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ABSTRACT: Docosahexaenoic acid (DHA) is a ω-3 polyunsatu-
rated fatty acid, which can be uptaken by cells and is essential for
proper neuronal and retinal function. However, the detailed
physical impact of DHA molecules on the plasma membrane is
still unclear. Hence, in this work, we carried out μs-scale coarse-
grained molecular dynamics (MD) simulations to reveal the
interactions between DHA molecules and a model cell membrane.
As is known, the cell membrane can segregate into liquid-ordered
(Lo) and liquid-disordered (Ld) membrane domains due to the
differential interactions between lipids and proteins. In order to
capture this feature, we adopted the three-component phase-
separated lipid membranes and considered both anionic and
neutral DHA molecules in the current work. Our results showed
that DHA molecules can spontaneously self-assemble into nanoclusters, fuse with lipid membranes, and localize preferably in Ld
membrane domains. During the membrane fusion process, DHA molecules can change the intrinsic transmembrane potential of the
lipid membrane, and the effects of anionic DHA molecules are much more significant. Besides, the presence of DHA molecules
mainly in the Ld membrane domains could regulate the differences in the lipid chain order, membrane thickness, cholesterol
preference, and cholesterol flip-flop basically in a concentration-dependent manner, which further promote the stability of the
intraleaflet dynamics and inhibit the interleaflet dynamics (or promote membrane domain registration) of the membrane domains.
In short, the impact of DHA molecules on the physical properties of a model cell membrane on the molecular level revealed in our
work will provide useful insights for understanding the biological functions of DHA molecules.

■ INTRODUCTION
As one kind of omega-3 polyunsaturated fatty acids (ω-3
PUFAs), docosahexaenoic acid (DHA, C22:6) plays key roles
in nervous, immune, and cardiovascular systems.1−4 It has been
widely accepted that dietary DHA is essential for the
development of brain and retinal functions.5,6 Aging and
dementia are usually accompanied by DHA deficiency.7 With
the rapid development of experimental techniques, the detailed
molecular mechanisms for the roles of DHA molecules are
gradually revealed.8 Generally, DHA molecules are taken up by
cells, then participate in a series of lipid metabolisms as well as
membrane remodeling, and thus regulate cell functions.9,10 It
has been reported that DHA can incorporate into cell
membrane lipids,10,11 which may greatly increase the differ-
ences in the unsaturation and dynamics between saturated and
unsaturated lipids. This further leads to the promoted
formation of lipid rafts and the subsequent enhanced cellular
signaling.10,12 DHA can also directly regulate the structures
and functions of proteins. For example, it can activate large-
conductance Ca2+-dependent K+ channels in vascular smooth
muscle cells for lowering the blood pressure,13 or perturb
certain signaling transductions to achieve the inhibition of the
proliferation and growth of cancer cells.14 However, before

affecting lipid metabolism, how the free DHA molecules
interact with cell membrane lipids and regulate the general
physical properties of cell membrane is still far from clear.
The cell membrane consists of thousands of lipids and

proteins,15,16 which participate in a series of biological
processes and play key roles in maintaining proper functions
of cells. On one hand, due to the differential interactions
between different lipids and proteins, the cell membrane can
segregate into many membrane domains. Among them,
functional ordered membrane domains are defined as “lipid
rafts”,17−19 which were supposed to be nanoscale.20−22 The
stability of the lipid raft contains both the intraleaflet23 and the
interleaflet24 dynamics, which are essential for maintaining the
proper dynamics of membrane proteins.25−28 On the other
hand, the semipermeability of the cell membrane will inevitably
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cause the asymmetric distribution of either lipids or ions
among intracellular and extracellular regions, which induces
the transmembrane potential.29 The membrane potential was
found to be important in regulating the dynamics of membrane
lipids and proteins (e.g., K-Ras30), and then in cell growth and
proliferation.31−34 In other words, any disruptions to the lipid
raft stability and the membrane potential may induce
significant changes to the dynamics of proteins and lipids,
which in turn affects cell functions. Hence, it will be essential
to reveal the impact of free DHA molecules on the domain
stability and membrane potential of cell membranes.
In order to address the above issue, the three-component

lipid bilayer DPPC/DUPC/CHOL (DPPC: dipalmitoyl-
phosphatidylcholine, DUPC: dilinoleoyl-phosphatidylcholine,
CHOL: cholesterol) and μs-scale coarse-grained molecular
dynamics (MD) simulation were employed in the current
work. The former has been widely used as a model system for
lipid rafts to study the dynamics of lipids and proteins.35−40

