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Lateral organization and dynamics of lipids in plasma membranes are crucial for several cellular processes such as
signal transduction across the membrane and still remain elusive. In this paper, using coarse-grained molecular dynamics
simulation, we theoretically study the combined effects of headgroup charge and tail unsaturation of lipids on the lateral
organization and diffusion of lipids in ternary lipid bilayers. In neutral ternary lipid bilayers composed of saturated lipids,
unsaturated lipids, and cholesterols, under the conditions of given temperature and components, the main factor for the
phase separation is the unsaturation of unsaturated lipids and the bilayers can be separated into liquid-ordered domains
enriched in saturated lipids and cholesterols and liquid-disordered domains enriched in unsaturated lipids. Once the head-
group charge is introduced, the electrostatic repulsion between the negatively charged lipid headgroups will increase the
distance between the charged lipids. We find that the lateral organization and diffusion of the lipids in the (partially) charged
ternary lipid bilayers are determined by the competition between the headgroup charge and the unsaturation of the unsatu-
rated lipids. In the bilayers containing unsaturated lipids with lower unsaturation, the headgroup charge plays a crucial role
in the lateral organization and diffusion of lipids. The headgroup charge may make the lipid domains unstable and even can
suppress phase separation of the lipids in some systems. However, in the bilayers containing highly unsaturated lipids, the
lateral organization and diffusion of lipids are mainly dominated by the unsaturation of the unsaturated lipids. This work
may provide some theoretical insights into understanding the formation of nanosized domains and lateral diffusion of lipids

in plasma membranes.

Keywords: biomembrane, phase separation, molecular dynamics simulation, coarse grain

PACS: 87.16.D—, 87.15.A—, 87.14.Cc, 81.16.Dn

1. Introduction

The plasma membrane is not only a barrier segregating
the cell from its external environment, but also plays important
roles in some biological processes such as signal transduction
and material transportation across the cell membrane.!!~%! The
plasma membrane is a highly heterogeneous and dynamic lipid
bilayer and composed of various kinds of lipids and proteins.
It is widely accepted that there are some domains which con-
tain different lipids and proteins and exhibit different physic-

=11 However,

ochemical properties in the plasma membrane. |
due to the complex dynamical and structural properties of the
plasma membrane, the microscopic mechanism of the forma-
tion of the lipid domains (especially the nanosized domains
such as lipid rafts) and the lateral dynamics of the lipids is not
well understood, yet. [12-16]

Many factors may influence the lateral organization and
diffusion of lipids and proteins in plasma membranes. For
example, membrane curvature can significantly influence the

17-19

lateral organization of biomembrane.| 1" Another widely-

studied factor which affects the domain formation in the

plasma membrane is the unsaturation of the lipid tails.[?0-2%]
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For example, in the ternary model membrane composed of sat-
urated lipids, unsaturated lipids, and cholesterols, the saturated
lipids and cholesterols are aggregated to form liquid-ordered
(Lo) domains while the unsaturated lipids tend to form liquid-
disordered (Ld) domains under certain temperature and com-
ponent situations.>?>-2>1 Additionally, in some lipid bilayers
containing hybrid lipid which has one saturated tail as well as
one unsaturated tail, the hybrid lipids were found to be able
to reduce the order and compactness of the Lo domains and
the domain size.[?%?71 All of these studies showed that the un-
saturation of the lipid tails is crucial for the formation of the
domains in the plasma membranes. Furthermore, the unsatu-
ration of the lipids also influences the lateral diffusion of the
lipids and the unsaturated lipids in the Ld domains laterally
diffuse faster than the saturated lipids in the Lo domains in
some ternary lipid bilayers.2-28]

In real plasma membrane (especially in the inner leaflet
of plasma membrane), there are many lipids with charged

s.[10291 However, in previous relevant work, most

headgroup
efforts were focused on the phase separation of neutral mem-

branes while the effect of charge on the phase separation of
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lipid bilayers has been barely considere:
years, some attention was paid to the effect of headgroup
charge of lipids on the domain formation in the model mem-
branes. For example, in some recent experimental studies, it
was found that some charged lipids may enhance the phase
separation of lipid bilayers while other charged lipids may
suppress the phase separation, and the charged lipids may
also influence the distribution of cholesterols. >33 However,
in some other systems, the charged lipids were believed to
only have a minimal effect on the phase behavior of the lipid
bilayers.**! In addition, to neutralize the negatively charged
lipid bilayers, some cations should be added into the sys-
tem, and the lateral organization of the lipids in lipid bilay-
ers or vesicles can also be influenced by the addition of the

(35361 Tn summary, although some progress has been

cations.
made, the influence of electrostatic interactions on the forma-
tion of lipid domains and the lateral diffusion of lipids is far
from being completely or systematically understood. In par-
ticular, some theoretical efforts should be further devoted to
understanding the combined effects of the electrostatic inter-
action and the unsaturation of lipid tails on the lateral orga-
nization and diffusion of lipids in model and/or natural mem-
branes.

In recent years, the coarse-grained molecular simulation
has become a powerful and indispensable tool to study the
microscopic structures of biomembranes and interactions be-
tween biomembrane and nanoparticles.!!%23-37-461 Tn this pa-
per, we investigate the phase separation and lateral diffusion of
the lipids in either neutral or negatively charged ternary lipid
bilayers composed of saturated lipids, unsaturated lipids with
different unsaturation, and cholesterols using coarse-grained
molecular dynamics (MD) simulation. We mainly focus on the
combined influences of headgroup charge and tail unsaturation
of lipids on the lateral organization and diffusion of lipids. The
results show that the headgroup charge has a significant influ-
ence on both phase separation and lateral diffusion of lipids in
the lipid bilayers. The phase separation of the lipid bilayers
containing charged lipids is mainly dominated by the compe-
tition between the electrostatic repulsion between the charged

lipids and the unsaturation of the unsaturated lipids.

