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Hexagonal arrangement of phospholipids in bilayer membranes*
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The phospholipid membrane plays a key role in myriad biological processes and phenomena, and the arrangement
structure of membrane determines its function. However, the molecular arrangement structure of phospholipids in cell
membranes is difficult to detect experimentally. On the basis of molecular dynamic simulations both in a non-destructive
way and at native environment, we observed and confirmed that the phospholipids self-assemble to a hexagonal arrangement
structure under physiological conditions. The underlying mechanism was revealed to be that there are hexagonal arrange-
ment regions with a lower free energy around each lipid molecule. The findings potentially advance the understanding of

biological functions of phospholipid bilayers.
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1. Introduction

Phospholipid bilayers are the major building blocks of
cell membranes in most living organisms, viruses,!"?! and
vesicles.[>* This bilayer has a fundamental bearing on var-

ious biological phenomena and processes, including the per-

meation of molecules,!>! drug delivery,!”8! fertilization,*1°]

phagocytosis,'"1? and the regulation of salt concentra-

[13-15]

tions and pH values. In particular, the phospho-

lipid bilayer participates directly or indirectly in the sig-

[3.16-181 including the transmission of nerve

(17]

naling process,
impulses!'® and immunological recognition, as well as
plays an important role in signaling or anchoring other
molecules in cell membranes.!®!

The arrangement of structure determining the function is

19201 Progresses have been made that the

akey idea in biology.!
morphology of nanostructure determines the wettability, per-
meability, and adhesion nature of the nanostructure. [21-23] For
example, in 2018, we proposed a wettability change caused
by the curvature vary of carbon-based and platinum-based
surfaces.[?*] Therefore, it is necessary to understand the ar-
rangement information of the phospholipid in bilayer before
its biological function, as well as the mechanism underlying
the arrangement. Unfortunately, lipid bilayers are so thin and
fragile that their arrangement structure is difficult to study with
a traditional light microscope.!?>! Fortunately, an increasing
number of advanced technological means, i.e., x-ray crystal-
lography (XRD), nuclear magnetic resonance (NMR), elec-
tronic microscopy (EM), fluorescence microscopy (FM), and
atomic force microscopy (AFM), have been developed to de-
tect the structure of the material in a destructive way or at
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a non-native environment. For example, experiments from
EM%627] and AFM[?8] suggest that the polar heads and the
hydrophobic chains of lipids in the bilayer form hexagonal
microcrystals. There is an urgent need to confirm the ar-
rangement of lipid inside bilayer both in a non-destructive
way and at native environment. Grazing-incidence scattering
techniques!*’! and theoretical calculations should be a promis-
ing solution. Besides, the mechanism underlying the arrange-
ment of lipid in bilayer is call for elucidation.

Fortunately, classical molecular dynamic (MD) simu-
lation is an effective mean to disclose the physics behind
plentiful interesting phenomena on the basis of a micro
perspective, 37! and has also been widely used to study the
characteristics of bilayers under native conditions.38421 In
1982, Berendsen et al. as the pioneers applied the method of
MD simulation to the representation of a realistic lipid bilayer,
and found that this method can perfectly reproduce the experi-
mental order parameters of the bilayer. 8 In 2002, Marrink et
al. discovered the mechanical and electrical stress dependence
of the pore formation and membrane rupture in phospholipid
bilayers through MD simulations.3°! In 2013, Zhou e al. used
MD simulations to reveal the underlying mechanism of the
destruction of phospholipid membranes due to the toxicity of
nanoparticles and nanosheets.[*’! In 2015, Netz et al. quantita-
tively investigated the long-debated hydration repulsion of the
biological membrane using MD simulations, and reviewed the
physical mechanisms of the interaction between lipid mem-
branes in an aqueous environment.*!! Recently, by means of
MD simulations, Cremer et al. disclosed the complex nature
of interactions between phospholipid bilayers with cations. [+*!
In this article, we investigate the arrangement struc-
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ture of lipid molecules in the bilayer under a native en-
vironment by MD simulations.>**} Since the major lipid
component of the animal cell membrane is phosphatidyl-
choline (PC),[*¥ a bilayer consisting of the most common
PC molecules, dimyristoyl-phosphatidylcholine (DMPC),*3]
was studied. During several-microsecond simulations, we ob-
served and further confirmed a hexagonal arrangement struc-
ture of phospholipids in the cell membranes at the thermo-
dynamic equilibrium state. The underlying mechanism was
revealed that there are hexagonal arrangements of the regions
with a lower free energy for the free energy surface of each
lipid molecule. Our finding thus advances the understanding
of lipid arrangement structure in cell membrane as well as the
biological function of the bio-membrane system.

