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ABSTRACT: Understanding the lateral organization in plasma membranes remains an open problem
and is of great interest to many researchers. Model membranes consisting of coexisting domains are
commonly used as simplified models of plasma membranes. The coarse-grained (CG) Martini force
field has successfully captured spontaneous separation of ternary membranes into a liquid-disordered
and a liquid-ordered domain. With all-atom (AA) models, however, phase separation is much harder to
achieve due to the slow underlying dynamics. To remedy this problem, here, we apply the virtual site
(VS) hybrid method on a ternary membrane composed of saturated lipids, unsaturated lipids, and
cholesterol to investigate the phase separation. The VS scheme couples the two membrane leaflets at
CG and AA resolution. We found that the rapid phase separation reached by the CG leaflet can
accelerate and guide this process in the AA leaflet.

B INTRODUCTION Keller observed spontaneous lateral domain separation in
unilamellar vesicles composed of a mixture of DOPC
(dioleoyl-phosphatidylcholine) /DPPC(dipalmitoyl-phosphati-
dylcholine) and cholesterol.'* Baumgart et al. observed long-
range domain ordering in the form of locally parallel stripes in
giant unilamellar vesicles through high-resolution fluorescence
imaging."> In ternary mixtures of DOPC/sphingomyelin/
cholesterol, Lo domain dynamic properties were observed in
a certain range of cholesterol concentration through confocal
fluorescence microscopy and fluorescence correlation spec-
troscopy.'® Structures similar to Lo and Ld domains are also
observed in giant plasma membrane vesicles.'”"®

The idea of the Lo/Ld coexistence in a ternary membrane
mixture was adopted as a fundamental mechanism driving
plasma membrane heterogeneities in the context of the raft
model."” Although giant plasma membrane vesicles and plasma
membranes after cell death show miscibility phase transitions,
macroscopic phase separation is not generally observed in the
plasma membrane of living cells.">*° Therefore, the raft idea as
a mechanism that drives the lateral organization of the live cell
plasma membrane remains controversial.

Molecular dynamics (MDs) simulation is a robust and
indispensable tool to complement experimental techniques. It
is able to describe the target system at molecular resolution

Lipids are an important structural component of the cell
membrane and are involved in many important biological
processes.”” The relative mobility (or fluidity) of the
individual lipid molecules is temperature dependent and
correlated with the phase state of the membrane. Every lipid
has a characteristic transition (or melt) temperature; above the
melting temperature, pure phospholipid bilayers are in a fluid
state and below this temperature, they are in the solid (gel)
phase. The liquid crystalline phase is the most physiologically
relevant state of membranes, resembling a two-dimensional
(2D) fluid with the lipids freely diffusing in the plane of the
membrane. Lateral diffusion of lipids in the gel phase is about
100 times slower than the one in the fluid phases.” In the gel
phase, lipids are fully extended and hexagonally ordered, and
with few gauche defects remaining.”” The gel and liquid phases
can coexist in two component membranes containing high and
low melting temperature lipids.’

A high cholesterol concentration strongly changes the fluid
structure of bilayers and drives the system into a new phase,
the liquid ordered phase (Lo).”® Ternary mixtures of lipid
membranes containing cholesterol, high and low melting
temperature lipid species, exhibit the coexistence of two
macroscopic liquid phases, that is, Lo, the cholesterol-rich
phase and liquid disordered, cholesterol-poor phase (Ld) over
a wide range of temperatures and compositions.”'’ The lipids
in the Lo region show slower diffusion rates and a higher
molecular order in the hydrocarbon chains.'"”'* The
coexistence of these two liquid phases in membranes has
been investigated using a diverse range of experimental
techniques."” Using fluorescence microscopy, Veatch and
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and acts like a “computational microscope”.” MD is a

powerful technique for investigating a variety of biological
systems. For instance, the phase coexistence of membranes
containing DPPC, dilinoleoyl-phosphatidylcholine (DLiPC),
and cholesterol has been investigated at the coarse-grained
(CG) level more than a decade ago, showing good agreement
with experimental data.””** The onset of phase separation or
raft formation can nowadays also be realized in simulations
with all atomic (AA) resolution.”* However, due to the slow
underlying kinetics of phase separation, it remains difficult to
reach equilibrium in AA simulations. To remedy this problem,
in this paper, we apply the virtual site (VS) hybrid method>
combining the accuracy of AA models with the speed of CG
models. We study a ternary membrane composed of DPPC,
DLiPC, and cholesterol and investigate the phase separation.
The VS scheme couples the two membrane leaflets, one at CG
and the other at AA resolution. We found that the rapid phase
separation reached by the CG leaflet can accelerate and guide
this process in the AA leaflet.

