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Composition Fluctuations in Lipid Bilayers
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ABSTRACT Cell membranes contain multiple lipid and protein components having heterogeneous in-plane (lateral) distribu-
tion. Nanoscale rafts are believed to play an important functional role, but their phase state—domains of coexisting phases or
composition fluctuations—is unknown. As a step toward understanding lateral organization of cell membranes, we investigate
the difference between nanoscale domains of coexisting phases and composition fluctuations in lipid bilayers. We simulate
model lipid bilayers with the MARTINI coarse-grained force field on length scales of tens of nanometers and timescales of
tens of microseconds. We use a binary and a ternary mixture: a saturated and an unsaturated lipid, or a saturated lipid, an
unsaturated lipid, and cholesterol, respectively. In these mixtures, the phase behavior can be tuned from a mixed state to a
coexistence of a liquid-crystalline and a gel, or a liquid-ordered and a liquid-disordered phase. Transition from a two-phase to
a one-phase state is achieved by raising the temperature and adding a hybrid lipid (with a saturated and an unsaturated chain).
We analyze the evolution of bilayer properties along this transition: domains of two phases transform to fluctuations with local
ordering and compositional demixing. Nanoscale domains and fluctuations differ in several properties, including interleaflet
overlap and boundary length. Hybrid lipids show no enrichment at the boundary, but decrease the difference between the

coexisting phases by ordering the disordered phase, which could explain their role in cell membranes.

INTRODUCTION

Lipid bilayers constitute the basis for cell membranes.
They contain multiple lipid species, which are distrib-
uted nonuniformly along the bilayer plane (1). This dis-
tribution modulates the bilayer properties and creates an
optimized environment for protein function. The raft hy-
pothesis suggests that membrane components exhibit
nanoscale dynamic organization (2). Rafts are enriched
in saturated lipids and cholesterol and incorporate
selected proteins (3). They have sizes in the range of
10-200 nm and short lifetimes (1073—10O s). Rafts are
important in membrane trafficking, signal transduction,
and entry of pathogens (4-7). However, direct experi-
mental observation of rafts is challenging due to their
dynamic nanoscale nature. Rafts are believed to
constitute nanodomains of the liquid-ordered (Lo) phase
in the liquid-disordered (Ld) phase. Yet the small size
and short lifetime of such Lo domains cannot be ex-
plained by classical theories for phase separation. With
limited in vivo evidence of the existence of rafts
(8—11), their phase state and underlying mechanisms
remain elusive (12,13).
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The difficulty in characterizing the lateral organization
of cell membranes lies in their complexity. A crowded
environment with many lipid and protein players, it is
coupled to the cytoskeleton and affected by active cellular
processes (14). Characterizing phase behavior of lipids
alone requires building multidimensional phase diagrams
(15). Numerous membrane proteins interact preferentially
with different lipids, and vary in size, membrane partition-
ing, and mobility. Lipid transport interferes kinetically
with these interactions, and coupling to cytoskeleton
bounds them spatially. Many theories describing these
phenomena attempt to explain raft formation (for review,
see (14,16,17)). Yet distinguishing between these different
theories is difficult, in part due to a lack of understanding
of lipid phase behavior.

Lipid-lipid interactions alone could produce rafts via
several different mechanisms (18). The first group of mech-
anisms is based on phase separation with limited growth of
domains. Domain growth could be limited due to interdo-
main repulsion. Repulsion may be caused by uncompen-
sated headgroup dipoles in the domains (19) or by domain
curvature (20). A large number of small domains could
become favorable due to entropy gain at low line tension
at phase boundaries (21). Line tension may be lowered by
linactants, for example by hybrid lipids. The second group
of mechanisms is based on dynamic heterogeneity with
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local structure and order (22). Dynamic heterogeneity
develops in one phase due to lateral density and composition
fluctuations. Fluctuations increase in magnitude upon
approaching a phase transition and become extremely
strong in the vicinity of a critical point (23). Rafts could
be a manifestation of 2D microemulsion—a liquid with
local structure and a tendency to order (24).

Substantial progress in understanding lipid phase
behavior has been achieved by studying lipid bilayers of
simple composition. The coexistence of macroscopic
domains of the Lo and Ld phases has been experimentally
reproduced in mixtures of saturated and unsaturated lipids
and cholesterol (for review, see (25,260)). Emerging tech-
niques provided details on the properties of coexisting Lo
and Ld phases (27,28). Transition from macro- to nanoscale
Lo domains has been observed upon substitution of unsatu-
rated lipids by so-called hybrid lipids with one saturated and
one unsaturated chain (29,30). However, the properties of
nanodomains are measured indirectly, and it is difficult to
establish their phase state. Due to limits in achievable
spatial and temporal resolution, distinguishing between
nanoscale domains and fluctuations in experiments remains
a challenging task.

Here, we investigate the differences between nanoscale
domains of coexisting phases and composition fluctuations
in lipid bilayers as a step toward understanding lateral
organization of cell membranes. We simulate model lipid
bilayers above and below their miscibility transition
temperatures with the Martini coarse-grained force field
(31). The Martini force field has been widely used to study
the properties of lipid bilayers of simple composition, and,
in a recent study, of complex mixtures modeling the real
plasma membranes (32). Phase separation into the Ld
and Lo phases has been reproduced in a number of Martini
simulations (for review, see (33,34)); the driving forces for
phase separation and the limitations of the Martini model
have been discussed (35-37). In this work, we focus on
the transition between domains of coexisting phases and
composition fluctuations in lipid bilayers. This topic, to
our knowledge, has not been previously studied in simula-
tions. We consider two types of phase coexistence relevant
for cell membranes (liquid-liquid and liquid-solid), and
change the bilayer phase behavior by varying the temper-
ature and adding a hybrid lipid. We observe that hybrid
lipids are not enriched at the phase boundary, but increase
the order of the disordered domains, thus decreasing the
difference between the coexisting phases. This suggests
a potential biological role of tuning the size and order of
domains in cell membranes. We find that composition
fluctuations and domains of coexisting phases differ in
several properties, including interleaflet overlap and
boundary length. These properties could be used to
distinguish nanoscale domains from fluctuations in exper-
iments, and to obtain insights on the nature of rafts in cell
membranes.

Fluctuations in Lipid Bilayers

METHODS

We performed molecular dynamics simulations with the GROMACS
software package (v.4.6.5) (38). Lipid bilayers were simulated with the
Martini coarse-grained (CG) force field v. 2.1 (31). We used a binary mixture
of dipalmitoyl-phosphatidylcholine (DPPC) and dilinoleoyl-phosphatidyl-
choline (DUPC) to model the coexistence of the liquid-crystalline (L)
and gel (LB) phases, and a ternary mixture of DPPC, DUPC, and cholesterol
to model the coexistence of the Ld and Lo phases. The molar ratios for the
two mixtures were 3:2, and 7:7:6, respectively. These mixtures were
simulated in a temperature range of 270-340 K. At higher temperatures,
the bilayers mixed and formed a single phase, in which the composition
fluctuations were studied. At lower temperatures, the bilayers demixed and
separated into domains of coexisting phases. A so-called hybrid lipid with
one saturated and one unsaturated chain, palmitoyl-linoleoyl-phosphatidyl-
choline (PUPC), was added to the two mixtures in the following way: a
specific fraction of the DUPC lipids in each leaflet was randomly replaced
by the PUPC lipid, and the bilayer was equilibrated at a 7' = 340 K. The
resulting molar ratios were DUPC/PUPC 8:2, 7:3, and 6:4 in the Lo-gel
mixture (20, 30, and 40% PUPC substituting DUPC), and 6:1, 5:2, and 4:3
in the Ld-Lo mixture (14, 29, and 43% PUPC substituting DUPC). These
concentrations of the hybrid lipid were selected to achieve noticeable effects
on phase separation and composition fluctuations, and, at the same time, to
maintain phase coexistence in the selected interval of temperatures.