2. Model and methods

2.1. Molecular dynamics simulations with Martini force
field

In this paper, all the systems are simulated using Mar-
tini coarse-grained force field which is one of the most suc-

(47491 In partic-

cessful models for biomolecular simulations.
ular, Martini includes many kinds of coarse-grained lipids
and has gained great successes in large-scale biomembrane
simulations.!!%23-37] Martini force field adopts a four-to-one
mapping scheme, namely, four heavy atoms are mapped to

e.1*9 This coarse-grained force

one interaction bead on averag
field defines four bead types: polar (P), apolar (C), nonpolar
(N), and charged (Q).

In the simulations, the nonbonded interaction parameters
are given as follows: the Coulomb interaction is shifted to zero
between 0 nm and 1.2 nm and the Lennard-Jones interaction
is shifted to zero between 0.9 nm and 1.2 nm.[1%-38-31 The en-
semble of constant particle number, pressure, and temperature
(NpT) is used in the simulations. The temperature is main-
tained at 305 K using velocity-rescaling coupling scheme with
a relaxation time 77 = 1 ps.’! The bilayer plane (xy) and the
normal direction (z) are separately coupled to a pressure bath
of 1 bar (1 bar = 10° Pa) using Parrinello-Rahman approach

31,521 The compressibility of

with a relaxation time 7, = 12 ps.l
the systems is set as 5 x 107 bar~! in both lateral and normal
directions to ensure that the lipid bilayer is tensionless. For all
the systems, after energy minimization and 20-ns equilibrat-
ing simulations, the production simulations are run for 10 ps.
All the MD simulations are performed using the package of

GROMACS 5.0 with an integration time step of 25 fs.

2.2. System setup

We mainly examine some neutral or charged ternary lipid
bilayers composed of saturated lipids, unsaturated lipids with
different unsaturation, and cholesterols (CHOL) to reveal the
combined effects of headgroup charge and tail unsaturation of
lipids on the lateral structures and dynamics of the bilayers.

All the systems are summarized in Table 1.

Table 1. Overview of the simulation systems and the charged and unsaturated lipids in each lipid bilayer. The molar
ratio of saturated lipid:unsaturated lipid:cholesterol is 4:3:3 in all systems.

No. System Charged lipids Unsaturated lipid (unsaturation degree)
I DPPE/DIPE/CHOL - DIPE (2)
I DPPS/DIPS/CHOL DPPS, DIPS DIPS (2)
I DPPE/DIPS/CHOL DIPS DIPS (2)
v DPPS/DIPE/CHOL DPPS DIPE (2)
\% DPPE/DFPE/CHOL - DFPE (3)
VI DPPS/DFPS/CHOL DPPS, DFPS DFPS (3)
VII DPPE/DFPS/CHOL DFPS DEFPS (3)
VIII DPPS/DFPE/CHOL DPPS DFPE (3)
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Here, to reveal the microscopic mechanism of lateral or-
ganization of plasma membranes, we mainly consider two
kinds of the abundant lipids in plasma membranes with dif-
ferent headgroups: phosphatidylethanolamine (PE) and phos-
phatidylserine (PS). At the coarse-grained level, the structures
of PS and phosphatidylglycerol (PG) are similar. Therefore,
our results are also comparable to the relevant experimen-
tal results of PG-containing membranes. 3234
lar structures of coarse-grained lipids of PE and PS in Mar-
tini force field used in this work are shown in Fig. 1. PE
is zwitterionic and can be considered as neutral lipid while
PS is anionic and can be considered as negatively charged
lipid. For the unsaturated lipids, each tail of dilinoleoyl-
PE (DIPE) or dilinoleoyl-PS (DIPS) contains two unsatu-
rated bonds while each tail of dioctadecatrienoyl-PE (DFPE)
or dioctadecatrienoyl-PS (DFPS) contains three unsaturated
bonds. For convenience, we define the number of unsaturated
bonds per tail as the unsaturation degree of the unsaturated
lipids, namely, the unsaturation degrees of DIPE (or DIPS)
and DFPE (or DFPS) are 2 and 3, respectively.
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Fig. 1. (color online) The molecular structures of coarse-grained lipids used
in this work. The ethanolamine groups of PE and serine groups of PS are
represented by positively-charged beads Qg and polar beads Ps, respectively.
The phosphate groups and glycerol groups of all lipids are represented by
negatively-charged beads Q, and nonpolar beads Na, respectively. In the
fatty acid tails of the lipids, the units linked with saturated bonds are repre-
sented by apolar beads C; and the units linked with unsaturated bonds are
represented by apolar beads C4. Cholesterol is mapped with five beads and
three virtual sites.[4748-53.34]

All the ternary lipid bilayers are built using the script of
INSANE developed by Martini developers.>3! Each lipid bi-
layer consists of 288 saturated lipids, 216 unsaturated lipids,
and 216 cholesterols and thus the molar ratio of saturated
lipids, unsaturated lipids, and cholesterols is 4:3:3. In addi-
tion, each system includes about 31900 coarse-grained water
beads to solvate the lipid bilayer. To maintain electroneutral-
ity of the simulation systems, some sodium ions (Na™) are
added into the solvent of the systems containing negatively-
charged lipids and no additional salt is added. The initial size
of the simulation box is 15 nm x 15 nm x 25 nm and periodic
boundary conditions are used in all three dimensions. In all
simulations, mimicking the effect of cytoskeleton network in
the real plasma membranes, we apply weak position restraints
to some lipids in z direction to suppress large-scale bilayer

undulation.!"% All of the bilayers are simulated from the same
initial mixed state.