B METHOD

Simulation Setup. We have applied the VS hybrid scheme
as described in ref 25. to a membrane system as illustrated in
Figure 1. The system is partitioned into two subsystems, that

CG region

AA region

CG region <

B %L N Pk

Figure 1. Virtual site hybrid scheme of a ternary membrane. DPPC,
DLiPC, and cholesterol are represented by green, red, and magenta,
respectively. The water is rendered by the transparent surface and the
virtual sites on AA resolution are not shown for clarity.

is, AA and CG. The crux of the method is that each subsystem
interacts with itself at its corresponding level of description and
that the interaction between the subsystems is at the CG level
using the VS multiscale approach.*™>® It was previously
shown that the VS multiscale method can properly reproduce
the potentials of mean force (PMFs) between pairs of apolar
amino acid side-chain analogs, yet failed to reproduce correct
PMFs for the polar and charged AA solutes in the CG
solvent.”” Therefore, to avoid polar resolution interfaces, we
propose a dual resolution membrane structure with the AA—
CG interface at the interleaflet region, constituting an apolar
environment, illustrated in Figure 1.

This VS approach requires a mapping of the particles in the
AA model to the CG beads, defining interaction sites through
which the AA system interacts with the CG system. This
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hybrid technique is achieved through virtual sites located at the
center of mass of the corresponding AA atoms

N
—
i=1 (1)
Nk
M=) m,
i=1 ()

M; and _RT,: are the total mass of the particles assigned to VS
bead k and the position of the VS bead, respectively. The k-th
VS bead is constructed from N, AA atoms with mass m;, and

position _’kr for the i-th atom of the k-th VS bead. Depending

on the mass of the AA particles, the force acting on the VS is
distributed over its corresponding AA atoms as

- -
Ji, = B /M 3)

— [N
f, and F; are the forces acting on AA atom k; belonging to

bead k, and on VS bead k. The VS hybrid scheme naturally
combines the CG and AA models, where the AA model is a
more detailed description of the molecule of interest. CG
particles feel forces only at the CG level, originating either at
particles in the CG subsystem or at the VS. Direct interactions
between AA atoms and CG beads are not included, because
these would constitute a double counting of interactions.
Here, we combine the atomistic in-house GROMOS force
field (described and tested in*®) and the CG Martini force
field” in a double membrane setup (Figure 1). We kept the
resolution interfaces at the apolar region in the centers of the
bilayers, and restrained water penetration through the
membranes to prevent mixing of AA and the CG solvent.
The details and validation of this setup can be found in ref 25.
The membrane consists of a DPPC/DLiPC/cholesterol
ternary mixture (molar ratio, 42:28:30 and 718) lipids in each
bilayer, which forms coexisting Lo and Ld domains as shown
previously.*® The ternary membrane is simulated in a box of 15
nm X 15 nm X 18 nm. The simulations were carried out using
the GROMACS (2016) software,”’ with an integration time
step of 4 fs. The Verlet cut-off scheme was used for the
nonbonded interactions and the allowed energy error due to
the Verlet buffer is 0.005 kJ/mol/ps per atom. The potential
modifiers were used to shift the complete L] and Coulomb
potential value to zero at a cutoff of 1.4 nm. Electrostatic
interactions were treated using PME with a 0.12 nm Fourier
grid spacing. The temperature was maintained at 295 K by
integrating the equations of motion with the leapfrog
stochastic dynamics integrator’>*® with inverse friction
constants of 1 ps to CG (or VS) particles and 0.1 ps to AA
particles. AA lipids, AA water, CG lipids, CG water, and VS
beads were coupled separately to the thermostat. The pressure
was kept constant at 1 bar independently in the lateral and
normal directions using the Berendsen barostat’ in a semi-
isotropic pressure bath (z, = 0.5 ps). The compressibility was
set to 4.6 X 107 bar™". The AA bonds were constrained with
the LINCS algorithm, and simple point charge water”> was
constrained using SETTLE.® A flat bottom potential was
applied on the polar headgroup of cholesterol (CG or VS
ROH beads) to restrain flip-flop, as used in ref 37. Restraining
of cholesterol has only minor effects on the membrane
properties, including the degree of phase separation, interleaflet
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registration, lipid order parameter, etc.”” However, additional
modifications were found to be necessary to prevent AA
cholesterol entering the CG leaflet and causing artefacts. In
particular, the attractive VS-mediated interactions of AA
cholesterol with CG beads were reduced (for more
information, see Supporting Information, Figures S1—S4 and
Tables S1 and S2).