In the Martini force field, molecules are represented by particles that
group approximately four heavy atoms together. All the lipids are standard
components of the force field. The system setup consisted of a randomly
mixed bilayer in water. Two system sizes were used: smaller bilayers
(~35 x 35 x 15 nm>) contained 4608 lipids and were solvated in
128,000 CG water particles; larger bilayers (~70 x 70 x 30 nm>) contained
18,432 lipids and were solvated in 1,024,000 CG water particles. At lower
temperatures (<290 K), the antifreeze water particles substituted ~5% of
regular water particles to prevent water crystallization, which is a standard
practice in the Martini force field (31). For nonbonded interactions, the
standard cutoffs for the Martini force field were used: the Lennard-Jones
potential was shifted to 0 between 0.9 and 1.2 nm; the Coulomb potential
was shifted to O between 0 and 1.2 nm with a relative dielectric constant
of 15. The time step was 20 fs with neighbor-list updates every 10 steps.
Lipids and water were coupled separately to a target temperature
using the velocity rescaling thermostat (39) with a time constant of 1 ps.
The normal and tangential pressures of 1 bar were maintained using the
Berendsen barostat (40) with the semiisotropic coupling scheme, a time
constant of 4 ps, and compressibility 5 + 107> bar'. The simulation time
was 10-30 us; longer times corresponded to the cases near or with phase
separation. The last microsecond of the trajectory was used for analysis.

Quantitative analysis of composition fluctuations and domains of
coexisting phases was performed using a combination of custom scripts.
The areas per lipid were defined based on Voronoi tessellation using a
MATLAB program (v. R2014b; The MathWorks, Natick, MA). Lateral
heterogeneity was analyzed based on local lipid environment (41), defined
as the first surrounding shell of nearest neighbors. The Voronoi sites with a
local concentration of DPPC and cholesterol above the average concentration
in the bilayer were assigned to an ordered cluster. The ordered clusters were
then grouped together using the connectivity matrix. In these grouped
clusters, the distinction between composition fluctuations and domains of
coexisting phases was made based on structural and dynamic properties.
The boundary was calculated as the sum of Voronoi edges between the
cluster and its surroundings. The overlap (registration) of the clusters
between the leaflets was calculated as the area of the clusters aligned (i.e.,
in register) in the two leaflets divided by to the total area of the clusters in
the leaflet.

The in-plane 2D radial distribution function (RDF) for the bilayers was
calculated as the average ratio of the lipid density at the distance r from
the center of mass of the lipid molecule to the average density in the bilayer.
In these calculations, we considered the unsaturated lipid only, as it is
enriched in the disordered phase in all cases, without long-range
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translational order (which avoids additional undulations in RDFs
corresponding to intermolecular distances). The correlation length, &, was
calculated from an exponential fit to the 2D RDFs using the formula

RDF(r) = ag e+ a. )

The correlation time, 7, was calculated from the time decay of the local
density time correlation function using a single exponential fit as in (1).
The local lipid density was sampled on a 2D grid of 20 x 20 cells from
10 consecutive trajectory time frames with the time step of 10 ps. It was
assumed that such time is short relative to timescale of diffusion in the
system so that the changes in the density are acceptably small.

The chain orientational order parameter, S,, was calculated using the
formula

S.n = (1/2(3 + cos’d, — 1)), )

where 6, is the angle between the vector connecting the n—1 and n+1 sites
of the hydrocarbon chain and the monolayer normal z averaged over all sites
for both chains and over all lipids, except for cholesterol.

2D density maps were calculated using the GROMACS g_densmap tool;
the densities were averaged over varying time intervals of 100 ns, 1 and 9 us.

To calculate the membrane curvature, the membrane was fitted to a
surface by interpolation using the GL particles in phospholipids and the
ROH particle in cholesterol. The interpolated surface was placed on an
equally spaced grid (0.4 nm) and smoothed using a binomial filter. This
procedure was applied to each leaflet separately, and the obtained surface
on a grid was averaged over the last microsecond of the trajectory. For
the resulting surface, the partial derivatives were calculated to find the
principal curvatures ¢; and ¢, as in previous studies (42). The mean curva-
ture of the bilayer equals

H = 1/2(C1+C2). (3

~

The in-plane 2D static structure factor, S(g), was calculated from the scat-
tering of the molecular centers of mass using the formula

2

1 _
S@ =D “

Here, the scattering length of all scattering centers, N, was assumed
constant, g is the wave vector, and 7 is the real space vector. The calculated
structure factor as a function of 2D wave vector was then averaged over the
polar angle to give the radial component, S(g).

RESULTS

Temperature dependence of the bilayer
properties

We simulated lipid bilayers composed of mixtures of DPPC/
DUPC in ratio 3:2 and of DPPC/DUPC/cholesterol in ratio
7:7:6. At lower temperatures, the bilayers separated into the
coexisting Lo and gel, and Ld and Lo phases, respectively.
Upon raising the temperature, the bilayers mixed to form a
single phase. Characteristic snapshots of the phase behavior
in the two mixtures are shown in Figs. 1 and 2 and a
summary of all simulations is given in Tables | and 2.
The binary mixture of 3:2 DPPC/DUPC (Fig. 1) forms the
Lo phase at 340 K. In this state, the bilayer is not homoge-
neous and contains small clusters of the two components.

2752 Biophysical Journal 113, 2750-2761, December 19, 2017

FIGURE 1 Phase behavior of the DPPC/DUPC 3:2 large bilayers at
selected temperatures. View from top on the upper leaflet is given. DPPC
is shown in green, DUPC in orange; water not shown. To see this figure
in color, go online.

These clusters are manifestations of composition fluctua-
tions. With decreasing temperature, the bilayer becomes
more heterogeneous as the composition fluctuations grow.
Domains of the gel phase appear in the surrounding L«
phase at 280 K. A detailed view of the coexisting gel-L«

FIGURE 2 Phase behavior of the DPPC/DUPC/cholesterol 7:7:6 large
bilayers at selected temperatures. View from top on the upper leaflet is
given. DPPC is shown in green, DUPC in orange, cholesterol in purple;
water not shown. To see this figure in color, go online.



TABLE 1 The Properties of DPPC:DUPC 3:2 Bilayers

Dpypc, 107

Dpppc, 107

Phase

cm?/s cm?/s

Cpupc
0.12 = 0.01
0.11 = 0.01
0.09 = 0.01
0.08 = 0.01
0.07 = 0.01
0.01 = 0.01
0.01 = 0.01

Corrc
0.88 = 0.01
0.89 = 0.01
091 = 0.01
0.92 = 0.01
0.93 + 0.01
0.99 = 0.01
0.99 = 0.01

Ap,ordered nm? Ap.disord, nm? Apppc, N> Apupc, nm>

Ap, nm?