2.3. Data analysis

In order to examine the structures of the lipid bilayers dur-
ing the simulations, we use the visualization software VMD to
obtain the snapshots of the systems.!>! To quantitatively de-
termine the lipid domain size, we calculate the number of ag-
gregated lipids in lipid domains by the membrane analysis tool
g aggregate.[®) Here, we suppose that lipids are aggregated if
the distance between their headgroups is less than 0.95 nm. We
mainly analyze the time evolution of the number of saturated
lipids in the biggest Lo domains (N1°) in every system. Addi-
tionally, to examine the packing state of the lipids in the lipid
bilayers, we calculate the order parameters of the lipids using
the tool g ordercg.>”! The lipid order parameter is defined as

P:%(3<cos29>—1)7 (1)

where 0 is the angle between the membrane normal and the
bond vectors. According to this definition, the order param-
eter will be 1 if all the molecules are perfectly aligned with
the membrane normal, —0.5 if all of them lie in the membrane
plane , and O if the 6 angle is distributed randomly. We also
analyze the area per lipid (APL) using the grid-based analy-
sis tool GridMAT-MD to reveal the lateral organization and
dynamics of the lipids.®!

Finally, in order to reveal the lateral diffusion of the lipids,
we calculate the lateral mean square displacements (MSD) and
the lateral diffusion coefficients of the saturated and the unsat-
urated lipids using the analysis tool g msd.[’%¢01 We calculate
the MSD of lipids in the upper and lower leaflets separately
through analyzing the last 6 ps of the simulations and the over-
all center of mass motion is removed. The fitting of diffusion
coefficient starts at 4.6 ps and ends at 9.4 ps.

3. Results and discussion

In this section, we will first focus our concentration on
examining the effect of the charge on the phase separation of
the lipid bilayers. We now consider the four different lipid bi-
layers composed of DPPE/DIPE/CHOL, DPPS/DIPS/CHOL,
DPPE/DIPS/CHOL, and DPPS/DIPE/CHOL, respectively. In
these four systems, the unsaturated lipids (DIPE and DIPS)
have the same unsaturation degree of 2. Figure 2 shows the
final structures of the 10-us simulations of these lipid bilay-
ers and the corresponding time evolutions of the number of
saturated lipids in the biggest Lo domain. We find that both
the DPPE/DIPE/CHOL and the DPPS/DIPS/CHOL lipid bi-
layers are separated into large Lo domains enriched in satu-
rated lipids (DPPE or DPPS) and cholesterols and L.d domains
enriched in unsaturated lipids (DIPE or DIPS). Additionally,
the curves of the number of saturated lipids in the biggest
Lo domain indicate that both the lipid bilayers complete the
phase separation within the initial 1 ps and the domains are
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relatively stable for the rest of the simulation time. The large
average values of the number of the saturated lipids in the
biggest Lo domain also imply a relatively strong segregation
between Lo and Ld domains in these two systems. How-
ever, in the lipid bilayers composed of DPPS/DIPE/CHOL and
DPPE/DIPS/CHOL, we do not find strong phase separation.
The relatively small values of the number of saturated lipids in
the biggest Lo domain further indicate that the domain sizes
are smaller in these two lipid bilayers than in the other two
lipid bilayers shown in Figs. 2(a) and 2(b).

(a) DPPE/DIPE/CHOL
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Fig. 2. (color online) Left: the final structures of the 10-us simulations of the
lipid bilayers composed of (a) DPPE/DIPE/CHOL, (b) DPPS/DIPS/CHOL,
(c) DPPE/DIPS/CHOL, and (d) DPPS/DIPE/CHOL. Here, the saturated
lipid, the unsaturated lipid, and cholesterol are shown in red, green, and
white, respectively. Right: the time evolutions of the number of saturated
lipids in the biggest Lo domain (N1°) in the corresponding left lipid bilayers.
For the neutral ternary lipid bilayer of DPPE/DIPE/CHOL,
the main factor determining the phase separation of the bi-
layer is the unsaturation of the unsaturated lipid (DIPE) just as
demonstrated in relevant previous studies.?>>*! For the nega-
tively charged lipid bilayer composed of DPPS/DIPS/CHOL,
because both the headgroups of the saturated and the unsat-
urated lipids are negatively charged, there is an electrostatic
repulsion between any two lipids no matter whether they are
saturated or unsaturated and the electric field in the bilayer
plane is nearly uniform. The uniformity of electric field erases
the effect of the headgroup charge on lateral organization of
lipids and keeps the unsaturation of the unsaturated lipids as

a dominant factor for the phase separation of the lipid bilayer

containing both charged saturated and unsaturated lipids.

