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Abstract A very important part of the living cells of
biological systems is the lipid membrane. The mechanical
properties of this membrane play an important role in
biophysical studies. Investigation as to how the insertion of
additional phospholipids in one leaflet of a bilayer affects
the physical properties of the obtained asymmetric lipid
membrane is of recent practical interest. In this work a
coarse-grained molecular dynamics simulation was carried
out in order to compute the pressure tensor, the lateral
pressure, the surface tension and the first moment of lateral
pressure in each leaflet of such a bilayer. Our simulations
indicate that adding more phospholipids into one mono-
layer results in asymmetrical changes in the lateral pressure
of the individual bilayer leaflets. Interestingly, it has been
observed that a change in phospholipid density in one
leaflet affects the physical properties of unperturbed leaflet
as well. The asymmetric behavior of the physical properties
of the two leaflets as a result of a change in the contribution
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of the various intermolecular forces in the presence of
additional phospholipids may be expressed formally.

Keywords Molecular dynamics - Nanomechanical
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Introduction

In biophysics it is challenging and interesting to study the
structure and dynamics of the supramolecular assembly of
lipids in biological membranes and to modulate their prop-
erties. In traditional understanding of membrane deforma-
tions the membrane is modeled as a smooth, structureless
sheet with energetic penalties due to bending and stretching
(Helfrich 1973; Canham 1970). When a more detailed study
is required, the molecular details of each monolayer come
into play as well. At the macroscopic level, liquid crystal
theory tells us that the orientation of the lipids must be taken
into account (Frank 1958). On smaller length scales, the
monolayer surfaces are no longer smooth and include
molecular protrusions (Lipowsky and Grotehans 1994;
Israelachvili 1985; Perozo and Rees 2003).

The hydrophobic and hydrophilic properties of the semi-
flexible phospholipid molecule emerged from characteristics
including the chemical nature of its headgroup and type as
well as the length of its fatty acyl chains. The amphiphilic
property of individual lipid molecules and chemical compo-
sition of nanobiomembranes are responsible for a wide range
of physical and biological properties. As a result of the dif-
ferent types of possible interactions between headgroups and
acyl chains, one may expect an inhomogeneity in the mem-
brane, which gives rise to a nonuniform pressure profile.

Many theoretical and computational approaches have
been used to investigate the pressure distribution in lipid
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bilayers in the past two decades (Szleifer et al. 1990; Goetz
and Lipowsky 1998; Xiang and Anderson 1994; Harries
and Benshaul 1997; Venturoli and Smit 1999; Cantor 1998,
1999a, b; Lindahl and Edholm 2000; Shillcock and
Lipowsky 2002; Gullingsrud and Schulten 2004; Mukhin
and Baoukina 2005; Patra 2005; Carrillo-Tripp and Feller
2005; Frischknecht and Frink 2006). Theoretical models
are usually based on a mean-field approximation and focus
on descriptions of the hydrocarbon chain conformations in
a lattice or continuum representation. The headgroups are
not treated explicitly; their contribution enters as a function
of the lipid surface density. Interactions between the
hydrophobic and hydrophilic parts are usually localized at
the interface by setting an effective surface tension. These
models allow calculation of the pressure distribution in the
hydrocarbon chain region for lipid bilayers.

While theoretical models can consider such properties as
the magnitude of surface tension, headgroup repulsion,
length, and unsaturation of the hydrocarbon chains, they
are still unable to cover the molecular details of the system.
Computer simulations can supply an atomic level of detail
and include all intermolecular interactions. Molecular
dynamics (MD) simulations have been used to study lateral
pressure profiles in lipid bilayers of varying composition,
containing sterol alcohols (Griepernau and Bockmann
2008; Terama et al. 2008) and polyunsaturated hydrocar-
bon chains (Ollila et al. 2007a, b).

It should be mentioned that MD simulations, both of
coarse-grained (CG) and atomistic models, also have been
used to study the lateral pressure profiles in lipid mono-
layers (Baoukina et al. 2010).

Although calculation of pressure profiles itself is an
important subject in biological studies, from another point of
view it is important in analysis of different functions of
mechanosensitive channels, geometric models of protein
conformational equilibrium, and so on (Cantor 1999a, b;
Anglin and Conboy 2008). In an interesting study, a 3D
pressure profile was calculated by Ollila et al. (2009), and a
position-dependent pressure distribution across the interface
was obtained in bilayers with coexisting gel and liquid crys-
talline phases.