The latter is a powerful computational tool for revealing the
molecular mechanisms of biological processes.41−43 Besides,
DHA molecules are generally negatively charged under
physiological conditions and can also be protonated into
neutral molecules with the help of certain proteins and local
low pH.44,45 Therefore, in this work, we performed a series of
coarse-grained MD simulations to systematically study the
effects of both anionic and neutral DHA molecules on the
model cell membrane (lipid rafts). We firstly studied the self-
assembly process of DHA molecules, and then the fusion
process of DHA molecules with phase-separated lipid
membranes. Last, a systematic analysis of the physical
properties of lipid membranes was performed.

■ MODEL AND METHODS

Coarse-Grained Model and Simulation Details.
Coarse-grained models, which allow simulations at larger
length scales and longer time scales, have been widely applied
for MD simulations. In this work, the Martini coarse-grained
model (version 2.1)46,47 was used to study the interactions
between anionic/neutral DHA (DHA−, DHA) molecules and
the phase-separated lipid bilayer. The Martini coarse-grained
model is based mainly on a four-to-one mapping rule. In other
words, on average, four heavy atoms are mapped into a single
interaction site. Four main types of interaction sites, including
polar (P), nonpolar (N), apolar (C), and charged (Q), are
used. Details can be found in the original papers of the Martini
force field.46,47 For all simulations, the cutoff of 1.2 nm was
used for both van der Waals and electrostatic interactions. In
order to reduce the cutoff noise, the former was smoothly
shifted from 0.9 to 1.2 nm, and the latter was shifted from 0 to
1.2 nm. For computational efficiency, the MARTINI force field
was parametrized towards εr = 15 for overall electrostatic
interactions.47 Hence, the default relative dielectric constant
(εr = 15) was used. DHA molecules, lipids, water, and ions
were coupled separately to V-rescale heat baths48 at T = 310 K
(coupling constant τ = 1 ps). Isotropic and semi-isotropic
Parrinello-Rahman pressure coupling schemes were used,
respectively, for DHA self-assembly and lipid membrane
simulations49 with a compressibility of 3 × 10−4 bar−1 and a
coupling constant (τ) of 5 ps. Each DHA self-assembly
simulation and lipid membrane simulation were run for 3 and
10 μs, respectively, with a time step of 20 fs using GROMACS
simulation package (version 2019.06)50,51 and the periodic

boundary condition. All system snapshots were generated by
VMD.52

DHA Self-assembly and Lipid Membrane Simula-
tions. In order to reveal the detailed aggregation state of DHA
molecules, we performed Martini coarse-grained MD simu-
lations to study the self-assembly details of anionic and neutral
DHA molecules. In all, 16, 32 or 64 DHA− or DHA molecules
was initially evenly placed in the box with the dimensions of 13
× 13 × 19 nm3, and solvated with water and 150 mM NaCl.
Then, after a 10,000-step energy minimization and 500-ps pre-
equilibration simulation, each of the six systems was run for 3
μs. The aggregation kinetics of the DHA molecules was
recorded and quantified using the number of contacts between
these molecules. The obtained DHA nanoclusters are named
as 16DHA−, 32DHA−, 64DHA−, 16DHA, 32DHA, and
64DHA, respectively. In order to capture the characteristics
of the cell membrane domains, we chose the three-component
lipid membrane consisting of saturated DPPC, unsaturated
DUPC, and CHOL in the ratio of 5:3:2.23,35 The lipid bilayer,
which contained 286 DPPC, 172 DUPC, 114 CHOL, 20552
water molecules, and 150 mM NaCl, was initially constructed
using the tool insane.py (http://cgmartini.nl/images/tools/
insane/insane.py).53 The DHA nanocluster from DHA self-
assembly simulations was placed close to the surface of the
lipid bilayer. In order to achieve the membrane conformation
where the DHA nanocluster adsorbs onto the phase-separated
lipid membrane, we fixed the DHA nanocluster and ran 2 μs
coarse-grained MD simulation for each of six DHA−

membrane systems at T = 310 K. During this 2 μs, the lipid
membrane experienced obvious liquid−liquid phase separation
and reached a stable state. Then, the position restraints for the
DHA molecules were removed, and these six systems were
further simulated for 10 μs at T = 310 K; the snapshots were
saved in the trajectories every 10 ns to capture the detailed
interactions between DHA molecules and the model cell
membrane. For clarity, the corresponding membrane systems
were also named as 16DHA−, 32DHA−, 64DHA−, 16DHA,
32DHA, and 64DHA. The pure membrane system was named
as MEMB.