For the lipid bilayer composed of DPPE/DIPS/CHOL or
DPPS/DIPE/CHOL, although the saturated lipids and unsat-
urated lipids tend to be segregated from each other to form
Lo and Ld domains due to the difference of the saturation of
the lipid tails, the electrostatic interaction between the nega-
tively charged lipid headgroups produces a repulsion between
the charged lipids (DIPS or DPPS) and thus these lipids pre-
fer to separate from each other with a relatively large distance.
On the contrary, there is no repulsion between the charged and
neutral lipids. The contacts between the charged lipids (DIPS
or DPPS) and the neutral lipids (DPPE or DIPE) do not ob-
viously increase the overall energy of the system even though
some conformational entropy of lipids will be lost due to the
contacts between saturated and unsaturated lipids. Therefore,
in these two systems, the electrostatic repulsion between the
charged lipids plays an important role in the lateral distribu-
tion of the lipids and restrains the phase separation of the sat-
urated and unsaturated lipids. This inhibition of phase separa-
tion in these two systems qualitatively agrees with the results
of some relevant experiments.[33’35] Howeyver, there are still
some differences between the structures of the lipid bilayers
composed of DPPE/DIPS/CHOL and DPPS/DIPE/CHOL. In
the lipid bilayer of DPPE/DIPS/CHOL, on the one hand, the
distance between DIPS lipids in the Ld domains is not very
small due to the loose and disordered packing of the lipids and
thus the electrostatic repulsion between DIPS lipids is not very
strong; on the other hand, the ordered packing of DPPE lipids
can reduce the loss of conformational entropy of lipids. There-
fore, in this lipid bilayer, although the phase separation is not
so strong as that in the lipid bilayer of DPPE/DIPE/CHOL or
DPPS/DIPS/CHOL and the boundary of the domains is rather
rough, the sizes of the lipid domains are comparable to the do-
main sizes in the DPPE/DIPE/CHOL or DPPS/DIPS/CHOL
bilayer. In contrast, in the lipid bilayer of DPPS/DIPE/CHOL,
if the saturated DPPS lipids are aggregated to form a large Lo
domain, the distance between DPPS lipids will be very small
and the the electrostatic repulsion between DPPS lipids will
be very strong due to the tight and ordered packing of the
lipids. Therefore, the saturated and unsaturated lipids prefer
to form a nearly homogeneous bilayer where the negatively
charged lipids (DPPS) and the neutral lipids (DIPE) are mixed
as shown in Fig. 2(d).

To confirm the above discussions on the lateral distribu-
tion of lipids in the lipid bilayers of DPPE/DIPS/CHOL and
DPPS/DIPE/CHOL, we calculate the areas per lipid (APL) in
these two systems and show them in Table 2. We find that,
in the lipid bilayer of DPPE/DIPS/CHOL, the APL of DPPE
is much smaller than the APL of DIPS. Thus, the DPPE may
be in the Lo state while DIPS in the Ld state and they tend
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to be separated into large Lo and Ld domains. However, due
to the repulsion between the charged DIPS lipids, the contacts
between saturated and unsaturated lipids are increased and the
phase separation is not very strong. In the DPPS/DIPE/CHOL
lipid bilayer, both DPPS and DIPE have relatively large APLs.
Therefore, the electrostatic repulsion obviously increases the
distance between the saturated DPPS lipids. The saturated
DPPS lipids are not packed so tightly as DPPE lipids in the
DPPE/DIPS/CHOL bilayer and no large Lo domains can be
formed in this lipid bilayer.
Table 2. The areas per lipid of the saturated lipids (APLg) and

the unsaturated lipids (APL,) in the lipid bilayers composed of
DPPE/DIPS/CHOL and DPPS/DIPE/CHOL.

System APL¢/nm? APL,/nm?
DPPE/DIPS/CHOL DPPE 0.45 DIPS 0.67
DPPS/DIPE/CHOL DPPS 0.52 DIPE 0.59

Based on the above discussions on the lateral organiza-
tion of the lipid bilayers composed of DPPS/DIPE/CHOL and
DPPE/DIPS/CHOL, we can reasonably suppose that the ef-
fect of headgroup charge of lipids is an important factor for
the formation of the nanosized lipid domains in the plasma
membrane which contains thousands of kinds of neutral and
charged lipids. [>!

Furthermore, if we take a careful look at the curves of
the number of the saturated lipids in the biggest Lo domain
in Fig. 2, we can find that the fluctuation of the number of
saturated lipids in the biggest Lo domain is greater in the (par-
tially) charged lipid bilayers than in the neutral bilayer, which
implies that the introduction of the headgroup charge may in-
fluence the dynamical property of the lipids and make the do-

mains unstable.
Table 3. The diffusion coefficients of the saturated lipids (Ds) and un-

saturated lipids (Dy) in the bilayers containing the unsaturated lipids
with unsaturation degree 2.

System Dg/1077 (cm?/s) Dy/1077 (cm?/s)
DPPE/DIPE/CHOL DPPE 1.234+0.08 DIPE 1.81+£0.04
DPPS/DIPS/CHOL DPPS 1.7240.16 DIPS 2.65+0.13
DPPE/DIPS/CHOL DPPE 1.95+0.16 DIPS 2.38+0.17
DPPS/DIPE/CHOL DPPS 2.35+0.23 DIPE 3.34+0.14

To determine the stability of lipid domains and the lat-
eral dynamics of the lipids in the lipid bilayers, we calculate
the MSD and the lateral diffusion coefficients of both the satu-
rated and unsaturated lipids and the results are shown in Fig. 3
and Table 3, respectively. The diffusion coefficients in Table 3
are comparable to the experimental data.[®!! Both the MSD
and the lateral diffusion coefficients indicate that both the sat-
urated and unsaturated lipids diffuse faster in the (partially)
charged lipid bilayers than in the neutral lipid bilayer. Particu-
larly, from Fig. 3, we find that the lateral diffusion of saturated

lipids is influenced by the headgroup charge more obviously

than that of the unsaturated lipids. This is mainly because the
electrostatic repulsion between the charged lipids can signifi-
cantly change the packing of the saturated lipids whereas the
packing of the unsaturated lipids is not affected greatly by the
electrostatic repulsion. Furthermore, the much larger APL of
DPPS compared to APL of DPPE also indicates great influ-
ence of headgroup charge on the lateral distribution of satu-
rated lipids (DPPS) (Table 2). This result further confirms that
the introduction of the headgroup charge can enhance the lat-
eral mobility of the lipids and reduce the stability of the lipid

domains.
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Fig. 3. (color online) The mean square displacements (MSD) of (a)

saturated lipids and (b) unsaturated lipids in the lipid bilayers com-
posed of DPPE/DIPE/CHOL, DPPS/DIPS/CHOL, DPPE/DIPS/CHOL, and
DPPS/DIPE/CHOL.