2. Method

A bilayer system composed of 512 DMPC molecules,
21574 water molecules, and 0.15 mol/L NaCl was studied.
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Fig. 1. Schematic architecture of the simulated phospholipid bilayer
system. (a) Monomolecular structure of DMPC. The red ball represents
the Cy; atom of a DMPC molecule, which is applied for labeling the
location of the entire molecule. (b) Top view of the bilayer consisting
of 512 DMPC molecules, 256 molecules per layer. (c) Side view of the
simulated system, including the DMPC-containing bilayer, Na™ (blue
balls), CI™ (yellow balls), and water (light blue).

The DMPC molecules and ions were characterized by the
CHARMM 27 force field.[*®] Water molecules were mod-
eled by SPC/E.*”] The monomolecular structure of DMPC is
shown in Fig. 1(a). Since carbon-21 (Cy1) is the center of two
long hydrophobic tails of the DMPC molecule, we character-
ized the atom as the center of the DMPC molecule for conve-
nience. The phospholipids bilayer was placed in the center of a
box with an initial size of Ly = 10.58 nm, Ly = 12.85 nm, and
Lz =9.12 nm (see Figs. 1(b) and 1(c)). All simulations were
performed with NPT ensemble using the software GROMACS
5.1.2.1%81 In the process of the self-assembly of the phospho-
lipid bilayer, the main simulation was maintained at 300 K

(49501 and the pres-

51,52]

and 1 bar using a Nose—Hoover thermostat
sure coupling method presented by Parrinello-Rahman,
respectively. Periodic boundary conditions were applied in all
directions. The particle-mesh Ewald (PME) 1531 method was
used to treat the long-range electrostatic interactions. The MD
simulations were performed for 2 us with a time step of 1 fs,
and all the trajectories during the 2 ps simulation were col-
lected for analysis with an interval of 1 ps.

3. Results and discussion

The simulation results show that the lipid bilayer system
composed of 512 DMPC molecules reached a dynamic equi-
librium state on a microsecond time scale. In order to remove
the influence of the artificial bilayer structure, we performed a
trapezoidal heating and annealing process in the forepart sim-
ulation for 700 ns. Specifically, the simulated system was lin-
early heated from a temperature (7)) of 300 K to 330 K in
the previous 200 ns, maintained at 330 K in the following
300 ns, and linearly annealed from 330 K to 300 K in the
last 200 ns. After heating and annealing, the self-assembly
process of the bilayer was investigated for 1.3 pus under am-
bient conditions, which we denoted as the main simulation.
The T of the simulated system was in accord with our ex-
pectations of the heating and annealing processes, and it kept
equilibrium at 300 K in the main simulation (see Fig. 2(a)).
Accompanying the control of the system temperature, the to-
tal energy of the system (E) and the average area per DMPC
molecule (p) were changed correspondingly. Figure 2(a) also
shows that E increases and decreases as 7 increases and de-
creases, respectively. This change is attributed to the kinetic
energy of the system, an important component of £, which has
a linear relationship with 7 summarized as the equipartition
theorem. During the self-assembly process in the main sim-
ulation, E decreased lightly and finally converged to a value
of —5.8 x 10° klJ/mol. Furthermore, p converged and fluc-
tuated about a value of 0.45+0.1 nm~2 during the process.
Both the E and p were convergent on the microsecond time
scale, so we deduced that the simulated bilayer system reached
a dynamic equilibrium state. Intriguingly, observing the tra-
jectory of the bilayer at the dynamic equilibrium state, we
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found a common phenomenon of six DMPC molecules regu-
larly rounding a DMPC molecule. Figure 2(b) shows a typical
one-sided conformation of the top view of a bilayer, where a
series of paralleled hexagons were applied to cover the neigh-
boring molecules of the DMPC molecule. The majority of
the hexagons cover six DMPC molecules, which implies that
phospholipid molecules in each layer of the bilayer may self-
assemble into a hexagonal arrangement structure.

