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While the surface tension of a cell membrane, or plasma membrane, regulates cell functions, little is

known about its effect on the conformational changes of the lipid bilayer and hence the resulting changes
to the cell membrane. To obtain some insight into the phase transition of the lipid bilayer as a function of
surface tension, we used a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayer as a model lipid

=

bilayer and aquaporin (AqpZ), a transmembrane channel protein for water, as a model embedded protein.
A coarse-grained molecular dynamics simulation was applied to illustrate the phase transition behavior of
the pure DPPC bilayer and aquaporin-embedded DPPC bilayer under different surface tensions. It was
shown that an increased surface tension reduced the phase transition temperature of the DPPC bilayer. As
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for the DPPC bilayer in gel form, no significant changes occurred to the structure of the bilayer in

response to the surface tension. Once in a liquid crystal state, both the structure and properties of the

DPPC bilayer, such as area per lipid, lipid order parameter, bilayer thickness and lateral diffusion

coefficients, were responsive to the magnitude of surface tension in a linear way. The presence of

aquaporin attenuated the compact alignment of the lipid bilayer, hindered the parallel movement, and thus

made the DPPC bilayer less sensitive to the surface tension.

Introduction

In vivo, the surface tension of plasma membranes of cells
regulates the biological, physical and chemical functions of the
cell', such as endocytosis, exocytosis, cell motility, cell
spreading, photoresponsiveness® and mechanoresponsiveness.® In
vitro lipid vesicles embedded with membrane proteins in bio-
sensors® and bio-separation® devices may also experience the
changes in the environmental osmolality, which leads to changes
of surface tension® of bilayers in a much larger scale than in
biological environment and thus affects the performance of these
devices.

Phase transitions are basic and important phenomena for lipid
bilayer and could influence its structural and dynamical
properties greatly. There are many factors controlling phase
transitions, like temperature, lipid components, and tail length of
lipid and so on. It has been reported both experimentally’ and
theoretically® that surface tension could induce phase transition.
The challenges to the experimental study of the effects of surface
tension on lipid bilayer conformation and function can be
attributed to the notorious weak forces involved in lipid bilayers
and, consequently, the fragile nature of bilayers. Rutkowski et al.
studied the mechanical properties of lipid unilamellar vesicles
using osmotic-swelling methods’ but found that large unilamellar
vesicles formed from acidic lipids, due to its polydispersity, did
not swell in a manner that permitted the computation of a
Young's modulus. Hamada et al.” found that membrane tension
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could induce phase separation in a homogeneous membrane.
They established a quantitative phase diagram of phase
organization with respect to applied pressure and temperature for
homogeneous membranes. Evans et al.'® have proposed a direct
method of tuning the surface tension of a membrane, in which a
single giant unilamellar vesicle is held and stretched with a
micropipette; they then studied the kinetic process of membrane
breakage using a causal sequence of two thermally activated
transitions. Atomic force microscopy has also been applied to
measure the mechanical properties of a nearly planar freestanding
lipid bilayer covering a nanoscopic hole with a defined pore
size.!' The application of this method is, however, limited by the
pore size. Recently, Lin et al. were able to control the area-per-
lipid of a lipid monolayer with a Langmuir trough,'? but the
preparation of a lipid bilayer in a Langmuir trough is not
convenient. While great efforts have been made to the
experimental study of surface tension’s effects on the structure
and properties of lipid bilayer, a comprehensive picture is still
under construction, to which simulation studies may provide a
molecular insight being complementary to the experimental
observations.

Growing efforts have been directed to the computational study of
properties and behaviors of lipid bilayer membranes."”> The
methods applied to date include self-consistent field theory,®
dynamical triangulation Monte Carlo," dissipative particle
dynamics,'” all-atom molecular dynamics'® '” and coarse grained
molecular dynamics'® . The influences of surface tension on the
phase behavior of lipid bilayers are, however, rarely studied.

This journal is © The Royal Society of Chemistry [year]
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Cascales et al. carried out atomic molecular dynamics
simulations of a DPPC bilayer and found that low surface
pressures ranging from 0.1 to 1 mN/m did not affect the structure,
electrical properties, or hydration of the lipid bilayer. Once the
surface pressure was above 40 mN/m, the mesomorphic transition
from a liquid crystalline state to a gel state occurred.? Uline et al.
studied the phase behavior of lipid bilayers under different
surface tensions using self-consistent field theory® and found that
an increase in the surface tension decreases the transition
temperature from a liquid disordered to a liquid ordered phase in
a pure DPPC system. The effect of surface tension on the phase
transition of lipid bilayers and its properties, however, has not yet
adequately been investigated by such simulations, especially for
lipid bilayers embedded with membrane proteins. Our
understanding of the effect of surface tension on the structure,
function and other properties of lipid bilayers, generated either
from experiment or computation, is far from sufficient.