Subsequently, we examine the effect of the unsaturation
degree of the lipids on the lateral organization of the lipids in
the lipid bilayers. We increase the unsaturation degree of un-
saturated lipids from two to three and consider four lipid bilay-
ers composed of DPPE/DFPE/CHOL, DPPS/DFPS/CHOL,
DPPE/DFPS/CHOL, and DPPS/DFPE/CHOL, respectively.
The simulation results of these four systems are shown in
Fig. 4. We find that, in all four systems, the unsaturation of
the unsaturated lipids plays an absolutely dominant role in the
phase separation of the lipid bilayers and thus all four lipid bi-
layers are separated into large Lo and Ld domains. The curves
of the number of saturated lipids in the biggest Lo domain
also show that the saturated and unsaturated lipids are strongly
separated and the lipid domains are stable. The effect of the
headgroup charge is completely suppressed by the effect of
unsaturation of the lipids in the lipid bilayers shown in Fig. 4.
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Fig. 4. (color online) The final structures of the 10-us simulations of the

lipid bilayers composed of (a) DPPE/DFPE/CHOL, (b) DPPS/DFPS/CHOL,

(c) DPPE/DFPS/CHOL, and(d) DPPS/DFPE/CHOL, and the corresponding

time evolutions of the number of the saturated lipids in the biggest Lo domain

(Ng“o) in the bilayers.

We also calculate the MSD and lateral diffusion coeffi-
cients of the lipids as shown in Fig. 5 and Table 4, respec-
tively. Although lateral diffusion of the saturated lipids is
faster in the lipid bilayers containing charged lipids than that in
the neutral lipid bilayer of DPPE/DFPE/CHOL, the saturated
lipids diffuse much slower in these four lipid bilayers than in
the DIPE- or DIPS-containing lipid bilayers (Table 3). How-
ever, for the unsaturated lipids, DFPS and DFPE diffuse much
faster than DIPS and DIPE except that DFPE lipids in the
DPPS/DFPE/CHOL bilayer diffuse slower than DIPE lipids
in the nearly homogenous bilayer of DPPS/DIPE/CHOL. This
is because, in these strongly separated systems, the saturated
lipids (DPPE and DPPS) are in Lo state and they are packed
more orderly and tightly than in the DIPE- or DIPS-containing
lipid bilayers whereas the unsaturated lipids (DFPS or DFPE)
are packed more loosely than the unsaturated lipids (DIPS or
DIPE) in the bilayers shown in Fig. 2. Here, the lipid bi-
layer of DPPS/DFPE/CHOL is an exception. In this lipid bi-
layer, due to the electrostatic repulsion between DPPS lipids,
the distance between DPPS lipids is increased while the dis-
tance between DFPE lipids is compressed and the packing of

DFPE may become tighter (the APL of DFPE (0.672 nm?) in
DPPS/DFPE/CHOL bilayer is smaller than the APL of DFPE
(0.686 nmz) in DPPE/DFPE/CHOL bilayer). Therefore, the
DFPE lipids in this system diffuse slower than the unsaturated
lipids (DFPE or DFPS) in the other three systems shown in
Fig. 4. However, the packing density or APL is not the unique
factor determining the lateral diffusion coefficients of lipids.
Here, the lateral diffusion coefficients of lipids are averaged in
whole membrane plane. In the nearly homogenous bilayer of
DPPS/DIPE/CHOL, although APL of DIPE is relatively small,
DIPE can nearly diffuse in the whole membrane. In contrast,
in the bilayer of DPPS/DFPE/CHOL, DFPE lipids are con-
fined in the Ld domain but cannot diffuse into Lo domain.
Consequently, the mean value of lateral diffusion coefficient
of DIPE in bilayer of DPPS/DIPE/CHOL is larger than that of
DFPE in bilayer of DPPS/DFPE/CHOL as shown in Tables 3
and 4.
Table 4. The diffusion coefficients of the saturated lipids (Ds) and un-

saturated lipids (D,) in the bilayers containing unsaturated lipids with
unsaturation degree 3.

System Ds/1077 cm?-s~! Dy/1077 cm? 57!
DPPE/DFPE/CHOL DPPE 0.38+0.03 DFPE 3.72+0.28
DPPS/DFPS/CHOL DPPS 0.48 £0.04 DFPS 3.93+£0.56
DPPE/DFPS/CHOL DPPE 0.4440.06 DFPS 4.46+£0.34
DPPS/DFPE/CHOL DPPS 0.44+£0.04 DFPE 3.244+0.49
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Fig. 5. (color online) The mean square displacements (MSD) of (a) sat-
urated lipids and (b) unsaturated lipids in the lipid bilayers composed
of DPPE/DFPE/CHOL, DPPS/DFPS/CHOL, DPPE/DFPS/CHOL, and
DPPS/DFPE/CHOL.

