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ABSTRACT: Inter-leaf let coupling is critical to control the dynamics of
membrane domain registration/anti-registration, which is important in
maintaining proper biological functions. Factors such as lipid acyl chain
inter-digitation and membrane remodeling have been found to be able to
regulate the inter-leaf let coupling. However, detailed molecular mechanisms
that dominate the inter-leaf let coupling are still far from clear. Here, we revealed
that lipid acyl chain cis double bond position can regulate the inter-leaf let
coupling according to our coarse-grained and all-atom molecular dynamics
simulations. The farther the double bond is away from the lipid tail terminal,
the weaker the inter-leaf let attractive interactions between unsaturated lipids.
Therefore, the relative motions of membrane domains in two membrane
leaflets become more obvious (membrane domain anti-registration). Generally,
our simulations validated a direct indicator for the inter-leaf let coupling
strength, which provides physical insights into the molecular mechanisms of
membrane domain registration/anti-registration.

■ INTRODUCTION

The plasma membrane contains various lipids and proteins,
which play critical roles in many biological processes such as
the selective permeability and the signal transduction.1 It has
been generally agreed that the plasma membrane can segregate
into functional and dynamic nanoscale membrane domains
due to differential interactions between lipids and proteins,
where the functional liquid-ordered (Lo) domains are termed
as “lipid rafts”.2−4 These ordered membrane domains are
tightly correlated to many biological functions of the plasma
membrane.4,5 In order to reveal these correlations, many
efforts have been made to understand the dynamics of the lipid
raft and its effects on proteins. Consensus has been achieved
that lipid unsaturation difference as well as the presence of
cholesterol molecules serve as a prerequisite for the formation
of lipid rafts.6−8 The lipid chain order difference between raft
and nonraft domains provides a better quantitative indicator to
evaluate the domain stability of the lipid raft than the domain
thickness difference.9−11 Besides, this domain stability can
further affect the stability of membrane-bound proteins (e.g.,
H-Ras nanocluster12−14) as well as the raft affinity of
transmembrane proteins.15−17 It is worth mentioning that
the domain stability discussed above mainly refers to the inner-
leaf let domain dynamics. Since the lipid raft domains in two
opposite leaflets of a lipid bilayer can have relative motions, in
other words, the raft domain stability should consist of both

inner-leaf let and inter-leaf let domain dynamics.18 Compared to
the inner-leaf let domain dynamics, the inter-leaf let domain
dynamics is still far from clear.
Membrane domain registration and anti-registration de-

scribe the inter-leaf let domain dynamics,19,20 which are mainly
determined by the inter-leaf let coupling18,21 and may play an
important role in regulating membrane-mediated signal
transductions.22,23 Generally, the inter-leaf let coupling can be
modulated by lipid acyl chain inter-digitation18,24−26 and
membrane remodeling induced by external forces.27−30

However, quantifications of lipid acyl chain inter-digitations
in either model membranes or plasma membranes are not easy
for molecular experiments. Besides, it is still a challenge to
directly study the inter-leaf let domain dynamics in molecular
experiments, although it is possible to quantitatively tune the
lipid composition in each membrane leaflet of asymmetric lipid
vesicles.31 Hence, it will be very meaningful to identify a few
measurable factors that are directly correlated to the inter-
leaf let coupling with molecular simulations. However, for the
two model membrane systems, if their inner-leaf let domain
dynamics are quite different, it will be difficult to conclude
whether the inter-leaf let domain dynamics is regulated by
certain factors or just affected by different inner-leaf let domain
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dynamics. In other words, model membrane systems with
similar inner-leaf let domain dynamics will be essential for the
identification of these direct dominant factors. For example,
the choice of sterols with different side chain lengths,32,33

which were reported to have little effects on the inner-leaf let
domain dynamics in experiments,34 can provide proper model
systems to clarify the long-standing controversy35−37 on the
role of cholesterol flip-flop in the membrane domain
registration/anti-registration dynamics.
As discussed above, lipid unsaturation differences as well as

