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Polyunsaturated phospholipids interact complexly with other membrane components. We have examined
pair interactions among ternary lipid bilayers composed of saturated DPPC, polyunsaturated PLePC, and
cholesterol in the liquid-ordered and the liquid-disordered phases by all-atom molecular dynamics
simulations. The results show that PLePC exhibits strong repulsion with DPPC and cholesterol in the

liquid-disordered phase. When the bilayer changes to the liquid-ordered phase, the repulsion of PLePC

iig:";ﬁé %tgt:?]zl[yzg(z)él with DPPC and cholesterol reduces significantly. The phase state of the bilayer which affects the order of
acyl tails as well as their density distributions along the bilayer normal is a key factor regulating the role

DOI: 10.1035/d1ra02692e of PLePC in lipid mixtures. Polyunsaturated phospholipids play a strong repulsive role in the liquid-
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1 Introduction

Saturated phospholipids, unsaturated phospholipids, and
cholesterol are key components of biological membranes.* The
presence of cholesterol in membranes can induce the liquid-
disordered (Ld) and liquid-ordered (Lo) phases depending on
its concentration.* While the structural diversities of lipids
make their mutual interactions complex, the influences of
membrane phases are also critical.®* The diverse pair interac-
tions among membrane components determine their mutual
preferences and lateral distributions in the plane of
membranes.*® Investigating lipid-lipid and cholesterol-lipid
interactions is important for further understanding of lipid
rafts,>® as well as phase separation”® and lateral heteroge-
neity>*® of membranes.

While several evidences have shown attractive interactions
between saturated lipids and cholesterol, the interactions
involving unsaturated lipids are repulsive due to the double
bonds in acyl tails.****> Kulig et al. explored the miscibility of
lipid mixtures composed of phosphatidic acids (PAs) and
phosphatidylcholines (PCs) with various acyl chains, and
demonstrated that the miscibility of membrane components
strongly depends on the acyl chain unsaturation. They observed
that interactions between PA and PC molecules vary from
attractive for systems in which all lipid tails are saturated, to
repulsive for systems containing lipids with saturated and
unsaturated acyl tails.” In coarse-grained molecular dynamics
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disordered phase but a weak role in the liquid-ordered phase.

(MD) simulations of multi-component lipid systems, Lin et al.
observed that liquid-liquid domain stability increases with the
degree of lipid polyunsaturation, and showed that lipid poly-
unsaturation is a driving force for liquid-liquid phase separa-
tion.™ The mixing behavior and phase separation of membrane
components are virtually governed by the lipid-lipid and
cholesterol-lipid interactions. By utilizing the nearest-neighbor
recognition (NNR) method, Regen et al. measured the interac-
tions among exchangeable mimics of saturated 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), monounsaturated 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine ~ (POPC),  and
cholesterol. They further proposed a push-pull mechanism for
lipid raft formation, in which cholesterol and saturated lipids
are pulled together by favorable interactions in the Lo phase,
leading to transient domains, and that both cholesterol and
saturated lipids are repelled by unsaturated lipids in the Ld
phase.'>'>'¢ Moreover, NNR measurements showed that unsat-
urated lipids with higher degrees of unsaturation exert stronger
repulsive forces on cholesterol and saturated lipids in the Ld
phase.”

The lipid-lipid and lipid-cholesterol interactions among
membranes are influenced by both the lipid unsaturation
degree and the phase state of the membrane. While the key role
of polyunsaturated phospholipids in the Ld phase has been
unveiled,"” our knowledge on their role in the Lo phase is still
limited. In this paper, we have performed all-atom MD simu-
lations on ternary mixtures composed of saturated PC, poly-
unsaturated PC, and cholesterol. The pair interactions are
compared in different phases. The results are consistent with
the push-pull mechanism derived from experiments and reveal
that polyunsaturated phospholipids play a strong repulsive role
in the Ld phase but a weak role in the Lo phase.
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2 Methods