Furthermore, comparing Fig. 5 with Fig. 3, we also find
that, the influence of headgroup charge on the lateral diffusion
of lipids in DFPS- or DFPE-containing systems is not so ob-
vious as that in the DIPS- or DIPE-containing systems, which
implies that the unsaturation of the lipids is also a dominant
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factor determining the lateral diffusion of lipids in the bilayers
shown in Fig. 4.

Table 5. The order parameters of the saturated lipids (OPs) and the unsa-
turated lipids (OPy) in the lipid bilayers.

System OP; OP,
DPPE/DIPE/CHOL DPPE 0.44 DIPE 0.20
DPPS/DIPS/CHOL DPPS 0.47 DIPS 0.22
DPPE/DIPS/CHOL DPPE 0.41 DIPS 0.21
DPPS/DIPE/CHOL DPPS 0.45 DIPE 0.22
DPPE/DFPE/CHOL DPPE 0.50 DFPE 0.19
DPPS/DFPS/CHOL DPPS 0.52 DFPS 0.20
DPPE/DFPS/CHOL DPPE 0.49 DFPS 0.19
DPPS/DFPE/CHOL DPPS 0.52 DFPE 0.19

To further examine the packing state of the lipids in the
lipid bilayers, we calculate the order parameters of the lipids
and summarize them in Table 5. We find that, the order
parameters of the saturated lipids (DPPE and DPPS) in the
DFPE- or DFPS-containing lipid bilayers are larger than that
in the DIPE- or DIPS-containing lipid bilayers while the or-
der parameters of the DFPE and DFPS are smaller than that of
DIPE and DIPS. For clarity, figure 6 shows the lateral views
of the final structures of lipid bilayers of DPPS/DIPE/CHOL
and DPPS/DFPE/CHOL. We can intuitively find that, just
as reflected by the order parameters, the saturated lipids are
packed more tightly and orderly while the unsaturated lipids
are packed more loosely and disorderly in the lipid bilayers
shown in Fig.4 than in the lipid bilayers shown in Fig. 2.
Therefore, the saturated lipids diffuse slower while the unsat-
urated lipids diffuse faster in the DFPE- or DFPS-containing
lipid bilayers.

DPPS/DIPE/CHOL

Fig. 6. (color online) The lateral views of the lipid bilayers composed of
DPPS/DIPE/CHOL and DPPS/DFPE/CHOL.

4. Conclusion

In this work, using coarse-grained MD simulation, we
systematically study the combined effects of headgroup charge
and tail unsaturation of lipids on the lateral organization and
dynamics of lipids in ternary lipid bilayers. In the neutral

ternary lipid bilayer composed of saturated lipids, unsaturated

lipids, and cholesterols, as revealed in previous work, the lipid
bilayer will be separated into Lo and Ld domains. How-
ever, there are plenty of lipids with negatively charged head-
groups especially in the inner leaflet of plasma membrane.
The electronegative headgroups introduce an electrostatic re-
pulsion between the charged lipids and the repulsion will in-
crease the distance between the charged lipids. Consequently,
the phase separation of the lipids may be influenced by the
charged lipids and the lateral organization of the lipids will
be determined by the combined effects of headgroup charge
and unsaturation of lipids. In the charged lipid bilayers con-
taining unsaturated lipids with lower unsaturation degree, if
the neutral and charged lipids coexist, the phase separation of
the lipids may be suppressed by the electrostatic repulsion be-
tween the charged lipids and no strong phase separation will
occur, which indicates that the headgroup charge may be cru-
cial for the formation of nanosized lipid domains in the plasma
membranes. Particularly, if the saturated lipids are charged
and the unsaturated lipids are neutral, the electrostatic repul-
sion obviously increases the distance between the saturated
lipids and destroys the tight and ordered packing of the sat-
urated lipids. Thus, the bilayer will become nearly homoge-
neous. If the saturated and unsaturated lipids are both charged,
because the electric field is nearly uniform, the unsaturation
will determine the lateral organization of the lipids and large
domains will be formed. With the increase of the unsaturation
degree of the unsaturated lipids, the lateral organization of the
lipids will be mainly dominated by the effect of unsaturation
of the unsaturated lipids and strong phase separation will take
place in both neutral and (partially) charged lipid bilayers.
Furthermore, we also examine the lateral diffusion of the
We find that the introduction of
headgroup charge of lipids can enhance the lateral diffusion of
the charged lipids because of the larger distance induced by
the electrostatic repulsion between them. However, the lateral

lipids in the lipid bilayers.

diffusion of the unsaturated lipids is mainly determined by the
unsaturation of the lipids. With the increase of the unsatura-
tion degree of the unsaturated lipids, the packing of the lipids
may become looser and the lateral diffusion of the unsaturated
lipids will consequently be increased.

Our findings may provide some theoretical insights into
combined effects of headgroup charge and unsaturation of the
lipids on the lateral organization and diffusion of the lipids
in plasma membranes. In particular, our results may be help-
ful for understanding the formation of nanosized lipid rafts in
plasma membrane.