Trajectory Analysis. Membrane Domain Preference of
DHA and CHOL. In order to quantify the relative localization
of DHA or CHOL molecules in lipid raft and nonraft
membrane domains, two kinds of analysis were performed. For
one analysis, the contact ratios between DHA or CHOL
molecules and DPPC/DUPC molecules are calculated using
the GROMACS tool gmx mindist50 with the cutoff of 0.6 nm.
For the second analysis, the trajectory of the DHA head group
is superimposed over the two-dimensional (2D) number-
density map of DPPC molecules based on the last 500 ns of
each simulation. The former is calculated using the
GROMACS tool gmx traj,50 and the latter is obtained by the
GROMACS tool gmx densmap.50 In the 2D density map, the
high-density region corresponds to the lipid raft membrane
domain, while the low-density region represents the lipid
nonraft membrane domain.

Mass/Charge Density and Electrostatic Potential Calcu-
lation. Based on the Poisson equation,54 the electrostatic
potential ψ(z) along the z-direction was calculated through the
double integration of the charge density ρ(z),
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where ε0 is the vacuum dielectric constant, with value 8.854 ×
10−12 F·m−1, and εr = 15.47 For more precise calculation of
ρ(z), the in-house script was used to avoid the possible
artifacts arising from the fluctuation of the box z-
dimension.29,55 In this algorithm, the center of the lipid
membrane, which is defined as z = 0 nm, was calculated for
each frame. Then, the z range [−4, 4] nm was divided into 80
bins for the calculation of mass/charge density over the
selected trajectory.
Evaluation of Lipid Membrane Liquid−Liquid Phase

Separation. As is well known, the DPPC/DUPC/CHOL
lipid membrane can have obvious liquid−liquid phase
separation.23,35 DPPC and CHOL molecules are the main
components of the liquid-ordered (Lo, lipid raft) membrane
domain, while the liquid-disordered (Ld, lipid nonraft)
membrane domain is mainly composed of DUPC molecules.
In order to evaluate the liquid−liquid phase separation process
of the lipid membrane, we adopted the normalized lateral
contacts between DPPC molecules. The lateral contact
number between DPPC molecules of the pure DPPC bilayer
with the same number of DPPC molecules is defined as the
maximum for the normalization. The contact number is
calculated using the GROMACS tool gmx mindist50 with the
cutoff of 0.6 nm.23,24,56

Calculation of Area Per Lipid and Membrane Thickness.
In this work, the APL@Voro57 open source program, which is
compatible to GROMACS,50 was used to calculate the area per
lipid (APL) and membrane thickness. In this program, the
head-group beads were firstly chosen. For the calculation of
APL, these beads in each membrane leaflet were projected into
the x−y plane separately and then Voronoi analysis was
performed. The area of each Voronoi polygon was calculated
as the area of the corresponding lipid. For the calculation of
membrane thickness, each bead was firstly projected into the
opposite membrane leaflet to identify the nearest bead in the
x−y plane. Then, the z-distance between the bead and the
identified nearest bead in the opposite membrane leaflet was
calculated as the local membrane thickness of the lipid.
Cholesterol Preference. Cholesterol preference (χ) was

calculated based on the number of contacts of cholesterol with
saturated (N1) and unsaturated lipids (N2) as

N n
N n N n

N n
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where χ1 and χ2 are the fractional contacts of cholesterols with
saturated DPPC and unsaturated DUPC lipids, and n1 and n2
are the total number of CG beads of saturated and unsaturated
lipids, respectively. Cholesterol preference difference Δχ is the
difference between χ1 and χ2.
Flip-Flop Rate of DHA and CHOL. Small molecules such as