Polyunsaturated phospholipids, 1-palmitoyl-2-linolenoyl-sn-
glycero-3-phosphocholine (PLePC), which have three double
bonds in the acyl tails, together with saturated DPPC and
cholesterol (CHOL) were used to construct ternary DPPC/PLePC/
CHOL bilayers. The chemical structures of DPPC, PLePC, CHOL
molecules are shown in Fig. 1. Two sets of DPPC/PLePC/CHOL
bilayers in the Ld and the Lo phases were created by the
CHARMM-GUI web-based tool.'®* Each system has 128 lipid/
cholesterol molecules and 5120 TIP3P water molecules,*® cor-
responding to a hydration number of 40 water per lipid. Ternary
mixtures composed of saturated PC, unsaturated PC, and CHOL
can yield rich phase behavior at various lipid ratios and
different temperatures.**** Therefore, choosing appropriate
lipid ratios is crucial for modeling ternary lipid bilayers in the
Ld and the Lo phases. However, to the best of our knowledge,
the ternary phase diagram for DPPC/PLePC/CHOL has not been
reported. Recently, Carpenter et al. completed sweeping studies
of the ternary phase diagram for DPPC/DOPC/CHOL with
a refined Martini coarse-grained force field that improves
simulation fidelity to experimental phase diagrams.*® Although
DOPC (18:1/18:1) has a lower unsaturation degree than
PLePC (16 : 0/18 : 3) adopted in our models, lipid ratios that
reproduce the Ld and the Lo phases of DPPC/DOPC/CHOL in
the simulations of Carpenter et al. can be considered as trials
for modeling the DPPC/PLePC/CHOL mixtures. Given that our
all-atom bilayer has only 128 PC/CHOL molecules, we set the
number of CHOL to 12 and 56 for the Ld phase and the Lo phase
respectively. The numbers of DPPC and PLePC were set equal to
obtain adequate statistical data. For the bilayer in the Ld phase,
the components are 58 DPPC, 58 PLePC, and 12 CHOL, which
corresponds to a cholesterol concentration of 9%. For the
bilayer in the Lo phase, the components are 36 DPPC, 36 PLePC,
and 56 CHOL, corresponding to a cholesterol concentration of
44%.

All-atom MD simulations were performed using NAMD 2.13
(ref. 24) and the CHARMMS36 force field.**** The input files
generated by CHARMM-GUI were used for minimization,
equilibration, and production runs.*® Each system was equili-
brated in the NPT ensemble at 1 atm and 318.15 K for 100 ns
followed by a 400 ns NPT production run. A time step of 2 fs was
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Fig. 1 Chemical structures of DPPC (16 :0/16 : 0), PLePC (16 : 0/
18 : 3), and cholesterol molecules with the numbering of highlighted
carbon sites considered in this work.
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used. Covalent bonds with hydrogen atoms of lipids were kept
rigid using SHAKE,*” and water molecules were kept rigid using
SETTLE.”® The particle mesh Ewald method was employed to
compute long-range electrostatic interactions.” The Lennard-
Jones interactions were smoothed over the range of 10 to 12 A
by the force-based switching function."*® Pressure was
controlled by means of the Langevin piston Nosé-Hoover
method.® Temperature was controlled by the Langevin
dynamics with a damping coefficient of 1 ps~'.*2

3 Results and discussion

To quantify the order of lipid acyl tails, we computed the
deuterium order parameter,®® Scp, for DPPC and PLePC in the
Ld and the Lo phases. The order parameter is defined as

Scp = %(3<cos2 ) —1), (1)

where ¢ is the angle between a C-H vector and the bilayer
normal, and the angular brackets denote both ensemble and
time average. The results of [Scp| obtained from ternary
mixtures with 9% and 44% cholesterol are shown in Fig. 2. The
|Scp| for both sn-1 and sn-2 chains of DPPC increases signifi-
cantly as the cholesterol concentration increases, indicating
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Fig. 2 Order parameter |Scp| for the acyl tails of DPPC (a) and PLePC
(b) in the Ld phase (with 9% cholesterol) and the Lo phase (with 44%
cholesterol).
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a phase transition from a Ld phase to a Lo phase (Fig. 2a). The
|Scp| for the sn-1 and sn-2 chains of PLePC shows a similar
increase in the Lo phase. However, due to the presence of three
double bonds, the |Scp| values are relatively small from the
middle part of the sn-2 chain of PLePC (Fig. 2b). These results
indicate a significant ordering effect of CHOL on lipid acyl
tails.>*3¢

The lateral packing of lipid-lipid and cholesterol-lipid pairs
among ternary mixtures are evaluated by the two-dimensional
lateral radial pair distribution function g(r), where r is the
projected distance on the x—y plane between centers of mass of
two molecules.?”*® The g(r) of various pairs among DPPC/PLePC/
CHOL mixtures in the Ld and the Lo phases are shown in Fig. 3.
When the bilayer changes from the Ld phase to the Lo phase,
the packing of DPPC-DPPC becomes more ordered since the
first peak of g(r) increases (Fig. 3a). The first peak of g(r) for
PLePC-PLePC is almost not affected, indicating a weak effect of
the phase state on PLePC-PLePC interactions (Fig. 3b). The
packing of DPPC-PLePC also becomes more ordered in the Lo
phase (Fig. 3c). In contrast, the packing of CHOL-DPPC
becomes looser in the Lo phase since the first peak of g(r)
decreases (Fig. 3d), which is accompanied by a significant
increase of g(r) for CHOL-PLePC, revealing that the packing of
CHOL-PLePC becomes much tighter in the Lo phase (Fig. 3e).
Therefore, the phase of the DPPC/PLePC/CHOL mixture has
more complicated effects on cholesterol-lipid interactions than
on lipid-lipid ones. The packing of CHOL-CHOL becomes
slightly tighter in the Lo phase since the position of the first
peak of g(r) shifts slightly inward (Fig. 3f). The observed
ordering effect of CHOL on the lateral structure of a lipid bilayer
was also reported in the simulations of Andoh et al., where the
lateral packing of lipids is more structured for normal cell