Coarse grained models allows one to study the phase transition of
lipid bilayer in a much larger time scale and system size with
more generic features. Though the loss in atomic detail
information may bring about inaccuracy in describing the
dynamics of the process, they could capture the equilibrium
properties nicely?'. The objective of the present study is to obtain
insight into the surface tension’s effects on the gel/liquid crystal
phase transition behavior of lipid bilayers with and without
embedded membrane proteins using coarse grained molecular
dynamics simulations. While this gel/liquid crystal phase
transition may not be directly relevant with biological activities
as the liquid-disordered/liquid-ordered transition, the underlying
driving forces are highly relevant’' and these phases may easily
induced by adding additional component in the bilayer. What’s
more, in engineering environments where these biomembranes
are used for biosensor or bioseparation, the changes of surface
tension and temperature are much larger than in biological
environment, the gel/liquid crystal phase change may be more
common and more important due to the violent change of bilayer
properties between gel and liquid phases. Here a
dipalmitoylphosphatidylcholine (DPPC) bilayer, one of the most
extensively examined phospholipids experiments and
simulations,'” '® # was chosen as the model lipid membrane;
also, aquaporin (AqpZ), a water channel protein found in a wide
range of organisms,” was chosen as the embedded membrane
protein. Coarse-grained molecular dynamics® developed by
Marrink ef. al. were applied to simulate the effects of surface
tension on the structure and property of the DPPC bilayer,
including area per lipid, lipid order parameters, membrane
thickness and planar diffusion coefficients of the lipid molecules.
With these we hope to generate insight into the surface tension’s
effects on the phase transition behavior of lipid bilayers with and
without membrane proteins.

in

Materials and Methods
Model

The simulations were conducted with the Gromacs 4.5.5
platform,”® using the Martini force field®* *® that was first
proposed by Marrink et al. This coarse grained force field has
been well demonstrated to capture the equilibrium properties
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during the lipid bilayer gel/liquid crystal phase change?'. Fig. 1(a)
and Fig. 1(b) show the coarse-grained model of the pure DPPC
bilayer and AqpZ-embedded DPPC bilayer, respectively.

The lipid bilayer was composed of 216 DPPC molecules, which
were equally distributed in each layer. We also conducted a series
of simulations with a fourth larger pure DPPC bilayer (864 DPPC
molecules) at coupling temperature 300K under differing surface
tension. The result is the same as for a lipid patch with 216
molecules. This indicates that finite size effect is negligible,
which is also observed by R. Faller et.al in their simulation of
DSPC/DLPC mixtures'® 2’Each DPPC molecule consists of 12
coarse grained beads with equal 72 amu masses. The sn-1 and sn-
2 acyl tails of a DPPC molecule were represented by four
connected hydrophobic apolar beads, C1B to C4B and C1A to
C4A, respectively. The polar head group was represented by a
negatively charged phosphate group (PO4) and a positively
charged choline

() (b)

Fig. 1 DPPC bilayer membrane (a) and DPPC bilayer embedded with
AqpZ (b) used in the simulations. The water bead (W) comprises four
actual water molecules and is shown in cyan color. AqpZ is shown in
Licorice style with the backbone beads colored purple and side chain
beads colored yellow. DPPC is consisted of a hydrophilic headgroup
(PO4, NC3), intermediate hydrophilic backbone (GL1, GL2), and two
acyl tails model by four hydrophobic particles. DPPC is shown in
Licorice style (a) and Line style in (b) to clearly show the protein.

group (NC3). The glycerol backbone was represented by two
neutral beads (GL1 and GL2), among which GL1 linked the
phosphate group and the sn-2 acyl tail together, while GL2 linked
the GL1 and sn-1 acyl tail together. The atomic model of AqpZ
was obtained from the RCSB Protein Data Bank® (PDB code:
IRC2). For the AqpZ-embedded lipid bilayer, the protein was
transformed into a coarse grained representation in the Martini
force field using a method described elsewhere.”® The total
charge of the protein was zero. To keep the box size in x-y plane
similar, 160 DPPC molecules were arranged around AqpZ. This
lipid:protein ratio of 160:1 is typical in biomembrane and in
experiments’. Four water molecules were treated together as one
coarse-grained bead with a mass of 72 amu, denoted as W. The
number of solvent particles were 3778 and 3759 for the DPPC
bilayer and AqpZ-embedded DPPC bilayer, respectively. A
summary for the equilibrium simulations is listed in the ESI
Table S1.