DHA and CHOL can spontaneously flip-flop between the
membrane leaflets without the help of certain transporter
proteins. In order to capture the flip-flop event, we chose the
head group of the DHA/CHOL molecule for the analysis. The
z-distance between the head group and the membrane center
was recorded in real time. If the change of z-distance is larger
than half of the membrane thickness, one flip-flop event was
counted. Over the selected trajectory, the flip-flop rate was
calculated by dividing the total flip-flop events by the time
duration and number of molecules.58

■ RESULTS AND DISCUSSION
DHA Molecules Can Self-assemble into Nanoclusters,

Fuse with Lipid Membranes, and Locate Mainly at the
Liquid-Disordered Membrane Domain. In order to reveal
the aggregation state of DHA molecules in aqueous solution,
anionic/neutral DHA molecules were initially evenly dis-
tributed in the simulation box (12 × 12 × 12 nm3) with three
different concentrations. After a 10000-step energy minimiza-
tion and 500-ps pre-equilibration simulation, each system went
through 3 μs coarse-grained MD simulations. As shown in
Figure 1 and Supporting Information, in all cases, DHA

molecules could spontaneously self-assemble into DHA
nanoclusters. The formation of DHA nanoclusters can be
ascribed to the amphiphilicity of both anionic and neutral
DHA molecules. However, for the case of anionic DHA
molecules, the strong electrostatic repulsion among their head
groups did not prevent the corresponding aggregation process.
This is because this repulsive interaction was greatly relieved
by cations/counterions (Na+) in aqueous solution, which is
consistent with the impact of cations (e.g., Ca2+) on the
clustering of anionic membrane lipids such as polyphosphoi-
nositides.59 Since DHA molecules can self-assemble into
spherical nanoclusters, we focus on their subsequent
interactions with the model cell membrane.
We then placed the DNA nanoclusters tightly close to the

surface of the lipid membrane to reveal the molecular details
for their fusion with the lipid membrane. These DHA-
membrane systems were generated using insane.py.53 First,
each system was run for 2 μs coarse-grained MD simulations
with the DHA nanocluster being fixed. During this period, we
could witness the clear phase separation of the lipid membrane
(Supporting Information), which is consistent with the time
scale of previous simulations.35 Then, the constraints on the
DHA nanocluster were removed and each system was further
run for another 10 μs to capture the whole fusion process. As
shown in Figure 2 and Supporting Information, all DHA
nanoclusters could fuse with the lipid membrane and DHA
molecules fully dispersed in the membrane. The fused DHA
molecules could then flip-flop between the two membrane
leaflets to achieve the approximately equal distribution in two
membrane leaflets (Supporting Information). Generally,
increasing the nanocluster size slightly increases the difficulty
of the membrane fusion, while the ionization of DHA head
groups can promote the membrane fusion. Consistent with the

Figure 1. Snapshots for the individual DHA molecule and DHA
nanoclusters of the last frame of 3 μs self-assembly simulations. DHA
molecules (DHA−: anionic, DHA: neutral) are colored in purple,
except for the charged head group (blue) of DHA−.
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size effect of nanoparticles in crossing the lipid bilayer,60,61 the
increase in DHA nanocluster size will increase the energy
barrier to penetrate into the lipid membrane and thus the
difficulty of the membrane fusion. Hence, it will take more
time to have the complete membrane fusion. The ionization of
DHA head groups promotes the electrostatic interactions
between the negative DHA head group and positive trimethyl
ammonium in lipid head groups. These enhanced electrostatic
interactions thus promote the membrane fusion.
We further analyzed the membrane domain preference of

DHA molecules within the phase-separated lipid bilayers using
system snapshots and DPPC number density over the last 500
ns of each 10 μs trajectory. As shown in Figure 3, both the
anionic and neutral DHA molecules preferred to locate at the
Ld membrane domains. Considering the general differences in
the lipid unsaturation and the cholesterol ratio between Lo and
Ld membrane domains,17,23,62 this preference is expected for
the polyunsaturated fatty acids (e.g., DHA63) or lipid anchor
(e.g., farnesylation28,64). It is worth mentioning that these
small and flexible DHA molecules have strong lateral diffusion
ability. They can also access the Lo membrane domain,

especially when the DHA concentration is high (Figure 3,
64DHA− and 64DHA).