T.X
340
320
300
290
285

La

0.30 = 0.02
0.33 = 0.03
0.35 = 0.02
0.40 = 0.04
0.42 + 0.04
0.90 = 0.01
0.91 = 0.01

4.6 = 0.1
3.1 £ 0.1

0.2
0.1
0.1
0.1
0.1

4.1 =

0.740 = 0.013
0.712 = 0.012
0.685 = 0.009
0.665 = 0.012
0.661 = 0.012
0.565 = 0.031
0.517 = 0.019

0.674 = 0.005
0.645 = 0.004
0.614 = 0.004
0.598 + 0.003
0.587 + 0.003
0.467 = 0.001
0.463 + 0.001

0.747 = 0.003
0.719 = 0.003
0.693 = 0.003
0.686 = 0.003
0.680 = 0.003
0.690 = 0.002
0.665 = 0.002

0.682 + 0.004
0.652 = 0.004
0.621 = 0.003
0.603 = 0.003
0.593 + 0.003
0.468 = 0.001
0.464 + 0.001

0.722 = 0.002
0.692 = 0.001
0.663 = 0.001
0.648 = 0.002
0.640 = 0.001
0.569 = 0.001
0.555 = 0.001

La

3.0 =

La

1.9 £ 0.2
14 = 0.1
1.1 £ 0.1

0.7 = 0.1

1.7 =

La

1.3 +

La
Gel + La
Gel + La

1.0 =
0.05 = 0.01

0.02 = 0.01

280
270

4+0

Data for the small DPPC/DUPC 3:2 bilayer forming La-gel phases. Here A, is the average area per lipid in the bilayer; A;, ordered, in the ordered clusters; A;, disord, in the remaining disordered part; A;

values are the areas per lipid components in the ordered clusters; C; values are the concentration of lipid components in the ordered clusters; D; values are coefficients of lateral diffusion in the bilayers; i

parameter for Martini bonds, averaged over the hydrocarbon chains in the ordered clusters.

and S, is the orientational order

DPPC, DUPC;

Fluctuations in Lipid Bilayers

phases is given in Fig. SI a. The highly ordered gel phase
contrasts with the disordered Lo phase. Phase separation
in this mixture occurs below the melting temperature of
the saturated lipid (7,, ~ 295 K in Martini (43)); the
decrease in transition temperature (the temperature at which
gel phase appears, defining fluidus boundary) results from
significant fraction of DUPC. This phase behavior is quali-
tatively similar to the DPPC-DOPC phase diagram, in which
gel-La phase coexistence is observed between 303 and
266 K (44). The segregation of the saturated and unsaturated
lipids is driven by unfavorable interactions between the
saturated and unsaturated lipid chains, which become
more unfavorable as the saturated lipid transforms into the
gel state (45). Transition to the gel phase is evident from
an abrupt change of the average areas per lipid components
(Table 1), typical for a first-order phase transition. The tran-
sition is also characterized by significant changes in the lipid
lateral diffusion coefficients and the chain orientational
order. Near the transition point (at 290 and 285 K), compo-
sition fluctuations become large in extent. The main phase
transition in lipid bilayers is accompanied by strong fluctu-
ations, being in vicinity to a critical point (46,47).

The ternary mixture of 7:7:6 DPPC/DUPC/cholesterol
(Fig. 2) forms the Ld phase at 340 K. It contains small clusters
(enriched either in DPPC and cholesterol or in DUPC), which
increase in size at 320 K. At 310 K, the bilayer separates into
Lo and Ld phases. In experimental phase diagrams of DPPC/
DOPC/cholesterol mixtures, the liquid-liquid coexistence is
observed between ~303 and ~283 K, but this interval differs
depending on the method (23,48). Phase separation is induced
by preferential interactions between the saturated lipid and
cholesterol, leading to their segregation from the unsaturated
lipid (45). A detailed view on the coexistence of the Lo and Ld
phases is presented in Fig. SI b. It shows that the phases
noticeably differ in order, and the bilayer surface is bent at
the phase boundary (see below). In contrast to the La/gel
mixture, strong composition fluctuations are absent; the
average areas per lipid, diffusion coefficients, and chain
orientational order vary gradually as the temperature
decreases (Table 2). In the absence of abrupt changes in these
properties, the exact phase state of the bilayer can be deter-
mined from additional analysis.

Composition fluctuations can be distinguished from
domains of coexisting phases by analyzing the in-plane
(2D) RDF (Fig. 3, top panel). For one-phase bilayers, the
RDFs decay exponentially as the correlations in density
are short range. As the temperature approaches the transi-
tion temperature, decay of RDFs occurs on a larger scale,
in particular in the 3:2 DPPC/DUPC mixture at 285 and
290 K, where strong composition fluctuations are observed.
For phase-separated bilayers, the RDFs decay is linear due
to long-range density correlations in the domains (41,49).
Linear decay is followed by periodic undulations, which
correspond to the variation of densities of the lipid
components between the two coexisting phases.
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TABLE 2 The Properties of DPPC: DUPC: Cholesterol 7:7:6 Bilayers
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Phase

Dppec, 107 Dpype, 107
cm?/s cm?/s S,

CchoL

Coupc
360 0.580 = 0.003 0.525 = 0.006 0.610 = 0.005 0.623 + 0.006 0.690 + 0.013 0.310 = 0.005 0.56 = 0.01 0.10 = 0.01 0.34 = 0.01

CDPPC

2

AcHoL, nm

2

Ay, disord
2
nm Apppc, nm Apupc, M

Ap,ordered
nm

2
Az, nm

T.K

Ld

+ 0.1 4.1 =02 033 £+ 0.03
2.6 = 0.1
1.5

33

Ld
Ld

0.51 = 0.03 Lo+ Ld

0.60 = 0.06 Lo+ Ld

0.37 = 0.02
0.42 = 0.03

2.0 0.1

1.1

340 0.559 = 0.002 0.496 = 0.007 0.597 = 0.005 0.593 + 0.007 0.662 + 0.012 0.296 = 0.005 0.57 = 0.01 0.08 = 0.01 0.35 = 0.01

+ 0.1

+ 0.2

320 0.533 = 0.002 0.459 = 0.007 0.586 * 0.006 0.553 + 0.006 0.625 + 0.017 0.282 = 0.005 0.57 = 0.01 0.07 = 0.01 0.36 = 0.01

1.3 = 0.1
1.2 = 0.1

0.6 = 0.1
04 = 0.1

310 0.520 = 0.002 0.436 = 0.006 0.601 = 0.008 0.532 + 0.005 0.612 + 0.017 0.274 = 0.003 0.58 = 0.01 0.04 = 0.01 0.38 = 0.01

300 0.510 = 0.005 0.425 = 0.005 0.600 = 0.007 0.519 + 0.006 0.606 + 0.025 0.269 = 0.004 0.59 = 0.01 0.02 = 0.01 0.39 = 0.01

290 0.506 = 0.003 0.421 = 0.004 0.602 = 0.007 0.516 + 0.004 0.600 = 0.019 0.270 = 0.003 0.59 = 0.01 0.02 = 0.01

0.39 = 0.01 0.15 = 0.01 0.90 = 0.02 0.67 = 0.04 Lo+ Ld

280 0.491 = 0.002 0.407 £0.002 0.588 =+ 0.004 0.500 + 0.002 0.571 = 0.018 0.262 = 0.003 0.59 = 0.01 0.02 = 0.01 0.39 = 0.01 0.08 = 0.02 0.65 = 0.01 0.68 = 0.04 Lo + Ld

270 0.481 = 0.004 0.398 = 0.003 0.585 + 0.007 0.490 + 0.004 0.544 = 0.021 0.257 = 0.003 0.59 = 0.01 0.01 £ 0.01 0.40 = 0.01 0.02 = 0.01 0.50 = 0.07 0.72 = 0.02 Lo + Ld

Data for the small DPPC/DUPC/cholesterol 7:7:6 bilayer forming Ld-Lo phases. Here AL is the average area per lipid in the bilayer; AL, ordered, in the ordered clusters; AL, disord, in the remaining

disordered part; Ai values are the areas per lipid components in the ordered clusters; Ci values are the concentration of lipid components in the ordered clusters; Di values are coefficients of lateral diffusion

in the bilayers; i = DPPC, DUPC, and cholesterol; and Sz is the orientational order parameter for Martini bonds, averaged over the hydrocarbon chains in the ordered clusters.
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FIGURE 3 Lateral structure of the bilayers: 2D RDFs (fop panel) and 2D
structure factors (bottom panel), for the DPPC/DUPC 3:2 (a) and DPPC/
DUPC/cholesterol 7:7:6 (b) large bilayers at different temperatures (K)
are shown. RDFs and structure factors are calculated for the COMs of
DUPC in the same leaflet. To see this figure in color, go online.