References

[1] Simons K and Toomre D 2000 Nat. Rev. Mol. Cell Biol. 1 31

[2] Lingwood D and Simons K 2009 Science 327 46

[3] Simons K and Sampaio J L 2011 Cold Spring Harbor Perspect. Biol. 3
2004697

[4] Sonnino S and Prinetti A 2013 Curr. Med. Chem. 20 4

[5] Shan Y P and Wang H D 2015 Chem. Soc. Rev. 44 3617

048701-7


http://dx.doi.org/10.1038/35036052
http://dx.doi.org/10.1126/science.1174621
http://dx.doi.org/10.1101/cshperspect.a00469
http://dx.doi.org/10.1101/cshperspect.a00469
http://dx.doi.org/10.2174/0929867311320010003
http://dx.doi.org/10.1039/C4CS00508B

Chin. Phys. B Vol. 26, No. 4 (2017) 048701

(6]

(71
(8]

(91
[10]

[11]
[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]

[22]
[23]

[24]
[25]

[26]
[27]

[28]
[29]

[30]
[31]
[32]

[33]

Rheinstaedter M C and Mouritsen O G 2013 Curr. Opin. Colloid Inter-
face Sci. 18 440

Brown D A and London E 1998 Ann. Rev. Cell Dev. Biol. 14 111

Spira F, Mueller N S, Beck G, von Olshausen P, Beig J and Wedlich-
Soldner R 2012 Nat. Cell Biol. 14 640

Toulmay A and Prinz W A 2013 J. Cell. Biol. 202 35

Ingdlfsson H I, Melo M N, van Eerden F J, Arnarez C, Lopez C A,
Wassenaar T A, Periole X, de Vries A H, Tieleman D P and Marrink S
12014 J. Am. Chem. Soc. 136 14554

Ma Y, Hinde E and Gaus K 2015 BioEssays 57 93

Carquin M, D’Auria L, Pollet H, Bongarzone E R and Tyteca D 2016
Prog. Lipid Res. 62 1

Nicolson G L 2014 Biochim. Biophys. Acta Biomembr. 1838 1451
Sevcsik E and Schiitz G J 2016 BioEssays 38 129

Leslie M 2011 Science 334 1046

Pike L J 2009 J. Lipid Res. 50 S323

Liang Q and Ma Y Q 2009 J. Phys. Chem. B 113 8049

Wu Q Y and Liang Q 2014 Langmuir 30 1116

Zheng B, Meng Q T, Robin L B S, Jonathan V S and Ye F F 2015 Chin.
Phys. B 24 068701

Filippov A, Oridd G and Lindblom G 2007 Biophys. J. 93 3182

Soni S P, LoCascio D S, Liu Y, Williams J A, Bittman R, Stillwell W
and Wassall S R 2008 Biophys. J. 95 203

Veatch S L and Keller S L 2005 Biochim. Biophys. Acta 1746 172
Risselada H J and Marrink S J 2008 Proc. Natl. Acad. Sci. USA 105
17367

Baumgart T, Hess S T and Webb W W 2003 Nature 425 821

Heberle F A and Feigenson G W 2011 Cold Spring Harbor Perspect.
Biol. 3 a004630

Hassan-Zadeh E, Baykal-Caglar E, Alwarawrah M and Huang J 2014
Langmuir 30 1361

Ackerman D G and Feigenson G W 2015 J. Phys. Chem. B 119 4240
Filippov A, Orddd G and Lindblom G 2004 Biophys. J. 86 891

Alberts B, Johnson A, Lewis J, Morgan D, Raff M, Roberts K and Wal-
ter P 2014 Molecular Biology of the Cell, 6th edn. (New York: Garland
Science)

Bagatolli L and Kumar P B S 2009 Soft Matter 5 3234

Veatch S L and Keller S L 2002 Phys. Rev. Lett. 89 268101

Himeno H, Shimokawa N, Komura S, Andelman D, Hamada T and
Takagi M 2014 Soft Matter 10 7959

Vequi-Suplicy C C, Riske K A, Knorr R L and Dimova R 2010
Biochim. Biophys. Acta Biomembr. 1798 1338

[34]

[35]

[36]

[37]
[38]

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

(48]

[49]
[50]
[51]
[52]
(53]

[54]
[55]
[56]
[57]

[58]
[59]

[60]
[61]

048701-8

Blosser M C, Starr J B, Turtle C W, Ashcraft J and Keller S L 2013
Biophys. J. 104 2629

Shimokawa N, Hishida M, Seto H and Yoshikawa K 2010 Chem. Phys.
Lett. 496 59

Shimokawa N, Komura S and Andelman D 2011 Phys. Rev. E 84
031919

Koldsg H and Sansom M S P 2015 J. Am. Chem. Soc. 137 14694

da Rocha E L, Caramori G F and Rambo C R 2013 Phys. Chem. Chem.
Phys. 15 2282

LiZL,Ding HM and Ma Y Q 2013 Soft Matter 9 1281

Ding HM and Ma Y Q 2015 Small 11 1055

Ding HM and Ma Y Q 2012 Biomaterials 33 5798

Ding HM, Tian W D and Ma Y Q 2012 ACS Nano 6 1230

JiQJ, Yuan B, Lu X M, Yang K and Ma Y Q 2016 Small 12 1140
Yang K and Ma Y Q 2012 Soft Matter 8 606

Yang K and Ma Y Q 2010 Nat. Nanotechnol. 5 579

Tian W D and Ma Y Q 2013 Chem. Soc. Rev. 42 705

Marrink S J, de Vries A H and Mark A E 2004 J. Phys. Chem. B 108
750

Marrink S J, Risselada H J, Yefimov S, Tieleman D P and de Vries A
H 2007 J. Phys. Chem. B 111 7812

Marrink S J and Tieleman D P 2013 Chem. Soc. Rev. 42 6801

Bussi G, Donadio D and Parrinello M 2007 J. Chem. Phys. 126 014101
Parrinello M and Rahman A 1981 J. Appl. Phys. 52 7182