Simulation Methods

All the simulations were carried out under periodic boundary
conditions. The Berendsen method®”” was used to keep the
temperature and pressure constant with coupling constants of 0.2
ps and 0.4 ps, respectively. The temperature coupling was
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achieved with two groups, each comprised of DPPC molecules
(DPPC molecules and protein, for the protein-embedded case) or
water beads. The pressure coupling was achieved in a semi-
isotropic way with a constant pressure of 1 bar in the direction
normal to the membrane (i.e. the z direction, as shown in Fig. 1)
and a constant surface tension in the plane parallel to the
membrane plane (i.e., the x-y plane, as shown in Fig. 1).
According to the standard Martini force field, the electrostatic
and Lennard-Jones interactions shifted from 0.0 nm and 0.9 nm to
1.2nm and 1.2 nm, respectively. The integration time step was 40
fs. Considering the advantages of the Martini force field** in
accelerating the simulation speed, the simulation time shown in
this study was four times longer than real time, i.e., 1 us of
simulation time corresponded to 4 ps of real time.

A series of simulated annealing simulations were first conducted
to roughly determine the range of temperature and surface tension
during which phase transition may occur (ESIf, Fig. S1). Based
on these information, equilibrated simulations were designed and
conducted. For equilibrated simulations at a given temperature
and surface tension, the starting conformation was obtained from
the last frame of the 1 ps equilibration runs at 305 K with a zero
surface tension. Then, the production runs were run for 8 ps to
guarantee the system reached equilibrium. The properties were
averaged from the last 2 ps of the simulation trajectories.

Analytical Methods

All properties of the DPPC bilayer at different temperatures and
surface tensions were averaged from the last 2 ps of the
simulation trajectories, before which the system was equilibrated
for at least 6 s to ensure the system reached equilibrium.

The area per lipid, denoted as APL, which reflects the density of
lipid molecules and thickness of the lipid bilayer, was calculated
according to the method proposed by Allen et al.*® Briefly, the
simulation box was firstly divided into a 20%20 grid in the x-y
plane. Each grid point was assigned a z-value based on the z
coordinate nearest reference particle (PO4 particle) in the same
leaflet. The thickness at that grid point is the difference between
the z-value in each layer. Points with the same z-values
correspond to the same reference particle, so the area they
occupied was the APL for that reference particle.

The lipid order parameter is defined as

1

SZ=§<COSZ 92)‘5 1)

in which 6, is the angle between the vector defined by two atoms,
C3A—Cl1A, along the positive z axis. The value of S, is between
—0.5 and 1. With S, = 1, the C3A—CI1A vectors lie parallel or
anti-parallel to the z direction perfectly, which corresponds to a
fully ordered state. While S, = 0 represents a fully disordered state
in which the acyl tails move with total freedom.

To obtain the density profile of the DPPC, the box was divided
into slices with a thickness of about 0.1 nm in the z direction, and
the mass densities of the DPPC molecules were calculated in each
slice.

Phosphorous group beads (PO4) were used to represent the
position of the same molecule when calculating the diffusion
coefficients.’ The lateral diffusion coefficient of the lipids in the
membrane plane, i.e., the x-y plane, was calculated using the
Einstein relation shown in Equation 2, in which r 0) is the
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position of the i-th PO4 bead at the initial time (IO =0), and
r (t ) is the position of the i-th PO4 bead at time [ . Only the x-y
components of the coordinates are considered in the calculation.
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Thermodynamic analysis of surface tension’s effects

To probe the effect of surface tension on the phase transition
temperature, a thermodynamic relationship was developed®. For a
pure DPPC bilayer in this work, the internal energy U can be
expressed as:

U=TS-PV+yA+uN 3)
in which T, P, Y , and W are the temperature, pressure,
surface tension, and chemical potential of the lipids, respectively.
S, V,Aand N are entropy, volume, total area of the lipid
layer and total number of lipid molecules, respectively. Thus the
Gibbs-Duhem equation is

dyp=-sdT +vdP—ady 4)

in which s, v, and a are the entropy, volume, and area per lipid,
respectively. Equation (4) can be used to describe both the liquid
crystal phase and gel phase of the DPPC bilayer, namely

dy, =-s,dT +v,dP - ady (5)

duy,=-sdT +v,dP-ady

(6)

where / and g denote the liquid crystal phase and gel phase,
respectively.