Fluctuations can be also compared to domains by
analyzing the 2D structure factors (Fig. 3, bottom panel).
Molecular centers of mass of the unsaturated lipid were
used as the scattering centers. Note that the resolution of
the structure factors in simulations is limited by the inverse
simulation box size (~1/80 nmfl). The structure factors
show large peaks in phase-separated bilayers. These peaks
result from periodic variations of density in the coexisting
phases, and correspond to a radial average of the domain
spacing. In the La-gel mixture, the peak is shifted toward
larger wave vectors at 270 K (g ~ 0.35 nm™"') compared
to 280 K (¢ ~ 0.26 nm ') as the domains become smaller
forming a thin network. Interestingly, strong composition
fluctuations at 285 and 290 K manifest as intermediate
peaks at similar wave vectors (¢ ~ 0.16 nm™"). They result
from strong correlations in space on large length scales
comparable to domain size (10 nm). Note that in the
Ld-Lo mixture, the peaks of the structure factors are located
at smaller wave vectors (g ~ 0.09 nm™ "), as the coexisting
phases span the simulation box.

To quantify composition fluctuations, we calculated
the correlation lengths and times in one-phase bilayers
(Fig. S2). The correlation lengths inform on the character-
istic sizes of the clusters, and the correlation times on their
characteristic lifetimes. As the temperature decreases and
approaches the transition point, the correlation lengths
increase as the fluctuations become stronger. The correlation



times are expected to increase with increasing correlation
length, but the data have a significant statistical uncertainty.
The calculated correlation lengths and times are of the order
of nanometers and nanoseconds, respectively. Nanoscale
values are expected as the spatial extent of fluctuations is
limited by the simulation box size (tens of nanometers).

To analyze the bilayer dynamics, we also calculated the
2D density maps averaged over different time intervals of
100 ns, 1 and 9 us (Figs. S3 and S4). Domains of coexisting
phases manifest as large regions (tens of nanometers) with
enrichment in density that are persistent, having lifetimes
over 10 us. Composition fluctuations result in small regions
(several nanometers) of density enrichment that are present
on short timescales but average-out on the microsecond
timescale. Strong fluctuations near the transition point are
still present in 1 us but average-out in 9 us.

Ordered clusters

To investigate the properties of composition fluctuations and
domains of coexisting phases, we analyzed lipid clusters in
each leaflet (see Methods). We clustered the sites with an
increased local concentration of DPPC (and cholesterol in
the ternary mixture), compared to their average concentra-
tion in the bilayer. Fig. 4 shows that these clusters are
more ordered as they have a higher orientational order of
lipid chains and smaller areas per lipid components
compared to the bilayer averages (see also Tables 1 and
2). We thus call them the “ordered clusters”; they represent
domains of the gel or Lo phase in phase-separated bilayers,
and composition fluctuations in one-phase bilayers.

To assess the evolution of the demixing and phase trans-
formations in the bilayers, we calculated the area fraction
of the ordered clusters as the function of simulation time
(Figs. S5 and S6). In the two-phase region at lower temper-
atures, the area fraction increases and reaches a plateau
within several microseconds. This corresponds to formation
and growth of domains of the new phase. Further transfor-
mations are related to domain merger, but this is a slow pro-

280 300 320 340
T, K

FIGURE 4 Chain orientational order parameter (a) and area per DPPC
lipid (») in the DPPC/DUPC 3:2 mixture (black) and the DPPC/DUPC/choles-
terol 7:7:6 mixture (gray) are shown; solid lines correspond to the ordered
clusters (see Methods), dashed lines to the averages in the bilayers.

Fluctuations in Lipid Bilayers

cess that requires much longer simulation time to sample. In
one phase at high temperatures, the clusters corresponding
to composition fluctuations form and disappear; their area
fraction fluctuates, but does not evolve on the simulation
timescale.

The area fraction of the ordered clusters increases with
decreasing temperature; domains of the more-ordered
phase have a larger area fraction than fluctuations; the
area fraction of Lo phase is in reasonable agreement with
experimental data (27,50). In the 3:2 DPPC/DUPC mixture,
the gel phase contains mainly DPPC. In experiments on
DPPC/DOPC mixtures, the gel phase has a higher fraction
of DOPC (44). The area per lipid in the gel phase is almost
equal to that of pure DPPC bilayers in the gel phase
(0.479 nm? in experiments (51) and 0.465 nm? simulations
with Martini model); formation of the gel phase leads to an
expected drop of the diffusion coefficient by ~2 orders of
magnitude (43). In the 7:7:6 DPPC/DUPC/cholesterol
mixture, the concentration of DPPC and cholesterol in the
Lo domains is nearly constant (~0.59 and 0.39, respec-
tively). These values are comparable to previous simulations
(52,53) and are in qualitative agreement with experiments
on DPPC/DOPC/cholesterol mixtures (~0.53 of DPPC
and ~0.32-0.42 cholesterol (54)). The concentration of
cholesterol in Lo phase in experiments decreases with
increasing temperature, but is almost constant in our simu-
lations. The concentration of DUPC in Lo phase (~2%) is
lower than that of DOPC in experiments. The average
area per lipid in the Lo phase is in good agreement with
experimental value of ~0.44 nm”at 288 K (27). Based on
diffusion coefficients, order parameters and areas per lipid,
the Lo phase becomes substantially more ordered with
decreasing temperature.

We then used the ordered clusters to analyze the differ-
ences between composition fluctuations and domains of
coexisting phases. The bilayer phase state (i.e., one versus
two phases) was established based on the combination of
2D RDFs (linear versus exponential decay, see above), areas
per lipid, order parameters, and diffusion coefficients.

We found that fluctuations and domains noticeably differ
in several ways (see Fig. 5). The cluster radius increases
with decreasing temperature, and changes significantly on
phase separation. Note that due to the limited simulation
box size, the radii of both fluctuations and domains lie on
the nanoscale, and it is not possible to estimate the final
size of the domains (i.e., nano- versus macro-). The bound-
ary length is significantly larger for composition fluctuations
compared to domains, in agreement with previous findings
(41,53). Here the boundary length was normalized by the
perimeter of the circular cluster of the same area (a perfectly
round cluster would thus have the boundary length of unity).
Values much larger than unity indicate that fluctuations have
a rough, irregular shape compared to domains.

The overlap (registration) between the two leaflets
also differs significantly for domains and composition
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FIGURE 5 Differences in properties between domains and fluctuations
for the DPPC/DUPC 3:2 (a) and DPPC/DUPC/cholesterol 7:7:6 (b) small
bilayers are shown. The molar percentage of PUPC substituting DUPC is
shown as follows: 0%, 20%, 30%, 40% in (a) or 0%, 14%, 29%, 43% in
(D) as solid black, dashed black, dotted black, and solid gray, respectively.
The horizontal panels show the following properties as a function of
temperature, T R, radius of the ordered clusters; L, boundary length of
the ordered clusters (normalized by the perimeter of a circular cluster
of the same area); overlap (registration) of the ordered clusters between
the two leaflets; and A, average area per lipid, in the disordered
clusters (composition fluctuations or domains of the more disordered
phase, La or Ld).

fluctuations (Fig. 5). The overlap was quantified as the
area fraction of the clusters aligned between the two leaf-
lets. Complete overlap and complete antiregistration are
expected to have values of 1 and 0, respectively. The over-
lap of uncorrelated clusters is expected to be between 0.57
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and 0.50, as the area fraction of the ordered clusters in
each leaflet lies between 0.31 (at higher temperatures)
and 0.46 (at lower temperatures) (55). Therefore,
interleaflet correlation of composition fluctuations can
be considered negligible, except for strong fluctuations
in the 3:2 DPPC/DUPC mixture at 285 and 290 K
(overlap > 0.7). In contrast, domains of coexisting phases
overlap substantially. These differences in overlap be-
tween domains and fluctuations is consistent with the in-
terleaflet 2D RDFs (see Fig. S7) and in agreement with
previous simulations (41,53). Earlier simulations also
showed that domain overlap depends on the thickness
mismatch between the Lo and Ld phases, and increases
with domain size (56). Macroscopic domains in symmetric
bilayers are generally found in register in experimental
studies (57-59).