(a) DPPC-DPPC

(b) PLePC-PLePC
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membranes (with 42% CHOL) than for leukemic cell
membranes (with 23% CHOL).*®

In order to compare lipid-lipid and cholesterol-lipid inter-
actions systematically, we calculated the potential of mean force
(PMF) for various pairs in a bilayer by

PMF(r) = —kgT In g(r), (2)
where g(r) is the lateral radial pair distribution function.*® The
results of PMF for different kinds of interactions in the Ld phase
are given in Fig. 4a. For lipid-lipid interactions, the DPPC-
DPPC profile is the lowest, followed by PLePC-PLePC and
DPPC-PLePC profiles. Therefore, in the Ld phase, interactions
among saturated phospholipids are most favorable, whereas
interactions between saturated phospholipids and poly-
unsaturated phospholipids are most unfavorable, consistent
with strong repulsive forces measured experimentally.’” Similar
results can be found in the simulations on DPPC/DOPC/CHOL
mixtures, where the like lipids have favorable interactions but
the unlike lipids have unfavorable interactions.*” For choles-
terol-lipid interactions, the minimum for CHOL-DPPC at r
~7.2 A is much lower than that for CHOL-PLePC at r ~7.8 A,
which agrees well with the experimental observations that
cholesterol mixes ideally with saturated phospholipids but
repels polyunsaturated phospholipids in the Ld phase.'*'” The
preference of CHOL for saturated lipids over unsaturated lipids
was also shown in simulations*>** and experiments.****

In contrast to the striking differences among various pairs in
the Ld phase, the PMF profiles of some pairs become indistin-
guishable in the Lo phase, as shown in Fig. 4b. When the bilayer
changes to the Lo phase, the PMF profile for DPPC-PLePC
overlaps with the PLePC-PLePC profile. Considering that the
packing of PLePC-PLePC is almost not affected by the phases
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Fig. 3 Lateral radial pair distribution function g(r) for DPPC/PLePC/CHOL mixtures in the Ld and the Lo phases.
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Fig. 4 Potential of mean force (PMF) for lipid-lipid and cholesterol—
lipid pairs in the Ld phase (a) and the Lo phase (b).

(Fig. 3b), the relatively lower DPPC-PLePC profile with respect
to that in the Ld phase indicates that the repulsion between
DPPC and PLePC is hindered in the Lo phase. The minimum for
DPPC-DPPC is lower in the Lo phase due to more ordered
packing. While the CHOL-DPPC and CHOL-PLePC profiles are
significantly deviated in the Ld phase, they overlap in the Lo
phase. Moreover, the minimum for CHOL-PLePC shifts inward
to the same position as CHOL-DPPC at 7 ~7.2 A, indicating that
the repulsion exerted by PLePC on CHOL vanishes in the Lo
phase. Therefore, as the mixture changes to the Lo phase, the
repulsive role of polyunsaturated PLePC is significantly elimi-
nated, in terms of its interactions with saturated DPPC and
CHOL. Compared to the CHOL-DPPC profile in the Ld phase,
the minimum for CHOL-DPPC in the Lo phase increases to the
same value as CHOL-PLePC, which suggests that DPPC's
advantage in attracting CHOL vanishes in the Lo phase, as both
DPPC and PLePC are in highly ordered states. The influence of
local environment on lipid conformations was shown in
a recent study of DSPC/DLiPC/CHOL mixtures, where the poly-
unsaturated DLiPC (18:2/18:2) has a noticeably broader
distribution of molecular conformations than that of saturated
DSPC (18:0/18:0) in the Ld phase, but both PCs have
restricted conformations in the Lo phase.*
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In addition to the lateral packing, the vertical structure of
mixtures is also affected by the phases. The density distribu-
tions along the bilayer normal for CHOL, CHOL sterol rings, the
CHOL hydrocarbon tail, the sn-1 chain of DPPC, the sn-1 and
sn-2 chains of PLePC in the Ld phase are shown in Fig. 5a,
where the origin of z is the center of mass of the bilayer. The
density distributions of the saturated sn-1 chains of DPPC and
PLePC are almost identical and flat in 4 A < |z| < 10 A, indicating
an uniform distribution of saturated chains in each leaflet. In
contrast, the density profile of the polyunsaturated sn-2 chain of
PLePC has peaks at |z| ~ 9 A and much lower values at the center
of the bilayer. Therefore, the vertical distribution of the PLePC
sn-2 chain is nonuniform, and aggregates in the middle part of
each leaflet, which leads to PLePC's repulsion with DPPC and
CHOL. Moreover, the density profile of CHOL has peaks at |z| ~
9 A, which overlap with the peaks of the PLePC sn-2 chain and
further strengthen the repulsion between CHOL and PLePC.
The density distributions of CHOL sterol rings and the CHOL
hydrocarbon tail indicate that the peaks of the CHOL profile are
contributed by sterol rings. Consequently, the repulsion
between CHOL and PLePC is mainly due to interactions
between the sterol rings of CHOL and the sn-2 chain of PLePC.
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Fig. 5 Density profiles of CHOL, CHOL sterol rings, the CHOL
hydrocarbon tail, the sn-1 chain of DPPC, the sn-1 and sn-2 chains of
PLePC in the Ld phase (a) and the Lo phase (b).
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Fig. 5b shows that the vertical density of PLePC sn-2 chain
becomes much more uniform in the Lo phase, without the
presence of clear peaks, which significantly weakens the
repulsion of PLePC with DPPC and CHOL. The uniform distri-
butions of both sn-1 and sn-2 chains extend to |z| ~ 15 A,
indicating that the bilayer becomes thicker in the Lo phase. The
density distribution of CHOL sterol rings also becomes more
uniform in 10 A < |z| < 14 A. In contrast to the Ld phase, where
the CHOL hydrocarbon tail aggregates in the central part of the
bilayer, the profile has two peaks at |z| ~ 3 A in the Lo phase.