Anionic DHA Molecules Dramatically Reshape the
Intrinsic Transmembrane Potential of the Lipid Mem-
brane during the Fusion Process. In this work, we used the
PMEPOT plug-in65 of VMD52 to capture the whole electro-
static potential (ψ) maps of the simulation systems and the
changes during the membrane fusion process of DHA
molecules (Figure 2). As shown in Figure 4, our ψ map
indicated that the potential of the region outside the lipid
membrane generally was larger than that of the membrane
interior, which is consistent with the ψ profile across
symmetric lipid membranes calculated using the Poisson
equation based on the coarse-grained MD simulations.66,67

Also, in atomistic membrane systems, PMEPOT showed
consistent results of Vm with the calculation based on the
Poisson equation.68 Hence, PMEPOT is a reliable tool to
capture the detailed impact of DHA nanoclusters on the ψ
maps of membrane systems. It is worth mentioning that the
overall ψ(z) profiles across the lipid membrane may be
significantly different among different force fields due to

Figure 2. Side-view system snapshots of the fusion processes of anionic (a) and neutral (b) DHA molecules with the lipid membrane. The coloring
style of DHA is the same as Figure 1. DPPC and DUPC are colored in red and green, while their head groups are colored in yellow. CHOL was
colored in white. Ions and water molecules are not shown for clarity.

Figure 3. DHA molecules prefer to locate at the Ld membrane domains of DPPC/DUPC/CHOL bilayers. Top-view system snapshots (t = 10 μs,
upper panel) and 2D DPPC number-density maps (lower panel) of membrane systems with anionic (a) and neutral (b) DHA molecules. The
coloring style for the snapshots is the same as in Figure 2. In the number-density map, which is averaged over the last 500 ns of each trajectory, the
density of DPPC molecules decreases from red to blue. Each black point represents the position of one DHA molecule.
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Figure 4. 2D ψ maps of membrane systems with anionic (a) and neutral (b) DHA molecules corresponding to the snapshots shown in Figure 2.
The unit for the color bar is volt (V). In order to maximize the visualization for the differences of electrostatic potential at different regions,
different ranges of color bar were used for different systems.

Figure 5. ψ profiles (a, b) and maps (c, d) across the lipid bilayers with anionic (a, c) or neutral (b, d) DHA molecules. The unit for the color bar is
volt (V). In order to maximize the visualization for the differences of electrostatic potential at different regions, different ranges of color bar were
used for different systems.
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different resolutions and partial charge assignments. For
example, electrostatic potential profiles ψ(z) differ much
especially in the membrane interior region among membrane
systems using coarse-grained,66,67 atomistic,29,54,55 and polar-
izable force fields.69 However, previous studies have indicated
that the MARTINI force field generally could reproduce the
effects of the constant electric field66,70 and charged nano-
particles/biomolecules67 on the transmembrane potential
differences (Vm) of model cell membranes. Hence, it is feasible
to probe the effects of DHA nanoclusters on the Vm of the
model cell membrane using the MARTINI force field.
Comparing the ψ maps between membrane systems with

anionic and neutral DHA nanoclusters, we could find that
neutral DHA nanoclusters had much more moderate effects on
the ψ map of the membrane. For the neutral DHA nanocluster,
when it adhered to the lipid membrane, this nanoscale micelle
of amphiphilic DHA molecules had a relatively low ψ, which
affected the overall ψ map or Vm most at this moment.
However, along with the membrane fusion process of the
neutral DHA nanocluster, the disturbance on the overall ψ
map or Vm gradually disappeared (Figure 4b). As for the
anionic DHA nanocluster, the impact was much more
significant. This could be ascribed to the negative charges of
the DHA head groups, which induced ultra-low interior ψ of
the DHA nanocluster (Figure 4a). In other words, a larger
anionic DHA nanocluster carries more negative charges, and
thus has a more significant impact on the Vm, which explained
the nanocluster size-dependent impact (Figure 4a). In both
cases, after the complete fusion of DHA nanoclusters with the
lipid membrane and sufficient equilibrium simulations (flip-
flop of DHA and CHOL), the overall ψ(z) distribution across
the lipid membrane became symmetric (t = 10 μs), which was
expected for the symmetric membrane systems. However,