In our simulations, overlap of Lo domains is smaller
than of gel domains. Recent theoretical model predicts
that incomplete registration of domains minimizes the
deformation energy at the domain boundary, which
reduces the line tension (60). This model assumes zero
spontaneous curvatures of the leaflets. In our simulations,
bilayers with the Ld-Lo phase coexistence are nonflat (see
Fig. 6) and have alternating regions of negative and
positive curvature (with mean curvature ~0.05 nm ).
Curved symmetric bilayers with coexisting Ld and Lo
phases were previously observed in simulations with the
Martini model (56). The Lo phase in monolayers of
similar composition in the Martini model has a negative
curvature (~—0.06 nm~") (42,61). This is in agreement
with experimental studies that suggest that the Lo phase
has a negative spontaneous curvature, mainly resulting
from negative intrinsic curvature of cholesterol (28,62).
As the direction of bending is the opposite for the two
leaflets, spontaneous curvature could not develop if the
Lo domains overlapped completely. We hypothesize that
incomplete overlap of Lo domains allows bending of
symmetric bilayers having nonzero spontaneous curvature
of the leaflets.

FIGURE 6 Curvature of DPPC/DUPC/cholesterol 7:7:6 bilayers at
280 K. (a) S, surface profile and (b) H, mean curvature are shown as func-
tions of x and y coordinates in the bilayer plane. The right panel shows the
corresponding side view of the bilayer; color scheme as in Fig. 2. To see this
figure in color, go online.



Effect of the hybrid lipid

We then substituted a fraction of the unsaturated lipid DUPC
by the hybrid lipid PUPC in both mixtures (see Methods for
details). Characteristic snapshots of the phase behavior for
selected compositions are shown in Fig. 7. A summary of
all simulations is given in Tables S1 and S2.

The hybrid lipid generally induces mixing in both the
La-gel and the Ld-Lo bilayers, i.e., the phase transition
temperature decreases (see Tables 1 and 2; Tables S1 and
S2). This behavior agrees with theoretical predictions
(21,63) and experimental observations (29). The distribution
of PUPC is correlated with DUPC and inversely correlated
with DPPC (see 2D RDFs in Figs. S8 and S9). These
correlations are weak and the distribution of the hybrid
lipid is nearly uniform in both mixtures in one-phase state.
Approximately one-half of PUPC partitions into the ordered
clusters, but only a small fraction of PUPC is present in the
gel domains (see Tables S1 and S2).

The properties of composition fluctuations and domains
of coexisting phases are altered by the hybrid lipid. In the
La-gel mixture, strong composition fluctuations near the
transition temperature are suppressed. Above the transition
point (290 K at 20 and 30% of PUPC, and 280 K at 40%
PUPC), the 2D RDFs decay on short scales (quantified by
the correlation length, see below), and the peaks on the struc-
ture factor are small (compare Fig. 3, bottom panel, and
Fig. S10). In the Ld-Lo mixture, domains of the Lo phase
appear more dynamic and disordered, and their boundary

(o

FIGURE 7 Phase behavior of the DPPC/DUPC 3:2 (a) and DPPC/DUPC/
cholesterol 7:7:6 (b) small bilayers at selected temperatures, with 30 and
29% of DUPC substituted by PUPC, respectively. View from top on the upper
leaflet. DPPC is shown in green, DUPC in orange, PUPC in yellow, choles-
terol in purple; water not shown. To see this figure in color, go online.

Fluctuations in Lipid Bilayers

becomes more irregular (see below). The concentration in
the Lo phase decreases somewhat for DPPC and more
noticeably for cholesterol.

With increasing concentration of the hybrid lipid, we
observe the following trends in both mixtures. The correla-
tion lengths of fluctuations (Fig. S2, top panel) decrease in
agreement with theoretical predictions (63). The correlation
times (Fig. S2, bottom panel) approximately remain un-
changed (given large statistical uncertainties). In other words,
smaller fluctuations have longer lifetimes, which agrees qual-
itatively with recent theoretical predictions (64). Similar to
the correlation length, the average radius of the ordered clus-
ters decreases (Fig. 5), which is in qualitative agreement with
experimental studies (where domain sizes decrease from
micro- to nanoscale) (29,30). In addition, the overlap of the
clusters between the leaflets (Fig. 5) becomes smaller, as
was reported earlier in simulations (35,41).

The boundary length of domains and fluctuations (Fig. 5)
increases with increasing the concentration of the hybrid
lipid. Theoretical model suggest that the hybrid lipid prefer-
entially partitions at the phase boundary, reduces the line
tension and thus favors domains of smaller size (21,65). In
this model, the saturated chain of the hybrid lipid faces
the saturated lipids enriched in the ordered phase, and the
unsaturated chain faces the unsaturated lipids in the disor-
dered phase. This alignment reduces the packing incompat-
ibility and hydrophobic mismatch between the two phases,
which lowers the free energy at the boundary. Previous sim-
ulations reported a small increase of the concentration of the
hybrid lipid at the phase boundary (57,66). In our simula-
tions, the hybrid lipid does not show preferential partition-
ing to the boundary; its concentration at the boundary
is comparable to or less than the average is the bilayer
(see Tables S1 and S2).

Notably, the hybrid lipid reduces the mismatch between
the coexisting phases by diluting them, which indirectly
reduces the line tension at the boundary (65). This dilution
effect is stronger in the disordered clusters (corresponding
to La or Ld), where the area per lipid decreases substantially
with increasing concentration of PUPC at all temperatures,
and in particular in the Ld-Lo mixture (Fig. 5, bottom
panel). The area changes are the opposite but less pro-
nounced in the ordered clusters (see Tables S1 and S2).
The disordered clusters thus become more ordered and
more comparable in properties to the ordered clusters.
Similar changes for the Ld/Lo phase coexistence with vary-
ing concentration of the hybrid lipid were observed in recent
experimental studies (28) and simulations (41). Besides, the
area per lipid in the Ld phase changes nonmonotonically
with temperature. The area per lipid in Ld phase was found
to decrease with increasing temperature in recent experi-
mental studies (27), and was correlated with increasing con-
centration of cholesterol in the Ld phase. We observe only a
small increase of cholesterol concentration in the Ld phase
with temperature at a constant concentration of PUPC. Yet
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as the concentration of PUPC increases, the concentration of
cholesterol in the disordered clusters also increases.

DISCUSSION

We investigated nanoscale domains of coexisting phases
and composition fluctuations in lipid bilayers. Molecular
dynamics simulations with the CG Martini model were
used. Simple lipid mixtures of a saturated lipid, an unsatu-
rated lipid, and cholesterol separated into either La/gel or
the Ld/Lo phases. The properties of domains and fluctua-
tions along the bilayer transition from a two-phase to a
one-phase state were characterized. The transition was
induced by varying the temperature and lipid composition,
where the unsaturated lipid was partially substituted by
the hybrid lipid.

The CG simulations show the changes in phase behavior
of lipid bilayers with temperature. As the temperature
decreases and crosses the transition temperature, the bila-
yers transform from a mixed state to a phase-separated state.
The observed changes in phase behavior with temperature
are qualitative and are weaker as the Martini force field
underestimates the temperature dependence of the bilayer
properties. This is due to a partial substitution of entropic
interactions by enthalpic interactions, resulting from a par-
tial loss of degrees of freedom intrinsic to coarse-graining.
Importantly, the changes of phase behavior with tempera-
ture in the Martini model have the correct trend, and phase
transformation and separation in lipid membranes have been
previously reproduced in many simulations (33,34).