In the VS hybrid model, the AA leaflets are either in the
phase-separated or the phase-mixed state. To build this
membrane, we ran full CG simulations to get membranes in
the phase-separated or the phase-mixed state. One of the CG
leaflets is mapped into AA resolution with the backmapping
software tool backward®® and is coupled to another CG leaflet.
More details are described in the Results section and in ref 25.
For reference, bilayers were also simulated at full AA resolution
using the CHARMM force field and built with the CHARMM-
GUI web server.” These bilayer systems were simulated using
the equilibration and production protocol provided by
CHARMM-GUI. The trajectory files and input files have
been shared in the Zedono server: https://sandbox.zenodo.
org/record/779354#.YHL ougzY2w.

Analysis. The analysis shown in this paper is mainly
focused on one of the two hybrid membranes, but similar
results were obtained for both membranes. The extent of phase
separation in the membrane was quantified using the contact
fraction f;_; between two lipid species i and j. The contact
fraction was computed using the same procedure described in
ref 40., and defined as

f _ ‘DPPC-DLIiPC
DPPC=DLIPC ¢pppc-pLipc T DLiPC-DLIPC (4)
f _ CCHOL-DLiPC
CHOL=DLIPC ¢ ioL-pLipC F CCHOL-DPPC (%)

where ¢;_; represents the number of contacts between the two
lipid species. A distance threshold of 1.1 nm between the
phosphate bead (PO4) of DPPC and DLiPC was applied. In
this formulation, complete phase separation corresponds to
Sforrc—prirc = 0, and ideal mixing corresponds to fpppc_pripc =
0.6 (equaling the mole fraction of DPPC lipids with respect to
total PC lipids). A value exceeding 0.6 indicates an enhanced
mixing of DLiPC with DPPC, while values smaller than 0.6
indicate more self-contacts, and therefore more nonrandom
mixing. The exact value of fpppc_pripc for which phase
separation occurs is hard to define, given finite size effects due
to the limited size of the simulated systems. A value of
forrc—puipc = 0.2, as reported previously for the current
DPPC/DLiPC/cholesterol system,*® signals clear phase
separation. The contact fraction fcyop_pripc between choles-
terol and DLiPC was evaluated similarly. A value of 0.4
represents ideal mixing, above which cholesterol prefers to
interact with DLiPC lipids, below which cholesterol prefers
DPPC lipids. To compare the extent of phase separation
between our simulations and atomistic simulations reported in
the literature, we also computed the DPPC enrichment
parameter as described in Gu et al.”*

The level of phase separation is also quantified by the lipid
mixing entropy.”' The mixing entropy is defined as

Smix = _pl 10g2 pl - pz 10g2 p2 (6)

where p;, and p, represent the probability of neighboring
contacts formed by the same and different lipid type,
respectively. The neighboring lipids are determined through
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Voronoi tessellations of the lipid head groups, using the PO4
CG (or VS) beads of DPPC and DLiPC lipids. More details
can be found in ref 42.

A number of other membrane organizational or structural
parameters were analyzed to quantify effects of the VS scheme
on the membrane.

The lipid order parameter P was defined as

P = (3cos’(0) — 1)/2 (7)

When the order parameter is computed at the CG level, 8
represents the angle between the CG bond of the lipid and the
bilayer normal (approximated as the z unit vector of the
simulation box). When the deuterium order parameter is
computed at the AA level, 6 represents the angle between the
orientation of the C—H bond vector with respect to the bilayer
normal. The angle brackets represent the ensemble average
over equivalent bonds for a given lipid type in a simulation
frame.