At the phase transition point, the change of chemical potential
should be the same for both phases, i.e., d U= d K, .Thus,

(N

in which As, Av, Aa represent differences of entropies, volumes
and areas per lipid between two phases, respectively.

Here we consider the phase transition of the lipid bilayer as a
function of temperature and surface tension, thus based on
Equation (7), we have

(6T/87)P

—AsdT + AvdP — Aady =0

—Aa/As

= (®)

Since the changes of entropy and areas are both positive when the
bilayer changes from gel phase to liquid crystal phase, (3T /dy),
is negative.

For the lipid bilayer membrane embedded with membrane
protein, the relationship between (8T/dy), and — A a/As at
constant pressure can also be calculated by Equation (8).

Results and discussion
Phase transition under different surface tensions

The change of surface tension and temperature could both induce
the phase transition between liquid crystal phase and gel phase
for both pure DPPC bilayer and protein embedded DPPC bilayer.
The phase transition occurs in several nanoseconds (ESIf, Fig.
S1(b)) while lowering the temperature. Properties of the bilayer,

This journal is © The Royal Society of Chemistry [year]
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like area per lipid, lipid order, bilayer thickness and lipid lateral
diffusion coefficients, all show a sharp change near the transition
point (Fig. 4~8).

DPPC bilayer
20 ® AqpZ embedded DPPC bilayer

Surface tension (dynfcm)
=

E!
49
270

280 290 300
Temperature (K)

310

Fig. 2 Relation between critical surface tension and temperature. These

data are extracted from the critical point based on the change of APL in

Fig.3. Also shown is corresponding snapshot of the pure bilayer. Water
beads are not shown for clarity. (8y/dT),: DPPC bilayer (—1.27
dyn/(cm'K)), AqpZ-embedded DPPC bilayer (—1.73 dyn/(cm-K)).

Fig. 2 shows the change of the critical surface tension as a
function of temperature based on the change of APL as relation
of temperature and surface tension in Fig. 3. With a temperature
of 285K, the critical surface tension is about 0 dyn/cm, similar as
Marrink’s results'® and lower than the experimental value. The
coarse grained approximation is responsible for this'’. As the
temperature increases, the critical surface tension decreases
linearly, as predicted by the thermodynamic analysis.

For the pure DPPC bilayer, the calculated (dy/dT), is —1.27
dyn/(cm'K), namely, (0T /dy),=-0.79 K/(dyn/cm). This agrees
well with the value obtained by Uline ef al. using self-consistent
field theory® and the experimental results by Portet’> ef al. The
changes of areas during the phase transition is about 0.13 nm?,
and according to Equation (8), the change of entropies during the
phase transition is obtained, ie., As = 0.0991kJ/(K - mol) ,
which is similar to the 0.113 kJ /(K - mol) measured by Albon et.
al®

As for the AgpZ-embedded DPPC bilayer, (dy/dT), is —1.73
dyn/(cm'K), which is smaller than the value for the DPPC bilayer
(—1.27 dyn/(cm'K)). This suggests the presence of AqpZ, which
is a more rigid building block compared to the lipids, hindered
the conformational transition of the lipid bilayer. On the other
hand, the (AS) of the ApqZ-embedded DPPC bilayer is 0.104
kJ/(K-mol), which is similar to the bilayer that does not contain
AqpZ. This indicates the AqpZ has a marginal effect on the
entropy changes of lipids during phase transitions.

Effects of surface tension on APL

The APL changes of the DPPC bilayer with and without
embedded protein were calculated and are shown in Fig. 3. In
these cases, 8-us-long MD simulations at a specific temperature
and surface tension were carried out to ensure the systems
reached equilibrium. All properties of the DPPC bilayer were
obtained from the data collected from the last 2 ps.
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Fig. 3 Area per lipid (APL) as function of surface tension and temperature
for (a) DPPC bilayer; (b) AqpZ-embedded DPPC bilayer at different
temperatures. The sharp jumps of the APL denote the phase transition of
the bilayer.