The phase behavior of our mixtures can be qualitatively
compared to experimental phase diagrams. As the Martini
model has reduced chemical detail compared to atomistic
models, it gives the same molecular representation for lipids
with small differences, e.g., in the length and unsaturation of
hydrocarbon chains. Combined with weaker temperature
dependence mentioned above and potential offset in the
main phase transition temperatures of individual lipids (34),
quantitative comparison is challenging in coarse-grained
simulations in general. Atomistic simulations are expected
to avoid some of these issues, but sampling the length and
timescales that are necessary to reproduce phase coexistence
remains the major challenge. In fact, no phase separation has
been simulated from random mixtures in atomistic models to
date. With currently available methods and resources, Martini
simulations provide a reasonable computational approach to
study phase behavior of lipid membranes.

Our simulations inform on nanoscale lateral organization
in lipid membranes at high spatial and temporal resolution
in the absence of probes or labels. This detailed information
can complement experimental studies, where characteriza-
tion of the properties of nanoscale structures is complicated
by their small sizes and short lifetimes.

The mixed state represents a heterogeneous liquid phase,
where the degree of heterogeneity increases with decreasing
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temperature. At high temperatures, lipid mixtures are
almost random, containing only small dynamic clusters.
They have characteristic sizes of nanometers and lifetimes
of nanoseconds. These clusters are enriched in selected
components (DPPC, cholesterol) forming a more ordered
phase (gel or Lo) at lower temperatures. These clusters are
manifestations of density and composition fluctuations
driven by more favorable interactions between specific lipid
types (45). The clusters have the properties of the host phase
(La or Ld), i.e., the fluctuations are homo-phase in nature, as
they are associated with the same phase state (67). Yet the
clusters are more ordered compared to the surrounding
liquid phase, based on the lateral density (inversed area
per lipid) and chain orientational order. This local composi-
tional demixing and ordering leads to dynamic heterogene-
ity with local structure (22). As the transition temperature is
approached from above, the characteristic size and lifetime
of the clusters increases, i.e., the fluctuations cover tens of
nanometers and persist on microsecond timescales. Interest-
ingly, in the Lo/gel mixture the fluctuations are comparable
in size to domains and lead to strong density correlations in
space that show on the in-plane structure factor.

Below the phase transition temperature, bilayers form
domains of coexisting phases. Whereas fluctuations are
transient, domains of coexisting phases are static, persistent
in time and space. They differ from fluctuations in the
concentration of the components, areas per lipid, order
parameters, and diffusion coefficients. Interestingly, these
properties changed abruptly in the 3:2 DPPC/DUPC mixture
upon formation of the gel phase, but continuously in
the 7:7:6 DPPC/DUPC/cholesterol mixture upon formation
of the Lo phase. In addition, the Ld/Lo bilayers have persis-
tent regions of positive and negative curvature that we
believe develop due to negative spontaneous curvature of
the Lo domains in each leaflet at incomplete overlap of
domains between the two leaflets.

Model membranes of a saturated and an unsaturated lipid
and cholesterol, despite their simplicity, have a phase
behavior consistent with cell membranes, as has been
demonstrated in giant plasma membrane vesicles (GPMVs)
(68,69). GPMVs form one liquid phase at physiological
temperature and liquid-liquid coexistence of Lo-like and
Ld-like phases at room temperatures. This is a remarkable
finding, allowing us to reduce the compositional
complexity: while containing multiple components, cell
membrane appear to limit their phase behavior to only
two liquid phases. Separation into Lo and Ld phases in sim-
ple lipid mixtures can be considered a common model for
lateral organization in cell membranes (12).

In our model membrane simulations, we found significant
differences between composition fluctuations and domains
of coexisting phases. First, domains have distinct properties
of the second phase, whereas fluctuations have the proper-
ties of the host phase. Second, composition fluctuations
generally have negligible overlap between the two leaflets,



whereas the overlap of domains of coexisting phases is sub-
stantial. Overlap is likely required for functional coupling
between the inner and outer leaflets in cell membranes.
Finally, the boundary length of composition fluctuations is
substantially longer than that of domains of coexisting
phases, producing much more irregular, rough morphology.
Nanoscale domains and fluctuations are both potential
candidates for rafts in cell membranes. These results
provide important insights that can be used to determine
the nature of rafts or—more generally—of nanoscale lateral
heterogeneity in cell membranes.

Our simulations show systematic changes in the bilayer
phase behavior upon partial substitution of the unsaturated
lipid by the hybrid lipid. The hybrid lipid reduces the phase
transition temperature and alters the properties of both
composition fluctuations and domains of coexisting phases.
Its effects can be summarized as follows: a reduction of the
size of Lo domains, a reduction of the correlation length of
fluctuations in both the La/gel and Ld/Lo mixtures, a
decrease in overlap of domains and fluctuations between
leaflets, and an increase of the boundary length of domains
and fluctuation in both mixtures. Preferential partitioning of
the hybrid lipid to the boundary is not observed. Notably, an
increase of the boundary length is related to dilution of
the coexisting phases: ordering of the disordered clusters
(domains), which thus become more similar in properties
to the ordered clusters (domains). Interestingly, the Ld phase
in GMPVs is much more ordered than in model membranes,
which can be attributed to the majority of the hybrid lipids in
the former (70). This leads to a smaller difference in order
between the Ld and Lo phases in plasma membranes, and
to a higher partitioning and activity of selected proteins in
the Lo phase. In addition, an increase of the boundary length
is indicative of a decrease of the line tension. Line tension
has been found to produce abrupt changes of domain sizes
in recent experiments on model bilayers (71). Taken
together, these results point to a potential biological role
of hybrid lipids of tuning the lateral sorting of proteins
(and lipids) by adjusting the order and size of the coexisting
domains.

CONCLUSIONS

We simulated simple lipid bilayers with liquid-liquid and
solid-liquid phase coexistence. A gradual transition from a
two-phase to a one-phase state was induced by raising the
temperature or adding a hybrid lipid. Along the transition,
domains of coexisting phases change to composition fluctu-
ations with local ordering and compositional demixing.
Nanoscale fluctuations and domains differ in several key
properties, which can be used to understand the nature of
nanoscale lateral organization (rafts) in cell membranes.
Hybrid lipids reduce the difference between the coexisting
phases, which suggest a potential biological role in tuning
the order and size of domains in biological membranes.

Fluctuations in Lipid Bilayers
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Table S1. Bilayer properties in the Lo-gel mixture with hybrid lipid.

a.

T,K | AL |Aoerc,|Aourc,|Arupc, |Coperc|Coupc| Crurc [Porec,[Pourc,Prurc|  S; C, |Phase
ordered nm? | nm? | nm? 10" | 10" | 10’
nm? cm?/s|cm?/s |cm?/s

320 | 0.649 |0.641|0.714|0.6770.87|0.090.04| 3.1 | 3.2 | 3.3 | 0.33 | 0.05 | La
+0.004+0.005+0.016(+0.018+0.01|+0.01(+0.01| +£0.1 | £0.1 | £0.3 | £0.01 | £0.01

300 | 0.622 |0.616|0.684|0.647|0.88|0.080.04| 1.7 | 1.8 | 1.8 | 0.38 | 0.06 | La
+0.004+0.004+0.012+0.019(+0.01|+0.01{+0.01| +£0.1 | £0.1 | £0.3 | £0.02 | £0.01

290 | 0.605 [0.598|0.673|0.635(0.89|0.07{0.04| 15| 14 | 1.4 | 0.39 | 0.06 | La
+0.004+0.004+0.0141+0.017|+0.01|+0.01(+0.01| +£0.1 | £0.1 | £0.1 | +0.03 | £0.01

280 | 0.467 | 0.466|0.585|0.502| 0.97 | 0.01 | 0.02 | 0.08 | 0.82 | 0.66 | 0.89 | 0.09 el+La
+0.001+0.001 £0.04 |+0.015/+0.01|+0.01(+0.01|+0.03|+0.06|+0.03| £0.01 | £0.01

270 | 0.463 | 0.463|0.532|0.482| 0.97 | 0.01 | 0.02 | 0.02 | 0.37 | 0.23 | 0.91 | 0.09 gel+La
+0.001+0.001+0.018+0.007|+0.01|+0.01(+0.01|+0.01|+0.03|+0.03| £0.01 | £0.01

b.