cholesterol molecules are essential to the formation of the lipid
raft7,8 and the inner-leaf let domain dynamics.9−11 And it has
already been proved that cholesterol flip-flop is important in
the membrane domain registration/anti-registration dynam-
ics.32,33 However, whether lipid unsaturation can modulate the
inter-leaf let domain dynamics or not is still unknown.
Considering that there are various unsaturated lipids with ω-
3, ω-6, and ω-9 fatty acid chains (where the distances between
the cis double bond and lipid tail terminal are different) in the
plasma membrane, we propose a hypothesis that unsaturated
lipids with different acyl chain double bond positions may
modulate the inter-leaf let coupling and thus inter-leaf let domain
dynamics. To confirm this hypothesis, we studied the model
membrane systems with only varied acyl chain double bond
positions using molecular dynamics (MD) simulations, which
is a useful tool to study the membrane domain dynam-
ics.11,38−40 Our coarse-grained (CG) MD simulations
indicated that the distance between the cis double bond and
the lipid chain terminal determined the inter-leaf let coupling,
which regulated the membrane domain registration/anti-
registration. All-atom (AA) MD simulations of the model
membrane including 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-diarachidonoyl-sn-glycero-3-phosphocholine

(DAPC) further validated the results of CGMD simulations,
our MD simulations confirmed that the lipid acyl chain cis
double bond position could serve as a new direct indicator for
the inter-leaf let coupling strength.

■ METHODS
CGMD Simulations. CG models,41−43 which allow MD

simulations with much longer time-scale and larger length-scale,
have been widely used to study the lipid raft dynamics in model
membranes. In this work, we used the Martini CG model (version
2.1)43 to probe the role of the lipid acyl chain cis double bond
position in regulating the inter-leaf let coupling. 600 DPPC (di-
16:0PC), 360 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DUPC or
di-18:2PC)/di-22:2PC, 240 cholesterol (Chol), as well as 16134
water and 150 mM salt ions (Na+ and Cl−) were used for CGMD
simulations. Here, we considered the two isomers of di-22:2PC with
different cis double bond positions (Figure 1a), D23 and D34, which
were supposed to have similar liquid phase separations and minimum
hydrophobic mismatches between raft and nonraft domains. For
CGMD simulations, a cutoff of 1.2 nm was used for van der Waals
(vdW) interactions, and the Lennard-Jones potential was smoothly
shifted to zero between 1.0 and 1.2 nm to reduce the cutoff noise. For
electrostatic interactions, the Columbic potential was smoothly
shifted from 0 to 1.2 nm, with a cutoff at 1.2 nm. The default
relative dielectric constant (15) of the force field was used in the
simulations.43 Lipids and water/ions were coupled separately to V-
rescale heat baths44 at T = 298 K (coupling constant τ = 1 ps). The
systems were simulated at 1 bar of pressure using a semi-isotropic
Parrinello−Rahman pressure coupling scheme45 with a coupling
constant of τ = 5 ps and compressibility of 3 × 10−4 bar−1. The
nonbonded interaction neighbor list was updated every 20 steps with
a cutoff of 1.2 nm. Each simulation was run for 20 μs with a time step
of 20 fs.

AAMD Simulations. The CHARMM36m force field46 was used
to simulate the inter-leaf let domain dynamics of three-component
model membranes with 120 DPPC, 120 DOPC, and 120 DAPC. The
initial AAMD simulation system was built using the CHARMM-