It is shown in Fig. 3 that, when the surface tension is 0 dyn/cm,
the area per lipid at 305 K is about 0.59 nm?, which agrees with
the value obtained by Marrink et al?* Once the APL is below
0.47 nm?, the DPPC bilayer exists in a gel phase.'® The increase
of surface tension from —50 dyn/cm to 50 dyn/cm has little effect
on the APL of the gel phase DPPC bilayer. When the APL is
above 0.58 nm? the DPPC bilayer exists in the liquid crystal
phase. Increases in both surface tension and temperature result in
significant increases in the APL, i.e., an enhanced fluidity of the
lipid bilayer.

Fig. 3(b) shows the changes of the APL of the AqpZ-embedded
DPPC bilayer at different temperatures and surface tensions. The
critical value of the APL in the gel phase is around 0.5 nm?,
which is slightly higher than that of the pure lipid bilayer (0.47
nm?), indicating that the presence of AqpZ, which possesses an
irregular shape, gives more space for lipid molecules in the
bilayer. When the AqpZ-embedded lipid bilayer exists in the gel
phase, increasing the surface tension from —50 to 50 dyn/cm has
no effect on the APL. When the bilayer is in the liquid crystal
phase, although increasing the surface tension leads to an increase
in the APL, the enhancement is lower than that of the bilayer
without AqpZ, i.e., the interaction between the AqpZ and lipid
molecules hindered the fluidity of the DPPC bilayer in the liquid
crystal phase.

Effects of surface tension on lipid order

Fig. 4 shows the effect of surface tension on the lipid order
parameter (S;,) of the DPPC bilayer at different temperatures.
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Fig. 4 Liquid order parameter (S7) as a funciton of surface tension for (a)
DPPC bilayer; (b) AqpZ-embedded DPPC bilayer at different
temperatures.

For the pure DPPC bilayer, as shown in Fig. 4(a), S, is near 0.9 in
the gel phase, indicating that the lipid tails are arranged in nearly
parallel order. This is due to the confined movements of the
lipids, as shown in Fig. 3(a). It is also shown in Fig. 4(a) that the
surface tension has little effect on the value of S, in the gel phase.
For the DPPC in the liquid crystal phase, however, an increase of
the surface tension leads to a decrease of S, from 0.6 to 0.3, i.e.,
the lipid tails become less ordered.

While a similar response is observed in the AqpZ embedded
DPPC bilayer, a major difference is that the value of S, is lower
than that of pure DPPC bilayer in the gel phase. This suggests the
presence of AqpZ does not favor the ordered structure of the lipid
bilayer in the gel phase. Similar changes have also been shown
when carbon nanotube is inserted into the membrane®* *. This
may result from the hydrophobic mismatch between the inserted

4 | Journal Name, [year], [vol], 00—00
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structure and rigid nature of the protein, which renders a non-
ideal lipid arrangement, and is similar to the role of cholesterol in
tuning the properties of lipid membranes.*®

The density profile of lipids along the z direction
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Fig. 5 Density profile of lipids along the z direction of DPPC bilayer at
290 K for (a) DPPC bilayer; (b) AqpZ-embedded DPPC bilayer. (z=0
corresponds to the center of the DPPC bilayer membrane).

10 To illustrate the structure of the lipids in the bilayer, the density
profiles of lipid molecules along the z direction are calculated and
shown in Fig. 5.

Compared to the pure DPPC bilayer shown in Fig. 5(a), the
densities of the lipid molecules in the AqpZ-embedded DPPC

15 bilayers are lower at the same surface tensions. This is caused by
the volume occupation of AqpZ. It is seen from Fig. 5 that, once
in the gel state, a high lateral compaction leads to a higher
membrane thickness when AqpZ is present and absent. The

DPPC
bilayer

AgpZ
embedded i
DPPC bilayer

-50dyn/cm -40dyn/cm

density profile remains unchanged under different surface
20 tensions. Once the surface tension exceeds the critical point, the
thickness of the lipid bilayer membrane abruptly changes, as
shown in Fig. 3 and Fig. 4, i.e., a phase transition occurs. In the
case of the liquid crystal phase, the increase in the surface tension
leads to a significant decrease in the density of lipids in the
bilayer membrane. The response was weakened once AqpZ was
embedded into the bilayer, ie, the interaction with AqpZ
enhanced the stability of the lipid bilayer in liquid crystal phase,
as shown in Fig. 3 and 4.

)
G

Membrane thickness under surface tension

30 To further display the responses of the DPPC and AqpZ to
surface tension, we calculated the thickness of the DPPC bilayer
in the x-y plane under different surface tensions, the results are
given in Fig.6.