unlike the neutral DHA molecules, anionic DHA molecules
greatly increased the electrostatic potential difference (Δψ)
between the lipid membrane surface and interior.
As discussed above, DHA molecules were mainly distributed

in the Ld membrane domain. In order to further confirm the
impact of DHA nanoclusters on the intrinsic membrane
potential of the three-component model cell membrane
(Figure 4), we further studied the pure DUPC lipid bilayer
(MEMB) as well as symmetric DUPC/DHA lipid bilayers (16,
32, and 64 DHA−/DHA). A 4-μs coarse-grained MD
simulation was performed at body temperature for each
system. We performed ψ analysis for these systems using both
the double integration of the Poisson equation54,66 and
PMEPOT65 over the last 500 ns of each trajectory. As
shown in Figure 5, the ψ profiles and maps were consistent
with each other, both of which strongly indicated that anionic
DHA molecules significantly reshaped the ψ profile or map
across the lipid membrane and their impact is concentration-
dependent (Figure 5a,c). The electrostatic potential difference
(Δψ) between the inside and outside of the lipid membrane
was highly sensitive to the ratio of anionic DHA molecules. As
for the neutral DHA molecules, the situation is dramatically
different. Almost no significant impact on the overall ψ(z)
profiles of the lipid membrane could be found for all of the
tested concentrations (Figure 5b,d).

Incorporation of DHA Molecules Changes the
Structural and Dynamical Properties of the Phase-
Separated Lipid Membranes. As discussed above, DHA
molecules could fuse with the lipid membrane, locate
preferably at the Ld membrane domain, and reshape ψ profiles
or maps across the lipid membrane, which thus may regulate a
series of transmembrane potential Vm-involving biological
processes such as cell proliferation and differentiation.71 This

Figure 6. Effects of DHA molecules (left panel: anionic DHA, right panel: neutral DHA) on the physical properties of the DPPC/DUPC/CHOL
phase-separated lipid membrane: (a) lipid chain order parameter, (b) membrane thickness, (c) time evolution of normalized lateral contacts
between saturated lipids (DPPC), and (d) cholesterol preference differences. Mean ± SD was calculated using the block average over the last 6 μs
of each 10 μs trajectory (3 blocks: 4−6, 6−8, 8−10 μs). Statistical significance was obtained by Student’s t-test with system MEMB as the control.
*p < 0.05, **p < 0.01, ***p < 0.001.
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explained why feeding the cell with DHA molecules could
change the cell proliferation and differentiation.72 In order to
reveal other possible effects of DHA molecules on the plasma
membrane, we further analyzed the structural and dynamical
properties of the lipid membrane domains. As shown in Figure
6, the incorporation of DHA molecules into the lipid
membrane could slightly increase the lipid chain order
parameter (Figure 6a) and thickness (Figure 6b) of the Lo
membrane domain and decrease the corresponding structural
parameters of the Ld membrane domain. Especially, neutral
DHA is more obvious. In other words, the differences of lipid
chain order and membrane thickness between Lo and Ld
membrane domains and thus the stability of the membrane
domain intraleaflet dynamics (Figure 6c) were enhanced by
DHA molecules. The enhancement depended on the ratio of
DHA molecules. Since the highly flexible DHA molecules are
mainly located in the Ld membrane domain, they could make
the lipids of the Ld membrane domain more disordered.73−75

This could be ascribed to the high unsaturation and thus high
flexibility of DHA molecules, which is consistent with previous
studies on the formation of membrane domains.23,35 However,
the reason for the enhanced lipid chain order of the Lo
membrane domain is still unclear. Hence, we further analyzed
the cholesterol preference for Lo and Ld membrane domain
lipids (DPPC and DUPC). As shown in Figure 6d, we could
find that the incorporation of DHA molecules into the Ld
membrane domain could promote the cholesterol preference
to Lo membrane domain lipids. That is, DHA molecules did
not prefer to interact with the cholesterol molecules and thus
drove cholesterol molecules into the Lo membrane domain,
which is consistent with previous research studies on the roles
of polyunsaturated fatty acids in the membrane domain
formation76 and explains the structural changes in the Lo
membrane domain mentioned above.
The above analysis revealed the overall changes of the