Figure 1. Description and visualization of our CGMD simulations: (a) The chemical structures and the corresponding CG models of
phospholipids used in CGMD simulations. (b) Top-view snapshots of three model membrane systems at the end of 20 μs CGMD simulations.
DPPC is colored in blue, DUPC, D23, or D34 in green, and cholesterol in white. Scale bar: 3 nm.
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GUI.47,48 The Lennard-Jones potential was smoothly shifted to zero
between 1.0 and 1.2 nm with a cutoff of 1.2 nm to reduce cutoff noise.
Particle-mesh Ewald (PME) electrostatics49 with a real space cutoff of
1.2 nm was used. Lipids and water/ions were coupled separately to
Nose−́Hoover heat baths50,51 at T = 298 K (coupling constant τ = 1
ps). The systems were simulated at 1 bar of pressure using a semi-
isotropic Parrinello−Rahman pressure coupling scheme45 with a
coupling constant of τ = 5 ps and compressibility of 4.5 × 10−5 bar−1.
Bonds with H atoms were constrained with the LINCS algorithm.52

The nonbonded interaction neighbor list was updated every 20 steps
with a cutoff of 1.2 nm. The simulation was run for 1.4 μs with a time
step of 2 fs. Both CGMD and AAMD simulations were run with
GROMACS software (version 2016.5).53

■ RESULTS AND DISCUSSION
D23 and D34 Lipids Provide Ideal Model Membrane

Systems for CGMD Simulations to Test the Role of Lipid
Acyl Chain cis Double Bond Position in the Inter-Leaf let
Domain Dynamics. In order to study lipid raft dynamics in
CGMD simulations, the model membrane consisting of DPPC,
DUPC, and cholesterol has been widely used,2,6,11,32 which
provides useful physical insights into experiments with model
membrane systems of more physiologically relevant lipids. It is
widely reported that the DPPC/DUPC/Chol bilayer has stable
phase separation and obvious thickness differences between Lo
and liquid-disordered (Ld) domains.6,11 Considering that
significant hydrophobic mismatches between Lo and Ld
domains can promote membrane domain anti-registration,28

we used longer unsaturated lipids (di-22:2PC) instead of
DUPC in our CGMD simulations, which is supposed to have
stable phase separation but little hydrophobic mismatch
between Lo and Ld domains. Besides, we further used two
isomers of di-22:2PC with different cis double bond positions:
D23 and D34. The cis double bond is farther from the lipid tail
terminal in D23 than that in D34 (Figure 1a). In other words,
DPPC/D23/Chol and DPPC/D34/Chol may provide ideal

model systems to investigate the role of lipid acyl chain cis
double bond position in regulating the inter-leaf let coupling.
To make sure of this, we need to examine whether DPPC/
D23/Chol and DPPC/D34/Chol have very similar inner-leaf let
domain dynamics.
As shown in Figure 1b and Figure 2a,b, DPPC/D23/Chol

and DPPC/D34/Chol have very similar phase separation
evolution processes as well as membrane domain sizes/
stability. Membrane domains in these two systems are less
stable that those in DPPC/DUPC/Chol lipid bilayers. Besides,
the lateral box areas are also very close, which indicates that
DPPC/D23/Chol and DPPC/D34/Chol have similar mem-
brane fluctuations (Figure 2c). Moreover, comparable differ-
ences of domain thicknesses (Figure 2d), lipid chain order
parameters (Figure 2e), and cholesterol preferences (Figure
2f) further supported the aforementioned conclusion and
validated that DPPC/D23/Chol and DPPC/D34/Chol have
very similar inner-leaf let domain dynamics and thus were
suitable for quantifying the role of lipid acyl chain cis double
bond position in regulating inter-leaf let domain dynamics.

Lipid Acyl Chain cis Double Bond Position Modulates
the Inter-Leaf let Domain Dynamics in CGMD Simu-
lations. By using the two isomers of di-22:2PC (D23 and
D34), we obtained two ideal model membrane systems, which
have nearly the same inner-leaf let domain dynamics (Figure 2).
Besides, thickness differences or hydrophobic mismatches
between Lo and Ld domains have been greatly minimized. In
our model membrane systems, we have excluded all of these
factors that may affect the inter-leaf let domain dynamics. In
other words, we can directly correlate the lipid acyl chain cis
double bond position to the differences in inter-leaf let domain
dynamics in these two model membrane systems. By analyzing
the 2D probability density map of unsaturated lipid positions
in both upper and lower membrane leaflets, we could clearly
see a poor domain overlap between the two leaflets for the case