T,K | AL |Aoprc,|Aourc,|Arurc, | Coprec|Coupc| Crurc [Porec,[Dourc,Prurcy|  S: Cy, |Phase
ordered nm? | nm? | nm? 10" | 10" | 10’
nm? cm?/s| cm?/s |cm?/s

320 | 0.651 | 0.644|0.711|0.683|0.87|0.08 | 0.06| 3.0 | 3.1 | 3.0 | 0.33 | 0.07 | La
+0.003+0.003+0.016[+0.014{+0.01|+0.01(+0.01| +£0.1 | £0.1 | £0.1 | £0.02 | £0.01

300 | 0.621 |0.615|0.682|0.650| 0.87 | 0.07 | 0.06| 1.9 | 2.0 | 20 | 0.37 | 0.08 | La
+0.004+0.004:+0.014(+0.019+0.01|+0.01(+0.01| +£0.1 | £0.1 | £0.1 | +0.03 | £0.01

290 | 0.606 [0.600/0.672|0.631|0.88|0.06|0.05| 1.3 | 1.3 | 1.3 | 040 | 0.08 | La
+0.003+0.003+0.012+0.017|+0.01|+0.01({+0.01| +£0.1 | £0.1 | £0.2 | +0.02 | £0.01

280 | 0.465|0.464|0.556|0.493|0.97|0.01 | 0.020.10 | 0.76 | 0.8 | 0.90 | 0.11 gel+La
+0.001+0.001 £0.05 [+0.009|+0.01|+0.01(+0.01|+0.01|+0.01| +£0.1 | £0.05| £0.01

270 | 0.462 | 0.461|0.520|0.476| 0.96 | 0.01 | 0.03 | 0.03 | 0.47 | 0.28 | 0.89 | 0.11 gel+La
+0.001+0.0011+0.042+0.007|+0.01|+0.01(+0.01|+0.01|+0.06|+0.04| +0.08 | £0.01




C.

T.K | AL |Apprec, [Aourc,|Aprupc,: | Coprc|Courc| Crurc Dopecy{Dourc,Deurcy| Sz Cy, |Phase
ordered nm? | nm? | nm? 10" | 10" | 10’
nm? cm?/s|cm?/s |cm?/s

300 | 0.621 |0.614|0.681|0.643/0.86|0.06 |0.08| 1.7 | 1.8 | 1.9 | 0.37 | 0.10 | La
+0.003+0.003+0.015+0.014{+0.01|+0.01(+0.01| +£0.1 | £0.1 | £0.1 | +0.02 | +0.01

290 | 0.608 | 0.602|0.666 |0.636|0.87|0.06 {008 1.4 | 15 | 14 | 040 | 0.10 | La
+0.003x0.004:+0.015(+0.018/+0.01|+0.01({+0.01| £0.1 | £0.2 | £0.1 | £0.02 | £0.01

280 | 0.592 10.585|0.663|0.621(0.88|0.05(0.07| 1.2 | 1.2 | 1.2 | 042 | 0.10 | La
+0.004+0.004:+0.014(+0.012/+0.01|+0.01(+0.01| £0.1 | £0.1 | £0.1 | £0.02 | £0.01

270 | 0.461 | 0.460|0.552|0.473|0.95/0.00 | 0.05|0.03 | 0.42 | 0.30 | 0.92 | 0.12 |gel+Lq
+0.001+0.001+0.0571+0.004{+0.01|+0.01(+0.01|{+0.01|{+0.01|+0.04| +0.01 | +0.01

Data for small DPPC:DUPC 3:2 bilayers with 20 %(a), 30%(b), and 40%(c) of DUPC substituted by PUPC.
Here A, is the average area per lipid in the ordered clusters, A; are the areas per lipid components and C; are the
concentration of lipid components in the ordered clusters; D; are coefficients of lateral diffusion in the bilayers;
i=DPPC, DUPC, PUPC; S, is the orientational order parameter for Martini bonds, averaged over the
hydrocarbon chains in the ordered clusters; Cy is concentration (molar ratio) of the hybrid lipid PUPC at the

boundary; the concentration of the hybrid lipid in the bulk is 0.08, 0.12, and 0.16 for the three considered

compositions.

Table S2. Bilayer properties in the Ld-Lo mixture with hybrid lipid.

a.

T.K | AL |[Appec, [Aourc,|Aprupc: [AcHoL,| Coprc|Courc| Crurc |Cchot | Doree: [Dourc,|Drupc: | S; C, |Phase
ordered nm? | nm? | nm? | nm? 10" | 10" | 10’
nm? cm?/s | cm?/s | cm?/s

340 | 0.500 | 0.592(0.658|0.625|0.297| 0.56 | 0.08 | 0.03 | 0.33 | 2.3 2.6 23 [ 0.38|0.05| Ld
+0.007[+0.007+0.016[+0.025+0.004/+0.01|+0.01|+0.01{+0.01|+0.01| £0.2 | £0.2 |+0.02|+0.01

320 | 0.469 | 0.560({0.633|0.590|0.285|0.57 | 0.06 | 0.020.35| 1.2 1.6 16 | 043 | 0.06 | Ld
+0.005[+0.0061+0.0131+0.019+0.004+0.01{+0.01|+0.01{+0.01| £0.01 | +0.1 | #0.1 |+£0.03|+0.01

300 | 0.429 |10.519|0.603|0.553|0.269| 0.58 | 0.03{0.03|0.37| 0.46 | 0.89 | 0.84 | 0.51 | 0.06 |Lo+Ld
+0.006+0.007+0.021+0.020+0.004+0.01{+0.01|+0.01{+£0.01| £0.02 | +0.02 | +0.02 | £0.04 | +0.01

290 | 0.427 |0.518|0.598 |0.558 {0.271| 0.58 | 0.02 | 0.02 {0.38 | 0.25 | 0.76 | 0.70 | 0.57 | 0.09 |Lo+Ld
+0.004[+0.004:+0.018+0.016+0.003+0.01|+0.01|+0.01{+0.01|+0.01 | £0.02 | £0.04 | £0.06 | £0.01

280 | 0.416 |0.506|0.573|0.529|0.266| 0.58 | 0.02 | 0.02 | 0.38 | 0.12 | 0.64 | 0.44 | 0.67 | 0.09 |Lo+Ld
+0.004+0.005+0.0271+0.012+0.003+0.01{+0.01|{+0.01{+0.01| £0.02 | +0.02 | £009 | +0.03 | +0.01

270 [ 0.413 |0.501|0.563|0.522{0.265|0.59 | 0.01|0.02 {0.38| 0.07 | 0.38 | 0.26 | 0.70 | 0.09 |Lo+Ld
+0.003+0.002+0.023+0.015+0.002/+0.01{+0.01|{+0.01{+0.01| £0.01 | +0.01 | +0.02 | £0.04 | +0.01




T.K | AL |Appec: [Aourc,|Apruprc: [AcHoL,| Coprc|Courc| Crurc |Cchot | Doree: [Dourc,|Drupc: | S; C, |Phase

ordered nm? | nm? | nm? | nm? 10" | 10" | 10’
nm? cm?/s | cm?/s | cm?/s

340 | 0.505 | 0.595(0.660|0.636|0.299| 0.56 | 0.07 | 0.050.33 | 2.3 2.5 23 [ 0.38|0.06| Ld
+0.006[+0.008+0.019+0.020+0.004/+0.01|+0.01|+0.01{+0.01| 0.1 | £0.2 | £0.1 |+0.03|+0.01

