipids. Several experimental studies have measured the flip-flop rate of CHOL.

Because of the limitations, such as time resolution, of these measurements, the reported flip-



flop rate shows a large uncertainty: the reported half-life times of CHOL are in the range of
seconds®#%> to hours®-%7. AA-MD simulations and theoretical studies were also undertaken to
investigate the flip-flop pathway of CHOL, typically predicting a flip-flop rate higher than
that experimentally reported®®®. A commonly observed trend is that, compared with
phospholipids, CHOLs show rapid flip-flop motion. Here, we measured the flip-flop rate
using the method employed in Ref. 44.

Table 4. Calculated flip-flop rates.

k, (s k() Flip-flop rate (s™)
DPPC+CHOL 20% 8.72x107 to 1.95%108 3.46x10% to 6.74x10* 1.73x10* to 3.37x10"
DPPC+CHOL 40% 7.91x10° to 1.78x108 7.31x10% to 1.48%10° 3.65%10% to 7.43x10°
DOPC+CHOL 20%  1.62x10® to 1.76x10® 2.88x10° to 3.52x10° 1.43x10° to 1.76x10°
DOPC+CHOL 40%  1.19x10° to 2.09x10® 3.63x10* to 5.84x10* 1.81x10* to 2.92x10*
SSM+CHOL 20% 7.99x10° to 4.35x107 1.28x10° to 2.61x10° 6.41x10% to 1.30x10°
SSM+CHOL 40% NA NA NA

Table 4 lists the flip-flop rates of CHOL calculated from 2 ps CG-MD simulations using the
present CG parameter set. To achieve better statistics, we have run 10 independent MD
simulations, started from different initial configurations, for each lipid mixture. The ranges in
the table indicate the highest and lowest rates calculated from our simulations. The calculated
rates are similar to the values obtained from atomistic MD using the GROMOSS87 force field
(i.e., DPPC with 40% CHOL: 9.4 to 5.0 x 10% s'!), while they are much lower, by one or two
orders of magnitude, than those obtained using the MARTINI model (i.e., DPPC with 40%
CHOL: 7.2 x 10% to 2.5 x 10* s!). As the flip-flop rate rather sensitively varies depending on
the experimental measurements and conditions, it is difficult to give a precise discussion on
the accuracy. However, considering that the lower limit of the half-life time measured from
experiments is <1 s, the flip-flop rate obtained by the present SPICA force field is within a
reasonable range (i.e., the estimated half-life time of DPPC with 40% CHOL is ~1 ms).
Furthermore, the flip-flop rate tendency is consistent with that found in other studies’®’! as
the unsaturated lipids show the fastest flip-flop rate. Interestingly, although the structure of
the lipid tails of SSM and DPPC is similar, SSM shows a lower flip-flop rate than DPPC.
This reflects the strong affinity of CHOL for SM. The strong interaction between SSM and



CHOL due to hydrogen bonding may slow down the flip-flop motions. In the SSM membrane
with 40% CHOL, we could not observe any flip-flop event during the 2 ps simulation.

Phase separation simulations

Although the previous CHOL model successfully induced phase separation in a ternary
mixed membrane of 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC)/DOPC/CHOL,
CHOL was found to be uniformly distributed over the membrane irrespective of the phase
where it was located. Moreover, the miscibility transition temperature was significantly
underestimated: the phase separation took place at a much lower temperature than in
experiments. To fix these issues, we have optimized the interaction parameters to obtain a
CHOL model with better structural properties and reasonable thermodynamic properties such
as interfacial tension and density. We have tested the present SPICA force field by conducting

phase separation simulations for various ternary mixtures.
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Figure 6. Phase separation simulation of DPPC/DOPC/CHOL (a and b) and
DPPC/DLiPC/CHOL (¢ and d) mixtures. White boxes represent the periodically repeated
simulation boxes. (a) Snapshots of the DPPC/DOPC/CHOL membrane at O ps, 2 ps, and 4 ps.
Color code is as follows: red, blue, and orange represent DPPC, DOPC, and CHOL,
respectively. (¢) Snapshots of the DPPC/DLiPC/CHOL membrane at O ps, 2 ps, and 4 ps. The
first and second rows show the upper and lower leaflets of the membrane, respectively. Color
code is as follows: red, blue, and orange represent DPPC, DLiPC, and CHOL, respectively. (b
and d) Calculated fraction of contacts between DPPC and CHOL.