structural properties induced by DHA molecules, which are
essential for the stability of membrane domain intraleaflet
dynamics. As is known, in addition to this intraleaflet
membrane domain dynamics, the interleaflet membrane
domain dynamics is another essential part of lipid raft
dynamics.24,25 Also, previous studies have demonstrated that
factors such as the lipid (e.g., cholesterol) exchange56,77,78

between the two membrane leaflets will be essential for the
interleaflet coupling strength, which determines the interleaflet

membrane domain dynamics. Hence, we analyzed the lipid
flip-flop events and quantified the degree of membrane domain
registration/antiregistration in our simulation systems. Our
results indicated that DHA molecules could flip-flop between
the two membrane leaflets similar to CHOL molecules, which
is consistent with previous atomistic studies showing that DHA
can flip-flop in the model of the human brain cell membrane.74

In addition, the head-group ionization greatly impeded the flip-
flop processes of DHA molecules (Figure 7a), which are
concentration-dependent. For amphiphilic molecules such as
CHOL molecules, the flip-flop process is mainly determined by
the energy barrier at the membrane hydrophobic center, which
depends on the hydrophilicity of amphiphilic molecules.79

Compared to the neutral DHA molecules, the anionic DHA
molecules have much higher polar head groups (hydro-
philicity), which greatly increases the energy barrier required
to cross the membrane hydrophobic center and thus induces
much lower flip-flop rates. In addition, it is reported that DHA
can partially reverse the effect of CHOL on the lipid bilayer,
making the membrane more compressible and fluid.75 Also, in
our work, we found that the presence of DHA molecules also
had slight effects on the CHOL flip-flop (Figure 7b).
Especially, anionic DHA molecules could promote the
CHOL flip-flop rate to a certain degree. Both the flip-flop
processes of DHA and CHOL molecules play key roles in the
lipid exchange and thus the coupling strength between the two
membrane leaflets, which determines the interleaflet dynamics
of membrane domains.24,56,77,78 Considering the main
components of Lo and Ld membrane domains as DPPC and
DUPC molecules, we therefore calculated the interleaflet
contacts between them to quantify the effects of DHA
molecules on the aforementioned interleaflet dynamics
(domain registration/antiregistration). As shown in Figure
7c, with the presence of anionic/neutral DHA molecules
mainly in the Ld domain, the contacts between the upper and
lower DUPC molecules were greatly enhanced and neutral
DHA molecules became more significant. Meanwhile, the
interleaflet contacts between DPPC and DUPC molecules
were reduced. This indicated that DHA molecules could
regulate the interleaflet dynamics of membrane domains and
promote the membrane domain registration.

Figure 7. Effects of DHA molecules on interleaf let couplings and dynamics of DPPC/DUPC/CHOL phase-separated lipid membrane. (a) Flip-flop
rates of DHA molecules. (b) Flip-flop rates of CHOL molecules. (c) Interleaflet contacts of DPPC and DUPC molecules. Mean ± SD was
calculated using the block average over the last 6 μs of each 10 μs trajectory (3 blocks: 4−6, 6−8, 8−10 μs).
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■ CONCLUSIONS

In this work, through a series of μs-scale coarse-grained MD
simulations, our results showed that both anionic and neutral
DHA molecules can spontaneously self-assemble into nano-
clusters, fuse with the lipid membrane, and mainly locate in the
Ld membrane domain (Scheme 1). The head-group ionization
of DHA molecules enhanced the membrane fusion process and
greatly reshaped the transmembrane potential of the lipid
membrane. On the other hand, the enrichment of DHA
molecules in the Ld membrane domain and their own flip-flop
dynamics could further affect the preferred localization and
flip-flop of CHOL molecules, which in turn modulated the
intraleaflet and interleaflet membrane domain dynamics. After
DHA incorporation, the differences in lipid chain order,
cholesterol preference, and membrane thickness between Lo
and Ld membrane domains are enhanced, which promote the
stability of the membrane domain intraleaflet dynamics. The
flip-flop of both DHA and CHOL molecules as well as the
change in lipid chain order jointly regulate the interleaflet
coupling and thus promote membrane domain registration.
Besides, most effects induced by DHA molecules showed a
concentration-dependent manner. In short, the detailed
molecular-level impact of free DHA molecules on the physical
properties of the model cell membrane revealed in this work
will provide useful insights for understanding the physiological
functions of DHA molecules and developing therapeutics for
diseases due to DHA deficiency.
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