320 | 0.476 |0.565(0.631/0.601|0.288|0.56 |0.05|0.05(/034| 14 1.7 1.7 | 042 | 0.06 | Ld
+0.006+0.005+0.0141+0.014+0.003+0.01{+0.01|{+0.01{+0.01| £0.1 | +0.1 | #0.1 |+0.04 | +0.01

300 | 0.446 |10.533|0.604{0.569|0.276| 0.57 | 0.03{0.05|0.35| 0.7 | 0.88 | 0.89 | 0.49 | 0.07 |Lo+Ld
+0.0051+0.004+0.013+0.011+0.003+0.01{+0.01|{+0.01{+0.01| £0.1 |+0.07 |+0.02|+0.03|+0.01

290 | 0.436 |0.523|0.597 |0.557|0.274| 0.57 | 0.02|0.04 {0.36| 0.33 | 0.63 | 0.61 | 0.55 | 0.08 |Lo+Ld
+0.003[+0.003+0.017+0.013+0.002/+0.01|+0.01|+0.01{+0.01| +0.04 | £0.01 | £0.05| £0.04 | £0.01

280 | 0.427 |0.514|0.577|0.545|0.272|1 058 | 0.01|0.04|0.37| 0.19 | 0.61 | 0.41 | 0.61 | 0.09 |Lo+Ld
+0.004+0.003+0.0261+0.011+0.002/+0.01{+0.01|{+0.01{+0.01| £0.02 | +0.02 | +0.09 | £0.05 | +0.01

270 [ 0.417 |0.502|0.567 |0.530{0.266|0.59 | 0.01|0.04 {0.37 | 0.07 | 0.44 | 0.26 | 0.69 | 0.10 |Lo+Ld
+0.002+0.002+0.0321+0.009+0.002/+0.01{+0.01|{+0.01{+0.01| £0.02 | +0.02 | +0.02 | £0.04 | +0.01

C.

T,K | AL |Aoerc,|Aourc,|Arurc, |ActoL| Corec |Courc| Crupc|Cchod | Dorec,|Dourc, | Deurc, | S; Cy, |Phase
ordered nm? | nm? | nm? | nm? 10" | 10" | 10’

nm? cm?/s | cm?/s | cm?/s

340 | 0.505 [0.593|0.662(0.629|0.300({0.55|0.05|0.07|0.32| 25 | 2.8 28 [ 038|008 | Ld
+0.008+0.007+0.021+0.013+0.004/+0.01{+0.01|+0.01{+0.01| £0.1 | +0.3 | #0.2 |+0.02 | +0.01

320 | 0.479 10.564{0.633|0.59710.288| 0.56 | 0.04 | 0.07 |0.33| 1.3 1.7 1.4 | 045 | 0.09 | Ld
+0.006[+0.006/+0.019+0.017+0.004+0.01|+0.01|+0.01{+0.01| 0.1 | £0.1 | £0.1 |+£0.02|+0.01

300 | 0.453 {0.538|0.606|0.568(0.278| 0.57 | 0.03|0.06|0.34| 0.71 | 0.94 | 093 | 049 | 0.09 | Ld
+0.006+0.005+0.021+0.014+0.003 +0.01{+0.01|{+0.01{+0.01| £0.02 | +0.09 | +0.01 | £0.02 | +0.01

290 | 0.441 |0.523|0.589|0.554{0.274| 0.57 | 0.02|0.06 {0.34| 0.41 | 0.60 | 0.56 | 0.53 | 0.09 | Ld
+0.004+0.003+0.021+0.012+0.003+0.01{+0.01|{+0.01{+0.01| £0.02 | +0.07 | +0.02 | £0.03 | +0.01

280 | 0.430|0.513|0.576|0.540{0.270| 0.58 | 0.02 | 0.05(0.35| 0.19 | 0.43 | 0.40 | 0.60 | 0.11 |Lo+Ld
+0.003[+0.003+0.024+0.009+0.003+0.01|+0.01|+0.01{+0.01| +0.01 | £0.01 | £0.04 | £0.03 | £0.01

270 | 0.420 |0.503|0.562|0.527|0.266|0.58 | 0.01|0.06 |0.35| 0.10 | 0.35 | 0.26 | 0.65 | 0.11 |Lo+Ld
+0.003+0.040+0.0281+0.009+0.003+0.01{+0.01|{+0.01{+0.01| £0.01 | +0.04 | +0.06 | +£0.06 | +0.01

Data for small DPPC:DUPC:cholesterol 7:7:6 bilayers with 14% (a), 29% (b), and 43% (c) of DUPC substituted
by PUPC. Here A, is the average area per lipid in the ordered clusters, A; are the areas per lipid components and

C; are the concentration of lipid components in the ordered clusters; D; are coefficients of lateral diffusion in the

bilayers; i=DPPC, DUPC, PUPC, cholesterol; S, is the orientational order parameter for Martini bonds, averaged

over the hydrocarbon chains in the ordered clusters; Cy is concentration (molar ratio) of the hybrid lipid PUPC at

the boundary; the concentration of the hybrid lipid in the bulk is 0.05, 0.10, and 0.15 for the three considered
compositions.
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Figure S1. Detailed view on the coexistence of gel-La. (2) and Lo-Ld phases (b). The DPPC: DUPC 3:2 mixture
at 280 K and the DPPC: DUPC: cholesterol 7:7:6 mixture at 290 K are shown.
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Figure S2. Correlation length (top panel) and time (bottom panel) for the DPPC: DUPC 3:2 (left panel a) and
DPPC: DUPC: cholesterol 7:7:6 (right panel b) small bilayers. Different molar % of PUPC substituting DUPC
are shown as follows: 0%, 20%, 30%, 40% in (a,c) or 0%, 14%, 29%, 43% in (b,d) as solid black, dashed black,
dotted black, and solid grey, respectively.
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Figure S3. 2D density maps for the binary mixture of DPPC:DUPC 3:2 at selected temperatures averaged over
the last 100 ns, 1 us and 9 s of simulations. The density is calculated for DUPC lipids in one of the leaflets and
is normalized by the double average DUPC density, i.e. the value of 0.5 corresponds to the average DUPC

density in the leaflet.
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Figure S4. 2D density maps for the ternary mixture of DPPC:DUPC:CHOL 7:7:6 at selected temperatures
averaged over the last 100 ns, 1 us and 9 us of simulations. The density is calculated as in Figure S6.
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Figure S5. The area of the ordered clusters, normalized by the simulation box area, as a function of time at
selected temperatures for the DPPC: DUPC 3:2 small bilayers.
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Figure S6. The area of the ordered clusters, normalized by the simulation box area, as a function of time at
selected temperatures for the DPPC: DUPC: cholesterol 7:7:6 small bilayers.
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Figure S7. Inter-leaflet 2D RDFs for the DPPC: DUPC 3:2 (a) and DPPC: DUPC: cholesterol 7:7:6 (b) small
bilayers at different temperatures (K). RDFs are calculated for the centers of mass of DUPC lipids in the
opposite leaflets.
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Figure S8 2D RDFs for the DPPC: DUPC 3:2 small bilayer with 30% of DUPC substituted by PUPC. The
distributions are calculated for the molecular centers of mass in the same leaflet; PUPC-DUPC (a) and PUPC-
DPPC (b), and DUPC-DUPC (c) distributions are shown.
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Figure S9 2D RDFs for the DPPC: DUPC: cholesterol 7:7:6 small bilayers with 29% DUPC substituted by
PUPC at different temperatures (K). The distributions are calculated for the molecular centers of mass in the
same leaflet; PUPC-DUPC (a) and PUPC-DPPC (b), and DUPC-DUPC (c) distributions are shown.
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Figure S10. 2D structure factors for the DPPC: DUPC 3:2 small bilayer with 20% PUPC substituting DUPC (a),
and for the DPPC: DUPC: cholesterol 7:7:6 small bilayer with 14% PUPC substituting DUPC (b) at different
temperatures (K). Structure factors are calculated for the molecular centers of mass of DUPC.
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