Thickness fluctuations were present in all cases, and this reflects

35 the characteristic fluidity of the lipid bilayer. The local thickness

of the DPPC bilayer decreases once the surface tension increases,

and similar responses were also seen in lipid area 2 nm away
from the protein surface in the AqpZ-embedded bilayer. In
contrast, the thickness of the lipid bilayer within 2 nm from AqpZ
surface showed less significant changes with different surface
tension. This results again indicate the stabilization effects of
AqpZ.

=
S

0dyn/cm

50dyn/cm

Fig. 6 Bilayer thickness profile in the x-y plane for pure DPPC lipid bilayer and AqpZ-embedded DPPC bilayer under different surface tensions at 290 K.
45 The thickness is defined as the distance between a pair of phosphorous group beads in each monolayer at the at the corresponding x-y coordinates. Here
the x, y coordinates has been scaled with the box length.

For AqpZ embedded lipid bilayer with a zero surface tension, we
can see that near some part of the protein, the lipid bilayer
thickness is lower than the pure DPPC bilayer, about 3.6~4.0nm.
so This is due to the hydrophobic match between lipid bilayer and
protein. All-atom simulations of glyceroporin GIpF*’, another
typical member of the aquaporin family, in POPC or POPE
bilayer found similar behavior with a bilayer thickness of about
3.6nm near GIpF. We can also see that the bilayer thickness near
ss the protein surface is not the same and the fluctuation is about
Inm. Since we used AqpZ monomer, this could be the reason for
why AqpZ monomer could function independently but usually
exist in the form of tetramer®® in biological environment.
For cases with surface tension lower than zero, the bilayer
e thickness near the protein are larger than 3.6nm, but still lower
than that of the corresponding pure DPPC bilayer. Whereas for

lipid bilayer with high surface tension, the lipid bilayer thickness
near the protein is larger than that of the pure lipid bilayer. These
above discussions show that surface tension is an important factor

s to tune the hydrophobic match/mismatch between lipid bilayer
and membrane protein, thus controlling the structure and
functions of the protein.

Lateral movement of DPPC molecules in the bilayer

The movement of lipid molecules can be clarified into two
70 categories, translocation of lipid molecules in the parallel
direction of the membrane and flipping of lipid molecules
between two monolayers of the membrane. For the present study,
the simulation time was not sufficient to display the flipping of
lipid molecules. Here we monitored the translocation of lipids in
75 the parallel direction in the x-y plane, and then calculated the
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diffusion coefficient using the method described above. The
results are given in Fig. 7.
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Fig. 7 Lateral diffusion coefficients of DPPC molecules in lipid bilayers
for (a) DPPC bilayer; (b) AqpZ-embedded DPPC bilayer.

As shown in Fig. 7, the average diffusion coefficients in the gel
phase for both the pure DPPC bilayer and the AgqpZ-embedded
bilayer are around ~1 X 10°cm?s™"; this value is one or two
orders of magnitude lower than that in the liquid crystal phase. In
all cases, the increase in either temperature or surface tension
increases the fluidity of the lipid bilayer. The presence of the
membrane protein in the lipid bilayer when in the liquid crystal
phase hindered the fluidity of the lipid bilayer. This is similar to
cholesterol in tuning the properties of lipid membranes.*

Conclusions

The present study has probed, by coarse-grained molecular
dynamics simulation, the effects of surface tensions on the
structural transition of a DPPC lipid bilayer. In the gel phase
when the ordered lipid molecules are densely compacted, the
surface tension has a marginal effect on the structure as indexed
by the area per lipid, the lipid order parameter, the density profile
and the thickness of the DPPC bilayer; this was also the case for
the lateral movement of the lipid molecules, as indexed by the
lateral diffusion coefficients of lipid molecules. Once in the liquid
crystal phase, the increase in the surface tension increases the
APL and the lateral diffusion coefficients of lipid molecules
while it decreases the lipid order parameter and the thickness of
the lipid bilayer, i.e., the fluidity of the bilayer increases. The
addition of the membrane protein (AqpZ) makes the bilayer less
sensitive to the surface tension. For the lipid bilayer in the gel
phase, the presence of the membrane protein led to a less ordered
structure compared to the pure lipid bilayer. For the lipid bilayer
in the lipid crystal phase, the membrane protein hindered the
parallel movements of lipid molecules and thus reduced the
fluidity of the lipid bilayer. The above simulation established
some insight into the phase transition of the lipid bilayer as a
function of surface tension, which is helpful for understanding
and utilizing lipid bilayers.
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