The maximum values of the density profiles for a given
component are different in the Ld and the Lo phases according
to its concentration in mixtures. To get rid of the effect of
species concentrations, the normalized density distributions of
CHOL sterol rings, the CHOL hydrocarbon tail, and the sn-2
chain of PLePC in different phases are compared in Fig. 6.
Since the three double bonds of PLePC are located in the latter
half of the sn-2 chain, the density distribution of the sn-2 chain
is further divided into the saturated part considered from
carbon number 2 to 8, and the polyunsaturated part considered
from carbon number 9 to 18 (see Fig. 1). The results show that
the normalized density distribution of CHOL sterol rings has
a considerable overlap with the saturated and polyunsaturated
parts of the PLePC sn-2 chain in the Ld phase, which means that
CHOL interacts with the whole sn-2 chain in the Ld phase.
When the bilayer changes to the Lo phase, the distributions of
both CHOL sterol rings and the saturated part of the PLePC sn-2
chain move towards the surface of the bilayer, and still have
a considerable overlap. The distribution of CHOL hydrocarbon
tail also moves towards the surface as indicated by two peaks at
2| ~ 3 A in the Lo phase. In contrast, the polyunsaturated part
almost remains in the same region of each leaflet, and its
overlap with CHOL sterol rings reduces dramatically, which
weakens its interaction with CHOL in the Lo phase. Moreover,
as shown in Fig. 2b, the sn-2 chain in the Lo phase is more
ordered, which further weakens its repulsion with CHOL.

—— CHOL rings Ld -=- Lo
= CHOL tail Ld === Lo
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Fig. 6 Normalized density distributions of CHOL sterol rings, the
CHOL hydrocarbon tail, the saturated part (from carbon number 2 to
8), and the polyunsaturated part (from carbon number 9 to 18) of the
sn-2 chain of PLePC in the Ld phase (solid line) and the Lo phase (dash
line).
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Therefore, the strong repulsion between CHOL and PLePC in
the Ld phase can be attributed to the repulsive interaction
between CHOL sterol rings and the polyunsaturated part of the
sn-2 chain. When the bilayer changes to the Lo phase, CHOL
moves towards the bilayer surface, and interacts less with the
polyunsaturated part of the sn-2 chain, which vanishes the
repulsion between them.

4 Conclusions

We have studied the pair interactions among ternary DPPC/
PLePC/CHOL mixtures in the Ld and the Lo phases by all-
atom MD simulations. The results show that the poly-
unsaturated PLePC has strong repulsion with DPPC and CHOL
in the Ld phase, which is due to the nonuniform distribution of
the PLePC sn-2 chain that aggregates in the middle part of each
leaflet. When the mixture changes to the Lo phase, the distri-
bution of the PLePC sn-2 chain becomes much more uniform,
and CHOL moves towards the surface of the bilayer, which
significantly weakens the repulsion of PLePC with DPPC and
CHOL. The phase state of the bilayer which affects the order of
acyl tails as well as their density distributions along the bilayer
normal is a key factor regulating the role of PLePC in lipid
mixtures. In general, polyunsaturated PLePC plays a strong
repulsive role in the Ld phase but a weak role in the Lo phase.
The results could be helpful for our understanding of the role of
polyunsaturated phospholipids in lipid raft formation.
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