Figure 2. Quantitative analysis of CGMD simulations indicating that DPPC/D23/Chol and DPPC/D34/Chol have similar inner-leaf let domain
dynamics: (a) Time evolution of inner-leaflet contacts of unsaturated lipids, which is normalized according to the pure lipid bilayer with the same
number of unsaturated lipids. (b) DPPC−DPPC 2D radial distribution function profiles g2D(r) over DPPC−DPPC center-of-mass (COM)
distances. Lateral box area (c), bilayer thickness (d), lipid chain order parameter (e), and cholesterol preference (f) for the three simulation systems
(DPPC/D23/Chol, DPPC/D34/Chol, and DPPC/DUPC/Chol) were obtained based on the last 12 μs of the 20 μs CGMD simulations.
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of DPPC/D23/Chol (Figure 3a), which shows obvious
membrane domain anti-registration. On the contrary, mem-
brane domains in the two leaflets overlap very well and have
almost complete registration in DPPC/D34/Chol. In other
words, the lipid acyl chain cis double bond position directly
regulates membrane domain registration/anti-registration.
As mentioned above, lipid tail cis double bonds play an

important role in the formation of lipid rafts.4,6,11 It is the
presence of these double bonds that induces the differential
attractive interactions between saturated lipids, unsaturated
lipids, and cholesterol,7,8 which drive the formation of lipid
rafts. Especially, more preferred attractive interactions exist
between unsaturated lipids. Within the same membrane leaflet,
these lateral attractive interactions drive the liquid−liquid
phase separation. Between the two membrane leaflets, these
inter-leaf let attractive interactions will determine the inter-
leaf let coupling. When cis double bonds in unsaturated lipids
are far from the tail terminals (D23), contributions to the inter-
leaf let attractive interactions from these cis double bonds will
be greatly reduced. Thus, the inter-leaf let coupling will be

significantly weakened. Relative motions for membrane
domains in the two leaflets become easier. Hence, membrane
domain anti-registration appears. Our CGMD simulations
demonstrate that the lipid acyl chain cis double bond position
can serve as a direct indicator for the inter-leaf let coupling
strength (Figure 3b), which determines the membrane domain
registration/anti-registration.

AAMD Simulations Showed Consistent Results as
CGMD Simulations. The Martini CG model maps several
heavy atoms into one interaction site and thus allows the direct
simulations of lipid rafts in much larger length scale and longer
time scale.43 In order to avoid the possible artifacts arising
from this simplified treatment, we further tested the above
conclusion using AAMD simulations and a DPPC/DOPC/
DAPC model membrane (Figure 4a). We chose these three
lipids because their CHARMM force field parameters are
frequently validated in AAMD simulations.15,38 On the other
hand, DPPC is a saturated lipid, while DOPC and DAPC are
unsaturated lipids, which have ω-9 and ω-6 fatty acid tails
(different cis double bond position), respectively (Figure 4c).

Figure 3. Lipid acyl chain cis double bond position can regulate inter-leaflet coupling and thus membrane domain registration/anti-registration: (a)
Two-dimensional (2D) probability density map of unsaturated lipid positions for upper (top panel) and lower (middle panel) membrane leaflets
over the last 4 μs of the CGMD simulation trajectories. Their absolute differences (bottom panel) indicate that the lipid acyl chain cis double bond
position determines the membrane domain registration/anti-registration processes. Scale bar: 3 nm. (b) Schematics for the underlying mechanism
of this phenomenon.