Nosé S and Klein M L 1983 Mol. Phys. 50 1055

Wassenaar T A, Ingélfsson H I, Bockmann R A, Tieleman D P and
Marrink S J 2015 J. Chem. Theory Comput. 11 2144

Melo M N, Ingélfsson H I and Marrink S J 2015 J. Chem. Phys. 143
243152

Humphrey W, Dalke A and Schulten K 1996 J. Mol. Graphics 14 33
Barnoud J, Rossi G and Monticelli L 2014 Phys. Rev. Lett. 112 068102
Castillo N, Monticelli L, Barnoud J and Tieleman D P 2013 Chem.
Phys. Lipids 169 95

Allen W J, Lemkul J A and Bevan D R 2009 J. Comput. Chem. 30 1952
Domarniski J, Marrink S J and Schéfer L V 2012 Biochim. Biophys. Acta
Biomembr. 1818 984

Liang Q, Wu Q Y and Wang Z Y 2014 J. Chem. Phys. 141 074702
Mueller V, Ringemann C, Honigmann A, Schwarzmann G, Medda R,
Leutenegger M, Polyakova S, Belov V, Hell S and Eggeling C 2011
Biophys. J. 101 1651


http://dx.doi.org/10.1016/j.cocis.2013.07.001
http://dx.doi.org/10.1016/j.cocis.2013.07.001
http://dx.doi.org/10.1146/annurev.cellbio.14.1.111
http://dx.doi.org/10.1038/ncb2487
http://dx.doi.org/10.1083/jcb.201301039
http://dx.doi.org/10.1021/ja507832e
http://dx.doi.org/10.1042/bse0570093
http://dx.doi.org/10.1016/j.plipres.2015.12.004
http://dx.doi.org/10.1016/j.plipres.2015.12.004
http://dx.doi.org/10.1016/j.bbamem.2013.10.019
http://dx.doi.org/10.1002/bies.v38.2
http://dx.doi.org/10.1126/science.334.6059.1046-b
http://dx.doi.org/10.1194/jlr.R800040-JLR200
http://dx.doi.org/10.1021/jp9005789
http://dx.doi.org/10.1021/la4039123
http://dx.doi.org/10.1088/1674-1056/24/6/068701
http://dx.doi.org/10.1088/1674-1056/24/6/068701
http://dx.doi.org/10.1529/biophysj.107.111534
http://dx.doi.org/10.1529/biophysj.107.123612
http://dx.doi.org/10.1016/j.bbamcr.2005.06.010
http://dx.doi.org/10.1073/pnas.0807527105
http://dx.doi.org/10.1073/pnas.0807527105
http://dx.doi.org/10.1038/nature02013
http://dx.doi.org/10.1101/cshperspect.a004630
http://dx.doi.org/10.1101/cshperspect.a004630
http://dx.doi.org/10.1021/la4044733
http://dx.doi.org/10.1021/la4044733
http://dx.doi.org/10.1021/jp511083z
http://dx.doi.org/10.1016/S0006-3495(04)74164-8
http://dx.doi.org/10.1039/b901866b
http://dx.doi.org/10.1103/PhysRevLett.89.268101
http://dx.doi.org/10.1039/C4SM01089B
http://dx.doi.org/10.1016/j.bbamem.2009.12.023
http://dx.doi.org/10.1016/j.bbamem.2009.12.023
http://dx.doi.org/10.1016/j.bpj.2013.04.055
http://dx.doi.org/10.1016/j.bpj.2013.04.055
http://dx.doi.org/10.1016/j.cplett.2010.07.021
http://dx.doi.org/10.1016/j.cplett.2010.07.021
http://dx.doi.org/10.1103/PhysRevE.84.031919
http://dx.doi.org/10.1103/PhysRevE.84.031919
http://dx.doi.org/10.1021/jacs.5b08048
http://dx.doi.org/10.1039/C2CP44035K
http://dx.doi.org/10.1039/C2CP44035K
http://dx.doi.org/10.1039/C2SM26519B
http://dx.doi.org/10.1002/smll.v11.9-10
http://dx.doi.org/10.1016/j.biomaterials.2012.04.055
http://dx.doi.org/10.1021/nn2038862
http://dx.doi.org/10.1002/smll.v12.9
http://dx.doi.org/10.1039/C1SM05903C
http://dx.doi.org/10.1038/nnano.2010.141
http://dx.doi.org/10.1039/C2CS35306G
http://dx.doi.org/10.1021/jp036508g
http://dx.doi.org/10.1021/jp036508g
http://dx.doi.org/10.1021/jp071097f
http://dx.doi.org/10.1039/c3cs60093a
http://dx.doi.org/10.1063/1.2408420
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1080/00268978300102851
http://dx.doi.org/10.1021/acs.jctc.5b00209
http://dx.doi.org/10.1063/1.4937783
http://dx.doi.org/10.1063/1.4937783
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1103/PhysRevLett.112.068102
http://dx.doi.org/10.1016/j.chemphyslip.2013.02.001
http://dx.doi.org/10.1016/j.chemphyslip.2013.02.001
http://dx.doi.org/10.1002/jcc.v30:12
http://dx.doi.org/10.1016/j.bbamem.2011.08.021
http://dx.doi.org/10.1016/j.bbamem.2011.08.021
http://dx.doi.org/10.1063/1.4891931
http://dx.doi.org/10.1016/j.bpj.2011.09.006
http://dx.doi.org/10.1016/j.bpj.2011.09.006

	1. Introduction
	2. Model and methods
	2.1. Molecular dynamics simulations with Martini force field
	2.2. System setup
	2.3. Data analysis

	3. Results and discussion
	4. Conclusion
	References