The 2D bond-orientational order parameter*’ W¢* was used
to describe lipid packing of membranes in our simulations. The
bond-orientational order parameter is defined as

6

l Z 160

lenn(k)

¥ =
(8)

where 0, represents the angle between the vector I
connecting the position of a center lipid (1) to its six nearest
neighbors (k), and the reference vector 7. To deal with the
height mismatches of lipid and its neighbors, the position of
the center and neighboring lipids are fitted to a plane through
their singular value decomposition. The reference vector 7
starts from [ and points to the x-axis direction, and is also fitted
to the plane. More details can be found in ref 42. Locations of
DPPC, DLiPC, and cholesterol were defined by the positions
of C2A/C2B and D2A/D2B and the center of mass of R1/R2/
R3/R4/R5 CG (or VS) beads, respectively.

The partial density and membrane thickness landscape were
also computed to measure and visualize the lipid distribution
in the membrane. These 2D landscapes were computed
through a grid placed on the XY plane of the membrane (10 X
10 cells) and the last 0.5 ps of the simulations were used to
average the landscape. Membrane thickness landscape was
computed based on the average distance of PO4 beads in both
leaflets. All landscapes were calculated using g_thickness and
g mydensity software™ freely available from http://perso.ibcp.
fr/luca.monticelli.

The DPPC density landscape grid at the CG or VS level is
used to compute the domain registration landscape. The two
leaflets are considered separately. If the density of DPPC in a
certain cell is larger than the mean value of the DPPC cell
density, this cell is marked as the Lo region. The match
between the local grids of two leaflets is used to form the
registration landscape.

We used the APL@Voro tool to calculate the local neighbor
number and area per lipid based on Voronoi tessellation. The
VS of C2 and D2 in PC lipids and RS in cholesterol attached
on top of the AA leaflets are used as references. APL@Voro
provides the graphical user interface and is compatible with
GROMACS file formats. More details can be found in ref 45.
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B RESULTS

Phase Separation in the VS Hybrid Membrane. We
carried out simulations of a DPPC/DLiPC:cholesterol ternary
mixture (molar ratio, 42:28:30) at 295 K using the Martini CG
force field. As described previously,22 at this state point, the
lipids phase segregate to form a DPPC- and cholesterol-rich Lo
phase, and a DLiPC-rich Ld phase. The last frame of the CG
simulation is shown in Figure 2a. Using the last frame of this
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Figure 2. Ternary membrane setup. (a) and (b) Starting structures of
the two VS hybrid systems: already phase-separated and half phase-
separated systems, respectively. The snapshots in the left and right
represent the two leaflets in one membrane with different resolutions.
DPPC, DLIiPC, and cholesterol are represented by green, red, and
magenta, respectively. Only the linker beads (DPPC and DLiPC) or
the head group bead (cholesterol) are depicted in the top view. The
membranes are shown with the periodic images and the simulation
boxes are represented in blue lines.

simulation, we built two different starting configurations for
the GROMOS/Martini VS hybrid systems. In one of the
starting configurations, the AA leaflet is also phase separated
(obtained via backmapping of the CG structure, shown in

Figure 2a left), and in the other configuration the AA leaflet is
homogeneously mixed (Figure 2b left). In both setups, the CG
leaflet is phase separated, as shown in Figure 2a right and
Figure 2b right. From these starting points, two simulations of
10 ps each were performed. As a control, a purely AA
membrane, starting from the randomly distributed lipids was
performed.

To monitor the extent of phase separation, we computed the
DPPC-DLIiPC contact fraction for each of the two leaflets
(both resolutions), as shown in Figure 3a. A relatively high
contact fraction denotes mixing, whereas low contact fraction
hallmarks the phase-separated state. As seen from Figure 3a, in
the purely AA system, the DPPC—DLIiPC contact fraction
fluctuates around 0.6, meaning the fully mixed initial state
barely changes after 10 ys. Shown in Figure 3b, the cholesterol
and DPPC contact fraction was also computed to quantify the
location of cholesterols. A relatively high DLiPC—cholesterol
contact fraction (above 0.4) suggests the cholesterol prefers to
interact with DLiPC lipids, while a lower contact fraction
means the preference to the DPPC lipids. In the pure AA
simulation, contact fraction fluctuates around 0.4, suggesting
that the cholesterol has no preference between DPPC and
DLIPC lipids. These findings could be visually verified through
the last snapshot of the simulation, shown in Figure 4c.