Lateral pressure profiles in lipid bilayers are significant
because they may affect the function of proteins in cell lipid
bilayer membranes (de Kruijff 1997). If the protein activity
involves nonuniform changes in its cross-sectional area, then
variations in the bilayer lateral pressure profile can shift the
protein conformational equilibrium (Cantor 1997; Baoukina
et al. 2010). Also, perturbations of bilayer lateral pressure
induced by small amphiphilic solutes have been proposed as
amechanism of general anesthesia (Cantor 1997; Gruner and
Shyamsunder 1991; Seddon and Templer 1995).

In the literature the subject of asymmetric lipid bilayers
usually refers to bilayers that are constructed from different
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phospholipid molecule types (Bretscher 1972; Gurtovenko
2005).

In only a few studies are cases in which a difference
between the number of phospholipids (i.e., density of
phospholipids) in the two leaflets of the bilayer described
as asymmetry in the membrane (e.g., Perozo and Rees
2003).

In this study we focus on the asymmetry resulting from
different densities of phospholipids in each leaflet. The
presence of additional phospholipids in one of the mem-
brane’s leaflets, which leads to having an asymmetric
bilayer as a consequence, affects the pressure profile and
the accompanying lateral pressure. Such physical effects
may have profound biological consequences. In some
interesting cases like liposome formation and gating of
mechanosensitive membrane channels, it is very important
to know the effect of asymmetric distribution of phos-
pholipids on the mechanical properties of the lipid bilayer
(Perozo and Rees 2003; Melzak et al. 2008; Liang et al.
2004). It should be explained that the structure of some
biological systems like liposomes is based on the differ-
ence between the density of phospholipids in two leaflets.
Thus, it is essential to investigate the effect of asymmetry
of phospholipid density on the physical properties of the
system. Moreover, it is important to know what will hap-
pen if some additional phospholipids insert in a monolayer
that includes a membrane protein or binds with another
type of proteins or peptides.

We propose that adding some phospholipids into one
leaflet of the bilayer changes the pressure profile in the
membrane and modulates the surface tension of each
monolayer in an asymmetric way. One of the interesting
observations of this study is that the change in phospho-
lipid density in one leaflet affects the unperturbed leaflet as
well. Our computational method for calculation of a pres-
sure tensor is based on a computational procedure imple-
mented on GROMACS as a modified version for
computing a 3D pressure field (Ollila et al. 2009).

Materials and Methods

Various steps of the present work from system preparation
to final properties calculations are illustrated below.

Step 1: Fine-Grained System Preparation

The GROMACS package was used for MD simulations
(Berendsen et al. 1995). The equilibrated united-atom
representation of POPC molecules in a planar bilayer
arrangement was adopted as a membrane model in our fine-
grained (FG) simulations (Kukol 2009). The solvated and
neutralized system was composed of a bilayer normal to
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Fig. 1 POPC lipid membrane simulated with coarse-grained MARTINI force field

the z direction with 256 POPC molecules at the box center.
At constant volume and temperature [number, volume,
temperature (NVT), 300 K], a successive procedure of
minimization and short-length MD simulation was
employed in order to remove bad contacts and set up
equilibrium atomic velocities, respectively. A final 30 ns of
MD simulation was carried out under constant pressure and
temperature [number, pressure, temperature (NPT), 1 bar
and 300 K] to stabilize the predefined pressure and corre-
sponding box volume. Water was modeled as a three-point
molecule, while ffG53a6 force field parameters were used
to model other constituents of the system. All simulations
were performed on a dual quad core Xeon system with a
clock speed of 2.4 GHz.

Step 2: Coarse-Grained MD Simulation

In order to characterize a near-realistic pressure field, it
was necessary to convert the system to the CG configura-
tion (Ollila et al. 2009). For the simulation, a CG
MARTINI force field was used, along with a previously
proposed CG simulation procedure (Marrink et al. 2004,
2007; Monticelli et al. 2008) (Fig. 1). Following energy
minimization and short-length NVT simulation, the system
was subjected to a 500 ns NPT equilibration (1 bar,
300 K). A 1 ps NPT simulation was performed in order to
produce the required input data for the pressure distribution
calculations. In all simulations, the CG time step was set to
20 fs. To evaluate the effect of the presence of some
additional phospholipids on the membrane pressure field,
five different system sizes were prepared using 256, 257,
258, 260 and 264 POPC molecules. The respective sym-
metric system with 256 functioned as the reference system.
The size of the simulation box in the CG model with 256
phospholipids was 9.53 x 9.54 x 12.21 nm.