Figure 4. AAMD simulation of the DPPC/DOPC/DAPC symmetric lipid bilayer: (a) Side-view system snapshot at t = 0 μs. (b) Top-view system
snapshot at t = 1.4 μs indicated obvious clustering of lipids of the same type. DAPC is colored in red, DOPC in green, and DPPC in blue. For
clarity, water and ions are not shown. (c) Chemical structures of DPPC, DOPC, and DAPC. The distance between the double bond and the lipid
tail terminal is much larger in DOPC than that in DAPC. (d) Diffusion coefficients for DPPC, DOPC, and DAPC show no significant differences.
(e) 2D probability density map for DAPC lipid positions in the upper membrane leaflet. (f) 2D probability density maps for DAPC, DOPC, and
DPPC lipid positions in the lower lipid leaflet. (g) 2D probability density absolute difference maps between DAPC in the upper membrane leaflet
and DAPC, DOPC, and DPPC in the lower leaflet. The analysis in parts d−g is based on the last 1 μs of the AAMD simulation trajectory.
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In this three-component lipid membrane, different lipids can
form small clusters due to different attractive interactions
between these lipids (Figure 4b). These lipids show similar and
high diffusion abilities (Figure 4d), which enables the relative
sufficient sampling in the AAMD simulation of the model
membrane system and thus is suitable to test the conclusion
obtained from the CGMD simulations. This is also the reason
that we did not use cholesterol molecules in AAMD
simulations. We then calculated the 2D probability density
map of the DAPC position in the upper leaflet (Figure 4e) and
the 2D probability density maps of DAPC, DOPC, and DPPC
positions in the lower leaflet (Figure 4f). After calculating the
absolute density difference maps between upper DAPC and
lower DAPC, DOPC, and DPPC, it clearly shows that upper
DAPC lipids have the best overlap degree with lower DAPC
molecules and the worst overlap degree with lower DPPC
lipids (Figure 4g). It fully indicates that the order of DAPC’s
preferred inter-leaf let attractive interactions is DAPC > DOPC
> DPPC. In other words, both the presence of cis double
bonds and their positions could affect the inter-leaf let coupling.
It is worth mentioning that choosing lower DAPC molecules as
the reference for 2D probability density map analysis has
similar results as Figure 4. Our AAMD simulations pointed out
the role of lipid chain cis double bond position in the inter-
leaf let coupling, which validated the results of CGMD
simulations.
As is known, the two membrane leaflets of the plasma

membrane are tightly correlated to each other. When changes
happen in one leaflet, the opposing leaflet responds
correspondingly, which is critical for the exchange of biological
signals. For example, Raghupathy et al. found that lipid
clustering in the outer membrane leaflet can induce the
corresponding the lipid clustering in the inner leaflet and
further promote the recruitment and clustering of lipid-
anchored proteins.22 In other words, the inter-leaf let coupling
plays a key role in these biological processes. As discussed
above, the lipid chain inter-digitation is one direct factor that
determines the inter-leaf let coupling in the condition of no
external stress.18,26 However, it is not easy to evaluate the
degree of the lipid chain inter-digitation in experiments.
Hence, identifying parameters that are responsible for the inter-
leaf let coupling and measurable in experiments will be
important for understanding the detailed molecular mecha-
nisms in plasma-membrane-related biological processes.
Previous studies have pointed out that cholesterol dynamics
can determine the inter-leaf let coupling and thus modulate the
membrane domain registration/anti-registration.32,33,54 Here,
we focused on the role of unsaturated lipids and found that
changing lipid chain cis double bond positions in unsaturated
lipids could significantly affect the inter-leaf let coupling
according to MD simulations, which provided a new indicator
for quantitatively assessing the inter-leaf let coupling strength.

■ CONCLUSION
In this work, by using model membrane systems where the
lipid acyl chain cis double bond position is the only variable, we
validate that the cis double bond position can serve as another
direct dominant factor for the inter-leaf let coupling strength
based on MD simulations. The farther the cis double bond is
from the lipid tail terminal, the weaker the strength of inter-
leaf let attractive interactions between unsaturated lipids and
the smaller the differences between unsaturated−unsaturated
and unsaturated−saturated inter-leaf let attractive interactions.

Hence, membrane domains in the two membrane leaflets can
easily have relative motions in this case, which promotes the
formation of membrane domain anti-registration.
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