First, we performed a 4 ps simulation of DPPC:DOPC:CHOL in a 1:1:1 ratio. In phase
separation experiments, this mixture has been widely used as a model vesicular system,
showing macroscopic domain formation over the vesicle® 2. However, CG simulations with
the MARTINI force field failed to reproduce the phase separation shown by this mixture’?,
Figure 6(a) illustrates the development of domain formation in the mixed membrane in the
course of the CG-MD with the present CG model. As time elapses, the initially mixed
membrane is separated into Lo and Ld phases; the Lo region is enriched in CHOLs and
DPPC, while the Ld region is dominated by DOPC. After 2 us, domain formation was quite
evident. Unlike what happened with the previous CHOL model®!, the preferred partitioning
of CHOLs into the Lo region is clearly observed when using the present CG model. To
quantify the preference of CHOL for the DPPC region, we calculated the fraction of CHOL-
DPPC contacts. As Fig. 6(b) shows, the value of this fraction started at around 0.5, indicating
fully mixed state at the beginning, and later increased and saturated at around 0.72, which

indicates the enrichment of CHOL in the DPPC dominated domain.

Previous studies demonstrated that polyunsaturated lipids promote the lateral segregation into
Lo and Ld domains®® 72, A ternary mixture of DPPC:DLiPC:CHOL in a 1:1:1 ratio was
prepared and simulated for 4 ps. Fig. 6(c)-(d) demonstrate the phase separation of this
mixture. Intriguingly, it shows antiregistered domain formation, in which the opposing
leaflets are in different phases. When the thicknesses of the Lo and Ld domains are largely
different, the domains are antiregistered to prevent the energy penalty due to a significant
hydrophobic mismatch energy?’. In the absence of CHOL, the membrane thickness of DLiPC
is about 37 A, whereas the membrane thickness of DPPC increases over 44 A in the presence

of CHOL. Thus, we surmise that the hydrophobic mismatch between Lo and Ld domains



induced the antiregistered domain formation observed in our simulation.
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Figure 7. Phase separation simulation of SSM/DOPC/CHOL (a and b) and
SSM/POPC/CHOL (¢ and d) mixtures. White boxes represent periodically replicated
simulation boxes. (a) Snapshots of the SSM/DOPC/CHOL membrane at 0 s, 1.5 ps, and 3 ps.
Color code is as follows: red, blue, and orange represent SSM, DOPC, and CHOL,
respectively. (c) Snapshots of the SSM/POPC/CHOL membrane at 0 ps, 1.5 ps, and 3 ps.
Color code is as follows: red, blue, and orange represent SSM, POPC, and CHOL,
respectively. (b and d) Calculated fraction of contacts between SSM and CHOL.

We also investigated ternary bilayers containing SM. It is experimentally known that this
unsaturated lipid affects the domain sizes. For example, macroscopic phase separation in
PSM/DOPC/CHOL was observed using fluorescence microscopy, whereas domains in a
SM/POPC/CHOL mixture, which is similar in composition to the plasma membrane, could
not be detected by optical microscopy’*’>. In the present CG-MD results (Fig. 7), both
mixtures showed domain formation. As Fig. 7(a) depicts, the mixture of SSM/DOPC/CHOL
is clearly separated into Lo and Ld phases by creating a circular Ld domain. The fraction of

contacts rapidly increased and converged at ~0.8. On the other hand, SSM/POPC/CHOL