In the half phase-separated membrane, as we can see from
Figure 3a, the DPPC—DLIiPC contact fraction of the CG
leaflet fluctuates around 0.2, while the DPPC—DLiPC contact
fraction of the AA leaflet steadily decreases during thelO us
simulation. Thus, the CG leaflet keeps the phase-separated
state and the AA leaflet, initially in the mixed state, starts to
phase separate. In Figure 3b, the contact fraction between
DLiPC and cholesterol shows that the cholesterol stays in the
ordered region in the CG leaflet. Counterintuitively, the
cholesterol-DLiPC contact fraction stays above 0.4 in the AA
leaflet, suggesting that the cholesterols prefer to contact the
DLIPC lipids rather than DPPC lipids. Similar conclusions can
also be drawn using the mixing entropy, as discussed in the
Supporting Information (Figure S9). Interestingly, from the
snapshot of the AA membrane in Figure 4b, we observe that
the saturated chains of the DPPC lipid form a local hexagonally
ordered arrangement reminiscent of a gel phase. To test
whether this behavior is caused by the VS hybrid scheme, the
last frame of the half phase-separated membrane in VS hybrid

a
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AA half phase separated
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AA already phase separated
—— CG already phase separated
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Figure 3. Lipid contact fraction. (a) DPPC—DLIPC contact fraction. The horizontal dashed line represents ideal mixing, above which DLiPC lipids
prefer to contact DPPC lipids (more mixed), below which DLiPC lipids prefer to contact with themselves (more separated). (b) Contact fraction
between cholesterol and DLiPC. The horizontal dashed line represents ideal mixing, above which cholesterol prefers to interact with DLiPC lipids,

below which cholesterol prefers DPPC lipids.
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Figure 4. Top view of AA leaflets and the side view of bilayer
membranes. The last frames of the simulations of the membranes
starting from the already phase separated (a), half phase separated
(b), fully AA (c), and AA backmapped from the half phase-separated
system (d) are illustrated. Only lipid tails are shown and the color
scheme is the same as shown in Figure 2.

model (Figure 4b) was backmapped to fully AA resolution. A
similar state (phase separation level and local ordered
arrangement) to the hybrid AA leaflet was preserved in the
backmapped AA simulation for at least 1 us, shown in Figure
4d. This indicates that the membrane structure predicted by
the VS hybrid model is reasonable in pure AA simulation. In
the subsequent backmapped simulation, the DPPC/DLiPC
contact fraction did not change significantly for 1 us (Figure
S10a) and the local ordered structure persists in the membrane
(Figure S10b). This suggests that the phase separation state
and local ordered arrangement are not artifacts caused by the
VS hybrid model.

DPPC lipids apparently form highly ordered domains inside
the Lo region, at least when simulated at AA resolution. To
distinguish lipids in the highly ordered phase from lipids in the
Lo phase, we use a Voronoi tessellation diagram™ to represent
the 2D organization of the bilayer. Voronoi cells appear in a
honeycomb-like form (or a perfect hexagon) similar to lipids in
the gel phase with stretched and straight lipid chains.** In
Figure Sa,, the Voronoi tessellation diagrams are colored
either by the area per lipid or the number of neighbor lipids for
the AA leaflets of hybrid membranes. We found that the lipids
in the hexagonal order (hexagonal Voronoi cell) are formed in
the middle and lower parts of the bilayer. As expected, these
cells have six lipid neighbors (cyan color) and a lower area per
lipid (blue color). The bond-orientational order parameters of
the AA leaflets increase with simulation time (Figure S9),
suggesting stabilization of the more ordered arrangement. The
phase separations and the hexagonal arrangement can also be
observed in the DPPC density and thickness landscapes,
shown in Figures SS and S6. From Figure S5, we also found
that the cholesterols are mainly located in the fluid DPPC

5880
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Figure S. Voronoi tessellation diagrams for already phase-separated
(ac) and half phase-separated (b,d) systems. Voronoi tessellation
diagrams are colored either by the area per lipid [nm?] (ab) or the
number of neighbor lipids for the AA leaflets of hybrid membranes
(¢,d). In Voronoi diagrams colored by the number of lipids neighbors,
the cyan represents six neighbors.

region and DPPC—DLIPC interface region. This agrees with
the observation from Sodt et al.*’ that, in the Lo phase, local
regions of hexagonally packed lipids are separated by
interstitial regions enriched in cholesterol. Therefore, in the
phase separation process, the DPPC lipids form hexagonal
substructures in the Lo region, and thus the cholesterols are
squeezed out of the Lo phase and increase contact with the
DLiPC lipids.