0.48

p/nm-2 E/10° kJ-mol~!

0.44 |
0 1000 2000
t/ns
Fig. 2. Self-assembly dynamics of the bilayer system and the typical con-
formation of the bilayer at a dynamic equilibrium state. (a) Black, blue, and
orange curves represent the time dependence of the system temperature (7°),
system total energy (E), and average area (p) per DMPC, respectively. (b)
Typical locations of DMPC molecules from a top view of the bilayer. Red
spheres represent the location of DMPC molecules. The endpoints of the
black hexagons express the hexagonal arrangements of molecules around a
DMPC molecule, where the hexagons are parallel to each other.

We further studied the distribution of neighboring DMPC
molecules around a DMPC molecule. A vector V;; pointed
from the center of the i-th DMPC molecule to the j-th one
(see Fig. 3(a)). By means of the vector, the density distribu-
tion of neighboring molecules o (r) = (N;(r))/S with respect
to a distance r = |Vj;| and the angle distribution of neighbor-
ing molecules p(0) = (N;(0))/ [ N(6)d6 with respect to an
angle 0 =acos{V;;- X /(|V;;|| X|)} — a;- 360" could be ob-
tained. Herein, N;(r) and N;(6) are the numbers of neighbor-
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ing DMPC molecules around the i-th molecule with a distance
r and an angle O in the same layer, respectively. S is the area.
X is the unit vector of the x-axis for the simulation box, and
o;; is the switch constant of 6 with a value of 0 or 1 when
the projection value of V;; on the y-axis is positive or neg-
ative, respectively. The angular bracket denotes the average
over all DMPC molecules. Figure 3(b) shows that o(r) has
two peaks under both high (330 K) and room (300 K) tem-
peratures, which means that each DMPC molecule has two
shells consisting of neighboring DMPC molecules inside the
monolayer. When |Vj;| is less than 0.6 nm, the j-th molecule
belongs to the nearest neighbor shell of the i-th molecule.
The second neighbor shell of the i-th molecule labels the j-th
molecule whose |V;;| is larger than 0.6 nm and smaller than
1.2 nm. The results of p(6) are shown in Fig. 3(c). Un-
der the room temperature, p(6) has six peaks for the nearest
neighbor shell of a DMPC molecule. The peaks are located at
the angles of —148°, —85°, —26°, 32°, 95°, and 154°. Like-
wise, there are also six peaks of p(0) for the second neighbor
shell with 6 at —178°, —115°, —56°, 4°, 65°, and 124°. Re-
markably, the peaks of p(0) have an almost equal interval of
~ 60° for both the nearest and the second neighbor shells of a
DMPC molecule. Moreover, the angle displacements between
the peaks of p(0) for the nearest shell and the peaks for the
second neighbor shell are approximately 30°. These results
confirmed that the lipid bilayer self-assembles into a hexag-
onal arrangement structure under room temperature. For the
case of high temperature, p(6) of the nearest neighbor shell
has four peaks with 6 at —160°, —20°, 20°, and 160°; the cor-
responding four peaks of the second neighbor shell appear at
angles of —108°, —62°,73°, and 118°. Therefore, the hexago-
nal arrangement structure of lipids in the cell membrane exists
at room temperature rather than at high temperature.