shows smaller clustering with ambiguous domain boundaries. This different phase separation
behavior can be confirmed in the contact fraction plot. The fraction of contacts increases
slowly, and the saturated value is much smaller than in the SSM/DOPC/CHOL case. This
indicates that the phases are not clearly separated, but rather partially mixed. This result is
consistent with the experimental one as nanodomains, instead of macroscopic phase

separation, were only observed in the SM/POPC/CHOL mixture’* 76

To further investigate the energetics of phase separation, we calculated the free energy to
transfer CHOL from water to the lipid membrane. We estimated the corresponding free
energy profile along the bilayer normal using the adaptive biasing force method””-’%. For the
sake of faster convergence, we fixed the tilting and rotating motion of CHOL during the

simulations.
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Figure 8: Calculated free energy to transfer a CHOL molecule from the aqueous solution to

its equilibrium position within the lipid membrane.

Figure 8 shows the free energy required to transfer a single CHOL molecule from the
aqueous solution to its equilibrium position within the lipid membrane (TFE) as a function of
the CHOL concentration in the bilayer. A negative TFE indicates that CHOL prefers the lipid
membrane to water. The preferred interaction between CHOL and SM can be identified from
the lowest TFE values at all CHOL concentrations. With increasing the CHOL content, TFE
decreases regardless of the lipid type. This indicates that CHOL prefers to reside in
membranes with high CHOL content. Moreover, the TFE of CHOL in the membranes

composed by saturated lipids is 2-4 kcal/mol lower than that in the DOPC membrane. This



free energy difference must be the major driving force behind the CHOL-induced phase

separation into Lo and Ld domains.
CONCLUSION

In this study, we developed a novel CG lipid force field, named SPICA, for phase separation
simulations. The SPICA force field has been developed using the same philosophy of a
previous CG model, sometimes called SDK2?*3% 3336 which satisfactorily reproduces
surface/interfacial properties of lipid membranes and estimates their structural and elastic
properties with a reasonable accuracy. As CHOL partitioning plays an important role in
domain formation, in this new force field, we have optimized the CHOL parameters mainly
focusing on improving structural properties without losing the quality of the previous model®!
concerning thermodynamic properties. Moreover, we have developed a CG model for SM
and polyunsaturated lipids. The CG parameters were adjusted to satisfy membrane properties
estimated using AA-MD simulations. Especially, the 2D RDFs of the lipids within the
membranes were carefully considered in the optimization to obtain a reasonable distribution
of CHOLSs in the membrane. Membrane properties at different CHOL concentrations showed
an overall good agreement with those obtained from atomistic simulations. To further assess
the SPICA force field, we simulated various ternary systems: DPPC/DOPC/CHOL,
DPPC/DLiPC/CHOL, SSM/DOPC/CHOL, and SSM/POPC/CHOL bilayers. Domain
separation into Lo and Ld phases was found in all systems, though the domain size and lipid
distribution were fairly different depending on the lipid components. Unlike the
DPPC/DOPC/CHOL bilayer, the DPPC/DLiPC/CHOL bilayer showed antiregistered domain
formation, probably because of the difference in the hydrophobic thickness of the Lo and Ld
lipid leaflets. The SSM/POPC/CHOL bilayer showed a smaller domain formation with more
dynamic domain boundaries than the SSM/DOPC/CHOL bilayer. This is consistent with
experimental observations as macroscopic phase separation was observed in a
SM/DOPC/CHOL bilayer, whereas nanodomains formation was detected in a
SM/POPC/CHOL bilayer. The simulation results for ternary bilayers indicate that the present
CG force field can well capture the subtle differences among different ternary bilayers. We
expect that the SPICA force field presented in this work will be useful in solving fundamental

questions related to phase separation in lipid membranes.

Further information of the SPICA force field including tutorials and parameter files are provi

ded at http://www.spica-ff.org.
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