In the case of the already phase-separated membrane, as can
be seen from the temporal evolution of the DPPC—DLiPC
contact fraction in Figure 3a, both leaflets keep the phase-
separated state. Shown in Figure 3b, in the CG leaflet, the
cholesterol stays in the DPPC-rich region. On the contrary,
and in line with the results obtained with the half phase-
separated system, the cholesterol-DLiPC contact fraction
increases to 0.4 in the AA leaflet, denoting more contact
between cholesterol and DLiPC lipids. The appearance of a
local hexagonal order is also observed from the last snapshot in
Figure 4a, the Voronoi tessellation diagram in Figure Sb,d, and
DPPC density in Figure SSa. However, note that the AA
leaflets in the hybrid simulation starting from already phase-
separated and half phase-separated membranes have not fully
converged after 10 s, as indicated by the DPPC—DLIiPC and
cholesterol-DLiPC contact fraction in Figure 3. It is highly
possible that the converged contact fraction is between the
values predicted in the systems with the two different starting
structures. Note that the analysis shown so far only focused on
one of the two hybrid membranes of our double-membrane
setup. The analysis of the other membrane shows a very similar
behavior (Figures S7 and S8).

B DISCUSSION

Our results show that phase separation cannot be reached
during 10 ps in the fully AA simulation, while it is realized in
the VS hybrid model regardless of the starting configurations.
This suggests that, in the dual resolution models, the coupling
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between the two leaflets is strong and the phase separation in
the CG leaflet can guide and accelerate the phase separation
kinetics of the AA leaflet. This mechanism is further
demonstrated by a strong domain registry between the two
leaflets, especially in the hexagonally ordered lipid regions and
disordered regions, as found in both systems starting with
different configurations (Figures S6c,d). There is a possibility
that the AA system does not have the intrinsic driving force to
phase separate, and is actually forced into this state due to the
strong coupling. As such, our hybrid method would lead to an
artificial result. We do not expect this to be the case, for a
number of reasons. First, the experimental phase diagram
clearly predicts a stable Ld/Lo coexistence at the state point
considered. Second, both Martini and GROMOS force fields
are calibrated using free energies obtained from the
experimental data, making them compatible and well suited
for dual resolution simulations. Finally, we showed via
backmapping that the phase-segregated state is stable in a
subsequent AA simulation (Figure 4d).

An important consideration is how effective the proposed
VS method is. To provide a quantitative estimate of how much
speedup is obtained, is difficult. The phase separation between
Lo and Ld phases in ternary membranes has been thoroughly
investigated using Martini CG simulations,”>*® but far less so
using atomically detailed models. In a 9 us united atom
simulation, Hakobyan et al.*® found the onset of phase
separation in a ternary membrane composed of DPPC, DLiPC,
and cholesterol at 300 K. Gu et al.”* observed a coexistence of
Lo and Ld phases in a ternary membrane composed of DPPC,
DOPC, and cholesterol at 270 K in about 10 us using the
Slipid forcefield. Similar to our simulations, the two AA
simulations™*** are not fully converged after about 10 ys. To
compare the extent of phase separation, we computed the
enrichment value of DPPC lipids in the DPPC environment
based on the AA leaflet of the half phase-separated system. We
obtained a value of 1.16 + 0.02 at the end of the simulation,
which is close to the value of 1.12 + 0.02 at 270 K reported in
the work of Gu et al.”* Taken together, these data suggest that
the kinetics of phase separation—not unexpectedly—are very
much state point dependent, and may also depend on the
details of the forcefield used. At least for the composition and
forcefield (GROMOS-based) used in the current work,
coupling to a CG leaflet appears to significantly speed up the
phase separation process.