Step 3: Calculation of the 3D Pressure Field

A modified GROMACS version tailored for pressure field
calculations was used along with the standard GROMACS
version 4.5 to calculate the pressure profile and surface
tension in the CG simulated systems (Ollila et al. 2009;
Hess et al. 2008). Pressure calculations were based on
virial pressure relations (Lindahl and Edholm 2000; Ollila
et al. 2007a, b; Schofield and Henderson 1982; Goetz and
Lipowsky 1998). The applied add-on to the GROMACS
package uses the technique described in Lindahl and Ed-
holm (2000) along with the Irving and Kirkwood (1950)
convention of contour choice. Though the pressure and
stress profile calculation for CG employs the Harasima
(1958) convention, it has been shown that the contour
choices of both Irving-Kirkwood and Harasima yield
consistent results for planar bilayers (Perozo and Rees
2003; Sonne et al. 2005).

It should be mentioned, however, that the stress profile
of monolayers and bilayer in these liquid phase systems is
the negative of the calculated pressure profile.

Step 4: Surface Tension Calculations

The surface tension of a layer between z; and z, corre-
sponding to the bottom and top heights, respectively, of
either a bilayer or a monolayer can be calculated from the
pressure tensor according to the formula

22

r = [ 1P - P
21

in which P,, is the normal component of the pressure

tensor, and Py is the lateral pressure, which is equal to

(Pyx + Py,)/2. The integrand of y is traditionally referred to

as the lateral pressure (Rowlinson and Widom 1982).
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Step 5: Calculation of First Moment of Pressure

The first moment of the lateral pressure is related to the
elastic properties between z; and z, via

ok = / U2 = 2)[PL) — Pu@)]dz

200 T T T T T T T T

Pressure har

Fig. 2 Lateral pressure profile of lipid bilayer system comprising 256
phospholipids as the reference system and two developed systems
including four and eight additional phospholipids in top leaflet.
Changes of pressure are sensible for systems with four and eight
POPC molecules

where ¢y denotes the spontaneous curvature with respect to
a pivotal plane zp and k is the bending modulus (Safran
1994).

Results and Discussion

We studied the effect on the physical properties of a bio-
logical system when prototypes with properties exactly the
same as the initial phospholipids are embedded in it. The
reference system is a bilayer consisting of 256 POPC
molecules. The physical properties were calculated four
times, in four conditions: conditions in which one, two,
four, and eight phospholipids were added, in that order, in
the top monolayer. The results are presented below.

Pressure Field Profile of a Lipid Bilayer in the Presence
of Additional Phospholipids in One of the Monolayers

The lateral pressure profile in a lipid membrane is the result
of internal forces that act in the direction of the membrane
plane in the different regions of the lipid bilayer. The
integrated lateral pressure profile across the membrane,
however, should vanish to ensure mechanical stability and
satisfy the equilibrium condition. Nevertheless, the profile
may display different behaviors in different regions in the
membrane due to a variety of interactions whose relative

Fig. 3 Surface tension (mN/m)
contour map for systems
comprising 260 and 264 POPC
molecules. Top row shows
results for top leaflets, and
bottom row shows results for
bottom leaflets: a 260 POPCs,
b 264 POPCs
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Fig. 4 Plot of first moment of lateral pressure (10~'° J/m) for
simulated system comprising 256, 260 and 264 POPC-molecule
phospholipids. Top row shows result for top leaflets, middle row

Fig. 5 The anticipated curvature of nanobiolipid membrane as a
result of asymmetry in phospholipid density

importance varies across the membrane. Usually, the lat-
eral pressure profile can be divided in three different parts:
(1) a repulsive contribution in the hydrophilic headgroup
region as a result of electrostatic and steric interactions and

shows results of bottom leaflets and bottom row shows results for the
bilayers in each case: a 256, b 260 and ¢ 264 POPCs

repulsion of hydration; (2) an attractive contribution from
the interfacial energy between the water and the lipid
phases, which works to minimize the surface area; and (3)
a repulsive contribution inside the membrane originating
from steric interactions between hydrophobic acyl chains
(Israelachvili et al. 1980; Israelachvili 1985; Marsh 1996).
Together these forces have been suggested to create a
nonuniform lateral component of local pressure inside the
lipid bilayer whose details may vary considerably from one
system to another (Marsh 1996; Seddon and Templer 1995;
Ollila et al. 2007a, b).