—120 60 60

120 180
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Fig. 3. Distribution of neighboring lipid molecules around a DMPC molecule. (a) Schematic diagram of molecular locations under a hexagonal
arrangement structure. Red balls represent the locations of molecules; V;; is the vector from molecule i to j. (b) Radial distribution density
of neighboring molecules around a DMPC molecule, black and red lines show the cases at 330 K and 300 K, respectively. (c) Probability
distribution (p) of neighboring molecules around a DMPC molecule with respect to the angle 6 between V;; and the x-axis of the simulation
box. The upper and lower panels represent the cases where V;; points from a DMPC molecule to the nearest neighbor and the second-nearest
neighbor, respectively. Gray circles and red squares correspond to the conditions with system temperatures at 330 K and 300 K, respectively.
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Free energy landscape allows the self-assembly process
of bio-macromolecules to be described and visualized in a

r.1541 We thus investigated the relative free

meaningful manne
energy landscape of a DMPC molecule. Two parameters ry =
|Vij| - cosB and ry = |Vj;| -sin® were applied to explore the
free energy at the position (rx,ry) around a DMPC molecule.
The free energy fluctuation can be estimated using the follow-

ing equation: 335!

F(rx,ry) = —1\/A]€BTIII[P(VX,I‘Y)]7 (1)

where P(rx,ry) is the probability of neighboring DMPC
molecules falling into a grid which has an area of 0.5 Ax0.5 A
and centers around the point (rx,ry); Na is the Avogadro con-
stant; kg is the Boltzmann constant; and 7 is the average
temperature of the simulated system. Figure 4(a) shows that
there are six regions with low free energy around each DMPC
molecule. The regions are in line with the nearest neighbor
shells of any one molecule in the structure with a hexagonal
arrangement consisting of lipids. Likewise, another six re-
gions with a lower free energy also exist farther away from
the molecule, corresponding to the second neighbor shells of
the hexagonal arrangement structure. Each DMPC molecule

. I 26.40

26.95
27.50
28.05
28.60
29.15
29.70

ry/nm

| F/kJ-mol-!

(b)

Fig. 4. Free energy landscape of lipid molecule in bilayer. (a) Land-
scape of the free energy fluctuation (F') around a DMPC molecule with
respect to parameters ry and ry. The red and blue colors correspond to
the free energy fluctuation with lower and higher values, respectively.
The unit of free energy fluctuation is kJ/mol. The solid and dashed
hexagons represent the nearest and second neighbor regions of a DMPC
molecule, respectively. (b) 3-dimensional arrangement sketch of lipids
in bilayer membrane, where a cylindrical lipid molecule consists of a
red ball and two gray curves.

has a similar free energy landscape, so phospholipid molecules
in the bilayer are likely to self-assemble concertedly into a
hexagonal arrangement structure as 3-dimensionally shown in
Fig. 4(b).

4. Conclusion and perspectives

To summarize, MD simulation was employed to investi-
gate the arrangement structure information of phospholipids in
cell membranes under native conditions. On the basis of the
simulation, we found that lipids in cell membranes can self-
assemble into a hexagonal arrangement structure under phys-
iological conditions. The underlying mechanism is attributed
to the free energy surface of each DMPC that exists in sev-
eral regions with hexagonal arrangements, where the regions
possess a lower free energy.

It is worth noting that phosphatidylcholine is a strong po-
lar molecule, which is tunable by an electromagnetic signal.
Recent research disclosed that biological membranes might
play a role in the transmission waveguide of light informa-
tion in vivo.5’°1 Advances in lipid arrangement structure in
biological membranes may provide an understanding of the
recording, duplication, and transmission of information in bi-

ology.
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