Apart from phase separation, an interesting observation is
the appearance of local hexagonal order in the Lo domain, at
least in the leaflet modeled with AA resolution. Such a local
hexagonal ordering of saturated chains in the Lo region was
also found in the ternary membrane composed of DPPC,
DOPC, and cholesterol, simulated with the CHARMM force
field at 298 K by Sodt et al.*” They reported 0.321 + 0.003 for
the mean order parameter of lipids in the Lo domain, which is
close to the value of 0.351 + 0.005 computed from the AA
leaflets of the half phase-separated system. This high level of
order also agrees well with the value of 0.36 extracted by Sodt
et al,*’ based on the 2H NMR experiment.49 In a small-angle
neutron scattering experiment,50 nanodomains with a
hexagonal order were also observed in a membrane composed
of DPPC and cholesterol. Therefore, our simulations provide
further evidence supporting the existence of a local hexagonal
order of saturated chains in the Lo region. Note that the
hexagonal ordering is only observed in the AA leaflet, while the
CG monolayer is unable to capture the hexagonal ordering in
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the Lo domain. Thus, there is a discrepancy between the two
leaflets with different resolutions. The hexagonal ordering in
the Lo region is not observed in standard Martini simulations
either.** A plausible reason for this discrepancy is that, at AA
resolution, DPPC lipids form local gel-like structures because
the simulation temperature is about 20 K lower than the
transition temperature of DPPC (314 K). At such low
temperature, lipids tend to adopt the highly packed hexagonal
arrangement characteristic of the gel phase. However, the
transition temperature of Martini DPPC lipids is 295 + 5 K.*°
Hence, the temperature is not low enough for Martini DPPC
lipids to locally form a gel-like structure. With the forthcoming
release of the new version of the model Martini 3,”" the phase
transition temperature of Martini DPPC lipids could possibly
be improved.

There are several different approaches to combine CG and
AA simulations, including interface approaches,”****? keeping
both AA and CG molecules in one system; the serial multiscale
methods,**>° switching resolution if interesting events occur;
adaptive resolution methods,”*™** changing resolution on the
fly when molecules cross the resolution boundary; and
resolution exchange approaches,”” ™’ connecting simulations
at different resolutions through the Hamiltonian replica
exchange method. The VS hybrid scheme, belonging to the
interface approach, is easy to use and compatible with most
standard MD packages (e.g., Gromacs’'). Apart from studying
phase separation, the dual-resolution membrane setup can also
be applied to investigate a number of other processes, which
would benefit from having AA detail in the leaflet of interest,
such as the preliminary phase (stalk formation) of membrane
fusion,®” the effect of asymmetric ionic concentrations across
the membrane,®® peripheral membrane (p_rotein binding,64 and
shape transformations of fluid vesicles.”” However, atoms or
molecules should not cross the resolution interface because the
VS hybrid scheme can only produce correct PMF between
apolar molecules.” A future direction would be to improve the
PMF between hybrid polar and charged groups, which allows
the resolution interface to be located in the polar or charged
region.

The VS hybrid model can be improved in many other ways.
For instance, MDs with Alchemical Steps (MDAS),*°
proposed by Elber and co-workers, can be used to investigate
heterogeneous biological membranes. The traditional simu-
lation is combined with an alchemical trajectory, which
switches the positions of randomly chosen pairs of lipids.
Higher sampling efficiency has already been observed in the
DOPC~—POPC membrane.®” This algorithm can be combined
with our hybrid VS model to further increase the sampling
efficiency. In addition, the efficiency of our hybrid VS model
can be improved by applying mean field force approximation
boundary potentials, which replace the excess bulk solvent
around a membrane,”® by using the Dry Martini force field*” to
model the CG leaflets, or applying a multiple time step
approach for different resolution levels, such as reversible
RESPA.”

B CONCLUSIONS

We showed that for a particular state point and force fields
chosen in this study, Lo/Ld phase separation cannot be
achieved in a full AA simulation within a 10 us simulation time,
while it is realized in the VS hybrid setup regardless of the
starting configurations. This suggests that the phase separation
in the CG leaflet can guide and accelerate the phase behavior
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of the AA leaflet. In addition, in the AA leaflet of the hybrid
membrane, we observed the appearance of local hexagonal
ordering of the lipid tails in the Lo domains, in agreement with
experimental data and in support of previous simulation
results. Taken together, we believe that our multiscale
simulation setup is a useful method to speed up the process
of phase separation in multicomponent bilayers, and may
provide more insights to understand the molecular scale
structural organization of cell membranes.
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