In this study, the pressure tensor was calculated for all
CG simulated systems and the corresponding reference
system. The lateral pressure profile for the reference system
is symmetric and shows a similar trend, exhibiting a global
maximum in the middle of the bilayer and a deep minimum
around the middle of each leaflet (Fig. 2). In addition, two
local maxima are present at the lipid—water interfaces.

Figure 2 also shows the corresponding lateral pressure
profiles for the systems with four and eight additional
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phospholipids. Clearly, the introduction of an extra POPC
molecule leads to an increase in the lateral pressure within
the corresponding leaflet and a decrease of that in the other
leaflet. For systems with one and two additional phospho-
lipids the variation in pressure is insignificant, but upon
adding four and eight POPC molecules a change of pres-
sure is clearly observed. Interestingly, in our case, the
symmetry of the maximum in the middle of the bilayer is
broken, which leads us to conclude that, based on what is
observed in this phenomenon, the change in the lateral
pressure profile is dissimilar for each monolayer.

Behavior of Surface Tension of the Bilayer
Membrane’s Different Leaflets in the Presence
of Additional Phospholipids in One Leaflet

For all simulated systems the surface tension is zero, as
predicted from the simulation situations: NPT ensemble
with one bar reference pressure. The surface tension con-
tour in the membrane plane is plotted for each of the
bilayer leaflets for 260- and 264-POPC systems (Fig. 3).
As is clearly seen, the surface tensions in the top and
bottom monolayers in each case are equal in magnitude but
have opposite singes. The top leaflets have a negative sign,
and the bottom ones have a positive sign.

Behavior of First Moment of Lateral Pressure
in the Presence of Additional Phospholipids in One
of the Leaflets

Dissimilar lateral pressure in the bilayer leaflets results
from changes in the contributing internal forces. The higher
pressure in the top leaflet implies that this layer thermo-
dynamically has a greater tendency to decrease the area
with respect to the upper leaflet. As a consequence, spon-
taneous curvature is anticipated to emerge in the mem-
brane. To quantify this phenomenon the first moment of
lateral pressure was calculated (Fig. 4). This parameter
gives the relation between lateral pressure and the elastic
properties of the lipid membrane. Average values of first
moment (kcg) for 256-POPC for the top and bottom leaflets
are  (—1,521.012 £ 0.5) x 107 and (1,521.621 +
0.5) x 10" J/m, respectively, whereas for 260-POPC the
top and bottom leaflets are (—1,413.26 & 0.5) x 10713
and (1,778.76 £ 0.5) x 10~"* J/m. Finally, 264-POPC
values for the top and bottom leaflets are (—1,213.73 +
0.5) x 107" and (1,799.92 + 0.5) x 10~"* J/m, respec-
tively. The asymmetric behavior of different monolayers is
observable as a result of the presence of additional phos-
pholipids in the top leaflet. Experimental values for k
for different lipid bilayers vary in the range of
(0.1-6) x 107! J (Marsh 2006). In the presence of addi-
tional phospholipids, using experimental lower and upper
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values of k for bilayer, the spontaneous curvatures, co,
varies between 0.04433 and 2.6 nm™' for 260-POPC and
between 0.07666 and 4.6 nm™' for 264-POPC bilayer. In
real membranes the spontaneous curvature parameter
would lead to a curved membrane surface and/or a redis-
tribution of lipids between the two leaflets. The employed
periodic boundary condition prevents the anticipated cur-
vature from being fully observed. The anticipated curvature
of asymmetric lipid bilayer may be imagined as shown in
Fig. 5.

Conclusion

This work presents an approach to study the effect of
additional phospholipid insertion in one leaflet of a lipid
bilayer by computation of the mechanical properties of the
membrane. A CG MD simulation was used to calculate the
resulting lateral pressure, surface tension, and first moment
of lateral pressure. The results of the CG MD and pressure
tensor calculation show that the presence of additional
phospholipids leads to an asymmetric modulation of the
mechanical properties of the membrane. Also, it has been
observed that the change in phospholipid density in one
leaflet affects the unperturbed leaflet as well. This asym-
metric behavior, which results from changes in the con-
tribution of intermolecular forces, may lead to formal
effects.
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